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The control of translation and mRNA degradation is an
important part of the regulation of gene expression. It is
now clear that small RNA molecules are common and
effective modulators of gene expression in many eukary-
otic cells. These small RNAs that control gene expres-
sion can be either endogenous or exogenous micro RNAs
(miRNAs) and short interfering RNAs (siRNAs) and can
affect mRNA degradation and translation, as well as
chromatin structure, thereby having impacts on tran-
scription rates. In this review, we discuss possible
mechanisms by which miRNAs control translation and
mRNA degradation. An emerging theme is that miRNAs,
and siRNAs to some extent, target mRINAs to the general
eukaryotic machinery for mRNA degradation and trans-
lation control.

micro RNAs (miRNAs)/short interfering RNAs
(siRNAs) are important regulators of
eukaryotic mRNAs

A key aspect of the regulation of eukaryotic gene expres-
sion is the cytoplasmic control of mRNA translation and
degradation. Over the past decade, miRNAs and siRNAs
have emerged as important regulators of translation and
mRNA decay. The regulatory pathways mediated by
these small RNAs are usually collectively referred to as
RNA interference (RNAi) or RNA silencing. As dis-
cussed in more detail below, miRNAs and siRNAs can
silence cytoplasmic mRNAs either by triggering an en-
donuclease cleavage, by promoting translation repres-
sion, or possibly by accelerating mRNA decapping.
Originally described in Caenorhabditis elegans, hun-
dreds of such molecules and their possible targets have
now been discovered in the genomes of plants and ani-
mals (Bartel and Chen 2004). Strikingly, bioinformatics
analyses suggest that up to 30% of human genes may be
regulated by miRNAs (Lewis et al. 2005).
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miRNAs and siRNAs are ~21-26-nucleotide (nt) RNA
molecules. Although both types of molecules can be
functionally equivalent, they are distinguished by their
mode of biogenesis (Carmell and Hannon 2004; Kim
2005). miRNAs are produced from transcripts that form
stem-loop structures. These are processed in the nucleus
by a complex comprised of at least two components: the
RNase III enzyme Drosha, and a protein called Pasha in
Drosophila or DGCRS8 in mammals (Lee et al. 2003;
Denli et al. 2004; Gregory et al. 2004; Han et al. 2004,
Landthaler et al. 2004). Initial cleavage is followed by
exportin-5-mediated transport to the cytoplasm of a 65—
75-nt pre-miRNA, which is further processed by the cy-
toplasmic RNase III endonuclease Dicer complex (Yi et
al. 2003; Lund et al. 2004). Final processing by Dicer
appears coupled to assembly of the miRNA into the
RNA-induced silencing complex (RISC), which is the ef-
fector of RNAi (Gregory et al. 2005). In contrast, siRNAs
are produced from long double-stranded RNA (dsRNA)
precursors, which can be either endogenously produced
or exogenously provided. Processing of siRNAs is also
Dicer-dependent and their assembly into the RISC com-
plex is facilitated by the Dicer enzyme complex, at least
in some cases (Tomari et al. 2004).

The key component of the RISC complex is an Argo-
naute protein. Argonaute proteins are consistently found
in RISC complexes from a variety of organisms (Carmell
et al. 2002). The Argonaute protein family is diverse,
with all members containing a PAZ domain, which is
involved in miRNA/siRNA binding, and a PIWI domain,
which is related to RNaseH endonucleases and functions
in slicer activity (Lingel and Sattler 2005). Argonaute
proteins directly interact with the miRNA/siRNA (Song
et al. 2003; Ma et al. 2004, 2005). Most eukaryotes ex-
amined contain multiple Argonaute family members,
with different Argonautes often specialized for distinct
functions. For example, in Drosophila, Agol appears to
primarily function in miRNA-mediated translation re-
pression, while Ago2 acts in siRNA-catalyzed endonu-
cleolytic cleavage (Okamura et al. 2004). Similarly, in
humans, Ago2 is the only Argonaute capable of endo-
nuclease cleavage (Liu et al. 2004; Meister et al. 2004).
Additional proteins have been associated with the RISC
complex—including the Vasa intronic gene (VIG) pro-
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tein, the Tudor-SN protein, Fragile X-related protein, the
putative RNA helicase Dmp68, and Gemin3 (Caudy et
al. 2002, 2003; Ishizuka et al. 2002; Mourelatos et al.
2002)—although their generality or precise role in RNAi
remains to be determined.

