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Two small temporal RNAs (stRNAS), lin-4 and let-7, control developmental timing
in Caenorhabditis elegans. Wefind that these two regulatory RNAs are member s of
alarge class of 21-24-nucleotide non-coding RNAS, called microRNAs (miRNAS).
Wereport on 55 novel miRNAsin C. elegans. The miRNAs have diver se expression
patternsduring development: alet-7 paralog istemporally co-expressed with let-7;
mMiRNAs encoded in a single genomic cluster are co-expressed during
embryogenesis; still other miRNAs ar e expressed constitutively throughout
development. Potential orthologs of several novel miRNA geneswer e identified in
Drosophila and human genomes. The abundance of these tiny RNAS, their
expression patterns, and their evolutionary conservation imply that, as a class,

mMiRNAs have broad regulatory functionsin animals.

Two types of short RNAS, both about 21-25 nt in length, serve as guide RNAsto
direct posttranscriptional regulatory machinery to specific mRNA targets. Small
temporal RNAs (stRNASs) control developmental timing in Caenorhabditis elegans (1-3).
They pair to sites within the 3"-untranslated region (3" UTR) of target mRNAS, causing
trandlational repression of these mMRNAS, thereby triggering the transition to the next
developmental stage (1-5). Small interfering RNAs (SsSRNAS), which direct mMRNA
cleavage during RNA interference (RNAI) and related processes, are the other type of
short regulatory RNAs (6-12). Both stRNAs and sSIRNAs are generated by processes
requiring Dicer, amultidomain protein with tandem RNAse 11 domains (13-15). Dicer
cleaves within the double-stranded portion of precursor moleculesto yield the 21-25 nt
guide RNAs.

lin-4 and let-7 have been the only two stRNAs identified, and so the extent to
which this type of small non-coding RNA normally regulates eukaryotic gene expression
isonly beginning to be understood (1-5). RNAI-related processes protect against viruses
or mobile genetic elements, yet these processes are known to normally regulate only one
other mRNA, that of Drosophila Sellate (16-20). To investigate whether RNAs
resembling stRNAs or SsSRNAs might be playing a more general role in gene regulation,
we isolated and cloned endogenous C. elegans RNAs that have the expected features of
Dicer products. Tuschl and colleagues showed that such a strategy is feasible when they
fortuitously cloned endogenous Drosophila RNAs while cloning ssIRNAs processed from
exogenous dsRNA in an embryo lysate (12). Furthermore, other efforts focusing on
longer RNAs have recently uncovered many novel non-coding RNAs (21, 22).

Dicer products, such as stRNAs and siRNAs, can be distinguished from most
other oligonucleotides that might be present in C. elegans by three criteria: alength of
about 22 nt, a5 -terminal monophosphate, and a 3"-terminal hydroxyl group (12, 13, 15).
Accordingly, a procedure was devel oped for isolating and cloning C. elegans RNAs with
these features (23). Of the clones sequenced, 330 matched C. elegans genomic sequence,
including 10 representing lin-4 RNA and one representing let-7 RNA. Another 182
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corresponded to E. coli genomic sequence. E. coli RNA clones were expected because
the worms were cultured with E. coli as the primary food source.

Three hundred of the 330 C. elegans clones have the potential to pair with nearby
genomic sequence to form fold-back structures resembling those thought to be needed for
Dicer processing of lin-4 and let-7 stRNAs (Fig. 1) (24). These 300 clones with
predicted fold-backs represent 54 unique sequences: lin-4, let-7, and 52 other RNAs
(Table 1). Thus, lin-4 and let-7 RNASs appear to be members of alarger class of non-
coding RNAs that are about 20-24 nt in length and processed from fold-back structures.
We and the two other groups with concurrent reports refer to this class of tiny RNAs as
microRNAS, abbreviated miRNAS, with individual miRNAs and their genes designated
miR-# and mir-#, respectively (25, 26).

