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Summary

In response to the environment, the nematod€. elegans
must choose between arrest at a long-lived alternate third
larval stage, the dauer diapause, or reproductive
development. This decision may ultimately be mediated
by daf-9, a cytochrome P450 related to steroidogenic
hydroxylases and its cognate nuclear receptodaf-12
implying organism-wide coordination by lipophilic
hormones. Accordingly, here we show thatlaf-9(+) works
cell non-autonomously to bypass diapause, and promote
gonadal outgrowth. Among daf-9-expressing cells, the
hypodermis is most visibly regulated by environmental
inputs, including dietary cholesterol. On in reproductive

growth, off in dauer, hypodermal daf-9 expression is
strictly daf-12 dependent, suggesting feedback regulation.
Expressing daf-9 constitutively in hypodermis rescues
dauer phenotypes ofdaf-9, as well as insulin/IGF receptor
and TGFp mutants, revealing thatdaf-9 is an important
downstream point of control within the dauer circuits. This
study illuminates how endocrine networks integrate
environmental cues and transduce them into adaptive life
history choices.
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Introduction
Fundamental insights

2000; Patterson et al., 1997; Ren et al., 1996). A complex of

into how genes and environmerfAF-3 and DAF-5 specifies diapause in adverse environments.

influence metazoan metabolism, development and aging ha{&sulin/IGF signaling not only control8. elegansdauer, but

emerged from a genetic dissection ©f elegansdiapause.

is also a central regulator of somatic endurance and longevity

Despite its simplicity,C. eleganspossesses a remarkable 2Cr0SS taxa (Tatar et al., 2003). Insulin-like agonists stimulate
endocrine system that regulates choice of arrest at the thifa® DAF-2/insulin-like receptor, initiating a kinase cascade that
larval stage (L3) dauer diapause or continuous reproducti\;éhosphorylates DAF—16 forkhead transcription factor (Kimura
growth, in response to sensory inputs (Cassada and Russéfl, @l 1997; Morris et al., 1996; Ogg et al., 1997; Ogg and

1975). Environmental cues favoring dauer include high level§Uvkun, 1998; Paradis et al., 1999; Paradis and Ruvkun, 1998;
of a crowding pheromone, low nutrient availability and highPierce et al., 2001). This results in cytoplasmic sequestration
temperatures presaging imminent starvation or stress (Gold& DAF-16, and as a consequence animals undergo
and Riddle, 1984). Arrested before sexual maturity, daugieproductive growth and live short lives. In adverse
larvae modify most tissues, shift metabolism, and altenvironments, DAF-16 enters the nucleus, promoting stress
behavior to maximize survival and dispersal. They are stres&esistance, diapause and longevity (Henderson and Johnson,
resistant, and notably long-lived compared to reproductivelg001; Lee et al., 2001; Lin et al., 2001).
growing animals (Larsen, 1993; Lithgow et al., 1995; There is evidence that both insulin/IGF and PGF
Murakami and Johnson, 1996; Riddle and Albert, 1997). Whefgceptors transduce signals through downstream secondary
conditions improve, they resume development and beconfdocrines. Mosaic analysis and tissue-specific promoter
reproductive adults with normal life spans, revealing plasticitystudies reveal thataf-2 regulates diapause and life span by
in the process of aging. systemic signals (Apfeld and Kenyon, 1998; Wolkow et al.,
Identified pathways regulating this developmental choic&000). Similarly,daf-4TGFj receptor type 2 regulates dauer
include insulin/IGF, TGB, cGMP and serotonergic signaling formation cell non-autonomously (Inoue and Thomas, 2000).
(Finch and Ruvkun, 2001), which relay neural signals tcAs components of nuclear receptor signalin@f-9 and
control programs throughout the body. Insulin/IGF and FGF daf-12, are epistatic to insulin/IGF and T@ignaling for
peptides are primary endocrines synthesized and releaseddiapause regulation, they may comprise this secondary
response to favorable stimuli, mainly from sensory neurons (yathway. DAF-9, a cytochrome P450 of the CYP2 class,
et al,, 2003; Ren et al., 1996). T@Kignals through its resembles steroidogenic and fatty acid hydroxylases, as well
receptors to inactivate DAF-3/SMAD and DAF-5/SNO, as xenobiotic detoxifying enzymes (Gerisch et al., 2001; Jia
allowing reproductive development (da Graca et al., 2003t al., 2002). It probably produces a hormone for DAF-12, a
Estevez et al., 1993; Georgi et al., 1990; Inoue and Thomasuiclear receptor transcription factor related to vertebrate
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vitamin D, pregnane and androstane nuclear receptoBnocular (Kramer Scientific), and confirmed at higher magnification

(Antebi et al., 2000). with an Axioskop 2 (Zeiss). Scored as reproductive (light intestine,
daf-9 mutants fall into two distinct classes (Gerisch et al.vulval, seam and gonadal cell divisions), or dauer (dauer alae, dark

2001; Jia et al., 2002). Strong loss-of-function mutants havidtestine, arrested development, thin body and pharynx), animals were

dark intestines owing to transient excess fat storage, form da QHOW‘Td to C‘]f”f'”g etXprfeSS'O” pattl?[”l/ggg development. Mosaic

larvae constitutively (Daf-c), which eventually recover to@mmais were loundata irequency o :

sterile adults that live about 25% longer than wild type. Wealksenotypic mosaics

loss-of-function mutants have penetrant heterochronic delayg, 1(e1865was injected with a cocktail oicl-1 (cosmid C33C3, 10

in L3 gonadal leader cell migrations (Mig), reduced fecundityhgply, 7.1 kbdaf-9::gfp (10 ng/ul) andsur-5::gfp(pTG96, 75 ngdl)

and are slightly short-lived. Somewhat oppositaf-12 null  constructs. Stable F2 extrachromosomal lines @h@x107)were
mutants have impenetrant heterochrony, light intestines, fail t@spected to verifyncl-1 rescue and co-segregation rafl-1(+) and
form dauer larvae (Daf-d) and live short lives (Antebi et al.sur-5::gfp neurons. Mosaics were analyzed from straai-9(dh6)
1998; Gerisch et al., 20019af-9 phenotypes areaf-12(+) ncl-1(e1865) dhEx101.2-L4 animals were initially screened for loss
dependent, showing thafaf-12 acts downstream. Moreover, Of intestinal or neurafp expression to see P- and AB- mosaics
daf-9 mutants specifically resembléaf-12 ligand-binding respectively. To determine where in the cell lineage mosaic loss

domain mutants, suggesting that loss of ligand production @%%{r/%d' tTSflg:l?g'nchse&sL‘;"Rere g’g'ﬁi% SC(XE&:LC/?NLAF;’@EU R,

binding specify_dauer fprmation. Finally, bottaf-9 and_ HSNL/R, EXC, Ex gland L/R, Hyp 8, 9, 10, PLML/R, seams,

daf-12interact with long-livecdaf-2, enhancing the longevity posterior/anterior pharynx, somatic gonad, sex myoblasts, body

of strong mutants (class 2) but mildly suppressing longevity ohuscle, intestine, hyp7, vulva and ventral cord neurons (Hedgecock

weak mutants (class 1) (Gems et al., 1998; Gerisch et ahnd Herman, 1995). Mosaic animals were found at a frequency of

2001). Both are also required for the extended longevity seeti/1000. The arraghEx24(T13C5, pTG96) is described elsewhere

in animals whose germline has been ablated (Gerisch et alGerisch et al., 2001).

