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ABSTRACT 21 

Mammalian orthoreovirus (MRV) infection induces phosphorylation of translation initiation 22 

factor eIF2α which promotes formation of discrete cytoplasmic inclusions, termed stress 23 

granules (SGs). SGs are emerging as a component of the innate immune response to virus 24 

infection, and modulation of SG assembly is a common mechanism employed by viruses to 25 

counter this antiviral response. We previously showed that MRV infection induces SGs early, 26 

then interferes with SG formation as infection proceeds. In this work, we found that SG 27 

associated proteins localized to the periphery of virus-encoded cytoplasmic structures, termed 28 

virus factories (VFs), where viral transcription, translation, and replication occur. The 29 

localization of SG proteins to VFs was dependent on polysome dissociation and occurred via 30 

association of SG effector protein, G3BP1, with MRV non-structural protein σNS, which 31 

localizes to VFs via association with VF nucleating protein, μNS. Deletion analysis of the σNS 32 

RNA binding domain and G3BP1 RNA (RRM) and ribosomal (RGG) binding domains showed 33 

that the association and VF localization of G3BP1 is not occurring solely through RNA or 34 

ribosomal binding, but requires both RNA and ribosomal binding domains of G3BP1 for 35 

maximal VFL localization and σNS association. Co-expression of σNS and μNS resulted in 36 

disruption of normal SG puncta, and in cells lacking G3BP1, MRV replication was enhanced in a 37 

manner correlating with strain-dependent induction of host translation shutoff. These results 38 

suggest that σNS association with and relocalization of G3BP1 to the VF periphery plays a role 39 

in SG disruption to facilitate MRV replication in the host translational shutoff environment. 40 

 41 

 42 

 43 
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IMPORTANCE 44 

SGs and SG effector proteins have emerged as important, yet poorly understood, players in the 45 

host’s innate immune response to virus infection. MRV infection induces SGs early during 46 

infection that are dispersed and/or prevented from forming during late stages of infection despite 47 

continued activation of the eIF2α signaling pathway. Cellular and viral components involved in 48 

disruption of SGs during late stages of MRV infection remain to be elucidated. This work 49 

provides evidence that MRV disruption of SGs may be facilitated by association of MRV non-50 

structural protein σNS with major SG effector protein G3BP1 and subsequent localization of 51 

G3BP1 and other SG associated proteins around the periphery of virus encoded factories, 52 

interrupting the normal formation of SGs. Our findings also reveal the importance of G3BP1 as 53 

an inhibitor of MRV replication during infection for the first time.  54 

INTRODUCTION 55 

MRV infection triggers the host innate immune response in part by activation of protein 56 

kinase R (PKR) resulting in phosphorylation of the alpha subunit of eukaryotic translation 57 

initiation factor 2 (eIF2α) (1). eIF2α phosphorylation leads to host translational shutoff inducing 58 

the formation of cytoplasmic RNA-protein granules called stress granules (SGs) (2). SGs are 59 

composed of translationally silent mRNAs, translation initiation factors, stalled ribosomal 60 

subunits, and RNA regulatory proteins (3). To date, the mechanism of SG formation is not fully 61 

understood and over 100 genes have been suggested to be involved in the process of SG 62 

assembly and disassembly (4). Studies have identified several proteins as critical for nucleating 63 

SGs, including T-cell intracellular antigen 1 (TIA-1), TIA-1-related protein (TIAR), and Ras-64 

GAP SH3-binding protein1 (G3BP1) (4). G3BP1 is a ubiquitously expressed cytosolic protein 65 

that was originally identified as a binding partner of Ras GTPase activating protein (GAP) (5), 66 
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although that binding has been recently brought into question (6). Overexpression of G3BP1 67 

induces SG formation, whereas expression of a central domain of the protein inhibits SG 68 

formation (7). This central domain contains a serine at residue 149, that when dephosphorylated, 69 

induces SG formation (7). G3BP1 also interacts with the ubiquitin specific protease USP10 (8), 70 

and the cytoplasmic activation- and proliferation-associated protein 1 (Caprin1) (9), and this 71 

binding appears to modulate SG formation and PKR activation (10, 11). G3BP2, a homolog of 72 

