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ABSTRACT

MicroRNAs are sequence-specific regulators of post-transcriptional gene expression in many eukaryotes. They are believed to
control the expression of thousands of target mRNAs, with each mRNA believed to be targeted by multiple microRNAs. Recent
studies have uncovered various mechanisms by which microRNAs down-regulate their target mRNAs and have linked a well-
known subcellular structure, the cytoplasmic processing bodies (PBs) to the microRNA pathway. The finding that microRNAs are
misexpressed in cancers has reinforced the idea that their regulatory roles are very important.
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INTRODUCTION

MicroRNAs (miRNAs) have come a long way from being
an oddity of worms when they were first discovered over 10
years ago (Lee et al. 1993) to be recognized now as novel
agents exercising post-transcriptional control over most
eukaryotic genomes. They are a family of 21–25-nucleotides
(nt)-long RNAs expressed in a wide variety of organisms
ranging from plants to worms and humans. Many miRNAs
are highly conserved across species (Bartel 2004), and com-
ponents of the miRNA machinery are even found in
archaea and eubacteria, revealing their very ancient ances-
try. With the latest human miRNA count swelling to over
800, miRNAs easily account for >3% of all human genes
(Bentwich et al. 2005). In worms, they were initially found
to regulate developmental timing (Wightman et al. 1993),
but now we know that they are involved in a wide variety of
developmental processes and might have a role in network-
ing and fine-tuning gene expression in the cell (Ambros
2003; Bartel 2004). With the number of predicted miRNA
targets running into the thousands, miRNAs might very
well form another layer of the regulatory circuitry that
exists in the cell (Bartel and Chen 2004). Thus, any mis-
regulation of the miRNAs could lead to great regulatory
upheavals in the cell, perhaps leading to cancerous pheno-
types. In fact, it was shown that the miRNA profiles are
changed in a large number of cancers (Lu et al. 2005) and

that the forced overexpression of miRNAs can lead to the
development of tumors (He et al. 2005).

Another pathway that uses small RNAs as sequence-spe-
cific regulators is the RNA interference (RNAi) pathway,
which is an evolutionarily conserved response to the pres-
ence of double-stranded RNA (dsRNA) in the cell (Meister
and Tuschl 2004; Filipowicz 2005). The dsRNAs are cleaved
into �20-base pair (bp) duplexes of small-interfering RNAs
(siRNAs) by Dicer. These small RNAs get assembled into
multiprotein effector complexes called RNA-induced silenc-
ing complexes (RISCs). The siRNAs then guide the cleav-
age of target mRNAs with perfect complementarity. The
finding that some aspects of biogenesis, protein complexes,
and function are shared between siRNAs and miRNAs has
greatly accelerated the study of miRNAs. Recent findings
that improve our understanding of how miRNAs function
are the subject of this review.

Biogenesis of miRNAs

MiRNAs are transcribed from different genomic locations
as long primary transcripts (pri-miRNA) by RNA polymer-
ase II (Kim 2005). They are embedded in either indepen-
dent noncoding RNAs or the introns of protein-coding
genes. Additionally, to allow coordinated expression, some
miRNAs are clustered in polycistronic transcripts. Several
miRNAs are expressed in a tissue-specific and developmen-
tal stage-specific manner. The expression of the intron-
encoded miRNAs might be linked to the transcriptional
regulation of their host gene promoters (Bartel 2004). A
role for transcription factors like SRF (serum response
factor), MyoD, and Mef2 in specifying cardiac tissue-spe-
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cific expression of miR-1 (Zhao et al. 2005) and Myc in
regulating a specific miRNA cluster (O’Donnell et al. 2005)
was recently demonstrated. Although we know of only
transcriptional regulation of miRNA genes, regulation at
the level of miRNA processing remains a possibility.

