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Two small temporally regulated RNAs (stRNAs)* of 

 

�

 

22
nucleotides regulate timing of gene expression during

 

development of the nematode 

 

C. elegans

 

. This regulation
occurs at a posttranscriptional, presumably translational,
level and is distinct from RNA interference (RNAi). One
of the two stRNAs, 

 

let-7

 

, as well as its target gene, 

 

lin-41

 

,
are highly conserved even in humans, suggesting a wide
employment of stRNA-mediated gene regulation. Recent
reports indicate that these two stRNAs are indeed likely
to represent only the tip of an iceberg with hundreds or
more of additional micro-RNAs (miRNAs) existing in
metazoans. miRNAs might thus be previously underesti-
mated key participants in the field of gene regulation.

Introduction

 

Small nontranslated RNAs perform a multitude of functions
in the cell, e.g., transfer RNAs function as adapters in trans-
lation, small nuclear RNAs are involved in mRNA splicing,
and small nucleolar RNAs direct the modification of riboso-
mal RNAs. Recently, two other groups of small RNAs have
received much attention: small interfering RNAs (siRNAs)

 

and stRNAs. Both types of RNAs are 

 

�

 

21–25 nt long and
both mediate downregulation of gene expression. However,
despite these and other similarities (for review see Banerjee
and Slack, 2002), their respective modes of action appear to
be quite different. siRNAs mediate RNAi, a process in
which target mRNAs are degraded (Elbashir et al., 2001; for
review see Sharp, 2001). stRNAs, in contrast, downregulate
expression of target RNAs after translation initiation without
affecting mRNA stability (Lee et al., 1993: Moss et al.,
1997; Olsen and Ambros, 1999; Reinhart et al., 2000; Slack
et al., 2000).

Although our understanding of the mechanisms of RNAi

 

has evolved over the last few years, its physiological role
remains to be explored. The opposite is true for stRNAs;
although their mode of action is largely obscure, their role in

 

the control of developmental timing in the nematode 

 

C.

 

elegans

 

 has been well established. Lack of expression or

overexpression of either of the two known stRNAs, 

 

lin-4

 

and 

 

let-7

 

, causes heterochronic phenotypes (for reviews see
Banerjee and Slack, 2002; Rougvie, 2001), i.e., changes in
the timing of developmental events.

 

A brief history of stRNAs

 

lin-4

 

 and 

 

let-7

 

 RNAs both act as repressors of their respective
target genes, 

 

lin-14

 

, 

 

lin-28

 

, and 

 

lin-41

 

 (Lee et al., 1993; Moss
et al., 1997; Slack et al., 2000). Repression in all these cases
requires the presence of stRNA complementary sequences in
the 3

 

�

 

 untranslated regions (UTRs) of the target mRNAs,
suggesting that mRNA/stRNA hybrids can form (Fig. 1, A
and B; Reinhart et al., 2000; Slack et al., 2000; Wightman et
al., 1991, 1993). The presence of these stRNA-binding ele-
ments is indeed sufficient to confer stRNA-dependent expres-
sion on unrelated reporter genes (Ha et al., 1996; Lee et al.,
1993; Moss et al., 1997; Slack et al., 2000). How downregu-
lation is achieved through the putative RNA/RNA hybrid is,
however, unclear. Evidence with 

 

lin-4

 

 suggests that mRNA
stability and polyadenylation level as well as translation initia-
tion are not affected (Moss et al., 1997; Olsen and Ambros,
1999; Wightman et al., 1993).

In addition to sharing a similar size and, presumably, mode
of action, 

 

lin-4

 

 and 

 

let-7

 

 are also both synthesized as longer
precursors that, in silico, can be folded into stem-loop struc-
tures (Fig. 1 C). Processing into the mature forms involves the
RNase III–like protein Dicer (

 

dcr-1

 

 in 

 

C. elegans

 

) as well as
the AGO1

 

/rde-1

 

 family members 

 

agl-1

 

 and 

 

agl-2

 

 (Grishok et
al., 2001; Hutvagner et al., 2001; Ketting et al., 2001). This is
another notable parallel to RNAi, where siRNA biogenesis
likewise requires Dicer and distinct members of the AGO1

 

/
rde-1

 

 family.

