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SUMMARY

Negative regulation of receptor tyrosine kinase (RTK)/RAS that DPY-22 also inhibits RAS-dependent vulval fate
signaling pathways is important for normal development specification independently of BAR-1, and probably
and the prevention of disease in humans. We have used a regulates the activities of multiple transcription factors

genetic screen in C. elegansto identify genes that during development. Furthermore, we demonstrate that
antagonize the activity of activated LET-23, a member of although inhibition of BAR-1-dependent gene expression
the EGFR family of RTKs. We identified two loss-of- has been shown to require the C-terminal glutamine-rich
function mutations in dpy22, previously cloned assop-],  region, this region is dispensable for inhibition of RAS-
that promote the ability of activated LET-23 to induce dependent cell differentiation. Thus, the glutamine-rich

ectopic vulval fates. DPY-22 is a glutamine-rich protein region contributes to specificity of this class of mediator
that is most similar to human TRAP230, a component of a protein.

transcriptional mediator complex. DPY-22 has previously

been shown to regulate WNT responses through inhibition Key words: EGF, RAS, LET-23, SOP-1, DPY-22, Mediator, Vulva,
of the B-catenin-like protein BAR-1. We provide evidence C. elegans

INTRODUCTION transformations in P3.p and P4.p at high frequency (Katz et al.,
1996), indicating that receptor activation is sufficient to drive
Activation of signal transduction pathways by growth factorscell differentiation. Under physiological conditions, positional
is frequently used in development as a mechanism to speciglectivity for cell fate determination might be achieved by
distinct cell fates. In the case of tBe elegandhermaphrodite, dependency on a threshold level of LET-23 pathway activation,
vulval cell fate specification (reviewed by Greenwald, 1997which is normally achieved only by the VPC closest to the
Sternberg and Han, 1998) begins at the end of the second laraalchor cell, the source of LIN-3. Consistent with this model,
stage with the secretion of LIN-3 (Hill and Sternberg, 1992)P6.p is positioned closest to the anchor cell and invariantly
an EGF-like growth factor, from the gonadal anchor cell. Sixesponds to LIN-3.
Pn.p cells, P3.p-P8.p, comprise the vulval precursor cells Genetic studies of negative regulation of vulval development
(VPCs). These cells express LET-23 (Aroian et al., 1990indicate that additional mechanisms operate to ensure the
Kaech et al., 1998; Simske et al., 1996), an EGF receptor-likeelective response of P6.p to LIN-3. Although ectopically
protein, and are competent to respond to overexpressed LINa8tivated LET-23 induces vulval fate transformations at high
by adopting vulval fates (Hill and Sternberg, 1992; Katz et alfrequency in P3.p and P4.p, the posteriorly expressaiol5
1995). However, in the presence of physiological levels of LINhomeobox gene inhibits this response in the most posterior
3, only P6.p adopts a primary vulval fate. This response iBn.p cell, P8.p (Clandinin et al., 1997). Another mechanism of
transduced through LET-60 (RAS) (Beitel et al., 1990; Han andestricting the response to LIN-3 involves two classes of genes
Sternberg, 1990) and SUR-1/MPK-1 (MAP kinase) (Lacknethat function redundantly to inhibit vulval fates. Animals that
et al.,, 1994; Wu and Han, 1994), and is accompanied by therbor loss-of-function mutations both in a class A and class
activation of LIN-12, a NOTCH-like molecule (Yochem et al., B ‘synmuv’ gene display a synthetic multivulva phenotype
1988), on adjacent P5.p and P7.p, which causes these cellsberause of the adoption of vulval fates by most of the VPCs
adopt secondary vulval fates (Simske and Kim, 1995). Théerguson and Horvitz, 1989). This vulval induction is
remaining VPCs, P3.p, P4.p and P8.p, do not adopt vulvahdependent of the LIN-3-producing anchor cell, but dependent
fates, and fuse with the hypodermal syncytium, hyp7. on LET-23 and its downstream effectors (Ferguson et al., 1987;
Given the likely diffusible nature of LIN-3, mechanisms Huang et al.,, 1994; Lu and Horvitz, 1998), raising the
must exist to ensure that normally only a subset of the VPQmossibility that this pathway exists to repress low, but
responds to the growth factor. A ligand-independent gain-offunctional, levels of ligand-independent activity by the LET-23
function allele oflet-23 sa62 confers ectopic vulval fate pathway. Molecular identification of some of the synmuv genes
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and RNA interference experiments suggest that this pathwdyNA from bar-1(mu63)animals by PCR, and directly sequenced the
comprises components of a histone deacetylase complegxoducts. Primer sets used included BARI-@&Gagt tct act tgt cta
which represses LET-23-dependent gene expression (Chen dfhgtg tgc-3and BAR1-7 5cac atg gta gtc cgc gac ttg tac-BAR1-
Han, 2001; Lu and Horvitz, 1998; Solari and Ahringer, 2000)8 S-cga gaa ttg acc agc tcc aga agd gr&l BAR1-9 5Sgc tgc tta
Several genes have been identified whose properties do ag’ngaggggl %?';?gtd 3?3;;1%0599Cgté;g;gagagsjctgécgdg At;‘:r
fully rgsemble the synmuv genes, bu't neverthele§s, function ggquencing 36% of thear-1 genomic locus, we identified a Cto T
negative regulators Of. vulval Inducthn. These inclufe- mutation at position 39108 of C54D1 lrar-1(mu63)animals. This
101(AP47 medium chain of trans-Golgi AP-1 complexes) (Le&pange was detected on both strands, and not in N2 animals. This
et al.,, 1994)sli-1(c-CBL) (Yoon et al., 1995)gap-1(Hajnal  mis-sense mutation is predicted to cause a G524D change in the
et al., 1997)ark-1 (ACK-related tyrosine kinase) (Hopper et BAR-1 protein. Linkage ofbar-1(mu63)to dpy-22(sy622)was
al., 2000) andip-1 (MAP kinase phosphatase) (Berset et al.,confirmed by DNA sequencing. Linkage bfr-1(ga80)to dpy-
2001). Mutations in these genes suppress loss-of-functic?2(sy622)was confirmed by PCR and digestion wittsd, which
mutations in the let-23 pathway that cause vulvaless detect.s theMsd restriction site created by thga80C to T point
phenotypes, and in different genetic backgrounds, thefputation. o _ )
enhance the frequency of multivulva phenotypes, indicatin &?g;j’éi‘z?sz)'w Rp'ggﬁ;ﬁgigmeas'j”gﬁ;e St’é’iﬁtﬁ; tolggi”)darodne
they a}ffect all six VPCs, S'm'l".ﬂ to the.synmuv genes. Thes%ousand F1 offspring were picked to individual plafes, and those
negative regulators may function to_ raise the reqwremem f@’egregating adult males with ventral protrusions were saved.
the amount of LET-23 pathway activity necessary to drive a
functional response. Molecular biology
To address whether these are the only mechanisms apdil-lengthdpy-22used for PCR-based rescue was amplified by PCR
points of negative regulation of the response to LIN-3, w&Expand Long, Roche) from positions 21115 to 6068 of cosmid
performed a genetic screen for mutations that enhance tlRd@7A4 with the primers’'ggtc ccg tta tga taa cgt atc tcc adgBd
frequency of ectopic vulval fate transformations in the presenc®-caa gcg tta tct tga tga cgc ggt'c-Bhe PCR fragment was injected
of gain-of-functionlet-23(sa62) We isolated two new alleles &t 10 ngil with pPD118.33 ifiyo-2::9fy (10 ngiul) and pBSSK
of sop-1(Zhang and Emmons, 2000), which has recently beefptratagene) (160 ng) into dpy-6(el4) dpy-22(sy622); stDp2

: ) animals. Rescuing arrays were subsequently crossed dipye
found to be allelic to the older locudpy-22 (Meneely and 22(sy622)single mutants,

