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The Timing of lin-4 RNA Accumulation Controls
the Timing of Postembryonic Developmental
Events in Caenorhabditis elegans
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he lin-4 gene encodes a small RNA that is required to translationally repress lin-14 toward the end of the first larval stage
f Caenorhabditis elegans development. To determine if the timing of LIN-14 protein down-regulation depends on the
emporal profile of lin-4 RNA level, we analyzed the stage-specificity of lin-4 RNA expression during wild-type development
nd examined the phenotypes of transgenic worms that overexpress lin-4 RNA during the first larval stage. We found that
in-4 RNA first becomes detectable at approximately 12 h of wild-type larval development and rapidly accumulates to nearly

aximum levels by 16 h. This profile of lin-4 RNA accumulation corresponded to the timing of LIN-14 protein
own-regulation. Transgenic strains that express elevated levels of lin-4 RNA prior to 12 h of development display reduced
evels of LIN-14 protein and precocious phenotypes consistent with abnormally early loss of lin-14 activity. These results
ndicate that the temporal profile of lin-4 RNA accumulation specifies the timing of LIN-14 down-regulation and thereby
ontrols the timing of postembryonic developmental events. © 1999 Academic Press
Key Words: heterochronic genes; lin-4 RNA; LIN-14, developmental timing; C. elegans.
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INTRODUCTION

The development of a multicellular organism from a single-
celled egg requires the temporal and spatial coordination of
cell division, cell death, differentiation, and morphogenesis.
The placing of the various parts of an animal in their correct
positions, and the generation of those parts at the right times,
reflects underlying temporal and spatial patterns of gene
activity. Broadly speaking, the temporal and spatial control of
gene expression during development derives from the tempo-
ral or spatial distribution of key regulatory molecules. For
example, gradients of bicoid and nanos in the Drosophila egg
specify the positions at which other regulatory genes, such as
hunchback, are expressed and thereby govern the number and
types of body segments (St. Johnston and Nusslein-Volhard,
1992). Similarly, the secreted proteins DPP and Wingless of
Drosophila form graded extracellular signals that can elicit
different target gene responses in cells at different distances
from the source of the signal (Nellenn et al., 1996; Zecca et al.,
1996). By analogy to spatial determination of cell fates, the
m
i

1 To whom correspondence should be addressed. Fax: (603) 646-
1347. E-mail: vambros@dartmouth.edu.

0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
temporal control of developmental events can be governed by
temporal changes in the level of regulatory molecules; for
example, stage-specific levels of hormonal signals specify the
timing of larval developmental events in Drosophila (Rich-
ards, 1981), and in the nematode Caenorhabditis elegans, a
temporal gradient of LIN-14 protein defines the timing and
sequence of larval developmental events (Ruvkun and Guisto,
1989).

C. elegans genes that act to control temporal patterns of
development have been identified by the isolation of mutants
defective in the expression of stage-specific larval events
(Ambros and Horvitz, 1984; reviewed by Ambros and Moss,
1994; Slack and Ruvkun, 1997). Mutations in these hetero-
chronic genes disrupt the temporal sequence of development,
causing particular developmental events to occur either ear-
lier or later than normal (Ambros and Horvitz, 1984). A
regulatory network of three heterochronic genes, lin-4, lin-14,
and lin-28, plays a critical role in controlling the progression of
vents accompanying the first three larval stages (Ambros,
989). LIN-14 activity is required for the expression of L1-
pecific cell fates; in lin-14(0) mutants, L1-specific develop-

ental events are deleted from diverse cell lineages and

nstead L2-specific events occur precociously (Ambros and
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88 Feinbaum and Ambros
Horvitz, 1984). Both lin-14 and lin-28 activity are required for
the proper timing of L2 stage-specific developmental events.
In a subset of lin-14 loss-of-function (lf) mutants and in
lin-28(0) mutants, L2-specific cell fates are skipped and L3
stage-specific events occur precociously. The functions of
lin-14 and lin-28 are required for expression of the early
programs of C. elegans larval development, and the progres-
sive decrease in their activities, owing to repression by lin-4, is
essential for the expression of later cell fates (Ambros and
Horvitz, 1987; Moss et al., 1997).