2001; Hsin and Kenyon, 1999), revealing gonadal influenceg B .

on life span. af-9::gfp expression constructs . .
A simple model is that DAF-9 produces a hormone fordaf-9 constructs were made by standard molecular techniques using

DAF-12, which bypasses diapause, promotes reprc)duc,[i\}%e_nomlc fragments or isoform B cDNA amplified with gene-specific

! . fimers and cloned in front offp. daf-9::gfp contains 7.16 kb
development and, perhaps, shortens life span. This hormo{jEqiream promoter and the entire genomd-9coding region,

might be a sterol, as cholesterol deprivation phenocopies larv@kuding introns withgfpfused at the C terminus. This construct was
defects (Gerisch et al., 2001). Expressed in potential endocriged to make integradhls59 dhis64and extrachromosomdhEx66
tissues (two head cells, the hypodermis and the hermaphrodi{e previously described (Gerisch et al., 20@hEX67 construct is
spermathecae),daf-9 appears to control developmental similar, but has 1.82 kb promoter (forward, CTCCAGTTTTG-
decisions for the entire organism. However, it is not knowrGGTGTTTCAGAGCAGCG). ArraydhEx203was made from the
whether DAF-9 actually produces hormonal signals, wha@ir434construct (Jia et al., 2002), which consists of 3.03 kifab9
specific roles the varioudaf-9 expressing tissues play, and Promoter, isoform B cDNA witlyfp fused at the C terminudhEx82
whether or howdaf-9 is regulated by sensory inputs and construct contains 1.15 kb promoter, with intron 1 insertethfroB

. . - : NA and gfp fused at the C terminus. To make this, a 1.68 kb
upstream signaling pathways. Here we have investigated the nomic fragment was PCR amplified (forward, GCTCTAGAGATA-

issues. Our findings implicatdaf-9 as a central point of CACCAGGGTATCACTTC: reverse, TCGATTAAGAACATCAGT-
developmental control, producing hormonal signals thagc) and cloned intoba/Xhd sites at the 5 end afaf-9 cDNA.

regulateC. elegandife history. dhEx94construct contains 1.19 kiaf-9promoter, exon and intron 1.
A 2.07 kb fragment was PCR amplified (forward, CTCCAGT-
i TTTGGGTGTTTCAGAGCAGCG; reverse, CCCGGTACCTGAT-
Materials and methods CTGAAATTTTAATATT), digested with Sal/Kpnl and a 1.44 kb
Nematode culture subfragment cloned into L3781 (A. Fire, personal communication).

Nematodes were cultured at 20°CBncoli strain OP50 on NG agar dhEx300construct contains 0.27 kb promoter (forward, TGTT-
plates unless indicated otherwise. Transgenes were introduced ITBCAAATGTTCAAAATGTCACGCTCA; reverse, GCGGTACCAT-
different genetic backgrounds by standard crosses. IndatSt:gfp TACGAGTGGCATACTGTAT), fused directly tgfp.

expression experiments, two L4 animals were placed on plates, andHeterologous tissue-specific constructs were made by inserting
their F1 progeny scored fataf-9 expression levels. Experiments amplified fragments int@st/BanH| sites in front ofdaf-9 cDNA,
were repeated at least twice. For temperature experiments, animalgh gfp fused at the C terminus, using the following promoter
were scored after two generations of growth at the appropriategions: 0.64 kizol-3 (dhEx207, 1.15 kbdpy-7 (dhEx217) 3.45 kb
temperature, except when arrested as dauer larvae. Preparation &2%B3.3 (hEx256, 0.63 kb mec-7 (dhEx176 3.59 kb sdf-9
culture on NG agar minus cholesterol and NG agarose minu&hEx354)and 3.18 kbwrt-1 (dhEx294. The following primers
cholesterol were carried out as described (Gerisch et al.,, 20019arrying restriction sites faPst (F primer) andBanmHI (R primer)
For food experiments, 2% DH5E. coli growth arrested with were used:col-3 (forward, GCCTGCAGCTACTTCTACACACAT-
streptomycin (5Qug/ml) were used, varying the dilution and volume TGCAA; reverse, GCGGATCCGTTGGAAACTGAAGATTCTCA);
plated. Dauer pheromone was prepared as described (Golden auy-7 (forward, GCCTGCAGCTATGTGCAATGTCACGTGGA;
Riddle, 1984) and different amounts applied to plates containing 2feverse, GCGGATCCCTGGAACAAAATGTAAGAATA); F25B3.3
pl of 2% DH50. 2-3 days later, plates were scoreddaf-9::gfpand (forward, GACTCTGCTGCAGAAAATATCTCGTCATC; reverse,

dauer formation. GCGGATCCGATATTCTGAACAAGAAACCA); mec-7 (forward,
) ) GCCTGCAGGAGCTACGCCGAACTTGGAG; reverse, GCGGA-
Expression mosaics TCCGACGAATAATGGAGGAGTCA); sdf-9 (forward, GCCTGC-

Larvae from daf-9dh6) dhEx66 mothers were examined by AGGTCGACTTGTCAATGTCGCAG; reverse, GCGGATCCTTTG-
fluorescence microscopy fataf-9 expression with M2-Bio GFP- AAAATAATATATCTAGT); wrt-1 (forward, GCAAGCTTGTGCAA-
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GCACAGCTAGAGGTC; reverse, GCGGATCCCATCGGATTGTG- attention was drawn to hypodermis and XXX cells as important
ATTAGCTTC). for dauer regulation.

For F25B3.3, an intern&st site was used for cloning. To express  To understand hovdaf-g.expressing tissues impact gene
daf-9under thewrt-1 promotor we introduced Hindlll site into the  fynction, we asked what phenotypes were restored when
F-primer. A 0.12 kbHindlll/BanHI fragment ofwrt-1 was cloned _ ; ; P
infront of thedaf-9 cDNA, then aHindIll fragment of 3.04 kb was g;;isvgﬁ)sn senlqeocstg/iilsyl e:(rgl;]essgs :r?ilc lnllitrllae”sy’ c\?é)entgii?r? grate;n

added. Transgenic animals were made by injecting constructs at B .
concentration of 10-20 ngl/ with lin-15(+) marker plasmid at 75-90 extrachromosomal array of genondaf-9::gfp (dhEx6§ in

nghu! into the germline ofin-15(n765)animals. the daf-9(dh6) background. Animals expressingaf-9 in
hypodermis and XXX cells reached maturity, whereas cohorts
Quantitation of daf-9 expression without the transgene arrested as dauer larvae. Mosaics

gfp fluorescence otihis64 and dhis59 animals grown at different arise spontaneously either from mitotic loss or silenced
temperatures was imaged through an Axioplan 2 Microscope (Zeisgxpression of the array in a particular tissue. At both 20°C
and photographed with a Hamamatsu ORCA-ER camera. Pixeind 25°C, mosaics expressirdaf-9 in the hypodermis
intensity over a fixed area was measured with Axiovision 3.1 softwargynassed diapause, had normal gonadal development and
(Zeiss). These measurements were then used as a_referencev\}gie fertile (Fig. 1A). This indicates that hypodermal
guantitate expression in other genotypes or culture conditions. expression is sufficient to drive reproductive development,

including the correct timing of distal tip cell migrations.

