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Translational reprogramming
in cellular stress response

Botao Liu and Shu-Bing Qian*

Cell survival in changing environments requires appropriate regulation of gene
expression, including translational control. Multiple stress signaling pathways
converge on several key translation factors, such as elF4F and elF2, and rapidly
modulate messenger RNA (mRNA) translation at both the initiation and the
elongation stages. Repression of global protein synthesis is often accompanied
with selective translation of mRNAs encoding proteins that are vital for cell
survival and stress recovery. The past decade has seen significant progress in our
understanding of translational reprogramming in part due to the development
of technologies that allow the dissection of the interplay between mRNA
elements and corresponding binding proteins. Recent genome-wide studies
using ribosome profiling have revealed unprecedented proteome complexity and
flexibility through alternative translation, raising intriguing questions about stress-
induced translational reprogramming. Many surprises emerged from these studies,
including wide-spread alternative translation initiation, ribosome pausing during
elongation, and reversible modification of mRNAs. Elucidation of the regulatory
mechanisms underlying translational reprogramming will ultimately lead to the
development of novel therapeutic strategies for human diseases. © 2013 John Wiley &
Sons, Ltd.

How to cite this article:
WIREs RNA 2013. doi: 10.1002/wrna.1212

INTRODUCTION

Il living organisms must detect and respond to

changing growth conditions and environmental
stimuli. Under acute adverse conditions, such as
heat shock, hypoxia, nutrient deprivation, or DNA
damage, gene expression undergoes coordinated
changes to ensure cell survival. The past decade has
seen significant progress in our understanding of gene
regulation in response to stress, including chromatin
remodeling, transcriptional regulation, alternative
splicing, and translational control. Recent advances
in next-generation sequencing allow the dissection
of gene regulation in an unprecedented scale and
resolution.! Although transcriptional regulation is
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essential in mediating the strength of stress response,
translational control often provides immediate and
effective changes in protein levels.? This swift response
offers a timely adaptation for cells to maximize
survival under stress.?

Translation can be divided mechanistically into
three stages: initiation, elongation, and termination.
As the rate-limiting step in translation, initiation
is a complex process involving ribosome loading,
scanning, and start codon selection before elongation
commitment.” Consistent with its critical role in
determining the overall rate of translation, initiation
is the primary target of regulation under stress. Under
various stress conditions, distinct signaling pathways
converge to a few initiation regulators resulting in
translational inhibition. The two best characterized
mechanisms are mRNA cap recognition and
ternary complex formation (see below).* Although
translational control at the initiation stage has been
extensively studied,® much less is known about the
regulatory mechanisms of elongation under stress
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conditions. Recent development of ribosome profiling
technology has reignited the research interest in the
translation field.®” The innovative technique enables
monitoring of ribosome dynamics with unprecedented
resolution at the genome-wide scale.® With this
powerful tool, surprising mechanisms at post-
initiation stages of translation have been uncovered.’

Protein synthesis consumes a lion’s share of
energy and cellular resources, so translation is
generally repressed under most if not all types
of stress conditions. However, subsets of mRNAs
can bypass the general inhibition and be selectively
translated. Most of these mRNAs encode stress
response proteins, which protect cells from damages
and facilitate the post-stress recovery.!%!! The concept
of translational reprogramming fits well into the
mode of translational control in stress response,
allowing selective translation of mRNAs to maintain
the expression of stress proteins when general protein
synthesis is compromised. Such regulation can be
quantitative (all-or-none vs graded), or qualitative
(enabling a single mRNA to produce several different
proteins). We argue that translational reprogramming
lies at the heart of the stress response and is required
for rapid cellular adaptation under stress. Mechanistic
details of translational reprogramming, however, are
only beginning to be unfurled. In this review, we
discuss mechanisms underlying global repression of
translation as well as selective translation in response
to stress. Although both processes are tightly coupled
during translational reprogramming, for the purpose
of clarity, we review each part separately by focusing
on mRNA elements as well as corresponding binding
proteins. We start with an overview of well-established
regulatory mechanisms through initiation and then
focus on the recent progress in novel modes of
regulation important for translational reprogramming
in stress response.

