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Messenger RNA (mRNA) degradation is an important element of gene expression
that can be modulated by alterations in translation, such as reductions in initiation
or elongation rates. Reducing translation initiation strongly affects mRNA degra-
dation by driving mRNA toward the assembly of a decapping complex, leading
to decapping. While mRNA stability decreases as a consequence of translational
inhibition, in apparent contradiction several external stresses both inhibit trans-
lation initiation and stabilize mRNA. A key difference in these processes is that
stresses induce multiple responses, one of which stabilizes mRNAs at the initial
and rate-limiting step of general mRNA decay. Because this increase in mRNA sta-
bility is directly induced by stress, it is independent of the translational effects of
stress, which provide the cell with an opportunity to assess its response to chang-
ing environmental conditions. After assessment, the cell can store mRNAs, reini-
tiate their translation or, alternatively, embark on a program of enhanced mRNA
decay en masse. Finally, recent results suggest that mRNA decay is not limited to
non-translating messages and can occur when ribosomes are not initiating but are
still elongating on mRNA. This review will discuss the models for the mechanisms
of these processes and recent developments in understanding the relationship
between translation and general mRNA degradation, with a focus on yeast as a
model system. © 2014 The Authors. WIREs RNA published by John Wiley & Sons, Ltd.
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INTRODUCTION

Messenger RNA (mRNA) degradation, which is
intimately coupled to translation, is important

in the control of gene expression. Studies exam-
ining the interrelatedness of translation and decay
suggest that translational repression is a major entry-
way into, if not a prerequisite for, the mRNA decay
process. For example, mutations in proteins that
bind and protect the mRNA cap serve to promote
mRNA degradation. Supporting the hypothesis of
the initiation of mRNA decay upon translational
repression, trans-acting factors in mRNA degradation
often include in their repertoire the ability to repress
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translation. Furthermore, even factors that do not
affect translation interact with and recruit factors that
do affect translation, as they are embedded within a
dense web of interactions.1

However, recent studies suggest that the inverse
relationship between translation and mRNA degra-
dation may be more nuanced. One example is that
in response to translational inhibition from stresses,
yeast and other eukaryotes inhibit the mRNA decay
process, which could allow cells to assess new envi-
ronmental conditions. Another set of studies has sug-
gested that mRNA degradation occurs on translat-
ing mRNA and that mRNA decay factors can inhibit
translational elongation as well as affect mRNA
degradation.

Much of our understanding of mRNA decay
and the relationship between translation and decay
has come from studies in the yeast, Saccharomyces
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cerevisiae. To limit the scope of this review, we will
concentrate primarily on work in yeast and how
it relates to the central understanding of mRNA
translation and degradation.

mRNA translation not only affects general
mRNA decay but is also linked to destruction of
mRNA with defects in translation. These defects feed
into the quality control of translational processes,
such as Nonsense-Mediated (NMD), Non-Stop, and
No-Go decay.2–6 We will concentrate on mRNAs
undergoing decay in the general mRNA degradation
pathway and their relationship to their translation
status. Due to the extensive literature on the processes
that affect translation and decay, we will focus on two
major areas: the relationship between translational
initiation and mRNA stability as well as mRNA
decay and translation elongation. Due to the limited
scope, we will refer to more detailed discussions when
appropriate.

The Mechanism of mRNA Degradation
The linkage between translation and mRNA degrada-
tion begins with the mRNA itself. At the 3′ end of
an mRNA is the poly-adenosine or poly(A) tail. Sim-
ilarly, linked to the 5′ end is a methyl-7-guanosine
cap (Figure 1). Integrating these ends is the transla-
tion initiation factor eIF4F, which is the cap-binding
complex (see below). These structures are crucial for
the mRNA translation and degradation processes.7,8

They serve as assembly points for initiation factors
which when combined promote translation in a syn-
ergistic manner.7,8 The major steps of mRNA degra-
dation are presented below, and for a recent compre-
hensive review, see Ref 9.

The poly(A) tail is added to an mRNA in
the nucleus and processed to a length of approxi-
mately 60 nucleotides upon export, upon which it
is subject to deadenylation by two different enzyme
complexes.10–14 Deadenylation most likely accounts
for the median mRNA tail length, which has been
determined to be 27 nucleotides in yeast.15 The rate
of deadenylation is central to defining the half-life
of an mRNA. The Pan2/3 complex is thought to
be responsible for the initial deadenylation of an
mRNA. After initial poly(A) shortening, the multipro-
tein deadenylase complex, Ccr4/Pop2/Not primarily
acts to shorten the poly(A) tail to approximately 10
nucleotides14,16,17 (for a recent review, see Refs 18,
19). The oligoadenylated mRNA (approximately 10
adenosines) can be degraded in either the 5′→3′ or the
3′→5′ direction by Xrn1p (after decapping) or the exo-
some, respectively.9,20–23