lin-4 encodes a 22-nt RNA repressor of lin-14 and lin-28
translation (Lee et al., 1993). Although the precise mecha-
nism of this translational repression is not understood, the
presence in the 39 untranslated regions of lin-14 and lin-28
mRNA of elements complementary to lin-4 (Wightman et
al., 1993; Moss et al., 1997) suggests that lin-4 RNA
base-pairs with its target mRNAs and the formation of that
base-paired complex inhibits translation in cis. In lin-4(0)
mutants, in which the repressor is absent, or in lin-14
gain-of-function mutants, in which the lin-14 mRNA is
missing elements critical for repression of translation by
lin-4 (Wightman et al., 1991, 1993), L1-specific develop-
mental events are reiterated at later larval stages (Ambros
and Horvitz, 1984). Likewise, when the lin-4 binding site is
removed from a lin-28:GFP transgene, a dominant retarded
phenotype results due to the reiteration of L2-specific
events (Moss et al., 1997). In addition to being subject to
translational repression by lin-4 RNA, the levels of LIN-14
and LIN-28 are also coupled by mutual feedback circuits
(Arasu et al., 1991; Moss et al., 1997).

A full understanding of the temporal signals and regula-
tory mechanisms governing the timing of developmental
events in C. elegans requires a precise characterization of
the role of lin-4. One key question is whether lin-4 RNA
acts as a master regulatory molecule that is expressed in a
temporal profile that critically determines the temporal
profile of lin-14 and lin-28 translation or whether lin-4 is
uniformly expressed and simply plays a permissive role in
the down-regulation of its targets. Since LIN-14 and LIN-28
are both down-regulated by lin-4, either LIN-14 or LIN-28
can be monitored to assay lin-4-dependent translational
repression in vivo. Here we monitor LIN-14 protein levels
and LIN-14-dependent phenotypes and show that the tem-
poral profile of lin-4 RNA level defines the timing of LIN-14
down-regulation and thereby controls the timing of stage-
specific events throughout postembryonic development.

MATERIALS AND METHODS

General C. elegans Methods

Methods for growth and culture of C. elegans were as described

in Wood et al. (1988) unless otherwise noted. The wild-type strain
used here was N2, C. elegans var Bristol. u

Copyright © 1999 by Academic Press. All right
Transgenic Worms

The 693-bp lin-4-rescuing fragment (Lee et al., 1993) was ampli-
ed with PCR primers RFMGH25 and RFMGH46. The lin-4 DNA
CR product (200 ng/ml) and approximately 10 ng/ml of cosmid DE9

[daf-7(1)] were injected into daf-7(e1372ts) animals raised at 15°C
sing standard microinjection procedures (Mello et al., 1991).
ransgenic animals rescued for daf-7 defects bypassed the growth-
rrested dauer stage at 25°C. daf-7 was used as a co-injection
arker because it provides a growth selection for transgenic

nimals at 25°C, facilitating the recovery of transgenic animals
hat are otherwise severely abnormal owing to heterochronic
henotypes. Injected animals were placed at 25°C. Eight of fourteen
ransgenic lines obtained exhibited gross phenotypes similar to
in-14(lf) mutants, including egg-laying defects; a short, kinky tail;
recocious adult lateral alae; and abnormal vulval morphogenesis.
ne transgenic extrachromosomal array that conferred a high
enetrance of these precocious phenotypes was integrated by
amma-ray irradiation (Epstein and Shakes, 1995). The two result-
ng independent integrated transgenic lines were VT731 daf-
(e1372ts); maIs101[daf-71;lin-41] and VT780 daf-7(e1372ts);
aIs100[daf-71;lin-41]. VT779maIs100[daf-71;lin-41]; maIs105[pVT301

col-19::gfp] was derived from VT780 by crossing VT780 hermaph-
rodites with maIS105 males and recovering F2 animals that were
homozygous for both transgenes (as evidenced by their develop-
mental and fluorescence phenotypes).

Oligonucleotides

The oligonucleotides used in this study were RFMGH10, 59
TACCCGGAGAGCCCAGGTGTGAAGCATCAATA-
TACACTCACACTTGAGGTCTCAGGGAACCTATAGTGA-
TCGTATTA 39 ; RFMGH25, 59 GTCGACGAGACGC-
GAGTCT 39; and RFMGH46, 59 CGACTTCTGAAAATA-
TCGT 39.