Wood, 1987) (H. Sawa, personal communication). DPY-22 iS™ % Llenath dov-22 aene spanning 20759 to 6464 of cosmid
most closely related to human TRAP230 (lto et al., 1999:47p4 was,g recopgstruc?ted in ppBRBSZ as follows. First, Xl
Nagase et al., 1996; Philibert et al., 1998), a component of th@&gment from F47A4 (20759-10290) was cloned intoShksite of
transcriptional mediator complex (lto et al., 1999), and hagBR322 to yield pBRF47A4Xh. This plasmid was digested i,

been shown to be an inhibitor of WNT-dependent rayand anAgd fragment from F47A4 (10406-6464) was introduced into
formation in theC. elegansmale tail (Zhang and Emmons, this vector, to generate pBRsop1FL, which harbors a full-ledigyh
2000). We describe some of the phenotypes of ourdpgw22 22 gene. dpy-22:.gfp dpy-22 2548:gfpand dpy-22 2141:gfp
alleles, and present evidence that DPY-22 also is an inhibit§i@nsgenes were constructed using overlap extension PCR (High

of RAS-dependent vulval fate specification, independent of itggjt\?v'gg’n R;pcg‘r?prti‘;tgl‘;ﬁfuEé;etg;bi;‘gzi][‘rz;ammeemga;‘ﬁg?g”ﬁ: ;“”Sions
role in regulating WNT signaling. cases, codons encoding two glycine residues were placed between the

two genes, and the fusions were made to the codon encoding the first
Ser residue of GFRIpy-22fragments were amplified by PCR from

MATERIALS AND METHODS F47A4 using the Sprimer sop1-17 '5ct tat gtt cca cgg tat cat caa tcc-
' . 3 and the 3primer sop1-28 '5c ttc tcc ttt act tce tce gta ctg att tgg
Strains and mutagenesis tgg ttg ttg gtt g-3 sopl-26 5c ttc tcc tit act tec tec ttt ctg ctg ctec cac

C. elegansvere cultured at 20°C using standard protocols (Brenne@ag ttg ttg atg g-3or sop1-35 5 c ttc tcc tit act tcc tcc gaa cat tct
1974). Alleles used in this work werpry-1(mu38)(Maloof et al.,  gaa ctt cca tcc gec-3for dpy-22::gfp dpy-22 2548:.gfpand dpy-22
1999) on LGI; let-23(syl) (Aroian and Sternberg, 1991)et- 2141::.gfp respectively. gfp fragments included theunc-54 3
23(sa62gf)(Katz et al., 1996) andnc-4(e120)White et al., 1992) untranslated region, and were amplified by PCR from pPD95.79 with
on LGII; pha-1(e2123ts)(Granato et al., 1994) on LGllllet-  the 3 primers sopl-34'Eaat cag tac gga gga agt aaa gga gaa gaa ctt
60(n1046gf)(Beitel et al., 1990; Ferguson and Horvitz, 1986)¢c-  ttc act gg-3 sopl-33 5cag cag aaa gga gga agt aaa gga gaa gaa ctt
31(e169)Avery et al., 1993) andpy-4(e1166)Cox et al., 1980) on ttc act gg-3or sopl-32 5aga atg ttc gga gga agt aaa gga gaa gaa ctt
LGIV; him-5(e1490) Hodgkin et al., 1979) on LGV; arldn-2(e678)  ttc act gg-3 for dpy-22::gfp dpy-22 2548::gfpanddpy-22 2141::gfp
(Brenner, 1974)bar-1(ga80)(Eisenmann et al., 1998ar-1(mu63)  respectively, and the’ primer unc54-5 5a taa gaa tgc ggc cgc aaa
(Maloof et al., 1999),dpy-6(e14)(Brenner, 1974)dpy-22(bx93) cag tta tgt ttg gta tat tgg gaa tg-Fhe individual fragments were
(zhang and Emmons, 2000gl-15(n484)(Trent et al., 1983) and purified by agarose gel electrophoresis, mixed in the appropriate
unc-9(e101)Brenner, 1974) on LGXGenetic balancers used were: combinations, and then subjected to PCR in the presence of the 5
mnC1 [dpy-10(e128) unc-52(e444ferman, 1978; Sigurdson et al., primer sop1-17, and the Brimer unc54-5. Thelpy-22::gfpfusion
1984) on LGII;nT1[let(m435)]on LGIV and LGV (Rogalski and was digested witiNotl and cloned intaNot-digested pBRsop1FL.
Riddle, 1988). Alllet-23(sa62)strains carried the linked mutation dpy-22 2548::gfpand dpy-22 2141:.gfptruncations were digested
unc-4(e120)and heterozygoust-23(sa62)/+strains were balanced Wwith BstHI and Not, and cloned into BstBI/Not-digested
with mnC1 let-60(n1046)/+strains carried the linked markanc-  PBRsoplFL.dpy-22::gfp and dpy-22 2548::gfptransgenes were
31(el69)and were balanced byr1[let(m435)] injected at 10 ngd with pPD118.33 ifiyo-2::gfp (10 ngful) and 160
bar-1(mu63)was previously reported to have a mutation causinghg/iul of pBSSK into dpy-6(el4) dpy-22(bx93)/dpy-22(sy622)
a L130F change (Maloof et al., 1999), which we did not detect in thganimals.dpy-22 2141::GFPwas injected at 12.5 ng/with pBX-1
extant bar-1(mu63) strains. In order to determine the molecular (Granato et al., 1994) (100 mdy and pBSSK (37.5 ngl) into pha-
lesion inbar-1(mu63) we amplified 1 kb regions dfar-1 genomic ~ 1(e2123tsjanimals.
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Identification of sy622 and sy665 as alleles of dpy-22/sop-1 resulting in an overall cell induction of 3.0. Animals displaying a cell

sy622and sy665were placed on LGX by crossing N2 males into !nduct!on of more than 3.0 are multivulva, and qnimals with a cell

mutant hermaphrodites and observing that 100% of F1 males weteduction less than 3.0 are vulvaless. Laser ablations were conducted

small/dumpy (Dpy) and had abnormal tails (Mab). Three-factoiusing a standard protocol (Bargmann and Avery, 1995). Gonadal cells

mapping was carried out following the small/Dpy and egg-laying{Z1, Z2, Z3 and Z4) were ablated during the L1 stage.

defective (Egl) phenotypes ay622 sy622was placed between

lon-2 and unc-9 as 6/11 Lon non-Unc and 4/11 Unc non-Lon

recombinants picked up the mutatisg622was placed betweealpy- RESULTS

6 and unc-9 as 6/13 Dpy non-Unc and 8/10 Unc non-Dpy

recombinants picked upy622 sy622was placed betwednn-2 and L

egl-15as 23/26 Lon-non-Egl and 4/33 Egl non-Lon recombinantssy622 and sy665 promote vulval fate specification

picked upsy622 Usingsy622 egl-15louble mutants and CB4856, a To identify new negative regulators of LET-23-dependent

Hawaiian isolate ofC. elegans Egl-non sy622recombinants were Vvulval fate specification, we employed a screen using a gain-

generated that allowed us to analyze the positions of crossovers by-function allele oflet-23 sa62 let-23(sa62)encodes a

the absence or presence of single nucleotide polymorphisms (SNR®lceptor with a mis-sense mutation changing C359Y in the

g‘g;’g‘g at 32555_'1_':4”51' Usnu@y-észzyGZZ(ljjoub(laez;nutantsband hermaphrodites, only three VPCs, P5.p-P7.p, adopt vulval
, and picking Dpy nosy and sy non-Dpy : ;

recombinantssy622was mapped to the right of the SNP at 19169 Offates, whereas in 9.8.% of hermaphrodites homozygouetfor

