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Abstract
mRNA decapping is a critical step in eukaryotic cytoplasmic mRNA turnover. Cytoplasmic mRNA
decapping is catalyzed by Dcp2 in conjunction with its co-activator Dcp1, and is stimulated by
decapping enhancer proteins. mRNAs associated with the decapping machinery can assemble into
cytoplasmic mRNP granules called processing bodies (PBs). Evidence suggests that PB-associated
mRNPs are translationally repressed and can be degraded or stored for subsequent translation.
However, whether mRNP assembly into a PB is important for translational repression, decapping or
decay has remained controversial. Here we discuss the regulation of decapping machinery
recruitment to specific mRNPs and how their assembly into PBs is governed by the relative rates of
translational repression, mRNP multimerization and mRNA decay.
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Introduction
Eukaryotic gene expression is regulated at multiple levels including through the control of
mRNA translation and degradation in the cytoplasm. Both processes are modulated by the
mRNA 5′ N7-methyl guanosine (m7G) cap, which is critical for translation of most cellular
mRNAs and at the same time protects them from 5′ to 3′ exonucleolytic degradation (Cougot
et al., 2004b). The removal of the m7G cap by the process of decapping represses gene
expression by simultaneously shutting down mRNA translation and activating mRNA
degradation (Eulalio et al., 2007a; Parker and Sheth, 2007). The m7G cap is protected from
decapping and activates translation through its association with the cytoplasmic cap binding
protein, eukaryotic initiation factor 4E (eIF4E), a component of the eIF4F complex (Cougot
et al., 2004b). eIF4F forms a tight complex with the mRNA cap, which is further stabilized by
an interaction between the eIF4G subunit of eIF4F and cytoplasmic poly(A)-binding protein
at the mRNA poly(A)-tail (Amrani et al., 2008; Wells et al., 1998). For an mRNA to be
decapped, the complex between eIF4F and the mRNA cap must be antagonized by pro-
decapping factors. Once this occurs, translation is inhibited and mRNA decapping can ensue
(Cougot et al., 2004b; Eulalio et al., 2007a; Parker and Sheth, 2007). Thus, mRNA decapping
and mRNA translation are thought to be competing pathways. Studies over the last few years
have revealed that messenger ribonucleoproteins (mRNPs) that are translationally repressed
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and associated with the cytoplasmic decapping machinery can concentrate in mRNP granules
called processing bodies (PBs) (Eulalio et al., 2007a; Parker and Sheth, 2007). However,
whether PB formation plays an active role in translational repression and mRNA decay is
unclear. In this review, we discuss the mechanisms by which the cytoplasmic mRNA decapping
machinery is activated on specific mRNAs and present a kinetic model that predicts the
conditions under which the resulting mRNPs assemble into PBs. This kinetic model for PB
formation can possibly be extended to understand the functions of other PB-like mRNP
granules found in specialized cells such as neurons and germ-line cells.

The cytoplasmic mRNA decapping machinery
The catalytic engine of the yeast cytoplasmic mRNA decapping machinery is composed of the
catalytic subunit Dcp2 and its co-activator Dcp1. Dcp1 from the yeast Saccharomyces
cerevisiae was the first identified decapping factor and was initially thought to be responsible
for catalysis (LaGrandeur and Parker, 1998). However, later studies identified Dcp2 as a high-
copy suppressor of temperature-sensitive yeast strains lacking functional Dcp1 (Dunckley and
Parker, 1999), and bacterially expressed yeast, human, Caenorhabditis elegans, Arabidopsis
thaliana and Drosophila melanogaster Dcp2 was subsequently demonstrated to possess
decapping activity in the absence of Dcp1 (Cohen et al., 2005; Iwasaki et al., 2007; Lin et al.,
2008; Lykke-Andersen, 2002; Steiger et al., 2003; van Dijk et al., 2002; Wang et al., 2002;
Xu et al., 2006). Other factors that catalyze decapping exist, such as DcpS, which hydrolyzes
the cap product of 3′ to 5′ exonucleolytically degraded capped RNAs, the nuclear X29
decapping enzyme and virally encoded decapping enzymes (Blanc et al., 1992; Ghosh et al.,
2004; Parrish et al., 2007; Tang et al., 2005; Wang and Kiledjian, 2001). However, these will
not be discussed further here.

The decapping reaction catalyzed by Dcp2 releases m7GDP and a 5′ monophosphorylated
mRNA body. This is thought to be an irreversible process, which targets the mRNA for
degradation by the 5′ to 3′ exonuclease Xrn1. Dcp2 contains an N-terminal Nudix/MutT motif,
commonly found in pyrophosphatases, which is critical for decapping (Figure 1A) (Dunckley
and Parker, 1999; Lykke-Andersen, 2002; van Dijk et al., 2002; Wang et al., 2002). Like other
Nudix-domain pyrophosphatases (McLennan, 2006), the catalytic center of Dcp2 contains
three conserved glutamate residues, which coordinate a divalent cation responsible for
activation of a water molecule for cap hydrolysis (She et al., 2006). Biochemical studies
indicate that yeast, human and C. elegans Dcp2 can decap both m7G-capped and m2,2,7G-
capped RNAs, but show poor activity on unmethylated G-caps (Cohen et al., 2005; Piccirillo
et al., 2003; Steiger et al., 2003; van Dijk et al., 2002). Moreover, short RNAs, or RNAs
hybridized to a DNA oligo at their 5′ end, are not efficiently decapped by Dcp2 in vitro (Cohen
et al., 2005; Piccirillo et al., 2003; Steiger et al., 2003; van Dijk et al., 2002). These findings
suggest that Dcp2 must contact the mRNA in two ways to promote efficient mRNA decapping:
i) through the m7G-cap and ii) through contacts with the 5′ end of the mRNA (Figure 1A). This
idea has been confirmed by recent crystallographic studies, which revealed that a conserved
channel in the Dcp2 Nudix domain interacts with both the cap and the mRNA body through
several important residues (Deshmukh et al., 2008; She et al., 2008). Consequently, altering
these residues results in a reduction or loss of mRNA decapping in vitro (Deshmukh et al.,
2008; She et al., 2008). Thus, it is predicted that anything associated with the cap or the
immediate 5′ end of a cellular mRNA, such as the eIF4F complex, will protect the mRNA from
decapping.