 

stRNAs constitute a subset of a larger group of miRNAs

 

Since functional homologues of 

 

lin-4

 

 were only found in
related 

 

Caenorhabiditis

 

 species (Lee et al., 1993), an open
question after the initial identification of 

 

lin-4

 

 almost a
decade ago was whether stRNAs are unique to nematodes
or more widely used. The latter idea proved correct upon
the identification of a second 

 

C. elegans

 

 stRNA, 

 

let-7

 

 (Rein-
hart et al., 2000). Perfect homologues of 

 

let-7

 

 were found
in various other organisms including the fly, zebrafish, and
human and in some of these organisms, stage-specific ex-
pression of 

 

let-7

 

 was observed (Pasquinelli et al., 2000). In
addition, putative orthologues of 

 

let-7

 

’s major target, 

 

lin-41

 

,
were identified in vertebrates and invertebrates (Slack et
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al., 2000). Together, these data suggested that a posttran-
scriptional regulatory mechanism of gene expression might
operate in a wide variety of other organisms besides 

 

C. ele-
gans

 

. This view has now received strong support through
the identification of some 90 small, 

 

�

 

22 nt long RNAs
from 

 

C. elegans

 

, 

 

Drosophila, 

 

and human cell cultures (Table
I), nine of which are found in more than one phylum (Ta-

ble II; Lagos-Quintana et al., 2001; Lau et al., 2001; Lee
and Ambros, 2001). To identify novel small RNAs, all
three groups used a biochemical approach based on purifi-
cation of RNAs after size selection (Lagos-Quintana et al.,
2001; Lau et al., 2001; Lee and Ambros, 2001) or a bioin-
formatic approach (Lee and Ambros, 2001) centering on
the conservation of intergenic regions of DNA between
two related 

 

Caenorhabditis

 

 species. The expression of 2/3
of the thus identified RNAs was verified by Northern blot
experiments (Table I).

Several lines of evidence suggest that these RNAs are in-
deed miRNAs and not degradation products of longer RNAs

Figure 1. Mature stRNAs form duplexes with the 3� UTRs of their target mRNAs. (A) lin-41 is the major target of let-7 and contains two 
slightly varying elements in its 3� UTR that are complementary to the let-7 stRNA as well as one element that is complementary to the second 
stRNA, lin-4. (B) Examples of potential RNA/RNA duplexes between let-7 and lin-41, and lin-4 and lin-14. In the case of lin-41, a consensus 
sequence for the two slightly varying 3� UTR elements is shown. The arrow points to a conserved bulged C that is essential for lin-4 function 
and might constitute a binding site for additional factors. The bulged A in lin-41 is present in only one of the two elements and thus shown in 
brackets. (C) stRNAs and miRNAs are transcribed as precursors of �60–70 nt that can be folded into a stem-loop structure. Processing re-
leases a mature RNA of �22 nt (shaded). For lin-4 and let-7, which are shown here, the mature RNA is released from the 5� arm of the precur-
sor; however, miRNAs have been identified in which the 3� arm (or even both arms) is stable.

 

Table I.

 

Summary of newly identified miRNAs

novel miRNAs

 

C. elegans Drosophila Homo sapiens

 

Lagos-Quintana et al., 2001 1 14 19
Lau et al., 2001 52 6 4
Lee and Ambros, 2001 15 3 2
Total

 

1

 

57 20 24
Overlap

 

2

 

11 4 2
Northern analysis (positive)

 

3

 

 34 (29) 15 (14) 19 (17)
5’ arm derived

 

4

 

 (%) 28 36 58

99 unique sequences from the three organisms account for 91 novel
miRNAs after correction for putative orthologues. Not included are 

 

lin-4

 

and  

 

let-7

 

, which were also identified.

 

1

 

Number of unique sequences.

 

2

 

Sequences identified by more than one group.

 

3

 

Expression of the indicated number of miRNAs was investigated by
Northern analysis. Numbers in brackets give the numbers of miRNAs for
which a transcript of 

 

�

 

22 nt was detected in this analysis. 3 additional
transcripts were verified as precursors only.