Interestingly, in such mosaics hypoderndalf-9 expression
Results > TYH .

levels were often elevated, implying thadaf-9-expressing
daf-9 acts cell non-autonomously XXX cells normally communicate cell non-autonomously to
An integrated genomidaf-9::gfp construct,dhls64 rescues inhibit expression in the hypodermis. Mosaics expressing
daf-9 dauer constitutive (Daf-c) and cell migration (Mig) daf-9in XXX cells alone were not found, probably because
phenotypes (Gerisch et al.,, 200Hgaf-9-expressing tissues of their rarity.
include a bilateral ventral pair of head cells in the anterior Genotypic mosaics, where mitotic loss d#f-9::gfp was
ganglion, identified as XXXL/R (Ohkura et al., 2003), thefollowed by linked cell autonomous markessr-5::gfp and
syncitial epidermal tissue surrounding the worm called thacl-1(+) (Hedgecock and Herman, 1995; Yochem et al., 1998)
hypodermis and the hermaphrodite spermathecae. Although extrachromosomal arraghEx107 supported the above
the XXXL/R cells are described as embryonic hypodermafindings. Of the first two blastomeres, AB generates nearly all
cells, they later appear to have neuronal character includingreeurons, XXX cells, hypodermis and anterior pharynx, while
small pocked nucleus in larvae and adults, as well as axon-lil gives rise to germline, muscle, intestine, gonad,
processes in dauer larvadaf-9 expression in XXX cells hypodermis, posterior pharynx and mostly pharyngeal
appears from late embryos to old adults, and is upregulated meurons (Fig. 1B) (Sulston et al., 1983). Whiaf-9(+) was
dauer larvae. Hypodermdaf-9is dramatically regulated in an present in both blastomeres (AB+P+), animals always reached
all or none fashion during larval development. Expressiomaturity, whereas AB-P- animals arrested as dauer larvae (Fig.
begins at mid-L2, the time of commitment to reproductivelC). AB-P+ mosaics, which do not exprés$-9in XXX cells
development, and is downregulated in L4. In the dauer stageached adult, again implying that expressiodadf9in XXX
hypodermaldaf-9 is not expressed. Spermathecal expressiogells is not absolutely required for reproductive growth.
begins in late L4 and continues in adults. Therefore ouSimilarly, loss from P1 as well as from P1-derived blastomeres

A dh6 dhEx66 B Zyglote
Temp| H X]Growth Broods AB e Pl
20° |+ +|Rep (n>100) [238 + 18 (n=6) k2
- - |Daf-c (n>100)|0 (n>100) MS E P3 Fig. 1 Mosaic analysis. (Ajlaf-
+ - |Rep (n=20) |253 +106 (n=5) p—Lp4 i(5d(h()5]) dhEx6gdaf-9::gfp, “”I'_
5 = +)] expression mosaics. Loss
25% |+ +[Rep (n>100) 150 £21 (n=8) hypodermis muscle intestine neurons. muscle germline (-) or retention (+) of expression
- - | Daf-c (n>100)|0 (n>100) hewrons ™ gland hypodermis from hypodermis (H) or XXX
+ - |Rep (n=27) |41 £33 (n=17) Rif N cells (X), and effects on mode of
growth (Daf-c, Reproductive)

C dh6 nc/-l(61865) dhEx107 D dh6 dhEx24 and broods. (B) Fate map of the
Genotype Growth Genotype Growth early blastomeres. XXXL/R
AB+ P1+ Rep (n>100) AB+ P1+ Rep (n>100) arise from AB, hypodermis from
AB- P1- Daf-c (n>100) AB- P1- Daf-c (n>100) AB ar)d C (bold). Genotypic
AB- P1+ Rep (n=3) AB- EMS- P2+ Rep (n=2) mosaics ofihEx107daf-9::gfp,
AB- EMS- P2+ Rep (n=1) AB- EMS+ P2- Daf-c (n=1) sur-5::gfp ncl-1(+)] in daf-

AB- EMS- C+ D- | Rep (n=2) AB- EMS- C+ P3- Rep (n=2) 9(dhe) ncl-1(e1865)C), and

AB+ P1- Rep (n=3) AB- EMS- C- D+ P4-| Daf-c (n=1) dhEx24[T13C5, sur-5::9f in
AB+EMS- P2+ | Rep (n=2) AB+ P1- Rep (n=2) daf'9(dh6)(Df)- ﬁaft-)?(’f) or (=)
AB+ EMS- C+ P3-| Rep (n=1) AB+ EMS- P2+ Rep (n=1) %%ngggignéa‘ih \‘j‘vsittr?meres are
AB+ MS+ E- P2+ | Rep (n=3) AB+ MS+ E- P2+ Rep (n=2) phenotypic mode of growth.
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resulted in  reproductive adul
Presumablydaf-9 function is provide:
by hypodermal cells, which originate
both AB and P1 lineages. Consist
with this, we found rare mosaics (F
1C, n=2) in which dhEx107 was
retained solely in the C blastom:
(predominately hypodermis, musc
and two neurons) that reached ac
Again, mosaics expressingaf-9 in
XXX cells only were not found.

One concern is thadaf-9::gfp was
overexpressed in extrachromoso
arrays, owing to multiple copies of 1
gene. We obtained similar results wi
daf-9 was present at an estima ! .
fivefold lower molar ratio using tt e, : .
daf-9cosmid T13C5 in an array mark (&8I ' .-dhﬁ dhEx217

with sur-5::gfp (dhEx24. Mosaics ir G X

which daf-9(+) was included in P2 or p—— H, S HX Rescue | Name
only, but absent from other blastome 11 promotor: 7.16 kb

reached reproductive maturity (Fig. I f — HEH- B ofo + + + |yes dhEx66, dhis64
n=4). In summary, we conclude tl 1.82 kb

daf-9 works cell non-autonomous 3.03 kb gip + + yes GhEx6/
and that hypodermaldaf-9 can be 1‘15 kb_Q’fP - + - |partial | dhEx203
sufficient to promote reproducti KD B o

growth. Thus, the hypodermis is 119 kb 48 L yes GhEE2
major endocrine tissue that regule ——& g + + + [nd dhEx94
development. 1 kb 0.27 kb—gﬁo - ¥ = |nd dhEX300