G3BP1 is also recruited to SGs (12).  73 

 Recently, studies have suggested that SGs, or structurally similar antiviral stress granules 74 

(avSGs), serve as a downstream component of the innate immune response to virus infection, 75 

acting as a platform for recognition of non-self (viral) RNA and subsequent activation of 76 

important immune modulators including PKR and retinoic acid inducible gene I, (RIG-I) (13-77 

15). Many viruses have been shown to modulate SG composition, assembly, or disassembly to 78 

facilitate their replication and infection cycle (16, 17). For example, poliovirus induces SG 79 

formation at early times in infection and disrupts SGs during later stages of infection by cleavage 80 

of G3BP1 by the poliovirus 3C proteinase (18). Infection with Semliki Forest virus or rotavirus 81 

results in host translational shutoff via phosphorylation of eIF2α, and subsequent SG formation 82 

at early phases of infection with disruption of the granules by unknown mechanisms during the 83 

later stages of infection (19, 20). In contrast, the respiratory syncytial virus induction of SGs 84 

appears to facilitate viral replication (21). 85 

Mammalian orthoreovirus (MRV) is the type species of the orthoreovirus genus of the 86 

double-stranded RNA (dsRNA) family Reoviridae. MRV is a clinically benign virus in immune-87 

competent hosts, making it an ideal tool to model various aspects of virus infection. Moreover, 88 

MRV has inherent oncolytic properties, and is thus being investigated as a novel cancer therapy 89 
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in both pre-clinical and clinical settings (22, 23). Early during MRV infection, viral factories 90 

(VFs) are formed which originate as small punctate inclusions spread throughout the cytoplasm, 91 

which grow in size and migrate to the perinuclear region of the cell as infection proceeds (24, 92 

25). VFs are suggested to be the primary sites for virus transcription, replication, and assembly 93 

(26-28) and recent studies have indicated that they also function as the primary location for viral 94 

protein synthesis by interacting with cellular translation initiation factors and components of the 95 

43S pre-initiation ribosomal complexes at the factory margins (29). The MRV non-structural 96 

protein μNS forms the structural matrix of VFs, and when expressed in the absence of other 97 

proteins, forms structures very similar to VFs, termed viral factory-like structures (VFLs) (25). 98 

Moreover, when expressed with μNS in cells, viral proteins σNS, σ2, μ2, λ1, λ2, and λ3 are 99 

recruited to VFLs, suggesting that μNS is also involved in the recruitment or retention of these 100 

proteins to VFs in infected cells (25, 30-33).  101 

We have previously shown that SGs are formed at early times following MRV infection 102 

in an eIF2α phosphorylation-dependent manner. MRV-induced SG formation is dependent on 103 

virus uncoating but does not require virus transcription or translation (34). However, as MRV 104 

infection proceeds, SGs are disrupted, in a manner requiring MRV transcription and/or 105 

translation, suggesting that the virus encodes a gene product involved in dissolution of SGs. 106 

Moreover, at late times in MRV infection in most infected cells, SG formation is prevented even 107 

in the presence of phosphorylated eIF2α induced by the virus or other stress inducers, such as 108 

sodium arsenite, suggesting that MRV disrupts a signal between eIF2α phosphorylation and SG 109 

formation. In addition, the presence of SGs in cells results in the inhibition of virus and host 110 

translation whereas MRV-induced disruption of SGs correlates with the release of viral, but not 111 

cellular, mRNAs from translational inhibition even in the presence of phosphorylated 112 
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eIF2α (35). Taken together, these studies suggest that the host responds to MRV infection by 113 

forming SGs to interfere with translation, however, the virus can overcome this translational 114 

