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The downregulation of gene expression by miRNAs and siRNAs is a complex process involving both trans-
lational repression and accelerated mRNA turnover, each of which appears to occur by multiple mechanisms.
Moreover, under certain conditions, miRNAs are also capable of activating translation. A variety of cellular
proteins have been implicated in these regulatory mechanisms, yet their exact roles remain largely
unresolved.
When discovered in the early 1990s, gene regulation by micro-

RNAs (miRNAs) was initially treated as a curiosity of nematode

biology (Lee et al., 1993; Wightman et al., 1993). Interest in this

regulatory mechanism soared several years later when it was

found to be widespread among eukaryotic organisms (Pasqui-

nelli et al., 2000; Lagos-Quintana et al., 2001; Lau et al., 2001;

Lee and Ambros, 2001; Reinhart et al., 2002), which often pro-

duce hundreds of different miRNAs that collectively control thou-

sands of genes (Lim et al., 2003; Bentwich et al., 2005; Lewis

et al., 2005). Over the past few years, significant progress has

been made in delineating the influence of these small (�22 nucle-

otide) untranslated RNAs on many biological processes and

human diseases and in devising technologies for manipulating

gene expression with a related class of regulatory oligonucleo-

tides known as small interfering RNAs (siRNAs). By contrast,

progress toward elucidating the molecular mechanisms by

which miRNAs act posttranscriptionally to alter gene expression

has been considerably slower and more controversial due to the

unexpected diversity of those mechanisms and the sometimes

incongruous experimental findings from which they have been

deduced. Fortunately, several recent reports have begun to sug-

gest a molecular basis for understanding at least some of those

mechanisms (Liu et al., 2004; Wu et al., 2006; Giraldez et al.,

2006; Behm-Ansmant et al., 2006; Chendrimada et al., 2007; Kir-

iakidou et al., 2007; Mathonnet et al., 2007; Thermann and Hen-

tze, 2007; Wakiyama et al., 2007; Vasudevan et al., 2007).

Studies in Caenorhabditis elegans, Drosophila melanogaster,

and vertebrates have yielded most of what is known about meta-

zoan miRNA and siRNA function, whose commonalities in those

animal species are the focus of this review. Both miRNAs and

siRNAs regulate gene expression by annealing to mRNA se-

quence elements that are partially or fully complementary. These

two classes of small RNAs are distinguished from one another

not by their size or function but rather by their origin, with

miRNAs being processed from stem-loop structures in primary

transcripts and siRNAs arising by cleavage of long double-

stranded precursors or by chemical synthesis. Both have the
same regulatory potential, as influenced by the complementarity

of their mRNA targets (Hutvágner and Zamore, 2002; Doench

et al., 2003; Zeng et al., 2003). In animals, that potential is man-

ifested in multiple ways: by reductions, or sometimes increases,

in translation efficiency and by diminished mRNA stability. Thus,

acting in conjunction with a set of associated proteins, both

miRNAs and siRNAs can inhibit the translation of messages to

which they anneal with incomplete complementarity (Wightman

et al., 1993; Doench et al., 2003; Zeng et al., 2003). Conversely, in

growth-arrested cells, they can instead stimulate translation (Va-

sudevan et al., 2007). At first, miRNAs and siRNAs were thought

to hasten mRNA decay only when paired with transcripts that are

fully complementary. However, it is now clear that they have the

capacity to trigger the decay of a variety of messages to which

they bind (Lim et al., 2005; Bagga et al., 2005; Wu and Belasco,

2005), either by directing endonucleolytic cleavage within the

target element in the case of perfectly (or almost perfectly) com-

plementary mRNAs (Zamore et al., 2000; Elbashir et al., 2001;

Llave et al., 2002; Yekta et al., 2004) or by accelerating poly(A)

removal in the case of imperfectly complementary messages

(Wu et al., 2006; Giraldez et al., 2006).

The overall degree of gene silencing by miRNAs and siRNAs is

typically smaller for messages containing a single element that is

only partially complementary: at most a factor of 2–3, versus

a factor of up to 10–20 for messages that contain a fully comple-

mentary site (Zeng et al., 2002; Doench et al., 2003). Downregu-

lation of genes that encode imperfectly complementary tran-

scripts is generally most effective when mi/siRNA nucleotides

#2–8 (the seed region) can form canonical base pairs with the tar-

get element and when mi/siRNAs have an opportunity to function

additively by binding to multiple sites in the 30 untranslated region

(reviewed by Bartel, 2004).

Regulatory Mechanisms of mi/siRNAs
Translational Repression

Perhaps the most controversial aspect of mi/siRNA function is

the mechanism by which they repress translation. The ability of
Molecular Cell 29, January 18, 2008 ª2008 Elsevier Inc. 1

mailto:belasco@saturn.med.nyu.edu


Molecular Cell

Review
miRNAs to downregulate translation was originally deduced

from the disparity between their effects on protein synthesis

and mRNA concentration (Wightman et al., 1993). However,

questions as basic as whether translation is inhibited at initiation

or at a subsequent stage have remained in dispute for quite

a while, raising the possibility that more than one mechanism

might be involved.

