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Summary

The succession of developmental events in the C. eleganslin-46 is required prior to the third stage for normal adult
larva is governed by the heterochronic genes. When cell fates, suggesting that it acts once to control fates at both
mutated, these genes cause either precocious or retarded stages, and that it affects adult fates through the let-7
developmental phenotypes, in which stage-specific patterns branch of the heterochronic pathway. Interestingly, lin-46
of cell division and differentiation are either skipped or encodes a protein homologous to MoeA of bacteria and
reiterated, respectively. We identified a new heterochronic the C-terminal domain of mammalian gephyrin, a
gene,lin-46, from mutations that suppress the precocious multifunctional scaffolding protein. Our findings suggest
phenotypes caused by mutations in the heterochronic genes that the LIN-46 protein acts as a scaffold for a multiprotein
lin-14 and lin-28. lin-46 mutants on their own display = assembly that controls developmental timing, and expand
retarded phenotypes in which cell division patterns are the known roles of gephyrin-related proteins to
reiterated and differentiation is prevented in certain cell development.

lineages. Our analysis indicates that lin-4@&cts at a step

immediately downstream of lin-28, affecting both the

regulation of the heterochronic gene pathway and Keywords:C. elegans, Larval development, Hypodermis,
execution of stage-specific developmental events at two Heterochronic genes, lin-14, lin-28, lin-42, lin-46, lin-57, let-7,
stages: the third larval stage and adult. We also show that Gephyrin, MoeAmoc-1, moc-2

Introduction example, lin-28 is involved immediately in the L2 fate

The succession and synchrony of diverse developmental eveff&ciSion, but indirectly affects adult differentiation programs
in the larva of Caenorhabditis eleganse controlled by the (AmMbros, 1989). In particular, lin-28(Iffauses precocious
heterochronic genes (Ambros, 2000). In many cell lineage§*ecution of the larva-to-adult (L/A) switch, during which
cell division patterns and differentiation events differ duringlateral hypodermal seam cells cease dividing, differentiate, and
each of the four larval stages (L1-L4). A mutation in aproduqe adult alae, a putlcle structure. _However, molecular
heterochronic gene results in either precocious or retardé@dalysis has shown théh-28 expression is repressed three
development in which stage-specific patterns of cell divisioftages before the L/A switch (Moss et al., 1997; Seggerson et
and differentiation are either skipped or reiterated, respectivel., 2002).lin-28 affects the L/A switch via the expression of
For example, lin-14nd lin-28are two heterochronic genes that Other heterochronic genes, let-7, lin-41, liné¥ lin-29(see
act early in larval development: lin-ll4ss-of-function (Ify ~ Fig. 5; Ambros; 1989; Rougvie and Ambros, 1995; Slack et
mutant animals precociously execute events specific to tid., 2000; Abrahante et al., 2003; Lin et al., 2003).
second larval stage (L2) and later, and lin-28@fimals lin-14 has two roles during larval development: first to
precociously execute events specific to the third larval stagéetermine L1 fates only, and then later to affect the L2 and
(L3) and later (Fig. 1) (Ambros and Horvitz, 1984). Thesubsequent events (Ambros and Horvitz, 1987). These two
heterochronic genes are like other developmental regulators agtivities differ not only by when they occur, but in the nature
that they define a component of the fate of a cell, but unlikef their interactions with other genes. Specifically-14
spatial or cell-type regulators, they govern the temporaipparently acts alone to govern L1 cell fates, then it interacts
component of that fate. with 1lin-28 to choose cell fates that will occur in the L2
In general, each heterochronic gene governs cell fates at/Ambros, 2000). lin-14nd lin-28are engaged in a complex
particular larval stage, and a gene that acts early in larvgenetic circuitry that involves both positive and negative
development may affect later stages as a consequence. Fegulatory interactions (see Fig. 5A) (Seggerson et al., 2002).
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This circuitry involves the microRNA lin-4 as well as other asMT18481in-14(n360) X, PV5 lin-28(ga54) I, RG733 ced-1(e1735) |;
yet unidentified components (Lee et al., 1993; Arasu et alyls78 and VT284 lin-14(mal35)/szT1. XnIs78: [pDP#MMO016B
1991; Moss et al., 1997; Seggerson et al., 2002). In later larviiinc-119) + pJS191 (ajm-1:gf pMF1(scm:gfp) + F58E10]
stages, both lin-14nd lin-28are repressed, allowing late stage (Abrahante et al., 2003).

events to be executed. The changes in activity and mteractlogﬁcroscopy and phenotype analysis

gggrfalhghecrgg:sr%?:Co??grizltgg)viﬁlg;rz%ﬁ;\llaelvsetgtgses lead to t Sg-laylng ability was scored using a dissecting microscope. Gonad

. . : development, seam cell number, and adult lateral alae formation were
The products of the heterochronic genes include at least W reqd using DIC and fluorescence microscopy at high magnification.

microRNAs (lin-4 and let-7), an evolutionarily conserved| ateral hypodermal cell lineages were deduced from counting seam

protein with a unique pairing of RNA-binding motifs (LIN-28), cells of animals of multiple ages from the L1 to the L4. These cells

a protein related to the circadian rhythm regulateriod  were identified by GFP expression from wis78, which conttns

of Drosophila (LIN-42), and a nuclear protein of unknown 1.GFP and ajm-1:GFP that mark seam cell nuclei and seam cell

function (LIN-14) (Ruvkun et al., 1989; Ruvkun and Giusto,junctions, respectively (Koh and Rothman, 2001). The stage of

1989: Lee et al., 1993; Moss et al., 1997: Jeon et al., 1999evelopment was determined by extent of gonad and germline

Reinhart et al., 2000). Although insight has been gained intgeVﬁlolpme?t. Data wgre collected”frg_m_ animals both early and Iatehin

: : : > ch larval stage. Because cell division was ongoing near the

.hC.)W the expression of certain hgteroghronlc genes is r.egmateggginning of each stage, we present only seam cell numbers when

itis not yet known whether the identified heterochrpn]c 9ENER, st or all cell divisions appeared to be complete.

constitute all the components of the pathway. Nor is it known

how the products of the heterochronic genes interact amor@pld-sensitive period

themselves and with other cellular components to effect thigh-46(mal74)animals were raised at either the restrictive (15°C) or

precise timing of developmental events in worm larvae. permissive (25°C) temperature until specific stages in development,
We have identified a new heterochronic geime46, which ~ when they were shifted to the other temperature for the remainder of

occupies a unique position in the larval deve]opmenta| timindarval development. The animals were shifted when they W_ere in the

mechanism of C. elegans. Our analysis indicates that lin-4igthargus period that precedes each mplt. At adulthood, animals were

functions at a step immediately downstrearfiroR8, and acts  then scored for the presence of gaps in alae.

at a branch-point in the heterochronic pathviay46 encodes  genetic and physical mapping

a prqtein that is homologous to bacterial_ and mammalia@enetic mapping and physical mapping were performed using
proteins, but as a developmental regulator, is novel. standard methods (Fig. 3A; data available at wormbase.org).