After deadenylation, most mRNAs in yeast are
degraded in the 5′→3′ direction. The process begins

with the removal of the 5′ 7-methyl-guanosine cap by
the decapping complex, consisting of Dcp1p, Dcp2p,
and Edc3p (for a detailed discussion of decapping
see Ref 24). Three steps are required for the mRNA
to be decapped. First, the decapping complex on the
mRNA must be assembled. Second, the 5′ cap must
be exposed; therefore suggesting that the translation
initiation factors eIF4G and eIF4E must be released
from the mRNA.25 Finally, following the recruitment
of the decapping complex, the phosphate bond that
links the cap to the body of the mRNA is hydrolyzed,
leaving a monophosphorylated 5′ end (Figure 1).21,26

Removal of the mRNA cap allows 5′→3′ degradation
to proceed by the exonuclease Xrn1p.23

Alternatively, oligoadenylated mRNA can be
degraded from the 3′→5′ direction by the exosome
(Figure 1). The core exosome complex consists of a
ring of six RNase PH-like proteins and three smaller
RNA-binding proteins, which are required for its for-
mation and stabilization. Rrp44p (Dis3p), an addi-
tional RNase R-like subunit, provides the exosome’s
exonuclease activity. The ring structure of the exo-
some serves as a binding site for the Ski2/3/8 complex
and Ski7p, both of which are required for cytoplasmic
degradation by the exosome.

Initiation of Translation
The initiation of translation is a complex process;
however, for brevity, only the major steps of initia-
tion will be outlined here, with an emphasis on the
factors that are discussed in the text (Figure 2). For
a more detailed discussion of translation initiation,
see Ref 27. Several initiation factors are critical for
mRNA translation, and of those that bind mRNA, the
cap-binding complex eIF4F is central. The cap-binding
complex (eIF4F) consists of the initiation factors eIF4E
(Cdc33p in yeast), eIF4G (Tif4631p and Tif4632p),
and eIF4A (Tif1p and Tif2p). This complex has three
key functions that affect mRNA decay. First, it binds
the 7-methyl-guanosine mRNA cap. Second, it links
translation initiation factors that are assembled on the
5′ cap with the 3′ poly(A) tail via the poly(A) binding
protein, Pab1p. Finally, it promotes translation.

The small ribosomal subunit, along with
methionyl-tRNAi

Met and additional translation initi-
ation factors, compose the 43S preinitiation complex.
This complex binds to the mRNA and the cap-binding
complex, forming the 48S initiation complex. The
small subunit then scans the message from 5′→3′

direction and initiates translation predominantly at
the first AUG codon. Initiation factors assist in the
further joining of the large 60S subunit, forming an
80S complex, which then translates the mRNA.
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FIGURE 1 | Mechanism of messenger RNA (mRNA) degradation. The degradation of mRNA begins on the newly cytoplasmic mRNA. The decay
process is regulated by elements on each end of the mRNA. The mRNA has a 7-methyl-guanosine cap at the 5′ end and a poly(A) tail at the 3′ end.
The poly(A) length is approximately 60 nucleotides upon export. In the cytoplasm, the mRNA is initially deadenylated by Pan2/3 and then primarily by
the Ccr4/Pop2/Not deadenylase complex, resulting in a median poly(A) length of approximately 30 nucleotides. Once the poly(A) tail is shortened to a
length that is no longer able to bind Pab1p, the mRNA can be degraded from the 3′→5′ direction by the exosome. The 5′→3′ degradation pathway
requires the mRNA to be first decapped by the decapping complex Dcp1/2 and then degraded by the Xrn1p exonuclease enzyme.

TRANSLATION INITIATION AND
mRNA DECAY

A reduction in mRNA translation has a strong effect
on mRNA decay. However, this effect depends on
the source of the reduction of translation, that is, a
direct reduction in translation initiation or a global
response to a stress. Sources of translational inhibi-
tion can be intrinsic or extrinsic to the mRNA (or cell).
The intrinsic effect of translation inhibition provokes
mRNA decay and results from mutations in initiation
factors, cis-acting sequences of the mRNA and pro-
teins that specifically inhibit mRNA translation initi-
ation (Figure 3). In intrinsic inhibition of translation,
the changes in translation are specific to the inhibited
mRNA(s), with initiation factor harboring mutations,
likely mimicking such an effect.

Intrinsic effects can be thought of as those
that affect specific mRNAs or classes thereof. These
mRNAs are specifically designated by the cell to be
translationally repressed. The resulting mRNA degra-
dation may reinforce the cellular program of inhibited
translation. However, some examples of this form of
inhibition globally affect many mRNAs, such as muta-
tions in the cap-binding protein, which strongly inhibit
translation initiation. The mechanism by which muta-
tions globally affecting translation are often not physi-
ological, but instead mimic translational repression of
a specific mRNA.