We propose that most of the miRNAs are expressed from independent
transcription units, previously unidentified because they do not contain an open reading
frame (ORF) or other features required by current gene-recognition algorithms. No
miRNAs matched atranscript validated by an annotated C. elegans expressed-sequence
tag (EST), and most were at least 1 kb from the nearest annotated sequences (Table 1).
Even the miRNA genes near predicted coding regions or within predicted introns are
probably expressed separately from the annotated genes: If most miRNAs were
expressed from the same primary transcript as the predicted protein, their orientation
would be predominantly the same as the predicted mRNA, but no such biasin orientation
was observed (Table 1). Likewise, other types of RNA genes located within C. elegans
intronic regions are usually expressed from independent transcription units (27).

Whereas both lin-4 and let-7 RNAs reside on the 5 arm of their fold-back
structures (1, 3), only about a quarter of the other miRNAslieonthe5 arm of their
proposed fold-back structures, as exemplified by miR-84 (Table 1; Fig. 1A). All the
othersreside on the 3" arm, as exemplified by miR-1 (Table 1; Fig. 1B). Thisimplies
that the stable product of Dicer processing can reside on either arm of the precursor and
that features of the miRNA or its precursor, other than the loop connecting the two arms,
must determine which side of the fold-back contains the stable product.

When compared to the RNA fragments cloned from E. coli, the miRNAs had
unigue length and sequence features (Fig. 2). The E. coli fragments had a broad length
distribution, ranging from 15 to 29, which reflects the size-selection limits imposed
during the cloning procedure (23). In contrast, the miRNAs had a much tighter length
distribution, centering on 21-24 nt, coincident with the known specificity of Dicer
processing (Fig 2A). The miRNA sequence composition preferences were most striking
at the 5 end, where there was a strong preference for U and against G at the first position
and then a deficiency of Us at positions 2—4 (Fig. 2B). miRNAswere also generally
deficient in C, except at position 4. These composition preferences were not present in
the clones representing E. coli RNA fragments.

The expression of 20 cloned miRNAs was examined, and all but two (miR-41 and
miR-68) were readily detected on Northern blots (Fig. 3). For these 18 miRNAs with
detectable expression, the dominant form was the mature 20-24 nt fragment(s), though
for most, alonger species was also detected at the mobility expected for the fold-back
precursor RNA. Fold-back precursorsfor lin-4 and let-7 have also been observed,
particularly at the stage in development when the stRNA isfirst expressed (1, 14, 15).
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Because the miRNAs resemble stRNAS, their temporal expression was examined.
RNA from wild-type embryos, the four larval stages (L1-L4), and young adults was
probed. RNA from glp-4 (bn2) young adults, which are severely depleted in germ cells
(28), was also probed because miRNAs might have critical functionsin the germ line, as
suggested by the finding that worms deficient in Dicer have germ line defects and are
sterile (14, 29). Many miRNASs have intriguing expression patterns during devel opment
(Fig. 3). For example, the expression of miR-84, an miRNA with 77% sequence identity
to let-7 RNA, was found to be indistinguishable from that of let-7 (Fig. 3). Thus, itis
tempting to speculate that miR-84 is an stRNA that works in concert with let-7 RNA to
control the larval-to-adult transition, an idea supported by the identification of plausible
binding sites for miR-84 in the 3" UTRs of appropriate heterochronic genes (30).

Nearly al of the miRNAs appear to have orthologs in other species, as would be
expected if they had evolutionarily conserved regulatory roles. About 85% percent of the
novel miRNASs had recognizable homologsin the available C. briggsae genomic
sequence, which at the time of our analysis included about 90% of the C. briggsae
genome (Table 1). Over 40% of the miRNAs appeared to be identical in C. briggsae, as
isseen lin-4 and let-7 RNAS, (1, 3). Those miRNASs not absolutely conserved between C.
briggsae and C. elegans might still have important functions, but might have more
readily co-varied with their target sites because, for instance, they might have fewer
target sites. It is noteworthy that when the sequence of the miRNA differs from that of its
homologs, there is usually a compensatory change in the other arm of the fold-back to
maintain pairing, providing phylogenetic evidence for the existence and importance of
the fold-back secondary structures. let-7, but not lin-4, has discernable homologs in more
distantly related organisms, including Drosophila and human (31). At least seven other
mMiRNA genes (mir-1, mir-2, mir-34, mir-60, mir-72, mir-79, and mir-84) appear to be
conserved in Drosophila, and most of these (mir-1, mir-34, mir-60, mir-72, and mir-84)
appear to be also conserved in human (24). The most highly conserved novel miRNA,
miR-1, is expressed throughout C. elegans development (Fig. 3) and soisunlikely to
control developmental timing but might instead control tissue-specific events.