The notion that miRNAs inhibit the initiation of translation rests

on a number of observations. First, some studies involving su-

crose density gradient centrifugation have revealed a shift of tar-

geted mRNAs to translationally active polysomes of lower mass

(i.e., fewer ribosomes per message), a telltale sign of impaired

initiation (Pillai et al., 2005). Other studies utilizing in vitro-

transcribed mRNAs introduced into cells by transfection have

suggested that cap-independent translation under the control

of an internal ribosome entry sites (IRES) may be insensitive to

repression by miRNAs, a finding interpreted as evidence that

miRNAs can only inhibit translation initiated by a cap-dependent

mechanism (Humphreys et al., 2005; Pillai et al., 2005). Recent

successes in reconstituting miRNA-dependent translational

repression in cell-free systems have likewise led to evidence in-

dicating that miRNAs cause an m7G cap-dependent impediment

to the recruitment of 80S ribosomes to mRNA (Mathonnet et al.,

2007; Thermann and Hentze, 2007; Wakiyama et al., 2007).

Finally, the discovery that translational repression is correlated

with the cap-binding affinity of the miRNA-binding protein Ago

has suggested a concrete mechanism by which miRNAs may

inhibit translation initiation: concealment of the cap so that it can-

not bind the initiation factor eIF4E (Figures 1A and 1B) (Kiriakidou

et al., 2007). Other mechanisms for hindering initiation after cap

recognition have also been proposed (Figure 1C) (Chendrimada

et al., 2007).

Nevertheless, the mechanism of translational repression may

not be so simple, as there is also persuasive evidence that

miRNAs may be able to inhibit translation at a step after initiation.

For example, unlike the results cited above, other studies have

detected no change in the polysome profiles of messages tar-

geted by miRNAs (Olsen and Ambros, 1999; Seggerson et al.,

2002; Maroney et al., 2006; Nottrott et al., 2006; Petersen

et al., 2006). Furthermore, despite reports to the contrary, there

is ample evidence that miRNAs can indeed repress cap-inde-

pendent translation directed by various IRES elements, including

some that do not require any of the canonical translation initiation

factors (Petersen et al., 2006; Lytle et al., 2007). These observa-

tions have led to proposals that miRNAs might cause retarded

elongation by translating ribosomes, possibly coupled to prema-

ture termination (Figure 1D), or induce cotranslational degrada-

tion of nascent polypeptides (Figure 1E) (Olsen and Ambros,

1999; Seggerson et al., 2002; Maroney et al., 2006; Nottrott

et al., 2006; Petersen et al., 2006), though there is little precedent

for the former mechanism in eukaryotic cells and the latter pos-

sibility seems at variance with the ability of miRNAs to repress

the synthesis even of proteins that are exported cotranslationally

to the endoplasmic reticulum (Pillai et al., 2005).

These conflicting findings are difficult to reconcile. Some of the

discrepancies may be due to the disparate biological systems

and methodologies used in various laboratories, reflecting either

real differences between animal species, cell types, or growth
2 Molecular Cell 29, January 18, 2008 ª2008 Elsevier Inc.
conditions or artifactual differences between investigative tech-

niques. Indeed, it has been observed that the same miRNA-sen-

sitive reporter can yield different results depending on whether it

is introduced into cells as DNA or mRNA and on the method of

transfection (Lytle et al., 2007). When well-executed studies of

posttranscriptional regulation produce contradictory results,

greater credence should generally be given to those in which

the mRNAs under investigation were transcribed, processed,

and translated intracellularly, as studies utilizing cell-free sys-

tems or in vitro-transcribed mRNAs introduced into cells by

transfection are more prone to artifacts.

On these grounds, neither a cap-dependent repression mech-

anism nor a cap-independent mechanism is easily dismissed.

The evidence for each derives, in part, from analyses of reporter

Figure 1. Hypothetical Mechanisms of Translational Repression by
miRNAs
(A) mRNA undergoing translation in the absence of a bound miRNA. Black
square, m7G cap; amber cylinder, protein-coding region; and AAAAAA, poly(A)
tail. Ribosomes are colored green, nascent polypeptides are brown, and the
eIF4E subunit of the cap-binding complex is violet.
(B) Inhibition of translation initiation by competition between RISC and eIF4E
for cap binding. RISC is depicted as a ribonucleoprotein complex comprising
a microRNA (red), Ago (pink), and other protein subunits.
(C) Inhibition of translation initiation at a step after cap recognition, such as by
impeding the association of the small and large ribosomal subunits.
(D) Inhibition of translation elongation coupled to premature termination.
(E) Cotranslational degradation of nascent polypeptides.
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mRNAs produced and translated in cells, and in both cases, the

key data (involving polysome profiles, Ago tethering [see below],

and cap analogs for cap-dependent repression or IRES-contain-

ing intracellular transcripts for cap-independent repression)

appear convincing. However, these two modes of regulation

are not mutually exclusive, and some experiments designed to

detect one may have obscured the other. Thus, on the basis of

current evidence, it seems reasonable to conclude that miRNAs

employ multiple mechanisms to repress the translation of tar-

geted messages, including one that inhibits the earliest events

of cap-dependent initiation and another that impedes a later,

cap-independent event in translation.

