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Summary

The C. elegans heterochronic genes program stage-
specific temporal identities in multiple tissues during
larval development. These genes include the first two
miRNA-encoding genes discovered, lin-4 and let-7. We
show that lin-58 alleles, identified as lin-4 suppres-
sors, define another miRNA that controls develop-
mental time. These alleles are unique in that they con-
tain point mutations in a gene regulatory element of
mir-48, a let-7 family member. mir-48 is expressed
prematurely in lin-58 mutants, whereas expression of
mir-241, another let-7 family member residing imme-
diately upstream of mir-48, appears to be unaffected.
A mir-48 transgene bearing a lin-58 point mutation
causes strong precocious phenotypes in the hypo-
dermis and vulva when expressed from multicopy ar-
rays. mir-48::gfp fusions reveal expression in these
tissues, and inclusion of a lin-58 mutation causes pre-
cocious and enhanced gfp expression. These results
suggest that lin-58 alleles disrupt a repressor binding
site that restricts the time of miR-48 action in wild-
type animals.

Introduction

The heterochronic genes of C. elegans are global tem-
poral regulators that specify the proper timing and se-
quence of several events during larval development
(reviewed in Rougvie, 2001). These events include be-
haviors of hypodermal seam cells, which divide in
stage-specific patterns until the final (L4) molt, when
they terminally differentiate. Mutations in heterochronic
genes cause seam cells to adopt temporal identities
normally restricted to a different life stage, resulting in
omission or reiteration of stage-specific division pat-
terns. Most of these genes can be broadly classified as
components of an “early timer” that directs successive
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cell fates from the L1 to the L3 stage or a “late timer”
that then guides development through to the adult stage.

The two founding members of the miRNA gene fam-
ily, lin-4 and let-7, play key roles in the heterochronic
gene pathway by initiating the early and late timers, re-
spectively. lin-4 is activated in the mid-L1 stage and
downregulates LIN-28 and LIN-14 accumulation through
complementary sites in the 3# UTRs of their mRNAs
(Feinbaum and Ambros, 1999; Lee et al., 1993; Moss et
al., 1997; Wightman et al., 1993). The progressive decay
in LIN-14 and LIN-28 levels specifies hypodermal seam
cell fates during early development. LIN-14 specifies L1
fates and then, together with LIN-28, prevents L3-stage
fates from occurring precociously in the L2 stage and
thereby allows a proliferative seam cell division to oc-
cur. let-7 miRNA accumulates during the L3 stage and
advances seam cell fates through the final larval stage
to the adult by downregulation of targets including lin-
41 (Reinhart et al., 2000; Slack et al., 2000), which is
required to prevent adult fates during the fourth larval
stage.

Identification and analysis of worm miRNAs has re-
vealed three temporally regulated let-7 homologs (mir-
48, mir-84, and mir-241), raising the possibility of partial
functional redundancy among this gene family (Lau et
al., 2001; Lim et al., 2003). The 5# eight nucleotides of
the mature miRNAs are identical among the four let-7
family members, and this region is generally the most
conserved portion of metazoan miRNA homologs, sug-
gesting that it is key for target recognition (for a review,
see Bartel, 2004). Indeed, perfect Watson-Crick pairing
to the 5# “seed” region of the miRNA (nucleotides 2–7
or 2–8) is important and sufficient for accurate predic-
tion of miRNA targets and for regulation of reporter
constructs (Brennecke et al., 2005; Doench and Sharp,
2004; Krek et al., 2005; Lewis et al., 2003, 2005; Lim et
al., 2005). Therefore, the identical seed sequences of
the four let-7 family members indicate that they could
act through similar or overlapping sets of binding sites
and regulate common targets if temporally and spatially
coexpressed. This redundancy could explain why the
heterochronic gene hbl-1, which appears to be a let-7
target (its 3# UTR contains multiple potential let-7 bind-
ing sites, and it exhibits partial redundancy with lin-41
downstream of let-7), remains properly regulated in the
hypodermis of let-7 mutants (Abrahante et al., 2003; Lin
et al., 2003). let-7 family member binding sites have
also been identified in the 3# UTRs of other hetero-
chronic genes (Reinhart et al., 2000).