Subsequent to transcription, the pri-miRNAs are pro-
cessed by the successive action of two members of the
RNase-III family of enzymes, Drosha and Dicer. In per-
forming their tasks, these proteins are aided by their com-
panion double-stranded RNA-binding domain (dsRBD)-
containing proteins: Pasha functioning with Drosha,
R2D2 with Drosophila Dicer-2 (Kim 2005), Loqs with Dro-
sophila Dicer-1 (Forstemann et al. 2005; Jiang et al. 2005;
Saito et al. 2005), and TRBP with human Dicer (Chendri-
mada et al. 2005; Haase et al. 2005). An �70-nt precursor
called the pre-miRNA, which can be folded into a stem-
loop structure containing multiple bulges and mismatch-
es, is excised out from the pri-miRNA by the nuclear
Drosha. The pre-miRNA is exported out to the cytoplasm
by Exportin-5, in a Ran-GTP-dependent manner. In the
cytoplasm, the pre-miRNA is cleaved by Dicer to generate
an �20-bp duplex intermediate (Sontheimer 2005). In
keeping with the thermodynamic asymmetry rule, only
one strand of the duplex accumulates as the mature
miRNA. The asymmetry rule dictates that the 50 end of
the mature miRNA lies at the end of the duplex which has
lower thermodynamic energy (Tomari and Zamore 2005).
The mature miRNA then gets assembled into the effector
complexes called miRNPs (miRNA-containing ribonucleo-
protein particles) that share a lot of similarity to the RISC.
Functional RISCs and miRNPs vary in size, ranging from
the ‘‘minimal’’ RISC of �160 kDa up to the holo RISC that
fractionates at �80S; human miRNAs were found in com-
plexes of �15S. Biochemical characterization of these dif-
ferent complexes has led to the identification of a number
of protein components, among them Gemin3, Gemin4,
vasa intronic gene (VIG), Fragile X mental retardation
protein (FMRP), and a staphylococcal nuclease, Tudor-SN
(Sontheimer 2005). The function of these proteins in the
RNAi and miRNA pathways is not clear. However, the only
protein consistently found in the RISC and miRNP com-
plex is the highly conserved Argonaute (Ago) (Carmell et al.
2002). The general consensus is that the minimal effector
complex contains a single-stranded small RNA associated
with an Ago protein.

Once the miRNP is assembled, the miRNA guides the
complex to its target by base-pairing with the target mRNA.
In plants, miRNAs bind to a single, generally perfectly
complementary site in either the coding or 30-untranslated
regions (UTRs) of the target mRNA. In contrast, most
investigated animal miRNAs bind to multiple, partially
complementary sites in the 30-UTRs. However, the target
sequences inserted into either coding or 50-UTR sequences
are also functional (Kloosterman et al. 2004). The comple-
mentarity is usually restricted to the nucleotides 2–8 in the

50 end of the miRNA. These nucleotides form the ‘‘seed’’
sequence, implying that they nucleate binding between the
miRNA and the target mRNA (Tomari and Zamore 2005).
The fate of the target mRNA is decided by the extent of
base-pairing to the miRNA. A miRNA will direct destruc-
tion of the target mRNA if it has perfect or near-perfect
complementarity to the target (Hutvagner and Zamore
2002). On the other hand, the presence of multiple, par-
tially complementary sites in the target mRNA will direct
the inhibition of protein accumulation without strongly
affecting mRNA levels (Bartel 2004). New findings dis-
cussed in this review suggest, however, that even in the
latter situation, miRNAs can lead to the strong decrease in
mRNA levels.

Modes of miRNA action

Human Ago2 as the mediator of mRNA cleavage
in the RISC/miRNP

Both the siRNAs and miRNAs, when perfectly base-paired
to their target mRNA, direct cleavage of a single phospho-
diester bond in the target mRNA. The severed bond lies
between the residues paired to siRNA nucleotides 10 and
11 (counting from the siRNA 50 end) (Elbashir et al. 2001).
This cleavage is a result of the ‘‘Slicer’’ activity in the RISC.
Argonautes form the core of the RISC and are highly
conserved �100-kDa proteins with members present
even in archaea and eubacteria. They contain the signature
PAZ and PIWI domains (Carmell et al. 2002). Insight into
the function of Ago proteins was obtained in structural
studies revealing that the Argonaute PAZ domain has an
oligonucleotide-binding fold that anchors the single-
stranded 30 end of small RNAs (Lingel and Sattler 2005).
Most importantly, the PIWI domain of two archaeal pro-
teins was shown to have a fold similar to that of RNase H
(Parker et al. 2004; Song et al. 2004), an enzyme that
cleaves the RNA strand in DNA–RNA hybrids. This imme-
diately suggested that the Ago protein could harbor the
mRNA-cleaving ‘‘Slicer’’ activity. Further information
regarding recognition of the small RNAs came from co-
crystal structures of an archaeal Ago protein with siRNA
mimics, which revealed that the PIWI domain has a con-
served binding pocket for the 50 phosphate of small RNAs
(Parker et al. 2005; Ma et al. 2005). These studies suggest a
model in which the small RNA is wedged between the PAZ
and PIWI domains of the Ago protein, positioning the
target mRNA scissile bond in close proximity to the cata-
lytic center.

