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ABSTRACT Mammalian orthoreovirus (MRV) infection induces phosphorylation of
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VF nucleating protein, uNS. Deletion analysis of the oNS RNA binding domain and
G3BP1 RNA (RRM) and ribosomal (RGG) binding domains showed that oNS associa-
tion and VF localization phenotypes of G3BP1 do not occur solely through RNA or ri-
bosomal binding but require both the RRM and RGG domains of G3BP1 for maximal
viral-factory-like structure (VFL) localization and oNS association. Coexpression of oNS
and uNS resulted in disruption of normal SG puncta, and in cells lacking G3BP1, MRV
replication was enhanced in a manner correlating with strain-dependent induction of
host translation shutoff. These results suggest that oNS association with G3BP1 and relo-
calization of G3BP1 to the VF periphery play roles in SG disruption to facilitate MRV rep-
lication in the host translational shutoff environment.
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IMPORTANCE SGs and SG effector proteins have emerged as important, yet poorly un-
derstood, players in the host’s innate immune response to virus infection. MRV infection
induces SGs early during infection that are dispersed and/or prevented from forming
during late stages of infection despite continued activation of the elF2« signaling path-
way. Cellular and viral components involved in disruption of SGs during late stages of
MRV infection remain to be elucidated. This work provides evidence that MRV disruption
of SGs may be facilitated by association of the MRV nonstructural protein oNS with the
major SG effector protein G3BP1 and subsequent localization of G3BP1 and other SG-
associated proteins around the peripheries of virus-encoded factories, interrupting the
normal formation of SGs. Our findings also reveal the importance of G3BP1 as an inhibi-
tor of MRV replication during infection for the first time.

KEYWORDS G3BP1, mammalian orthoreovirus, stress granules, translational shutoff,
viral factories

ammalian orthoreovirus (MRV) infection triggers the host innate immune re-
sponse, in part by activation of protein kinase R (PKR), resulting in phosphoryla-
tion of the alpha subunit of eukaryotic translation initiation factor 2 (elF2«) (1). elF2«
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phosphorylation leads to host translational shutoff, inducing the formation of cytoplas-
mic RNA-protein granules called stress granules (SGs) (2). SGs are composed of trans-
lationally silent mRNAs, translation initiation factors, stalled ribosomal subunits, and
RNA-regulatory proteins (3). To date, the mechanism of SG formation is not fully
understood, and over 100 genes have been suggested to be involved in the process of
SG assembly and disassembly (4). Studies have identified several proteins as critical for
nucleating SGs, including T-cell intracellular antigen 1 (TIA-1), TIA-1-related protein
(TIAR), and Ras-GAP SH3-binding protein 1 (G3BP1) (4). G3BP1 is a ubiquitously ex-
pressed cytosolic protein that was originally identified as a binding partner of Ras
GTPase-activating protein (GAP) (5), although that binding has been recently brought
into question (6). Overexpression of G3BP1 induces SG formation, whereas expression
of a central domain of the protein inhibits SG formation (7). This central domain
contains a serine at residue 149 that, when dephosphorylated, induces SG formation
(7). G3BP1 also interacts with the ubiquitin-specific protease USP10 (8) and the cyto-
plasmic activation- and proliferation-associated protein 1 (Caprin1) (9), and this binding
appears to modulate SG formation and PKR activation (10, 11). G3BP2, a homolog of
G3BP1, is also recruited to SGs (12).

Recently, studies have suggested that SGs, or structurally similar antiviral stress
granules (avSGs), serve as a downstream component of the innate immune response to
virus infection, acting as a platform for recognition of nonself (viral) RNA and subse-
quent activation of important immune modulators, including PKR and retinoic acid-
inducible gene | (RIG-) (13-15). Many viruses have been shown to modulate SG
composition, assembly, or disassembly to facilitate their replication and infection cycles
(16, 17). For example, poliovirus induces SG formation at early times in infection and
disrupts SGs during later stages of infection by cleavage of G3BP1 by the poliovirus 3C
proteinase (18). Infection with Semliki Forest virus or rotavirus results in host transla-
tional shutoff via phosphorylation of elF2a and subsequent SG formation at early
phases of infection with disruption of the granules by unknown mechanisms during the
later stages of infection (19, 20). In contrast, respiratory syncytial virus induction of SGs
appears to facilitate viral replication (21).

MRYV is the type species of the genus Orthoreovirus of the double-stranded RNA
(dsRNA) family Reoviridae. MRV is a clinically benign virus in immunocompetent hosts,
making it an ideal tool to model various aspects of virus infection. Moreover, MRV has
inherent oncolytic properties and is therefore being investigated as a novel cancer
therapy in both preclinical and clinical settings (22, 23). Early during MRV infection, viral
factories (VFs) are formed, originating as small, punctate inclusions spread throughout
the cytoplasm that grow in size and migrate to the perinuclear region of the cell as
infection proceeds (24, 25). VFs are suggested to be the primary sites for virus
transcription, replication, and assembly (26-28), and recent studies have indicated that
they also function as the primary location for viral protein synthesis by interacting with
cellular translation initiation factors and components of the 43S preinitiation ribosomal
complexes at the factory margins (29). The MRV nonstructural protein uNS forms the
structural matrix of VFs and, when expressed in the absence of other proteins, forms
structures very similar to VFs, termed viral-factory-like structures (VFLs) (25). Moreover,
when expressed with uNS in cells, viral proteins oNS, 62, u2, A1, A2, and A3 are
recruited to VFLs, suggesting that uNS is also involved in the recruitment or retention
of these proteins in VFs in infected cells (25, 30-33).

We have previously shown that SGs are formed at early times following MRV
infection in an elF2a phosphorylation-dependent manner. MRV-induced SG formation
is dependent on virus uncoating but does not require virus transcription or translation
(34). However, as MRV infection proceeds, SGs are disrupted in a manner requiring MRV
transcription and/or translation, suggesting that the virus encodes a gene product
involved in dissolution of SGs. Moreover, at late times in MRV infection in most infected
cells, SG formation is prevented, even in the presence of phosphorylated elF2« induced
by the virus or other stress inducers, such as sodium arsenite (SA), suggesting that MRV
disrupts a signal between elF2a phosphorylation and SG formation. In addition, the
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presence of SGs in cells results in the inhibition of virus and host translation, whereas
MRV-induced disruption of SGs correlates with the release of viral, but not cellular,
mRNAs from translational inhibition even in the presence of phosphorylated elF2« (35).
Taken together, these studies suggest that the host responds to MRV infection by
forming SGs to interfere with translation; however, the virus can overcome this trans-
lational inhibition in a manner that correlates with virus-dependent SG disruption.
Although the formation and disruption of SGs during MRV infection are well estab-
lished, the role played by the virus in regulating the process remains to be elucidated.
An interaction between the VF matrix-forming protein uNS and SGs induced by sodium
arsenite was previously identified, suggesting MRV proteins may interact with SG
proteins to modulate SGs (36). In this study, we set out to identify specific SG effector
proteins that may be modulated by MRV to disrupt SGs and to identify viral proteins
involved in this process. We found that MRV infection alters the localization of SG-
associated proteins to the peripheries of VFs in a subset of infected cells and that this
occurs as a result of the virus nonstructural protein, oNS, binding to both G3BP1 and
the VFL-forming viral protein, uNS. The C terminus of G3BP1, which contains an RNA
recognition motif (RRM) and an arginine/glycine-rich motif (RGG), is involved in this
interaction, and G3BP1 mutants lacking these domains exhibit significantly reduced
localization to VFLs. We additionally provide evidence that coexpression of the MRV
proteins oNS and uNS prevents canonical SG formation and that G3BP1 expression is
detrimental to MRV replication in a strain-specific manner that strongly correlates with
virus-induced host translational shutoff.
(This article was submitted to an online preprint archive [37].)