We previously isolated lin-58 alleles as suppressors
of the lin-4 retarded hypodermal phenotype. On their
own, lin-58 mutants are similar to wild-type in overall
appearance, but they have a weak precocious hypo-
dermal phenotype (Abrahante et al., 1998). We demon-
strate here that this phenotype is due to precocious
expression of miR-48. These results define a hetero-
chronic role for mir-48, and they identify a regulatory
element through which the timing of miR-48 accumula-
tion is controlled.
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Results

lin-58 Alleles Contain miRNA Gene
Regulatory Mutations
lin-58 maps to an approximately 1.2 cM interval of link-
age group V between him-5 and unc-76 (Abrahante et
al., 1998). Two miRNAs of the let-7 gene family, mir-48
and mir-241, reside in tandem within this region (Lau et
al., 2001; Lim et al., 2003), raising the possibility that
these miRNA genes might harbor the lin-58 mutations.
Sequence analysis revealed that the mature mir-48 and
mir-241 miRNAs, and their pre-miRNAs, were wild-type
in lin-58 mutant animals. However, these lin-58 alleles
could contain gene regulatory mutations, a tantalizing
possibility given the semidominant nature of the stronger
allele, ve33 (Abrahante et al., 1998). Indeed, sequence
analysis of flanking regions, including the 1.7 kb be-
tween the two miRNA coding regions, identified a dis-
tinct point mutation in each allele. These two indepen-
dent point mutations were 3 bp apart and were located
within a GC-rich inverted repeat approximately 210 bp
upstream of the miR-48 coding sequence and 1540 bp
downstream of the miR-241 coding sequence (Figure
1A). These mutations were not simply strain polymor-
phisms; they were not present in the parental strain
used for the mutagenesis, nor were they present in
three independent mutants isolated from the same
screen (data not shown). Rather, they are likely to be
miRNA gene regulatory mutations, the first, to our
knowledge, such point mutations to be identified from
a genetic screen.
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Figure 1. lin-58 Alleles Contain mir-48 Gene Regulatory Lesions that Cause Precocious Expression

(A) The mir-48 and mir-241 loci on chromosome V are diagrammed with the lin-58(ve12) and lin-58(ve33) point mutations shown below.
(B and C) Northern blot analyses of total RNA from synchronous populations of wild-type (left) or lin-58(ve33) mutant animals (right) at the
indicated number of hours after placement of L1 hatchlings on food. For miR-241, let-7, and lin-4 miRNAs, only the bands representing
mature miRNAs are shown. The blots were probed sequentially for the indicated RNAs with U6 snRNA as a loading control. The L1 molt
corresponds to 18 hr, and the L2 molt corresponds to 29 hr, except in the lin-58 portion of (B), where it was 28 hr.
iR-48 Accumulates Precociously
n lin-58(ve33) Mutants
he precocious phenotype of lin-58 mutants (Abra-
ante et al., 1998) suggests that the ve12 and ve33

esions disrupt a negative regulatory element, resulting
n premature expression of mir-48 and/or mir-241 and
he consequent early downregulation of their target
enes. To test this hypothesis, we performed develop-
ental Northern blots of total RNA isolated from syn-

hronously staged populations of mutants bearing the
tronger allele, ve33, versus wild-type. The 23 nt mature
iR-48 and its w60 nt precursor were readily detected

t 18 hr postembryogenesis (and weakly at 12 hr) in two
ndependently staged populations of wild-type animals
Figures 1B and 1C). In contrast, these RNAs were de-
ected at 6 hr in RNA samples isolated from ve33 mu-
ants, a time at which miR-48 was undetectable in wild-
ype. miR-48 was also detectable in ve33 L1 animals
ynchronized by starvation prior to exposure to food
i.e., at time “0”; Figure 1B). When quantitated relative
o U6 snRNA loading controls, miR-48 expression was
t least 2-fold to 6-fold higher in ve33 animals relative
o wild-type at 0, 6, and 9 hr (see Experimental Pro-
edures). The mir-48 pre-miRNA was detected at 12 hr

n ve33 mutants in a ratio to mature miR-48 that was
imilar to that of wild-type at the same stage. This re-
ult suggests that pre-miR-48 processing was not com-
romised by the ve33 lesion.
Reprobing of the Northern blots for miR-241 showed

ittle, if any, difference in miR-241 accumulation relative
o wild-type (Figures 1B and 1C), suggesting that mir-
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Figure 2. mir-48 Misexpression Phenotypes

