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The stress response in eukaryotic cells often inhibits translation initiation and leads to the formation of cyto-
plasmic RNA-protein complexes referred to as stress granules. Stress granules contain nontranslating
mRNAs, translation initiation components, and many additional proteins affecting mRNA function. Stress
granules have been proposed to affect mMRNA translation and stability and have been linked to apoptosis
and nuclear processes. Stress granules also interact with P-bodies, another cytoplasmic RNP granule con-
taining nontranslating mRNA, translation repressors, and some mRNA degradation machinery. Together,
stress granules and P-bodies reveal a dynamic cycle of distinct biochemical and compartmentalized mRNPs
in the cytosol, with implications for the control of mRNA function.

Introduction

A key aspect of the control of gene expression is the modulation
of cytoplasmic mRNA function. Cytoplasmic mRNAs are con-
trolled by the regulation of mRNA translation, stability, and
subcellular location, processes that are often interconnected.
For example, mRNAs are often localized prior to translation
(Martin and Ephrussi, 2009), translation initiation and mRNA
degradation are often inversely related (Coller and Parker, 2004),
and mRNA decay and translation repression mechanisms share
similar proteins (Holmes et al., 2004; Coller and Parker, 2005). In
eukaryotic cells, nontranslating mRNAs can accumulate in two
types of cytoplasmic mRNP granules: P-bodies, which generally
contain the mRNA decay machinery (reviewed in Anderson and
Kedersha, 2006; Parker and Sheth, 2007; Franks and Lykke-
Andersen, 2008), and stress granules, which contain many trans-
lation initiation components (see below).

The presence of stress granules and P-bodies reveals a
dynamic organization of cytoplasmic mRNPs. 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, respectively
(Figure 1) (Seydoux and Braun, 2006; Kiebler and Bassell,
2006). Herein, we review what is known about the assembly,
composition, and possible function of stress granules, and
how these roles might fit into the larger picture of cytoplasmic
mRNA metabolism.

What Are Stress Granules?

Stress granules are cytoplasmic mRNPs that form when transla-
tion initiation is impaired, either due to decreased translation
initiation rates during a stress response (Kedersha et al., 1999),
the addition of drugs blocking translation initiation (Dang et al.,
2006; Mazroui et al., 2006; Mokas et al., 2009), knockdown of
specific initiation factors (Mokas et al., 2009), or overexpression
of RNA-binding proteins that repress translation (Mazroui et al.,
2002; Gilks et al., 2004; Kedersha et al., 2005; Wilczynska
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et al., 2005; De Leeuw et al., 2007). Similarly, inducing ribo-
some-mRNA dissociation with puromycin stimulates stress
granule formation, whereas trapping mRNAs in polysomes with
drugs that block ribosome elongation inhibits stress granule
formation (Kedersha et al., 2000; Buchan et al., 2008). Interest-
ingly, not all initiation blocks induce stress granules. Most nota-
bly, knockdown of eukaryotic initiation factor 3 (elF3) subunits or
impairing 60S joining fail to induce stress granules (Ohn et al.,
2008; Mokas et al., 2009). This suggests that stress granule
formation occurs only when mRNAs are stalled within a defined
window of the translation initiation process, and/or that some
initiation factors function in stress granule assembly.

The formation of stress granules when translation initiation is
inhibited suggests that these granules contain mRNAs stalled
in the process of translation initiation, which is consistent with
their composition. Stress granules typically contain poly(A)*
mRNA, 40S ribosomal subunits, elF4E, elF4G, elF4A, elF4B,
poly(A)-binding protein (Pabp), elF3, and elF2 (Kedersha et al.,
1999; 2002; Kimball et al., 2003; Mazroui et al., 2006; Anderson
and Kedersha 2006), although the composition can vary. For
example, in Saccharomyces cerevisiae, heat shock-induced
stress granules contain elF3, whereas glucose deprivation-
induced stress granules do not (Grousl et al., 2009; Hoyle
et al., 2007; Buchan et al., 2008). Depending on experimental
conditions, stress granules can also harbor many other protein
components including RNA helicases, translation and stability
regulators, and factors involved in cell signaling (see Table S1
available online).

