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initiation inhibition
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ABSTRACT

The mechanism by which miRNAs inhibit translation has been under scrutiny both in vivo and in vitro. Divergent results have
led to the suggestion that miRNAs repress translation by a variety of mechanisms including blocking the function of the cap in
stimulating translation. However, these analyses largely only examine the final output of the multistep process of translation.
This raises the possibility that when different steps in translation are rate limiting, miRNAs might show different effects on
protein production. To examine this possibility, we modeled the process of translation initiation and examined how the effects
of miRNAs under different conditions might be explained. Our results suggest that different effects of miRNAs on protein
production in separate experiments could be due to differences in rate-limiting steps. This analysis does not rule out that
miRNAs directly repress the function of the cap structure, but it demonstrates that the observations used to argue for this effect
are open to alternative interpretations. Taking all the data together, our analysis is consistent with the model that miRNAs may
primarily repress translation initiation at a late step.
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INTRODUCTION

MicroRNAs (miRNAs) are 20–22 nucleotide RNAs that
regulate the function of eukaryotic mRNAs and play
important roles in development, cancer, stress responses,
and viral infections. miRNAs function, at least in part, to
inhibit translation of mRNAs and promote mRNA dead-
enylation, decapping, and 59 to 39 degradation of the
mRNA body (Valencia-Sanchez et al. 2006; Jackson and
Standart 2007; Eulalio et al. 2008a; Filipowicz et al. 2008).

An unresolved issue is the mechanism(s) by which
miRNAs repress protein synthesis. miRNAs have been
proposed to repress protein production by multiple mech-
anisms including promoting ribosome drop-off (Petersen
et al. 2006), degradation of the nascent polypeptide
(Nottrott et al. 2006), sequestration of mRNAs in P-bodies
or stress granules (Liu et al. 2005; Pillai et al. 2005; Leung

et al. 2006), inhibition of translation initiation (Pillai et al.
2005; Wang et al. 2006; Mathonnet et al. 2007; Thermann
and Hentze 2007), and inhibition of translation at a step
after translation initiation (Olsen and Ambros 1999; Lytle
et al. 2007). Despite this confusion, recent experiments
using in vitro translation systems have indicated that
miRNAs can repress translation, at least in part, by inhib-
iting translation initiation (Wang et al. 2006; Mathonnet
et al. 2007; Thermann and Hentze 2007), although in some
cases deadenylation of the mRNA might contribute to the
observed repression (Wakiyama et al. 2007).

In vitro experiments have led to the suggestion that
miRNAs inhibit translation initiation by interfering with
the ability of the m7G-cap structures at the 59 of the mRNA
to recruit the translation initiation complex (Wang et al.
2006; Mathonnet et al. 2007; Thermann and Hentze 2007).
This conclusion is based on the following observations.
First, mRNAs that are lacking the normal 59 m7GpppG cap
(m7G-cap) structure, and instead have a 59 ApppG cap
(A-cap), which is unable to bind the translation initiation
factor eIF4E, are not repressed by miRNAs in vitro
(Mathonnet et al. 2007; Thermann; and Hentze 2007).
Second, addition of increasing concentrations of exogenous
eIF4F, which binds the m7G-cap structure and promotes
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initiation, prevents miRNA-mediated repression (Mathonnet
et al. 2007). Third, initiation of translation from the EMCV
internal ribosome entry site (IRES), which promotes trans-
lation initiation independent of the 59 cap structure, can be
resistant to miRNA-mediated repression of translation in
vitro (Mathonnet et al. 2007).

The conclusion that miRNAs inhibit cap-dependent
translation has also been supported by in vivo experiments
showing that (1) in some cases, mRNAs lacking the m7G-
cap structure are not able to be repressed by miRNAs
(Humphreys et al. 2005; Pillai et al. 2005); (2) artificial
tethering of the cap binding complex to a mRNA can make
it resistant to translation repression by miRNAs (Pillai et al.
2005); (3) in some experiments, messages containing IRES
elements are unable to be repressed by miRNAs in vivo
(Pillai et al. 2005); and (4) the Argonaute protein has been
suggested to have a conserved ‘‘cap binding protein’’ motif
required for miRNA-mediated repression (Kiriakidou et al.
2007), although recent results suggest this motif is involved
in protein–protein interactions required for repression
(Eulalio et al. 2008b). Taken together, the in vitro and in
vivo work has led to an emerging view that miRNAs repress
translation, at least in part, by affecting an early cap-
dependent stage in translation initiation (Standart and
Jackson 2007; Eulalio et al. 2008a; Filipowicz et al. 2008).

Despite this apparent consensus, other evidence argues
that miRNAs can work independently of the cap structure.
For example, transfected ApppG-capped and uncapped
mRNAs whose translation is driven by an IRES can be sub-
jected to translation repression by miRNAs (Humphreys
et al. 2005; Lytle et al. 2007). In addition, when tethered to
the mRNA, the GW182 protein can promote repression
even in the absence of Drosophila Ago1, which is the
Argonaute protein responsible for miRNA-mediated trans-
lational repression in flies (Behm-Ansmant et al. 2006).
This latter observation provides evidence that Argonaute
proteins, and any proposed direct interaction with the
cap, are not required for miRNA-mediated repression.
Similarly, mRNAs whose translation is driven by IRES
elements expressed in cells or transfected can undergo
miRNA-mediated repression (Petersen et al. 2006; Lytle
et al. 2007).

