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Abstract

Whereas P-bodies are intimately linked to the cytoplasmic RNA decay machinery, stress granules
harbor stalled translation initiation complexes that accumulate upon stress-induced translation
arrest. In this Chapter, we reflect on the relationship between P-bodies and stress granules. In
mammalian cells, the two structures can be clearly distinguished from each other using specific
protein or RNA markers, but they also share many proteins and mRNAs. While the formation of
P-bodies and stress granules is coordinately triggered by stress, their assembly appears to be
regulated independently by different pathways. Under certain types of stress, P-bodies frequently
dock with stress granules, and overexpressing certain proteins that localize to both structures can
cause P-body/stress granule fusion. Currently available data suggest that these self-assembling
compartments are controlled by flux of mMRNAs within the cytoplasm, and that their assembly
mirrors the translation and degradation rates of their component mRNAs.

12.1 Stress Granules Assemble When Translation Initiation Is Stalled

While P-bodies (PBs) assemble around the key enzymes of cytoplasmic RNA degradation,
stress granules (SGs) assemble around essential components of the translation machinery.
Heat shock or heat stress granules, characterized as reversible aggregates of
ribonucleoprotein complexes containing untranslated mRNA, were initially described in
1989 in tomato cell cultures (Nover et al. 1989). In the late 1990s, reversible aggregates of
MRNPs were “re-discovered” in mammalian cells (Kedersha et al. 1999) and dubbed
mammalian stress granules to acknowledge the presumed connection to the plant studies.
Ironically, it was recently reported that the original tomato heat stress granules do not
contain mMRNA after all (Weber et al. 2008) although plants can also assemble both SGs and
PBs. Thus, in hindsight, the first descriptions of “modern” SGs are relatively recent
(Kedersha et al. 1999, 2000, 2002).
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Mammalian SGs were originally defined as large cytoplasmic mRNA aggregates that
become microscopically visible when global protein synthesis is inhibited in response to
different types of stress. The original definition was updated upon discovering that SGs are
aggregates of stalled or abortive preinitiation complexes and associated RNA-binding
proteins (RNA-BPs). Heat shock, oxidative stress, viral infection, UV irradiation, or energy
depletion all cause polysomes to disassemble, owing to the inhibition of translation initiation
while elongation and termination rates remain normal (Fig. 12.1a, b). Blocked initiation is
most commonly driven by the phosphorylation of the translation initiation factor elF2, a
trimeric GTP-binding protein that delivers initiator tRNA;Met to the small 40S ribosomal
subunit (Holcik and Sonenberg 2005). elF2 thereby allows the initiating 40S subunit within
the 48S pre-initiation complex to scan the beginning of the mRNA for the AUG start codon.
When phosphorylated by one of four stress-responsive kinases on its a-subunit, elF2 no
longer dissociates from its GDP exchange factor elF2B, and thus cannot be recharged with
tRNA;Met,

The arrest of translation initiation causes ribosomes to run off their mMRNAs and 48S pre-
initiation complexes to accumulate (Fig. 12.1b). In a subsequent step, stalled pre-initiation
complexes can then form large aggregates that become microscopically visible as SGs (Fig.
12.1c). Accordingly, SGs contain poly(A)-mRNA, 40S, but not 60S ribosomal subunits, as
well as most translation initiation factors such as elF3, elF4A, elF4AE, elF4G, and the
cytoplasmic poly(A)-binding protein (PABP) (Kedersha et al. 2002; Kimball et al. 2003).
The use of different translation inhibitors that either freeze or disassemble polysomes
suggested that mMRNAs in SGs are not static, but rather remain in a dynamic equilibrium
with polysomal mRNA (Kedersha et al. 2000). Photobleaching studies have directly
confirmed that the mRNPs within SGs are indeed in a highly dynamic flux (Kedersha et al.
2000, 2005; Mollet et al. 2008). In addition to components of the translation initiation
apparatus, numerous RNA-BPs accumulate in SGs including PABP, TIAL, TIAR, FMRP,
FXR1, and G3BP (Kedersha et al. 1999, 2002; Tourriere et al. 2003; Mazroui et al. 2002).
The TIA proteins and G3BP contain aggregation-prone domains, which participate in the
aggregation process that underlies SG assembly (Gilks et al. 2004; Tourriere et al. 2003).
Ataxin-2, a protein that interacts with PABP, is also involved in SG formation (Nonhoff et
al. 2007). Moreover, posttranslational modifications such as the dephosphorylation of G3BP
(Tourriere et al. 2003) and the conjugation of O-linked N-acetylglucosamine to ribosomal
proteins (Ohn et al. 2008) are important for SG assembly. Nevertheless, the molecular
details of the actual aggregation process during SG formation are not well understood.