inhibition in a manner that correlates with virus-dependent SG disruption. Although the 115 

formation and disruption of SGs during MRV infection are well-established, the role played by 116 

the virus in regulating the process remains to be elucidated. An interaction between the VF 117 

matrix forming protein μNS and SGs induced by sodium arsenite was previously identified, 118 

suggesting MRV proteins may interact with SG proteins to modulate SGs (36). In this study, we 119 

set out to identify specific SG effector proteins that may be modulated by MRV to disrupt SGs, 120 

and to identify viral proteins involved in this process. We found that MRV infection alters the 121 

localization of SG-associated proteins to the periphery of VFs in a subset of infected cells, and 122 

that this occurs as a result of the virus non-structural protein, σNS, binding to both G3BP1 and 123 

the VFL-forming viral protein μNS. The C-terminus of G3BP1, which contains an RNA 124 

recognition motif and arginine/glycine rich motif (RRM and RGG) are involved in this 125 

interaction and G3BP1 mutants lacking these domains exhibit significantly reduced localization 126 

to VFLs. We additionally provide evidence that co-expression of MRV proteins σNS and μNS 127 

prevents canonical SG formation and G3BP1 expression is detrimental to MRV replication in a 128 

strain specific manner that strongly correlates with virus induced host translational shutoff. 129 

MATERIALS AND METHODS 130 

Cells, viruses, and antibodies. HeLa (human cervical cancer cells), Cos-7 (monkey kidney 131 

fibroblast), wildtype or G3BP1 -/- MEF (mouse embryonic fibroblast) (11, 37) and wildtype or 132 

ΔG3BP1 or ΔΔG3BP1/2 U2OS (human bone osteosarcoma) (10) cells were maintained in 133 

Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies) containing 10% fetal bovine 134 

serum (Atlanta Biologicals) and penicillin (100 IU/ml)-streptomycin (100 μg/ml) (Mediatech). 135 
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L929 cells were maintained in Minimum Essential Medium with Joklik Modification (Sigma) 136 

containing 2% fetal bovine serum (HyClone Laboratories), 2% bovine calf serum (HyClone 137 

Laboratories), penicillin (100 IU/ml)-streptomycin (100 μg/ml) (Mediatech), and L-Glutamine (2 138 

mM; Mediatech). The primary antibodies used are as follows: rabbit polyclonal anti-G3BP1 (α-139 

G3BP1) antibody (Novus Biologicals, NBP1-18922), rabbit polyclonal anti-Caprin1 (α-Caprin1) 140 

antibody (Proteintech, 15112-1-AP), rabbit monoclonal anti-USP10 (α-USP10) antibody (Cell 141 

signaling, 8501), goat polyclonal anti-TIA-1 (α-TIA-1) antibody (Santa Cruz Biotechnology, sc-142 

1751), goat polyclonal anti-TIAR (α-TIAR) antibody (Santa Cruz Biotechnology, sc-1749), 143 

rabbit polyclonal anti-eIF3b (α-eIF3b) antibody (Bethyl Laboratories, A301-760A), rabbit 144 

polyclonal anti-EGFP (α-EGFP) antibody (Living Colors full length GFP antibody, Clontech, 145 

632460), mouse monoclonal anti-σNS (3E10) (α-σNS) antibody and mouse polyclonal anti-μNS 146 

(α-μNS) antibody (35, 36, 38). The secondary antibodies used are as follows: Alexa 488- or 147 

Alexa 594-conjugated donkey anti-rabbit, anti-mouse or anti-goat immunoglobulin G (IgG) 148 

antibodies (Invitrogen). All primary antibodies used were tested by Western blot and found to 149 

recognize a protein of the correct molecular weight. MRV stocks (T1L, T2J, and T3D) are our 150 

laboratory stocks and were propagated on L929 cells and plaque purified in our laboratory as 151 

described previously (39). The T3D virus used in this study was the previously designated 152 