(A) PCR-generated fragments A, B, and C and genomic clones are
diagrammed relative to the mir-48/mir-241 loci. The columns to the
right indicate whether the construct caused a precocious hypoder-
mal phenotype in transgenic animals. +, ++, strength of phenotype;
−, little or no phenotype. wt and ve33 indicate whether the test
fragment was amplified from wild-type or lin-58(ve33) mutant ani-
mals, respectively. The asterisks indicate where the ve33 lesion is
present. The parentheses indicate that the 23 nt corresponding to
mature miR-48 were deleted.
(B–E) AJM-1::GFP and SCM::GFP expressed from wIs78 label ad-
herens junctions and seam cell nuclei, respectively, in L3 molt ani-
mals bearing extrachromosomal arrays of the indicated PCR frag-
ments. Arrows indicate contacts between unfused seam cells in
(B), (C), and (E). The scale bar is 10 �m. (C) wIs78; veEx361. (D)
Precociously fused seam cells in a wIs78; veEx230 animal. (E)
wIs78; veEx236.
(F) V1–V4 seam cell lineage pattern in wild-type and mir-48 overex-
pression strains. The asterisk indicates that the proliferative S2 di-
vision is sometimes skipped in the mir-48(gf) strains, resulting in
fewer seam cells with increased spacing as in (D).
(G) Graph showing distribution of seam cell number in adults (Table
S1). At hatching, each strain appeared to be wild-type, with ten
seam cells per side. In wild-type, 6 seam cell lineages undergo the
proliferative S2 division at the L1 molt, increasing the seam cell
number to 16.
(H and I) Precocious adult alae (arrows) in veIs51 animals, which
bear a pR58-containing array, at the (H) L2 and (I) L3 molts. The
scale bar is 10 �m.
(J–M) Precocious vulva development in veIs51 animals. (J and K)
VPCs of L2 molt animals. (J) The arrow indicates the undivided P6.p
cell in wild-type. (K) Two rounds of P6.p division occurred in a
48 misexpression was largely responsible for the ob-
served lin-58 precocious phenotype. Although previous
analyses have reported that let-7 miRNA accumulation
begins at the L3 stage (Lau et al., 2001; Reinhart et al.,
2000), the sensitivity of this Northern, coupled to the
sampling of multiple time points per stage, revealed low
levels of let-7 miRNA during the L2 stage (24 hr), with
significant upregulation during the L3 stage in both
wild-type and lin-58 mutants (Figure 1B).

As an additional control, the blot in Figure 1C was
probed for the lin-4 miRNA, which acts upstream of lin-
58 in the heterochronic gene pathway (Abrahante et al.,
1998) and should thus be unaffected by lin-58 mutation.
Its temporal expression profile was not accelerated by
the ve33 lesion. Thus, the observed temporal shift in
miR-48 accumulation in ve33 mutants relative to wild-
type was not due to a lack of developmental synchrony
in the nematode populations. Rather, mir-48 expression
was precocious in lin-58 mutants.

Overexpression of mir-48 in Transgenic Animals
Causes Precocious Seam Cell Phenotypes
To further test the effects of the lin-58(ve33) lesion on
expression from the mir-48/mir-241 locus, we assayed
the phenotypes of transgenic animals bearing PCR-
amplified genomic fragments or plasmid subclones
(Figure 2A) from either wild-type or lin-58(ve33) mutant
DNA. Three stage-specific events were monitored for
heterochronic defects in the hypodermis: seam cell fu-
sion and adult cuticular alae synthesis, which normally
occur at the end of the L4 stage during the transition
to the adult, and an earlier event, the execution of the
proliferative “S2” seam cell division, which follows the
L1 molt in wild-type animals (see Figure 2F; Ambros
and Horvitz, 1984). When assayed by seam cell fusion,
three of four transgenic lines bearing the amplified wtA
fragment (or its plasmid clone pR56), which encom-
passes both miRNAs, showed no precocious seam cell
fusion at the L3 molt (n R 20 for each line; Figure 2C;
Table S1; see the Supplemental Data available with this
article online). A low level of precocious fusion was ob-
served in the fourth line (3%), as might be expected due
to overexpression of the wild-type locus from multicopy
arrays. In contrast, the seam cell fusion phenotype was
dramatically enhanced, to nearly 100% penetrance, by
inclusion of the ve33 lesion in the construct (ve33A; Fig-
ure 2D; Table S1). This finding is consistent with this
mutation causing precocious miRNA expression. Pre-
cocious alae formation was also observed in animals
containing wtA or ve33A arrays (Table 1; Figures 2H and
2I). Animals transgenic for ve33A had a stronger pheno-
type than that caused by the ve12 and ve33 alleles;
although still often not full-length, the precocious alae
were more robust and distinct, consistent with en-
hanced expression from multicopy arrays. Finally, the
proliferative S2 division executed by a subset of seam
veIs51 animal. P5.p and P7.p had also divided in this animal, but
their lineages were not followed. Vulva morphogenesis in L3 molt-
stage wild-type (L) and veIs51 (M) animals. Vulva formation is ad-
vanced in veIs51, and invaginations are often abnormal. Pseu-
dovulval invaginations are also sometimes seen (line).
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cells following the L1 molt was often skipped in animals
bearing ve33A arrays relative to wtA, resulting in a
lower seam cell number in adults (Figure 2G; Table S1).
This result suggests that targets of miR-48 and/or miR-
241 act in the early timer to specify this event.

