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SUMMARY

The dauer larva of the nematodeCaenorhabditis elegans  mosaic experiments, we identified these cells as XXXL/R
a good model system for investigating the regulation of cells, which are known as embryonic hypodermal cells and
developmental fates by environmental cues. Here we show whose function at later stages is unknown. Killing of the

that SDF-9, a protein tyrosine phosphatase-like molecule, sdf-3-expressing cells in the wild-type first-stage larva
is involved in the regulation of dauer larva formation. The  induced formation of the dauer-like larva. Since this study

dauer larva of sdf-9 mutants is different from a normal on SDF-9 and former studies on DAF-9 showed that the
dauer larva but resembles the dauer-like larva oflaf-9and  functions of these proteins are related to those of steroids,
daf-12 dauer-constitutive mutants. Like these mutants, the XXXL/R cells seem to play a key role in the metabolism
dauer-constitutive phenotypes of sdf-9 mutants were  or function of a steroid hormone(s) that acts in dauer

greatly enhanced by cholesterol deprivation. Epistasis regulation.

analyses, together with the relationship betweersdf-9

mutations and daf-9 expression, suggested that SDF-9 Supplemental data available on-line

increases the activity of DAF-9 or helps the execution of the

DAF-9 function. SDF-9 was expressed in two head cells in Key words:C. elegansProtein tyrosine phosphatase, Cholesterol,

which DAF-9 is expressed. By their position and by genetic Dauer larva

INTRODUCTION temperature and a dauer-inducing pheromone that reflects
population density (Golden and Riddle, 1982; Golden and
Environmental cues regulate various aspects of anim&iddle, 1984a; Golden and Riddle, 1984b). At least two of
development. For example, sex determination in the atherinithem, food and dauer pheromone, are thought to be sensed by
fish is partly regulated by temperature (Conover and Kynardhemosensory neurons with ciliated endings directly exposed
1981), and anti-juvenile hormones produced by some plante the external environment (Albert et al., 1981; Perkins et al.,
cause precocious metamorphosis in certain insects (Bowet986; Bargmann and Horvitz, 1991; Vowels and Thomas,
et al.,, 1976). Such phenomena have attracted biologist4992; Thomas et al., 1993; Schackwitz et al., 1996). The
attention, because they show how animals adapt to thedensory neurons that participate in dauer formation have been
environment and how their phenotypes are determined by theentified by laser microsurgery. When sensory neurons ADF,
interaction of their genome and environment. However, th&SG, ASI and ASJ are killed at the L1 stage, wild-type animals
mechanisms of such regulation mostly remain to be studiedbecome dauer larvae and arrest development regardless of
The dauer larva of the nemato@aenorhabditis elegans environmental conditions (Bargmann and Horvitz, 1991).
serves as a good model system for these issues. UnderTo identify genes involved in dauer signaling, many mutants
favorable conditionsC. eleganslevelops successively through that show abnormality in the dauer decision have been isolated
four larval stages (L1-L4) to the reproductive adult in 3 days(Riddle et al., 1981; Albert et al., 1981; Swanson and Riddle,
However, under unfavorable conditions, it forms an alternativd981; Malone and Thomas, 1994; Inoue and Thomas, 2000).
third-stage larva called dauer larva and arrest development. TBeich mutants, namethf (dauer formation abnormal), consist
dauer larva can survive for periods of several weeks or montlod two groups: dauer formation-constitutive (Daf-c) mutants,
without aging, while the adult animal can live only for aboutwhich enter the dauer stage even under conditions appropriate
2 weeks. When favorable conditions are encountered, the dader reproductive growth, and dauer formation-defective (Daf-
larva begins to feed and resumes development to the adult stajemutants, which develop as non-dauers even under harsh
(Riddle and Albert, 1997). It is known that the decision to enteconditions. By epistasis analyses, thda¢genes have been
the dauer stage is regulated by three environmental cues: foadtdered into three pathways that act in parallel to regulate dauer
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formation (Mowels and Thomas, 1992; Thomas et al., 1993slegansstrains were used in this work: wild-type N2, CB488&f-
Gottlieb and Ruvkun, 1994). Molecular analyses revealed th&(e1370) daf-3(e1376) daf-5(e1386) daf-7(e1372) daf-9(e1406)
these pathways correspond to cell-signaling pathwaygaf-12(m20)daf-16(m27)dpy-5(e61)lon-2(e678)rol-9(sc148) sdf-
1998; Birnby et al., 2000), T@{Georgi et al., 1990; Estevez 3 (e169)anq unc-51(e369) The sdf-9 mutants were backcrossed at
etal., 1993; Schackwitz et al., 1996; Ren et al., 1996; Patters{§ifSt three times.

et al, 1997; Inoue and Thomas, 2000) and insulin/IGF-bayer formation assays

(Morris et al., 1996; Kimura et al., 1997; Ogg et al., 1997; Lineqyr to six adult hermaphrodites were allowed to lay eggs at 20°C for
et al., 1997; Ogg and Ruvkun, 1998) pathways. The signal§7 hours on 6-cm NGM plates on whigh coli had been grown.
through the three pathways are integrated by a nucle@arent animals were then removed and the plates were incubated at
hormone receptor DAF-12, suggesting that the developmentdle assay temperature. Dauer and non-dauer animals were counted
decision is regulated by a lipophilic hormone(s) (Antebi et al.after 3-3.5 days at 20°C, 2.5-3 days at 25°C, and 2-2.5 days at 27°C.
2000; Snow and Larsen, 2000). Recently it was reported th

one of the Daf-c genedaf-9 encodes a cytochrome P450 and%"ew'ar cloning of  sdf-9

3 i _0 ic The sdf-9 mutations were previously mapped to the right arm of
acts upstream aflaf-12 The results indicate that DAF-9 is chromosome V (N. Suzuki, T. Ishihara and I. Katsura, unpublished).

probably involved in the biosynthetic pathway for a ligand(s ore : ;

) o precise mapping was performed as follows. From the
of DAF-12 (Ge”.SCh etal., 2001; Jia et al., 20@2f-9mutants genotypesdf-9(ut187)/unc-51(e369)rol-9(sc148p/12 Rol non-Unc
as well as specialaf-12mutants that show a Daf-c phenotype recombinants were non-syn-Daf, and tlsdé9(ut187)mapped near
form dauer-like larvae, which differ from normal dauer larvagoy on the right side ofol-9. Using SNPs (Wicks et al., 200Kgf-
in that their pharynx pumps and is not radially constrictedg(ut187)was placed to the right of cosmid ZC15 (data not shown).
Furthermore, the Daf-c phenotypes resulting from weak alleleSosmids and PCR fragments from this region of the genome were
of these genes are greatly enhanced by cholesterol deprivatidmyoduced intainc-31(e169); sdf-9(ut18&nimals, and the resulting
consistent with the involvement of steroids in the function ofransgenic lines were tested for the rescue of the Daf-c phenotype. A
steroid hormones i6. elegansare considered to be made from Y44A6D.5 (C. elegansSequencing Consortium, 1998) rescued the

; : ; Daf-c phenotype. This fragment was digested Bjtk andNad, and
Ch(O:IESterotl. prol\”%e?c by culture me,?'.a (Chlttwt(.)Od’ 1,[?]9?)' the resulting 8.6 kb fragment containing Y44A6D.4 was subcloned
onventional Lal-C genes contain mutations that Causg, e Spé-EcaRV site of pBluescript KS(+) (Stratagene Co.) to

highly penetrant Daf-c phenotypes. In addition, there are manyanerate the plasmid pkO1. pkO1 was digested &itbRV and
other genes that, when mutated, result in only low-penetran¢@ndiii, and the 5.7 kb fragment was cloned into Hiacll-HindIlI
Daf-c, synthetic Daf-c (syn-Daf) and/or Hid (high temperaturesite of pBluescript KS(+) to generate the plasmid pKO2, which also
induced dauer formation) phenotypes. Syn-Daf mutants andscued the Daf-c phenotype (data not shown).

Hid mutants form dauer larvae only in a certain mutant _

background and at 27°C (a temperature too high for thell€le sequencing _

reproduction ofC. elegan} respectively (Bargmann et al., Genomic DNA was isolated from tteelf-9 mutant animals, and the
1990; Avery, 1993; Katsura et al., 1994; lwasaki et al. 1997sdf-9reg!on was P.CR-ampllfled. Mutatlpn sites were determlngd by
Prasa'ld et al’ 199é_ Take-Uchi et 'al 19’98' Ailion et al, 1999'éequencmg the mixed products of two independent PCR reactions.

Sze et al., 2000; Sym et al., 2000; Daniels et al., 2000; AiliogpNA cloning

and Thomas, 2000; Lanjuin and Sengupta, 2002). The presenfig, exon-intron structure afif-9gene was deduced by sequencing

of such genes suggests thatdaépathways may be bifurcated RT-PCR products amplified with gene-specific primers. Tren8 of

further or modified by other pathways. Analysis of these geneage gene was determined by sequencing PCR products obtained with

will help to elucidate the complicated regulatory networkSL1 leader sequence and gene-specific primers, while trel3vas

of dauer decision and provide a new insight into theletermined by sequencing BACE products with gene-specific and

environmental regulation of development. artificial adapter primers.

Here we present genetic and mol_ecular gnalyses of a NQW., i e transformation

syn-Daf genesdf-9 It encodes a protein tyrosine phosphatase; ermline transformation was carried out as described previously

like molecule, Whlch.seems to increase the apt|V|ty of DAF- Mello et al., 1991), at a concentration of 1-60uhgést DNA with

or help_ the execution of the DAF-9 function. The cellsg 15 nglil coinjection marker ryo-3:GFP, gcy-10:GFP, or

expressingsdf-9are the same as those expressiaf§9in the  RF4¢0l-6)) and 40-95 ngfl carrier DNA (pBluescript KS(+)).

head and have been identified as XXXL/R cells in this study.

