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Abstract
Eukaryotic mRNAs are in a dynamic equilibrium between different functional and subcellular
locations. Translating mRNAs can be found in polysomes, while mRNAs stalled in translation
initiation accumulate in stress granules, and mRNAs targeted for degradation or translation repression
can accumulate in P-bodies. Partitioning of mRNAs between polysomes, stress granules, and P-
bodies can affect rates of translation and mRNA degradation. Genetic evidence now indicates that
critical proteins within P-bodies or stress granules can enhance or limit viral infection. Moreover,
some viral RNAs and proteins, as well as host antiviral defense proteins, accumulate in P-bodies and/
or stress granules. These results suggest an important interplay between P-bodies, stress granules
and viral life cycles that is just beginning to emerge.

INTRODUCTION
Viral life cycle completion requires a series of events that are often separated in time and occur
in specific subcellular compartments of the host. One important aspect of viral-host interactions
is how the viral transcripts interact with host machinery for translation, localization, and
degradation of mRNAs. Moreover, since many RNA viruses use viral transcripts for both
mRNA and genomic RNA (gRNA), mechanisms are required to segregate replicative and
packaging events away from translation of the RNAs, thereby avoiding competition between
elongating ribosomes and the packaging or replicative machineries. Although of significant
importance to the viral replicative process, the mechanisms by which viruses segregate
translation from replication and assembly, and the host factors involved, are not well
understood. However, recent insights into host mechanisms for the control of mRNA
degradation and translation suggest possible means by which the activities or functions of viral
RNAs may interact with normal host mRNA biology.

In eukaryotes, two general mRNA decay pathways have been identified (reviewed in Meyer
et al., 2004; Parker and Song, 2004), both of which begin with shortening of the 3′ poly (A)
tail in a process referred to as deadenylation. The Ccr4p/Pop2p deadenylase complex primarily
carries out deadenylation, although additional deadenylases can contribute. Following
deadenylation, mRNAs can be degraded in a 3′–5′ direction by an exonuclease complex termed
the exosome. Alternatively, after deadenylation the mRNA can be decapped by the Dcp1p/
Dcp2p decapping enzyme, leading to 5′ to 3′ degradation by the exonuclease Xrn1p. An
important point is that targeting an mRNA for decapping involves the formation of a
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translationally repressed mRNP (mRNA and protein complex), which can also aggregate into
specific cytoplasmic foci referred to as Processing bodies or P-bodies (reviewed in Parker and
Sheth, 2007; Eulalio et al., 2007; Anderson and Kedersha, 2006). Transcripts that assemble
into an mRNP targeted to P-bodies can either be degraded, or stored for later return to
translation.

The analysis of P-bodies and the fate of transcripts associated with P-bodies has suggested a
model for how host mRNAs enter and exit translation with the following key points (Figure
1) (reviewed in Parker and Sheth, 2007;Eulalio et al., 2007;Anderson and Kedersha, 2006).
First, host mRNAs are in dynamic exchange between translating and non-translating pools.
Second, many non-translating mRNAs are packaged into a repressed mRNP in conjunction
with a set of conserved P-body proteins that mediate translation repression and mRNA
degradation, as well as aggregate into P-bodies. Third, once associated with the P-body
proteins, an mRNA can either be decapped and degraded, or be stored for later translation.
Thus, the transcripts in a P-body are a biochemically distinct, and related, pool of mRNPs that
are not engaged in translation and can be subjected to different fates. Finally, mRNAs that are
stalled in translation initiation can aggregate into stress granules, which are often seen
associated with P-bodies, and represent an intermediate in the transition of mRNAs between
P-bodies and polysomes.

