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Abstract

The decay rate of an mRNA and the efficiency with which it is translated are key determinants of
eukaryotic gene expression. Although it was once thought that mRNA stability and translational
efficiency were directly linked, the interrelationships between the two processes are considerably
more complex. The decay of individual mMRNAS can be triggered or antagonized by translational
impairment, and alterations in the half-life of certain mMRNAs can even alter translational fidelity.
In this review, we consider whether mRNA translation and turnover are distinct or overlapping
phases of an mRNA life cycle, and then address some of the many ways in which the two
processes influence each other in eukaryotic cells.
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Multiple modes of translation:decay interaction

After their synthesis, processing, and export to the cytoplasm, mRNA molecules are largely
engaged in two activities: they serve as templates for the synthesis of specific polypeptides
or as substrates for cellular degradative pathways. Translation and mRNA decay have been
studied for decades and mechanistic details of both processes have been elaborated [1, 2].
Although early notions of translation:decay interactions were simplistic, e.g., that mMRNAs
undergoing translation are protected from decay [2], the interrelationships between mRNA
stability and translation have turned out to be much more complex. Some mRNAs are highly
stable although they remain untranslated, and some particularly unstable mMRNAs are
translated efficiently. Further, individual mMRNASs can exist in an active translation state, a
translationally silent state, or a state targeted for decay, with non-linear and closely
intertwined transitions between these states. In this review, we first consider whether the
processes of translation and mRNA decay are distinct or overlapping, and then address some
of the many ways in which translation and mRNA decay influence each other in eukaryotic
cells. Five different modes of translation:decay interactions will be considered, including: a)
accelerated mMRNA decay as a response to aberrant translation, b) modulation of mMRNA
decay as a response to the inhibition of translation initiation, elongation, or termination, c)
promotion of MRNA decay by efficient translation, d) translation repression as a prerequisite
for mMRNA decay, and e) alterations in mRNA decay that promote changes in translation
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efficiency. The possibility that unknown alterations in one process may lead to erroneous
conclusions about the other will also be considered.

MRNA decay and translation: concurrent or distinct processes?

The interdependence of mRNA translation and decay is immediately evident from the
functional roles of the 5’-cap and 3’-poly(A) tail, post-transcriptionally added appendages
associated with most eukaryotic mMRNAS. As a consequence of their respective association
with specific binding proteins, both structures play a critical role in establishing the closed-
loop mRNP (see Glossary) that promotes translational initiation and antagonizes mMRNA
decay [1-3]. This state is transient, however, and key rate-limiting events in the initiation of
mRNA decay include the shortening of the poly(A) tail and removal of the cap [2] (Figure
1A). Progressive deadenylation (by the Ccr4-Not or Pan2/Pan3 complexes in yeast or PARN
and PAN2/PAN3 in metazoans) leads to loss of associated poly(A)-binding protein (PABP)
[1, 2] and subsequently to complete exonucleolytic digestion that proceeds either 5° to 3,
and is decapping dependent, or 3’ to 57, and is decapping independent [1, 2]. Decapping
requires the prior activity of several accessory factors, including the Lsm 1-7 proteins,
Dhh1, and Patl, all of which are considered decapping activators [2]. These factors function
post-deadenylation and loss of any one leads to accumulation of capped, deadenylated
mMRNAs [2]. mMRNA decapping is also enhanced by Edcl, 2, and 3, factors thought to
interact directly with the Dcpl/Dcp?2 decapping complex [2]. Post-deadenylation mMRNA
degradation by the 3’ to 5’ pathway is mediated by the multisubunit exosome complex [2].

mMRNA in the midst of interacting with these factors, i.e., in the process of being degraded,
has been observed in two very different translational states. In one, mMRNA is thought to first
exit the translation pathway and localize to distinct cytoplasmic foci called processing
bodies (P-bodies) [4], accompanied at those sites by components of the 5’-decay pathway
[4] (Figure 1B). The nature of P-bodies was initially deduced from observations that their
number and sizes increased with impaired translation initiation or 5’ to 3> mRNA decay [4],
conditions that would result in an increased pool of MRNAs to be degraded. Likewise,
conditions that reduced the same pool, such as blocks to transcription or translation
elongation, resulted in the loss of P-bodies [4]. The requirement for both P-body formation
and the accumulation of 5’ to 3’ decay intermediates in P-bodies support the hypothesis that
these entities are a site of decay. Consistent with this notion, MRNAs with shortened
poly(A) tails only appear to leave polysomes and become targeted to P-bodies when Dhh1,
Patl, and other factors, repress the translation of those mMRNAS (see below) and remodel the
respective mRNPs [5].