Analysis of deletion constructs and shorter PCR frag-
ments indicated that mir-48 misexpression was the key
factor in the precocious hypodermal phenotypes pro-
duced in these transgenic animals. Removal of mir-241
did not appreciably alter the precocious alae pheno-
type and had little effect on seam cell number (PCR
product C, pR67; Table 1; Table S1; Figure 2G). In con-
trast, deletion of mir-48, including a 23 bp deletion of
the mature miR-48 coding sequence, resulted in little
or no phenotype when assayed in transgenic animals
(PCR product B, pLM47, and pLM48; Figures 2E and
2G; Table 1; Table S1).

Integration of extrachromosomal arrays bearing
ve33A or ve33C into the genome to obtain strains that
stably transmit the transgene array (veIs40, veIs48,
veIs49, and veIs51 in Table 1) resulted in enhanced pen-
etrance of the precocious alae phenotype, with 100%
of animals synthesizing adult cuticle at the L3 molt.
Moreover, three of these strains synthesized adult cuti-
cle at the L2 molt, two stages earlier than in wild-type
(Table 1; Figure 2H). One of these strains, veIs48, lacked
mir-241, indicating that mir-48 misexpression was also
sufficient to confer this precocious phenotype.

Multicopy Arrays Containing mir-48 Cause
Precocious Division of Vulva Precursor Cells
Extrachromosomal arrays containing ve33A or ve33C
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Table 1. mir-48 Arrays Cause Precocious Adult Cuticle and Vulval Phenotypes

Percentage of Animals with Adult Alae Formation VPC Division at L2
Genotype Constructa L2 Moltb L3 Moltb L4 Moltb Molt (%)c

Wild-type — 0 0 100 0
veEx254 wtA nd 33 (100) nd nd
veEx258 wtA nd 38 (78) nd nd
veEx256 wtB nd 0 nd nd
veEx249 wtB nd 0 nd nd
veEx257 wtC nd 32 (86) nd nd
veEx242 wtC nd 21 (100)d nd nd
veEx233 ve33A nd 31 (83) nd nd
veEx243 ve33A nd 57 (62) nd nd
veEx244 ve33B nd 0 nd nd
veEx332 pLM45 nd 63 (50) nd nd
veEx335 pLM45 nd 19 (100) nd nd
veEx326 pLM48 nd 0 nd nd
veEx336 pLM47 nd 0 nd nd
veEx337 pLM47 nd 0 nd nd
veEx327 pR67 nd 38 (90) nd nd
veIs49 ve33A 4 (100) 100 (27) nd 79
veIs40 ve33C 0d 100 (17) nd 43
veIs48 ve33C 28 (83) 100 (45) nd 81
veIs51 pR58 39 (83) 100 (26) nd 87
let-7e — 0 0 10 (10) 0
veIs51 let-7e pR58 0 76 (56) 100 (35) 65

Note: n R 20 animals unless otherwise noted. nd, not determined.
a PCR fragments (1 ng/�l) and plasmid clones (5 ng/�l) were coinjected with sur-5::gfp (50 ng/�l) (Yochem et al., 1998).
b For animals with alae, the percentage that had incomplete alae containing gaps is given in parentheses.
c Percentage of animals with at least one VPC division at the L2 molt.
d n = 14.
e unc-3(e151) is tightly linked to let-7 and is present in the background (see Experimental Procedures).
also produced a low penetrance protruding vulva phe-
otype. When integrated, a severe and fully penetrant
gg-laying defect was observed: the animals did not

ay eggs (n > 100). Examination of the vulval cell lineage
n these animals revealed a cell division timing defect.
n wild-type animals, three of six vulval precursor cells
VPCs) are induced to divide in the mid-to-late L3 stage,
enerating 22 cells that form the vulva (Sulston and
orvitz, 1977). VPC divisions often occurred during the
2 stage in ve33A and ve33C transgenic animals, and
second pseudovulva was sometimes seen (Table 1;

igures 2J–2M), suggesting that additional VPCs may
e induced to a vulval cell fate in these animals. Preco-
ious VPC divisions were not observed in L2 molt ani-
als bearing ve33B (n = 10), indicating that miR-48 was

equired for this phenotype.