These cells seem to play a key role in the metabolism of tHgeporter constructs

steroid hormone(s) for DAF-12 that regulates dauer formationin this work, we used the modified Fire vectors pKOGzero and
pKORzero as GFP and RFP (dsRed) vectors, respectively, for
studying gene expression. pKOGzero was made by ligating fragments
of three Fire vectors: a 2.9 khd-Apd fragment of pPD95.67, a 98

MATERIALS AND METHODS baseNcd-Xhd fragment of pPD104.53 and a 1.6 khd-Apd
N ) fragment of pPD104.91. pKORzero was made by substituting RFP
Culture conditions and strains cDNA for the GFP cDNA of pKOGzero. An 8.3-kB. elegans

Worms were grown by standard methods (Brenner, 1974; Sulston agénomic DNA containing thedf-9gene was amplified with primers
Hodgkin, 1988). Normal NGM agar plates containedu&/ml 5'-ATACGGAGCGCAAGGCTGTG-3 and 3-GGCTTTGGGATC-
cholesterol, while cholesterol-poor NGM agar plates (NGM minusCACCACGGGCGGC-3and digested withdincll and BarHI. The
cholesterol) were the same but without the cholest&sgtherichia  resulting 6.2 kb fragment was subcloned intoHirecll-BanHI site of
coli strain OP50 was used as a food for worms. The followdng pKOGzero to make pKOG6. pKOG6 was digested wKibnl to
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remove the nuclear localization signal, and self-ligated to genera®utl63) mutant, the arrays were established in time-31(e169)
pKOG7 (SDF-9::GFP; a 3.5 kb promoter and the entire coding regiobackground and introduced irgdf-9(ut163jpnimals by crossingdf-
fused to GFP cDNA). pKOG6 was digested whtimdIll and Pvul 9(ut187) Ex[daf-9(+), gcy-10:GFP] animals were made froonc-
and the 3.5 kb fragment was cloned into kiadlll-Hincll site of ~ 31(e169); sdf-9(ut187)Ex[daf-9(+), gcy-1&:GFP].

pKOGzero and pKORzero to generate pKOG&-Op:GFP1; a 3.5

kb promoter region fused to GFP cDNA) and pKOBdf{9p:RFP; a

3.5 kb promoter region fused to RFP cDNA). pKOG8 was digeste(hESULTS

with Kpnl to remove the nuclear localization signal and self-ligated to

generate pKOGs(@f-9p:GFP2). The coding regioMpa fragment) .
of the sdf-9gene from pKO1 was cloned into pBluescript KS(+) to sdf-9 regulates dauer form.atlon .
generate pKO20s(if-9promoterless gene). Taf-9promoter region ~ Although the screen for single mutants with a strong Daf-c
was amplified by PCR as described previously (Jia et al., 2002), afthenotype at 25°C is near saturation (Malone and Thomas,
inserted into thePst site of pKO20 to generate pKO20-délai-  1994), many syn-Daf mutants remain to be isolated (Avery,
9p::sdf-Qpromoterless)). For DAF-9::GFP, a 7.7 kb PCR productl993; Katsura et al., 1994; lwasaki et al., 1997; Take-Uchi et
from the daf-9 genomic DNA containing a 5.4 kb’ upstream  g|. 1998; Ailion et al., 1999; Sym et al., 2000; Daniels et al.,
sequence and a 2.3 kb coding sequence was cloned into pkOGzergo(p; Ailion and Thomas, 2000; Lanjuin and Sengupta, 2002).
Mosaic analysis for the identification of sdf-9-expressing To identify new genes th_at regulate dauer formanon, we
cells using cell-specific GFP markers isolated 44 mutants showing Daf-c phenotypes in LIh(?—

The following cell-specific GFP markers were usegl:4.a:GFP for 31(9169)mm,am background and named thedi (—Wnth?t'c
ILIVL/R (Fujiwara et al., 2002)gcy-8:GFP for AFDU/R (Yu et al, ~dauer_brmation abnormal; N.S., T.I. and LK., unpublished).
1997),gpa-4:GFP for ASIL/R (Jansen et al., 1999), T23G5.5::GFPFive of them mapped in the same gene, which we named
for CEPDL/R (Jayanthi et al., 1998) (T. Ishihara, unpublished) angdf-9. At 25°C, thesdf-9 mutants exhibited a strong Daf-c
ttx-3::GFP for AIYL/R (Hobert et al., 1997)egl-4.a:GFP, gcy-  phenotype in theinc-31(el69packground and a weak Daf-c
8::GFP, a mixture ofpa-4:GFP andtx-3.:GFP, and a mixture gfpa-  phenotype in the wild-type background, while at 20°C, they
4::GFP andr23G5.5:GFP, respectively, were injected into wild-type showed a weak Daf-c or a Daphenotype even in thenc-
ca:jrydafmgexérggh;_c;]mosomal array <_:ont|a|n|ng one or two GFP rlnNag(e c-31; sdf-Aouble mutants were abnormal in movement due
andsdf-9p: . The transgenic animals were grown on normal ; :

plates to generate spontaneous mosaic animals, which were obser\f 8122?12?;%\22%?(t)rr:éjlt‘)-gtsi?%ﬁg]anlm&?amgrﬁgglgggh;)?me\tﬁ;}

under a microscope at the L3 to adult stage. Mosaic animals we . N
identified by the presence sfif-9p:RFP in only one of the twedf- ~ PUMPS and that does not show the radial constriction of the

9-expressing cells. Such animals were found at a frequency of sevef¥®rmal dauer pharynx (Fig. 1). In these aspects they resembled
percent among animals showing RFP fluorescence, and examined t6€ dauer-like larvae afaf-9 or daf-12Daf-c mutants (Albert

the presence or absence of each GFP marker, using both Nomarakid Riddle, 1988; Antebi et al., 1998; Antebi et al., 2000;
and fluorescence optics. Gerisch et al., 2001; Jia et al., 2002), and hence we call them
Cell ablation dauer-like larvae. Thesdf-9 dauer-like larvae .recovered
Laser microsurgery was carried out essentially as described previousi;?; n;[janeous%;nd rg;um(?d gf \S/)elo%nserg[ to fe{-}("e ?dults after
(Bargmann and Avery, 1995). pKOGB8df-9p:GFP1) was injected recov;)ésd. ét 25005 92%?:(]?6) os‘uédf-9)(ual16%r)alln3 fggg}oe

into unc-31(e169animals together withcy-10:GFP and pBluescript . A
KS(+), ano(l the aiestablishgd array %vgs introduced pinto M{:p (n=23) of sdf-9(ut1B7)dauer-like larvae, recovered at 20°C.)

3(e1376), daf-16(m27jnddaf-12(m20Rnimals. The cells expressing 1 he adults odf-9had a normal gonads and vulvas, untiké-
Sdf-ngFP (XXXL/R Ce”S, according to our assignment) Wereg adultS. Although tthf-gslngle mutants formed dauer'“ke

ablated in L1 larvae, which were then cultivated on NGM plates alarvae at 25°C under non-starving conditions, they formed

25°C. After 2 days, the numbers dauer larvae, dauer-like larvae ambrmal dauer larvae under starving conditions.

non-dauers were scored. The success of cell ablation was judged bySince some syn-Daf mutants show a strong Daf-c phenotype

the loss ofsdf-9p:GFP fluorescence, and animals showing theat 27°C (Hid) (Ailion and Thomas, 2000), we examined

fluorescence were ignored. Control animals, that were treated in thgenethersdf-9mutants also show a Hid phenotype. Of the five

same way as the operated animals except that no cells were killed, @3]‘-9 alleles,ut163 produced a strong Hid phenotypg157

not form dauer or dauer-like larvae. ' - '
utl69 and utl87 weaker Hid tharunc-31(el69)but stronger

Expression of sdf-9 under the control of the daf-9

promoter Table 1. Dauer larva formation ofunc-31; sdf-9double
pKO20 (df-9 promoterless gene) and pKO20-de9af-9p:sdf- mutants
9(promoterless)), were injected intanc-31(e169); sdf-9(utl87) .
animals together witlgcy-10:GFP and pBluescript KS(+), and the Dauer larva formation*
transgenic lines were tested for dauer formation. Strain 20°C 25°C
Suppression of the Daf-c phenotype of various mutations Wild type(N2) %% (90) of/" (248)
by the wild-type daf-9 transgene unc-31(e169) 0% (201) 0% (164)
y ypP 9 unc-31; sdf-9(ut157) 0.8% (130) 100% (149)
A 9.3-kb PCR product from thaaf-9genomic region containing 5.4- unc-31; sdf-9(ut163) 0% (133) 98.4% (188)
kb 5 upstream sequence, 2.3-kb coding sequence, and 1.6-kb &c-31; sdf-9(ut169) 3.4% (117) 99.2% (118)
sequence was injected wigity-10:GFP and pBluescript KS(+) into  unc-31; sdf-9(ut174) 0% (107) 97.9% (142)
unc-31(e169) unc-31(e169);sdf-9(ut187), daf-7(e1372nd daf-  unc-31;sdf-9(ut187) 7.1% (141) 100% (165)