The distribution of miIRNA genes within the C. elegans genome is not random
(Table 1). For example, clonesfor six miRNA paralogs clustered within an 800-bp
fragment of chromosome Il (Table 1). Computer folding readily identified the fold-back
structures for the six cloned miRNAS of this cluster, and predicted the existence of a
seventh paralog, miR-39 (Fig. 1D). Northern analysis confirmed the presence and
expression of miR-39 (Fig. 3). The homologous cluster in C. briggsae appearsto have
eight related miRNAs. Some of the miRNAsin the C. elegans cluster are more similar to
each other than to those of the C. briggsae cluster, and vice versa, indicating that the size
of the cluster has been quite dynamic over a short evolutionary interval, with expansion
and perhaps also contraction since the divergence of these two species.

Northern analysis of the miRNAs of the mir-35-41 cluster showed that these
miRNAs are highly expressed in the embryo and in young adults (with eggs), but not at
other developmental stages (Fig. 3). For the six detectable miRNAs of this cluster,
longer species with mobilities expected for the respective fold-back RNAs also appear to
be expressed in the germ line, as indicated by the observation that L4 animals, which
have devel oping gonads but not embryos, express these longer RNAS, whereas germ line-
deficient adults do not (Fig. 3) (30).
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The close proximity of the miRNA genes within the mir-35-41 cluster (Fig. 1D)
suggests that they are all transcribed and processed from a single precursor RNA, an idea
supported by the coordinate expression of these genes (Fig. 3). This operon-like
organization and expression brings to mind severa potential models for miRNA action.
For example, each miRNA of the operon might target a different member of a gene
family for trandational repression. At the other extreme, they all might converge on the
same target, just aslin-4 and let-7 RNAs potentialy converge on the 3" UTR of lin-14
).

Another four clusters were identified among the sequenced miRNA clones (Table
1). Whereas the clones from one cluster were not homologous to clones from other
clusters, the clones within each cluster were usually related to each other, as seen with the
mir-35-41 cluster. The last mMIRNA of the mir-42—44 cluster is also represented by a
second gene, mir-45, which is not part of the cluster. This second gene appears to enable
more constitutive expression of the miRNA (miR-44/45) as compared to the first two
genes of the mir-42—44 cluster, which are expressed predominantly in the embryo (Fig.
3).

Dicer processing of stRNAs differs from that of SRNAs in its asymmetry: RNA
from only one arm of the fold-back precursor accumulates, while the remainder of the
precursor quickly degrades (15). This asymmetry extends to nearly all the miRNAs. For
the 35 miRNAs yielding more than one clone, in only one case, miR-56, were RNAS
cloned from both arms of ahairpin (Fig. 1C, Table 1). The functional miRNA appears to
be miR-56 and not miR-56*, asindicated by analysis of sequence conservation between
C. elegans and C. briggsae orthologs, analogy to the other constituents of the mir-54-56
cluster, and Northern blots detecting RNA from only the 3" arm of the fold-back (30).