On the other hand, extrinsic inhibition of ini-
tiation results from changes in the environment of
the cell (Figure 4). Extrinsic inhibition feeds into
stress response pathways and generally slows mRNA
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FIGURE 2 | Initiation of translation. Messenger RNA (mRNA) translation begins after export, with association with translation initiation factors
including eIF4E, eIF4G, and Pab1p. Translation initiation begins with the formation of the 43S preinitiation complex consisting of the small ribosomal
subunit (40S), methionyl tRNA, and additional initiation factors. The preinitiation complex binds to the mRNA to form a 48S complex. The small
ribosomal subunit then scans the message in the 5′→3′ direction until it recognizes an AUG codon. In association with other initiation factors, the
large ribosomal subunit (60S) forms an 80S complex, which commences translation.

degradation by inhibiting poly(A) tail shortening.
Extrinsic effects have two key distinctive conse-
quences. First, extrinsic mRNA decay effects are insen-
sitive to the intrinsic effects on translation initiation
since deadenylation is inhibited. Deadenylation is the
initial step in general mRNA decay, and is upstream
of the decay steps affected by intrinsic repression. Sec-
ond, extrinsic effects on decay are believed to occur

as a consequence of the stress, such as glucose depri-
vation, heat shock and osmotic stress, rather than as
a consequence of translational repression, leading it
to be described as translation-independent.28

In contrast to intrinsic effects, extrinsic transla-
tional repression globally affects mRNA translation.
The suspension of decay can give the cell time to decide
whether to maintain or alter its gene expression before
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FIGURE 3 | Intrinsic inhibition of translation and messenger RNA (mRNA) stability. Intrinsic inhibition of translation directly or indirectly inhibits
initiation on specific messages. Subsequent to inhibition, mRNA is freed from ribosomes as they translocate off the mRNA. Decapping activators
assemble on mRNA, predominantly at the 3′ UTR, and recruit the decapping enzyme. mRNA is decapped and degraded by Xrn1p in the 5′→3′

direction.

destroying unnecessary mRNAs. In the case of tempo-
rary stress, mRNAs can return to translation without
requiring the mRNAs to be transcribed again.29 How-
ever, if gene expression is altered, mRNAs that are no
longer necessary can be destroyed once the inhibition
of decay is lifted.

The mRNA Cap-Binding Complex
Promotes mRNA Stability
Mutations in translation initiation factors reduce
translation and increase mRNA deadenylation and
decapping. The most central of the translation initi-
ation factors in this process are those located at the
5′ and 3′ ends of the mRNA. At the 5′ end is the
cap-binding complex (eIF4F), and at the 3′ end is the
poly(A) binding protein (Pab1p). Both factors enhance
translation and protect the mRNA from degradation.

Several studies have shown that mutating
the cap-binding complex to reduce initiation rates
increases mRNA degradation.25,30,31 A comprehen-
sive study looked at changes in mRNA half-lives

using mutations in multiple initiation factors, espe-
cially those in the cap-binding complex.25 This study
examined two mRNAs that, broadly speaking, rep-
resent a stable (PGK1) and an unstable mRNA
(MFA2).10,11,21,32 Shifting the cells to temperatures
in which the various initiation factors are mostly
inactive reduced the half-lives of both mRNAs by up
to nearly seventy percent compared with wild-type,
and these decreases in the half-lives were largely
proportional to the degree to which the mutation
inhibited translation.25,31,33 One observation was that
an extremely poorly translating eIF4E mutant exhib-
ited the most extreme decrease in half-life from 17
to 6 min for the PGK1 mRNA. A similar result was
obtained using an eIF4E mutant that failed to interact
with eIF4G, which similarly reduced the half-lives of
specific mRNAs.31

Interestingly, the acceleration of the rate of decay
of the short-lived MFA2 mRNA was much more
refractory to the inhibition of translation initiation
than PGK1.25 One reason for this discrepancy could
be that the MFA2 mRNA decay rate is most likely near

Volume 5, November/December 2014 © 2014 The Authors. WIREs RNA published by John Wiley & Sons, Ltd. 751



Advanced Review wires.wiley.com/rna

Heat stress

Osmotic stress

Extracellular

Cytoplasm

Inhibition of

deadenylation

Glucose depravation

Plasma membrane

Poly(A) tail

Assessment of stress

Degradation

Xrn1p mediated 5′ → 3′ decay

Exosome mediated 3′ → 5′ decay

or

Translation Storage

P bodies

AAAAAAAAAA

AAAAAAAAAA

AAAAAAA

FIGURE 4 | Extrinsic inhibition of translation and messenger RNA (mRNA) stability. Stress external to the cell is sensed and initiates a host of
responses, including the inhibition of translation initiation. The first step in the common mRNA decay pathway is deadenylation, which is inhibited by
extrinsic effects on translation by an unknown mechanism. Once acclimated to the stress, the cell will either degrade mRNAs, re-commence
translation or place mRNAs into non-translating storage.

the maximum possible rate in yeast.34,35 Because the
rate-limiting step of mRNA decay is deadenylation,
only the most extreme perturbations may significantly
alter the decay of such an unstable mRNA.

