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In response to mammalian orthoreovirus (MRYV) infection, cells initiate a stress response that includes
elF2a phosphorylation and protein synthesis inhibition. We have previously shown that early in infection,
MRY activation of elF2a phosphorylation results in the formation of cellular stress granules (SGs). In this
work, we show that as infection proceeds, MRV disrupts SGs despite sustained levels of phosphorylated elF2a
and, further, interferes with the induction of SGs by other stress inducers. MRV interference with SG
formation occurs downstream of elF2a phosphorylation, suggesting the virus uncouples the cellular stress
signaling machinery from SG formation. We additionally examined mRNA translation in the presence of SGs
induced by eIF2a phosphorylation-dependent and -independent mechanisms. We found that irrespective of
elF2a phosphorylation status, the presence of SGs in cells correlated with inhibition of viral and cellular
translation. In contrast, MRYV disruption of SGs correlated with the release of viral mRNAs from translational
inhibition, even in the presence of phosphorylated eIF2«. Viral mRNAs were also translated in the presence
of phosphorylated eIF2« in PKR ™/~ cells. These results suggest that MRV escape from host cell translational
shutoff correlates with virus-induced SG disruption and occurs in the presence of phosphorylated elF2« in a

PKR-independent manner.

The nonfusogenic mammalian orthoreoviruses (MRV) are
members of a large family of animal and plant viruses (Reo-
viridae) that includes many members that are of considerable
importance in human, animal, and plant disease. Following
infection with many viruses from this family, including MRV,
the host cell initiates a stress response that culminates in shut-
off of protein translation (10, 34, 43). Viral mRNAs are able to
escape this inhibition and continue to be translated in the
shutoff environment (40, 41, 52). In the case of MRV, the
innate immune response has been implicated in host transla-
tional shutoff via activation of the double-stranded RNA
(dsRNA) kinase PKR (12, 37, 40, 45). PKR is activated by
binding dsRNA, at which point it homodimerizes and under-
goes autophosphorylation (51). Activated PKR phosphorylates
serine 51 on the alpha subunit of the cellular translation initi-
ation factor eIF2 (23). In the absence of cellular stress, eIF2a
binds to GTP and initiator methionyl-tRNA (met-tRNA)) to
form a ternary complex, which subsequently binds to the 40S
ribosomal complex to form the 43S preinitiation complex. As
translational initiation proceeds, eIF2-bound GTP is hydro-
lyzed to release initiation factors from the ribosome. The re-
leased GDP bound to eIF2 must be exchanged for GTP in a
reaction catalyzed by the guanine nucleotide exchange factor,
elF2B. Upon this exchange, eIF2-GTP can again bind met-
tRNA, to initiate a new round of translation. When phosphor-
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ylated, eIF2a changes from a substrate to a competitive inhib-
itor of eIF2B, preventing the exchange of GDP for GTP. This
results in global inhibition of protein synthesis (reviewed in
references 33 and 35). There is an excess of eIF2 relative to
elF2B in the cell; therefore, phosphorylation of as little as 30%
of cellular elF2a can completely inhibit protein synthesis (18,
20, 25).

Previous data suggested that some strains of MRV are able
to prevent cellular induction of PKR activation, eIF2«a phos-
phorylation, and subsequent host translational shutoff (22, 40,
41, 44). Prevention of translational shutoff was mapped to the
o3-encoding S4 gene by reassortant genetics (41). o3 from all
MRYV strains is a sequence-independent dsRNA binding pro-
tein that has been shown to functionally replace adenovirus
VAI RNA and vaccinia virus E3L protein, both known PKR
inhibitors (1, 22). Based on this, it was proposed that o3 from
MRV strains that prevent host shutoff bind dsRNA in a man-
ner that interferes with PKR activation, preventing elF2a
phosphorylation and subsequent translation inhibition. The
differences between strains that interfere with PKR activity
and those that do not may be dependent on the levels and
localization of free 3 protein in the infected cell (40). While
strong evidence supports a role for o3 in modulating the ability
of MRV to prevent the host cell from shutting off protein
translation in response to infection, the mechanism behind the
ability of viral mRNAs to escape translational shutoff when
PKR activation and eIF2a phosphorylation are not prevented
remains poorly understood.

A number of studies have illustrated additional conse-
quences of elF2a phosphorylation on mRNA and the cellular
translation machinery. The reduction in available ternary com-
plex that results from eIF2a phosphorylation leads to an in-



Vor. 85, 2011

crease in 48S preinitiation complexes unable to recruit 60S
ribosomal complexes for translation initiation. This destabili-
zation of polysomes leads to the rapid localization of mRNAs,
translation initiation factors, and small, but not large, ribo-
somal subunits to structures in the cytoplasm called stress
granules (SGs) (13, 14, 17). A number of proteins, such as
TIAR/TIA-1 and G3BP, all of which have RNA binding and
self-aggregation domains, play key roles in the formation and
recruitment of protein and RNA components to SGs (8, 47).
elF2a phosphorylation is sufficient to induce SGs; however,
drugs that interfere with translation initiation (hippouristinol,
pateamine A, 15d-PGJ2, and NSC119893) and small interfer-
ing RNAs (siRNAs) targeted to many translation initiation
factors [eIF4B, 4H, or poly(A) binding protein] induce SG
formation independently of eIF2a phosphorylation (3, 16, 26,
30). SGs are thought to function as sites of mRNA triage
where mRNAs are held in a translationally silent state until the
cell either recovers from stress or undergoes apoptosis (13).
We have recently shown that MRV infection induces forma-
tion of SGs in an elF2a phosphorylation-dependent manner
early during infection at a step following virus uncoating but
preceding viral-gene expression. We found that as MRV in-
fection proceeds, SGs are disrupted in a manner that is depen-
dent on viral translation, suggesting that a viral protein or
protein complex may be involved in SG disruption (36). Initial
induction and subsequent disruption of SGs during viral infec-
tion occur in a number of viral systems. SG disruption follow-
ing West Nile virus infection occurs by TIAR/TIA-1 binding to
the 3’ stem-loop of negative-strand viral RNA (6, 21). Polio-
virus prevents SG formation by cleaving G3BP with the viral
3C proteinase (49). Other viruses, including Semliki Forest
virus and rotavirus, also interfere with SG formation, although
the mechanisms for this interference remain to be identified
(28, 31). In this study, we found that MRV disruption of SGs
occurs downstream of eIF2o phosphorylation and examined
the impact of SGs on viral and cellular translation in the
absence and presence of elF2a phosphorylation. We found
that SG disruption correlates with release of viral, but not
cellular, mRNA from host translational inhibition and that
MRYV translation occurs in the presence of high levels of phos-
phorylated eIF2« in a manner independent of PKR inhibition.