Plasmids and transformation

Materials and methods Cosmid genomic clones were obtained fr@n elegansgenome
Culturing, mutants, and strain construction sequencing consortium. Subclones were made in pBluescript. In

C. elegansstrains were cultured as described (Wood et al., 1988) anggscue experiments, clones were co-injected with pRF4(rol-
grown at 20°C, unless otherwise noted. Genetic screens wefsu1006)) into a strain of the genotyjpe28; lin-46. Rolling animals
performed after EMS (ma164) and UV (mal74) mutagenesis, and neere scored for egg-laying ability and the presence of adult alae in
alleles were outcrossed prior to further analysis. All mutant alleleshe L4 stage. Clones that caused the transgenic F1 animals to display
except those of lin-46, have been described previousljin-46 @& precocious phenotype were scored as positive for the ability to
mutant allele can be followed in crosses by its retarded phenotypegscue the lin-48uppression phenotype. .

although in most strain constructions we relied on a linked marker, POly(A)+ RNA from a mixed stage population was subjected to RT-
unc-76(e911), which has no developmental timing effects (A.S.-R.BCR using oligo(dT), SL1- arlah-46 specific primers. PCR products

and E.G.M., unpublished) (Bloom and Horvitz, 1997). The presenc&ere cloned and sequenced to determine the structure of the gene.

of the lin-46mutant allele in strains was confirmed upon outcrossing, A translational fusion reporter construct (pJJ.1) was made by
introducing GFP in frame into the Eagl site, nine codons from the

Strains stop codon, in theBgll-NgoMI subclone shown in Fig. 3A. A
Thelin-28(If) alleles used are null based on molecular analysis (Mosganscriptional fusion construct (pLT.18) was derived from the
et al., 1997; Seggerson et al., 2002). The nature of the diffarent translational fusion by creating a 1.5 kb deletion within the gene, from
14 alleles used are indicated in the text and tables.liik&6 allele  Bglll site in the second exon, 20 codons from the AUG, t&EtuRYV
mal64was used in all experiments, except where indicated. site in the last exon, 15 codons from start of GFP. Both constructs
N2 (wild type), ME1 lin-28(ga54) I; lin-46(mal64) V, ME11 lin- were co-injected with pRF4(rol-6(su1006)). Four translational fusion
42(n1089) II; lin-46(mal64) unc-76(e911) ME12 lin-46(mal64) lines and two transcriptional fusion lines showed consistent
unc-76(e911) V; lin-14(n360) ,XME13 aeEx1(pJJ.1[lin-46:GFP]  expression patterns as described in Results.

pRF4[rol-6(su1006)]), ME20 lin-46(mal64) V, ME21 lin-46(mal74) )

V, ME42 lin-46(mal64) unc-76(e911) V;: lin-14(mal35)/szT1 X RNA interference

MES58 1in-42(n1089) II; lin-46(mal164) unc-76(e911) V; lin-14(n179) RNA-interference ofin-57 was achieved culturing worms on bacterial
X, MEG3 lin-42(n1089) I; lin-14(n179ts) X, ME89 1in-28(n719) I; strain HT115(DE3) containing a plasmid expressim&7 dsRNA (gift
wlis78, MEQO 1in-28(n719) I; wis78; lin-14(n536n540)/+ KIE91 of A. Rougvie) in the presence of IPTG, ampicillin and tetracycline
wis78; lin-46(mal64) unc-76(e911) ME92 lin-28(n719) I; wis78;  (Timmons et al., 2001; Abrahante et al., 2003; Lin et al., 2003).
lin-46(mal64) unc76(e911), WMIE94 aeEx33pLT.18 [lin-464:GFP]

pRF4[rol-6(su1006)]), ME97 lin-28(n719) I; wis78; lin-46(mal64)

unc-76(e911) V; lin-14(n536n540)/+ XIE98 wis78; lin-14(mal35)/ Results

szT1 X, ME99 wis78; lin-46(mal64) unc-76(e911) V; lin-14(mal35)/. : ;
s2T1 X, ME101 lin-41(ma104) I, lin-46(mal64)MWE105 wis78; lin- N-46 mutations suppress precocious development

14(n179ts) X, ME107 wis78; lin-46(mal64) unc-76(e911) V; lin-T0 identify additional early-acting components of the
14(n179ts) X, CT8 lin-41(mal04) 1, MT2257 lin-42(n1089) I, heterochronic pathway, we conducted genetic screens for
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Table 1. lin-46(If) suppresses lin-28(Ifand lin-14(ts) wild type lin-28(0)  lin-28(0); lin-46(0) lin-46(0)
precocious phenotypes A7 ST =2 Vn Pn R T =5 Vn Pn
Number of seam celign)*
Strain* L1 L2 L3 L4 % EgP
1 Wwild type 10 (27) 17 (10) 16(12) 16(8) 0 (180)
2 lin-28(If) 10(19) 11(20) 11(19) N/A 100 (264)
3 lin-28(If); lin-46(If) 10 (23) 17 (19) 16(11) 16(12) 0(138)
4 lin-28(If); lin-46(If), 15°<C 10 (13) 17 (26) 16 (14) 16 (24) 0 (30) i
5 lin-14(ts), 25C 16 (12) 15(11) 14 (16) N/A 46 (26) ®) m
6 lin-46(If); lin-14(ts), 25C 16 (33) 17 (16) 19 (15) 17(7) 3(39)
7 lin-46(If) 10 (27) 17 (15) 16(8) 16(19) 0 (119) 0o A @ A @
8 lin-46(If), 15C 10 (12) 17 (19) 22 (24) 20(26) 0 (24)

*Strains used: RG733, ME89, ME92, ME105, MEL07, ME9L. Grown at  F19- 1. Lineages of hypodermal cells in heterochronic mutants.
20°C, except where noted. Schematics of post-embryonic cell lineages for lateral (seam;

TNumber of seam cells per animal side presented as the mode of the datayn.=V1'V4 and V6) and ver]tra.ll (Pn=P3-P8) cells are shown for
L2 cell counts were often high by one cell because of the comparatively late animals of each genotype indicated. Vulva precursor cells (VPC) are

division of cells of the T lineage, causing both daughters to be scored.
*Number of animals examined, one side per animal
SEgl, egg-laying defective. The ability to lay any eggs was considered

the posterior daughters of P5-P7. A horizontal line depicts cell
division. To the left in each set of lineages are indicated the cell-type
specific lineage pattern interpreted from the data: 1, L1-specific cell

Egl+. lineage pattern (etc.); A, adult. 2/3 and 4/A indicate that cells at the
indicated stage may execute a mix of alternative fates (see text).
Broken lines indicate cells not depicted. Three horizontal lines
mutations that suppress the precocious developmentidicate fusion of seam cells and secretion of adult lateral alae. The

phenotypes oflin-14(1f) and lin-28(If) mutations. These anterior daughters in Vn (seam) lineages, indicated by short lines,