Cashdollar strain (40). Virions were stored in dialysis buffer (150 mM NaCl, 10 mM Tris, pH 153 

7.4, 10 mM MgCl2) at 4°C. 154 

Plasmid Construction. All MRV genes examined in this study were cloned into the pCI-neo 155 

expression vector (Promega). pCI-σNS (T1L, T3D) (32), pCI-μNS (T1L, T3D) (25), pCI-σNS 156 

(Δ2-11) (32), p-EGFP/μNS(471-721) (41), and p-EGFP/NSP5 (42) were previously described. p-157 

G3BP1/EGFP was made by amplifying G3BP1 from pCMV6-G3BP1 (Origene, NM_005754) 158 
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using G3BP1 sequence specific primers flanked on each end with restriction sites for HindIII and 159 

EcoR1. The PCR fragment was then digested with HindIII and EcoR1, and inserted into HindIII 160 

and EcoR1 digested p-EGFP-C1. To make pCI-G3BP1, the G3BP1 gene was amplified by PCR 161 

from p-G3BP1/EGFP using primers with restriction sites for NheI and XmaI at the 5' and 3' 162 

terminal ends respectively. The PCR fragment was digested with NheI and XmaI and ligated into 163 

NheI and XmaI digested pCI-neo. To make p-G3BP1/EGFP/μNS(471-721), the G3BP1 gene 164 

from pCI-G3BP1 was amplified by PCR using G3BP1 sequence specific primers flanked on 165 

each end with NheI and AgeI restriction sites. p-EGFP/μNS(471-721) and the G3BP1 PCR 166 

fragment were then digested with NheI and AgeI, and ligated. p-G3BP1/EGFP/NSP5 was made 167 

by digesting plasmids p-σNS/EGFP/NSP5 and p-G3BP1/EGFP/μNS(471-721) with restriction 168 

enzymes AgeI and ApaI, and ligating the p-EGFP/NSP5 fragment into the p-169 

G3BP1/EGFP/μNS(471-721) vector replacing the EGFP/μNS(471-721) fragment. The G3BP1 170 

mutant plasmids were constructed by designing gBlocks (IDT DNA) of the full-length G3BP1 171 

gene with F33W, S149A, S149E, ΔRRM (Δ340-416), ΔRGG (Δ428-466) mutations flanked on 172 

each end with restriction sites for NheI and XmaI. The gBlocks were digested with NheI and 173 

XmaI, and ligated into NheI and XmaI digested pCI-neo. pCI-σNS (T2J) was made by ligating 174 

an EcoRI and XbaI digested S3 (T2J) gBlock into EcoR1 and XbaI digested pCI-neo. The M3 175 

gene was amplified from T2J infected cells by RT-PCR using M3 sequence specific primers 176 

containing terminal EcoR1 and XbaI restriction sites. The PCR fragment was digested with 177 

EcoRI and XbaI and ligated into EcoR1 and XbaI digested pCI-neo to construct pCI-μNS (T2J). 178 

Plasmids were screened by restriction digestion and inserts were confirmed by sequencing. The 179 

sequences of all primers used are available upon request. 180 
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Transfections and Infections. Cells were seeded onto culture plates the day before 181 

transfection/infection. For transfection, 1 μg plasmid DNA and 3 μl of Trans-IT LT1 reagent 182 

(Mirus Bio) per 1 μg of DNA, were combined with 100 μl of Opti-MEM serum-free media 183 

(Thermofisher) and incubated for 20 min at room temperature, then added dropwise to the cell 184 

media. Cells were then incubated overnight at 37°C and subjected to downstream assays. For 185 

infection, 1-5 cell infectious units (CIU) of MRV strains T1L, T2J or T3D were used per well 186 

and incubated overnight at 37°C. CIU for each cell line was determined as previously described 187 

(35).  188 

Immunofluorescence assay. Cells were seeded onto 12-well (3.8 cm2) cell culture plates 189 

