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Summary

The extent to which excitable cells and behavior modulate
animal development has not been examined in detail. Here,
we demonstrate the existence of a novel pathway for

in neurons, or by an EGL-30-dependent change in behavior
that occurs in a liquid environment. Our results indicate
that excitable cells and animal behavior can provide

promoting vulval fates in C. eleganghat involves activation
of the heterotrimeric Gaq protein, EGL-30. EGL-30 acts
with muscle-expressed EGL-19 L-type voltage-gated
calcium channels to promote vulva development, and acts
downstream or parallel to LET-60 (RAS). This pathway is
not essential for vulval induction on standard Petri plates,
but can be stimulated by expression of activated EGL-30

modulatory inputs into the effects of growth factor

signaling on cell fates, and suggest that communication
between these cell populations is important for normal
development to occur under certain environmental

conditions.
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Introduction conditions, but affects vulva development in sensitized

C. elegansvulva development is used as a model system tgackgrounds. These includesr-1 (Kornfeld et al., 1995
study the regulation of cell fate by growth factors. Normally,>undaram and Han, 199%gr-2 (Ohmachi et al., 2002)ur-
only three of six vulval precursor cells (VPCs) (P3.p-P8.pp (Sieburth et al., 1998kur-6 (Sieburth et al., 1999ptp-2
adopt vulval cell fates (reviewed by Greenwald, 1997; Mogha{Gutch et al., 1998)unc-101 (Lee et al., 1994)sli-1
and Sternberg, 2003b). At the end of the second larval stage dPngeward et al., 1995; Yoon et al., 19%gp-1 (Hajnal et
development, LIN-3 (Hill and Sternberg, 1992), an EGF-likedl-» 1997),ark-1 (Hopper et al., 2000)ip-1 (Berset et al.,
growth factor produced by the gonadal anchor cell induced001).dpy-22/sop-IMoghal and Sternberg, 2003ajr-1and
P6.p to adopt a primary vulval fate. LET-23 (Aroian et al.,€0r-2 (Howard and Sundaram, 2002), and the redundant class
1990), an EGF receptor-like tyrosine kinase, and it and class B genes in the synthetic multivulva pathway (e.g.
downstream effectors, which include LET-60 (RAS) (Beitel et-erguson and Horvitz, 1989). It is conceivable that the general
al., 1990; Han and Sternberg, 1990) and MPK-1 (MAP kinasedbsence of mutant phenotypes for these genes reflects roles
(Lackner et al., 1994; Wu and Han, 1994), transduce the LINANder natural ecologic conditions that are not recapitulated in
3 signal. Following LET-23 activation in P6.p, LIN-12 the laboratory. Therefore it is unclear whether vulval cell-fate
NOTCH-like receptors (Yochem et al., 1988) and LET-23 arépecification is modulated by additional pathways in the wild,
stimulated on the adjacent P5.p and P7.p cells, which induc@gd in what context this modulation might occur.
secondary vulval fates in these cells (Katz et al., 1995; Simske The first report of a large-scale genetic screen to identify
and Kim, 1995). A WNT signaling pathway acts parallel to thenutations affecting vulva development provided evidence that
RAS pathway to promote vulval fates, but unlike the RAShe environment and an animal’s physiology can modulate the
pathway, WNT signaling is not absolutely essential for vulvaRbility of growth factors to induce vulval fates (Ferguson and
fate specification. A null mutation in tifiecatenin genepar-  Horvitz, 1985). The severity of the vulvaless phenotypes of
1, causes a partially penetrant vulvaless phenotype (Eisenmag@rtainlet-23 lin-2, lin-7, lin-3, lin-24 and lin-33 alleles is
et al., 1998), in which fewer than three VPCs adopt vulvateduced by starvation and exit from dauer. The dauer is an
fates, and a loss-of-function mutation in the axin-like geye  arrested, alternative third stage of larval development that
1 (Korswagen et al., 2002; Maloof et al., 1999) causes someccurs under conditions of high population density and reduced
animals to have a multivulva phenotype because of more thdaod supply (reviewed by Riddle and Albert, 1997). Both entry
three VPCs adopting vulval fates (Gleason et al., 2002). and exit from dauer are controlled by chemosensory cues
Several genes have been identified whose mutation does rio¢olving neurons (Bargmann and Horvitz, 1991; Shakir et al.,
affect vulval induction under standard laboratory growth1993; Tabish et al., 1995), suggesting that excitable cells have
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the capacity to modulate vulval cell fate. Because th@rimer B3-TTACACCAAGTTGTACTCCTTCAGATTATGCTGTA-
contribution of excitable cell activity to growth factor- GAAT-3. The PCR product was blunt-end ligated into BaerH|
dependent regulation of cell fate has not been studied in detgfite of the unc-119 promoter plasmid pBY103 (a gift from M.
we sought to analyze this @. elegans Maduro), making pR30ufic-119::egl-30. To determine how thegl-

We find that activation of the heterotrimeri@@ protein 30 introns contributed to the expression pattern of pR30, pR39 was

. . : . constructed from pR30, and contained #ip open reading frame
EGL-30, normally associated with regulation of an'malcloned in-frame tegl-3Q The same upstreaagl-30primer was used

behavior, promotes vulval cell fates. Post-embryonic muscle§i, the downstream primer "-EACCAAGTTGTACTCCTT-
and in particular, muscle-expression of the EGLa19.-type  CAGATTATGCTGTAGAATTG 3 that does not contain a stop codon,
voltage-gated-calcium channel subunit are required, suggestig amplify full-length egl-30 genomic DNA by PCR. Thiggl-30
that muscle excitation can promote development of vulvatoding fragment was fused in-framedip by blunt-end ligating the
tissue. This pathway is sensitive to functional levels of BARPCR fragment into thBanH| site of the promoterless GFP plasmid
1 (B-catenin), and can be stimulated by activation of EGL-3®PD95.75 (a gift of A. Fire), creating the construct pR36. A 5 kbp
in neurons, or by the EGL-30-dependent change in behavigyPd-Apa fragment from pR36 was swapped betweenithd-Apa
that occurs when worms are grown in a liquid environment. Oftes of PR30 to create thmc-119::egl-30::gfpplasmid pR39. The

: y . myo-3::egl-19and myo-3::egl-19::gfpconstructs were generated by
plates, ablation of the post-embryonic musclessgbrl9and injection of ligation reactions directly into worms and have been