F15G9. Owing to the unhealthinesssy622animals, cosmids from 23(sab2) one additional Pn.p, usually P3.p and/or P4.p,

this region initially were coinjected with pPD118.38y0-2::gf) and ~ @dopts a vulval fate (Table 1; see Table 4) (Katz et al., 1996).

pBX-1 into pha-1(e2123ts)nimals, and stable extrachromosomal This ectopic induction, as well as the normal induction

arrays were crossed iny622animals to test for rescue. Initial displayed by P5.p-P7.p is independent of the LIN-3-producing

attempts at rescue failed using this strategy. Later, cosmid F47A4 (&nchor cell in the gonad, suggesting that when expressed at

ngil) was co-injected with pPD118.38ny0-2::gfg(10 ngll) and  these levels, the receptor is ligand independent (see Table 4)

pBSSK (140 ngll) into pal-1(e2091); him-5(e1490); dpy-22(bx93) (Katz et al., 1996). Male gonads do not give rise to an anchor

animals. Arrays conferring functional rescue in this background werge||, and their Pn.p cells do not normally adopt vulval fates.

crossed intosy622 animals and found to rescue all of thg622 However, despite the ligand-independence of LET-

phenotypesdpy-22genomic DNA was amplified in 1 kb pieces from 23(03599), this activated receptor is unable to cause male

sy622 and sy665 worms, and the products directly sequenced. X
Mutations were confirmed by sequencing both strands, and comparilllD p cells to adopt vulval fates at high frequency (data not

the sequencing data from N2y622 and sy665 animals in the S wn). We hypothesized that vulval tissue formation in

appropriate regions. homozygoudet-23(sa62)males could be used as a sensitized
_ assay to identify inhibitors of vulval fate specification. We
RNA mutagenizedet-23(sa62); him-5(e1490)ermaphrodites with

Exon 17 fromdpy-22was amplified by PCR from the cosmid FA7A4 EMS, and looked for F1 animals that segregated a high
with the primers 5tta ata cga ctc act ata ggg aga cat tcg aac tag cisercentage of progeny males exhibiting vulval tissue. From a
cag aga aac-&nd 3-tta ata cga CIc act ata ggg aga atc aaa tgg gta (ijnt screen of 1000 haploid genomes, three mutations were
ccc agc ttc-3 which introduce a T7 bacteriophage promoter at bot golated. Two allelessy622and sy665 reéembled each other

ends of the fragment. An intronless GFP gene was amplified from t that tant hared additi | oh i
plasmid pPD79.44, with the primerstia ata cga ctc act ata ggg aga In that mutant worms shared additional phenotypes (see

tga gta aag gag aag aac ttt tcd er®d 5-tta ata cga ctc act ata ggg below), whereas the third mutation seemed to affect only Pn.p
aga cta ttt gta tag ttc atc cat gcc atgwhich also add a T7 promoter fates.
to both ends of the PCR product. dsRNA was synthesized in vitro To determine whethesy622andsy665affected vulval fate
using the MEGAscript T7 kit (Ambion). The presence of dsRNA wasspecification only in male Pn.p cells, we introduced these
confirmed by agarose gel electrophoresis, and quantified bgutations into a sensitized hermaphrodite background.
spectrophotometry. L1 stage hermaphrodites were incubateduh 12 Hermaphrodites heterozygous ftat-23(sa62)have mostly
M9 buffer containing 1.5 mg/ml total RNA and OP50 (A600 “mzl-o)wild-type vulvae, but occasionally some animals display
for 24 hours at 20°C. After incubation, worms were recovered angctopic vulval tissue (Table 13y622and sy665enhance the
|tohlacec_1 do[l4st?ndard tN%.pLaE?S Wt'rt]h OP50, and qllov(\j/et()j t& develokp fPequency of ectopic vulval fate specificatiorlén23(sa62)/+

em stage, at which time they were examined by Nomarsk animals (Table 1), indicating that the mutations also affect the
Vulval induction assay and gonad ablations response of hermaphrodite Pn.p cells to activated LET-23, and
Vulval development was scored during the L4 stage under NomarsKpat some regulators of LET-23 signaling are shared between
optics (Sternberg and Horvitz, 1986). Nuclei in the ventral region ofmale and hermaphrodite Pn.p cells.
the worm that were not of hypodermal, neuronal or muscle descent We tested whether the multivulva-enhancing effecty622
were counted. In wild-type animals, 22 nuclei arise from vulval fateswas unique tdet-23(sa62) or reflected an interaction with
The number of vulval nuclei is used to extrapolate how many of thgctivated RASlet-60(n1046)s a gain-of-functionet-60allele
Pn.p cells were induced to adopt vulval fates. A vulval precursor celhat encodes a RAS protein with a G13E change (Beitel et al.,
(VPC) in which both daughter cells divide one more time, and bO“j_ggo)_ Seventy-three percent let-60(n1046)homozygotes
granddaughters divide to generate seven or eight great granddaugh @play ectopic vulval cell fate differentiation (Table 1).

and no hypodermal tissue, is scored as 1.0 cell induction. A VPC i L .
which one daughter fuses with the hypodermis, and one daught wever, similar tdet-23(sa62)/+animals, let-60(n1046)/+

continues to divide over the next two generations, resulting in fouf/€t€rozygotes have mostly wild-type vulvae (Table 1). We
great granddaughter cells is scored as 0.5 cell induction. In wild-typ&erefore usedet-60(n1046)/+as a sensitized background to
animals, P5.p, P6.p and P7.p each undergo the equivalent of 1.0 c@¥amine specifically the interaction sy622with activated
induction, whereas the other Pn.p cells do not adopt vulval fateRAS. sy622enhanced ectopic vulval fate specification Ieta
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Table 1.sy622and sy665promote vulval development

% P6.p
Relevant genotype % Vul* inductidn % Muv¥  VPC inductiof¥ nf P value**
N2 0 100 0 3.0+£0.0 31
let-23(sa62) 0 100 98 4.3+0.6 42
let-23(sa62)/+ 0 100 4 3.1+0.3 26
sy622 0 100 3 3.0£0.2 35
Sy665 0 100 2 3.0+£0.0 50
let-23(sa62)/+; sy622 0 100 96 4.9+0.8 23 <0.000001 verdes23(sa62)/+
let-23(sab2)/+; sy665 0 100 95 4.1+0.7 20 0.000001 verdas23(sa62)/+
let-23(sa62)/+; dpy-4(e1166) 0 100 15 3.1+0.2 26 0.61 verslet-23(sa62)/+
let-60(n1046) 0 100 73 4.0+0.8 22
let-60(n1046)/+ 0 100 4 3.1+0.4 24
let-60(n1046)/+; sy622 0 100 91 4.2+0.8 23 <0.000001 verdes60(n1046)/+
lin-3(n378) 96 35 0 0.7+1.0 51
lin-3(n378); sy622 84 86 0 1.6+0.9 37 0.00002 versdirs-3(n378)
lin-3(n378); sy665 78 76 0 1.6+1.0 45 0.00005 verdlirs-3(n378)
let-23(sy1) 100 29 0 0.5+0.9 24
let-23(sy1); sy622 75 90 0 2.1+0.9 20 <0.000001 verdat23(syl)
let-23(sy1); sy665 62 90 5 2.3+0.8 21 <0.000001 verdas23(syl)

*Vulvaless. Percentage of animals that have less than three VPCs adopting vulval fates.
fPercentage of animals with P6.p adopting a vulval fate.
*Multivulva. Percentage of animals that have more than three VPCs adopting vulval fates.

8Average number of VPCs that adopt vulval fates.
INumber of animals assayed.
** P values were calculated for VPC induction using Studertést.