Although all human Ago proteins bind both miRNAs
and siRNAs, only Ago2-containing complexes support
mRNA cleavage (Liu et al. 2004; Meister et al. 2004).
Indeed, mutation analysis of Ago2 confirmed the catalytic
role of a set of three DDH amino acids in the PIWI domain
that are related to the DDE amino acids of RNase H in-
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volved in catalysis (Liu et al. 2004; Rivas et al. 2005). The
finding that bacterially expressed Ago2 protein, when com-
plexed with a single-stranded siRNA, can direct mRNA
cleavage has proven conclusively that in humans Ago2 is
the only protein needed for this activity (Rivas et al. 2005).
The mammalian miR196 has a near-perfect complementary
sequence in the 30-UTR of the Hoxb8 mRNA and leads to
direct mRNA cleavage and degradation of the target mRNA
(Yekta et al. 2004). All the other mammalian miRNAs are
believed to base-pair to their targets at partially comple-
mentary sites and inhibit protein accumulation.

Inhibition of protein synthesis

Early studies on miRNA-mediated repression of protein
synthesis were performed in Caenorhabditis elegans with
the miRNA lin-4 (Lee et al. 1993) and its target lin-14.
Lin-4 base-pairs with the lin-14 mRNA with incomplete
complementarity at multiple locations in the 30-UTR, and
inhibits protein synthesis (Wightman et al. 1993). A similar
effect on protein accumulation was also demonstrated for
other miRNAs in worms, flies, and humans (Reinhart et al.
2000; Brennecke et al. 2003; Zeng et al. 2003). Reporter
constructs having multiple, partially complementary bind-
ing sites for transfected siRNAs were also shown to be
repressed at the protein level (Doench et al. 2003; Zeng
et al. 2003), reinforcing the idea that complementarity is
the key factor that decides the fate of the target message. In
all of the studies described above, the effect on protein
accumulation is not accompanied by a major change in
mRNA levels.

Artificially tethering human Ago proteins in a miRNA-
independent manner to the 30-UTR of a reporter mRNA
inhibited protein synthesis in HeLa cells, without affecting
reporter mRNA levels (Pillai et al. 2004). Tethering of the
Drosophila Ago1 (dAgo1) protein to a reporter mRNA also
inhibited the expression of the reporter (Rehwinkel et al.
2005). It not known whether the tethered Ago protein
needs to be complexed with the miRNA. Since the immu-
noprecipitated, tagged human Ago2 used in the tethering
assay was capable of supporting let-7-directed cleavage of a
substrate RNA (Pillai et al. 2004), it is possible that tether-
ing brings the whole miRNP complex to the reporter
mRNA. These experiments demonstrated that miRNAs act
as guides for their associated protein factors, and that the
default effect of having the miRNP complex on reporter
mRNAs is inhibition of protein synthesis.

Studies in worms on the mechanism of lin-4 action
revealed that the repressed lin-14 mRNA was associated
with polysomes (Olsen and Ambros 1999). A similar con-
clusion was reached in the analysis of lin-28 mRNA,
another target of lin-4 (Seggerson et al. 2002). It was pro-
posed that translation may be blocked at a step after initia-
tion, for example, by the stalling of ribosomes on the
message or by inducing proteolysis of the nascent polypep-

tides as soon as they exited the ribosome. Both models were
not proved experimentally. Later, mammalian miRNAs and
miRNP components were shown to be associated with
polyribosomes (Krichevsky et al. 2003; Kim et al. 2004;
Nelson et al. 2004). It was suggested that mammalian mi-
RNAs also regulate translation of their target mRNAs by a
mechanism similar to that suggested for lin-4 in worms. In
these studies, however, the majority of the miRNAs and
miRNP proteins were found in the top of the gradient,
where the mRNPs sediment.

