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MicroRNAs (miRNAs) are evolu-
tionarily conserved small noncod-
ing RNAs found in most plants and
animals. The miRNA pathway regulates
posttranscriptional  gene
through the deadenylation and transla-

expression

tion repression of target mRNAs. Recent
studies revealed that the early step of
translation initiation is the target of
“pure” translation repression by the
miRNA pathway. Moreover, particularly
in animals, the miRNA pathway is
required for neuronal development, dif-
ferentiation, and plasticity. In addition,
some functions of miRNAs are regulated
by RNA-binding proteins (RBPs) in neu-
ronal cells. This review summarizes new
insights about the molecular mechanisms
of pure translation repression by miRNA
pathway and the communication
between the miRNA pathway and RBPs
in neuronal local translation.

Introduction

In mammalian cells, translation of
most cellular mRNAs occurs in a 5 cap-
dependent manner. The initiation step of
mRNA translation is orchestrated by a set
of eukaryotic translation initiation factors
(elFs): (1) assembly of elF4F complex
(consists of the cap-binding protein
eIF4E, the RNA helicase elF4A, the large
scaffolding protein elF4G) on the mRNA,
(2) recruitment of the 43S preinitiation
complex (PIC) to the mRNA, (3) scan-
ning along 5’ untranslated region (UTR)
to the start codon, (4) joining of the 60S
ribosomal subunit, and forming 80S
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ribosome.! In general, cellular mRNA
translation is facilitated to form a closed-
loop structure through the interaction
between eIF4G at the 5’ end and poly(A)-
binding protein (PABP) at the 3’ poly(A)
tail.? Translation initiation is the rate-lim-
iting step of mRNA translation and is the
functional
control.>*

MicroRNAs (miRNAs) have emerged

as a key mediator for the regulation of

target  of  translational

posttranscriptional gene expression in
mammals. Most studies of miRNAs indi-
cate that they repress translation and cause
deadenylation and destabilization of target
mRNAs.>® miRNAs form miRNA-
induced silencing complex (miRISC) with
Argonaute (Ago) proteins for the regula-
tion of target genes.7 In animals, Ago pro-
teins bind to TNRC6/GW182, which is a
scaffolding protein for recruiting the
CCR4/NOT deadenylation complex to
the target mRNA.>® In addition,
TNRC6/GW182 can bind to PABP
directly, and this binding facilitates miR-
ISC loading to the target mRNA#! In
addition, the CCR4/NOT complex
recruits DDX6, an RNA helicase that
represses translation and enhances decapp-
ing, to the rtarget mRNA.'>13 Although
the destabilization of target mRNAs
through deadenylation and decapping
causes translation repression, recent bio-
chemical studies indicate that “pure”
translation repression by miRISC occurs
even in the absence of deadenylation.
These results have been reported in flies, '
zebrafish,”® and humans.'® Fukaya and
Tomari demonstrated that miRISC ham-
pers the recruitment of ribosomal 43S
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PIC to the target mRNA."” Their work
suggests that the main target of pure trans-
lation repression by miRISC is the early
step of translation initiation.

Recently, Meijer and colleagues have
reported that elF4AII is a key factor for
miRNA-mediated translation repression
in mammal. They also showed that
CAF1/CNOT?7, a component of CCR4/
NOT deadenylation complex, can interact
with eIF4AIl but not elF4Al, and sug-
gested a model of translation repression
by miRISCs in which eIF4AII is recruited
by miRISC to the target mRNA through
the interaction with CCR4/NOT com-
plex.'® This model implied that eIF4AII is
the negative regulator in translation,
unlike the well-characterized function of
elF4Al in stimulating translation. How-
ever, the difference of functions between
elF4AI and eIF4AII is still uncharacter-
ized. In addition, it is difficult to adapt
this model of miRNA-mediated transla-
tion repression for flies because they have
only one eIF4A." Therefore, the detailed
molecular mechanism of translation
repression by miRISC via elF4A should
be elucidated.

Here we focus on the novel mecha-
nism of “pure” translation repression via
miRISC. In addition, we will discuss new
insights into posttranscriptional gene reg-
ulation  through the
between the miRNA pathway and trans-
lational control via RNA-binding pro-
teins (RBPs).

communication

The Molecular Mechanism of
Translation Repression by miRISC

RNA-binding proteins (RBPs) are
essential for accurate spatial and temporal
gene expression during cell proliferation,
development, and differentiation.”**'
Several RBPs, including neuronal Hu pro-
teins, are specifically expressed in neurons
and essential for neuron development and
plasticity.”* HuD is a member of neuronal
Hu proteins and functions via binding to
adenine/uridine-rich elements (AREs) on
target mRNAs.*> Our previous work
revealed that the function of HuD is not
only target mRNA stabilization but also
the translation stimulation of cap-poly(A)
mRNA.** We also showed that HuD can
associate with cap-binding elF4F complex
through the direct interaction with elF4A
and the stimulatory effect of HuD on
translation depends on the binding of
HuD to elF4A and poly(A) tail.>* Thus,
the target of translational control by HuD
is the carly step of translation initiation,
similarly to miRISC. These
prompted us to hypothesize that HuD can

facts

potentially counteract translation repres-
sion by miRISC. Therefore, to dissect the
molecular mechanism of translation
repression by miRISC, we utilized HuD
as the best “tool” of explorer.

