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Abstract

The control of translation and mRNA degradation plays a key role in the regulation of eukaryotic
gene expression. In the cytosol, mMRNAs engaged in translation are distributed throughout the cytosol,
while translationally inactive mRNAs can accumulate in P bodies, in complex with mRNA
degradation and translation repression machinery, or in stress granules, which appear to be mRNAs
stalled in translation initiation. Here we discuss how these different granules suggest a dynamic model
for the metabolism of cytoplasmic mMRNAs wherein they cycle between different mRNP states with
different functional properties and subcellular locations.
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Introduction

The translation and decay of mMRNASs play key roles in the control of eukaryotic gene
expression. In eukaryotes, degradation of mMRNAs is usually initiated by shortening of the 3’
poly A tail (deadenylation), which generally, at least in yeast, leads to the removal of 5’ cap
structure by a Dcpl/Dep2 decapping enzyme followed by 5'- 3’ exonucleolytic digestion by
Xrnl (Reviewed in[1-3]). Alternately, deadenylated mRNA can also be degraded from 3' to
5’ by the exosome. Eukaryotic cells contain multiple mRNA deadenylases with the major one
being the Ccr4/Pop2/Not complex.

The processes of translation and mMRNA degradation are often in competition. This was first
suggested by the observation that removal of the cap structure, which stimulates translation
initiation, was a key step in mRNA decapping [4]. In addition, at least in yeast, inhibition of
translation initiation by strong secondary structures in the 5’UTR, a poor AUG context or
mutations in initiation factors increases the rates of deadenylation and decapping[5]. Moreover,
the cap binding protein elF4E, known to stimulate translation initiation, inhibits the decapping
enzyme, Dcpl/Dcep2, both in vivo and in vitro [6,7]. Finally, many mRNA specific regulatory
factors, (e.g. miRNAs or PUF proteins), both repress translation and accelerate deadenylation
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and decapping [3,8-10].These results suggest that prior to decapping translation initiation
factors are exchanged for decapping factors, thereby assembling a distinct “decapping” mRNP
no longer capable of translation initiation [11].This is also supported by the observation that
some decapping activators also function as translational repressors[12,13]. Thus, mMRNA
decapping appears to occur in two steps, first inhibition of translation initiation and exchange
of translation factors for the general repression/degradation machinery, and a second step
whereby the mRNA is actually degraded.

The rate of decapping is enhanced by decapping activators including Dhhl, Patl, the Lsm1-7
complex, and the Edc1-3 proteins, some of which can either repress translation initiation and/
or directly enhance the rate of catalysis by Dcpl/Dcp2 [12-15]. Furthermore, the rate of
decapping of specific mMRNAs can be stimulated by mRNA specific binding proteins or
miRNAs, that then recruit components of the general MRNA decapping/translation repression
machinery (reviewed in [3,16]).

Non-translating mRNAs can assemble into P bodies

The competition between mRNPs engaged in translation and those assembled with the
decapping machinery correlates with the location of the mRNPs. Specifically, while translating
mRNAs are distributed throughout the cytosol, mMRNAs complexed with the decapping
machinery can concentrate in RNA-protein granules referred to as P bodies (reviewed in [3,
16,17]). P bodies are dynamic complexes whose assembly is dependent on, and proportional
to, the pool of untranslating mRNA [18-20]. However, not every translationally inactive
MRNA accumulates in P bodies. For example, mMRNASs whose translation is inhibited by a 5’
stem-loop, which blocks ribosome loading, or by puromycin, which triggers release of
elongating ribosomes, do not accumulate in P bodies, unless they contain elements that recruit
P body components[21*,22*]. Although their complete composition is not yet known, P bodies
include the decapping enzymes Dcpl/Dcp2, the activators of decapping Dhh1/RCK/p54, Patl,
Scd6/RAP55, Edc3, the Lsm1-7 complex, and the exonuclease, Xrnl (reviewed in [16,17,
23]). In addition, P bodies can also contain mMRNASs and proteins involved in Nonsense
Mediated Decay, as well as components of the miRNA repression machinery [3,9].

Studies in yeast suggest that P bodies assemble by formation of a translationally repressed
mRNP, with some hierarchal interactions, which are then aggregated into larger structures by
specific protein-protein interaction domains. For example, accumulation of Lsm1-7 or Dcpl
in yeast P bodies is dependent on the presence of Patl or Dcp2, respectively [24]. In yeast,
aggregation of mMRNPs into P bodies has been shown to be primarily dependent on a self-
interaction domain (Yjef-N) in the Edc3 protein and glutamine/asparagine (Q/N) rich prion-
like domain in the Lsm4 C-terminus [25**-27*]. Because the YjeF domain of Edc3 is
conserved, it is likely that Edc3 will contribute to assembly of metazoan P-bodies. However,
since depletion of Edc3 does not block P body assembly in S2 cells [21*], one anticipates that
Q/N domains, and possibly other mechanisms, will also play a role in metazoan P body
assembly. 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 [25**]. Moreover, depletion of either of these
proteins lead to decreased P bodies in Human and Drosophila cells [21*,28-30].