Tissue-specific rescue of daf-9
phenotypes Fig. 2. Constitutive hypodermal overexpression resads#Olarval phenotypes. (A) N2 wild

. type, gonadal distal tip cells (arrowhead) turn normally, as diagrammed in @aft@{rh50),

Hypodermal d‘_af—g expreSS|_0n d)ggtal %ip cells fail to tuprn and(remain on %he ventral bo)ély wall (gMig), shown infgo :
As an alternative to mosaics, we m (D) dhEx217pdpy-7::daf- transgene rescues50 Mig phenotypes. (Edlaf-9(dh6)Daf-c
ofp fusions todaf-9 cDNA driven by  dauer larva. (FIhEx217transgene rescue6 Daf-c phenotypes. v, vulva. (@gaf-9::gfp
tissue-specific promoters. When fu fusion constructs. Expression in hypodermis (H), XXX cells (X) and spermatheca (S), and
to promoters fromcol-3 (dhEx207 rescue activity irdaf-9(dh6)or daf-(e1406)
hypodermis, seam cells, P ectobla
(Cox and Hirsh, 1985ypy-7(dhEx217
hypodermis, seam cells) (Gilleard et al., 1997) anwttl  the actual molecular behavior of these mutant proteins, failure
(dhEx294 hypodermis) (Aspock et al., 1999), near wild-typeto suppresdaf-12Mig phenotypes placgaf-Qupstream of the
function was restored idaf-9(dh6)and daf-9(rh50) (Fig. 2,  daf-12ligand binding domain.
Table 1). Transgenically rescued animals bypassed diapauseEpistasis experiments wittaf-9 loss-of-function place it
had normal light intestines, complete gonadal reflexion andownstream or parallel to T@Fand insulin/IGF signaling
large broods, further demonstrating tlkgif-9 functions cell  (Gerisch et al., 2001; Jia et al.,, 2002). We asked how
non-autonomously and that hypodernddf-9 suffices for  constitutive hypodermal overexpression affects these
reproductive growth. Active from embryafy-7 and early pathways. We found thapcol-3::daf-9 and pdpy-7::daf-9
larvae €ol-3) to adult, and from embryo to L4v(t-1), these potently suppressed Daf-c phenotypes of null alldtd-
promoters expressed hypoderndalf-9 earlier and later than 7(m62)TGF3 and partially restored progeny production (Table
normal with no obvious effect, except thptpy-7::daf-9 2). However, dark intestine and egg laying defects were
transgenics were Daf-d, failing to form dauer larvae on starvednaffected. Similarly, these transgenes suppressed the Daf-c
out plates 1t>300). Thus, constitutive hypodermal expressionphenotype of insulin receptor mutamtaf-2(e1368) and
resulted in a gain-of-function (Daf-d) opposite the loss-ofpartially restored progeny production. A stronger alldg;
function phenotype (Daf-c). 2(e1370)was also suppressed for dauer morphogenesis, but

pdpy-7::daf-9 had minor effects on onelaf-12 ligand  animals arrested as sterile, dark L3/L4 larvae. Delayed or
binding domain mutant: thdaf-12(rh273)Daf-c phenotype arrested cellular development was evident in most tissues,
was suppressed, while the gonadal Mig phenotypel2@3  including somatic gonad, germline, seam and vulva. In
and rh61 were not (Table 1). The missense allel73  addition, thepcol-3::daf-9 transgene also had no effect on
probably reduces but does not abolish activity of the ligané1368andel1370ongevity (data not shown). Thus, constitutive
binding domain, whereash61 truncates the receptor and hypodermabaf-9overexpression only partly rescugsf-2for
probably abrogates ligand binding altogether. Irrespective afiapause.
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Table 1. Phenotypes of tissue-specific express#af-9cDNA::gfp constructs indaf-9 and daf-12backgrounds

Genotype Construct Promoter Expression % Mig % Daf-c Broods
N2 - - - 0 0 143+49
dhis64 daf-9 X,H, S 0 0 26+31
dhis59 daf-9 X, H, S 0 0 37+24
dhEx217 dpy-7 H 0 0 93+20
dhEx203 daf-9 X 0 0 100+25
daf-9(dh6) - - - 0 100 0
dhis64 daf-9 X, H, S 0 0 35+28
dhEx217 dpy-7 H 0 0 77412
dhEx176 mec-7 Touch N nd 100* 0*
daf-9(e1406) - - - 0 100 0
dhEx294 wrt-1 H 2 0 7349
dhEx256 F25B3.3 Pan N 8, 23 40*, 61 17+22
dhEx203 daf-9 X 4, 15 0%, 38 21+21
dhEx354 sdf-9 X 2 0 10776
daf-9(rh50) - - - 79 0 32+19
dhEx217 dpy-7 H 0 0 80+37
daf-12(rh273) - - - 70 59 1446
dhEx217 dpy-7 H 42 0 345
daf-12(rh61) - - - 100 0 23+10
dhEx217 dpy-7 H 74 0 17+14

Mig phenotype (20°C)=25 animals. Daf-c phenotype (25°@150 animals. Broods (25°@%6 animals. X, XXX cells; H, hypodermis; S, spermathecae; N,
neuron.

*20°C.
t25°C.
Table 2. Phenotypes of tissue-specific expressiaf- romoter actually gave more complete rescue at 25°C. We
p y 9 p
9cDNA::gfp constructs indaf-2 and daf-7 backgrounds. conclude thatlaf-9in the XXX cells regulates diapause cell
Genotype Construct Promoter  Expression % Daf-c  Broods NON-autonomously, and provides at least partial activity to
NZ — — — 0 la3tag  Promote reproductive development. By contrasiaf-9
R expression in XXX could not rescue the Daf-c phenotypes of
fal2(e1368) dhEx207  col-3 Ho 0%2343) na. daf-2anddaf-7 (Table 2). . R
dhEx217  dpy-7 H 0 39+15 daf-9is also weakly expressed in a few unidentified neurons
dhEx256  F25B3.3 Pan N 95 70+28* (Gerisch et al., 2001; Jia et al., 2002). Pan-neuronal expression
daf-2(e1370) - _ _ 100 0 using the F25B3.3 promoted{Ex25§ (Altun-Gultekin et al.,
dhEx379 - - 100 0 2001) also rescued Daf-c and Mig phenotypes, but much less
dhEx207 col-3 H of (anZ) n.d. effectively than XXX expression (Table 1). Finally, expression
gﬂggéﬁ Sdp]}fg )"(' 100 (nc—)50) % in touch neurons with thenec-7promoter (Hamelin et al.,
dhEx256  F25B3.3 Pan N 100 0 3992) tfabned to rescge;lhExl?G Tablga t_’L), ret\)/eatllnfg thataf-
daf-7(m62) B ~ ~ 100 0 must be expressed in an appropriate subset of neurons.
gﬂggg; 335_37 : g 52f2'3 daf-9 promoter constructs
daf-7(€1372)  — _ _ 100 0 To define thaedaf-9 promoter regions mediating tissue-specific
hEx354 sdf-9 X 100 (=50) 0 expression, we generated a number of constructs (Fig. .
d p g ted ber of tructs (Fig. 2G). A
. ) ] ] ] 1.44 kb fragment containing 1.19 kb of promoter, exon and
;Brood size of reproductively growing animals intron 1 maintained expression in all tissuéisEx94. 0.27 kb
Arrest development at L3 or early L4 stages - . ;
#lin-15(+) transgene alone. promoter fused directly tgfp, maintains robust XXX cell
Daf-c and Brood size experiments were carried out at 25°C. Daf-c expression onlydhEx300, revealing that an XXX element
phenotypen=150 animals, unless indicated. Brood size§ animals. resides in this small region, while hypodermal and