2(e1370)nimals, respectively. Multiple independent transgenic lines

_ ( C » ) )
were tested for dauer formation. For the experiments witrsdfie The numbers in parentheses show the total numbers of animals scored.
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Table 2. Dauer-like larva formation of sdf-9single mutants on NGM plates containing various concentrations of

cholesterol

Dauer-like larva formation*

NGM plates NGM minus cholesterol plates
Strain 20°C 25°C 27°t 20°C 25°C
Wild type(N2) 0% (554) 0% (701) 19.4% (676) 0% (439) 0% (319)
unc-31(e169) ND* ND* 99.3% (450) 0% (496) 0% (193)
sdf-9(ut157) 0% (451) 14.0% (563) 25.0% (468) 41.0% (227) 87.6% (177)
sdf-9(ut163) 0% (434) 35.1% (496) 77.3% (441) 2.2% (491) 97.5% (278)
sdf-9(ut169) 0% (319) 8.5% (520) 44.8% (495) 63.5% (189) 96.0% (149)
sdf-9(utl74) 0% (499) 0.8% (488) 4.5% (492) 12.4% (225) 79.9% (209)
sdf-9(ut187) 0% (549) 33.9% (360) 36.6% (481) 51.7% (323) 99.3% (280)

Dauer-like larva formation* at 27°C
Cholesterol concentration

Strain 5ug/ml (normal NGM) 1Qug/ml 25ug/ml 50pug/mi

Wild type(N2) 1.1% (278) 0.9% (428) 0.2% (527) 0% (430)
sdf-9(ut163) 75.4% (337) 49.1% (334) 23.1% (412) 49.4% (385)
sdf-9(ut187) 45.7% (243) 4.4% (387) 2.1% (423) 3.0% (335)

*The numbers in parentheses show the numbers of animals scored.

TThe data at 27°C include both dauer-like larvae and normal dauer larvae.

*Not determined

The reason for the considerably different results betwes9andut174 whose mutations turned out to be identical by DNA sequencing, is unknown.

than the wild type (Table 2). Such allele-specific Hidphenotype o&df-2 N2, daf-5, utl63anddaf-5;utl63mutants
phenotypes have been reported tior-2 mutants (Ailion and  produced 0%n(=236), 0% (=416), 80% K=256), and 52%

Thomas, 2000). (n=256) dauer and dauer-like larvae, respectively, at 25.5°C on
N ] NGM minus cholesterol. We also tested suppression of the
Position of sdf-9 gene in the dauer pathway Daf-c phenotype ofinc-31(e169); sdf-@&t 20°C, using three

To determine the position of thedf-9 gene in the dauer sdf-9 alleles, utl63 utl74 and utl87 The results were
pathway, we carried out genetic epistasis experiments. Undessentially the same as the suppressioadf®(utl63) i.e.,
reproductive growth conditions, tlsdf-9(ut163)single mutant daf-16anddaf-12mutations suppressed thec-31; sdf-Daf-
formed dauer-like larvae at 25°C. THhaf-16(m27)anddaf- ¢ phenotypes, whiléaf-3 enhanced it (data not shown). The
12(m20) mutations suppressed this phenotype, whitd-  results indicate thagdf-9acts upstream afaf-16 and daf-12
3(el376)enhanced it (Table 3). The presence of dad- but downstream of or in parallel witdaf-3 and daf-5
5(el1386)mutation had only a very small effect on the Daf-cUnidentified interaction may exist betwedaf-3 and sdf-9

A. sdf-9(ut163) dauer-like larva

Fig. 1.Nomarski micrographs of the
pharynx and the lateral cuticle of mutant
dauer larvae. (A3df-9(utl63dauer-

like larva. (B)daf-9(e1406Hauer-like
larva. (C)daf-7(el372pauer larva. Left
and right panels show the pharynx and
the alae, respectively. In the left panels
the arrows indicate the terminal bulb
and the arrowheads the isthmus. The
pharynxes ofdf-9anddaf-9mutants

are similar to the L3 pharynx and
thicker than thelaf-7 dauer pharynx,
which looks like the pharynx of the
wild-type dauer larva. In addition to
pharyngeal morphology, the pharynx of
normal dauer larvae (e.g. wild tymiaf-

7, anddaf-2) never pumps, whereas
those ofsdf-9anddaf-9dauer larvae
pump. The arrowheads in the right
panels indicate longitudinal ridges
called alae. They are present at the L1,
dauer, and adult stages but absent at the
L3 stage. Scale bar: 10n.
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Table 3. Dauer formation at 25°C of various mutants A
without and after killing XXXL/R cells
Strain* Dauer-like larvae Dauer larvae nt LGVR
-51 -9
Without killing XXXL/R cells i ; ; “
Wild type(N2) 0% 0% 370 7C15 Y38H6C \
sdf-9(ut163) 42.2% 0% 415 - — F25c8
daf-3(e1376) 0% 0% 440 F14H10
daf-16(m27) 0% 0% 293 _E28E9 3104
daf-12(m20) 0% 0% 310 __Wo1rs F38A6 o~
sdf-9; daf-3 76.6% 0% 312
daf-16; sdf-9 0% 0% 347  / \
sdf-9; daf-12 0% 0% 341 Sdfc
Adter killing XXXL/R cells —— <re Be .
Wild type(N2) 31.4% 2.3% 86 - 88
unc-31(e169) 0% 59.5% 37 _— - (0/8)
daf-3(e1376) 65.9% 0% 44 pKO2 +6/5)
daf-16(m27) 0% 0% 53
daf-12(m20) 0% 0% 40
Mock kill (control) B
Wild type(N2) 0% 0% 24
unc-31(e169) 0% 0% 22 Sdf-c
daf-3(e1376) 0% 0% 24 pKO2 2.3kb resc/”e
daf-16(m27) 0% 0% 7 * 655)
daf-12(m20) 0% 0% 17
3.5kb
*All the strains used for the laser surgery experiments carry the PROGT R M + (/5)
extrachromosomal arragx[sdf-9p:GFP1(pKOGS8), gcy-10:GFRH.
TTotal number of animals. pKOGS 3.5k i
L s 5575 S
because thdaf-3(e1376)nutation slightly enhanced the Daf-  joge 3 >
4

¢ phenotype o8df-9(ut1l63) as in the case afaf-3(mgDf90)

anddaf-12(rh273daf-cfGerisch et al., 2001). Fig. 2. Molecular cloning o&df-9 (A) Genetic and physical map of

sdf-9 encodes a protein tyrosine phosphatase-like thesdf-9region. The arrows indicate genes predicted byCthe
eleganggenome project. Genomic DNA fragments containing the

molecule redicted gene Y44A6D.4 rescued the Daf-c phenotypaof
We found that thedf-9gene corresponds to the predicted OR%l(elGQ); sdf-9(ut18%ouble mutants. (B) Structure sdf-9gene
Y44A6D.4 by three-factor cross, SNP mapping, and rescugnd reporter constructs. Boxes represent exons. pKO2 and pKOG7
experiments (Fig. 2 and Materials and Methods). The cDNAescued thenc-31(e169); sdf-9(utl8Daf-c phenotype.
analysis showed that it has the SL1 trans-splice leader
sequence, that it encodes a protein of 345 amino acids, and that
the prediction of exons was correct except for thee§ion  This nonsense mutation would result in a truncated protein
(Fig. 3). lacking the PTP active site and hence these alleles are likely to
Blast search revealed that the predicted SDF-9 protein e null.
homologous to protein tyrosine phosphatases (PTPs; Fig. 4).
PTPs form a family of diverse proteins characterized by th&Xpression pattern of  sdf-9
presence of at least one conserved PTP domain (240-25 investigated the expression pattersdffQusing GFP and
amino acids) (Tonks and Neel, 2001). SDF-9 is a nonRFP fusion genes. pKOG7 (SDF-9::GFP) rescued the Daf-c
transmembrane PTP that has only one PTP domain and pbenotype ofunc-31(el69); sdf-9(utl87)data not shown),
other known domains. The PTP domain normally containgndicating that the GFP fusion protein is functional and that the
the active site motif HCxxxxxR (where x represents anyplace and the time of this expression are sufficient for normal
amino acid), but the corresponding sequence of SDF-9 wakauer regulation. The expression of SDF-9::GFP was observed
QSARGSSR. Since the cysteine residue in the active site iom late embryos to adults, and primarily in two cells anterior
essential for the activity of some PTPs (Streuli et al., 198%p the nerve ring. The SDF-9::GFP fusion protein was localized
Streuli et al., 1990; Guan and Dixon, 1990; Guan et al., 1991n the cytoplasm. The fluorescence intensity was essentially
Zhou et al., 1994), SDF-9 may not have the activity of proteirronstant from the threefold stage of embryos to L4 larvae, but
tyrosine phosphatase. slightly weaker at the adult stage. To analyze the cell shape, a
The coding regions and exon-intron boundaries of the fivpromoter-fusion GFP construstlf-9p:GFP2, was introduced
sdf-9 alleles were sequenced to identify mutation sites. Thento wild-type animals. Like SDF-9::GFBdf-9p:GFP2 was
utl63mutation was a C to T transition resulting in the changexpressed strongly in two ventral cells anterior to the nerve
of Pro 175 to Leu. Thetl57andutl87mutations were a G to ring (Fig. 5A), but additional faint signals were occasionally
A transition that changed the conserved Arg 264 to Lys. Thebserved in several neurons posterior to the nerve ring. The
utl69andutl74 mutations were a G to A transition, and thecells expressingdf-9p:GFP2 and SDF-9::GFP had two (or
TGG codon for Trp 169 was replaced by a stop codon, TGAsometimes three) short processes, which had a complex shape
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and looked different from those of sensory neurons. In som&em to enter the nerve ring (Fig. 5C). The positions of the two
transgenic animals, one of the processes occasionally extendsalls were variable, with the right-hand cell occasionally found
to the anterior tip of the head (Fig. 5B). In dauer larvae, onanterior to the metacorpus (19%508).