MATERIALS AND METHODS

Cells and reagents. HeLa, Cos-7, and PKR ™/~ cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen Life Technologies)
containing 10% fetal calf serum (Atlanta Biologicals) and penicillin-streptomy-
cin (100 IU/ml; Mediatech). Spinner-adapted L929 cells were maintained in
Joklik’s minimal essential medium (c-MEM) (Irvine Scientific) containing 2%
fetal calf serum, 2% bovine calf serum (HyClone Laboratories, Atlanta Biolog-
icals), 2 mM L-glutamine (Mediatech), and penicillin-streptomycin (100 TU/ml;
Mediatech). The primary antibodies used in immunofluorescence and immuno-
blotting assays were as follows: goat polyclonal anti-TIAR («a-TTIAR) antibody
(sc-1749; Santa Cruz Biotechnology), rabbit polyclonal a-tubulin antibody
(11H10; Cell Signaling Technologies), rabbit polyclonal «-phospho-eIF2a
(Ser51) antibody (9721; Cell Signaling Technologies), and rabbit anti-B-actin
(4967; Cell Signaling Technologies). Rabbit polyclonal antiserum against WNS
was made by the Iowa State University hybridoma facility by injection of rabbits
with peptides corresponding to wNS amino acids (aa) 1 to 20 and wNS aa 21 to
40 synthesized on a Multiple Antigen Peptide System (MAPS). The secondary
antibodies used in immunofluorescence and immunoblotting experiments were
as follows: Alexa 488-, Alexa 594-, or Alexa 350-conjugated donkey a-mouse,
a-rabbit, or a-goat IgG antibodies (Invitrogen) and alkaline phosphatase (AP)-
conjugated goat a-rabbit IgG antibodies (Bio-Rad). Sodium arsenite (SA)
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(Sigma-Aldrich) was used where indicated at a final concentration of 0.5 mM.
Cycloheximide (Sigma-Aldrich) was used where indicated at a final concentra-
tion of 10 pwg/ml. 15D-PGJ2 (Sigma-Aldrich, Caymen Biochemicals) was used
where indicated at a final concentration of 50 uM. NSC119893 was obtained
from the NIH/NCI Developmental Therapeutics Program and used where indi-
cated at a final concentration of 10 uM. AP-conjugated streptavidin (Invitrogen)
and Alexa 488-conjugated streptavidin (Invitrogen) were used to stain nascent
proteins in L-azidohomoalanine (L-AHA) labeling experiments.

Virions. Purified MRV virions (T1L, T2J, and T3D strains) are our laboratory
stocks. Purified virions were prepared as described previously (29), using Vertrel
reagent (DuPont) in place of Freon, and stored in dialysis buffer (150 mM NaCl,
10 mM Tris, pH 7.4, 10 mM MgCl,) at 4°C.

Viral infection. Cells (2.0 X 10° or 4.0 X 10°) were seeded onto 35- or 60-mm
dishes the day before infection. The cells were infected with MRV strain T2J or
T3D at 1 or 100 PFU as determined by standard plaque assay on 1929 cells (7)
or 1 to 5 cell-infecting units (CIU) based on titers that were determined on each
cell line (9, 39). To determine CIU, each purified virus stock was used to infect
individual cell lines using 1, 10, and 100 wl of virus. The infected cells were
incubated overnight and processed for immunofluorescence assay using pNS
antiserum. The numbers of infected cells per microscope field were determined
in 10 independent fields, and CIU/ml were calculated by multiplying the average
number of infected cells per field by the number of fields per well, the reciprocal
of dilution, and the volume factor. Using this calculation, 1 CIU resulted in
infection of 75 to 95% of cells. Virus was diluted in phosphate-buffered saline
(PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na,HPO, [pH 7.5]) plus 2 mM MgCl,
and adsorbed to cells for 1 h. The cells were then refed with DMEM and
incubated at 37°C until they were harvested.

L-AHA protein labeling. For measuring MRV translation and viral replication
in the presence of L-AHA (Click-iT AHA; Invitrogen), 1929 cells were seeded in
60-mm dishes and infected with 1 PFU of T3D in the absence and presence of
50 wM L-AHA. Cells were harvested at the indicated time points and processed
for plaque assay on L1929 cells (7) or for biotin labeling as described below,
followed by blotting using streptavidin-conjugated AP to detect de novo-trans-
lated proteins. For Western blot assays, Cos-7 cells were seeded on 6-well dishes
at a density of 2 X10° cells/well and then incubated overnight at 37°C and
infected with MRV or mock infected. At the indicated times postinfection (p.i.),
the medium was replaced with prewarmed methionine-deficient medium con-
taining SA, cycloheximide, or 15D-PGJ2 for 1 h, at which point L-AHA was
added at a final concentration of 50 uM and the cells were incubated an addi-
tional 1 h. For biotin labeling, cells were harvested and lysed with 1% sodium
dodecyl sulfate (SDS) in 50 mM Tris-HCl, pH 8.0, and then L-AHA-labeled
proteins were conjugated with biotin as described by the manufacturer with the
following changes. For each reaction, 30 pl of components A and B was added
to 50 pl cell lysate and vortexed for 5 s; 5 pl of component C was then added to
the cell lysate, followed by 5 wl of component D and 10 pl of component E. The
treated lysates were incubated with rotation for 20 min at room temperature.
Following labeling, the proteins were precipitated as described by the manufac-
turer, resuspended in protein-loading buffer, and separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For in situ translation,
Cos-7 cells were seeded on 12-well dishes containing 12-mm-diameter round
coverslips at a density of 1 X 10° cells/well, incubated overnight at 37°C, and then
infected with MRV or mock infected. At the indicated times p.i., the medium was
replaced with prewarmed methionine-minus medium containing SA, cyclohexi-
mide, or 15D-PGJ2 for 45 min, at which point L-AHA was added at a final
concentration of 50 wM, and the cells were incubated an additional 30 min. The
cells were fixed with 100% ice-cold methanol at —20°C for 3 min and then
washed three times with PBS. The fixed cells were permeabilized by incubation
with 0.2% Triton X-100 in PBS for 5 min and washed three times with PBS. The
coverslips were transferred, cell side up, to Parafilm and incubated with reagents
provided for biotin labeling from Invitrogen. Alterations to the protocol pro-
vided by the manufacturer were as follows: 25 pl of components A and B was
added to 15 pl PBS, and 40 pl of this solution was added to each coverslip; 2.5
Wl of component C was added to the coverslips, followed by 2.5 pl of component
D and 5 pl of component E. The coverslips were incubated in this solution for 20
min and then rinsed and processed for immunofluorescence (IF) assay.

