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The control of translation and mRNA degradation is important in the regulation of eukaryotic
gene expression. In general, translation and steps in the major pathway of mRNA decay are in
competition with each other. mRNAs that are not engaged in translation can aggregate into
cytoplasmic mRNP granules referred to as processing bodies (P-bodies) and stress granules,
which are related to mRNP particles that control translation in early development and
neurons. Analyses of P-bodies and stress granules suggest a dynamic process, referred to
as the mRNA Cycle, wherein mRNPs can move between polysomes, P-bodies and stress
granules although the functional roles of mRNPassembly into higher order structures remain
poorly understood. In this article, we review what is known about the coupling of translation
and mRNA degradation, the properties of P-bodies and stress granules, and how assembly of
mRNPs into larger structures might influence cellular function.

The translation and decay of mRNAs play
key roles in the control of eukaryotic gene

expression. The determination of eukaryotic
mRNA decay pathways has allowed insight
into how translation and mRNA degradation
are coupled. Degradation of eukaryotic mRNAs
is generally initiated by shortening of the 30 poly
(A) tail (Fig. 1A) (reviewed in Parker and Song
2004; Garneau et al. 2007) by the major mRNA
deadenylase, the Ccr4/Pop2/Not complex (Dau-
geron et al. 2001; Tucker et al. 2001; Thore et al.
2003). Following deadenylation, mRNAs can be
degraded 30 to 50 by the exosome (Anderson and
Parker 1998; Wang and Kiledjian 2001). However,
more commonly, mRNAs are decapped by the

Dcp1/Dcp2 decapping enzyme and then degrad-
ed 50 to 30 by the exonuclease, Xrn1 (Decker and
Parker 1993; Hsu and Stevens 1993; Muhlrad
et al. 1994, 1995; Dunckley and Parker 1999;
van Dijk et al. 2002; Steiger et al. 2003). In meta-
zoans, a second decapping enzyme, Nudt16, also
contributes to mRNA turnover (Song et al. 2010).

The processes of mRNA decay and transla-
tion are interconnected in eukaryotic cells in
many ways. For example, quality control mech-
anisms exist to detect aberrancies in transla-
tion, which then lead to mRNAs being de-
graded by specialized mRNA decay pathways
(Fig. 1B). Nonsense-mediated decay (NMD)
is one such mRNA quality control system that
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degrades mRNAs that terminate translation ab-
errantly. In yeast, aberrant translation termi-
nation leads to deadenylation-independent de-
capping (Muhlrad and Parker 1994), whereas
in metazoan cells NMD substrates can be both
decapped and endonucleolytically cleaved and
degraded (reviewed in Isken and Maquat 2007).
A second quality control system for mRNA
translation is referred to as no-go decay (NGD)
and leads to endonucleolytic cleavage of mRNAs
with strong stalls in translation elongation

(Doma and Parker 2006; reviewed in Harigaya
and Parker 2010). Another mechanism of
mRNA quality control is the rapid 30 to 50 deg-
radation of mRNAs that do not contain transla-
tion termination codons, which is referred to as
non-stop decay (NSD) (Frischmeyer et al. 2002;
van Hoof et al. 2002). The available evidence
suggests these specialized mechanisms function
primarily on aberrant mRNAs that are pro-
duced by defects in splicing, 30 end formation,
or damage to RNAs.
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Figure 1. Eukaryotic mRNA decay pathways. (A) General mRNA decay pathways. (B) Specialized decay pathways
that degrade translationally aberrant mRNAs.
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The main pathway of mRNA degradation
is also in competition with translation initia-
tion. Competition between the two processes
was first suggested by the observation that re-
moval of the poly (A) tail and the cap structure,
both of which stimulate translation initiation,
were the key steps in mRNA degradation. In
addition, inhibition of translation initiation
by strong secondary structures in the 50UTR,
translation initiation inhibitors, a poor AUG
context, or mutations in initiation factors in-
creases the rates of deadenylation and decap-
ping (Muhlrad et al. 1995; Muckenthaler et al.
1997; Lagrandeur and Parker 1999; Schwartz
and Parker 1999). Moreover, the cap binding
protein eIF4E, known to stimulate translation
initiation, inhibits the decapping enzyme, Dcp1/
Dcp2, both in vivo and in vitro (Schwartz and
Parker 1999; Schwartz and Parker 2000). Finally,
many mRNA specific regulatory factors, (e.g.,
miRNAs or PUF proteins), both repress trans-
lation and accelerate deadenylation and decap-
ping (reviewed in Wickens et al. 2002; Behm-
Ansmant et al. 2006; Franks and Lykke-Ander-
son 2008; Shyu et al. 2008).