of the processes was long and extended posteriorly, but did notThese results were similar to the expression pattedafof

1 [GETTTAATTACOCAAGT TTGAAGAAATCTAOACAGCTGAAGATATATACAAGIGACTATT
61 TGAGAAGAACTATT TGATGGAAAAATATTCTATCAGAAGCAACATTGT TCACAAATTGA
1 MEKYSI RSNIV_HKILD

121 GGACAATCAGCCTCTTCTTTCTGAGAGSETAACTGCAGGT TTGGAAGCTGI TAATAGAAA
6 DNOQPLLSERVTARLEAVNRN

181 TAGAGICGTAAAAATTGI TACTCAGTACAGATACAACGT AAGACTGAOOCCATCAATGT T
3B RVVKI VPQHRYNVRLTPSML

241 ANATCBEGATGGATATATAAATGCATCACTGATGGMAA CBCATGI TGEACAGAAATA
56 NRDGY I NASLMEFSDVGQKY

301 TATTCTCACTGECATAOOGTCEGAAGATAAAGTATTARC GCAGATGGITCTTGA
7% 1 L T G1 P SEDKVFEFAFWQMVYLE

361 GCAAAGATCTCOGACGATTATACAGT TQROGBEATAACGT TGAAGAAAAACT TGAACATTA
% QRS PTI | QFADNVEEIKTLEHY

421 GCACAAGTACT TOOCACGAT AAGBEIGACGTATGEAGT TATGSECATCT TCAAGT TCAGSG
116 D K Y F PDKGDVWSYGHLQVETR

481 CAAGAGT TATGCAATTCATCAGEEAAACT TTCACACOOSGAATTTTATTCT TAGAAANGG
136 K S Y A1l HQGNFEFHTRNETILRKG

* *
541 AANOGAAACTCACOGAGT TCTRCATTTTACAGTCT TTGGATGGACTGAAACTACAACACC
5% NETHRVLILHFTVFEFGWTETTTP

SI'CP(utl%Q, ut 174) Lut163)rv
601 AATAATGCAAGATTTTTTGACT TTGIEGAAAGT/ AATGANBGﬂC)BCG}mJIEF CAATAT
176 1 M QD F L AL RKV MKDTGALNM

661 GATCAATOCAGCAAGTGCACTCT TCAGGTGCACAATGIEOOGETACATTCACACTACTCC
1% I NP A S ALFRSTMRRYTI HTPP

721 ATCTTTTGCTCCAATCATTCAAAGT GCAAGAGGAAGT ACOOGAGCTGEAGCATTTGITGT
26 S FAPI1 I QS ARGSSRAGAFVYV

781 CATTGATCTTCTOATACGT ATGAT TGATGEAAGAAAACTAATCTGTAT TCAGTGAGEA
2% 1 DL LI RMI DGKHKTNLYSVED
*
841 TCTCATOGT GMAGT GOAMCACAT GAGAAT TCAT TGOGT TACAGTGECT TTGOACCATTC
26 L1 VKCKHMRI HCVPVALHHS
K(ut157 ut187)
901 GITCATTTATGAGCTGTTCTAGACTATCTTCTTAGACGAAATCOAAGST TTOAGEATTT
26 E I Y E AV L DYLL RRNPRFOQDF

961 TAAAGAACGCTTTAATGGCT TATTCCGAAAGI TGCTTTGT TAAATGGEAGCTCAATGEACAA
26 KEPLI AYSESCFVKWSSMDK

1021 GGAAATTGAAAAGT TTATCAACACGAAAACATGST TTCTTAATGAGICT TCAAGAAACAA
36 EI EKFI NTKTWFLNESSRNK

1081 ATTTCTOOGTAGIGTGATGIOE000CT GG TTAAT TCAAAGICAAATCATCACCACT TGA
336 FLRSVMPPVYVH?®

1141 TTGCAATTAAAT TCAAAAAAMAT CTGATCGACATTTATTATTTCTATATTTATAATTTT
1201 TATATGTATAATGTACCAATTTTOOCTATCATGTCAGGAGT TTTTTACTGEGI TTTTTAT
1261 TGTACTQCTTATTTGIACTATCAGIGAATTTTTTTTOCAAATAATATGAATTGCTAACAT
1321 GAAATTTTGGTOCTGTATAAAATAATTCAATCATG

9 in the head region (Jia et al., 2002). We therefore made
transgenic animals carrying botbdf-9p:RFP and DAF-
9::GFP, and compared the expression of the two fusion genes.
As shown in Fig. 6A, the cells expressisdf-9p:RFP were
the same as those expressing DAF-9::GFP in the head.
These cells were identified tentatively as IL1VL/R or
URAVL/R in other laboratories, mainly on the basis of their
positions (Gerisch et al., 2001; Jia et al., 2002). However, since
it is difficult to identify cells anterior to the nerve ring only by
their positions (Bargmann and Avery, 1995), we ascertained the
identification of these cells by a newly designed genetic mosaic
experiment using known cell-specific markers, as follows.

Identification of sdf-9-expressing cells

We first chose the candidates of suf-9-expressing cells (Fig.

7) by their positions, using figure 2 of White et al. (White et
al., 1986). Then, ciliated sensory neurons (hatched in Fig. 7)
were excluded from the candidates, because we found that the
cells expressingdf-9p:RFP did not expresshe-2p:GFP (data

not shown), which is known to be expressed in most ciliated
sensory neurons including those shown in Fig. 7 (Fujiwara et
al., 1999).

We then carried out mosaic analysis ussdf9p:RFP and
some cell-specific GFP markers (Table 4). When a mixture of
two DNA clones is injected into germline cells©f elegans
they join together and form an extrachromosomal array
containing both DNAs (Mello et al., 1991), which is inherited
relatively stably but lost at a certain probability by segregation
through cell division (Miller et al., 1996). The rationale of this
mosaic analysis is that the co-loss or co-presence of GFP
fluorescence and RFP fluorescence in mosaic animals should
correlate with the degree of lineal relatedness between the
GFP- and RFP-expressing cells. Fig. 6B shows the cell lineage
of the GFP marker cells and the candidatesdéB-expressing
cells (white cell bodies in Fig. 7), which was used as a
reference in this experiment.

The results (Table 4) indicate, for instance, that the left-hand
cell that expressexif-9:RFP (abbreviated aslf-9. below) is
nearer to ASIL (88% co-loss or co-presence) and ASIR (80%)
in the cell lineage than the right-hand cell that expresdks
9::RFP 6df-R) (12% and 20%, respectively). Howevedf-
9L is nearer to AFDR (55%) and CEPDL (89%) in the cell
lineage tharsdf-R (45% and 11%, respectively), whielf-
9R is nearer to AFDL (64%) and CEPDR (79%) tisalfr9.

(36% and 21%, respectively). These and other results are
summarized as the cell lineages shown in Fig. 6C, which shows
thatsdf-R is derived from the ABa blastomere, wisigf-9_

is from the ABp blastomere. The cells that satisfy this
condition are limited to XXXL/R among the candidate cells
shown in Fig. 6B.

There is additional evidence supporting the proposal that the
sdf-Q:RFP-expressing cells are XXXL/R. If we assume that
sdf-4/R are XXXL/R, as many as 94% of the mosaic animals

Fig. 3.cDNA and deduced amino acid sequencsdffQ The SL1 ) .
trans-splice leader sequence at therfil is boxed. The PTP domain  could be explained by a single loss of the extrachromosomal
is underlined and the active site sequence is doubly underlined. Thearray, and only 6% of the mosaic animals require two losses
DNA bases and the amino acid residues that are changedsiftde and none require three losses, for their formation (see
mutants are marked with asterisks and arrowheads, respectively. supplemental data at http:/dev.biologists.org/supplemental/). In
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SDF-9 1 - MIEIK IRSN----IVHKLDNQPLLER---VTARLEVNR VVK V QHRY
HSRPTPA-D1 241 FNALP ----- ACPIIQATCEAAISI- - - - - - - - K E'EIN|K EK|N RIY V N| YDH'S
HSRPTPA-D2 533 ' EFIKKLT - - - - - SI'KIIQQINDKMRTGN - - - - - - - L P AIN|M K K VLO YEFN
HsPTP1B 1MEM EQIDKSGSWAA I'YIQD | RHEAISIDF PCRVAKL PKINKNRIN YRDVSFDHS

SDF-9 47 ITP SMLNRDGIY I NASIL MEFSD VGO K| LT PSED VFA REIPT
HSRPTPA-Dlzel TPVEGVPDS|DYLNAS|F NGYQEKNK GPKEE VND QIN
HsSRPTPA-D2 574 PVKRGEENT|D YIMIN ASIFIIIDGY ROKDS A§QGPLLHTIED

HsPTP1B 56 IK HQ--——EDNDYINAQL KMEEAQRS L TIQG PIL PNLTIC GH

SDF-9 01 [1lLQ/F ADNV[E[EK L E vIelplo - - KGDVWSﬁHLKIERKSYAIHQGN Rl-NF I

HSRPTPA-D1 336 VTN LKIERKEC[KCAQYWP[D - - - -QGCWT[YG|N | RV|S VEDVTV - LVD[YTVRKFCI . .

