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ABSTRACT Viruses require the host translational apparatus to synthesize viral proteins. Host stress response mechanisms that
suppress translation, therefore, represent a significant obstacle that viruses must overcome. Here, we report a strategy whereby
the mammalian orthoreoviruses compartmentalize the translational machinery within virus-induced inclusions known as viral
factories (VF). VF are the sites of reovirus replication and assembly but were thought not to contain ribosomes. It was assumed
viral mRNAs exited the VF to undergo translation by the cellular machinery, and proteins reentered the factory to participate in
assembly. Here, we used ribopuromycylation to visualize active translation in infected cells. These studies revealed that active
translation occurs within VF and that ribosomal subunits and proteins required for translation initiation, elongation, termina-
tion, and recycling localize to the factory. Interestingly, we observed components of the 43S preinitiation complex (PIC) concen-
trating primarily at factory margins, suggesting a spatial and/or dynamic organization of translation within the VF. Similarly,
the viral single-stranded RNA binding protein oNS localized to the factory margins and had a tubulovesicular staining pattern
that extended a short distance from the margins of the factories and colocalized with endoplasmic reticulum (ER) markers. Con-
sistent with these colocalization studies, 0NS was found to associate with both eukaryotic translation initiation factor 3 subunit
A (eIF3A) and the ribosomal subunit pS6R. Together, these findings indicate that NS functions to recruit 43S PIC machinery to
the primary site of viral translation within the viral factory. Pathogen-mediated compartmentalization of the translational appa-
ratus provides a novel mechanism by which viruses might avoid host translational suppression.

IMPORTANCE Viruses lack biosynthetic capabilities and depend upon the host for protein synthesis. This dependence requires
viruses to evolve mechanisms to coerce the host translational machinery into synthesizing viral proteins in the face of ongoing
cellular stress responses that suppress global protein synthesis. Reoviruses replicate and assemble within cytoplasmic inclusions
called viral factories. However, synthesis of viral proteins was thought to occur in the cytosol. To identify the site(s) of viral
translation, we undertook a microscopy-based approach using ribopuromycylation to detect active translation. Here, we report

that active translation occurs within viral factories and that translational factors are compartmentalized within factories. Fur-
thermore, we find that the reovirus nonstructural protein oNS associates with 43S preinitiation complexes at the factory mar-
gins, suggesting a role for oNS in translation. Together, virus-induced compartmentalization of the host translational machin-
ery represents a strategy for viruses to spatiotemporally couple viral protein synthesis with viral replication and assembly.
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ranslation of mRNAs by eukaryotic cells is a complex energy-

dependent process that can be rapidly suppressed in response
to cellular stressors such as negative energy balance, starvation,
growth factor withdrawal, hypoxia, protein misfolding, and viral
infection (reviewed in reference 1). As a consequence, all viruses
must subvert cell-mediated suppression of translation to effec-
tively maintain viral protein synthesis (3). Viruses accomplish this
by a variety of mechanisms. For example, positive-sense RNA vi-
ruses, such as hepatitis C virus (HCV), have specialized RNA
structures in the 5" untranslated region of their genome which
serve as internal ribosomal entry sites, allowing translation to ini-
tiate without a 5'-methylguanosine cap (4). By then targeting host
translation initiation factors for degradation, these viruses can
promote their own translation to the detriment of the host (5, 6).
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In contrast, many DNA viruses produce mRNAs that resemble
host mRNAs. These viruses stimulate canonical cap-dependent
initiation of translation by promoting eukaryotic translation ini-
tiation factor 4 subunit F (eIF4F) assembly while simultaneously
stimulating the dephosphorylation of elF2« to avoid suppression
of protein translation (7, 8). Alternatively, two DNA viruses that
replicate in the cytosol, poxviruses and asfarviruses, have been
suggested to promote viral translation by recruiting host transla-
tional factors to the sites of viral replication (9-11).
Compartmentalizing translation within replication sites would
likely benefit a virus in several ways. It could concentrate the fac-
tors needed for translation of viral mRNAs close to the sites of viral
transcription, potentially linking the two processes and increasing
the efficiency of gene expression, as occurs in prokaryotes (12).
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Viral protein synthesis could then also occur in close proximity to
the sites of virus assembly, providing an efficient mechanism to
recruit newly synthesized viral proteins to the sites of assembly.
Importantly, compartmentalization may prevent the cellular
mRNA decay machinery from accessing viral mRNAs. RNA vi-
ruses, in particular, often produce viral mRNAs with features that
trigger mRNA decay pathways (reviewed in reference 13), includ-
ing transcripts that are uncapped or lack a polyadenylated tail
(14).

Reoviruses are nonenveloped viruses that contain a segmented
double-stranded RNA (dsRNA) genome. The genome is enclosed
within a core particle that is further surrounded by outer capsid
proteins that mediate virus entry and penetration (15). Following
reovirus entry, transcriptionally active core particles are released
into the cytoplasm of the cell and become embedded within a
virally encoded matrix protein that forms cytoplasmic inclusion
structures called viral factories (VF) (16—18). Within the VF, viral
core particles transcribe and release viral mRNAs that possess a
dimethylated cap 1 structure at the 5’ terminus but lack a poly(A)
tail (19). VF are the sites of viral replication and assembly; how-
ever, the sites of viral mRNA translation, as well as the mecha-
nisms surrounding translation, are incompletely understood (20,
21).