Translation Activation

Although miRNAs have long been thought only to downregulate

protein synthesis, new data indicate that they can also stimulate

translation under certain conditions (Vasudevan et al., 2007).

Thus, a miRNA that inhibits translation in proliferating mamma-

lian cells can have the opposite effect after cell-cycle arrest

caused by serum starvation or treatment with the replication in-

hibitor aphidicolin. Like translational repression, such activation

requires base pairing of the targeted message with the seed re-

gion of the miRNA. The mechanism by which the efficiency of

translation increases has not yet been determined, nor is it clear

how changing the growth state of cells causes this striking rever-

sal in the regulatory influence of miRNAs and the proteins with

which they associate.

mRNA Degradation

siRNAs and miRNAs accelerate mRNA decay by two distinct

mechanisms. Those that are fully complementary to their mRNA

targets (or nearly so) direct endonucleolytic cleavage within the

base-paired region (Figure 2A) (Zamore et al., 2000; Llave

et al., 2002; Yekta et al., 2004). This event leads to rapid decay

of the entire message by generating a pair of RNA fragments,

each bearing an unprotected end that is susceptible to 50- or

30-exonuclease attack (Orban and Izaurralde, 2005). Although

miRNAs share the potential to mediate internal mRNA cleavage,

they rarely do so in animal cells due to the inadequate comple-

mentarity of nearly all mRNAs (Yekta et al., 2004). Instead,

miRNAs accelerate mRNA turnover by directing removal of the

30 poly(A) tail from messages to which they are partially comple-

mentary (Figure 2B) (Wu et al., 2006; Giraldez et al., 2006). Dead-

enylation and the consequent loss of poly(A)-binding protein

trigger 50 decapping, thereby exposing the message to exonu-

cleolytic digestion from the 50 end (Behm-Ansmant et al., 2006;

Eulalio et al., 2007b).

The ability of miRNAs to hasten mRNA decay has two impor-

tant consequences. First, by diminishing the concentration of tar-

geted transcripts, it supplements the decreased efficiency with

which each message is translated, resulting in a greater overall

reduction in protein synthesis. Second, by inducing message

degradation, miRNAs render irreversible their inhibitory influence

on gene expression, an outcome not achievable by translational

downregulation alone.

The relative contribution of accelerated mRNA decay to the

overall influence of miRNAs varies widely from message to mes-

sage (Behm-Ansmant et al., 2006). In some instances, it appears

to be the principal mechanism of downregulation, whereas in

others its effect can be quite modest compared to that of trans-
lational repression. Although the basis for such differences has

not been determined, they may be related, at least in part, to

the innate longevity of the targeted mRNAs. All else being equal,

one would expect messages that are intrinsically long lived to be

destabilized more than others that are inherently labile if miRNAs

engaged in equivalent base-pairing interactions with distinct

30 untranslated regions cause similar rates of deadenylation

and decay.

Accelerated deadenylation appears to be neither a conse-

quence nor a cause of impaired translation. Thus, blocking trans-

lation by other means (such as by introducing a large stem loop

into the 50 untranslated region) does not itself trigger poly(A)

removal or impair the ability of miRNAs to do so (Wu et al.,

2006; Giraldez et al., 2006; Mishima et al., 2006). Conversely,

messages that cannot be deadenylated because they end in

a histone mRNA stem loop rather than a poly(A) tail are nonethe-

less susceptible to the same degree of translational repression as

otherwise identical mRNAs that are polyadenylated (Wu et al.,

2006). Moreover, reductions in cellular deadenylase activity

that diminish the influence of miRNAs on message stability do

not impair their ability to repress translation (Behm-Ansmant

et al., 2006). Although the failure of deadenylation to inhibit trans-

lation might at first seem surprising in view of previous evidence

that poly(A)-binding protein stimulates translation by interacting

with cap-bound initiation factors (Tarun and Sachs, 1996; Kahve-

jian et al., 2005), it is presumably a consequence of the marked

instability of deadenylated mRNAs, whose prompt degradation

ordinarily prevents them from lingering in a poorly translated state

(Wu et al., 2006).

Proteins Important for mi/siRNA Function
A number of proteins help to mediate the influence of miRNAs

and siRNAs on translation and mRNA decay, although the mech-

anisms by which they do so are, for the most part, unknown.

Some of these proteins are thought to be integral components

of the RNA-induced silencing complex (RISC) that delivers those

small RNAs to complementary sites within mRNA, whereas

others may associate with that complex only transiently if at all

(Höck et al., 2007; Zhang et al., 2007).