HSRPTPA-D2 620 LTEL E|ERGOEKCAQYWR|S - - - -DGLvslydp 1 TMELKKEEE -CEsS|yTvRDLLY Fig. 4. Alignment of the
I\

HsPTP1B 107 AL NRVMEKGS L QKEEKEMIFEDTNLKLTL ISEDI - KSY QLEL PTP domains of SDF-9 and

known PTPs. Conserved
SDF-9 152 LRKGNETH[RlV - - - - - HFiVFG IMQDFLALRKVMKDTGALNMINPASA .
HSRPTPA-D1 386 OQVGDMTNK PQRL FH FTSID FGVFTP IGMLK = = = = = == oo e oo oo oo o residues and homologous
FH
W P

HSRPTPA-D2 679 TNTRENKS FHG SDGIKGMIES! - - - - - - - - - - - - - - - - residues (gray) are boxed.

HsPTP1B 161 ENLTTQETIR YTIT PIESPASELN - - - - = = = - = - = - o o o o - - The active site of PTP is
SDF-9 202

LFRSIMRRY IHTPPSFAP I Gls VVI RMIDGKKTN -'LvslVep underlined. The cysteine
HSRPTPA-D1 423 FLKKKACNPOYAG- -A1VvHcsag) T VVI DMMHTER - -kVIbVYG residue (Cys 223) that is
HSRPTPA-D2 712 | | A A QKQOQQSGNH-PITVHCSAGA T CAL TVLERVKAEG - -1 LpyvFo :
HsPTP1B 194 FL FKIMRESGSLSPEHGP VIV RIS LLMDKRKD Pssvipli kk ©Ssential for phosphatase

activity is replaced by serine

orrean o g‘f égﬁ ALK YS £ : YO L :\L(t in SDF-9. HSRPTPA-D1: human receptor PTP alpha proximal
HeRPTEADZ oo BN S8 oIt Y : F C Y K E v . domain, HSRPTPA-D2: human receptor PTP alpha distal domain,
HsPTP1B 249 VL L EM MG L | Q GAK HsPTP1B: human PTP1B.

contrast, ifsdf-A/R were any of the other cells shown in Fig. dauer-like larvae resembling thosesdff-9and having a non-
6B, much higher percentages of mosaic animals would hawonstricted, pumping pharynx (Table 3). Furthermore, about
suffered multiple losses (see Table S3  at60% of the operatednc-31(el69rnimals formed Unc but
http:/dev.biologists.org/supplemental/). Since multiple lossestherwise normal dauer larvae that resemie-31; sdf-9
of the extrachromosomal array in one animal do not occur sdauer larvae (Table 3). We also killed these cells in some Daf-

frequently, the results support the above conclusion. d mutants: daf-3(e1376) daf-16(m27) and daf-12(m20)
When the XXXL/R cells were killedgaf-3 animals formed

Killing of XXXL/R cells induces the formation of dauer-like larvae, whereasf-16anddaf-12animals formed

dauer-like larvae neither dauer nor dauer-like larvae (Table 3). These results

To determine whether thedf-3expressing cells, which we suggest that XXXL/R cells are important in preventing

identified as XXXL/R cells, are involved in dauer formation,formation of dauer-like larvae and that the position of

we killed them in L1 larvae by laser microbeam surgery. Atheir function in the dauer pathway is the same as that of
25°C, about 30% of the operated wild-type animals becamsdf-9

Fig. 5.Expression pattern aidf-9 (A) Expression odf-9p:GFP2 (pKOG9) in the head region of an L3 larva. The left-hand cell, which is in
focus in this micrograph, is strongly fluorescent, while the right-hand cell, which is also strongly fluorescent, is out Dfidomusws

indicate short dendrite-like structures. (B) ExpressiosddOp:GFP2expression in the head region of an L1 larva. The right-hand cell that
express the GFP fusion gene is indicated. The arrow shows the dendrite-like process, which extends to the tip of tHexipeessi@D)of
SDF-9:GFP (pKOG?7) in two head cells of@af-9(e1406auer larva. One of the two dendrite-like processes extends posteriorly. Both cells
have processes, but those of the left-hand cell are out of focus. The images in the right white boxes in (A) and (B) edeveragnit of

those in the left white boxes, respectively, and the bottom image is a magnified version of that in the white box in £@j): Soaite.
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B r 2 ! Fig. 6.Identification of thesdf-9
ABD expressing cells. (A) Expression
' ' : of sdf-9p:RFP (left) andDAF-

I ABar ABol ABor
| | | | | 9::GFP (middle) in an adult
animal. Only the left-hand cell is
A
a

in focus. A merged image (right)
shows that RFP (nuclear) and
GFP (perinuclear) are expressed
in the same cell. Scale bar: [it.
(B) Cell lineage of the candidates
of sdf-3-expressing cells (not
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LEhbmmSirraimXmXoImIZzcEenoIma=s express the GFP markers (boxed).
S T 9 1< OF0c X TXEBPIIEDEIOFE DS :
S2g80 4353030585853 5=<4 <3 The candidates are selected by
PSSP0l ESPs52205530 their positions in the head and by
g%;%%%gﬂ%ﬁggg%ggj%gg;gg 582383 the absence ahe-2expression
ggE%E%gggggggggggggggggggg (Fig. 7). Mosaic experiments
T2 PSS SR8 C 3SR LB R b BB 8F B indicated thasdf-3-expressing
T8 o 8D D s 0 v BT ool pags S o -
”nggggsg}%;% *ggggvgggmmggu cells are XXXL and XXXR,

23 4 =R “8T & =8t which are indicated by asterisks.

a: anterior, p: posterior, d: dorsal,
v: ventral, [: left, r: right. (C) Cell
lineages of the cells expressing
sdf-9:RFP and the GFP marker

C
cells as deduced from the mosaic
experiments. Only the topology
but not the left-right relationship

@ ® > > > 0 0 > QO o @ O =Fo ® in these lineages is relevant. The
% %(2 @ T % % Ll m ?‘h "71" m Loo % ?; sublineages of five cells in the
© or o U o o Y S © © 8 IS % © © most left lineage and three cells in
B I 5 mronr I - o = By ™ the most right lineage could not
< =& be determined from the data
[ 5| shown in Table 4.
Expression of sdf-9 gene under the control of the transport (Hoekstra and van 1Jzendoorn, 2000; loannou, 2001).
daf-9 or npc-1 promoter rescues the Daf-c In C. elegansit is known that the double mutampc-2; npc-
phenotype of unc-31; sdf-9 1 shows a Daf-c phenotype (Sym et al., 2000). We found that

Becausesdf-9is expressed in thaaf-93-expressing cells in the npc-1p:GFP was expressed in thedf-3expressing cells.

head, we expressed théf-9gene under the control of thaf-  Furthermore, the expression sdf-9Qunder the control of the

9 promoter and tested whether this is sufficient for the wildnpc-1promoter rescued the Daf-c phenotypeiné-31(e169);

type phenotype addf-9gene. The Daf-c phenotype of tlhec-  sdf-9(utl87)(data not shown). These results suggest that the

31(e169); sdf-9(utl87double mutant was suppressed by thesdf-3expressing cells, which we identified as XXXL/R, may

sdf-9 gene under the control ofgaf-9 promoter (see Table be important in the metabolism of steroids or steroid hormone

S4 at http:/dev.biologists.org/supplemental/), but not by thsignaling.

promoterlessdf-9gene (data not shown). The result indicates o

that the expression driven by thaf-9 promoter is sufficient Cholesterol deprivation enhances the weak Daf-c

for the function of thesdf-9gene in normal dauer regulation. Phenotype of sdf-9 mutants

By using GFP and RFP fusion genes, we already showed thatwas reported that cholesterol deprivation enhances the weak

the cells in whichsdf-9is strongly expressed are a subset ofDaf-c phenotype ofdaf-9(rh50) and daf-12(rh284) mutants

cells in whichdaf-9is strongly expressed. The result in this (Gerisch et al., 2001). Sincalf-9 resemblegdaf-9 in dauer-

section confirms this conclusion through the functioedffQ  like larvae and expression pattern, we investigated the dauer
We also expresseddf-9 under the control of other formation ofsdf-9mutants on NGM plates without a supplement

promotersnpc-landnpc-2are homologs of the Niemann-Pick of cholesterol (NGM minus cholesterol). Trelf-9 Daf-c

type C disease gene, which plays a role in intracellular sterphenotype was enhanced by cholesterol deprivation (Table 2).
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We confirmed that a functional SDF-9::GFP (pKOG7) rescuedooperation with the regulatory pathway including -9
this Daf-c phenotype of thedf-9(utl63)mutant (see Table S5 gene.

at http:/dev.biologists.org/supplemental/). We also found that .

increased concentrations of cholesterol tend to suppress the Dahe Daf-c phenotype of sdf-9 single and unc-31; sdf-

¢ phenotype o$df-9mutants (Table 2). These results show that? double mutants is suppressed by the

cholesterol or its metabolite regulates dauer formation ifverexpression of the wild-type  daf-9 gene

We examined the expression of DAF-9::GFP in the wild type
and the following mutant backgroundsnc-31(el69), sdf-
9(utl74), sdf-9(ut187), unc-31(e169); sdf-9(utl7at)d unc-
31(e169); sdf-9(ut187)rhe expression did not change in these
mutant backgrounds (data not shown), but the transgene
weakly suppressed the Daf-c phenotype uokc-31; sdf-9

anterior posIerior

PHARYNX mutants, although it weakly enhanced the dauer formation of
ANTERIOR (”‘ZL)(”_lL) the unc-31mutant (data not shown). We therefore examined
BULB XXXL URYVL whether the wild-typedaf-9 gene suppresses the Daf-c

phenotypes aédf-9single mutants on NGM minus cholesterol

andunc-31; sdf-@ouble mutants on NGM. As shown in Table

5, the extrachromosomal array of the wild-tyg&f-9 gene

strongly suppressed the Daf-c phenotypesd6(ut163), sdf-
URAVL 9(utl87)andunc-31(e169); sdf-9(ut187hut not those ofiaf-

f L2VL)(| L1VL) (CEPVL) 7(e1372)and daf-2(e1370) in which daf-9p:GFP was also

CEPsoVL expressed (data not shown). These results suggest that SDF-9

enhances the function but not the expression of DAF-9.