Here, we address where translation occurs within reovirus-
infected cells using ribosome-bound nascent chain puromycyla-
tion, or ribopuromycylation (RPM), to visualize actively translat-
ing ribosomes by immunofluorescence microscopy (22, 23). We
find that translation occurs within VF and that the translational
machinery, including ribosomal subunits and cellular translation
factors, localize to VF. We further show that the nonstructural
protein oNS strongly colocalizes and immunoprecipitates with
two proteins in the 43S preinitiation complex (PIC), eIF3A and
PS6R, suggesting a role for oNS in the recruitment or mainte-
nance of ribosomes within VF. Our findings indicate that the cel-
lular ribonucleoprotein complexes required for cap-dependent
translation are compartmentalized within VF, highlighting a
novel strategy by which RNA viruses gain control of the transla-
tional machinery.

RESULTS

Actively translating ribosomes localize to viral factories. Reovi-
rus core particles are embedded within VF and contain the viral A3
RNA-dependent RNA polymerase which synthesizes viral mRNA
transcripts using the minus strands of the dsRNA genome seg-
ments as a template (24). The viral mRNA transcripts are capped,
as they are extruded through turret-like structures at the 5-fold
axes of symmetry of the core, but lack a polyadenylated tail (25,
26). Viral replication, transcription, and assembly all occur within
the VF (18, 21).

Early studies using thin-section electron microscopy failed to
detect ribosomes within VF, and it was assumed that viral mRNAs
synthesized within factories were exported or diffused out to gain
access to the cellular translational machinery (18, 21). This model
implies that newly synthesized viral proteins must, by some mech-
anism(s), be trafficked back into the factory to participate in rep-
lication and assembly. Data supporting this model are limited.
Therefore, we asked where translation occurs within reovirus-
infected cells using the ribopuromycylation method (RPM) to
detect the subcellular localization of actively translating ribo-
somes (23). In this method, cells are briefly treated with emetine,
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an elongation inhibitor, to immobilize actively translating 80S
ribosomes on mRNAs, followed by a brief exposure to puromycin
(PMY), a Tyr-tRNA mimetic. PMY is incorporated into the
ribosome-associated nascent polypeptide chains, and the subcel-
lular location of ribosome-associated nascent chains can then be
detected by indirect immunofluorescence using a monoclonal an-
tibody against PMY (Fig. 1A). Similar to the findings of David et
al. (22, 23), our results showed the distribution of actively trans-
lating ribosomes in mock-infected CV-1 cells to be predominantly
tubulovesicular, with increased perinuclear intensity that likely
corresponds to endoplasmic reticulum (ER)-associated poly-
somes (Fig. 1B, top row). In contrast, PMY labeling strongly co-
localized within VF in cells infected with the serotype 3 Dearing
(T3D) strain of reovirus for 18 h (Fig. 1B). A series of 0.1-um
confocal sections of infected cells indicated that PMY labeling was
distributed throughout the VF and was not simply surface associ-
ated (data not shown). Similar results were obtained in infected
HeLa cells, suggesting that the localization of PMY in VF is not cell
type specific (Fig. 1B). Most reovirus strains form filamentous VF
through an association with stabilized microtubules. However,
the T3D strain used in these experiments contains a temperature-
sensitive mutation in the viral protein u2 that prevents this asso-
ciation, resulting in the production of globular VF at 37°C (27,
28). Therefore, to evaluate if PMY labeling occurs within filamen-
tous viral factories, we infected cells with the serotype 1 Lang
(T1L) strain. As we found for T3D-infected cells, the PMY labeling
localized to T1L VF at 18 h postinfection (p.i.) (Fig. 1B).

The synthesis of viral proteins exceeds that of cellular protein
synthesis at 10.5 h p.i. with T3D (29). As shown in Fig. 1B, the
majority of PMY staining is present within VF. Although we have
not ruled out the possibility that cellular mRNAs are translated
within VF, it seemed likely that the majority of translated mRNAs
within factories were viral in origin. To address this, we examined
the ratio of puromycylated proteins in lysates from mock-infected
and T1L- or T3D-infected CV-1 cells. Consistent with the obser-
vation that active translation is more apparent within VF than in
other regions of the cell (Fig. 1B), immunoblotting revealed that
viral proteins were puromycylated to a greater extent than cellular
proteins (Fig. 1C). Together, these data indicate that active trans-
lation of reovirus mRNA occurs within VF.