Table 2.sy622and sy665animals have multiple phenotypes

Relevant genotype Body length* % Bgl % MabF P valué®
N2 87+5 (1=23) 0 (=30) 3 (1=34)

sy622 61+6 (=23) 92 (=61) 95 (=39) <0.00001
sy665 64+4 (1=22) 100 (=36) 100 (=35) <0.00001
let-23(sa62)/+; dpy-4(e1166) 58+3 (1=20) nd nd <0.00001
sy622; syEx538 [FA47A4] 8815 (1=20) 8 (=24) 0 (=25) 0.47
sy622; syEx539 [dpy-22 PCR] 84+5 (=20) 11 (=28) 9 f=23) 0.09
dpy-22(bx93) 83+4 (=20) 0 (=30) 3 (1=33) 0.002
dpy-22(sy622)/dpy-22(bx93) 81+5 (=18) 13 (=23) NA 0.0007
bar-1(mu63) dpy-22(sy622) 6515 (1=20) 93 (=30) 100 (=25) 0.018
dpy-22(sy622); syEx554 [dpy-22:: gfp] 934 (1=23) 0 ©=39) 4 0=27) 0.00005
dpy-22(sy622); syEx558 [dpy-22 2548:: gfp] 9045 (1=26) 0 (=33) 4 (=25) 0.07

*Body length of young adults<0.01 mm).
TPercentage of animals that are egg-laying defective.
*Percentage of males that have abnormal ray development.
8P values were calculated for body length compared with N2 using Stutiests
n, number of animals assayed; NA, not applicable; nd, not determined.

60(n1046)/+background (Table 1), consistent with 622
mutation increasing the response to RAS activation.

vulval fate in the presence of ttia-3(n378)or let-23(syl)
reduction-of-function

signaling.

mutations,

which

reduce

sy622 and sy665 have additional phenotypes

presence of activated LET-23, thg622and sy665mutations

cause other phenotypey622andsy665hermaphrodites have

a 90% penetrant egg-laying defect (Table 2), and, as young
We also tested i$y622andsy665could affect vulval fate adults, are dumpyish and only about 70% of the size of wild-
specification in the central VPCs, P5.p-P7.p, which argéype animals (Fig. 1A-C; Table 2). In addition, 95%sp622
normally specified to form vulval tissue. We found that bothand sy665adult males have abnormal ray development in the
sy622andsy665could restore the ability of P6.p to adopt atail (Fig. 1D-F; Table 2). Given the shortened body length of

sy622 and sy665 animals, we asked whether the effect on

RAS ectopic vulval fate specification might indirectly result from a
signaling (Table 1). However, many of these double mutantseduced distance between the anchor cell and P3.p, P4.p and
still do not display wild-type vulval induction, indicating P8.p. We, therefore, introduced thpy-4(el1166)mutation,
sy622and sy665do not bypass the requirements for RASwhich comparably reduces body length (Table 2), lete
23(sa62)/+animals. Unlikesy622andsy665 dpy-4(e1166}id

not significantly enhance ectopic vulval fate specification in
this background, indicating that the effectsgb22andsy665

In addition to enhancing vulval fate specification in theon vulval induction is not due to a general reduction in body

size (Table 1).



DPY-22/SOP-1 inhibits vulval development 61

sy622 and sy665 are strong loss-of-function alleles mutant analyses using tlipy-22 alleles that suppregsal-
of dpy-22/sop-1 1(e2091)and eitherunc-37or sur-2 also have revealed a ray
Based on the similarity in phenotypes betwes®22and loss phenotype (Zhang and Emmons, 2002), similar to that
sy665 and their common linkage to the X chromosome, webserved irdpy-22(sy622and dpy-22(sy665kingle mutants
tested whether they were allelic. These recessive alleles fail€¢dig. 1). This observation suggests that ray development is
to complement each other for egg-laying and body size defectsltimately compromised when DPY-22 pathway activity is
suggesting that they define a single locus (data not shown). \eeduced below a certain threshold. In addition, we find that the
three-factor mappedy622betweendpy-6 and egl-150n the  loss-of-function alleledpy-22(bx93weakly promotes ectopic
genetic map, and using single nucleotide polymorphisms ixulval fate transformations in ket-23(sa62)/+background
CB4856, a Hawaiian isolate &@. eleganswe placedsy622 (Table 3). Moreoverdpy-22(bx93)fails to complementlpy-
between the cosmids F15G9 and F47A4 on the physical map2(sy622¥or enhancing ectopic vulval fate specification in the
Cosmid F47A4 rescued the egg-laying, body size and male tgitesence oflet-23(sa62)/+ (Table 3), providing further
defects (Table 2). A PCR fragment encompassing the comple¢gidence that DPY-22 negatively regulates vulval development.
predicted coding region of only47A4.2 sop-1(Zhang and To examine directly the effects of reducing DPY-22 levels on
Emmons, 2000) (Fig. 2A), also rescued the egg-laying, bodyulval development, we used RNAIi agairgdpy-22 In an
size and male tail defects (Table 2).
F47A4.2/sop-lhas recently been found to
allelic to an older genetic locusipy-2:2
(Meneely and Wood, 1987) (H. Sawa, pers
communication). When crossed into let-
23(sa62)/+; sy622 background, extr
chromosomal arrays containing either F4
or the dpy-22 PCR product suppressed
ectopic vulval fate specification observec
these animals (Table 3). These results su
that all of thesy622phenotypes result fro
mutation of a single genalpy-22 We thel
sequencedipy-22 genomic DNA fromsy62:
and sy665animals. We found that relative
wild-type animalssy622animals harbored a
to T mutation at position 13,100 of F47,
which changes a CAG glutamine codon in €
12 to an Amber STOP codosy665animals
harbored a C to T mutation at position 11,
of FA47A4, which changes a CAA glutam
codon in exon 13 to a TAA Ochre STOP cor
The mutant DNA insy622and sy665animals
is predicted to truncate the DPY-22 pro
after amino acids 1697 and 2141, respect
(Fig. 2B).

dpy-22was cloned asop-1 by virtue of th
isolation of non-Dpy alleles that suppress
ray loss phenotype conferred by a regule
region mutation in the homeobox gepal-1
(Zhang and Emmons, 2000). Thepy-22
alleles that suppressal-1(e2091)consist o
one splicing mutation and three nonse
mutations, with the strength of the all
correlated with the extent of the predictec
terminal truncation.dpy-22(bx93)and dpy-
22(bx92)are the strongest alleles, and they
expected to make proteins that are trunc
after amino acids 2548 and 3165, respecti
RNAI experiments indicate that all of th

_ P i Fig. L sy622andsy665animals have multiple phenotypes. Scale barsit0@ A-C;
(rjnpuytaztsjn s “erlaeizin gart?] e rsg;scittl)(i)lir:y()ft:\l:lrig[/l- 20um in D-H. All animals are 1-day-old young adults. (A) Wild-type hermaphrodite.

’ (B) sy622hermaphrodite. (C3y665hermaphrodite. (D) Wild-type male tail. Arrows
22(sy622)an_ddpy-22(sy665)are MOre SeVe  ingicate wild-type rays. (B9y622male tail. (F)sy665male tail. (G) Asy622male
loss-of-function alleles, because they W¢ nparhoring a rescuindpy-22::gfptransgene that produces a full-length DPY-22::GFP
cause even earlier truncations than walpgl-  translational fusion protein. (H) #y622male harboring a rescuintpy-22 2548::gfp
22(bx93) Consistent with this notion, rect transgene, which produces a translational fusion between the first 2548 amino acids of
RNAI experiments againsipy-22 and doubl DPY-22 to GFP.
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Table 3. DPY-22 is an inhibitor of vulval development