In the simplest model, the competition be-
tween translation and mRNA degradation can
be understood through changes in the proteins
bound to the cap and poly (A) tail that then
influence the accessibility of these structures to
deadenylases and decapping enzymes. For ex-
ample, given that the Ccr4/Pop2/Not deadeny-
lase complex is inhibited by poly (A)-binding
protein (Pab1) (Tucker et al. 2002), the effects of
translation on deadenylation are most likely
through dynamic changes in the association of
Pab1 binding with the poly (A) tail. One possi-
bility is that defects in translation initiation ei-
ther directly or indirectly decrease Pab1 associ-
ation with the poly (A) tail. Deadenylation is
also affected by aspects of translation termina-
tion. For instance, premature translation termi-
nation in yeast accelerates poly (A) shortening
as part of the process of NMD (Cao and Parker
2003; Mitchell and Tollervey 2003). The cou-
pling of translation termination to deadenyla-
tion has been suggested to occur through direct
interactions of the translation termination fac-
tor eRF3 with Pab1 (Cosson et al. 2002), which

may lead to Pab1 transiently dissociating from
the poly (A) tail. Interestingly, in yeast, once the
poly (A) tail reaches an oligo (A) length of 10–
12 residues, a length that reduces the affinity
of Pab1, the mRNA can become a substrate for
decapping and for binding of the Pat1/Lsm1-7
complex (Tharun and Parker 2001; Chowdhury
et al. 2007), which enhances the rate of decap-
ping. This exchange of the Pab1 protein for the
Pat1/Lsm1-7 complex is part of the mechanism
that allows decapping to be promoted following
deadenylation.

A similar mRNP dynamic is also likely to
occur on the cap structure. Specifically, the
competition between translation initiation and
decapping suggests that prior to decapping,
translation initiation factors are exchanged for
decapping factors, thereby assembling a distinct
“decapping” mRNP that is no longer capable
of translation initiation (Tharun and Parker
2001). This idea is supported by the observation
that some decapping activators also function as
translational repressors (Coller and Parker 2005;
Pilkington and Parker 2008; Nissan et al. 2010).
Thus, mRNA decapping appears to occur in
two steps, first inhibition of translation initia-
tion and exchange of translation factors for the
general repression/degradation machinery, and
a second step whereby the mRNA is actually
degraded. Thus, by understanding the changes
in mRNP states between actively translating
mRNAs and mRNAs that are translationally re-
pressed and possibly stored or ultimately de-
graded we will better understand how the fate
of mRNAs is controlled in the cytoplasm.

KEY PROTEINS PROMOTING DECAPPING
AND REPRESSING TRANSLATION
INITIATION

A conserved set of proteins function to modu-
late the transition between mRNAs engaged in
translation initiation and an mRNP competent
for mRNA decapping. Based on experiments in
yeast, several of these conserved protein factors,
referred to as either decapping enhancers or ac-
tivators, function to stimulate the rate of de-
capping in vivo (Table 1). The core set of pro-
teins affecting decapping includes Dhh1/Rck, a
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Table 1. Components of P-bodies and stress granules

Name Function References

Components found predominantly in P-bodies
Ccr4/Pop2/Not complex Deadenylase Sheth and Parker 2003; Cougot et al. 2004
Dcp1 Decapping enzyme

subunit
Sheth and Parker 2003; Cougot et al. 2004

Dcp2 Decapping enzyme Sheth and Parker 2003; Cougot et al. 2004
Edc1 and 2 Decapping activators Neef and Thiele 2009
Edc3 Decapping activator Kshirsagar and Parker 2004; Fenger-Gron

et al. 2005
eIF4E-T Translation repressor Andrei et al. 2005; Ferraiuolo et al. 2005
eRF1 and eRF3 Translation termination Buchan et al. 2008
GW182 miRNA function Eystathioy et al. 2003
Hedls/Ge-1 Decapping activator Fenger-Gron et al. 2005; Yu et al. 2005
Lsm1-7 complex Decapping activator Ingelfinger et al. 2002; Sheth and Parker