Inhibitors of translation block PMY labeling in viral facto-
ries. PMY can bind to ribosomal subunits that lack an mRNA
template, albeit with low affinity (23, 30). However, data pre-
sented by David et al. strongly suggest that RPM specifically rec-
ognizes translating ribosomes (23). To confirm that PMY labeling
of translating ribosomes was specific, we pretreated CV-1 cells
with harringtonine (1 pug ml™!), a small-molecule inhibitor of
translation that blocks initiation by binding to the E site of the 80S
ribosome, which is unoccupied only when the 80S ribosome is
bound at the start codon. Once the ribosome begins elongating,
the E site is occupied by a deacylated tRNA, and thus harringto-
nine has no effect on elongating ribosomes (31). In infected cells
pretreated with harringtonine prior to RPM, PMY labeling was
not evident, likely due to the diminished density of translating
ribosomes (see Fig. S1 in the supplemental material). To further
confirm specificity, we also assessed PMY labeling in the presence
of anisomycin, a structural analog of PMY that binds the large
ribosomal subunit and prevents peptide bond formation and sub-
sequent incorporation of PMY into polypeptide chains (32). Pre-
treatment of cells with anisomycin substantially reduced PMY la-
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FIG1 Ribopuromycylated products are synthesized in viral factories. (A) Schematic representation of the ribopuromycylation method (RPM). Addition of the
inhibitor emetine “freezes” elongating ribosomes on mRNA (step 1). Puromycin (PMY) is then added (step 2) and becomes incorporated into the nascent chain
(step 3). Ribosome-associated puromycylated polypeptide chains are detected with a monoclonal antibody (MAb) against PMY (step 4) and visualized by
indirect immunofluorescence or immunoblotting. (B) CV-1 and HeLa cells were mock infected or infected with T3D or T1L at an MOI of 1 for 18 h before RPM
processing and immunofluorescence. Representative images are shown (n = 5 independent experiments). Scale bars, 10 wm. (C) CV-1 cells were infected (T1L
or T3D, MOI =10) for 18 h p.i. before treatment with 208 uM emetine for 15 m at 37°C followed by RPM labeling. Puromycylated protein levels were assessed

in cell lysates by immunoblotting with anti-PMY MAD.

beling in infected cells (see Fig. S1). Together, these data suggest
that PMY labeling is specific to actively translating ribosomes.
40S and 60S ribosomal subunits are found within viral facto-
ries. Our findings thus far indicated that active translation occurs
within VF. However, other authors have argued that ribosomes
are not present within VF (33). To address this discrepancy, we
coimmunostained with antibodies against uNS to detect VF and
ribosomal P (RiboP), which recognizes three phosphoproteins,
PO, P1, and P2, present on the 60S ribosome (34). In mock-
infected cells, RiboP localized throughout the cytoplasm in a tu-
bulovesicular distribution (Fig. 2). In infected cells, however, we
noted a prominent ring of colocalization between RiboP and uNS
at the edge of VF that was accompanied by fainter RiboP staining
within VF (Fig. 2). A similar localization was observed for the 40S
ribosome subunit, phosphorylated ribosomal protein S6 (pS6R)
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(Fig. 2). In contrast, the L11 subunit of the 60S ribosome strongly
colocalized with uNS throughout VF, and the ribosomal protein
S3 (rpS3) of the 40S ribosome demonstrated an intermediate phe-
notype (Fig. 2). This colocalization was independent of factory
size, as both small and large factories exhibited the same pattern of
staining. We further examined the distribution of ribosomes in
infected cells by thin-section electron microscopy and found that
free ribosomes were clustered at the margins of VF and associated
with membranes within factories (Fig. 2B; see also Fig. S2 in the
supplemental material). From this, we conclude that 40S and 60S
ribosomal subunits (pS6R, rpS3, RiboP, and L11) localize to VF in
reovirus-infected cells. Our observation that ribosomal subunits
localized to distinct regions of the VF suggests kinetic and/or spa-
tial distribution of ribosomal subunits within the factory. Similar
to how a cell partitions cellular processes, the apparent structural
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organization within the factory may represent a means to separate
viral replication, translation, and assembly. Alternatively, it is pos-
sible that some of these ribosomal subunits have extraribosomal
functions that contribute to their subcellular localization in in-
fected cells (35).

Translation initiation, elongation, termination, and recy-
cling factors are recruited to viral factories. Our observations
that active translation occurs within and ribosomal subunits lo-
calize to VF prompted us to examine the distribution of other
cellular factors involved in translation. Eukaryotic translation has
four defined stages, initiation, elongation, termination, and ribo-
some recycling, whereby the 40S and 60S ribosomes are separated
and factors are recharged for further rounds of initiation (36, 37).
All translation initiation (Fig. 3; see also Table S1 in the supple-
mental material), elongation, termination, and recycling (Fig. 4;
see Table S1) factors tested were detected within VF at 18 h p.i.
Despite differences in the capacity of some reovirus strains to sup-
press host translation, we did not observe differences in the degree
of PMY or elF4E localization to the factory at 18 h following in-
fection with T3D and T1L, compared with localization after infec-
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FIG2 40S and 60S ribosomal subunits are recruited to viral factories. (A) CV-1 cells were infected with T3D at an MOI of 1 for 18 h and processed for RPM and
immunofluorescence. Immunostaining was performed for uNS (viral factory), pS6R and rpS3 (40S ribosomal subunits), and RiboP and L11 (60S ribosomal
subunits). An enlarged area of the boxed region in the merged images, second row, is shown in the third row with individual channels of uNS and the ribosomal
proteins in the rows below. Arrows indicate factories of varied size. Scale bars, 10 um. (B) CV-1 cells infected with T1L, T3DN, or T3D® were processed at 24 h
for electron microscopy. Red arrows indicate ribosomes lining the margins of the factory. Black arrows indicate clusters of ribosomes within the factory. White
arrows indicate membrane-associated ribosomes. Scale bars, 0.5 um.