RESULTS

Stress granule-associated proteins are localized around MRV factories in a
subset of infected cells. We and others have shown that during infection with MRV,
cells initiate a stress response mediated by phosphorylation of elF2q, leading to SG
formation (34, 38). As infection proceeds, although elF2a phosphorylation remains
detectable, SGs are no longer present in infected cells (35). While canonical SGs were
not observed in our prior studies, we observed SG-associated proteins surrounding the
outer peripheries of VFs in a small percentage of infected cells, leading us to hypoth-
esize that VFs may play a role in SG modulation during infection. To more carefully
investigate this finding, Hela cells were infected with MRV strain T2J, and at 24 h
postinfection (p.i.), the cells were fixed and stained with antibodies against the VF-
localized MRV nonstructural protein oNS or uNS and G3BP1, a well-characterized
SG-associated protein, followed by Alexa Fluor-labeled secondary antibodies. The cells
were then examined by immunofluorescence microscopy to determine the localization
of G3BP1. Similar to what we had previously observed, we found that in most infected
cells, G3BP1 displayed a diffuse phenotype; however, in a subset of cells (20 to 40%,
depending on the cell type), G3BP1 was found localized around MRV factories (Fig. 1A,
top row, and C). This phenotype was also observed in Cos-7 (Fig. 1A, middle row, and
(), and mouse embryonic fibroblasts (MEFs) (Fig. 1A, bottom row, and C), suggesting it
is not cell type specific. G3BP1 localization around the outer peripheries of VFs was
confirmed by high-resolution confocal microscopy and was apparent in all planes of
three-dimensional (3D) Z-stacks (Fig. 1B; see Movie S1 in the supplemental material).
Similar localization of G3BP1 was observed in T1L- and T3D-infected Hela and Cos-7
cells and MEFs, albeit at a substantially lower level than in T2J infection (Fig. 1C).

The association of mMRNA with polysomes is known to impact SG formation, with an
influx of non-polysome-associated mRNA promoting formation of SGs and an increase
in polysome-associated mRNA leading to inhibition of SG formation (39, 40). To
determine whether the localization of G3BP1 around VFs during MRV infection is
dependent on the state of mRNA translation in the cell and therefore is related to the
induction of SG formation, we examined the percentage of infected cells with G3BP1
localization to the VF periphery in the presence of puromycin, which dissociates
polysomes, stimulating SG assembly (41), and cycloheximide, which prevents polysome
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FIG 1 G3BP1 localizes to the outer peripheries of VFs in MRV-infected cells. (A) HeLa cells (top row), Cos-7 cells (middle
row), and MEFs (bottom row) were infected with MRV strain T2J. At 24 h p.i,, the cells were fixed and immunostained with
mouse a-oNS monoclonal (HeLa cells and MEFs) or mouse a-uNS polyclonal (Cos-7 cells) antibody (left column) and rabbit
a-G3BP1 polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa
488-conjugated donkey a-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10
um. The inset shows a magnified section of T2J-infected Hela cells. (B) HeLa cells were infected with MRV strain T2J. At 24 h
p.i., the cells were fixed and immunostained with mouse a-oNS monoclonal antibody (left) and rabbit a-G3BP1 polyclonal
antibody (middle), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG, and
confocal images, including a merged image containing DAPI-stained nuclei (blue), are shown (right). Bar = 10 um. (C) HeLa and
Cos-7 cells and MEFs were infected with T1L, T2J, or T3D; fixed; and immunostained with mouse a-oNS monoclonal antibody
and rabbit «-G3BP1 polyclonal antibody, followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated
donkey a-rabbit IgG. Infected cells exhibiting G3BP1 localization at the VF periphery, out of the total number of infected cells,
were counted, and the means and standard deviations of three experimental replicates are shown. (D) HeLa cells were infected
with MRV strain T2J. At 24 h p.i,, cells were either left untreated or treated with puromycin or cycloheximide for 1 h, fixed, and
immunostained with mouse a-oNS monoclonal antibody and rabbit «-G3BP1 polyclonal antibody, followed by Alexa 594-
conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG. Infected cells exhibiting G3BP1 localization at
the VF periphery, out of the total number of infected cells, were counted, and the means and standard deviations of three
experimental replicates are shown. ***, P < 0.001.

dissociation, inhibiting SG assembly (40). Hela cells were infected with T2J, and at 24
h p.i,, the cells were either left untreated or treated with puromycin or cycloheximide
for 1 h prior to fixation and immunostaining. The cells were then examined by
immunofluorescence microscopy, and the infected cells with G3BP1 localization around
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VFs were counted (Fig. 1D). We found that the addition of puromycin did not lead to
a significant increase in the number of infected cells with G3BP1 localization at the VF
periphery. As puromycin promotes SG formation but does not independently induce
SGs (39, 41), these results suggest that polysomal dissociation triggered by puromycin
is not sufficient to drive G3BP1 localization around VFs in MRV-infected cells that do not
already exhibit localization. Interestingly, however, the addition of cycloheximide led to
a significant decrease in the number of infected cells with localization of G3BP1 around
VFs, suggesting that inhibiting polysome dissociation prevents G3BP1 peripheral VF
localization and indicating that the altered localization of G3BP1 to VFs instead of
canonical SGs is likely a result of active SG modulation during MRV infection.

The cycloheximide-dependent localization of G3BP1 around MRV VFs strongly sug-
gests that there may be an association between MRV factories and cellular SGs. To
further examine this, we investigated the localization of additional SG-associated
proteins in MRV-infected cells. HelLa cells were infected with MRV strain T2J, and at 24
h p.i., the cells were fixed and stained with antibodies against the MRV protein oNS
and the SG-associated protein Caprin1, USP10, TIA-1, TIAR, or elF3b, followed by Alexa
Fluor-conjugated secondary antibodies, and then examined by fluorescence micros-
copy (Fig. 2A and B). Our data showed that, similar to G3BP1, Caprin1 (Fig. 2A, top row),
USP10 (Fig. 2A, second row), TIAR (Fig. 2A, third row), TIA-1 (Fig. 2A, fourth row), or
elF3b (Fig. 2A, bottom row) localized to the outer peripheries of VFs formed by MRV
strain T2J in a subset of MRV-infected cells (Fig. 2B). Taken together with our prior
studies, these findings indicate that during later stages of MRV infection, rather than
forming canonical SGs in response to phosphorylation of elF2« induced by the virus or
exogenous stressors, such as sodium arsenite, SG-associated proteins are either dif-
fusely distributed, as we previously reported (28, 36), or accumulate around MRV-
induced VFs. Altogether, these data suggest that VFs may play a role in SG modulation
during MRV infection.

MRV oNS protein associates with G3BP1. When expressed alone in transfected
cells, the MRV nonstructural protein uNS forms structures that are strikingly similar to
VFs (termed VFLs) to which 6 other viral proteins and viral core particles are localized
(25, 31, 42). Since wNS is involved in the nucleation of VFs and we have previously
shown that uNS is localized to SA-induced stress granules (25, 31, 36, 42), we first
investigated whether G3BP1 would be localized to VFLs formed by uNS expression in
transfected cells. Hela cells were transfected with plasmids encoding NS, and 24 h
posttransfection (p.t.), the cells were fixed and stained with antibodies against uNS and
G3BP1, followed by Alexa Fluor-conjugated secondary antibodies to detect cellular
localization of G3BP1 with respect to uNS-formed VFLs (Fig. 3A). G3BP1 was diffusely
distributed throughout uNS-transfected cells, suggesting that expression of uNS alone
is not sufficient to localize G3BP1 around VFLs (Fig. 3A, top row). The single-stranded
RNA-binding nonstructural protein oNS exhibits diffuse distribution throughout the
cytoplasm and nucleus in infected cells when expressed alone but is localized to VFLs
when coexpressed with uNS (30, 32). Moreover, both oNS and G3BP1 associate with
ribosomal proteins, suggesting they may have shared binding partners (10, 29). Both
oNS and G3BP1 are diffusely distributed in cells, making it difficult to determine if the
two proteins associate using a colocalization approach (Fig. 3A, middle row). However,
overexpression of G3BP1 triggers SG assembly (7); therefore, we induced SG formation
in Hela cells by cotransfecting a G3BP1-expressing plasmid with a plasmid expressing
oNS. At 24 h p.t., the cells were fixed and stained, and oNS and G3BP1 were visualized
by immunofluorescence microscopy. In these experiments, G3BP1 formed SGs in many
cells, and in some of those cells, oNS colocalized with G3BP1-induced SGs, suggesting
that G3BP1 may associate with oNS (Fig. 3A, bottom row).