The aforementioned results notwithstanding other experiments suggest that departure from
the translation pathway and P-body localization are not obligatory steps for mMRNA decay.
Recent work [6] assessed the consequences of deleting the genes for Edc3 and Lsm4, two
key P-body components in yeast. Although these deletions eliminated detectable P-bodies,
they had no significant effect on the rates of decay of individual MRNAS. Similar
experiments in metazoan cells yielded comparable results [4]. Direct evidence that polysome
associated mRNAs could be substrates for decay came from experiments in yeast which
showed that the polysome fraction harbored deadenylated, decapped, and partially
exonucleolytically degraded mRNAs [7, 8]. Polysome targeting of mRNAs by the decay
apparatus is also consistent with the observation that decay factors co-fractionate with
ribosomes [9-13].

These observations raise important questions regarding the mechanism by which an mRNA
can be simultaneously accessible to factors promoting both mRNA translation and decay. If
poly(A) shortening minimizes or eliminates interaction between PABP and elF4G,
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destabilizing the translation initiation complex [1, 2], then it is straightforward to visualize
the onset of decapping and 5’ to 3’ decay while an mRNA is still associated with elongating
ribosomes translating the coding region. Here, the decay apparatus could simply follow the
ribosomes down the mRNA. However, 3’ to 5’ decay on the same deadenylated transcript
would lead to a collision of the exosome with elongating ribosomes; therefore, some
mechanism for withdrawal from the translation pathway must precede decay.

Accelerated mRNA decay as a response to aberrant translation

Interactions between mRNA translation and decay are emphatically evident in three quality
control pathways that target defective cytoplasmic MRNAs. Nonsense mediated decay
(NMD), nonstop decay (NSD), and no-go decay (NGD) [10, 14-16] respectively target
mMRNAs containing a premature termination codon (PTC), mRNAs lacking a termination
codon, and mRNAs containing translational stall-inducing sequences. In all three pathways
an aberrant translational event triggers accelerated mRNA decay (Figure 2). Additionally, it
appears that NMD, NSD, and NGD must also act to dissociate and recycle paused or
terminating ribosomes and tRNAs, as well as promote degradation of nascent polypeptides.

NMD targets the transcripts of nonsense alleles, as well as a wide range of endogenous
substrates in which translation termination is either premature or in a sequence context
characteristic of premature termination [10, 15-17]. Substrates of NMD are shunted into
conventional decay pathways such that they are subject to accelerated deadenylation,
deadenylation independent decapping, or increased 3’ to 5’ decay [10]. NMD depends on
nonsense codon recognition by the ribosome and involves a set of conserved Upf factors that
help discriminate a normal termination event from one that is premature while also
promoting rapid mRNA decay, translational repression, and nascent polypeptide degradation
[10]. Although the mechanisms of PTC recognition and Upf factor recruitment are still not
understood well, an enhancing effect of the exon junction complex (EJC) and the atypical
nature of the 3’-UTR generated by a PTC appear to be important for Upf recognition and
NMD activation [10]. In most models, Upf1 (the principal NMD regulator) first associates
with the premature termination complex by interacting with the ribosome-associated release
factors eRF1 and eRF3 [10, 15]. NMD activation requires subsequent Upf1 interaction with
a Upf2:Upf3 heterodimer. In metazoans, Upfl and its regulator Smg-1 first form the SURF
complex (Smg-1-Upfl-release factors) with Smg-8 and Smg-9 [10, 15] and then interact
with Upf2 and Upf3 bound to a downstream EJC that has escaped being jettisoned by
elongating ribosomes due to the upstream termination event [10]. This interaction leads to
Upf1 phosphorylation by Smg-1 and activation of the ATPase and helicase activities of
Upfl. Phosphorylation of Upfl is thought to promote dissociation of the release factors and
lead to activation of mRNA decay by Smg-5-7 whereas the helicase activity is thought to
promote dissociation and recycling of an otherwise poorly dissociable termination complex
[15]. Because intronless pre-mRNAs also give rise to mMRNAS subject to NMD [10],
enhancement of NMD by an EJC cannot explain all NMD events. Significantly, NMD also
appears to be influenced by the markedly different efficiencies of premature and normal
termination. The former are thought to lack key interactions between a terminating ribosome
and specific factors localized 3’ to a normal stop codon, thereby permitting association of
the Upf factors [10]. Emphasizing the crosstalk between translation and mMRNA decay, Upfl
in yeast (the quintessential intronless system) is directly associated with the 40S ribosomal
subunit and modulates the fate of a post-termination ribosome [9, 18].