A key issue in miRNA/siRNA function is the speci-
ficity of their interactions with their target mRNAs and
how each interaction leads to discrete downstream con-
sequences. From a number of experiments, some key
principles of this interaction have emerged. First, based
on experimental manipulation, base-pairing between the
5" end of the miRNA (residues 2-7) and the mRNA target
plays a primary role in establishing interactions, with
the important feature being the thermal stability of the
miRNA:mRNA interaction (Doench and Sharp 2004).
Moreover, the 5’ portion of related miRNAs is the most
highly conserved. Second, the 3’ portion of the miRNA
can also contribute to efficient repression, and it has
been suggested to work as a modulator of suppression
(Doench and Sharp 2004; Kiriakidou et al. 2004; Kloos-
terman et al. 2004). Third, for efficient endonuclease
cleavage, base-pairing is needed at the site of cleavage,
between bases 10 and 11 (Elbashir et al. 2001; Haley and
Zamore 2004; Martinez and Tuschl 2004). Fourth, while
only one complementary site is generally sufficient to
direct repression by cleavage, multiple sites are required
for efficient translational repression, with a few excep-
tions (Doench et al. 2003; Zeng et al. 2003; Doench and
Sharp 2004; Kiriakidou et al. 2004). Fifth, the interaction
of miRNA and Argonaute with the mRNA may be in-
fluenced by other sequence-specific RNA-binding pro-
teins, thus providing an additional level of specificity to
miRNA:mRNA interactions. This possibility is sug-
gested by the observations that an RNA-binding protein,
GW182, interacts with Argonaute proteins and is re-
quired for efficient miRNA-mediated repression in ani-
mals (Ding et al. 2005; Jakymiw et al. 2005; Liu et al.
2005b; Rehwinkel et al. 2005), and that the RNA-binding
protein TTP collaborates with a miRNA to affect the
decay rate of some mRNAs (Jing et al. 2005). Surpris-
ingly, in this latter case, the sequence within miRNA
that is important for pairing with the target mRNAs is
from nucleotide 11 to 18. This study suggests miRNAs
could have more far reaching and general effects on gene
regulation. Finally, because effective repression of the
LIN-14 mRNA by the LIN-4 miRNA appears to require a
bulge in the miRNA:mRNA duplex (Ha et al. 1996), the
specific conformation of the miRNA:mRNA duplex may
be important in function, perhaps to allow the recruit-
ment of additional RNA-binding proteins in specific con-
texts.

miRNAs and siRNAs can direct endonucleolytic
cleavage of mRNAs

One manner in which miRNAs and siRNAs control
post-transcriptional gene expression is by directing en-
donuclease cleavage of the target mRNA. Such endo-
nuclease cleavage, referred to as “Slicer” activity, was
first demonstrated in cell cultures with exogenously pro-
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vided dsRNAs (Tuschl et al. 1999; Hammond et al.
2000). However, it is now appreciated that some endog-
enous miRNAs in both plants and metazoans direct en-
donucleolytic cleavage (Llave et al. 2002; Yekta et al.
2004; Allen et al. 2005). Endonucleolytic cleavage is gen-
erally favored by perfect base-pairing between the
miRNA/siRNA and the mRNA, although some mis-
matches can be tolerated and still allow cleavage to oc-
cur (Mallory et al. 2004; Yekta et al. 2004; Guo et al.
2005). Interestingly, extensive base-pairing between the
miRNA and the mRNA is not always sufficient to in-
duce cleavage, suggesting that there can be additional
requirements for a RISC complex to catalyze endonu-
cleolytic cleavage (Chen 2004).

One additional requirement for slicer activity is that a
specific Argonaute protein be present within RISC. For
example, in mammalian cells, biochemical and genetic
studies have identified Ago2 as the only one of the four
mammalian Ago proteins capable of directing cleavage
(Liu et al. 2004; Meister et al. 2004). Ago2 has an
RNaseH-like domain and contains all of the critical ac-
tive residues to carry out cleavage. Moreover, mutations
in the RNaseH domain of Ago2 abrogate siRNA-medi-
ated cleavage (Liu et al. 2004; Song et al. 2004). In vitro-
specific cleavage activity is dependent on siRNA-Ago2
binding and it does not need the presence of any other
factor (Rivas et al. 2005). These results define the mini-
mal RISC composition needed for siRNA-directed cleav-
age in mammals as the miRNA/siRNA and the Ago2
protein. Some Argonaute proteins lack the catalytic resi-
dues and hence enzyme activity. However, there are also
cases in which Argonaute proteins are inactive despite
the presence of all known catalytic residues. The under-
lying cause of this deficit is currently unknown. The
requirement for a specific Argonaute protein for endo-
nuclease cleavage suggests that a specific miRNA that
preferentially assembles with a particular Argonaute
protein, perhaps due to its mode of biogenesis, might be
unable to direct cleavage, even if the miRNA/mRNA
base-pairing is perfect.

mRNA fragments generated by RISC cleavage
are directed to the general cellular mRNA
degradation machinery

The products of RNAi-mediated cleavage appear to be
degraded by the same enzymes that degrade bulk cellular
mRNA. Eukaryotic cells contain two general and con-
served pathways for the degradation of bulk mRNA, both
of which require an initial removal of the 3’ poly(A) tail
in a process referred to as deadenylation (Parker and Song
2004). In one case, deadenylation is followed by 3’-to-5’
exonucleolytic degradation by the exosome, a multi-
meric complex with 3'-to-5" exonuclease activity. Alter-
natively, after deadenylation, mRNAs can be decapped
by the Dcpl/Dcp2 decapping enzymes and degraded 5'-
to-3' by the abundant 5'-to-3" exoribonuclease, Xrnlp.
Evidence suggests that following mRNA cleavage trig-
gered by siRNAs or miRNAs, the 3’ fragment is degraded
by major cellular 5’-to-3’ exonucleases. For example, in
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Drosophila S2 cells in culture, Xrnlp is required for deg-
radation of the 3’ cleavage product from RISC-mediated
cleavage (Orban and Izaurralde 2005). Similar results are
seen in plant cells, where loss of the Arabidopsis homo-
log of Xrn1 (Xrn4) leads to stabilization of some of the 3’
products of miRNA induced cleavage (Souret et al. 2004).