. : : : pear to fuse with the main hypodermal syncytium. Wild-type and
mutations cause multiple cell lineage defects that result in ﬁrﬁ_%(”) lineages are taken from previous studies (Sulston and

protruding vulva and an inability to lay eggs as adults (Ambrog, . i> " 1977 Ambros and Horvitz 1984)
and Horvitz, 1984). Suppressor mutations were identified in ’ ’ ’ '
animals with a normal vulva that could lay eggs. Two such
mutations were characterized: malédd mal74. Each is
recessive to wild type and they define a complementation grogmimals had the normal number of seam cells at every stage,
on linkage group V (see Fig. 3). Because these mutations causewell as the normal four molts, indicating suppression of the
changes to the normal cell lineage patterns (as describé@ lineage defectsf lin-28(If) by the lin-46mutation (Table
below), the gene they define was given the name lin-46, for cell, line 3; Fig. 1). Furthermorkn-46(If) completely suppressed
lineage abnormal, according to standard nomenclaturtne precocious L/A switch, as indicated by synthesis of adult
(Horvitz et al., 1979). alae, caused by lin-28(Iffable 2, lines 3 and 4; Fig. 1). These
Both mutant alleles of lin-4&ompletely suppressed the data indicate that lin-4&ffects all fate decisions governed by
protruding vulva (Pvul) and egg-laying defective (Egl)lin-28 and that the absence ¢&ih-46 activity completely
phenotype of three different lin-2&ull alleles (Table 1, lines bypasses the requirement of the animal for lin-28.
2 and 3, and data not shown) (Moss et al., 1997). The Pvul andBy contrast, we observed no suppression of any of the
Egl phenotypes din-28(If) are due in part to precocious vulva precocious heterochronic defects of a linyidl allele. For
precursor cell (VPC) divisions and vulva development (Eulingexample, like lin-14(0animals, lin-46(If); lin-14(0)animals
and Ambros, 1996). We observed thiat-28(If); lin-46(If) are completely egg-laying defective and execute the L/A
animals had wild-type timing of vulva development, with VPCswitch precociously (Table 2, lines 5 and 6; data not shown).
divisions occurring in the L3 stage (Fig. 1; data not shown)However, surprisingly, one of thi@-46 mutant alleles (mal74)
lin-28 also governs the choice between L2- and L3-specifisvas isolated as a suppressorliof14(n179ts)animals. lin-
fates in the lateral hypodermal seam cells (Ambros and4(n179ts)is a loss-of-function and temperature-sensitive
Horvitz, 1984). Normally during the L1, L3 and L4 stages,allele (Ambros and Horvitz, 1984; Ambros and Horvitz,
most seam cells undergo a single asymmetric cell divisior,987). As mentioned abovén-14 acts twice during larval
after which the anterior daughter joins the hypodermatievelopment: once to affect L1 cell fates (lin-labAivity), and
syncytium and the posterior daughter remains a seam cell (Figgain to affect L2 and later fatelin{14B activity) (Ambros
1, wild type, Vn). However, in the L2 of wild-type animals, theand Horvitz, 1987). Whelin-14(n179ts)animals are raised at
asymmetric division of certain seam cells (V1-4, V6) is25°C they display both a loss bifi-14A activity, causing a
preceded by a symmetric division, which increases the numbgrecocious increase in seam cell number and a Idss 4B
of seam cells on each side of an animal by five; additional seaactivity, which leads to precocious execution of the L/A switch
cells are also added at this stage by descendants of otl{@able 1, line 5; Table 2, line7). We found that a mutation in
hypodermal cells (H1 and T; Table 1, line 1; Fig. 1) (Sulstodin-46(If) suppressedin-14B defects, but not the lin-14A
and Horvitz, 1977)lin-28(If) animals have fewer seam cells defects, of the lin-14(n179ta)lele. Specifically, lin-46(If); lin-
than wild type, because they skip L2 lineage patterns thd#(n179ts)animals had an abnormal number of seam cells in
generate these additional seam cells; lin-2&(fimals also the L1, but had the normal number of molts (Table 1, line 6).
cease the molting after only three cycles because of precociobarthermore, compared with lin-14(n179ts)imals, the lin-
execution of the L/A switch (Table 1, line 2; Fig. 1) (Ambros46(If); lin-14(n179ts) animals were significantly less egg-
and Horvitz, 1984). We found that thi@-28(If); lin-46(If) laying defective and showed reduced amounts of precocious
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Table 2. Genetic interactions between lin-4énd Table 3. Suppression of lin-28(0by lin-46(0) does not
heterochronic mutants require lin-14
% with full-length/ Number of seam celign)*
Strain partial pr?nc)(;)rcmus alde Strain* athatching  after L1
. 1 lin-14(0) 10 (2) 15 (16)
% m&yﬁf 8;8 88 2 lin-46; lin-14(0) 10 (2) 15 (12)
3 lin-28; lin-14(0) 10 (2) 10 (10)
3 lin-28(If) 100/0 (20) 4 lin-28; lin-46; lin-14(0) 10 (3) 15 (20)
4 lin-28(If); lin-46((If) 0/0 (42)
. *Strains used: ME98, ME99, ME90, MEJih-14(0), lin-14null allele.
5 lin-14(0) 100/0 (15) fCounts mad ide of each animal and ted as the mode of th
6 Iin-46(|f); Iin-14(0) 100/0 (7) data.OUn S made on one side of eacn animal ana presented as the moae o e
7 lin-14(ts), 25°C 74126 (23) *Number of animals examined.
8 lin-46(If); lin-14(ts), 25°C 17/22 (23)
9 lin-14(A+B- 77123 (22 ) ,
10 |in_46E|f); |in_)§14(A+B_) 5/90 ((20; for suppression, and, furthermore, thiat46(If) suppresses
11 lin-41() 14732 (22) the phenotype ofin-28(If) by raising lin-14 activity to a
12 lin-46(f); lin-41(1) 13/30 (23) compensatory level. Importantly, a requirement for lin-14
13 lin-42(1f 100/0 (28) in the suppression would suggest thia-14 can act
14 lin-46(1f); lin-42(f) 0/63 (24) independently of lin-2& control late stage fates. Because of
15 lin-57(RNA) 75125 (20) its implications for how the heterochronic pathway functions,
16 lin-a6(if); lin-57(RNADT 25/75 (20) we further investigated this possibility.

*Strains used: N2, ME20, PV5, ME1, MT1848, ME12, VT284, ME42,  Suppression of /in-28 does not require /in-14
CI&MEltOé, MT2257, MEL1, MEG3 and MES8. Grown at 20°C, except  To determine whether lin-14s indeed required for the
whnhere notea. . .