Ago and TNRC6

The core subunit of RISC is the Argonaute protein Ago, which

binds the mi/siRNA (reviewed by Peters and Meister, 2007). In

Figure 2. Mechanisms by which siRNAs and miRNAs Trigger mRNA
Decay
(A) mRNA undergoing endonucleolytic cleavage by Ago2, as guided by a fully
complementary siRNA or miRNA.
(B) mRNA undergoing poly(A) removal by the Ccr4/Not deadenylase (Pac-
Man), as directed by a partially complementary miRNA.
Molecular Cell 29, January 18, 2008 ª2008 Elsevier Inc. 3
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most species, this protein exists as multiple paralogs with distinct

functions. At least one (e.g., Ago2 in humans, mice, and Drosoph-

ila) functions as an endonuclease able to cut mRNA within re-

gions that are fully complementary to the mi/siRNA (Figure 2A)

(Liu et al., 2004; Meister et al., 2004; Okamura et al., 2004). In

addition, some Ago proteins (Ago1, Ago2, Ago3, and Ago4 in

humans; Ago1 in Drosophila) appear capable of mediating

both translational repression and accelerated deadenylation,

as judged from the diminished regulatory potential of miRNAs

and siRNAs when these proteins are depleted and from tethering

experiments in which these proteins are bound to a reporter

mRNA via a heterologous protein domain to which they are fused

(Liu et al., 2004; Meister et al., 2004; Pillai et al., 2004; L.W. and

J.G.B., unpublished data). Other studies of this kind have demon-

strated a role for Ago2 in miRNA-mediated translation activation

in growth-arrested cells (Vasudevan et al., 2007).

Recent evidence suggests that the repression of translation

initiation by miRNAs may result, at least in part, from the ability

of many Ago proteins to bind the m7G cap at the 50 end of

mRNA and sequester it from the translation initiation factor

eIF4E (Kiriakidou et al., 2007). Those experiments have shown

that point mutations in Ago2 that reduce its cap-binding affinity

also impair its ability to downregulate translation when tethered

to mRNA. This discovery suggests a simple mechanism by which

miRNAs could inhibit translation initiation on the messages they

target via competition for the cap between the miRNA-associ-

ated Ago protein and eIF4E (Figure 1B). It would also explain an

independent report that the efficacy of translational repression

by miRNAs in a cell-free extract was diminished at higher concen-

trations of the translation initiation complex that contains eIF4E

(Mathonnet et al., 2007).

As seductively uncomplicated as this model may be, it is

unlikely to provide a complete explanation of translational repres-

sion by miRNAs. For one thing, results from a number of labora-

tories indicate that miRNAs can also repress cap-independent

translation directed by an IRES (Petersen et al., 2006; Lytle

et al., 2007). Moreover, although translational repression by Dro-

sophila miRNAs normally requires Ago1, the only Ago protein in

that species with a cap-binding motif, this requirement can be

bypassed by tethering the RISC-associated protein GW182

(TNRC6A) directly to mRNA in cells depleted of Ago1 (Behm-

Ansmant et al., 2006). Thus, GW182 (possibly in conjunction

with other proteins) appears to be capable of inhibiting translation

by an Ago-independent mechanism whose details are unknown.

Consistent with this conclusion is the finding that depleting mam-

malian or Drosophila cells of GW182 or its paralog TNRC6B im-

pairs the ability of mi/siRNAs to downregulate gene expression

(Jakymiw et al., 2005; Liu et al., 2005a; Meister et al., 2005;

Rehwinkel et al., 2005).

Translational Repression

Besides Ago and TNRC6, several additional proteins appear to

contribute to translational repression by miRNAs. These include

the RISC-associated proteins MOV10/Armitage and RCK/p54.

The sequence of MOV10 suggests that it functions as an RNA

helicase, whereas RCK is homologous to a yeast protein (Dhh1)

previously implicated in miRNA-independent translational silenc-

ing in that species (Coller and Parker, 2005). Depletion of either

from mammalian cells impairs gene silencing by miRNAs (Cook
4 Molecular Cell 29, January 18, 2008 ª2008 Elsevier Inc.
et al., 2004; Tomari et al., 2004; Meister et al., 2005; Chu and

Rana, 2006). In addition, MOV10 (but not RCK) facilitates

siRNA-guided Ago2 cleavage of messages that are perfectly

complementary (Cook et al., 2004; Tomari et al., 2004; Meister

et al., 2005; Chu and Rana, 2006). Exactly how these proteins

influence RNA interference is not known.

Two other RISC components are Dicer and TRBP (Hammond

et al., 2001; Sasaki et al., 2003; Chendrimada et al., 2005; Haase

et al., 2005). Both are important for the production of miRNA and

siRNA from precursor molecules, with Dicer functioning as the

processing endonuclease and the RNA-binding protein TRBP

serving as an ancillary factor (Bernstein et al., 2001; Chendri-

mada et al., 2005; Haase et al., 2005). However, only TRBP con-

tributes to RISC function, as evidenced by the defect in RNA

interference caused by depletion of that protein (but not Dicer)

when synthetic, fully mature siRNAs are supplied by transfection

(Martinez et al., 2002; Chendrimada et al., 2005; Haase et al.,

2005; Kanellopoulou et al., 2005).

The translation factor eIF6 has also been implicated in gene

silencing by miRNAs. Previous studies had shown that eIF6

can influence the biogenesis of 60S ribosomal subunits and in-

hibit their assembly with 40S subunits to form translationally ac-

tive ribosomes (Russell and Spremulli, 1979; Ceci et al., 2003).