GLOBAL REPRESSION OF
TRANSLATION DURING STRESS

Overview of Eukaryotic Translation
Processes

To better illustrate mechanisms underlying transla-
tional reprogramming, it is necessary to briefly revisit
what we have learned regarding translation pro-
cesses in eukaryotic cells. Under normal conditions,
eukaryotic cells employ a cap-dependent mechanism
to initiate translation for most mRNAs.!>13 The §’
end of eukaryotic mRNAs is modified with a m”Gppp
cap structure, which is recognized by an eukaryotic
initiation factor 4E (eIF4E). eIF4E forms the elF4F
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complex by binding to elF4G (a scaffold protein) and
elF4A (a helicase).'#71¢ The cap recognition is the first
step that determines which mRNAs are to be trans-
lated, and it is not surprising that multiple signaling
pathways control this rate-limiting step. Another key
step is the formation of a ternary complex, which is
composed of a methionine-loaded initiator transfer
RNA (tRNA) and a GTP-coupled elF2.!7 The ternary
complex associates with the 40S small ribosome sub-
unit and several other initiation factors (eIF1A, elF3,
elF1) to form the 43S pre-initiation complex (PIC).
PIC is then recruited to mRNA via the scaffold eIF4G
within the cap-associated eIF4F complex, forming
the 48S complex. With the help of eIF4A to unwind
mRNA secondary structures, PIC scans the 5" untrans-
lated region (5'UTR) until it encounters an initiation
codon.'®1 The efficiency of start codon recognition
can be influenced by the codon context as well as
initiation factors elF1 and elF1A, although the pre-
cise mechanism remains elusive. The event of start
codon recognition is believed to trigger conforma-
tional changes of the 48S complex followed by release
of the initiation factors. With the help of eIF5 and
elF5B that induce hydrolysis of elF2-bound GTP, a
60S large ribosome subunit joins the 40S subunit,
forming a complete 80S complex ready to proceed to
the elongation step.!®

Translation elongation is mediated by elonga-
tion factors eEF1 and eEF2, which delivers amino
acid-charged tRNA to the ribosomal A site and catal-
yses ribosomal translocation, respectively. During
elongation, the ribosome does not move at a con-
stant speed but rather in a stop-and-go traffic manner.
Both cis sequence elements and trans regulatory fac-
tors contribute to the variations of elongation speed.
However, our understanding of elongation control has
lagged behind the knowledge of initiation regulation.
When the ribosome decoding centre reaches a stop
codon, termination occurs via the concerted action
of release factors eRF1 and eRF3. Notably, peptide
release, tRNA dissociation, and ribosome separation
do not take place simultaneously. In some cases, the
40S subunit remains associated with mRNA and could
start a second round of translation from the down-
stream start codon, a process called re-initiation.'?
Strikingly, in a reconstituted iz vitro translation sys-
tem, Skabkin et al. found that the post-termination
ribosome could migrate bi-directionally to codons
cognate to the P-site tRNA.!"” Although it remains
to be confirmed whether this radical event occurs
in vivo, the dynamic ribosome behavior surrounding
termination provides novel mechanistic insights into
translation re-initiation.
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FIGURE 1| Multiple stress signals converge on initiation factors
and inhibit global protein synthesis. Cap-dependent translation
initiation requires cap binding, elF4F complex assembly (light grey
square), and ternary complex formation (light yellow square). Nutrient
signaling mTORC1 controls elF4F complex formation by
phosphorylating 4EBP, which releases elF4E for cap binding. Nutrient
starvation not only inhibits the mTORC1 signaling pathway, but also
triggers GCN2 kinase activity. GCN2 phosphorylates elF2« that inhibits
ternary complex formation. In addition to the GCN2 kinase, other
kinases integrate many stress conditions by phosphorylating elF2«,
forming an integrated stress response targeting translation initiation.

Initiation Regulators and Signaling
Pathways

elF4F-Mediated 5' Cap Recognition

A cap-dependent mechanism accounts for the
translation of the vast majority of cellular mRNAs.
Under stress conditions, a diverse array of signaling
pathways control the elF4F-mediated cap recogni-
tion, thereby adjusting the rate of global protein
synthesis (Figure 1). One best known regulator is the
elF4E-binding protein (4EBP), which shares a similar
structure with elF4G. By competing with e[F4G, 4EBP
acts as a negative regulator of translation initiation by
repressing the assembly of e[F4F complexes at the 5
terminus of transcripts. The binding capacity of 4EBP
depends on its phosphorylation status. Under normal
growth conditions, 4EBP is heavily phosphorylated
and has lower affinity with eIF4E.2° One major
signaling pathway that mediates 4EBP phosphoryla-
tion is the mammalian target of rapamycin complex
1 (mTORC1).2*2 mTORC1 is an evolutionarily
conserved serine/threonine kinase that senses extracel-
lular signals as well as the intracellular energy status.
Nutritional stresses such as amino acid starvation
inhibits global protein synthesis partially through
the mTORCI1 signaling pathway. mTORC1 senses
amino acid levels through a sophisticated system.?3
Recent studies revealed that mTORC1 activation
occurs primarily at the surface of the lysosome by
heterodimeric RagA/B-RagC/D GTPases.”* When

Translational reprogramming in stress

amino acids are limited, Rag GTPases are inactivated,
leading to GDP coupled RagA/B and GTP bound
RagC/D, which are unable to recruit mTORCI to the
lysosome membrane.?> A complex named Ragulator
acts as a guanine nucleotide exchange factor (GEF)
for RagA and RagB, whereas another complex
called GATOR1 has GTPase-activating protein
(GAP) activity.>®?” However, the direct intracellular
amino acid sensor remains to be characterized.
Once recruited to the lysosome surface, mTORC1 is
believed to be directly activated by Ras homologue
enriched in brain (Rheb).?%?° The activated mTORC1
then phosphorylates 4EBP, leading to de-repression
of elF4F and enhanced cap-dependent translation.