An unresolved issue is the nature of the mRNP complex within
stress granules. One possibility is that the mRNAs, translation
initiation factors, and 40S ribosomal subunits within stress gran-
ules are assembled into a 48S preinitiation complex. However,
many stress responses inhibit translation upstream of 48S
complex formation by impairing elF4E function or via phosphor-
ylation of elF2, which then limits the formation of a 43S complex
containing elF2, the initiator tRNA, elF3, and the 40S subunit


mailto:rrparker@email.arizona.edu

Molecular Cell

C.elegans
arrested
ovulation
oocyte foci

" C.elegans
blastomere
germ granules

Dcp2 Dcap2 (Dcp2) Dcap2 (Dcp2)
Depl Dcap1 (Dcp1)

Lsm1-7 CCF1 (Pop2)

Hedls

GW182 TIA-1 TIA-1
Cerd Pab1 Pab1
Pop2

Pan2

elF4E-T

Mex3A

Pat1

Edci-3

Figure 1. A Continuum of mRNP Granules
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Select examples of MRNP granules with compositional similarities to both stress granules and P-bodies: C. elegans blastomere germ granules (Gallo et al., 2008),
C. elegans-arrested ovulation oocyte foci (Jud et al., 2008), Drosophila neuronal transport granules (Barbee et al., 2006), dendritic P-body (Cougot et al., 2008).
Components observed solely in stress granules are highlighted in red, those solely in P-bodies in green, and those seen in both foci in yellow. Lists are not exhaus-
tive, and with specific experimental manipulation, some P-body/stress granule “distinct” components have been observed in both structures.

(Sonenberg and Hinnebusch, 2009). Thus, during most stress
responses, MRNAs would stall in translation as mRNPs lacking
the 48S complex, and since there is no current evidence for
a stress-induced block to 60S joining, any mRNAs with a 48S
subunit would be expected to join a 60S subunit and complete
translation initiation. Moreover, elF5 is absent from stress gran-
ules (Kedersha et al., 2002). Genetic and biochemical studies
have identified elF5 as a component of 48S complexes (Sonen-
berg and Hinnebusch, 2009), and elF5 is required for 48S
complex assembly, at least in yeast (Asano et al., 2000). Non-
phosphorylated elF2 may also be absent or limiting in stress
granules (Kedersha et al., 2002, 2005; Kimball et al., 2003).
Taken together, these observations argue that not all mRNAs
within stress granules are stalled in translation as a classical
48S complex and suggest three possibilities. First, mRNPs
within stress granules may form noncanonical “48S” initiation
complexes due to alternative assembly events in initiation
being kinetically favored when the “normal” initiation pathway
is inhibited. Second, it may be that mMRNAs and some translation
factors are concentrated in stress granules by distinct mecha-
nisms and not as preassembled “48S” complexes. Finally,
stress granules may contain a mix of mRNPs, some forming
canonical 48S complexes while others lack 40S association.

Interaction of Stress Granules with P-Bodies: Evidence
for an mRNA Cycle

Several observations demonstrate that stress granules interact
with P-bodies and are likely to exchange mRNPs between
them. First, mammalian P-bodies and stress granules transiently
dock with one another during arsenite treatment and can show
prolonged docking when tristetraprolin (TTP) is overexpressed
(Kedersha et al., 2005). Similarly, yeast stress granules often
initially form in conjunction with, and partially overlap, P-bodies

(Brengues and Parker, 2007; Hoyle et al., 2007; Buchan et al.,
2008; Grousl et al., 2009). Moreover, due to overexpression or
knockdowns of various P-body components, other P-body com-
ponents relocalize in stress granule-like foci, suggesting these
two different mMRNPs complexes can now coassociate (Wilczyn-
ska et al., 2005; Mollet et al., 2008). Additionally, P-bodies and
stress granules share many protein components and the same
mRNA species (Kedersha et al., 2005; Hoyle et al., 2007 and
Table S1).

