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ABSTRACT

microRNAs (miRNAs) regulate gene expression at
multiple levels by repressing translation, stimulating
deadenylation and inducing the premature decay of
target messenger RNAs (mRNAs). Although the
mechanism by which miRNAs repress translation
has been widely studied, the precise step targeted
and the molecular insights of such repression are
still evasive. Here, we have used our newly designed
in vitro system, which allows to study miRNA effect
on translation independently of deadenylation. By
using specific inhibitors of various stages of protein
synthesis, we first show that miRNAs target exclu-
sively the early steps of translation with no effect on
60S ribosomal subunit joining, elongation or termin-
ation. Then, by using viral proteases and IRES-
driven mRNA constructs, we found that translational
inhibition takes place during 43S ribosomal scanning
and requires both the poly(A) binding protein and
eIF4G independently from their physical interaction.

INTRODUCTION

microRNAs (miRNAs) are small non-coding RNAs that
participate in many cellular processes as essential gene
regulators. miRNAs act as guides for the RNA-induced
silencing complex (RISC) to bind messenger RNAs
(mRNAs) and to repress their translation and/or
decrease their stability. Usually, miRNAs bind to their
target mRNAs at the 30-untranslated region (30-UTR)
through partial base pairing (1). As a consequence,
miRNAs can potentially interact with numerous target
mRNAs. In agreement with this, 60% of all mammalian
mRNAs have been reported to contain conserved miRNA
target sequences (2).

Many mechanisms have been proposed to explain how
miRNAs could regulate gene expression including trans-
lational repression, mRNA deadenylation and accelerated
decay, which are non exclusive but rather sequential. In
fact, recent data suggest that translational repression is the
first mechanism of miRNA-induced gene repression,
followed by mRNA deadenylation and eventually its deg-
radation (3–7). Concerning translational repression,
miRNAs were first reported to regulate translation at
post-initiation steps (8–12), but recent data strongly
suggest that repression takes place at the initiation stage
(7,13–20).

However, there is still some controversy about the stage
at which translation initiation could be repressed.
Although many reports point to the 50 cap structure as
an essential factor necessary for translational repression
(7,14,16–19), the need for other cis-acting factors such as
the poly(A) tail is less clear with some data indicating an
essential role for the poly(A) tail (14,19,21,22), while
others report that its removal or replacement by the 30

stem-loop tail of histone transcripts does not affect
miRNA activity (17,23,24). In addition, PABP has been
recently implicated in miRNA effect by interacting with
the C-terminal domain of GW182 to promote transla-
tional repression and deadenylation (6,25–28).

Moreover, studies have failed to converge regarding the
actual stage of translation initiation regulated by
miRNAs. Some reports state that miRNAs act by target-
ing cap recognition and recruitment of the 43S complex
(16,17,29), while others describe repression at the level of
60S ribosomal subunit joining (13,20). Thus, the precise
molecular mechanisms by which miRNAs mediate trans-
lational repression remain a matter of debate.

Recent data strongly suggest that translational repres-
sion occurs prior to transcript deadenylation and degrad-
ation (3,5,30,31). This fits well with the rabbit reticulocyte
lysate (RRL) model that we have previously described,
which contains endogenous miRNAs that are fully
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functional to repress translation and to induce an siRNA
response (22). One of the main advantages of this system is
that repression occurs only at the level of translation with
no effect on transcript degradation or deadenylation (22).
Thus, it allows to focus only on the molecular mechanism
used by miRNAs to interfere with protein synthesis. We
have exploited the advantage of the RRL to assess the
impact of miRNA repression on each individual step of
protein synthesis (e.g. initiation, ribosomal subunit
joining, elongation, termination and peptide release).
Our results first show that miRNAs interfere only with
translation initiation. Using a combination of viral prote-
ases together with reporter genes containing cellular
50-UTR with different structure or IRESes from different
viral families, we could show that repression takes place at
the level of 43S ribosomal scanning. Moreover, we show
evidence that both PABP and eIF4G are necessary for
miRNA-mediated translation inhibition, but this require-
ment is independent from the physical interaction between
these two proteins.

MATERIALS AND METHODS

DNA constructs and in vitro transcription

Plasmids containing target sites for miR-451 (Luc, Luc-
451X6, Luc-451mut) were already described (22). 50-UTRs
were obtained by PCR on cDNA obtained from Hela-cells
total RNAs (BCL3, GAPDH, Cyclin D2, Line-1 and
Hsp70-1), pEMCV-renilla and pHCV-renilla plasmids
(32), pXLPV and pEMCV-PV plasmids (33), pXLCSFV
1–423.NS plasmid (34) avian encephalomyocarditis
viruses (AEVs) plasmid (35), and Seneca Valley virus
(SVV)+55 construct (36) using specific primers containing
EcoRV restriction site and T7 promoter (for sense
primers) and BamHI restriction site (for antisense
primers). PCR products were digested and cloned in Luc
and Luc-451X6 vectors previously digested by PvuII and
BamHI restriction enzymes.