egl-30 loss-of-function mutations, do not affect vulval joqipeq previously (Garcia et al., 2001). Hes-3::egl-30(tg26gf)
induction, suggesting that this pathway might exist to modulataasmid' pTG100.1, which places tkgl-30 cDNA containing the
development in response to certain environmental conditionsg26 mutation under the control of theex-3 promoter, has been
described previously (Doi and Iwasaki, 2002). Tags-30 cDNA
contains the last intron a#gl-30to aid with expression from this
Materials and methods vector. To determine how the last intronegfi-30 affects expression
Strains and genetics from theaex-3promoter, pAEXYFP was constructed. This plasmid
) contains the yfp coding region andunc-54 3'UTR inserted
C. elegansvere cultured at 20°C using standard protocols (Brennefgownstream of thaex-3promoter and upstream of the last 58 bp of
1974). Alleles used weregl-30(tg26gfDoi and Iwasaki, 2002gg|- exon 7 to the end of exon 8 (including the last introrggh3Q The
30(ad805)Brundage et al., 1996)nc-13(e51)Brenner, 1974)goa-  yfp coding region andinc-543'UTR were amplified by PCR from
1(n363) (Segalat et al., 1995phm-2(ad538)Avery, 1993) unc-  )SX95.77 (courtesy of S. Xu) with the primers’-@CGCGG-
54(e190) (Epstein et al., 1974) on LGlet-23(syl) (Aroian and  ATCCAAATGAGTAAAGGAGAAGAACTTTTCAC-3' and 5
Sternberg, 1991)let-23(sa62gf)(Katz et al., 1996)unc-4(e120) ACGTGCTGCGACAAACAGTTATGTTTGGTATATTGGGAATG-
(White et al., 1992) on LGlldpy-17(e164)Brenner, 1974)sur- 3 nSX95.77 contains thefp coding region andinc-543 UTR from
1(kul) (Wu and Han, 1994)unc-64(e246)(Brenner, 1974)pha-  ppD136.64 (a gift of A. Fire) inserted into pBR322. Jfie:unc-54
1(e2123ts)(Granato et al., 1994) on LGllbnc-24(e138)Riddle,  pCR product was digested wiarrHl and Sal, and ligated into
1978), 1in-3(n378) (Ferguson and Horvitz, 1985)in-3(e1417)  BanHI/Sal-digested pTG100.1. pLIN31EGL30 was constructed by
(Ferguson and Horvitz, 198%gl-19(n582)Trent et al., 1983)gl-  amplifying theegl-30(tg26gfDNA from pTG100.1 with the primers
19(n2368gf)(Lee et al., 1997)mec-3(e1338Way and Chalfie, 5-ATAAGAATGCGGCCGCAAAAATGGCCTGCTGTTTATCCG-
1989), let-60(n1046gf)(Beitel et al., 1990; Ferguson and Horvitz, AAGAG-3' and 3-CCTGTAAAGCGGCCGCTTACACCAAGTT-
1985), let-60(sy95dh (Han et al., 1990; Han and Sternberg, 1991),GTACTCCTTCAG-3, and cloning theNotl-digested PCR product
dpy-20(e1362), dpy-20(e128@josono et al., 1982) on LGI\hiM-  into theNot site of thelin-31 expression vector, pB255 (Tan et al.,
5(e1490)(Hodgkin et al., 1979) on LG\syls1(Katz et al., 1995), 1998). The unc-18::egl-30(tg26gf) plasmid, pUNC18tg26, was
bar-1(mu63)(Maloof et al., 1999)par-1(ga80)(Eisenmann et al., created as follows. First, thegl-30 cDNA containing theegl-
1998), andlin-15(e1763)(Ferguson and Horvitz, 1985) on LGX 30(tg26gf)mutation and the last intron was released from pTG100.1
Genetic balancers used wenenC1[dpy-10(e128) unc-52(e444)] by digestion withApa and BsiG1. Theegl-30 fragment was made
(Herman, 1978; Sigurdson et al., 1984) on L@T1[let(m435)Jon  blunt, and subsequently cloned into tBena site of pBSKS to
LGIV and LGV (Rogalski and Riddle, 1988). generate pBStg26. Thenc-18promoter (extending from thenc-18
let-23(sa62gf)/+; syls1/worms were obtained by first crossing N2 start ATG to the next'Syene F27D9.8) was amplified by PCR with
males into hermaphrodites carrying the X-linkeglsltransgenic the primers UNC18-3 'BAGCCCAAGCTTTGAAGGACAA-
array. F1 males that were hemizygous for the X chromosome werEGAACTAGAGG GAC-3 and UNC18-4 5AGCCCAAGCTT-
used to transfesylslinto homozygoudet-23(sa62gf) unc-4(e120) CCCATTTTTCAAAAATCCTCGTC GATGCACTCAC-3 digested
hermaphrodites. Non-Unc F1 hermaphrodite cross progeny wekgith Hindlll, and cloned intoHindllI-digested pBStg26 to yield
scored for vulval induction during the L4 statg:23(sa62gf)/+; let-  pUNC18tg26. The unc-18:yfp::egl-30 reporter  plasmid,
60(sy95dn)/+; sylsl/+animals were obtained by crossisglst PUNC18YFP, was created as follows. First, §fp::egl-30 intron
bearing males intdet-23(sa62gf) unc-4(e120); unc-24(el138) let- fusion from pAEXYFP was released by digestion wipa and
60(sy95dn)/nT1[let(m435)hermaphrodites, and picking non-Unc BanHl, the ends made blunt and the fragment cloned int&tha
cross progeny. Because the F1 cross progeny consisted dieboth site of pBSKS to yield pBSYFPEGL30. The PCR-generaiect18
60(sy95dn)/+and nT1[let(m435)]/+ genotypes, we scored vulval promoter fragment was then cloned into thendlll site of
induction in all cross progeny, recovered the individual worms angBSYFPEGL30 to yield pUNC18YFP. The plasmid pLR1, which was
identified the F1 genotype by examining the F2 generationléthe used to express thegl-30(tg26gf)cDNA from the unc-4 promoter,
60(sy95dn)/+genotype was assigned to F1s segregating Vul animalwas constructed as follows. A 3.0 kbndlll- Smal fragment, which

and dead larvae in the F2 generation. contains thaunc-4 promoter and extends through part of the second
) exon (Miller and Niemeyer, 1995), was cloned betweerHinellll
Molecular biology and Sma sites in pBSKS to make the plasmid pBSUNC4 (courtesy

The plasmid pR30, used to overexpress wild-tygg-30, was  of C. Van Buskirk). The primers '5ATGGCCTGCTGTTT-
constructed as follows. Full-lengtlegl-30 genomic DNA was ATCCGAAGAG 3 and 3 TCCCCCGGGGGATTTCGAGGTT-
amplified by PCR from wild-type worms using the upstream primelAGCTTGATGGG 3 were used to PCR amplify thegl-30(tg26gf)
5'-ATGGCCTGCTGTTTATCCGAAGAG-3 and the downstream cDNA and its BUTR sequences from pTG100.1. The ~2.3 kbp PCR
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fragment was then blunt-end ligated between Ns# and Sma VPC in which one daughter fuses with hyp7, and the other daughter
sequences in thenc-4expression vector. The cloning fuses the firstdivides to generate three or four great granddaughter cells is scored
egl-30(tg26gf)ATG 18 basepairs downstream of tinec-4 initiation as 0.5 cell induction. In wild-type animals, P5.p, P6.p and P7.p each

codon. undergo 1.0 cell induction, whereas the other Pn.p cells do not adopt
L . . vulval fates, resulting in a total of 3.0 cell induction. Animals
Microinjections and transgenic experiments displaying more than 3.0 cell induction are multivulva and animals

PCR fragments containing nativegl-30 upstream sequences and with less than 3.0 cell induction are vulvaless. Laser ablations were
coding region were too unstable to be maintained in worms whegonducted using a standard protocol (Bargmann and Avery, 1995). M
injected into the gonadal syncytium at concentrations even as low aell ablations were done at the L1 stage and were confirmed by the
5 pg =L Transgenic worms were extremely hyperactive, slowloss of M-derived coelomocytes (Sulston and Horvitz, 1977).
growing and had low fertility, making transmittance of the

extrachromosomal arrays not efficient for strain maintenance. Toiquid growth assays

circumvent this problem, we fused tegl-30genomic coding region A solytion of commercial bleach and 4N NaOH (1:1 viv) was applied
to theunc-119promoter to make the pR30 hybrid construct that ledys gravid worms on NG plates without bacteria. The next day, starved,
to more stable expression e§l-30 pR39, which hagfp cloned in-  gynchronized L1 worms were transferred to liquid M9 buffer
frame toegl-30in pR30, was used to determine the expression patterfgrenner, 1974) in 1.5 ml Eppendorf tubes. On average, tubes
of the pR30 hybrid construct. Injection of pR39 at a concentration ngntained 30-40 worms in a final volume of B5and E. coli OP50

50 ngpl—into worms resulted in expression of GFP in the nervousyt 5 concentration of AG00 hm=1.0. Worms were grown in a 20°C

system, pharyngeal muscles, sex muscles, anal depressor musclesa@fhator without shaking until they reached mid-L4, at which time,
epidermis (data not shown). Although thec-119promoter drives  val induction was scored.