12.2 Stress Granules and P-Bodies Are Distinct Structures

In mammalian cells, SGs can be clearly distinguished from PBs, although both contain non-
polysomal mRNPs. PBs are formed from mRNAs targeted for degradation (Sheth and
Parker 2003; Cougot et al. 2004; Franks and Lykke-Andersen 2007) (Fig. 12.1d), and PB
assembly is driven by a distinct set of aggregation-prone proteins that include Lsm4, Edc3
and Patlb (Ozgur et al. 2010; Teixeira and Parker 2007; Decker et al. 2007) (Fig. 12.1¢). By
light microscopy, small numbers of PBs are detected in most somatic cells under normal
conditions (Bashkirov et al. 1997; van Dijk et al. 2002; Ingelfinger et al. 2002; Eystathioy et
al. 2002), whereas SGs only emerge in response to severe translation arrest induced by stress
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or energy starvation (Kedersha et al. 1999, 2000). Electron microscopy of SGs and PBs
(Souquere et al. 2009; Yang et al. 2004; Gilks et al. 2004) confirms the general observations
made at the light level: PBs exhibit a compact, dense substructure that may contain a
fibrillar component, while SGs are larger, more irregular, looser and rather granular
structures that often contain small regions of cytoplasm. Importantly, both structures lack
any limiting membrane.

PBs can be distinguished from SGs because numerous proteins are specific for either of the
two structures (Kedersha and Anderson 2009). On the SG side, translation factors (such as
elF3b, elF4A, elF4G) and RNA-BPs such as PABP and G3BP can be used as specific
markers (Kedersha et al. 1999, 2002, 2005; Tourriere et al. 2003). On the PB side,
components of the cytoplasmic RNA degradation machinery such as Dcp2, Dcpl or Hedls
serve as reliable marker proteins (van Dijk et al. 2002; Kedersha et al. 2005; Ozgur et al.
2010). GW-bodies share many proteins with PBs, yet seem to preferentially form around
miRNA effector proteins such as GW182 and Argonaute (Eystathioy et al. 2002). Since PBs
and GW-bodies are morphologically not distinct in many cases (Liu et al. 2005a, b), we will
treat them as one entity in this Chapter.

Although PBs and SGs can contain the same species of mMRNA (Kedersha et al. 2005), the
two compartments differ with regard to the state of the mRNA they contain: In SGs,
mRNAs are polyadenylated and can be easily visualized by in situ hybridization with oligo-
dT probes (Kedersha et al. 1999, 2000). Moreover, the presence of elF4G and PABP
suggests that SG-associated mMRNASs might be circularized. In contrast, MRNAs in PBs lack
a poly(A) tail, and deadenylation is thought to be an early step in the assembly of PBs, or in
the recruitment of mMRNAS to pre-existing PBs (Zheng et al. 2008). This difference indicates
that mMRNAs in SGs are translationally stalled, but not subject to immediate degradation. In
PBs, however, most mMRNAs seem to be specifically primed for decay (Sheth and Parker
2003, 2006; Franks and Lykke-Andersen 2007; Cougot et al. 2004).