These apparently divergent results on how miRNAs
repress translation can be interpreted in two possibly
overlapping manners. First, it could be that miRNAs act
by different mechanisms and the various experimental
protocols reveal those multiple mechanisms. Alternatively,
the apparently conflicting results might be due to creation
of different rate-limiting steps in translation caused by
variations in the protocols or substrates, which might mask
any effect of miRNAs on protein production. To examine
the possibility of altered translational kinetics masking the
actual step in which miRNA act, we developed a simple
computational model of translational initiation. We then
used this model to predict how protein production from

m7G-capped mRNAs, A-capped mRNAs, IRESs, and in the
presence of high levels of eIF4F, would be affected by
possible miRNA-mediated inhibition of different steps in
translation initiation. These perturbations were then com-
pared to in vivo and in vitro repression data to assess
probable sites of repression. Our results suggest that some
apparently different results can be explained by differences
in rate-limiting events under different translation proto-
cols. This analysis does not rule out that miRNAs directly
repress the function of the cap structure, but it demon-
strates that the observations used to argue for this effect are
open to alternative interpretation. Moreover, taking all the
observations together our analysis is most consistent with
miRNAs affecting a late stage in translation initiation such
as AUG recognition or 60S joining.

RESULTS

In order to consider mechanistic explanations for observa-
tions on how miRNAs repress translation, we created a
computational model for the initiation of translation. The
model we developed is an extreme simplification of the
process of translation initiation, and more complex models
could be developed. However, we utilized a simple model
in our analyses since it is sufficient to illustrate the relevant
kinetic issues and is more easily interpretable. In this
model, we consider the process of translation initiation to
consist of three steps, each of which affects the overall rate
of protein production (Fig. 1A). The first is an assembly
process of factors promoting translation initiation resulting
in the binding of the 40S subunit to the mRNA (k1). The
second is scanning by the small ribosome subunit and
recognition of the AUG (k2). The third step is recruitment
of the 60S subunit, entry into translation elongation, and
recycling of initiation factors (k3).

The relative value of the rate constants was assigned
using the following logic. First, because different mRNAs,
particularly those involved in the analysis of miRNA
repression, can vary significantly in the recruitment of the
translation initiation complex, we allow k1 to vary over a
large range. Second, because the efficiency of scanning
and AUG recognition can vary between mRNAs, we also
consider a range of k2 values. The subunit joining and
protein production rate (k3) is faster than k1 and k2 since
mRNA–40S complexes bound to the AUG without the 60S
subunit are generally not observed in translation initiation
unless this step is stalled by experimental methods, and
elongation is generally thought to not be rate limiting in
protein synthesis.

To compare how changes in the steps affect protein
production, we examined the predicted protein output for
various values of k1 and k2. These comparisons present
several key points. Specifically, when k1 is substantially
faster than k2, changes in the rate of k2 have clear impact
on the overall amount of protein produced (Fig. 1B). For
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example, at a fast k1 rate, a two-thirds reduction in k2 leads
to a 2.5-fold reduction in protein production (cf. lines A
and B in Fig. 1B). However, if the k1 rate is relatively slow,
a similar two-thirds reduction in k2 rate only reduces
protein production by 3% (cf. lines C and D in Fig. 1B).
Thus, the effect on protein production of a given change in
a particular rate is dependent on the relative rates of other
steps in protein production.

Effects of miRNAs on A-capped mRNAs

One set of observations that have been used to argue for
miRNAs targeting a cap-dependent step in translation
initiation is that there are differences in how miRNAs
repress translation from mRNAs with different cap struc-
tures. Specifically, miRNAs in many systems have been
documented to repress translation of mRNAs with 59 m7G
caps, which promote the assembly of the translation
initiation complex (k1), but not to repress translation from
mRNAs with the ApppG cap analog (A-cap), which are
limited in their rates of translation complex assembly
(represented by reduced k1 in this model). This observa-
tion has been interpreted to indicate that miRNAs may

interfere with the function of the cap-
binding complex and thereby reduce
translation initiation (Mathonnet et al.
2007; Thermann and Hentze 2007).

We used our translational model
system to examine translational repres-
sion of A-capped mRNA. A-capped
mRNAs have a reduced recruitment of
the initiation complex, which appears
as a lower k1 rate in this model. The
reduction in k1 can be estimated from
published translational data. For exam-
ple, in vitro translation results from
Krebs-2 cell-free extracts (Mathonnet
et al. 2007) show a 100-fold decrease
in total Renilla luciferase expression
from an A-capped mRNA versus an
m7G-capped mRNA. This cap-depen-
dent rate effect is also supported by in
vivo data from HeLa cells showing ap-
proximately the same amount of en-
hancement of translation by the m7G-cap
(Humphreys et al. 2005). Such a 100-
fold reduction in protein production
corresponds to a 240-fold reduction of
k1 in our model, rendering this step
much slower than k2 (all modeling
results and altered parameters are pre-
sented in Table 1.)