At the lysosome surface, Rheb activity is subject
to regulation by phosphoinositide 3-kinase (PI3K)
pathways. Therefore, both the amino acid sensing
system and the insulin signaling pathway converge
on mTORCI1. Rheb activity is negatively regulated
by tuberous sclerosis complex (TSC) 1 and 2, in
which TSC2 acts as a GAP toward Rheb.3%3! Several
stress signals integrate into mTORC1 via TSC. For
instance, oxidative stress activates AMP-responsive
protein kinase (AMPK) pathway, which suppress
mTORC1 by phosphorylating its negative regulator
TSC2.32 In addition, TSC is found to be localized on
the peroxisome and inhibit mMTORCT1 in response to
endogenous reactive oxygen species (ROS).33 DNA
damage could be sensed in both p53 dependent
and independent pathways.>*3> The p53-dependent
pathway requires the transcriptional activation of
Sestrin1 and Sestrin2. Increased Sestrin1 and Sestrin2
activate TSC2 through AMPK, eventually repressing
mTORCI activity.3® For the p53 independent recog-
nition, DNA damage is sensed by a protein kinase
ATM (ataxia telangiectasia mutated) and the signal is
transduced through liver kinase B1 (LKB1)/AMPK1
to target TSC2 and inhibits mTORC1.37

As mentioned above, 4EBP is one of the direct
targets of mTORC1. Under suppressed mTORC1
activity during stress, the hypo-phosphorylated 4EBP
sequester e[F4E from the 5'cap of mRNAs, preventing
the formation of el4F complex and the cap-
dependent initiation.?® Employing ribosome profiling
technique, several recent studies investigated the
translational response when mTORC1 was inhibited
by chemical inhibitors.?? Inhibiting mTORC1 activity
by Torin significantly reduced the translation of
mRNAs containing 5" terminal oligopyrimidine (TOP)
motifs or TOP-like motifs.***! These mRNAs mostly
encode ribosomal proteins and translation factors.
In addition, several transcripts whose translation is
highly regulated by mTORC1 are involved in cell
proliferation, metabolism, and invasion, confirming
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the critical role of translational control in cancer
progression.*! Given the widely accepted notion that
elF4F complex formation controls the majority of
cap-dependent translation, it is surprising to find
that only a subset of mRNAs whose translation is
influenced by mTORCT1 inhibition. Indeed, in cells
lacking both 4EBP1 and 4EBP2, not all mRNA
translation is equally upregulated.*’ Interestingly,
mRNAs involving cell proliferation are preferentially
subjected to translational control by 4EBP. Hence,
translation of individual mRNAs has different
sensitivity to the perturbation of cap recognition.

elF2-Controlled Ternary Complex Formation
Many stress conditions trigger the phosphorylation of
elF2a. In mammals, there are four different types
of elF2a kinases activated by different stressors:
general control nonderepressible-2 (GCN2) for amino
acid starvation, protein kinase RNA (PKR) for
double-stranded RNAs during virus infection, PKR-
like endoplasmic reticulum (ER) kinase (PERK) for
unfolded proteins in ER, and heme-regulated inhibitor
kinase (HRI) for heme deprivation.* eIF2« is a subunit
of elF2 that is part of the ternary complex. As GTP
is hydrolyzed during translation initiation, eIF2 needs
to be recharged by initiator tRNA. This recharging
is accomplished by elF2B-catalyzed GDP-GTP
exchange. Under stress conditions, Ser51 of elF2«a
subunit is phosphorylated by stress sensing kinases
mentioned above. Phosphorylation of elF2« inhibits
the GDP-GTP exchange by reducing the dissociation
rate of e[F2B.*3 As a result, ternary complex formation
is suppressed and global translation is reduced.
Therefore, different types of stress conditions converge
on elF2qa, resulting in the inhibition of ternary
complex formation (Figure 1). Further supporting this
notion, GCN2 also responds to UV exposure and
DNA damage response.*»*> Moreover, both hypoxia
and oxidative stress could activate PERK, resulting in
phosphorylation of elF2a.*®

It is clear that the same type of stress could
trigger multiple signaling pathways leading to global
protein synthesis inhibition. For instance, amino
acid starvation not only suppresses elF4-mediated
cap recognition through aforementioned mTORC1
signaling pathways, but also activates GCN2 via the
accumulation of uncharged tRNA.*” Consequently,
both cap recognition and ternary complex formation
are suppressed under nutrient starvation. It seems
that both stress signaling pathways act in parallel.
However, cells lacking GCN2 blunted the respon-
siveness of mTORC1 to amino acid deprivation.*$
Much remains to be learned for the crosstalk between
GCN2/elF2a and mTORCT1 signaling pathways.
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Elongation Modulators and Signaling
Pathways