The interaction of P-bodies and stress granules suggests
a cytoplasmic mRNP cycle wherein mRNAs exchange between
polysomes, P-bodies, and stress granules (Figure 2; Parker and
Sheth, 2007). Indeed, stress granules are dynamic, as fluores-
cent recovery after photobleaching (FRAP) experiments indicate
that the majority of protein and mRNA components examined
possess rapid recovery rates (Table S2). Because mRNAs within
P-bodies can return to translation (Brengues et al., 2005; Bhatta-
charyya et al., 2006), one would expect a priori that mRNPs
within P-bodies can exchange proteins to form mRNPs com-
petent for translation initiation. These might then accumulate in
stress granules, an idea supported by several observations.
First, during a glucose deprivation stress response in yeast cells,
P-bodies form first, followed by stress granule formation, which
initially colocalize with pre-existing P-bodies (Buchan et al.,
2008; Hoyle et al., 2007). Similarly, some but not all stress gran-
ules in mammalian cells have also been reported to form in asso-
ciation with P-bodies (Mollet et al., 2008), and P-bodies can be
induced prior to stress granules (Buchan et al., 2008), although
other reports suggest stress granules and P-bodies may form
with similar kinetics (Kedersha et al., 2005; Ohn et al., 2008).
Second, multiple proteins observed in P-bodies prior to stress
later accumulate in stress granules during stress, with the RNA
helicase and translational repressor Rck exhibiting a delayed
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Figure 2. Model Integrating Stress Granules, and P-Bodies, into an mRNP Cycle
A speculative model for mRNP transitions, particularly during stress. Dashed arrows indicate possible destination of exported nascent transcripts. Wavy purple
lines represent microtubules and their possible contribution of dynein/kinesin-mediated motorized transport to granule aggregation, and/or movement of mMRNPs

between different mMRNP states.

transition (Mollet et al., 2008; Buchan et al., 2008). No such reloc-
alization of stress granule factors to P-bodies has been observed
(Table S1). Finally, mutations decreasing P-body formation in
yeast also inhibit stress granule formation during glucose depri-
vation (but not heat shock), while mutations increasing P-bodies
correspondingly increase stress granules (Buchan et al., 2008;
Grousl et al., 2009). Moreover, blocking stress granule assembly
in yeast or mammalian cells does not affect P-body assembly
(Buchan et al., 2008; Ohn et al., 2008). Taken together, these
observations argue that mRNPs within P-bodies can be remod-
eled and then accumulate within a stress granule, which would
imply an important role of mRNP sorting within P-bodies to
determine whether an mRNA is stored, is degraded, or returns
to translation. A precedent for this type of sorting has been
described in yeast, as Upf1 targets both normal and nonsense-
mediated decay (NMD) target mRNAs to P-bodies, where Upf2
and Upf3 promote decay of NMD targets, while Upf1, dependent
upon its ATPase activity, aids recycling of normal mRNAs back
out of P-bodies (Sheth and Parker, 2006).

mRNA may also be targeted to stress granules directly from
polysomes (Figure 2). This is suggested by the observations
that stress granules can form spatially independent of P-bodies
(Kedersha et al., 2005; Mollet et al., 2008) and that knockdown of
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some mammalian proteins leads to decreases in P-bodies
without corresponding decreases in stress granules (Ohn et al.,
2008). One possibility is that the relative rates of exchange
of translation factors for P-body components versus the aggre-
gation of stalled translation initiation complexes determines
whether mRNAs accumulate in P-bodies or stress granules
when not translating.

Nascent mRNPs exported from the nucleus may also be
targeted directly to stress granules or P-bodies (Figure 2).
Many nuclear mRNP factors localize in stress granules and
P-bodies during stress, including factors involved in transcrip-
tion, 3’ end processing, splicing, and export (Table S1), which
might affect nuclear events. For example, relocalization of
mammalian hnRNP A1 to stress granules during stress (Guil
et al.,, 2006) may explain changes in alternative splicing (Van
der Houven van Oordt et al., 2000). Stress granules and P-bodies
could also modulate, or participate in mMRNP export remodeling,
given that the RNA helicases Dbp5 and DDX3, which are impli-
cated in this process (Lund and Guthrie, 2005; Yedavalli et al.,
2004), are known or likely stress granule and P-body components
(Beckham et al., 2008; Scarcelli et al., 2008; Lai et al., 2008).
Finally, impairing stress granule or P-body assembly can affect
movement of various stress granule or P-body factors to the
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nucleus (Eisinger-Mathason et al., 2008; Grousl et al., 2009).
These observations suggest a possible role for stress granules
and P-bodies in remodeling, storage, or decay of exported
mRNAs, and/or a coupling of cytoplasmic and nuclear gene
expression control mechanisms.