Phenotypic Analysis

Animals at defined developmental stages were examined using
Nomarski differential interference contrast microscopy and were
scored, using previously described techniques, for precocious L2-
specific cell lineage patterns (Ambros and Horvitz, 1984), preco-
cious dauer larva formation (Liu and Ambros, 1989), precocious
vulva development (Euling and Ambros, 1996), precocious adult-
specific cuticle formation (Ambros, 1989), and precocious expres-
sion of col-19::gfp (Liu et al., 1995; Abrahante and Rougvie, 1998).

Northern Blot Analysis

Animals were synchronized by hatching for 16 h in S medium
(Wood et al., 1988) in the absence of food. Subsequently, animals
were fed and grown on NGM agarose plates for specified times.
Animals were washed off the plates in S Basal, collected by
centrifugation, and washed four or five times until all visible traces
of bacteria were removed. Samples were divided and prepared for
RNA analysis and antibody staining.

RNA was prepared by standard one-step guanidinium method
(Ausubel et al., 1994). Total RNA, 30 mg per lane, was resuspended
in RNA formamide loading buffer (80% formamide, 1 mM EDTA,
0.1% bromphenol blue, 0.1% xylene cyanol), denatured at 80°C for

3 min, and then loaded on a (0.75 mm 3 16 cm 3 16 cm) 11%

rea-acrylamide gel (Sequagel). The RNA was separated by electro-
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89lin-4 RNA and Developmental Timing in C. elegans
phoresis for 3 h at 250 V in 13 TBE. RNA was electrophoretically
transferred to Zetaprobe membrane in 0.53 TBE at 200 mA
overnight at 4°C. RNA was crosslinked to the membrane by UV
irradiation (1200 mJ; Stratagene UV Stratalinker) and the membrane
was subsequently baked at 80°C for 30 min. The probe for the
Northern blots was the antisense lin-4 oligonucleotide (RFMGH10)
59-end labeled with T4 polynucleotide kinase and [g-32P]ATP under
standard conditions. Hybridization and washing conditions with
the antisense lin-4 oligonucleotide probe were according to Zeta-
Probe manufacturer specifications for hybridization with oligonu-
cleotide probes. After hybridization and washing, the membrane
was exposed to XAR X-ray film overnight with an intensifying
screen. Northern blots were stripped and reprobed with an anti-U6
oligonucleotide probe as previously described (Lee et al., 1993).
Subsequent to autoradiography, the amount of lin-4 RNA or U6
RNA was quantified using a PhosphorImager (Molecular Dynam-
ics).

Immunohistochemistry

Worms (30–40 ml) were fixed for immunostaining as described
for whole-mount fixation of larvae and adults (Ruvkun and Finney
method in Epstein and Shakes, 1995) with the following modi-
fications: After permeabilization by freezing and thawing,
worms were incubated for 30 min on ice with gentle agitation,
washed twice in TTB, and then incubated in TTB, 1%
b-mercaptoethanol for 2 h at 37°C with gentle shaking. BO3

Buffer (13) was modified slightly, the final concentration being
.03 M H3BO3 and 0.017 M NaOH. After the reduction and

oxidization steps, the worms were washed in Antibody Buffer A
for 2 h at room temperature.

Immunostaining was modified from the Ruvkun and Finney
method (Epstein and Shakes). Worms were doubly immunostained
with anti-LIN-14 antiserum (IIIc fraction 1) and MH27. One hun-
dred microliters of anti-LIN-14 antiserum (diluted 1:77) and MH27
(diluted 1:1400) in Antibody Buffer A was added to 10 ml of fixed
worms and incubated overnight at 4°C. After incubation with the
primary antibodies, worms were washed four times in quick
succession with 1.0 ml of Antibody Buffer B and then incubated
with 100 ml of secondary antibodies in Antibody Buffer A overnight
at 4°C. Secondary antibodies were as follows: FITC goat anti-rabbit
(anti-LIN-14) and rhodamine goat anti-mouse (MH27). Secondary
antibodies were preadsorbed at a dilution of 1:100 in Antibody
Buffer A against 30 ml of fixed N2 worms overnight at 4°C. Stained

orms were stored at 4°C in the dark and then mounted using
.5% n-propylgallate, 70% glycerol, 40 mM Tris, pH 9.0, 1 mg/ml

DAPI (modified from Epstein and Shakes, 1995).