The degradation mode of the 5’ fragment from
miRNA/siRNA-induced cleavage is less clear, and this
fragment may be subject to two alternative fates. This 5’
fragment can be a substrate for the exosome, since in S2
cells, knockdown of the exosome and/or the associated
SKI complex leads to the accumulation of this 5’ cleav-
age product (Orban and Izaurralde 2005). A second fate of
the 5’ product can be the addition of a 3’ tail after the site
of cleavage that includes predominantly Us, but can in-
clude As and Cs (Shen and Goodman 2004). This uridi-
nylation occurs in both plants and animals and could be
a mechanism to enhance degradation for poor substrates
for the exosome, which might require a 3’ extension to
activate the exosome. This would be similar to polyade-
nylation activating decay of structured RNAs in bacteria
and of defective pre-RNAs in the eukaryotic nucleus (for
review, see Jensen and Moore 2005). Alternatively, uridi-
nylation may compete with 3’-to-5' degradation, and
substrates where uridinylation occurs could end up be-
ing targeted for decapping and 5'-to-3" degradation. Con-
sistent with this latter possibility, oligouridinylation
seems to correlate with shortening of the 5’ end of the
cleavage product (Shen and Goodman 2004).

miRNAs can target mRNAs
for slicer-independent decay

Several observations now suggest the possibility that
miRNAs also target mRNAs for increased decay by a
slicer-independent mechanism. For example, introduc-
tion of specific miRNAs into Hela cells by transfection
decreases the levels of a population of transcripts that
contain potential binding sites for the miRNA (Lim et al.
2005). Similarly, analyses in C. elegans indicate that the
let-7 and lin-4 miRNAs reduce the levels of their target
mRNAs (Bagga et al. 2005), although how these studies
differ from those that previously led to different conclu-
sions is unclear (Wightman et al. 1993). An additional
example in which a miRNA can target mRNAs for decay
comes from the analysis of mRNA decay stimulated by
an AU-rich 3’ UTR regulatory sequence (ARE). AREs are
a common class of sequences that control mRNA decay
rates and translation in eukaryotic cells (for review, see
Espel 2005). Recent work suggests that the miR-16
miRNA functions with RISC and the sequence-specific
RNA-binding protein TTP to target an ARE containing
mRNA for degradation (Jing et al. 2005).

An unresolved issue is the mechanism by which these
miRNAs are targeting mRNAs for degradation. In prin-
ciple, these miRNAs could also be leading to activation
of slicer activity. However, this possibility seems un-
likely, because in many of these cases, the expected sites
of cleavage are mismatched between the miRNAs and
the mRNA target, and none of the expected mRNA de-
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cay intermediates from slicer activity have been ob-
served (Bagga et al. 2005; Jing et al. 2005). In the case of
ARE-mediated degradation, experiments suggest the
miRNA/RISC complex is not involved in exosome-me-
diated decay because RNAI inhibition of exosome func-
tion has no impact (Jing et al. 2005). These observations
suggest that miRNAs, minimally in combination with
Argonaute proteins, either target mRNAs to an un-
known decay pathway, or might promote mRNA decap-
ping and 5’-to-3’ degradation.

Evidence that miRNAs might target mRNAs for de-
capping has come from comparing the subceullar distri-
bution of Argonaute proteins with the decapping ma-
chinery. In a range of eukaryotic cells, including yeast
and mammals, the decapping enzyme (consisting of
Dcpl/Dcp2), Xrnlp, and several activators of decapping
are concentrated in specific cytoplasmic foci known as
cytoplasmic processing bodies (P-bodies, also referred to
as GW-bodies), which can be sites of mRNA decapping
and degradation (Sheth and Parker 2003; Cougot et al.
2004). In tissue culture cells, all four versions of the
mammalian Argonaute proteins are concentrated in P-
bodies and can coimmunoprecipitate with the decapping
enzyme (Jakymiw et al. 2005; Liu et al. 2005b; Pillai et al.
2005; Sen and Blau 2005) Similarly, ALG-1, which is one
of the Argonaute family members in C. elegans, can ac-
cumulate in P-bodies (Ding et al. 2005). The concentra-
tion of Argonautes in P-bodies in mammalian cells re-
quires interaction with small RNAs, but is independent
of catalytic activity (Liu et al. 2005a). The mRINA targets
of miRNAs also accumulate within P-bodies in a
miRNA-dependent manner (Liu et al. 2005a; Pillai et al.
2005). Quantitation of microscopic images suggests that
at least 20% of the target mRNAs is concentrated in
easily visualized P-bodies, and this fraction could be
higher if there are additional P-bodies that are too small
to be easily visualized in the light microscope (Pillai et
al. 2005). Indeed, based on nonquantitative RT-PCR
analysis, the majority of a mRNA repressed by the Let-7
miRNA, is found in a biochemical fraction containing
P-bodies (Pillai et al. 2005). Based on these results, a
strong prediction is that miRNAs target mRNAs to P-
bodies, increasing their association with the decapping
machinery and thereby potentially reducing their levels
by decapping and 5'-to-3’ degradation.