We then modeled how such a
decrease in k1 would affect protein
production by considering miRNA act-

ing in four potential manners. The four possible scenarios
considered were: (1) if miRNAs prevent recognition of
the cap structure and therefore would have no effect on
changing k1 on an A-capped mRNA, (2) if miRNAs inhibit
a cap-independent step in the assembly of the initiation
complex (e.g., inhibiting eIF4G–eIF3 interaction, which
ultimately is an effect of reducing k1), (3) if miRNAs
repress some aspect of scanning and/or AUG recognition
(reduced k2), and (4) if miRNAs affect 60S joining or
elongation (reduced k3). The experimental and modeled
results are displayed in Table 1 along with the kinetic
parameters used in the simulations. The results of this
analysis are shown in Figure 2. In each case, we plot the
absolute amount of protein produced as a function of
the extent of hypothetical inhibition of a specific step in the
model by miRNAs. Moreover, to illustrate the relative levels
of protein production from each mRNA under different
hypothetical effects of miRNAs, we also plot the amount of
protein production relative to the protein production from
the mRNA without any miRNA-mediated inhibition. In
each figure, we compare the A-capped mRNA (blue line)
with the m7G-capped mRNA (green line), and include an
mRNA of intermediate k1 value (yellow line), to indicate

FIGURE 1. Details of the computational model. (A) Depiction of the relevant states in the
translational model. Each rate and species that is included in the model is indicated as well as
their primary function. (B) Protein production predicted from the model plotted as a function
of k1 and k2, lines A–D correspond to specific rates described in the text.
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the trend of reducing k1. Theses analyses make the
following points.

First, if miRNAs directly repress recognition of the cap
structure, miRNAs would no longer be able to repress
translation of A-capped mRNAs since they would only
repress the k1 rate of m7G-capped mRNA. Thus, in this possible
model, although low, the protein production from the
A-capped mRNAs would not be affected by miRNAs (Fig.
2A,B). This result is consistent with the proposed interpre-
tation that miRNAs directly affect cap recognition per se.

Second, if miRNAs inhibit formation of the initiation
complex in a manner independent of direct cap recogni-
tion, the model predicts increased sensitivity of A-capped
mRNA to miRNA-mediated repression relative to the
m7G-capped mRNA. This result is most easily seen in
Figure 2D, where relative amounts of protein from each
mRNA show that the A-capped mRNA (blue line) is
repressed more than the m7G-capped mRNA (green line).
Since this predicted result is the opposite of the effect
observed experimentally, this result argues that miRNAs
do not affect a cap-independent step in assembly of the
translation initiation complex.

Third, this modeling indicates that if miRNAs repress a
later stage in translation initiation such as ‘‘AUG recogni-
tion’’ (k2 in our model), then they will also fail to repress
protein production from mRNAs with A-caps (Fig. 2E,F).

This result is most easily seen in Figure 2F, where relative
amounts of protein from each mRNA show that the A-
capped mRNA (blue line) is much more resistant to
repression than the m7G-capped mRNA (green line). This
is simply due to the fact that k1 is the predominant rate-
determining step for A-capped mRNAs, and therefore
alterations in k2 have little effect. Thus, the failure of
miRNAs to repress protein production from A-capped
mRNAs could be explained by miRNAs repressing a late
stage in translation initiation.

Similarly, if miRNAs repress k3, then they will also fail to
repress protein production from mRNAs with A-caps, again
because k1 is the predominant rate-determining step under
most conditions unless k3 is extremely slow (Fig. 2G,H).
Thus, the failure of miRNAs to repress protein production
from A-capped mRNAs could be explained by miRNAs
repressing a late stage in translation initiation such as the
subunit joining step.

Based on these observations, we suggest that miRNAs
either directly affect cap recognition, or affect a late stage in
the translation initiation process such as AUG recognition
or 60S joining. Our analysis is inconsistent with miRNAs
repressing a cap-independent step in translation initiation
complex assembly. An important general principle from
this analysis is that if miRNA-mediated repression affects a
step in translation initiation that is a relatively fast step in

TABLE 1. Comparison of experimental and modeled miRNA-mediated repression for EMCV IRES, A- and m7G-cap-driven translation

Repressed translation Unrepressed translation

In vivo/ in vitro Cap/IRES Poly(A) Modeled Experimental %k2 k1 k2 % vs. m7G / p(A)

In vitro m7G + 48% 48% Mathonnet et al. (2007) 28% 2 2 100%
In vitro A + 98% 95% Mathonnet et al. (2007) 28% 0.0084 2 1%
In vitro m7G + 75% 28%a Wakiyama et al. (2007) 59% 2 2 100%
In vitro m7G � 95% 95% Wakiyama et al. (2007) 59% 0.158 2 17%
In vitro A + 96% 108% Wakiyama et al. (2007) 59% 0.1 2 12%
In vitro A � 97% 105% Wakiyama et al. (2007) 59% 0.07 2 8%
In vitro m7G + 28% 28% Mathonnet et al. (2007) 28% 2 2 100%
In vitro IRES + 79% 83% Mathonnet et al. (2007) 28% 1.09 8 97%
In vitro m7G + 75% 28%a Wakiyama et al. (2007) 59% 2 2 100%
In vitro IRES + 94% 80% Wakiyama et al. (2007) 59% 0.98 8 90%
In vitro IRES � 93% 90% Wakiyama et al. (2007) 59% 1.05 8 97%
In vivo m7G + 78% 78% Pillai et al. (2005) 61% 2 2 100%
In vivo m7G � 90% 91% Pillai et al. (2005) 61% 0.46 2 42%
In vivo m7G + 6% 6% Pillai et al. (2005) 2.6% 2 2 100%
In vivo m7G � 13% 9% Pillai et al. (2005) 2.6% 0.46 2 42%
In vivo m7G + 18% 18% Humphreys et al. (2005) 8.5% 2 2 100%
In vivo m7G � 34% 43% Humphreys et al. (2005) 8.5% 0.46 2 42%