OLLshL

OLQshVL

DISCUSSION

posterior anterior

(IL2R) sdf-9, a new syn-Daf gene, encodes a PTP-like

URYVR (ILlR)@ molecule
The sdf-9gene was identified first by the syn-Daf phenotype

(OLQVR) XXXR of its mutants. Then we cloned the gene by mapping and
OOLLshR ILshRO mutant rescue experiments. The predicted amino acid sequence
revealed that the protein product @df-9 has homology to
OLQshVR protein tyrosine phospha}tasgs (PTPs) bu'g that th_e activg site
(CEPVR)(IL1VR) CEPsoVR\_’_/fJ cysteine of PTP is missing in SDF-9. This cysteine residue
(IL2VR) forms a bond with a phosphate group in a reaction intermediate
(Guan and Dixon, 1991), and many mutant PTPs in which this
cysteine is replaced by serine have no detectable phosphatase

activity (Streuli et al., 1989; Streuli et al., 1990; Guan and
Dixon, 1990; Guan and Dixon, 1991; Zhou et al., 1994). These

Fig. 7. Candidates of thedf-3expressing cells considered in the
mosaic experiment [modified from figure 2 by White et al. (White et
al.,1986)]. The figures show the cell bodies on the ventral side near
the anterior bulb (metacorpus) of the pharynx. The top and the

bottom diagrams show the left-hand and the right-hand views, mutant PTPs, however, have the activity of binding to
respectively. Hatched cells are reported to exprees2:GFP phosphorylated substrates (Jia et al., 1995). Many organisms
(Fujiwara et al., 1999), and hence are excluded from the list of includingC. elegans, Drosophijgyeast and humans have such
candidates. PTP-like molecules as wild-type proteins. These proteins may

Table 4. Mosaic analysis for the identification o§df-3-expressing cells

gpa-4:GFP ttx-3::GFP gcy-8:GFP T23G5.5::GFP  egl-4.a:GFP
ASI AlY AFD CEPD IL1V

GFP marker marked cells L R L R L R L R L R
Mosaic animals with only left-hargtif-9:RFP

(1) Animals with marker GFP 17 16 18 18 6 8 12 6 8 8

(2) Animals without marker GFP 0 1 1 1 4 2 0 6 3 3

(3) Total 17 17 19 19 10 10 12 12 11 11
Mosaic animals with only right-harstif-2:RFP

(4) Animals with marker GFP 3 4 4 5 10 8 3 16 16 16

(5) Animals without marker GFP 5 4 3 2 2 4 13 0 0 0

(6) Total 8 8 7 7 12 12 16 16 16 16
Linkage with left-hanadf-Q:RFP

{(1)+(B)M{(3)+(6)} 88% 80% 81% 77% 36% 55% 89% 21% 30% 30%

Linkage with right-handdf-9:RFP
{2)+(4)}{(3)*+(6)} 12% 20% 19% 23% 64% 45% 11% 79% 70% 70%
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Table 5. Suppression of the Daf-c phenotype af-9(+) increased longevity under certain conditions (Gerisch et al.,
transgene 2001; Jia et al., 2002). These results may be explained, if the

sdf-9function is partially redundant, §df-9controls only part

of the multiple functions oflaf-9, or if sdf-9just enhances the

Dauer(-like) larva formation at 25°C*

Strairt +EXE ma daf-9 function
sdf-9(ut163) The functional relationship betweedf-9anddaf-9 can be
::22; O ((iclé)) ST ((fgg)) further speculated on. This study revealed that the Daf-c and
sdf-o(utisT) syn-Daf phenotypes o_fsdf-9 are suppressed by the
line 1 2.0% (50) 85.4% (48) overproduction of the wild-typelaf-9 gene, and that DAF-
line 2 2.2% (134) 65.5% (165) 9::GFP is expressed even in gtd-9mutant background. The
unc-31(e169); sdf-9(ut18®) results show that SDF-9 enhancgs the function _byt not the
line 1 0% (29) 90.5% (84) synthesis of DAF-9. SDF-9 may increase the activity of the
line 2 32.7% (55) 92.4% (66) DAF-9 P450 molecule or may help the execution of the DAF-
dalf_-7(ell3727* 65.1% (47) 100% (57) 9 function, for instance, through the metabolism or transport
Ine 1% (1) _
lino 2 97 19% (35) 100% (86) of the substrate or product of DAF-9.
dalf-2(8113707* 100% (49 100% (35 Position of sdf-9 in the dauer regulatory pathway
,:22 2 87.8% 241; 100% 241; Although we have discussed tisalf-9is closely related tdaf-
9 in its function, the position of thedf-9 gene in the dauer
*The numbers in parentheses show the numbers of animals scored. regulatory pathway is yet another issue to be discussed. The
TThe strains carry the extrachromosomal afexydaf-9(+), gcy-10.GFP]. Daf-c phenotypes ofdf-9as well aglaf-9were Suppressed by

*Animals carrying the extrachromosomal array. .
SAnimals that had lost the extrachomosomal array. daf-12but not bydaf-3or daf-5 These results indicate that the

TThese strains were grown on NGM minus cholesterol and dauer-ike ~ Sdf-9gene, likedaf-9, acts upstream afaf-12 but downstream
larvae were scored. of or in parallel with the TGE pathway genedaf-3 anddaf-
**These strains were grown on normal NGM and dauer larvae were scored, Since thesdf-9 Daf-c phenotype is not enhanced dgf-5,
its enhancement bgaf-3 is probably related to the Daf-c
phenotype oflaf-3(but notdaf-5 at 27°C (Ailion and Thomas,
function as novel regulatory factors in signal transductior2000).
systems involving protein tyrosine phosphorylation, by binding Unlike daf-9, the Daf-c phenotypes sfif-9mutations were
to phosphorylated tyrosine residues in proteins (Wishart et asuppressed bgaf-16 This result can be interpreted in the light
1995; Wishart and Dixon, 1998). Alternatively, these PTP-of the laser microsurgery experiments. The dauer larva
like molecules may have the activity of protein tyrosineformation induced by the ablation of XXXL/R showed the
phosphatase, but their correct substrates have not been fousdme suppression pattern as thadéfOmutants. Furthermore,
In any case, the results of this study suggest that daukke sdf-9 mutations, the operated larvae produced mainly
regulation involves a regulatory system containing a tyrosinedauer-like larvae in the wild-type background, and normal

phosphorylated protein. dauer larvae in thanc-31background. Those results suggest
] that the function of XXXL/R is located upstreamdsif-16in
SDF-9 enhances the DAF-9 function the dauer regulatory pathway and that the functiotia6fin

The results of this study showed that the functiosdff9is  other cells is located downstream of or in parallel w16
closely related to that afaf-9 First, likedaf-9mutantssdf-9  in the pathway.
mutants form dauer-like larvae under reproductive growth The XXXL/R-specific suppression ljaf-16 suggests that
conditions, and normal dauer larvae under dauer-inducintpe DAF-2 insulin receptor signal transduction may play a
conditions. Moreover, likelaf-9 the formation of dauer-like tissue-specific role in these cells, which involves SDF-9
larvae bysdf-9mutants is enhanced by cholesterol deprivationfunction and whose defect leads to dauer-like larvae formation.
Secondsdf-9is expressed in the two head cells in whieli-  Experiments ordaf-2 mosaic animals (Apfeld and Kenyon,
9 is expressed. Third, like the Daf-c phenotypedaf-9, the  1998) revealed that animals that alaf-2(—) in AB, ABa,
Daf-c and syn-Daf phenotypes saif-9are suppressed ldaf-  ABar, ABp, or ABplaa cell lineages form dauer-like larvae
12 but not bydaf-3 (‘class Il dauers’). Since XXXL and XXXR cells form in the

In some aspects, howevesdf-9 mutants show weaker ABplaa and ABarpa lineages, respectively, the result is in
phenotypes thadaf-9 mutants, or thesdf-9 gene has only a agreement with the idea that loss d#f-2 gene activity in
part of the properties afaf-9gene. First, even a putative null XXXL/R results in the formation of dauer-like larvae. It
mutant ofsdf-9shows only a weak, temperature-sensitive Dafremains to be examined whetldaf-2is expressed in XXXL/R
¢ phenotype, while mangaf-9 mutants show strong, non- and whether SDF-9 interacts with the DAF-2 tyrosine kinase,
conditional Daf-c phenotypes. Second, the formation of daueespecially its tyrosine-phosphorylated form.
like larvae is suppressed dgf-16in the case o$df-9mutants
but not indaf-9 mutants. Thirdsdf-9is expressed essentially XXXL/R cells are involved in dauer regulation,
only in two cells in the head, whildaf-9 is expressed in Probably through steroid hormonal signaling and/or
hypodermis, vulval blast cells and spermatheca at some stagégroid metabolism
of development, besides the two head cells. Fowdf9 We identified thesdf-3 anddaf-9-expressing cells in the head
mutants seem to show normal longevity, at least at 25°@s XXXL/R by mosaic experiments. These cells are known as
(K.O., T.I. and I.K., unpublished), whildaf-9 mutants show embryonic hypodermal cells whose function at later stages is



PTP-like molecule in dauer regulation 3247

unknown (Sulston et al., 1983). White et al. (White et al., 1986REFERENCES

included these cells in the list of neurons and their associated

cells in the head (figure. 2 of White et al.). This study revealedilion, M., Inoue, T., Weaver, C. I, Holdcraft, R. W. and Thomas, J. H.
a function of XXXL/R, namely, regulation of dauer formation. (1999). Neurosecretory control of aging@aenorhabditis elegans. Proc.
The most direct evidence for this function is that killing of , Natl- Acad. Sci. USA6, 7394-7397.

h lls ind f . fd like | in th .IdAiIion, M. and Thomas, J. H. (2000). Dauer formation induced by high
these cells induces formation of dauer-like larvae in the wild- temperatures ilCaenorhabditis elegans. Genetits6 1047-1067.

type background and that of dauer larvae in time-31  Alpert, P. S., Brown, S. J. and Riddle, D. L(1981). Sensory control of dauer

background_ larva formation inCaenorhabditis elegans. J. Comp. Neut®8 435-451.
Gerisch et al. (Gerisch et al. 2001) and Jia et al. (Jia et aflbert, P. S. and Riddle, D. L.(1988). Mutants ofCaenorhabditis elegans

: ! : ‘that form dauer-like larvadev. Biol.126, 270-293.