expression mainly in neurons, sequences iregft80genomic DNA

(specifically from the first intron) contribute to broad expression of

the transgene. Consistent with this expression pattern, injection E&GSUV[S

pR30 at 50 pg—1rescued every behavioral phenotype caused by th

loss-of-function mutatioregl-30(ad805){data not shown, rescuing Activation of EGL-30 (G aq) promotes vulval cell
array: SsyEx474[myo-2:gfp (10 ng p-1Y); unc-119::egl-30(50 pg  fates

ul=b]l. The extrachromosomal array that overexpresses wild-typ a0 i : :
egl-3Q syEx532was obtained by co-injecting pR30 (750ubg!) and EGL-30 is the ortholog of mammaliano@/Gau, and is the

pTG96 bur-5:gfp) (Gu et al., 1998) (10 ngl-Y) into egl-30(ad805); only C. elegansnember of the @q class of heterotrimericds _
let-23(sy) hermaphrodites. From the GFP-positive transgenid®foteins (Brundage et al., 1996; Jansen et al., 1999). During
animals, the most hyperactive transmitting line was kept and scordfe course of behavioral studies with tgl-30(tg26)allele
for vulval development. (Doi and Iwasaki, 2002), we noticed that rare hermaphrodites
Experiments with theegl-30 cDNA driven from theunc-119  (0.5%, n=200) developed ectopic vulval tissue. Thkgl-
promoter indicated that functional rescue of tbg-30(ad805) 30(tg26)allele causes a glutamine for arginine substitution
phenotypes .could be obtained in the .Fl generat'ion,.but could not IQR243Q) in then3 helix region of @&q, a region implicated in
segregated into the F2 generation without the first introegb8Q  GTP hydrolysis and effector binding (Itoh and Gilman, 1991;
Microinjection mixtures containing digested N2 genomic DNA as aNoel et al.. 1993: Sprang, 1997). In contragtgb30l0ss-of-
source of carrier DNA were also used in an attempt to create complgénction élleles’ that d’ecrease motility and egg-laying

arrays; however, this did not alleviate the generational silencin . . .
problem. These data suggested to us that the first intregl<0 Brundage et al., 1996), thg26allele induces semi-dominant

prevents generational silencing of the transgene, and that high levdl¥Peractive locomotion and egg-laying behaviors (data not
of EGL-30 activity in certain cell populations are toxic. Because ofhown), suggesting that the mutation confers gain-of-function
this problem, we were not able to achieve stable expression of tHgoperties to the protein. The rare occurrence of ectopic vulval
wild-type or tg26 mutation-containingegl-30 cDNA from certain  tissue inegl-30(tg26gfhermaphrodites suggests that activated
heterologous promoters. To analyze the consequences of dggling EGL-30 might interact with the LET-23 pathway during vulval
30(tg26gf) cDNA expression in neurons, we coinjected eitherinduction. To study interactions with the LET-23 pathway, we
i’g?elg?%é(?;;éz}i)e(%'(‘f’r?g(ﬁ%f)gfc))(ﬁg&gl“'[;)é 2[2;1“‘3%%%%&?&% used the same strategy used to study other modulators of LET-
ng 2 with PPD118.33rtyo-2:gf) (10 ngu-) and paSSK (120 2 S0 P8 AR 02, S0 M S E BERIERE BEERONES

ng WY into lin-3(n378)animals. Transgenic F1s were identified by _ =" . . .
expression ofmyo-2::gfp in the pharynx. The extrachromosomal activation of EGL-30 in sensitized backgrounds. We made

arrays containindin-31::egl-30(tg26gf)were generated by injecting double mutant combinations of gain-of-functiegi-30(tg26gf)
pLIN31EGL30 [in-31::egl-30(tg26gf) (50 ng pI-Y) with pBSSK ~ With loss-of-functionlin-3(n378) let-23(sy1) and dominant-
(140 ngul-}) and pPD118.33nfyo-2::gf) (10 ngpl-Y) into lin-  negativelet-60(sy95dn)egl-30(tg26gfyeduces the severity of
3(n378)animals. The extrachromosomal arrayEx570andsyEx594  the vulvaless phenotypes caused by all three mutant alleles
were generated by injecting pAEXYFRek-3::yfp::egl-30) (200 ng  (Table 1; see Table 4).

=) with pBX-1 (pha-]) (Granato et al., 1994) (100 nd) or Because egl-30(tg26gf) causes several behavioral
PUNCI8YFP (nc-18:yip:egl-30 (510_”%'_1) with pBX-1 pha-))  phenotypes, we tested whether modulation of vulval induction
(100 ngul™) and pBSSK (30 ngl™) into pha-1(e2123tspnimals,  \ya5 caused by an indirect physiological consequence of the
respectively. activated alleleegl-30(tg26gfworms have hyperactive muscle
Vulval induction assay and M cell ablations behaviors and feeding problems. Thus, we tested other

Vulval induction was scored during the L4 stage under Nomarski utations that cause similar phenotypes for suppression of the
optics (Sternberg and Horvitz, 1986). The number of vulval nuclei i$€t-23(Sy1)vulvaless phenotypghm-2(ad538has a deletion
used to extrapolate how many of the Pn.p cells were induced to addigmoving the 3end of dys-1 (dystrophin-like), andgoa-

vulval fates. A VPC that gives rise to seven or eight greafl(n363)has a deletion removingpa-1(Gao). Although both
granddaughters and no hyp7 tissue is scored as 1.0 cell induction.alleles cause muscle hyperactivity and feeding defects (Avery,
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Table 1. Activation of EGL-30 promotes vulva development

Relevant genotype* % Mdv % Vul* VPC inductio’? nf P value**

Wild type 0 0 3.0£0.0 31

egl-30(tg26gf) 0 0 3.0+0.0 20

lin-3(n378) 0 96 0.7+1.0 51

egl-30(tg26gf); lin-3(n378) 0 35 2.8+0.7 20 <0.0005 verslis-3(n378)
let-23(sy1) 0 100 0.5+0.9 24

egl-30(tg26gf); let-23(sy1) 7.7 65 2.6+1.0 37 <0.0005 verslas-23(sy1)
phm-2(ad538); let-23(sy1) 0 100 0.1+0.4 20 <0.0005 versegl-30(tg264f); let-23(sy1)
goa-1(n363); let-23(sy1) 0 100 0.4+0.9 24 <0.0005 versegl-30(tg26gf); let-23(sy1)
egl-30(ad805); let-23(sy1) 0 94 0.6+1.0 52 0.65 versiet-23(sy1)
egl-30(ad805); let-23(syl); syEx532 [egl-30(+) XS] 3.6 71 1.9+1.2 56 0.004 versagl-30(ad805); let-23(sy1)

*In the egl-30(tg264gf); let-23(sylstrain,let-23(sylwas linked taunc-4(e120)syExdenotes a transgersyEx532Zontains the wild-typegl-30gene.
TMultivulva. Percentage of animals that have greater than three VPCs induced.

*Vulvaless. Percentage of animals that have less than three VPCs induced.

SAverage number of VPCs induced to vulval fates.

INumber of animals assayed.