Whereas Dcp2 exhibits decapping activity in vitro, Dcp1 is a critical Dcp2 cofactor in yeast
cells (Beelman et al., 1996; Sakuno et al., 2004; Steiger et al., 2003). Moreover, recombinant
yeast Dcp2 is stimulated by Dcp1 and alterations in the Dcp2 N-terminal region that impair
the interaction with Dcp1 (Figure 1A) prevent efficient decapping in vitro and in vivo (Sakuno
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et al., 2004; She et al., 2006; She et al., 2004; She et al., 2008; Tharun and Parker, 1999). Recent
kinetic studies have provided insights into the mechanism by which Dcp1 promotes Dcp2
activity. Dcp1 strongly stimulates Dcp2 catalytic activity while having little effect on the
interaction of Dcp2 with the m7G cap (Deshmukh et al., 2008). Structural evidence suggests
that this process involves the transformation of Dcp2 from an inactive open conformation to
an active closed conformation, which orients the Dcp2 N-terminus towards the catalytic site
and renders Dcp2 catalytically active (Deshmukh et al., 2008; She et al., 2008). This could
conceivably be an important mechanism by which Dcp2 activity is regulated in the cell.

Interestingly, yeast Dcp1 interacts with Dcp2 through amino acids that are not highly conserved
in metazoans (Deshmukh et al., 2008; She et al., 2006; She et al., 2008). Moreover, human
Dcp1 does not stably associate with Dcp2 in vitro or when overexpressed in human embryonic
kidney (HEK) 293 cells, and human, C. elegans and D. melanogaster Dcp1 does not stimulate
Dcp2 activity in vitro (Cohen et al., 2005; Fenger-Gron et al., 2005; Iwasaki et al., 2007; Lin
et al., 2008; Lykke-Andersen, 2002; van Dijk et al., 2002). Instead, Dcp2 activity in these
organisms might be stimulated through a metazoan-specific protein called Hedls/Ge-1/Edc4
(hereafter called Hedls) (Fenger-Gron et al., 2005; Xu et al., 2006; Yu et al., 2005), which in
human and A. thaliana stimulates both the activity of Dcp2 and the association between Dcp2
and Dcp1 (Figure 1A) (Fenger-Gron et al., 2005; Xu et al., 2006). Future studies should reveal
whether Hedls is a ‘Dcp’, i.e. a bona fide core component of the metazoan decapping complex
critical for catalysis, or an ‘Edc’, a more peripheral enhancer of decapping.

The competition between translation and decapping
Several lines of evidence suggest that the decapping complex competes with the cytoplasmic
translation initiation eIF4F complex for the mRNA cap (Beelman and Parker, 1994; Schwartz
and Parker, 1999; Schwartz and Parker, 2000). Thus, the decapping of a cellular mRNP
involves at least two distinct steps outlined in Figure 1B: First, the cap-binding translation
factors must be displaced, and second, Dcp2 must bind the cap and catalyze decapping. Factors
that stimulate decapping could potentially promote either of these steps. As the eIF4F complex
is critical for translation initiation of the majority of cellular mRNAs, the first step of decapping
involves the repression of mRNA translation. However, since mRNAs can be kept stably in a
translationally repressed state, not all mRNAs that are translationally repressed are decapping
substrates (Brengues et al., 2005; Teixeira et al., 2005). The simplest hypothesis is that only
the translational repression events that cause general destabilization of the eIF4F-cap complex
will stimulate decapping. This destabilization could conceivably be achieved by the action of
pro-decapping factors that either directly interfere with the eIF4F-cap complex, or that repress
translation in a manner that, in a more indirect way, enhances the off-rate of the eIF4F complex.
Alternatively, decapping may occur only on those translationally repressed mRNAs that
contain cis-elements that attract the decapping machinery.