The interaction and likely exchange of mRNA between
P-bodies and stress granules suggests a continuum of mRNP
states between polysomes, P-bodies, and stress granules,
reflecting different protein compositions in the mRNP due to
remodeling events. Thus, the observed composition of each
granule, and the location of any given mRNA, will reflect the
rate-limiting steps in MRNP exchanges; for example, stalls at
different initiation steps may lead to mRNAs localizing in different
granules. Supporting the idea of an mRNP continuum, the
composition and morphology of stress granules and P-bodies,
in both yeast and mammals, varies under different stresses and
experimental conditions, with “hybrid” granules not uncommon
(Kedersha et al., 1999; Stoecklin et al., 2004; Serman et al., 2007;
Buchan et al., 2008; Grousl et al., 2009; Thomas et al., 2009).
Granule composition can also vary over time (Mollet et al.,
2008, Buchan et al., 2008; Kedersha et al., 2005) and can be
heterogeneous; i.e., certain proteins only show partial colocali-
zation with other stress granule/P-body marker proteins (Tour-
riere et al., 2003; Tsai et al., 2008). Finally, other related mRNP
foci such as germ granules or neuronal transport granules
often appear as compositional hybrids of stress granules and
P-bodies (Figure 1), possibly reflecting regulation of function at
an intermediate stage in the remodeling process.

Stress Granule Assembly
In addition to a pool of MRNAs stalled at a step in translation initi-
ation, stress granule assembly is affected by at least three other
factors. The first of these is protein modification, which also regu-
lates the interaction and function of many stress granule mRNP
components. For example, phosphorylation of elF2a underlies
the decrease in translation initiation required for stress granule
assembly in many stress responses (Wek et al., 2006), while phos-
phorylation of TTP, BRF1, and G3BP reduces their accumulation
in stress granules (Stoecklin et al., 2004; Schmidlin et al., 2004;
Gallouzi et al., 1998; Tourriere et al., 2001, 2003). Acetylation
also affects stress granules. HDAC6 deacetylase mutants are
impaired in stress granule formation, and although the target of
this activity is unclear, two feasible candidates include Hsp90
and microtubules (Kwon et al., 2007). Stress granules contain
ubiquitin-modified proteins (Kwon et al., 2007), and mutations in
HDACS6’s ubiquitin-binding domain and knockdowns of several
factors implicated in ubiquitin metabolism affect stress granule
formation (Ohn et al., 2008). Modification of proteins with O-Gic-
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
components (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 etal., 2006; Chumaet al., 2006).
Posttranslational modification of mMRNP components is an
ideal mechanism to modulate mRNA function during a stress,

where rapid and reversible protein modifications allow adapta-
tion to stress without new protein synthesis. Elucidating the
key physiological targets of various modifications, and the
mechanisms underlying their effects, will therefore be an impor-
tant future goal.

A second aspect of stress granule assembly is protein-protein
interaction domains present on numerous RNA-binding proteins.
For example, the G3BP protein has a dimerization domain that
contributes to stress granule formation during arsenite stress
(Tourriére et al., 2003). Moreover, several proteins involved in
RNA metabolism contain QN-rich prion-like domains, and the
ability of those domains to self-aggregate can promote stress
granule assembly. For example, the RNA-binding proteins
TIA-1 and TIA-R, and their orthologs, are found in stress granules
and contain a conserved QN-rich domain. Moreover, TIA-1 lack-
ing its QN-rich domain cannot support stress granule formation,
though fusion of the yeast SUP35 prion domain in its place
recovers TIA-1 stress granule assembly function (Gilks et al.,
2004). Conversely, overexpression of TIA-1’s QN-rich domain
inhibits normal stress granule assembly by generating constitu-
tive microaggregates that sequester endogenous TIA proteins
(Kedersha et al., 1999, 2000; Gilks et al., 2004). The role of
QN-rich domains in organizing mRNA metabolism may be quite
broad, since QN-rich domains also aid P-body assembly and
almost half of the 107 QN-rich domain-containing proteins in
yeast function in RNA-related processes such as transport,
translation, or degradation (Decker et al., 2007; Reijns et al.,
2008). Additionally, stress granule assembly is modulated by
heat shock proteins, which disassemble prion aggregates (Rikh-
vanov et al.,, 2007) and inhibit stress granule formation when
overexpressed (Gilks et al., 2004; Mazroui et al., 2007). Since
aggregation of QN-rich prion domains is reversed by specific
heat shock protein function (Rikhvanov et al., 2007), stress
granule assembly may be promoted during stress due to accu-
mulation of unfolded proteins, which may titrate heat shock
proteins, thus driving the equilibrium of QN-rich domains toward
an aggregated state.