To further explore the association of oNS and G3BP1, we took advantage of
published data showing that the carboxyl-terminal one-third of uNS, spanning residues
471 to 721, is sufficient for formation of VFLs in transfected cells (42) but is unable to
associate with oNS, since it lacks amino-terminal residues 1 to 13, required for oNS
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FIG 2 Multiple SG-associated proteins localize to the VF periphery. (A) HeLa cells were infected with MRV
strain T2J. At 24 h p.i, the cells were fixed and immunostained with mouse a-oNS monoclonal antibody
(left column) and rabbit a-Caprin1 polyclonal antibody, rabbit a-USP10 monoclonal antibody, goat
a-TIAR polyclonal antibody, goat a-TIA-1 polyclonal antibody, and rabbit a-elF3b polyclonal antibody
(middle column), followed by Alexa 594-conjugated donkey a-mouse IgG (for oNS) and Alexa 488-
conjugated donkey a-rabbit IgG (for Caprin1, USP10, and elF3b) or Alexa 488-conjugated donkey a-goat
1gG (for TIA-1 and TIAR). Merged images containing DAPI-stained nuclei (blue) are shown (right column).
Bars = 10 um. (B) Hela cells were infected with T2J and fixed and immunostained as for panel A. Infected
cells exhibiting Caprin1, USP10, TIA-1, TIAR, and elF3b localization at the VF periphery, out of the total
number of infected cells, were counted, and the means and standard deviations of three experimental
replicates are shown.

binding (32). We designed a plasmid expressing a fusion protein, G3BP1-enhanced
green fluorescent protein (EGFP)-uNS (471 to 721), by incorporating G3BP1 on the
amino terminus of EGFP fused to the uNS (471 to 721) protein fragment. Hela cells
were transfected with pCl-oNS and either p-EGFP/uNS (471-721) (Fig. 3B, first row) or
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FIG 3 oNS associates with G3BP1. (A) HeLa cells were transfected with pCl-uNS (T1L) (top row), pCl-aNS (T1L) (middle row), or pCl-oNS (T1L) and pCI-G3BP1
(bottom row). At 24 h p.t., the cells were fixed and immunostained with mouse a-uNS polyclonal antiserum or mouse a-oNS monoclonal antibody (left column)
and rabbit a-G3BP1 polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit
IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um. (B) Hela cells were transfected with pCl-oNS and
p-EGFP/uNS (471-721) (top row) or pCl-oNS and p-G3BP1/EGFP/uNS (471-721) (bottom row). At 24 h p.t,, the cells were fixed and immunostained with mouse
a-oNS monoclonal antibody (left column) and rabbit a-EGFP polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG and
Alexa 488-conjugated donkey a-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um. (C) Hela cells were
transfected with pCl-oNS and p-EGFP/NSP5 (top row) or pCl-oNS and p-G3BP1/EGFP/NSP5 (bottom row). At 24 h p.t., the cells were fixed and immunostained
with mouse a-aNS monoclonal antibody (left column) and rabbit «-EGFP polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey
a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um.
(D) G3BP1-/~ MEFs were transfected with pCl-oNS (T2J) (left), pCl-oNS and pCl-uNS (T2J) (middle), or pCl-oNS (T2J) and pCI-G3BP1 (right) and, at 24 h p.t,,
subjected to PLA using mouse a-oNS monoclonal antibody (all images), rabbit a-uNS polyclonal antibodies (middle), or rabbit «-G3BP1 polyclonal antibodies
(left and right), followed by mouse minus and rabbit plus antibody probes and ligation and amplification reactions. Merged confocal images containing
DAPI-stained nuclei are shown. Bars = 10 um. (E) G3BP1-/~ MEFs were transfected with pCI-G3BP1 (all images), pCl-oNS (T1L) (middle), or pCl-oNS(A2-11) (T1L)
(right) and, at 24 h p.t., subjected to PLA using mouse a-aNS monoclonal antibodies and rabbit a-G3BP1 polyclonal antibodies, followed by mouse minus and
rabbit plus antibody probes and ligation and amplification reactions. Merged confocal images containing DAPI-stained nuclei are shown. Bars = 10 um. (F)
Images from panels D and E were subjected to 3D Objects Counter analysis (ImagelJ), and the pixel area per cell for each experimental condition was calculated.
Boxes show the range from first to third quartiles, with medians shown as lines within the boxes. Bottom whiskers span the first quartile down to the minimum,
and top whiskers span the third quartile up to the maximum. ns, not significant.

p-G3BP1-EGFP-uNS (471-721) (Fig. 3B, second row). The cells were fixed and stained
with antibodies against oNS and EGFP, followed by Alexa Fluor-conjugated secondary
antibodies. While oNS did not associate with the structures formed by the EGFP-uNS
(471 to 721) protein fusion, oNS did colocalize with structures formed by G3BP1-EGFP-
NS (471 to 721) in some cells, suggesting that VFLs formed by uNS (471 to 721)
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provide a platform for presenting G3BP1 to associate with oNS independently of the
association between oNS and uNS.

Because the uNS (471 to 721) protein fragment provided a foundation for present-
ing G3BP1 to oNS in the above-described experiments, there remained a possibility that
this portion of wNS contributed to G3BP1 association with aNS. To rule out any role of
NS in G3BP1 association with oNS, we utilized the rotavirus nonstructural protein
NSP5, which is functionally similar to uNS in terms of forming rotavirus viroplasm-like
structures without sharing substantial sequence homology with uNS (43, 44). We
designed a plasmid construct in which the G3BP1 gene was fused to the amino
terminus of an EGFP-NSP5 fusion plasmid and transfected Hela cells with pCl-oNS and
p-EGFP/NSP5 (Fig. 3C, top row) or p-G3BP1/EGFP/NSP5 (Fig. 3C, bottom row). The cells
were fixed and stained for oNS and EGFP, followed by Alexa Fluor-conjugated second-
ary antibodies. Both EGFP-NSP5 and G3BP1-EGFP-NSP5 formed viroplasm-like struc-
tures; however, oNS colocalized only with structures formed by G3BP1-EGFP-NSP5 (Fig.
3C, bottom row) and not with those formed by EGFP-NSP5 (Fig. 3C, top row). These
data strongly suggest that G3BP1 association with oNS is not dependent on wNS.

To provide further evidence that G3BP1 associates with oNS, we performed a
proximity ligation assay (PLA) (Fig. 3D and F). Plasmids expressing T2J oNS or G3BP1
alone (negative controls), T2J oNS and uNS (positive control), or G3BP1 and T2J oNS
together were transfected into G3BP1~/~ MEFs. At 18 h p.t., the cells were fixed and
stained with mouse antibodies against oNS and rabbit antibodies against uNS or
G3BP1. The cells were incubated with plus and minus probe anti-rabbit and anti-mouse
antibodies, respectively, followed by ligation and amplification reactions. In this assay,
if the binding sites of the primary antibodies are within 30 to 40 nm, the ligation of
oligonucleotides present in the ligation reaction mixture will result in rolling-circle
replication during the amplification reaction, and fluorescent probes present in the
amplification mixture will bind and be apparent as fluorescent spots in locations within
the cell where the interaction is taking place. Interestingly, as oNS and wNS associate
primarily within VFLs, we routinely detected small dots of PLA amplification within
larger spots that were presumably VFLs in our positive-control samples (Fig. 3D, middle,
arrowheads). Importantly, we detected abundant bright fluorescent spots in cells
containing both oNS and G3BP1, but not in negative-control cells missing either of the
two proteins (Fig. 3D, left, and E, left), indicating that the two proteins are within 30 to
40 nm of each other and further supporting our finding that oNS and G3BP1 associate
within the cell. Finally, as both oNS and G3BP1 are single-stranded RNA binding
proteins (5, 45), we wanted to determine if the oNS association with G3BP1 occurred
through oNS RNA binding. It has previously been shown that oNS amino-terminal
residues 2 to 11 are necessary for RNA binding (46). We transfected G3BP1~/~ MEFs
with plasmids expressing G3BP1 and either wild-type T1L oNS or T1L oNS with a
deletion of amino acids 2 to 11 (¢0NSA2-11) and performed PLA (Fig. 3E). We found that
wild-type T1L oNS, similar to T2J oNS, strongly associated with G3BP1, suggesting the
interaction is not strain specific. Moreover, we found that deletion of oNS amino acids
2 to 11 had no significant impact on the association, suggesting that oNS binding to
RNA is not necessary for the association (Fig. 3E, right, and F). Altogether, these findings
strongly suggest that G3BP1 associates with oNS and that this association is indepen-
dent of the viral strain, oNS RNA binding, or oNS-uNS association.