** P values were calculated for VPC induction using Studeénést.

1993; Bessou et al.,, 1998; Segalat et al., 1995), neither To determine the site(s) of action for EGL-30, we expressed
suppresses théet-23(syl) vulvaless phenotype (Table 1). theegl-30(tg26gfcDNA under the control of muscle, neuronal
Therefore, modulation of vulval induction bgl-30(tg26gfjs  and vulval-specific promoters. In general, stable expression of
unlikely to be caused by general effects on movement or worthe egl-30 cDNA from heterologous promoters in transgenes
physiology. was difficult to achieve (see Materials and Methods). When
We next tested whether the effects on vulval cell fate causesl-30(tg26gf)expression was driven by thmyo-3 muscle-
by the R243Q change encoded égl-30(tg26gf)reflected  specific promoter ifin-3(n378)animals (Okkema et al., 1993),
elevated EGL-30 activity or a new property of EGL-30. Wehigh transgene doses failed to yield viable F1 transformants,
injected the wild-typeegl-30 genomic coding region into an and at low doses, F1s carrying the transgene did not display
egl-30loss-of-functionjet-23loss-of-function double mutant. any behavioral phenotypes, and were not rescued for the
We were able to recover one transgenic letg;30(ad805); vulvaless phenotype (data not shown).
let-23(syl); syEx532 [egl-30 XSihat displayed hyperactive  To drive activated EGL-30 expression in neurons, we first
behaviors similar to those observedemi-30(tg26gflanimals  used theaex-3(lwasaki et al., 1997) andnc-18 (Gengyo-
(data not shown). In addition to conferring behavioralAndo et al., 1993) promoters, which drive expression in
similarities with egl-30(tg26gf) animals, overexpression of multiple neurons, including head, tail and ventral cord motor
wild-type EGL-30 also suppresses the vulvaless phentgype neurons. Because tlegl-30cDNA we used contained the last
23(syl)(Table 1) Thus, elevated EGL-30 activity promotes intron of egl-30 to promote splicing, we verified that this

vulval induction. intron did not cause ectopic expression in muscle, the Pn.p
cells or the anchor cell. When placed downstream of/fhe

Activation of EGL-30 (G «aq) in neurons promotes coding region, the last intron efjl-30did not alter the activity

vulval induction of the aex-3 or unc-18 promoters. In both cases, YFP

Anti-EGL-30 antibody staining indicates that EGL-30 is mostaccumulated in the ventral cord and head and tail neurons, but
strongly expressed in neurons (C.B., M.S. and P.W.Snotin muscle, the anchor cell or the Pn.p cells (Fig. 1A-F and
unpublished), andgl-30::gfptranslational fusions also reveal Fig. 2). We co-injected thaex-3::egl-30(tg26gf)or unc-
strong expression in neurons, as well as muscle, and ti8::egl-30(tg26gf plasmids with pPD118.25, which drives
differentiated secondary cells of the mature vulva (Lackner 66FP expression in the pharynx, inlia-3(n378) vulvaless

al., 1999) (C.B., M.S. and P.W.S., unpublished). In view of it@animals. We observed two types of GFP-positive transgenic
expression in excitable cells, and the defective locomotion arfell animals: those that displayed a hyperactive phenotype
egg-laying behaviors associated with loss-of-functionsimilar to that okgl-30(tg26gfimutants, and those that looked
mutations iregl-30(Brundage et al., 1996), we asked whetherbehaviorally wild-type. None of the F1s displaying a strong
neuronal signaling is required for activated EGL-30 tobehavioral phenotype transmitted this phenotype to
promote vulval induction. We tested whether mutations irsubsequent generations, suggesting that transgenic expression
eitherunc-13 which encodes a diacyglycerol-binding proteinof egl-30 was being lost, and that high levels of EGL-30
involved in EGL-30-mediated synaptic transmission (Lacknearctivity can be toxic (see Materials and Methods). Therefore,
et al., 1999; Maruyama and Brenner, 1991; Richmond et alwe only examined F1 animals for rescue of vulval induction
1999), orunc-64 which encodes syntaxin 1a (Ogawa et al.defects. We found thatex-3 or unc-18driven EGL-30
1998; Saifee et al., 1998), disrupt the abilityegF-30(tg26gf) (R243Q) could only rescue the vulvaless phenotypénef

to suppress thiet-23(syl)vulvaless phenotype. The non-null 3(n378)when expressed in cells at levels sufficient to confer
unc-64(e246)and unc-13(e51)alleles partially reduced the a hyperactive phenotype (Table Znimals that were GFP-
effect of activated EGL-30 on vulval induction, possibly positive, but did not show a behavioral phenotype, did not
indicating some involvement of neurons in this pathwayhave more vulval induction than uninjected worms (Table 2).
(Table 2). This tight correlation between the effects of #ex-3::egl-
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Table 2. Activation of EGL-30 in neurons promotes vulva development

Relevant genotype* Hyperactive % Muv % Vul®  VPC inductio§ ~ n** P valugt
let-23(sy1) - 0 100 0.5+0.9 24
egl-30(tg26gf); let-23(sy1) H 8 65 2.6+1.0 37
unc-13(e51) 0 0 3.0+0.0 23
unc-64(e246) - 0 0 3.0£0.0 20
egl-30(tg26gf) unc-13(e51); let-23(syl) - 3 69 1.74#1.2 35 0.002 versegl-30(tg26gf); let-23(sy1)
egl-30(tg264f); let-23(sy1); unc-64(e246) - 6.5 72 2.1+1.0 46 0.02 versegl-30(tg26df); let-23(sy1)
lin-3(n378) - 0 100 0.6+0.8 27
lin-3(n378); Ex [aex-3::egl-30(tg264gf)] - 0 100 0.5+0.8 40
lin-3(n378); Ex [aex-3::egl-30(tg264gf)] + 0 52 2.1+1.1 29 <0.00001 verslis-3(n378)
lin-3(n378); Ex [unc-18::egl-30(tg26gf)] - 0 95 0.7+0.9 22
lin-3(n378); Ex [unc-18::egl-30(tg264gf)] + 0 42 2.4+1.0 12 0.00005 verslis-3(n378)
lin-3(n378); syEx593 [unc-4::egl-30(tg26gf)] - 0 73 1.741.2 22 0.0008 verslis-3(n378)
lin-3(n378); Ex [lin-31::egl-30(tg26gf)]

F1 generations - 0 83 0.9+1.2 40 0.3 verslis-3(n378)

Line 1 - 0 93 1.0£1.0 27 0.2 verslis-3(n378)

Line 2 - 0 90 0.6+1.0 21 0.9 verslis-3(n378)

Line 3 - 0 96 0.7£1.0 25 0.8 verslis-3(n378)

Line 4 - 0 96 0.8+1.0 25 0.4 verslis-3(n378)

*In the egl-30(tg26gf); let-23(sylstrain,let-23(sylwas linked taunc-4(e120)Ex andsyExdenotes a transgeraex-3::egl-30(tg26gflunc-18::egl-
30(tg26gf) unc-4::egl-30(tg26gfandlin-31::egl-30(tg26gfexpress thegl-30cDNA with thetg26 mutation from theaex-3 unc-18 unc-4andlin-31 promoters,
respectivelysyEx593s unstable in long-term culture.

TAnimals displaying faster locomotion and moving with deeper body bends.

*Multivulva. Percentage of animals that have greater than three VPCs induced.

SVulvaless. Percentage of animals that have less than three VPCs induced.

TAverage number of VPCs induced to vulval fates.

**Number of animals assayed.

TP values were calculated for VPC induction using Studéést.

+egl-30(tg26gf); let-23(sylgnimals are not hyperactive because of the presence wfiché(e120)mutation.