Targeted delivery of a protein product to the endoplas-
mic reticulum (ER) lumen should make it inaccessible to
proteolysis by excluding it from the cytosol. However,
experiments in HeLa cells revealed that ER targeting did
not relieve the repression caused by both endogenous let-7
miRNA and tethered human Ago2. This suggested that
translation per se might be the target of inhibition. In
fact, polysome analysis revealed that let-7 miRNA inhibited
translation initiation of a reporter mRNA in mammalian
cells. A similar result was obtained with an independent
method of repression mediated by tethered Ago proteins
(Pillai et al. 2005). Experiments done to pinpoint the step of
translation initiation that is affected by let-7 led to the
conclusion that only cap-dependent translation is subject
to repression. Translation initiated in a cap-independent
manner by viral internal ribosome entry site (IRES) ele-
ments or by tethered initiation factors eIF4E and eIF4G (De
Gregorio et al. 2001) was immune to repression by let-7
miRNA (Pillai et al. 2005). This suggested that the point of
intervention lay upstream of the eIF4G recruitment via
eIF4E. The molecular target of let-7 miRNP could be the
m7G cap structure itself, and the miRNP acts probably by
interfering with its recognition by eIF4E. The immediate
question that needs to be addressed is how let-7 miRNP can
recognize the cap structure. A precedent for a 30-UTR-
bound factor affecting cap function exists in Drosophila
(Cho et al. 2005 and refs. therein.). Additionally, the finding
that in vitro synthesized reporter mRNAs, lacking any ‘‘nuclear
experience,’’ were also repressed efficiently when transfected
into HeLa cells demonstrated that unlike other translation-
dependent post-transcriptional regulatory mechanisms like
nonsense-mediated decay (NMD), nuclear history is not
important for miRNA-mediated translation repression.

Thus, the translational fate of the target mRNA appears
to be different in worms and humans. Perhaps this could be
because of the different miRNAs studied or because
miRNA-mediated inhibition of protein synthesis in worms
and humans takes different routes. However, the presence
of miRNAs on polysomes suggests that perhaps in mam-
mals too, different mechanisms might be in operation.
There is a report of the endogenous human lin-28 mRNA
that is targeted by let-7 being associated with polysomes
(Nelson et al. 2004). To gain a better understanding, the
polysome analysis must be extended to other endogenous
messages.
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Role of PBs in the sequestration of miRNA target mRNAs

A major part of bulk mRNA degradation occurs via deade-
nylation followed by decapping and 50–30 exonuclease diges-
tion. Proteins required for this pathway such as decapping
enzymes, Dcp1/2, and the 50–30 exonuclease Xrn1 are con-
centrated in specialized cytoplasmic processing bodies (PBs)
(Bashkirov et al. 1997; Parker and Song 2004). These struc-
tures are also known as GW bodies because of the presence
of the RNA-binding protein GW182 (Eystathioy et al. 2003).
A number of post-transcriptional regulatory pathways have
been linked to the PBs (Parker and Song 2004; Andrei et al.
2005). Recently, new information linked the PBs to the
miRNA pathway by showing that all four human Ago pro-
teins were found to be enriched in discrete foci that coloca-
lized with PBs (Liu et al. 2005; Pillai et al. 2005; Sen and Blau
2005). This colocalization is consistent with the observed
interaction of Ago protein with components of the PBs.
Additionally, both miRNAs and target reporter mRNAs
were also shown to accumulate in PBs. Reporter mRNAs
targeted by transfected miRNA mimics were also shown to
accumulate in PBs (Liu et al. 2005; Pillai et al. 2005). This
raised the possibility that relocalization of the target mRNA
could be a means to achieve repression as PBs lack ribosomes
and initiation factors (Teixeira et al. 2005).