Photomicrography

Animals were photographed using color slide film, or images were
captured directly from the microscope using an Optronics DEI750
three-chip color camera and Scion LG7 video capture board and a
Macintosh 8500 AV computer. Color slides were scanned to produce
a digital image. Images were processed using Adobe PhotoShop. Sets

of images that are compared (Figs. 2A and 2B) were grouped together
as raw images and were then processed identically.

Copyright © 1999 by Academic Press. All right
RESULTS

Expression of lin-4 RNA Is Temporally Regulated

To determine whether lin-4 RNA levels are temporally
regulated, we examined the expression of lin-4 RNA during
development by Northern blot analysis. lin-4 encodes two
transcripts, the relatively abundant 22-nt lin-4S transcript
and the 61-nt minor transcript, lin-4L (Lee et al., 1993).
lin-4S RNA was not detected in embryos, or early L1 larvae,
and was first detected during the latter half of the L1 larval
stage, 12 h after larval development began (Fig. 1). lin-4S
levels continued to increase through the L1 and during
subsequent stages of development (lin-4S RNA is also
present in high levels in adult worms; data not shown).
lin-4L is expressed at very low levels and was difficult to

FIG. 1. Developmental Northern blot of lin-4 RNA levels in
larvae. Larvae were synchronized by starvation at hatching (Shakes
and Epstein, 1995), fed with Escherichia coli, and allowed to
develop for defined periods of time at 20°C. Populations of wild-
type worms or transgenic animals overexpressing lin-4 RNA
(VT780 or VT731) were harvested at defined stages of development
and RNA was prepared and analyzed by Northern blotting with
lin-4 or U6 probe, as described under Materials and Methods. RNA
samples were from embryos (Emb), L1 larvae of various times after
feeding of starvation-synchronized newly hatched larvae (hrs of L1),
and L2, L3, or L4 larvae. Development was monitored through the
L1 stage by Nomarski microscopy and by immunofluorescence
staining with MH27 antibody. Developmental hallmarks in the L1
were V cells dividing at 6 h, P cells dividing at 12 h, and completion
of the molt at 18 h. The filter was hybridized with a probe that
detects lin-4 RNAs, exposed to X-ray film, and analyzed with a
PhosphorImager to quantify lin-4S signals. A fainter lin-4L signal is
also visible in some samples, but was not quantified. The filter was
then reprobed with U6 probe, exposed to a second X-ray film, and
analyzed with a PhosphorImager to quantify the level of U6 signal,
which serves as a gel-loading standard. The two X-ray film images
were scanned to create PhotoShop images and were combined
digitally. (Some scratches were removed using PhotoShop touchup
utilities.) The amount of lin-4 RNA in each sample is measured as
ratio of lin-4S to U6 (lin-4/U6).
detect by these Northern blots. The temporal profile of
lin-4S RNA in the wild type parallels the timing of LIN-14

s of reproduction in any form reserved.
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90 Feinbaum and Ambros
down-regulation, which begins in the L1 stage and operates
throughout larval development (Ruvkun and Guisto, 1989).

Premature Expression of lin-4 RNA Causes a
Premature Decrease in LIN-14 Protein

We generated transgenic lines that overexpress lin-4 RNA
y microinjection of the 693-bp lin-4 rescuing region at high

DNA concentration (200 ng/ml). The expression of lin-4
NA was examined by Northern blot analysis for two

ntegrated lines, VT780 and VT731, that were derived from
hese high-copy injections. VT780 and VT731 express
in-4S and lin-4L early in the L1 at a time when no lin-4
NA is detectable in wild-type animals. The level of lin-4S

n the transgenic animals at 5.5 h postfeeding was greater
han that in N2 animals at 12 h postfeeding (Fig. 1). The
evel of lin-4 RNA continues to increase in the transgenic

animals during the L1. By 11 h postfeeding, a time when
lin-4S is barely detectable in N2, the lin-4S levels in VT780
and VT731 are similar to those found in N2 animals at 16 h
postfeeding (Fig. 1). In both transgenic overexpressing lines
at 5.5 and 11 h postfeeding, the level of lin4L was greater
than that seen in wild type at any stage.