12.3 Parallels Between P-Bodies and Stress Granules

Despite important differences, PBs and SGs also have several features in common: (1) They
are both cytoplasmic, seemingly amorphous RNA-protein aggregates that are not surrounded
by any membrane as determined by electron microscopy (Gilks et al. 2004; Eystathioy et al.
2002; Souquere et al. 2009), (2) both are induced by stress conditions (Kedersha et al. 1999;
Teixeira et al. 2005; Raaben et al. 2007; Wilczynska et al. 2005), (3) growth in size of both
SGs and PBs depends on retrograde transport along microtubules (Loschi et al. 2009), (4)
both SGs and PBs are in exchange with polysomes and contain translationally stalled
mMRNAs that can re-engage in translation (Bhattacharyya et al. 2006; Kedersha et al. 2000;
Cougot et al. 2004), and (5) there is a large number of proteins, listed in Table 12.1, which
localize to both PBs and SGs.

Proteins commonly observed in both compartments include the cytoplasmic cap-binding
protein elFAE (Kedersha et al. 2005; Andrei et al. 2005), the RNA helicase Rck (Wilczynska
et al. 2005), which is involved in suppressing translation, and the argonaute proteins Agol
and Ago2 (Sen and Blau 2005; Leung et al. 2006; Pare et al. 2009; Gallois-Montbrun et al.
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2007) that play a central role in miRNA- and siRNA-induced silencing of mRNA
expression. Several other RNA-BPs that localize to both PBs and SGs are known to control
either the stability or translation rate of their target MRNASs: the cold shock domain
containing nucleic acid-binding protein YB1 (Yang and Bloch 2007), the poly(rC)-binding
protein PCBP2 (Fujimura et al. 2008), Roquin—an RNA-BP important for suppressing
autoimmunity (Athanasopoulos et al. 2010; Glasmacher et al. 2010), Smaug—an RNA-BP
essential in embryonic development (Eulalio et al. 2007; Baez and Boccaccio 2005), and
CPEB1—an RNA-BP that controls cytoplasmic mRNA polyadenylation during oocyte
maturation (Wilczynska et al. 2005). Dual localization was also reported for several RNA-
BPs with affinity to AU-rich elements (ARES), regulatory elements that typically destabilize
mMRNAs or repress their translation. This includes the zinc finger proteins TTP and BRF1—
both enhancers of mMRNA degradation (Kedersha et al. 2005), the translation repressors
TIAL and TIAR (Kedersha et al. 1999, Fig. 12.2 and N.K., unpublished observations),
FMRP and FXR1 (Vasudevan and Steitz 2007; Mazroui et al. 2002; Didiot et al. 2009; Kim
et al. 2006), as well as HuR, typically a stabilizer and activator of mRNA translation
(Gallouzi et al. 2000 and N.K., unpublished observations). Surprisingly, the 5-3’
exoribonuclease Xrnl not only localizes to PBs, where most mRNA decay enzymes are
concentrated, but small amounts of Xrn1 can also be detected in SGs (Bashkirov et al. 1997;
Kedersha et al. 2005). Does the localization of Xrnl suggest that mMRNA decay may also
occur in SGs? For the bulk of mMRNAs, this is unlikely. First, many mRNAs are stabilized
under stress conditions in both yeast and mammalian cells (Fan et al. 2002; Hilgers et al.
2006; Bollig et al. 2002). Second, mRNAs in SGs have retained their poly(A) tails
(Kedersha et al. 1999), suggesting that they are protected from deadenylation, which is
generally the first step of MRNA degradation. Third, Xrnl cannot degrade capped mRNA,
and the decapping enzyme Dcp2 does not localize to SGs. Hence, SGs appear to serve as
sites where mRNAs are protected from degradation. Two RNA-BPs, HUR and ZBP1, were
in fact proposed to play an active role in stabilizing mRNAs in SGs (Gallouzi et al. 2000;
Stohr et al. 2006).