2003
Pat1/PatL1 Translation repressor/

decapping activator
Sheth and Parker 2003; Scheller et al. 2007

Upf1-3 Nonsense-mediated decay Sheth and Parker 2006; Durand et al. 2007

Components found predominantly in stress granules
40S ribosomal subunit Translation Kedersha et al. 2002; Grousl et al. 2009
Ataxin-2/Pbp1 Translation/mRNA

processing
Nonhoff et al. 2007; Buchan et al. 2008

DDX3/Ded1 RNA helicase Chalupnikova et al. 2008; Lai et al. 2008;
Hilliker et al. 2011

eIF2a Translation initiation Kedersha et al. 2002; Kimball et al. 2003
eIF3 Translation initiation Kedersha et al. 2002; Grousl et al. 2009
eIF4A Translation initiation Low et al. 2005; Buchan et al. 2011
eIF4B Translation initiation Low et al. 2005; Buchan et al. 2011
eIF4G Translation initiation Kedersha et al. 2005; Hoyle et al. 2007
FMRP Translation, repression/

miRNA function
Mazroui et al. 2002; Kim et al. 2006

G3BP Scaffolding protein,
endoribonuclease

Tourriere et al. 2001

Pabp polyA-binding protein Kedersha et al. 1999; Hoyle et al. 2007
RACK1 Signaling scaffold protein Arimoto et al. 2008
TIA-1/TIAR/Pub1/Ngr1 Translation repression/

mRNA stability
Kedersha et al. 1999; Buchan et al. 2008

Components found in both P-bodies and stress granules
Agonaute proteins miRNA function Sen and Blau 2005; Leung et al. 2006
Dhh1/Rck/p54/ Translation repressor/

decapping activator
Sheth and Parker 2003; Wilczynska et al.

2005
eIF4E Translation initiation Andrei et al. 2005; Ferraiuolo et al. 2005;

Hoyle et al. 2007
FAST Fas activated serine/

threonine
phosphoprotein

Kedersha et al. 2005

Rap55/Scd6 Translation repressor Yang et al. 2006; Teixeira and Parker 2007
Xrn1 50 to 30 exonuclease Sheth and Parker 2003; Kedersha et al. 2005
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DEAD-box helicase, Pat1, Edc3, Scd6/Rap55,
and the Lsm1-7 complex. Some of these de-
capping activators promote decapping by in-
hibiting translation initiation. For example,
Dhh1, a member of the DEAD box family of
ATPases, represses translation in vitro and its
overexpression in cells inhibits translation and
leads to the accumulation of cytoplasmic mRNP
granules (Coller and Parker 2005; Swisher et al.
2010; Carroll et al. 2011). Similarly, Pat1, Scd6,
and Stm1 (which affects the decapping of some
mRNAs [Balagopal and Parker 2009]) repress
translation both in vivo and in vitro (Pilkington
and Parker 2008; Nissan et al. 2010; Balagopal
and Parker 2011).

Decapping activators can inhibit translation
at different steps. For example, the Pat1, Dhh1,
and Scd6 proteins all appear to block transla-
tion before the formation of a 48S preinitiation
complex (Coller and Parker 2005; Nissan et al.
2010). For Scd6, this translation repression ap-
pears to occur by direct binding to eIF4G and
inhibition of the joining of the 43S complex
(Rajyaguru et al. 2012). In contrast, the Stm1
protein, which promotes decapping of a subset
of yeast mRNAs (Balagopal and Parker 2009),
inhibits translation after formation of an 80S
complex, likely through direct interactions
with the ribosome (Balagopal and Parker
2011). An unresolved issue is how inhibition
of translation initiation by these factors leads
to decapping. One possibility is that by stalling
initiation, it simply gives more time for disso-
ciation of the translation initiation factors to
allow for decapping complexes to associate
with the mRNA. Alternatively, such a transition
may involve an ordered exchange of factors on
the mRNA, which is suggested by decapping
activators, such as Pat1 and Scd6 that can di-
rectly interact with translation factors and the
decapping enzyme (Nissan et al. 2010; Fromm
et al. 2011). An important area for future re-
search is determining how mRNPs are remod-
eled from a translationally active state to allow
decapping complexes to form and degrade the
mRNA. Moreover, a quantitative kinetic analy-
sis of the binding interactions between mRNAs
and translation initiation components and de-
capping factors would shed light on the appar-

ent competition between translation initiation
and decapping.

