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ulation of hematopoietic lineage differentiation in mam-
mals (Chen et al., 2004), and control of leaf and flower
development in plants (Aukerman and Sakai, 2003;

David P. Bartel1,2,*
1Whitehead Institute for Biomedical Research
9 Cambridge Center
Cambridge, Massachusetts 02142 Chen, 2003; Emery et al., 2003; Palatnik et al., 2003).

Computational approaches for finding messages con-2 Department of Biology
Massachusetts Institute of Technology trolled by miRNAs indicate that these examples repre-

sent a very small fraction of the total (Rhoades et al.,Cambridge, Massachusetts 02139
2002; Enright et al., 2003; Lewis et al., 2003; Stark et
al., 2003).

This review highlights what has been learned aboutMicroRNAs (miRNAs) are endogenous �22 nt RNAs
that can play important regulatory roles in animals and miRNAs in the decade since the report of the lin-4 RNA

and its regulation of lin-14. The major topics discussedplants by targeting mRNAs for cleavage or transla-
tional repression. Although they escaped notice until are miRNA genomics, miRNA biogenesis, miRNA regula-

tory mechanisms, and the roles of miRNAs in gene regu-relatively recently, miRNAs comprise one of the more
abundant classes of gene regulatory molecules in latory pathways.
multicellular organisms and likely influence the output
of many protein-coding genes. Genomics: The miRNA Genes

For seven years after the discovery of the lin-4 RNA, the
genomics of this type of tiny regulatory RNA appeared

In an investigation inspiring for both its perseverance simple: there was no evidence for lin-4-like RNAs be-
and its scientific insight, Victor Ambros and colleagues, yond nematodes and no sign of any similar noncoding
Rosalind Lee and Rhonda Feinbaum, discovered that RNAs within nematodes. This all changed upon the dis-
lin-4, a gene known to control the timing of C. elegans covery that let-7, another gene in the C. elegans hetero-
larval development, does not code for a protein but chronic pathway, encoded a second �22 nt regulatory
instead produces a pair of small RNAs (Lee et al., 1993). RNA. The let-7 RNA acts to promote the transition from
One RNA is approximately 22 nt in length, and the other late-larval to adult cell fates in the same way that the
is approximately 61 nt; the longer one was predicted to lin-4 RNA acts earlier in development to promote the
fold into a stem loop proposed to be the precursor of progression from the first larval stage to the second
the shorter one. The Ambros and Ruvkun labs then no- (Reinhart et al., 2000; Slack et al., 2000). Furthermore,
ticed that these lin-4 RNAs had antisense complemen- homologs of the let-7 gene were soon identified in the
tarity to multiple sites in the 3� UTR of the lin-14 gene human and fly genomes, and let-7 RNA itself was de-
(Lee et al., 1993; Wightman et al., 1993). This comple- tected in human, Drosophila, and eleven other bilateral
mentarity fell in a region of the 3� UTR previously pro- animals (Pasquinelli et al., 2000).
posed to mediate the repression of lin-14 by the lin-4 Because of their common roles in controlling the tim-
gene product (Wightman et al., 1991). The Ruvkun lab ing of developmental transitions, the lin-4 and let-7
went on to demonstrate the importance of these com- RNAs were dubbed small temporal RNAs (stRNAs), with
plementary sites for regulation of lin-14 by lin-4, showing anticipation that additional regulatory RNAs of this type
also that this regulation substantially reduces the would be discovered (Pasquinelli et al., 2000). Indeed,
amount of LIN-14 protein without noticeable change less than one year later, three labs cloning small RNAs
in levels of lin-14 mRNA. Together, these discoveries from flies, worms, and human cells reported a total of
supported a model in which the lin-4 RNAs pair to the over one hundred additional genes for tiny noncoding
lin-14 3� UTR to specify translational repression of the RNAs, approximately 20 new genes in Drosophila, ap-
lin-14 message as part of the regulatory pathway that proximately 30 in human, and approximately 60 in
triggers the transition from cell divisions of the first larval worms (Lagos-Quintana et al., 2001; Lau et al., 2001;
stage to those of the second (Lee et al., 1993; Wightman Lee and Ambros, 2001). The RNA products of these
et al., 1993). genes resembled the lin-4 and let-7 stRNAs in that they

The shorter lin-4 RNA is now recognized as the found- were �22 nt endogenously expressed RNAs, potentially
ing member of an abundant class of tiny regulatory RNAs processed from one arm of a stem loop precursor (Figure
called microRNAs or miRNAs (Lagos-Quintana et al., 1), and they were generally conserved in evolution—
2001; Lau et al., 2001; Lee and Ambros, 2001). The some quite broadly, others only in more closely related
breadth and importance of miRNA-directed gene regula- species such as C. elegans and C. briggsae. But unlike
tion are coming into focus as more miRNAs and their lin-4 and let-7 RNAs, many of the newly identified �22
regulatory targets and functions are discovered. Re- nt RNAs were not expressed in distinct stages of devel-
cently discovered miRNA functions include control of opment and instead were more likely to be expressed
cell proliferation, cell death, and fat metabolism in flies in particular cell types. Thus the term microRNA was
(Brennecke et al., 2003; Xu et al., 2003), neuronal pat- used to refer to the stRNAs and all the other tiny RNAs
terning in nematodes (Johnston and Hobert, 2003), mod- with similar features but unknown functions (Lagos-

Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,
2001). Intensified cloning efforts have revealed numer-*Correspondence: dbartel@wi.mit.edu
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Figure 1. Examples of Metazoan miRNAs

Shown are predicted stem loops involving the
mature miRNAs (red) and flanking sequence.
The miRNAs* (blue) are also shown in cases
where they have been experimentally identi-
fied (Lim et al., 2003a).
(A) Predicted stem loops of the founding
miRNAs, lin-4 and let-7 RNAs (Lee et al., 1993;
Reinhart et al., 2000). The precise sequences
of the mature miRNAs were defined by clon-
ing (Lau et al., 2001). Shown are the C. ele-
gans stem loops, but close homologs of both
have been found in flies and mammals (Pas-
quinelli et al., 2000; Lagos-Quintana et al.,
2001, 2002).
(B) Examples of miRNAs from other metazoan
genes, mir-1, mir-34, and mir-124. Shown are
the C. elegans stem loops, but close homo-
logs of these miRNAs have been found in flies
and mammals (Lagos-Quintana et al., 2001,
2002; Lau et al., 2001; Lee and Ambros, 2001).
(C) Examples of miRNAs from plant genes,
MIR165a, MIR172a2, and JAW. Shown are
Arabidopsis stem loops, but close homologs
of these miRNAs have been found in rice and
other plants (Park et al., 2002; Reinhart et al.,
2002; Palatnik et al., 2003).

ous additional miRNA genes in mammals, fish, worms, latory scenarios are easy to imagine in which such coor-
dinate expression could be useful, which would explainand flies (Lagos-Quintana et al., 2002, 2003; Mourelatos

et al., 2002; Ambros et al., 2003b; Aravin et al., 2003; the conserved relationships between miRNAs and host
mRNAs. A striking example of this conservation involvesDostie et al., 2003; Houbaviy et al., 2003; Kim et al.,

2003; Lim et al., 2003a, 2003b; Michael et al., 2003). A mir-7, found in the intron of hnRNP K in both insects
and mammals (Aravin et al., 2003).registry has been set up to catalog the miRNAs and

facilitate the naming of newly identified genes (Griffiths- Other miRNA genes are clustered in the genome with
an arrangement and expression pattern implying tran-Jones, 2004).

