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MICRO RNA

A non-coding RNA molecule of
~21-23 nucleotides that inhibits
mRNA expression.

CAP STRUCTURE

A structure, which consists of
m’GpppN (where m’G
represents 7-methylguanylate,
p represents a phosphate group
and N represents any base), that
is located at the 5" end of
eukaryotic mRNAs.

POLY(A) TAIL

A homopolymeric stretch of
usually 25-200 adenine
nucleotides that is present at the
3" end of most eukaryotic
mRNAs.
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MOLECULAR MECHANISMS
OF TRANSLATIONAL CONTROL
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Abstract | Translational control is widely used to regulate gene expression. This mode of
regulation is especially relevant in situations where transcription is silent or when local control over
protein accumulation is required. Although many examples of translational regulation have been
described, only a few are beginning to be mechanistically understood. Instead of providing a
comprehensive account of the examples that are known at present, we discuss instructive cases
that serve as paradigms for different modes of translational control.

Translation of mRNA into protein represents the final
step in the gene-expression pathway, which mediates
the formation of the proteome from genomic informa-
tion. The regulation of translation is a mechanism that
is used to modulate gene expression in a wide range of
biological situations. From early embryonic develop-
ment to cell differentiation and metabolism, translation
is used to fine-tune protein levels in both time and
space"?. However, although many examples have been
described, much remains to be learned about the mole-
cular mechanisms of translational control. Two general
modes of control can be envisaged — global control, in
which the translation of most mRNAs in the cell is reg-
ulated; and mRNA-specific control, whereby the trans-
lation of a defined group of mRNAs is modulated
without affecting general protein biosynthesis or the
translational status of the cellular transcriptome as a
whole. Global regulation mainly occurs by the modifi-
cation of translation-initiation factors, whereas mRNA-
specific regulation is driven by regulatory protein
complexes that recognize particular elements that are
usually present in the 5" and/or 3" untranslated regions
(UTRs) of the target mRNA. Recently, it has been
found that mRNA translation can also be regulated by
small micro rNas (miRNAs) that hybridize to mRNA
sequences that are frequently located in the 3 UTR.

A special, and extremely interesting, case of mRNA-
specific regulation is the local regulation of translation
that occurs in a polarized cell. The translation of spe-
cific mRNAs is restricted to defined locations, such as

the anterior or posterior pole of an oocyte, or a specific
neuronal synapse. The purpose of this regulation is to
generate protein gradients that emanate from a particu-
lar position in the cell, or to restrict protein expression
to a small, defined region — for example, to a synapse.
Although such local translational control almost invari-
ably involves regulatory complexes that associate with
the target transcripts, it might also use local changes
in the activity of general translation factors®.

Structural features and regulatory sequences
within the mRNA are responsible for its translational
fate (FIG. 1). These include: the canonical end modifica-
tions of mMRNA molecules — the capstrucTure and the
pOLY(4) TAIL — which are strong promoters of translation
initiation; INTERNAL RIBOSOME-ENTRY SEQUENCES (IRESs),
which mediate cap-independent translation initiation;
UPSTREAM OPEN READING FRAMES (WORFs), which normally
reduce translation from the main ORF; secondary or
tertiary RNA structures, such as hairpins and
pseUDOKNOTS, which commonly block initiation, but can
also be part of IRES elements and therefore promote
cap-independent translation; and, specific binding sites
for regulatory complexes, which are crucial determi-
nants of mRNA translation. Although, in principle,
regulation could activate or repress translation, most
of the regulatory mechanisms that have been discov-
ered so far are inhibitory, which implies that, unless a
regulatory mechanism is imposed, the mRNAs are
translationally active by default. However, this does
not mean that all non-repressed mRNAs are actively
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Figure 1 | Elements that influence translation of mRNA. The m’GpppN cap structure at the
5”end of the mRNA, and the poly(A) tail (A), in the figure) at the 3’ end, are canonical motifs that
strongly promote translation initiation. Secondary structures, such as hairpins, block translation.
Internal ribosome entry sequences (IRESs) mediate cap-independent translation. Upstream open
reading frames (UORFs) normally function as negative regulators by reducing translation from the
main ORF. Green ovals symbolize binding sites for proteins and/or RNA regulators, which usually
inhibit, but occasionally promote, translation.

INTERNAL RIBOSOME ENTRY
SEQUENCE

(IRES). A structure that is
located in the 5" UTR or open
reading frame of some mRNAs
of cellular or viral origin. It
mediates translation initiation
independently of the cap
structure by recruiting the
ribosome directly to an internal
position of the mRNA.