A set of conserved "core" P-body components has been identified as being critical for the
translational repression, accumulation and subsequent degradation or storage of mRNAs in P-
bodies. These include the decapping enzyme (Dcp1p & Dcp2p) and the 5′ to 3′ exonuclease
Xrn1p (Sheth and Parker, 2003; Ingelfinger et al., 2002; Lykke-Anderson, 2002 and van Dijk
et al., 2002). P-bodies also contain a set of decapping activators including the heteroheptameric
Lsm1p-7p complex, Dhh1p/Rck, and Pat1p (Sheth and Parker, 2003 and Ingelfinger et al.,
2002). Dhh1p/Rck and Pat1p have also been shown to be involved in translational repression
of mRNA and thereby facilitate the recruitment of repressed mRNA to P-bodies (Coller and
Parker, 2005). Other core components of P-bodies include Scd6p/RAP55/CAR-1, Edc3p, and
the deadenylase complex Ccr4p/Pop2p/Not1p-5p (Parker and Sheth, 2007; Eulalio et al.,
2007). More recently, the yeast Ded1p protein, whose mammalian ortholog is Ddx3, has been
identified as being a component of P-bodies and of influencing the movement of mRNAs
between P-bodies and polysomes (Beckham et al., 2008). P-bodies in metazoans also
accumulate proteins involved in miRNA and siRNA function including Argonaute proteins
and GW182 and their orthologs (Parker and Sheth, 2007; Eulalio et al., 2007; Anderson and
Kedersha, 2006), which are known to contribute to host antiviral defenses (Dykxhoorn,
2007).

Stress granules are dynamic aggregates of untranslating mRNAs in conjunction with a subset
of translation initiation factors (eIF4E, eIF4G, eIF4A, eIF3, eIF2), the 40S ribosomal subunit,
and several RNA binding proteins including the poly(A) binding protein (Anderson and
Kedersha, 2006). Notable RNA binding proteins in stress granules include TIA-1, TIA-R and
G3BP, all of which have self-interaction domains that can contribute to stress granule formation
(Gilks et al., 2004; Tourriere et al., 2003). Stress granules form in response to defects in
translation initiation including decreased function of eIF2, eIF4A, or eIF4G (Anderson and
Kedersha, 2002; Mazouri et al., 2006; Dang et al., 2006), and are therefore thought to be
aggregates of mRNA that are stalled in the process of translation initiation, that are then
aggregated by the self-interaction domains of TIA-1, TIA-R, G3BP, and possibly other
proteins. Because stress responses often involve a transient inhibition of translation initiation,
stress granules accumulate during a wide range of stress responses. Stress granules are often
docked to P-bodies suggesting mRNAs may move between these two compartments. Whether
mRNPs are moving from P-bodies to stress granules, from stress granules to P-bodies, or both,
remains to be determined.
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The fundamental role of stress granules and P-bodies in the translation repression and
degradation of host mRNAs suggests that these complexes, and the proteins within them, will
affect the metabolism of viral mRNAs. Indeed, in some cases key components of stress granules
and/or P-bodies are involved in limiting viral infection (see below). More surprisingly, genetic
evidence demonstrates that proteins within P-bodies are required for the successful completion
of the life cycles of some retroviral, retrotransposon, or +strand RNA viruses (summarized in
Table 1 and discussed further below). This suggests that P-bodies, at least, will also be
important for some viral life cycles, which is also supported by the accumulation of some viral
RNAs and proteins in P-bodies. In this review, we discuss the emerging evidence suggesting
that interactions between viral transcripts, stress granules and P-bodies can be important both
for viral replication and for host antiviral defense.

RETROVIRUS-LIKE ELEMENTS AND RETROVIRUSES
Retrotransposons and P-bodies

Initial evidence suggesting a connection between P-bodies and retroelements came from the
analysis of the yeast retrotransposons Ty1 and Ty3. Ty1 and Ty3 are endogenous Ty
retrotransposons in yeast cells and are model systems for the analysis of retroviruses and
retroelements (Reviewed in Roth 2000 and Sandmeyer 1998). Ty1 is a member of the copia-
like family of retrotransposons, while Ty3 is a member of the gypsy-like family of
retrotransposons (Sandmeyer 1998).