Recently, a protein AIN-1 (Ding et al. 2005), which is
homologous to the mammalian GW182, was shown to be in
a complex with Dicer, Ago protein ALG-1, and a subset of
miRNAs. Like its mammalian homolog, AIN-1 is also loca-
lized to cytoplasmic foci, colocalizing with worm decapping
enzymes, suggesting that these might be worm PBs. Inter-
estingly, when expressed alone, ALG-1 remains in the cyto-
sol, but coexpression with AIN-1 resulted in the Ago
protein accumulating in discrete foci that could be PBs.
Mammalian GW182 was also shown to bind a subset of
mRNAs, and it was proposed that GW182 participates in
the post-transcriptional regulation of these mRNAs by
sequestering them (Eystathioy et al. 2002). Knock-down
experiments in Drosophila cell lines demonstrated that
depletion of this protein leads to derepression of miRNA-
mediated gene silencing (Rehwinkel 2005). A similar effect
of depletion of GW182 was also observed for repression
mediated by the miRNA-independent tethering of dAgo1.
The derepression observed with depletion of GW182 was
lower than that observed with depletion of dAgo1 protein,
suggesting an effect on the robustness of the repression
process, assuming that both proteins were depleted to a
similar extent.

What could be the role of GW182 in the miRNA path-
way? Experiments with AIN-1 suggest a role for this protein
in transporting miRNPs containing ALG-1 to worm PBs, by
direct interaction with ALG-1 (Ding et al. 2005). Interest-
ingly, GW182 is one of the few PB components that are
required for PB integrity (Yang et al. 2004). It is also known
that PBs require a constant flow of mRNA into these struc-

tures to maintain themselves, as drugs that freeze mRNAs
on ribosomes abolish PB formation (Teixeira et al. 2005).
Thus one could imagine GW182 as having a general trans-
port role in the larger context of PB formation. Studies in
yeast have linked defects in translation initiation to the
formation of PBs, suggesting that these are dynamic struc-
tures that are formed out of a need to warehouse repressed
mRNAs (Teixeira et al. 2005). The need for a transport
function assumes that the PBs are static structures to
which the repressed mRNPs must be delivered. On the
contrary, PBs are very dynamic (Kedersha et al. 2005),
and it is possible that the rapid and random dance of the
PBs is enough to pick up the repressed mRNAs in their
path, without the need for any specific transport event. It is
believed that aggregation of individual mRNP complexes
leads to the formation of visible, large PBs (Coller and
Parker 2004). Thus, one can also imagine GW182 in pro-
moting such an aggregation event. It remains to be seen
whether the factors that control such movement might also
regulate the repression process. Thus, is relocalization the
mechanism for repression or is it a consequence of transla-
tional initiation block (Pillai et al. 2005)? The movement of
repressed mRNAs to the PBs might contribute to the
robustness of the translational repression, by maintaining
the repressed state. Are PBs sites of miRNA function? Is
there miRNA-mediated repression outside of PBs?

Degradation of target mRNA

Recently the long-held view that animal miRNAs that base-
pair to their targets with incomplete complementarity do
not affect mRNA levels has been questioned. Microarray
analysis has revealed that mammalian miRNAs can affect
the mRNA levels of a large number of transcripts in the cell
(Lim et al. 2005). Many of the down-regulated mammalian
miRNA targets had complementarity to the miRNAs only
in the ‘‘seed’’ sequence. Thus, it is clear that the effect on
mRNA level is unlikely to be mediated by the RISC cleavage
pathway, as for cleavage to occur, an A-form helix must be
formed between the miRNA and the target mRNA (Chiu
and Rana 2003; Haley and Zamore 2004). The absence of
any repression by let-7 miRNA on mRNAs with IRES-
mediated translation argues against direct destabilization
of the target message upon miRNA binding (Pillai et al.
2005). Another study concludes that in C. elegans, lin-4 and
let-7 miRNAs act by affecting target mRNA stability (Bagga
et al. 2005). Those investigators reported that the miRNAs
induced degradation of their target mRNAs when recogniz-
ing them with incomplete complementarity. The lin-14 and
lin-28 mRNAs that are targeted by lin-4 miRNA were pre-
viously shown to be repressed at the translational level
(Olsen and Ambros 1999; Seggerson et al. 2002).