To determine whether precocious accumulation of high
levels of lin-4 RNA could result in premature down-

FIG. 2. Immunohistochemistry of LIN-14 protein. Animals were
evelop for 5.5 h at 20°C, and fixed and stained with fluorescent L
nd B) FITC anti-Lin-14; (C and D) DAPI. Wild-type 5.5-h larvae (
oncentrated in nuclei of neurons and hypodermal cells. VT780 5.
eak fluorescence detected in certain nuclei. In A and B, the plane o
API fluorescence of C and D). Original negatives were scanned a
egulation of LIN-14 protein, we examined LIN-14 protein
evels by antibody staining in the lin-4-overexpressing lines

Copyright © 1999 by Academic Press. All right
and compared them to N2. At hatching, animals of the
lin-4-overexpressing lines (strains VT780 and VT731) ex-
press LIN-14 protein at approximately normal levels in the
nuclei of blast cells and neurons (data not shown). However,
early in the L1 (at 5 h of development), the number and
intensity of anti-LIN-14 fluorescent nuclei were greatly re-
duced in VT780 or VT731 animals compared to similarly
staged wild-type animals (Fig. 2). Some nuclei still had
detectable levels of expression at this stage (Fig. 2B), sug-
gesting that LIN-14 expression in some cells may be less
sensitive to lin-4 overexpression than in other cells, but we
did not note any consistent anatomical pattern of differen-
tial sensitivity to lin-4. It is notable that this precocious
reduction in LIN-14 protein levels in hypodermal nuclei
occurs at a time when lin-14 protein is required for L1
stage-specific hypodermal developmental events. By 11 h of
development, when LIN-14 protein is still easily detectable
in wild-type hypodermal nuclei, there was no detectable
LIN-14 staining in hypodermal cells of VT780 and VT731
animals (data not shown).

Precocious Expression of lin-4 RNA Results in
Precocious Phenotypes

Overexpression of lin-4 RNA early in development re-

chronized by starvation at hatching, fed with E. coli, allowed to
antisera and DAPI as described under Materials and Methods. (A

splay uniform background fluorescence and brighter fluorescence
arvae (B) display essentially only background staining, with some
us is the same and includes the lateral hypodermal nuclei (compare
rocessed identically using Adobe PhotoShop. Bar, 5 mm.
syn
IN-14
A) di
5-h l
sults in reduced levels of LIN-14 protein, which suggested
that animals would exhibit precocious phenotypes like

s of reproduction in any form reserved.
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91lin-4 RNA and Developmental Timing in C. elegans
those of lin-14(lf) mutants. VT780 and VT731 animals
xhibited gross phenotypes, including egg-laying defects, a
light Dumpy shape, a deformed tail, and a malformed
ulva, all of which are characteristic of lin-14(lf) mutants.
urthermore, examination of the timing of several stage-
pecific cell fates in the lin-4-overexpressing lines con-
rmed that they exhibited precocious cell lineage defects

ike those of lin-14(lf) mutants.
The precocious defects of lin-4-overexpressing lines in-

luded precocious expression of L2-specific cell division
atterns in the L1, a phenotype like that of lin-14(lf)
utants. In the wild type, young L1 animals contain 6

ypodermal stem cells (V1–V6) positioned along the lateral
ine or “seam” on each side of the animal (Sulston and
orvitz, 1977). These 6 stem cells (“seam cells”) each
ivide once in the L1, generating a new seam cell and a
ondividing hypodermal cell. Thus, at the end of the
ild-type L1, the number of seam cells from the V1–V6 cell

ineages on each side of the larva remains at 6. Five of these
seam cells then generate, in the L2, 2 seam cell progeny

ach, increasing the complement of V lineage seam cells to
1 per side. In lin-14(lf) mutants, the lateral hypodermal
eam cells do not exhibit their normal LI behavior, but
nstead precociously express in the L1 stage the duplicative
ivision that is normally specific to the L2 (Ambros and
orvitz, 1984). This precocious cell lineage defect results in

he production of more than (as much as a doubling of) the
ormal complement of L1 seam cells. Although not 100%
enetrant, this precocious L2 hypodermal lineage defect
as clearly in evidence in lin-4-overexpressing lines; 15%
f the 84 hypodermal V cell lineages examined exhibited
2-specific lineages in the L1 (Table 1), as determined by

TABLE 1
Precocious Phenotypes of lin-4-overexpressing Animalsa

Developmental
stage

% precocious
phenotypeb

No. of
cells

No. of
animals

L1 15 84 13
L2 molt 83 72 12
Dauer larva 84 na 239
L3 molt 96 230 24

a VT779 maIs100; maIs105 and VT780 maIs100; daf-7(e1372ts)
nimals were used interchangeably in these experiments, with no
pparent difference in phenotype.