IF assay. At the indicated times, cells were fixed at room temperature for 10
min with 2% paraformaldehyde in PBS or at —20°C with 100% methanol for 3
min. The fixed cells were washed three times with PBS, permeabilized by incu-
bation with 0.2% Triton X-100 in PBS for 5 min, and then washed three times
with PBS. Samples were blocked by a 10-min incubation with 2% bovine serum
albumin (BSA) in PBS. Primary and secondary antibodies were diluted in 2%
BSA in PBS. After blocking, the cells were incubated for 1 h with primary
antibodies or streptavidin-conjugated Alexa 488, washed three times with PBS,
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and then incubated for an additional hour with secondary antibodies. The im-
munostained cells were washed a final three times with PBS and mounted on
slides with Prolong reagent with or without DAPI (4',6-diamidino-2-phenylin-
dole dihydrochloride) (Invitrogen). The immunostained samples were examined
with a Zeiss Axiovert 200 inverted microscope equipped with fluorescence optics
or an Olympus laser scanning confocal microscope augmented with spectral
deconvolution hardware and equipped with four variable-voltage color lasers.
Images were prepared using Photoshop and Illustrator software (Adobe Sys-
tems). Following IF processing, quantification of SG formation and translation
activity in SA- and 15D-PGJ2-treated cells was done by counting cells based on
their SG and translation phenotypes. More than 100 cells were counted in each
treatment group, and the averages of two independent experiments were sub-
jected to an unpaired Student’s ¢ test using GraphPad software to determine the
statistical significance of differences between mock- and MRV-infected samples
in each phenotype group. Differences in groups that were found to be statistically
different (P < 0.005) are indicated.

Immunoblotting. Samples were harvested at the indicated times and lysed with
100 wl lysis buffer (50 mM Tris, pH 8.0, 1% SDS). Proteins were transferred to
a nitrocellulose membrane by electroblotting in transfer buffer (25 mM Tris, 192
mM glycine, 20% methanol [pH 8.3]). The nitrocellulose membrane containing
transferred proteins was blocked for 15 min with 5% BSA in Tris-buffered saline
(20 mM Tris, 137 mM NaCl [pH 7.6]) containing 0.1% Tween (TBS-T) and then
incubated overnight with primary antibodies in TBS-T containing 1% milk or
AP-conjugated streptavidin in PBS containing 5% BSA. Blots incubated with
primary antibodies were washed three times for 15 min with TBS-T, followed by
4 h of incubation with AP-conjugated secondary antibodies in TBS-T containing
1% milk. The blots were washed a final three times, and AP conjugate substrates
(Bio-Rad [colorimetric] or Millipore [chemiluminescent]) were applied. Images
were collected using a Chemi-doc XRS camera (Bio-Rad), and protein bands
were quantified using Quantity One software (Bio-Rad). All experiments were
independently performed between 3 and 5 times, and representative results are
shown.

Quantification of phosphorylated eIF2a. In all experiments where quantifica-
tion of eIF2a phosphorylation is shown, the Quantity One-determined amount
of elF2a protein was divided by the amount of the in-gel loading control protein
a-tubulin to control for gel-loading differences. For time course experiments, the
quantity of phosphorylated elF2a at time zero was arbitrarily set to 1 within each
time course. The increase in eIF2a phosphorylation over time was determined by
dividing the quantity present at each time point by the quantity present at time
zero. For SA induction experiments, the increase in eIF2a phosphorylation in
the presence of SA was determined by dividing the quantity of phosphorylated
elF2a present in the presence of SA by the quantity of phosphorylated eIF2«
present in the absence of SA. Quantification was performed on at least two
independent experiments, and representative results or mean values with stan-
dard deviations are shown.

RESULTS

elF2a is phosphorylated in MRV-infected cells in a strain-
and cell-type-specific manner. There is ample evidence that
infection with MRV strain T2J elicits a cellular innate immune
response that includes activation of PKR and subsequent phos-
phorylation of elF2a in L929 cells, whereas MRV strain T3D
prevents this activation (12, 37, 40, 44, 45). To further examine
the impact of MRV on cellular eIF2a phosphorylation, we
measured the levels of phosphorylated elF2a over a 24-h time
course in Cos-7, HelLa, and 1.929 cells infected with MRV
strains T2J and T3D. Immunoblot analysis was performed on
cell lysates harvested at 6-h intervals from mock-infected cells
and cells infected with T2J or T3D at 1 CIU/cell. We found
that infection with MRV led to an increase in eIF2a phosphor-
ylation compared with mock-infected cells in a viral strain- and
cell-type-dependent manner (Fig. 1). In Cos-7 cells, T3D in-
duced elF2a phosphorylation to levels above mock throughout
infection, whereas T2J induced eIF2a phosphorylation at early
times in infection that diminished by late times in infection
(Fig. 1A). In HeLa and L1929 cells, T2J infection induced
increased levels of phosphorylated elF2a over time, whereas
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T3D did not induce substantial levels of phosphorylated eIF2a
compared to mock-infected cells (Fig. 1B and C). There was no
observable change in the levels of total eIF2« in these exper-
iments (data not shown). Although phosphorylation of eIF2«a
induced by MRV strains in Cos-7 and HeLa cells have not to
our knowledge been previously investigated in the absence of
exogenous interferon (32), the 1L.929 data agree with previously
published reports (44). Taken together, these data suggest that
MRV infection results in induction of eIF2a phosphorylation
in both strain- and cell-type-specific manners.

SGs are not present in MRV-infected cells at late times p.i.
elF2a phosphorylation is sufficient to induce SGs (15); there-
fore, based on the phosphorylation data in Fig. 1, we predicted
that Cos-7 cells infected with MRV strain T3D and HeLa and
L1929 cells infected with MRV strain T2J would contain SGs.
We previously showed that at later times in infection (10 to
24 h p.i.) only between 2 and 5% of T3D-infected HeLa cells
contained SGs (36). We have now expanded these studies to
determine if the absence of SGs late in infection is limited to
MRV strains that do not induce elF2a phosphorylation or
whether MRV has the capacity to interfere with SGs in the
presence of virus-induced phosphorylation of elF2a. 1929,
Cos-7, and Hela cells were infected with MRV strain T2J or
T3D at 1 CIU/cell and at 24 h p.i. were fixed and stained with
antibodies against the MRV nonstructural protein NS and
the SG component protein TIAR. The infected cells were then
examined by immunofluorescence microscopy to determine
whether MR V-infected cells contained SGs. We found that in
Cos-7 (Fig. 2A), HeLa (Fig. 2B), or L929 (Fig. 2C) cells there
were no SGs present in T2J (middle rows)- or T3D (bottom
rows)-infected cells, and that localization of the SG-associated
protein TTAR did not appear to be substantially different from
that in mock-infected cells (top rows). In contrast, in mock-
infected cells treated with sodium arsenite (SA), an oxidative
substance that induces high levels of elF2a phosphorylation
via activation of the heme-regulated inhibitor (HRI) kinase
(24, 27), 99% of cells contained SGs (Fig. 3A, B, and C, top
rows). These data suggest that the lack of SGs at late times in
MRV-infected cells is independent of the viral strain and cell
type and is not dictated by whether the strain induces phos-
phorylation of eIF2a. Moreover, these data suggest that cellu-
lar signals connecting eIlF2a phosphorylation and SG forma-
tion are uncoupled in MRV-infected cells.