Several other observations are consistent with miRNAs
and RISC increasing decapping rates. First, knockdown
of Xrnlp in C. elegans, which would be required to de-
grade the mRNA body after decapping, was observed to
attenuate the decrease in mRNAs levels in mRNA tar-
gets caused by let-7 and lin-4 miRNAs (Bagga et al. 2005).
Second, partially degraded mRNAs were detected for the
lin-41 mRNA in C. elegans that extended from the 5’
side of the mRNA:miRNA duplex to the 3’ end of the
mRNA (Bagga et al. 2005). Such decay intermediates are
consistent with 5’-to-3’ exonucleolytic degradation of
the mRNA, with stalling of the Xrn1p at the position of
RISC on the target RNA. Previous results have also sug-
gested that Xrnlp is required for efficient RNAi in C.
elegans, possibly because Argonaute proteins fail to be
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recycled if the transcript is not degraded (Newbury and
Woollard 2004). Finally, knockdowns of Dcplp and/or
Dcp2p in Drosophila S2 cells, or mammalian cells, in
culture led to an inhibition of miRNA-based repression
of a reporter mRNA, although whether Dcpl/Dcp2
knockdown affected the reporter mRNA levels and/or
mRNA decay rates in response to a miRNA was not
examined (Liu et al. 2005b; Rehwinkel et al. 2005). The
absence of this data leaves open to question whether
miRNAs are driving mRNA decapping or translation re-
pression, and Dcplp/Dcp2p are required for efficient
translation repression, as can be seen in yeast cells under
some conditions (Holmes et al. 2004; Coller and Parker
2005).

In summary, the reduction in mRNA levels by miRNAs,
the interaction and colocalization of miRNAs, Argo-
nautes, and mRNA targets to P-bodies, and the func-
tional interactions between miRNA-mediated repres-
sion and the decapping enzyme and Xrnlp, suggests the
reasonable hypothesis that miRNAs will in some cases
increase decapping rates. A direct test of this hypothesis
will hopefully emerge and might include a direct dem-
onstration that a miRNA can increase the decay rate of a
mRNA in a manner dependent on the decapping enzyme
both in vivo and in reconstituted systems in vitro. More-
over, because decapping generally occurs following
translation repression and the mRNA exiting translation
(for review, see Coller and Parker 2004), miRNAs might
induce decapping as a downstream consequence of re-
pressing translation.

miRNAs can reduce translation

A third way that miRNAs silence mRNAs is by interfer-
ing with their translation. This was first suggested by the
observation that the lin-4 miRNA reduced the amount of
lin-14 protein, without reducing the amount of the lin-
14 mRNA (Lee et al. 1993; Wightman et al. 1993). Al-
though recent observations suggest that the lin-4 might
also affect mRNA levels (Bagga et al. 2005), there are
now multiple other examples where silencing by a
miRNA is observed with either no change in the mRNA
level, or with a significantly smaller decrease in mRNA
levels than is observed for protein (e.g., Brennecke et al.
2003; Chen 2004; Poy et al. 2004; Cimmino et al. 2005).
Similarly, several reporter mRNA systems have been
constructed in mammalian cells, where silencing either
by an endogenous miRNA, an exogenously provided
miRNA, or tethering of the Argonaute to the mRNA
fusion by a sequence-specific RNA-binding protein re-
duces protein production by a greater amount than
mRNA levels (Doench et al. 2003; Saxena et al. 2003;
Zeng et al. 2003; Pillai et al. 2005).

Translation repression by miRNAs can be generally
distinguished from slicer activity by several features.
First, while substantial bulges in the helix in the vicinity
of the cleavage-site block slicer activity, they can still
allow efficient translation repression. Second, the ability
to repress translation is thought to be common to all
members of the Argonaute family of proteins. For ex-
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ample, tethering of either human Ago2 or Ago4 to a tar-
get mRNA can lead to translation repression (Pillai et al.
2004). Since Agol, Ago3, and Ago4 also accumulate in
P-bodies in mammalian cells (Liu et al. 2005b; Pillai et
al. 2005), a reasonable assumption is that Agol, Ago3,
and Ago4 will also function in translation repression in
human cells. In this regard, translational repression in
response to miRNAs remains intact in Ago2-null cells
(Liu et al. 2004). Third, efficient translation repression by
miRNAs often utilizes multiple miRNA-binding sites,
This was first suggested by the observation that the early
identified mRNA targets of miRNAs contained multiple
sites for miRNA binding, either the same miRNA or a
combination of several different miRNAs (Bartel and
Chen 2004). Moreover, this property has been experi-
mentally reconstructed (Doench et al. 2003; Zeng et al.
2003; Kiriakidou et al. 2004). However, it should be
noted that many predicted targets of miRNAs only con-
tain a single miRNA-binding site in their 3’ UTR (e.g,,
see Brennecke et al. 2005; Lewis et al. 2005), suggesting
that such single sites may lead to fine “tuning” of
mRNA function (Bartel and Chen 2004). Whether mul-
tiple sites are required for efficient repression to ensure
occupancy of at least one site by a RISC complex, or
because multiple RISC complexes act in an additive
manner to repress translation remains unresolved.

How do miRNAs repress translation?