ir-48::gfp Expression in the Hypodermal Seam
nd Vulva Is Enhanced and Temporally
hifted by the ve33 Lesion
ir-48::gfp fusions were used to test whether inclusion

f the ve33 lesion alters the resulting temporal expres-
ion pattern (Figure 3). gfp expression was detected in
he lateral hypodermal seam and the vulva beginning
uring the L4 stage, when driven by a wild-type frag-
ent extending 1.0 kb upstream from the miR-48 cod-

ng sequence (mir-48::gfp). A single head neuron, RID,
lso consistently expressed gfp, but did so in a non-
emporally regulated fashion and served as an internal
ontrol (Figures 3J and 3O). mir-48(D)::gfp gave a sim-

lar pattern (Figure 3A; data not shown).
Introduction of the ve33 lesion into mir-48::gfp re-

ulted in precocious and enhanced gfp expression in

the seam and vulva (mir-48(ve33)::gfp; Figure 3). mir-
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Figure 3. Expression of mir-48::gfp and mir-
241::gfp Fusions

(A) mir-48 and mir-241 gfp fusions are dia-
grammed. Gray arrows indicate the GFP
coding sequence. “AT” indicates that the in-
verted repeat was replaced with an AT-rich
sequence. The asterisk indicates the ve33
lesion.
(B–R) Representative gfp expression pat-
terns. Where especially relevant, exposure
times are indicated in the panels (exp). (B)
mir-48::gfp expression is not detected in L3
molt animals, but is readily detected at the
(C) L4 molt. (D and E) The ve33 lesion in mir-
48(ve33)::gfp results in enhanced gfp ex-
pression that is detectable one stage earlier.
(F–I) gfp is expression in descendents of
P5.p and P7.p in the vulva. Corresponding
Nomarski DIC images are shown in (K)–(N).
mir-48::gfp is not detected at the L3 molt
([F]; exp = 2.0 s), but is present at the L4
molt ([G]; exp = 1.0 s). mir-48(ve33)::gfp is
detected in the L3 stage ([H]; exp = 0.5 s)
and more strongly at the L4 molt ([I]; exp =
0.06 s). (J and O) L2-stage RID expression in
mir-48::gfp and mir-48(ve33)::gfp, respec-
tively. (P–R) mir-241::gfp is expressed in a
variety of cell types as indicated for the (P)
L3 and (R) L2 stages. (Q) is the Nomarski DIC
image corresponding to (P). The bar in (B) is
10 �m and applies to all panels except (J)
and (O); the bar in (J) is 20 �m. Stage-non-
specific expression was observed in uniden-
tified neurons in the head, tail, and ventral
nerve cord for both mir-48 and mir-241 con-
structs.
48(ve33)::gfp expression in these tissues was stronger
than that of mir-48::gfp and was consistently detected
one stage earlier, in L3 larvae, with occasional seam
expression detected in L2-stage animals. This change
in timing and amplitude of gfp expression was not likely
to reflect a difference in copy number between the
strains because the results were consistent across mul-
tiple, independent transgenic lines (five for wild-type
and four for ve33; data not shown). Although expres-
sion levels varied somewhat between lines generated
with the same construct, expression of the wild-type
construct was never detected in the L3 hypodermis,
even when lines matched for RID expression levels
were compared. Enhanced and precocious expression
was also observed when the 11 bp GC-rich inverted
repeat was replaced by an AT-rich sequence (GGG
CGCCGCCC / ATTTATTATAA). Thus, the observed phe-
notypes of lin-58(ve33) mutants, and mir-48 overex-
pression in transgenic worms, were due to temporal
rather than spatial misexpression.