MRY infection renders cells unable to form SGs in response
to external stress signals. The absence of SGs in cells where
MRYV induced elF2a phosphorylation suggested that the
virus is able to interfere with SG formation following virus-
induced eIF2a phosphorylation. To examine the capacity of
MRYV to prevent SG formation in response to other cellular
stress signals that induce eIF2a phosphorylation, we exam-
ined uninfected and infected cells for SG formation follow-
ing SA treatment. Cos-7 cells were infected with MRV
strain T2J or T3D at 1 CIU/cell and at 24 h p.i. were treated
with SA for 1 h and then fixed and stained for immunoflu-
orescence microscopy to visualize infected cells and SGs.
Remarkably, while SGs were apparent in most uninfected
cells following SA treatment (Fig. 3A, B, and C, top rows),
infected cells did not contain SGs (Fig. 3A, B, and C, middle
and bottom rows). This experiment was repeated using
other known SG-localized protein markers, including TIA-1,
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FIG. 1. MRV infection induces eIF2a phosphorylation in a strain- and cell-type-specific manner. Cos-7 (A), HeLa (B), or L929 (C) cells were
mock infected or infected with MRV T2J or T3D. At 0, 6, 12, 18, and 24 h p.i., cells were harvested and proteins were separated on SDS-PAGE
and transferred to nitrocellulose. The membranes were blotted with rabbit a-uNS polyclonal antibody, rabbit a-tubulin polyclonal antibody, and
rabbit a-phosphorylated (P)-eIF2a polyclonal antibody, followed by goat a-rabbit IgG conjugated with AP. Bound AP conjugates were detected
by chemiluminescence staining and quantified with Quantity-One software. Quantified amounts of phosphorylated elF2a were divided by
quantified amounts of a-tubulin to adjust for differences in gel loading, and then increases in eIF2a phosphorylation relative to time zero were

calculated and are shown on the right.

elF3, eIF4E, and elF4G, with identical results (data not
shown). This finding was both viral strain and cell type
independent, as all three prototype strains (T1L, T2J, and
T3D) interfered with SG formation in a number of cell
types, including Cos-7, L.929, HeLa, CV-1, and MEFs (Fig.
3A, B, and C and data not shown). Additionally, examina-
tion of SA-treated infected Cos-7, HeLa, and 1929 cells by
confocal microscopy using a sequential scan of Kalman-

averaged planes with identical exposures and a Z-plane
thickness of 0.33 wm confirmed that SGs were not obscured
by viral factories in these experiments and that they did not
form in response to SA treatment in MRV-infected cells
(data not shown). These results strengthen the findings in
Fig. 2 that suggest MRV uncouples the cellular signals be-
tween elF2a phosphorylation and SG formation and also
support a hypothesis that interference with SG formation is
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FIG. 2. MRV-infected cells do not contain SGs at late times p.i.
Cos-7 (A), HeLa (B), and 1929 (C) cells were mock infected (top row)
or infected with MRV T2J (middle row) or T3D (bottom row). At 24 h
p.i., the cells were fixed and immunostained with rabbit a-uNS poly-
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independent of the specific ability of the virus strain to
interfere with PKR activation and eIF2a phosphorylation.

MRYV SG interference is independent of eIF2« phosphory-
lation. Because both MRV infection and SA treatment can
induce eIF2a phosphorylation (24, 37, 40, 41, 44) (Fig. 1A, B,
and C), our data suggested that MRV interference with SG
formation at late times in infection with strains that induce
elF2a phosphorylation and following SA treatment occurs in
the presence of phosphorylated elF2«a. However, it remained
possible that the levels of eIF2a phosphorylation found in
MR V-infected cells were not sufficient to induce SGs and that
SG formation following SA treatment was also prevented via
MRYV interference with eIF2a phosphorylation. We used two
assays to rule out this possibility. First, to determine if MRV
infection led to a decrease in SA-induced elF2a phosphoryla-
tion, we examined the levels of phosphorylated eIF2a in MRV-
infected versus uninfected cells upon addition of SA. Cos-7
cells were mock infected or infected with T2J or T3D at 1
CIU/cell. At 24 h p.i., the cells were subjected to SA for 1 h and
then harvested and immunoblotted with antibodies against vi-
ral nonstructural protein wNS, a-tubulin, and phosphorylated
elF2a (Fig. 4A). The amounts of phosphorylated eIF2a in the
absence and presence of SA in uninfected and infected cells
were quantified by chemiluminescence to determine the fold
induction of phosphorylated elF2a following SA treatment in
each sample (Fig. 4B). We found that in T2J-infected Cos-7
cells and T3D-infected HelLa and L1929 cells, SA induced
elF2a phosphorylation to levels similar to those in uninfected
cells (Fig. 4B), suggesting MRV does not inhibit SA induction
of eIF2a phosphorylation in these viral strain/cell type combi-
nations. This quantification method was complicated by the
fact that T3D infection of Cos-7 cells and T2J infection of
HeLa and L1929 cells leads to the induction of phosphorylated
elF2a in the absence of SA (Fig. 1A, B, and C and Fig. 4A). As
a result, the fold increase in elF2a phosphorylation in the
presence of SA is artificially lower than the fold increase mea-
sured in mock-infected cells in these samples. However, there
does appear to be a qualitative induction of elF2a phosphor-
ylation in the presence of SA in these infected samples com-
pared to untreated mock-infected cells (Fig. 4A), suggesting
that SA induces eIF2o phosphorylation in all MRV-infected
cells. Because SA did not induce SG formation in any viral
strain/cell type combination (Fig. 3), these data suggest MRV
is able to interfere with SGs in the presence of levels of phos-
phorylated elF2« that are sufficient to induce SGs in unin-
fected cells.