The microtubule network is the third contributor to stress
granule assembly. Microtubule-depolymerizing drugs such as
nocodazole inhibit stress granule formation, although smaller
stress granules generally still form (lvanov et al., 2003; Kwon
et al., 2007; Kolobova et al., 2009; Fujimura et al., 2009; Loschi
et al., 2009). Dynein and Kinesin motor proteins are also
observed in stress granules, and knockdown experiments have
suggested roles in stimulating assembly and disassembly of
large stress granules, respectively (Loschi et al., 2009). Dynein
inhibition or knockdown also increases protease sensitivity of
TIA-1 aggregates, providing additional evidence for a role in
stress granule formation (Kwon et al., 2007; Tsai et al., 2009).
Once assembled, stress granules do not require microtubules
for their persistence (Fujimura et al., 2009). Interestingly, mobile
P-bodies associate with microtubules, and their movement is
dependent on intact microtubules (Aizer et al., 2008). However,
disruption of microtubules increases P-body formation in yeast
and mammals (Aizer et al., 2008; Sweet et al., 2007), which
argues that microtubules serve different roles in the formation
of stress granules and P-bodies. Curiously, P-bodies appear
unaffected by dynein knockdown under nonstress conditions,
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but stress-induced increases are attenuated, suggesting dif-
ferent assembly mechanisms operate under different cellular
conditions (Loschi et al., 2009).

The exact role of microtubules in stress granule assembly
remains unclear. Since stress granules are relatively nonmobile
compared to P-bodies (Kedersha et al., 2005), the assembly
defects caused by microtubule disruption may partially reflect
impaired mRNP transport in and out of stress granules. One
possible model is that when mRNAs exit polysomes, they can
assemble directly into P-bodies, which are often associated
with microtubules, and then movement of MRNPs from P-bodies
to stress granules occurs in conjunction with microtubules.
Another possible model is that microtubules provide a surface
to concentrate both the translationally inactive mRNPs and
translation initiation factors that then facilitate stress granule
formation. In this light, it is striking that elF3 is required for stress
granule formation in mammals (Ohn et al., 2008), contains
a microtubule-binding protein (Hasek et al., 2000), and colocal-
izes and coimmunoprecipitates (colPs) with microtubule pro-
teins (Hasek et al., 2000; Kwon et al., 2007). This suggests
a possible model whereby microtubules may play an important
role in forming stress granules by independently concentrating
untranslating mRNAs (either within or outside of P-bodies), and
translation initiation factors. Such a role might then promote
translation initiation during stress (see below).

Several observations suggest that stress granule assembly is
variable and dynamic and depends on the types of mRNPs
present within the granule, whose components likely interact
in multiple and stress-specific manners. First, stress granule
formation can be driven by overexpression of multiple factors
and conversely impaired by depletion of many factors (Ohn
et al., 2008; Table S1). Additionally, most factors localize very
transiently in stress granules (Table S2), arguing against a rigid
structural compartment. Moreover, stress granule shape and
size varies significantly over time, and lacks any obvious struc-
tural organization as assessed by electron microscopy (Gilks
etal., 2004). Finally, assembly factors important under one stress
condition are frequently unimportant during other stresses. For
example, TIA-1 and its yeast homolog Pub1 facilitate stress
granule assembly in response to arsenite and glucose depriva-
tion, respectively (Gilks et al., 2004; Buchan et al., 2008), but
not in response to other stresses such as heat shock (Lopez
de Silanes et al., 2005; Grousl et al., 2009). Therefore, the nature
of the stress, which shapes the nontranslating mRNP pool, likely
defines the assembly rules for stress granules.