UPSTREAM OPEN READING
FRAME

(uORF). A small open reading
frame that is located in the

5" UTR of some mRNAs.

PSEUDOKNOT

A RNA tertiary structure that is
formed when the single-
stranded loop in a hairpin
structure base pairs with a
complementary sequence
outside of the hairpin.

EUKARYOTIC INITIATION
FACTOR

(eIF). A protein that mediates
translation initiation on bulk
mRNA.

DEAD-BOX RNA HELICASE

An enzyme that unwinds RNA
duplexes and contains the
evolutionarily conserved motif
DEAD (Asp-Glu-Ala-Asp) in the
helicase core region.

SCAFFOLD PROTEIN

A protein that serves asa
platform for the assembly of
other proteins.

engaged with ribosomes, because the activity of trans-
lation-initiation factors, particularly those that support
the recruitment of ribosomal complexes that initiate
translation, is frequently limiting. As a consequence,
most mRNAs are distributed between an actively trans-
lated and a non-translated pool in the cytoplasm of
cells, and changes in the activity of these limiting trans-
lation factors elicits changes in global protein synthesis.

In this review we will discuss the detailed molecular
mechanisms of translational regulation, by focusing on
examples of both global and mRNA-specific transla-
tional control.

Translation initiation

The translation process can be divided into three phases
— initiation, elongation and termination. Whereas the
elongation and termination phases are assisted by a lim-
ited set of dedicated factors, translation initiation in
eukaryotes is a complex event that is assisted by more
than 25 polypeptides*>®. Translation initiation involves
the positioning of an elongation-competent 80S ribo-
some at the initiation codon (AUG). The small (40S)
ribosomal subunit initially binds to the 5" end of the
mRNA and scans it in a 5’—3” direction until the initia-
tion codon is identified. The large (60S) ribosomal sub-
unit then joins the 40S subunit at this position to form
the catalytically competent 80S ribosome (FIG.2). Here
we provide a succinct overview of the process of transla-
tion initiation as far as it is directly relevant for the
examples of translational regulation that are discussed
below. For a more detailed description of the transla-
tion-initiation process, see REFS 4-6.

The small ribosomal subunit, together with other
factors, forms a 43S pre-initiation complex that binds
to the mRNA. This 43S assembly contains the cukary-
OTIC INITIATION FACTORS (€IFs) 3, 1, 1A and 5, and a ternary
complex, which comprises the methionine-loaded ini-
tiator tRNA that will recognize the AUG codon during
initiation and eIF2 that is coupled to GTP (FIG.2). At
least in mammals, binding of the 43S pre-initiation
complex to the mRNA is thought to involve bridging
interactions between eIF3 and the eIF4F protein com-
plex, which associates with the 5 cap structure of the
mRNA’. The eIF4F complex contains several proteins,
which include: eIF4E, which physically binds to the
m’GpppN cap structure; e[F4A, a DEAD-BOX RNA HELICASE
that is believed to unwind secondary structures in the

5" UTR so that the 43S complex can bind and scan the
mRNA; and elF4G, which functions as a scarroLD
PROTEIN by interacting with eIF4E, eIF4A and eIF3 (FIG.2).
In yeast, the interaction between eIF4G and eIF3 has
not been detected, and it is thought that recruitment
of the 43S pre-initiation complex to the mRNA is
assisted by other interactions, such as those between
elF4G and eIF5 (REE 8). eIF4G also interacts with the
poly(A)-binding protein (PABP), and the simultane-
ous interaction of eIF4E and PABP with eIF4G is
believed to circularize the mRNA, which brings the
3’ UTR in close proximity to the 5" end of the mRNA®.
This provides (at least conceptually) a spatial frame-
work in which the 3’-UTR-binding factors can regulate
translation initiation. In fact, most known regulatory
sequences are found within the 3" UTR, even though
translation begins at the 5" end of the mRNA, which
highlights the functional connection between the
mRNA ends during translation.