Despite the extensive regulation at the initiation
stage, a growing body of evidence suggests that
elongation step is subject to more rigorous regulation
than is previously assumed (Figure 2).*° Like some
initiation factors, one common regulatory mechanism
of elongation factors is phosphorylation. For instance,
elongation factor eEF2 undergoes phosphorylation at
Thr56 within the GTP-binding domain in response to
oxidative stress and this modification interferes with
its ability to bind to the ribosome.’*=3 mTORC1
negatively regulates its cognate kinase eEF2K and
thereby activates eEF2.%* Thus, mTORC1 regulates
protein translation at multiple stages. The activity
of eEF2 can also be regulated by RNA-binding
proteins. For instance, cytoplasmic polyadenylation
element binding protein 2 (CPEB2) reduces the GTP
hydrolysis of eEF2.>° Interestingly, CPEB2 slows
down the translation of HIF1A mRNA under normal
conditions by binding to the 3'UTR. When cells
encounter hypoxic stress, CPEB2 dissociates from
HIF-1a mRNA, leading to rapid synthesis of HIF-1«
for hypoxic adaptation. Further supporting the
physiological significance of eEF2, eEF2 is repressed
by the activation of AMPK-eEF2K-eEF2 pathway
under a series of stress conditions, including ER stress,
hypoxia-induced energy stress, genotoxic stress, and
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FIGURE 2| Translational regulation at the elongation stage.
Nutrient starvation inhibits mTORC1 and activates eEF2K, which inhibits
translation elongation by blocking the function of eEF2. Starvation also
activates AMPK that promotes the activation of eEF2K, resulting in
elongation inhibition. Many stressors could affect the activity of eEF1,
although the underlying mechanism is not completely understood. In
addition, ribosome-associated chaperones regulate translation
elongation, enabling cells to modulate translational capacity in
response to proteotoxic stress.
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nutrient deprivation.’*™% Various stress signals

trigger the activation of eEF2K by AMPK-mediated
phosphorylation on serine 398. Activated eEF2K
phosphorylated eEF2 and induce a temporary ribo-
somal slowdown at the stage of elongation. During
recovery stage, eEF2K is degraded by the ubiquitin-
proteasome system, allowing the rapid resumption
of translation elongation. Remarkably, transformed
tumor cells rely on this AMPK-eEF2K axis to
survive under nutrient stress conditions. Indeed,
expression of eEF2K strongly correlated with overall
survival in human medulloblastoma and glioblastoma
multiforme.”® In addition to eEF2, eEF1A also
undergoes similar regulation. One example is the role
of eEF1A in epithelia-to-mesenchymal transitions
(EMT) which occurs in tumor metastasis. This
regulation is mediated by transforming growth factor
B (TGF B) signaling pathway.®? In the absence of TGF
B signaling, 3'UTRs of specific mnRNAs are recognized
by a RNA-binding protein heterogeneous nuclear
ribonucleoprotein E1 (hnRNP E1), which blocks the
translocation of ribosomes by associating with eEF1A.
Active TGF B signaling phosphorylates hnRNP E1
and releases eEF1A from ribosomes, allowing the
elongation to proceed on mRNAs and promoting
EMT. In addition, TGF-B1 also causes dissociation
of ribosomal protein RPL26 and eEF1A from p53
mRNA, thereby reducing p53 mRNA translation in
response to cellular stress.®! Finally, eukaryotic initi-
ation factor SA (elongation factor P in prokaryotes)
has been recently identified to promote elongation of
polyproline motifs.®>7” In bacteria, EF-P influences
the stress response of pH receptor CadC and
translation of other polyproline-containing proteins,
suggesting similar functions of e[F5A in eukaryotes.
In addition to mechanisms regulating the elon-
gation factors, elongation process itself can corporate
with other stress response pathways to coordinate
regulations at various levels. mRNA translation
proceeds not at a constant rate but rather in a stop-
and-go traffic manner.®® Variations of elongation
speed may result from local stable mRNA structure,
or the presence of rare codons.®®~7# Interestingly,
nascent chains could also induce translational pausing
in a sequence-specific manner. Several recent studies
have revealed the importance of elongation pausing in
stress response. One example is the splicing of X-box-
binding protein 1 messenger RNA (XBP1u mRNA)
upon ER stress.”> An evolutionarily conserved peptide
module at the carboxyl terminus is responsible for the
translational pausing and required for the efficient
targeting mRNA-ribosome-nascent chain (R-RNC)
complex to the ER membrane and efficient splicing
of the XBP1u mRNA. In addition, ribosomal stalling
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in the upstream ORF causes mRNA remodeling and
formation of an active IRES (discuss in more details
below), stimulating the translation of cat-1 Arg/Lys
transporter under amino acid starvation.”® Using
ribosome profiling, several recent studies discovered
an early ribosome pausing under a variety of stress
conditions, including heat shock, proteotoxic stress,
and oxidative stress.””~’? Intriguingly, most of the
ribosomes paused within the first 50 codon window of
almost all coding sequences, a region corresponding to
the length of nascent chains occupying the ribosomal
exit tunnel. Since ribosome-associated chaperone
molecules are located near the exit of the tunnel, it is
postulated that translation elongation is influenced by
chaperone availability. It is still unclear mechanisti-
cally how the absence of chaperones brings translation
to a halt. This phenomenon nevertheless reveals that
translating ribosomes, via associated factors, fine-
tune the elongation rate by sensing the intracellular
folding environment. The early elongation pausing
may represent a co-translational stress response to
maintain the intracellular protein homeostasis.
Growing ribosome profiling data has enabled
computational simulation of translation process in
yeast.8082 Consistent with previous studies, initiation
and ribosome availability were shown to be the
rate-determining factors of translation under normal
growth conditions. However, the simulative results
suggest that elongation becomes the limiting step
under severe amino acid starvation conditions.
The authors argued that reduced initiation rate
under stress might increase the free ribosome and
tRNA, thereby promoting elongation. Although this
hypothesis awaits experimental validation, it supports
the importance of elongation regulation under stress.