So what might be the function of Xrnl in SGs? Interestingly, the miRNA- and siRNA
associated endonoclease Ago2 was found to move from PBs to SGs in response to stress
(Leung et al. 2006), and it requires miRNA in order to do so. Thus, it is conceivable that the
3’ fragment generated by siRNA-induced cleavage of an mRNA is degraded by Xrn1 at
SGs.

12.4 Docking and Fusion of P-Bodies with Stress Granules

With certain types of stress, one can frequently observe PBs grouped around SGs. For
instance, treatment of various human cell lines with sodium arsenite, an inhibitor of the
citric acid cycle and inducer of oxidative stress, causes many PBs to cluster around SGs
(Wilczynska et al. 2005; Kedersha et al. 2005; Souquere et al. 2009). Similarly, the
mitochondrial poison FCCP causes PBs to group around SGs in certain cell types (Fig.
12.2). In contrast, heat shock or clotrimazol, which induces energy starvation by displacing
hexokinase from the mitochondrial outer membrane, induce SGs but do not cause SG-PB
association. SGs induced by overexpression of SG components display transient contacts
with PBs, as shown by live imaging. PBs appear to dock with SGs as they touch them for
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short periods of time (min) before they separate again (Kedersha et al. 2005). When
examined by electron microscopy, PBs in close proximity to arsenite-induced SGs remained
distinct: PBs retain their dense structure as opposed to the more granular appearance of SGs
(Souquere et al. 2009).

Contacts between PBs and SGs can be dramatically stabilized by increasing the expression
levels of specific proteins (Fig. 12.1f). Overexpression of TTP or BRF1, two RNA-BPs that
can both target ARE-containing mRNAs to PBs for degradation (Franks and Lykke-
Andersen 2007), causes tight clustering of PBs around and within SGs (Kedersha et al.
2005). Interestingly, this phenomenon is linked to the activity of these proteins: When TTP
is phosphorylated at two specific serine residues that cause binding of 14-3-3 adaptor
proteins, its MRNA destabilizing activity is reduced, and TTP no longer localizes to SGs
(Stoecklin et al. 2004). Likewise, clustering of PBs around SGs is disrupted when TTP is
phosphorylated (N.K., unpublished data). One way to interpret these data is that active TTP/
BRF1 recruits stalled mMRNPs in SGs for translocation into PBs. If this happens at a high rate
upon overexpression of TTP/BRF1, the two compartments may literally fuse. Indeed, live
microscopy reveals that PBs no longer dissociate from SGs in cells overexpressing TTP or
BRF1 (Kedersha et al. 2005).

Another dual SG/PB protein, CPEBL, can also increase contacts between PBs and SGs.
When CPEBL is overexpressed, PBs are found to tightly cluster around SGs (Wilczynska et
al. 2005). In some cells, PB components were observed to completely redistribute into SGs,
effectively abolishing the distinction between the two compartments (Wilczynska et al.
2005). A similar observation was made after inhibiting the expression of the RNA helicase
Rck. Knock down of Rck leads to the loss of PBs and, in stressed cells, causes the PB
protein Dcpl to re-localize in SGs (Serman et al. 2007). These examples of tight PB/SG
clustering induced by manipulating the expression of a defined group of proteins argue that
contacts between PBs and SGs do not simply result from random collisions of moving
entities. Rather, it is tempting to speculate that specific proteins and/or RNAs are exchanged
between PBs and SGs during such contacts.

What could be the molecular basis of PB-SG docking and fusion? One possibility is that an
increased flux of MRNPs from PBs to SGs, or vice versa, may cause docking or fusion of
the two compartments. The TTP/BRFL1 proteins might act in this way by promoting the
transfer of MRNPs from SGs to PBs for rapid deadenylation and degradation. Since TTP
associates with polysomes (Brooks et al. 2002), but also binds to proteins of the decapping
complex (Fenger-Gron et al. 2005), it could form transient bridges between stalled 48S-
complexed mRNAs in SGs and core proteins in PBs. This model is consistent with photo-
bleaching studies indicating that the interactions of TTP with SGs are very fleeting
(Kedersha et al. 2005).