We were surprised to find that few, if any, of the cloned RNAs had the features of
siRNAs. No C. elegans clones matched the antisense of annotated coding regions. Of
the 30 C. elegans clones not classified as miRNAS, 15 matched fragments of known RNA
genes, such astRNA and ribosomal RNA. Of the remaining 15 clones, the best candidate
for anatura SIRNA is GGAAAACGGGUUGAAAGGGA. Itwastheonly C. elegans
clone perfectly complementary to an annotated EST, hybridizing to the 3" UTR of gene
ZK418.9, apossible RNA-binding protein. Evenif thisand afew other clones do
represent authentic SSIRNAs, they would still be greatly outhumbered by the 300 clones
representing 54 different miRNAs. Our cloning protocol is not expected to preferentially
exclude ssRNAs; it was similar to the protocol that efficiently cloned exogenous ssSRNAs
from Drosophila extracts (12). Instead, we propose that the preponderance of miRNAS
among our clones indicates that in healthy, growing cultures of C. elegans, regulation by
miRNAs normally plays a more dominant role than does regulation by siRNAs.

Irrespective of the relative importance of miRNAs and ssSRNAs in the normal
regulation of endogenous genes, our results show that small RNA genes, of the type
exemplified by lin-4 and let-7, are more abundant in C. elegans than previously
appreciated. Resultsfrom aparallel effort that directly cloned small RNAs from
Drosophila and Hel a cells demonstrates that the same is true in other animals (25), a
conclusion further supported by the orthologs to the C. elegans miRNAs that we
identified through database searching. Many of the miRNAs that we identified are
represented by only asingle clone (Table 1), suggesting that our sequencing has not
reached saturation and that there are over a hundred miRNA genesin C. elegans.
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We presume that there is areason for the expression and evolutionary
conservation of these small non-coding RNAs. Our favored hypothesisis that these
novel miRNAS, together with lin-4 and let-7 RNAS, constitute an important and abundant
class of riboregulators, pairing to specific sites within mRNAs to direct the
posttranscriptional regulation of these genes (32). The abundance and diverse expression
patterns of mMiRNA genesimplies that they function in avariety of regulatory pathways,
in addition to their known role in the temporal control of developmental events.
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Table1. miRNAs cloned from C. elegans. 300 RNA clones represented 54 different miRNAS.
Also included are miR-39, miR-65, and miR-69, three miRNAs predicted based on homology and/or
proximity to cloned miRNAs. miR-39 and miR-69 have been validated by Northern analysis (Fig.
3), whereas miR-65 is not sufficiently divergent to be readily distinguished by Northern analysis.

All C. elegans sequence analysis relied on WormBase, release W5 (33). Some miRNAs were
represented by clones of different lengths, due to heterogeneity at the miRNA 3" -terminus. The
observed lengths are indicated, asis the sequence of the most abundant length. Comparison to C.
briggsae shotgun sequencing traces revealed miRNA orthologs with 100% sequence identity (+++)
and potential orthologs with >90% (++) and >75% (+) sequence identity (24, 34). Five miRNA
genomic clusters are indicated with square brackets. Naming of miRNAs was coordinated with the

Tuschl and Ambros groups (25, 26).
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miRNA  Number miRNA Sequence Length  C. briggsae Fold-back Chromosome and distance to nearest gene
gene  of clones homol ogy arm

lin-4 10 UCCOUGAGAC AUCAAGEG A 21 +4++ 5 1

let-7 1 UGAGEUAGLA GAUUAAUAG W 22 +4++ 5 X

mir-1 9 UGGAALIGUAA AGAAGALGU A 21 +++ 3 | 3.7 kb from start of TO9B4.3, antisense

mir-2 24 UAUCACAGCC AGQUULGALG UC 22-23 +++ 3 I 0.6 kb from start of M04C9.6b

mir-34 3 ACCCAGIEG GUUAUE WG 22 +++ 5 X _2.1kbfrom end of Y41G9A .4, antisense

mir-35 9 UCACOEE3G GAAACUAGCA QW 22 + 3 Il 1.3 kb from end of F54D5.12, antisense

mir-36 1 UCACOEE3UG AAAALUUCA G 22 + 3 Il 1.2 kb from end of F54D5.12, antisense

mir-37 2 UCACOEE3G AACAOUURCA QW 22 ++ 3 II' 1.1 kb from end of F54D5.12, antisense

mir-38 1 UCACOGEEEAG AAAAAOUEA QW 22 + 3 Il 1.0 kb from end of F54D5.12, antisense