How to explain the changes in the steady-state level of
target mRNAs? One possibility is that the effect on mRNA
levels is a consequence of translational repression and sub-
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sequent relocalization to PBs. The finding that degradation
products accumulated in response to knock-down of pre-
dicted worm 50–30 exonucleases suggested that these exo-
nucleases were perhaps recruited to the target mRNA
(Bagga et al. 2005). It has not gone unnoticed that the
homologs of these exonucleases are enriched in mammalian
PBs, already shown to be sites containing reporter miRNA
targets. Additionally, an increased accumulation of what
appeared to be full-length target mRNA in these knock-
down strains suggested that they might be degraded by
decapping and subsequent exonucleolytic digestion. Map-
ping of the cleavage sites on the target mRNA indicated
cleavages to either side of the miRNA-binding region, indi-
cating a possible protection afforded by bound miRNP
complexes from advancing exonucleases. In addition,
experiments in Drosophila cell lines suggest that depletion
of the DCP1:DCP2 decapping complex leads to a significant
derepression of a reporter mRNA undergoing miRNA-
mediated inhibition. Again, the derepression was modest
compared to that observed by depletion of dAgo1 protein,
suggesting that the decapping complex has a secondary role
in the repression process. It is not clear whether there was
any effect on target mRNA levels in these studies (Rehwin-
kel et al. 2005). Interestingly, the reporter mRNA (Pillai et
al. 2005) targeted by endogenous let-7 miRNA in HeLa cells
also showed slightly reduced mRNA levels.

A screen in Drosophila for factors involved in the
ARE(AU-rich element)-mediated mRNA decay pathway
identified a role for members of the RNAi machinery like
Argonautes and Dicer (Jing et al. 2005). That study revealed
that miR-16 has complementarity to core ARE sequences
and that this complementarity is required to maintain the
negative effect of miR-16 on mRNA stability. Interestingly,
this complementarity is in the central part of the miR-16,
which goes against the current notion of the requirement
for a ‘‘seed’’ region complementary to the 50 end of the
miRNA. What distinguishes the effect of miR-16 on ARE-
containing mRNAs from the normal effect of miRNAs on
mRNA stability is the requirement of an ARE-binding pro-
tein, tristetraprolin (TTP), for rapid turnover. TTP was
shown to interact with both the ARE and Argonaute pro-
teins. This would suggest that TTP is recruited to the ARE
by miR-16. Does this mean that miRNAs can act as carrier
platforms for specific proteins? There are other miRNAs that
have complementarity to several classes of conserved se-
quences known to mediate negative post-transcriptional reg-
ulation (Lai 2002), and further investigation is needed to
understand the role of miRNAs in these regulatory pathways.

Endogenous miRNAs acting on viruses

Earlier studies in plants and Drosophila demonstrated an
anti-viral role for the RNAi pathway (Hamilton and Baul-
combe 1999; Li et al. 2002), where the viral RNAs are used
by the RNAi machinery to make small RNAs that in turn

target the viral genome. A recent report demonstrated an
anti-viral role for RNAi in vertebrates by showing that an
endogenous microRNA, miR-32, can restrict the prolifera-
tion of a primate retrovirus, PFV-1 (primate foamy virus
type 1), in human cells (Lecellier et al. 2005). The miRNA
binds to the viral transcripts with imperfect complementar-
ity at a single site and leads to translational repression. It is
not clear which gene is being down-regulated, as the target
sequence is found in the 30-UTR common to all viral
mRNAs. This raised the possibility that any fortuitous
base-pairing of the different cellular miRNAs to any viral
RNA could act to protect us from the invading viruses.

The hepatitis C virus (HCV) was shown to require bind-
ing of the liver-specific miRNA, miR-122 (Jopling et al.
2005), for efficient replication. The miRNA has a single
conserved binding site in the 50 noncoding region of the
viral RNA, with the complementarity restricted to the seed
sequence. Sequestration of miR-122 or mutations in the
binding site for miR-122 on the viral RNA reduced viral
RNA maintenance in cells. Direct binding of miR-122 to the
HCV RNA was demonstrated by rescuing the viral mutants
by expression of miR-122 with compensatory mutations
that restored base-pairing. It is not clear how the virus
benefits from this interaction; perhaps it aids in RNA fold-
ing or recruitment into replication complexes. Binding of
miR-122 did not affect translation or mRNA stability of
the RNA. Is this also a fortuitous base-pairing? If so, it is
curious that HCV gets some help from a liver-specific
miRNA and not any other ‘‘housekeeping’’ miRNA.