Reducing initiation rates using mutations in
the cap-binding complex leads to enhanced mRNA
decay by increasing the rates of deadenylation and
decapping.25 For example, the PGK1 mRNA is not
degraded until it is oligoadenylated and thus subject
to decapping. The enhanced rate of decapping is facil-
itated by competition between eIF4E and Dcp1/2 for
the mRNA cap, as eIF4E can block Dcp1/2 decap-
ping activity.36 Supporting a role for eIF4E inhibiting
the accessibility of the cap to the decapping enzyme,
a dcp1 temperature-sensitive mutant with approxi-
mately 15% decapping activity alone and in combi-
nation with an eIF4E mutant was examined for its
decapping ability. When combined with an eIF4E
mutant, the dcp1 mutant was no longer defective in

mRNA decapping and decay, suggesting that the disas-
sembly of eIF4F in the eIF4E mutant promotes greater
decapping.36 Similarly, in vitro, decapping can be stim-
ulated by the addition of a cap analogue, which can
compete with eIF4E for the mRNA. These and other
experiments support a model where active release or
passive destabilization of the entire cap-binding com-
plex promotes decapping by allowing access to the
mRNA cap.36,37

The Poly(A) Tail and Decay
The rate of removal of the poly(A) tail, or deadenyla-
tion, is usually the rate-limiting step in general mRNA
decay. A long mRNA poly(A) tail serves to block entry
to the 5′→3′ and 3′→5′ decay pathways. Once the
tail has been shortened, the mRNA is then subject
to decay by the exosome (3′→5′) or decapping and
5′→3′ Xrn1p digestion. Furthermore, similar to the
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cap-binding complex, the poly(A) tail and the poly(A)
binding protein (Pab1p) serve to enhance translation
and inhibit decay. The poly(A) tail is linked to the
5′ end and cap-binding complex (eIF4F) through the
poly(A) binding protein (Pab1p), which directly asso-
ciates with eIF4G.38 The cytoplasmic Pab1p binds a
3′ poly(A) tail of at least 10–12 nucleotides21,39 and
inhibits the major deadenylation complex and mRNA
decapping.9,40–42 Shortening of the poly(A) tail results
in the loss of bound Pab1 protein(s), which further
increases the rate of Ccr4/Pop2/Not deadenylation.
Taken together, the consequence of a shorter tail is
decreased translation and increased decay. However,
the effect of the poly(A) tail on translation has been
called into question. Contrary to previous studies,
a recent report suggests that deadenylation may not
affect translation but primarily enhances mRNA decay
in yeast.15

Inhibition of Translation in cis Increases
the mRNA Degradation Rate
Sequence variations in mRNAs can inhibit their trans-
lation and enhance the rate of their decay. By altering
mRNA sequences, the effect of translational blocks
on decay rates can be examined. Translation initi-
ation can be reduced either by physically blocking
ribosome scanning using RNA secondary structure or
by altering the recognition of the start codon. These
mutations accelerated the rate of decay of mRNAs,
such as the stable PGK1 mRNA.32,33,43 Other nat-
urally occurring, cis-acting sequences that promote
decay and translational repression tend to be local-
ized in the 3′ UTR and involve trans-acting factors;
these are discussed later in this review and in more
depth by others.9,44,45 However, inhibiting transla-
tion of short-lived mRNAs in cis does not appear
to significantly affect their half-lives, similar to the
effect of reducing translation using initiation factor
mutations.33,46,47

The acceleration of mRNA decay by the intrinsic
inhibition of translation initiation is primarily due to
a several-fold increase in deadenylation and mRNA
decapping rates, as observed for cis mutations.43

Given that Pab1p-associated mRNAs are inhibited in
decapping, the decapping effect may be a consequence
of deadenylation.

Trans-Acting Factors Repress Translation
and Increase the mRNA Degradation Rate
Trans-acting factors are significant players in the
linkage between mRNA translation and degradation.
These factors largely cluster at two steps in the decay
process decapping or deadenylation.

Decay factors may assemble on mRNAs and
cause translational repression or, alternatively, assem-
ble as a consequence of repression. Such a role was
proposed when it was discovered that the decap-
ping activators Dhh1p and Pat1p, working together,
are required to facilitate translational repression in
response to glucose starvation.48 The linkage with
translational repression is consistent with the model
suggesting that the replacement of translational ini-
tiation factors with mRNA decay proteins is an ini-
tial step in mRNA degradation.49,50 Several of these
factors, including Dhh1p, Scd6p, and Sbp1p, have
a decapping effect that results from their ability to
repress translation.48,51–55 Of these, the DEAD box
helicase Dhh1p has the strongest effect on the mRNA
half-life.53,54 Pat1p is unique among decapping factors
in that it functions to repress translation and directly
activate the mRNA decapping enzyme, which is con-
sistent with its strong effect on mRNA half-life.54,56

Factors that activate decapping can also assist in
deadenylation. For example, the decapping activators
Dhh1p and Pat1p are able to interact with and recruit
deadenylases in yeast and other eukaryotes.57–61

Trans-acting factors can also target mRNA for degra-
dation by increasing the rate of deadenylation through
recruitment of deadenylases to an mRNA. These
factors can either promote or cause translational
repression directly or by accelerating the reduction of
the poly(A) tail such as for the Ccr4/Pop2/Not dead-
enylase complex in Xenopus.62 Specific recruitment
of deadenylases by trans-acting factors occurs in yeast
and higher eukaryotes, and the PUF family of proteins
is prominent among these.63,64

Trans-acting factors that act to repress trans-
lation also promote mRNA degradation as a conse-
quence of repression. Similarly, a repressed mRNA
may assemble additional trans-acting factors that rein-
force repression and concomitantly stimulate decay.