Our latest study revealed that the pure
translation repression by miRISC occurs
in a deadenylation-independent manner

. 1
in humans.'® Moreover, we proved that

miRISC repressed the target mRNA trans-
lation by the dissociation of eIF4AI and
elF4AIl from translation initiation com-
plex, using the method of mRNP includ-
ing miRISC purification from 7z wvitro
translation system arranged with GRNA
affinity chromatography.'®* We also
showed that miRISC releases e[F4As from
translation initiation complex on the tar-
get mRNA at the early time point of trans-
lation reaction, before the displacement of
other elF4F components and PABP
(Fig. 1A). In addition, at the middle time
point, the displacement of PABP occurs
in deadenylation-independent manner,
consistent with 2 recent studies.'™'" At
the late time point, PABP and also other
elF4F components are released from the
target mRNA, following mRNA destabili-
zation by miRISC. To confirm that the
release of elF4As from the target mRNA
is critical for pure translation repression
by miRISC, we utilized the neuronal
RNA binding protein HuD which stimu-
lates cap-dependent translation in a
elF4A- and poly(A)-dependent manner.
HuD expectedly inhibited translation
repression by miRISC via protecting the
interaction of eIlF4AI and eIF4AIl with
translation initiation complex on mRNAs
(Fig. 1B). Moreover, we also confirmed
that molecular mechanism of miRISC uti-
lizing pharmacological inhibitor of eIF4A,
“silvestrol,” which locks elF4A on the
mRNA.?*?% Silvestrol inhibited transla-
tion repression and the release of elF4As

t or
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Figure 1. (A) The mechanism of pure translation repression by miRISC in mammal miRISC loading to the target mRNA releases both elF4Al and elF4All
from translation initiation complex without deadenylation. Supporting this model, Fukaya et al. also showed that fly Ago1-RISC induces the dissociation
of elF4A from translation initiation complex. (B) The function of HuD for miRNA pathway. The neuronal RNA-binding protein HuD impedes pure
translation repression by miRISC via protecting the interaction of elF4Al and elF4All with translation initiation complex on mRNAs.
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from the target mRNA by miRISC same
as HuD. Therefore, our study revealed
that the dissociation of e[F4As from trans-
lation initiation complex is a key for pure
translation repression by miRISC. Sup-
porting this idea, Fukaya et al. also dem-
onstrated that fly Ago1-RISC induces the
dissociation of elF4A from translation ini-
tiation complex in Drosophila, using site-
specific UV crosslinking analysis, which is
completely different from our approach.*’
These reports suggest that eIlF4A is a tar-
get of miRNA-mediated pure translation
and chis

conserved among species.

l‘Cpl‘CSSiOH appears to be

The Deadenylation and
Translation Repression by
ARE-BPs

In miRNA pathway, the target gene
silencing is regulated through the interplay
of both deadenylation and “pure” transla-
tion repression. However, the regulation
of gene expression via deadenylation is not
only miRNA pathway. Tristetraprolin
(TTP) is one of the ARE-binding proteins
(ARE-BPs), and induces deadenylation
and destabilization of the target mRNA.%
Recently, Fabian et al. revealed that TTP
recruited CCR4/NOT complex to the tar-
get mRNA via direct interaction between
TTP and CNOT1, which is a scaffolding
subunit of the deadenylation complex.’
In contrast, other ARE-BPs, such as
KSRP and AUF1, recruit PARN to regu-
late the deadenylation of target mRNAs.*>
Thus, ARE-BPs are well understood as the
regulators of deadenylation and mRNA
decay. However, it is still unknown about
how these ARE-BPs repress translation
during mRNA destabilization. Several
studies have revealed that ARE-BPs can
regulate translation of target mRNAs via
direct interaction with translational
machinery. Musashil (Msil) is one ARE-
BP that is highly expressed in neuronal
stem cells. Kawahara et al. revealed that
Msil represses translation of m-Numb
mRNA through the interaction with
PABP, competing with eIF4G at transla-
tion initiation complex.3 3 In addition,
HuD stimulates translation through the
binding to eIF4A.>* Therefore, we consid-
ered the possibility that ARE-BPs such as

924

TTP and AUF1
involved in the translational machinery.
In fact, CAF1/CNOT?7, the main enzyme
of deadenylase activity, can repress transla-
tion in Xenopus laevis oocytes. In addition,
it also represses the cap dependent transla-

are also regulators

tion in a deadenylation independent man-
ner.>* This finding suggests that gene
silencing accompanying deadenylation
such as ARE-BPs and miRNA pathway is
regulated by “pure” translation repression
using the function of a deadenylase
complex.