NGD is activated by a wide range of translation elongation stalling events, including those
resulting from strong stem-loops, contiguous rare codons, poly-Lys or poly-Arg tracts, or
frameshift sites [14, 16, 19, 20]. NGD leads to endonucleolytic cleavage of mRNA, for
which the endonuclease is yet to be identified, and to subsequent exonucleolytic digestion of
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the respective 5’ and 3’ cleavage products. NGD is regulated by two factors, Dom34 and
Hbs1, which are structurally similar to the canonical translation release factors eRF1 and
eRF3, respectively [19, 21, 22]. The endonucleolytic cleavage event in NGD is stimulated
by the presence of Dom34 itself [19]. In both yeast and mammalian systems, Dom34 and
Hbs1 bind the A site of the ribosome to promote recycling of stalled ribosomes and tRNAs
[16], a step that may be dispensable with some specific strong translational pauses [22-24].
Recognition of an NGD substrate is dependent on the presence of a short stretch of mMRNA
on the 3’ end of the stalled ribosomal complex. This mMRNA overhang appears to be
monitored by Hbs1, which is positioned near the mRNA entry channel [25].
Endonucleolytic cleavage of NGD substrates generates 5’ and 3° mRNA fragments that are
then subjected to Xrnl and exosome-mediated degradation. Cleavage of the mRNA is
followed by release of the stalled ribosome by a mechanism similar to ribosome recycling at
a bona fide translation termination codon [16, 20] while the translationally-stalled
polypeptide is degraded in a proteasome-dependent process. The latter step requires the
RING finger domain of Not4, a component of the Ccr4-Not complex, further illustrating yet
another link between components of the mRNA decay and translation pathways [20].

NSD is triggered when ribosomes fail to encounter a stop codon during translation of an
mMRNA, continuing instead to the mRNA’s 3’ end and creating an unoccupied A site [16,
20]. A major class of mRNAs comprising NSD substrates is thought to arise as a
consequence of premature polyadenylation within a transcript’s open reading frame [26-28].
In yeast, NSD triggers 3’ to 5’ decay and requires the exosome and the Ski7, Ski2, Ski3, and
Ski8 proteins [20]. Ski7, a protein similar to Hbs1 in structure [26], is thought to recognize a
ribosome stalled at the 3* end of an MRNA and to recruit Ski2, Ski3, Ski8, and the exosome
to commence 3’ to 5’ degradation of the mRNA using both the exo- and endonucleolytic
activities of Rrp44 [29]. Very little is understood about how the stalled ribosome is removed
from the mRNA and how Ski7 dissociates from the aberrant complex, although it has been
suggested that the early steps of NSD may convert an mRNA into a substrate for the NGD
pathway [16]. In the absence of Ski7 (or the exosome), nonstop mMRNAS undergo accelerated
5’ to 3’ degradation and decapping [30], suggesting that failure to remove the NSD-stalled
complex could affect the efficiency of translation initiation.

Modulation of mRNA decay as a consequence of reductions in the rates of
translation initiation, elongation, or termination

As noted above, the roles of the mRNA 5’ cap and 3’ poly(A) tail in both translation
initiation and mMRNA stability illustrate the interrelationships of the two processes. Further
manifestations of related phenomena include demonstrations that inhibition of translation
initiation by mutations in the genes encoding elF4E, elF4G, or a component of the elF3
complex, lead to accelerated mRNA deadenylation and subsequent decapping [2, 31],
Additionally, as do reductions in translation initiation caused by a stem-loop in the mRNA
5’-UTR [2]. These consequences of initiation blockade suggest that diminished stability of
the closed-loop mRNP enhances accessibility of the mRNA ends to their respective decay
factors.

The mRNA decay effects associated with the inhibition of translational elongation are two-
sided. On the one hand, inhibiting ribosomal translocation with the antibiotic cycloheximide
[2, 32] or a mutation in the gene encoding elF5A [33, 34] promotes mRNA stabilization,
whereas the triggering of any of the three mRNA quality control pathways (NMD, NGD, or
NSD) by premature termination, mRNA secondary structure, or the lack of a termination
codon respectively lead to accelerated decay [16]. This dichotomy remains to be fully
explained, but it may well depend on whether or not the ribosome’s A site is occupied by an
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aminoacyl-tRNA. Only in those instances in which elongation blockage is accompanied by
an occupied A site is the mRNA stabilized.