*%recocious adult alae observed during the L4 stage; partial alae ranged suppression ofin-28(f) phe_notyp_e by Im-.46(lf)’ we assesse.d
from small patches to nearly full-length; one side examined per animal.  hypodermal development in strains bearing a null allele of lin-

*Number of animals examined. 14. lin-14(0) animals skip L1-specific lineage patterns, and

SA+B-, an allele of lin-14hat is wild type for lin-14/activity, but mutant precociously execute the L2-specific division patterns that
for lin-14Bactivity (Ambros and Horvitz, 1987). . . increase the seam cell number (Ambros and Horvitz, 1987). It

RNAI was performed on wild-type or lin-46(malétjains as described . . T -
in the Material and methods. has been previously shown thatim28(lf); lin-14(0) strain

executes the L/A switch one stage earlier thalind4(0)

strain; however, the effect of this mutant combination on seam

cell number was not assessed (Ambros, 1989). We observed
adult alae (Table 1, line 6; Table 2, line 8). Similarly, thethat the increase of 10 to 15 seam cells that occurs abnormally
precocious adult alae formation of lin-14(n360), a lin-14(If)early during the L1 inlin-14(0) animals did not occur in
allele that displays only lin-14@efects, was suppressed by lin- the absence of 1in-28, consistent with an L3 lineage pattern
46(If) (Table 2, lines 9 and 10) (Ambros and Horvitz, 1987).occurring two stages early (Table 3, lines 1 and 3). This
In addition, we observed that intestinal nuclelimf6(If); lin- observation indicates the hypodermal lineage patterns executed
14(n179tsanimals fail to divide in the L1 as they normally do, in the L1 in lin-14(0)animals are controlled Hn-28, and is
which is a lin-14Adefect, but did not display precocious vulva evidence that lin-2&cts independently dfn-14 to govern
development, a lin-14Befect (data not shown) (Ambros and these cell fate choices.

Horvitz, 1987; Euling and Ambros, 1996). Thui-46(If) Importantly, although lin-46(lfhad no effect on the number
suppressed the defects that linfiypomorphic alleles have in  of seam cells of lin-14(0animals with wild-type lin-28, it
common with lin-28(If), but not those unique tm-14, increased the number of seam cells of a lin-28(If); lin-14(0)
although it suppressed none of the defects @h-44 null strain to that of a lin-14(03train (Table 3). Thus, lin-46(If)
allele. suppressed the lin-28(Iflefect, despite the absencelinfl4.

Interestingly, the suppression of ire28(If) phenotype was In addition, the L/A switch, as indicated by seam cell fusion
quite complete: whereas 100% bh-28(lf) animals have and adult alae formation, occurred one stage later in triple
precocious adult alae, the lin-28(If); lin-46(tpuble mutant mutant animals relative to lin-28(If); lin-14(@&@nimals (data
animals were devoid of adult alae at the L4 stage (Table 2, linest shown). Therefore, the elevation of lindetivity is not the
3 and 4). By contrast, the suppressionirefl4 hypomorphic  mechanism by which lin-46(I§ompensates for the loss of lin-
alleles was substantial, albeit incomplete. For example, fai8.
lin-14(n360), the percentage of animals with full-length ) ) ) _
precocious adult alae was reduced from 77% to 5%; howevdnteractions of /in-46 with other heterochronic
95% of double mutant animals had some amount of precociotutants
alae (Table 2, lines 9 and 10). To further establish the position loi-46 in the developmental

Becausdin-14 and lin-28 act together to govern the cell timing pathway, we examined its interactions with other
fates of the L2 and later, our findings suggest liha46 has precocious heterochronic mutants. In additiolintd.4 and lin-
different relationships with these two genes. The abilitinef 28, several other genes have been identified that result in
46(If) to suppress lin-1dypomorphic alleles but not a null precocious expression of the L/A switch when mutated: lin-41,
allele may reflect that at least some lindotivity is required lin-42 and lin-57 (Z. Liu, PhD thesis, Harvard University,
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Fig. 2. Retarded development of the lateral hypodermis
in a lin-46mutant. A DIC micrograph of an adult animal
of the genotypdin-46(mal64)grown at 20°C showing
the same field in two planes of focus. Left, a pair of
recently divided lateral hypodermal seam cells. Right, ¥
the gap in adult lateral alae overlying these cells. These #
gaps initially overly an even number of seam nuclei, buf
later, the anterior cell fuses with the main hypodermal
syncytium.

1990) (Abrahante et al., 1998; Abrahante et al., 2003; Lin din-46(mal64) animals raised at 20°C show L/A switch

al., 2003). For this analysis, we again examined the ability adefects, whereas none grown at the same temperature showed

a lin-46(If) to suppress the precocious execution of the L/Areiteration of L2 lineage patterns (Table 1, line 7, and Table 4,

switch that is characteristic of these mutants. line 5). Thus, the late stage defect is not dependent on an earlier
lin-46(If) partially suppressed the precocious synthesis dineage defect (Fig. 1). As discussed below, this is consistent

adult alae of a lin-42(If), whereas it had little or no effect orwith lin-46 either acting twice, early and late, or acting at one

the precocious alae caused by loss of the activitigs-dfL(If)  time and separately affecting two downstream processes that

andlin-57(If) (Table 2, lines 11-16). Thu#in-46 appears to are differently sensitive to its level of activity.

function upstream of lin-41 and lin-%hd downstream or in Interestingly, the retarded phenotype of lin-46i@fnearly

parallel with lin-42in controlling the L/A switch. These results completely suppressed byin-28(If). For example, the

are consistent with lin-4@cting early in the heterochronic penetrance of the L/A switch defect in lin-28(If); lin-

pathway, because bolih-41 and lin-57are thought to act late 46(mal64)was 8% at 15°C, which is significantly reduced

in development, downstream [ifi-28 in controlling the L/A  relative to 86% for lin-46(mal64)lone (Table 4, lines 4 and

switch (see Fig. 5) (Slack et al., 2000; Lin et al., 2003). The

earliest time of action of lin-4Bas not been determined, but . )

previous genetic analysis, as well as these data, are consistent 1able 4. Cold-sensitivity and suppression dfn-46

with it acting early in the heterochronic pathway (Z. Liu, PhD retarded phenotype
thesis, Harvard University, 1990). % with gaps
Strain* and temperature  in adult alde)*
lin-46 mutations cause retarded development at two Wild type
stages 1 15°C 0 (21)
o - 2 20cC 0 (44)
In examining the effects of lin-46(Ifh the absence of other 3 e 0 (23)

heterochronic mutations, we observed an increase in the
number of seam cells after the L2 stage when the animals were lin-46(mal164)

grown at 15°C (Table 1, line 8). This increase probably reflects 4 15C 86 (22)
a reiteration of the L2-specific lineage pattern at the L3 stage, g ggg 32 gg))

in which the five seam cells that divide twice in the L2, do so
again in the L3 (Fig. 1). This retarded lineage defect was not lin-46(mal74)

observed when animals were raised at 20°C, indicating a strict 7 15C 96 (25)

cold-sensitivity for this defect (Table 1, line 7). Because the 8 20C 10 (21)

mutant alleles of lin-4@re likely to result in the complete loss 9 25¢ 0(20)

of function of the gene (see below), a reiteration of L2 lineages lin-28

in lin-46(0) would indicate that the normal role laf-46 is to 10 15C 0 (20)

promote the expression of L3-specific cell fates at the 1 20T 0(22)

appropriate time. 12 25T 0(24)
Moreover, we observed that two mutant alleledim#46 lin-28: lin-46(ma164)

each caused a similar failure of the L/A switch at the end of 13 15C 8 (39)

larval development, resulting in gaps in adult alae (Table 4, 14 20T 0(31)

lines 4 and 7; Figs 1, 2). The penetrance and expressivity of 15 25T 0(21)

this phenotype are significantly enhanced by growth at low lin-14(0)

temperature. For example, the retarded L/A switch defect of 16 15°C 0(13)

lin-46(mal64)showed 6% penetrance at 25°C, 32% at 20°C,

and 86% at 15°C (Table 4, lines 4-6). Because this cold lin-46; lin-14(0)

sensitivity was true of mutant alleles of lin-46, which, as 17 15°%C 67 (21)

described below, are likely to be nul! by mc_>|ecu|ar c_ri'geria, It «Strains used: N2, ME20, ME21, PV5, MEL, MT1848 and ME12.