Plasmids were digested using EcoRI (polyadenylated
RNAs), NaeI [internalized poly(A)] or XbaI (non
polyadenylated RNAs) restriction enzymes. RNAs were
obtained by using 1mg linearized plasmid, 10U T7
RNA polymerase (Promega Co., Madison, WI, USA),
20U of RNAsin (Promega Co, Madison, WI, USA),
10mM of rATP, rUTP and rCTP, 0.48mM rGTP,
3mM DTT and 1.3mM m7GpppG (capped RNAs) or
ApppG (uncapped RNAs) cap analog (New England
Biolabs) in transcription buffer [40mM Tris–HCl
(pH 7.9), 6mM MgCl2, 2mM spermidine and 10mM
NaCl]. The transcription reaction was carried out at
37�C for 2 h, and the RNAs were treated with RQ1
DNAse (Promega Co., Madison, WI, USA) and
precipitated with Ammonium Acetate at 2.5M final con-
centration. The integrity of the RNAs was checked by
electrophoresis on non-denaturating agarose gels and
their concentration was quantified by spectrophotometry
at 260 nm using Nanodrop (NanoDropTechnologies,
Wilmington, DE, USA). For radiolabeled RNAs the
same protocol was used except that rUTP was omitted
and replaced by 20mCi of aP32 rUTP.

Western blotting

To test for initiation factor integrity, 3 ml of each reaction
was recovered after translation and resolved on a 10%
SDS–PAGE. Proteins were then transferred to a PVDF
membrane by electroblotting and incubated with
antibodies against PABP or eIF4G (kind gifts from Dr
Morley).

Preparation of untreated RRL and in vitro translation
assays

Untreated RRL was prepared essentially as previously
described (32). Translation reactions were performed in
a final volume of 30 ml consisting of 20 ml of untreated
RRL, 0.46 fmol of heat denatured mRNAs, in the
presence of KCl (100mM), MgCl2 (0.5mM) and amino
acids mixture (20 mM each). RRL under full translational
condition was incubated together with the heat denatured
mRNA for 1 h at 10�C, followed by 2min at 20�C, 2min
at 25�C and 30 or 60min at 30�C. The reaction was then
stopped by the addition of 50 ml of luciferase lysis buffer to
10 ml of the translation reaction.
Renilla activity was measured and normalized to an

internal Firefly luciferase mRNA for all experiments that
do not involve the addition of a translational inhibitor
(Figures 1, 2, 4 and 5).
For all the experiments, we express translation effi-

ciency as the percentage of luciferase activity compared
to the control Luc mRNA (set at 100%); for miRNA
effect, in each condition, the luciferase activity from the
Luc-451X6 mRNA is expressed as a percentage of its
control Luc mRNA (set to 100%).
For analysis of radiolabeled RNA integrity, RNA were

translated as described and extracted at indicated times
with Tris-reagent following manufacturer conditions.
Total RNAs were run on a 2% agarose gel and analyzed
by autoradiography on a phosphorimager.

Preparation of viral proteases

Commercial 3C protease from human rhinovirus (HRV)
was obtained from Novagen (Madison, WI, USA). The
L-protease from the foot-and-mouth disease virus
(FMDV) was produced by in vitro translation using
nuclease-treated RRL as previously described (32)
and 2 ml were added prior to translation. The human
immunodeficiency virus type-2 (HIV-2) protease was
obtained from the NIH and 2 ml were added prior to
translation. For rescue experiment, translation reactions
were treated 10min with 2 ml HIV-2 protease,
cleavage was then blocked with 10 mM palinavir and
translation were carried during 1 h in presence of dialysis
buffer or recombinant PABP or eIF4G (kind gift of C.S.
Fraser).

Preparation of PABP recombinant protein

Escherichia coli BL21 cells expressing the pET15b-PABP
vector (kindly provided by Martin Bushell) were grown
until A600 reached 0.6–0.8 and then, induced overnight
at 30�C with IPTG 0.5mM. Bacterial pellets were
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resuspended in native lysis buffer (50mM NaH2PO4

[pH 8.0]; 300mM NaCl and 10mM imidazole) supple-
mented with 1mg/ml lysozyme (Sigma) and cells were
lysed by sonication. Supernatant was recovered and
incubated with Ni-NTA resin (Qiagen) (previously
equilibrated in lysis buffer) at 4�C for 2 h under gentle
shaking. The resin was then washed three times with five
volumes of washing buffer [50mM NaH2PO4 [pH 8.0];
300mM NaCl and 20mM imidazole and protease
inhibitor cocktail (Roche)] and protein was then eluted
with elution buffer (50mM NaH2PO4 [pH 8.0]; 300mM
NaCl; 500mM Imidazole and protease inhibitor cocktail).
The eluted protein was desalted and concentrated with
dialysis buffer (20mM HEPES [pH 7.5], 100mM KCl,
2mM DTT and protease inhibitor cocktail) using
Spin-X UF Concentrators (Corning).