Modeling is based on in vitro and in vivo data as indicated above. For each mRNA the presence or absence of a poly(A) tail is indicated along
with the modeled and experimental level of translation observed with miRNA-mediated repression (Humphreys et al. 2005; Pillai et al. 2005;
Mathonnet et al. 2007; Wakiyama et al. 2007). The percentage of the unrepressed k2 value that is used to model repression is indicated. The
unrepressed data column contains the kinetic rates for k1 and k2 used in the simulation for the respective mRNAs. The final column is the
percent overall unrepressed translation compared to m7G-capped/poly(A)+ mRNA.
aFor the m7G-cap/poly(A)+ data from Wakiyama et al. (2007), only the deadenylation independent repression is modeled (see Materials and
Methods for further details).
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initiation for that particular mRNA, then little effect on
overall protein production will be observed. For example, if
miRNAs reduce the rate of AUG recognition (k2 in this
model), then mRNAs with a slow k1 will be resistant to
miRNA-mediated repression.

Other alterations to mRNAs that alter
the process of cap recognition in vivo
and thereby prevent miRNA-mediated
repression are subject to the same
caveat. For example, when cap recogni-
tion is bypassed by eIF4F being deliv-
ered to mRNAs by tethering with an
RNA binding protein, the mRNA is
resistant to miRNA-mediated repres-
sion (Pillai et al. 2005). However, at
least in other experiments, the absolute
amount of protein produced from these
tethered constructs is very low, z5%
that of cap-dependent translation, sug-
gesting that tethering is inefficient, and
therefore may have also caused a signif-
icant decrease in k1 (De Gregorio et al.
1999). Therefore, the failure to repress
translation driven by tethering eIF4F
with miRNAs may be subject to the
same caveats as the A-capped mRNAs.

Implications for miRNA-mediated
repression of IRES-driven
translation

A second line of argument for miRNAs
affecting cap-dependent translation is
that when translation initiation is
driven by an IRES in some cases
mRNAs are unable to be repressed by
miRNA action in vitro (Mathonnet
et al. 2007). The logic here is that the
IRES-mediated translation bypasses the
recognition of the cap structure, so if
miRNAs repress cap recognition, then
IRES-dependent translation should be
resistant to miRNA-mediated repression.

In order to consider how miRNAs
might affect translation initiation from
mRNAs with IRES elements, it was
first necessary to consider how IRES-
mediated translation occurs and what
the relationship between k1 and k2
might be for IRES-driven translation.
For the EMCV IRES, which is the only
IRES examined in vitro for miRNA-
mediated repression because of its rela-
tively high translation rate compared to
other IRES elements, the translation

initiation process again proceeds in three steps, although
they are notably different from translation initiation on
capped mRNAs (Fig. 3A). First, the IRES element in EMCV
recruits the translation initiation complex directly, through
interactions with eIF4G, and that process can be stimulated

FIGURE 2. (Legend on next page)
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by the poly(A) tail (Humphreys et al. 2005) and PABP, the
poly(A) binding protein (Bergamini et al. 2000; Svitkin
et al. 2007). Second, in contrast to capped mRNAs, the
AUG is positioned at the site of ribosome recruitment, so
there is no scanning and AUG recognition occurs in a
spatially restricted manner (Kaminski et al. 1994). Due to
the absence of scanning and the direct proximity of the
AUG to the site of ribosome recruitment, we hypothesize
that for translation initiation driven by the EMCV IRES, k1
is relatively slow compared to k2. (Kaminski et al. 1990;
Pilipenko et al. 1994). This is consistent with the observa-
tion that at a moderate concentration of the eIF4A inhibi-
tor hippuristanol (0.4 mM), EMCV IRES-driven translation
is reduced more significantly than the cap-dependent
translation (Bordeleau et al. 2006). Note that for the EMCV
IRES to give a high rate of translation initiation and still
have a slow k1, k2 must be quite efficient. Thus, in order
for IRES containing mRNA to produce a roughly equal
amount of protein as do capped mRNAs (Mathonnet et al.
2007), we modeled translation initiation of EMCV IRES as
a situation wherein k2 is quite high (approximately four-
fold that of scanning-dependent translation) and k1 is low
(50% of cap-dependent value). We then examined how
possible modes of miRNA-mediated repression would be
predicted to affect this process using rates estimated from
in vitro experimental results from Mathonnet et al. (2007).

This modeling demonstrates the following points. First,
the model predicts that IRES-driven translation would be
resistant to any changes in k1 that were directly dependent
on the cap structure (Fig. 3B,C). Thus, these results are
consistent with the possibility that miRNAs inhibit cap
dependent translation.

Second, the model predicts that translation from IRES
elements will be more sensitive than cap-driven translation
to perturbations of translation complex assembly (k1) that
are cap independent (Fig. 3D,E). We interpret this specific
result to argue that miRNAs do not affect a cap-independent
step in assembly of the translation initiation complex.