This protein has recently been reported to copurify with RISC

and to contribute to its function, as evidenced by the impaired

capacity of miRNAs to downregulate targeted genes at the pro-

tein and mRNA levels when human or C. elegans cells are de-

pleted of eIF6 (Chendrimada et al., 2007). The ability of eIF6 to

inhibit ribosomal subunit joining suggests a possible cap-inde-

pendent silencing mechanism (Figure 1C) that might account

for translational repression by miRNAs even in the case of pro-

tein synthesis directed by IRES elements, such as those from

cricket paralysis virus or hepatitis C virus, that do not require

any of the canonical translation initiation factors (see above).

Alternatively, the influence of eIF6 on miRNA function may be

indirect.

Translation Activation

Presently, two proteins are known to be important for the ability

of miRNAs to activate translation in growth-arrested mammalian

cells. One is Ago2, as demonstrated by depletion and tethering

experiments. The other is FXR1, an RNA-binding protein homol-

ogous to the fragile X mental retardation protein FMR1/FMRP

(Vasudevan and Steitz, 2007; Vasudevan et al., 2007). FXR1

associates with Ago2 and, by an unidentified mechanism, helps

to mediate the positive influence of miRNAs on the translation

of targeted messages in serum-starved cells. Interestingly,

whereas the interaction of Ago2 with miRNA-responsive ele-

ments (miREs) in mRNA appears to occur in both growth-

arrested and synchronously proliferating cells, FXR1 has been

found to associate with miREs only in cells that are not growing

(Vasudevan et al., 2007). Moreover, when tethered directly to

mRNA, FXR1 is itself able to upregulate translation in both

growth-arrested and proliferating cells. Conversely, the FXR1

paralog FMR1 has been reported to contribute to the downregu-

lation of gene expression by RNA interference in mouse and

Drosophila cells, possibly by helping siRNAs anneal to the mes-

sages they target (Caudy et al., 2002; Ishizuka et al., 2002; Jin

et al., 2004; Plante et al., 2006).
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Deadenylation

Subunit depletion experiments have identified Ccr4-Not as the

deadenylase that removes poly(A) from messages targeted by

miRNAs in Drosophila (Figure 2B) (Behm-Ansmant et al., 2006).

The deadenylated mRNAs that result then undergo 50 cap

removal by the Dcp2-Dcp1 decapping complex, which exposes

them to 50 / 30 exonucleolytic degradation, presumably by

Xrn1. The depletion of Ccr4-Not components important for

miRNA-directed deadenylation stabilizes the targeted messages

without impairing the ability of miRNAs to downregulate transla-

tion, a finding consistent with the aforementioned evidence that

poly(A) removal is not the principal basis for translational repres-

sion by miRNAs.

P Bodies
A significant fraction of translationally silent mRNAs, including

those repressed by miRNAs, are found concentrated in cytoplas-

mic foci known as P bodies (processing bodies) (Eystathioy et al.,

2002; Liu et al., 2005b). These ribonucleoprotein aggregates,

which are sufficiently large to be detected by immunofluores-

cence microscopy, also contain high concentrations of miRNAs,

RISC-associated proteins (Ago1–4, GW182, etc.), and RNA deg-

radative enzymes (Dcp1/2, Xrn1, Lsm1-7, etc.) (Ingelfinger et al.,

2002; van Dijk et al., 2002; Liu et al., 2005b; Sen and Blau, 2005).

Three lines of evidence initially raised the possibility that P

body localization might be important for silencing by miRNAs.

First, P bodies are devoid of ribosomes (Teixeira et al., 2005).

Second, miRNA-dependent localization of mRNA in P bodies

requires both the miRNA and one or more miREs within the mes-

sage (Liu et al., 2005b). Third, depleting cells of RISC-associated

proteins such as GW182 or RCK disaggregates P bodies and im-

pairs miRNA function (Jakymiw et al., 2005; Liu et al., 2005a; Chu

and Rana, 2006). However, these findings did not prove that the

ability of miRNAs to direct targeted messages to P bodies con-

tributes to translational repression. Indeed, recent evidence sug-

gests that P bodies likely play a less pivotal role either as grave-

yards where miRNA-associated messages that already have

been translationally inactivated (and possibly also deadenylated)

are sent to decompose or as depots where messages transiently

repressed by miRNAs can be stored until needed (Bhattacharyya

et al., 2006; Chu and Rana, 2006; Eulalio et al., 2007a). Thus, de-

pletion of cellular Lsm1 or Lsm3 has been found to disaggregate

P bodies, either completely or at least to a submicroscopic size,

without impairing the ability of miRNAs to downregulate gene

expression. These results suggest that it may be more informa-

tive to focus on the function of individual P body components

than on their ability to aggregate.