Evidence that Ty elements required P-bodies for some aspect of their life cycle came from
genetic data regarding host-viral interactions. Using retrotransposition assays, the Lsm1-
Lsm7p complex, Pat1p, and Dhh1p were identified as being required for efficient
retrotransposition for both Ty1 and Ty3 (Devine, 2003; Aye et al., 2004; Irwin et al., 2005;
Beckham and Parker unpublished). In addition, deletions in the deadenylase complex
component, Pop2p resulted in enhanced retrotransposition (Irwin et al., 2005 and Beckham
and Parker unpublished). Because Lsm1-7p, Pat1p and Dhh1p promote the formation of P-
bodies, and Ccr4p/Pop2p normally limits P-body formation (Coller and Parker, 2005, Teixeira
and Parker, 2007), these genetic observations suggested that targeting of Ty transcripts to P-
bodies might be important for retrotransposition.

One possibility is that P-bodies, or the mRNPs within them, may serve important roles in the
assembly or maturation of the Ty virus-like particles. This is supported by the observation that
tagged versions of Ty3 viral RNA and proteins accumulated in P-bodies (Beliakova-Bethell
et al., 2006). Moreover, mutations in key components of P-bodies that affected
retrotransposition also altered the subcellular distribution of viral components. Specifically, in
dhh1Δ yeast strains Ty3 proteins were more diffuse and twice as many cells had multiple
smaller foci versus the wild type control (Beliakova-Bethell et al., 2006). In an xrn1Δ strain,
Ty3 proteins accumulated in larger foci, paralleling the enhanced P-body formation seen in
xrn1Δ mutants (Beliakova-Bethell et al., 2006). These data suggest a role for constituents of
P-bodies in the accumulation and/or targeting of viral components to P-bodies.

The precise function of the Lsm1-7p complex, Pat1p and Dhh1p in the Ty3 life cycle remains
unclear. Mutational analysis of the capsid and NC components of the Ty3 Gag protein is
consistent with P-bodies participating in some aspect of Ty3 assembly or maturation (Larsen
et al., 2007; Larsen et al., 2008). However, because lsm1Δ, pat1Δ, and dhh1Δ strains produce
at least some Ty3 cDNA (Irwin et al., 2005), the role of P-bodies may be in a late step of viral
assembly and/or cDNA transport to the nucleus.

It is possible that other retrotransposon elements will interact with P-bodies during their life
cycles. For example, similar to Ty3, the Gag proteins of the Drosophila Doc and I factor
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transposons accumulate in cytoplasmic foci, of unknown nature, that look similar to P-bodies
(Rashkova et al., 2002).

Retroviruses and P-bodies in mammals
An obvious implication of the work with Ty elements is that additional retrotransposons or
retroviruses might utilize P-bodies, or the components within them, for important steps in their
life cycles. One intriguing connection between HIV and P-bodies has come from the
observation that the highly conserved RNA helicase DDX3 is required for the export, and
translation, of unspliced HIV-1 from the nucleus (Yedavilli et al., 2004). This observation is
relevant for two reasons. First, DDX3 is a highly conserved protein and the yeast ortholog of
DDX3, Ded1p, can accumulate in P-bodies and affect their formation (Beckham et al., 2008).
Second, the unspliced form of HIV1 RNA serves as gRNA. This suggests that DDX3 may
recruit HIV1 gRNA to the P-body for subsequent steps in the packaging into virions.
Interestingly, some components of P-bodies are nuclear-shuttling proteins and have been
proposed to play a role in the export of mRNAs directly into the P-body state (Parker and Sheth,
2007). Moreover, the export of P-body components in yeast is dependent on the Crm1p protein
(Pilkington and Parker, unpublished), which is the nuclear export system that Rev targets for
export of HIV transcripts from the nucleus (Yedavilli et al., 2004). These data suggest a model
wherein Ded1p first engages HIV-1 in the nucleus leading to export in a manner that targets
the HIV-1 RNA to a P-body following export, which might be important for subsequent steps
in viral function.