Several studies imply that the 43S pre-initiation
complex scans along the 5" UTR until it reaches and
identifies the initiation codon'’. However, as direct phys-
ical evidence for scanning intermediates remains to be
found, scanning is probably a rapid process that
involves unstable intermediates. Translation initiation
requires energy in the form of ATP. It is unknown
whether this energy is used to unwind secondary
structures in the 5 UTR to allow binding of the 43S
complex, and/or to directly promote movement of the
43S complex. However, scanning of unstructured lead-
ers can occur in the absence of ATP in vitro, which indi-
cates that the movement of a 43S complex along the
mRNA might not require energy unless the ribosome
encounters a stable structure in the mRNA'". eIF1 and
eIF1A contribute to the processivity of scanning'"'2.
Although it is unclear at present whether the 43S com-
plex remains physically associated with the cap structure
during scanning, the eIF4F complex has been shown to
support scanning'’. Binding of the 43S complex to the
initiator codon AUG results in the formation of a stable
complex, which is referred to as the 48S initiation com-
plex. Selection of the correct initiation codon critically
depends on eIF1 (REFS 11,12). There is also an alternative
mode of translation initiation that is independent of the
cap structure and is mediated by IRESs, which are RNA
structures that help to recruit ribosomal complexes to
internal sites of the 5" UTR, sometimes directly at, or
near, the initiation codon’ (FIG. 1).

The 43S complex recognizes the initiation codon
through the formation of base pairs between the initia-
tor tRNA and the start codon. Subsequently, eIF2-
bound GTP undergoes hydrolysis that is catalyzed by
elF5 — a reaction that is necessary, but not sufficient,
for the 60S ribosomal subunit to join the initiation com-
plex. This is thought to release most of the initiation
factors including eIF2-GDP from the small ribosomal
subunit, leaving the initiator tRNA base-paired with
AUG in the ribosomal P-site. A second step of GTP
hydrolysis on eIF5B is then stimulated by the ribosome,
and is required to release eIF5B to render it competent
for polypeptide synthesis'*! (FIG.2).
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Global control: elF4E-4E-BPs and elF2o kinases
Global control of protein synthesis is generally
achieved by changes in the phosphorylation state of
initiation factors or the regulators that interact with
them. Two well-characterized examples are discussed
here.

4E-BINDING PROTEIN

(4E-BP). A protein that interacts
with the cap-binding protein
eIF4E and inhibits its association
with eIF4G.

Met

Ternary complex

43S pre-initiation complex
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Figure 2 | Cap-mediated translation initiation. Only the translation-initiation factors that are
discussed in the main text are depicted; others have been omitted for simplicity. Eukaryotic
initiation factors (elFs) are depicted as coloured, numbered shapes in the figure. For a complete
account of translation-initiation factors, see REFS 4,6. The methionine-loaded initiator tRNA
(L-shaped symbol) binds to GTP-coupled elF2, to yield the ternary complex. This complex then
binds to the small (40S) ribosomal subunit, elF3 and other initiation factors to form the 43S
pre-initiation complex. The pre-initiation complex recognizes the mMRNA by the binding of elF3 to
the elF4G subunit of the cap-binding complex. In addition to elF4G, the cap-binding complex
contains elF4E, which directly binds to the cap, and elF4A, an RNA helicase that unwinds
secondary structure during the subsequent step of scanning. elF4G also contacts the poly(A)-
binding protein (PABP) and this interaction is thought to circularize the mRNA. The 43S
pre-initiation complex scans the mRNA in a 5’—3” direction until it identifies the initiator codon
AUG. Scanning is assisted by the factors elF1 and elF1A. Stable binding of the 43S pre-initiation
complex to the AUG codon yields the 48S initiation complex. Subsequent joining of the large
(60S) ribosomal subunit results in the formation of the 80S initiation complex. Both AUG
recognition and joining of the large ribosomal subunit trigger GTP hydrolysis on elF2 and elF5B,
respectively. Subsequently, the 80S complex is competent to catalyze the formation of the first
peptide bond. P, inorganic phosphate.

As mentioned above, eIF2 is part of the ternary com-
plex and associates with the small ribosomal subunit in
its GTP-bound form. This GTP is hydrolyzed when the
initiator AUG is recognized during translation initia-
tion, producing eIF2 in the GDP-bound state. Exchange
of GDP for GTP on eIF2 is catalyzed by eIF2B and is
required to reconstitute a functional ternary complex
for a new round of translation initiation'® (FIG. 3a). eIF2
consists of three subunits — o, 3 and y— and phos-
phorylation of the o subunit at residue Ser51 blocks the
GTP-exchange reaction by reducing the dissociation
rate of eIF2 from eIF2B. In effect, this sequesters e[F2B'¢
and, as a consequence, GDP-GTP exchange no longer
occurs and global mRNA translation is inhibited.