Relevant genotype % Vul* % Mdv VPC inductiort ns P valuel

N2 0 0 3.0+0.0 31

let-23(sa62) 0 98 4.3+0.6 42

let-23(sa62)/+ 0 4 3.1+0.3 26

Sy622 0 3 3.0+0.2 35

let-23(sa62)/+; sy622 0 96 4.9+0.8 23 <0.000001 versiet-23(sa62)/+

let-23(sa62)/+; sy622; 0 0 3.0+0.0 24 0.33 versust-23(sa62)/+
SYEx538 [F47A4]

let-23(sa62)/+; sy622; 0 14 3.1+0.2 22 0.88 versiet-23(sa62)/+
SsyEx539 [dpy-22 PCR]

dpy-22(bx93) 0 0 3.0+0.0 23

let-23(sa62)/+; dpy-22(bx93) 0 40 3.3+0.3 20 0.032 versiet-23(sa62)/+

let-23(sa62)/+; dpy-22(sy622)/+ 0 15 3.1+0.3 26 0.42 versiet-23(sa62)/+

let-23(sa62)/+; dpy-22(sy622)/dpy-22(bx93) 0 71 3.74£0.6 24 0.00004 verslgt-23(sa62)/+

let-23(sy1) 100 0 0.5+0.9 24

let-23(sy1); gfp RNAI 100 0 0.2+0.4 41

let-23(sy1); dpy-22 RNAI 79 6 1.9+0.9 34 <0.000001 versgfp RNAI

let-23(sa62)/+; dpy-22(sy622); 0 13 3.1+0.3 23 0.55 versiet-23(sa62)/+
SyEx554 [dpy-22:: gfp]

let-23(sa62)/+; dpy-22(sy622); 0 15 3.1+0.3 20 0.60 versiet-23(sa62)/+

SyEx558 [dpy-22 2548:: gfp]

*Vulvaless. Percentage of animals that have less than three VPCs adopting vulval fates.
TMultivulva. Percentage of animals that have more than three VPCs adopting vulval fates.
*Average number of VPCs that adopt vulval fates.

SNumber of animals assayed.

fP values were calculated for VPC induction using Studésést.

otherwise wild-type backgroundpy-22 RNAi did not affect to truncate DPY-22 in the largest central region of identity;
vulval development (data not shown). However, in a sensitizeldowever,dpy-22(sy665)s predicted to truncate DPY-22 after
background consisting of théet-23(syl) loss-of-function  amino acid 2141, close to the end of this region (Fig. 2B). This
mutation,dpy-22RNAi could partially suppress the vulvaless observation suggests that another important functional domain
phenotype ofet-23(sy1) similar to thedpy-22allelessy622and  exists between amino acids 2141 and 2548 that does not have
sy665 (Table 3). By contrast, contrajfp dsRNA did not identity with TRAP230 or KOHTALO.
suppreséet-23(syl)Table 3). Together, these data indicate that PROSITE analysis of DPY-22 indicated the presence of two
sy622andsy665are stronger loss-of-function allelesdfy-22  putative nuclear localization signals in this region. To test
) ) ) whether the stronger phenotypes observedpy-22(sy622)
dpy-22 is expressed in vulval precursor cells and is anddpy-22(sy665animals are correlated with a mislocalized,
mislocalized in  dpy-22(sy665) animals non-nuclear form of DPY-22, we constructed transgenes in
DPY-22 is most closely related to human TRAP230 (Ito et alwhichdpy-22DNA was fused in-frame to the green fluorescent
1999; Nagase et al., 1996; Philibert et al., 1998), a componepiotein (GFP) open reading frame (Fig. 2@)y-22has been
of human mediator complexes, and KOHTALO (Treismanyeported to be expressed in vulval cells, during the later stages
2001), a regulator of cell fate in tiizrosophilaeye. The fly  of vulval development (Zhang and Emmons, 2000). We found
and human proteins have similar length, and display 35%at a rescuing (see last section of the Results) fusion of wild-
overall identity. DPY-22 is larger than both proteins by ~100Qype DPY-22 to GFP was expressed in the VPCs, the anchor
amino acids, and BLAST analysis indicates that its homologgell, and hyp7 nuclei at the time of vulval fate specification,
with TRAP230 and KOHTALO is spread over three regionsand continued to be expressed in these cells throughout vulval
(Fig. 2B). These include small regions of identity at the N andlevelopment (Fig. 3A-F). Wild-type DPY-22 and DPY-22
C termini, and a larger region of identity in the middle of thetruncated after amino acid 2548, as generatelpyn22bx93)
protein. In all three proteins, the C terminus is rich inmutants, directed nuclear expression of GFP (Fig. 3A-H). By
glutamine. Thirty-three percent of the terminal 781 and 58@ontrast, DPY-22 truncated after amino acid 2141 could not
amino acids are glutamine in DPY-22 and KOHTALO,direct GFP into the nucleus, and instead, caused GFP to
respectively, and 41% of the 278 terminal amino acids imccumulate in the cytoplasm (Fig. 3I,J). These data indicate
TRAP230 are glutamine. Of the previously isolated nonsendhat the predicted nuclear localization sequences (NLSSs) in this
mutations indpy-22 bx93 and bx92 are the strongeshx93  region are functional, and suggest that the severity adkie
results in the greatest truncation, removing all the amino acid®?(sy622)and dpy-22(sy665)phenotypes may result from
C-terminal to 2548, including the entire glutamine-rich regionmislocalization of the DPY-22 protein, and/or loss of other
As dpy-22(sy622anddpy-22(sy665¢ause a number of highly functional regions of the protein.
penetrant phenotypes (Fig. 1; Tables 1, 2) not observed in the _ ) o
other nonsense mutations, domains N-terminal to th®PY-22is a gonad-independent inhibitor of vulval
glutamine-rich region must be important for DPY-22 function.fate specification of multiple Pn.p cells
The nonsense mutation dpy-22(sy622would be predicted let-23(sa62)/+and let-60(n1046)animals are responsive to
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LIN-3 (Chang et al., 2000; Katz et al., 1996; Sundaram an8). bar-1(mu63)educed the ability gbry-1(mu38)o suppress

Han, 1995) (Table 3), and suppression oflthe3(n378)and

let-23(sy1)Table 5), indicating thdiar-1(mu63)an be used to

let-23(sy1)hypomorphic mutations could in principle occur define conditions under which WNT signaling is hyperactivated
through elevated production of LIN-3. As DPY-22::GFP isduring vulval development. Althougltpy-22(sy622)s a weaker
expressed in the anchor cell and the VPCs (Fig. 3), we testsedppressor ofet-23(syl)than is pry-1(mu38) its ability to
whetherdpy-22affects vulval fate specification by modulating suppress thket-23 mutation was not reduced in the presence of
the production of LIN-3 from the gonad. We ablated thethe bar-1(mu63)mutation (Table 5). These data suggest that

gonadal primordium inlet-23(sa62)/+ and let-23(sa62)/+;
dpy-22(sy622karly L1 larvae. Gonad-ablatéet-23(sa62)/+

DPY-22 does not interfere with vulval development through
inhibition of BAR-1. We also examined the body size, egg-

animals displayed very little vulval fate specification in any oflaying behavior and male rays bar-1(mu63) dpy-22(sy622)

the Pn.p cells (Table 4). By contrasipy-22(sy622)

increased the frequency of vulval fate specificatic
all six VPCs in this background (Table 4), indica
that DPY-22 does not act primarily by regulating L
3 production from the gonad, and that the fates ¢
the VPCs are regulated by DPY-22.

DPY-22-mediated inhibition of vulval-fate
specification involves transcription factors
other than BAR-1 ( [-catenin)

In males, aar-1([3-catenin) null allelega8Q does nc
affect ray development on its own (Zhang and Emn
2000). However, it reduces the degree to whiply-
22(bx92)can restore wild-type ray development i
pal-1(e2091)mutant background (Zhang and Emm«
2000). This property has led to the proposal that il
presence of thepal-1(e2091) regulatory regiol
mutation, DPY-22 inhibits BAR-1-dependent regula
of thepal-1gene (Zhang and Emmons, 2000). WRF
catenin signaling also promotes vulval i
specification, parallel to the LET-23-LET-60 pathw
A null mutation inbar-1 results in an incomplete
penetrant vulvaless phenotype (Table 5) (Eisenma
al., 1998), and a loss-of-function mutation in the &
like inhibitor of WNT signalingpry-1 (Korswagen ¢
al., 2002; Maloof et al., 1999), causes ectopic vi
fate specification (Table 5) (Gleason et al., 2C
Furthermore, hyperactivated WNT signaling can by
loss-of-function mutations in thdet-23 pathway
(Gleason et al., 2002). We therefore tested wh
relief of inhibition of BAR-1 might account for tl
interactions between oulpy-22alleles and mutatior
in the LET-23 pathway during vulval development.