Like C. elegans lin-4 and let-7, most miRNA genes scription as a multi-cistronic primary transcript (Lagos-
Quintana et al., 2001; Lau et al., 2001). Although thecome from regions of the genome quite distant from

previously annotated genes, implying that they derive majority of worm and human miRNA genes are isolated
and not clustered (Lim et al., 2003a, 2003b), over halffrom independent transcription units (Lagos-Quintana

et al., 2001; Lau et al., 2001; Lee and Ambros, 2001). of the known Drosophila miRNAs are clustered (Aravin
et al., 2003). The miRNAs within a genomic cluster areNonetheless, a sizable minority (e.g., about a quarter of

the human miRNA genes) are in the introns of pre- often, though not always, related to each other; and
related miRNAs are sometimes but not always clusteredmRNAs. These are preferentially in the same orientation

as the predicted mRNAs, suggesting that most of these (Lagos-Quintana et al., 2001; Lau et al., 2001). Orthologs
of C. elegans lin-4 and let-7 are clustered in the fly andmiRNAs are not transcribed from their own promoters

but are instead processed from the introns, as seen also human genomes and are coexpressed, sometimes from
the same primary transcript, leading to the idea that thefor many snoRNAs (Aravin et al., 2003; Lagos-Quintana

et al., 2003; Lai et al., 2003; Lim et al., 2003a). This genomic separation of lin-4 from let-7 in nematodes
might be unique to the worm lineage (Aravin et al., 2003;arrangement provides a convenient mechanism for the

coordinated expression of a miRNA and a protein. Regu- Bashirullah et al., 2003; Sempere et al., 2003). This exam-
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ple illustrates the possibility that even in cases where portunity for “micromanaging” the output of the tran-
scriptome.clustered genes have no apparent sequence homology,

they may share functional relationships. Another remarkable aspect of miRNA expression is
the sheer abundance of certain miRNAs in the cells. ForSome of the more interesting genomic locations of

miRNA genes include those in the Hox clusters. The example, miR-2, miR-52, and miR-58 are each present
on average at more than 50,000 molecules per adultmir-10 gene lies in the Antennapedia complex of insects

and in the orthologous locations in two Hox clusters of worm cell—a greater abundance than the U6 snRNA of
the spliceosome (Lim et al., 2003a). Whether this highmammals, whereas the mir-iab-4 gene is within the in-

sect Bithorax cluster (Aravin et al., 2003; Lagos- expression is attributable to very robust transcription
or to slow decay is not yet known. Some miRNAs areQuintana et al., 2003). In light of the roles of other genes

of the Hox clusters, the Hox miRNAs are especially good expressed at much lower levels. For instance, miR-124
is present in the adult worm on average at 800 moleculescandidates for having interesting functions in animal

development. Other interesting loci include the mir-15a- per cell (Lim et al., 2003a). This lower average level
(though still higher than that of the typical mRNA) mightmir-16 cluster, which falls within a region of human chro-

mosome 13 thought to harbor a tumor suppressor gene be due to low expression in many cells or high expres-
sion in just a few cells. The finding that the mouse or-because it is the site of the most common structural

aberrations in both mantle cell lymphoma and B cell tholog of miR-124 is nearly exclusively expressed in the
brain supports the latter explanation (Lagos-Quintanachronic lymphocytic leukemia (Lagos-Quintana et al.,

2001; Calin et al., 2002). et al., 2002).
Nearly all of the cloned miRNAs are conserved in

closely related animals, such as human and mouse, or Genomics: Computational Approaches
C. elegans and C. briggsae (Lagos-Quintana et al., 2003; and Gene Number
Lim et al., 2003a, 2003b). This statement remains true There has been some speculation as to why miRNAs
even when ignoring evolutionary conservation as a crite- were not discovered earlier; the answer is clearly not that
rion for classifying clones as miRNAs. Many are also they are rare. MicroRNAs and their associated proteins
conserved more broadly among the animal lineages appear to be one of the more abundant ribonucleopro-
(Ambros et al., 2003b; Aravin et al., 2003; Lagos- tein complexes in the cell. Nonetheless, miRNAs whose
Quintana et al., 2003; Lim et al., 2003a). For instance, expression is restricted to nonabundant cell types or
more than a third of the C. elegans miRNAs have easily specific environmental conditions could still be missed
recognized homologs among the human miRNAs (Lim in cloning efforts. Thus, computational approaches have
et al., 2003a). When comparing distant lineages, consid- been developed to complement experimental ap-
erable expansion or contraction of gene families is ap- proaches to miRNA gene identification. From early on,
parent, the most striking example being the let-7 family, homology searches have revealed orthologs and para-
which has four identified members in C. elegans and at logs of known miRNA genes (Pasquinelli et al., 2000;
least 15 in human, but only one in Drosophila (Pasquinelli Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and
et al., 2000; Aravin et al., 2003; Lai et al., 2003; Lim et Ambros, 2001). Another simple approach has been to
al., 2003a). search the vicinity of known miRNA genes for other

stem loops that might represent additional genes of a
genomic cluster (Lau et al., 2001; Aravin et al., 2003;Genomics: miRNA Expression

Many miRNAs have intriguing expression patterns. For Seitz et al., 2003; Ohler et al., 2004). This strategy is
important because some of the most rapidly evolvingexample, paralogs and orthologs of the C. elegans lin-4

and let-7 RNAs have stage-specific expression in devel- miRNA genes are present as tandem arrays within op-
eron-like clusters, and the divergent sequences of theseopment as if they, too, function as stRNAs (Pasquinelli

et al., 2000; Lau et al., 2001; Lagos-Quintana et al., 2002; genes make them relatively difficult to spot using the
more general approaches.Bashirullah et al., 2003; Lim et al., 2003a). Other interest-

ing examples include miR-1, which is primarily found in Gene-finding approaches that do not depend on ho-
mology or proximity to known genes have also beenthe mammalian heart (Lee and Ambros, 2001; Lagos-

Quintana et al., 2002); miR-122, which is primarily in the developed and applied to entire genomes (Ambros et al.,
2003b; Grad et al., 2003; Lai et al., 2003; Lim et al.,liver (Lagos-Quintana et al., 2002); miR-223, which is

primarily in the granulocytes and macrophages of 2003a). They typically start by identifying conserved ge-
nomic segments that both fall outside of predicted pro-mouse bone marrow (Chen et al., 2004); miRNAs of the

mir-35–mir-42 cluster, which are preferentially in the C. tein-coding regions and potentially could form stem
loops and then score these candidate miRNA stem loopselegans embryo (Lau et al., 2001); and those of the mir-

290–mir-295 cluster, which are expressed in mouse em- for the patterns of conservation and pairing that charac-
terize known miRNAs genes. So far, the two most sensi-bryonic stem cells but not in differentiated cells (Hou-

baviy et al., 2003). Expression array technology has been tive computational scoring tools are MiRscan, which has
been systematically applied to nematode and vertebrateadapted to examine miRNAs and has revealed distinct

expression patterns in different developmental stages candidates (Lim et al., 2003a, 2003b), and miRseeker,
which has been systematically applied to insect candi-or regions of the mammalian brain (Krichevsky et al.,

2003). With all the different genes and expression pat- dates (Lai et al., 2003). Both MiRscan and miRseeker
have identified dozens of genes that were subsequentlyterns, it is reasonable to propose that every metazoan

cell type at each developmental stage might have a (or concurrently) verified experimentally. Because of
their relatively high sensitivity, MiRscan and miRseekerdistinct miRNA expression profile—providing ample op-
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have also enabled reasonably firm estimates of the num- Genomics: miRNAs in Plants
Cloning of small RNAs from plants has also revealedber of miRNA genes in the genomes of human (200–255
miRNAs, although the multitude of other 21 to 24 ntmiRNA genes; Lim et al., 2003b), C. elegans (103–120
RNAs found in plants sometimes complicated their initialgenes; Lim et al., 2003a; Ohler et al., 2004), and Drosoph-
classification (Llave et al., 2002a; Mette et al., 2002; Parkila (96–124 genes; Lai et al., 2003). In each species, these
et al., 2002; Reinhart et al., 2002). Like the metazoannumbers represent nearly 1% of the predicted genes in
miRNAs, the plant miRNAs (1) are endogenously ex-the genome, a fraction similar to that of other large gene
pressed �22 nt RNAs potentially processed from onefamilies with regulatory roles, such as the homeodomain
arm of foldback precursors, (2) are generally conservedtranscription-factor family.
in evolution, and (3) come from regions of the genomeThese estimates imply that the majority of miRNA
distinct from previously annotated genes (Reinhart etgenes have now been found in the mammalian and nem-
al., 2002). To date, 20 unique Arabidopsis miRNAs haveatode lineages—particularly in C. elegans, where ap-
been reported; a few are closely related to each other,proximately 100 miRNA genes have been identified.
and thus the reported genes represent 15 distinct miRNA(This tally is conservative in that it excludes some re-
families. (Bartel and Bartel, 2003; Palatnik et al., 2003).ported genes that appear to be questionable [Ohler et
Because some could be derived from multiple genomical., 2004].) In Drosophila, 77 genes, representing 71
loci, the 20 miRNAs could represent more than 40 Arabi-unique miRNAs, have been reliably identified (Aravin et
dopsis genes. The homology searches based on theal., 2003; Lai et al., 2003), and in humans, approximately
cloned genes also reveal numerous potential paralogs175 genes, representing approximately 145 unique
with a point substitution or two in the predicted miRNA.miRNAs, have either been validated in human cells or
Additional gene families are likely to be found when theidentified based on their homology to genes validated
cloning of small plant RNAs is scaled up and computa-in mouse or zebrafish (miRNA Registry, release 3.0; Grif-
tional gene-finding methods are extended to plants. Itfiths-Jones, 2004). When considering the number of
appears that, as in animals, a substantial fraction of themiRNAs remaining to be identified or validated in these
gene regulatory molecules in plants could be RNA ratherspecies, it is important to remember that gene number
than protein.estimates by MiRscan and miRseeker rest on the as-