A second role of decapping activators is to
promote the assembly of a larger decapping
complex, which might also indirectly prevent
translation initiation by limiting the interaction
of translation initiation factors with the mRNA.
The core set of decapping components shows an
extensive network of direct interactions as de-
termined by protein binding experiments with
recombinant proteins and supported by coim-
munoprecipitation and two hybrid analyses
(Decker et al. 2007; Nissan et al. 2010). Based
on coimmunoprecipitation results and the de-
pendence of interactions on RNA, there appear
to be two complexes that assemble on mRNAs
targeted for decapping. One complex consists of
the Pat1 protein, the Lsm1-7 complex, and Xrn1
(Bouveret et al. 2000; Tharun et al. 2000;
Tharun and Parker 2001). This complex is
thought to assemble on the 30 end of deadeny-
lated mRNAs based on its binding specificity in
vitro (Chowdury et al. 2007) and the exonucle-
ase trimming of deadenylated mRNAs in the
absence of Pat1 or Lsm1 (Boeck et al. 1998;
Tharun et al. 2000; He and Parker 2001). A
second set of interacting proteins consists of
Dcp1, Dcp2, Edc3 or Scd6 and Dhh1, although
whether all these factors can associate at the
same time remains to be determined. Within
and between these complexes, Pat1 and Edc3
appear to play important scaffolding roles and
interact with many components of the decap-
ping machinery (Decker et al. 2007; Nissan et al.
2010).

A third role of decapping activators is to
directly stimulate decapping by Dcp2. For ex-
ample, the Edc3 and Pat1 proteins directly bind
Dcp2 and enhance its activity in purified sys-
tems (Harigaya et al. 2010; Nissan et al. 2010).
Similarly, the paralogs Edc1 and Edc2 in yeast,
which are high copy suppressors of temperature-
sensitive alleles in Dcp1 or Dcp2 (Dunckley
et al. 2001), bind RNA and stimulate Dcp2 ei-
ther in extracts or in reconstituted systems
(Schwartz et al. 2003; Steiger et al. 2003). Edc1,
and presumably Edc2 as well, directly bind Dcp1
to stimulate the decapping enzyme by enhancing
both Km and kcat of Dcp2 (Borja et al. 2011).

P-Bodies and Stress Granules
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Taken together, these proteins appear to
modulate the mRNP composition on mRNAs
to create two different classes of mRNPs, those
associated with translation initiation factors
and capable of recruiting ribosomes, and those
associated with translational repressors and the
mRNA degradation machinery. This dynamic
between two different functional states also
appears to be modulated by sequence specific
RNA binding factors. For example, the Puf5
protein acts to repress translation and promote
degradation at least in part by directly recruiting
the Ccr4/Pop2/Not mRNA deadenylase com-
plex through interactions with Pop2 (Gold-
strum and Wickens 2006). Similarly, recent re-
sults show that miRNA-mediated translation
repression and mRNA degradation are promot-
ed by direct interactions between GW182 and
the Not1 protein, which is a component of the
Ccr4/Pop2/Not complex (Braun et al. 2011;
Chekulaeva et al. 2011; Fabian et al. 2011).

NONTRANSLATING mRNAS CAN ASSEMBLE
INTO RNA–PROTEIN GRANULES

In eukaryotic cells, nontranslating mRNAs can
accumulate in two types of cytoplasmic mRNP
granules: P-bodies, which contain the mRNA
decay machinery (reviewed in Anderson and
Kedersha 2006; Parker and Sheth 2007; Franks
and Lykke-Andersen 2008), and stress gran-
ules, which contain many translation initiation
components (Table 1) (reviewed in Buchan and
Parker 2009). Moreover, stress granules and
P-bodies are related to neuronal RNA granules
and germ granules, which play important roles
in the localization and control of mRNAs in
neurons and embryos (reviewed in Kiebler
and Bassell 2006; Seydoux and Braun 2006).

P-bodies are present in unstressed cells but
are further induced in response to stresses or
other conditions that lead to the inhibition of
translation initiation (Kedersha et al. 2005;
Teixeira et al. 2005). P-bodies are dynamic com-
plexes whose assembly is dependent on, and
proportional to, the pool of nontranslating
mRNA (Liu et al. 2005a; Pillai et al. 2005; Teix-
eira et al. 2005). In addition to nontranslating
mRNA, P-bodies contain the conserved core of

proteins involved in mRNA decay and trans-
lation repression. These factors include the
decapping enzyme complex Dcp1/Dcp2; the
decapping activators Edc3 and the Lsm1-7
complex; factors that function to repress trans-
lation as well as to activate decapping including
Dhh1/RCK/p54, Pat1 and Scd6/RAP55; the 50

to 30 exonuclease, Xrn1, and the Ccr4/Pop2/
Not deadenylase complex (reviewed in Ander-
son and Kedersha 2006; Eulalio et al. 2007a;
Parker and Sheth 2007). P-bodies can also con-
tain mRNAs and proteins involved in NMD
(Sheth and Parker 2006; reviewed in Franks
and Lykke-Anderson 2008; Shyu et al. 2008).
Metazoan P-bodies contain additional factors
including proteins and miRNAs involved in
the miRNA repression pathway (Eulalio et al.
2008; Lian et al. 2009). Translation initiation
factors and ribosomal proteins are generally
excluded from P-bodies with the exception of
eIF4E in mammalian P-bodies. However, eIF4E
is likely associated with repressed nontranslat-
ing mRNA in P-bodies given that P-bodies also
contain eIF4E-T, which inhibits eIF4E function
(Andrei et al. 2005; Ferraiuolo et al. 2005).