A number of kinases that are activated under dif-
ferent conditions can phosphorylate eIF2o at Ser51
(REFS 17,18). These include: the haem-regulated inhibitor
(HRI), which is stimulated by haem depletion; GCN2
(general control non-derepressible-2), which is acti-
vated by amino-acid starvation; PKR (protein kinase
activated by double-stranded RNA), which is stimulated
by viral infection; and PERK, which is activated under
circumstances of endoplasmic reticulum (ER) stress.
Although phosphorylation of eIF20 by these kinases
decreases global translation, this modification can also
result in the translational activation of specific mRNAs
(see below).

The availability of the cap-binding protein eIF4E is
also used to regulate general translation rates. eIF4E
interacts with the scaffold protein eIF4G and is required
for cap-mediated recruitment of the 43S ribosomal
complex to the mRNA during translation initiation
(FIG.2). Association between elFAE and elF4G requires a
small domain in eIF4G that is shared by a family of pro-
teins that are known as the 4&-BINDING PROTEINS (4E-BPs).
Hypophosphorylated 4E-BPs bind to eIF4E and com-
petitively displace eIF4G, which results in the inhibition
of the association of the 43S complex with the mRNA
and, consequently, in translational repression (FIG. 3b).
Extracellular cues, such as insulin, activate a signalling
cascade that triggers 4E-BP hyperphosphorylation and
release from eIF4E'*?. As a result, eIF4E is free to bind
to eIF4G and promote translation initiation.

In addition to the phosphorylation-mediated
changes that regulate global translation, proteolytic
cleavage of translation factors can inhibit cellular pro-
tein synthesis. For example, the apoptotic protein cas-
pase-3 cleaves eIF4G and PABP*"??, and cleavage of
these factors by viral proteases serves as a common and
successful mechanism to interfere with the translation
of cellular mRNAs*. As a consequence, some viral
RNAs that do not require intact eIlF4G and PABP are
preferentially translated, as well as some cellular mRNAs
that share such independence from intact eIF4G and
PABP (C. Thoma and colleagues, unpublished results).

mRNA-specific regulation of 43S recruitment

The association of the 43S ribosomal complex with an
mRNA is targeted not only by regulators of global trans-
lation, but also by RNA-binding proteins that modulate
the translation of specific mRNAs. Here we discuss
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Figure 3 | Global control of protein synthesis. a | GTP hydrolysis and eukaryotic initiation
factor (elF)2 recycling in translation initiation, and the effect of phosphorylation of elF2c. on elF2
activity. elF2 consists of three subunits — o, B and y — and is a component of the ternary
complex, which also contains the methionine-loaded initiator tRNA (L-shaped symbol). In an
active ternary complex, the elF2-y subunit is bound to GTP, and during translation initiation, this
GTP molecule is hydrolyzed. GDP-GTP exchange on elF2 is necessary to re-generate active
elF2 and is catalyzed by elF2B. Phosphorylation of elF2 on the o subunit reduces the
dissociation rate of elF2B, thereby sequestering the cellular complement of elF2B and blocking
the GDP-GTP exchange reaction. b | Function of elF4E-binding proteins (4E-BPs). 4E-BPs bind
to elF4E, thereby preventing its interaction with elF4G and so inhibiting translation.
Phosphorylation of 4E-BP molecules releases the 4E-BPs from elF4E, which allows their
interaction with elF4G, and thereby allows translation to proceed.

POLYSOME

A string of multiple 80S
ribosomes bound to an mRNA
molecule.

three different mechanisms by which RNA-binding pro-
teins achieve this goal.

Steric blockage. The iron regulatory proteins (IRP)1 and
2 control iron homeostasis, in part, by regulating the
translation of the ferritin heavy- and light-chain
mRNAs, which encode the two subunits of this iron
storage protein. In iron-deficient cells, IRP1 and IRP2
bind to an iron-responsive element (IRE), which is a
stem—loop motif in the 5" UTR of the ferritin mRNAs.
The IRE is located within 40 nucleotides of the cap
structure, and IRP binding blocks the recruitment of the
43S complex to ferritin mRNA that is engaged with
the eIF4F complex*** (FIG. 4a). Translational repression
is ineffective when the IRE is moved to a more distal
position from the cap, presumably because this manipu-
lation provides sufficient space in the cap-proximal
region for binding of the 43S complex®®*”. This mecha-
nism seems to operate by steric hindrance, because
replacing the IRE-IRP interaction by an RNA-binding

interaction that involves other proteins with no physio-
logical function in eukaryotic translation — such as the
spliceosomal protein U1A with its corresponding RNA-
binding sequence — can fully recapitulate translational
repression’.