A third, and important, point is that the model predicts
that protein production from the EMCV IRES would be

not significantly repressed over a wide range of k2 values
(Fig. 3F,G). Thus, assuming k1 is limiting for IRES-driven
translation, if miRNAs reduce the rate of downstream
events such as ‘‘AUG recognition’’ (k2) then the EMCV
IRES would be expected to be insensitive to miRNA-
mediated repression (Fig. 3F,G). The actual k1 and k2
values are not important for this conclusion; merely that
an elevated k2 and reduced k1 produces the results shown
below for a wide range of values (data not shown). It
should also be noted that if miRNAs inhibit k2 our
modeling predicts that translation from the EMCV IRES
should be repressed z20%, which is similar to what was
observed by Mathonnet et al. (2007), who observed 17%
repression. A fourth, and final point, is that translation
from the IRES element is equally sensitive to repression of
k3 as cap-dependent translation (Fig. 3H,I).

Taken together, we interpret this modeling to suggest that
the failure of miRNAs to repress translation from IRES
elements is consistent with miRNAs affecting cap recogni-
tion, but could also be explained by other mechanisms of
translation inhibition. Considering only effects on initiation,
the results involving miRNA-mediated repression of IRES-
driven translation can be interpreted in two manners. First,
if miRNAs repress recognition of the cap structure, miRNAs
would no longer be able to repress translation from the
EMCV IRES. Thus, this result is consistent with the pro-
posed interpretation that miRNAs directly affect cap recog-
nition per se, but does not provide an explanation for the
small repression observed with miRNAs. Alternatively, since
k1 is likely to be the predominant rate-determining step in
IRES driven translation initiation, if miRNAs repress a later
step in the process, then miRNAs will only repress protein
production from the EMCV IRES to a small degree, as has
been observed (Mathonnet et al. 2007; Wakiyama et al. 2007).

Implications for miRNA repression with elevated
levels of eIF4F

Another observation used to argue for miRNAs targeting a
cap-dependent step in translation is that addition of extra

eIF4F complex to in vitro translation
systems prevents miRNAs from repres-
sing translation (Mathonnet et al.
2007). The reasonable interpretation
put forth is that if a miRNA-mediated
repression complex competes with
eIF4F for binding the cap structure,
then enhancing cap recognition using
high levels of eIF4F would block
miRNA-mediated repression. Increas-
ing concentrations of eIF4F would be
expected to increase the overall rate of
the first step (k1) by mass action,
without changing any of the actual rate
constants. To model the effects of

FIGURE 2. Effects of translational inhibition on individual steps of translation. These graphs
depict the percentage of unrepressed protein production by altered rate constants and their
effects for m7G-capped (m7G, green, k1 = 2), A-capped (A, blue, k1 = 0.09), and an
intermediately translated mRNA (yellow, k1 = 0.5) for comparison. These modeled mRNA are
identical except for the initiation complex formation rates (k1). Protein production refers
to the percentage of unrepressed production for a respective k1 value. The region of rates
inhibited by miRNA is from 0% to 100% repression of the respective values, where 100%
repression results in no protein production. The circles indicate the observed in vitro miRNA-
mediated inhibition in Mathonnet et al. (2007) with m7G-capped mRNA to allow
comparisons to the amount of translation that will occur with mRNA having reduced k1
values. (A–B) Protein production from increasing repression of cap-dependent k1 shown as
total and relative amounts, respectively. (C–D) Protein production from increasing repression
of cap-independent k1 shown as total and relative amounts, respectively. (E–F) Protein
production from increasing repression of k2 shown as total and relative amounts, respectively.
(G–H) Protein production from increasing repression of k3 shown as total and relative
amounts, respectively.
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changing eIF4F concentration, we created a modified
model of translation initiation incorporating the concen-
trations of eIF4F and subunit joining factors. In this model,
we added two species: eIF4F and the 60S subunit joining
factors (depicted in Fig. 4A). Addition-
ally, k3 in the first model is split into
two steps: subunit joining (k3) and
factor recycling rate (k4).

The eIF4F/subunit joining model
contains three conserved species, whose
amounts cannot change, for which only
alterations in association with different
complexes can occur. They are the 40S
small ribosomal subunit; translation
initiation factors, which are considered
as a combined factor eIF4F; and the
subunit joining factors for the 60S large
ribosomal subunit. These were estima-
ted as follows: The amount 40S ribo-
somal subunit was set arbitrarily high
(see Materials and Methods for specific
values), as it is thought to generally not
be a limiting factor for translation ini-
tiation. In contrast, the level of eIF4F,
as the canonical limiting factor, was set
significantly lower so translation would
be dependent on its concentration as
observed experimentally (e.g., Mathon-
net et al. 2007). Finally, the amount of
subunit joining factors for the 60S large
ribosomal subunit were estimated to
be more abundant than eIF4F but still
substoichiometric when compared to
40S levels, consistent with in vivo levels
(Singh et al. 2007).

We then utilized this model to cal-
culate how changes in the different rate
constants or concentrations of species
(as hypothetically caused by miRNA-
mediated repression) would affect the
amount of protein production at either
normal levels of eIF4F (13) or at 10-
fold elevated levels (103). These analy-
ses revealed the following points.