Perspective
Taken together, current evidence indicates that miRNAs and

siRNAs act in conjunction with a set of effector proteins to mod-

ulate gene expression by perturbing translation and by expedit-

ing mRNA decay and that each of those regulatory processes

can occur by multiple mechanisms. Clues as to how mi/siRNAs

repress or activate translation are only just beginning to emerge

and remain controversial, whereas the contours of how they ac-

celerate mRNA degradation are somewhat clearer. Very little is

known about the functions of specific RISC-associated proteins
in these regulatory events. The technique most often used to test

the involvement of a protein in mi/siRNA-mediated regulation—

reducing its cellular concentration by RNA interference—is of

limited utility in this respect, as that approach generally cannot

distinguish a direct functional role from an indirect or structural

contribution, nor does it provide much insight into a protein’s

mechanism of action. Understanding the molecular mechanisms

by which these proteins influence gene expression will require

more incisive methods of investigation, such as in vivo studies

with missense mutants defective in specific functions and in vitro

experiments with purified components.
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Höck, J., Weinmann, L., Ender, C., Rüdel, S., Kremmer, E., Raabe, M., Urlaub,
H., and Meister, G. (2007). Proteomic and functional analysis of Argonaute-
containing mRNA-protein complexes in human cells. EMBO Rep. 8, 1052–
1060.

Ingelfinger, D., Arndt-Jovin, D.J., Luhrmann, R., and Achsel, T. (2002). The hu-
man LSm1–7 proteins colocalize with the mRNA-degrading enzymes Dcp1/2
and Xrnl in distinct cytoplasmic foci. RNA 8, 1489–1501.

Ishizuka, A., Siomi, M.C., and Siomi, H. (2002). A Drosophila fragile X protein
interacts with components of RNAi and ribosomal proteins. Genes Dev. 16,
2497–2508.

Jakymiw, A., Lian, S., Eystathioy, T., Li, S., Satoh, M., Hamel, J.C., Fritzler,
M.J., and Chan, E.K. (2005). Disruption of GW bodies impairs mammalian
RNA interference. Nat. Cell Biol. 7, 1167–1174.

Jin, P., Zarnescu, D.C., Ceman, S., Nakamoto, M., Mowrey, J., Jongens, T.A.,
Nelson, D.L., Moses, K., and Warren, S.T. (2004). Biochemical and genetic
interaction between the fragile X mental retardation protein and the microRNA
pathway. Nat. Neurosci. 7, 113–117.

Kahvejian, A., Svitkin, Y.V., Sukarieh, R., M’Boutchou, M.N., and Sonenberg,
N. (2005). Mammalian poly(A)-binding protein is a eukaryotic translation initia-
tion factor, which acts via multiple mechanisms. Genes Dev. 19, 104–113.

Kanellopoulou, C., Muljo, S.A., Kung, A.L., Ganesan, S., Drapkin, R.,
Jenuwein, T., Livingston, D.M., and Rajewsky, K. (2005). Dicer-deficient
mouse embryonic stem cells are defective in differentiation and centromeric
silencing. Genes Dev. 19, 489–501.

Kiriakidou, M., Tan, G.S., Lamprinaki, S., De Planell-Saguer, M., Nelson, P.T.,
and Mourelatos, Z. (2007). An mRNA m7G cap binding-like motif within human
Ago2 represses translation. Cell 129, 1141–1151.

Lagos-Quintana, M., Rauhut, R., Lendeckel, W., and Tuschl, T. (2001).
Identification of novel genes coding for small expressed RNAs. Science 294,
853–858.
6 Molecular Cell 29, January 18, 2008 ª2008 Elsevier Inc.
Lau, N.C., Lim, L.P., Weinstein, E.G., and Bartel, D.P. (2001). An abundant
class of tiny RNAs with probable regulatory roles in Caenorhabditis elegans.
Science 294, 858–862.

Lee, R.C., and Ambros, V. (2001). An extensive class of small RNAs in Caeno-
rhabditis elegans. Science 294, 862–864.

Lee, R.C., Feinbaum, R.L., and Ambros, V. (1993). The C. elegans hetero-
chronic gene lin-4 encodes small RNAs with antisense complementarity to
lin-14. Cell 75, 843–854.

Lewis, B.P., Burge, C.B., and Bartel, D.P. (2005). Conserved seed pairing,
often flanked by adenosines, indicates that thousands of human genes are
microRNA targets. Cell 120, 15–20.

Lim, L.P., Glasner, M.E., Yekta, S., Burge, C.B., and Bartel, D.P. (2003). Verte-
brate microRNA genes. Science 299, 1540.

Lim, L.P., Lau, N.C., Garrett-Engele, P., Grimson, A., Schelter, J.M., Castle, J.,
Bartel, D.P., Linsley, P.S., and Johnson, J.M. (2005). Microarray analysis
shows that some microRNAs downregulate large numbers of target mRNAs.
Nature 433, 769–773.

Liu, J., Carmell, M.A., Rivas, F.V., Marsden, C.G., Thomson, J.M., Song, J.J.,
Hammond, S.M., Joshua-Tor, L., and Hannon, G.J. (2004). Argonaute2 is the
catalytic engine of mammalian RNAi. Science 305, 1437–1441.

Liu, J., Rivas, F.V., Wohlschlegel, J., Yates, J.R., 3rd, Parker, R., and Hannon,
G.J. (2005a). A role for the P-body component GW182 in microRNA function.
Nat. Cell Biol. 7, 1161–1166.