The mechanisms of enhancers of decapping
Several factors that accelerate decapping have been identified. These include enhancers of
decapping proteins Edc1, Edc2, and Edc3, of which Edc1 and Edc2 appear to be specific to
yeast, whereas Edc3 is conserved throughout eukaryotes (Figure 1A) (Cougot et al., 2004a;
Dunckley et al., 2001; Fenger-Gron et al., 2005; Kshirsagar and Parker, 2004; Schwartz et al.,
2003). Edc1 and Edc2 show hallmarks of proteins that specifically stimulate the Dcp2 cap-
binding/catalysis step (Figure 1B), because, like Dcp1 and Hedls, they stimulate decapping by
Dcp2 in vitro on a naked RNA (Schwartz et al., 2003; Steiger et al., 2003). Similarly, although
no in vitro stimulation of decapping has been reported, Edc3 most likely stimulates the Dcp2
recruitment/catalysis step (Figure 1B), because cellular depletion of Edc3 impairs decapping
of a subset of mRNAs, whereas no effect on translation has been reported (Badis et al., 2004;
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Coller and Parker, 2005; Kshirsagar and Parker, 2004). Edc3 interacts directly with multiple
decapping factors, including Dcp2 and Dcp1 (Figure 1A), and thus might either recruit or
activate the decapping complex on target mRNAs (Decker et al., 2007; Tritschler et al.,
2007). In contrast to the Edc proteins, two other decapping activators, Pat1 and Dhh1, appear
to activate decapping at least in part by promoting translational repression (Figure 1B; the
orthologs of yeast Dhh1 are called Rck/p54, Me31D, CGH-1 and Xp54 in humans, D.
melanogaster, C. elegans and Xenopus laevis, respectively). Dhh1 has, in addition to its role
in decapping, been identified as a general inhibitor of translation (Coller and Parker, 2005;
Minshall and Standart, 2004; Nakamura et al., 2001; Navarro et al., 2001). Dhh1 belongs to a
family of DexD/H box ATPases (Figure 1A). Thus, a simple hypothesis would be that Dhh1
uses its ATPase activity to release the eIF4F complex from the mRNP, which would
simultaneously repress translation and stimulate decapping (Figure 1B). However, Dhh1 also
represses translation of reporter mRNAs that do not depend on eIF4F for translation (Coller
and Parker, 2005). One possibility is that translational repression by Dhh1 promotes a general
destabilization of the eIF4F-mRNA cap complex in a more indirect manner, thus moving the
equilibrium towards decapping.

Another factor that both inhibits translation and activates decapping is Pat1. Pat1 together with
a complex of Lsm proteins, the Lsm 1–7 complex, promotes decapping of yeast mRNAs that
have undergone deadenylation (Bouveret et al., 2000; Tharun et al., 2000; Tharun and Parker,
2001). mRNA deadenylation is a major precursor for decapping in yeast and is often the rate-
limiting step in mRNA turnover (Muhlrad et al., 1994). The complex between Lsm 1–7 and
Pat1 (hereafter called the Lsm-Pat1 complex) shows inherent affinity for deadenylated mRNA
sequences (Bouveret et al., 2000; Chowdhury et al., 2007; Tharun et al., 2000; Tharun et al.,
2005; Tharun and Parker, 2001). Pat1 overexpression causes general repression of yeast mRNA
translation, and co-depletion of Pat1 and Dhh1 prevents the general translational repression
observed upon glucose starvation (Coller and Parker, 2005). Thus, Pat1 might stimulate
decapping by promoting translation repression and, directly or indirectly, the release of the
mRNA cap-binding complex from the deadenylated mRNA (Figure 1B). Evidence suggests
that Pat1 can also stimulate decapping of untranslated mRNA, suggesting that it might also
recruit the decapping complex (Coller and Parker, 2005; Pilkington and Parker, 2008) (Figure
1B). However, although the Lsm-Pat1 complex shows RNA-dependent interactions with
decapping factors, including Dcp1 and Dcp2 (Tharun et al., 2000; Tharun and Parker, 2001),
no direct interactions have been reported.

Whereas deadenylation is a major precursor for decapping of yeast mRNAs (Muhlrad et al.,
1994) and deadenylation can trigger decapping in mammalian cells (Yamashita et al., 2005),
the link between deadenylation and decapping in organisms other than yeast has not been
studied in detail. Clearly, deadenylation does not always lead to decapping as mRNAs can exist
stably in a translationally repressed deadenylated form, for example during oocyte maturation
in X. laevis and mice and under certain conditions in mammalian neuronal cells (Gray and
Wickens, 1998; Huang and Richter, 2004; Paillard and Osborne, 2003). An interesting question
for future studies is whether such mRNAs evade decapping owing to a failure to recruit the
Lsm-Pat1 complex or by specific repression of one of the downstream steps in activation of
decapping outlined in Figure 1B. One possibility is that factors that are involved in translational
repression of such mRNAs lock down the eIF4F complex, or some other factor, on the mRNA
cap, thus preventing access for the decapping machinery. Alternatively, the identity of the
deadenylase(s) that produce the deadenylated mRNA might determine whether the mRNA is
handed over to the decapping machinery. Interestingly, the vertebrate deadenylase PARN,
which has been implicated in deadenylation of certain stable translationally repressed mRNAs,
shows affinity for the mRNA cap (Copeland and Wormington, 2001; Dehlin et al., 2000; Gao
et al., 2001; Martinez et al., 2001). Perhaps PARN in this manner prevents decapping of
mRNAs with which it stably associates.
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Recent evidence suggests that general inhibitors of Dcp2-mediated decapping also exist, as
treatment of purified Dcp2 with human cell extracts renders it relatively inactive (Jiao et al.,
2006). One such inhibitor called VCX-A has been identified as a testis-specific inhibitor of
Dcp2 activity, which appears to prevent decapping by a competition for binding to the cap
(Jiao et al., 2006). The biological significance of such general decapping inhibitors is an
important topic for future studies.

Transcript-specific decapping activation
Specialized mRNA decay pathways can promote decapping independently of, or in addition
to, deadenylation. For example, mRNAs targeted to the nonsense-mediated mRNA decay
(NMD) pathway, which degrades mRNAs with premature termination codons, are subjected
to rapid decapping (Muhlrad and Parker, 1994) mediated by the central NMD factor Upf1.
Upf1 exists in complex with the decapping proteins (Fenger-Gron et al., 2005; He and
Jacobson, 1995; Lykke-Andersen, 2002), and therefore likely promotes decapping by
recruiting the decapping complex to the target mRNA. NMD also promotes translation
repression (Isken et al., 2008; Muhlrad and Parker, 1999), but whether this plays a direct role
in decapping is unknown. The importance of decapping relative to other degradation pathways
in the decay of NMD substrates appears to vary between organisms and substrate mRNAs
(Isken and Maquat, 2007).