First, under normal concentrations of
eIF4F, protein production is primarily
dependent on the amount of eIF4F
levels and rate of scanning (k2), as
variations in both these values have
linear effects on protein output (13

line in Fig. 4G,K). In this model, mod-
erate reductions in the rates of k1 and
k3 did not have a strong effect on
protein output for both normal and
extra eIF4F, which is different from

the simple model (cf. Figs. 2A,4B and Figs. 2E,4H). This
is due to the consideration of the concentrations of
eIF4F and the 60S subunit joining factors in the latter
model, which are limiting for these steps. However, this

FIGURE 3. (Legend on next page)
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eIF4F/subunit joining model provided substantially similar
results for the analysis of the A-capped and IRES mRNAs
to the simpler model used earlier (data not shown). One
minor difference is that the degree of inhibition of k2
required to observe a similar decrease in protein output is
lower than in the simple model (cf. Figs. 2F and 4G).

A second observation was that while translation with
normal levels of eIF4F is very susceptible to repression at
k2, addition of exogenous eIF4F renders it largely resistant
to k2 repression. This result is most easily seen in Figure
4G, where relative amounts of protein from each mRNA
show that translation with high levels of eIF4F (blue line) is
much more resistant to repression at k2 than translation in
the presence of normal levels of eIF4F (green line). Notably,
in this model under these conditions, translation becomes
limited by the concentration of factors at the 60S joining
step (k3; Fig. 4M). This suggests that under conditions of
high eIF4F a different step in translation initiation becomes
rate limiting, which is supported by the observation that
addition of eIF4F above a certain level fails to further
enhance protein production (Mathonnet et al. 2007).
Moreover, if the new rate-limiting step in translation
initiation is not the step inhibited by miRNA function,
then miRNAs will be unable to repress the translation of
mRNAs in the presence of high concentrations of eIF4F.

DISCUSSION

Our modeling analyses have revealed three issues that should
be considered in the analyses of experiments used to deter-
mine how miRNAs affect specific steps in translation
initiation. First, kinetic analyses demonstrate that a miRNA
will have little effect on the overall rate of protein pro-
duction from a specific mRNA if the step it affects is not
the predominant rate-determining step under the conditions
examined. Second, increases in the rate of a substep may
lead to a different step in the pathway becoming the pre-
dominant rate-determining step. If such a new predominant
rate-determining step is not the site of miRNA-mediated
repression, then the overall production will show no
repression by miRNAs. Third, the use of IRES to map steps
of action in translation repression is complicated by the fact

that the predominant rate-determining step may be different
between cap-dependent translation and IRES mediated
translation, which could then kinetically mask any effect
by miRNAs. Note that these issues can be overcome by
either directly measuring the rate constants of specific
substeps in initiation with and without miRNA repression,
or by determining the concentrations of intermediates in
the translation initiation pathway of the repressed and
unrepressed mRNAs. For example, if miRNAs repress
60S joining, then in the presence of miRNAs, a 48S complex
should accumulate at the AUG with miRNA repression,
which is exactly what has been recently reported (Wang
et al. 2008).

Although our results do not rule out that miRNAs can
directly affect the function of the cap structure in enhanc-
ing translation, our analyses do demonstrate that many of
the arguments used to argue that miRNAs repress cap-
dependent translation are subject to other interpretations.
First, the failure of miRNAs to repress translation from A-
capped mRNAs would also be expected if miRNAs repress
at a later stage of translation initiation and A-capped
mRNAs assemble the translation complex at a slower rate.
Similarly, the failure of miRNAs to repress mRNAs tethered
to eIF4F would be expected if tethering is inefficient and
therefore repression of any other step in translation
initiation would have no effect on overall protein pro-
duction (De Gregorio et al. 1999; Pillai et al. 2005). Second,
the failure of miRNAs to repress translation when extra
eIF4F is provided (Mathonnet et al. 2007) could be easily
explained if the new predominant rate-determining step
under these conditions is not the step affected by miRNA-
mediated repression. Finally, the analysis of mRNAs con-
taining IRES elements is complicated since they (1) may
also be most limited for assembly and thereby unaffected
by alterations in downstream steps, and (2) include the
absence of other steps in translation initiation (besides cap
recognition) that could also be targets of miRNA function
(such as scanning). This raises the possibility that miRNAs
might repress translation at a different stage of the
initiation process, independent of cap recognition per se.

Other observations in the literature are consistent with
miRNAs repressing translation initiation by acting at a late

step in the process, independent of the
cap structure. For example, A-capped
mRNAs can be repressed by miRNAs if
they are provided with a poly(A) tail.
Similarly, mRNAs with IRES elements
can also be repressed by miRNAs in
vivo, either with an m7G- or an A-cap
(Humphreys et al. 2005; Petersen et al.
2006; Lytle et al. 2007). More directly,
the observation that miRNAs lead to
the accumulation of 48S complexes on
repressed mRNAs including those
stalled at the AUG codon, supports