CPEB1 might also cause SG-PB fusion by increasing the flux of mMRNPs between the two
compartments. CPEB proteins recognize cytoplasmic polyadenylation elements within the
3’UTR of mRNAs, and by interacting with a poly(A) polymerase, mediate cytoplasmic
polyadenylation of mMRNAs both in germline and somatic cells (Richter 2007). Given that
CPEB1 localizes to PBs in unstressed somatic cells, one may speculate that CPEB1 re-
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adenylates mRNAs in PBs. CPEB1 might thereby rescue mRNAs from degradation in PBs
and promote their transfer to SGs, which could cause PB-SG fusion.

A second mechanism to explain PB-SG docking or fusion is that scaffold proteins within
PBs and SGs may co-aggregate. Such co-aggregation could occur when chaperones that
normally assist in dissolving aggregates, e.g., chaperones of the Hsp70 family, become
limiting. Elevated expression of chaperones during heat shock could explain why SG-PB
docking or fusion is typically not seen under these conditions (Kedersha et al. 2005).

A third possibility is that the cytoskeleton might connect PBs with SGs. Indeed, both SGs
and PBs can be associated with the microtubule network, and motor proteins were found to
influence both the assembly and movement of SGs and PBs (Loschi et al. 2009; Aizer et al.
2008). Extensive SG-PB docking induced by some mitochondrial poisons such as FCCP
(Fig. 12.2) could indicate that an energy-dependent, motor-driven step is needed for their
separation.

12.5 Mammalian Stress Granules and P-Bodies Form Independently

The ability of PBs and SGs to dock and fuse under certain conditions raises the question
whether the two compartments are related. Since PBs exist in unstressed cells lacking SGs,
it is clear that “basal” PBs do not depend on SGs for their assembly. Additional genetic data
provided clear evidence that stress-induced PBs form independently of SGs. Mouse
embryonic fibroblast (MEFs) expressing a non-phosphorylatable mutant of elF2a do not
form SGs under conditions of arsenite-induced oxidative stress, whereas PBs are induced
several fold (Kedersha et al. 2005).

The reverse question is whether SGs are formed out of PBs under conditions of severe
stress. Using video microscopy of mammalian cells, we do not observe SGs emerging at or
growing out of PBs (N.K., unpublished observations), whereas other labs report that some
but not all SGs appear to grow out of preexisting PBs (Mollet et al. 2008). This apparent
contradiction may be due to the different marker proteins used: the Mollet study used stably
expressed GFP-CPEB in HeLa cells as their SG marker, whereas our studies used stably
expressed GFP-G3BP in U20S cells. Since CPEB is present in both SGs and PBs
(Wilczynska et al. 2005), its overexpression possibly enhances the interaction between
nascent SGs and PBs, which G3BP does not do. Regardless, both studies agree that some
SGs can and do arise independently of PBs.

Another way to address this question is to test whether SGs would still form in the absence
of PBs. This experiment, however, turns out to be challenging. Knock down of Lsm4
abolishes PBs under normal growth conditions, but does not prevent the formation of either
PBs or SGs under stress conditions (Kedersha et al. 2005). A surprising effect is observed
with Rck, an RNA helicase generally viewed as an inhibitor of translation. Reducing
expression levels of Rck very efficiently prevents the assembly of PBs under normal
conditions, whereas in stressed cells, Rck knock down causes the PB-specific protein Dcpl
to re-localize in SGs (Serman et al. 2007). This would suggest that SGs do form in the
absence of PBs, but that PB proteins have a tendency to co-aggregate with SG proteins when
they lack factors required for canonical PB assembly. Again, the distinction between PBs
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and SGs becomes blurred once the experimenter starts to manipulate important regulators of
translation and mMRNA decay.