Recent observations suggest that miRNA/RISC may de-
crease the rate of translation initiation. For example,
Argonaute proteins, miRNAs, and mRNA targets of
miRNAs accumulate in P-bodies in a miRNA-dependent
manner (Jakymiw et al. 2005; Liu et al. 2005a; Pillai et al.
2005; Sen and Blau 2005). P-bodies are thought to con-
tain pools of mRNAs not engaged in translation, because
P-bodies show a reciprocal relationship with polysomes,
do not contain the translation machinery, and contain
and require mRNAs for assembly (Andrei et al. 2005;
Brengues et al. 2005; Kedersha et al. 2005; Teixeira et al.
2005). Thus, the accumulation of mRNA targets of
miRNAs and the Argonaute proteins in P-bodies argues
that miRNAs are increasing the amount of ribosome-free
mRNA. Moreover, in mammalian cells, translation re-
pression by the Let-7 miRNA, or by tethered Argonaute
proteins, can shift the mRNA target to lighter fractions
in polysome gradients, which argues that miRNA-medi-
ated repression can reduce translation initiation (Pillai
et al. 2005). Additional evidence that miRNAs can affect
translation initiation is that alterations in the transla-
tion initiation process can make an mRNA resistant to
miRNA-induced translation repression (see below). For
example, tethering of the translation factors elF-4E or
€iF-4G to an mRNA makes it resistant to miRNA-in-
duced repression (Pillai et al. 2005). Note that if miRNAs
affected nascent protein stability or a step after transla-
tion initiation, one would expect translation driven by
tethered translation-initiation factors to still be re-
pressed.
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Evidence for ‘P-body formation’ being important
in RNA silencing

Evidence that the localization of Argonaute proteins in
P-bodies is functionally important has come from the
identification of a new and conserved Argonaute-binding
protein. Specifically, the mammalian GW182 protein, a
major component of P-bodies (Eystathioy et al. 2003), has
been found to colocalize and coimmunoprecipitate with
Argonaute proteins (Jakymiw et al. 2005; Liu et al.
2005a). Similarly, a homolog of GW182 in C. elegans,
referred to as Ain-1, was found to coimmunoprecipitate,
and in some cases, colocalize with a member of the Ar-
gonaute family in C. elegans, Alg-1 (Ding et al. 2005).
Moreover, reconstitution of binding between recombi-
nant Alg-1 and in vitro-translated Ain-1 suggests that the
interaction between these GW182 family members and
Argonaute proteins may be direct (Ding et al. 2005). Fi-
nally, both GW182 and Ain-1 coimmunoprecipitate with
miRNAs (Ding et al. 2005; Jakymiw et al. 2005). These
results identify the GW182 protein family as a conserved
Argonaute-interacting protein.

Several experiments now indicate that the GW182
protein family is also functionally important in miRNA-
mediated repression, in a manner that directly correlates
with its ability to function in P-body assembly. First,
siRNA knockdown of GW182 function in mammalian
cells reduces P-body formation and inhibits miRNA-me-
diated translation repression, and may also affect slicer-
dependent repression (Jakymiw et al. 2005; Liu et al.
2005b). Second, introduction of a dominant negative al-
lele of GW182 in mammalian cells also reduces P-body
formation and affects miRNA/siRNA silencing (Jaky-
miw et al. 2005). Third, mutations in Ain-1 have devel-
opmental phenotypes consistent with defects in
miRNA-based repression (Ding et al. 2005). Fourth,
siRNA knockdown of GW182 in Drosophila S2 cells in-
hibits miRNA-mediated repression (Rehwinkel et al.
2005), although whether P-bodies are affected in this
case was not examined. The requirement for GW182 pro-
tein to form P-bodies and for miRNA-mediated repres-
sion argues that these two processes are linked.

Two experiments provide additional evidence that P-
body formation and RNA silencing are linked. First,
transfection of mammalian cells with a dominant nega-
tive fragment of Ago2 inhibits both RNA silencing and
P-body formation (Jakymiw et al. 2005). Second, when
the PAZ9 and PAZ10 mutant forms of the Ago2, which
are unable to bind to miRNAs or accumulate in P-bodies,
are tethered to reporter mRNAs, they are no longer able
to repress translation (Liu et al. 2005a,b). However, the
PAZ9 and PAZ10 Ago2 mutants still interact with
Dcplp, Dep2p, and GW182, arguing that these proteins
are not simply unfolded, but are defective in P-body lo-
calization and silencing per se (Liu et al. 2005a,b). These
results suggest the possibility that translation repression
and P-body targeting requires a transition in the RISC
complex that could be dependent on Ago:miRNA inter-
actions, miRNA:mRNA interactions, or possibly spe-
cific events in translation.

Control of translation and mRNA degradation

It remains to be clarified whether GW182 family
members can also affect endonuclease cleavage triggered
by siRNA/miRNAs. Two groups have only seen a small
effect of GW182 knockdowns on slicer-mediated repres-
sion (Liu et al. 2005b; Rehwinkel et al. 2005), whereas
another group saw a requirement for GW182 for what
was anticipated to be a slicer-dependent mode of repres-
sion for the lamin A/C mRNA (Jakymiw et al. 2005).
One simple explanation for these differences is that the
siRNA used against lamin A/C represses by a combina-
tion of slicer-dependent and slicer-independent mecha-
nisms.