RESULTS

miRNAs repress mRNA translation independently of
deadenylation and decay of target mRNAs

In this study, we have used the untreated RRL as a model
in vitro system to study the effects of endogenous miRNAs
on translation of exogenous reporter transcripts. For this,
we used a Renilla luciferase reporter construct that
harbors, unless specified, a globin 50-UTR and are
followed by a 30-UTR containing either six target-sites
for miR-451 (namely ‘Luc-451X6’) or lacking miRNA
target sites (namely ‘Luc’). We deliberately chose to use
miR-451 as a model miRNA for this study as we previ-
ously showed that it is highly expressed in the reticulocyte
lysate and recapitulates all aspects of the miRNA response
(22). Protein synthesis was quantified by measuring

Figure 1. miRNAs do not target translation elongation nor degradation of nascent peptides through the proteasome. (A) Translation of Luc
and Luc-451X6 RNAs was carried out in untreated RRL in presence of indicated concentration of MG132. (B) Translation of Luc and
Luc-451X6 RNAs was carried out in untreated RRL in presence of indicated concentration of puromycine. (C) Translation of Luc and
Luc-451X6 RNAs was carried out in untreated RRL in presence of indicated concentration of cycloheximide. Results are shown as translation
efficiency (left panels) and miRNA effect (right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from
three independent experiments.
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luciferase activity and both translation efficiency and
miRNA effect are quantified and plotted on individual
bar graphs (see ‘Materials and Methods’ section).

In our previous published work, we had shown
that translational repression occurred in the absence of

any deadenylation of the target mRNA. This was
demonstrated by checking the integrity of radiolabeled
RNAs after translation and by real-time quantitative
PCR (22). However, because the extent of deadenylation
could be difficult to assess, we have used another

Figure 2. 60S ribosomal joining is not regulated by miRNAs. (A) Translation of Luc and Luc-451X6 RNAs was carried out in untreated RRL in
presence of indicated concentration of L-MDMP (top panels) or D-MDMP (bottom panels). (B) Translation of Luc and Luc-451X6 RNAs was
carried out in untreated RRL in presence of indicated concentration of GMP-PNP. (C) Translation of Luc and Luc-451X6 RNAs was carried out in
untreated RRL in presence of indicated concentration of AMP-PNP. Results are shown as translation efficiency (left panels) and miRNA effect
(right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from three independent experiments.
* corresponds to a P-value <0.05; ** corresponds to a P-value <0.01; (non directional t-test).
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experimental strategy to show evidence that inhibition of
gene expression in our system was not due to shortening of
the poly(A) tail. In order to do this, we have adapted the
method recently described by Tomari and colleagues (37)
which consists of internalizing the poly(A) tail by adding a
stretch of non specific residues at the 30 end of the poly(A)
tail (Supplementary Figure S1A). In the present case, 280 nt
were added and the integrity of the radiolabeled transcripts
that contain 6 miR-451 target sites or 6 mutated sequences
was checked on agarose gel (Supplementary Figure S1B).
We did not observe any deadenylation or degradation of
the mRNAs at the early time points (0, 0.5, 1 and 2 h).
However, at 3 h, we detected a decrease in the amount of
both control and targeted mRNA, which suggests that
some decay has occurred (Supplementary Figure S1B).
We then tested the effect of poly(A) tail internalization
on miRNA-mediated repression. Interestingly, RNAs
with normal and internalized poly(A) were inhibited by
miR-451 to a similar level (50%), even after 6 h of incuba-
tion (Supplementary Figure S1C). As an additional
control, we have also investigated whether mutations in
the seed region of the target gene could reverse the effects
of miR-451. Supplementary Figure 1D shows the transla-
tional efficiency and the miR-451 effects over a 6 hours
period of time.
Altogether, these data confirm the results that we had

obtained in our previous published work and further val-
idates that inhibition of gene expression takes place at the
level of translation in the RRL.

miRNAs do not target translation elongation nor
degradation of nascent peptides through the proteasome

Taking advantage of our system that allows translational
repression in the absence of deadenylation and mRNA
decay, we have assessed the impact of miRNA repression
in the presence of a large spectrum of effectors that are
known to block translation at each of the various steps of
protein synthesis (initiation, ribosomal subunit joining,
elongation, termination and peptide release).
We initially started with the proteasome inhibitor