Disassembly of Stress Granules

During recovery from stress, stress granules disassemble in
amanner that roughly correlates with the recovery of bulk protein
synthesis (Mazroui et al., 2007), as well as translation of individual
mRNAs (Lian and Gallouzi, 2009; Tsai et al., 2008), although
complete disassembly of stress granules may not be required
for translational recovery (Loschi et al., 2009). In principle, stress
granules could be disassembled by dissociation of the interac-
tions creating the larger aggregate, by degrading the stress
granule mRNA pool in situ or after transfer to a P-body, or by
removal of MRNAs from stress granules by entry into polysomes.
Interestingly, the rate of stress granule disassembly is increased
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by treatment with emetine or cycloheximide (Kedersha et al.,
2000; Mazroui et al., 2002; Mollet et al., 2008), which suggests
that even during recovery from stress some mRNAs are still
entering stress granules and there is a dynamic exchange
between translating and stress granule pools of mMRNAs.

A few RNA-binding proteins promote stress granule disas-
sembly. Staufen is a stress granule/neuronal granule/germ
granule component (Table S1) whose knockdown facilitates
stress granule formation (Thomas et al., 2009), while moderate
overexpression of Staufen inhibits stress granule formation.
Staufen appears to stabilize mRNA-polysome association
(Thomas et al., 2009), though whether it prevents entry into
stress granules or facilitates exit into polysomes is unclear. In
another example, phosphorylation of Grb7 by focal adhesion
kinase (FAK) during stress recovery is necessary to weaken
interactions with other stress granule components such as
HuR and TIA-1, as well as binding to specific mMRNAs (Tsai
et al., 2008). The inability to phosphorylate Grb7 during stress
recovery impairs stress granule disassembly, suggesting main-
tenance of these interactions may underlie this disassembly
defect (Tsai et al., 2008).

Assembly and disassembly of stress granules may also be
influenced by complex autoregulatory loops of the key factors.
For example, despite TIA-R being a recognized translational
repressor (Gueydan et al., 1999; Mazan-Mamczarz et al.,
2006), both its overexpression and its knockdown increase
stress granule formation (Gilks et al., 2004; De Leeuw et al.,
2007). Such positive and negative assembly roles for TIA-R
could be determined by cellular conditions, by its overall con-
centration, or be a consequence of altered regulation of other
stress granule assembly factors, such as TIA-1, whose transla-
tion is repressed by TIA-R (Pullmann et al., 2007). In contrast,
the RNA-binding protein HuR, which also accumulates in stress
granules, enhances TIA-1 expression (Pullmann et al., 2007).
Given these types of regulatory circuits, care must be taken in
interpreting mutant phenotypes without a clear understanding
of the underlying mechanism.

Stress Granule Function
Stress granules have been hypothesized to function in repres-
sion, given that numerous stress granule components are trans-
lational repressors and their formation correlates with decreased
global translation (Anderson and Kedersha, 2009). However,
formation of stress granules is clearly not required for global
translation repression (Kwon et al., 2007; Buchan et al., 2008;
Ohn et al., 2008; Mokas et al., 2009; Fujimura et al., 2009; Loschi
et al., 2009). Some specific MRNAs are inefficiently repressed
when RNA-binding proteins that contribute to stress granule
formation are altered (Moeller et al., 2004; Kedersha et al.,
2000; Gilks et al., 2004; Tsai et al., 2008; Mazroui et al., 2007),
but these effects may simply reflect loss of a specific mRNP
regulatory component rather than failure to assemble a granule
per se. Thus, at the current time, the available evidence suggests
that the majority of the translation status of an mRNA is deter-
mined by its specific mMRNP, not by its aggregation into stress
granules.

Stress granules have also been proposed to function to stabi-
lize mRNAs. During a wide variety of stress responses, mRNA
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deadenylation, which is a prerequisite for most mRNA degrada-
tion, is broadly inhibited (Laroia et al., 1999; Hilgers et al., 2006;
Gowrishankar et al., 2006). However, at least in yeast, mutations
that prevent stress granule formation do not affect the stabiliza-
tion of mMRNAs during stress (Buchan et al., 2008). Moreover,
deadenylation is inhibited during stress even when the mRNA
is trapped in polysomes (Hilgers et al., 2006). These results
suggest that stress granules are not required for the global stabi-
lization of MRNAs that occur during stress.