In summary, the correlation between P-body forma-
tion and RNA silencing in multiple cases suggests that
at least slicer-independent RNA silencing involves for-
mation of a translationally repressed mRNP, which can
then aggregate into P-bodies and might be subject to both
translation repression and/or decapping. Whether the
translation repression is sufficient once an individual
mRNP has been formed or assembly into a larger P-body
is required, is yet to be determined. In addition, a major
issue to be addressed is whether RISC assembled on the
mRNA interferes with a specific aspect of translation
initiation and/or represses translation by promoting the
assembly of the P-body mRNP.

Translation initiation control mechanisms
and their implications for the mechanism
of miRNA-based repression

In order to discuss how miRNAs might repress transla-
tion initiation, it is helpful to review the process of
translation initiation and how it is controlled on specific
mRNAs. The process of translation initiation occurs by
a series of key steps (for review, see Kapp and Lorsch
2004). For cap-dependent translation, which is the major
mode of translation initiation, the 5" m7GpppG cap is
recognized by the cap-binding protein, eIF-4E, part of the
elF-4F initiation complex. The elF-4F complex then re-
cruits a complex containing eIF3, the 40S subunit of the
ribosome, and a ternary complex of elF2, GTP, and the
initiator tRNA. The 40S subunit is then thought to scan
on the 5" UTR until an AUG is recognized, leading to
joining of the 60S subunit to begin the elongation phase
of translation. Initiation can also occur in cap-indepen-
dent mechanisms, whereby internal ribosome entry sites
(IRESs) recruit the translation machinery independent of
the cap-binding protein in a variety of manners (see be-
low).

There are two broad manners by which translation can
be repressed. First, translation initiation can be regulated
on specific mRNAs by affecting the ability of the mRNA
to complete a step in the initiation process (for review,
see Richter and Sonenberg 2005). For example, in Dro-
sophila the Oskar mRNA assembles a tripartite complex
wherein elF-4E is bound to the cap, but is prevented from
interaction with eIF-4G by the elF-4E-binding protein
Cup, which is delivered to the mRNA by an interaction
with the sequence-specific binding of Bruno to the 3’
UTR (Nakamura et al. 2004). Alternatively, recent re-
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sults suggest that translation initiation rates can also be
repressed by a competition between assembly of the
translation initiation complex and a P-body mRNP, sug-
gesting a model wherein cytoplasmic mRNAs are in
equilibrium between translation complexes and P-body
mRNPs, with the status of any individual mRNA being
the summation and competition of interactions driving
the assembly of these two biochemical states (Brengues
et al. 2005; Coller and Parker 2005). Moreover, mRNA-
specific repression complexes might feed into this gen-
eral competition. For example, despite the eIF4E, Cup,
Bruno repression complex, efficient translational repres-
sion of the Oskar mRNA during early development re-
quires the Drosophila protein Me31b, whose yeast ho-
molog functions in translation repression and P-body for-
mation (Nakamura et al. 2001; Coller and Parker 2005).

These results suggest two possibly overlapping mecha-
nisms by which miRNA and RISC might repress trans-
lation. In one model, a component of RISC, directly or
through additional factors, inhibits the function of some
translation initiation factor, thus leading to the mRNA
exiting translation and accumulating in P-bodies. Alter-
natively, or in addition, RISC might contain or recruit
proteins that promote the assembly of an mRNP that can
accumulate within P-bodies and be sequestered from the
translation machinery. It should be noted that because
P-bodies are dynamic structures and, at least in yeast,
mRNAs can cycle in and out of P-bodies (Brengues et al.
2005), the translation repression by RISC could be a ki-
netic effect on either increasing the rate of entry into
P-bodies or decreasing the exit rate of mRNAs back into
translation.

Experimental alterations of translation initiation
and its effect on miRNA-based translation repression

One manner to determine the mechanism by which
miRNAs regulate translation is to alter aspects of the
translation initiation process and then see whether
miRNAs can still repress translation. For example, if
miRNA/RISC represses translation by interfering with
the cap-binding protein eiF-4E, then mRNAs without
the cap structure would be expected to be resistant to
miRNA-mediated repression. Several such experiments
have recently been reported in mammalian cells exam-
ining how miRNAs repress translation when the mRNA
is lacking a 5’ cap structure, a poly(A) tail, or initiates
translation through an IRES element, which bypasses
the need for certain initiation factors. As summarized in
Table 1, these experiments vary in design (e.g., some
transfect DNA, some transfect mRNA directly), result,
and interpretation. However, comparison across this set
of experiments reveals some relatively clear results.
First, miRNAs can repress translation independent of
the poly(A) tail. This is based on the observations that
transfected capped, unadenylated mRNAs can be subject
to miRNA-based repression (Humphreys et al. 2005; Pil-
lai et al. 2005). Thus, miRNA-mediated repression does
not work solely through the poly(A) tail of mRNAs.
Second, miRNAs can repress translation independent
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Table 1. miRNA repression of mRNAs with altered
translating initiation

Structure of mRNA Effect of miRNA

Transfected RNAs

m’G a* 6 - 10X repression1:2

m’G A 2.5 - 10X repression”s1:2

ACAP e A 2.5X repressionts2

ACAP e A No repression2

AcapCrBV___A No repression?2

AcapL_A' No repression?