appears to be a property of a strain lacking6 activity, fGaps observed in young adult animals; gaps covered one to several seam

rather than a property of the molecular lesions themselves. cells; strains with more frequent gaps generally had longer gaps; one side
Remarkably, the early and late retarded lineage defects é*ia’;m“et? Pe; a”!ma:- e
lin-46(If) are not equivalently penetrant. Specifically, 32% of_“uMder of animals examined.
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A lin-46 Fig. 3. Cloning of lin-46and its homology to
4.72 MoeA and gephyrin. (A) Regions of the
rol-4 arP1 arP3 IwP6 unc-76 genetic and physical maps of linkage group
4.33 4.84 5.18 5.51 7.06 V of C. eleganglepicting the location din-
LoV jj i i Y i 46. Two cosmids shown rescued a lin-46

mutant. One of these was subcloned to yield
: i the minimal rescuing BgINgoMI restriction
'('.;1305 i;) fragment. The gene structure was determined
e — by RT-PCR and sequence analysis. (B) An
C48E11 () alignment of the predicted amino acid
i sequences of LIN-46 of C. elegaasd C.
briggsae Black, identical residues; gray,
“““““““ NgoMI similar residues. Vertical lines indicate exon
N:‘\/':v:U:---——- boundaries. Arrows indicate positions of
lesions in the mutant alleles: mal64, mal74
and vel. Dots and asterisks indicate residues

B Ce LIN-46 1 SELLEAPATLDPVF GRE LFEEREL TSLK TERT I'TE YRR O partially and highly conserved among
Cb LIN-46 1 ﬁ‘fEFﬁsﬂTﬂnﬁﬂmﬁaRSEﬁ:&“S I%E;"EFF%% gephyrin/MoeA homologues, respectively.
(C) Schematics of LIN-46 related proteins:
-46 61 AEL C P ephyrin, mammals; CinnamoRrosophila;
S R R L T e
coli; MOC-1, MOC-2 and LIN-46C.

Ce LIN-46 121 LE?LsEPK:El)ﬁ@%EﬂLEDEH%D“Hﬁ‘T‘E elegans. MoeA-like (E) and MogA-like (G)
Ch LIN-46 121 //HDIJAABIOTINV| HSR[EE Q Ij:HesS GSELEV sALGISQVE - . .
ElL il g T e .=4  regions are indicated.
mai164
Ce LIN-46 181 K IGSDLNSHf . MYGS E 5| TAROEYe SETEH ITEVEZEKIRTER)
Cb LIN-46 181 HNjgAYsT AMNAATHOIOTHEH R " T| K Ppair:-Xe EE S MK PKKMIZ K HL Q TEY:A
3 Ed . E 3 Ed Ed . -

Bgll

rescuing fragment encodes one complete

Ce LIN-46 240 sSigEY TVEGAQVERE{JAKTLKF[AF QDVD STl GEITVSTE ETIERY ST EYHV gene’ annOtated as R1864 In the genome
Cb LIN-46 241 ?ﬁf%?n lQZﬂr?meEI DGI..:EBEWQE@RK:EW oHLT  sequence. Northern analysis and cDNA
' Jm library screening failed to detect a
Ce LIN-46 300 SS[T] V SRILEAMEEENS ETS HOF KAEIQ PISKTS . ETRGL RARSEVEKEN LIET transcript from this gene (data not
Ccb LIN-46 299 P&&%I%*TL GFDSNY| -LEG&TWEBSPRKLE Ys?EiEENE. .VEK shown). RT-PCR analysis revealed that
Ce LIN-46 359 PLGC[ED IF GEMEJIREVKSL TCF DLRFA the gene IS expresse_d, has four II:'I'[I‘OI’]S,
Cb LIN-46 357 QE.SEAHQ%KTSE nrtﬁgﬁﬁnnmnn and its mRNA is trans-spliced,
polyadenylated, and 1.4 kb long (Fig.
3A). The sequence of amplified genomic

C G domain E domain DNA from three lin-46 mutant strains
gephyrin [ I T revealed mutations in all three that would
Cinnamon | I [ affect the protein encoded by this gene

(Fig. 3B). Two of these lesions, from

CNX1 m Il I ]

R Mcgﬂ allelesmal64andmal74, probably result

iy i)l in severe truncations of the protein,
strongly suggesting they are molecular

il T nulls. Furthermore, frameshift mutations

introduced into the rescuing clone
13). Likewise, we observed no early cell lineage defects in theendered it unable to complement the linm6tant (data not
double mutant grown at 15°C (Table 1, line 4; Fig. 1). Thisshown). A clone of the orthologous gene from the related
mutual suppression tih-46(If) and lin-28(If)suggests that lin- speciesC. briggsaerescued the C. elegans lin-4@utant
46is not in a simple linear pathway downstream of lin-28, buphenotype, indicating that its function is conserved between
rather that their activities converge, possibly on commoithese species (data not shown). We therefore concluded that
targets. lin-46 corresponds to R186.4.

By contrast, the retarded phenotypeliaf46(If) was not lin-46 has the potential to encode a 391 amino acid protein
suppressed by lan-14 null mutation. Rather, lin-46(Igauses  with homology along its entire length to MoeA of bacteria and
a severe retarded defect inia14 null mutant background the C-terminal domains (referred to as the E-domain) of the
(67%), as it does in an otherwise wild-type background (86%mammalian protein gephyrin; other related proteins are
Table 4, lines 4 and 17). This result further indicateslthat Cinnamon of Drosophil@and CNX1 of ArabidopsigFig. 3C)