Multiple, independent assays, including phenotypic
and Northern blot analysis of lin-58 mutants, multicopy
mir-48 expression, and mir-48::gfp fusion analyses, all
indicated that the GC element temporally controls miR-
48 accumulation; its mutation shifted expression to
earlier developmental times. However, there was a dis-
crepancy in the time of first appearance of the GFP
signal versus mir-48 expression detected by Northern
blot analysis. The reason for this difference is unclear,
but it may be that additional transcriptional control ele-

ments were missing from the constructs. The gfp fu-
sions assayed did contain sufficient 5# sequences to
produce a mir-48 misexpression phenotype when pres-
ent in a genomic DNA construct (pR67; Figure 2A; Table
1). Therefore, control elements missing from the gfp fu-
sions might reside within or downstream of the se-
quences encoding the miR-48 stem loop. Regardless,
the presence of the ve33 lesion had a consistent effect
in four different assays: it caused precocious mir-48
expression, suggesting that the GC element defines a
repressor binding site.

mir-241::gfp Expression Is Largely Distinct
from mir-48::gfp
A mir-241::gfp fusion containing 1.3 kb 5# to the miR-
241 coding sequence resulted in a temporally regu-
lated, but largely spatially distinct, expression pattern
from that of mir-48 (Figures 3P–3R). Notably, hypoder-
mal expression was not consistently observed. Body-
wall muscle expression was first detected in L2-stage
animals and continued to the adult stage. In the L3
stage, expression was detected in the excretory canal
and the distal tip cells, and strong vulval expression
was observed during the L4 stage. No expression was
observed in mir-241(D)::gfp, which retains 0.73 kb of
5# sequence, indicating that regulatory sequences are
present further upstream than for mir-48.

mir-48 Overexpression Partially Suppresses let-7(lf)
let-7 loss-of-function causes a retarded hypodermal
phenotype in which animals synthesize larval-type,

rather than adult-type, cuticle during the fourth molt;
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animals then die by bursting at the vulva prior to pro-
ducing progeny (Reinhart et al., 2000). Because the hy-
podermal phenotype is essentially opposite from that
of mir-48(gf), we examined the phenotype of veIs51 let-
7(mn112) animals. The retarded hypodermal phenotype
associated with loss of let-7 function was suppressed
at the L4 molt (Table 1), and lethality decreased from
100% for let-7 alone to 20% for veIs51 let-7 animals
(n = 20). One possible interpretation of these results is
that mir-48 and let-7 miRNAs share at least some tar-
gets during larval development and that overexpression
of mir-48 can compensate for loss of let-7 activity. At
earlier stages, precocious phenotypes caused by mir-
48(gf) were still observed; however, the absence of
let-7 from the veIs51 background lessened the effect of
mir-48 overexpression, indicating that let-7 functions in
the L2-stage seam (Table 1). This decrease in pheno-
type severity also suggests common targets for these
miRNAs.

Discussion

We demonstrate that mir-48, a member of the let-7
miRNA family, acts in the heterochronic gene pathway
to time cell fate decisions in the hypodermis and vulva.
The number of miRNA genes acting in this timing path-
way now stands at five: lin-4 plus all four let-7 family
members (Abbott et al., 2005, in this issue of Develop-
mental Cell; Johnson et al., 2005; Lee et al., 1993; Rein-
hart et al., 2000). In addition, the existence of miR-237,
which is temporally expressed during larval develop-
ment and has the same seed as the lin-4 miRNA, sug-
gests that at least six miRNAs may play a role in this
pathway (Ambros et al., 2003; Lim et al., 2003).

Why do so many miRNAs act within the hetero-
chronic gene pathway? Combinatorial action of animal
miRNAs, analogous to that observed for transcription
factors, has been proposed as a mechanism for
increasing the complexity of gene expression patterns
and the diversity of cell type (Bartel and Chen, 2004;
Hobert, 2004). Similarly, in the heterochronic gene path-
way, combinatorial action of miRNAs in the temporal
dimension could act to specify changes in identity of a
given cell over time. The potential exists for a given
heterochronic gene to be regulated by multiple miRNAs
acting through distinct, common, or overlapping sets
of target sites, ultimately facilitating a precise pattern of
temporal decay. Thus, the combined action of multiple
miRNAs could fine tune expression of key proteins that
temporally pattern development.