MG132 as miRNAs have been suggested to regulate trans-
lation elongation through the proteolytic cleavage of
nascent peptides (11) and was already used to study
miRNA activity in living cells (17). As observed
(Figure 1A, left panel), addition of MG132 did not signifi-
cantly affect luciferase production from both Luc and
Luc-451X6mRNAs. Furthermore, translational repression
mediated by miR-451 was not affected thus suggesting that
miRNAs do not target the proteolytic degradation of
nascent peptides, at least not through a proteasome-
induced process (Figure 1A, right panel).
We then tested whether miR-451 could cause the prema-

ture drop-off of elongating ribosomes as previously sug-
gested for the artificial miRNA CXCR4 (12). For this, we
added increasing amounts of puromycin to our translation
reactions and then monitored translation of Luc and
Luc-451X6 mRNAs (Figure 1B). Puromycin causes the
premature termination of elongating ribosomes thus
inducing ribosome drop-off. As observed (Figure 1B, left
panel), addition of puromycin to translation extracts led to

a dose-dependent inhibition of luciferase expression from
both RNAs reaching a 60-fold inhibition at the highest
concentration. Strikingly, the relative level of miRNA-
mediated repression remained constant to �60% of the
control in all conditions tested (Figure 1B, right panel).
Interestingly, similar results were obtained when transla-
tion elongation was inhibited by the addition of cyclo-
heximide, which stalls elongating 80S ribosomes on the
mRNA without inducing their drop-off (Figure 1C).
Indeed, as observed for puromycin, addition of increasing
amounts of cycloheximide strongly inhibited luciferase ex-
pression without inducing further effects on miRNA-451
repression (Figure 1C, right panel).

Taken together, these results suggest that miRNAs do
not interfere with translation elongation or proteosomal
degradation of nascent peptides.

60S ribosomal joining is not regulated by miRNAs

We next tested whether the ribosomal subunits joining
step could be affected by miR-451. This was suggested
by a report showing that let-7 miRNAs could regulate
this stage of translation with RISC being able to associate
with 60S ribosomes through eIF6 to interfere with the
formation of the 80S ribosome on targeted mRNAs (13);
such an hypothesis has also been challenged by other re-
searchers (38). A similar mechanism was also proposed in
the nuclease-treated RRL using the artificial CXR4
miRNA system showing poor association of the 60S
subunit to the 40S ribosomal subunit (20).

In an attempt to reduce formation of 80S ribosomes, we
took advantage of MDMP, a chemical compound that
specifically impairs the association of 60S and 40S riboso-
mal subunits (39,40). As observed, addition of increasing
amounts of D-MDMP (the biologically active stereoiso-
mer) led to a dose-dependent inhibition of both Luc and
Luc-451X6 mRNAs translation (Figure 2A, bottom left
panel) whereas addition of the inactive L-stereoisomer
did not affect translation (Figure 2A, top left panel).
Interestingly, despite the inhibition of translational rates,
miRNA-mediated repression was not changed upon
addition of D-MDMP (Figure 2A, bottom right panel)
suggesting that miRNAs did not interfere with the
joining of the 60S ribosomal subunit.

Ribosomal subunit joining is also regulated by the
release of initiation factors from the 40S ribosome upon
recognition of the AUG initiation codon. This stage is
mediated by hydrolysis of the GTP molecule associated
to eIF2 and eIF5B (41). Interestingly, since Argonaute 2
was first characterized to be a protein that regulates eIF2
recycling both in RRL and wheat germ extracts (42), it
was of interest to test whether it could affect 60S ribosome
joining by inhibiting eIF2 release. For this, we used
GMP-PNP, a non-hydrolysable GTP analog that stalls
the 48S complex at the AUG start codon and prevents
60S ribosome binding. As observed (Figure 2B, left
panel), addition of GMP-PNP led to a dose-dependent
inhibition of Luc and Luc-451X6 mRNAs translation
reaching a 7-fold inhibition at the highest concentration.
However, as observed for MDMP, translational repres-
sion Luc-451X6 mRNA was not affected therefore
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suggesting that RISC did not interfere with the hydrolysis
of eIF2-bound GTP (Figure 2B, right panel).

As discussed earlier, translation initiation requires two
molecules of GTP to proceed but is also dependent on
ATP hydrolysis through the use of various DEAD-Box
RNA helicases that are required for translation initiation,
among which is eIF4A (43). The latter is an ATP dependent
RNA helicase which is required both for initial ribosome
binding to the mRNA and linear scanning of the ribosome
from the binding site to the AUG initiation codon (44). In
fact, eIF4A was shown to ‘prepare’ a landing pad for ribo-
somes on the mRNA and then unwinds the RNA second-
ary structures encountered during ribosomal scanning (44).
In order to test whether ATP hydrolysis can be targeted
by miRNA repression, we used AMP-PNP, a non-
hydrolysable analogue of ATP. As observed (Figure 2C,
left panel), addition of AMP-PNP to translation extracts
led to a dose-dependent inhibition of Luc translation
reaching up to 10-fold repression. Interestingly, Luc-
451X6 translation appeared to be relatively more resistant
to AMP-PNP than Luc translation, especially at low
amounts of AMP-PNP (Figure 2C, left panel). This is par-
ticularly striking when Luc-451X6 translation was
normalized against that of Luc RNA (Figure 2C, right
panel) and we could observe a derepression of miRNA
activity following the addition of AMP-PNP suggesting
that miR-451 interferes with ATP hydrolysis. However,
although they are indicative of a link between ATP hy-
drolysis and miRNA repression, these data must be inter-
preted with care due to the involvement of ATP in many
biological processes including tRNA aminoacylation or
even formation of the RISC complex (45).