Stress granules are a second type of cytoplas-
mic mRNP granule that can be juxtaposed or
overlap with P-bodies in both yeast and mam-
malian cells (Kedersha et al. 2005; Brengues
et al. 2007; Hoyle et al. 2007; Buchan et al.
2008). Like P-bodies, stress granules are dynam-
ic complexes whose assembly is dependent on
the pool of nontranslating mRNAs. Although
they share some components in common with
P-bodies, stress granules typically contain trans-
lation initiation factors eIF4E, eIF4G, eIF4A,
eIF4B, poly-A binding protein (Pabp), eIF3,
eIF2, and the 40S ribosomal subunit (reviewed
in Buchan and Parker 2009). Their composi-
tion suggests that stress granules are aggregates
of mRNPs stalled in the process of translation
initiation. Indeed, stress granules were first ob-
served under stress conditions, in which trans-
lation initiation is often inhibited (Kedersha
et al. 1999). However, it is now clear that stress
granule formation is not limited to stress con-
ditions, but can occur in response to a variety
of blocks in translation initiation. For example,
inhibition of translation initiation using drugs,
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knock down of translation initiation factors, or
overexpression of translation repressors have all
been shown to induce stress granules (reviewed
in Buchan and Parker 2009). Interestingly, not
all blocks to translation initiation induce stress
granule assembly. For example, stress granules
fail to assemble in response to depletion of eu-
karyotic initiation factor 3 (eIF3) subunits or to
reduction in 60S subunit joining (Ohn et al.
2008; Mokas et al. 2009) suggesting there is a
defined window within which translation needs
to be stalled for an mRNP to be targeted to stress
granules. Depending on conditions, stress gran-
ules can contain many other protein compo-
nents including RNA helicases, regulators of
translation and mRNA stability, and factors in-
volved in cell signaling (reviewed in Buchan and
Parker 2009; Kedersha and Anderson 2009).

HOW DO CYTOPLASMIC mRNP GRANULES
ASSEMBLE?

The dependence on nontranslating mRNA on
the formation of both P-bodies and stress gran-
ules suggests that they assemble first through the
formation of translationally repressed mRNPs,
which then aggregate into larger structures by
specific protein–protein interaction domains.
In yeast, P-body assembly may involve the re-
cruitment of preexisting protein complexes to
the mRNA given, as described above, that two
sub-complexes of core P-body components
copurify under a variety of conditions and ap-
pear to interact independent of RNA (Fig. 2).
(Bouveret et al. 2000; Tharun et al. 2000; Tharun
and Parker 2001; Fenger-Grøn et al. 2005; Gavin
et al. 2006; Teixeira and Parker 2007). Together
these observations suggest that the Dcp1/
Dcp2/Dhh1/Edc3 complex, or an alternative
Dcp1/Dcp2/Dhh1/Scd6 complex (Fromm et
al. 2011), and the Pat1, Xrn1, and the Lsm1-7p
complex are recruited onto mRNA as two
groups, though the exact order of recruitment
is unknown. Moreover, because Edc3, Dcp2,
Scd6, and Dhh1 can interact with Pat1, these
two complexes are proposed to interact to
form a larger RNA–protein complex (Pilking-
ton and Parker 2008; Nissan et al. 2010). Inter-
estingly, because the Pat1-Lsm1-7p complex has

been proposed to bind the 30 end (Chowdhury
and Tharun 2009), and the decapping enzyme
binds to the cap, this suggests a possible “closed-
loop” model for mRNPs that assemble to form
P-bodies. A similar rich interaction network
between P-body components is likely to be
the basis for formation of “P-body mRNPs” in
metazoans although some of the specific inter-
actions have been replaced or swapped between
partners and additional factors also contribute.