To more directly detect whether MRV interference with SG
formation occurs independently of eIF2a phosphorylation, we
also examined the ability of MRV to interfere with SGs in-
duced by NSC119893 and 15D-PGJ2, both of which induce
SGs independently of eIF2a phosphorylation (16, 30).
NSC119893 binds to elF2a and inhibits ternary-complex for-

clonal antiserum (left column) and goat a-TIAR polyclonal anti-
body (middle column), followed by Alexa 594-conjugated donkey
a-rabbit IgG and Alexa 488-conjugated donkey a-goat IgG. Merged
images containing DAPI-stained nuclei (blue) are shown (right
columns). Bars = 10 pm.
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FIG. 3. MRV infection renders cells unable to form SGs in re-

sponse to SA. Cos-7 (A), HeLa (B), or L929 (C) cells were mock
infected (top rows) or infected with MRV T2J (middle rows) or T3D
(bottom rows). At 24 h p.i., the cells were treated with SA for 1 h and
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mation (30), while 15D-PGJ2 binds to eIF4A and inhibits
translation initiation (16). Cos-7 cells were infected with T3D,
and at 24 h p.i,, the cells were treated with NSC119893 or
15D-PGJ2 for 1 h. An immunofluorescence assay was then
performed to visualize infected cells and SGs. We found that
SGs did not form in response to these drugs in any MRV-
infected cells (Fig. 4C, arrowheads), while SGs were found
following drug treatment in most uninfected cells (Fig. 4C,
arrows), confirming that interference with SG formation by
MRYV occurs independently of inhibition of eIF2a phosphor-
ylation. The ability to interfere with SGs induced by these
drugs was virus strain independent, as MRV T1L and T2J also
prevented SG formation in identical experiments (data not
shown). Taken together, the data in Fig. 3 and 4 show that at
late times in infection, MRV prevents SG formation in the
presence of cellular stress signals that are sufficient to induce
SGs in uninfected cells in a manner independent of cellular
elF2a phosphorylation status. These data strongly suggest that
MRV infection uncouples cellular signals between eIF2a phos-
phorylation and SG formation.

A nonradioactive labeling strategy for detection of newly
translated proteins does not interfere with viral replication. It
is possible that disruption of SGs plays an important role in the
MRV replication cycle. We hypothesized that SG disruption
may be necessary for MRV escape from host translational
shutoff. To examine this possibility, we were interested in mea-
suring de novo synthesis of viral proteins in the presence and
absence of SGs. To perform these experiments, we wanted to
utilize a newly described technology that involves incorpora-
tion of the methionine analog L-AHA into proteins as they are
synthesized for nonradioactive protein labeling. Following L-
AHA incorporation, proteins are labeled with biotin-alkyne
and are detected by immunoblotting or immunofluorescence
assay using streptavidin-conjugated chemiluminescent or fluo-
rescent substrates. This labeling strategy has been extensively
tested and found to be nontoxic to cells, to specifically label
newly synthesized proteins to levels comparable to *°S, and to
have no impact on protein degradation or global protein syn-
thesis rates (5). Nonetheless, to address the impact of this
labeling strategy on MRV infection, we examined both viral
protein translation and replication in the presence of L-AHA.
1.929 cells were infected with T3D at 1 PFUj/cell for 1 h, at
which point the cells were left untreated or treated with 50 uM
L-AHA. At 6-h intervals, cells were harvested and prepared for
immunoblot analysis or plaque assay. When examined by im-
munoblotting using streptavidin-conjugated AP, L.-AHA was
clearly incorporated into both cellular and viral proteins and
did not appear to substantially impact viral protein translation
(Fig. 5A). We did note that this technique resulted in low levels
of background staining of the membrane even in the absence
of L-AHA addition to cells (Fig. 5A, lane 1). Because there was
no L-AHA incorporated into proteins in this lane, we suspect

then fixed and immunostained with rabbit a-pNS polyclonal antiserum
(left columns) and goat o-TIAR polyclonal antibody (middle col-
umns), followed by Alexa 594-conjugated donkey a-rabbit IgG and
Alexa 488-conjugated donkey a-goat IgG. Merged images containing
DAPI-stained nuclei (blue) are shown (right columns). Bars = 10 pm.
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FIG. 4. MRV interferes with SGs downstream of eIF2a phosphorylation. (A) Cos-7, HeLa, or 1929 cells were mock infected or infected with
MRV T2J or T3D. At 24 h.p.i., the cells were left untreated or treated with SA for 1 h. Samples were harvested, and proteins were separated on
SDS-PAGE and electroblotted to nitrocellulose. The nitrocellulose membranes were immunoblotted with rabbit a-uNS polyclonal antiserum,
rabbit a-tubulin polyclonal antibodies, and rabbit a-phosphorylated (P) eIF2a polyclonal antibodies, as indicated, followed by goat a-rabbit IgG
conjugated with AP, and bound AP conjugates were detected by chemiluminescence. (B) AP conjugates from panel A were quantified with
Quantity-One software. Quantified amounts of phosphorylated eIF2« were divided by quantified amounts of a-tubulin to adjust for differences in
gel loading. Fold increases in levels of phosphorylated elF2a in SA-treated cells relative to untreated cells were calculated, and the means and
standard deviations of two experimental replicates are shown. (C) Cos-7 cells were infected with MRV T3D, and at 24 h p.i., the cells were treated
with either NSC119893 (top row) or 15D-PGJ2 (bottom row) for 1 h and then fixed and immunostained with rabbit a-pNS polyclonal antiserum
(left column) and goat a-TIAR polyclonal antibody (right column), followed by Alexa 594-conjugated donkey a-rabbit IgG and Alexa 488-
conjugated donkey a-goat IgG. The arrowheads identify infected cells that do not contain SGs. The arrows identify uninfected cells that do contain
SGs. Bars = 10 pm.

this background staining is a result of nonspecific binding of sought to create an environment in which MRV mRNAs were
streptavidin-AP to proteins present in the membrane. As the being translated to experimentally detectable levels but where

specific staining of L-AHA proteins was easily visualized above the virus was not able to prevent drug-induced SG formation.
this background level, we concluded that this background Our previous data suggested that there is a major decrease in
staining would not interfere with measuring cellular and viral virus-induced SGs after 6 h p.i (36). We found that we could
protein synthesis in subsequent experiments. Importantly, detect substantial levels of viral protein synthesis at 6 h p.i., and

when virus titers determined from rL-AHA-treated infected if we treated infected cells with SG-inducing drugs at this time,
cells were compared with titers from infected cells in which no the virus was not yet capable of interfering with SG formation
L-AHA was present, there was no impact on the MRV titer induced by drugs (data not shown and Fig. 6B and C).
(Fig. 5B). These data suggested that L-AHA labeling did not To visualize protein synthesis on an individual cell basis,
interfere with viral protein function necessary for MRV repli- Cos-7 cells were infected at 5 CIU/cell with MRV T2J or T3D,
cation and that this technology was suitable for examining and at 6 h.p.i. the cells were left untreated or were treated with
MRYV translation. cycloheximide, SA, or 15D-PGJ2 for 45 min, at which point
MRY and cellular translation are inhibited when SGs are L-AHA was added for 30 min. The cells were then fixed, per-
present. To examine the impact of SGs on viral translation, we meabilized, and subjected to a biotin-alkyne click reaction.
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FIG. 5. L-AHA labeling does not interfere with MRV replication.
L929 cells were infected with T3D with and without the addition of
L-AHA, and at 0, 6, 12, 18, and 24 h, cells were harvested and pro-
cessed. (A) Following lysis, samples were separated on SDS-PAGE,
transferred to nitrocellulose, and then probed with streptavidin-con-
jugated AP or oNS polyclonal antibodies, followed by AP-conjugated
a-rabbit IgG. Bound AP conjugates were detected by chemilumines-
cence. The positions of MRV proteins in the blot are indicated.
(B) Lysed samples were subjected to standard MRV plaque assay on
L929 cells. The plaques were counted, and the relative increases in
virus titer from time zero were calculated. The means and standard
deviations of two experimental replicates are shown.