The discovery of miRNAs in both plants and animals
sumption that the stem loops of the rare, difficult-to-

suggests that this class of noncoding RNAs has been
clone miRNAs will show patterns of conservation and

modulating gene expression since at least the last com-
pairing resembling those of the abundant, easily cloned

mon ancestor of these lineages (Reinhart et al., 2002).
miRNAs. This assumption appears to hold for C. ele- Nonetheless, plant and animal miRNAs differ in some
gans, for which there was a reassuring lack of correlation aspects, which appear to be related to differences in
between the number of times an miRNA was cloned and their biogenesis. The most notable differences are in
its MiRscan score (Lim et al., 2003a). the miRNA stem loops; the plant predicted foldbacks

If instead a disproportionate number of difficult-to- are much more variable in size and typically larger than
clone miRNAs are also difficult to identify computation- those of animals (Figure 1; for a more comprehensive
ally, then estimates of the number of miRNA genes in look at plant miRNA predicted stem loops, see online
the genome will be too low. This might be the situation supplemental material of Reinhart et al., 2002). More
in humans—perhaps because the vertebrate genomes subtle differences include somewhat more pairing be-
used in the analysis are more highly diverged. Most of tween the miRNA and the other arm of the stem loop in
the first 109 miRNAs cloned from mammals have readily plants compared to animals, a tighter distribution of
identifiable homologs in the genome of pufferfish (Fugu plant miRNA lengths that centers on 21 nt rather than
ripens), which enabled MiRscan analysis to identify 81 the 22–23 nt lengths most often seen in animals, and
(74%) of these genes by scoring stem loops conserved perhaps a stronger preference for a U at the 5� terminus
in human, mouse, and fish (Lim et al., 2003b). Extrapolat- of the plant miRNAs (Lau et al., 2001; Reinhart et al.,
ing from this sensitivity and the number of additional 2002; Bartel and Bartel, 2003). These differences, to-
candidates with scores matching the known miRNAs, gether with the absence of reports that particular miRNA
an upper bound on the number of human miRNA genes genes are conserved between plants and animals, leave
was calculated to be 255 (Lim et al., 2003b). However, open the prospect that miRNA genes arose indepen-
more recently identified mammalian miRNA genes ap- dently in each of these multicellular lineages, after their
pear relatively less likely to be conserved in fish, particu- last common ancestor (which is thought to have been
larly those genes cloned from embryonic stem cells and unicellular). Even in this scenario of dual origins, the
mammalian brain and the 14 miRNA candidates residing presence of miRNAs in all plant and animal species
in a large imprinted cluster (Houbaviy et al., 2003; Kim examined thus far suggests early origins in both lin-
et al., 2003; Seitz et al., 2003). These recent data suggest eages, perhaps preceding and facilitating the develop-

mental patterning needed for multicellular body plans.that the more difficult-to-clone mammalian miRNAs are
less likely to be conserved in fish and thus less likely to
have been identified computationally, which implies that Biogenesis: miRNA Transcription
a confident upper bound on the number of human genes A 693 bp genomic fragment rescues the lin-4 deficiency,
is difficult to determine using analyses that extended implying that all the elements required for the regulation
to fish and that 255 is too low a value for this upper and initiation of transcription are located in this short
bound—although it still might exceed the actual number fragment (Lee et al., 1993). However, little is known re-

garding these transcriptional processes for lin-4 or anyof human miRNA genes.
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other miRNA gene. Some miRNAs residing in introns precursor, or the pre-miRNA (Lee et al., 2002; Zeng and
Cullen, 2003). This processing is performed by theare likely to share their regulatory elements and primary
Drosha RNase III endonuclease, which cleaves bothtranscript with their pre-mRNA host genes. For the re-
strands of the stem at sites near the base of the primarymaining miRNA genes, presumably transcribed from
stem loop (Lee et al., 2003) (Figure 2B, step 2). Droshatheir own promoters, no primary transcripts have been
cleaves the RNA duplex with a staggered cut typical offully defined. Nonetheless, these primary miRNA tran-
RNase III endonucleases, and thus the base of the pre-scripts, called pri-miRNAs (Lee et al., 2002), are gener-
miRNA stem loop has a 5� phosphate and �2 nt 3�ally thought to be much longer than the conserved stem
overhang (Basyuk et al., 2003; Lee et al., 2003). Thisloops currently used to define miRNA genes, as sug-
pre-miRNA is actively transported from the nucleus togested by the following: (1) the idea that clustered
the cytoplasm by Ran-GTP and the export receptor Ex-miRNA stem loops are transcribed from a single primary
portin-5 (Yi et al., 2003; Lund et al., 2004) (Figure 2B,transcript (Lagos-Quintana et al., 2001; Lau et al., 2001),
step 3).(2) matches between miRNAs and lengthy ESTs in the

The nuclear cut by Drosha defines one end of thedatabases (Lagos-Quintana et al., 2002; Aukerman and
mature miRNA. The other end is processed in the cyto-Sakai, 2003), (3) RT-PCR experiments amplifying large
plasm by the enzyme Dicer (Lee et al., 2003). Dicer, alsofragments of the pri-miRNAs (Lee et al., 2002; Aravin et
an RNase III endonuclease, was first recognized for itsal., 2003).
role in generating the small interfering RNAs (siRNAs)The two candidate RNA polymerases for pri-miRNA
that mediate RNA interference (RNAi) (Bernstein et al.,transcription are pol II and pol III. Pol II produces the
2001) and was later shown to play a role in miRNA matu-mRNAs and some noncoding RNAs, including the small
ration (Grishok et al., 2001; Hutvágner et al., 2001; Ket-nucleolar RNAs (snoRNAs) and four of the small nuclear
ting et al., 2001). According to the current model ofRNAs (snRNAs) of the spliceosome, whereas pol III pro-
miRNA maturation, Dicer performs an activity in meta-duces some of the shorter noncoding RNAs, including
zoan miRNA maturation similar to that which it performstRNAs, 5S ribosomal RNA, and the U6 snRNA. The
when chopping up double-stranded RNA during RNAi:miRNAs processed from the introns of protein-coding
It first recognizes the double-stranded portion of thehost genes are undoubtedly transcribed by pol II. The
pre-miRNA, perhaps with particular affinity for a 5� phos-following observations provide indirect evidence that
phate and 3� overhang at the base of the stem loop.many of the other miRNAs also are pol II products, even
Then, at about two helical turns away from the base ofthough most of the metazoan miRNA genes do not have
the stem loop, it cuts both strands of the duplex. Thisthe classical signals for polyadenylylation (Ohler et al.,
cleavage by Dicer lops off the terminal base pairs and2004): (1) The pri-miRNAs can be quite long, more than
loop of the pre-miRNA, leaving the 5� phosphate and �2one 1 kb, which is longer than typical pol III transcripts.
nt 3� overhang characteristic of an RNase III and produc-(2) These presumed pri-miRNAs often have internal runs
ing an siRNA-like imperfect duplex that comprises theof uridine residues, which would be expected to prema-
mature miRNA and similar-sized fragment derived fromturely terminate pol III transcription. (3) Many miRNAs
the opposing arm of the pre-miRNA (Figure 2B, step 4).are differentially expressed during development, as is

The fragments from the opposing arm, called theobserved often for pol II but not pol III products. (4)
miRNA* sequences (Lau et al., 2001), are found in librar-Fusions that place the open reading frame of a reporter
ies of cloned miRNAs but typically at much lower fre-protein downstream from the 5� portion of miRNA genes
quency than are the miRNAs (Lagos-Quintana et al.,lead to robust reporter protein expression, suggesting
2002; Aravin et al., 2003; Lim et al., 2003a). For example,that miRNA primary transcripts are capped pol II tran-
in an effort that identified over 3400 clones representingscripts. Examples of such fusions include artificial re-
80 C. elegans miRNAs, only 38 clones representing 14porter constructs designed to investigate the regulation
miRNAs* were found (Lim et al., 2003a). This approxi-

of miRNA expression (Johnson et al., 2003; Johnston
mately 100-fold difference in cloning frequency indi-

and Hobert, 2003) and a natural chromosome transloca-
cates that the miRNA:miRNA* duplex is generally short-

tion linked to an aggressive B cell leukemia, in which a lived compared to the miRNA single strand.
truncated MYC gene is fused to the 5� portion of mir- According to the current model, the specificity of the
142 (Gauwerky et al., 1989; Lagos-Quintana et al., 2002). initial cleavage mediated by Drosha determines the cor-
Although these observations indicate that many miRNAs rect register of cleavage within the miRNA precursor
are pol II transcripts, others might still be pol III tran- and thus defines both mature ends of the miRNA (Lee
scripts, just as most but not all snRNAs are pol II prod- et al., 2003). This idea that Drosha, not Dicer, imparts
ucts. Ectopic expression of miR-142 and other miRNAs the specificity is appealing because studies have shown
from a pol III promoter produces efficiently and precisely that generic double-stranded RNA is refractory to
processed miRNAs that function in vivo (Chen et al., Drosha cleavage and that Dicer progressively chops
2004), indicating that there is no obligate link between up an RNA double strand, irrespective of its sequence
the identity of the polymerase and downstream miRNA (Zamore et al., 2000; Bernstein et al., 2001; Elbashir et al.,
processing or function. 2001a; Zhang et al., 2002). The determinants of Drosha

recognition are largely undefined but include the sec-
Biogenesis: miRNA Maturation ondary structure at the base of the primary stem loop
The current model for maturation of the mammalian as well as some elements flanking the stem loop but
miRNAs is shown in Figure 2B. The first step is the generally within 125 nt of the miRNA (Lee et al., 2003;
nuclear cleavage of the pri-miRNA, which liberates a Chen et al., 2004).