Translational repression, degradation, or both?

The findings described above raise a pertinent question as
to the contribution of translational repression and mRNA
degradation in the observed reduction in protein levels.
Clearly, in the case of worm miRNAs lin-4 and let-7, target
mRNA degradation can account for the in vivo reduction
in protein output (Bagga et al. 2005). However, in vitro
experiments using a fragment of C. elegans lin-41 mRNA
containing the let-7 complementary sites demonstrated that
they are not cleaved by human let-7-programmed RISC
activity (Hutvagner and Zamore 2002). Also, there are
many documented examples where either target mRNA
levels were not affected or the decrease in mRNA level
alone could not account for the observed reduction in
protein accumulation. There are also examples of endoge-
nous mammalian mRNAs that are regulated by miRNAs at
the level of translation without change in target mRNA
levels (Poy et al. 2004; Cimmino et al. 2005). In this context,
one can view translational repression as the primary event,
with any reduction in mRNA levels being a consequence
of translational repression and subsequent relocalization
to PBs.

The PBs were initially shown to be sites of mRNA decay
based on the finding that mRNA degradation intermediates
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accumulated in these structures (Sheth and Parker 2003).
Further evidence linking the decapping activity in the cell to
the size and number of PBs strengthened such a conclusion
(Parker and Song 2004). This raises the question of whether
the PBs are also sites of degradation of miRNA targets.
Messages targeted for degradation by siRNAs are endonu-
cleolytically cleaved by the ‘‘Slicer’’ activity of Ago protein,
and the 50 and 30 cleavage fragments thus generated are
degraded by the exosome and Xrn1, respectively (Orban
and Izaurralde 2005). Such a pathway might also be true for
mRNA targets with perfect or near-perfect complementar-
ity to miRNAs. Although the cleavage fragments from such
a reaction could be degraded in the PBs, only Xrn1 is
known to be a component of PBs. However, a reporter
mRNA undergoing miRNA-mediated cleavage was not
detected in the PBs (Pillai et al. 2005), suggesting that
such an activity of miRNAs may not be occurring in the
PBs. Finally, the presence in PBs of human Ago proteins
lacking cleavage activity and reporter mRNAs targeted for
translational repression hints at another role for these struc-
tures in the miRNA pathway.

The finding that in Saccharomyces cerevisiae mRNAs that
are repressed at the translation initiation step are seques-
tered in PBs and can exit the PBs to re-enter translation
suggests that apart from their established role in mRNA
decay, these structures can also act as sites for storage of
repressed mRNAs (Brengues et al. 2005). It is important to
note that release of repression and re-entry into translation
from PBs has never been demonstrated for a miRNA target.

Also, the very fact that miRNA-repressed mRNAs are
detectable in the PBs suggests that these are not being
actively degraded, as visualization of mRNA undergoing
degradation in PBs required the depletion of essential pro-
teins in the decay pathway to stabilize the decay interme-
diates (Sheth and Parker 2003). The finding that foci
containing repressed mRNA and miRNAs do not always
perfectly overlap with PBs but are sometimes found adja-
cent to them (Pillai et al. 2005) allows one to speculate that
there might be some sort of compartmentalization within
these structures for their roles in storage and mRNA decay.