mir-39 0 UCACOEEEAUG UAAALICARU WG predicted ++ 3 Il 0.8 kb from end of F54D5.12, antisense

mir-40 2 UCACOEEG UACAUCAGU AA 22 + 3 Il 0.7 kb from end of F54D5.12, antisense

mir-41 2 UCACOEEG AAAAALCACC LA 22 + 3 Il 0.6 kb from end of F54D5.12, antisense

mir-42 1 CACCEEEUJA ACALIOUACAG 20 +++ 3 Il 1.2 kb from end of ZK930.2, antisense

mir-43 1 UALCACAGUU LACUUOUAU G 23 +++ 3 II' 1.1 kb from end of ZK930.2, antisense

mir-44 +++ 3 Il 1.0 kb from end of ZK930.2, antisense

mir-45 3 UFOAGG U U 21 +++ 3 II' 0.7 kb from end of K12D12.1, antisense

mir-46 2 UGUCALGGAG U000 aU A 22 +++ 3 111 3.0 kb from end of ZK525.1, antisense

mir-47 6 UGUCALGGAG 030U A 22 +++ 3 X 1.8 kb from end of K02B9.2, antisense

mir-48 11 UGAGEUAGEC UCAGAGALG A 22-24 +++ 5 V 6.1 kb from start of Y49A3A.4

mir-49 1 AACCACCACG AGAAGOUCA A 22 +++ 3 X 2.7kb from end of F19C6.1, antisense

mir-50 2 UGALALGUOU GAALUAUG G 24 ++ 5 I inintronof Y71G12B.11a

mir-51 6 UACCOEUAGC UCOUALCCAU QWU 23 ++ 5 1V 0.4 kb from end of F36H1.6, antisense

mir-52 47 CACCOEUACA  LALBUUUGGG U3Y 22-25 +++ 5 IV 4.6 kb from end of Y37A1B.6, antisense

mir-53 2 CACCOEUACA  UWWUBUUUGG U3y 24 - 5 1V 1.9 kb from end of F36H1.6, antisense

mir-54 2 UACCOEAAU QUUCALAALC GGAG 24 + 3 X 5.5kb from end of FO9A5.2, antisense

mir-55 5 UACCOEUALA AGUUUOUEY GG 23 + 3 X 5.3 kb from end of FO9A5.2, antisense

mir-56 5 UACCOEAAU GUUUCCAG AG 22 + 3 X 5.2 kb from end of FO9AS5.2, ant@sense
2 UGEECALCC AUUULUGEEW GA 23 + 5 X 5.2 kb from end of FO9AS5.2, antisense

mir-57 9 UACCOUGUAG AUCGAGOUAU G 24 +++ 5 II' 0.9 kb from start of AF187012-1. TOSAS5

mir-58 31 UGAGALIGEUU CAGUACEA AU 21-22 +++ 3 IV inintron of Y67D8A.1

mir-59 1 UCGAALCEU WALCAGGALG ALG 23 + 3 1V 1.8 kb from start of B0035.1a, antisense

mir-60 1 UAUUAUGCAC AUUUUAUAGU LA 23 ++ 3 Il 1.5 kb from end of C32D5.5

mir-61 1 UGAQUAGAAC CAULAC AU C 21 + 3 V 0.4 kb from end of F55A11.3, antisense

mir-62 1 UGALALGUAA UOUAOULAC AG 22 +++ 3 X inintron of TO7C5.1

mir-63 1 UALGACAOG AAGCGAGULG GMA 24 - 3 X 1.7 kb from start of C16H3.2, antisense

mir-64 2 UAUGACAOG AAGCAUUACC G 23 - 5 111 0.25 kb from start of Y48G9A.1

mir-65 0 UAUGACAOUG AAGTEUAACC GA predicted + 5 111 0.10 kb from start of Y48G9A.1