This stepwise scenario for miRNA maturation is based�60–70 nt stem loop intermediate, known as the miRNA
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Figure 2. The Biogenesis of miRNAs and siRNAs

(A) The biogenesis of a plant miRNA (steps 1–6; see text for details) and its hetero-silencing of loci unrelated to that from which it originated
(step 7). The pre-miRNA intermediates (bracketed), thought to be very short-lived, have not been isolated in plants. The miRNA (red) is
incorporated into the RISC (step 6), whereas the miRNA* (blue) is degraded (hatched segment). A monophosphate (P) marks the 5� terminus
of each fragment.
(B) The biogenesis of a metazoan miRNA (steps 1–6; see text for details) and its hetero-silencing of loci unrelated to that from which it
originated (step 7).
(C) The biogenesis of animal siRNAs (steps 1–6; see text for details) and their auto-silencing of the same (or similar) loci from which they
originated (step 7).

primarily on the investigation of mammalian Drosha and However, the biogenesis of this duplex appears to differ
in plants (Figure 2A). Most notably, pre-miRNAs haveDicer function (Lee et al., 2002, 2003). The notion that

it applies to other metazoan species is supported by not been compellingly detected in plants—not even in
plants with crippled DCL1, a Dicer-like protein knownthe identity of the long form of the C. elegans lin-4 RNA,

which appears to be an excellent match (within the reso- to assist in miRNA maturation (Reinhart et al., 2002).
The lack of pre-miRNA in these dcl1-9 plants (formerlylution of nuclease mapping) to that expected for the

lin-4 pre-miRNA (Lee et al., 1993). Furthermore, pre- known as caf-1 plants), together with the apparent nu-
clear localization of the DCL1 protein (Papp et al., 2003),sumed pre-miRNAs for numerous miRNAs can be de-

tected on Northern blots, and when examined in the suggests that DCL1 provides the Drosha functionality
in plants, making the first cut that sets the register forcontext of reduced Dicer activity, these pre-miRNAs

invariably increase in abundance, as would be expected miRNA maturation (Figure 2A, step 2). DCL1 (or another
enzyme yet to be identified) then makes the second cut,if Dicer was responsible for their processing (Grishok et

al., 2001; Hutvágner et al., 2001; Ketting et al., 2001; Lee which corresponds to metazoan Dicer cleavage, before
the miRNA leaves the nucleus (Figure 2A, step 3). Aand Ambros, 2001; Lim et al., 2003a). Finally, the general

existence of the miRNA:miRNA* duplex is supported by coupled second cut in the nucleus would explain why
pre-miRNA-like RNAs do not accumulate to detectablethe cloning of numerous miRNAs* in nematodes and

flies, although for most miRNA genes, an experimentally levels in plants. It would also explain why ectopic nuclear
but not cytoplasmic expression of P19, a plant viralidentified miRNA* has not yet been reported.

The cloning of a few miRNAs* in plants also points to protein that inhibits silencing by sequestering siRNA
duplexes, prevents miRNA accumulation (Papp et al.,a transient miRNA:miRNA* duplex (Reinhart et al., 2002).
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2003). Perhaps HASTY, the plant ortholog of Exportin-5, RDE-1, QDE2, and AGO1 are crucial for RNAi and analo-
gous processes in worms, fungi, and plants, respectivelyis responsible for exporting the miRNA:miRNA* duplex
(Tabara et al., 1999; Catalanotto et al., 2000; Fagard etfrom the nucleus, which would explain the pleiotropic
al., 2000). Argonaute and its homologs are approxi-developmental phenotypes of hasty mutants (Bollman
mately 100 kDa proteins that are sometimes called PPDet al., 2003; Yi et al., 2003; Lund et al., 2004) (Figure 2A,
proteins because they all share the PAZ and PIWI do-step 4).
mains (Cerutti et al., 2000). The PAZ domain (first recog-
nized in Piwi, Argonaute, and Zwille/Pinhead proteins)Biogenesis: RISC Assembly
has a stable fold when isolated from the rest of theFollowing cleavage and nucleocytoplasmic export, the
protein, which has a � barrel core that together withmiRNA pathway of plants and animals appears to be
a side appendage appears to bind weakly to single-biochemically indistinguishable from the central steps
stranded RNAs at least 5 nt in length and also to double-of RNA silencing pathways known as posttranscriptional
stranded RNA (Lingel et al., 2003; Song et al., 2003; Yangene silencing (PTGS) in plants, quelling in fungi, and
et al., 2003). This dual binding ability suggests that theRNAi in animals. Indeed, understanding miRNA biogene-
Argonaute protein could be directly associated with thesis and function has been greatly facilitated by analogy
siRNA before and after it recognizes the mRNA target.and contrast to the siRNAs of RNAi, and vice versa. In

Other RISC-associated proteins include the sus-light of these biochemical connections, the discovery
pected RNA binding proteins VIG and Fragile X-relatedof lin-4 and its regulation of lin-14 can be considered in
protein and the nuclease Tudor-SN, none of which havehindsight as the first characterization of an RNAi-like
defined roles in the RISC (Caudy et al., 2002, 2003;phenomenon in animals.
Ishizuka et al., 2002). These proteins do not copurifyTo illustrate the commonality between miRNAs and
with RISC in all purification schemes and their stoichi-siRNAs, the RNAi pathway is briefly outlined here (and
ometry in RISC has not been established. Perhaps theydepicted in Figure 2C). The pathway begins with long
are also core components of the RISC that do not remaindouble-stranded RNA, either a bimolecular duplex or an
associated during some purification methods. Alterna-extended hairpin, that either is artificially introduced into
tively, they could be accessory factors that modify thethe cell or animal during a gene knockdown experiment
specificity or function of the core complex. The notion(Fire et al., 1998) or is naturally generated—from sense
that RISC comes in different subtypes is already sup-and antisense genomic transcripts, or perhaps from the
ported by the number of Argonaute family membersactivity of a cellular RNA-dependent RNA polymerase
found in different species, ranging up to 24 in C. elegans,(found in plants, fungi, and nematodes, but not flies
and the preferential genetic or biochemical associationor mammals) or as an intermediate of viral replication
of different family members with different types of si-(Cogoni and Macino, 1999; Ketting et al., 1999; Dalmay
lencing RNAs (Grishok et al., 2001; Caudy et al., 2002;et al., 2000; Mourrain et al., 2000; Smardon et al., 2000;
Zilberman et al., 2003). The RISC endonuclease, knownAravin et al., 2001, 2003; Li et al., 2002). The double-
as Slicer, has not been identified, suggesting that itstranded RNA is processed by Dicer into many �22 nt
might be present in sub-stoichiometric amounts and

siRNAs (Hamilton and Baulcombe, 1999; Hammond et
only recruited after the other components of RISC have

al., 2000; Parrish et al., 2000; Zamore et al., 2000; Grishok
found a suitable match to the siRNA. Another possibility

et al., 2001; Ketting et al., 2001; Knight and Bass, 2001)
is that one of the identified RISC components provides