14 is not required for the effect of lin-46n developmental (Kamdar et al., 1994; Stallmeyer et al., 1995). Gephyrin is a

timing. submembraneous scaffolding protein that aids in clustering
) ) glycine and GABA receptors at postsynaptic neurons
lin-46 encodes a homologue of bacterial MoeA and (Kneussel and Betz, 2000). MoeA is involved in the last step
vertebrate gephyrin. of the biosynthesis of molybdenum co-factor, a metal

lin-46 was cloned by genetic mapping and transformatiorcoordinating molecule in many molybdo-enzymes, although
rescue (Fig. 3A; see Materials and methods). The smalleiie exact function of MoeA in this process is not known. We
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Fig. 4. Expression of lin-46:GFm hypodermal cells
during larval development. Fluorescence and DIC
micrographs of animals bearing lin-46:GE@nsgenes.
Transgene arrays include a rof¥@arker that causes

twists in the body. (A) L2 animal expressiity46:GFP
transcriptional fusion showing fluorescent lateral
hypodermal seam cells. (B) An L4-stage animal bearing
the transcriptional fusion showing fluorescent seam cells
apparently undergoing fusion. (C) L2 animals expressing
a lin-46:GFPtranslational fusion. Fluorescence is seen
in seam cells as well as two neurons (see text). The
exposure time is three to eight times longer than for
animals expressing transcriptional fusion. (D) Higher
magpnification showing nuclear and cytoplasmic
localization of LIN-46:GFP in an L2 animal expressing
the translational fusion. Pairs of seam cells often show
similar fluorescence intensity. Scale bars: in A, 160 u

for A-C; in D, 10 pm.

lin-46 is expressed in hypodermal cells
during larval development

Green fluorescent protein (GFP) reporter constructs
indicated that lin-46s expressed in hypodermal
cells, particularly the Ilateral and ventral
hypodermis, in brief periods during larval
development (Fig. 4 and data not shown). Animals
bearing a transcriptional fusion (see Materials and
methods) showed intense fluorescence in lateral
hypodermal cells around the time of each molt,
especially during the L2- and L4-lethargus (Fig.
4A,B). In L2 animals, not all seam cells fluoresced
simultaneously, and often only a cluster of an even
number of cells fluoresced in a given animal,
suggesting the expression of the fusion is related to
seam cell division, which occurs somewhat
asynchronously during larval development (Sulston
and Horvitz, 1977). A translational fusion reporter
showed a similar expression pattern, although it was
less intense (Fig. 4C). The translational fusion also
showed strong constitutive expression in the cell
bodies and axons of the bilateral motor interneurons
AVB, but we do not know the significance of this
expression. The LIN-46:GFP fusion protein
localized to both cytoplasm and nucleus, but mostly
discuss possible molecular functions of the LIN-46 proteirin the non-nucleolar part of the nucleus (Fig. 4D). Thus, LIN-
below. 46 is present in cells whose fates it governs near the time they
Gephyrin, as well as Cinnamon and CNX1, are essentiallgxecute stage-specific fates. Its appearance at multiple times
fusions of homologues of the bacterial proteins MoeA andguggested the possibility thiat-46 functions more than once
MogA. Indeed, all three of these proteins from higherduring larval development.
eukaryotes are believed to participate in molybdenum -~ .
cofactor biosynthesis, as the bacterial proteins do (Kamdar éhe cold-sensitive period for the late-stage retarded
al., 1994; Stallmeyer et al., 1995; Feng et al., 1998). We notdfienotype is early in larval development
that C. eleganss unusual among multicellular eukaryotes in To assess whether lin-46@ight function twice during larval
having its MoeA and MogA homologues encoded separatelglevelopment, we used the pronounced cold sensitivity of the
and, furthermore, having two MoeA paralogues, one of whiclin-46 mutant phenotype to define the cold-sensitive period for
is encoded byin-46 (Fig. 3C). We have named the genesits late stage retarded defect. We observed that it was sufficient
encoding the other MoeA homologue and the MogAthat animals be at the restrictive temperature only until the L2
homologue ofC. elegans moc-andmoc-2, respectively (for lethargus for nearly 90% of the population to display gaps in
molybdenum cofactor biosynthesis related; Fig. 3C). Thedult alae (Table 5, 15°C to 25°C). Futhermore, we found it
biological roles of these genes @. elegansare not yet was necessary that the animals be at 15°C at least until L2
known. lethargus for a high penetrance of the alae defect; if animals
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Table 5. Cold-sensitive period of late-stage developmental A
defect of lin-46(0) early: L2 vs. L3 late: larval vs. adult
% with gaps in adult aldgn)* lin-28 lin-28
Stage* 15°Ct025°C  25°C to 15°C _L T é}
Late embryo 2 (64) 97 (31) ﬁn—46—v® lin-4 - daf-12 lin-46 —-let-7
L1 lethargus 31 (29) 92 (38) L J_ T J_
L2 lethargus 88 (40) 7 (41) i lin-41. lin-57
L3 lethargus 90 (61) 2 (66) lin-14 ;
L4 lethargus 97 (34) 0(34) J_
L3 fates lin-29
*Stage at the time of shift from one temperature to the other.
flin-46(mal74)animals were scored on both sides. *
*Number of animals examined. adult fates
B
were shifted from the permissive to the restrictive temperatur &]L'N“‘E e scafiold
at the L2 lethargus then 7% or less showed the defect (Tak - T —_—.
5, 25°C to 15°C). These data indicate that the periodithat \| [ . comp,epx ¥
46 mutant animals are cold sensitive for the adult alae defe
is prior to the L3 stage. Because the early fate defelih-of I
46(If) is executed early in the L3 stage, these observatior :
suggest that lin-4& required during the L2 stage to affect cell A
fates executed at both early and late stages. cell fate determination

heterochronic gene regulation

Discussion Fig. 5. Genetic and molecular models for LIN-46 activity in
. o . . developmental timing. (A) Genetic models for the heterochronic

We haye Identlfled a new heterpchronlc gelre46, and pathway governing fate choices at two stages. (Left) Interactions
determined that it acts early in th€. eleganslarval  governing the L2/L3 fate choice. The circled regulatcasd yhave
developmental timing pathway to promote both L3-specifitot been identified and may in fact represent multiple fadtors4
and adult-specific cell fates. Our genetic results support ia depicted in its role in the L2/L3 fate decision orliy-(4B _
model in which lin-46supports the activity of a downstream activity). The position of daf-1B& baseo_l on previous studies (Antebi
complex of factors that promotes specific fates. The nature &f &l 1998; Seggerson et al., 2002); its role does not appear to be
these factors, whether involved in signaling or gene regulatio@nalogous to that din-46. (Right) Interactions governing the L/A
is not known, however, some may be direct regulatory targefaV/ich- The effect olin-28 or lin-46 on let-7expression or activity

. S ' as not been determined, and may be indirect. The linear pathway
of lin-28. lin-46 encodes a novel developmental regulator, g

. . - from let-7to adult fates is based on previous studies (Abrahante et
protein that resembles the multifunctional vertebrate proteig, >003: Lin et al. 2003). (B) A molecular model for LIN-46

gephyrin, and therefore may act, like gephyrin, as a scaffolgrotein function. LIN-46 may scaffold a multiprotein assembly

for a multiprotein complex. constituting a developmental timing complex that regulates the
. i ) expression of downstream heterochronic genes and promotes L3- and
Interactions governing the L2/L3 fate choice adult-specific cell fates. Broken arrow indicates that the effects of the