P-bodies are then formed from these indi-
vidual mRNPs aggregating into larger struc-
tures. In yeast, aggregation of mRNPs into
P-bodies has been shown to be primarily depen-
dent on a self-interaction domain (referred to
as a Yjef-N domain) in the Edc3 protein and
a glutamine/asparagine (Q/N) rich prion-like
domain in the Lsm4 carboxyl terminus (Decker
et al. 2007; Mazzoni et al. 2007; Reijns et al.
2008). Because the YjeF domain of Edc3 is con-
served (Ling et al. 2008), it is likely that Edc3
will contribute to assembly of metazoan P-
bodies. However, because depletion of Edc3
does not block P-body assembly in Drosophila
S2 cells (Eulalio et al. 2007b), one anticipates
that Q/N domains, and possibly other mecha-
nisms, contribute to metazoan P-body assem-
bly. Interestingly, multiple proteins in metazoan
P-bodies contain Q/N rich domains including
GW182, which functions in miRNA-mediated
repression, and Ge-1/Hedls, a component of
the metazoan decapping enzyme. Moreover,
depletion of either of these proteins leads to
decreased P-bodies in human and Drosophila
cells (Liu et al. 2005b; Yu et al. 2005; Eulalio
et al. 2007b). Finally, the Pat1 protein contrib-
utes to P-body aggregation (Buchan et al. 2008),
possibly because of its role as a scaffold inter-
acting with multiple P-body components in-
cluding the Lsm1-7 complex, which is depen-
dent on Pat1 for its localization to P-bodies
(Texeira and Parker 2007). An unresolved and
intriguing issue is why these protein compo-
nents do not aggregate all the time. One possi-
bility is that interaction with mRNA might in
some manner promote the aggregation interac-
tions that lead to P-bodies.

Multiple mechanisms involving protein–
protein interactions between RNA-binding
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proteins have been implicated in the assembly of
initiation-stalled mRNPs into stress granules.
One mechanism of stress granule assembly is
through the self-aggregation of QN-rich pri-
on-like domains in the RNA binding proteins
TIA-1 and TIA-R, and their orthologs (Keder-
sha et al. 1999, 2000; Gilks et al. 2004). Because
aggregation of QN-rich prion domains is re-
versed by specific heat shock protein function
(Rikhvanov et al. 2007), one possibility is that
stress granule and P-body assembly may be pro-
moted during stress because of accumulation of
unfolded proteins, which may titrate heat shock
proteins, thus driving the equilibrium of QN-
rich domains toward an aggregated state. A sec-
ond mechanism that contributes to stress granule
assembly is the dimerization of G3BP protein
(Tourriere et al. 2003). Assembly factors impor-
tant under one stress condition can be unimpor-
tant during other stresses. For example, TIA-1,
and its yeast homolog Pub1, facilitate stress gran-
ule assembly in response to arsenite and glucose
deprivation, respectively (Gilks et al. 2004; Buch-
an et al. 2008), but not in response to other stress-
es such as heat shock (Lopez de Silanes 2005;
Grousl et al. 2009). Therefore, the nature of the
stress, which shapes the nontranslating mRNP
pool, likely defines the assembly rules for stress
granule formation.

Posttranslational modifications likely play a
role in controlling the assembly of both P-bod-
ies and stress granules (reviewed in Hilliker and
Parker 2008; Buchan and Parker 2009). For ex-
ample, phosphorylation of G3PB inhibits stress
granule assembly (Tourriere et al. 2003). Re-
cently, Pat1 was identified as a target for PKA
phosphorylation and its phosphorylation inter-
feres with the assembly of P-body aggregates
(Ramachandran et al. 2011). Modification of
proteins with O-Glc-NAc also enhances stress
granule formation (Ohn et al. 2008). Finally,
methylation, or the ability to bind methyl
groups via Tudor domains, is necessary for
localization of specific stress granule compo-
nents (de Leeuw et al. 2007; Goulet et al. 2008),
or their ability to drive stress granule formation
when overexpressed (Hua and Zhou 2004).
Methylation and Tudor domains have also
been implicated in the assembly of other RNA

granules (Thomson and Lasko 2004; Arkov et al.
2006; Chuma et al. 2006).

Posttranslational modification of mRNP
components is an ideal mechanism to modulate
mRNA function during a stress, in which rapid
and reversible protein modifications allow ad-
aptation to stress without new protein synthesis.
Elucidating the key physiological targets of var-
ious modifications, and the mechanisms under-
lying their effects, will therefore be an important
future goal.