(Figure 2C, steps 2–4). Although these siRNAs are ini- the Slicer activity by means of an unrecognized
tially short double-stranded species with 5� phosphates nuclease domain.
and 2 nt 3� overhangs characteristic of RNase III cleav- MicroRNAs were first reported to reside in the miRNA
age products, they eventually become incorporated as ribonucleoprotein complex (miRNP), which in humans
single-stranded RNAs into a ribonucleoprotein complex, includes the proteins eIF2C2, the helicase Gemin3, and
known as the RNA-induced silencing complex (RISC) Gemin4 (Mourelatos et al., 2002). eIF2C2 is a human
(Hammond et al., 2000; Elbashir et al., 2001a, 2001b; Argonaute homolog and was later found to be a constit-
Nykänen et al., 2001; Martinez et al., 2002; Schwarz et uent of the human siRNA-programmed RISC (Martinez
al., 2002) (Figure 2C, step 6). The RISC identifies target et al., 2002). Furthermore, the human let-7 miRNA is
messages based on perfect (or nearly perfect) comple- associated with eIF2C2 and capable of specifying cleav-
mentarity between the siRNA and the mRNA, and then age of an artificial target with perfect complementarity
the endonuclease of the RISC cleaves the mRNA at to the miRNA (Hutvágner and Zamore, 2002). Thus, the
a site near the middle of the siRNA complementarity, miRNP possesses the salient properties that define the
measuring from the 5� end of the siRNA and cutting RISC (Hutvágner and Zamore, 2002), and although it
between the nucleotides pairing to residues 10 and 11 might later be shown to represent a particular subtype
of the siRNA (Elbashir et al., 2001a, 2001b). Similar path- of RISC, it is referred to as a RISC in this review. This
ways have been proposed for gene silencing in plants perspective is further supported by the demonstration
and fungi (Hamilton and Baulcombe, 1999; Vance and that plant miRNAs can direct cleavage of their natural
Vaucheret, 2001; Pickford et al., 2002). targets (Llave et al., 2002b; Tang et al., 2003) and that

The RISC has been purified from fly and human cells siRNAs originally designed to specify cleavage can also
and in both cases contains a member of the Argonaute mediate translational repression (Doench et al., 2003;
protein family, which is thought to be a core component Zeng et al., 2003).
of the complex (Hammond et al., 2001; Hutvágner and When the miRNA strand of the miRNA:miRNA* duplex
Zamore, 2002; Martinez et al., 2002). This fits nicely with is loaded into the RISC, the miRNA* appears to be

peeled away and degraded. What then is the mechanismprevious genetic data showing that Argonaute proteins
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Figure 3. The Actions of Small Silencing RNAs

(A) Messenger RNA cleavage specified by a miRNA or siRNA. Black arrowhead indicates site of cleavage.
(B) Translational repression specified by miRNAs or siRNAs.
(C) Transcriptional silencing, thought to be specified by heterochromatic siRNAs.

for choosing which of the two strands enters the RISC? is generally supported by experimental tests, highly
functional siRNAs and metazoan miRNAs have se-The answer largely lies in the relative stability of the two

ends of the duplex: for both siRNA and miRNA duplexes, quence-composition differences centering at positions
12 and 13, which might point to inherent differentialthe strand that enters the RISC is nearly always the one

whose 5� end is less tightly paired (Khvorova et al., 2003; sequence preferences for the two respective modes of
repression (Khvorova et al., 2003). Furthermore, a per-Schwarz et al., 2003). This observation suggests that a

helicase-like enzyme (yet to be identified) samples the plexing observation has come from the study of a plant
miRNA, miR172, which appears to regulate APETALA2ends of the duplex multiple times—usually releasing the

end before beginning to productively unwind the duplex via translational repression despite the near-perfect
complementarity between the miRNA and its singlebut occasionally unwinding the duplex, resulting in a

strong bias for productive unwinding at the easier end complementary site in the APETALA2 ORF (Aukerman
and Sakai, 2003; Chen, 2003).(Khvorova et al., 2003; Schwarz et al., 2003) (Figures

2A–2C, steps 5). This elegant rule for predicting which When a miRNA guides cleavage, the cut is at precisely
the same site as that seen for siRNA-guided cleavage,strand of the duplex will enter the RISC was initially

formulated based on observations and experiments in i.e., between the nucleotides pairing to residues 10 and
11 of the miRNA (Elbashir et al., 2001a; Hutvágner andanimal systems, but it also applies to plant siRNAs

(Khvorova et al., 2003) and plant miRNAs. Its predictive Zamore, 2002; Llave et al., 2002b; Kasschau et al., 2003).
The register of cleavage does not change when thevalue for the vast majority of plant and animal miRNAs

strongly implies the existence of the miRNA:miRNA* du- miRNA is not perfectly paired to the target at its 5�
terminus (Kasschau et al., 2003; Palatnik et al., 2003).plex as a transient intermediate in the biogenesis of all

miRNAs, even those for which a miRNA* has not yet Therefore, the cut site appears to be determined relative
to miRNA residues, not miRNA:target base pairs. Afterbeen cloned. For a few vertebrate and insect genes, both

strands of the miRNA duplex accumulate at frequencies cleavage of the mRNA, the miRNA remains intact and
can guide the recognition and destruction of additionalsuggesting that both enter the RISC, raising the pros-

pect that either or both might be functional (Lagos- messages (Hutvágner and Zamore, 2002; Tang et al.,
2003).Quintana et al., 2002; Krichevsky et al., 2003; Schwarz

et al., 2003). These rare cases can be reconciled with
the asymmetric loading of the RISC because the ends Mechanism: Translational Repression

From the beginning, it was proposed that lin-4 RNAof these duplexes have nearly equivalent stabilities at
their ends; for each RISC assembled, the helicase loads specifies the translational repression of C. elegans lin-

14 mRNA. This is the simplest interpretation of the ob-only one strand of each duplex but chooses each strand
with similar frequency (Schwarz et al., 2003). servation that lin-4 RNA expression coincides with a

drop in LIN-14 protein without a change in lin-14 mRNA
(Wightman et al., 1993). The surprise came later, whenMechanism: mRNA Cleavage

MicroRNAs can direct the RISC to downregulate gene it was shown that the polysome profile of lin-14 mRNA
at the first larval stage is indistinguishable from thatexpression by either of two posttranscriptional mecha-

nisms: mRNA cleavage or translational repression (Fig- at later larval stages, when LIN-14 protein levels have
dropped (Olsen and Ambros, 1999). The same is trueures 3A and 3B). According to the prevailing model, the

choice of posttranscriptional mechanisms is not deter- for lin-28 mRNA, another message targeted by lin-4 RNA
(Seggerson et al., 2002). Two possibilities were put for-mined by whether the small silencing RNA originated

as an siRNA or a miRNA but instead is determined by ward to explain these results (Olsen and Ambros, 1999).
The lin-4 RNA might repress translation at a step afterthe identity of the target: Once incorporated into a cyto-

plasmic RISC, the miRNA will specify cleavage if the translation initiation, in a manner that does not perceiv-
ably alter the density of the ribosomes on the message,mRNA has sufficient complementarity to the miRNA, or

it will repress productive translation if the mRNA does e.g., by the slowing or stalling of all the ribosomes on
the message. An alternative possibility is that translationnot have sufficient complementarity to be cleaved but

does have a suitable constellation of miRNA comple- continues at the same rate but is nonproductive because
the newly synthesized polypeptide is specifically de-mentary sites (Hutvágner and Zamore, 2002; Zeng et

al., 2002, 2003; Doench et al., 2003). Although this model graded. In this review, both of these mechanistic possi-
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bilities are lumped together as translational repression, 2000; Abrahante et al., 2003; Lin et al., 2003). These
as is common practice, even though in the second possi- examples, and the analogy to other biological regulatory
bility polypeptide synthesis per se is not repressed. A systems, most notably transcriptional regulation, have
better mechanistic understanding of lin-4-specified led to the general expectation that as the list of known
translational repression awaits the development of an metazoan miRNA:mRNA regulatory interactions be-
in vitro system that faithfully recapitulates lin-4 regula- comes more comprehensive, combinatorial control will
tion of its targets. be seen to be common, if not the norm.