spermathecal elements may lie upstream and downstream of
o this. Indeed, thedaf-9 cDNA construct with 3.03 kb of
daf-9 expression in XXX cells and neurons promoter but lacking intronsliEx203 was expressed solely
As originally observed by Jia et aflaf-9 cDNA driven by 3 in XXXL/R, and reintroducing intron 1 restored hypodermal
kb of endogenous upstream promoter expressed strongly ordyd spermathecal expressiathiEx83. Thus, their elements

in XXX cells (Fig. 2G), and not in hypodermis (Jia et al.,probably reside within intron 1.

2002). At 20°C, an array containing this constrattEx203

fully rescued the Daf-c phenotypedsdf-9(e1406)but a small  Environmental influences on  daf-9 expression

fraction (4%) were Mig, indicating near complete rescue (Tabl&V/e next looked at the effect of environmental conditions on
1). At 25°C rescue was less efficient as many were Daf-c (38%laf-9 expression under control of the endogenous promoter.
or Mig (15%).sdf-9phosphatase is also expressed in the XXXWe varied temperature, cholesterol, food and dauer
cells (Ohkura et al., 2003), armthf-9 expression under this pheromone, and observethf-9::gfp levels by fluorescence



1770 Development 131 (8) Research article

microscopy. Integrantsdhls64 as well asdhis59 which  25°C. At 27°C, reproductively growing animals had high
expressed at half the level (data not shown), gave simildrypodermal expression while those entering dauer had none
results. Hypodermaldaf-9 showed a striking pattern of (Fig. 3E,H). By contrast, expression in XXX was constant in L3
regulation by environmental conditions, as follows. Inat most temperatures, but upregulated in dauer larvae formed at
favorable environments (abundant food and cholesterol, 20°Qy°C (Fig. 3F,G,1). In 2-day-old adults, XXX expression varied
low pheromone) hypodermdhf-OQwas weakly expressed (Figs inversely with temperature (Fig. 3J), whdaf-9 spermathecal

3, 4). Conditions of mild stress (reduced food and cholesteroéxpression was unaffected by temperature (Fig. 3K).

22-25°C, higher pheromone) not sufficient to drive dauer

formation, resulted in upregulation. However, in strongly dauefholesterol

inducing conditions (low food and cholesterol, 27°C, highC. elegangequires cholesterol for growth and development.
pheromone) hypodermalaf-9 was switched off, as detailed Wild-type animals cultured in cholesterol-deficient media

below. display gonadal Mig phenotypes similar daf-9(rh50) and
form dauer-like larvae (Gerisch et al., 2001). We observed that
Temperature hypodermataf-Qwas also sensitive to dietary cholesterol (Fig.

In wild type, higher temperatures favor dauer formation, and aA-D). A minor reduction (NG minus cholesterol plates and
27°C typically about 5-20% of a culture form dauer larvaevashed OP50), as judged by absence of cellular phenotype,
despite low population density and abundant food (Ailion ananaximally upregulated hypodermadf-9. A further reduction
Thomas, 2000). Hypodermalaf-9 was visibly sensitive to (agarose plates with washed OP50), as judged by presence of
temperature (Fig. 3). Weakly expressed at 15°C and 20°C, it wddig animals, did not lead to a further increase. Finally, in dauer
upregulated about eightfold at 22.5°C, and at least 13-fold #rvae formed by cholesterol deprivation there was no
expression. Excess cholesterol had no
effect.

Food

In abundant food, hypodermdaf-9was
weakly expressed. As food is decreased
10-fold, expression increased (Fig. 4E).
Further dilution led to weaker or no
expression. Some of these animals
formed dauer larvae.

Pheromone

As pheromone increased, hypodermal
daf-9increased in expression (Fig. 4F).
At higher pheromone concentrations,
when animals entered dauer, expression
ceased.

Taken together, these results imply that
. the response of hypodermalaf-9 to
environmental cues modulates dauer

10um commitment, antagonizing it under weak
dauer-inducing conditions.

H Hypodermis | XXX cells
4000 | Genetic influences on daf-9

_— | ) | expression

| l We next examined the effect of genotype

z
£
%? s i 1. . ; by introducingdaf-9::gfp (dhls69 into
o @ 1000 1 rj ’—‘ L3d various Daf mutant backgrounds
B 1 L3d
@ [ Eem—m—
2 20 225 25 27 20 225 25 27 Fig. 3. Thermal influences on Nghis64
) Temperature [°C] Temperature [°C] expression. (A) DIC micrograph of head region of
expression 4 44 444+ - an L3 larva. (B-Gpfp fluorescent images. All
level panels are reproductive L3 larvae, except E and G,
J XXX cells K Spermatheca which show a dauer larva. Hypodermis
= | (arrowheads) and XXX cells (X). Growth
= = 30007 __| - - ) temperature and expression level (-, +, ++, +++) are
€ 2 2000- | | ? | ] indicated. C-E) are taken at 200 ms exposure time,
a = | | (B) at 800 ms. (H-K) Quantitation aofaf-
= = 10004 | - >, . 4
e £ : L ! ! 9::gfp(dhis64)intensity measurements.
- (H) Hypodermis of L3 and L3d (dauer) as well as
2 20 225 25 20 225 25 (1) XXX cells. (J) XXX cells and (K) spermathecae

Temperature [°C] Temperature [°C] of 2-day-old adults.



representing nuclear hormone, insulin/IGF, T
and cGMP signaling (Table 3). Similar results v
obtained withdhls59(Table 4).