Expression of uNS and oNS is essential for G3BP1 localization around VFLs.
Our results indicated that G3BP1 is recruited to the outer peripheries of VFs in
MRV-infected cells, and in transfected cells, G3BP1 is not recruited to VFLs formed by
NS alone but interacts with oNS, a protein that is localized to VFLs by association with
NS (28). Based on these findings, we hypothesized that G3BP1 may be recruited to the
outer peripheries of VFLs formed by wNS via its association with oNS. To test our
hypothesis, we transfected Hela cells with plasmids encoding the uNS and oNS
proteins from MRV strains T1L, T2J, and T3D. At 24 h p.t., the cells were fixed and
stained with antibodies against oNS and G3BP1, followed by Alexa Fluor-conjugated
secondary antibodies, and the localization of oNS and endogenous G3BP1 was exam-
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FIG 4 G3BP1 is recruited to the peripheries of VFLs by oNS and uNS. (A) HeLa cells were transfected with pCl-uNS and pCl-oNS of T1L (top row), T2J (middle
row), or T3D (bottom row). At 24 h p.t., the cells were fixed and immunostained with mouse a-oNS monoclonal antibody (left column) and rabbit a-G3BP1
polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey «-rabbit IgG. Merged images
containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um. (B) HeLa cells were transfected with pCl-uNS and pCl-oNS of T1L (top row), T2J
(middle row), or T3D (bottom row) and p-G3BP1/EGFP. At 24 h p.t., the cells were fixed and immunostained with mouse a-oNS monoclonal antibody (left
column), followed by Alexa 594-conjugated donkey a-mouse IgG. The inherent fluorescence of EGFP was used to detect G3BP1-EGFP (middle column). Merged
images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um. (C) G3BP1~/~ MEFs were transfected with pCl-uNS and pCl-oNS of T1L
(top two rows), T2J (middle two rows), or T3D (bottom two rows) with pCI-G3BP1 (bottom rows) or without pCI-G3BP1 (top rows). At 24 h p.t., the cells were
fixed and immunostained with mouse a-aNS monoclonal antibody (left column) and rabbit a-G3BP1 polyclonal antibody (middle column), followed by Alexa
594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right
column). Bars = 10 um.

ined by immunofluorescence microscopy. As has been previously shown, oNS strongly
colocalized with VFLs formed by wNS in these experiments. Confirming our hypothesis,
we found that G3BP1 localization was visible as discrete staining around the outer
margins of the VFLs formed by uNS derived from T1L, T2J, and T3D viruses (Fig. 4A, top,
middle, and bottom rows, respectively). Moreover, unlike what we measured in infected
cells, there was no strain-specific difference in the percentages of cells (between 40 and
50% of all transfected cells) that exhibited G3BP1 localization to VFLs formed by wNS
and oNS (Fig. 4 and data not shown), suggesting that the MRV strain-specific differ-
ences we measured in infected cells were not a consequence of differences in oNS
binding to G3BP1 or oNS recruitment of G3BP1 to VFLs.

In order to confirm the recruitment of G3BP1 to the outer peripheries of VFLs and
to rule out possible cross-reaction of the G3BP1 antibody, we constructed a plasmid in
which the G3BP1 protein was fused to the amino terminus of EGFP. G3BP1 localization
was then monitored by examining the inherent fluorescence of the G3BP1-EGFP fusion
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protein. HelLa cells were cotransfected with plasmids expressing wNS and oNS of either
T1L (Fig. 4B, top row), T2J (Fig. 4B, middle row), or T3D (Fig. 4B, bottom row) and
p-G3BP1/EGFP. Similar to endogenous G3BP1, G3BP1-EGFP was strongly localized to
the outer peripheries of VFLs formed by oNS and uNS proteins derived from all three
virus strains in transfected cells, indicating that this phenotype is not limited to
endogenous G3BP1 or an artifact of the G3BP1 antibody.

We further examined the phenotype by coexpressing oNS and uNS of T1L (Fig. 4C,
top), T2J (Fig. 4C, middle), or T3D (Fig. 4C, bottom) in G3BP1~/~ MEFs with (bottom
rows) or without (top rows) plasmid-expressed G3BP1 and monitored the localization
of G3BP1 with respect to oNS. Similar to our previous results, G3BP1 displayed
peripheral localization along the outside margins of the VFLs formed by oNS and uNS
from all three MRV strains, further confirming the phenotype. Taken together, these
results indicate that the MRV nonstructural protein oNS interacts with endogenous or
exogenously expressed G3BP1 around the margins of VFLs formed by uNS, suggesting
that coexpression of wNS and oNS is essential for G3BP1 localization to the outer
peripheries of VFs in infected cells. Since there was no obvious strain-specific difference
in G3BP1 localization around oNS/uNS-formed VFLs, we continued our investigation
with oNS and uNS derived from T2J for the following experiments.

In infected cells, our data suggested that, in addition to G3BP1, SG proteins Caprin1,
TIA-1, TIAR, and elF3b were also all localized around VFs (Fig. 1). Because the expression
of uNS and oNS was necessary for the recruitment of G3BP1 to VFLs in transfected cells
(Fig. 4), we investigated the role of oNS and uNS coexpression in localization of the
other SG proteins to VFLs (Fig. 5). HeLa cells were transfected with plasmids expressing
oNS and pNS from MRV strain T2J and immunostained with antibodies against oNS and
Caprin1, TIAR, TIA-1, or elF3b. As seen in infected cells, Caprin1 (Fig. 5, top row), TIAR
(Fig. 5, second row), TIA-1 (Fig. 5, third row), and elF3b (Fig. 5, bottom row) displayed
a pattern of localization similar to G3BP1, characterized as distinct circling around the
outer margins of the VFLs in many transfected cells. These results provide additional
evidence that the MRV nonstructural proteins oNS and uNS are key players in driving
the localization of SG-associated proteins around VFLs in transfected cells and VFs in
infected cells.

Localization of SG proteins to VFLs is G3BP dependent. Caprin1 has been shown to
directly associate with G3BP1, while TIA-1, TIAR, and elF3b localize to SGs but are not
known to directly associate with G3BP1 (7). Because all these proteins localized around
the peripheries of VFs in infected cells (Fig. 2) and VFLs in cells transfected with oNS and
NS (Fig. 5) via dual oNS association with wNS and G3BP1, we wanted to determine if
the localization of these proteins to the VFL periphery was mediated by G3BP1. To
address any potential impact of the G3BP1 homolog, G3BP2, on this localization, we
performed our experiments in cells lacking both G3BP1 and G3BP2 (AAG3BP1/2 U20S
cells). Wild-type and AAG3BP1/2 U20S cells were cotransfected with plasmids express-
ing T2J oNS and uNS. The cells were stained for oNS and either G3BP1 (Fig. 6A), Caprin1
(Fig. 6B), TIAR (Fig. 6C), TIA-1 (Fig. 6D), or elF3b (Fig. 6E), followed by Alexa Fluor-
conjugated secondary antibodies, and then visualized by immunofluorescence micros-
copy. Our results indicate that in the absence of G3BP, Caprin1, TIA-1, and TIAR were
not localized to VFLs in any cells, suggesting that the recruitment of these proteins to
VFLs is G3BP dependent. However, unlike other SG proteins, elF3b still exhibited VFL
peripheral localization in many cells, even in the absence of G3BP, suggesting that
elF3b recruitment to VFL is independent of G3BP and is potentially due to the
previously described presence of translational initiation complexes around VFs (29).
Taken together, these results suggest that the association of oNS with the SG effector
G3BP plays a significant role in driving the localization of other SG proteins to the VFL
periphery. Moreover, as TIA-1/TIAR do not directly associate with G3BP and simply
colocalize with G3BP in SGs, these data also indicate that MRV factory formation by uNS
and oNS association with uNS and G3BP1 may result in the redistribution of SGs from
their normal localization in the cell to the peripheries of VFs.
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FIG 5 Multiple SG-associated proteins are recruited to the peripheries of VFLs by oNS and uNS. Hela
cells were transfected with pCl-uNS (T2J) and pCl-oNS (T2J). At 24 h p.t, the cells were fixed and
immunostained with mouse a-oNS monoclonal antibody (left column) and rabbit a-Caprin1 polyclonal
antibody, goat a-TIAR polyclonal antibody, goat a-TIA-1 polyclonal antibody, or rabbit a-elF3b polyclonal
antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-
conjugated donkey a-rabbit IgG or Alexa 488-conjugated donkey a-goat IgG. Merged images containing
DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um.