We linked twobar-1 mutations talpy-22(sy622)bar-
1(mu63) encodes a weak loss-of-function muta
(Maloof et al., 1999) that does not confer defecl
vulval development on its own (Table 5). The mis-s
mutation in this allele results in a protein with a G5
change (see Materials and Methods). We hypothe
that under conditions where a phenotype was depe
on elevated BAR-1 activity, bar-1(mu63) shoulc
guantitatively reduce it. Consistent with this notibar-
1(mu63)suppresses the ectopicab-5 expression ar
poly ray phenotypes observed pny-1(mu38)animals
(Maloof et al., 1999). As a control, we tested whe
bar-1(mu63)also could reduce vulval induction in
background where WNT signaling was specific
hyperactivated. We built gry-1(mu38); let-23(sy:
double mutant and, as recently reported (Gleason
2002), found that excess WNT signaling could stro
suppress thiget-23 reduction-of-function allele (Tab

A
FA7A4.3 F47A4.2 (DPY-22)
ATG TAA
[ |
21115 18942 7241 6044
665
B Qoo
sy622 bx93
DPY-22 (3498 amino acids) Q1698STOP Q2549STOP
13 248 816 2165 2718 3348 3475
(1 I I oz
25% 18% 40%
TRAP230 (2212 amino acids)
|5|8 300 387 1764 2068 2195
V//////////A Glutamine-rich
|:|Regions of identity
DPY-22:: GFP
I 11 oz cee
DPY-22 2548:: GFP
T II[ cFe |
DPY-22 2141:: GFP
T [ crp |

I Predicted NLS

W///M Glutamine-rich

Fig. 2. Structure of injected transgenes, and DPY-22 and TRAP230 proteins.
(A) Graphical depiction of the PCR fragment amplified from cosmid F47A4
used for rescue experiments. PCR was used to amplify the region between
21115 and 6044 of F47A4. This region contains the entire predipte@2

open reading frame (18942-7241) and parts of the last two exons from
F47A4.3 (B) Structural organization of DPY-22 and TRAP230 proteins.
Numbers above the proteins refer to amino acid positions. Hatched area
represents a glutamine-rich region. Gray areas represent regions of amino acid
identity between DPY-22 and TRAP230, as defined by BLAST, with the
percentage identity listed below. The positions ofdpy-22nonsense

mutations used in this study are indicated. (C) Structure of DPY-22::GFP
fusion proteins encoded by transgenic constructs. DPY-22::GFP is a fusion of
the full-length wild-type DPY-22 to non nuclear-localized GFP. DPY-22
2548::GFP and DPY-22 2141::GFP are fusions between the first 2548 and
2141 amino acids of DPY-22, respectively, to hon nuclear-localized GFP.
Black boxes indicate putative nuclear localization sequences predicted by
PROSITE. Hatched area represents a glutamine-rich region. Gray areas
indicate GFP amino acids.
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Fig. 3.DPY-22::GFP is expressed in L ot e ' e TT TTT
the nuclei of vulval cells, and is —— AL AT \\
mislocalized by thelpy-22(sy665) : dpy-22:: gfp

mutation. Left-hand images are
Nomarski, and right-hand images
are fluorescence. Scale bars20.
Arrows indicate some of the vulval
cells and arrowheads indicate the
anchor cells. (A-Filpy-22(sy622)
hermaphrodites rescued witlipy- _ t4 14 114
22::gfptransgene that encodes a 77T 1Tt O\

fusion of full-length wild-type DPY- dpy-22:: gfp

22 to GFP. (A,B) Two-cell stage at P

the onset of vulval fate
specification. (C,D) Four-cell stage
of vulval development. (E,F) Eight-
cell stage of vulval development.
(G,H) dpy-22(sy622)
hermaphrodites rescued witlipy-
22 2548::gfptransgene, which
encodes a fusion of the first 2548
amino acids of DPY-22 to GFP.
(1,J) pha-1(e2123tsjescued
animals carrying dpy-22 2141::.gfp _k.s
transgene, which encodes a fusion [
of the first 2141 amino acids of &
DPY-22 to GFP. Wild-type DPY-22
and DPY-22 truncated after amino
acid 2548 direct GFP to the nucleus, .
but not DPY-22 truncated after ] : M dpy-22 2141:: gfp
amino acid 2141. :

animals, and found none dfpy-22(sy622)phenotypes to be and are mutually suppressed with regards tdehe60(n1046)
suppressed by thear-1 mutation (Table 2). multivulva phenotype and thmar-1(ga80)vulvaless phenotype

As our data suggested that DPY-22 might primarily inhibit thgTable 5). Asdpy-22(sy622)s a strong enhancer of the gain-of-
output of the RAS pathway, rather than the WNT pathwayfunctionlet-60(n1046)llele (Table 1), we asked whettdgy-
during vulval development, we tested whether tpy-22  22(sy622fould still enhance activated RAS even in the absence
(sy622) mutation was strong enough to compensate for thef BAR-1 protein.let-60(n1046); bar-1(ga80) dpy-22(sy622)
absence of BAR-1 irbar-1(ga80)null mutants.bar-1(ga80) triple mutants were very sick, but survived to L4 and displayed
dpy-22(sy622¥§louble mutants were sick, but still displayed themuch more vulval induction than diet-60(n1046); bar-1(ga80)
bar-1(ga80)vulvaless phenotype (Table 5). Because the gain-ofdouble mutants (Table 5). The enhanced vulval induction in the
function let-60(n1046)allele, which is far stronger thaipy-  triple mutants was abrogated by the presence ofiplye22
22(sy622](Table 1) 73% Muv and 4.0 cell induction versus 3%rescuing cosmid, F47A4, demonstrating that enhancement in the
Muv and 3.0 cell induction, respectively] only suppredses  triple mutant was indeed due to loss of DPY-22 activity (Table
1(ga80)to wild-type levels, we hypothesized that failurelpy-  5). These data indicate that DPY-22 can regulate vulval induction
22(sy622})o suppresbar-1(ga80)might result from insufficient  independently of any effects on BAR-1 activity.
activation of the RAS pathway. Therefore, we used a more ) o S
sensitive assay to test further whether DPY-22 actdhe C-terminal glutamine-rich region is dispensable
independently of BAR-1 during vulval developmeret-  for most of the activity of DPY-22
60(n10464gf); bar-1(ga80Jouble mutants are mostly wild type The absence of body size, egg-laying, and ray defects, and the
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Table 4. DPY-22 is a gonad-independent inhibitor of vulval fates of multiple VPCs

Frequency of VPC adopting vulval cell fate

Relevant genotype Gonad* % Vul % Muv* P3.p P4.p P5.p P6.p P7.p P8p nf

N2 + 0 0 0 0 100 100 100 0 31
N2 — 100 0 0 0 0 0 0 0 14
let-23(sa62) + 0 95 43 95 100 100 100 0 42
let-23(sa62) - 0 94 71 94 100 94 82 41 17
let-23(sa62)/+ + 0 2 15 15 100 100 100 0 66
let-23(sa62)/+ - 100 0 0 0 4 17 0 0 24
let-23(sa62)/+: dpy-22(sy622) + 0 9 78 91 9 100 100 57 23
let-23(sa62)/+: dpy-22(sy622) - 0 50 60 87 100 60 33 33 15

*Absence or presence of gonad. The gonadal primoridum was removed by laser ablation during the L1 larval stage.
TVulvaless. Percentage of animals that have less than three VPCs adopting vulval fates.