Extending the analysis of polysome profiles beyond The complementary sites for the known metazoan
C. elegans lin-4 regulation will be important for learning targets reside in the 3� UTRs. This bias might reflect a
whether the postinitiation mechanism applies more gen- mechanistic preference, perhaps enabling the bound
erally to translational repression mediated by other complexes to avoid the mRNA-clearing activity of the
miRNAs. Indeed, evidence for translational repression ribosome. After all, numerous other examples of eukary-
of any metazoan miRNA targets other than those of lin-4 otic translation regulation are mediated through 3� UTR
is scant because the fate of the messenger RNA during elements (Kuersten and Goodwin, 2003). Alternatively,
miRNA-mediated regulation has not yet been monitored it might reflect a bias in the way that metazoan miRNA
for these non-lin-4 targets. Nonetheless, several indirect targets and complementary sites are discovered: The
lines of evidence support the notion that metazoan lin-4:lin-14 precedent might have directed subsequent
miRNAs other than lin-4 RNA typically mediate transla- searches to the 3� UTRs, and conserved complementary
tional repression rather than mRNA cleavage: First, sites are easier to distinguish in the UTRs, away from
other metazoan miRNAs, as well as siRNAs, can repress the confounding sequence conservation of the ORFs.
the expression of heterologous reporter transcripts The reported siRNA-mediated translational repression
without decreasing mRNA levels, if these messages from a single imperfect complementary site in the ORF
contain either the natural miRNA complementary sites of a mammalian reporter construct (Saxena et al., 2003)
from the miRNA target (Brennecke et al., 2003) or multi- illustrates why it would be premature to conclude that
ple artificial complementary sites that have bulges or most metazoan miRNA regulation is mediated through
mismatches at their center when paired to the miRNA, multiple complementary sites in the 3� UTRs.
such that the pattern of base pairing resembles that Among the dozens of miRNA-target relationships that
found between the let-7 RNA and its natural complemen- have been examined, there has been no evidence for
tary sites in the C. elegans, lin-41 3� UTR (Zeng et al., miRNAs directing upregulation of gene expression.
2002, 2003; Doench et al., 2003). Second, the let-7-pro- These findings are consistent with the idea that miRNAs
grammed RISC endogenous to human cells does not are all acting within a silencing complex, namely the
cleave an RNA fragment containing the let-7 comple- RISC. Even if miRNAs are limited to functioning within
mentary sites found in C. elegans lin-41 (Hutvágner and RISC complexes, there is still the prospect that some
Zamore, 2002). Third, there is a difference between miRNAs might specify more than just posttranscriptional
plants and animals with regard to the extent of comple- repression; some might target DNA for transcriptional
mentarity between the miRNAs and mRNAs (Rhoades silencing (Figure 3C). Argonaute proteins and siRNAs
et al., 2002). Because near-perfect complementarity is are associated with DNA methylation and silencing in
thought to be required for RISC-mediated cleavage but plants (Mette et al., 2000; Hamilton et al., 2002; Zilber-
not translational repression, the lower degree of comple- man et al., 2003), heterochromatin formation in fungi
mentarity seen in animals suggests that translational (Hall et al., 2002; Reinhart and Bartel, 2002; Volpe et al.,
repression is more prevalent in animals than in plants. 2002), and DNA rearrangements in ciliates (Mochizuki
Nonetheless, it would be premature to conclude that et al., 2002). Each of these examples suggests the exis-
more metazoan miRNA regulatory targets are transla- tence of a nuclear RISC-like complex. If miRNAs are not
tionally inhibited than are cleaved. Surprisingly little

involved in DNA silencing, it will be interesting to learn
complementarity appears to be needed to specify de-

how they avoid entering the nuclear RISC, particularly
tectable RISC-mediated cleavage in mammalian cells

in plants, where processing appears to be completed(Jackson et al., 2003), suggesting that it will not be long
in the nucleus.before natural examples of miRNA-directed mRNA

cleavage will be reported in animals.
Mechanism: Target RecognitionThe cooperative action of multiple RISCs appears
The importance of complementarity to the 5� portion ofto provide the most efficient translational inhibition
metazoan miRNAs has been suspected since the obser-(Doench et al., 2003). This explains the presence of multi-
vation that the lin-14 UTR has “core elements” of com-ple miRNA complementary sites in most genetically
plementarity to the 5� region of the lin-4 miRNA (Wight-identified targets of metazoan miRNAs (Lee et al., 1993;
man et al., 1993). More recent observations support thisWightman et al., 1993; Reinhart et al., 2000; Abrahante et
idea: (1) Residues 2–8 of several invertebrate miRNAsal., 2003; Lin et al., 2003). The computationally identified
are perfectly complementary to 3� UTR elements pre-metazoan targets also have multiple sites, but this pat-
viously shown to mediate posttranscriptional repressiontern is uninformative because the presence of multiple
(Lai, 2002). (2) Within the miRNA complementary sitessites was a criterion for their identification (Brennecke
of the first validated targets of invertebrate miRNAs,et al., 2003; Lewis et al., 2003; Stark et al., 2003). Al-
mRNA residues that pair (sometimes imperfectly) to resi-though only a small fraction of the miRNA-mRNA regula-
dues 2–8 of the miRNA are perfectly conserved in or-tory pairs are known in any animal, there are already
thologous messages of other species, and a contiguousinstances in which different miRNA species have been

proposed to regulate the same targets (Reinhart et al., helix of at least six basepairs is nearly always seen in
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this region (Stark et al., 2003). (3) Residues 2–8 of the sor molecule, leading to many different siRNAs accumu-
lating from both strands of this extended dsRNA (FiguremiRNA are the most conserved among homologous
2). Fourth, miRNA sequences are nearly always con-metazoan miRNAs (Lewis et al., 2003; Lim et al., 2003a).
served in related organisms, whereas endogenous(4) When predicting targets of mammalian miRNAs, re-
siRNA sequences are rarely conserved. These types ofquiring perfect pairing to the heptamer spanning resi-
differences are the basis of practical guidelines for dis-dues 2–8 of the miRNA is much more productive than
tinguishing and annotating newly discovered miRNAsis requiring pairing to any other heptamer of the miRNA
and endogenous siRNAs (Ambros et al., 2003a).(Lewis et al., 2003). Pairing to this 5� core region also

Although much remains to be learned about the bio-appears to disproportionally govern the specificity of
logical targets of miRNAs and endogenous siRNAs, asiRNA-mediated mRNA cleavage (Jackson et al., 2003;
fifth distinction can be made between these two classesPusch et al., 2003), and the same is true for a plant
of silencing RNAs: endogenous siRNAs typically specifymiRNA that mediates mRNA cleavage (Reinhart, Mal-
“auto-silencing,” in that they specify the silencing oflory, Tang, Zamore, Barton, D.B., unpublished).
the same locus (or very similar loci) from which theyWhy is complementarity to the 5� end of the small
originate, whereas miRNAs specify “hetero-silencing,”RNA universally important, regardless of the mechanism
in that they are produced from genes that specify theof gene regulation? One possibility is that the RISC pre-
silencing of very different genes (Figure 2, steps 7). Natu-sents only this core region to nucleate pairing to the
ral examples of auto-silencing include the silencing ofmRNAs. Presentation of these �7 nucleotides prear-
viruses, transposons, and the heterochromatic outer re-ranged in the geometry of an A-form helix would prefer-
peats of centromeres. Another example is the Drosoph-entially enhance the affinity with matched mRNA seg-
ila Su(Ste) repeats, which generate siRNAs that silencements. Presentation of a preformed helical segment of
the Su(Ste) repeats themselves as well as the very similarthis length would be a reasonable compromise between
Stellate genes (Aravin et al., 2001). At first glance,the topological difficulties associated with longer prear-
miR-127 and miR-136 might seem to be exceptions toranged helical geometry and the drop in initial binding
this principle because they originate from the antisensespecificity that would result from a shorter core. In this
strand of their presumptive target, the Rtl1 mRNA (Seitzscenario, mismatches with the core region inhibit initial
et al., 2003). However, because these genes lie in antarget recognition and thus prevent cleavage or transla-
imprinted locus, in which the miRNAs are expressedtional repression regardless of the degree of comple-
from the maternal chromosome and the Rtl1 mRNA ismentarity elsewhere in the complementary site. If there
expressed from the paternal chromosome, theseis sufficient additional pairing after the remainder of the
miRNAs can still be thought of as specifying hetero-miRNA is allowed to participate, cleavage ensues. How-
silencing. This fifth distinction explains the greater se-ever, core pairing supplemented by just a few flanking
quence conservation seen for miRNAs. To the extentpairs appears to be sufficient to mediate translational
that the siRNAs come from the same loci that they target,repression in cooperation with other RISCs bound to
a mutational event that changes the sequence of thethe message (Lewis et al., 2003). Interestingly, the ability
siRNA would also change the sequence of its regulatoryof the Argonaute PAZ domain to bind both double- and
target, and siRNA regulation would be preserved—ansingle-stranded RNAs (Lingel et al., 2003; Song et al.,
unusual case of maintaining an important function with-2003; Yan et al., 2003), mentioned earlier, would make
out selective pressure for conserving the sequence. Init a suitable candidate for presenting the core and stabi-
contrast, a mutation in a miRNA would rarely be accom-lizing the core pairing.
panied by simultaneous compensatory changes at the
loci of its targets, and thus selection pressure would