tion with the type 3 Abney strain (T3A), which is known to effi-
ciently inhibit host protein synthesis (Fig. 1 and 3 and data not
shown). Interestingly, unlike eIF4E and other initiation factors,
elF3A, a member of the 43S preinitiation complex (PIC), localized
primarily to the margins of the VF, as was observed for RiboP,
pS6R, and rpS3 (Fig. 2 and 3B). Through its interaction with
eIF4F, elF3 recruits activated mRNPs to the 43S PIC for transla-
tion (38). The distribution of eIF3A suggests that 43S ribosomal
loading onto activated viral mRNPs may occur primarily at the
outer margins of the factory (see Fig. 7). It is plausible that the
difference in localization observed between elF3A and eIlF4E may
reflect differences in the functions of these proteins or how they
are recruited to the viral factory. In many instances, the level of
staining for translational proteins within the VF was striking. It
was unclear if this was a result of increased expression levels or as
a consequence of redistribution of the proteins to the factories. To
address this, we monitored protein expression levels of eIF4E,
elF4A1, and eIF4G over the course of an infection. As others have
found (39), we were unable to detect any difference in the levels of
total protein in mock versus infected cells from 0 to 20 h p.i.

September/October 2014 Volume 5 Issue 5 e01463-14


mbio.asm.org

0 6 20

h p.i.

M
| LIS

|—— JE— --| p-elF4E

| | elF4E

| — — --| a-tubulin

FIG 3 Cellular translation initiation factors colocalize to viral factories. (A, B)
CV-1 cells were infected with T3D or T1L at an MOI of 1. At 18 h p.i., RPM-
labeled cells were coimmunostained for wNS and eIF4E (A) or eIF3A (B). Scale
bars, 10 wm. (C) CV-1 cells were infected with T3D, MOI of 3, for the times
indicated. Protein levels were assessed by immunoblotting. M = mock.

(Fig. 3C and data not shown). Together, these data suggest that
cellular translation proteins are redistributed to the VF.

Viral factories are dynamic and allow vesicular traffic to pass
through them. The patterns of localization of PMY, initiation
factors, and ribosomal subunits suggested that viral mRNPs might
be loaded onto ribosomes at the margins of the factory and then
trafficked through the factory as active translation proceeded (see
Fig. 7). If this model were correct, the matrix of the VF would have
to be dynamic to allow movement of ribosomes. Fixed images of
VF do not provide information about the dynamics of the factory,

September/October 2014 Volume 5 Issue 5 e01463-14
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FIG 4 Translation elongation, termination, and recycling factors are re-
cruited to viral factories. CV-1 cells were infected with T3D or T1L at an MOI
of 1. At 18 h p.i., RPM-labeled cells were coimmunostained for uNS and eEF2
(A), eRF1 (B), or ABCE1 (C). Scale bars, 10 wm.

and although vesicular structures were seen within factories, the
dynamics of the VF matrix in infected cells are not known. There-
fore, we examined the dynamics of the uNS matrix by live-cell
microscopy. As we were unable to recover a recombinant virus
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expressing GFP-uNS, we transiently transfected CV-1 cells with a
NS construct with enhanced green fluorescent protein (eGFP)
fused at its N terminus and then infected those cells with T1L
intermediate subviral particles (ISVPs). ISVPs are similar to the
partially uncoated virions isolated from infected cells and are in-
fectious (40—42). Living infected cells expressing GFP-uNS were
mounted within a temperature- and CO,-controlled chamber,
and at 12 h p.i., images were collected at approximately 3-s inter-
vals over the course of 8 to 9 min (see Fig. S3 in the supplemental
material). The GFP-labeled uNS provided sufficient contrast to
clearly detect trafficking of vesicular structures through the VF
(see Fig. S3, left, and Movie S1 in the supplemental material).
Vesicular trafficking depends on an intact microtubule network.
To confirm that movement was due to vesicular trafficking, we
treated cells with a microtubule-depolymerizing agent, nocoda-
zole. In the presence of nocodazole, vesicular trafficking through
factories was substantially reduced (see Fig. S3, right; note that the
same factory is imaged in both panels and Movie S2 in the supple-
mental material). We conclude from these findings that at 12 h
p.i., the VF matrix is deformable such that vesicles can traffic
through the matrix.