Similar to lin-4 and let-7 (Lee et al., 1993; Reinhart et
al., 2000), our identification of mir-48 as a develop-
mental timing gene came from a forward genetics ap-
proach; however, in this case, there is a unique twist.
Two lin-4 suppressors contained distinct point muta-
tions in a regulatory element upstream of mir-48 coding
sequence, resulting in a gain-of-function, rather than
loss-of-function, phenotype. The small size of miRNAs
renders them poor targets for chemical mutagenesis.
Transcription factor binding sites are generally smaller
yet and often contain nucleotide positions at which de-
generacy is allowed, making them even less likely to be
targets for mutation. Nevertheless, our screen iden-
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ified two such alleles that appear to have revealed a
iRNA regulatory element. In fact, the gain-of-function

ature of these alleles was instrumental in the identifi-
ation of mir-48 through a forward genetics approach
ecause mir-48 loss-of-function was also likely to be
issed in screens due to genetic redundancy. mir-

8(null) mutants have no seam cell phenotype, and
here is little, if any, visible phenotype at standard
creening temperatures, although an additional molt is
een at low temperature (Abbott et al., 2005).
Other types of regulatory mutations have also aided

n miRNA gene discovery. Two of three let-7 deletion
lleles remove sequences 5# to the pre-miRNA and
ause loss-of-function phenotypes by disrupting pro-
essing of the primary transcript (Bracht et al., 2004;
einhart et al., 2000). In plants, miR-319 was identified

hrough gain-of-function alleles, in which promoter in-
ertions of the 35S viral enhancer caused overexpres-
ion of the miRNA (Palatnik et al., 2003). In flies, identifi-
ation of the miRNA bantam used a combination of

oss-of-function and gain-of-function alleles, in which
he locus was deleted or overexpressed, respectively,
ue to specially engineered P element insertions (Bren-
ecke et al., 2003).
The time of accumulation of miR-48 in wild-type ani-
als suggests that it acts to downregulate early timer

omponents. Although our studies examine mir-48
ain-of-function situations, the observed phenotypes
re likely to reflect interactions with true target mRNAs,
hich are simply downregulated prematurely. Two main
bservations support this conclusion. First, the ve33

esion caused ectopic production of miR-48 in a tempo-
al, but not spatial, dimension. Second, analysis of mir-
8 overexpression strains revealed that seam cells
ften skip the proliferative S2 division, a phenotype op-
osite to that implied from loss-of-function studies. Al-
hough mir-48(lf) does not reveal a seam cell pheno-
ype, a double mutant combination with mir-241(lf)
eveals reiteration of the S2 division, implying that
hese genes function redundantly to restrict this event
o the early L2 stage (Abbott et al., 2005). Importantly,
he opposite phenotypes observed for mir-48(lf) and

ir-48(gf) suggest that the same or overlapping sets of
arget genes are affected in each situation. Although
he constructs analyzed in our studies do not identify a
ajor role for mir-241, constructs overexpressing mir-

41, but not mir-48, occasionally had fewer seam cells
han wild-type (Figure 2G).

Omission of the S2 division observed in mir-48 over-
xpression studies suggests that two early timer genes
ay be direct targets of miR-48. lin-28 (Ambros and
orvitz, 1984) or hbl-1 (Abrahante et al., 2003) loss of

unction also results in omission of S2 divisions. In
ddition, the 3# UTRs of their mRNAs have predicted

et-7 family member binding sites, and expression
tudies are consistent with mir-48-mediated downregu-
ation (Abrahante et al., 2003; Lin et al., 2003; Reinhart
t al., 2000; Seggerson et al., 2002). However, our previ-
us studies indicate that lin-28 cannot be the sole tar-
et of miR-48, because the ve33 lesion can enhance
he precocious phenotype of a lin-28 null allele (Abra-
ante et al., 1998). lin-28 is also not likely to be the
ajor target of miR-48, because we did not observe

uppression of mir-48 overexpression phenotypes in a
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lin-46 mutant background (data not shown), which elim-
inates the requirement for lin-28 in the hypodermis and
vulva (Pepper et al., 2004). Thus, although lin-28 could
play a minor role as a miR-48 target, we favor a model
in which hbl-1 is a key target in the hypodermis.

mir-48 misexpression also caused developmental
timing defects, which include early P6.p division, in the
vulva. However, we have not observed mir-48::gfp in
the P6.p lineage, and, thus, mir-48 may be expressed
here at low levels, or it may time this division cell non-
autonomously. Although we have not observed preco-
cious VPC divisions in lin-58(ve33) or lin-58(ve12) mu-
tant animals, these alleles do cause a synthetic vulval
phenotype in double mutant combinations with the
heterochronic gene lin-42 (Abrahante et al., 1998). In-
clusion of the ve33 lesion in mir-48(ve33)::gfp led to en-
hanced and precocious vulval gfp expression, as in the
hypodermis, indicating that the regulatory element is
functioning in both tissues. Loss of function of the het-
erochronic genes hbl-1, lin-28, or lin-14 result in preco-
cious VPC divisions (Abrahante et al., 2003; Ambros
and Horvitz, 1984) and could be targets of miR-48 in
the vulva, as could let-60, a vulval target of the let-7
family member miR-84 (Johnson et al., 2005).