Although the experimental evidence is limited to premature termination, it appears so far
that all modes of inhibiting termination lead to mRNA stabilization. For example,
overexpression of suppressor tRNAs has been shown in multiple instances to antagonize
NMD [35]. Similarly, the RSE, a sequence element within the unspliced Rous sarcoma virus
(RSV) RNA, is thought to promote stability of that RNA by antagonizing the utilization of a
termination codon separating the gag and pol open reading frames, thereby preventing the
activation of NMD [36-39]. A seemingly related type of mMRNA-stabilizing sequence
element has been detected between upstream open reading frames and the main open
reading frame of two yeast mRNAs. These cis-acting stabilizer elements (STES) in the 5'
leader regions of the yeast GCN4 and YAP1 mRNAs inactivate NMD of the respective
transcripts when positioned downstream of a UORF termination codon [40]. STEs appear to
bind the Publ protein [40] which, in turn, prevents activation of the NMD apparatus. These
phenomena may well be related, i.e., both the yeast STEs and the RSV RSE could function
by mimicking the RNP context of a normal 3'-UTR, making the termination codon appear to
be “normal” rather than premature.

Promotion of mMRNA decay by enhanced translation

In principle, the efficiency with which a cis-acting instability element exerts its mMRNA
destabilizing activity ought to be directly related to the extent to which it is recognized by
some factor involved in triggering mRNA decay. If it is the ribosome that recognizes the
element then the degree to which decay is triggered ought to be directly related to the
translational efficiency of the mRNA in question. This notion is nicely illustrated by NMD
in both yeast and metazoans.

Translation of upstream open reading frames (UORFs) in mMRNA 5’ leaders can reduce
translation of downstream ORFs and also decrease overall mMRNA stability by triggering
NMD. One of the best examples of uUORF translation and its effect on mMRNA stability has
come from the study of yeast CPAL, a gene that encodes the small subunit of arginine-
specific carbamoyl phosphate synthase [41]. The CPA1 uORF encodes the arginine
attenuator peptide (AAP), whose translation is critical for arginine-specific negative
regulation. The AAP stalls elongating ribosomes at the uORF termination codon in response
to arginine, thereby blocking access of scanning ribosomes to the downstream CPA1
initiation codon. Arg-regulated ribosome stalling by the AAP is thought to stabilize a
conformation of the nascent peptide that interferes with peptidyltransferase function [42].
Ribosome stalling by the AAP also triggers NMD of the CPA1 mRNA [43], an event that is
dependent on the extent of ribosome occupancy of the UORF termination codon. This
relationship between the extent of termination codon occupancy by the ribosome and the
degree to which NMD is triggered is supported by two additional experiments. First, a
mutation in the uORF sequence (D13N) that nullifies the ribosome stalling effect of the
AAP was shown to diminish NMD activation [43]. Second, improving the initiation codon
context of the D13N uOREF, i.e., increasing the number of ribosomes translating the uORF,
led to enhanced NMD [43]. In three related scenarios, the C. elegans GLD1 protein inhibits
translation and subsequent NMD of the UORF-containing gna-2 mRNA, as well as that of
other target mMRNAs that have acquired premature translational termination codons [44], and
the yeast ASH1 mRNA remains translationally silenced and refractory to NMD while
associated with Puf6 and Khd1 as it is transported to the cell’s bud tip [45]. Although ASH1
mMRNA is insensitive to NMD when translation is repressed during transport, it becomes
susceptible to NMD once repression is relieved [45]. In another example, the expression of
Rob03.2, a receptor for axonal guidance cues, is regulated by its localized translation
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coupled to NMD [46]. However, how NMD is regulated concurrently with localized
translation is not clear.

These observations have interesting implications for the role of the EJC in metazoan NMD.
Pre-mRNA splicing deposits multiprotein EJCs 20-24 nt upstream of splice sites and these
complexes serve as binding platforms for factors essential to other steps in
posttranscriptional control, including the Upf2 and Upf3 factors required for NMD [15, 47].
As EJC factors have also been shown to have a positive influence on the translatability of
mRNPs with which they are associated [48, 49], and recent studies have demonstrated that
the EJC core component MLN51 interacts with elF3 to activate translation [50], EJCs may
not only deliver key NMD factors, but may also promote sufficient mRNA translation to
ensure that the nonsense codon is recognized and NMD is actually activated. Two
significant corollaries of this concept are that NMD may not be so efficient as to be
triggered by a single interaction between an elongating ribosome and a premature
termination codon and that some putative inhibitors of NMD may actually work indirectly
by inhibiting translation.