30(tg26gflandunc-18::egl-30(tg26gfjransgenes on behavior 19 loss-of-function mutation to compromise muscle excitation
and rescue of then-3(n378) vulvaless defect, suggests that (Jospin et al., 2002; Lee et al., 19%0l-19encodes the worm
activation of EGL-30 in motor neurons promotes vulvalhomolog of the L-type voltage-gated calcium chanaél
induction. To examine this possibility in more detail, we usedubunit, and although it is expressed in both neurons and
the unc-4 promoter (Miller and Niemeyer, 1995) to drive muscles, site of action experiments have thus far only
expression of activated EGL-30 in the A-type motor neurongjemonstrated function in muscles (Garcia et al., 2001; Jospin
which include the VAs and DAs in ventral cord, and the SABst al., 2002; Lee et al., 1997). Reducing EGL-19 activity with
in the retrovesicular ganglion. We obtained three stabléheegl-19(n582kllele did not affect vulval induction by itself,
transgenic lines, with one line demonstrating clear functiondbut it strongly reduced the ability efl-30(tg26gffo suppress
rescue of thelin-3(n378) vulvaless phenotype (Table 2). the let-23(syl) vulvaless phenotype (Table 3). However,
Together, these results suggest that activation of EGL-30 imyperactivation of EGL-19 by the gain-of-functioegl-
ventral cord motor neurons promotes vulval induction. 19(n2368gfrllele, which induces hypercontraction of muscles
To examine the effects of activating EGL-30 in the vulval(Lee et al., 1997), did not rescue the vulvaless phenotype of
precursor cells, we cloned tagl-30(tg26gfEDNA downstream  let-23(syl) suggesting that EGL-30 has additional targets
of thelin-31 promoter, which only drives expression in the Pn.pbesides EGL-19 (Table 3).
cells (Tan et al., 1998). When injected ilite3(n378)vulvaless To confirm that muscle-expression of EGL-19 is required for
animals, this construct was not able to rescue the vulvale§GL-30 to promote vulval induction, we used a transgene that
phenotype in either transgenic F1s or stable lines (Table 2). Thiexpresses the genomic coding regioeg#f19from the muscle-
activation of EGL-30 in excitable cells, rather than the vulvakpecificmyo-3myosin promoter (Okkema et al., 1993). When the

precursor cells, promotes vulval cell fates. entireegl-19genomic coding region was fused in-framegtp,

. ] . the myo-3promoter directed high levels of GFP expression to
EGL-30 (Gag) modulation of vulval induction muscle, but not to neurons, the anchor cell or the vulval precursor
requires muscle-expressed EGL-19 L-type voltage- cells (Fig. 1G-L), confirming the specificity of this promoter and
gated calcium channels the absence of regulatory elementggh19introns. We found

Because of the hyperactive movement phenotype displayed Hyat wild-type EGL-19 expressed from timeyo-3 promoter
egl-30(tg26gf)mutants, the correlation between hyperactiverestores vulval induction tegl-30(tg26gf); let-23(syl); egl-
behavior and enhancement of vulval induction in #ex-  19(n582)triple mutants, indicating that EGL-30 requires muscle-
3::egl-30(tg26gf) and unc-18::egl-30(tg26gf) transgenic expressed EGL-19 for modulating vulval induction (Table 3).
animals, and the ability of activated EGL-30 to promote vulval To identify muscles involved in the EGL-30-stimulated
development from the A-type motor neurons, we considerepgathway, we ablated the M mesoblasegi-30(tg26df); let-
the possibility that muscle excitation might be necessary fo23(sy1l)L1 larvae. The M mesoblast gives rise to 14 post-
EGL-30 to promote vulval cell fates. We therefore usedgin  embryonic body-wall muscles prior to the onset of vulval
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Fig. 1. Expression patterns of the regulatory elements contained &exi@andmyo-3transgenic constructs. Left-hand images are Nomarski,
and right-hand images are fluorescence. Scale bagsn2(A,B,G,H) Body-wall muscle. (C,D,1,J) Ventral cord neurons. (E,F,K,L) Vulval
precursor cells. (A-F) Neuronal-specific expressiopfpfrom theaex-3promoter in the presence of the last intron fegh3Q Animal is an

early L3 stage hermaphrodite containing pha-1(e2123tsjnutation, and rescued by the extrachromosomal agfay570 [pha-1, aex-
3::yfp::egl-30]. (B,F) Background fluorescence is from neuronally expressed YFP in other focal planes. (G-L) Muscle-specific expression of
theegl-19genomic coding region fused gfp from themyo-3promoter. Animal is an early L3 stage hermaphrodite containinggthe
19(n582)mutation and the extrachromosomal asgiEx476 [myo-3::egl-19::gfp}J,L) Background fluorescence is from body-wall muscle-
expressing GFP in other focal planes. AC, anchor cell.

induction, and 16 sex muscles after vulval induction hakinase genenpk-1(Wu and Han, 1994), demonstrating that

occurred (Sulston and Horvitz, 1977). Removal of the Mablation of the M lineage does not generally exacerbate
mesoblast does not enhance the vulvaless phenotype mitation-induced defects in vulval induction (Table 3).

animals containing the wed 1l mutation in the worm MAP  However, ablation of the M cell reducesgl-30(tg26gf
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Fig. 2. Expression pattern of thenc-18promoter. Left-hand images are Nomarski, and right-hand images are fluorescence. Scaleivars: 20
Animals arepha-1(e2123tshermaphrodites at the early L3 stage, rescued by the extrachromosomayBxa94 [pha-1, unc-18::yfp::egl-

30]. (A,B) Head. (C,D) Tail. (E,F) Ventral cord. (G,H) Vulval precursor cells. (I,J) Body-wall muscle. Background fluoresceacel id i

from neuronal expression of the reporter. AC, anchor cell.

mediated suppression of thet-23(syl)vulvaless phenotype EGL-30 (Gaq) acts downstream or parallel to LET-60

(Table 3). Because the sex-muscles are not formed until afteRAS) and is sensitive to functional levels of BAR-1

the period of vulval induction, and tineyo-3promoter is not  (B-catenin)

expressed in undifferentiated sex myoblasts (data not showrgixperiments in cultured mammalian cells have demonstrated
the post-embryonic body-wall muscles are the muscles th#@hat heterotrimeric G-protein signaling can promote EGFR and
probably transduce some of the EGL-30-modulating activitMAP kinase activation (reviewed by Gschwind et al., 2001;
to the VPCs. Furthermore, these muscles only contribute toowes et al., 2002). In some instances, G-proteins promote
vulval induction under certain conditions, such as in themetalloprotease-dependent shedding of the EGFR ligand, HB-
presence of activated EGL-30, which causes musclEGF, whereas in other cases G-proteins promote MAP kinase
hyperactivity. activation through stimulation of signaling molecules such as
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Table 3. EGL-30 requires muscle-expressed EGL-19 to promote vulva development

Relevant genotype* Mcéll % Muv % Wuls VPC inductiof ~ n** P value't

let-23(sy1) + 0 93 0.7£0.9 80

egl-30(tg26gf); let-23(sy1) + 7.7 65 2.6+1.0 37

egl-19(n582) + 0 0 3.0£0.0 22

egl-30(tg26gf);let-23(syl); egl-19(n582) + 0 95 0.7+0.8 21 <0.0005 versagl-30(tg264gf); let-23(sy1)

let-23(sy1); egl-19(n2368gf) + 0 91 0.9+1.1 23 0.27 versiet-23(syl)

egl-30(tg269f); let-23(syl); egl-19(n582); + 4.3 65 1.9+1.3 a7 <0.0005 versegl-30(tg264gf);

SYEx465 [pmyo-3::egl-19] let-23(sy1); egl-19(n582)

egl-30(tg26gf); let-23(sy1) - 0 85 1.1+1.2 34 <0.0005 versegl-30(tg26gf); let-23(sy1)
0.09 versuget-23(sy1)

sur-1(kul) + 0 29 2.8+0.4 21

sur-1(kul) - 0 22 2.8+0.4 9 0.74 versus M cell intaetr-1(kul)

*In the egl-30(tg264gf); let-23(sylstrain,let-23(sylwas linked taunc-4(e120)syExdenotes a transgers/Ex465%expressesgl-19from themyo-3promoter.
M cell present or removed by laser ablation during the L1 larval stage.

*Multivulva. Percentage of animals that have greater than three VPCs induced.

SVulvaless. Percentage of animals that have less than three VPCs induced.

TAaverage number of VPCs induced to vulval fates.