What are Stress Granules?

Non-translating mRNAs can also form a second cytoplasmic RNP granule referred to as stress
granules. Stress granules are dynamic and appear to be composed of mMRNAs that are stalled
in the process of translation initiation. Stress granules contain non-translating mRNASs
complexed with a subset of translation initiation factors (elFAE, elF4G, elF4A, elF3, and elF2),
the 40S ribosomal subunit and the poly (A) binding protein (Pabl) [31].These have been
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primarily studied in mammalian cells and are usually seen under stress where translation
initiation is inhibited. An unresolved issue is whether the mRNAS in stress granules are
primarily exiting translation, entering translation, or both. The complete composition of stress
granules is unknown but they include RNA binding proteins such as TIA-R, TIA-1 and G3BP.
TIA-1 and G3BP are known to contain self aggregation domains, which appear to play an
important role in the aggregation of stress granules [32,33].

A cytoplasmic granule of similar composition and assembly mechanism has been reported in
yeast cells under glucose deprivation conditions and is referred to as either EGP bodies or yeast
stress granules [34-37]. The composition of yeast stress granules include the orthologues of
the mammalian stress granule components TIA-R, TIA-1 and Ataxin-2 (yeast proteins Pub1l,
Ngrl and Pbp1 respectively.) They also contain Pabl and translation initiation factors such as
elF4E and elF4G. Similar to mammalian stress granules, their assembly is blocked by
cycloheximide and promoted by elF2a phosphorylation. Publ and Pbpl, whose mammalian
orthologues affect stress granule assembly, are key in the assembly of these granules as well.
Unlike the mammalian stress granules, these yeast granules do not contain Prtl (an elF3
subunit) or elF2, and are not as readily induced by a variety of stresses [35**], which might
be a consequence of what step in translation initiation is limiting under certain conditions (see
below).

of mMRNPs in the cytoplasm

Several observations argue that cytoplasmic mMRNAs cycle between polysomes, P bodies and
stress granules. First, inhibition of translation initiation by drugs, stresses, or mutations leads
to loss of MRNAs from polysomes and a corresponding increase of mMRNAs in P bodies and
stress granules [18,23,38]. Second, trapping mRNAs in polysome by blocking translation
elongation decreases P bodies and stress granules even during continued stress in mammalian
cells, which suggests that mMRNAs in these compartments are in dynamic equilibrium with
polysomes [18,39-41]. This is consistent with the dynamic nature of P bodies and stress
granules based on fluorescence recovery after photobleaching (FRAP) studies [38,42]. Third,
P bodies and stress granules physically interact; often docking together in mammalian cells
during stress [38,43,44] or partially overlapping in yeast [34-36*]. Fourth, mRNAs within P
bodies in both yeast and mammalian cells can be shown to return to translation [45,46].

An unresolved issue is the mechanisms and directionality of mMRNA movement between P-
bodies and stress granules. In mammalian cells, stress granules can assemble in a manner
spatially distinct from P-bodies, and during heat shock, stress granules form prior to P-bodies
[38]. These observations suggest that mRNAs exiting translation may first accumulate in stress
granules and then later be transferred to P-bodies [31,38]. In contrast, during glucose
deprivation in yeast, stress granules form after P-bodies, primarily assemble on pre-exisitng
P-bodies, and are dependent on existing P-bodies for their efficient assembly [35**]. This
suggests that yeast MRNAS exiting translation first form a P body mRNP, and then mRNAs
which are targeted for re-entry into translation, remodel their mRNP to load translation
initiation factors, thereby forming the type of mMRNP seen to accumulate in stress granules.
One realistic possibility is that mMRNAs may exchange in a bidirectional manner between stress
granules and P-bodies and the specific MRNA, cell type, or condition, may affect the
predominant flow of bulk mRNA.

The movement of MRNAS between polysomes, stress granules and P bodies implies transitions
between different mRNP states through specific re-arrangements and exchanges of proteins
on individual mRNAs. This may be facilitated by RNA helicases as well as being influenced
by post-translational modifications of the key RNA binding proteins (reviewed in [47]).
Although, P bodies and stress granules represent microscopically visible aggregates of different
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mRNPs, the simplest model is that these transitions can occur independent of the larger
aggregates too. An important area of future work will be to determine how mRNPs in either
stress granules or P-bodies are remodeled to affect their fate and how that impinges on the
control of gene expression.