Translational repression as a prerequisite for mRNA decay

Consistent with the notion that mRNA translation and decay can be separate phenomena,
there are several well-characterized examples of translational silencing preceding the
initiation of MRNA decay. Several trans-acting mediators of decay-promoting translational
repression are discussed below. In addition, Box 1 illustrates that cellular mechanisms of
translational repression can also target viral MRNAs and Box 2 demonstrates that specific
cis-acting sequences can determine a transcript’s susceptibility to repression.

PUF proteins and deadenylases

Puf proteins are mMRNA regulatory factors that play significant roles in development,
differentiation, neural regulation, and organelle function [51, 52]. These proteins are
sequence-specific RNA-binding proteins whose association with a targeted mRNA alters
that transcript’s translation and/or decay rates. The primary characteristic of Puf proteins is a
highly conserved Pumilio homology domain, often referred to as the Puf repeat domain, that
consists of eight consecutive Puf repeats, each about 40 amino acids long [52]. Even though
a wide array of protein interactions is involved, repression of mRNA function by Pufs is
promoted by disruption of ongoing translation and/or recruitment of components of the
decay machinery. In higher eukaryotes, interaction of Puf proteins with cofactors such as
Brat and other RNA-binding proteins such as Nanos, CPEB, DAZ, DAZL, and BOL, are
required for repression of MRNA targets [52]. Repression of the hunchback mRNA in
Drosophila requires formation of a quaternary complex composed of Brat/Nanos/Pumilio/
mRNA that recruit the Ccr4—Pop2/Caf1-Not or Pan2/Pan3 deadenylases [52]. Likewise,
yeast Puf proteins recruit and directly bind Pop2, which, in turn, bridges interactions
between the Puf and the Ccr4-Not complex [52]. Recruitment of Ccré4, the catalytic subunit
of the deadenylase complex, by Puf3, Puf4, or Puf5 results in deadenylation of the mMRNA
target [52], a step that is a prelude to decapping and exonucleolytic degradation (Figure 1C).
Surprisingly, in some cases recruitment of the Ccr4-Not deadenylase complex is sufficient to
repress MRNA expression without concomitant deadenylation [53]. Analysis of the
mechanism underlying this phenomenon in Xenopus demonstrated that Caf1/Pop2 is
inherently capable of repressing translation independent of its deadenylation activity [53].
This observation provided considerable insight into the mechanism by which miRNAs
down-regulate gene expression (see next section).
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miRNAs mediate mRNA repression by base-pairing with partially complementary
sequences in the 3’-UTRs of target mMRNAs, an event that leads to recruitment of the
miRNA-induced silencing complex (miRISC) containing a miRNA-loaded Argonaute
protein and a glycine-tryptophan repeat—containing protein, GW182 [54]. miRISC appears
to inhibit capdependent translation at multiple steps and to concurrently promote
deadenylation and subsequent decapping and decay of its target mMRNAs [54-56]. The latter
events are initiated by miRNA-mediated deadenylation, requiring the Ccr4—Not and the
Pan2/Pan3 deadenylation complexes, with GW182 acting as a binding platform [55] (Figure
1D). However, several studies have also suggested that miRNASs can repress target mRNA
translation with no impact on mRNA levels [54]. In zebrafish embryos and D. melanogaster
cell-free extracts, addition of an extra 10-40 non-A nucleotides to the poly(A) tail blocked
miRNA-mediated deadenylation, but had no effect on translation repression [54, 55, 57].
Further, miRNAs could still repress translation of nonadenylated mRNAs in Drosophila S2
cells [55] Also, tethering of CAF1-CNOT7 subunit of the CCR4-NOT deadenylase complex
to reporter mMRNAs could repress cap-dependent translation independent of deadenylation in
Xenopus laevis oocytes [58]. Repression of non-adenylated mRNASs has been observed to be
impaired under Ccr4-Not knockdown conditions [59, 60]. Hence, much like Puf-mediated
regulation, GW182-mediated recruitment of the Ccr4-Not complex can promote
translational repression independently of deadenylation.