Local Translation in Neuron
Through the Communication
between RBPs and miRNA
Pathway

Many studies of miRNA indicate that
miRNA pathway is required for neuronal
development and differentiation. For
example, miR-124 is a neuron-specific
miRNA, and its expression is stimulated
during neuronal differentiation.®® In addi-
tion, miR-124 regulates neuronal differen-
tiation through the suppression of Sox9
expression in neural stem cells.*® miR-137
is also a well-characterized miRNA that
regulates an early step in neuronal differ-

entiation®’

and a late step in developmen-
tal plasticity,3 8 neuronal maturation.*
These miRNA functions imply that the
local translational control through the
miRNA pathway is necessary for spatial
and temporal gene regulation in neurons.
Moreover, recent studies indicated that
neuron-specific RBPs enable more inge-
nious gene expression in neurons. Fragile-
X mental retardation protein (FMRP),
one of the neuron-specific RBPs, associ-
ates with core components of the miRNA
pathway, such as Dicer and Ago2, and
with specific miRNAs. In addition, miR-
125b and miR-132 are associated with
FMRP and have opposite effects on den-
dritic spine morphology in hippocampal
neurons. Furthermore, the different effect
of these miRNAs is regulated by the func-
tion of FMRP.* Muddashetty et al.
revealed that FMRP promotes the forma-
tion of an Ago2-miR-125a complex on
postsynaptic density protein 95 (PSD-95)
mRNA and this translation inhibitory

complex is  regulated by  the
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phosphorylation status of FMRP.*!' Thus,
the interplay among the miRNA pathway,
RBPs and posttranslational modification
appears to be important for the local
translation regulation in neurons. As men-
tioned above, HuD is essential for neuro-
nal differentiation and has an inhibitory
effect of miRISC in an elF4A-dependent
manner. In addition, the function of
HuD is regulated by phosphorylation and
methylation.***? Therefore, we hypothe-
size that HuD is involved in local transla-
tion through miRNA pathway like
FMRP. Indeed, It was proposed that
HuD promotes the translation of voltage-
gated potassium channel Kvl.1 mRNA at
neuron, and this translational control
competes  with miR-129  through
mTORC1 alctivity.44 Interestingly, HuD
directly binds to the active/phosphory-
lated Aktl, one of the mTOR activators,
although HuD is not a substrate of active
Aktl. We also have shown that the inter-
action between HuD and active Aktl is
essential for neuronal differentiation.*®
Therefore, we considered the local transla-
tion system that active Aktl on rtarget
mRNAs through HuD-binding regulates
mTORCI1 activity and following miR-

129 function at neuron.

Future Investigation

Our most recent study showed that
HuD impedes pure translation repression
by miRISC. However, we cannot deter-
mine the effect of HuD for the deadenyla-
tion through the CCR4/NOT complex
recruited to the target mRNA by miRISC.
Although pure translation repression by
miRISC occurs in a deadenylation-inde-
pendent manner 7 vitro, in fact, the trans-
lation repression co-works with the
deadenylation in vive. Therefore, future
studies are needed to investigate whether
HuD also inhibits the deadenylation of
target. mRNA by miRISC. We also
revealed that the release of elF4A from
translation initiation complex on mRNAs
is essential for the translation repression
via miRNA pathway in humans. What is
the factor responsible for elF4A dissocia-
tion? CAF1/CNOT7 represses the
cap-dependent translation in a deadenyla-
tion-independent manner.** This suggests
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that CCR4/NOT complex might control
the pure translation repression by miRNA
pathway.

An interesting report showed that Aktl
stabilizes mRNAs containing ARE by
phosphorylating butyrate response factor
(BRF1), which binds to ARE-containing
mRNAs and promotes their deadenyla-
tion, followed by rapid degradation of the
mRNAs.*® In Akel-HuD-mRNP  com-
plexes, such inhibition of mRNA-destabi-
lizing factors may occur by means of the
associated Akl activity, leading to syner-
gistic and localized translational upregula-
tion of mRNAs which are bound by
HuD. This notion is supported by the fact
that HuD associates with polysome
engaged in translation,”* which depends
on its RNA-binding activity. Identifica-
tion of mRNA and protein components
of the Aktl-Hu-mRNP complex should
provide important clues to elucidate the
coupling mechanism between translation
and mRNA degradation mediated by
RNA-binding protein HuD that regulates

neuronal differentiation in vertebrates.
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