Stress-Induced RN A Modification

Numerous modifications (>100) have been identified
on the four canonical bases in most types of RNA.
Some of the RNA modifications serve as sentinels for
various stress conditions, while others directly affect
the decoding process of translation.®> Emerging evi-
dence points to a critical role for tRNA and rRNA
modifications in the various cellular responses to stress
(Figure 3). Using a quantitative system approach,
Chan et al. reported signature changes in the spectrum
of tRNA modifications in Saccharomyces cerevisiae
upon oxidative stress.®* Interestingly, there was an
increase in the proportion of tRNALUCAY) containing
m’C at the wobble position. This modification causes
selective translation of mRNA from genes enriched in
the TTG codon. In addition to tRNA modifications,
several recent studies reported that oxidative stress
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triggers endonucleolytical cleave of tRNAs around the
anticodon, giving rise to small RNA species that may
participate in various stress signaling pathways.? =8’
The nucleases responsible for stress-induced tRNA
cleavage are Rny1 in yeast and angiogenin in mam-
mals. The oxidative stress activated nucleases cleave
within the conserved single-stranded 3’-CCA termini
of all tRNAs, thereby blocking their use in translation.
This CCA deactivation is reversible and repairable
by the CCA-adding enzyme [ATP(CTP):tRNA
nucleotidyltransferase].”® Through this mechanism
the eukaryotic cell dynamically represses and reacti-
vates translation at low metabolic costs. In nonstressed
cells, these enzymes cannot gain access to cytosolic
tRNAs, suggesting that stress-induced tRNA cleav-
age is a highly regulated process. However, not all
stress conditions can trigger tRNA cleavage. Oxida-
tive stress seems to preferentially affect tRNA biology.
Interestingly, up to tenfold increase of methionine-
misacylation occurs at tRNA when cells are exposed
to oxidative stress.”! Likewise, virus infection, treating
cells with toll-like receptor ligands or chemicals also
induced tRNA misacylation. Physiological significance
of modified translation fidelity remains unclear. It has
been proposed that misincorporation of methionine
into cellular proteins could possibly protect cells from
ROS-mediated damage.”! A recent study reported that
thiolation status of tRNA wobble-uridine nucleotides
is correlated with the intracellular availability of sulfur
amino acids methionine and cysteine.”” Interestingly,
changing tRNA thiolation regulates translational
reprogramming and enables cells to modulate transla-
tional capacity according to metabolic homeostasis.
In eukaryotic mRNA, different types of
methylation modification have been documented.
One abundant and conserved mRNA modification
is N°-methyladenine (m®A). The abundance of m®A
has been estimated to be 3-5 residues per mRNA
on average in HelLa cells.®3 Importantly, the m®A
modification is dynamic and can be reprogrammed
under different conditions. Yeast cells have low
levels of m®A modification during regular mitosis
growth, but appropriate 50% of mRNAs contain
mCA sites during meiosis.”> It has been suggested
m®A modification may regulate translation efficiency.
Using m®A-specific antibodies, two recent studies
revealed a wide-spread distribution of m®A across
the mammalian transcriptome.”®”5 Surprisingly, the
mapped m°A sites were enriched near the stop codons
and in the 3'UTRs. Further supporting the dynamic
feature of m®A modification, there was a tissue-
specific pattern of m®A with a dramatic increase
during brain development. In addition, the m°A
landscape changes in response to various stimuli.
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FIGURE 3| Translational regulation by tRNA modification. tRNA
contains many modified nucleobases. Anticodon modification influences
decoding processes and the overall translation capacity. Oxidative
stress has multiple effects on tRNA metabolism, including m5C at the
wobble position, tRNA misacylation, and tRNA cleavage. In addition,
metabolic homeostasis such as sulfur amino acid levels regulates tRNA
thiolation at the wobble position. These tRNA modifications trigger
translational reprogramming in response to stress conditions.