The heterochronic pathway is characterized by dynamigomplex may be either positive or negative, and either direct or
interactions among regulators that make binary choices iRdirect. LIN-28 may act as a negative regulator of one or more
stage-specific cell fates (Ambros, 1989). We previoushFomponents of that complex, probably at the level of gene
presented a model for the interactions governing the choice 6¥Pression:
L2 versus L3 cell fates (Seggerson et al., 2002). In this model,
lin-14 andlin-28 are repressed by the microRNA lin-4 at the
same time they support each other’s expression via a lin-4- In our model, we have placed lin-d6tside of the feedback
independent feedback circuit. This positive regulatory circuitircuit based on the relative penetrance of the lin-2&qid)lin-
is proposed to occur by the repression of two negativd6(If) phenotypes and their mutual suppression (Tables 1 and
regulatorsx andy, whose identities are not known. 4). Based on molecular analysis, the alleles of lira@8 lin-
Here we extend this model by proposing that46 acts 46 used in these experiments are null (Fig. 3) (Moss et al.,
specifically to promote the activity of y, and furthermore, thal997). Thus, their mutual suppression implies tima28 and
y acts both to regulate lin-1éxpression and to control lin-46 affect a common process, but do not act in a simple
developmental timing at two larval stages (Fig. 5A). Therefordjnear pathway. If it were a simple pathway, then the lin-28(If);
y represents both the point of convergence oflith@8 and  lin-46(If) animals would display the same degree of retarded
lin-46 activities, as well as a branch-point in the pathway thatlevelopment as lin-46(I§nimals. Furthermore, the difference
affectslin-14 expression and L3 cell fates. We have no reasom penetrance of the lin-28(Ifand lin-46(If) phenotypes
yet to believe that lin-14&xpression and L3 cell fates are suggests they have different degrees of influence on cell fates.
regulated by distinct factors. Therefore, we continue to indicat8pecifically, whereaslan-28(If) is always fully precocious, the
this as a single activity, the hypothetical faggpmwhich may  lin-46(If) retarded phenotype is incomplete and conditional.
consist of multiple factors. For these reasons, we propose limad6 is not directly part of
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thelin-14/lin-28 positive feedback circuit, and therefore is noteffects of lin-28and lin-46on the L2/L3 fate decision are

itself y, but rather acts to promote the activity qfFig. 5A). independent of the feedback circuit because they occur in the
The difference in the penetrance between the suppression ésrly L1 when lin-14s absent. Supporting this conclusion is

lin-46(If) of lin-28(If) and the retarded L2 phenotype lwi- our observation that lin-46(If) causes a severe retarded

46(If) also suggests that changes occur in how the L2/L3 fatghenotype in din-14(0) background at 15°C (Table 4). Thus,

decision is made at different times. In other words, cell fatethe different genetic interactions lin-#i&s with lin-14and lin-

at the L2 stage in a lin-28(I1§re more sensitive to the loss of 28 reflect the underlying change in the relationship between

lin-46 than are fates at the L3 in wild type (Table 1; Fig. 1)lin-14 andlin-28 that occurs at the end of the L1 stage with

Perhaps the decision to execute L3 fates is more robust at tthe engagement of thie-4-independent feedback circuit (Fig.

third larval stage in wild type because of additional activitiebA) (Seggerson et al., 2002).

that are not present at the second larval stagknr28 mutant. )

Furthermore, in no situation does the absendmef6 cause /in-46 affects L3 and adult fates independently

L2-specific cell fates to be reiterated indefinitely, furtherOur data also indicate that the roleliof46 in regulating the

suggesting that additional factors come to influence the L2/LB/A switch appears to be independent of its role in the L2/L3

fate decision, ultimately in favor of L3 fates. fate decision. Specifically, lin-46(Ignimals grown at 20°C
] ] display normal cell lineage patterns early, but at the same
The role of /in-14 in late stage cell fates temperature there is significant failure of the L/A switch at the

Our observations help to further illuminate the relationshifd.4 stage (Tables 1 and 4; Fig. 1). Thus, the failure of the L/A
betweenlin-14 and lin-28 in controlling the execution of switch in lin-46(If)animals can occur without a prior lineage
cell fates after the first larval stage. Two models have beetefect. Because lin-46:GFieporters are expressed in the L4
proposed to explain the activities of lin-14, lin-1did lin-14B  stage (Fig. 4B), this independence of early and late retarded
that independently affect L1 and later developmental eventdefects may reflect that lin-4&ts twice, once to promote L3
(Ambros and Horvitz, 1987). One is that different isoforms offates and again later to promote adult-specific fates. However,
the LIN-14 protein possess these distinct activities (Wightmawe found that the cold-sensitive periodliof46(If) strain for
et al., 1991; Reinhart and Ruvkun, 2001). However, this modehe adult fates is prior to the L3 stage. This finding suggests
is not supported by the finding that a molecular clone of #atlin-46 normally acts only once at a branch-point in the
single isoform of LIN-14 can fully rescue lin-14({fHong et  heterochronic pathway where some of its targets influence L3
al., 2000). A second model is that the LIN-14 protein forms dates immediately, and other targets, which are more sensitive
temporal gradient through larval development, analogous tm its absence, govern adult fates (Fig. 5A). This latter
morphogen gradients in thgrosophilaembryo (Ruvkun and possibility is consistent with lin-4écting at a step immediately
Giusto, 1989; Reinhart and Ruvkun, 2001). However, oudownstream of lin-28. In our model, therefoyenay represent
findings indicate thalin-14 affects L2 developmental events multiple factors, some of which affect the L2/L3 fate decision
only through lin-28, which requires a genetic circuit betweerand the regulation din-14, and others which affect the L/A
these genes that engages late in the first larval stage (Tables8)itch through the other known heterochronic genes (Fig. 5A).
(Seggerson et al., 2002). In other words, [thel4B activity =~ One possibility is that lin-2&nd lin-46 directly affect the
essentially reflects the participation of lin-14 a positive  microRNA let-7, which then regulates other genes that control
feedback circuit with lin-28. the L/A switch (Fig. 5A). This is consistent with the failure of
This model explains why lin-46(If), which bypasses thelin-46(If) to suppress the precocious phenotypes of the later-
requirement for lin-28, suppresses the L2 defectmdf4(If) acting genes lin-4land lin-57 (Table 2). Further analysis
but not its L1 defects. Hypomorphic allelesliof14, such as will determine whether lin-4éand lin-28 indeed affect the
lin-14(n360)andlin-14(n179ts)used in these studies, reduce expression or activity of let-7. Because let-7 or let-7-like
the activity of lin-14, but do not eliminate it. At the end of themicroRNAs have been hypothesized to reguiatd4, it is an
first larval stage, when the positive feedback circuit betweemtriguing possibility that some of factors that constitutrey
lin-14 andlin-28 is engaged, a mutation in lin-Idould lead  microRNAs.
to a reduction in lin-2@&xpression, and then a further reduction ) .
in lin-14. We have previously proposed thain our model LIN-46 may form a scaffold for a multiprotein
mediates the reduction of lin-i this circuit (Fig. 5A, left) —assembly
(Seggerson et al., 2002). However,liif-46 is absent, the The homology of the LIN-46 protein to MoeA and gephyrin
activity of ywould be attenuated and the reductiorimfl4  further provides a basis for explaining its function. The crystal
would not be further amplified. Therefore, lin-468fjppresses structure of MoeA shows it to exist as a homodimer, and it is
a lin-14 hypomorph by essentially upregulating the existinglikely that proteins with sequence similarity to MoeA do so as
lin-14 activity. As a corollary, we propose that part of thewell (Schrag et al., 2001; Xiang et al., 2001). We have observed
reduction of lin-14activity of hypomorphic alleles is due to that the LIN-46 protein strongly interacts with itself in a yeast
further downregulation via the positive feedback circuit. two hybrid assay, further suggesting LIN-46 forms multimers
Importantly, the reason a lin-46utation does not suppress (L. Tang and E.G.M., unpublished). Gephyrin is believed to
a lin-14 null allele is twofold: first, lin-14normally acts dimerize with itself via its C-terminal MoeA-like region, and
through the feedback circuit atid-28 to control the L2/L3 trimerize with its N-terminal MogA-like region (see Fig. 3).
fate choice, as we have shown (Table 3); and secontinthe The ability of gephyrin to multimerize and form a scaffold is
28-repressive component of the feedback circuit is not engagélte basis for its ability to cluster and aid the activity of
early in the first larval stage ofls-14 mutant, as has been interacting proteins (Schwarz et al., 2001). Although gephyrin
shown previously (Seggerson et al., 2002). Therefore, the known to act both in synaptic transmission and in
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molybdenum co-factor biosynthesis, LIN-46 does not appeaxmbros, V. (1989). A hierarchy of regulatory genes controls a larva-to-adult
to have a role in either of these processe<.inelegans; developmental switch in C. elegans. C#l, 49-57.