Decapping activators

Some decapping activators, a set of proteins that include Dhh1, Patl, Edc1-3, Lsm1-7,
Scd6, and Stm1, appear to promote decapping by translational repression, a step that may
render the cap more accessible to decapping enzymes [2] (Figure 1E). For example, Dhhl
(DDX6/p54 RNA helicase) overexpression inhibits translation and leads to P-body
accumulation. In yeast, tethering of Dhh1 to actively translating mRNAs promoted their
transition to a translationally repressed state [61]. These effects have been attributed to Dhhl
inhibition of the interaction between the translation initiation complex and the mRNA cap,
possibly by altering the competition between elF4E and Dcp2 for binding to the mRNA cap
[2]. Consistent with this idea, Xenopus p54 was found to form a complex with the elF4E
inhibitor, elF4E-T [62]. Furthermore, Dhh1 has been shown to inhibit 48S complex
formation in vitro, but had little effect on mMRNAs undergoing IRES-dependent translation
[2, 58]. Although these observations suggest that Dhh1l might affect cap-mediated
translation initiation, they are to be contrasted with experiments showing that mMRNA decay
can be a co-translational process [7, 8], i.e., decapping does not require the mRNA to be
completely devoid of ribosomes. More recent studies in yeast have shown that Dhh1’s effect
on translation is independent of the initiation factors elF3b and elF4E [63] and that tethering
of Dhh1 to mRNA led to the accumulation of ribosomes on the mRNA [61, 63]. Indeed,
elongation-impaired ribosomes displayed enhanced Dhh1-dependent decapping [63]. Other
evidence supports the notion of inhibition of decapping by alterations in translation
elongation. First, decapping rates have been found to decrease after treatment with
translation elongation inhibitor cycloheximide [32]. Furthermore, it has been argued that the
length of the ORF, a direct measurement of the number of elongating ribosomes, affects the
decapping rates of both normal as well as aberrant mRNAs [64]. Hence, the rate of
translation elongation may affect the functions of decapping activators. Similar to Dhh1,
other general mMRNA decapping activators also repress translation both in vivo and in vitro
[65]. Patl, a scaffolding protein stimulating Dcp2, is also associated with the translating
mRNP and interacts with elF4E, elF4G and PABP1 [66]. Overexpression of Patl leads to
translation repression and increased P-body formation [2]. Pat1 deletion together with Dhh1,
resulted in loss of translation repression in response to glucose deprivation as observed by
polysome analysis [5]. Scd6, another decapping activator, is an RNA binding protein that
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interacts with Dhh1, Dcp2, and Patl [2]. Patl and Scd6 repress translation during 48S
initiation complex formation and subsequently affect decapping [2, 65, 67]. Direct binding
of Scd6 to elF4G has been found to block 43S complex formation [67]. Another decapping
activator, Stm1, is a ribosome binding protein and affects decapping of a subset of yeast
mRNAs [68]. Stm1 inhibits translation after the 80S complex formation and is perceived to
be mediated via its interaction with the ribosome [68, 69]. How translation inhibition leads
to mRNA decapping, is still unresolved.

Getting fooled: alterations in mRNA decay that promote changes in
translation efficiency

When encountered in-frame by an elongating ribosome, the nonsense codons UAA, UAG,
and UGA usually lead to the termination of protein synthesis. However, when the fidelity of
translation termination is compromised, e.g., by mutations in the genes encoding translation
factors or the presence of specific ribosome-binding small molecules, termination efficiency
can be reduced, thereby allowing a near cognate tRNA to compete effectively with eRF1
and to base-pair with a nonsense codon [10, 70]. The resulting insertion of an amino acid at
a termination codon is called nonsense suppression or nonsense codon readthrough.
Mutations in the yeast UPF genes that regulate NMD have been known to promote nonsense
suppression and that effect was thought to reflect interactions between the Upfs and the
release factors [10]. An alternative explanation arose from experiments seeking anti-
suppressor mutations that could reverse the readthrough phenotype of upf1 mutants. The
largest complementation group in that screen was comprised of mutations in ALR1, a gene
encoding yeast’s principal Mg2* transporter [71]. The mutant alr1 alleles did not affect the
accumulation of nonsense-containing mMRNAs in upfl cells, indicating that the anti-
suppression phenotype was not caused by decreased mRNA levels. Moreover, the alrl
alleles also prevented nonsense suppression in upf2A and upf3A cells, demonstrating that
they counteracted the effect of NMD inactivation and were not specific to the absence of
Upfl. An explanation for these phenotypes followed from the observation that the ALR1
MRNA contains several UORFs in its 5’ leader that render it an endogenous substrate of the
NMD pathway. This mRNA shows an increased abundance and extended half-life in NMD-
deficient cells, and these changes correlate with an accumulation of the Alrl transporter and
with increased levels of intracellular Mg2* (Figure 3, lower panel). Thus, nonsense
suppression caused by upf mutations in yeast can be explained, at least in part, by the
indirect effects of NMD inactivation: stabilization of the ALR1 mRNA leading to increased
levels of Alrl protein and increased intracellular Mg?* levels which, in turn, have significant
effects on translational fidelity [71] (Figure 3).