Although the exact function of m® in mRNA remains
obscure, it is certain that this dynamic modification
has important regulatory roles in gene expression,
including translational control.

SELECTIVE TRANSLATIONAL
REGULATION DURING STRESS

Repression of global protein synthesis helps to reduce
the cellular burden during stress conditions. However,
subsets of mRNAs undergo selective translation to
produce proteins that are vital for cell survival and
stress recovery.* Cells employ a variety of mechanisms
to achieve selective translation, which often involves
cis sequence elements on mRNAs and ¢rans regulatory
factors recognizing specific mRNA features. Most
of the cis-elements reside in the untranslated region
of mRNAs, including internal ribosome entry sites
(IRES), upstream open reading frames (uORFs),
motifs with special sequences or secondary structures,
and microRNA-binding sites (Figure 4). The roles of
microRNA in translational regulation during stress
have been comprehensively reviewed elsewhere.”®
Here we will focus on other key mechanisms
regulating selective translational in response to stress.

Cap-independent Translation Initiation
Not all the mRNAs bear the typical 5’ cap structure.
The best characterized cap-independent translational

mechanism is IRES.”” Originally discovered in
picornavirus mRNAs, The IRES element in the S'UTR
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FIGURE 4| Types of cis-sequence elements that contribute to translational regulation. mRNA contains multiple start codons (green triangle) and
stop codons (black triangle), generating ORFs in-frame (blue box) or out-of-frame (cyan box). Secondary structures are present in 5’'UTR and/or 3'UTR,
with or without interacting proteins. Reversible mRNA modification could also regulate translational reprogramming in response to stress conditions.

forms complex secondary structures that directly
recruit ribosome subunits without the requirement of
some or even all initiation factors.”® In addition to
the typical IRES elements found in viral mRNAs, a
growing body of evidence suggests that certain cellular
mRNAs may use the similar IRES mechanism for cap-
independent translation initiation. This noncanonical
translation initiation often occurs during special
conditions, such as differentiation, apoptosis, and
cellular stress.”® Under genotoxic stress, transcripts
encoding c-Myc, p53, X-linked inhibitor of apoptosis
(XIAP) and B-cell CLL/lymphoma 2 (BCL-2) are
translationally upregulated and these mRNAs are
believed to contain IRES at their 5'UTRs.100-102
During ER stress, the inhibitor of apoptosis protein
HIAP2 undergoes IRES-mediated translational
induction.!® In response to hypoxia, translational
increase of vascular endothelial growth factor (VEGF)
and HIF-1 is also IRES-dependent.'%%105 Addition-
ally, translation of cold inducible RNA-binding
protein (CIRP) and heat shock inducible BIP, BAG-1
is also thought to be mediated through IRES.!06:107
With individual experimental validation, the list
of potential IRES-containing mRNAs is expanding
rapidly. Using an in vitro selection approach based
on mRNA display, a recent study identified over
12,000 random genomic sequences that could act
as cap-independent translation-enhancing elements
(TEE).1%% Interestingly, the TEE-enriched regions
are overrepresented in the 5'UTR, suggesting that
cap-independent translational activities might be
wide-spread in the human genome.

Efficient TRES-mediated translation initiation
requires RNA binding proteins that are known as IRES
trans-acting factors (ITAFs).!% It is hypothesized that
ITAFs may act as RNA chaperones to facilitate the
formation of IRES secondary structures.''* However,

our understanding of how IRES-ITAF interaction
determines translation initiation is far from complete.
For several IRES-containing transcripts mentioned
above, such as p53 and BAG-1, polypyrimidine tract
binding protein (PTB) functions as the ITAF.!!11112
During starvation-induced yeast differentiation, an A-
rich element in the SUTR of some mRNAs involved
in invasive growth mediates internal initiation by
recruiting polyA binding protein (Pab1).!'3 It is
likely that different IRES elements and corresponding
ITAF factors interplay in distinct manners. However,
functional characterization of cellular proteins serving
as ITAF has lagged far behind the identification of
IRES elements. It remains to be clarified whether
the cellular IRES element functions in an exact same
manner as the viral IRES.

The presence of both IRES and ITAF does not
necessarily guarantee efficient cap-independent trans-
lation initiation. Under normal growth conditions,
the limiting translation machinery prefers canonical
cap-dependent translation. The functional balance
between cap-dependent and cap-independent initia-
tion underlies the central translational reprogramming
in stress response. Indeed, cap-independent translation
dominates only when the general cap-dependent trans-
lation is inhibited by cellular stress.!'* This explains
why most IRES elements are found in genes whose
protein products are involved in cell survival and cell
death. Further supporting the coordination between
cap-dependent and cap-independent translation, over-
activation of nutrient signaling pathway mTORCI1
compromises the cap-independent synthesis of stress
proteins like Hsp70 and consequently attenuates stress
responses.!! Taken together, cap-independent trans-
lation provides an effective means for escaping the
global decline in protein synthesis, while permitting
the selective translation of specific mRNAs.
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Alternative Translation Initiation