Taken together, data obtained with various inhibitors
suggest that miRNA repression does not take place at the
level of 60S subunit joining, nor elongation, nor termin-
ation thus suggesting a potential role at the level of
initiation.

PABP and eIF4G are required for miRNA-mediated
repression independently from their physical interaction

miRNA-mediated repression at the level of translation
initiation has been suggested by other studies in cell free
system to primarily depend on the involvement of PABP
and eIF4F (6,16). This prompted us to further assess the
role of these factors in our in vitro system. For this, we
used a combination of different viral proteases that are
able to cleave PABP, eIF4G or both.

The protease 3C from Human Rhinovirus is known to
inhibit translation initiation through cleavage of PABP
without affecting the composition of the eIF4F complex
(46). We thus used this enzyme to block PABP function
prior to translation of Luc or Luc-451X6 mRNAs. As
shown on western blotting, PABP was efficiently cleaved
at the highest concentration of the protease added
(Supplementary Figure S2A) and this resulted in transla-
tion inhibition (Figure 3A, left panel). However, the
relative effect of miRNA-mediated translation inhibition
was significantly relieved, from 50% to 20% (Figure 3A,
right panel) suggesting that PABP is required for the
miRNA response in the RRL.

We then used the L-protease of FMDV which desta-
bilizes the eIF4F complex by processing eIF4G in a
N-terminus fragment that contains binding sites for
eIF4E and PABP and a C-terminus domain which
harbors the binding sites for eIF3 and eIF4A (47). Thus,
in vitro translated L-protease was added to the untreated
RRL prior to translation of Luc and Luc-451X6 RNAs.
As visualized by western blot, eIF4G was cleaved upon
addition of L-protease (Supplementary Figure S2B) and
this resulted in translation inhibition (Figure 3B, left
panel, compare Control and L-protease lanes). Addition
of the protease inhibitor E64 restored wild-type levels of
translation indicating that translational repression was
merely the result of the cleavage of eIF4G. Interestingly,
miRNA-mediated repression was not affected and, if
anything, rather slightly stimulated by the addition of
L-protease (Figure 3B, right panel). This indicates that
neither the integrity of eIF4F nor the N-terminal
domain of eIF4G is necessary for miRNA function and
suggests that RISC does not target the eIF4G-PABP
physical interaction.
Finally, we have used the viral protease from the HIV-2

to measure its effect on translation of Luc and Luc-451X6
mRNAs. This enzyme has been shown to cleave eIF4G at
two different sites yielding three different fragments
(48,49). Interestingly, it also hydrolyses PABP at two dif-
ferent sites and proteolysis of both factors contributes to
translation inhibition (50). Cleavage of eIF4G was shown
to be complete upon addition of the HIV-2 protease in the
RRL as visualized by western blotting (Supplementary
Figure S2C). Remarkably, the consequence of this
cleavage resulted in the complete loss of miR-451 effect.
This was dependent on proteolytic activity since addition
of specific inhibitors was sufficient to restore the miRNA
response (Figure 3C, right panel). To test whether the
specific loss of PABP and eIF4G cleavage was responsible
for the effect on the miRNA-mediated inhibition, we have
supplemented the HIV-2 protease treated lysate with the
intact proteins (Figure 3D). Interestingly, both proteins
were able to restore the miRNA effect to a partial, but
significant, level. Addition of both in the same reaction did
not significantly increase the rescue (data not shown). This
nicely confirms the role for PABP in translation inhibition
caused by miRNAs. However, the effect of eIF4G prote-
olysis seems to be, a priori, not in agreement with our data
obtained with the L protease (see above) and showing no
change upon eIF4G cleavage. But it is important to
remember that those two virally encoded enzymes do
not cleave the eIF4G molecule at the same sites. As a
result, the consequences of the proteolytic action of
these two virally encoded proteases are very different on
translation initiation (49). We have previously shown that
the HIV-2 protease removes a short region of 40 amino
acids from the central domain of eIF4G that was shown to
exhibit a strong RNA binding activity and this event
results in the specific inhibition of ribosomal scanning by
a, yet, unknown mechanism (48,49).
Taken together, these data suggest that both PABP and

the carboxy-terminal domain of eIF4G are required for
efficient miRNA repression and this effect seems to be
linked to ribosomal scanning.
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miRNA-mediated repression is modulated by the
composition of the 50-UTR

Ribosomal scanning is a difficult process to study, as it
involves many factors and it is hard to distinguish from
other translational steps, such as ribosomal binding or

AUG recognition (51). Nevertheless, both 50-UTR
length and structure have been shown to modulate ribo-
somal scanning rate. We thus decided to investigate the
influence of 50-UTR composition on miRNA effect. For
this we cloned different human 50-UTR in our Luc and
Luc-451X6 vectors (Figure 4A). In addition to the 50-UTR