; ; _ bros, V. (2000). Control of developmental timing i@aenorhabditis
possibly its paralog, MOC-1, has these roles. We speculate th%{glegansCurr. Opin. Genet. Dewl0, 428-433,

a gene_ral f?_ature of proteins related to g_ephyrln, therefpre’_m%tebi, A., Culotti, J. G. and Hedgecock, E. M(1998). daf-12regulates
be their ability to form scaffolds that avail them to participating developmental age and the dauer alternative in Caenorhabditis elegans
in diverse biological roles, including development. Development 25, 1191-1205.

Based on several lines of evidence, including the h0m0|og§rasu, P., Wightman, B. and Ruvkun, G.(1991). Temporal regulation of

: _ -~ 7 lin-14 by the antagonistic action of two other heterochronic géine$,and
to gephyrin, we propose a molecular model for LIN-46 in lin-28. Genes Dev. 5, 1825-1833.

which it acts as a scaffolding protein for a multiproteingazinet, C., villafane, R. and King, J(1990). Novel second-site suppression
complex that determines cell fates (Fig. 5B). Supporting this of a cold-sensitive defect in phage p22 procapsid assethbijol. Biol.
model is the striking cold sensitivity of lin-46ull alleles 216, 701-716. -

(Table 2)_ Cold Sensitivity can be a feature of mutation?loom, L. and Horvitz, H. R. (1997). The Caenorhabditis elegagene

ffecti the d . f It tei truct h unc-76and its human homologs define a new gene family involved in
airecting the dynamics or mulliproteéin Structures, SUCh as ,,ona outgrowth and fasciculatiofroc. Natl. Acad. Sci. USA4,

microtubules and bacteriophage capsids (Huffaker et al., 1988;3414-34109.
Bazinet et al., 1990). LIN-46 may potentiate the activity ofEuling, S. and Ambros, V.(1996). Heterochronic genes control cell cycle
a complex that includes cell fate regulators or other Progress and developmental competend@. @legansulva precursor cells.

developmental timing factors. LIN-46 is not essential for thq:eﬁg" %4’ ﬁ?;{fﬁ'H Kirsch. J.. Nichol. M. C. Kuhse. J. Betz. H

activity Qf this complex, because development of a limdib and Sanes, J. R. (1998). Dual requirement for gephyrin in glycine
mutant is nearly normal at 20°C, but the absence of LIN-46 receptor clustering and molybdoenzyme activiBcience282, 1321-
protein may substantially reduce the activity of the complex at 1324.

low temperature, possibly by causing the retention of Along Y., Lee R. C. and Ambros V(2000). Structure and function analysis
’ of LIN-14, a temporal regulator of postembryonic developmental events in

negative regulator of thg complex. 'Beg:ause thg LIN-28 protein ~,enorhabditis eleganddol. Cell Biol. 20, 2285-2295.

appears to be a specific mMRNA-binding protein (Moss et alhoritz, H. R., Brenner, S., Hodgkin, J. and Herman, R. K.(1979). A
1997), the expression of some of the components of theuniform genetic nomenclature for the nemat@eenorhabditis elegans
complex may be repressed when lini8ormally active (Fig. Mol. Gen. Genetl75, 129-133.

F v . Huffaker, T. C., Thomas, J. H. and Botstein, D(1988). Diverse effects of
5B). The suppression of the loss loi-28 activity would eta-tubulin mutations on microtubule formation and functioi€ell Biol.

therefore result from balance between the overexpression of;gg 1997-2010.
components of the complex, and reduced efficiency of theifeon, M., Gardner, H. F., Miller, E. A., Deshler, J. and Rougvie, A. E.
function. (1999). Similarity of the C. elegamevelopmental timing protein lin-4®
Py ; ; on i circadian rhythm proteins. Scien286, 1141-1146.

th Inhsutmmaiiry, V\{G beilﬁzvm 46 (éCiE:UFt)ilieS a unlqueapostltlog' In Kiamdar, K. P., Shelton, M. E. and Finnerty, V.(1994). The Drosophila

e heterochronic p"’:‘ way and furthers our unaerstanding o molybdenum cofactor gene Cinnamon is homologous to tBsekerichia
the complex genetic network that governs the temporal coli cofactor proteins and to the rat protein gephyrin. Gend8ds 791-
regulation of developmental events. The fact that the LIN-46 801.
protein resembles gephyrin expands the bio|ogica| function dfneussel, M. and Betz_, H. (2000). CI_ustt_aring of inhibitory neuro_trarismitter
this protein family to development. LIN-46 is Iiker to interact receptors at dev_eloplng postsynaptic sites: The membrane activation model.

Trends Neurosci. 23, 429-435.

With _O_ther proteins in co_ntrolling cell fate choices, and thecn, k. and Rothman, J. H.(2001). elt-5and elt-are required continuously
identities of these proteins, which may also be regulatory to regulate epidermal seam cell differentiation and cell fusiéh Elegans.

targets of LIN-28, will provide further insight into how the Developmeni28, 2867-2880.

temporal components of cell fates are determined. Lee, R. C., Feinbaum, R. L. and Ambros, V.(1993). The C. elegans
heterochronic gene lin-4encodes small RNAs with antisense

. . . . . . complementarity to lin-14. Cell5, 843-854.
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