DYNAMICS OF mRNPs IN THE CYTOPLASM

Several observations argue that cytoplasmic
mRNAs can cycle between polysomes, P-bodies,
and stress granules. First, inhibition of transla-
tion initiation by drugs, stresses, or mutations
leads to loss of mRNAs from polysomes and a
corresponding increase of mRNAs in P-bodies
and stress granules (Kedersha et al. 2005; Teixeira
et al. 2005; Anderson and Kedersha 2006). Sec-
ond, trapping mRNAs in polysomes by blocking
translation elongation decreases P-bodies and
stress granules even during continued stress,
which suggests that mRNAs in these compart-
ments are in dynamic equilibrium with poly-
somes (Kedersha et al. 2000; Cougot et al.
2004; Teixeira et al. 2005; Mollet et al. 2008).
This is consistent with the dynamic nature of
P-bodies and stress granules based on fluores-
cence recovery after photobleaching (FRAP)
studies (Andrei et al. 2005; Kedersha et al.
2005). Third, P-bodies and stress granules phys-
ically interact, often docking together in mam-
malian cells during stress (Kedersha et al. 2005;
Wilczynska et al. 2005) or partially overlapping
in yeast (Brengues and Parker 2007; Hoyle et al.
2007; Buchan et al. 2008). Finally, mRNAs
within P-bodies and stress granules in yeast
and mammalian cells can return to translation
(Brengues et al. 2005; Anderson and Kedersha
2006; Bhattacharyya et al. 2006).

The mechanisms and directionality of
mRNA movement between P-bodies and stress
granules remain unresolved. During glucose
deprivation in yeast, stress granules form after
P-bodies, they primarily assemble on preexist-
ing P-bodies, and are dependent on existing
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P-bodies for their efficient assembly (Buchan
et al. 2008). This suggests that yeast mRNAs
exiting translation first form a P-body mRNP,
and then mRNAs, which are targeted for reentry
into translation, undergo mRNP remodeling to
load translation initiation factors, thereby form-
ing the type of mRNP that accumulates in stress
granules. Some evidence however suggests that
stress granules also form independently of P-
bodies. First, in mammalian cells and with so-
dium azide stress in yeast, stress granules often
form independently of visible P-bodies (Keder-
sha et al. 2005; Mollet et al. 2008, Buchan et al.
2011). Second, depletion of some factors in
mammalian cells prevents P-body formation
without affecting stress granule formation, sug-
gesting the two processes can be uncoupled
(Ohn et al. 2008). One possibility is that mRNAs
may exchange in a bidirectional manner be-
tween stress granules and P-bodies and the spe-
cific mRNA, cell type, or condition may affect
the predominant flow of bulk mRNA.

The movement of mRNAs between poly-
somes, stress granules, and P-bodies implies tran-
sitions between different mRNP states through
specific rearrangements and exchanges of pro-
teins on individual mRNAs. This may be facili-
tated by RNA helicases as exemplified by the
Ded1 protein. Ded1 acts to assemble an mRNP
intermediate that is stalled in translation initia-
tion and accumulates in stress granules, which it
then resolves in an ATP-dependent manner to
allow the mRNA to reenter translation (Hilliker
et al. 2011). Although P-bodies and stress gran-
ules represent microscopically visible aggregates
of different mRNPs, the simplest model is that
these mRNP transitions can occur independently
of the larger aggregates. An important area of
future work will be to determine how mRNPs
in either stress granules or P-bodies are remod-
eled to affect their fate and how that impinges on
the control of gene expression and response to
stress.

A WORKING MODEL: THE mRNA CYCLE

The analyses of P-bodies and stress granules
suggest a working model for the metabolism
of cytoplasmic mRNA termed the mRNA Cycle

(Fig. 3). In this model, mRNAs present in poly-
somes undergo repeated rounds of translation
initiation, elongation, and termination to pro-
duce polypeptides. In response to defects in
translation initiation and/or termination, or
through specific recruitment, mRNAs found
in polysomes interact with proteins that repress
translation initiation such as Dhh1/Rck and
Pat1. At this stage, we envision run off of the
elongating ribosomes, recruitment of the re-
mainder of the decapping machinery including
the decapping enzyme, and decapping followed
by transcript degradation, although the relative
timing of these events is unclear. After assembly
of the decapping machinery individual mRNPs
may aggregate into a P-body. mRNAs that are
stalled in translation initiation but fail to recruit
P-body components might accumulate in stress
granules after elongating ribosomes run off the
mRNA.

In this model, we suggest that mRNAs com-
plexed with the decapping machinery can be
degraded, aggregate into a P-body, or undergo
an mRNP rearrangement wherein the degrada-
tion machinery is exchanged for translation ini-
tiation factors. Such mRNAs could then go on
to initiate translation and enter polysomes.
When translation initiation is inhibited, how-
ever, these mRNPs could accumulate in the stress
granule state before eventually entering poly-
somes. Further, the state at which translation
initiation is limiting might define the composi-
tion of the stress granule and therefore stress
granule composition might vary in different or-
ganisms or in response to different stresses. One
anticipates that specific mRNAs may preferen-
tially accumulate in stress granules, P-bodies, or
polysomes depending on their relative rates of
transitions between these different biochemical
states.