mir-66 10 CAUGACAOG AUAGEALG UA 23-24 - 5 111 in coding sequence of Y48G9A.1

mir-67 2 WCACAACOC AUAGAAAGAG LMA 24 +++ 3 111 4.4 kb from end of EGAP1.1

mir-68 1 UCGAAGAOC AAAAGEAG A 21 - 3 IV 3.3 kb from start of Y51H4A.22

mir-69 0 UCGAAAAULA AAAAGGUAG A predicted - 3 IV 0.6 kb from start of Y41D4B.21, antisense

mir-70 1 UAALACGUCG UWUEEEUC U 23 + 3 V inintron of TI0H9.5

mir-71 5 UGAAAGACAU GEEAGLA 19, 20, 22 +++ 5 | 7.8 kb from start of M04C9.6b

mir-72 9 AGCECAAGALG UUGECALARC 20, 21,23 - 3 Il 0.21 kb from end of F53G2.4, antisense

mir-73 2 UGECAAGALG UAGRCAGULC AU 23 ++ 3 Iz 2.9 kb from start of T24D8.6, antisense

mir-74 7 UGECAAGAAA UECAGOA A 22 ++ 3 X 3.2 kb from start of T24D8.6, antisense

mir-75 2 UAAAGOUAC CAACOEIOU A 22 ++ 3 X 3.5kb from start of F47G3.3

mir-76 1 UUCAUUGUG AUGAAGCOUU A 22 ++ 3 111 3.0 kb from start of C44B11.3, antisense

mir-77 1 UCALCAQGC CALAGOAELC A 22 +++ 3 Il 1.5 kb from start of T21B4.9, antisense

mir-78 2 UGGAGE3OG GUUBUALG C 21 - 3 IV 2.0 kb from start of Y40H7A.3, antisense

mir-79 1 APANIAG GUUACCAMNG @ 22 +++ 3 I 2.3 kb fromend of C12C8.2

mir-80 25 UGAGALICALU AGUUGAAARC A 23 +++ 3 111 4.7 kb from end of F44E2.2, antisense

mir-81 7 UGAGALCALC GUGAAACRIA QW 22 +++ 3 X inintron of TO7D1.2, antisense

mir-82 6 UGAGALICALC GUGAAAGCA @ 22 +++ 3 X 0.11 kb from start of TO7D1.2

mir-83 1 UAGCACCALA UAAAULCAG) AA 22 ++ 3 IV 5.0 kb from start of CO6A6.2

mir-84 3 UGAGEUAGLA UAAALAULG LA 22,24 + 5 X 0.8 kb from end of B0395.1, antisense

mir-85 1 UACAAAGAU UGAAAAGC GUIC 24 ++ 3 Il inintron of FA9E12.8, antisense

mir-86 6 UAAGIGAALG QUUUGCCACA G.C 23 +++ 5 Il inintron of Y56A3A.7
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Figure L egends

Fig. 1. Fold-back secondary structuresinvolving miRNAs (red) and their flanking
sequences (black), as predicted computationally using RNAfold (35). (A) miR-84, an
mMiRNA with similarity to let-7 RNA. (B) miR-1, an miRNA highly conserved in
evolution. (C) miR-56 and miR-56*, the only two miRNAs cloned from both sides of the
same fold-back. (D) The mir-35-41 cluster.

Fig. 2. Unique sequence features of the miRNAs. (A) Length distribution of the clones
representing E. coli RNA fragments (white bars) and C. elegans miRNAs (black bars).
(B) Sequence composition of the unigue clones representing C. elegans miRNAs and E.
coli RNA fragments. To avoid over-representation from groups of related miRNAsin

thisanalysis, each set of paralogs was represented by its consensus sequence.

Fig. 3. Expression of novel miRNAs and let-7 RNA during C. elegans development.
Northern blots probe total RNA from mixed-stage worms (Mixed), worms staged as
indicated, and glp-4 (bn2) adult worms (24). Specificity controls ruled out cross-
hybridization among probes for miRNAs from the mir-35-41 cluster (24). Other blots
indicate that, miR-46/47, miR-56, miR-64/65, miR-66, and miR-80 are expressed
constitutively throughout development (30).
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