Several factors, including TTP, BRF-1 and KSRP, that destabilize mammalian mRNAs
containing AU-rich elements (AREs) in their 3′ UTRs have been observed in complex with
decapping enzymes, as well as with a number of other mRNA decay enzymes, and are thought
to activate decapping by recruiting the decapping complex to target mRNAs (Chou et al.,
2006; Fenger-Gron et al., 2005; Stoecklin et al., 2006). This is clearly the case for TTP, which
shows ARE-dependent activation of Dcp2 in vitro (Fenger-Gron et al., 2005). ARE-mRNAs
might also activate decapping through the Lsm-Pat1 complex, because RNAi-mediated Lsm1
depletion impairs ARE-mRNA decay in human cells (Stoecklin et al., 2006). AREs also can
cause translational repression. It remains to be determined whether this repression is mediated
directly by ARE-binding proteins or by the recruitment of translational suppressors that
promote decapping, such as Dhh1 and Pat1.

mRNA decapping also appears to play an important role in the repression of at least a subset
of miRNA target mRNAs, as studies have shown that the RNA induced silencing complex
(RISC) can target miRNA substrates for decapping and decay in addition to translational
repression (Chu and Rana, 2006; Rehwinkel et al., 2005), and Dhh1 has been implicated in
miRNA-mediated silencing (Chu and Rana, 2006; Eulalio et al., 2007c). In addition, PUF
proteins, which target associated mRNAs for translational repression and decay, have also been
observed in association with decapping factors (Goldstrohm et al., 2006).

Highly transcript-specific mechanisms to recruit the decapping machinery have also been
described. For example, in S. cerevisiae the mRNAs for ribosomal protein Rps28b and the
nuclear export factor Yra1 are auto-regulated through the recruitment of Edc3, which promotes
mRNA decapping (Badis et al., 2004; Dong et al., 2007). The yeast EDC1 mRNA is also
regulated through a deadenylation-independent decapping mechanism (Muhlrad and Parker,
2005). Moreover, a recent study identified human mRNAs that directly interact with Dcp2 (Li
et al., 2008). One such mRNA, which encodes a component of the 3′ to 5′ exonuclease complex,
the exosome, directly recruits Dcp2 in a sequence-specific manner and undergoes Dcp2-
dependent mRNA decay (Li et al., 2008). Oligo- and Poly-U tails, which are emerging as
signals for mRNA turnover (Furnari et al., 1993; Mullen and Marzluff, 2008; Shen and
Goodman, 2004; Song and Kiledjian, 2007), also can activate decapping in vitro (Song and
Kiledjian, 2007). Thus, a number of mechanisms exist by which the decapping machinery can
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be selectively recruited to specific mRNA substrates. An important goal for future studies will
be to understand how translational repression is coordinated with activation of decapping in
these mRNA decay pathways. Moreover, the importance of decapping relative to other mRNA
decay activities in specific mRNA turnover pathways is largely unknown.

mRNAs associated with the decapping machinery can assemble into PBs
In recent years it has become clear that mRNPs that recruit the mRNA decapping machinery
acquire the ability to assemble into PBs (Eulalio et al., 2007a; Parker and Sheth, 2007). PBs
were first identified following the discovery that Dcp1, Dcp2, the 5′ to 3′ exonuclease Xrn1,
and the miRNA pathway component GW182, co-localize in cytoplasmic foci (Bashkirov et
al., 1997; Eystathioy et al., 2002; Ingelfinger et al., 2002; Sheth and Parker, 2003; van Dijk et
al., 2002). Later studies revealed that a number of other factors that activate decapping also
concentrate in PBs (Beckham et al., 2008; Fenger-Gron et al., 2005; Scheller et al., 2007; Yu
et al., 2005). In addition, mRNA and protein components of the miRNA, ARE-mRNA decay
and NMD pathways can be observed in PBs (Ding et al., 2005; Eystathioy et al., 2003; Franks
and Lykke-Andersen, 2007; Kedersha et al., 2005; Liu et al., 2005b; Pillai et al., 2005; Sen
and Blau, 2005; Sheth and Parker, 2006; Unterholzner and Izaurralde, 2004). However, the
function and importance of the PB in mRNP regulation has been a subject of controversy and
many misconceptions. Here we outline the kinetic model for PB formation and disassembly,
which serves as a simple framework for predicting the conditions that mediate the assembly
of mRNPs into PBs (Figure 2).