*Number of animals assayed.

TP values were calculated for VPC induction using Studétést.

Table 4. EGL-30 acts downstream or parallel to LET-60 and is dependent on wild-type BAR-1 activity

Relevant genotype* % Mdv % VuF  VPC inductio§ nf P value**

let-60(sy95dn)/+ 0 79 0.6+0.8 21

egl-30 (tg26gf); let-60(sy95dn)/+ 0 35 2.5+0.9 20 <0.0005 verslet-60(sy95dn)/+
let-23(sy1); lin-3(n378) 0 100 0.0£0.0 20

egl-30(tg264f); let-23(sy1); lin-3(n378) 0 100 0.2+0.6 20 0.16 versiet-23(syl); lin-3(n378)
let-23(sa62gf) 98 0 4.3+0.6 41

let-23(sa62gf); let-60(sy95dn)/+ 0 95 0.5+0.9 20 <0.0005 versegl-30(tg269f); let-60(sy95dn)/+
let-23(sa62gf)/+; sylsl/+ 100 0 5.1+0.7 21 <0.0005 versegl-30(tg26gf)
let-23(sa62gf)/+; let-60(sy95dn)/+; sylsl/+ 0 100 1.3+0.8 24 <0.0005 versegl-30 (tg264f); let-60(sy95dn)/+
bar-1(ga80) 0 48 2.3+0.9 31

egl-30(tg26gf); bar-1(ga80) 0 41 2.5+0.7 22 0.3 versimar-1(ga80)

let-23(sy1) 0 100 0.3+0.4 24

bar-1(mu63) 0 0 3.0+0.0 20

let-23(sy1); bar-1(mu63) 0 100 0.3+0.5 21 0.91 versiet-23(syl)n plates
egl-30(tg264f); let-23(sy1) 16 48 2.4+1.1 44 <0.000001 verdes-23(syl)
egl-30(tg264gf); let-23(sy1); bar-1(mu63) 0 95 1.1+1.0 21 0.00004 versagl-30(tg26gf); let-23(sy1)

*let-60(sy95dn¥trains carriedinc-24(e138and were balanced withilr 1[let(m435)] let-23(sa62gfvas linked taunc-4(e120) let-23(sy1)was linked taunc-
4(e120)in let-23(sy1); lin-3(n378andegl-30(tg26gf); let-23(sy1); lin-3(n378}rains.sylslis an integrated transgene that contains multiple copies tfiBe
gene.

TMultivulva. Percentage of animals that have greater than three VPCs induced.

*Vulvaless. Percentage of animals that have less than three VPCs induced.

SAverage number of VPCs induced to vulval fates.

INumber of animals assayed.

** P values were calculated for VPC induction using Studetést.

protein kinase C, c-SRC and PYK2. We therefore testedf RAS. Despite the fact that multiple copies of lihe3 gene
whether activated EGL-30 acts by promoting LET-23 (EGFR)n the form of the integrated transgenic arsgis1(Katz et al.,
activation. We constructed double mutants with dominant1995) also confer a much stronger multivulva phenotype than
negative let-60(sy95dn)and either the gain-of-functiolet-  egl-30(tg26gf)(Table 4),egl-30(tg26gf)is still a much better
23(sa62gf)allele oregl-30(tg264gf). let-23(sa62gfncodes a suppressor of the dominant-negatige60(sy95dn)nutation.
constitutively active receptor that induces ectopic vulval fateShese data indicate that EGL-30 pathway activity is not
in more than 90% of animals (Katz et al., 1996) (Table 4)correlated with functional levels of LIN-3 or LET-23
Despite the ability of constitutively active LET-23 to cause aactivation, and that EGL-30 acts either downstream or parallel
much stronger multivulva phenotype themi-30(tg26gf) the  to LET-60 (RAS).

let-23(sa62gf) allele did not suppress thket-60(sy95dn) To determine whether EGL-30 acts directly on some
mutation as well asgl-30(tg26gf)(Table 4). We also examined component downstream of LET-23 signaling, we made use of
whether overexpression of LIN-3 can suppress the vulvalesbe observation thaggl-30(tg26gf)suppresses the vulvaless
phenotype conferred by dominant-negative LET-60 (RAS). Iphenotypes ofin-3(n378) and let-23(syl)single mutations
this experiment, we also included one copyedf23(sa62gf) (Table 1). If EGL-30 acts downstream of receptor activation,
to further enhance the amount of pathway activation upstreathen activation of EGL-30 might be expected to supprésis a
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23(sy1) lin-3(n378)double mutant (Table 4). We find thel-
30(tg264gf) cannot suppress the vulvaless phenotypdebf
23(sy1); lin-3(n378youble mutants (Table 4). Taken together,
our data suggest that EGL-30 might act parallel to the LET-2
pathway.

WNT signaling is the only other pathway known to act
parallel to the RAS pathway during vulval induction. A null
mutation in the3-cateninbar-1 results in a partially penetrant
vulvaless phenotype, partly because of a reductioiniB9
hox gene expression (Eisenmann et al., 1998), also a target
the RAS pathway (Maloof and Kenyon, 1998). Moreover,
hyperactivation of WNT signaling through a mutatiorpiy-
1, an axin-like inhibitor of the WNT pathway, can suppiess
23 pathway vulvaless mutations (Gleason et al., 2002). Base
on these observations, we explored the possibility that activate
EGL-30 might promote vulval induction by elevating WNT
pathway activity. We found that unlike the effects on the RAS
pathway mutations,egl-30(tg26gf) did not suppress the
vulvaless phenotype of thigar-1(ga80)allele (Table 4). In
addition, we examined the sensitivity of the EGL-30 pathway
to bar-1 (p3-catenin) levels. Although the weak loss-of-function
bar-1(mu63) allele is phenotypically wild-type by itself
(Maloof et al., 1999), it reduces the output of elevated WN1
signaling. In particularpar-1(mu63)suppresses the ectopic
mab-5 expression, and polyray and vulval phenotypes
conferred bypry-1(mu38)(Maloof et al., 1999; Moghal and Fig. 3.Growth in a liquid environment promotes vulval induction.
Sternberg, 2003ahar-1(mu63)also reduces the ability efjl- ~ Scale bars: 2Am. Animals are L4 stage hermaphrodites. (A) A
30(tg26gf)to suppress the vulvaless phenotypeeoR3(syl) wild-type animal displaying normal vulval induction that developed
(Table 4). Thébar-1(mu63)mutation does not, however, affect on standard NG plates. (B)lAt-23(syl)mutant animal displaying a
the ability of a mutation in the RAS pathway comportpy- vulvaless phenotype that developed on standard NG plates.I¢E) A
22to comparably suppresst-23(sylXMoghal and Sternberg, ﬁgﬁiﬁg";g?ﬁ;ﬁg{j‘fﬁ 'h;’g',sg,'n"’;‘{ﬁgﬁm“g,’{fa' vulval induction that
2003a) Thus, bar-1(mu63) reduces WNT and EGL-30
pathway activity, but not RAS pathway activity. These data are
consistent with a model in which EGL-30 acts through BAR-

1, rather than on RAS signaling, or a novel third pathway, tactivation of EGL-30 promotes hyperactive locomotion on

"\ Wild type NG plates

promote vulval induction. plates, and loss-of-function mutations iegl-30 slow
movement (Brundage et al., 1996), it is conceivable that in a

EGL-30 (Gaq) is required for liquid growth-mediated liquid environment, endogenous wild-type EGL-30 is strongly

stimulation of vulval induction activated. Because muscles and the EGL-19 calcium channel