Mechanism: Distinctions between miRNAs preserve the miRNA sequence.
and siRNAs With these distinctions between the miRNAs and the
Because miRNAs and endogenous siRNAs have a endogenous siRNAs in mind, it is perhaps worth consid-
shared central biogenesis (Figures 2B and 2C, steps 4–6) ering how to classify the small RNAs that arise from
and can perform interchangeable biochemical functions constructs introduced into cells for the purpose of gene
(Figures 3A and 3B), these two classes of silencing RNAs knockdown experiments. Small RNAs processed from
cannot be distinguished by either their chemical compo- the extended double-stranded regions of long, inverted
sition or mechanism of action. Nonetheless, important repeats are clearly siRNAs. At the other extreme are
distinctions can be made, particularly in regard to their approximately 22 nt RNAs processed from pre-miRNA-
origin, evolutionary conservation, and the types of genes like stem loops. For metazoan cases in which these
that they silence (Figured 2B and 2C, steps 1–3 and stem loops include the determinants for the sequential
7; Bartel and Bartel, 2003): First, miRNAs derive from processing by Drosha then Dicer, classification is again
genomic loci distinct from other recognized genes, simple; these would be artificial miRNAs. However, clas-
whereas siRNAs often derive from mRNAs, transposons, sification is less clear for RNAs deriving from the short
viruses, or heterochromatic DNA (Figure 2, steps 1). hairpin constructs typically used for knockdowns in
Second, miRNAs are processed from transcripts that mammalian cells (Dykxhoorn et al., 2003), whose pro-
can form local RNA hairpin structures, whereas siRNAs cessing is unlikely to involve Drosha and even might not
are processed from long bimolecular RNA duplexes or involve Dicer.
extended hairpins (Figure 2, steps 2). Third, a single
miRNA:miRNA* duplex is generated from each miRNA Function: Regulatory Roles of miRNAs
hairpin precursor molecule, whereas a multitude of The most pressing question to arise from the discovery

of the hundreds of different miRNAs is, what are all thesesiRNA duplexes are generated from each siRNA precur-
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Table 1. MicroRNAs and Their Functions: Examples for which Phenotypic Consequences of Disrupted or Ectopic miRNA Regulation Are Known

miRNA Target Gene(s) Biological Role of miRNA/Target Gene Refs

Nematodes
lin-4 RNA Ce lin-14 probable transcription factor Timing of early larval developmental transitions 1,2

Ce lin-28 cold shock domain protein Timing of early larval developmental transitions 3
let-7 RNA Ce lin-41 probable RNA-binding protein Timing of late larval developmental transitions 4,5

Ce hbl-1 transcription factor Timing of late larval developmental transitions 6,7
lsy-6 RNA Ce cog-1 transcription factor Left/right asymmetry of chemoreceptor expression 8

Insects
bantam miRNA Dm hid pro-apoptotic protein Apoptosis and growth control during development 9
miR-14 unknown Apoptosis and fat metabolism 10

Mammals
miR-181 unknown Hematopoietic differentiation 11

Plants
miR165/166 At REV and relelated transcription factors Axial meristem initition and leaf development 12-14
miR172 At AP2 and related transcription factors Flower development; timing transition to flowering 15-18
miR-JAW At TCP4 and releated transcription factors Leaf development, embryonic patterning 19
miR159 At MYB33 and related transcription factors Leaf development 12,15,19

Species abbreviations: Caenorhabditis elegans, Ce; Drosophila melanogaster, Dm; Arabidopsis thaliana, At.
1 (Lee et al., 1993); 2 (Wightman et al., 1993); 3 (Moss et al., 1997); 4 (Reinhart et al., 2000); 5 (Slack et al., 2000); 6 (Abrahante et al., 2003);
7 (Lin et al., 2003); 8 (Johnston and Hobert, 2003); 9 (Brennecke et al., 2003); 10 (Xu et al., 2003); 11 (Chen et al., 2004); 12 (Rhoades et al.,
2002); 13 (Tang et al., 2003); 14 (Emery et al., 2003); 15 (Park et al., 2002); 16 (Kasschau et al., 2003); 17 (Chen, 2003); 18 (Aukerman and
Sakai, 2003); 19 (Palatnik et al., 2003)

tiny noncoding RNAs doing? For lin-4, let-7, and several absence of the miRNA (Lewis et al., 2003; Stark et al.,
2003). Caution is warranted when interpreting reporterother miRNAs identified by forward genetics, crucial

clues to their function and regulatory targets came even assays that involve multimerization of the miRNA com-
plementary site(s) because such an assay succeededbefore their status as noncoding RNA genes was discov-

ered (Meneely and Herman, 1979; Chalfie et al., 1981; in validating a miRNA complementary site that was mis-
takenly taken from a gene that was unrelated to theAmbros, 1989; Weigel et al., 2000; Hipfner et al., 2002;

Aukerman and Sakai, 2003; Brennecke et al., 2003; intended target but similarly annotated (Kawasaki and
Taira, 2003a, 2003b). A positive result in the heterolo-Johnston and Hobert, 2003; Xu et al., 2003). These and

other miRNAs that have reported functions based on in gous reporter assay indicates that determinants needed
for miRNA regulation are indeed present within thevivo experimentation are listed in Table 1. For some of

these cases, function was determined by the phenotypic mRNA fragment fused to the reporter, which together
with evolutionary conservation of both the miRNA andconsequences of a mutated miRNA or an altered miRNA

complementary site, either of which can disrupt miRNA its complementary sites can provide reasonable evi-
dence of a regulatory relationship. Of course, such aregulation. In other cases, function was inferred from

the effects of mutations or transgenic constructs that hypothesis is considerably strengthened with evidence
of coincident expression of the miRNA and its target inlead to ectopic expression of the miRNA.

For the vast majority of miRNAs, the phenotypic con- the animal or plant, or experiments that examine the
effects of manipulating the miRNA or its complementarysequences of disrupted or altered miRNA regulation are

not known. However, computational approaches are be- site in its native in vivo context.
ing developed to find the regulatory targets of the
miRNAs, providing clues to miRNA function based on Function: Roles of Plant miRNAs

In plants, miRNAs have a propensity to pair to mRNAsthe known roles of these targets (Rhoades et al., 2002;
Enright et al., 2003; Lewis et al., 2003; Stark et al., 2003). with near-perfect complementarity, enabling convincing

targets to be readily predicted for most known plantComputationally predicted targets supported by subse-
quent experiments or independent phylogenetic evi- miRNAs (Rhoades et al., 2002; Bartel and Bartel, 2003).

Evolutionary conservation of the miRNA:mRNA pairingdence are listed in Table 2. The experiments supporting
the identity of these targets typically fall into two classes. in Arabidopsis and rice, together with experimental evi-

dence showing that miRNAs can direct cleavage of tar-In cases where the miRNA is thought to specify mRNA
cleavage, the cleavage products can be reverse-tran- geted mRNAs, supports the validity of these predictions

(Llave et al., 2002a; Rhoades et al., 2002; Kasschau etscribed, cloned, and sequenced; a preponderance of
sequences that end precisely at the predicted site of al., 2003; Tang et al., 2003). The known plant miRNAs

have a remarkable penchant for targeting transcriptioncleavage provides experimental validation that this
mRNA is a cleavage target of the complementary miRNA factor gene families, particularly those with known or

suspected roles in developmental patterning or cell dif-(Llave et al., 2002b; Kasschau et al., 2003; Xie et al.,
2003). To enable detection of both translational repres- ferentiation (Rhoades et al., 2002; Tables 1 and 2). This

explains the pleiotropic developmental phenotypes ofsion and mRNA cleavage, heterologous reporter assays
can be used in which the miRNA complementary sites plants mutant in DCL1(CAF) and HEN1, genes known

to influence miRNA accumulation, and AGO1, a geneare fused to a reporter gene and expression is examined
relative to control constructs, or in the presence and that might be involved in miRNA function (Bohmert et al.,
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Table 2. MicroRNAs and Their Functions: Examples for which Strong Evidence for the Validity of the Regulatory Target Has Been Reported
but the Phenotypic Consequences of Disrupted or Ectopic miRNA Regulation Are Not Yet Known

miRNA Target Gene(s) Biological Role of Target Gene(s) Refs

Insects
miR-7 Dm HLHm3 basic HLH transcriptional repressor Interprets Notch-mediated decisions in neuronal development 1,2

Dm hairy basic HLH transcriptional repressor Interprets Notch-mediated decisions in neuronal development 2
Dm m4 Brd family protein Interprets Notch-mediated decisions in neuronal development 2

miR-14 family Dm grim antagonist of caspase inhibitor Promotes apoptosis 2
Dm reaper antagonist of caspase inhibitor Promotes apoptosis 2
Dm sickle antagonist of caspase inhibitor Promotes apoptosis 2

Mammals
miR-1 Hs Brain-derived neurotrophic factor (BDNF) Growth factor; neuronal development 3

Hs Glucose-6-phosphate dehydrogenase (G6PD) Oxidative stress resistance 3
miR-19a Hs PtdIns(3,4,5)P3 phosphatase (PTEN) Tumor suppressor gene 3
miR-23a Hs Stromal cell-derived factor 1 (SDF-1) Growth & localization of hematopoietic progenitor cells 3

Hs BRN-3b POU-domain transcription factor Nueronal development 3
miR-26a Hs SMAD-1 transcriptional co-modulator Regulates TGF-dependent gene expression 3
miR-34 Hs Delta1 transmembrane protein Activates Notch during cell-fate decisions 3

Hs Notch1 transmembrane receptor for Delta Cell-fate decisions during development 3
miR-101 Hs ENX-1 polycomb gene Proliferation of hemotpoeitic cells and other gene regulation 3

Hs N-MYC basic HLH transcription factor Proto-oncogene; cell differentiation & proliferation 3
miR-130 Hs Macrophage colony stimulating factor-1 (MCSF) Mononuclear phagocytic lineage regulation 3