Understanding the relationships between P-bodies and mammalian retroviruses will require
additional experiments. Many retroviruses are known to undertake key steps in their life cycles
in discrete subcellular foci, although the identity of these foci is generally unknown. For
example, Mason-Pfizer Monkey virus Gag protein is found in cytoplasmic foci of unknown
identity (Weldon et al., 2003), while for Foamy viruses both Env and Gag proteins are found
in cytoplasmic foci, which are thought to be associated with the centriole (Yu et al., 2006). An
interesting area of future work will be to determine the nature of these cytoplasmic aggregates
and any possible relationship to P-bodies.

POSITIVE STRANDED RNA VIRUSES
Another set of viruses that show interactions with P-bodies are positive-strand RNA viruses
(+RNA viruses), which encompass over one third of all virus genera and include numerous
well-known pathogens such as Hepatitis C (HCV) and West Nile Virus. Despite their
differences, all positive-strand RNA viruses share a similar life cycle following infection where
the +RNA first serves as an mRNA to produce viral replication factors, and then exits
translation and is selectively recruited to a membrane-associated replication complex. An
unresolved issue is the mechanism(s) bringing the viral RNAs and proteins together and thus
facilitating the assembly of these replication complexes.

Brome Mosaic Virus and P-bodies
One connection between a + strand RNA virus and P-bodies came from genetic studies in yeast
using the positive-stranded RNA virus Brome Mosaic Virus (BMV), which can complete all
stages of the viral life cycle in yeast (Janda and Ahlquist, 1993). BMV is a member of the
alphavirus-like superfamily and has a tri-partite genome consisting of viral transcripts RNA1,
RNA2 and RNA3. A subgenomic RNA, termed RNA4, is produced from RNA3 during
replication at the endoplasmic reticulum. The transcripts are capped, but lack poly(A) tails
(Reviewed in Noueiry and Ahlquist, 2003). Segregation of genes into separate transcripts
allows for the independent analysis of function and subcellular localization of each transcript
and gene product.
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Using genetic screens to find host factors involved in BMV function, two important roles for
components of P-bodies were revealed (Kushner et al., 2003). First, it was seen that the P-body
components Pat1p, Dhh1p and the Lsm1p-7p complex were required for efficient translation
of the RNA1, RNA2 and RNA3 (Noueiry et al., 2003). Similarly, the essential DEAD-box
RNA helicase Ded1p, which can also be a component of P-bodies (Beckham et al., 2008), was
required for the translation of viral RNA2, which encodes the RNA dependent RNA
polymerase (RdRp) protein (Noueiry et al., 2000). Since Pat1p, Dhh1p, and Lsm1-7p are
generally translational repressors, it is not clear why they are required for the translational
activation of the viral transcripts. One possibility is that these proteins can function as
translation activators in some contexts.

A second intriguing connection between the BMV life cycle and P-bodies is that Pat1p, Dhh1p,
and the Lsm1-7p complex are all required for entry of the gRNAs into replication, which for
BMV involves the formation of a membrane bound replication complex (Noueiry et al.,
2003 and Mas et al., 2006). Moreover, three observations suggest these proteins are required
for replication because P-bodies may play a role in concentrating the gRNAs, the viral proteins
and promoting their interaction with membranes (Beckham et al., 2007). First, RNA2 and
RNA3 accumulate in P-bodies. Moreover, the P-body accumulation of RNA3 is dependent on
cis-acting signals that contribute to replication efficiency suggesting P-body accumulation is
related to replication in some manner. Second, the RNA-dependent RNA polymerase (RdRp)
also accumulated in P-bodies and co-immunoprecipitated with Lsm1p. Finally, at least some
P-bodies are localized and can be biochemically associated with membranes where BMV and
other viruses replicate (Beckham et al., 2007; Wang et al., 2005 and Wilhelm et al., 2005).