Because excitable cell populations can respond to changimly contribute to vulval induction under conditions in which
environmental conditions, we thought the EGL-30 pathwayGL-30 is strongly activated, we predicted thaegh30loss-
might modulate vulval induction in response to certainof-function mutation would not affect vulval induction on
environmental conditions. We therefore searched for astandard NG plates, but would block the ability of a liquid
environmental condition that might promote vulval inductionenvironment to promote vulval cell fates. Consistent with this
in an EGL-30-dependent manner. Previous work has shownodel, we found that on NG plates, the loss-of-funcégh
that the vulvaless phenotypesliof3(n378)andlet-23(n1045) 30(ad805)allele does not cause a vulvaless phenotype on its
can be partially suppressed by exit from dauer and starvatioown, nor does it suppress the multivulva phenotype caused by
respectively (Ferguson and Horvitz, 1985). We found that thesexcessive activation of the RAS or WNT pathways (Table 5).
conditions only weakly suppresséet-23(syl) and did not egl-30(ad805) does not suppress the gain-of-function
suppress the dominant-negatle&60(sy95dn)nutation (data mutations let-23(sa62) and let-60(n1046) or the loss-of-
not shown). Besides being grown on standard NG Petri platefsinction  mutations lin-15(e1763) and pry-1(mu38)
C. elegangan be grown in liquid media. When we grkm Furthermore, on NG platesgl-30(ad805)does not enhance
3(n378), let-23(syl)and let-60(sy95dn)single mutants in the vulvaless phenotype of a weak loss-of-function mutation in
liquid M9 buffer, instead of on Petri plates, we found that inthe MAP kinase genmpk-1(kul)(Table 5). In contrasigl-
all cases, animals consistently had a higher number of VP@G®(ad805)blocks the ability of liquid growth to suppretes-
adopting vulval cell fates compared with animals grown or23(syl)(Table 5). Thus, EGL-30 specifically modulates vulval
standard NG plates (Fig. 3, Table 5). Thus, growth of wormgduction under certain environmental conditions, as mimicked
in a liquid environment promotes vulval induction. by growth in a liquid environment.

C. eleganshehave differently in liquid media than on NG  Because the pathway stimulated by activated EGL-30 on NG
plates. Instead of crawling in a sinusoidal fashion, the wormglates is sensitive to functional levels of BAR-1 (Table 4), we
vigorously thrash their bodies back and forth. Becausgested whether the liquid growth-stimulated pathway displayed
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Table 5. EGL-30 is required for liquid growth-mediated stimulation of vulva development

Relevant genotype* Growth conditibn ~ %Muv* %wuls  VPCinductio — n* P value'f

lin-3(n378) NG plates 0 95 0.5+0.9 41

lin-3(n378) M9 0 91 1.1+1.0 44 0.005 verslin-3(n378)NG plates
let-23(sy1) NG plates 0 93 0.7+0.9 80

let-23(sy1) M9 1 69 1.7+1.2 80 <0.00001 versleg-23(sy1)NG plates
let-60(sy95)/+ NG plates 0 95 0.8£1.0 20

let-60(sy95)/+ M9 0 70 2.0+0.9 20 0.0002 versled-60(sy95dn)/+NG plates
egl-30(ad805); let-23(sy1) NG plates 0 95 0.8+1.0 64

egl-30(ad805); let-23(sy1) M9 0 86 0.9+1.1 70 0.6 verseg)l-30(ad805); let-23(sylG plates
sur-1(kul) NG plates 0 54 2.5+0.7 25

egl-30(ad805); sur-1(kul) NG plates 0 25 2.8+0.4 20

let-23(sa62gf) NG plates 90 0 3.8+0.4 21

egl-30(ad805); let-23(sa62gf) NG plates 85 0 4.5+0.8 20

let-60(n1046gf) NG plates 73 0 4.0+0.8 22

egl-30(ad805); let-60(n1046gf) NG plates 60 0 3.8+0.8 30 0.4 verdas60(n10464f)
lin-15(e1763) NG plates 100 0 6.0+0.1 20

egl-30(ad805); lin-15(e1763) NG plates 100 0 6.0+0.2 20

pry-1(mu38) NG plates 22 26 2.9+0.5 23

egl-30(ad805) pry-1(mu38) NG plates 22 9 3.1+0.4 23 0.2 verguy-1(mu38)
let-23(sy1); bar-1(mu63) NG plates 0 100 0.3+0.5 21 0.91 verdes23(syl)on plates
let-23(sy1); bar-1(mu63) M9 0 100 0.2+0.3 32 0.43 versiet-23(syl); bar-1(mu6é3)n plates
bar-1(ga80) NG plates 0 48 2.3+0.8 31

bar-1(ga80) M9 0 61 2.3+0.7 31 0.74. Psar-1(ga980)n plates
egl-30(ad805) NG plates 0 0 3.0+0.0 21

egl-30(ad805) M9 0 0 3.0+0.0 35

egl-30(tg26) NG plates 0 0 3.0+0.0 36

egl-30(tg26) M9 0 0 3.0+0.0 22

*let-60(sy95dnjvas linked taunc-24(e138and was balanced withir 1[let(m435)] sur-1(kul)was linked tadpy-17(e164)
fMedia on which worms were grown.

*Multivulva. Percentage of animals that have greater than three VPCs induced.

SVulvaless. Percentage of animals that have less than three VPCs induced.

TAaverage number of VPCs induced to vulval fates.

**Number of animals assayed.

TP values were calculated for VPC induction using Studétést.

the same sensitivity to WNT pathway mutations. Similar to thend P.W.S., unpublished), and consistent with this expression
results withegl-30(tg26gf)animals growing on NG plates, pattern, we find that transgenic expression of activated EGL-30
liquid growth was not able to suppress the vulvaless phenotyfeneurons, especially those that regulate motor output, including
of bar-1(ga80)(Table 5) Furthermore, as withgl-30(ad805) the SABs, and the VA and DA ventral cord motor neurons, also
the weak loss-of-functiobar-1(mu63)mutation blocked the drives this pathway (Table 2). These results suggest that
ability of liquid growth to suppress tHet-23(syl)vulvaless activation of neurons that innervate body-wall muscle, and
phenotype (Table 5). This result is also similar to the sensitivitwhose cell bodies are close to the vulval precursor cells, can
of egl-30(tg26gfto bar-1(mu63)n NG plates (Table 4). Thus, promote vulval cell fates (Fig. 4). However, mutationsrio-64
liquid growth-mediated effects on vulval induction are stronglyand unc-13 which reduce synaptic transmission, only weakly
dependent on EGL-30 and BAR-{3-¢atenin) signaling. impair the ability of endogenous activated EGL-30 to promote
vulval induction (Table 2). This observation could reflect the
. . non-null nature of these alleles, or it could indicate a role for the
Discussion neurons that is not heavily dependent on synaptic transmission.
Genetic analyses performed under standard laboratodthough the vulval induction-promoting activity of EGL-30 can
conditions have provided much information regarding thébe mediated by excitation of motor neurons, hyperactive
mechanisms by which growth factor signaling regulates celbcomotion, per se, is not requireell-30(tg26gf); let-23(syl)
fates in vivo. However, the paradigms worked out under thesanimals are severely paralyzed in the presence ohitvé4and
conditions might not fully explain the mechanisms underlyingunc-13mutations, yet still display enhanced vulval development.
animal development, especially with regards to how Despite the absence of a requirement for hyperactive
development occurs in the wild. By analyzing a gain-of-functiofocomotion for EGL-30 to promote vulva development, muscle
allele of the heterotrimeric 6& geneegl-3Q we have identified excitation appears to be necessary. Disruption of muscle-
a connection between the activity of excitable cells and thexpressed EGL-19 L-type voltage-gated calcium channel
responsiveness of epithelial precursor cells to EGF @élegans  activity, which affects muscle excitation (Garcia et al., 2001;
Activation of EGL-30 by either a point mutation or Jospin et al., 2002; Lee et al.,, 1997), blocks the EGL-30
overexpression causes hyperactive forward and backwaphthway (Table 3). Because EGL-30 is also expressed in
locomotion and suppresses the vulvaless phenotype of loss-oftuscle, it is possible that EGL-30 has a second site of action,
function mutations in théet-23 pathway (Table 1)egl-30is  in muscle, to regulate vulva development (Fig. 4). In this
strongly expressed in neurons (Lackner et al., 1999) (C.B., M.Scenario, theegl-30(tg26gf) genetic mutation might cause
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A B Environment