The lin-58 mutations described here appear to reveal
a negative regulatory element that prevents mir-48 ac-
cumulation until the proper time during the mid-to-late
L1 stage. Intriguingly, the 11 bp inverted repeat dis-
rupted by lin-58 mutations (Figure 1) spans a 7–8 bp
match to a computationally identified consensus motif
(5#-CTCCGCCC-3#; underlined residues are mutated in
lin-58 alleles) found 5# to most worm miRNA genes that
are independently expressed (Ohler et al., 2004). A per-
fect match to this sequence also resides another w500
bp upstream. The functional significance of the motif,
and whether it relates directly to the repressive element
defined by lin-58 lesions, is as yet unclear. Replace-
ment of the entire 11 bp inverted repeat in mir-48::gfp
with the AT sequence had the same effect upon GFP
expression as did insertion of the ve33 point mutation;
it resulted in enhanced and precocious expression, in-
dicating that the GC repeat is not required for mir-48
transcriptional activation. In addition, the lin-58(ve33)
and lin-58(ve12) point mutations cause precocious ac-
cumulation of miR-48, but do not appear to interfere
with the processing of pre-miR-48 (Figures 1B and 1C),
suggesting that the site is not required for recruitment
of RNA processing machinery. Thus, our data are con-
sistent with a model in which the lin-58 lesions disrupt
a repressor binding site that acts to restrict the timing
of microRNA action.

Experimental Procedures

Nematode Strains
Worm strains were grown at 20°C by using standard methods (Sul-
ston and Hodgkin, 1988). veIs51 arose spontaneously, whereas
veIs40, veIs48, and veIs49 were generated by γ-irradiation. veIs51
let-7(mn112) unc-3(e151) animals were generated as described in
the Supplemental Data. let-7(mn112) is a null allele (Reinhart et
al., 2000).

Test DNAs and Microscopy
Oligonucleotide sequences used and cloning details are given in
the Supplemental Data. pR56 contains the wtA PCR fragment
cloned into pCRII (Invitrogen) and confirmed by sequencing. pR58
was derived from pR56 by substituting a fragment containing the
ve33 lesion, and pLM45 contains an additional 0.54 kb upstream of
mir-241. The QuikChange XL Kit (Stratagene) was used to make
the 23 bp miR-48 coding region deletion in pLM48 and the AT re-
placement in mir-48(AT)::gfp. gfp constructs were generated in
pPD95.67 and injected at 50 ng/�l. Microscopy was performed with
a Microphot-FXA (Nikon, Inc., Melville, NY) equipped with dif-
ferential interference contrast and fluorescence optics. Images
were captured with a DVC-1300 camera and were analyzed with
DVC C-View 2.1.

Northern Blot Analysis
To synchronize worm cultures, embryos were isolated from gravid
adults by hypochlorite treatment. After hatching in M9, worms were
plated at low density on NGM plates seeded with E. coli OP50, and
they were allowed to develop for the indicated times. Total RNA
was isolated by using Trizol, and w20 �g per lane was analyzed by
Northern blot as described (Lau et al., 2001). Probes were radiola-
beled DNA oligos, and blots were quantified by using phospor-
imaging (Multi Gauge, Fujifilm), normalizing the counts for each
band to the U6 loading control (see Tables S2 and S3). For signals
below the detection limit (e.g., the miR-48 in N2, 6 hr), an upper
limit was estimated based on the number of counts corresponding
to bands just above the detection limit (e.g., the pre-miR48 band in
lin-58, 32 hr). Thus, the calculation that miR-48 accumulation was
2- to 6-fold higher than wild-type in the 0, 6, and 9 time points was
a conservative estimate.

Supplemental Data
Supplemental Data including Northern quantitation, seam cell phe-
notypes caused by mir-48 arrays, and additional details on Experi-
mental Procedures are available at http://www.developmentalcell.
com/cgi/content/full/9/3/415/DC1/.
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