Acap_EMCV_______ A* 2.5X repressiont>2

m’ GHCY A* No repression!
NoCap—EMCV A* No repression!

in vivo Synthesized mRNAs

m’G.AUG uan  CrPV _ aue usa _p+

miRNA repression of

both cistron ORFs3

m!G.Auc uaa  HCV _ aue uaa At

(39(2)
m’ G_AuG uaa @ (!’ auG_uaa_ At
m’ G_AUG_uaa L, aug uan At

* Evidence poly(A) tail not required for miRNA repression
t Evidence cap structure not required for miRNA repression

1. Pillai et al., 2005
2. Humphreys et al., 2005
3. Petersen et al., 2006

miRNA repression of
only upstream ORF1

of the cap structure. This is based on the observation
that transfected mRNA without an m7G cap, with or
without an IRES, still are repressed by miRNAs (Hum-
phreys et al. 2005). Thus, miRNA-mediated repression
does not work solely through the 5’ cap structure.

Third, some, but not all mRNAs containing IRES ele-
ments are subject to repression. For example, when a
dual reporter mRNA is produced by in vivo transcrip-
tion, translation from the HCV or CrPV IRES was still
repressed by miRNAs (C.P. Petersen, M.E. Bordeleau, J.
Pelletier, and P.A. Sharp, in prep.). Because the CrPV
IRES initiates translation independent of all initiation
factors, this would suggest that miRNA-mediated re-
pression either affects a step in initiation involving the
ribosome subunits, affects a step after translation initia-
tion, or represses translation by sequestering the mRNA
into a complex where it is not accessible to the ribo-
somes. However, when mRNAs with either the HCV of
CrPV IRESs virus are transfected into cells, they escape
repression by miRNAs (Humphreys et al. 2005; Pillai et
al. 2005).

An unresolved question is why these experiments
yield different results, although there are several possible
factors. For example, transfected mRNAs may be differ-
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ent from endogenously produced transcripts in terms of
their associated proteins, which might affect their inter-
action with miRNAs or other aspects of cellular metabo-
lism, which might indirectly affect miRNA control. Sec-
ond, if miRNA-mediated translation repression affects
one of two or more steps that can limit translation ini-
tiation rate, then one anticipates that only mRNAs that
are limiting for the miRNA-affected step will be effi-
ciently controlled by miRNAs. For example, since many
mRNAs with IRES elements are relatively poorly trans-
lated, they may already be primarily in the P-body pool,
and as such, may not be significantly affected by inter-
actions promoting P-body targeting. This could explain
why addition of a poly(A) tail to an mRNA where trans-
lation is IRES-dependent restores miRNA-mediated re-
pression (Humphreys et al. 2005), since the poly(A) tail
might promote the mRNA having a reduced concentra-
tion in P-bodies. Similarly, miRNAs may affect the bal-
ance between assembly of a translation complex and se-
questration in a P-body, and it is the overall sum of the
interactions dictating these competing assembly pro-
cesses that determines whether or not an mRNA will be
subject to miRNA repression. Interestingly, translation
promoted by tethering of the cap-binding proteins, eI[F4E
or its binding partner eIF4G, upstream of an internal
ORF is resistant to repression by the Let-7 miRNA (Pillai
et al. 2005). This could be explained if the tethering of
mutiple copies of eIF-4E or eIF-4G produces robust trans-
lation initiation, which might then outcompete the as-
sembly of a translation repression complex. Thus, it may
be useful in future experiments to consider both the ab-
solute and relative rates of translation when examining
miRNA-based repression mechanisms.

Can miRNAs repress translation
by additional mechanisms?

Some observations suggest that miRNAs might repress
translation by affecting a step in protein production after
translation initiation (Olsen and Ambros 1999). This hy-
pothesis was based on examining the control of the lin-
14 and lin-28 mRNAs, which are developmentally regu-
lated in C. elegans by the lin-4 miRNA (Lee et al. 1993;
Wightman et al. 1993). The crucial observation was that
the polysomal distribution of both mRNAs did not
change in response to repression (Olsen and Ambros
1999; Seggersson et al. 2002). More recently, similar ob-
servations have been made with a reporter mRNA in
mammalian cells whose translation is repressed by the
addition of an exogenous miRNA (C.P. Petersen, M.E.
Bordeleau, J. Pelletier, and P.A. Sharp, in prep.). Two pos-
sible mechanisms to explain this observation were ini-
tially suggested (Olsen and Ambros 1999). These results
could be explained if miRNA/RISC does not affect trans-
lation per se, but instead leads to the rapid destruction of
the nascent polypeptide. However, because translation
repression by miRNAs works on proteins targeted into
the endoplasmic reticulum and is insensitive to proteo-
some inhibitors, such miRNA-dependent protein degra-
dation would have to be proteosome independent and

Control of translation and mRNA degradation

work both in the cytosol and the endoplasmic reticulum
(Pillai et al. 2005).

An alternative explanation for the similar polysome
distribution of mRNAs with or without miRNA-based
repression is that the miRNA/RISC might affect a com-
bination of initiation, elongation, and termination rates,
such that the average number of ribosomes remain con-
stant but proteins were completed at a reduced rate.
Note that in this latter model, multiple steps in transla-
tion would need to be affected, since only slowing elon-
gation or termination rates would be expected to in-
crease the average number of ribosomes per mRNA,
while solely decreasing initiation rates would be ex-
pected to reduce the average number of ribosomes per
mRNA.