Labeled cells were stained with virus- and SG-specific antibod-
ies and Alexa 488-conjugated streptavidin and then examined
by immunofluorescence microscopy for MRV infection, SG
formation, and new protein synthesis. Both uninfected and
infected, untreated cells synthesized new proteins during the
labeling period (Fig. 6A and B, top rows, and data not shown
[T2]]). Cycloheximide inhibited translation of new proteins
without inducing SGs in both infected and uninfected cells
(Fig. 6A and B, second rows, and data not shown [T2J]). SA
and 15D-PGJ2 induced SGs in both uninfected and infected
cells, and neither was able to support new protein synthesis
(Fig. 6A and B, third and fourth rows). Quantification of these
results showed that at early times p.i., MRV does not substan-
tially inhibit SG formation and that the presence of SGs
strongly correlates with inhibition of protein translation in
uninfected and infected cells whether the SGs are induced by
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an elF2a phosphorylation-dependent (SA) or -independent
(15D-PGJ2) mechanism (Fig. 6C).

To examine the entire cell population, these experiments
were repeated; however, after L-AHA incorporation, proteins
were harvested and labeled with biotin, separated on SDS-
PAGE, transferred to nitrocellulose, and then blotted with
AP-conjugated streptavidin to visualize new protein synthesis.
Similar to what was seen on an individual cell basis, new cel-
lular and viral protein synthesis was detected in both unin-
fected and infected, untreated cells, but cycloheximide, SA,
and 15D-PGJ2 inhibited both cellular and viral translation
(Fig. 6D). These results confirm that both eIF2a phosphory-
lation-dependent and -independent induction of SGs corre-
lates with the inhibition of cellular and viral translation in
MRV-infected cells.

Viral mRNAs escape translational shutoff when SGs are
disrupted. SGs were not observed at late times in MRV-in-
fected cells irrespective of elF2a phosphorylation induced by
the virus or by SA or following eIF2a phosphorylation-inde-
pendent translation inhibition induced by 15D-PGJ2 (Fig. 2 to
4). To determine whether viral or cellular proteins are synthe-
sized when SGs are disrupted by MRV, Cos-7 cells were in-
fected with MRV T2J or T3D, and then, at 24 h p.i., the cells
were left untreated or were treated with cycloheximide, SA, or
15D-PGJ2. L.-AHA was incorporated into proteins that were
translated in the absence and presence of drugs, and then the
cells were fixed, permeabilized, and examined by immunoflu-
orescence microscopy for MRV infection, SG formation, and
new protein synthesis. In the absence of drugs, infected cells
were found to synthesize new proteins during the labeling
period (Fig. 7A, top row, and data not shown [T2J]). Cyclo-
heximide inhibited translation of new proteins in infected cells
(Fig. 7A, second row, and data not shown [T2J]). In contrast to
mock-infected cells, which contained SGs and did not support
new protein synthesis in the presence of SA or 15D-PGJ2 (Fig.
6A, third and bottom rows, and 7B), the majority of MRV-
infected cells did not contain SGs and were capable of sup-
porting new protein synthesis (Fig. 7A, third and bottom rows).
Quantification of these results showed that there is a signifi-
cant difference between uninfected and MRV-infected cells
following drug treatment with regard to translation activity and
SG presence, with the majority of mock-infected cells contain-
ing SGs and being translationally inactive and the majority of
MRV-infected cells lacking SGs and being translationally ac-
tive (Fig. 7B).

While this result showed that protein synthesis is active in
MR V-infected cells where SGs were absent, it did not deter-
mine if MRV interference with SGs correlates with release of
all protein translation inhibition or if only viral mRNA is
translated under these conditions. To answer this question, we
repeated these experiments; however, instead of visualizing
proteins by fluorescence microscopy, we separated labeled pro-
teins on SDS-PAGE, transferred them to nitrocellulose, and
blotted them with AP-conjugated streptavidin. Examination of
the proteins synthesized in the absence and presence of drugs
confirmed that cycloheximide, SA, and 15D-PGJ2 induced
nearly complete shutoff of cellular protein synthesis in the
absence of MRV infection (Fig. 7C). Cycloheximide also in-
duced shutoff of protein synthesis in MRV-infected cells. Re-
markably, proteins that migrated at the predicted size of MRV
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FIG. 6. Viral and cellular translation are inhibited when SGs are present. (A and B) Cos-7 cells were mock infected (A) or infected with T3D
(B), and at 6 h p.i., the cells were left untreated (No drug; top row) or treated with cycloheximide (Cyc; second row), SA (third row), or 15D-PGJ2
(15D; bottom row) for 45 min and then labeled with L-AHA for 30 min in the presence of drugs. The cells were fixed and permeabilized, labeled
with biotin, and then stained with Alexa 488-conjugated streptavidin (AHA) (left column in panel A; middle column in panel B), rabbit a-uNS
polyclonal antiserum (wNS) (left column in panel B), and goat a-TIAR polyclonal antibodies (TIAR) (right columns), followed by Alexa
350-conjugated donkey a-rabbit IgG or Alexa 594-conjugated donkey a-goat IgG. Bars = 10 pm. (C) Following treatment as in panel A, cells were
counted based on their translation and SG phenotype. The percentage of cells containing each phenotype out of the total number of cells counted
was calculated, and the means and standard deviations of two experimental replicates are shown. Infected groups that were statistically different
from mock-infected cells are indicated by an asterisk (P < 0.005). (D) Cos-7 cells were mock infected or infected with T2J or T3D and were treated
with drugs as in panel A for 60 min, at which point L-AHA was added in the presence of drugs for an additional 60 min. Proteins were labeled
with biotin and then separated on SDS-PAGE and transferred to nitrocellulose by electroblotting. L-AHA-labeled proteins were detected by
incubation of blots with AP-conjugated streptavidin. As protein loading and infection controls, identical sample volumes were examined in parallel
using rabbit anti-B-actin polyclonal antibodies or rabbit a-uNS polyclonal antibodies followed by AP-conjugated goat a-rabbit IgG. The positions
of MRV proteins on the AHA blot are indicated.
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FIG. 7. MRV mRNAs escape translational shutoff when SGs are
disrupted. (A) Cos-7 cells were infected with T3D, and at 24 h p.i., the
cells were left untreated (No drug; top row) or treated with cyclohex-
imide (Cyc; second row), SA (third row), or 15D-PGJ2 (15D; bottom
row) for 45 min and then labeled with L-AHA for 30 min in the
presence of drugs. The cells were fixed, permeabilized, labeled with
biotin, and then stained with Alexa 488-conjugated streptavidin (AHA;
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proteins were the only obvious translation products in the
presence of SA and 15D-PGJ2 in MRV-infected cells (Fig.
7C). We confirmed that these proteins were viral by immuno-
blotting the same membrane with virus protein-specific anti-
bodies (data not shown). Taken together with data obtained
when MRV could not prevent SG formation (Fig. 6), these
data suggest that MRV translation is inhibited in the presence
of phosphorylated elF2a (SA) or sequestered elF4A (15D-
PGJ2) when SGs are present but that at late times in infection,
even though the drugs are still present, disruption of SGs by
MRYV correlates with escape of viral mRNA from host cell
translational shutoff.