Possible models of miRNA function

In the context of PBs, one can visualize two possible models
to explain the mechanism of miRNA action. The one-step
model (Fig. 1) envisages a scenario where the binding of the
miRNP to the target mRNA would create a targeting signal
that directs the mRNP:miRNP complex to the PBs. This
could be viewed as an act of condemning them for either
degradation (Bagga et al. 2005) or translational repression,
as PBs lack ribosomes and translation factors (Teixeira et al.
2005). Prior to entry into the PBs the mRNAs must be
cleared of the ribosomes and other translation factors. The
alternative two-step model views the localization to PBs as a
consequence of translational repression. It regards transla-
tional initiation block by miRNA as a primary event, with
the relocalization to the PBs coming later as a means to
store the mRNP. It is believed that although the transla-

FIGURE 1. Models of miRNA function. The two-step model: Upon binding to the 30-UTR of a target mRNA, the miRNP complex inhibits
translation initiation, presumably by interfering with the 7mG cap function in recruiting eIF4E. Next, the repressed mRNA:miRNP complex is
moved to the P-bodies (PBs) for storage. It is speculated that there are separate compartments for storage of the repressed mRNA and for the core
PB components such as Dcp1, Xrn1, etc. It is possible that a part of the stored mRNA is degraded via decapping or that once repression is released,
they exit the PBs and re-enter translation. One-step model: Binding of the miRNP to the target mRNA directs the mRNA to the PBs. Disassembly
of ribosomes on the message occurs prior to entry into the PBs. The mRNA can then be either degraded or stored for later reuse. 7mG, 7-methyl
guanine; AAAA, poly-adenosine tail; 4E, eIF4E; 4G, eIF4G.
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tional repression machinery inhibits protein synthesis, the
subsequent sequestration in PBs is what might further
enforce this repression due to its translation-incompetent
environment. It is difficult to fit into this model the data on
the presence of miRNAs on polysomes, as any mechanism
that retains messages on polysomes goes against the idea of
PB formation. It remains a possibility that the presence of
miRNAs/mRNAs on polysomes might reflect a state where
mRNAs that are being actively translated are in the process
of being engaged by these miRNAs for repression. Alterna-
tively, these miRNAs might be in large aggregates that
sediment in the range of polysomes. However, in the ab-
sence of data supporting any of these possibilities, an effect
on other steps of translation or proteolysis of nascent poly-
peptides should be entertained in some situations.

Although both of the models of miRNA function need to
be tested, available data might support the two-step model.
The finding that Ago2 with mutations in the PAZ domain
and thus lacking miRNA-binding activity did not localize to
the PBs (Liu et al. 2005) suggests that Ago proteins do not
localize to PBs on their own but might do so in the context
of a complex with miRNAs and perhaps with associated
repressed mRNA. Additionally, the experiments with dicis-
tronic constructs where the first cistron was repressed by
let-7 while the second cistron was still being translated
would suggest that miRNA-mediated translational repres-
sion was indeed occurring outside the PBs (Pillai et al.
2005). Both models allow for the hypothetical possibility
that the repressed mRNAs can exit PBs and re-enter trans-
lation, once the repression is reversed. Alternatively, if these
RNAs are deemed unnecessary, they can be cleared from the
cell by channeling them into the decay pathway. This is an
attractive possibility, as after translational repression by
miRNAs and subsequent relocalization to the PBs, a part
of the sequestered mRNAs might be degraded by the resi-
dent decapping and 50–30 exonuclease activities. This might
explain the observed reduction in target mRNA levels.
What decides whether the sequestered mRNA is to be
degraded or stored for later reuse? Perhaps the incarcera-
tion in PBs tips the balance in favor of degradation,
although it is possible that a message with a long enough
half-life might escape back into the cytosol for translation,
once the repression is reversed.

Conclusions

Recent studies have shed light on the mechanisms of animal
miRNA function. The long-held view that animal miRNAs
do not affect mRNA stability when base-paired to their
targets with partial complementarity has been overturned.
MicroRNAs have been shown to affect translation, both
prior to and after the initiation step. The linking of cytoplas-
mic PBs to the miRNA pathway suggests a pathway where
translational initiation arrest is the primary event and views
the effect on mRNA stability as a consequence of relocaliza-

tion of repressed mRNAs to the PBs. A cellular miRNA has
been shown to affect replication of a virus without affecting
stability or translational output of its target RNA. All of these
findings raise the question of whether we can box these
different observations into one unified model to explain
miRNA function. Do we need a model? Perhaps there are
multiple mechanisms in operation. Ultimately, the fate of a
message is decided by the sum of all forces acting on it, and
this can be quite different for each mRNA, with the miRNAs
being only one of these forces.
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