The kinetic model for PB assembly
Several lines of evidence suggest that PBs are highly dynamic structures formed by the self-
assembly and disassembly of translationally repressed mRNPs. This hypothesis is illustrated
in the kinetic model for PB assembly shown in Figure 2. A central prediction from this model
is that PB formation is directly proportional to the cytoplasmic concentration of translationally
repressed mRNPs. This idea is supported by a number of observations. First, the entrapment
of mRNAs in polysomes through treatment with drugs such as cycloheximide, which depletes
the cellular pool of ribosome-free mRNPs, causes rapid disappearance of visible PBs (Cougot
et al., 2004a;Eulalio et al., 2007b;Teixeira et al., 2005). Importantly, PBs can be restored under
these conditions when an exogenous mRNA that fails to become trapped in polysomes due to
a 5′UTR hairpin is expressed at high levels (Franks and Lykke-Andersen, 2007). Second,
several manipulations of human, yeast and Drosophila cells that cause the release of mRNA
from polysomes, thus increasing the cellular pool of ribosome-free mRNPs, result in enhanced
PB formation (Brengues et al., 2005;Cougot et al., 2004a;Eulalio et al., 2007b;Teixeira et al.,
2005). However, it is worth noting that when mRNAs are released from polysomes under
conditions of cell stress, such repressed mRNPs assemble instead into mRNP granules related
to PBs called stress granules (see below). Third, manipulations that slow down enzymatic steps
of mRNA decay that occur after the release of the mRNA from polysomes, thus leading to an
increase in the cellular pool of repressed mRNPs committed to decay, cause accumulation of
PBs. For example, depletion of the decapping enzyme Dcp2 or the 5′ to 3′ exonuclease Xrn1,
both PB factors, causes enhanced PB assembly (Cougot et al., 2004a;Fenger-Gron et al.,
2005;Franks and Lykke-Andersen, 2007;Sheth and Parker, 2003). Even the depletion of a
component of the exosome, which is not observed in PBs, causes accumulation of ARE-mRNA
in PBs (Franks and Lykke-Andersen, 2007), likely due to an increase in the cellular
concentration of the translationally repressed ARE-mRNP. Finally, the integrity of PBs is
critically dependent on RNA, as treatment with RNase in vitro or in permeabilized cells causes
the disassembly of PBs (Eulalio et al., 2007b;Teixeira et al., 2005). These observations taken
together demonstrate a direct correlation between the cellular concentration of translationally
repressed mRNPs and the extent of PB assembly in the cytoplasm and suggest a model in which
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PBs form by the self-assembly of repressed mRNPs (Figure 2). A very important aspect of this
model is that PBs should not be considered as pre-formed ‘organelles′ to which individual
mRNPs become localized, but rather as self-assembling clusters of mRNPs, which form when
mRNAs are released from polysomes but do not rapidly degrade and thus accumulate as
repressed mRNPs in the cytoplasm. The evidence for the individual steps that lead to PB
formation depicted in Figure 2 are discussed below.

How does translational repression lead to PB assembly?
Several lines of evidence suggest mRNPs must be translationally repressed and recruit
cytoplasmic PB factors to form a PB (Figure 2) (Coller and Parker, 2005;Decker et al.,
2007;Eulalio et al., 2007b;Franks and Lykke-Andersen, 2007;Teixeira et al., 2005). These steps
might be highly coupled in yeast through the PB factors Dhh1 and Pat1, which, as discussed
above, serve a dual function as general repressors of translation and activators of mRNA
decapping (Bonnerot et al., 2000;Bouveret et al., 2000;Coller and Parker, 2005;Coller et al.,
2001;Fischer and Weis, 2002;Tharun et al., 2000;Tharun and Parker, 2001). In support of this
idea, recent studies indicate that yeast strains lacking Dhh1 and Pat1 display defects in
translational repression as well as PB formation in response to glucose starvation (Coller and
Parker, 2005). By contrast, over-expression of Dhh1 and Pat1, which results in general release
of mRNAs from polysomes, also promotes the formation of large PBs (Coller and Parker,
2005). These observations suggest that a competition between the translation machinery and
antagonistic factors such as Pat1 and Dhh1 regulate global translation and PB formation. In
addition, Pat1 and Dhh1 are likely among the first PB factors recruited to an mRNA and thus
play an important role in promoting the formation of a repressed mRNP that is competent to
assemble into a PB (Figure 2).

However, whereas translational repression is clearly required for the assembly of an mRNP
into a PB, it might not always be sufficient. mRNAs that are translationally repressed by 5′
UTR hairpins or puromycin treatment in human and Drosophila cells, do not assemble into
PBs unless they contain cis-elements that recruit cytoplasmic PB factors (Eulalio et al.,
2007b; Franks and Lykke-Andersen, 2007). Thus, translational repression and PB factor
recruitment could, at least in some cases, constitute independent steps, although whether this
is true for endogenous mRNAs remains unknown. Thus, an important question for future
studies is whether all cellular translationally repressed mRNPs are competent for PB assembly
or whether this is only true for a specific subset.

What factors direct the assembly of mRNPs into PBs?
Two protein components of yeast PBs, Edc3 and Lsm4, were recently identified as factors that
promote the physical interactions between mRNPs required for PB assembly (Decker et al.,
2007; Reijns et al., 2008). The co-deletion of a C-terminal dimerization domain of Edc3 (called
Yjef-N; Figure 1A) and a C-terminal Glutamine/Asparagine (Q/N)-rich domain of Lsm4,
similar to those found in prions, led to a complete failure in PB assembly, even though
translation and mRNA decay appeared to be unaffected (Decker et al., 2007; Reijns et al.,
2008). Interestingly, Edc3 and Lsm4 are components of two separate complexes, the decapping
complex and the Lsm-Pat1 complex, respectively (Figure 3A) (Bouveret et al., 2000; Decker
et al., 2007; Tharun et al., 2000). These findings suggest a mechanism for PB assembly in yeast
in which Dhh1 and Pat1 trigger translational silencing and promote the assembly of individual
mRNPs into a PB through interactions with Edc3 (as part of the decapping complex) and Lsm4
(as part of the Lsm-Pat1 complex), respectively (Figure 3A) (Decker et al., 2007; Pilkington
and Parker, 2008). Edc3 likely has a similar function in eukaryotes other than yeast, as the
Yjef-N dimerization domain is highly conserved and Edc3 depletion in Drosophila S2 cells
results in the disappearance of visible PBs (Tritschler et al., 2007). By contrast, the prion-like

Franks and Lykke-Andersen Page 7

Mol Cell. Author manuscript; available in PMC 2009 December 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



domain of yeast Lsm4 has been replaced by an RGG-domain in most metazoans suggesting
that either Lsm4 does not promote PB formation in these organisms, or does so by a different
mechanism than in yeast (Decker et al., 2007). Interestingly however, an RGG domain in a
different protein, G3BP, has previously been implicated in the assembly of stress mRNP
granules (Tourriere et al., 2003).