WHY DO mRNPs AGGREGATE?

An unresolved issue is the significance of mRNP
aggregation into P-bodies and stress granules.
The presence of the mRNA decay machinery
and mRNA decay intermediates in P-bodies is
consistent with the possibility that mRNA
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degradation can occur in these structures
(Sheth and Parker 2003). This possibility is sup-
ported by the observation that P-bodies in-
crease in number and size when mRNA decay
is inhibited at the stage of decapping by deletion
of Dcp1 or after decapping by the deletion of
Xrn1 (Sheth and Parker 2003; Cougot et al.
2004). However, to date, aggregation of mRNPs
into microscopically visible P-bodies has been
shown not to be required for mRNA decapping
in yeast (Decker et al. 2007), for translation re-
pression during stress in both yeast and mam-
mals (Decker et al. 2007; Kwon et al. 2007;
Buchan et al. 2008; Ohn et al. 2008), or for

mRNA stability during stress, at least in yeast
(Buchan 2008). In addition, in metazoans, de-
pletion of microscopically visible P-bodies does
not seem to affect miRNA-mediated repression,
decay of messages containing ARE elements, or
decay of transcripts subject to NMD (Chu and
Rana 2006; Stoecklin et al. 2006; Eulalio et al.
2007b). In contrast, deletion of the Lsm4 car-
boxy-terminal domain, which promotes P-
body assembly (Decker et al. 2007; Mazzoni
et al. 2007; Reijns et al. 2008), can affect
mRNA degradation in at least some strains
and/or conditions (Reijns et al. 2008), which
suggests that aggregation of individual mRNPs
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into larger structures may have some role in
mRNA degradation. In addition, there is some
evidence that P-body aggregation may play a
role in the long-term survival of yeast cells dur-
ing stationary phase (Ramachandran et al.
2011). Moreover, because aggregation into
RNP granules is a conserved feature of eukary-
otic cells it is anticipated to have some role. One
possibility is that mRNP aggregation has conse-
quences for the control of translation and/or
degradation but these functions are either lim-
ited to a subset of mRNAs or conditions, or are
performed by granules below the detection lim-
it of the light microscope.

More generally, the formation of RNP gran-
ules such as stress granules and P-bodies is ex-
pected to have specific consequences both by
increasing the local concentration of factors
within granules, and by depleting them from
the bulk cytosol. For comparison, Cajal bodies
improve the assembly of spliceosomal small nu-
clear ribonucleoprotein particles (snRNPs) by
increasing the local concentrations of U4/U6
(Klingauf et al. 2006). By analogy, the concen-
tration of Dcp2 in P-bodies might facilitate its
interaction with mRNAs when Dcp2 is limiting,
or the concentration of translation initiation
factors in stress granules might drive the forma-
tion of productive translation complexes. In ad-
dition, an important role of RNP granules may
be to remove factors from the cytosol. For ex-
ample, formation of stress granules may seques-
ter RACK1 away from MAP kinases, thereby
limiting signal transduction and apoptosis (Ari-
moto et al. 2008). Moreover, the aggregation of
mRNPs into stress granules and P-bodies may
provide a buffering system for maintaining a
proper ratio of translation capacity to the pool
of mRNAs that are translating (discussed in
Coller and Parker 2004). An excessive amount
of mRNAs within the translating pool may com-
pete for limiting translation factors and thereby
prevent effective translation of many mRNAs.

CONCLUDING REMARKS

Although considerable advances have been
made in the understanding of the mechanisms
of mRNA decapping and the subcellular distri-

bution of different mRNPs, there are several
outstanding questions that need to be ad-
dressed. One key issue will be to understand
the molecular functions of decapping activators
and how they affect translation mechanisms as
well as the recruitment and stimulation of the
decapping enzyme. A second important chal-
lenge is to understand the significance of the
aggregation of mRNPs into P-bodies and stress
granules, which is likely to contribute to our
growing understanding of the importance of
sub-cellular organization. Finally, it will be crit-
ical to understand the mechanisms and rates of
the transitions of mRNPs between polysomes,
P-bodies, and stress granules. Here it will be
critical to understand the frequency and direc-
tionality of these exchanges, the molecular
mechanisms that move mRNAs from one state
to another, and how these states differ on indi-
vidual mRNAs, thereby impacting the control
of gene expression.
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