2002) also carried pUt laser mlcrosurger_y experiments on theﬁétebi, A., Culotti, J. G. and Hedgecock, E. M.(1998).daf-12 regulates

CQllS. AlthOl_Jgh the”'. results are Partly dn‘_ferent from Ours, We developmental age and the dauer alternatizz ilegans. Developmel25,

think there is no major contradiction. Gerisch et al. (Gerisch et 1191-1205.

al., 2001) reported that ablation adf-9-expressing head cells Antebi, A., Yeh, W-H., Tait, D., Hedgecock, E. and Riddle, D. L{2000).

in 41 daf-9(dh6) Is[daf-9:GFP] animals resulted in dauer-like daf-12 encodes a n_uclear receptor that regulates the dauer diapause and
larva formation in only four (10%) of them. The difference ma developmental age 6. elegans. Genes Ded, 1512-1527.
y : yApfeId, J. and Kenyon, C.(1998). Cell nonautonomy df. elgansDAF-2

be due to overexpression adf-9by Is[daf-9:GFP] as well as function in the regulation of diapause and life sp@ell 95, 199-210.
other differences in experimental conditions. Jia et al. (Jia @wery, L. (1993). The genetics of feeding@aenorhabditis elegans. Genetics
al., 2002) found that none of the six NRydaf-9p:GFP] 133 897-917.

: i e - Bargmann, C. I., Thomas, J. H. and Horvitz, H. R(1990). Chemosensory
animals formed dauer-like larvae after klllmg of ttef-9- cell function in the behavior and developmentGafenorhabditis elegans.

expressing head cells, but they argued that the timing of theco|d Spring Harbor Symp. Quant. Bi5, 529-538.
surgery might be too late. They also killed these celdain ~ Bargmann, C. I. and Horvitz, H. R. (1991). Chemosensory neurons with
9(m540) EXdaf-9p:daf-9 cDNA::GFP] animals, and all the overlapping functions direct chemotaxis to multiple chemicals ielegans.

; ; ; Neuron7, 729-742.
four an.lmals in which the surgery was successful forme%argmann, C. and Avery, L.(1995). Laser killing of cells i€aenorhabditis
dauer-like larvae.

. elegans In Methods in Cell Biology Vol. 48 Caenorhabditis elegans
XXXL/R cells seem to regulate dauer formation through the Mmodern Biological Analysis of an Organism (ed. H. F. Epstein and D. C.

functions ofdaf-9andsdf-9 which are expressed in these cells Shakes), pp. 225-250. San Diego: Academic Press. _
and whose mutants form dauer-like larvae. The foIIowingB'rT”r?é’rrng-sAJ-v Mig)g(‘)a(’))EA\t/r(;Vr\ilns{e fn'biénzagnda%lﬁoclsgllgscéobiéﬁ?ind
results Sho"‘.’ that. these functions gre prObabl.y relatgd to SterOIq-lspQO (‘DAF-21) regulate a common set of chemosensory behaviors in
hormonal signaling and/or steroid metabolism. F!(:istf-g Caenorhabditis elegans. Genetits5, 85-104.
encodes a cytochrome P450 of the CYP2 family, whoseowers, W. S., Ohta, T., Cleere, J. S. and Marsella, P. £1976). Discovery
members are involved in steroid metabolism (Gerisch et al., of insect anti-juvenile hormones in planiencel 93 542-547.
2001 Jia et al 2002) Second. thaf-12 gene which acts Brenner, S.(1974). The genetics @aenorhabditis elegans. Geneticg 71-

’ o : ’ ‘ ' 94,
downstream ofdaf-9 encodes a steroid hormone receptorThe C. elegansSequencing Consortium(1998). Genome sequence of the

(Antebi et al., 2000). Third, the Daf-c phenotypedaf9, sdf- nematodeC. elegans a platform for investigating biologyscience282,
9 anddaf-12(daf-c)mutations are enhanced by the deprivation 2012-2018. _ _ _ _
of cholesterol (Gerisch et al., 2001; Jia et al., 2002; this Studﬁ.h'tWOOd' D. J.(1999). Biochemistry and function of nematode sterduis.

: Rev. Biochem. Mol. BioB4, 273-284.
Fourth, the expression of SDF-9 under the control OhﬂIE Coburn, C. M., Mori, I., Ohshima, Y. and Bargmann, C. 1.(1998). A cyclic

1 promoter rescues the Daf-c phenotypeint-31(e169); sdf- nucleotide-gated channel inhibits sensory axon outgrowth in larval and adult
9(ut187) wherenpc-1lis a homolog of the Niemann-Pick type Caenorhabditis elegana distinct pathway for maintenance of sensory axon
C disease gene, which plays a role in intracellular sterol structure.Developmeni25 249-258. _ o
transport (Hoekstra and van 1Jzendoorn. 2000: loannou Zoof:)gnover, D O. and Kynard, B. E.(1981). Enylronme_ntal sex determination:

| lusi h d th SDF,9 ’ . ' Interaction of temperature and genotype in a fitience213 577-579.

n conc US'O,”: we showe . t ,at gl a protein ty,rosm%aniels, S. A, Ailion, M., Thomas, J. H. and Sengupta, 2000).egl-4acts
phosphatase-like molecule, is involved in the regulation Of through a transforming growth factor-beta/SMAD ~pathway in
dauer formation. Its function is closely related to that of DAF- Caenorhabditis elegarts regulate multiple neuronal circuits in response to
9, a P450 molecule: it probably enhances the activity of DAFESTSC;’WMC”Zﬁﬁgﬁg‘:&f‘r’%ﬁﬁ;ﬂlL Abert, P. S., Massague, J. and
9 or hel_ps the executlpn of the DAF-9 fun.Ctlon‘.Furthermor.e’ Riddlé, D.'L. (1993)., Th|e daf-4 dene e’ncodes’a boné morphoger,letic protein
SDF-9 is eXpre_Ssed_ in two head cells in which DAF-9 IS receptor controllingC. eleganglauer larva developmentiature 365, 644-
expressed. We identified these cells as XXXL/R cells, which 649.
are known as embryonic hypodermal cells but whose functiohujiwara, M., Ishihara, T. and Katsura, 1. (1999). A novel WD40 protein,

at later stages remains to be studied. Since this study on SDFQHE-Z, acts cell-autonomously in the formatiorCofelegansensory cilia.
9 and former studies on DAF-9 suggested that the functions ﬁPeVGIOpmenua a839 Jess, i i
g9 2 jiwara, M., Sengupta, P. and Mclntire, S. L.(2002). Regulation of body

these proteins are related to steroid metabolism or steroidsize and behavioral state ©f elegansy sensory perception and the EGL-
hormonal signaling, XXXL/R cells seem to play a key role in 4 cGMP-dependent protein kinaséeuron36, 1091-1102.

the metabolism or function of a steroid hormone(s) that acts {#eordi, L. L., Albert, P. S. and Riddle, D. L.(1990).daf-1, aC. elegans
dauer regulation gene controlling dauer larva development, encodes a novel receptor protein

kinase.Cell 61, 635-645.

We thank Hiroshi Kagoshima facy-8:GFP, Oliver Hobert fottx- ~ Gerisch, B., Weitzel, C., Kober-Eisermann, C., Rothers, V. and Antebi, A.
. . AR (2001). A hormonal signaling pathway influenci@gelegansnetabolism,
3::GFP, Andy Fire for GFP vectors, Shohei Mitani for RFP cDNA, reproductive development, and life spBiev. Cell1, 841-851
the Caenorhabditis Genetics Center for strains, Manabi Fujiwara fQfoiden, 3. W, and Riddle, D. L.(1982). A pheromone influences larval

communicating unpublished results, Shuji Honda for help in the gevelopment in the nemato@aenorhabditis elegans. Scien2#8 578-
measurements of longevity, and Mariko Sugiura for help in preparing 580.
the manuscript Golden, J. W. and Riddle, D. L.(1984a). TheCaenorhabditis elegansauer



3248 K. Ohkura and others

larva: Developmental effects of pheromone, food and temperdbene. The DAF-3 Smad protein antagonizes T@Felated receptor signaling in
Biol. 102, 368-378. the Caenorhabditis elegandauer pathwayGenes Devll, 2679-2690.
Golden, J. W. and Riddle, D. L. (1984b). A pheromone-induced Perkins, L. A., Hedgecock, E. M., Thomson, J. N. and Culotti, J. G1986).
developmental switch i€. eleganstemperature-sensitive mutants reveal a  Mutant sensory cilia in the nemato@e elegans. Dev. Biol17, 456-487.
wild-type temperature-dependent procd3mc. Natl. Acad. Sci. USB1, Prasad, B. C., Ye, B., Zackhary, R., Schrader, K., Seydoux, G. and Reed,

819-823. R. R.(1998).unc-3 a gene required for axonal guidanc€aenorhabditis
Gottlieb, S. and Ruvkun, G.(1994).daf-2 daf-16 and daf-23 genetically elegans encodes a member of the O/E family of transcription factors.

interacting genes controlling dauer formationGaenorhabditis elegans. Developmenti25 1561-1568.