Plants
miR170/171 At SCL6-III, -IV & related transcription factors Related to genes for root radial patterning 4-7
miR156/157 At SPL2 & related transcription factors Related to genes for floral meristem identity 6,8
miR160 At ARF10, ARF17 & related transcription factors Related to genes for auxin response & development 6,8
miR167 At ARF8 & ARF6 transcription factors Related to genes for auxin response & development 6,8,9
miR164 At CUC1, CUC2 & related transcription factors Shoot apical meristem formation & organ separation 6,8
miR169 At CBF-HAP2 DNA-binding proteins unknown 6
miR162 At DCL1 Dicer-like RNase III miRNA biogenesis 10,11

The metazoan regulatory targets listed were predicted computationally then supported experimentally. The plant regulatory targets listed were
predicted computationally then supported with independent phylogenetic and/or experimental evidence. Species abbreviations: Drosophila
melanogaster, Dm; human, Hs; Arabidopsis thaliana, At.
1 (Lai, 2002); 2 (Stark et al., 2003); 3 (Lewis et al., 2003); 4 (Llave et al., 2002a); 5 (Reinhart et al., 2002); 6 (Rhoades et al., 2002); 7 (Llave et
al., 2002b); 8 (Kasschau et al., 2003); 9 (Park et al., 2002); 10 (Xie et al., 2003); 11 (Bartel and Bartel, 2003)

1998; Jacobsen et al., 1999; Park et al., 2002; Reinhart et This model concurs with the observation that a muta-
tion disrupting the miRNA complementary site of PHBal., 2002; Schauer et al., 2002). Of the few predicted

plant targets that are not transcription factors, two are mRNA leads to a more expansive distribution of the
message, as if it were no longer being cleared from cellsDCL1 and AGO1, suggesting a negative feedback mech-

anism that controls the expression of these genes with expressing the miRNA (McConnell et al., 2001; Rhoades
et al., 2002). It also explains why so many of the initiallyknown or suspected roles in miRNA biogenesis and

function (Rhoades et al., 2002; Bartel and Bartel, 2003; identified target genes specify formation and identity of
meristem, i.e., plant stem cells (Tables 1 and 2)—theseXie et al., 2003).

Why are there so many targets of the plant miRNAs are precisely the genes that would need to be turned
off during early differentiation. The model also wouldtranscription factors that have been implicated in the

control of plant development? The model put forward to apply to scenarios later in differentiation or to cases
answer this question proposes that many plant miRNAs where the daughter cell is choosing among two or more
function during cellular differentiation by mediating the differentiated states, which would explain the targeting
degradation of key regulatory gene transcripts in spe- of the other transcripts that have regulatory roles later
cific daughter cell lineages (Rhoades et al., 2002; Figure in development. One point of caution in trying to deduce
4). For example, during differentiation, certain genes the general roles of plant miRNAs is that the known
specifying a less differentiated state might need to be set of plant miRNAs is enriched in the more abundant
turned off. This can be achieved by repressing transcrip- miRNAs of plant tissues and organs and thus might not
tion; however, a gene is not fully off until its message be representative. For example, miRNAs specifying an
stops making protein. Thus, to more quickly stop ex- undifferentiated state would have been less likely to be
pression of such a gene, the differentiating cell can de- cloned because most cells of plant organs are typi-
ploy a miRNA that specifies the cleavage of that mRNA. cally differentiated.
The active clearing of the lingering regulatory messages
(or of new messages generated by continued transcrip-

Function: Roles of Animal miRNAstion) could enable rapid daughter cell differentiation
Computational methods have recently been developedwithout having to depend on regulatory genes having con-
to identify the targets of Drosophila and mammalianstitutively unstable messages. In this respect, miRNA reg-
miRNAs (Enright et al., 2003; Lewis et al., 2003; Stark etulation would be analogous to ubiquitin-dependent pro-
al., 2003). These methods search for multiple conservedtein degradation, except that specific mRNAs, rather

than proteins, are targeted for degradation. regions of miRNA complementarity within 3� UTRs. Iden-
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The ability to identify hundreds of miRNA targets with
confidence that most of the predicted targets are au-
thentic enables the analysis of the types of genes most
commonly targeted by mammalian miRNAs (Lewis et al.,
2003). As in plants, the predicted targets are significantly
enriched in genes involved in transcriptional regulation,
suggesting that the model proposed for the roles of
many plant miRNAs (Figure 4) could also be operating
in animals. Nonetheless, this enrichment for transcrip-
tional regulators is far less pronounced in mammals,
and only a minority of the predicted mammalian targets
are involved in development. The predicted targets rep-
resent a surprisingly broad diversity of molecular func-
tions and biological processes. Thus, in contrast to the
plant miRNAs, most mammalian miRNAs do not appear
to be primarily involved at the upper levels of the gene
regulatory cascades but instead appear to be operating
at many levels to regulate the expression of a diverse
set of genes, many of which do not go on to directly
influence the expression of other genes (Lewis et al.,
2003).

Function: The Question of SpecificityFigure 4. Working Model for the Roles of miRNAs that Target the
Although current lists of predicted miRNA targets pro-Messages of Transcription Factors during Plant Development
vide insights and hypotheses for thousands of follow-Following cell division, the daughter cells inherit mRNAs from the

precursor cell (step 1). A differentiating daughter cell (cell on right) up experiments, they could be far from comprehensive.
expresses new transcription factor messages (green) as well as a For example, in the animal studies, the computational
miRNA (red) complementary to messages that must be cleared (blue) methods used evolutionary conservation to distinguish
in order for the cell to progress to the differentiated state (step 2).

miRNA target sites from the multitude of 3� UTR seg-The miRNA directs the cleavage of target messages, preventing
ments that otherwise would score equally well with re-prolonged or inappropriate expression of the transcriptional regula-
gard to the quality and stability of base pairing (Lewistor, thus enabling the rapid differentiation of the daughter cell (step

3). (Figure redrawn from Rhoades et al., 2002, copyrighted by Cell et al., 2003; Stark et al., 2003). The cell, on the other
press, used with permission.) hand, cannot use the filter of evolutionary conservation

to choose among the possibilities. Does this mean that
many of these other mRNAs would in fact be targeted
if expressed in the same cells as the cognate miRNAs?tifying targets in animals has been a more difficult task

than in plants because in animals there are far fewer Perhaps not—perhaps miRNA base pairing is not the
only major determinant of specificity. Proteins or mRNAmRNAs with near-perfect complementarity to miRNAs.

This makes the analysis noisier—much more prone to structure could restrict miRNP accessibility to the UTRs.
But if this were generally true, siRNA knockdown experi-false positives. Furthermore, evolutionary conservation

was used as a criterion for target identification in ani- ments might be expected to have a much lower success
rate. Proteins or mRNA structure could also facilitatemals, and thus it could not be used as a means to

independently validate the targets. Nonetheless, the ex- recognition of the authentic mRNA targets by means
of elements in the mRNAs that have thus far escapedperimental support achieved for a majority of the predic-

tions tested is encouraging (Table 2), and there are com- detection. One candidate for such a protein is the Fragile
X-related protein, a Drosophila RISC component that ispelling reasons to take seriously the remaining untested

predictions. For example, in one of the fly studies, there related to proteins known to bind specific mRNAs
(Caudy et al., 2002; Ishizuka et al., 2002).were striking clusters of functionally related genes

among the top predictions (Stark et al., 2003). The most The alternative idea—that the quality and stability of
base pairing is in fact the primary determinant of speci-notable examples were Notch target genes for miR-7,

proapoptotic genes for miR-2, and a set of enzymes ficity—should also be considered. After all, this comple-
mentarity requirement includes a 7 nt perfect or near-involved in branched-chain amino acid degradation for

miR-277. In the mammalian study, over 400 regulatory perfect core match near the 5� terminus of the miRNA
(Lai, 2002; Lewis et al., 2003; Stark et al., 2003), whichtargets were predicted when using parameter cutoffs

that gave a signal-to-noise ratio of 3.2:1 (Lewis et al., by itself would represent a degree of specificity compa-
rable to that of the DNA sites recognized by many tran-2003). This signal:noise ratio was seen only when

restricting the miRNAs to those most conserved among scription factors. Pairing outside the 7 nt core site, al-
though perhaps less important than once thought,mammals and fish, and only when demanding perfect

complementarity to the most conserved portion of provides means of conferring added specificity. Just
as chromatin structure limits the possibilities for tran-miRNAs (the 7 nt core segment comprising residues 2–8

of the miRNAs), observations that would be exceedingly scription-factor binding, the restricted set of genes
transcribed in each cell limits which genes of the ge-difficult to explain if most of the identified messages

were not relevant targets of the miRNAs. nome will be under miRNA control in that cell. And in
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