RPM staining within viral factories is not dependent on the
microtubule network. Assembly of filamentous VF is dependent
on an intact microtubule network, and disruption of this network
alters the size and distribution of factories in T1L-infected cells
(43). In cells infected with the T3D strain, which forms globular
VEF, depolymerization of microtubules leads to an increase in the
number of factories, with a corresponding decrease in their size.
Despite changes in factory morphology, treatment with nocoda-
zole has little to no effect on viral yield (44). The impact of micro-
tubule depolymerization on viral translation, however, has not
been examined. We therefore tested whether depolymerization of
microtubules would affect the recruitment of the translational
machinery to VF. HeLa cells were infected with T3D for 6 h before
being treated with 10 wM nocodazole as previously described
(27). As expected, nocodazole treatment of infected cells led to
depolymerization of microtubules with small pinpoint VF instead
of the larger factories typical of T3D infection (see Fig. S4A in the
supplemental material). Although nocodazole treatment altered
the size and distribution of the factories, PMY staining remained
and appeared more pronounced in cells where the microtubule
network was disrupted compared to that in untreated cells (see
Fig. S4B). These data suggest that active translation within VF is
not dependent on the microtubule network.

Ribosomal subunits colocalize with viral protein oNS. It has
been suggested that oNS and o3 viral proteins, encoded by the S3
and $4 genome segments, respectively, may be involved in pro-
moting viral translation (45, 46). oNS is observed in VF as early as
6 h p.i., a time when factories are first detected (47). oNS is an
RNA binding protein with a strong affinity for single-stranded
RNA (ssRNA) and is essential for viral replication (48, 49). Immu-
nostaining of infected cells for oNS often shows a strong concen-
tration of oNS at the outer margins of VF (50). From this, we
hypothesized that oNS might act as a functional link between viral
ribonucleoprotein (mRNP) complexes and components of the
43S PIC. To test this, we first assessed the localization of oNS§ in
cells infected with T3D for 18 h. As expected, oNS staining was
distributed throughout viral factories but was most intense at the
outer margins of the factories (see Fig. S5 in the supplemental
material). We also noted that the cytosolic staining pattern for
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oNS was distributed in a tubulovesicular staining pattern, similar
to that observed for eIF3A and ribosomal subunits. We therefore
assessed whether oNS colocalized with any of the components of
the translational machinery that we had previously localized to the
margins of the VF. At 18 h p.i., we observed a striking colocaliza-
tion between oNS and eIF3A, RiboP, pS6R, and rpS3, suggesting
that oNS may be specifically involved in ribosomal recruitment
to, or retention within, the factory (see Fig. S5). Our initial find-
ings with wide-field fluorescence microscopy suggested that the
viral nonstructural protein oNS colocalized with markers of the
43S PIC on the margins of the factories. However, at the resolution
limit of light microscopy (~0.2 wm in xy dimension) it was not
possible to discern individual ribosomes, which are approxi-
mately 35 nm in diameter. Therefore, to get higher-resolution
images, we repeated the experiments using superresolution struc-
tured illumination microscopy (SR-SIM). SR-SIM allows xy res-
olutions approaching 100 nm and increases both the lateral and
axial resolutions by a factor of two (51). Consistent with our con-
ventional wide-field immunofluorescence data, we observed NS
localization primarily at the margins of VF in close association
with eIF3A and pS6R (Fig. 5A).

oNS interacts in a complex with pS6R and eIF3A. Given its
role as an RNA binding protein, the observation that NS strongly
colocalized to the outer margins of the VF in association with
elF3A and ribosomal subunits (Fig. 5; see also Fig. S5 in the sup-
plemental material) led us to hypothesize that oNS may act to
facilitate an interaction between the activated viral mRNP and the
43S PIC (see Fig. 7). To assess potential interactions between oNS
and eIF3A or the ribosomal subunit pS6R, we performed coim-
munoprecipitation (ColP) studies in T3D- and T1L-infected
CV-1 cells. Cell lysates were subjected to immunoprecipitation
with antibodies directed against eIF3A and pS6R, and antibody-
protein complexes were resolved by SDS-PAGE before immuno-
blotting for oNS. We found that oNS precipitated with e[F3A and
PS6R, revealing that an interaction exists between oNS and mem-
bers of the 43S PIC, potentially as part of a complex (Fig. 5B).
Probing for uNS yielded similar results (data not shown). This
was expected given the previous finding that NS and uNS inter-
act and further supports that these interactions likely occur within
the factory (47). The association between oNS and eIF3A and
pS6R is not dependent on the expression of other viral proteins, as
oNS precipitated with both of these proteins in 293T cells ectop-
ically expressing S3 (see Fig. S5¢).