Taken together, these results suggest a model for formation of BMV replication complexes
wherein the gRNAs and viral replication factors accumulate in P-bodies. Subsequently,
interaction of P-bodies containing viral components with membranes could facilitate
interactions between the membrane bound replication factor protein 1a, and the components
in P-bodies thereby leading to the assembly of a replication complex. Importantly, since all
+strand RNA viruses share a similar life cycle, one possibility is that this role of P-bodies in
viral replication may be present in other +strand RNA viruses.

Possible connections between HCV and P-bodies
Several observations raise the possibility of a connection between HCV and P-bodies. First,
the HCV core protein physically interacts with DDX3 and colocalizes in cytoplasm foci
reminiscent of P-bodies (Mamiya and Worman, 1999 and You et al., 1999). Second,
knockdowns of DDX3 reduce HCV replication by an undetermined mechanism (Ariumi et
al., 2007). Third, the replication of HCV is increased by interaction of the viral RNA with the
liver-specific miRNA, miR122, which binds to the 5′NCR of the HCV genome (Jopling et
al., 2005). This is striking since one function of miRNAs appears to be the ability to target
mRNAs into P-bodies (Liu et al., 2005 and Pillai, 2005). This raises the speculative model that
assembly of an RNP containing P-body components and the HCV RNA might be important
for efficient replication.

P-BODIES, STRESS GRANULES, AND ANTIVIRAL DEFENSE
In addition to the possible positive roles for P-bodies in viral life cycles, the components of P-
bodies and stress granules may also function in host defenses against viruses and transposable
elements. For example, siRNAs and miRNAs can contribute to antiviral defense in mammals
and plants (Dykxhoorn, 2007). This is relevant since miRNAs, and likely siRNAs, function,
at least in part, by recruiting components of P-bodies to target mRNAs thereby leading to both
translation repression and mRNA decapping and degradation (reviewed in Valencia-Sanchez
et al., 2006). In addition, protein kinase R (PKR), which is activated by dsRNA and contributes
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to antiviral defense, is observed to accumulate in P-bodies during human papilloma infection,
although the significance of this observation is unclear (Hebner et al., 2006).

Another interesting connection between antiviral defense, stress granules and P-bodies is that
the antiviral proteins, APOBEC3G and 3F are concentrated in P-bodies and can accumulate in
stress granules during stress (Gallois-Montbrun et al., 2007; Wichroski et al., 2006). APOBEC
(apolipoprotein B mRNA-editing enzyme catalytic polypeptide like) proteins belong to a
family of cytidine deaminases (reviewed in Wedekind et al., 2003). These proteins are thought
to play an antiviral role by deaminating cytidines in retroviral or retrotransposon genomes. For
example, APOBEC3G can be incorporated into HIV-1 virions and inhibits replication by
deaminating cytidines on viral minus strand (first strand) transcripts. Ultimately, these
mutations result in guanosine to adenosine transitions in the plus stranded cDNA (Esnault et
al., 2005; Griffith et al., 2003 and Yu et al., 2004). Some retroviruses, in turn, make proteins
that inhibit the function of APOBECs. For example, the vif protein of HIV-1 binds to
APOBEC3G (3G) and triggers its degradation (Yu et al., 2004).