Why then do mRNPs aggregate into stress granules? A key
point is that the formation of stress granules will lead to a higher
local concentration of their components in stress granules and
a corresponding lower concentration in the remainder of the
cytosol, which has two general effects. First, the concentration
of mRNAs and associated proteins into stress granules will
reduce the concentration of those molecules in the cytosol,
thereby altering the interactions and rates of biochemical reac-
tions. For example, as discussed below, the sequestration of
the RACK protein into stress granules alters the activation of
the MTK1 kinase during stress and thereby affects whether cells
enter apoptosis. Similarly, although global control of transla-
tional repression or mRNA stability does not depend upon stress
granule assembly (see earlier), aggregation of a subset of
mRNAs, or mRNP components within stress granules, might in
principle limit the interaction of some mRNAs with degradation
enzymes or polysomes.

A second consequence of stress granule formation is that the
higher local concentration of components in a stress granule is
likely to increase the rates of mMRNP assembly or remodeling
driven by these factors. A precedent for this possibility comes
from the study of Cajal bodies, which are nuclear structures
involved in the assembly and biogenesis of small nuclear ribo-
nucleoproteins (snRNPs) and whose presence is suggested
to increase the rate of snRNP assembly by 10-fold (Klingauf
et al., 2006). This raises the possibility that stress granules
form to promote assembly of translation initiation complexes
by increasing the local concentration of mMRNAs and translation
factors, though translation itself is unlikely to occur in stress
granules, given the absence of 60S subunits, and mMRNA species
which are translated during stress (Kedersha and Anderson,
2002). Assembly of initiation complexes may be especially
important during stress when certain translational resources
are limiting. Additionally, concentration of various mRNP regu-
lators may also be important in promoting the translation of
specific mMRNAs that are preferentially translated during stress.
Consistent with that model, stress granules contain several
factors that often promote translation in a stress-specific manner
(e.g., HuR, Lin28, DDX3/Ded1, Pbp1, Table S1). In a larger
sense, the dynamic concentration of molecules to enhance reac-
tion rates may be a more general property of cells, as many
metabolic enzymes form complexes under nutrient starvation
that may affect the rates of biochemical reactions within the
cell (Narayanaswamy et al., 2009).

mRNAs that are preferentially translated during stress tend to
initiate translation by noncanonical mechanisms. For example,
mRNAs that contain internal ribosome entry sites (IRESs), which
recruit translation factors and the ribosome in a cap-indepen-
dent manner, are often preferentially translated during stress

(Spriggs et al., 2008). Recent estimates suggest that 10%-
15% of cellular transcripts in cell lines possess IRES activity,
whose translation may vary depending on the stress condition
(Spriggs et al., 2008). IRESs rely on various trans-acting factors
for ribosomal recruitment, such as stress granule components
hnRNP A1 (Guil et al., 2006) and PCBP2 (Fujimura et al., 2008),
which bind to IRESs and promote translation (Bonnal et al.,
2005; Bedard et al., 2004). Thus, an interesting possibility is
that formation of stress granules is required to allow optimal
translation of stress-responsive mRNAs.

Stress Granules and Apoptosis

Stress granule formation appears to play a role during stress
responses in the decision of whether to enter apoptosis, which
occurs when a stress is too extreme and the cell is unable to
recover. Stress granules, which harbor several apoptosis regula-
tory factors (Table S1), seem to provide a protective role during
stress, since impairing stress granule assembly often leads to
poorer cell survival rates following stress exposure (Baguet
et al., 2007; Kwon et al., 2007; Eisinger-Mathason et al., 2008).

Sequestration of apoptotic regulatory proteins in stress gran-
ules can prevent interactions with other factors that would other-
wise promote apoptosis in response to a given stress. For
example, severe apoptosis-inducing stress strongly activates
MTK1 kinase. This activation process is facilitated by interaction
with RACK1. However, during modest stress, from which cells
can recover, RACK1 is sequestered in stress granules, depen-
dent on its ability to bind 40S subunits. This limits MTK1 activa-
tion, and apoptosis is avoided (Arimoto et al., 2008). Driving
stress granule assembly by G3BP overexpression also inhibits
MTK1 activation and increases apoptotic resistance (Arimoto
et al., 2008). Similarly, sequestration of TNF-a receptor associ-
ated factor 2 (TRAF2) in heat shock-induced stress granules,
via elF4Gl interaction, impairs TNF-a-mediated activation of
NF-kB, a key transcriptional regulator of inflammatory responses
and apoptosis (Kim et al., 2005).