Interfering with the eIF4F complex. Whereas IRPs allow
the cap-binding complex eIF4F to bind the mRNA?,
some translational regulators that function during
embryonic development target the formation of the
eIF4F complex. The cytoplasmic-polyadenylation-
element-binding protein (CPEB) regulates the translation
of maternal mRNA during vertebrate oocyte maturation
and early development. This protein binds to a uridine-
rich sequence — the cytoplasmic polyadenylation ele-
ment (CPE) — that is located in the 3" UTR of target
mRNAs and promotes both silencing of the mRNA
before oocyte maturation as well as subsequent cytoplas-
mic polyadenylation and translational activation®. To
repress translation, CPEB binds a protein known as
Maskin that contains an e[F4E-binding domain, which
resembles the one in e[F4G*. As such, the CPEB-Maskin
complex can be considered to be an ‘mRNA-specific 4E-
BP’ (FIG. 4b). The affinity of isolated Maskin for eIF4E is
apparently lower than that of eIF4G, but a Maskin pep-
tide that includes the eIF4E-binding domain can inhibit
translation in vivo, which suggests that Maskin indeed
competes with eIF4G for binding to e[F4E*.

Other regulators have also been found to function as
message-specific 4E-BPs. During anteroposterior axis
formation in the early Drosophila melanogaster embryo,
the mRNA that encodes the posterior determinant
Nanos becomes concentrated — and is specifically
translated — at the posterior pole of the D. melanogaster
oocyte. The protein Smaug binds to the 3" UTR of unlo-
calized nanos mRNA and represses its translation by
recruiting the eIF4E-binding, repressor protein Cup?'.
Cup is also recruited to the mRNA that encodes the pos-
terior determinant Oskar by the RNA-binding protein
Bruno, thereby preventing Oskar synthesis during the
transit of oskar mRNA from the anterior to the posterior
pole of the D. melanogaster oocyte***. So, Maskin and
Cup represent regulatory proteins that associate indi-
rectly with specific mRNAs by interacting with specific
RNA-binding proteins, and seem to block eIF4E recog-
nition by eIF4G. It is noteworthy that neither Maskin
nor Cup were shown to directly prevent the recruit-
ment of the 43S pre-initiation complex. Indeed, in
the case of Cup, conflicting evidence indicates that the
repressed nanos mRNA is associated with porysomes, a
finding that is more consistent with translational inhi-
bition that occurs at a post-initiation step®. A variation
on the theme of mRNA-specific 4E-BPs is provided by
the anterior determinant Bicoid, which inhibits the
translation of caudal mRNA at the anterior pole, in
this case by directly binding to e[F4E* (FIG. 4b).

Cap-independent inhibition of early initiation steps.
Translation inhibition by IRP and message-specific
4E-BPs target steps of the translation-initiation pathway
that are mediated by the cap structure. A recent example
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elF4F
complex

Bicoid

Figure 4 | Mechanisms of mRNA-specific regulation of 40S ribosomal subunit
association. a | Steric blockage. The iron regulatory proteins (IRPs) 1 or 2 bind to the iron-
responsive element (IRE) and prevent the recruitment of the 43S pre-initiation complex to the
mRNA-bound eukaryotic initiation factor (elF)4F complex by steric hindrance. b | Interference
with the elF4F complex. The mRNA-specific elF4E-binding proteins Maskin and Bicoid interact
with elF4E, thereby preventing its interaction with elF4G. Maskin is targeted to the mRNA
through the cytoplasmic-polyadenylation-element-binding protein (CPEB) that recognizes the
cytoplasmic polyadenylation element (CPE) that is located at the 3" untranslated region (UTR),
whereas Bicoid directly binds to the mRNA at the Bicoid response element (BRE). ¢ | Cap-
independent inhibition. Binding of Sex-lethal (SXL) to uridine-rich sequences (Poly(U) in the
figure) at both the 5” and 3" UTRs assists the recruitment of a co-repressor complex (CR) to
inhibit translation, possibly by interference with ribosome scanning from the cap structure.

X-CHROMOSOME DOSAGE
COMPENSATION

A process that balances the
expression levels of X-linked
genes in those organisms in
which males and females contain
a different number of

X chromosomes.

LARGE RIBOSOMAL SUBUNIT
PROTEIN L13A

A structural protein that binds
to the outer surface of the large
(60S) ribosomal subunit.