One interesting question is whether all repressed mRNPs assemble into PBs using the same
protein domain, or whether multiple protein domains can direct PB assembly. In support of
the latter possibility, several PB components contain predicted Q/N-rich regions similar to that
found in yeast Lsm4 (Decker et al., 2007; Reijns et al., 2008). In metazoans, this includes the
proteins Hedls and GW182. In human and Drosophila cell lines, depletion of either Hedls or
GW182 leads to loss of microscopically visible PBs (Eulalio et al., 2007b; Jakymiw et al.,
2005; Liu et al., 2005a; Yu et al., 2005). However, it has not been determined whether this is
due to a direct effect on the PB assembly step rather than an indirect effect of modulating
translation or mRNA decay. Moreover, overexpression of Hedls, but not a mutant Hedls protein
lacking its Q/N-rich region, causes massive aggregation of PB-like structures in human cells
(Fenger-Gron et al., 2005; Yu et al., 2005). However, whereas Hedls associates with activators
of the NMD and ARE-mRNA decay pathways (Fenger-Gron et al., 2005), GW182 is thought
to function specifically in the miRNA silencing pathway (Jakymiw et al., 2005; Liu et al.,
2005a; Ding et al., 2005; Rehwinkel et al., 2005). These observations support the idea that
different mRNP repression pathways utilize diverse protein complexes to assemble into PBs
(Figure 3B). Recruitment of a single one of these assembly complexes might be sufficient for
any given mRNP to associate with the PB.

How do mRNPs disassemble from PBs?
Evidence suggests that mRNPs assembled into PBs can undergo one of two fates: they can
either be released to re-enter the translational pool or they undergo mRNA decay (Figure 2).
Either case would lead to the release of the mRNP proteins from the PB, which is consistent
with the rapid cycling of most PB factors observed in Fluorescence Recovery After
Photobleaching (FRAP) experiments (Aizer et al., 2008;Andrei et al., 2005;Kedersha et al.,
2005;Leung et al., 2006). Evidence that mRNAs can be released from the PB into the
translational pool include the observations that yeast mRNAs that assemble into PBs upon
glucose starvation engage in translation once glucose is added back (Brengues et al. 2005), and
that a human mRNA, which is targeted for PB association by a miRNA, can re-enter translation
upon association with the protein HuR (Bhattacharyya et al., 2006). The other possible fate for
an mRNA associated with the PB is believed to be its degradation. However, while this is
consistent with the observation that many mRNA decay enzymes concentrate in PBs and that
the depletion of mRNA decay enzymes leads to accumulation of mRNAs in PBs, direct
evidence that mRNAs can degrade while assembled into the PB has not yet been presented. A
testable prediction is that the cycling of mRNP proteins out of PBs, as can be measured in
photoactivation experiments, is dependent on the catalytic activity of mRNA decay enzymes.

Assuming that mRNAs can in fact degrade while associated with the PB, an important question
is how a subset of PB-associated mRNAs evade mRNA decay. Presumably they either fail to
recruit or to activate the mRNA decay enzymes that act on unstable PB-associated mRNPs.
This hypothesis is supported by observations suggesting that the yeast NMD pathway can target
both normal and aberrant mRNAs for PB association (Sheth and Parker, 2006). However, once
associated with PBs these mRNAs appear to have different fates as the NMD substrates are
degraded whereas the normal mRNAs can be released for translation. An important goal for
future studies will be to understand how PB-associated mRNPs are ‘marked’ for degradation
or for storage and later re-entry into the translational pool. An interesting hypothesis is that the
recently observed structural rearrangement required for Dcp2 activation (Deshmukh et al.,
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2008; She et al., 2008) constitutes a key step in determining whether or not Dcp-associated
mRNPs are subjected to decapping and degradation or remain stable. Alternatively, stable
mRNPs could assemble into PBs through protein complexes that do not associate with mRNA
decay factors (Figure 3).