b Phenotypes scored depend on developmental stage: L1, % V cell
ineages that expressed the normally L2-specific cell division
atterns; L2 molt, % animals that expressed the normally L3-
pecific vulva precursor cell divisions; dauer larva, % total dauer
arvae that were arrested at the end of the L1 stage (instead of the
nd of the L2 stage, as in the wild type); L3 molt, % seam cells that
xpressed adult-specific lateral alae. For the most part, different
ets of animals were scored for different phenotypes.
he presence of extra seam cells in late L1 animals (Fig. 3).
Overexpression of lin-4 RNA affects the timing of dauer

A
t

Copyright © 1999 by Academic Press. All right
arval formation. The dauer larva is a developmentally
rrested and morphologically distinct alternative L3
dapted to prolonged survival under adverse conditions
Cassada and Russell, 1975). Under conditions of over-
rowding, starvation, and elevated temperature, C. elegans
arvae will arrest development and differentiate into the
auer larva form at the L2 molt. The capacity to express the
auer larvae program is restricted to the L2 molt in the wild
ype. lin-14 is required for this tight temporal regulation of
auer formation, and lin-14(lf) mutants can become dauer
arvae one stage early, at the L1 molt (Liu and Ambros,
989). Like lin-14(lf) mutants, lin-4-overexpressing animals
xecute dauer larva formation at the L1 molt (Table 1).
Transgenic lines that overexpress lin-4 also precociously

xpress certain L3-specific cell lineage patterns in the L2. In
ild-type animals, the vulva is formed from the descen-
ants of 3 vulval precursor cells (VPCs) P5.p, P6.p, and P7.p
Sulston and Horvitz, 1977). The VPCs are born in the L1
nd do not begin to divide until the mid L3, and they
xecute two rounds of division during the late L3. Subse-
uently, 10 of the 12 progeny generated from P5.p, P6.p, and
7.p divide again at or slightly after the L3 molt to generate
he 22 cells that form the vulva. In lin-14(lf) and lin-28(lf)
utants, the VPCs begin their division during mid-L2,

bout 5–6 h earlier than in wild type, and all of the vulval
ells are precociously generated by the early L3 (Ambros
nd Horvitz, 1984; Euling and Ambros, 1996). When we
xamined lin-4-overexpressing animals at the L2 molt, we
ound that 83% of the VPCs examined had already divided
Table 1). In these animals the VPCs divide an estimated
–8 h earlier than normal, and typically two rounds of
ivision were completed by the L2 molt (Fig. 4).
lin-4-overexpressing animals exhibited precocious ex-

ression of the larval-to-adult (L/A) switch in the lateral
ypodermal seam cells, producing adult cuticle structures
ne stage early (Fig. 5). In wild-type animals, the lateral
eam cells divide at each of the first three molts. The seam
ells cease dividing in the L4 and they produce adult cuticle
t the L4 molt. The production of adult cuticle can be
istinguished from larval cuticle by the presence of cuticu-
ar ridges, called alae, that run along the seam of the animal
nd by the expression of adult-specific collagen genes such
s col-19 (Singe and Sulston, 1978; Liu and Ambros, 1995).
n lin-14(lf) mutants, the L/A switch occurs one stage too
arly and animals produce adult cuticle at the L3 molt
Ambros and Horvitz, 1984; Ambros, 1989; Liu et al., 1985).
in-28(lf) mutants also form adult cuticle at the L3 molt
ut, unlike lin-14(lf) mutants, some seam cells in lin-28
nimals produce adult cuticle two stages early, at the L2
olt (Ambros and Horvitz, 1984). To determine whether

in-4-overexpressing animals similarly executed precocious
dult lateral hypodermal programs, VT780 and VT731 ani-
als in the L3 molt were collected and examined for the

resence of adult lateral alae and for the expression of the
dult-specific reporter gene col-19::GFP (Liu et al., 1985;

brahante and Rougvie, 1998). Adult lateral alae, charac-

erized by three cuticular ridges, was present on over 96%

s of reproduction in any form reserved.
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92 Feinbaum and Ambros
of the seam cells in these animals at the L3 molt (Table 1;
Fig. 5), and seam cells efficiently expressed col-19::GFP at
his stage (Fig. 5). We did not observe evidence of adult
ateral alae or col-19::GFP expression earlier than the L3