*Multivulva. Percentage of animals that have more than three VPCs adopting vulval fates.

SPercentage of times that a particular VPC gives rise to some vulval cells.

fn, number of animals assayed.

Table 5. Inhibition by DPY-22 involves transcription factors other than BAR-1

Relevant genotype % Vul* % Mdv VPC inductiod  n8 P valuel

dpy-22(sy622) 0 3 3.0+0.2 35

bar-1(ga80) 55 0 2.3+0.8 20

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

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

let-60(n1046) 0 73 4.0£0.8 22

bar-1(mu63) dpy-22(sy622) 0 15 3.2+0.4 20

bar-1(ga80) dpy-22(sy622) 55 0 2.3+0.9 22

let-23(sy1) 100 0 0.5+0.9 24

let-23(sy1); bar-1(mu63) 100 0 0.1+0.4 22

pry-1(mu38); let-23(sy1) 8 84 4.0+0.9 25 <0.000001 verslet-23(sy1)

pry-1(mu38); let-23(sy1); bar-1(mu63) 52 30 2.7£0.9 27 0.00002 verspgy/-1(mu38); let-23(sy1)

let-23(sy1); dpy-22(sy622) 75 0 2.1+0.9 20 <0.000001 verslet-23(sy1)

let-23(sy1); bar-1(mu63) dpy-22(sy622) 50 10 2.5+0.8 20 0.09 versiet-23(syl); dpy-22(sy622)

let-60(n1046); bar-1(ga80) 0 3 3.0+0.1 29

let-60(n1046); bar-1(ga80) dpy-22(sy622) 0 100 5.0+0.7 22 <0.000001 verdet-60(n1046); bar-1(ga80)

let-60(n1046); bar-1(ga80) dpy-22(sy622); 0 15 3.1+0.3 54 0.05 verslet-60(n1046); bar-1(ga80)
SYEx538 [F47A4] <0.000001 versuet-60(n1046); bar-1(ga80) dpy-22(sy622)

*Vulvaless. Percentage of animals that have less than three VPCs adopting vulval fates.
TMultivulva. Percentage of animals that have more than three VPCs adopting vulval fates.
*Average number of VPCs that adopt vulval fates.

SNumber of animals assayed.

P values were calculated for VPC induction using Studeénést.

presence of only a weak vulval phenotypedjpy-22(bx93) These results demonstrate that the glutamine-rich region is not
mutants, suggest that the glutamine-rich region is dispensal#ssential for the majority of functions performed by DPY-22.
for the function of DPY-22 in these processes. Because it is

possible that small amounts of wild-type DPY-22 might be

produced through translational readthroughdpy-22(bx93) DISCUSSION

mutants, we directly examined the functional properties of a

DPY-22 protein that completely lacks the glutamine-richWe have used a genetic approach to study mechanisms by
region. We injected a construct consistingdpiy-22 DNA  which a diffusible growth factor can invariantly trigger a
ending with the codon for amino acid 2548, fused in-frame toesponse in a particular cell within a field of competent cells.
the GFP open reading frame, imtpy-22(sy622animals (Fig. Initially using vulval tissue formation by male Pn.p cells as an
2C). This transgene should produce a protein similar to thassay, we identified two mutations dipy-22 that generally
made indpy-2Zbx93) animals, which ends after amino acid promote the activity of LET-23 in Pn.p cells, regardless of the
2548, before the beginning of the glutamine-rich region. Wildsex of the animal. Our genetic analysis using tps-