Some consequences of the kinetic model for PB formation
An important question that arises from the model of PBs illustrated in Figure 2 is how many
mRNPs are needed to form a PB? It simply isn’t known. However, we would like to argue that
PBs should not be defined as simply those structures that can be observed in the microscope,
as this definition would cause a PB observed in one microscope to cease being a PB when
observed in a less powerful microscope. Rather we favor a definition based on function.
However, it is not yet clear how to define PB function. So, how should experiments that
manipulate PBs be interpreted? Since a key prediction from the model presented in Figure 2
is that any manipulation of a cell (such as an external stimulus or the depletion or over-
expression of a protein) that affects the levels of translationally repressed mRNPs will cause
an overall alteration of cellular PB morphology, such manipulations could have interfered with
any one of the steps illustrated in Figure 2. Moreover, as PBs consist of a heterogeneous pool
of repressed mRNPs, it can be predicted that any manipulation that causes a sub-fraction of
the mRNP pool to shift in or out of the PB will affect the association of all other mRNPs with
PBs simply by affecting the overall concentration of repressed mRNPs available for PB
formation. For example, the observations that microscopically visible PBs disappear when the
miRNA pathway is repressed in human and Drosophila cells (Eulalio et al., 2007b;Jakymiw
et al., 2005;Liu et al., 2005a;Pauley et al., 2006), or when deadenylation is repressed in yeast
and mammalian cells (Sheth and Parker, 2003;Zheng et al., 2008), does not necessarily reflect
a requirement for these processes in PB assembly. Instead, according to the model in Figure
2, these effects are due to the generally decreased abundance of repressed mRNPs available
for cytoplasmic PB formation, which would slow down the PB assembly step and thereby fail
to create PBs observable by microscopy. If this interpretation is correct, it is predicted that the
overexpression of an mRNA that is translationally repressed in a process independent of
deadenylation or miRNAs will restore PBs under these conditions, similarly to how a non-
translatable ARE-mRNA can restore PBs when other mRNPs are trapped in polysomes by
cycloheximide (Franks and Lykke-Andersen, 2007).

Another important consequence of the model in Figure 2 is that it is not possible using current
light microscopy techniques to quantify the fraction of a given mRNP or protein that localizes
in PBs versus the cytoplasm. As PBs might be anything from an assembly of two or more
mRNPs, what can be classified as a PB via light microscopy might be only the tip of the iceberg.
Moreover, as mRNPs can cycle rapidly in and out of PBs with half-lives of less than a minute
(Aizer et al., 2008;Andrei et al., 2005;Kedersha et al., 2005;Leung et al., 2006), techniques for
separating mRNPs in PBs from those in polysomes following the preparation of cell extracts
should be interpreted with care as the act of preparing a cell extract most likely alters the mRNP
equilibrium. Instead, techniques that use rapid fixation of complexes prior to extract
preparation should be employed, although such techniques may exaggerate the levels of
mRNPs in PBs by preventing the release of mRNPs from the PB during incubation.

The relation between PBs and other mRNP granules
A number of mRNP granules that appear to be closely related to PBs have been identified in
eukaryotes, including stress granules (Anderson and Kedersha, 2008), various germ cell
granules (Anderson and Kedersha, 2006), specific forms of neuronal granules (Barbee et al.,
2006) and mRNP granules important in the secretory pathway (Decker and Parker, 2006).
These mRNP granules are generally thought to promote temporally and/or spatially restricted
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mRNA translational repression. However, similarly to PBs, many of these mRNP granules
also contain mRNA decay factors, including those promoting decapping. An important goal
for future studies is to understand whether mRNAs associated with these specialized granules
are subject to mRNA decay in addition to translational repression. Perhaps the turnover of
mRNAs associated with some of these granules, together with constant replenishment of newly
transcribed mRNA, maintains a steady state of localized mRNA, which can be released for
local translation upon specific cues. Alternatively, a subset of the granule-associated mRNPs
are stored with mRNA decay enzymes to ensure rapid degradation following their translational
activation as a mechanism to prevent sustained signaling, as has been proposed for the Arc
mRNA that localizes in neuronal granules (Giorgi et al., 2007).

Another interesting question about the various mRNP granules is how some can co-exist in
the same cytoplasm. For example, several mRNP granules exist separately in the C. elegans
gonad (Audhya et al., 2005; Boag et al., 2005; Lall et al., 2005; Navarro and Blackwell, 2005),
and PBs and stress granules, which form under cell stress, can exist separately in the
mammalian cell cytoplasm (Kedersha et al., 2005). The simplest hypothesis is that the protein
domains responsible for the assembly of mRNPs into the various granules form mutually
exclusive interactions. For example, the putative Lsm4, Edc3, Hedls and GW182 assembly
domains of PBs might have the ability to assemble with each other (Figure 3B), whereas the
TIA-1/TIAR Q/N-rich prion-like domain and the G3BP RGG domain, which are responsible
for assembling translationally repressed mRNPs into stress granules (Gilks et al., 2004;
Tourriere et al., 2003), might not interact with the PB factors. An alternative possibility is that
all assembly domains are restricted to homomeric associations, but a subset of mRNPs in PBs
associate with multiple PB assembly complexes, thereby ensuring co-assembly of the various
mRNPs through a network of homomeric interactions (Figure 3B). This possibility is consistent
with the observations of separate GW182 and decapping granules observed under certain
conditions (Schneider et al., 2006; Vasudevan and Steitz, 2007). Moreover, PBs and stress
granules can associate with each other, and these interactions are strongly enhanced upon TTP
or BRF1 overexpression (Kedersha et al., 2005). A simple explanation would be that under
these conditions, a small subset of repressed mRNPs recruit both a PB and a stress granule
assembly complex, which in effect tethers the stress granule to the PB through a subset of the
associated mRNPs. Alternatively, the observed association between PBs and stress granules
could reflect the maturation of a subset of mRNPs from the monomeric form of one granule
to the other. The mechanisms that ensure recruitment of specific assembly complexes to
individual mRNPs, thereby targeting them to specific mRNP granules, and the functional
consequence of this, should be important topics of future investigation.

Does mRNP granule formation regulate translational repression, decapping
or mRNA decay?