Figure 3. PABP and eIF4G are required for miRNA-mediated repression independently from their physical interaction. (A) Translation of Luc and
Luc-451X6 RNAs was carried out in untreated RRL after addition of HRV 3C protease as indicated. (B) Translation of Luc and Luc-451X6 RNAs
was carried out in untreated RRL after addition of 2ml in vitro translated L-protease, E64 protease inhibitor (10mM) or both as indicated. (C)
Translation of Luc and Luc-451X6 RNAs was carried out in untreated RRL after addition of 2 ml recombinant HIV-2 protease, the palinavir
protease inhibitor (10 mM) or both as indicated. (D) Translation of Luc and Luc-451X6 RNAs was carried out in RRL and treated with 2 ml HIV-2
protease for 10min. The reaction was then stopped by addition of the palinavir protease inhibitor (10 mM) and the recombinant PABP (500 ng) or
eIF4G (1mg) were added to the mixture for a further 50min before luciferase analysis. Results are shown as translation efficiency (left panels) and
miRNA effect (right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from three independent
experiments; * corresponds to a P-value <0.05; ** corresponds to a P-value <0.01; (non directional t-test).
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of b-globin which was used as a positive control in the
system, we have deliberately chosen genes harboring
complex and structured 50-UTRs such as BCL3 (75 nt.,
81% GC rich), GAPDH (102 nt., 61% GC rich), Hsp70
(243 nt., 63% GC rich), Cyclin D2 (269 nt., 62% GC rich)
and Line-1 (909 nt., 58% GC rich) (Figure 4A). As
expected (Figure 4B, left panel), the efficiency of transla-
tion strongly differed between the different 50-UTR tested,
with b-globin and GAPDH driving translation at similar
rates, while translation driven by BCL3, Hsp70, Cyclin D2
and Line-1 50-UTRs was significantly less important.
Interestingly, the nature of the 50-UTR considerably
influenced the level of miRNA-mediated inhibition
(Figure 4B, right panel). However, we were surprised to
observe that we could not draw any linear correlation
between the complexity of the 50-UTR and the level of
miRNA repression (Line-1 mRNA being only slightly
affected by miRNAs although its 50-UTR corresponds to
the longest tested). Nevertheless, it is noteworthy that no
linear correlation could be drawn either between the
complexity of the 50-UTR structure and the overall trans-
lational efficiency (compare translational efficiency for
GAPDH with the others).

A possible explanation for these rather puzzling results
is to consider that the structure of the 50-UTR does not
only influence ribosomal scanning but also initial binding
of the ribosome. Thus, we may have combined two effects,
binding and scanning, that could explain this lack of cor-
relation. Alternatively, it has recently been shown that a
specific subset of mRNAs with complex RNA structures
can recruit additional RNA helicases such as DHX29 and
DDX3 to facilitate the progression of the 43S complex
(52,53). Therefore, complex-structured 50-UTR may be
better translated because they have the ability to recruit
additional RNA helicases. Taken together these data
suggest that the structure of the 50-UTR plays a role in
the magnitude of the miRNA response but the mechanism
by which this occurs needs to be investigated further.

Ribosomal scanning is required for miRNA-mediated
inhibition

As stated earlier, the 50-UTR corresponds to the region
where ribosomes initially contact the mRNA (via a large
number of eIFs) and is also the place where linear
scanning of the 43S pre-initiation complex takes place.
Therefore, to distinguish which one of these two

Figure 4. miRNA-mediated translation inhibition is affected by 50-UTR composition. (A) Schematic representation of the Renilla luciferase RNA
used, which contains either no target sites (Luc) or six target sites for miR-451 (Luc-451) at the 30-end. Expression of this construct was driven by
various 50-UTR that were derived from cellular transcripts as shown on the table (stability of the 50-UTR was predicted using the mfold program).
(B) Translation of Luc and Luc-451X6 RNAs driven by different 50-UTR was carried out in untreated RRL. Results are shown as translation
efficiency (left panel) and miRNA effect (right panel), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from
three independent experiments.
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mechanisms (binding or scanning) is targeted by miRNAs,
we have used the well-characterized IRESes from the
encephalomyelocarditis virus (EMCV) and poliovirus
(PV) viruses. These two IRESes are known to recruit the
40S ribosomal subunit in a similar way with entry being
some 25 nt downstream the conserved polypyrimidine rich
tract at the vicinity of an AUG codon (54). However, once
bound to the EMCV mRNA, the 40S ribosome recognizes
the AUG codon and initiate translation exclusively from
this point with limited ribosome scanning, whereas, in the
case of PV, the pre-initiation complex scans some 150 nt
before it finds and recognizes the authentic AUG codon
(54). Thus, we have exploited these differences to test
whether miR-451 repression interferes with ribosome
scanning. These IRESes have been inserted in front of
the luciferase reporter gene (see Figure 5A) and reporter
constructs were transcribed to create uncapped and
polyadenylated RNAs as they are naturally found during
the viral replication cycle. As observed (Figure 5B), trans-
lation mediated by these viral IRESes exhibited a different
sensitivity to miRNA repression with the PV construct
being repressed whereas function of the EMCV IRES
was only slightly affected. Although a lack of effect of
miRNAs on the EMCV IRES has been reported previ-
ously (14,16,17,22,45), the ability of miRNAs to repress
translation driven by the PV IRES had never been tested
so far. This most probably reflects differences in ribosomal
movement and further supports the finding that miRNAs
repress translation by interfering with ribosomal scanning
with no, or little, effect on ribosomal attachment.
As it could be argued that the differences between PV