Models for the Acceleration of mRNA
Decay by Intrinsic Translational Repression
Intrinsic translational repression marks an individual
or a class of mRNAs for specific repression (Figure 3).
Such ‘marks’ can be deposited on nascent mRNA in
the nucleus and affect cytoplasmic mRNA decay and
translation. RNA polymerase II subunits Rpb4p and
Rpb7p are such examples. They are hypothesized to
be associated with transcribing mRNA in the nucleus
and once in the cytoplasm affect both decay and
translation.65,66 A ‘mark’ of a reduced translation can
lead to increased decay of the target mRNA. Similarly,
while mutations in the cap-binding complex and other
translational initiation factors can affect an entire
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mRNA population, mutations in these factors may
effectively mimic what occurs at a more local level,
for example with cis RNA mutations.

mRNA decapping is an active process whereby
translation initiation factors binding the cap are
exchanged for a distinctly new set of proteins, with
the decapping enzyme replacing eIF4E.36,49 Simi-
larly, defects in eIF3, which interacts with eIF4F,
also promote increased mRNA degradation.25,30 The
cap-binding complex can play a central role in transi-
tions to decay, thus, linking translation factors to the
assembly of decapping enhancers.55

Binding of decapping enhancers can reinforce
translational repression, while simultaneously pro-
moting mRNA decapping.54 This process leads to the
removal of the cap-binding complex itself. Coordina-
tion of this process may be accomplished by decapping
enhancer proteins, such as Dhh1p and Pat1p, which
can also interact and/or recruit the deadenylase com-
plex to mRNA in yeast and other eukaryotes (see pre-
vious section).57–61

The inhibition of translation and deadenylation
result in the formation of RNA granules, such as
P bodies. P bodies are RNA-protein aggregates that
accumulate non-translating mRNAs that are stored or
degraded.29,67,68 Similar to mRNAs whose translation
initiation is inhibited, these granules lack ribosomes
and are enriched in proteins involved in 5′→3′ mRNA
decay. Although P bodies are at the scene of action,
their linkage with decay and translation remains
unclear.69

Extrinsic Translation-Independent Effects
on mRNA Decay
Extrinsic effects on translation are generated exter-
nal to the cell (or mRNA) and include external envi-
ronmental stresses such as glucose deprivation, heat
shock, and osmotic stress. One of the first cellular
responses to a stress in yeast is often translational
repression.70–72 A key differentiating characteristic
between intrinsic and extrinsic inhibition of transla-
tion is that stresses concomitantly induce a host of
responses in the cell including inhibition of mRNA
decay (Figure 4).73–77 In contrast, intrinsic effects sim-
ply act to inhibit translation and, as a consequence,
enhance mRNA degradation (Figure 3). The inhibi-
tion of mRNA decay is thought to be a direct effect of
stress, rather than a consequence of translational inhi-
bition, as in the intrinsic case. As a result, this response
may allow reprogramming and assessment of stress
before committing to a new gene expression program
(Figure 4).

In general, inhibition of deadenylation has
been identified as the source of increased stability

under stress. For example, such stabilization has
been observed for glucose deprivation,28,35 osmotic
stress28,78–80 and, in certain cases, with heat shock
depending on, among other factors, the intensity
of the heat shock.28,81 It should be noted that the
moderate heat shock used in temperature-sensitive
translation initiation alleles was not found alter the
mRNA stability.28

Certain mRNAs may avoid stabilization under
these conditions. For example, under glucose depri-
vation, classes of mRNAs, such as mRNAs encod-
ing ribosomal proteins, undergo enhanced decay or
have reduced abundance.35,82 Similarly, under osmotic
stress certain groups of mRNAs also resist the trend
of stabilization.78,79 Instead, these mRNAs evade the
overall trend by recruiting specific decay factors to ini-
tiate more rapid deadenylation or by channeling into
an alternative decay pathway. Such results suggest that
increased decapping and destabilization may also be
occurring during a stress that otherwise generally sta-
bilizes mRNA. When mRNA is examined for changes
in stability due to stress, timing can be important, as
the greatest effects on mRNA abundance are observed
after 20 min of stress. Observations after this time
period may represent a shifting from the preservation
of mRNA to commitment to degradation.