Nuclear hormone signaling

When we crossedaf-9::gfp into differentdaf-12
mutants, we saw striking changes in hypode
daf-9expression. Firstaf-12null allelerh61rh417
which is Daf-d, failed to express hypoderrdaf-9
but had no effect on expression in other tis
(Table 3, Fig. 4D, Fig. 5D). Similarlydaf-
12(sal56)a Daf-d missense mutation in the DM
binding domain that abrogates transcriptic
activation (Shostak, 2002) abolished hypode
expression. In fact, all perturbations that upregul
hypodermabdaf-9(25°C, low cholesterol, low foo
high pheromone) had no effect in tbdaf-12 null
background. We conclude DAF-12 transcriptic
activity, directly or indirectly, promotes hypoderr
synthesis in response to environmental inputs.
iS surprising as epistasis experiments pldag12
downstream oflaf-9 (Gerisch et al., 2001; Jia et
2002). Thereforedaf-12 probably regulateslaf-9
via a feedback loop.

daf-12 ligand-binding domain mutanth273
exhibited a more complex pattern. As mentic
above,rh273 affects a predicted ligand contact
and may reduce affinity for hormone (Antebi et
2000). Some animals arrest as Daf-c dauer la

whereas the remainder resume development but are Migf ligand binding can lead either to an abrupt increase or
Whereas animals that had bypassed diapause overexpresdedrease of hypodermal expression, suggesting that these
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N2, - chol, dauer

daf-12(rh61rh411), NG - chol

E %+++ F %‘+++
5 +F 5 ++
2 2
£+ £+
o -I.dauer & - dauer
» 100 10 5 0.01 = 20 100 100
ul 2% DH50. ul Pheromone

Fig. 4.Influence of cholesterol, food, and pheromonelai9 expression of
L3. (A) N2 dhls6é4grown on normal nematode growth (NG) media. (B) N2
dhis64grown on NG lacking added cholesterol (NG — chol). (CYNB64
dauer larva grown on NG agarose lacking cholesterol (— cholfigb)
12(rh61rh411) dhis64rown on NG lacking cholesterol. (E) Hypoderrdaf-9
expression with increasing dilutions of 2% DiHRF) Hypodermadtiaf-9

expression at different concentrations of pheromone. Hypodermis (arrowheads)

and XXXL/R cells (X).daf-9::gfpintensity (-, +, ++, +++), see Fig. 3. Worms
are cultured at 20°C.

hypodermadiaf-9, those arrested as dauer larvae did not expresautants lie at the cusp of the dauer decision.

at all (Fig. 5E,F). Similar behavior was seen witB74, which

We reasoned that if reduced hormone binding upregulates
affects the same residue (data not shown). Apparently, reductiblwpodermabaf-9, thendaf-9 mutants themselves, presumably

Table 3. Genotypic influences onaf-9::gfp (dhis64)
hypodermal daf-9 expression

Genotype

L3

L3

L3d

N2

daf-9(dh6)
daf-12(rh61rh411)
sal56

rh61

rh273
daf-2(e1368)
el370
daf-16(mgDf50)
daf-7(e1372)
daf-3(mgDf90)
daf-5(e1386)
daf-11(m47)
osm-6(p811)
mgDf50 mgDf90
rh61rh411 e1368
rh61rh411 e1370
rh61rh411 e1372
1370 mgDf50
el372 e1386

L+ +

+++
+++
+++

+++

+++

I+ +

+++
++

+++

+++

+++
+++
+++
+++
+++

++++
+++

diminished in hormone production, could also influence
hypodermal expression. We made a promoter fusion consisting
of 1.19 kb upstream region plus the first intrordaf-9 joined

to gfp (dhEx94 (Fig. 2G). Expressed in all three cell types,
this transgene makes no functional DAF-9 product. When
introduced into the hypomorphic mutantlaf-9(rh50)
dhEx94 was strongly overexpressed (Fig. 5B), suggesting
autoregulation. By contrast, in tdaf-9(dh6)null background,
hypodermal expression was off (Fig. 5C). Thus, although
partial reduction oflaf-9activity stimulates hypodermdhif-9
expression, complete loss ddf-9 activity does not.

Insulin/IGF signaling

We crosseddaf-9::gfp into the backgrounds of insulin/IGF
pathway mutants daf-2insulin/IGF receptor and daf-

Table 4. Genotypic influences onaf-9::gfp (dhls59)
hypodermal daf-9 expression

—, NO expression. +, ++, and +++ relative intensitgaff9Hexpression

seen at 20°C, 22.5°C and 25°C, respectively (see Fig. 3).

Average ofn=25 animals. L3 reproductively growing larvae, L3d

constitutive dauer larvae.

20°C 25°C
Genotype L3 L3d L3 L3d
N2 - ++
daf-12(rh61rh411) - -
daf-2(e1370) +++ -
daf-16(mgDf50) - ++
daf-7(e1372) +++ -

For explanations see Table 3.




1772 Development 131 (8)

daf-12(rh273) dhls64

. @
X X

daf-12(rh273) dhls64 _50um_

daf-9(dh6) dhEx94

Fig. 5. Hypodermaldaf-9expression depends daf-9anddaf-12.(A) N2 dhEx94 hypodermal
daf-9is weakly expressed. (Blaf-9(rh50) dhEx94hypodermatiaf-9is overexpressed. (Cpf-
9(dh6) dhEx94Daf-c dauer larva, hypoderniéf-9is not expressed. (@jaf-12(rh61rh411)
dhis64at 25°C,daf-9is expressed in XXX (X) but not hypodermis (compare with N2 in Fig. 3).
(E) daf-12(rh273) dhis6dhypodermatiaf-9is overexpressed in reproductively growing larva
but (F) not expressed in Daf-c dauer larva. Worms are L3s and grown at 20°C, except where
indicated.

X y

daf-7(e1372)

daf-16 daf-2

daf-16(mgDf50)

Fig. 6. Hypodermaldaf-9regulation by genetic inputs. All panels are L3 reproductively growingcould also

larvae, except C, a dauer larva. XXX cells (X), hypodermis (arrowheads).
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16/FOXO. For daf-2 we used
conditional temperature-sensitive
Daf-c alleles, which are fully

suppressed by the Daf-d nutlaf-
16(mgDf50) (Gottlieb and Ruvkun,
1994; Ogg et al.,, 1997). Whereas
hypodermal daf-9 was strongly
upregulated indaf-2 reproductively
growing animals relative tdaf-2(+),
daf-2 dauer larvae showed no
hypodermal expression (Table 3, Fig.
6C,D). Alone daf-16(mgDf50)had
little effect on daf-9 expression.
Moreover, hypodermal upregulation
was notdaf-16 dependent, aslaf-
16daf-2 animals had elevated
hypodermal expression at 20°C (Fig.
6G,H) and even higher expression at
25°C. By contrast, indaf-2daf-12
animals, expression ceased (Fig. 6F)
showingdaf-12dependence.