MRY escape from host translation inhibition is independent
of PKR. In some MRV strains, virus dsSRNA binding protein
o3 is thought to inhibit PKR phosphorylation of elF2a and
prevent host cell shutoff (11, 22, 41). However, in strains in
which translational shutoff is not inhibited, it remains unclear
if o3 inhibition of PKR plays a role in virus mRNA escape
from cellular translational shutoff. Because we found that
MRYV translation was able to escape SA-induced translational
shutoff, which occurs through HRI kinase phosphorylation of
elF2a and not through PKR (24, 27), we suspected that MRV
escape from host translational shutoff may occur indepen-
dently of o3 inhibition of PKR. To determine if PKR inhibition
was necessary for MRV translational escape from SA-induced
elF2a phosphorylation, we infected PKR ™~ cells with MRV
T2J and T3D, and at 24 h p.i., the cells were left untreated or
were treated with cycloheximide or SA and labeled with L-
AHA. Similar to what has been previously reported (27), SA
induced high levels of eIF2a phosphorylation in PKR ™~ cells
even in the presence of MRV infection (data not shown),
suggesting that translation initiation should be inhibited in the
presence of SA in these experiments. In the absence of PKR,
untreated uninfected and infected cells were translationally
active (Fig. 8). In cycloheximide-treated uninfected and in-
fected cells, both viral and cellular translation were inhibited.
In SA-treated cells, cellular translation was inhibited, suggest-
ing that eIF2a was indeed phosphorylated to levels sufficient to
interfere with translation initiation in PKR ™/~ cells. However,
viral translation was still active under these conditions (Fig. 8),

middle column), rabbit a-puNS polyclonal antiserum (pNS; left col-
umn), and goat anti-TIAR polyclonal antibodies (TIAR; right col-
umn), followed by Alexa 350-conjugated donkey a-rabbit IgG or Alexa
594-conjugated donkey o-goat IgG. Bars = 10 pm. (B) Following
treatment as in panel A, cells were counted based on their translation
and SG phenotype. The percentage of cells containing each phenotype
out of the total number of cells counted was calculated, and the means
and standard deviations of two experimental replicates are shown.
Infected groups that were statistically different from mock-infected
cells are indicated by an asterisk (P < 0.005). (C) Cos-7 cells were
mock infected or infected with T2J or T3D and were treated with drugs
as in panel A for 60 min, at which point L-AHA was added in the
presence of drugs for an additional 60 min. Proteins were labeled with
biotin and then separated on SDS-PAGE and transferred to nitrocel-
lulose by electroblotting. L-AHA-labeled proteins were detected by
incubation of blots with AP-conjugated streptavidin. As protein-load-
ing and infection controls, identical sample volumes were examined in
parallel using rabbit anti-B-actin polyclonal antibodies or rabbit a-puNS
polyclonal antibodies followed by AP-conjugated goat a-rabbit IgG.
The positions of MRV proteins on the AHA blot are indicated.
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FIG. 8. SA does not inhibit MRV translation in PKR™~ cells.
PKR /" cells were mock infected or infected with T2J or T3D, and at
24 h p.i., the cells were left untreated or treated with cycloheximide
(Cyc) or SA for 60 min, at which point L-AHA was added and the cells
were incubated an additional 60 min. Proteins were labeled with biotin,
separated on SDS-PAGE, and transferred to nitrocellulose by electro-
blotting. L-AHA-labeled proteins were detected by incubation of blots
with AP-conjugated streptavidin. As protein-loading and infection
controls, identical sample volumes were examined in parallel using
rabbit a-B-actin polyclonal antibodies or rabbit a-uNS polyclonal an-
tibodies followed by AP-conjugated goat a-rabbit IgG. The positions
of MRYV proteins on the AHA blot are indicated.

suggesting that MRV mRNA can escape phospho-elF2a-in-
duced host cell translational shutoff mediated by SA activation
of HRI. This finding suggests that the translation of MRV
mRNAs when elF2a is phosphorylated and cellular translation
is inhibited does not depend on ¢3 inhibition of PKR.

DISCUSSION

MRYV disrupts SGs in infected and drug-treated cells inde-
pendently of elF2a phosphorylation. We recently reported
that cells form SGs in response to MRV infection at early
times p.i. in an eIF2a phosphorylation-dependent manner and
that SGs are disrupted as viral infection proceeds in a manner
that is dependent on viral protein synthesis (36). In this work,
we show that in addition to disrupting SGs over time in in-
fected cells, MRV also prevents SG formation following treat-
ment with the SG-inducing drugs SA, 15D-PGJ2, and
NSC119893. MRV disruption of SGs in infected and drug-
treated cells occurred both in the presence of phosphorylated
elF2a (Fig. 2, 3, and 4A) and independently of phosphorylated
elF2a (Fig. 4C), suggesting that MRV acts downstream of this
cellular stress signal to interfere with SG formation. These
data support a hypothesis in which MRV encodes a protein or
nucleoprotein complex that disrupts or interferes with SG for-
mation, perhaps by direct or indirect interference with other
signals involved in SG formation or SG effecter protein aggre-
gation. Other viruses have been shown to encode viral factors
that actively disrupt SGs by interfering with SG effecter pro-
teins (6, 49). The identification of the mechanism behind MRV
interference with SG formation is under way.