Taken together, extrinsic inhibition of transla-
tion due to stress appears to generally stabilize mRNA.
This apparent paradox is reconciled by inhibition of
deadenylation by stress. Since deadenylation is the first
and rate-limiting step of mRNA degradation, this lim-
its the effective rate of mRNA decay (Figure 4).11

At least three points suggest that stabilization
of mRNA resulting from extrinsic inhibition of initia-
tion is not due to effects on inhibition of translation
initiation. First, inhibition of deadenylation occurs
when translation is halted by the addition of the drug
cycloheximide.28 Second, within 2 min of stress, dead-
enylation is inhibited, which is faster than the trans-
lational repression response.28,77 Third, inhibition of
deadenylation occurs in an eIF3 translation initiation
mutant that exhibits increased decay in the absence of
stress.25,28 These data suggest that the stress-mediated
inhibition of the deadenylase is upstream to the intrin-
sic effect of increased decay. Furthermore, the effects
on deadenylation appear to be conserved since simi-
lar observations were made under stress conditions in
mammalian cells.83,84

These data suggest that the observed alterations
in mRNA decay during intrinsic and extrinsic inhi-
bition of translation are fundamentally from differ-
ent source(s). The extrinsic effects allow the cell
to reprogram and assess environmental conditions.
These effects may originate by being imprinted on
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mRNA during transcription during stress, such as
for Rpb4p and Rpb7p.85 Conversely, intrinsic inhibi-
tion may have evolved to target individual groups of
mRNAs for repression, rapid degradation, and elimi-
nation.

TRANSLATIONAL ELONGATION AND
mRNA DEGRADATION

The reciprocal relationship between translational ini-
tiation and mRNA degradation promoted the idea
that the primary mechanism of 5′→3′ decay is to first
exit translation, then decap and degrade the mRNA.48

Ribosome association was thought to inhibit eukary-
otic mRNA degradation, as suggested, in part, by
numerous studies showing reduced mRNA decay
when using the drug cycloheximide.86–90 Cyclohex-
imide affects the elongation of ribosomes on mRNA91

and therefore supports a model that elongating ribo-
somes inhibit mRNA degradation.

Cycloheximide affects mRNA decay by indi-
rectly inhibiting mRNA decapping, resulting in the
accumulation of deadenylated mRNA.46 Evidence
that the cycloheximide effect is indirect comes from
mRNA stabilization that was observed in a poorly
translated mRNA variant with a stem loop in the
5′ un-translated region.46 Furthermore, cycloheximide
slows decapping of a translating MFA2 mRNA and
arrests ribosomes, which block further 5′→3′ mRNA
degradation.46

Consistent with the inhibition of degradation by
pausing of elongation, a temperature-sensitive mutant
of the tRNA CCA-adding enzyme similarly stabilizes
mRNA.92 The mutant results in tRNAs lacking the
proper CCA sequence at their 3′ ends, resulting in
uncharged tRNAs and increased polysomes, consis-
tent with the slowing of elongation.92,93 Similarly, a
mutation in threonyl-tRNA synthetase produces sta-
bilization of other mRNAs, presumably by the same
mechanism.94

Further support for mRNA decay during trans-
lation comes from the biochemical localization of
mRNA decay factors and decay intermediates to
translating fractions using sucrose gradient ultracen-
trifugation (or polysome profiles). The 5′→3′ exonu-
clease Xrn1p is one decay factor that is present
in polysomes.95 While the majority of Xrn1p was
found in the non-translating RNP fractions or in
the pellet, an mRNA decay intermediate was simi-
larly enriched in polysomes and the RNP fractions.
The human decapping enzyme was likewise found in
a salt-sensitive polysomal fraction using differential
ultracentrifugation.96

Co-Translational mRNA Degradation
Recently, mRNA decay has been proposed to occur
co-translationally.97–99 A key observation was the
localization of decapped mRNA with translating ribo-
somes in a sucrose gradient.97 Because decapped
mRNAs are rapidly degraded, the authors used an
xrn1 mutant in which decapped mRNA cannot be
degraded in the 5′→3′ direction. To further exam-
ine if the association is translation-dependent, the
investigators performed three additional experiments.
First, they treated the extract with EDTA to collapse
the polysomes into 40S and 60S ribosomal subunits.
This treatment eliminated translating ribosomes from
the gradient and shifted the decapped mRNAs to
the non-translating fractions. Second, the sedimenta-
tion of uncapped mRNA in the polysomes was ORF
length dependent suggesting ribosomal association.
The shorter RPL25 mRNA had decapped mRNAs
predominantly in the lighter polysomes, consistent
with an ORF length that can accommodate only a lim-
ited number of ribosomes. Finally, the addition of a
stem loop structure in the 5′ UTR similarly shifted the
PGK1 mRNA into lighter, less translating fractions.
These data suggest that mRNA can be decapped while
remaining associated with ribosomes (Figure 5).