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 (Figure 1). In this model, mMRNAs present in
polysomes undergo repeated rounds of translation initiation, elongation and termination to
produce polypeptides. In response to defects in translation initiation and/or termination, or
through specific recruitment, mMRNAs found in polysomes interact with proteins that repress
translation initiation such as Dhh1/Rck and Patl. At this stage, we envision a kinetic
competition between run-off of the elongating ribosomes, recruitment of the remainder of the
decapping machinery (including the decapping enzyme), decapping followed by transcript
degradation, and aggregation of an individual mRNP into a P body.

The balance between these different rates may be influenced by elongating ribosomes, based
on three observations suggesting that loss of elongating ribosomes from the mRNA enhances,
but is not required for decapping. First, when elongating ribosomes are trapped on the mMRNA
by cycloheximide, decapping is slowed down significantly, but can still occur [48,49]. Second,
the rate of decapping in some cases is proportional to the length of the coding region, which
might be explained by the continued presence of elongating ribosomes inhibiting decapping
[50]. One possibility is that the decapping enzyme can associate with mRNAS once components
of the decapping machinery have interacted with the transcript, but that the rate of decapping
enzyme delivery is enhanced if the translationally repressed mRNA enters a P body, where
local concentrations of the decapping enzyme is high. This possibility is suggested by the
observation that Dcp2 addition to decapping mRNPs is a late step that occurs after Dhhl and
Patl interaction with the mRNA [12,24]. Further support comes from the fact that Dcp2 is
much less dynamic in P bodies than other factors, suggesting it might exchange from one
MRNA to another within these structures [51*].

mRNAs complexed with the decapping machinery can be degraded, aggregate into a P body,
or undergo an mRNP rearrangement wherein the degradation machinery is exchanged for
translation initiation factors. Such mRNAs could then go on to initiate translation and enter
polysomes. However, if steps in initiation are limiting, these mMRNPs could accumulate in a
stress granule state before eventually entering polysomes. Further, the state at which translation
initiation is limiting might define the composition of the stress granule and therefore the
composition of the stress granule might vary in different organisms or in response to different
stresses. One anticipates that specific mMRNAs may preferentially accumulate in stress granules,
P bodies, or polysomes depending on their relative rates of transitions between these different
biochemical states.

Does the Aggregation of mRNPs into Granules have a Function?

An unresolved issue for both stress granules and P bodies is why the individual mRNPs
aggregate into larger structures. To date, aggregation of mMRNPs into P bodies has been shown
to not be required for mMRNA decapping in yeast [25**], translation repression during stress in
both yeast and mammals [25,35,52,53**], and mRNA stability during stress, at least in yeast
[35*]. In addition, in metazoans, depletion of microscopically visible P bodies do not seem to
affect mMiRNA mediated repression, decay of messages containing ARE elements, or decay of
transcripts subject to NMD [21*,54,55]. However, since aggregation into RNP granules is a
conserved feature of eukaryotic cells it is anticipated to have some role. One possibility is that
granules do have functional consequences for the control of translation and/or degradation but

Curr Opin Cell Biol. Author manuscript; available in PMC 2009 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Balagopal and Parker

Page 5

these functions are either limited to a subset of mMRNAs or are carried out by granules below
the detection limit of the light microscope.

More generally, the formation of RNP granules such as stress granules and P bodies are
expected 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 nuclear ribonucleoprotein particles (ShnRNPs) by
increasing the local concentrations of U4/U6 [56]. By analogy, the concentration 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 formation of
productive translation complexes. In addition, an important role of granules may be to remove
factors from the cytosol. For example, a recent study argues that formation of stress granules
sequester RACK1 away from MAP kinases, thereby limiting signal transduction and apoptosis
[57**]. 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 [5]). An excessive amount of mMRNAs within the translating
pool may compete for limiting translation factors and thereby prevent effective translation of
many mRNAs.

Future Directions

Although considerable advances have been made in the understanding of the mechanisms of
mRNA decapping and the subcellular distribution of different mMRNPs, there are several
outstanding questions that need to be addressed. 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 question
will be to understand the significance of the aggregation of mMRNPs into P bodies and stress
granules, which is likely to contribute to our growing understanding of the importance of
subcellular organization. Finally, it will be critical to understand the mechanisms and rates of
the transitions of mMRNPs between polysomes, P bodies, and stress granules. Here it will be
critical to understand the frequency of these exchanges, the molecular mechanisms that move
mRNAs from one state to another, and how they differ on individual mRNAs, thereby
impacting the control of gene expression.
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Figure 1. The mRNA cycle

MRNA can exist in at least 3 states in the cytoplasm- Polysomes, P bodies and Stress granules.
Recruitment of translational repressors such as Dhhl and Pat1 facilitate the movement of
mMRNA into a non-translating state. Kinetic competition ensues between ribosome run-off,
recruitment of decapping machinery, decapping followed by transcript degradation and
aggregation into a P body. mRNAs complexed with the decapping machinery can be degraded,
aggregate into a P body, or enter back into translation. Limiting conditions of translation
initiation may be overcome by aggregation into Stress granules where local concentration of
translation apparatus is high.
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