Ribosomal subunits and oNS are closely associated with the
endoplasmic reticulum. Colocalization between o NS, elF3A, and
ribosomal subunits was strongest at the outer margins of and in
the area immediately surrounding the factory, organizing along
tubulovesicular structures analogous to the endoplasmic reticu-
lum. To confirm that the structures surrounding viral inclusions
represented the endoplasmic reticulum, CV-1 cells were trans-
fected for 24 h with DsRed2-ER, a marker for the ER, followed by
infection with either T3D or T1L for 24 h. Despite weak colocal-
ization between DsRed2-ER and uNS, definitive colocalization
was observed between DsRed2-ER and oNS, primarily at the mar-
gins of factories (Fig. 6). Consistent with this, calnexin, an integral
ER protein, also localized to VF (Fig. 6C). These findings are in
agreement with a recent report that markers for the ER codistrib-
ute with VF in reovirus-infected cells (52). Together, these data
suggest that NS colocalizes with ribosomal subunits and eIF3A
in association with ER membranes.
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FIG5 Viral protein oNS colocalizes with the ribosomal subunit pS6R and 43S-PIC member eIF3A. (A) At 18 h p.i., T3D-infected CV-1 cells were processed for
SR-SIM using a Zeiss Elyra superresolution 3D-SIM microscope. Standard wide-field and Z-stack images were acquired with a 110-nm interval at 32 nm/pixel.
Scale bars, 5 wm. (B) Immunoblot analysis reveals that oNS in T3D- and T1L-infected CV-1 cell lysates (bottom) coimmunoprecipitates (top) with endogenous

elF3A and pS6R. M, mock; D, T3D; L, T1L.

DISCUSSION

Viruses depend upon the host translational apparatus for synthe-
sis of viral proteins. Perhaps as a consequence, a major component
of the innate antiviral defense mechanism acts to limit protein
synthesis through phosphorylation of elF2a by the double-
stranded RNA-activated protein kinase R (PKR) (53). Despite ro-
bust activation of PKR and phosphorylation of elF2«, reovirus
proteins are translated efficiently, while host cell protein synthesis
declines (15). The mechanism(s) by which reovirus mRNAs are
preferentially translated has heretofore remained unclear. The
data presented herein indicate that reovirus mRNPs are in part
preferentially synthesized by being transcribed within compart-
ments (VF), which concentrate the host protein synthesis machin-
ery.
We found that the majority of proteins involved in translation
(initiation factors, elongation factors, termination factors, and re-
cycling factors) localized diffusely throughout the VF matrix.
However, some ribosomal subunits and eIF3A distributed pri-
marily to the limiting margins of the VF. Based on these observa-
tions, we propose that reovirus mRNPs are spatially segregated
and translated within VF. Our findings indicate that cellular trans-
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lation initiation factors redistribute to VF. We propose that newly
transcribed viral mRNAs become bound by the eIF4F cap-binding
complex within VF to form activated viral mRNP complexes, per-
haps in association with the viral NS protein that binds single-
stranded RNA (ssRNA). The viral mRNPs would then engage the
43S PIC at the margins of the factory aided by an interaction with
oNS. Upon 60S joining, the viral mRNA polysomes would move
through the factory as translation ensues. In this way, viral pro-
teins would be synthesized in situ, allowing their efficient incor-
poration into replication and particle assembly complexes
(Fig. 7). This model provides a rational platform for future study
of the mechanisms involved but leaves several questions unan-
swered. One important question is how translation is first initiated
at the very earliest stages of infection after transcribing core par-
ticles are deposited in the cytosol. An important clue may be the
localization of these core particles to stress granules (SG) at early
times postinfection (54). SG form in response to phosphorylation
of elF2a, which occurs early after reovirus infection (54). SG con-
tain stalled 48S preinitiation complexes, 40S ribosome subunits,
elF2, elF3, elF4A, elF4B, elF4E, elF4G, and elF5, together with
various RNA binding proteins, including the SG markers, T-cell

mBio mbio.asm.org 7


mbio.asm.org

Desmet et al.

A 4sRED-ER

B

FIG 6 The viral factory is closely associated with the endoplasmic reticulum.
(A) CV-1 cells were transfected with dsRedER-2 for 24 h before being infected
with T3D at an MOI of 10 for 24 h. Following infection, cells were fixed and
immunostained for uNS. The boxed area in each panel is enlarged to show
detail (inset). Scale bars, 10 wm. (B) Cells were transfected and infected as
described above with T1L or T3D. Following infection, cells were fixed and
immunostained for oNS. The boxed area in each panel is enlarged to show
detail (inset). (C) Cells were infected with T3D for 18 h before being fixed and
immunostained for calnexin and anti-oNS. The boxed area in each panel is
enlarged to show detail (inset).

restricted intracellular antigen 1 (TIA1), TIA-related protein
(TTIAR), and rasGAP SH3 domain binding protein 1 (G3BP1)
(55). The mRNPs within SG are stable, but active translation does
not occur. The recent finding that ectopically expressed uNS pro-
tein localizes to SG that are induced by sodium arsenite suggests
that viral factories may form in association with SG (56). Because
SG act to compartmentalize components of the translational ma-
chinery, it is possible that reoviruses have usurped this host cell
stress response to initially compartmentalize the translational ma-
chinery before viral factories form. The mechanism by which 48S
complexes are suppressed is thought to be through sequestration
of RNA by the SG-associated RNA-binding proteins, G3BP, TIA1,
and TIAR (57). It is possible that suppression of viral mRNP trans-
lation may be overcome through competition of oNS with these
proteins.