The previous experiments were performed in
a genetic background where decapped mRNAs are
not degraded. This strain has a deletion for the
cytoplasmic 5′→3′ exonuclease Xrn1p, which nor-
mally rapidly degrades uncapped mRNA. To explore
whether this occurs in wild-type yeast, a pause site
composed of 10 rare mostly arginine codons was
inserted into an mRNA.97 This sequence was intended
to stall ribosomes, which would then block 5′→3′

decay and generate mRNA decay intermediates. One
possibility is that the decay product could be gener-
ated by No-Go decay due to the stalling in the region
of the rare codons.6,100 However, the decay product
was still observed in a mutant where No-Go decay was
inhibited, suggesting it is independent of No-Go decay.
Furthermore, a NMD decay mutant did not affect the
appearance of the decay product. Taken together, these
results suggest that the mRNA decay intermediate gen-
erated by stalled ribosomes degrades through the gen-
eral 5′→3′ mRNA degradation pathway.

In summary, the authors propose that mRNA
decapping in vivo occurs predominantly on polyri-
bosomes, with the ribosomes blocking the 5′→3′

degradation of Xrn1p, as previously observed in
cycloheximide-treated cells.46

These data appear to contradict evidence that
mRNA decapping is greatly enhanced when transla-
tion initiation is inhibited. These data could be recon-
ciled, if one considers a model in which mRNAs are
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FIGURE 5 | Co-translational messenger RNA (mRNA) decay. A translating mRNA is decapped by the Dcp1/2 decapping complex. Once the 5′

7-methyl-guanosine cap is removed by the decapping enzyme, 5′→3′ exonucleolytic decay mediated by the exonuclease Xrn1p proceeds. During
decay, the ribosomes block the exonuclease until they translocate off the mRNA.

deadenylated while still in translation.41,101,102 Dead-
enylated mRNA is generally a prerequisite for mRNA
decay. As such, the assembly of a decapping com-
plex on deadenylated mRNA could begin before ribo-
somes have fully run off. These mRNAs may have
already begun the process of exchanging their transla-
tion initiation factors for mRNA decapping and decay
proteins.

If this occurs, some portion of the mRNA that
is marked for decay will decap mRNAs that are no
longer initiating new translation but still elongating. If
so, then the large majority of mRNAs may be translat-
ing when the poly(A) tail is shortened such that the tail
no longer inhibits decapping. While previous experi-
ments suggest that decapping on translating mRNAs
is slower, the large amount of mRNA that is engaged in
translation could account for co-translational mRNA
decapping and decay. The state of an mRNA as it is
being decapped while undergoing elongation is, there-
fore, an important area for further study to understand
the mechanism of mRNA decay.

The Role of Trans-Acting Factors
in Elongation and mRNA Degradation:
Dhh1p and Stm1p
It is currently unclear how mRNAs can be recog-
nized for general decay on translating polysomes.

A promising candidate for this function is the DEAD
box helicase Dhh1p. Dhh1p was previously shown
to affect mRNA stability, decapping and to inhibit
translational initiation.48,51,58,103 Recently published
studies further examined the role of Dhh1p using
tethering assays.51,99 Both studies observed that trans-
lation inhibition occurs for Dhh1p tethered mRNA
in mutants that are inactive in the 5′→3′ decay path-
way (i.e., dhh1 and xrn1), and the mRNA levels are
not decreased, suggesting that these functions are
separable.

Experiments from the Coller laboratory went
further to suggest that translation inhibition is at least
partially due to the inhibition of elongation. They
provide evidence that Dhh1p is found in translating
polysomes, mRNA tethered to Dhh1p localizes to
polysomes and that Dhh1p affects decay of mRNA
having sequences that stall ribosomes.

Their work proposed that Dhh1p slows trans-
lational elongation, while earlier experiments failed
to find Dhh1p association with translating mRNA.48

However, using the reasoning that Dhh1p association
with translating mRNA may be transient, crosslinking
was used to stabilize the potential interactions. Using
crosslinking, Dhh1p was found within the translat-
ing portion of the polysome gradient, consistent with
ribosomal association.99 Furthermore, this result was
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FIGURE 6 | Dhh1p-mediated inhibition of ribosomal translocation. A translating messenger RNA (mRNA) directly or indirectly recruits Dhh1p.
Once associated with an mRNA, Dhh1p acts to inhibit elongation of the message by the ribosomes. The affected mRNA can then undergo one of
three fate choices: 5′→3′ degradation by decapping and exonucleolytic decay, storage in P bodies, or other structures or accumulation of
translationally slowed ribosomes.

confirmed by affinity purifying ribosomes and subject-
ing them to sucrose gradient ultracentrifugation. Simi-
larly, the association was also independently observed
without crosslinking after the diauxic shift, suggest-
ing a possible regulation of Dhh1p.104 The transience
of the interaction may be linked to the ATPase func-
tion of Dhh1p. While it is not required for transla-
tional repression, this function affects the decay of
short-lived mRNA as well as the localization of Dhh1p
in P bodies.99

Likewise, mRNA tethered to Dhh1p localized
to polysomes, consistent with an increased load
of ribosomes and suggestive of translational stalling
(Figure 6).99 The results of sedimentation after affinity
purification of ribosomes suggest that these rapidly
sedimenting and apparently highly translating
mRNAs are ribosome associated.