Liu, J., Valencia-Sanchez, M.A., Hannon, G.J., and Parker, R. (2005b). Micro-
RNA-dependent localization of targeted mRNAs to mammalian P-bodies. Nat.
Cell Biol. 7, 719–723.

Llave, C., Xie, Z., Kasschau, K.D., and Carrington, J.C. (2002). Cleavage of
Scarecrow-like mRNA targets directed by a class of Arabidopsis miRNA.
Science 297, 2053–2056.

Lytle, J.R., Yario, T.A., and Steitz, J.A. (2007). Target mRNAs are repressed as
efficiently by microRNA-binding sites in the 50 UTR as in the 30 UTR. Proc. Natl.
Acad. Sci. USA 104, 9667–9672.

Maroney, P.A., Yu, Y., Fisher, J., and Nilsen, T.W. (2006). Evidence that micro-
RNAs are associated with translating messenger RNAs in human cells. Nat.
Struct. Mol. Biol. 13, 1102–1107.

Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R., and Tuschl, T. (2002).
Single-stranded antisense siRNAs guide target RNA cleavage in RNAi. Cell
110, 563–574.

Mathonnet, G., Fabian, M.R., Svitkin, Y.V., Parsyan, A., Huck, L., Murata, T.,
Biffo, S., Merrick, W.C., Darzynkiewicz, E., Pillai, R.S., et al. (2007). MicroRNA
inhibition of translation initiation in vitro by targeting the cap-binding complex
eIF4F. Science 317, 1764–1767.

Meister, G., Landthaler, M., Patkaniowska, A., Dorsett, Y., Teng, G., and
Tuschl, T. (2004). Human Argonaute2 mediates RNA cleavage targeted by
miRNAs and siRNAs. Mol. Cell 15, 185–197.

Meister, G., Landthaler, M., Peters, L., Chen, P.Y., Urlaub, H., Luhrmann, R.,
and Tuschl, T. (2005). Identification of novel argonaute-associated proteins.
Curr. Biol. 15, 2149–2155.

Mishima, Y., Giraldez, A.J., Takeda, Y., Fujiwara, T., Sakamoto, H., Schier,
A.F., and Inoue, K. (2006). Differential regulation of germline mRNAs in soma
and germ cells by zebrafish miR-430. Curr. Biol. 16, 2135–2142.

Nottrott, S., Simard, M.J., and Richter, J.D. (2006). Human let-7a miRNA
blocks protein production on actively translating polyribosomes. Nat. Struct.
Mol. Biol. 13, 1108–1114.

Okamura, K., Ishizuka, A., Siomi, H., and Siomi, M.C. (2004). Distinct roles for
Argonaute proteins in small RNA-directed RNA cleavage pathways. Genes
Dev. 18, 1655–1666.

Olsen, P.H., and Ambros, V. (1999). The lin-4 regulatory RNA controls develop-
mental timing in Caenorhabditis elegans by blocking LIN-14 protein synthesis
after the initiation of translation. Dev. Biol. 216, 671–680.

Orban, T.I., and Izaurralde, E. (2005). Decay of mRNAs targeted by RISC
requires XRN1, the Ski complex, and the exosome. RNA 11, 459–469.



Molecular Cell

Review
Pasquinelli, A.E., Reinhart, B.J., Slack, F., Martindale, M.Q., Kuroda, M.I.,
Maller, B., Hayward, D.C., Ball, E.E., Degnan, B., Muller, P., et al. (2000).
Conservation of the sequence and temporal expression of let-7 heterochronic
regulatory RNA. Nature 408, 86–89.

Peters, L., and Meister, G. (2007). Argonaute proteins: mediators of RNA
silencing. Mol. Cell 26, 611–623.

Petersen, C.P., Bordeleau, M.E., Pelletier, J., and Sharp, P.A. (2006). Short
RNAs repress translation after initiation in mammalian cells. Mol. Cell 21,
533–542.

Pillai, R.S., Artus, C.G., and Filipowicz, W. (2004). Tethering of human Ago pro-
teins to mRNA mimics the miRNA-mediated repression of protein synthesis.
RNA 10, 1518–1525.

Pillai, R.S., Bhattacharyya, S.N., Artus, C.G., Zoller, T., Cougot, N., Basyuk, E.,
Bertrand, E., and Filipowicz, W. (2005). Inhibition of translational initiation by
Let-7 MicroRNA in human cells. Science 309, 1573–1576.

Plante, I., Davidovic, L., Ouellet, D.L., Gobeil, L.A., Tremblay, S., Khandjian,
E.W., and Provost, P. (2006). Dicer-derived microRNAs are utilized by the
fragile X mental retardation protein for assembly on target RNAs. J. Biomed.
Biotechnol. 2006, 64347.

Rehwinkel, J., Behm-Ansmant, I., Gatfield, D., and Izaurralde, E. (2005). A
crucial role for GW182 and the DCP1:DCP2 decapping complex in miRNA-
mediated gene silencing. RNA 11, 1640–1647.