FIG. 3. Extra seam cells of VT780 animals. Animals with reduce
isplay a lin-14(lf) phenotype in the L1 stage. This cell lineage defe
ateral hypodermis and the substitution of a normally L2-specific
etween the head and the tail by the late L1 stage—as many as 5 e
arva stained with rhodamine-labeled MH27 monoclonal antibo
henotype is highly variable, and the animal shown here represent
taining with MH27 antibody reveals seam cells derived from the
eam cells in the pictured animal is greater than the 11 predicted
egative was scanned and processed using Adobe PhotoShop. Bar,
olt in lin-4-overexpressing animals (of more than 20
nimals examined at earlier stages).

Copyright © 1999 by Academic Press. All right
DISCUSSION

To determine whether lin-4 RNA plays a critical regula-
tory role in the timing of C. elegans larval developmental

-14 owing to elevated levels of lin-4 RNA would be expected to
) involves the deletion of an L1-specific single cell division in the

ble cell division. The result of this defect is extra seam cells (se)
seam cells from the V1–V4 and V6 lineages. (B) An 11.5-h VT780

which detects cellular junctions and outlines seam cells. This
extreme, with an estimated 5 extra seam cells easily discernible.

d T lineages as well as the V lineages and therefore the number of
e produced by the precocious division of the V cells. The original
.

d LIN
ct (A
dou
xtra
dy,
s the
H an
events, we examined the temporal profile of lin-4 RNA
accumulation during wild-type development and analyzed

s of reproduction in any form reserved.
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93lin-4 RNA and Developmental Timing in C. elegans
the effects of expressing lin-4 RNA earlier than normal. The
results of these experiments suggest that the timing of
lin-4S RNA accumulation defines the timing of LIN-14
down-regulation during the L1 stage and thus specifies the
timing and sequence of larval developmental programs.
This conclusion is derived from two findings. First, we
found that the onset of lin-4 RNA accumulation in the
wild-type L1 stage corresponds to the time that the level of
LIN-14 protein normally begins to decrease, as determined
previously by immunohistochemistry and Western blotting
of staged larvae (Ruvkun and Giusto, 1989). Second, we
observed that overexpression of lin-4 RNA in the L1 stage
results in precocious down-regulation of LIN-14 protein and
precocious expression of larval phenotypes.

The lin-4 gene encodes two small RNAs; the 22-nt lin-4S
is the major transcript, and the 61-nt lin-4L is a very minor
transcript (Lee et al., 1993). How these two molecules are
generated, whether lin-4S is processed from lin-4L or lin-4L
represents readthrough of lin-4S termination signals, is
unclear. If lin-4L is the precursor of lin-4S, then the rela-
tively high levels of lin-4L observed in the overexpressing
lines may be due to a bottleneck in processing the overex-
pressed lin-4L early in the L1 or might represent a popula-
tion of molecules incapable of being processed. For various
reasons, including the relative abundance of lin-4S, and the

FIG. 4. DIC image of precocious vulval development in a VT779 h
ave divided through two rounds at the L2 molt, approximately
ormally be undivided. Bar, 3 mm.
fact that lin-4L is predicted to have secondary structure that
would impede its base-pairing with target mRNAs, lin-4S is

s
t
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onsidered to be the lin-4 gene product that acts as a
ranslational repressor (Lee et al., 1993). lin-4S is the major
in-4 transcript in the overexpressing lines as well, suggest-
ng that lin-4S is responsible for the premature down-
egulation of LIN-14 and the precocious phenotypes exhib-
ted by the overexpressing lines.