It is difficult to reconcile the evidence that miRNAs
can affect translation initiation with the failure in some
cases to observe a change in polysome distribution. One
possibility is that miRNAs and RISC can drive transla-
tion repression by multiple manners. Alternatively, it
may be that the distribution of mRNAs in a polysome
gradient is not solely a measure of mRNAs associated
with ribosomes, and this overlap in biochemical frac-
tionation is complicating the interpretation of polysome
distributions. In either case, resolving the conflict be-
tween some polysome experiments and the evidence
that miRNA/RISC may affect translation initiation is
likely to provide new insights into miRNA function and/
or polysome analysis.

An integrated model for miRNAs/siRNAs
and cytoplasmic mRNA metabolism

It is now possible to propose a working model for how
RISC interacts with and affects cytoplasmic mRNAs.
First, RISC interacts with specific mRNAs through base-
pairing between the miRNA/siRNA and the mRNA. If
this interaction is stable enough, RISC remains bound
with each bound RISC contributing increased pressure
for translation repression and eventual accumulation of
the mRNA/RISC complex in P-bodies, although the mo-
lecular details of that effect remain unclear. One intrigu-
ing possibility is that a part of RISC-mediated translation
repression will involve the sequestration of the cap
structure in a complex with eIF4E, 4E-T, which binds to
elF4E and prevents it from recruiting e[F4G. This possi-
bility is suggested by the presence of eIF4E and 4E-T in
P-bodies in mammalian cells (Andrei et al. 2005; Ferrai-
uolo et al. 2005), and by the observation that knockdown
of the 4E-T homolog in S2 cells did slightly reduce
miRNA-mediated repression (Rehwinkel et al. 2005). If
the base-pairing is sufficient and RISC contains a cleav-
age-competent Ago protein, the mRNA can be cleaved,
before, during, or after accumulation of the mRNA:RISC
complex in P-bodies. At what stage endonuclease cleav-
age would occur would simply be a function of the rela-
tive rates of cleavage versus translation repression and
P-body accumulation.

In this model, whether an mRNA is subject to trans-
lation repression and/or decapping due to interaction
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with a miRNA can be understood in terms of other prop-
erties of the specific mRNA. For example, when re-
pressed by miRNAs, mRNAs with rapid decay rates may
appear to be solely translationally repressed, since the
mRNAs turnover is already fast. In contrast, long-lived
mRNAs may be more susceptible to an increase in decay
rates by miRNA repression. A subtler example may have
to do with the relative rates of deadenylation. Specifi-
cally, because decapping usually requires prior dead-
enylation (Coller and Parker 2004), mRNAs with slow
deadenylation rates, which thereby exist as adenylated
mRNAs at steady state, might be expected to be trans-
lationally repressed, but not decapped following accu-
mulation in a P-body biochemical state. In contrast,
mRNAs that are generally deadenylated at steady state
might be preferentially decapped due to accumulation in
P-bodies. Finally, because translation and general mRNA
decay can be differentially regulated in response to
stresses or developmental stage (Zhang et al. 1999; Gow-
rishankar et al. 2005), the status of the cell may affect
whether miRNAs trigger translation repression or decap-
ping and degradation.

The hypothesis that miRNAs repress translation and/
or enhance decapping by assembling a translationally re-
pressed complex that accumulates in P-bodies predicts
that miRNA-mediated repression will increase the dead-
enylation rate of the target mRNA. This prediction is
based on the observations that decreases in translation
initiation due to defects in translation factors, or the
nonsense-mediated decay system in yeast, both target
mRNAs to P-bodies and increase deadenylation rates
(Schwartz and Parker 1999; Cao and Parker 2003; Teix-
eira et al. 2005). Because the poly(A) tail can enhance
translation rates and inhibit mRNA decay, it should be
noted that if miRNA/RISC increases deadenylation
rates, this could provide an additional mechanism by
which translation repression and mRNA decay could be
stimulated.

Future perspective and issues

The mechanisms by which miRNAs/siRNAs silence cy-
toplasmic mRNAs are becoming clarified with the
mechanism of endonuclease cleavage the best under-
stood at this time. A reasonable and testable hypothesis
is that slicer-independent reductions in mRNA levels,
and at least part of translation repression may be mecha-
nistically similar and due to miRNAs/RISC assembling
mRNAs into a translationally repressed mRNP that ag-
gregates into P-bodies, although how this fits with the
polysome experiments needs to be resolved. An addi-
tional important issue is how much the specificity and
range of mRNA targets of miRNAs will be influenced by
RNA-binding proteins that interact with the RISC com-
plex. If this is a common phenomenon, then the range of
mRNA repressed by miRNAs could be substantially
broader than currently appreciated.

Finally, it should be considered that if miRNAs/RISC
plays a role in targeting mRNAs to P-bodies, then we
should anticipate that miRNAs/RISC will affect other
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aspects of RNA metabolism that occur within P-bodies.
For example, recent results argue that the Ty3 retro-
transposon in yeast may assemble its virus-like particles
in association with P-bodies (Beliakova-Bethell et al.
2006). This suggests that P-bodies may be important
sites of specific steps in retrotransposon and viral life
cycles that might then be modulated by miRNAs. Con-
sistent with that possibility, the replication of the hepa-
titis C virus appears to be enhanced by the miR-122
miRNA (Jopling et al. 2005). Given this, there may still
be additional roles for miRNAs and RISC that we do not
yet appreciate.
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