 

4

 

Mature RNA derived from 5’ arm of precursor.

 

Table II.

 

miRNAs conserved across phyla

 

Name Sequence

 

1

 

Homologues

 

2

 

miR-1 UGGAAUGUAAAGAAGUAUGGAG C, D, H
miR-2 UAUCACAGCCAGCUUUGA(G/U)G(U/A)GC

 

3

 

C, D
miR-7 UGGAAGACUAGUGAUUUUGUUGU D, H
miR-34 AGGCAGUGUGGUUAGCUGGUUG C, D, H
miR-60 UAUUAUGCACAUUUUCUAGUUCA C, D, H
miR-79 AUAAAGCUAGGUUACCAAAGCU C, D
miR-84 UGAGGUAGUAUGUAAUAUUGUA C, D, H
miR-87 GUGAGCAAAGUUUCAGG(U/A)GU

 

3

 

C, D, H

 

1

 

RNA sequences are deduced from cDNA sequencing; no RNAs have yet been
sequenced.

 

2

 

C, 

 

C. elegans

 

; D, 

 

D. melanogaster

 

; H, 

 

H. sapiens.

 

3

 

Letters in parentheses indicate variations in otherwise identical miRNAs from
different organisms or variant genes within one organism.
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or siRNAs. First, all miRNAs are encoded in regions of the
genome for which no genes had been predicted so far, al-
though the biochemical protocols would be expected to yield
a rather unbiased sample of RNAs of the appropriate size.
Second, when genomic sequences surrounding the identified
22-nt RNAs were examined, computer analysis predicted
miRNA precursors capable of forming stem-loop structures
similar to those of the 

 

lin-4

 

 and 

 

let-7

 

 precursors (Fig. 1 C).
Northern blot analysis also revealed precursors of appropriate
sizes in some cases. Finally, in two cases where this was exam-
ined, an accumulation of these precursors could be detected
in a 

 

dcr-1

 

 mutant, similar to the previously reported accumu-
lation of pre–

 

lin-4

 

 and pre–

 

let-7

 

 stRNAs (Grishok et al.,
2001; Hutvagner et al., 2001; Ketting et al., 2001). In their
entirety, these data thus strongly suggest that 

 

lin-4

 

 and 

 

let-7

 

are just two of a vast group of miRNAs.
Lau et al. (2001) used a biochemical procedure that was

tailored to identify Dicer products, i.e., siRNAs as well as
stRNAs. Given further that size was the critical determinant
used for selective RNA cloning by the other two groups (La-
gos-Quintana et al., 2001; Lee and Ambros, 2001), it comes
as a surprise that not a single siRNA was recovered. miRNAs
rather than siRNAs might, under unstressed conditions,
thus be the prevalent agent of small RNA-mediated regula-
tion of gene expression. The small RNA processing machin-
ery centered on Dicer might then, likewise, principally serve
miRNA biogenesis. Lending credence to this claim is the
finding that 

 

dcr-1

 

 mutants display heterochronic develop-
mental defects and fertility defects (Grishok et al., 2001;
Ketting et al., 2001; Knight and Bass, 2001).

 

miRNAs: conserved in size and structure, 
conserved in function?

 

Computer analysis suggested that some of the miRNAs were
highly conserved in other organisms. In agreement with this
idea, one miRNA was identified by all three groups indepen-
dently, revealing its expression in 

 

Drosophila

 

, 

 

C. elegans

 

, and hu-
mans (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and
Ambros, 2001), and 

 

�

 

2/3 of the miRNAs identified from hu-
man Hela cells were found to be expressed in at least one other
vertebrate species (Lagos-Quintana et al., 2001). In addition,
most of the miRNAs identified in 

 

C. elegans

 

 were also found in
a related nematode species, 

 

C. briggsae

 

 and, occasionally, in
other, more distantly related species including man (Lau et al.,
2001; Lee and Ambros, 2001). At least some miRNAs thus ap-
pear to be components of conserved pathways.