Reinhart, B.J., Weinstein, E.G., Rhoades, M.W., Bartel, B., and Bartel, D.P.
(2002). MicroRNAs in plants. Genes Dev. 16, 1616–1626.

Russell, D.W., and Spremulli, L.L. (1979). Purification and characterization of
a ribosome dissociation factor (eukaryotic initiation factor 6) from wheat
germ. J. Biol. Chem. 254, 8796–8800.

Sasaki, T., Shiohama, A., Minoshima, S., and Shimizu, N. (2003). Identification
of eight members of the Argonaute family in the human genome. Genomics 82,
323–330.

Seggerson, K., Tang, L., and Moss, E.G. (2002). Two genetic circuits repress
the Caenorhabditis elegans heterochronic gene lin-28 after translation initia-
tion. Dev. Biol. 243, 215–225.

Sen, G.L., and Blau, H.M. (2005). Argonaute 2/RISC resides in sites of mam-
malian mRNA decay known as cytoplasmic bodies. Nat. Cell Biol. 7, 633–636.

Tarun, S.Z., Jr., and Sachs, A.B. (1996). Association of the yeast poly(A) tail
binding protein with translation initiation factor eIF-4G. EMBO J. 15, 7168–
7177.

Teixeira, D., Sheth, U., Valencia-Sanchez, M.A., Brengues, M., and Parker, R.
(2005). Processing bodies require RNA for assembly and contain nontranslat-
ing mRNAs. RNA 11, 371–382.
Thermann, R., and Hentze, M.W. (2007). Drosophila miR2 induces pseudo-
polysomes and inhibits translation initiation. Nature 447, 875–878.

Tomari, Y., Du, T., Haley, B., Schwarz, D.S., Bennett, R., Cook, H.A.,
Koppetsch, B.S., Theurkauf, W.E., and Zamore, P.D. (2004). RISC assembly
defects in the Drosophila RNAi mutant armitage. Cell 116, 831–841.

van Dijk, E., Cougot, N., Meyer, S., Babajko, S., Wahle, E., and Seraphin, B.
(2002). Human Dcp2: a catalytically active mRNA decapping enzyme located
in specific cytoplasmic structures. EMBO J. 21, 6915–6924.

Vasudevan, S., and Steitz, J.A. (2007). AU-rich-element-mediated upregula-
tion of translation by FXR1 and Argonaute 2. Cell 128, 1105–1118.

Vasudevan, S., Tong, Y., and Steitz, J.A. (2007). Switching from repression to
activation: microRNAs can up-regulate translation. Science 318, 1931–1934.

Wakiyama, M., Takimoto, K., Ohara, O., and Yokoyama, S. (2007). Let-7
microRNA-mediated mRNA deadenylation and translational repression in
a mammalian cell-free system. Genes Dev. 21, 1857–1862.

Wightman, B., Ha, I., and Ruvkun, G. (1993). Posttranscriptional regulation of
the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in
C. elegans. Cell 75, 855–862.

Wu, L., and Belasco, J.G. (2005). Micro-RNA regulation of the mammalian
lin-28 gene during neuronal differentiation of embryonal carcinoma cells.
Mol. Cell. Biol. 25, 9198–9208.

Wu, L., Fan, J., and Belasco, J.G. (2006). MicroRNAs direct rapid deadenyla-
tion of mRNA. Proc. Natl. Acad. Sci. USA 103, 4034–4039.

Yekta, S., Shih, I.H., and Bartel, D.P. (2004). MicroRNA-directed cleavage of
HOXB8 mRNA. Science 304, 594–596.

Zamore, P.D., Tuschl, T., Sharp, P.A., and Bartel, D.P. (2000). RNAi: double-
stranded RNA directs the ATP-dependent cleavage of mRNA at 21 to 23 nucle-
otide intervals. Cell 101, 25–33.

Zeng, Y., Wagner, E.J., and Cullen, B.R. (2002). Both natural and designed
microRNAs can inhibit the expression of cognate mRNAs when expressed in
human cells. Mol. Cell 9, 1327–1333.

Zeng, Y., Yi, R., and Cullen, B.R. (2003). MicroRNAs and small interfering RNAs
can inhibit mRNA expression by similar mechanisms. Proc. Natl. Acad. Sci.
USA 100, 9779–9784.

Zhang, L., Ding, L., Cheung, T.H., Dong, M.Q., Chen, J., Sewell, A.K., Liu, X.,
Yates, J.R., III, and Han, M. (2007). Systematic identification of C. elegans miR-
ISC proteins, miRNAs, and mRNA targets by their interactions with GW182
proteins AIN-1 and AIN-2. Mol. Cell 28, 598–613.
Molecular Cell 29, January 18, 2008 ª2008 Elsevier Inc. 7


	Outline placeholder
	Outline placeholder
	Regulatory Mechanisms of mi/siRNAs
	Translational Repression
	Translation Activation
	mRNA Degradation
	Proteins Important for mi/siRNA Function
	Ago and TNRC6
	Translational Repression
	Translation Activation
	Deadenylation
	P Bodies
	Perspective

	Acknowledgments
	References