Geneticsl37, 107-120. Ren, P.-f., Lim, C.-S., Johnsen, R., Albert, P. S., Pilgrim, D. and Riddle,
Guan, K. L. and Dixon, J. E.(1990). Protein tyrosine phosphatase activity D. L. (1996). Control ofC. eleganslarval development by neuronal

of an essential virulence determinantyiersinia Science249, 553-556. expression of a TGB-homolog.Science274, 1389-1391.

Guan, K. L. and Dixon, J. E. (1991). Evidence for protein-tyrosine- Riddle, D. L., Swanson, M. M. and Albert, P. S(1981). Interacting genes
phosphatase catalysis proceeding via a cysteine-phosphate intermkdiate. in nematode dauer larva formatidsature 290, 668-671.

Biol. Chem 266, 17026-17030. Riddle, D. L. and Albert, P. S.(1997). Genetic and environmental regulation
Hobert, O., Mori, |., Yamashita, Y., Honda, H., Ohshima, Y., Liu, Y. and of dauer larva development. I6. elegans ll(ed. D. L. Riddle, T.
Ruvkun, G. (1997). Regulation of interneuron function in t8e elegans Blumenthal, B. J. Meyer and J. R. Priess), pp. 739-768. NY: Cold Spring
thermoregulatory pathway by thi-3 LIM homeobox geneNeuron 19, Harbor Laboratory Press.
345-357. Schackwitz, W. S., Inoue, T. and Thomas, J. H1996). Chemosensory
Hoekstra, D. and van IJzendoorn, S. C(2000). Lipid trafficking and neurons function in parallel to mediate a pheromone resposesiagans.
sorting: how cholesterol is filling gapSurr. Opin. Cell Biol.12, 496-502. Neuronl7, 719-728.
Inoue, T. and Thomas, J. H(2000). Targets of TGB-signaling inC. elegans ~ Snow, M. |. and Larsen, P. L.(2000). Structure and expressiondaf-12 a
dauer formationDev. Biol.217, 192-204. nuclear hormone receptor with three isoforms that are involved in
loannou, Y. A. (2001). Multidrug permeases and subcellular cholesterol development and aging i@aenorhabditis elegans. Biochim Biophys Acta
transportNat. Rev. Mol. Cell. BioR2, 657-668. 1494 104-116.
lwasaki, K., Staunton, J., Saifee, O., Nonet, M. and Thomas, J. L997). Streuli, M., Krueger, N. X., Tsai, A. Y. and Saito, H.(1989). A family of
aex-3encodes a novel regulator of presynaptic activitg.ielegans. Neuron receptor-linked protein tyrosine phosphatases in human®ersbphila.
18, 613-622. Proc. Natl. Acad. Sci. US86, 8698-8702.

Jansen, G., Thijssen, K. L., Wemer, P., van der Horst, M., Hazendonk, E.  Streuli, M., Krueger, N. X., Thai, T., Tang, M. and Saito, H(1990). Distinct
and Plasterk, R. H.(1999). The complete family of genes encoding G functional roles of the two intracellular phosphatase like domains of the
proteins ofCaenorhabditis elegans. Nat. Gen2t, 414-419. receptor-linked protein tyrosine phosphatases LCA and LENRBO J.9,
Jayanthi, L. D., Apparsundaram, S., Malone, M. D., Ward, E., Miller, D. 2399-2407.
M., Eppler, M. and Blakely, R. D. (1998). TheCaenorhabditis elegans Sulston, J. E., Schierenberg, E., White, J. G. and Thomson, J. {L983).
gene T23G5.5 encodes an antidepressant- and cocaine-sensitive dopamin&he embryonic cell lineage of the nematd@kenorhabditis elegan®ev.
transporterMol. Pharmacol 54, 601-609. Biol. 100, 64-119.
Jia, Z., Barford, D., Flint, A. J. and Tonks, N. K. (1995). Structural basis Sulston, J. and Hodgkin, J. (1988). Methods. InThe Nematode
for phosphotyrosine peptide recognition by protein tyrosine phosphatase 1B. Caenorhabditis elegangd. W. B. Wood), pp. 587-606. New York: Cold

Science268 1754-1758. Spring Harbor Laboratory Press.

Jia, K., Albert, P. S. and Riddle, D. L.(2002). DAF-9, a cytochrome P450 Swanson, M. M. and Riddle, D. L.(1981). Critical periods in the
regulatingC. elegandarval development and adult longeviBevelopment development of th€aenorhabditis elegandauer larvaDev. Biol 84, 27-
129, 221-231. 40.

Katsura, I., Kondo, K., Amano, T., Ishihara, T. and Kawakami, M.(1994). Sym, M., Basson, M. and Johnson, G2000). A model for Niemann-Pick
Isolation, characterization and epistasis of fluoride-resistant mutants of type C disease in the nematdci@enorhabditis elegans. Curr. Bidl0, 527-
Caenorhabditis elegan§&eneticsl36, 145-154. 530.

Kimura, K. D., Tissenbaum, H. A,, Liu, Y. and Ruvkun, G.(1997).daf-2 Sze, J. Y., Victor, M., Loer, C., Shi, Y. and Ruvkun, G(2000). Food and
an insulin receptor-like gene that regulates longevity and diapause in metabolic signaling defects in @. elegansserotonin-synthesis mutant.

Caenorhabditis elegans. Sciengg7, 942-946. Nature403 560-564.

Lanjuin, A. and Sengupta, P.(2002). Regulation of chemosensory receptor Take-Uchi, M., Kawakami, M., Ishihara, T., Amano, T., Kondo, K. and
expression and sensory signaling by the KIN-29 Ser/Thr kihesgon33, Katsura, I. (1998). An ion channel of the degenerin/epithelial sodium
369-381. channel superfamily controls the defecation rhythmCiaenorhabditis

Lin, K., Dorman, J. B., Rodan, A. and Kenyon, C(1997).daf-16 an HNF- elegansProc. Natl. Acad. Sci. US85, 11775-11780.
3/Forkhead family member that can function to double the life-span offhomas, J. H., Birnby, D. A. and Vowels, J. J(1993). Evidence for parallel
Caenorhabditis elegans. Sciernggd 1319-1322. processing of sensory information controlling dauer formation in

Malone, E. A. and Thomas, J. H.(1994). A screen for nonconditional Caenorhabditis elegan&eneticsl34, 1105-1117.
dauer-constitutive mutations i@aenorhabditis elegans. Geneti¢S6, Tonks, N. K. and Neel, B. G(2001). Combinatorial control of the specificity
879-886. of protein tyrosine phosphatas€xurr. Opin. Cell Biol.13, 182-195.

Mello, C. C., Kramer, J. M., Stinchcomb, D. and Ambros, V.(1991). Vowels, J. J. and Thomas, J. H(1992). Genetic analysis of chemosensory
Efficient gene transfer i€. elegansextrachromosomal maintenance and  control of dauer formation i€aenorhabditis elegans. Genetit30, 105-

integration of transforming sequenc&s4BO J.10, 3959-3970. 123.

Miller, L. M., Waring, D. A. and Kim, S. K. (1996). Mosaic analysis using White, J. G., Southgate, E., Thomson, J. N. and Brenner, $1986). The
ancl-1(+) extrachromosomal array reveals that31 acts in the Pn.p cells structure of the nervous system of the nema@delegans. Phil. Trans. R.
during Caenorhabtitis elegansulval developmentGenetics143 1181- Soc. LondB314, 1-340.

1191. Wishart, M. J., Denu, J. M., Williams, J. A. and Dixon, J. E.(1995). A

Morris, J. Z., Tissenbaum, H. A. and Ruvkun, G. (1996). A single mutation converts a novel phosphotyrosine binding domain into a
phosphatidylinositol-3-OH kinase family member regulating longevity and dual-specificity phosphatasé. Biol. Chem270, 26782-26785.
diapause irCaenorhabditis elegans. Natug82, 536-539. Wishart, M. J. and Dixon, J. E.(1998). Gathering STYX: phosphatase-like

Ogg, S., Paradis, S., Gottlieb, S., Patterson, G. |., Lee, L., Tissenbaum, H.  form predicts functions for unique protein-interaction domaifrends

A. and Ruvkun, G. (1997). The Fork head transcription factor DAF-16  Biochem. Sci23, 301-306.

transduces insulin-like metabolic and longevity signa(S.islegans. Nature  Yu, S., Avery, L., Baude, E. and Garbers, D. L(1997). Guanylyl cyclase

389 994-999. expression in specific sensory neurons: a new family of chemosensory
0Ogg, S. and Ruvkun, G.(1998). The C. elegans PTEN homolog, DAF-18, receptorsProc. Natl. Acad. Sci. US®4, 3384-3387.

acts in the insulin receptor-like metabolic signaling pathwigl. Cell 2, Zhou, G., Denu, J. M., Wu, L. and Dixon, J. E(1994). The catalytic role

887-893. of Cysl124 in the dual specificity phosphatase VHRBIol. Chem 269,
Patterson, G. I., Koweek, A., Wong, A., Liu, Y. and Ruvkun, G(1997). 28084-28090.