Are these pathways involved in developmental timing?
They might be; after all, there is both precedence and room
for function of novel miRNAs as stRNAs. Both 

 

lin-4

 

 and

 

let-7

 

 are essential components of the 

 

C. elegans

 

 hetero-
chronic pathway, with 

 

lin-4

 

 controlling transition from the
first (designated L1) to the second (L2) larval stage (Chalfie
et al., 1981; Lee et al., 1993) and 

 

let-7

 

 having a similar role
in the L4 to young adult transition (Reinhart et al., 2000).
No such switches have yet been identified for the L2-to-L3
and L3-to-L4 transitions, respectively; by analogy, leaving
some attractive space for more stRNA function. Moreover,
although the heterochronic pathway is well understood as
far as larval development is concerned, little is known about
embryonic development. Intriguingly, expression data sug-

gest that many of the miRNAs are highly expressed in em-
bryos with levels dropping after hatching (Lau et al., 2001).

However, the sheer number of miRNAs identified make it
unlikely that they function exclusively in developmental
timing. Also, although Northern blot analysis revealed some
differences in miRNA expression levels when comparing
embryos to adult animals, only a few miRNAs yielded signs
of distinct up- or downregulation upon transition from one
developmental stage to the next (Lagos-Quintana et al.,
2001; Lau et al., 2001), a hallmark of 

 

lin-4

 

 and 

 

let-7

 

 (Fein-
baum and Ambros, 1999; Reinhart et al., 2000).

If not developmental timing, what then? As noted earlier,
the similarities between the control of spatial and temporal
development are striking (Slack and Ruvkun, 1997; see also
Banerjee and Slack, 2002). In a particularly revealing exam-
ple, Hunchback and Krüppel, known for their roles in spa-
tial patterning, were also found to define temporal identities
of neuroblasts in the 

 

Drosophila

 

 central nervous system (Is-
shiki et al., 2001). It is thus conceivable that miRNAs might
regulate genes involved in spatial organization of develop-
ment and fertility. Although it may at first seem unlikely
that key molecules in the well-understood pathway of spatial
patterning may have been missed, one should consider the
small size of the stRNAs that makes them poor targets in
forward genetic screens.

Given the large number of miRNAs—and we predict that
the screens have not yet been saturated—even more special-
ized functions are conceivable. Clearly, an important next
step will be the identification of targets of all these small
RNAs through genetical and bioinformatics approaches.

 

The role of the precursor in miRNA function

 

The abundance of stem-loop structures in pre-miRNAs, as
well as the significant conservation of these structures in
multiple organisms where homologous miRNAs were found
(Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Am-
bros, 2001), suggests that these structures might be a prereq-
uisite for miRNA maturation and possibly for function. One
attractive hypothesis is that transcription as a precursor
might allow another level of regulation of miRNA activity.
Indeed, in one case Northern blot analysis suggested that the
pre-miRNA might be continuously transcribed throughout
development, but that maturation into the 22-nt form oc-
curs only at distinct stages of development (Lau et al.,
2001). This seems also to be true of 

 

let-7

 

 in sea urchin devel-
opment (Pasquinelli et al., 2000).

The stem-loop structure of the pre-miRNA in combina-
tion with its size (

 

�

 

70 nt) also brings to mind another
group of small RNAs, tRNAs. It is tempting to speculate
that the structured pre-miRNA may actually be the substrate
for nuclear export in which the dedicated tRNA nuclear ex-
port factor, Xpo-t (for review see Grosshans et al., 2000),
might thus be involved through specific recognition of the
pre-miRNA. Processing of the pre-miRNA through Dicer
might then occur in the cytoplasm with subsequent target-
ing of the mature miRNA to its site of function.

Given what we know about the intricate coupling of mat-
uration steps in other RNA biogenesis pathways, e.g., those
that involve mRNA or tRNA (Wolin and Matera, 1999;
Grosshans et al., 2000; Reed and Magni, 2001), we specu-
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late that biogenesis of miRNAs might indeed occur in a
highly coordinated “channeling” pathway (Fig. 2). Nascent
or freshly transcribed pre-miRNA might be recognized by
the export machinery and, following nuclear export, be
handed over to the processing machinery in the cytoplasm.