Proper selection of the translation initiation site on
mRNAs is crucial for the production of desired protein
products. In eukaryotes, ribosomal scanning is a well-
accepted model for start codon selection.!’® It is
commonly assumed that the first AUG codon that
the scanning ribosome encounters serves as the start
site for translation. However, one or more potential
initiation sites could exist upstream of the main
start codon, forming uORFs.!17 Likewise, many AUG
codons downstream of the main start codon could also
potentially serve as initiators. Many factors influence
the start codon selection. For instance, the initiator
AUG triplet is usually in an optimal context with
a purine at position —3 and a guanine at position
+4. The presence of mRNA secondary structure at or
near the start codon also influences the recognition
efficiency. In addition to these cis sequence elements,
the stringency of start codon selection is also subject
to regulation by trans-acting factors such as elF1 and
elF1A. Inefficient recognition of an initiator codon
results in a portion of 43S PIC continuing to scan and
initiating at a downstream site, in a process known as
leaky scanning. Many recent studies have uncovered a
surprising variety of potential translation start sites
in addition to the annotated start codons. Using
ribosome profiling coupled with translation inhibitors
specifically targeting the initiating ribosomes, several
groups have identified multiple initiation sites in
almost half of the transcripts in human and mouse
transcriptome.' %1% Intriguingly, many non-AUG
codons, especially CUG, act as alternative start codons
for initiating uORF translation.

One expected consequence of alternative
translation initiation is an expanded proteome
diversity that has not been and could not be
predicted by in silico analysis of AUG-mediated
main ORFs. Indeed, many eukaryotic proteins
exhibit a feature of NHj-terminal heterogeneity
presumably due to alternative translation. Stress-
triggered alternative initiation may generate isoforms
with different N-terminus, leading to distinct functions
or cellular localization.”” One well-characterized
example is C/EBP, a family of transcription factors
that regulate the expression of tissue-specific genes
during differentiation. C/EBP mRNA produces protein
isoforms with opposite functions according to the level
of upstream hormones and signals in a tissue-specific
manner.'2? Alternative start codon selection could
also produce functionally distinct protein isoforms.
Such a strategy has been widely used by the compact
genome in viruses.!?! Comprehensive cataloging of
global translation initiation sites and the associated
ORFs is just the beginning in unveiling the role

wires.wiley.com/ra

of translational reprogramming in gene expression.
The illustration of alternative translation events in
response to various stress conditions represents an
exciting research field to be fully exploited.

Regulatory uORFs

It has been estimated that about 50% of mammalian
transcripts contain at least one uORF.'22 On the basis
of the leaky scanning model, the presence of uORFs
is considered to suppress the translation efficiency
of main ORFs. Indeed, ribosome profiling results
showed a dramatic increase of uORF occupancy
under stress conditions such as starvation, oxidative
stress, heat shock, and proteotoxic stress.”»””~7?
Interestingly, the ribosome occupancy of uORFs also
increased during yeast meiosis and mouse stem cell
differentiation.!'”>123 How the upregulation of uORF
translation is achieved under these conditions remains
incompletely understood. Despite the inhibitory
role of uORF in the translation of most main
ORFs, presence of some uORFs could stimulate the
translation of mRNAs encoding stress responsive
proteins. The best characterized example is GCN4 in
yeast or ATF4 in mammals.!?*125 In the case of ATF4,
it contains two uORFs in the 5'UTR: one near the 5’
terminus and the other overlapping with the main
OREF but in different reading frames. During normal
growth conditions, the ternary complex is abundant
and ribosome decodes the first uORF as well as the
second uORF. Termination of uORF2 does not allow
the initiation of the main ORF because of sequence
overlapping. Under stress conditions that trigger
elF2a phosphorylation, reduced ternary complexes
formation leads to longer time for the scanning
ribosome to acquire a ternary complex. As a result,
more ribosomes bypass the second uORF and become
available to initiate from the downstream main ORF.
It is perplexing to find that uORFs play either
stimulating or inhibiting roles in the translation of
main ORFs. This conundrum suggests that the uORF
number, length, position, and other features might be
critical for the overall regulatory effects. Notably, UV-
induced DNA damage triggers selective translation of
mRNAs containing uORFs in the SUTR, indicating
that the ATF4-like regulatory mechanism is widely
adopted by various stress conditions.!?¢ It will be
desirable to identify stress-specific genes whose mRNA
translation depends on specific type of uORFs.

In addition to regulatory roles of uORF
mentioned above, the de novo translational products
of uORF could have direct cellular functions. For
instance, small peptides generate by uORFs in fruit
fly exert critical functions in development.!?” Given
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the multiple roles of uORFs in translation control, the
importance of UTR region in gene expression cannot
be overemphasized. Recent technical advances in
capturing 5 termini of transcriptome have uncovered
an unexpected heterogeneity of leader sequences in
many transcripts.!?® Remarkably, yeast cells produce
mRNA isoforms with distinct ends under different
growth conditions based on carbon sources.'?’ The
5’end heterogeneity in transcripts is supposed to
generate a variety of uORF configuration, further
supporting the critical role of uORF in modulating
gene expression.