The C-terminal RGG and RRM domains of G3BP1 are involved in VFL localiza-
tion and oNS interaction. The amino-terminal NTF2-like domain of G3BP1 is the most
highly conserved domain between species and within the mammalian G3BP1 family
(47) and is essential for G3BP1 association with Caprin1 and USP10 (48). Site-directed
mutagenesis at residue 33 of G3BP1 from phenylalanine to tryptophan (G3BP1-F33W)
disrupts the ability of G3BP1 to bind Caprin1 or USP10 (48) and reduces interaction with
PKR (49); however, the mutant remains SG competent (10). Phosphorylation of G3BP1
at residue 149 disrupts its ability to nucleate SGs (7), and when expressed endoge-
nously, the G3BP1 phosphomimetic S149E mutant is unable to form SGs (7), suggesting
that residue 149 of G3BP1 functions as an SG-regulatory switch (10). The carboxyl
terminus of G3BP1 mediates G3BP1 binding to specific RNA sequences (50) and is
involved in G3BP1 interaction with 40S ribosomal subunits (10). The region consists of
predicted RNA binding domains, RRM and RGG (51), which are also involved in
G3BP1-mediated SG modulation (10). The RGG domain is required for SA-induced SG
formation, whereas the RRM domain is not (9). As our findings indicated that G3BP is
critical for localization of other SG-associated proteins to VFLs, we sought to determine
the specific site/domain that is involved in localization around VFLs. We created three
amino terminus site-specific mutants, G3BP1-F33W, G3BP1-S149A, and G3BP1-S149E,
and three carboxyl terminus deletion mutants, G3BP1-ARRM (residues 340 to 416),
G3BP1-ARGG (residues 428 to 456), and G3BP1-ARRM/ARGG, in G3BP1 expression
plasmids (Fig. 7A) and investigated which particular site or domain of G3BP1 is involved
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FIG 6 SG-associated protein localization to VFLs is G3BP dependent. Wild-type (top rows) and AAG3BP1/2 (bottom rows) U20S cells were
transfected with pCl-uNS (T2J) and pCl-oNS (T2J). At 24 h p.t,, the cells were fixed and immunostained with mouse a-0NS monoclonal antibody
(left column) and rabbit «-G3BP1 polyclonal antibody (A), rabbit a-Caprin1 polyclonal antibody (B), goat a-TIAR polyclonal antibody (C), goat
a-TIA-1 polyclonal antibody (D), and rabbit a-elF3b polyclonal antibody (E), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa
488-conjugated donkey a-rabbit or Alexa 488-conjugated donkey a-goat IgG. Merged images containing DAPI-stained nuclei (blue) are shown
(right column). Bars = 10 pwm.

in localization of G3BP1 to VFLs. G3BP1—/~ MEFs were transfected with plasmids
expressing wild-type or mutant G3BP1, in addition to plasmids encoding T2J NS and
uNS. The cells were then fixed and stained with antibodies against G3BP1 and oNS,
followed by Alexa Fluor-conjugated secondary antibodies, and examined by immuno-
fluorescence microscopy. G3BP1-F33W (Fig. 7B, left, second row from top), G3BP1-
S149A (Fig. 7B, left, third row), and G3BP1-S149E (Fig. 7B, left, bottom row) were
localized around VFLs in the presence of oNS/uNS expression, similar to wild-type
G3BP1 (Fig. 7B, left, top row), suggesting that Caprin1/USP10 binding or modulation of
phosphorylation of amino acid 149 does not play a role in G3BP1 localization to VFLs.
However, G3BP1-ARRM (Fig. 7B, right, top row), G3BP1-ARGG (Fig. 7B, right, middle
row), or G3BP1-ARRM/ARGG (Fig. 7B, right, bottom row) displayed significantly reduced
VFL localization characterized by either weakened or absent G3BP1 staining around the
VFL periphery in the presence of oNS/uNS expression. Quantification of these results by
calculating the percentage of cells exhibiting any detectable G3BP1 localization around
VFLs demonstrated that deletion of the RRM domain led to an average 30% reduction,
deletion of the RGG domain led to an average 50% reduction, and deletion of both the
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FIG 7 The G3BP1 C terminus is necessary for VFL localization. (A) Diagram of G3BP1 gene mutations used for mapping the region(s) necessary for G3BP1
recruitment to VFLs. (B) G3BP1~/~ MEFs were transfected with pCl-uNS (T2J), pCl-oNS (T2J), and individual pCI-G3BP1 wild-type (left, top row) or F33W (left,
second row), ST49A (left, third row), S149E (left, fourth row), ARRM (right, top row), ARGG (right, middle row), or ARRM ARGG (right, bottom row) mutant
plasmids. At 24 h p.t., the cells were fixed and immunostained with mouse a-oNS monoclonal antibody (left columns) and rabbit a-G3BP1 polyclonal antibody
(middle columns), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG. Merged images containing
DAPI-stained nuclei (blue) are shown (right columns). Bars = 10 um. (C) G3BP1~/~ MEFs were treated as for panel B. The percentage of G3BP1~/~ MEFs
exhibiting G3BP1 localization around VFLs out of the total number of cells was determined, and the means and standard deviations of three experimental
replicates are shown. Statistically significant differences (¥, P < 0.05) are indicated.
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RRM and RGG domains led to nearly complete disruption of G3BP1 localization to VFLs
(Fig. 7Q).

In order to determine if this loss of G3BP1 localization to VFLs correlated with oNS
binding to G3BP1, we performed PLA with oNS and wild-type G3BP1, G3BP1-ARRM,
G3BP1-ARGG, and G3BP1-ARRM/ARGG in the absence and presence of uNS. G3BP1~/~
MEFs were transfected with plasmids expressing NS and each of the G3BP1 plasmids
without and with a uNS-expressing plasmid, and at 18 h p.t, the cells were fixed,
permeabilized, and subjected to PLA (Fig. 8A). Interestingly, in both the presence and
absence of uNS, each tested G3BP1 mutant’s interaction with oNS was significantly
diminished in both intensity and number of interaction sites in the assay (Fig. 8B). This
suggests that the loss of G3BP1 localization to VFLs in these mutants correlates with a
significant loss of G3BP1 binding to oNS, indicating that the interaction plays an
important role in the relocalization of SG-associated proteins from canonical SGs to the
VFL/VF periphery in transfected and infected cells. Importantly, however, because the
interaction of oNS and G3BP1 was not completely disrupted in the ARGG mutant, which
no longer associates with ribosomes, these findings also indicate that oNS association
with G3BP1 does not occur through both oNS and G3BP1 binding to ribosomes.
Moreover, it has previously been reported that the ARRM mutant has increased binding
to ribosomes relative to wild-type G3BP1 (10). Because we saw a significant decrease in
both the localization of G3BP1 to VFLs and NS binding with this mutant, this further
suggests that the interaction and phenotype are independent of ribosomal binding.
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FIG 8 The G3BP1 C-terminal domains play a role in oNS binding. (A) G3BP1-/~ MEFs were transfected with pCl-oNS (T2J) (top row,
first, third, and fourth images from left; middle and bottom rows, all images), pCl-uNS (T2J) (top row, second and fourth images;
bottom row, all images), pCI-G3BP1 (top row, second, third, and fourth images), G3BP1-ARRM (middle and bottom rows, first images),
G3BP1-ARGG (middle and bottom rows, second images), or G3BP1-ARRM/ARGG (middle and bottom rows, third images) and, at 24 h
p.t., subjected to PLA using mouse a-oNS monoclonal antibody and rabbit a-G3BP1 polyclonal antibodies, followed by mouse minus
and rabbit plus antibody probes and ligation and amplification reactions. Merged confocal images containing DAPI-stained nuclei are
shown. Bars = 10 um. (B) Images from panel A were subjected to 3D Objects Counter analysis (Imagel), and the pixel area per cell
for each experimental condition was calculated. Boxes show the range from first to third quartiles, with medians shown as lines within
the boxes. Bottom whiskers span the first quartile down to the minimum, and top whiskers span the third quartile up to the maximum.
Statistically significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001) are indicated.

Finally, because loss of the domain is not sufficient to fully prevent oNS binding, these
results also suggest that RNA binding by the G3BP1 RRM domain may not be necessary
for oNS association with G3BP1. Taken together, these data suggest that the entire
C-terminal domain of G3BP1 is essential for both maximal oNS binding and VFL
localization.

Coexpression of uNS and oNS interferes with SG formation. Previously, we
reported that during later stages of infection with all three MRV strains (T1L, T2J, and
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FIG 9 uNS and oNS expression interferes with canonical SG formation. (A) HeLa cells were transfected with pCl-uNS (T2J) (top row), pCl-oNS (T2J) (middle row),
or pCl-oNS (T2J) and pCI-uNS (T2J) (bottom row). At 24 h p.t., the cells were treated with SA, fixed, and immunostained with mouse a-uNS polyclonal or mouse
a-oNS monoclonal antibody (left column) and rabbit a-G3BP1 polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG
and Alexa 488-conjugated donkey a-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um. (B) Hela cells
were mock transfected (top row) or transfected with pCl-uNS (T2J) and pCl-oNS (T2J) (middle and bottom rows). At 24 h p.t, the cells were treated with SA
for 45 min, fixed, and immunostained with mouse a-oNS monoclonal antibody (left column) and rabbit a-G3BP1 polyclonal antibody (middle column), followed
by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown
(right column). Bars = 10 um. (C) HeLa cells were transfected with pCl-uNS (T2J) and pCl-oNS (T2J). At 24 h p.t., the cells were treated with SA for 45 min, fixed,
and immunostained with mouse a-oNS monoclonal antibody (left column) and rabbit a-Caprin1 polyclonal antibody, goat a-TIA-1/TIAR polyclonal antibody,
or rabbit a-elF3b polyclonal antibody (middle column), followed by Alexa 594-conjugated donkey a-mouse IgG and Alexa 488-conjugated donkey a-rabbit IgG
or Alexa 488-conjugated donkey a-goat IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right column). Bars = 10 um.