Proteins that participate in the processing might also be in-
volved in the delivery of the mature miRNAs to their sites of
action so that miRNAs are handed over from one biogenesis
factor to the next without intermittent release. Although no
direct evidence is currently available to support this model,

Figure 2. Putative miRNA life cycle. The model ilustrates important stages in the life cycle of a miRNA, all of which might be regulated. (1) 
miRNAs are transcribed as precursors by an, as yet, unidentified RNA polymerase (Pol). (2) Following its export to the cytoplasm by a likewise 
unidentified factor the precursor is processed (3) into the mature miRNA. (However, it should be noted that the site of pre-miRNA processing 
is currently unknown so that it is also possible that processing occurs in the nucleus and the mature miRNA is the substrate for nuclear ex-
port.) Pre-miRNA processing involves Dicer and, presumably, one or more cofactors such as AGL-1/AGL-2. These factors might then also be 
involved in delivery of the miRNA to its site of action, i.e., its target mRNA. (4) Binding of the miRNA to the mRNA 3� UTR inhibits translation 
presumably at a point after translation initiation. (However, the nascent polypeptide chain (purple) exiting the ribosome in this model is solely 
for illustrative purposes, the presence of proteins stalled in elongation has not been demonstrated.) Downregulation of translation is thought 
to involve additional cofactors that presumably recognize the bulged-out nucleotides of the mRNA/stRNA duplexes.
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it would well explain why miRNAs appear to be surprisingly
stable. It would also allow for several levels of regulation—a
feature one would anticipate for a regulatory pathway. The fu-
ture identification of additional components of this pathway,
as well as the subcellular localization of the known ones (such
as Dicer), will help to establish the validity of such a model.

One mystery of miRNA biogenesis has been further com-
plicated by the new data: how does Dicer recognize which
side of the precursor molecule it has to excise? Although pro-
duction of siRNAs by Dicer results in symmetric duplex
structures, only one stem of the stRNA precursors remains
stable (Fig. 1 C). The finding that with both 

 

lin-4

 

 and 

 

let-7

 

the 5

 

�

 

 arm of the duplex survives suggested that the loop 3

 

�

 

of the mature stRNA might be part of the solution. However,
the majority of the newly identified mature miRNAs are de-
rived from the 3

 

�

 

 arm of the stem-loop (Table I), and in one
case mature miRNAs have even be identified from both arms.
It is likely that accessory factors tell the Dicer machinery
which arm of the stem-loop is to be preserved. Candidates for
this job are the numerous members of the 

 

rde-1

 

 family. Mu-
tations in two of these genes, 

 

agl-1

 

 and 

 

agl-2

 

, have been
shown to cause an accumulation of pre–

 

lin-4

 

 similar to the
phenotypes observed for mutants lacking Dicer, whereas pre-

 

let-7

 

 levels remained unaffected (Grishok et al., 2001). It
would therefore be highly interesting to see whether other
pre-miRNA, in particular those where the mature miRNA is
encoded on the 3

 

�

 

 arm, would accumulate in these mutants
or in mutants of other members of the AGO1/

 

rde-1

 

 family.

 

Future perspectives

 

The large number of miRNAs suggests that these RNAs
might constitute an abundant component of the gene regula-
tory machinery. Although the first two such RNAs were dis-
covered through their role in developmental timing, the
sheer abundance of novel miRNAs as well as, in many cases,
their apparent lack of developmental regulation suggest that
miRNAs might be involved in other pathways as well.
Clearly, we are only at the beginning of our exploration of
miRNA versatility and function and many question marks
remain regarding both miRNA biogenesis and function (Fig.
2). What are the functions and targets of all these miRNAs?
Do all miRNAs function through a similar mechanism, and
if so, what exactly is this mechanism? What are their cofac-
tors? Which polymerase transcribes the miRNAs and how is
their transcription regulated? Are there additional levels of
regulation, e.g., processing or nuclear export? The abun-
dance and conservation of miRNAs in animal genomes sug-
gests that we have just begun to glimpse an important and so
far underappreciated mechanism of gene regulation.
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