and EMCV IRESes could also be explained by their
relative different translational efficiency in the RRL, we
have used the L protease to enhance translation of the PV
IRES as previously reported (55). This is presented in
Supplementary Figure S3 and nicely shows that the mag-
nitude of miRNA repression does not vary upon stimula-
tion of the PV IRES by the L protease.
To further confirm these data, we have used a chimeric

IRES made between EMCV and PV (Figure 5A); interest-
ingly, it has been shown that switching the 30IRES
boundaries between PV and EMCV was sufficient to
induce ribosomal scanning on EMCV (33). We therefore
tested the impact of miRNA activity on this EMCV/PV
chimera (Figure 5B). Interestingly, translation of the
EMCV/PV chimeric IRES which contains the EMCV
core and the PV ‘scanning segment’ became sensitive to
miRNA binding (see EMCV/PV) further suggesting that
ribosomal scanning is the step of translation that is
regulated by miRNAs.

miRNAs have no effect on ‘non scanning’ mRNAs such as
HCV and HCV-like IRESes

Data presented in this article suggest so far that transla-
tion inhibition induced by miR-451 requires ribosomal
scanning. Thus, given these data, we made the assumption
that a mRNA that could initiate translation independently
from ribosomal scanning would not be affected by
miR-451. Such an mRNA exists in the form of HCV
and CSFV IRESes that are naturally uncapped and

non-polyadenylated (56). Thus, HCV- and CSFV-
luciferase were translated in their natural conformation
with or without miR-451 target sites as shown in
Figure 5A. As it was anticipated and previously shown
for HCV (17,21,22), translation driven by both IRESes
was not repressed by miR-451 (Figure 5C). We have
recently shown that the presence of the poly(A) tail was
absolutely required for miRNA-mediated translation re-
pression (22). Thus, from the experiment carried out with
HCV/CSFV, it could be argued that the lack of miRNA
effect could be due to the physical absence of a poly(A)
tail on these two mRNAs. To circumvent this problem, we
next used the IRESes of two members of the
Picornaviridae family that were shown to initiate transla-
tion in a way that is closely related to HCV and CSFV.
These picornavirus are namely the AEV and SVV (35,36),
for which the viral RNA is uncapped but it contains a
poly(A) tail (Figure 5A); however, it does not functionally
initiate translation in a poly(A)/PABP dependent manner
but rather rely on an HCV- and CSFV-like mechanism for
ribosome recruitment. Interestingly, translation of these
constructs in our system was not inhibited at all by the
binding of miR-451 and showed a very similar and com-
parable behavior to that obtained with the HCV and
CSFV IRESes (Figure 5C). Thus, it confirms that
miRNA repression cannot occur when translation initi-
ation operates in the absence of ribosomal scanning even
if the mRNA target harbors a poly(A) tail.

DISCUSSION

miRNA repression affects several stages of gene expres-
sion including translation (7,9,12–17,19,20), deadeny-
lation and decay of target mRNAs (6,7,23,24). Although
it has been shown that miRNA-mediated deadenylation is
translation independent (6,57), recent data suggest that
miRNA repression first occurs at the translational stage
before it can undergo deadenylation (3,5,30,31). Differen-
ces in the mechanism by which miRNAs repress gene
expression are likely to reflect the fact that several
overlapping mechanisms are at use or that differences in
experimental design may introduce bias. To support this
latter hypothesis, important variations in the magnitude of
miRNA repression have been reported with different
methods of cell transfection such as cationic lipids versus
electroporation or DNA versus RNA (58), but also in the
composition of the intrinsic promoter (SV40 versus TK)
(59) or even in the sequence of the miRNA itself (60). In
order to minimize any experimental bias, we have chosen
to study the effect of the most abundant endogenous
miRNA (miR-451) contained in the RRL, which was
shown to faithfully recapitulate translational repression
without inducing deadenylation nor RNA degradation
(22). This was further verified in this present article by
using an internalized poly(A) tail and we could show
that this did not change significantly the level of repression
induced by miRNAs (Supplementary Figure S1). Using
this system, our initial goal was to find which stage of
translation was repressed. This is an important unresolved
issue as several conflicting reports showed that it could
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occur at initiation or elongation steps (7,9,12–17,19,20) or
even by inducing proteolytic cleavage of nascent peptides
through a, yet, uncharacterized machinery (11).