FIGURE 3. Effect of miRNA inhibition on EMCV IRES-driven translation. (A) Depiction of
the relative rates used in modeling cap-dependent and -independent (EMCV IRES) driven
translation. The size of the arrow corresponds to the magnitude of the rate indicated. Panels B–
I display the results of modeling potential sites of miRNA action on IRES and cap-dependent
translation depicting protein production. The region of rates inhibited by miRNA is from
0% to 100% repression of the respective values, where 100% repression results in no protein
production. The circles on m7G cap lines indicate the observed in vitro miRNA-mediated
inhibition in Mathonnet et al. (2007). The circles on the IRES lines indicate the amount of
translation if repressed equivalently to the m7G mRNA. (B–C) Protein production from
increasing repression of cap-dependent k1 shown as total and relative amounts, respectively.
(D–E) Protein production from increasing repression of cap-independent k1 shown as total
and relative amounts, respectively. (F–G) Protein production from increasing repression of k2
shown as total and relative amounts, respectively. (H–I) Protein production from increasing
repression of k3 shown as total and relative amounts, respectively.
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the model that miRNAs alter some step
in AUG recognition of 60S joining
(Wang et al. 2008). Such an effect of
miRNAs on 60S joining is also sup-
ported by observations suggesting that
eIF6 interacts with Argonaute proteins
and is required for miRNA repression
in Caenorhabditis elegans (Chendrimada
et al. 2007), although recent results sug-
gest this is not true in Drosophila cells
(Eulalio et al. 2008b).

The specific hypothesis that miRNAs
affect a step in AUG recognition and/or
60S joining is consistent with the obser-
vation of pseudo-polysomes by Hentze
and coworkers (Thermann and Hentze
2007). They found that when repressed
by miRNAs, mRNA were found in large
complexes, termed pseudo-polysomes
that sedimented in the polysome region
on a sucrose gradient but were not
translating. This may be analogous to
similar rapidly sedimenting complexes
observed by Kozak and Shatkin (1978)
upon inhibition of translation by edeine
in extracts. The mechanism of miRNA-
mediated repression could work simi-
larly to edeine inhibition by affecting
AUG start site selection causing multi-
ple 40S subunits scanning beyond the
authentic AUG.

Aside from the translation initiation
steps covered by our model, there are
no doubt additional, direct or indirect,
effects of miRNAs on translation initi-
ation. For example, since poly(A) tails
can stimulate translation, and miRNAs
can promote deadenylation, some re-
pression by miRNAs can be attributed
to deadenylation of the substrate
mRNAs (Wakiyama et al. 2007). How-
ever, since poly(A) tails are not required
for miRNA-mediated repression either
in vivo or in vitro (Humphreys et al.
2005; Pillai et al. 2005; Wu et al. 2006;
Wakiyama et al. 2007), miRNAs must
be able to repress translation in a
manner independent of the poly(A) tail.
Another issue affecting miRNA repres-
sion in vivo is that sequestration of
mRNAs complexed with the miRNA
repression machinery into P-bodies,
which could enhance the effect of an
initial translation inhibition, perhaps
by reducing the local concentration of FIGURE 4. (Legend on next page)
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translation factors (Jakymiw et al. 2005; Liu et al. 2005;
Pillai et al. 2005; Sen and Blau 2005). These complexities
highlight how it will be necessary, even once we understand
the primary effects of miRNAs on translation, to integrate
those effects into the cytoplasmic physiology of the mRNAs.

MATERIALS AND METHODS

Computational modeling of mRNA translation
and miRNA-mediated repression

In establishing an initial model for translation, we established two
key variables. The first is the small ribosomal subunit, which is
conserved (it is neither created nor destroyed), and alters only in
the state of the protein complexes with which it is associated. The
second is protein, which is produced during the simulation, but
not degraded. A more complex model was also constructed (the
eIF4F/subunit joining model), which was made with two addi-
tional parameters, the factors required for 60S joining and the
initiation factor eIF4F, both of which are conserved. However,
they can be in a variety of states: bound to mRNA, scanning,
translating, and unbound. Our approach is to describe each
species as a function of mass action rate constants between each
state using a series of ordinary differential equations.

The individual rates and rate equations used in the model are
indicated below and diagrammed in Figure 1A for the simple
model and Figure 4A for the eIF4F/subunit joining model. The
first rate is the assembly of a translation initiation complex leading
to the small ribosomal subunit binding to the mRNA. This rate is
k1 for the simple model and incorporates both the k1 rate plus the
amount of eIF4F for the eIF4F/subunit joining model. The second
rate is k2, comprising scanning and the recognition of the AUG
start codon. The third is subunit joining, which includes 40S
recycling for the simple model and includes a 60S subunit joining
factor for the more complex version. Finally, the eIF4F/subunit
joining model has an additional step of recycling, which is k4.

The individual rates and rate equations used in the model are
indicated below. These equations were modeled in the SimBiology
2.2 package in Matlab version 7.5.0 (2007b+). Data for the figures
were obtained by parameter scanning and examination of the

protein output. The simulated model time was 100 sec, and was
sufficient to reach stabilization in the various species concentra-
tions (i.e., free 40S, scanning 40S, 40S at the AUG initiation site,
etc.), which was achieved in a maximum of 10 sec of simulation.