TGFp and cGMP signaling

Temperature sensitive Daf-c mutants
of daf-7TGFH3 (Ren et al., 1996) and
daf-1¥guanylyl cyclase (Birnby et al.,
2000) also upregulated hypodermal
daf-9 in reproductively growing
animals at 20°C, but repressed
expression in dauer larvae (Fig. 6B,
Table 3).osm-6 a Daf-d locus that
acts downstream afaf-11(Thomas et
al., 1993) as well adaf-3SMAD or
daf-5SNO, which mediate the
transcriptional output of TGF
signaling (da Graca et al.,, 2003;
Patterson et al., 1997), had little effect
on daf-9 regulation. Moreoverdaf-5
only partly diminished hypodermal
daf-9 upregulation observed in the
daf-7 background (Table 3), while
daf-12 abolished expression. We
conclude that reduced T@F
signaling upregulates hypodermal
daf-9 primarily through daf-12 In
addition, we noticed that théhls64
daf-9::gfp array enhanced the Daf-c
phenotypes oflaf-2(e1370)and daf-
7(e1372)at normally semi-permissive
temperatures, giving rise to 79+12%
(n=504) and 79+18%nE869) dauer
larvae at 20°C, respectively, compared
with 0% (=300) and 0% r=300)
without the transgene. This may be
because of the presence of multiple
copies of thedaf-9 regulatory region,
as hypodermal overexpression with
heterologous promoters (see above)
did not enhance Daf-c phenotypes. It
reflect the effect of
overexpression in XXX cells.
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To address the possibility that T@For insulin/IGF In addition, the XXX cells also communicate with the
pathways substitute for one another, we croskgsb4into a  hypodermis. Ablation of XXX cells (Gerisch et al., 2001) or
daf-3daf-16 double mutant (Table 3). Yet even in this mosaic loss of an extrachromosomal array upreguldaéd®
background a normal response of hypodea&l9expression hypodermal expression, showing tha@af-9 products from
to temperature was seen. Thus, during reproductive growtXXX cells normally inhibit hypodermatiaf-9.
thermal influences on hypodermal expression can occur ) _
independently of major transcriptional outputs of Paihd  daf-9 works downstream of insulin/IGF and TGF (3
insulin/IGF signaling. signaling
Epistasis experiments reveal thdf-9 loss of function acts
. . downstream or parallel tdaf-16FOXO, daf-3SMAD and
Discussion daf-5SNO, but upstream afaf-12 with respect to diapause
The hormone hypothesis posits that DAF-9/CYP450 producd$erisch et al., 2001; Jia et al., 2002). Overexpressaied
a lipophilic hormone for the nuclear receptor DAF-12 (Gerisctconstitutively in the hypodermis confirmed and extended these
et al., 2001; Jia et al., 2002). This hormone prevents diapausbservations.daf-9 driven by dpy-7 and col-3 promoters
and fat deposition, and promotes gonadal maturation. In thifficiently rescued the Daf-c phenotypes of a null mutant in
work we show thadaf-9 exemplifies many features of an daf-7/TGFJ ligand, as well as in two hypomorphic mutants of
endocrine mechanism, notably, action at a distance, feedbattle daf-2insulin/IGF receptor. In thdaf-7 mutant and the less
regulation by its own signal, and dynamic regulation inseveradaf-2mutant, animals reached reproductive maturity. By
response to environmental, physiological and genetic inputsontrast, overexpressindaf-9 did not effectively suppress
The molecular identities and propertiesdzff-9 and daf-12  daf-12 Mig phenotypes, consistent wittaf-9 action through
provide some of the first functional evidence for lipophilicdaf-12

hormone signaling in the worm. Transcriptional regulation of hypodernmdéf-9is likely to
) be a rate-limiting point of control in the hormone metabolic
DAF-9 regulates diapause cell non-autonomously pathway in which this gene functions. Thalaf-9

Consistent with an endocrine mode of actidaf-9 regulates  overexpression bypasses larval defects of insulin/IGF and
diapause cell non-autonomously. Overexpressidgf-9  TGHS signaling mutants suggests that both pathways somehow
constitutively in the hypodermis, usiegl-3, dpy-7andwrt-1  act via activation oflaf-9. Suppression oflaf-2 in particular
promoters, efficiently rescuedaf-9 phenotypes. Animals suggests that analogous secondary endocrines in vertebrates
bypassed diapause, displayed light intestines, normal gonadalght be able to ameliorate diabetic or other metabolic
development and near normal brood sizes. In mosaisyndromes. Possibly PPARGgonists work similarly to reverse
experiments usingdaf-9 constructs under control of the cases of type 2 diabetes (Rocchi and Auwerx, 1999).
endogenous promoter, animals that retained hypodermal However, not all defects were suppressed dgf-9
expression, but had lost expression in XXX cells reachedverexpression. For examplelaf-7 egg laying and dark
reproductive maturity. Particularly revealing were C+ onlyintestine phenotypes prevailed. Although overt dauer
mosaics, wherelaf-9 expression was limited to hypodermis, morphogenesis was absent in rescdeft2(e1370)strains,
body muscle and a few neurons. Despite the fact that most celaimals remained developmentally arrested as L3/L4 larvae
were genotypicallydaf-9(—) tissues expressed reproductive with dark intestines typical afaf-2alone. Clearly both of these
programs. It is possible that our experiments overestimate thwanches of the dauer pathway must also hdaé9
importance of the hypodermis simply becaudaf-9 is  independent outputs.
overexpressed in transgenic arrays. Nevertheless, genotypic ]
mosaics that containethf-9 on a cosmid at a fivefold lower Environmental signals regulate  daf-9
gene dose also led to reproductive development whe@hanges irdaf-9expression are a striking visible readout for
expressed in the C blastomere only. Thus, hypoderma&nvironmental influences on diapause, reflecting a central role
expression ofdaf-9 is sufficient to avert diapause and drive in dauer regulation. As predictedlaf-9 expression was
reproductive development, andlaf-9 acts cell non- sensitive to the environment, but primarily in the hypodermis.
autonomously. Here, by mid-L2 it was upregulated, signifying commitment to
daf-9 function in XXX cells also promotes reproductive reproductive development, but switched off in the dauer larvae.
development based on a number of lines of evidence. Firdiyterestingly, the epidermis is a primitive endocrine tissue in
laser ablation of XXX cells leads to transient dauer-like arrestnany arthropods, includingrosophila(Lafont, 2000; Warren
in a proportion of animals (Gerisch et al., 2001; Ohkura et algt al., 2002), and even in vertebrates steroidogenic enzymes are
2003). However, the majority of such animals reach maturityexpressed in skin (Slominski et al., 1996).
showing that XXX is important but not essential for diapause Hypodermaldaf-9expression is not, however, simply an on-
regulation. Such microsurgery experiments remove not onlgff switch. Notably, under mild dauer-inducing conditions
the daf-9 signal, but others as well. To address this, wehypodermaldaf-9was actually upregulated. One possibility is
selectively expressediaf-9 in XXX cells. Driven by an that this reflects a homeostatic response to ensure reproductive
endogenous XXX regulatory element or heterologed69  development in the face of mild adversity. Although the final
promoter, daf-9 XXX variably rescued Daf-c and gonadal choice between diapause and reproductive growth is not
defects ofdaf-9 mutants, confirming that expression in XXX graded, but all or none (Antebi et al., 1998; Apfeld and
cells promotes reproductive development. Again, becaud€enyon, 1998), animals must nevertheless adapt to different
transgenes may overexprekd-9it is unclear how closely this levels of stress. For example, preceding any final commitments
reflects the native situation. to diapause, nematodes already shift to fat and carbohydrate
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storage, lengthen the molt cycle and change their foraginGAR-( is a constitutively active nuclear receptor the activity

behavior (Golden and Riddle, 1984; Thomas et al., 1993).

of which is inhibited by androstane ligands (Forman et al.,

By contrast,daf-9 expression in XXX cells increased in 1998). Ecdysone receptor also initially positively promotes

dauer larvae. This is surprising, daf-9 expression in XXX
cells alone supported reproductive growthdaf-9 mutants.
Perhaps post-transcriptional regulation in XXX cells is key.
Supporting this view, overexpression adif-9 in XXX cells
alone, under the control of the endogenoussaifi®promoters
did not bypass the Daf-c phenotypes d#f-2 and daf-7.

ecdysone production, but then negatively feeds back on
synthesis (Lafont, 2000).