Apoptosis regulation involving stress granule assembly may
also link and directly impact upon mRNP regulation. For
example, ribosomal S6 kinase 2 (RSK2) and FAST kinase are
both antiapoptotic factors that localize in stress granules and
that directly bind the QN-rich domain of TIA-1. RSK2 additionally
regulates the localization and concentration of both TIA-1 and
Pabp in stress granules (Eisinger-Mathason et al., 2008). Inter-
estingly, a domain present in FAST that inhibits caspase-3 acti-
vation is nullified upon TIA-1 binding, which may partly underlie
the proapoptotic nature of TIA-1 (Li et al., 2004). Conversely,
overexpression or increased release of FAST from the mitochon-
drial membrane promotes expression of TIA-1-repressed mRNA
reporters and stimulates expression of antiapoptotic factors.
This, too, depends on the ability to bind TIA-1, suggesting these
two proteins are apoptosis antagonists (Li et al., 2004). Binding
by FAST could antagonize TIA-1-promoted apoptosis via phos-
phorylation (Tian et al., 1995), or it could impair mRNA binding
(Yu et al., 2007), alter mRNP composition, or negate TIA-1
QN-rich domain activity, thus affecting stress granule localiza-
tion or assembly. Interestingly, RSK2 and FAST are two rare
examples of near-static stress granule components (Table S2),
which, combined with interactions with other stress granule
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factors, suggests a possible scaffolding role in stress granule
assembly (Eisinger-Mathason et al., 2008; Kedersha et al., 2005).

In summary, the role of stress granules in controlling apoptosis
could be to sequester and nullify apoptosis-promoting factors
and simultaneously link appropriate mRNP regulation to this
decision process.

Concluding Remarks: A Working Model for Stress
Granule Function

Taken together, the above observations suggest a working
model for stress granule formation, function, and disassembly
with the following key points. First, when steps in translation
initiation are compromised, the resulting mMRNPs that form can
aggregate into stress granules. The mRNAs that contribute to
stress granule formation can be mRNAs re-entering translation
from P-bodies and may also be nascent transcripts or those
directly exiting polysomes. Second, the assembly and disas-
sembly of stress granules are partially reliant on microtubules
and are mediated by protein-protein interactions on RNA-
binding proteins, many of which are modulated by stress-
induced modifications. Third, the formation of stress granules
both creates a high local concentration of factors and depletes
them from the cytosol, which may preferentially increase, or
decrease, the rates of specific reactions, mRNP associated or
otherwise. A key implication of this type of model is that
changes in an mRNP that affect its accumulation within stress
granules, or even P-bodies, have the potential to alter the trans-
lation and/or degradation of the mRNA. However, the ability to
form aggregated stress granules per se, despite harboring
a diverse array of mRNP regulators, does not play a global
role in causing translational repression or mRNA stabilization.
Possible roles in controlling the translation and degradation of
specific mMRNAs, as well as possibly enhancing the assembly
of translation initiation complexes, remain possible functions
for stress granule formation, which are yet to be carefully
addressed.

There are many other unresolved and interesting issues with
regards to stress granules. For example, stress granules and
their components have been implicated in viral infection (Beck-
ham and Parker, 2008), inflammatory disease (Anderson, 2008),
cancer (Arimoto et al., 2008; Moeller et al., 2004), and multiple
neurological diseases including fragile X syndrome (Vanderklish
and Edleman, 2005), spinal muscular atrophy (McWhorter et al.,
2003), spinocerebellar ataxia 2 (Nonhoff et al., 2007), and
myotonic dystrophy (Ranum and Cooper 2006). Determining
any role of stress granules in these pathologies will be important.
It will also be important, perhaps by following single mMRNA mole-
cules, to determine the pathways that mRNAs follow between
these different subcellular compartments and how those transi-
tions are modulated in an mMRNA-specific manner to affect either
translation or degradation of the mRNA. Finally, understanding
the nature of the mRNP complexes that form within stress gran-
ules is likely to provide insight into their function.
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