Most of the precocious phenotypes in l in-4 -
verexpressing lines were strong, consistent with a potent
remature repression of LIN-14 in these animals. However,
he L1 defects (precocious expression of L2 cell lineage
atterns in the L1 stage) were relatively weak. Perhaps lin-4
NA is not expressed at sufficiently high levels for full

epression of LIN-14 synthesis until later in the L1 in these
ransgenic animals. Another possible explanation for the
elatively weak L1 defects in these lines could be that lin-14
RNA for some reason becomes more sensitive to repres-

ion by lin-4S as L1 development proceeds. It is also
oteworthy that we did not observe the strong precocious
dult cuticle defect associated with mutations in another
in-4 target gene, lin-28. Specifically, lin-28(lf) animals
requently display adult cuticle formation at the L2 molt,
ne stage earlier than in lin-14(lf) animals (and two stages
arlier than in the wild type), but in lin-4-overexpressing
ines, adult cuticle formation was not observed earlier than
he L3 molt. We did not monitor LIN-28 levels directly, and

phrodite at the L2 molt. Vulval precursor cells P5.p, P6.p, and P7.p
h earlier than normal. At this stage, P5.p, P6.p, and P7.p would
erma
o it is possible that LIN-28 is less sensitive than is LIN-14
o repression by lin-4 in the early L1 stage.
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Does lin-4 RNA level function as a gradient or a switch?
he fact that precocious elevation of lin-4 RNA in the L1
tage causes a premature reduction in LIN-14 protein and a
recocious phenotype indicates that the amount of lin-4

RNA in the early L1 affects the temporal fates of cells,
probably via its effects on LIN-14 level. However, these
results do not necessarily mean that the precise develop-

FIG. 5. Precocious expression of adult-specific hypodermal chara
he L3 molt was immobilized with levamisole and examined by flu

and B are fluorescent and DIC images, respectively, in the same
, but showing different planes of focus. The strain contains maIs
ol-19 promoter beginning at the L4 molt. This strain expresses co

which are indicated by arrows in A and B). C shows precocious adu
typical of the L3 molt. Images were captured and processed digital
mental profile of lin-4 RNA abundance in the wild type
directly dictates the developmental profile of LIN-14 pro-

Copyright © 1999 by Academic Press. All right
ein. There may be time-dependent factors other than lin-4
for example, regulators of LIN-14 protein stability) that
lso govern the kinetics of LIN-14 down-regulation. For
xample, although lin-4 RNA is expressed continuously
fter the L1 stage, we do not know if lin-4 RNA is required
o maintain repression of LIN-14 protein synthesis at the
ater larval stages. So it is possible that lin-4 is required only

tics in the L4 in a strain overexpressing lin-4. A VT779 animal at
cence (A) and DIC (B–D) microscopy. A–D are of the same animal.
of focus. C and D are DIC images of the same animal as in A and

ol-19::gfp], which normally expresses GFP from the adult-specific
:gfp (A) precociously at the L3 molt in hypodermal nuclei (two of
ecific lateral alae (al). D shows one gonadal arm at a state of reflex
described under Materials and Methods. Bar, 5 mm.
cteris
ores

plane
105[c
l-19:
to trigger the onset of lin-14 translational repression, and
other factors suffice to complete and maintain the down-
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95lin-4 RNA and Developmental Timing in C. elegans
regulation of LIN-14. According to this latter view, overex-
pression of lin-4 RNA would bring about precocious devel-
pment simply by advancing the time that LIN-14 begins to
ecrease in quantity. Further work is required to determine
hether lin-4 RNA is continuously required after the L1 for

epression of LIN-14 translation.
We do not know what developmental signals temporally

egulate lin-4 RNA levels. Presumably a chain of regulatory
vents originating with a signal that requires feeding leads to
he accumulation of lin-4 RNA in the mid-to-late L1. In
rinciple, the level of lin-4 RNA could be developmentally
egulated by transcriptional and/or posttranscriptional mecha-
isms. The overexpression of lin-4 RNA in the lin-4 trans-
enic lines employed here could result from the summation of
asal transcription from multiple transgenes or from titration
f negative regulatory factors that repress lin-4 RNA accumu-
ation. A full understanding of how lin-4 is regulated during
ild-type development will require the characterization of the

elative roles of transcriptional and posttranscriptional
echanisms in the control of lin-4 RNA levels, the identifi-

ation of the RNA polymerase that transcribes lin-4, the
dentification of upstream temporal regulatory genes and their
roducts, and the characterization of cis-regulatory elements
f the lin-4 gene that mediate the action of those regulators.
ethod in Epstein and Shakes, 1995) with the following
odifications: After permeabilization by freezing and thaw-

ng, worms were incubated for 30 min on ice with gentle
gitation, washed twice in TTB, and then incubated in TTB,
% b-mercaptoethanol for 2 h at 37°C with gentle shaking.

BO3 Buffer (13) was modified slightly,
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