CERULOPLASMIN
A glycoprotein secreted by the
liver that oxidizes Fe** to Fe**.

describes a regulator that inhibits the stable association
of the 43S ribosomal complex with mRNA in a cap-
independent manner. Sex-lethal (Sxl) prevents x-cHro-
MOSOME DOSAGE COMPENSATION in D. melanogaster females
by repressing the translation of msl-2 mRNA, which
encodes a crucial component of the dosage-compensa-
tion complex. To carry out this function, SxI binds to
specific sites in both the 5" and 3" UTRs of msl-2 mRNA
and recruits co-repressors to the 3 UTR**7 (FIG. 4c).
Although both the cap structure and the poly(A) tail
contribute to the translation of #1sl-2 mRNA, regulation
occurs independently of either of these structures®**®.
Translational repression by Sxl affects the stable associa-
tion of the small ribosomal subunit with the mRNA,
because the formation of 48S complexes is inhibited in
the presence of Sxl. Taken together, these data indicate
the interesting possibility that the repressor complex

that is assembled around Sxl on msl-2 mRNA arrests the
scanning 43S pre-initation complex.

Other mechanisms. An intriguing example of transla-
tional control that involves the LARGE RIBOSOMAL SUBUNIT
PROTEIN L13A has been described recently. cEruLOPLASMIN (CP)
synthesis is inhibited 24 hours after treatment with
interferon-y by the action of a cellular factor that binds
to a stem—loop structure in the 3" UTR of Cp mRNA*.
This factor has been identified as the ribosomal protein
L13a*. Phosphorylation of L13a after interferon-y treat-
ment causes its release from the 60S ribosomal subunit
and promotes binding to the 3" UTR of Cp mRNA.
Curiously, dissociation of L13a from ribosomes after
phosphorylation does not seem to affect global ribo-
some function*'. Although the precise translational step
that is affected by phosphorylated L13a has not been
determined, repressed Cp mRNA is not found in associ-
ation with polysomes, and translation inhibition
requires the poly(A) tail as well as eIF4G and PABP**.
These results implicate L13a in the regulation of transla-
tion initiation. The authors propose that circularization
of the mRNA by the eI[F4G—PABP interaction is neces-
sary to bring L13a into close proximity with the 5" UTR
and thereby repress translation*.

Regulation at post-recruitment steps

Translation can also be controlled at late-initiation and
post-initiation steps. The RNA-binding proteins
hnRNP K (heterogeneous nuclear ribonucleoprotein K)
and hnRNP El inhibit the translation of 15-lipoxyge-
nase (LOX) mRNA during early erythroid differentia-
tion. They bind to a repeated CU-rich element, which is
known as the differentiation-control element (DICE)
that is located in the LOX 3" UTR. Translational repres-
sion of LOX is independent of the poly(A) tail and also
occurs when translation is driven in a cap-independent
manner by the encephalomyocarditis virus (EMCV) or
the classical swine fever virus (CSVF) IRESs, which
indicates that this type of regulation targets a late step in
initiation*>*. Sucrose-gradient analysis showed that
48S-complex formation occurred, but formation of the
80S ribosome was inhibited by the hnRNP-K-hnRNP-E1
complex. Furthermore, toe-printing analysis revealed
that the 43S complex was placed at the initiator AUG
codon on the silenced mRNA. So, these regulators seem
to prevent the binding of the 60S ribosomal subunit to
the 40S subunit at the initiation codon* (FIG. 5a). In
principle, hnRNP-K-hnRNP-E1 could achieve this
either by interfering with a translation-initiation factor
that is involved in this step, or by directly inhibiting the
interaction between the two ribosomal subunits.
However, hnRNP-K-hnRNP-E1 regulation is bypassed
when the translation of a DICE-containing RNA is dri-
ven by the cricket paralysis virus (CrPV) IRES. As this
IRES does not require any of the known translation-
initiation factors, this finding suggests that hnRNP-
K-hnRNP-EL1 targets the initiation factors rather than
the ribosomal subunits themselves**. However, it is not
clear at present which initiation factor (or factors) rep-
resents the primary target of regulation.
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Amino-acid deprivation reduces global protein syn-
thesis by phosphorylation of eIF20. by the kinase GCN2.
Paradoxically, this same modification increases the
translation of yeast GCN4 mRNA, thereby providing an
example of how general translation factors can regulate
the expression of specific mRNAs'®. GCN4 mRNA
encodes a protein that functions as a transcriptional
activator of genes that regulate amino-acid biosynthesis,
and contains four short ORFs upstream of the GCN4