T3D), SG formation was disrupted in most cells, even in the presence of cellular
stressors, such as sodium arsenite (35). We wanted to determine if expression of uNS
or oNS or coexpression of uNS and oNS interfered with formation of canonical SGs that
are induced by SA treatment (Fig. 9A). Hela cells were transfected with plasmids
expressing either T2J uNS (Fig. 9A, top row) or T2J oNS (Fig. 9A, middle row) or
cotransfected with T2J oNS and uNS (Fig. 9A, bottom row); 24 h p.t., the cells were
treated with SA and immunostained for G3BP1 and oNS or uNS. Our results demon-
strated that expression of oNS or uNS alone did not interfere with the formation of
canonical SA-induced SGs, as evidenced by G3BP1 staining in cells expressing either
NS or oNS (Fig. 9A, top and middle rows). Instead, as we have reported here (Fig. 3)
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and elsewhere (36), a subset of oNS and uNS in cells colocalized to SGs. However, in
cells that expressed both uNS and oNS, localization of G3BP-containing SG puncta was
completely altered, and G3BP1 was either concentrated around the VFL periphery (Fig.
9A, bottom row) or diffusely distributed throughout the cell, in some cases with weak
peripheral VFL localization. High-resolution confocal images confirmed that instead of
large granules localized throughout the cytoplasm, as is seen in nontransfected cells
(Fig. 9B, top row), G3BP1 localization was drastically altered following SA treatment
when oNS and uNS were coexpressed in cells, with cells demonstrating G3BP1 either
strongly localized to the oNS/uNS periphery (Fig. 9B, middle row) or G3BP1 localized
diffusely throughout the cytoplasm, in some cases with weak VFL peripheral staining
(Fig. 9B, bottom row). As SA is predicted to induce phosphorylation of elF2a and SG
formation in all cells, these data strongly suggest that the presence of oNS/uNS VFLs
in cells interferes with normal SG formation.

Next, we wanted to confirm whether the altered localization of G3BP1 in cells
expressing oNS and uNS impacted other SG-associated proteins following SA treat-
ment. Hela cells were transfected with plasmids expressing T2J oNS and uNS, and 24
h p.t, the cells were treated with SA and then stained for NS and major SG marker
proteins, Caprin1 (Fig. 9C, top row), TIA-1/TIAR (Fig. 9C, middle row), and elF3b (Fig. 9C,
bottom row), followed by Alexa Fluor-conjugated secondary antibodies, and visualized
by immunofluorescence microscopy. Our results indicated that canonical SG proteins,
Caprin1, TIA-1/TIAR, and elF3b, were also distributed either around VFL structures or
diffusely throughout the cell, suggesting that coexpression of uNS and oNS leads to a
striking change in the distribution of these representative SG-associated proteins away
from canonical SA-induced SG puncta. Taken together, our results provide strong
evidence that in cells where oNS and NS are coexpressed, oNS binds G3BP1 and uNS
to relocalize SG-associated proteins in cells and interfere with normal formation of
SA-induced SGs, suggesting a novel mechanism for SG disruption during MRV infection.

G3BP1 inhibits MRV growth. Our data support a hypothesis where oNS association
with G3BP1 or a protein complex containing G3BP1 and recruitment of the complex to
VFs may interfere with normal SG formation to prevent an inhibitory effect on infection.
Therefore, we next wanted to examine the impact of G3BP1 on MRV replication.
Wild-type and G3BP1~/~ MEFs were infected with MRV strain T1L, T2J, or T3D, and at
0, 24, 48, and 72 h p.i,, cells were harvested and subjected to three freeze-thaw cycles.
The cell lysates were then subjected to standard plaque assays on L929 cells to
determine the virus titers in each cell type over time (Fig. 10). Deletion of G3BP1
facilitated increased T1L and T2J growth over time, as indicated by a statistically
significant higher virus titer in the G3BP1 knockout MEFs at 24, 48, and 72 h p.i. relative
to wild-type MEFs. However, G3BP1 deletion did not appear to have a substantial
impact on T3D growth, as there was no significant difference in the T3D virus titer even
at 72 h p.i. To further confirm our findings and to rule out the possibility that, in the
absence of G3BP1, G3BP2 might play a role in regulating MRV replication, we per-
formed replication assays in wild-type, AG3BP1, and AAG3BP1/2 U20S cells. Our results
suggested that, again, in the absence of G3BP1 or in the absence of both G3BP1/2,
replication of MRV strains T1L and T2J was significantly increased by 5- to 10-fold over
periods of 24, 48, and 72 h p.i., while there was again no impact on T3D replication in
the absence of either G3BP1 or both G3BP1/2. Taken together with our findings with
MEFs, these results further confirmed an inhibitory function of G3BP1 on MRV replica-
tion and suggest that this inhibition is more impactful on some strains than others.

DISCUSSION

We have previously reported that cells respond to MRV by inducing SG formation
during early phases of infection in an elF2«a phosphorylation-dependent manner, and
as viral infection proceeds, SGs are disrupted from most of the infected cells in a
process dependent on synthesis of viral RNA and/or proteins (34). In addition to
disrupting SGs over time, MRV prevents SG formation in most cells, even in the presence
of phosphorylated elF2« and SG-inducing drugs, such as sodium arsenite. This suggests
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FIG 10 MRV growth is inhibited by G3BP. Wild-type and G3BP1~/~ MEFs (A) or wild-type, AG3BP1, and AAG3BP1/2
U20S cells (B) were infected with T1L, T2J, or T3D for 0, 24, 48, or 72 h. Cell lysates were collected and lysed by
three freeze-thaw cycles. The lysed samples were subjected to standard MRV plaque assays on L929 cells. Plaques
were counted, and relative increases in virus titers from time zero were calculated. The means and SD of three
biological replicates and two experimental replicates are shown. Statistically significant differences (*, P < 0.05) are
indicated.

that MRV acts downstream of these cellular stress signals to interfere with SG formation.
Based on these data, we hypothesized that MRV encodes a viral component that
disrupts or interferes with SG formation, either directly or indirectly by interfering with
other SG-inducing signals or with SG effector protein aggregation (35). In this work, we
show that during MRV infection, G3BP1, a major SG effector protein, associates with the
MRV nonstructural protein oNS and that this association alters the distribution of
additional SG-associated proteins, Caprin1, USP10, TIA-1, TIAR, and elF3b, to the
peripheries of VFs nucleated by uNS. Our data indicate that coexpression of oNS and
NS interferes with the formation of canonical SG formation and leads to the mislo-
calization of SG-associated proteins away from their normal SG structure to the
peripheries of VFLs, suggesting that the G3BP1-oNS-uNS interaction is involved in SG
disruption during infection. Although it is likely that this association and relocalization
of G3BP1 and other SG-associated proteins plays an important role in MRV-induced SG
prevention/disruption, whether it is sufficient to fully interfere with SG formation and
function or whether other factors are involved in this process during MRV infection
remains under investigation. The absence of the phenotype in many cells, even
following treatment with puromycin or SA (Fig. 1, 2, and 9) (see our previous studies
[34]), suggests that it may be an intermediate step in SG disruption by the virus, with
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cells in which the phenotype is absent, and that SG-associated proteins are instead
diffusely distributed throughout the cell, representing infected cells in which SGs have
already been irreversibly disrupted. Intriguing possible mechanisms and outcomes of
disruption that we are currently exploring are whether SGs, which are disassembled by
heat shock proteins (52), are disassembled upon arrival at VFs by heat shock proteins
known to be recruited to VFs (53) and whether VFL relocalization of SG-associated
proteins impacts the activity of PKR and other innate immune response factors known
to be regulated via SG association (13, 49).