The accumulation of APOBEC proteins in P-bodies could be explained by several possible
mechanisms. For example, it could be that P-bodies are sites of viral repression and APOBEC
is concentrated there to assist in that process (Wichroski et al., 2006). A simpler possibility is
that the concentration of APOBEC3G and 3F in P-bodies reflects their binding to a subset of
endogenous RNAs, which are translationally repressed and accumulate in P-bodies. For
example, APOBEC3G might interact with transcripts from endogenous retroelements and
those transcripts might be expected to be translationally repressed by piRNAs or miRNAs,
thereby accumulating in P-bodies along with APOBEC proteins. The ability of APOBEC
proteins to interact with a wide variety of RNA binding proteins, to be found on polysomes
and in stress granules (Gallois-Montbrun et al., 2007; Marin et al., 2007; Wang et al., 2007;
Kozak et al., 2006) is all consistent with the subcellular distribution of APOBEC proteins being
determined by the accumulation of specific mRNAs in subcellular sites.

Some viral infections are known to transiently trigger stress granule formation, at least in some
cases by the activation of kinases that phosphorylate eIF2 and thereby limit translation initiation
(Smith et al., 2006; McInerney et al., 2005; White et al., 2007; Mazouri et al., 2006). Some
observations suggest that stress granules, or at least some of the key proteins within them,
function to limit a range of viral infections. For example, mouse embryo fibroblasts lacking
the TIA-1 protein show increased rates of viral production from a wide range of different
viruses including a VSV (a −strand RNA virus), Sindbis virus (a +strand RNA virus), and HSV
(a DNA virus replicating in the nucleus (Li et al., 2002). Similarly, polio viral production
appears to be limited by the G3BP protein (White et al., 2007). It should be noted that the RNA
binding components of stress granules can also have a positive impact in some viral infections.
For example, the TIA-R protein binds to a 3′ stem-loop structure in the West Nile Virus -strand
and promotes + strand synthesis (Li et al., 2002).

Some viruses also inhibit the host cells ability to form stress granules during the infection. For
example, the polio encoded 3C protease cleaves the G3BP protein during infection and thereby
prevents stress granule formation at later times of infection (White et al., 2007). The
flaviviruses, West Nile and Dengue, also interfere with stress granule formation later in
infection, which might be due to reduced levels of host mRNAs at these times (Emara and
Brinton, 2007). Finally, the Semliki Forest Virus (SFV) appears to reduce stress granules in
the regions of cells that accumulate viral proteins (McInerney et al., 2005). It should be noted
that because stress granules and P-bodies require a pool of untranslating mRNA for their
assembly, any virus that leads to degradation of host mRNAs may inhibit the assembly of these
structures due to reductions in the pool of cytoplasmic mRNAs.
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Taken together, the above results suggest that stress granules, and/or the components within
them, may primarily function to limit viral infections. One possibility is that the formation of
stress granules is part of the host response to limit translation by sequestration of limiting
translation factors and thereby reduces viral replication (Schütz and Sarnow, 2007).
Alternatively, the TIA-1 and G3BP proteins might limit viral function simply by repressing
the function of specific host or viral transcripts required for viral life cycles.

DIVERSITY OF INTERACTIONS BETWEEN STRESS GRANULES, P-BODIES
AND VIRUSES

The evidence discussed above suggests that stress granules, P-bodies and the components
within them will influence viral life cycles in a variety of manners. First, the stress granule and
P-body components may play important roles in host defenses against viruses by repressing
the function of viral transcripts. Alternatively, the translational control of viral transcripts might
be important for maintaining proper stoichiometry of viral components. Finally, since many
P-body components can shuttle between the nucleus and the cytoplasm, P-bodies may function
in the nuclear cytoplasmic transport and remodeling of some viral mRNPs.

An intriguing possibility is that the concentration of mRNAs at specific subcelluar sites by P-
bodies and/or stress granules might be important in directing the translation of viral mRNAs
in specific subcellular regions. For example, during vaccinia virus infection, viral mRNAs are
recruited to cytoplasmic "factories" where translation, replication and viral assembly proceeds
(Katsafanas and Moss, 2007). Strikingly, these factories include the G3BP protein, which also
appears to affect viral transcription in vitro (Katsafanas and Moss, 2004; 2007). Since G3BP
is an important component of stress granules, this raises the possibility that the assembly of
vaccinia factories and stress granules may share common assembly mechanisms.