Fig. 4. Depiction of vulval induction in the
context of the whole animal. (A) A
schematic transverse section through a
developing hermaphrodite. The dorsal si
of the worm is up. Dorsal and ventral ne
cord, blue circles labeled N; body-wall
muscles in the four lateral quadrants, re«
cells labeled Mu; gonadal tissue, inverte
U-shaped tissue; anchor cell, green circl
labeled AC. Representative vulval precu
cell (grey cell labeled VPC). (B) One mo
for EGL-30 modulation of LET-23-
mediated vulva development. Neurons (blue, N) are directly stimulated by environmen
conditions and transduce a signal to muscle (red, Mu) via EGL-30, and possibly the U
and UNC-64 synaptic transmission proteins. Excitation of muscle by neuronally expre:
(and possibly also by muscle-expressed) EGL-30 leads to activation of downstream
components that include EGL-19 voltage-gated calcium channels. The muscle cells pi
modulatory signal that may upregulate BAR-1 activity in P6.p (grey cell, VPC) to coopt
with LIN-3 from the anchor cell (green, AC) to facilitate vulval induction. Hyp, hypoderr
Int, intestine.
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sufficient cell-autonomous excitation of the muscles to bypasso reason to think that the post-embryonic body-wall muscles
the requirement for UNC-64- and UNC-13-mediated synaptiare functionally distinct from the other body-wall muscles.
transmission. This model would be consistent with data that LFherefore, we favor a model in which ablation of the M cell
type voltage-gated calcium channels can be positivelgimply reduces the number of muscles below a critical
modulated by protein kinase C (Linn, 2000), andthreshold, so that the EGL-30 pathway can no longer fully
diacylglycerol and/or inositol-1, 4, 5-trisphosphate, two secongromote vulva development.
messengers downstream ofi@(Boyer et al., 1994; Jiang et  Several models could explain the form of communication
al., 1994). However, because we find thatapkel19(n2368gf) between the neurons, muscles and vulval precursor cells that
gain-of-function allele does not phenocopy the effect opromotes vulval induction. In all cases, excitation of body-wall
activated EGL-30 on vulval induction (Table 3), it is possiblemuscles is crucial. In a simple model (Fig. 4), EGL-30-driven
that EGL-30 has targets other than EGL-19. Alternativelyactivation of motor neurons stimulates body-wall muscle,
because thegl-19(n2368gfjnutation does not cause the samewhich in turn, signals to the VPCs. In contrastCinelegans
hyperactive behavior observed égl-30(tg26gf)mutants, the body-wall muscles have been shown to modulate neuronal
G365R change conferred by thegl-19(n2368gf)mutation  synaptic development via the C2 domain protein AEX-1 and
might not mimic the effect of activated EGL-30 on thethe AEX-5 prohormone convertase (Doi and Iwasaki, 2002).
biophysical properties of EGL-19, and the biological propertie§herefore, it is also possible that neurons may directly
of muscles. modulate vulval induction in a manner that is not strongly
The M cell lineage is required for the EGL-30 pathway, andlependent on synaptic transmission, but requires retrograde
myo-3drivenegl-19 which is only expressed in differentiated signaling from the muscle to the neurons. Finally, it's possible
muscle, can promote pathway activity (Table 3). Because thbat two parallel signals are sent by the neurons and body-wall
M-derived body-wall muscles are formed during L2, prior tomuscle to the vulval precursor cells.
vulval induction, whereas the M-derived sex muscles are not Experiments with cultured mammalian cells have
formed until the L4 stage, after vulval induction is completeddemonstrated that G-protein-coupled receptor activation can
(Sulston and Horvitz, 1977), it is probable that post-embryonitead to metalloprotease-stimulated shedding of HB-EGF, an
body-wall muscles promote vulva development. These musclé&sGFR ligand (Daub et al., 1996; Prenzel et al., 1999), which
occupy positions posterior to the gonadal primordium, botltan then act in an autocrine and paracrine manner. However,
dorsally and ventrally, and are used for locomotion, similar tave find that expression of activated EGL-30 in the vulval
their embryonically derived counterparts (Garcia et al., 200Iprecursor cells does not promote vulval induction (Table 2),
Sulston and Horvitz, 1977). The most anterior of the musclesor is the activity of EGL-30 correlated with functional levels
is close to P7.p., which might be close enough to affect vulvalf LIN-3 or LET-23 activation (Table 4). Instead, we find that
induction directly (Fig. 4). However, because thec-4  activated EGL-30 acts downstream or parallel to the LET-60
expressing VA and DA motor neurons innervate both ventra]RAS) (Table 4). WNT signaling is the only other pathway
and dorsal body-wall muscles, respectively (White et alknown to act parallel to RAS signaling during vulval induction,
1986), it is also possible that the post-embryonic muscles camth one convergence point being th®-39 hox gene
affect vulva development from a distance. At present, there {&€isenmann et al., 1998). We find that although activation of
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EGL-30 can suppress RAS pathway mutations, it cannaesults, it appears th&. eleganscan use its neuromuscular
suppress the partially penetrant vulvaless phenotype bathe system to both promote and inhibit vulva development,
1(ga80) null allele (Table 4) Moreover, although thdéar-  depending on the environmental context.
1(mu63)loss-of-function allele does not affect vulval induction  Although RAS and WNT signaling are both important for
on its own, it reduces the ability e§l-30(tg26gfto suppress inducing vulval cell fates, hypomorphic mutations in kbe

the vulvaless phenotype ofet-23(syl) (Table 4). This 23 pathway cause more severe vulvaless phenotypes than a
sensitivity ofegl-30(tg26gf}o bar-1(mu63)s specific because bar-1 null mutation. This difference raises questions as to why
suppression oflet-23(syl) by the RAS pathway mediator two different signaling pathways are used to specify vulval cell
componentpy-22is not affected bpar-1(mu63)Moghal and  fates, and why they are used disproportionately. If a cell fate
Sternberg, 2003aJhese data suggest that one possible modehust be induced at a particular time in development, it might
in which EGL-30 promotes vulval induction is by upregulatingbe best accomplished by robust activation of a pathway that is
bar-1 (B-catenin) signaling (Fig. 4). In support of this model,largely insensitive to environmental changes. However, should
elevatedbar-1 (B-catenin) signaling resulting from a loss-of- conditions arise that are deleterious to that pathway, the
function mutation in the axin-like genery-1, or from  existence of a second pathway that is modulated by the
overexpression of a non-degradable form of BAR-1 suppressesivironment would ensure that development remains invariant.
the vulvaless phenotype tt-23(syl)(Gleason et al., 2002) Under stressful conditions, the hermaphrodite may use a
Mammalian cell culture experiments have suggested thgt G behavioral response elicited by excitable cells anglg G
may be a downstream component of WNT receptors (Liu etignaling to promote the activity of the WNT pathway, and
al., 2001; Liu et al.,, 1999). However, because transgenigltimately enhance RAS-dependent vulval cell differentiation.
expression of activated EGL-30 in neurons, but not in th&he interplay between the environment, neurons, muscles and
vulval precursor cells, promotes vulval induction (Table 2), thighese signaling pathways adds a new dimension to the existing
model is unlikely to explain our results. Furthermore, BAR-1paradigms by which growth factors trigger cell fate changes
is expressed in the vulval precursor cells, but not in muscleduring animal development.

and neurons (Eisenmann et al., 1998), and we have shown that
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