Equations used in the models

Parameters:
40S: Unbound 40S subunit
40S–mRNA: 40S ribosome bound to the mRNA
AUG: 40S ribosome at the AUG start site
60S: 60S subunit joining factors
80S: 80S ribosome
eIF4F: eIF4F
Protein: Protein

Simple model:
d[40S](t) = k3[AUG]dt � k1[40S]dt
d[40S–mRNA](t) = k1[40S] dt – k2[40S–mRNA]dt
d[AUG](t) = k2[40S–mRNA]dt – k3[AUG] dt
dProtein(t) = k3[AUG] dt

eIF4F/subunit joining model:
d[40S](t) = k4[80S]dt � k1[40S] [eIF4F]dt
d[40S-mRNA](t) = k1[40S] [eIF4F]dt – k2[40S–mRNA]dt
d[48S](t) = k2[40S–mRNA]dt – k3[AUG] [60S]dt
d[80S](t) = k3[AUG] [60S]dt � k4[80S]dt
d[60S](t) = k4[80S]dt � k3[AUG] [60S]dt
d[eIF4F](t) = k2[40S–mRNA]dt � k1[40S] [eIF4F]dt
dProtein(t) = k3[AUG] [60S]dt

Rate constants used in the models

Simple model:
k1 (2/second): small subunit binding to mRNA
k2 (2/second): AUG start site recognition
k3 (5/second): 60 subunit joining, factor recycling

eIF4F/subunit joining model:
k1 (2/molecule d second): small subunit binding to mRNA
k2 (2/second): AUG start site recognition
k3 (5/molecule d second): 60S subunit joining
k4 (1/second): 40 and 60S subunit joining factor recycling

Conserved quantities used
in the eIF4F/subunit joining model

The rationale for choosing the values for the
species in the more complex eIF4F/subunit
joining model are as follows. The small
ribosomal subunit was set to be arbitrarily
high, consistent with it not being rate
limiting for initiation. eIF4F was conversely
set very low, so that the protein output
would depend on it, as it is the rate-limiting
factor in initiation. Finally, the subunit
joining factors are substoichiometric to the
small ribosomal subunit, consistent with
their in vivo abundance (Singh et al. 2007).

Small ribosomal subunit: 100
Subunit joining factors for the 60S large

ribosomal subunit: 25
eIF4F: 6

FIGURE 4. Resistance of eIF4F enhanced translation to miRNA-mediated translational
repression. (A) Depiction of the rates and species used for modeling translation incorporating
eIF4F and 60S subunit joining factors. For panels B–M, the results of modeling potential sites
of miRNA action on mRNA with standard (13) or elevated (103) amounts of eIF4F depicting
protein production, with the percentage representing that versus unrepressed translation for
each condition. The region of rates inhibited by miRNA is from 0% to 100% repression of the
respective values, where 100% repression results in no protein production. The amount of
eIF4F modeled is either the standard extract concentration (green, 13) or 10-fold increased
eIF4F (blue, 103), which is indicated in the respective graphs. The circles on 13 lines indicate
the observed in vitro miRNA-mediated inhibition of m7G mRNA with no additional eIF4F in
Mathonnet et al. (2007). The circles on the 103 lines indicate the amount of translation if
repressed equivalently to the mRNA with no additional eIF4F. (B–C) Protein production from
increasing repression of cap-dependent k1 shown as total and relative amounts, respectively.
(D–E) Protein production from increasing repression of cap-independent k1 shown as total
and relative amounts, respectively. (F–G) Protein production from increasing repression of k2
shown as total and relative amounts, respectively. (H–I) Protein production from increasing
repression of k3 shown as total and relative amounts, respectively. (J–K) Protein production
from increasing repression of eIF4F shown as total and relative amounts, respectively. (L–M)
Protein production from increasing repression of 60S subunit joining factors shown as total
and relative amounts, respectively.
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Estimations of rate constants

The estimations of the rate constants used in this study are relative
rate constants. These correspond to data from the literature and
educated assumptions regarding the steps modeled in this trans-
lation. The logic behind assignment of the steps is as follows. First,
the binding step k1 is faster in m7G-capped mRNA, which have
eIF4E bound than in A-capped mRNA, which are compromised in
its binding. The important aspect for this study is that the relative
rate is slower in A capped, and we have modeled a variety of k1
rates to simulate the range of possible values for m7G-capped and
A-capped mRNA as correlated with protein output. Second, the
second-rate k2 was set to be equivalent to k1 to provide the model
with a minimum of assumptions. For the IRES rate estimations, a
reduced k1 rate was combined with a k2 rate that was sufficiently
high to allow 90% of the translation as compared to an essentially
unlimited k2 value. The repressed value of k2 was based on the
amount of protein produced for repressed m7G cap/poly(A)+
mRNA compared to unrepressed. Note that data for m7G cap/
poly(A)+ from Wakiyama et al. (2007) likely incorporates dead-
enylation reduced initiation; so to estimate k2 repression in this
case, we modeled this using data from the m7G-capped unad-
enylated mRNA to eliminate the effects of deadenylation on
repression. Third, k3 is modeled as being fast relative to the other
two steps. The justification for this is that complexes bound to
AUG with the 60S subunit are rarely observed in translation. For
the simple model, k3 represents subunit joining, start of trans-
lation, and recycling. For the eIF4F/subunit joining model, this
step is divided into two steps. Subunit joining and start of
translation are designated by k3. The recycling of 40S and subunit
joining factors for the 60S large ribosomal subunits is represented
by the k4 rate constant. The k4 rate is relatively slower than the
other rates in the model; nevertheless, the simulation’s overall
protein production was not altered by changes of several orders of
magnitude around its value.
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