P-bodies and the translationally repressed mRNPs that accumulate within them may also
provide a pool of translationally repressed viral transcripts for efficient packaging or formation
of viral replication complexes. This model builds on the role of P-bodies as important sites for
host mRNAs to enter different fates including translation, storage, or degradation. In an
extension of this model to viruses, viral transcripts or genomes, similar to host mRNAs, would
localize to P-bodies when not engaged in active translation. Following accumulation in P-
bodies, interactions between the RNAs and viral proteins, in the absence of competing
translation machinery, might allow for efficient packaging or formation of replication
complexes. Moreover, given the ability of P-bodies to aggregate a number of mRNAs in a
single subcellular location, P-bodies may be particularly important in the coordination of
packaging for multi-segmented RNA viruses, such as flu, and may possibly expedite the genetic
diversity of multi-segmented viruses by bringing together the diverse assortment of genomic
transcript possibilities.

It should be noted that in cases where viral mRNAs are targeted to P-bodies for packaging or
replication complex formation, particular mRNP complexes must form that prevent their
decapping. For example, adenoviral mRNAs contain a 5′ poly(A) tail that binds to the Lsm1-7p
complex and prevents mRNA decapping (Bergman et al., 2007), presumably by limiting
interaction of the 5′ end of the mRNA with the RNA binding site on the decapping enzyme
(Steiger et al., 2003). Thus, work examining understanding how viral mRNAs interact with,
and evade, the host mRNA degradation machinery may shed new light on viral function and
their interactions with P-bodies.
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Figure 1. Cytoplasmic cycling of mRNA
mRNA in the cytoplasm of eukaryotic cells may either engage in translation or be sequestered
into translationally repressed mRNPs. Stress granules in mammals are formed during various
cellular stresses and include mRNA, translation initiation factors and TIA-R proteins.
Alternatively, mRNA can be sequestered into P-bodies where the mRNA is stored for future
use in translation, or decapped and degraded.
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Table 1
Mutations in Core P-body Components affecting viral life-cycles

P-body component Virus (organism) Phenotype Reference

lsm1Δ (Defective Lsm1-7p
complex)

Ty1 and Ty3 (yeast) Reduced retrotransposition Irwin et al., 2005; Aye et al.,
2004; Griffith et al., 2003

Brome mosaic virus (yeast) Reduced translation & recruitment to
replication

Noueiry et al., 2003; Kushner et
al., 2003; Diez et al., 2000

pat1Δ Ty1 and Ty3 (yeast) Reduced retrotransposition Irwin et al., 2005; Aye et al.,
2004; Griffith et al., 2003

Brome mosaic virus (yeast) Reduced translation & recruitment to
replication

Noueiry et al., 2003; Kushner et
al., 2003; Mas et al., 2006

dhh1Δ Ty1 and Ty3 (yeast) Reduced retrotransposition Irwin et al., 2005; Aye et al.,
2004; Griffith et al., 2003

Brome mosaic virus (yeast) Reduced translation & recruitment to
replication

Noueiry et al., 2003; Kushner et
al., 2003; Mas et al., 2006

xrn1Δ Ty3 (yeast) Reduced retrotransposition Irwin et al., 2005; Beliakova-
Bethell et al., 2006

pop2Δ Ty3 (yeast) Enhanced retrotransposition Irwin et al., 2005
ded1-2 (hypomorphic allele) Brome mosaic virus (yeast) Reduced Translation of RNA2 Noueiry et al., 2000
Ddx3 (antisense inhibition) HIV (mammalian cell

culture)
Reduced nuclear export and
translation of unspliced HIV1
transcripts

Yedavilli et al., 2004

Ddx3 (siRNA knockdown) HCV mammalian cell
culture)

Reduced Replication due to unknown
defect

Ariumi et al., 2007
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