A major unresolved question is what role, if any, does the assembly of individual mRNPs into
mRNP granules, including the PB, play in promoting translational repression, decapping and/
or mRNA decay. Why is the ability of repressed mRNPs to assemble into mRNP granules an
evolutionarily conserved property of eukaryotic cells? Recent studies have failed to identify
mRNA decay and translational repression pathways that are inhibited by the loss of visible
PBs (Decker et al., 2007; Eulalio et al., 2007b; Stoecklin et al., 2006). Thus, at least for the
tested mRNAs, their ability to assemble into PBs does not appear to be important for their
repression and degradation, although it is important to keep in mind, as discussed above, that
the loss of visible PBs does not necessarily mean a loss of functional PBs. However, PBs might
serve some function that cannot be easily measured using mRNA decay and translation assays.
For example, PBs might prevent promiscuous mRNA decapping and decay in the cytoplasm
by sequestering mRNA decay enzymes away from translating mRNAs. Thus, general mRNA
decay might be enhanced when macroscopic PBs disappear, rather than being inhibited as many
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would predict. Moreover, it is possible that PBs, by concentrating mRNA decay enzymes,
enhance only mRNA decay pathways for which mRNA decay enzymes are limiting. For
example, concentrating mRNPs in the PB could provide a mechanism to produce a high local
Dcp2 concentration that can in effect jump from one mRNP to the other within the PB. This
idea is consistent with the poor cycling of Dcp2 from PBs observed by FRAP (Aizer et al.
2008). A simple prediction from this hypothesis is that only mRNA decay pathways that can
be observed to be enhanced upon Dcp2 overexpression will be impaired under conditions where
the mRNPs fail to assemble into PBs. Thus, a number of important questions regarding the
importance in cytoplasmic mRNA metabolism of decapping and the assembly of repressed
mRNPs into mRNP granules remain unresolved. The combination of biochemical, biophysical,
molecular and cell biological approaches that are currently ongoing should provide important
insights into these processes in the near future.
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Figure 1. Multiple protein factors promote mRNA decapping
(A) Interactions between the decapping enzyme Dcp2 and factors that stimulate decapping,
Dcp1, Edc3, Dhh1 (Rck/P54, Me31B, CGH-1, Xp54), metazoan-specific Hedls and yeast-
specific Edc1/2. Direct interactions between the decapping factors and between Dcp2 and
mRNA are indicated by solid lines and brackets. The interaction between Edc1/2 and Dcp1/2
has been shown indirectly, through activation of decapping in vitro and is represented by dashed
lines. Putative PB assembly domains are shown in red. Specific protein domains are indicated.
(Q/N): Putative glutamine/asparagine-rich region of Hedls. The catalytic Nudix domain of
Dcp2 is indicated in yellow. The indicated interactions are based on observations described in:
(a): (Fenger-Gron et al., 2005; Xu et al., 2006; Yu et al., 2005), (b): (Deshmukh et al., 2008;
She et al., 2006; She et al., 2008), (c): (Decker et al., 2007; Tritschler et al., 2007), (d):
(Tritschler et al., 2007; Fenger-Gron et al., 2005), (e): (Decker et al., 2007; Tritschler et al.,
2007), (f): (Decker et al., 2007; Tritschler et al., 2007), (g): (Dunckley et al., 2001; Schwartz
et al. 2000), and (h): (Deshmukh et al., 2008; She et al., 2006; She et al., 2008). (B) mRNA
decapping activation is thought to occur in two distinct steps. First, the cap-binding complex
(eIF4F) must be removed from the mRNA, a process that renders the mRNA translationally
inactive. This process is stimulated, at least in yeast, by Dhh1 and the Lsm-Pat1 complex. The
core decapping complex, including Dcp2, Dcp1 and possibly in metazoans Hedls, can then
access and remove the mRNA cap through a process that can be stimulated by Edc1–3. The
decapped mRNA is then degraded by Xrn1.
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Figure 2. The kinetic model for PB formation
Model illustrating the hypothesis that the extent of PB formation is directly proportional to the
cytoplasmic levels of repressed mRNPs and depends on competing rates of translational
repression, PB factor recruitment, mRNP multimerization and mRNA decay. Before mRNAs
can assemble into PBs, they must be translationally repressed. Translational silencing factors
then promote the formation of a PB “monomer” by recruiting decapping factors and/or other
PB assembly components. If mRNA decay enzymes are not limiting and thus mRNA decay is
rapid, mRNAs may be degraded prior to PB assembly. However, if decay enzymes are limiting,
the repressed mRNAs assemble into PBs where they can be degraded, or released back into
the translational pool.
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Figure 3. Model for the assembly step in PB formation
(A) Yeast Edc3 and Lsm4 contain Yjef-N and Q/N-rich domains, respectively (indicated by
red tails), which are protein-protein interaction domains important for the assembly of mRNPs
into the PB (Decker et al., 2007; Reijns et al., 2008). Edc3 and Lsm4 are part of separate
complexes, the decapping complex and the Lsm-Pat1 complex, respectively. These complexes
might promote the assembly of their associated mRNPs into PBs through homomeric
interactions as indicated by arrows. (B) In human cells, Hedls and GW182 contain putative Q/
N-rich prion-like domains (indicated by red tails), which might promote PB formation in
cooperation with, or independently of, Edc3 or Lsm4. It is possible that the assembly of PBs
containing a heterogeneous pool of mRNPs requires that a subset of PB mRNPs recruit multiple
assembly complexes, which serve as scaffolds for assembly with mRNPs containing single
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assembly complexes as indicated by arrows. Alternatively, assembly domains may form
heterologous interactions (e.g. between Hedls and GW182) to assemble heterogeneous PBs
(see text for details).
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