12.6 Con-Fusion with P-Bodies, EGP-Bodies and Stress Granules in Yeast

S cerevisiae also forms SG-like aggregates in response to glucose deprivation (Buchan et al.
2008; Hoyle et al. 2007) or heat shock (Grousl et al. 2009). When induced by glucose
deprivation, these aggregates are more accurately termed EGP-bodies because they contain
elF4E, elFAG and Pabl, the PABP ortholog in yeast (Hoyle et al. 2007), but lack elF3 and
small ribosomal subunits, both of which are present in stalled 48S pre-initation complexes,
which define metazoan SGs. Yeast EGP-bodies share similarities with mammalian SGs in
that they contain polyadenylated mRNA, elF4E, elF4G1, elFAG2 and Pabl, as well as Publ,
Ngrl and Pbpl, the yeast orthologs of mammalian TIA1, TIAR and ataxin-2, respectively.
The assembly of yeast EGP-bodies upon glucose removal depends on Publ and Pbpl
(Buchan et al. 2008), similar to the importance of the two respective orthologs, TIA1 and
ataxin-2, for mammalian SG formation (Gilks et al. 2004; Nonhoff et al. 2007). There are,
however, important differences between yeast EGP-bodies and mammalian SGs. elF3
subunits are defining components of mammalian SGs (Kedersha et al. 2005), whereas elF3
is absent from yeast EGP-bodies induced by glucose deprivation (Buchan et al. 2008; Hoyle
et al. 2007). Moreover, formation of yeast EGP-bodies does not require elF2a
phosphorylation. Interestingly, severe heat shock was reported to cause elF3 to localize to
“yeast SGs” (Grousl et al. 2009), but the relationship between glucose starvation-induced
EGP-bodies and heat shock-induced “yeast SGs” remains to be elucidated. Based on the
localization of ribosomal protein Rps30A (Grousl et al. 2009), 40S ribosomal subunits were
also proposed to localize to heat shock-induced “yeast SGs.” However, this remains to be
verified, and in stark contrast to mammalian SGs, there is no clear evidence that “yeast SGs”
contain either ribosomal subunits or stalled pre-initiation complexes.

What adds to the confusion is that yeast EGP-bodies show a much closer spatial connection
to PBs. After glucose deprivation, about half of all EGP-bodies in yeast overlap with PBs,
whereas the remaining ones do not contain PB markers (Buchan et al. 2008; Hoyle et al.
2007). Moreover, the formation of EGP-bodies is clearly stimulated by factors that are
important for PB formation such as Edc3, Lsm4, Patl and Dhh1, the Rck ortholog in yeast
(Buchan et al. 2008). The authors of this study also observed that both PBs and EGP-bodies
become larger and more numerous in yeast strains lacking Dcpl or Xrnl. These data
indicate that EGP-bodies are closely related to PBs in budding yeast. Based on live imaging,
one study came to the conclusion that EGP-bodies form independently of PBs (Hoyle et al.
2007), whereas another study observed that EGP bodies form next to and require pre-
existing PBs (Buchan et al. 2008). The difficulties of distinguishing between “yeast SGs,”
EGP-bodies and PBs in S. cerevisiae suggests that mRNP aggregates may in fact have a
variable composition. According to this model, each granule is positioned within a
continuum that ranges from a typical PB containing mRNA decay factors to a canonical SG
comprised of stalled translation pre-initiation complexes.
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12.7 Conclusions