v &

L
80S
initiation
complex

43S
pre-initiation
complex*

elF200 phosphorylation
Low concentration of ternary complexes

Figure 5 | Mechanisms of regulation at post-recruitment steps. a | Regulation of the
association of the 60S ribosomal subunit. Binding of heterogeneous nuclear ribonucleoprotein K
(hnRNP K) and hnRNP E1 to the differentiation-control element (DICE) in the 3’ untranslated region
(UTR) of LOX mRNA prevents the 60S subunit from joining the 48S initiation complex at the initiator
AUG codon. b | Mechanism of regulation of GCN4 mRNA translation. GCN4 mRNA contains four
upstream open reading frames (UORF1-4). Under conditions of amino-acid sufficiency (upper
panel), reinitiation occurs more frequently after each UORF (continuous arrow), because of an
increased probability of recharging the scanning 40S subunits that traverse the regions between the
UORFs with active ternary complexes. As a result, reinitiation at the GCN4 ORF becomes infrequent
(dashed arrow). Under conditions of amino-acid scarcity, which induces elF2o. phosphorylation, and
low levels of ternary complex (lower panel), reinitiation is unlikely to occur at the UORFs. This
increases the probability of scanning 40S subunits reaching the region downstream of UORF4 and,
subsequently, the GCN4 AUG initiation codon. The asterisk indicates that the exact composition of
the 43S pre-initiation complex, in the context of reinitiation, is not known.

initiation codon (FIG.5b). Translation of the first uORF
promotes efficient translation of GCN4, which indicates
that GCN4 translation occurs by ‘reinitiation, which is a
relatively rare event — at least in eukaryotes — whereby
aribosome that has already translated an ORF resumes
translation of a downstream ORF within the same
mRNA molecule.

It is assumed that during translation termination the
60S ribosomal subunit dissociates at the stop codon of
the first uORE whereas the 40S subunit remains associ-
ated with the mRNA and can resume scanning. The
model predicts that the 40S subunit acquires a ternary
complex, and probably other initiation factors, during
scanning, so that it can initiate translation at the down-
stream GCN4 ORE. The probability with which the 40S
subunit acquires a ternary complex increases as it moves
further away from the uORE. So, the longer it takes to
scan the 5 UTR, the more likely translation of GCN4 is
to occur.

Regulation of GCN4 translation results from an
interplay between the availability of active ternary
complexes, the presence of the inhibitory uORF4 and
the distance between uORF1 and both uORF4 and the
GCN4 ORE These elements and their relative position
to each other determine how often a ‘recharged’ small
ribosomal subunit reaches the GCN4 AUG*. When
sufficient amino acids are available, the small riboso-
mal subunit can be more readily recharged with an
active ternary complex after translation of uORFI as it
scans the segment between uORF2 and uORF4. As a
consequence, translation resumes with a higher fre-
quency at uORF4. Translation of uORF4 strongly
inhibits translation of the GCN4 ORF, because the
GC-rich sequence that surrounds the uORF4 stop
codon promotes ribosome dissociation and release.
For this reason, few recharged 40S subunits reach the
GCN4 initiation codon, and only basal levels of GCN4
are produced (FIG. 5b).

Under conditions of amino-acid deprivation,
however, the kinase GCN2 phosphorylates elF2a,
which reduces the amount of active ternary com-
plexes in the cell (FIG. 3a). As a consequence, recharg-
ing of small ribosomal subunits that scan the segment
between uORF2 and uORF4 is inefficient, and trans-
lation of uORF4 is unlikely. This increases the num-
ber of small ribosomal subunits that continue to scan
to the initiation codon of GCN4, and provides an
opportunity to bind an active ternary complex on the
way. Therefore, an increased number of recharged
ribosomal subunits reaches the GCN4 initiation
codon, which explains the paradoxical increase in GCN4
translation when eIF20. is phosphorylated (FIG. 5b). A
related mechanism is used to upregulate ATF4 mRNA
translation in mammals. ATF4 is a transcriptional
activator the expression of which is induced by sev-
eral stress signals, including amino-acid starvation.
Phosphorylation of eIF2a induces the translation of
ATF4 mRNA by a mechanism that depends on the
uORFs that are contained within its 5 UTR, which
indicates that this mode of translational control is
evolutionarily conserved*.
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RNase ITT

A family of endoribonucleases
that cleave double-stranded
RNA and have an important role
in the maturation of ribosomal
RNA, among other processes.

MESSENGER
RIBONUCLEOPROTEIN

(mRNP). A messenger RNA that
is associated with proteins and
that often represents
translationally inactive
(non-polysomal) mRNA.