Daf-c mutants from insulin/IGF, T@Fand cGMP pathways

affected hypodermalaf-9Qexpression much like environmental
perturbations anddaf-9 mutants,
hypodermal expression in reproductively growing animals but

causing upregulated

Genetic analysis of thadf-9phosphatase-like protein suggestsno expression in Daf-c dauer larvae. Notably, elevatged
that it post transcriptionally augments DAF-9 activity (Ohkuraexpression was largely independent of the transcriptional

et al., 2003).

outputs of these pathways, but dependentdafil2 This

observation suggests that insulin/IGF and BGdtgnaling

Dietary cholesterol influences dauer signaling

dietary cholesterol impacts hypodermdaf-9 expression
and dauer signaling. Cholesterol promotes

cascades could directly regulate DAF-9 or DAF-12.

Aside from food, pheromone and temperature, evidently ] ]
daf-9 has multiple larval functions

reproductivéhe role ofdaf-9 in dauer formation was separable from its

development and fertility; deprivation arrests growth, impedefater role in gonadogenesis. For example, restoratiatao®
molting and decreases fertility (Shim et al., 2002; Yochenin XXX cells alone often led to dauer bypass, but subsequent
et al., 1999). In addition, reduced cholesterol phenocopiegonadal defects. Additionally, cultures dé&f-9 mutants are
gonadal Mig and Daf-c defects in wild type, and enhancegypically either Daf-c or Mig, not mixtures of the two
weakdaf-9mutant phenotypes (Gerisch et al., 2001; Jia et alphenotypes. This could potentially be explained by the
2002). Here, we found that although modest decreases feedback regulation afiaf-9 described here. Althougtaf-9

cholesterol also upregulated hypoderndalf-9 cholesterol
starvation induced dauer formation and abolishdaf-9
expression.

null mutants lackdaf-9 expression, hypomorphs may have
increased hypodermalaf-9, as seen imaf-9(rh50) thereby
averting diapause. Potentially, lower levelsdaif-9 activity

Because cholesterol is the precursor to steroids, oxysteroldiiven by the feedback loop are sufficient to bypass diapause,
bile acids and vitamin D, cholesterol starvation is likely towhereas higher levels are required to promote gonadal
perturb the production of sterol-derived hormones that regulatevelopment. Alternativelyjaf-9 may be required at different

diapause. Interestingly, Niemann-Pick type C proteins medial
intracellular cholesterol trafficking (Ribeiro et al., 2001) and
deletion of the twoC. eleganshomologs leads to a Daf-c
phenotype (Sym et al., 2000). One of the homologues i
reportedly expressed in the XXX cells (Ohkura et al., 2003)
It is also possible that cholesterol availability indirectly
influences the metabolism of a DAF-12 hormone.

DAF-12 regulates daf-9 expression in a feedback
loop
What is the molecular basis d&f-9 hypodermal regulation?
Notably, it was wholly dependent ataf-12 suggesting that
DAF-12(+) positively promotedaf-9 expression. By contrast,
other Daf-d loci, such adaf-16 daf-3anddaf-5alone, as well
as daf-16daf-3double mutants had little effect. Moreover,
DAF-12 may require some threshold level of a DAF-9-
produced hormone to promote hypodermal expression, ¢
such expression was absent daf-9 null mutants.daf-12
dependence is somewhat surprising because by gene
epistasis it lies downstream @&f-9. Conceivably, within this
endocrine tissuelaf-9 expression is DAF-12 regulated, but
within downstream target tissues DAF-12 acts epistatically.
Other genetic evidence supports the view that DAF-12
activity on the daf-9 promoter is regulated by negative
feedback. First, hypomorphitaf-9alleles, which are predicted
to diminish hormone production potently upregulatetb&9
promoter construct. Second, missense mutations idah&2
ligand-binding domain, predicted to diminish affinity for
ligand, also resulted in upregulation. If DAF-12 regulates
the daf-9 promoter directly, it suggests that DAF-12's
transcriptional activity is inhibited by thdaf-9 hormone.

A Dauer enviro nment
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Fig. 7. Feedback model for diapause regulation (see Discussion).

Interestingly, an evolutionarily related vertebrate homologXXX cells (X) and hypodermis (H).
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times, at the L3 commitment for the dauer decision, and L#&ifth, reduced cholesterol levels phenocoggf-9 mutant
commitment for gonadal cell migration programs. phenotypes in wild-type animals, consistent with production of
We interpret gonadal Mig phenotypes as a heterochronic delay sterol hormone byaf-9 (Gerisch et al., 2001). Sixth,
in stage-specific migration programs, where cells repeat earliexpression ofdaf-9 within limited cell types anddaf-12
steps and fail to advance to the next stage (Antebi et al., 1998)roughout the body, imply thadaf-9 acts cell non-
Such a program may regulate the general migratory machinegtytonomously, proven here by mosaic and promoter studies.
as well as instructive surface receptors that guide celluldinally, daf-9 is autoregulated by negative feedback, a
pathfinding in strict temporal sequence. Indeed, the UNC-Signature of endocrine systems. The next crucial step will be
receptor, repelled by ventral UNC-6/netrin cues, guides the disttd isolate and biochemically identify tltaf-9 hormone.
tip cells dorsally, and is expressed in a delayed fashion or not at
all in daf-9anddaf-12ligand-binding domain mutants (Su et al., The authors thank A. Fire for GFP vectors; CGC for nematode
2000). Evidently this program is advanced by hormonal signal§.“?”k‘)$?lcb- W‘i'tze' and bC- KObﬁr'[')E'nga”][‘ for teChn'?at' aSS'Sta”‘Ee?
Interestingl roid sianalina reaul he timin ntebi laboratory members and D. Gems for manuscript comments;
bc:?dgftcegl]l )r/r,1ig;ar(;?i)(l)s;lteinotﬁ@rsogoghilgovg?; (aBtziSe': a?_ tZOOO%. ° - Riddle for thedr434 construct; and G. Ruvkun and H. Mak for
Moreover metastatic tumors can subvert hormonaliy aCtivate‘((:éJmmumcatlon of unpublished results. This work was funded by the
. L . PG and EC grant (QLK6-CT-1999-02071).
migration programs (Green and Furr, 1999), and be influence
by UNC-5 status (Thiebault et al., 2003).
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