Stress-induced assembly of SGs and PBs represents a profound reorganization of the
cytoplasm. Both structures illustrate the cell’s ability to form compartments by means of
transient protein aggregation. While SGs form as a result of stress-induced translation arrest
and polysome disassembly, SG formation itself is not required for the inhibition of
translation. Likewise, PBs harbor almost all enzymes of the basic RNA degradation
machinery in the cytoplasm, yet the assembly of microscopically visible PBs is not required
for mRNA degradation. Rather, SGs and PBs create cytoplasmic domains at which mRNPs
remain partially assembled, possibly allowing their mMRNAs to re-engage in translation more
efficiently once stressful conditions are overcome. Contacts between PBs and SGs are not
random collisions, but result from the specific activity of RNA-BPs exemplified by TTP,
CPEB and Rck. Docking and fusion of PBs with SGs could be the result of enhanced
trafficking of mRNPs between the two compartments. An important task for future research
will be to visualize trafficking at the level of single mRNPs.

In addition to being hubs of MRNP trafficking, PBs and SGs may serve as platforms that
allow integration of signaling events within the cytoplasm. The sequestration of signaling
molecules such as RACK1 and TRAF2 in SGs indicates a role of SGs in signal transduction
(Arimoto et al. 2008; Kim et al. 2005). Given the tight link between SGs, PBs and stress, we
envision that protein aggregation at PBs and SGs helps in coordinating the various processes
that together shape an integrated stress response: the adjustment of mMRNA and protein
expression to a survival mode, the re-direction of energy resources and metabolites to
damage control, the activation of catabolic programs to cope with periods of starvation, and
the timing as to when cell death should be induced in the event that all other strategies fail.
Exploring the broader role of PBs and SGs as part of integrated stress responses will require
careful dissection of the localization, activity, interactoins and functions of individual
proteins that are associated with PBs and SGs.
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Fig. 12.1.
Scheme of mMRNP complexes forming stress granules and P-bodies. (a) Actively translating

mRNAs are capped, polyadenylated and form polysomes. (b) Under conditions of severe
stress, global mRNA translation is inhibited by phosphorylation of elF2 through activation
of stress-responsive kinase PERK, GCN2, HRI or PKR. As a consequence, polysomes
disassemble, and translation pre-initiation complexes accumulate. The protein phosphatase
PP1 together with its regulatory subunit Gadd34 dephosphorylates elF2 and thereby re-
activates translation. (c) RNA-binding proteins such as TIA1 and G3BP contain
aggregation-prone domains that drive the assembly of stalled pre-initiation complexes into
cytoplasmic stress granules. The conjugation of N-acetylglucosamine (GICNAC) to
ribosomal proteins is also important for stress granule assembly. When stressful conditions
are overcome, the chaperone Hsp70 facilitates disassembly of stress granules. (d) mRNAs
are specifically degraded if they have acquired a premature termination codon (PTC),
associate with miRNAs or contain AU-rich elements (ARESs). Such mRNAs are either
cleaved by an endonculease or subject to rapid deadenylation, which induces decapping and
degradation through the 5’-3’ exoribonuclease Xrnl. (€) mMRNAs targeted for decay together
with key enzymes of cytoplasmic RNA degradation assemble in processing (P)-bodies. The
RNA helicase Rck and aggregation-prone proteins such as Patl, Edc3 and Lsm4 are
important for P-body formation. miRNAs can also suppress the translation of target mMRNAs
by recruiting them to P-bodies, from where such mRNASs can also exit and re-engage in
translation. (f) P-bodies are frequently observed in close physical contact to stress granules
as if they were docking. The over-expression of certain RNA-binding proteins further
enhances the association between P-bodies and stress granules, and causes fusion of the two
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structures. Such activity is observed for the cytoplasmic polyadenylation element binding
protein (CPEBL) as well as for tristetraprolin (TTP) and butyrate response factor-1 (BRF1),
two zinc finger proteins that accelerate the degradation of ARE-containing mRNAs. Stress
granule proteins are shown in blue, P-body proteins in yellow, and proteins that localize to
both structures are shown in green
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Fig. 12.2.
Immunofluorescence micrograph of P-bodies docking to stress granules. African green