Concluding remarks

Translation and degradation, two fundamental gene expression processes in which all
MRNAs are engaged, are temporally separable for some mRNAS and intimately integrated
for others. When separated, translational repression by diverse mechanisms is sometimes a
prerequisite for the onset of decay. When the two processes are integrated, the translation
status of an mRNA can have varying effects. Aberrant translation almost always triggers
accelerated decay. However, reductions in the rate of translation initiation frequently
promote enhanced mMRNA degradation, whereas inhibition of translation elongation or
termination generally lead to mRNA stabilization. That said, the only reliable rule is that
translation and mRNA decay are sufficiently interrelated that both processes must be
understood in detail when modeling the expression of any gene. Complicating any follow
through on that rule, and providing fodder for further analyses, are observations that factors
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influencing translation and mRNA decay can enter the gene expression pathway as early as
the synthesis of the primary pre-mRNA transcript [2, 72].
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Box 1: Host-mediated viral mRNA translation repression and decay Zinc-
finger antiviral protein (ZAP)

Zinc-finger antiviral protein (ZAP) is an inducible host factor that inhibits replication of
alphaviruses, filoviruses, and retroviruses by restricting viral mMRNA accumulation [73].
ZAP binds directly to ZAP-responsive elements (ZREs) of specific viral mRNAs and
recruits the host PARN deadenylase complex to initiate viral mMRNA degradation [73,
74]. Apart from its function in 3’-5> mMRNA decay via the exosome, ZAP interaction with
the DEAD-box helicase p72 recruits the decapping complex and activates 5°-3’ decay
[73]. Binding of ZAP to target mMRNA also represses translation of the target mRNA.
Translation repression is mediated by an interaction of ZAP with elF4A that disrupts
elF4A’s ability to interact with elFAG [73]. Downregulation of PARN and Dcp?2 affects
mMRNA degradation with little effect on translation repression, suggesting that translation
repression precedes mMRNA decay [73, 74]. The mechanism by which ZAP represses the
translation and/or promotes the degradation of its target mMRNA is still unclear.
Furthermore, whether or not ZAP affects cellular mMRNA is yet to be elucidated.
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Box 2: Translation repression and mRNA decay mediated by intronic
elements of YRAL pre-mRNA

Intron-containing pre-mRNAs are normally retained and processed in the nucleus.
However, there are some instances when they are exported to the cytoplasm and
degraded by NMD because they contain intronic premature translation termination
codons [10]. An exception to this rule is the yeast YRAL pre-mRNA, an exported intron-
containing transcript that evades NMD and is instead targeted by a specific decapping-
dependent, 5’ to 3’ cytoplasmic decay pathway mediated by the decapping activator,
Edc3 [75, 76]. YRAL pre-mRNA decay is independent of translation and requires five
structurally distinct but functionally interdependent modular elements in the YRAL intron
[75]. Two of these elements target the pre-mRNA as a substrate for Edc3, and the other
three mediate transcript-specific translational repression [75]. Translational repression of
YRAL pre-mRNA also requires the heterodimeric Mex67/Mtr2 mRNA export receptor,
but not Edc3 [75]. Interestingly, elimination of translational repression, e.g., by deletions
within specific intron modules, converts the YRA1 pre-mRNA to an NMD substrate [75],
suggesting that translational repression of YRA1 pre-mRNA enhances Edc3 substrate
specificity by inhibiting the susceptibility of this pre-mRNA to NMD.
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(A) Normal mRNA degradation pathways (C) PUF-mediated translation repression and mRNA decay