Our experimental strategy consisted of using a spectrum
of natural or chemical molecules that are specifically tar-
geting different stages of translation. By using puromycin
and cycloheximide, we showed that the relative level of
miRNA repression was not affected suggesting a mode
of action upstream from the elongation step (Figure 1).
This result is consistent with type I miRNA-repressed
mRNAs, defined by Kong and coworkers, for which
miRNA repression takes place at translation initiation
and are not affected by the addition of low amounts of

cycloheximide (59). Furthermore, it also confirms that
miRNA-targeted mRNAs are undergoing active trans-
location of elongating ribosomes as previously suggested
(12,59). Addition of the proteasome inhibitor MG132
showed that miRNA did not induce neo-synthesized
peptide degradation (Figure 1) and the use of both
MDMP and GMP-PNP ruled out any involvement of
miRNAs in the control of 60S ribosome subunit joining
(Figure 2). This suggests that repression induced by
miR-451 happens at an early stage of translation,
pointing out to an effect on the initiation stage of
protein synthesis. Translational inhibition by miRNAs
has already been shown to require both eIF4F and

Figure 5. Ribosomal scanning is required for miRNA-mediated inhibition. (A) Schematic representation of the Renilla luciferase RNAs in which
translation initiation was driven by EMCV, PV, the EMCV/PV chimera, HCV, CSFV, SVV or AEV IRES. (B) Translation of Luc or Luc-451X6
constructs containing the EMCV, PV, EMCV/PV IRES or globin 50-UTR as a control, in the untreated RRL. (C) Translation of Luc or Luc-451X6
constructs containing the HCV, CSFV, SVV, AEV IRES or globin 50-UTR as a control in the untreated RRL. Results are shown as translation
efficiency (left panels) and miRNA effect (right panels), as described in ‘Materials and Methods’ section. Error bars correspond to SD obtained from
three independent experiments; * corresponds to a P-value <0.05; ** corresponds to a P-value <0.01; (non directional t-test).
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PABP in cell extracts (6,16). We thus wanted to test
whether this is also the case in RRL. To this end, we
tested a combination of proteins that cleave either PABP
or eIF4G or both (Figure 3). We found that PABP and
eIF4G are both required but this is not due to their
physical interaction. Rather we observed that an RNA
binding motif of eIF4G implicated in scanning may be
important. We thus tested whether the composition of
the 50-UTR, which is known to modulate ribosomal
scanning, could also exert an effect on RISC activity
(Figure 4). Although we did not find any linear correlation
between 50-UTR structure and the magnitude of miRNA
repression, we observed strong variations among the dif-
ferent 50-UTR tested. This simply indicates a strong rela-
tionship between the composition of the 50-UTR and the
level of repression by miRNAs. Since the 50-UTR controls
translation initiation in eukaryotes both by modulating
ribosomal binding and scanning (61), we then wanted to
investigate further which of these two steps was involved
in the repression mediated by miRNAs.
For this, we used an experimental approach consisting

of testing the EMCV and PV IRESes that are known to
bind and recruit the ribosome in a similar manner but are
very different in terms of ribosome scanning (62).
Interestingly, we found that miR-451 massively repressed
PV-driven translation with only marginal effects on
EMCV (Figure 5), suggesting that interference did not
occur at the ribosome binding step but rather during
ribosome scanning. Finally, the use of pestivirus and
pestivirus-like IRESes confirmed the lack of miRNA re-
pression in the absence of ribosomal scanning despite the
physical presence of the poly (A) tail (Figure 6).
Although our results show the implication of ribosomal

scanning and the involvement of both PABP and eIF4G in
this mechanism, we are still lacking the exact molecular
mechanistic. In a recent report by Zekri et al. (28),
Drosophila GW182 (a RISC associated factor) was
shown to bind PABP and to impair its interaction with
eIF4G therefore disrupting the closed-loop structure and
inducing translation inhibition. While this work was in
progress, Fukaya and Tomari (37) showed by using a
Drosophila based in vitro system that the PABP was
neither required for translational repression nor
deadenylation. Our data show that, both eIF4G and
PABP are required for miRNA-mediated inhibition
(Figure 3) but this would not be due to their physical
interaction. Consistent with this is the fact that PABP
cleavage mediated by 3C or HIV-2 protease does not
separate the eIF4G binding domain from poly(A)
binding activity (46). Indeed, both eIF4G and poly(A)
interact specifically with the N-terminal part of PABP,
while proteases rather cleave the C-terminal domain
(46). Interestingly, PABP cleavage by HRV 3C protease
has been shown to eliminate its interaction with other
factors implicated in translation, such as Paip1, Paip2,
eRF3 and eIF4B (46,63,64). Strikingly, PAM2 domain
of GW182 has also been shown to interact with the
C-terminal domain of PABP (6,28,65). GW182 may thus
interfere with PABP association with one of those import-
ant translation factors. The understanding of how
miRNAs and GW182 can interfere with PABP function

and ribosomal scanning will be a very interesting challenge
for future work.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–3.
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