Specialized Ribosomes
As a ribonucleoprotein particle responsible for the
catalysis of peptide bond formation, the ribosome
has long been considered a ‘molecular machine’ with
little intrinsic regulatory potential. A growing body
of evidence suggests that ribosome heterogeneity
prevails across species, under different developmental
stages, and in varied tissues.!3" Variation in ribosome
composition, in both rRNA and ribosome proteins,
provides a regulatory mechanism to the translation
machinery. A clear example is illustrated in E. coli,
in which a stress-induced endonuclease MazF cleaves
the 16S rRNA and removes the anti-Shine-Dalgarno
sequence.'! The resultant ‘stress ribosome’ selec-
tively translates the leaderless mRNAs, a group of
transcripts also generated by MazF. Similar to the
stress ribosome and transcripts generated by MazF
in E. coli, eukaryotic cells might also rely on unique
interactions between the distinctive component of spe-
cialized ribosomes and the cis element on transcripts
to achieve functional specificity.!3% In yeast, deletion
of RPS25 did not affect cap-dependent translation
but influenced the IRES-mediated translation by
hepatitis C virus (HCV) and cricket paralysis virus
(CrPV).133 Whether RPS25 has similar specificity
for cellular IRES remains to be elucidated. In plant,
RPL24 has been shown to promote re-initiation of
ribosomes after completing the uORF translation,
thereby promoting the translation of main ORFs.!3*
There are an increasing number of observations
that implicate the role of ribosome heterogeneity in
selective translation, although mechanistic insight is
still lacking. In S. cerevisiae, most genes encoding
ribosomal proteins have paralog duplicates and
contain introns. A recent study revealed that deleting
the intron from one gene copy affected the expression
of the other in a nonreciprocal manner.'35 As a result,
removing introns within the ribosomal protein genes
influenced the cell fitness and growth under stress.
These results suggest that ribosomes with distinct
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composition might form under stress conditions. In
mammals, certain ribosome proteins have been found
to mediate transcript selectivity during translation.
For example, RPL38 is required for translation of
Homeobox mRNAs during mouse development.!3°
A recent study reported that chicken erythrocytic
progenitors transformed by v-erbA oncogene led to
the formation of specialized ribosome devoid of
PRL11."37 It remains to be elucidated how specialized
ribosomes achieve the selectivity of specific mRNAs.
The interplay between specialized ribosomes and the
cis sequence elements of transcripts adds a novel layer
of translational control under stress conditions.

CONCLUSIONS

The field of translational reprogramming has made
great progress over the past decade, in large part
stemming from technological developments such as
ribosome profiling.®? The next decade should provide
both a broader view of translational regulation,
as huge data sets of translatome are integrated,
and a vastly more detailed view, as structural
studies continuously uncover actions of the translation
machinery at the atomic level. The ability of cells to
adapt to stress is crucial for their survival. Regulation
of global protein synthesis coupled with selective
translation allows cells to rapidly respond to a variety
of stress conditions. Although accumulating evidence
has begun to divulge multiple signaling pathways in
the stress response, more questions than answers
are brought up by studies of cellular adaptation
strategies involving translational reprogramming. For
instance, why is the translation of individual mRNA
not equally affected by common effectors acting on
cap recognition or ternary complex formation? What
are the precise mechanisms by which subsets of
mRNAs override the repression of protein synthesis?
Given the fact that uORFs are frequent in genes
with critical biological functions, how does evolution
exploit this element for regulatory purposes? With
the prevailing mRNA modifications and complex
ribosome heterogeneity, how is the imposing goal
of coordinating the expression of thousands of
transcripts achieved in a cell? It will be exciting to
watch the unveiling of answers to these questions and
to see the inevitable elegant surprises that will emerge.

As we gain better insight into the mechanisms
of translation it is clear that the combination of
emerging technologies will paint a multifaceted picture
of this paramount cellular process. Elucidating the
mechanisms underlying translational reprogramming
during stress will not only shed light on the
fundamental principles of translation, but also
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provide deeper insight of the pathophysiology
of human diseases.!3%13° Stress conditions are
often an underlying cause of human diseases,
including diabetes, neurodegenerative disorders, and
cancer. In particular, cancer cells proliferate rapidly
under limited nutrients and are relatively resistant
to environmental stress. It is thus critical to
understand how abnormal cells alter stress responsive
pathways at the translational level. Interestingly,
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protein translation in cancer cells is coupled to
transcription network centered on heat shock factor
1 (HSF1) and this link supports the anabolic
malignant phenotype.!*° Disrupting this linkage using
translation initiation inhibitors showed great promise
in suppressing tumor growth. A better understanding
of translational reprogramming in stress response
might ultimately lead to the development of new
therapeutic strategies for human diseases.
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