Recent evidence has shown that translation occurs in MRV VFs and that the cellular
translational machinery, including ribosomes and translation initiation factors, are
localized to VFs (29). oNS was shown to interact with components of the 40S and 43S
preinitiation complex, suggesting a role of oNS in recruiting the cellular translational
apparatus to the VFs to facilitate viral protein synthesis (29). G3BP1 has also been
shown to interact with the 40S ribosomal subunit via its RGG domain to mediate SG
assembly (10). Our data show that oNS interacts with G3BP1 at the peripheries of VFLs
(Fig. 1 to 4) and that individual deletion of the RNA binding (RRM) and/or the ribosome
binding (RGG) region of G3BP1 substantially decreases but does not abolish G3BP1
localization around VFLs or its association with oNS (Fig. 7 and 8). This suggests that
G3BP1 binding to RNA or to the ribosome may play a role in association with oNS and
relocalization of G3BP1 around VFLs but that individually, these interactions are not
required for G3BP1-VFL recruitment or G3BP1-0NS association. Deletion of both the
RRM and RGG domains appears to result in complete loss of G3BP1 localization to VFLs,
but although significantly diminished, the mutant maintains measurable interaction
with oNS (Fig. 8). This may be interpreted in several ways. First, it is possible that the
oNS interaction with G3BP1, although important, is not sufficient for recruitment to
VFLs and that some other aspect of G3BP1 activity that is lost in the mutant contributes
to VFL localization. Second, it may simply be that the diminishing strength of the
interaction is sufficient to prevent recruitment. Finally, it may also be that the PLA
detecting oNS interaction with G3BP1 is simply more sensitive than the VFL recruitment
assay. As the mutant maintains interaction with oNS, as well as some other G3BP1
functions (10), we believe it is unlikely that this is simply a result of gross protein
misfolding. Similar to what we measured with G3BP1 RNA binding, we also found that
deletion of the RNA binding residues 2 to 11 from the N terminus of oNS does not
inhibit G3BP1-0NS association (Fig. 3), suggesting that oNS binding to RNA is also not
necessary for oNS-G3BP1 association. While it appears that the oNS-G3BP1 association
does not occur solely via either RNA or ribosomes, at this time we do not know if the
interaction occurs through other proteins in a complex or if it is a direct association.
Recent evidence shows that proteins containing a conserved motif (amino acids FGDF)
directly bind G3BP1 to inhibit SG formation (48). However, the oNS protein, regardless
of the strain, does not contain sequence resembling an FGDF motif; therefore, if a direct
interaction between oNS and G3BP1 exists, it is through a different mechanism. Finally,
although we have shown that G3BP1-oNS interaction is independent of uNS and that
G3BP1 is not recruited to VFLs formed by uNS in the absence of oNS, our current (Fig.
9) and previous (36) data indicate that both oNS and a subset of uNS not localized to
VFLs are recruited to SGs that are induced by SA treatment. Hence, there remains a
possibility that a function of uNS independent of VF formation is involved in recruiting
G3BP1 and other SG-associated proteins to the VF periphery during MRV infection.

Our data indicate that the percentage of infected cells that exhibit G3BP1 localiza-
tion around VFs is strain dependent (Fig. 1). However, in cells transfected with plasmids
expressing the uNS and oNS proteins of T1L, T2J, and T3D, the percentages of cells in
which G3BP1 is localized around VFLs are similar between strains (Fig. 4 and data not
shown). This suggests that oNS binding to G3BP1, or a complex containing G3BP1, and
bringing associated proteins to the peripheries of VFs is a phenotype conserved
between the oNS and uNS proteins derived from the three strains of virus. Therefore,
the discrepancy in the phenotypes seen between MRV strains is likely to be upstream
of SG formation, most probably at the levels of PKR activation and elF2«a phosphory-
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lation. There are previously defined strain-dependent differences that may be involved
in the differences we see in G3BP1 localization. T3D infection prevents PKR activation,
elF2a phosphorylation, and subsequent host translational shutoff in infected cells, and
T2J, and to a lesser extent T1L, infection is unable to inhibit this translational shutoff (1,
54, 55). This phenotype has been mapped to the dsRNA binding o3 protein of MRV and
is suggested to occur because of differences in o3 localization and association with the
virus membrane penetration protein w1 between the virus strains (55). We are currently
investigating the possible roles of a3, PKR, and elF2« phosphorylation in modulating
the differences seen in G3BP1 localization during infection by the three MRV strains.
Virus replication assays indicated that MRV strains T1L and T2J, but not T3D, grow
better in both the G3BP1~/~ MEFs and the AG3BP1 or AAG3BP1/2 U20S cells than in
their wild-type counterparts (Fig. 10). These results suggest that G3BP1 has an inhibi-
tory effect on T1L and T2J replication but that it does not impact T3D replication. This
partially mirrors our results examining the localization of G3BP1 to VFs in infected cells,
where T2J exhibited the highest number of cells with a localization phenotype,
followed by T1L and T3D, which exhibit less detectible G3BP1 localization. It is not clear
why there are differences between localization (Fig. 1) and replication (Fig. 10) assays;
however, they may result from differences in assay sensitivity, with replication assays
being very sensitive relative to immunofluorescence assays that rely on factors such as
antibody sensitivity. We have not yet formally ruled out a direct, SG-independent role
for G3BP1 in MRV replication; however, strain-specific differences in replication effi-
ciency in the absence of G3BP1 almost exactly mirror differences in the abilities of the
strains to prevent PKR activation, elF2a phosphorylation, and host translational shutoff
(54-57). As stated above, MRV strain T3D o3 protein binds dsRNA, preventing PKR
activation, elF2«a phosphorylation, and host translational shutoff (1, 55). In the absence
of elF2a phosphorylation, SGs will not form in MRV-infected cells (34); hence, the
absence of G3BP1 and the resultant loss of G3BP1-induced SGs should not, and does
not (Fig. 10), have an impact on the replication efficiency of strain T3D. T2J and, to a
lesser extent, T1L viruses, on the other hand, are unable to prevent PKR activation,
elF2a phosphorylation, and host translational shutoff that results in the formation of
G3BP1-induced SGs (1, 55). Hence, when SGs cannot form in the G3BP1 knockout
strains, T1L and T2J viruses should, and do, replicate better than in the wild-type cells.
Moreover, as we have shown that all three viruses are able to interfere with normal SG
formation (35), this somewhat modest 5- to 10-fold increase is not surprising, as it
supports the idea that SGs are inhibitory to MRV replication but that the virus has
devised a way to overcome this inhibition. Importantly, these findings also suggest that
the formation of G3BP1-induced SGs themselves plays an inhibitory role in T1L and T2J
replication that is likely a critical downstream component of PKR activation, elF2«
phosphorylation, and host translational shutoff induced by these strains.

MATERIALS AND METHODS

Cells, viruses, and antibodies. HeLa cells (human cervical cancer cells); Cos-7 cells (monkey kidney
fibroblasts); wild-type or G3BP1-/~ MEFs (11, 58); and wild-type, AG3BP1, or AAG3BP1/2 U20S cells
(human bone osteosarcoma cells) (10) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Life Technologies) containing 10% fetal bovine serum (Atlanta Biologicals) and penicillin (100 [U/ml)-
streptomycin (100 wg/ml) (Mediatech). L929 cells were maintained in minimum essential medium with
Joklik modification (Sigma) containing 2% fetal bovine serum (HyClone Laboratories), 2% bovine calf
serum (HyClone Laboratories), penicillin (100 1U/ml)-streptomycin (100 pg/ml) (Mediatech), and
L-glutamine (2 mM; Mediatech). The primary antibodies used were as follows: rabbit polyclonal anti-
G3BP1 (a-G3BP1) antibody (Novus Biologicals; NBP1-18922), rabbit polyclonal anti-Caprin1 (a-CaprinT)
antibody (Proteintech; 15112-1-AP), rabbit monoclonal anti-USP10 (a-USP10) antibody (Cell Signaling;
8501), goat polyclonal anti-TIA-1 (a-TIA-1) antibody (Santa Cruz Biotechnology; sc-1751), goat polyclonal
anti-TIAR (a-TIAR) antibody (Santa Cruz Biotechnology; sc-1749), rabbit polyclonal anti-elF3b (a-elF3b)
antibody (Bethyl Laboratories; A301-760A), rabbit polyclonal anti-EGFP («-EGFP) antibody (Living Colors
full-length GFP antibody; Clontech; 632460), mouse monoclonal anti-oNS (3E10) (a-oNS) antibody, and
mouse polyclonal anti-uNS (a-uNS) antibody (35, 36, 59). The secondary antibodies used were as follows:
Alexa 488- or Alexa 594-conjugated donkey anti-rabbit, anti-mouse, or anti-goat immunoglobulin G (IgG)
antibodies (Invitrogen). All the primary antibodies used were tested by Western blotting and found to
recognize a protein of the correct molecular weight. MRV stocks (T1L, T2J, and T3D) were our laboratory
stocks and were propagated on L929 cells and plaque purified in our laboratory as described previously
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(60). The T3D virus used in this study was the previously designated Cashdollar strain (61). Virions were
stored in dialysis buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 10 mM MgCl,) at 4°C.