monkey COS7 kidney cells were (a) grown under normal conditions, (b) exposed to 5
pg/mL actinomycin D (ActD) for 1 h, or (c) treated with carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP) in glucose-free media for 1 h. Cells were then
fixed and stained for TIAR (green), the stress-granule specific marker protein elF4G (blue),
and the P-body-specific protein Hedls/GE-1 (red). Actinomycin D treatment does not induce
stress granules but causes TIAR accumulation at P-bodies, whereas FCCP treatment triggers
stress granule formation and promotes docking of P-bodies with stress granules
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Table 12.1

Proteins common to P-bodies and stress granules

Page 16

Protein Function References
Agol Argonaute-1, component of the RNA-induced silencing complex Sen and Blau (2005); Leung et al. (2006)
Ago2 Argonaute-2, component of the RNA-induced silencing complex, Sen and Blau (2005); Leung et al. (2006); Pare et al.
endonuclease activity associated with SiRNAs (2009); Gallois-Montbrun et al. (2007)
APOBEC3G  Cytidine deaminase involved in RNA editing, antiviral function Wichroski et al. (2006); Kozak et al. (2006);
Gallois-Montbrun et al. (2007)
CPEB1 Cytoplasmic polyadenylation element-binding protein, inhibitor of Wilczynska et al. (2005)
translation, overexpression causes fusion of PBs and SGs
elF4E Translation initiation factor, cap-binding protein Kedersha et al. (2005); Andrei et al. (2005)
FAST TIAl-interacting protein, splicing regulator, antiapoptotic and pro- Kedersha et al. (2005)
inflammatory, mostly in PBs, some in SGs
FMRP/FXR  RNA-BPs involved in translational control of specific mMRNAs Vasudevan and Steitz (2007); Mazroui et al. (2002);
Didiot et al. (2009); Kim et al. (2006)
HuR RNA-BP, enhances mRNA stability and regulates translation Gallouzi et al. (2000) and N.K., unpublished
observations
Importin 8 Required for import of Ago2 into nucleus Weinmann et al. (2009)
Lin28 RNA-BP, blocks let7 miRNA processing Balzer and Moss (2007)
Lsm14 Also Rap55, SCD6 (S cerevisiae), Tral (D. melanogaster), CAR-1 (C. Yang et al. (2006)
elegans), involved in cytokinesis and endoplasmic reticulum
organization
MEX3B RNA-BP, regulator of mRNA translation and germline development in Courchet et al. (2008)
C. elegans
Musashil RNA-BP, neuronal stem cell maintenance Kawahara et al. (2008)
PCBP2 Also hnRNP-E2, aCP2, poly(rC)-binding protein, involved in control Fujimura et al. (2008)
of mRNA stability and translation
Rck Also DDX6, Dhh1 (S cerevisiae), Me31B (D. melanogaster), SGH-1 Wilczynska et al. (2005)
(C. elegans), RNA helicase involved in mRNA translation
Roquin RNA-BP and suppressor of autoimmunity, enhances mRNA decay Athanasopoulos et al. (2010); Glasmacher et al.
(2010)
Smaug RNA-BP, control of mRNA translation and decay Eulalio et al. (2007); Baez and Boccaccio (2005)
TIALTIAR  RNA-BPs, alternative splicing and inhibition of mRNA translation Kedersha et al. (1999) Fig. 12.2 and N.K.,
unpublished observations
TTP/BRF1 RNA-BPs, enhance mRNA decay, overexpression causes fusion of PBs  Kedersha et al. (2005)
and SGs
Xrnl Exoribonuclease 1, cytoplasmic 5’-3’ exoribonuclease, mostly in PBs, Bashkirov et al. (1997); Kedersha et al. (2005)
some in SGs
YB1 RNA and DNA-BP, involved in transcription, translation and mRNA Yang and Bloch (2007)

stability
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