type and glutamine-deleted DPY-22 fully rescued the bodp2(sy622)dpy-22(sy665anddpy-22(bx93xlleles, as well as
length, egg-laying and male tail defects observeddpy-  RNAIi againstdpy-22 indicate that DPY-22 is normally an
22(sy622) mutants (Fig. 1G,H; Table 2). Furthermore, inhibitor of vulval fate specification (Tables 1, 3). As DPY-22
glutamine-deleted DPY-22 also rescued the ectopic vulvatan act as an inhibitor in the absence of the LIN-3-producing
fate specification observed inet-23(sa62)/+; dpy-22(sy622) anchor cell (Table 4), and DPY-22 is expressed in the vulval
background, comparable with wild-type DPY-22 (Table 3).precursor cells during the time of vulval fate specification (Fig.
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3B), we favor the idea that part of its function is executed ipresumably to achieve invariant positional specificity for the
the VPCs. The ability of oudpy-22 mutations to promote response to LIN-3. SLI-1(c-CBL) (Jongeward et al., 1995;
vulval fate specification in P5.p-P7.p, under conditions wher&oon et al., 1995), GAP-1 (Hajnal et al., 1997) and LIP-1
RAS signaling is reduced (Tables 1, 4), indicates that DPY-2BMAPK phosphatase) (Berset et al., 2001) appear to directly
acts as an inhibitor in all the VPCs, not just the VPCs that neveegulate LET-23 (EGFR), LET-60 (RAS) and SUR-1/MPK-
adopt vulval fates (P3.p, P4.p and P8.p). dbg-22(sy622) 1(MAP kinase), respectively, while ARK-1 might control some
anddpy-22(sy665)nutations do not bypass the RAS pathwayaspect of SEM-5(GRB2)-dependent RAS activation (Hopper et
as they cannot fully suppredis-3 and let-23 reduction-of-  al., 2000).
function mutations (Table 1). This suggests that DPY-22 acts Ultimately, the end point for growth factor signaling can be
directly on the RAS pathway or a pathway that cooperates wittonsidered to be a change in RNA Pol Il activity on specific
the RAS pathway and converges on a common target(s). promoters. Thus, in principle, sequence-specific and global
Besides the RAS pathway, LIN-12/NOTCH and WNT regulators of transcription also might play important roles in
promote vulval fates. However, LIN-12 and RAS antagonizeegulating the output of the RAS pathway. Genetic studies
each other with respect to the type of vulval fate that is induceddave identified LIN-1, an Ets-domain sequence-specific DNA-
(Berset et al., 2001; Wang and Sternberg, 1999). High levelsinding protein as an inhibitor of vulval fate specification
of LIN-12 signaling promote secondary vulval fates (SternbergBeitel et al., 1995). Global regulators of transcription broadly
and Horvitz, 1989), and high levels of RAS signaling promoténclude chromatin remodeling proteins, RNA Pol Il and the
primary vulval fates (Katz et al., 1995). In our double mutantgeneral transcription factors, and components of the mediator
consisting ofdpy-22 and let-23 pathway mutations, P6.p complex, which promote the activity of sequence-specific
induction is restored (Table 1), and all animals displaying fulkctivators and repressors. Mutations in the synmuv danes
vulval induction have correctly patterned vulvae consisting 085RB) and lin-53(RBAP48) have suggested that a histone
2°-1°-2° fates for P5.p-P7.p. These data indicate dpgt22  deacetylase complex is inhibitory towards vulval fate
mutations cooperate with RAS to induce the primary fate ispecification (Lu and Horvitz, 1998). In support of this,
P6.p, rather than antagonize it, and suggest that DPY-22 doesperiments that directly examine HDAC-1 and components of
not act primarily by inhibiting the LIN-12 pathway. the NURD complex have provided some evidence for their
DPY-22 has previously been described as an inhibitor ahhibitory roles (Chen and Han, 2001; Lu and Horvitz, 1998;
BAR-1-dependent WNT signaling (Zhang and EmmonsSolari and Ahringer, 2000). Our work wittpy-22 which is
2000). In contrast to the LIN-12-RAS relationship, RAS andmost related to humanTRAP230 (Ito et al., 1999; Nagase et al.,
WNT signaling are known to converge on at least one commal996; Philibert et al., 1998), now indicates that a specific
target, necessary for vulval developméint39 (Eisenmann et component of the mediator also can act as an inhibitor of a
al., 1998; Maloof and Kenyon, 1998). Thus, DPY-22 inhibitionRAS-dependent response.
likely occurs through interference with RAS and/or WNT At least 20 components of the mediator complex have been
signaling. However, our triple mutant analysis wittea1 null identified in yeast. Ten are essential for viability and seven of
mutation indicates that DPY-22 can inhibit activated RAS evetthese appear to have related counterparts in higher species
in the absence of BAR-1 protein (Table 5). Together with ouincluding C. elegans(for reviews, see Boube et al., 2002;
molecular data that the glutamine-rich region, which isGustafsson and Samuelsson, 2001; Myers and Kornberg, 2000;
necessary for inhibition of BAR-1-dependent ray developmenitVoychik and Hampsey, 2002). By contrast, the remaining
(Zzhang and Emmons, 2000), is dispensable for inhibition ofeast mediator components do not have clear orthologs in
vulval development (Table 3), we propose that DPY-22 largelfigher species. This has led to the proposal that these
acts on the RAS pathway, rather than the WNT pathway, toomponents and their counterparts in other species might not
inhibit vulval development. The strong gain-of-functitet-  peform core mediator functions but, instead, specifically
60(n1046Xxllele only suppresses thar-1(ga80)null mutation  integrate information from rapidly evolving transcription factor
to wild type, and is itself suppressed for its multivulvafamilies. Consistent with this model, mutation or RNA
phenotype by the bar-1(ga80) mutation (Table 5). interference against the conserved componen(. ialegans
Furthermore, ourdpy-22(sy622)mutation which does not result in early lethality, or multiple phenotypes in the rare
cause a strong multivulva phenotype, partially suppresses tla@imals escaping lethality (Kwon et al., 1999; Kwon et al.,
moderate vulvaless phenotype lef-23 pathway mutations 2001; Kwon and Lee, 2001). By contrast, the metazoan-
(Table 1), but not the weak vulvaless phenotypeanfl(ga80)  specific mediatorsur-2 (Boyer et al., 1999; Singh and Han,
(Table 5). These results suggest that shared targets betwdd95), is not essential for viability, and single mutants have a
RAS and WNT signaling are unequally activated by the twstrong vulvaless phenotype, resembling a RAS pathway
pathways. In addition, it is likely that the WNT pathway hasmutation (Singh and Han, 1995). Similarly, prior to the
targets that are not shared with the RAS pathway. discovery thasop-1was allelic todpy-22 it was thought that
Most inhibitors of vulval development affect all six VPCs. mutations inC. elegansTRAP230, another metazoan-specific
This observation is consistent with a model in which negativenediator component, do not affect viability and cause one
regulators of the RAS pathway raise the requirement for theajor phenotype, which is the relief of inhibition on BAR-1-
amount of pathway activation needed to generate a biologicdependent regulation @fl-1 expression in males (Zhang and
response. Although the LIN-3 growth factor might diffuseEmmons, 2000).
outside of the source anchor cell, only P6.p, because of its However, our alleles ofipy-22 which cause more severe
proximity to the anchor cell, achieves sufficient pathwaytruncations of the protein and mislocalize it (Fig. 3I), result in
activation to adopt a primary vulval fate. A surprising numbemultiple developmental and behavioral phenotypes (Fig. 1,
of points in the pathway must be negatively regulatedTable 2) that do not appear to be restricted to one specific
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signaling pathway. Some of these include an overall reductiorepresses transcription, this function might be dependent on the
in body length by 30%, a Dpy appearance, partial sterility (dat8RB8-like domain, but modulated by the metazoan-specific
not shown), abnormal ray development in the male tail and alomains. TRAP230 and PCQAP (Berti et al.,, 2001), two
egg-laying defect that does not result from the absence gfutamine-rich components of human mediator complexes
vulval tissue or sex muscles, or a functional uterine-vulvahave been implicated in human disease. TRAP230 has been
connection (data not shown). We have also found that DPY-22ported to undergo a 12 bp expansion in a region encoding the
antagonizes vulval fates specified by activated RAS, and thgtutamine-rich domain in a subset of mentally retarded
the major target(s) of this inhibition is distinct from BAR-1 individuals (Philibert et al., 1998), and PCQAP is in the 22q11
(Table 5). These findings are consistent with the originafleletion associated with DiGeorge syndrome (Berti et al.,
description ofdpy-22(e652)phenotypes, and the observation 2001). If TRAP230 and PCQAP contribute to these conditions,
thatdpy-22(e652knhances the multivulva phenotypediof  one would expect them to arise out of loss of specific and
53(n833); lin-15(n767pandlin-15(n765)males (Meneely and general functions, respectively.
Wood, 1987). Because we observe effectdpyt22mutations Although compared with sequence-specific DNA-binding
on vulval development with multiple non-X-linked alleles in proteins, proteins involved in nucleosome displacement,
the RAS pathway, we do not think that DPY-22 acts on vulvahistone acetylation and deacetylation, and components of
development through regulation of dosage compensation frothe mediator complex appear to be global regulators of
the X-chromosome, as originally proposed (Meneely andranscription, these global regulators may not act equally at all
Wood, 1987). Neither loss-of-function nor gain-of-function promoters. In particular, multiple chromatin remodeling and
mutants in the RAS pathway result in the body size or rahistone acetylation and deacetylation complexes with distinct
defects observed in our mutants, dat-1(mu63)and bar-  subunit composition, substrate specificity and activator
1(ga80)do not suppress at least the body size phenotype pfeferences have been described (reviewed by Emerson, 2002;
our dpy-22mutants (Table 2, data not shown). These resultblarlikar et al., 2002). Although it is still controversial whether
suggest that transcription factors downstream of othedistinct mediator complexes are associated with the RNA Pol
signaling pathway also must be regulated by DPY-22ll holoenzyme at a given promoter, mutations in different
Similarly, recent data witldpy-22(bx92)and sur-2 double  components have different effects on gene expression in yeast
mutants have shown a synthetic loss of rays (Zhang ar(tHolstege et al., 1998; Myers et al., 1999). Some mediator
Emmons, 2002), indicating SUR-2 also can function incomponents may perform unique functions for distinct
pathways distinct from those using RAS and BAR-1. Thus, iactivators or repressors, while others may be used to varying
is likely that DPY-22 and SUR-2 relay information from degrees or redundantly with other components. Finally, as in
multiple activator/promoter contexts to RNA Pol I, but howthe case of DPY-22, a single component may use distinct
they do it, and their relative contribution at a given promotedomains to regulate transcription on different promoters.
may be different. Genetic studies thus demonstrate that a specific component of
The molecular identification of our newpy-22 alleles the mediator provides an important point for regulating the
provides some insight into how a mediator component such asitput of the RAS pathway, and that specific mutations can be
DPY-22 can have general and specific functions, depending @enerated with distinct properties, which might contribute to
the promoter context. Althougtipy-22(bx93) which deletes disease in humans.
the entire glutamine-rich domain of DPY-22, has a weak ability

to promote ectopic vulval fate specification in the presence of Some nematode strains used in this work were provided by the
activated LET-23, it has a profound ability to alleviate Caenorhabditis Genetics Center, which is funded by the NIH National

inhibition on BAR-1-dependent regulation of thal-1 gene Center for Research Resources (NCRR). We thank S. Emmons and
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(Zhang and Emmons, 2000).‘ Furthermc_)re, whereas atfansge. algof and pC. Ken?/on for help in identifying thar-1(mu63)
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glutamine-rich region thus defines a domain that probably
distinguishes promoter/activator-dependent activity for DPY-
22. Inhibition of BAR-1-dependenpal-1 expression is REFERENCES
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