80S
initiation
complex

43S
pre-initiation
complex

Box 1 | Micro RNA and small-interfering RNA biosynthesis and function

Micro RNAs (miRNAs) are transcribed as primary transcripts that are processed in the nucleus by Drosha, a member of
the RNase 111 superfamily™, to yield precursors of ~70 nucleotides (pre-miRNAs) that have the capacity to form stem—loop
structures. The pre-miRNAs are further processed into mature miRNAs in the cytoplasm by another RNase-III-like

enzyme that is known as Dicer®%,

Dicer is also involved in the generation of small-interfering RNAs (siRNAs) from precursors of long, double-stranded
RNAs®. The mature siRNAs then form an RNA-induced silencing complex (RISC) that mediates the degradation of
mRNAs that have perfect complementarity to the siRNA®. Although the exact composition of RISC and the miRNA-
containing ribonucleoprotein particles (miRNPs) is unknown, both contain proteins of the Argonaute family**®. This
observation, together with the fact that miRNAs can behave as siRNAs, has led some to speculate that RISC might direct

both mRNA degradation and translational silencing>.

Translational control by miRNAs
Studies that were carried out more than a decade ago
implicated small regulatory RNAs in the control of
mRNA translation*”*8. It is now becoming clear that
this early work represents the tip of the iceberg of what
is emerging as a new field in translational control: the
regulation of translation not only by protein factors,
but also by small RNA molecules of ~22 nucleotides in
length that are known as micro RNAs (miRNAs). The
first miRNAs to be discovered were lin-4 and let-7,
which are crucial for regulating the developmental
timing in Caenorhabditis elegans®. So far, several hun-
dred miRNAs have been described in plants and ani-
mals that regulate a broad spectrum of biological
processes, which range from cell metabolism to cell
differentiation, cell growth and apoptosis®>">2,
miRNAs hybridize by incomplete base-pairing, usu-
ally to several sites in the 3" UTR of target mRNAs.
Because the target mRNA remains intact after miRNA
binding, the miRNAs are believed to repress translation,
rather than prevent translation by degrading the
mRNA. miRNA is biochemically indistinguishable from
another small RNA species that is known as small inter-
fering RNA (siRNA). siRNAs are double-stranded RNA
molecules of 21-23 nucleotides in length, and they
mediate the degradation of mRNAs that show perfect
complementarity to either of the siRNA strands™.
Indeed, the functional difference between miRNAs and
siRNAs — translational repression versus mRNA

Figure 6 | Translational control by micro RNAs. Micro RNAs (miRNAs; shown in green)
engage in imperfect base-pairing interactions with the 3" untranslated region (UTR) and cause
translational arrest. At present, evidence indicates that this occurs in polysomal complexes after
the initiation of polypeptide synthesis.

degradation — is based on the degree of complemen-
tarity between the small mRNA molecule and the
mRNA target, as target mRNA that was modified to
base pair perfectly with an authentic miRNA was
degraded®*. Even though miRNAs and siRNAs arise
from different precursors, they share common process-
ing steps (BOX 1). The miRNA-containing ribonucleo-
protein (miRNP) particle contains proteins of the
Argonaute family, which are also found in the siRNP*.
However, it is unclear at present whether the molecular
entities that catalyse mRNA degradation and transla-
tional repression are the same and, if not, to what extent
they differ.

The mechanism of translational repression by
miRNAs is largely unknown. Translational repres-
sion of lin-14 mRNA by lin-4 miRNA did not alter
its association with polysomes, which indicates that
lin-4 inhibits the elongation and/or termination of
translation® (FIG.6). Furthermore, C. elegans ribo-
somes that are associated with a repressed lin-14
mRNA were able to continue translation when incu-
bated in a rabbit reticulocyte lysate, which indicates
that ribosomes are not permanently stalled on the
repressed MESSENGER RIBONUCLEOPROTEIN (mRNP)*®. More
definitive mechanistic insights are likely to require
the establishment of in vitro translation systems that
completely recapitulate the translational block that
is imposed by miRNAs. It also remains to be deter-
mined whether translational repression by miRNAs
requires proteins that recognize the mRNA-miRNA
hybrid.

Conclusions and perspectives

Both the global control of protein synthesis and
mRNA-specific translational regulation represent key
mechanisms of gene modulation. Although the
mechanisms of global control have been studied in
considerable detail, the mechanisms of mRNA-specific
translational regulation are being uncovered more
gradually, and the diversity of mechanisms continues
to increase. mRNA-specific regulation by single pro-
teins (for example, IRP) might well be an exception, as
most cases seem to involve multiprotein (and, perhaps,
miRNA) regulatory assemblies. Although the steps at
which these assemblies control translation initiation
have now been identified for a few examples, under-
standing their interplay with the translation-initiation
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