Infection with several viruses, including poliovirus, Sindbis vi-
rus, and turnip mosaic virus, results in compartmentalization of
specific cellular proteins involved in translation, but thus far active
translation has not been shown to occur at these sites (58, 59). In
addition, spatial organization of the translational machinery
within the VF has also been observed within replication complexes
of the cytosolic DNA viruses, such as African swine fever virus
(ASFV) and vaccinia virus (VV) (9, 10). The distribution of the
translational machinery at late time points during ASFV infection
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is similar to our finding that ribosomal subunits and 43S PIC
members localize to the margins of the factory at 18 h p.i. (9). The
specific organization of ribosomal subunits and 43S PIC members
at the margins of the factory could reflect a means to segregate
viral plus-stranded RNAs destined for incorporation into nascent
viral core particles from those destined to be used for protein
synthesis. This would ensure efficiency within the viral life cycle.
Importantly, because reovirus mRNAs are noncanonical and lack
a polyadenylated tail, compartmentalization within the factory
could protect viral mRNAs from recognition by the cellular
mRNA decay machinery.

Initiation of cap-dependent translation, in particular recruit-
ment of the eIF4E cap-binding protein to the mRNA, is consid-
ered to be a rate-limiting step for protein synthesis (60). Transla-
tion initiation is therefore a major target for RNA and DNA
viruses alike to modulate in order to maintain efficient viral trans-
lation (3). It has been noted that DNA viruses promote translation
by increasing total cell concentration of available eIF4F complex-
es; however, another strategy, suggested for VV, involves retarget-
ing translation proteins to the factory, increasing their local con-
centration, and promoting eIF4F complex formation within the
VF without altering total cell concentrations (8, 10, 11). Our ob-
servation that the distribution of, and not the expression level of,
elF4E was altered during infection suggests that reovirus may
adopt a similar strategy to ensure an increased concentration of
initiation factors at sites of active viral translation.

Despite our observation that VF are the sites of active transla-
tion, it remains unclear how the translational machinery is re-
cruited to viral factories. As suggested above, it may relate to in-
teractions between uNS and components of SG, consistent with
our observation that TIAR localizes to VF throughout infection
(E. A. Desmet and J. S. L. Parker, unpublished data). Rotavirus
NSP3 protein has previously been shown to interact with eIF4G;
however, until now, no interactions between reovirus proteins
and cellular translational proteins involved in initiation have been
detected (61). Our finding that oNS interacts with eIF3A and
PS6R suggests that translational machinery is recruited to the fac-
tory by viral proteins. This is consistent with the finding of others
that oNS cosediments with 40S and 60S ribosomes (62) and sug-
gests that oNS is directly involved in viral translation. Similarly,
the transactivator/viroplasmin (TAV) of cauliflower mosaic virus
forms a complex with the 43S PIC through an interaction with
eIF3 and the 60S ribosome (63).

Recently, it was found that reovirus factories are permeated
with a meshwork of cellular membranes that bear markers for the
ER and ER-Golgi intermediate compartments (ERGIC) (52).
Consistent with our findings, the authors noted that the rough
endoplasmic reticulum (RER) made numerous contacts with VF,
which they suggested may indicate a role for RER in the transport
of newly synthesized viral proteins to the VF, as is the case for
rubella virus (64). While this is consistent with the previous model
for reovirus translation, our current data suggest that the RER at
the margins of the factory serves instead as a source of ribosomes
for the translation of viral mRNAs within the VF. This is consis-
tent with our observation that membranes are distributed
throughout the factories and are associated with ribosomes.

The work presented herein that translation occurs within VF
and that cellular factors required for translation are compartmen-
talized within viral factories suggests that reoviruses may couple
transcription of viral mRNA with translation. Furthermore, our
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Reovirus Retargets Translation to Viral Factories

FIG 7 Reovirus retargets the cellular translational apparatus to the viral factory where viral translation, replication, and assembly occur. Following infection,
cellular proteins involved in translation retarget to the viral factory (VF), possibly through interactions with viral proteins. Newly synthesized viral mRNAs are
released from transcriptionally active core particles into the surrounding VF (1), where they become bound by eIF4F to form activated viral mRNPs (2). Viral
mRNPs are loaded onto 43S ribosomes at the margins of the VF, possibly via oNS, and in association with the ER (3). This is followed by joining of the 60S
ribosome to form the 80S ribosome (4), which permeates through the VF as translation ensues (5), resulting in accumulation of newly synthesized viral proteins

within the VF (6).

data provide an explanation for the association of ER membranes
with VF as a source of ribosomes and translational machinery.
Finally, our finding that oNS§ interacts with eIF3A and pS6R re-
veals a novel role for oNS in viral translation. Importantly, the
strategies used by reovirus to reorganize the cellular translational
machinery may help to uncover novel approaches or targets used
by viruses to subvert the host antiviral response.