Plasmid construction. All the MRV genes examined in this study were cloned into the pCl-neo
expression vector (Promega). pCl-oNS (T1L and T3D) (32), pCl-uNS (T1L and T3D) (25), pCl-oNS (A2-11)
(32), p-EGFP/uNS (471-721) (42), and p-EGFP/NSP5 (62) were previously described. p-G3BP1/EGFP was
made by amplifying G3BP1 from pCMV6-G3BP1 (Origene; NM_005754) using G3BP1 sequence-specific
primers flanked on each end with restriction sites for Hindlll and EcoRI. The PCR fragment was then
digested with Hindlll and EcoRl and inserted into Hindlll- and EcoRI-digested p-EGFP-C1. To make
pCl-G3BP1, the G3BP1 gene was amplified by PCR from p-G3BP1/EGFP using primers with restriction sites
for Nhel and Xmal at the 5'- and 3'-terminal ends, respectively. The PCR fragment was digested with Nhel
and Xmal and ligated into Nhel- and Xmal-digested pCl-neo. To make p-G3BP1/EGFP/uNS (471-721), the
G3BP1 gene from pCI-G3BP1 was amplified by PCR using G3BP1 sequence-specific primers flanked on
each end with Nhel and Agel restriction sites. p-EGFP/uNS (471-721) and the G3BP1 PCR fragment were
then digested with Nhel and Agel and ligated. p-G3BP1/EGFP/NSP5 was made by digesting plasmids
p-oNS/EGFP/NSP5 and p-G3BP1/EGFP/uNS (471-721) with restriction enzymes Agel and Apal and
ligating the p-EGFP/NSP5 fragment into the p-G3BP1/EGFP/uNS (471-721) vector, replacing the EGFP-
NS (471 to 721) fragment. The G3BP1 mutant plasmids were constructed by designing gBlocks (IDT
DNA) of the full-length G3BP1 gene with F33W, S149A, S149E, ARRM (A340-416), and ARGG (A428-466)
mutations flanked on each end with restriction sites for Nhel and Xmal. The gBlocks were digested with
Nhel and Xmal and ligated into Nhel- and Xmal-digested pCl-neo. pCl-oNS (T2J) was made by ligating
an EcoRI- and Xbal-digested S3 (T2J) gBlock into EcoRI- and Xbal-digested pCl-neo. The M3 gene was
amplified from T2J-infected cells by reverse transcription (RT)-PCR using M3 sequence-specific primers
containing terminal EcoRI and Xbal restriction sites. The PCR fragment was digested with EcoRI and Xbal
and ligated into EcoRI- and Xbal-digested pCl-neo to construct pCl-uNS (T2J). The plasmids were
screened by restriction digestion, and inserts were confirmed by sequencing. The sequences of all the
primers used are available upon request.

Transfections and infections. Cells were seeded onto culture plates the day before transfection/
infection. For transfection, 1 ug plasmid DNA and 3 ul of Trans-IT LT1 reagent (Mirus Bio) per 1 ng of DNA
were combined with 100 ul of Opti-MEM serum-free medium (ThermoFisher), incubated for 20 min at
room temperature, and then added dropwise to the cell medium. The cells were then incubated
overnight at 37°C and subjected to downstream assays. For infection, 1 to 5 cell infectious units (CIU) of
MRV strain T1L, T2J, or T3D was used per well and incubated overnight at 37°C. The number of CIU for
each cell line was determined as previously described (35).

Immunofluorescence assay. Cells were seeded onto 12-well (3.8-cm?) cell culture plates (Corning
Inc.) containing 18-mm-diameter coverslips (Fisher brand) at a density of 7.5 X 10* cells/well and then
incubated overnight at 37°C. SA (Sigma-Aldrich) was used where indicated at a final concentration of 0.5
mM for 45 min before fixing. Cycloheximide (Sigma-Aldrich) was used where indicated at a final
concentration of 10 wg/ml for 1 h before fixing. Puromycin (Invitrogen) was used where indicated at a
final concentration of 1 ug/ml for 1 h before fixing. At 24 h p.t. or p.i,, cells were fixed at room
temperature for 20 min with 4% paraformaldehyde in phosphate-buffered saline (PBS) (137 mM Nacl, 3
mM KCl, 8 mM Na,HPO,, pH 7.5) and then washed two times with PBS. The fixed cells were permeabilized
by incubation with 0.2% Triton X-100 in PBS for 5 min and then washed two times with PBS. Primary and
secondary antibodies were diluted in 1% bovine serum albumin in PBS. Following permeabilization, the
cells were incubated for 1 h with primary antibody, washed two times with PBS, and then incubated for
an additional hour with secondary antibody. The immunostained cells were washed two additional times
with PBS and mounted on slides using ProLong Gold antifade reagent with DAPI (4,6-diamidino-2-
phenylindole dihydrochloride) (Life Technologies). Samples were examined with a Zeiss Axiovert 200
inverted microscope equipped with fluorescence optics. For high-resolution confocal images, an Olym-
pus FluoView FV1000 laser scanning confocal microscope equipped with spectral deconvolution hard-
ware and four variable-voltage color lasers was used. Images were prepared using ImageJ (63) or
Photoshop and lllustrator software (Adobe Systems). For quantification of localization of the SG-
associated proteins G3BP1, Caprin1, USP10, TIA-1, TIAR, and elF3b to VFs with or without drug treatment
or G3BP1-F33W, -S149A, -S149E, -ARRM, -ARGG, and -ARRM/ARGG mutants to VFLs, infected or trans-
fected cells with and without the indicated protein around the peripheries of VFs or VFLs were counted,
and the percentage of cells with localization to VFs or VFLs relative to the total number of infected or
transfected cells was determined. At least 100 cells from three biological replicates were counted, and
the mean and standard deviation (SD) of the mean were determined. Statistical significance was
determined as needed using a two-tailed Student t test, and P values were calculated with Microsoft
Excel. Any statistical difference within groups for which the P value was <0.05, <0.01, or <0.001 was
considered statistically significant.

Proximity ligation assay. Proximity ligation assays were performed using DuoLink PLA technology
(Millipore Sigma) plus and minus probes and detection reagents according to the manufacturer’s
instructions. Briefly, transfected cells were subjected to an immunofluorescence assay protocol to the
postwash step following incubation with mouse or rabbit primary antibodies. Mouse minus and rabbit
plus probe antibodies were diluted in antibody dilution buffer provided by the manufacturer, added to
coverslips, and incubated for 1 h at 37°C in a humidity chamber. The coverslips were washed 2 times for
5 min each time with wash buffer A (0.01 M Tris, 0.15 M NaCl, and 0.05% Tween 20), and the ligation
reaction mixture (1X ligation buffer and ligase provided by the manufacturer diluted 1:40 in polished
water) was added to the coverslips and incubated for 45 min at 37°C in a humidity chamber. The
coverslips were again washed 2 times for 2 min each time with wash buffer A, and the amplification
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reaction mixture (1X amplification buffer and polymerase provided by the manufacturer diluted 1:80 in
polished water) was added to the coverslips and incubated for 60 min at 37°C in a humidity chamber.
The coverslips were washed 2 times for 10 min each time in wash buffer B (0.02 M Tris, 0.01 M NaCl) and
then washed 1 time for 1 min in 0.01X wash buffer B and mounted on slides using Prolong Gold antifade
reagent with DAPI. The PLA slides were imaged using an Olympus Fluoview FV1000 laser scanning
confocal microscope. Images were acquired using the same relative locational plane and exposure
settings within experiments. For quantification, 7 to 10 cells from the experiments were subjected to the
3D Objects Counter analysis tool in ImageJ using the same threshold measurement for each image. The
total pixel area from each image was calculated and divided by the number of cells present to arrive at
the pixel area per cell for each image in each experimental set. Graphs were created using the box plot
tutorial of Peltier's Tech Charts for Excel. Statistical significance was determined using a two-tailed
Student t test, and P values were calculated. Any statistical difference within groups for which the P value
was <0.05, <0.01, or <0.001 was considered statistically significant.

Virus growth assay. Wild-type and G3BP1~/~ MEFs or wild-type and AG3BP1 or AAG3BP1/2 U20S

cells were seeded onto 6-well (9.6-m?) plates (Corning Inc.). MEFs were infected at a multiplicity of
infection (MOI) of 0.1, and U20S cells were infected at an MOI of 0.01 with T1L, T2J, or T3D, and infection
was continued for 24, 48, and 72 h. Cells were harvested and subjected to three freeze-thaw cycles. The
virus-infected lysates were serially diluted (10-fold dilutions) in PBS containing 2 mM MgCl,, and titers
were determined by standard plaque assay on L929 cells (64). Each experiment was performed for three
independent biological replicates and repeated for two experimental replicates, and the mean of the six
experiments was plotted on a line graph with error bars depicting the SD. Statistical significance was
determined using a two-tailed Student t test, and P values were calculated with Microsoft Excel.
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