SG disruption correlates with MRV escape from host trans-
lational shutoff. Sequestration of translation initiation factors
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in SGs likely contributes to the inhibition of translation that
occurs following infection with many viruses. It therefore is not
surprising that viruses have developed mechanisms to disperse
SGs to release translation initiation factors that are necessary
to carry out viral protein synthesis. Although many viruses
have been shown to disrupt SGs, most studies have not yet
delineated the importance of SG disruption in successful viral
infection. It has been shown that some viruses, such as vesic-
ular stomatitis virus (VSV), Sindbis virus, and herpes simplex
virus (HSV), replicate better in TIA-1"/ cells, which are de-
ficient in the ability to form SGs (21), suggesting that the
function of SGs in translation inhibition may be detrimental to
successful virus infection. In the case of poliovirus, it was found
that the ability of the virus protease to disrupt SGs via G3BP
cleavage was important for successful virus infection, as ex-
pression of a noncleavable G3BP inhibited poliovirus replica-
tion (49). Additionally, the binding of TIAR/1 to West Nile
virus RNA disrupts SGs and also appears to promote viral
RNA replication (21), though it has yet to be shown that SG
disruption per se plays an important role in this process. In this
work, we provide evidence that in the case of MRV, SG dis-
ruption may be an important step in virus circumvention of the
host immune response by demonstrating that MRV translation
is inhibited when SGs are present but is not inhibited when
SGs are disrupted by the virus. Correlation between the re-
lease of MRV mRNAs from translation inhibition and SG
disruption occurred in the presence of phosphorylated elF2a
and when eIF4A was inhibited, bolstering the argument that
SGs themselves impact viral translation.

Although our data support a hypothesis that SGs play a role
in regulation of MRV translation and that SG disruption ap-
pears to coincide with viral mRNA escape from cellular trans-
lational inhibition, it is not likely that SG disruption is sufficient
for viral mRNA translation in the stressed environment. An
obvious question that arises is how MRV mRNAs are able to
compete for the limited ternary complex that is available in the
cell when elF2«a is phosphorylated following infection or SA
treatment. One possibility is that MRV translation is refractory
to a high concentration of phosphorylated eIF2« as a result of
an unidentified alternative translation initiation pathway.
Many viral and cellular mRNAs contain specialized structures
or elements within their sequences that allow them to be pref-
erentially translated in an environment of high levels of phos-
phorylated eIF2a. These can include certain internal ribosome
entry sites (IRESs), such as that found in hepatitis C virus
RNA, which recruits elF2a and tRNAM®' independently of
ternary complex (46); upstream open reading frames (uORFs),
which induce ribosome stalling that leads to preferential trans-
lation of some stress-related mRNAs, such as ATF4 (48); and
mRNAs that can recruit tRNAM®* independently of elF2a,
such as Sindbis virus 26S RNA (38). A recent study showed
that another member of the family Reoviridae, rotavirus, can
also translate viral proteins in the presence of high levels of
phosphorylated eIF2a (31). MRV and other members of the
family Reoviridae may have developed a noncanonical pathway
for translation initiation. Early studies suggested that MRV
synthesizes capped mRNAs at early times in infection and
switches to synthesis of uncapped messages to escape host cell
translational shutoff at later times in infection (19, 42, 50).
Although our data showing inhibition of MRV translation in
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the presence of SA at early, but not late, times might be
interpreted as supporting a scenario where MRV mRNAs are
differentially capped throughout infection, there have been
many studies that suggest that MRV mRNAs are capped
throughout the viral life cycle (2, 4). Moreover, the finding that
MRV protein synthesis was also inhibited by 15D-PGJ2 in a
manner that correlates with SG presence and absence in in-
fection (Fig. 6 and 7) argues that it is in fact SG presence and
not elF2a phosphorylation that prevents MRV translation.
These data also suggest that MRV mRNA translation occurs
via a pathway that is independent of eIF4A. A detailed exam-
ination of MRV translation, including identification of the
cellular translation initiation factors that are required, identi-
fication of the viral proteins that are involved, and examination
of viral RNA to identify important sequences or structures, is
warranted in the future.

MRYV translation: role of o3 inhibition of PKR. Previous
data implicated the MRV ¢3 dsRNA binding protein in pre-
vention of cellular translational shutoff following infection with
some MRV strains (22, 40, 41). The MRV o3 protein has also
been shown to functionally replace other viral PKR inhibitors
when expressed in cells infected with these viruses (1, 22). For
these reasons, the PKR-inhibitory activity of o3 was suspected
to be involved in the ability of MRV mRNAs to escape trans-
lational shutoff in strains that could not prevent this cellular
response to infection. Several lines of evidence from this study
suggest that this may not be the case. First, strains of MRV that
differ in their abilities to prevent host cell translational shutoff
(T3D, T1L, and T2J) were able to continue translating mRNA
in the presence of SA at late times in infection (Fig. 7 and data
not shown), suggesting that the ability to prevent host cell
translational shutoff and the ability to escape host cell trans-
lational shutoff likely occur through independent mechanisms.
Second, because SA induces elF2a phosphorylation via the
HRI kinase (24, 27) and not PKR, o3-mediated PKR inhibi-
tion would not impact eIF2a phosphorylation under these con-
ditions. Moreover, SA treatment of infected cells induced lev-
els of eIF2a phosphorylation similar to those in mock-infected
cells (Fig. 4), suggesting that even if PKR were involved in SA
induction of elF2a phosphorylation, ¢3 did not significantly
inhibit PKR under these circumstances. Finally, MRV mRNA
translation is not inhibited in the presence of SA, which in-
duces elF2a phosphorylation via the HRI kinase in PKR ™/~
cells (Fig. 8), strongly suggesting that o3 inhibition of PKR is
not necessary for MRV escape from host translational shutoff.

A model for the role of SGs in MRV infection. Based on
previous data (36) and this study, we have developed a working
model for the roles of SGs and SG disruption in MRV infec-
tion. In this model, when any strain of MRV infects cells, the
cells attempt to inhibit viral replication by activation of PKR
(or other stress kinases), phosphorylation of elF2q, inhibition
of ternary complex, and formation of SGs. The presence of
SGs inhibits viral translation, as is artificially shown by treat-
ment of infected cells at this early time with SA or 15D-PGJ2.
However, there must be a delicate balance between SG for-
mation and viral translation, as ultimately, the virus is able to
disperse SGs as infection proceeds, and this ability is depen-
dent on the accumulation of viral proteins in the cell (36). In
MRV strains where o3 binds dsRNA so that PKR and elF2a
phosphorylation are inhibited as infection proceeds, no SGs
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form, and neither virus nor cellular translation is inhibited. In
MRV strains where 03 dsRNA binding activity cannot prevent
PKR activation, eIF2« is phosphorylated as infection proceeds
and ternary complex is limited. Cellular, but not viral, transla-
tion is inhibited in these infected cells. Virus mRNA escape
from translational inhibition appears to correlate with SG dis-
ruption, as is shown artificially by the ability of MRV, but not
cellular mRNAs, to be translated in cells following treatment
with SA or 15D-PGJ2 only when the virus is capable of dis-
rupting SGs. SG disruption is likely not sufficient for MRV
translation in the presence of phosphorylated elF2a and lim-
ited ternary complex, but our data suggest that it may be a
necessary step toward virus escape from cellular translational
shutoff.
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