MATERIALS AND METHODS

Viruses. Reoviruses T1L and T3D laboratory stocks originated from the
T1/human/Ohio/Lang/1953 and T3/human/Ohio/Dearing/1955 isolates,
respectively (65). The superscript N in T3DN denotes a clone obtained
from M. L. Nibert (Harvard Medical School) and distinguishes it from
that from L. W. Cashdollar (Medical College of Wisconsin), designated
T3DC. The two clones differ in the nucleotide sequence of M1 and viral
inclusion morphology (27). All infections were performed with T3DN
(abbreviated T3D in the text) unless otherwise noted. Viruses were plaque
purified, and third-passage cell lysate stocks were used for subsequent
experiments. T1L ISVPs were prepared as described (66).

Infections and transfections. CV-1 or HeLa cells were seeded the day
before an experiment such that cells obtained 50 to 70% confluence at the
time of the infection. Virus was absorbed to cells at a multiplicity of in-
fection (MOI) of 1 to 10 for 1 h at room temperature (RT) in phosphate-
buffered saline (PBS; pH 7.4), supplemented with 2 mM MgCl,. Follow-
ing absorption, virus was removed and cells were incubated in growth
medium at 37°C for the indicated time. Transfections in CV-1 cells were
carried out with 2.5 ug of DNA and 6 ul of FuGene 6 according to the
manufacturer’s instructions. At 24 h posttransfection, cells were infected
as described above at an MOI of 10 for 24 h. Transfections in 293T cells
were carried out with 1.8 ug of DNA and 4 ul of Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
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Ribopuromycylation method. The ribopuromycylation method
(RPM) was performed as previously described with slight modification
(23). Briefly, cells were seeded and infected as described above. At the
indicated times, cells were either left untreated or treated with emetine
(208 uM) for 15 min at 37°C. Cells were rinsed with warm Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 7.5% fetal bovine
serum (FBS) (Atlanta Biologicals), followed by a 5-min incubation at
37°C in DMEM-FBS supplemented with 182 uM puromycin (PMY) and
208 wM emetine. Following incubation, cells were immediately placed on
ice and washed twice with ice-cold PBS and then extracted and fixed for
20 min on ice in polysome buffer (50 mM Tris-HCI [pH 7.5], 5 mM
MgCl,, 25 mM KCl, 355 uM cycloheximide, EDTA-free protease inhibi-
tors, and 10 U/ml RNaseOut) supplemented with 200 mM NaCl, 0.1%
Triton X-100, and 3% paraformaldehyde (PFA). In experiments examin-
ing the microtubule network, RPM was performed as described above
with the exception that following RPM, cells were incubated for 3 min in
100% methanol at —20°C followed by 3 washes for 5 min each in PBS
containing 0.1% Triton X-100.

Immunofluorescence and SR-SIM microscopy. Fixed and perme-
abilized cells on glass coverslips were incubated in staining buffer (SB;
0.05% saponin, 10 mM glycine, 5% FBS, and PBS) for 15 min at RT before
incubation with primary antibodies diluted in SB for 1 h at RT. Coverslips
were then washed before being incubated with the appropriate secondary
antibodies diluted in SB for 1 h at RT. Coverslips were mounted onto glass
slides with ProLong Gold Anti-Fade reagent with DAPI (4[prime],6-di-
amidino-2-phenylindole; Invitrogen). Images were obtained using a
Nikon TE2000 inverted microscope equipped with phase and fluores-
cence optics through a PlanApo 60X 1.40-numerical-aperture oil objec-
tive with type A immersion liquid (Nikon) = a X 1.5 optical zoom. Images
were collected digitally with a Coolsnap HQ charge-coupled-device
(CCD) camera (Roper) and NIS-elements software (version 4.12; Nikon)
and were processed and prepared for presentation using Photoshop (CS3;
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Adobe) and Illustrator (CS6; Adobe) software. For SR-SIM, CV-1 cells
were grown on high-performance no. 1.5 coverslips (Carl Zeiss Micros-
copy). Cells were infected, fixed, and immunostained as described above
with the exception that coverslips were mounted onto glass slides with
Vectashield mounting medium. Images were collected with a Zeiss Elyra
superresolution three-dimensional SIM (3D-SIM) microscope. Z-stack
images were acquired with a 110-nm interval at 32 nm/pixel. Each SR
image results from 15 images (5 phases X 3 rotations of a diffraction
grating). Images were acquired at 50 ms and were analyzed using Zen2012
software (Zeiss).

Immunoprecipitation. At 18 h, CV-1 cells were treated with 208 uM
emetine for 15 min at 37°C before cross-linking with 0.75% paraformal-
dehyde for 10 min at RT. The reaction was quenched with the addition of
125 mM glycine for 5 min at RT, and cells were lysed for 30 min on ice in
lysis buffer containing 150 mM Tris-HCI, 50 mM NaCl, 5 mM MgCl,, 1%
NP-40, EDTA-free protease inhibitors (Roche), I mM phenylmethylsul-
fonyl fluoride (PMSF), and 10 U/ml RNase Out (Invitrogen). Cell lysates
were incubated overnight at 4°C with protein G beads (Life Technologies)
that were preincubated for 2 h at 4°C with eIF3A or pS6R monoclonal
antibodies. After being washed, samples were resuspended in SDS sample
buffer, boiled, and resolved by SDS-PAGE.
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