Nad

(@) (AAAAA(n) P AAAAA(n)
GG [®) om'G Ue — UGUR

Deadenylation dependent decay of mRNA ) Ccra/Pop2/
Deadenylation-dependent Not

‘ decay of mRNA

AAI’ (
) Ccr4-Not/ Puf
Pan2-Pan3 —
UGUR

Complex ‘"‘76 AUG
/ \ UGA

Dcp1-Dcp2
5’- 3’ decay \ 3’- 5" decay complex
O . M
&/é/éJ\Pﬁ)hhﬂLsm m’G Exosome
Dcp1-Dep2 l complex (D) miRNA-mediated translation repression and mRNA decay
\ Ccr4-Not
M\/u Complex
‘ Pat1/Dhh1/Lsm
Xrn1 complex &
408 6“\/ \AAAA(n)
,'m’lG\_/%é/\_—r\ ]
3 > UGA RISC
. Ccr4-Not
(B) mRNP remodeling o ) Combl
decay of mRNA 1'
\
& NaAAA
(‘)/
m7GM =
UGA RISC
Dcp1-Dcp2

complex

(E) Competition between decapping enhancers and translation
)

488 o \
- \ D
'm7G\-/§cd€€\Mth1lLsm

Cap-binding complex Stm1 complex

Key:

8 80S ribosome

RN Polypeptide

Figure 1. Decay pathways for normal mMRNAs and mRNAs undergoing translational control
mMRNAs enter the cytoplasm where they get translated after associating with ribosomes and
are subjected to multiple modes of post-transcriptional regulation, including: (A) mMRNA
degradation initiated by poly(A) shortening (catalyzed by the Ccr4—Not and poly(A)-
specific deadenylases). Deadenylation is followed by 5" —3" decapping-dependent, Xrnl-
mediated exonucleolytic decay, or, exosome-mediated 3" -5” exonucleolytic decay.
Association of the Lsm1-7 complex with the 3’ end of the mRNA stimulates Dcp1-Dcp2-
mediated decapping. (B) Untranslated transcripts are assembled into RNA-protein
cytoplasmic granules called P-bodies together with the mRNA-decapping enzyme complex
(Dcpl-Dcp2), Xrnl, Patl, Dhhl, and Lsm1-Lsm?7. (C) PUF proteins mediate translation
repression and mRNA decay by directly binding to PUF binding elements in the mRNA or
other protein partners (such as Nanos, Brat, or CPEB; not shown) in a transcript-specific
manner. Recruitment of the Ccr4-Not deadenylase complex can trigger deadenylation-
dependent mRNA decay. (D) Binding of the RISC complex triggers inhibition of translation
initiation by interfering with cap recognition, 40S recruitment, or with 60S subunit joining.
Interaction of RISC with the Ccr4-Not deadenylase complex also triggers deadenylation-
dependent mRNA degradation. (E) Decapping activators stimulate mRNA decapping and
inhibit translation during 48S formation (Pat1, Dhh1, Scd6) or during 80S formation (Stm1).
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Figure 2. Abnormal translational eventsleading to accelerated mRNA decay
The three major mRNA surveillance mechanisms are represented on the same mRNA.
Initiation of NMD, NGD, and NSD involve recognition of abnormal translation events — a
premature termination event (NMD), an elongation stall (NGD), and poly(A) translation
(NSD), respectively. Recognition of the abnormal ribosomal complexes is followed by
mRNA decay and proteasome-mediated degradation of the nascent peptide in all three
pathways. In NMD, following recognition of a premature termination event by the Upf
factors, the mRNA is subjected to accelerated decapping involving the Dcpl-Dcp2 complex.
Recognition of a stalled ribosomal complex in NGD is followed by endonucleolytic
cleavage of the mRNA upstream of the stalled ribosome in a Dom34-Hbs1-dependent
manner. Translation of the poly(A) tail in NSD leads to recruitment of Ski7 and the exosome
to the stalled ribosomal complex. Subsequent degradation of the mRNA body (in all three
pathways) involves canonical 5’-3” degradation by Xrn1 and 3’-5” degradation by the

exosome complex.
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Figure 3. Nonsense suppression as a result of altered mRNA stability

Upper panel - Upf proteins regulate the stability of the mMRNA encoding the magnesium
transporter, Alrl. The uORFs in the 5’ leader of the ALR1 mRNA confer NMD sensitivity
and regulate expression of the Alrl transporter on the cell surface. This leads to normal
magnesium levels in the cell, which in turn regulates the fidelity of the termination event at a
premature termination codon.

Lower pand - In the absence of Upf proteins, ALRL mRNA is stabilized due to loss of
NMD. Stabilization of the mRNA leads to increased expression of Alrl protein and
increased uptake of magnesium. Elevated intracellular magnesium levels affect the fidelity
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of translation resulting in incorporation of a near cognate tRNA at PTCs, leading to
nonsense suppression.
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