The role of slowing or pausing elongation by
Dhh1p is not yet clear, as it may perform several func-
tions. Three of these possibilities include promoting
the storage of translationally silent mRNA, inhibiting
translation or directly promoting decay (Figure 6).
First, it is possible that elongation slowing is an
important element to prepare mRNAs for storage.

While P bodies have not been shown to contain
elongationally stalled messages, these mRNAs may
be stored elsewhere or be in a transitory state. Sec-
ond, elongation slowing may be a contributor to
the overall translation rate, as observed for long
stretches of rare codons, which can result in feedback
inhibition of initiation.105 Third, elongation slow-
ing may simply be used to promote decay, such as
for elongation-slowed mRNAs. An example is the
PGK1 mRNA, which is a transcript whose decay
is normally relatively insensitive to the presence of
Dhh1p. PGK1 can be rendered sensitive to Dhh1p by
the addition of rare codons, which slows translation,
suggesting a possible role of Dhh1p in quality control
surveillance (Figure 7).99 This process could be in
competition with No-Go decay.6,100 However, Dhh1p
may represent an independent quality control system
consistent with a recent report suggesting that the
No-Go dependent decay does not occur on multiple
proline codon sequences that stall ribosomes.106

However, the nature or extent of stalling that targets
an mRNA to either a Dhh1p or No-Go dependent
decay pathway has not yet been determined.
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FIGURE 7 | Detection of slowed elongation by Dhh1p. Slowed ribosomal elongation of a translating messenger RNA (mRNA) containing rare
codons or other slow stretches of mRNA (indicated in pink) is detected by Dhh1p, resulting in accelerated decapping by the decapping complex
Dcp1/2 and consequent degradation of the mRNA by the exonuclease Xrn1p.

Although Dhh1p can inhibit initiation and elon-
gation, it is unclear what determines its specific func-
tion or what prompts Dhh1p to promote storage or
decay. Dhh1p may act through additional proteins
since Dhh1p has no consensus RNA-binding site based
on a recent CLIP study.107 One prominent candidate
is Stm1p, with which it has a genetic interaction.108

Consistent with this model, Stm1p is ribosome asso-
ciated and implicated in translational slowing.109–111

These proteins share similarities, such as sensitivity
to translation elongation-inhibiting drugs.99,110 Addi-
tionally, Stm1p promotes the decay of an mRNA that
has been shown to be degraded in a Dhh1p-dependent
fashion.108,112 Interestingly, the decay rates of some
transcripts are altered by Dhh1p but not by Stm1p,
suggesting that Dhh1p also targets a set of transcripts
independent of Stm1p.58,103,108

Another possibility is that multiple protein
partners could modulate Dhh1p function. This
possibility was recently investigated through

biochemical and crystallographic experiments by
the Conti laboratory.113 The authors demonstrated
that Dhh1p can tightly bind Edc3p, Pat1p, and RNA,
but these binding relationships are exclusive, with
Edc3p and Pat1p interacting with the same region
of Dhh1p. Given this exclusivity, these data suggest
a model whereby the alteration of protein binding
partners could allow Dhh1p to possess alternative
functions. Furthermore, the Dhh1p-binding regions of
Edc3p and Pat1p only occupy a small portion of the
surface of Dhh1p, leading to possible combinatorial
effects with additional proteins.

These alterations in binding partners may be
linked to localization in P bodies. For example,
the Weis laboratory observed that Dhh1p-tethered
mRNA is localized to P bodies in an xrn1 deletion
mutant, while tethering Dhh1p in the dcp2 deletion
caused localization to highly translating polysomes.51

Whether these effects are due to the altered abundance
of P bodies in these mutants114 or have implications
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for elongation-stalled mRNAs in P bodies remains to
be examined.

CONCLUSION

Fundamentally, the processes of translation and the
general degradation of mRNA are tightly linked. The
origin of the perturbation of translation has a major
impact on the subsequent effects on degradation.
Translation can impact the rates of mRNA decay in
three major ways.

First, intrinsic translation repression of an
mRNA provides insight into the mechanism of how
an individual mRNA exits translation and begins
the process of decay (Figure 3). As a consequence
of reduced translation, mRNAs appear to be driven
toward a fate of destruction due to the assembly of
decay factors that replace the translation initiation
machinery and reinforce the initial repression and

enhance decay rates. This type of mechanism ensures
that mRNAs that have limited translatability will be
directed toward decay by default. Second, extrinsic
translational repression of mRNA by stress condi-
tions targets the bulk of the mRNA that is present
at the time (Figure 4). By inhibiting mRNA decay
upstream at deadenylation, the inhibition of trans-
lation is uncoupled from the increased decay that is
observed with intrinsic translational inhibition. To
avoid entry into the common mRNA degradation
pathways, mRNA stability is increased by inhibit-
ing deadenylation, which is the first step of general
mRNA decay. The slowing of mRNA decay allows
time for the cell to assess its commitment to its current
genetic program and, after adaptation, to commence
degradation of unnecessary mRNAs (Figure 4). Third,
mRNA decay may occur co-translationally, with
mRNA containing elongation pauses being targeted
for enhanced decay.
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