(Corning Inc.) containing 18-mm-diameter coverslips (Fisherbrand) at a density of 7.5X104 190 

cells/well and then incubated overnight at 37°C. Sodium arsenite (SA) (Sigma-Aldrich) was used 191 

where indicated at a final concentration of 0.5 mM for 45 mins before fixing. Cycloheximide 192 

(Sigma-Aldrich) was used where indicated at a final concentration of 10 μg/ml for 1hour (h) 193 

before fixing. Puromycin (Invitrogen) was used where indicated at a final concentration of 1 194 

μg/ml for 1 h before fixing. At 24 h post transfection or infection (h p.t. or h p.i.), cells were 195 

fixed at room temperature for 20 min with 4% paraformaldehyde in phosphate buffered saline 196 

(PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, pH 7.5) and then washed two times with 197 

PBS. Fixed cells were permeabilized by incubation with 0.2% Triton X-100 in PBS for 5 min 198 

and then washed two times with PBS. Primary and secondary antibodies were diluted in 1% 199 

bovine serum albumin in PBS. Following permeabilization, cells were incubated for one hour 200 

with primary antibody, washed two times with PBS, and then incubated for an additional hour 201 

with secondary antibody. Immunostained cells were washed two additional times with PBS and 202 

mounted on slides using ProLong gold antifade reagent with DAPI (4, 6-diamidino-2-203 
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phenylindole dihydrochloride) (Life Technologies). Samples were examined with a Zeiss 204 

Axiovert 200 inverted microscope equipped with fluorescence optics. For high resolution 205 

confocal images, an Olympus Fluoview FV1000 laser scanning confocal microscope equipped 206 

with spectral deconvolution hardware and four variable-voltage color lasers was used. Images 207 

were prepared using ImageJ (43) or Photoshop and Illustrator software (Adobe Systems). For 208 

quantification of localization of SG associated proteins G3BP1, Caprin1, USP10, TIA-1, TIAR 209 

and eIF3b to VFs with or without drug treatment, or G3BP1 mutants F33W, S149A, S149E, 210 

ΔRRM, ΔRGG and ΔRRM/ΔRGG to VFLs, infected or transfected cells with and without the 211 

indicated protein around the periphery of VFs or VFLs were counted, and the percentage of cells 212 

with localization to VFs or VFLs relative to total infected or transfected cells was determined. At 213 

least 100 cells from three biological replicates were counted and the mean and standard deviation 214 

of the mean was determined. Statistical significance was determined as needed using a two-tailed 215 

student's t-test and p values were calculated with Microsoft Excel. Any statistical difference 216 

within groups for which p < 0.05 or p < 0.01 or p < 0.001 were considered statistically 217 

significant are indicated with one (*) or two (**) or three (***) asterisks in the figures 218 

respectively. 219 

Proximity Ligation Assay. Proximity ligation assays were performed using DuoLink PLA 220 

Technology (Millipore Sigma) plus and minus probes and detection reagents per manufacturer’s 221 

instructions. Briefly, transfected cells were subjected to immunofluorescence assay protocol to 222 

the post-wash step following incubation with mouse or rabbit primary antibodies. Mouse minus 223 

and rabbit plus probe antibodies were diluted in antibody dilution buffer provided by 224 

manufacturer, added to coverslips and incubated for 1 h at 37° C in a humidity chamber. 225 

Coverslips were washed 2 X 5 min with Wash Buffer A (0.01 M Tris, 0.15 M NaCl and 0.05% 226 
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Tween 20), and the ligation reaction (1X ligation buffer and ligase provided by manufacturer, 227 

diluted 1:40 in polished water) was added to coverslips and incubated for 45 min at 37° C in a 228 

humidity chamber. Coverslips were again washed 2 X 2 min with Wash Buffer A, and the 229 

amplification reaction (1X Amplification buffer and polymerase provided by manufacturer, 230 

diluted 1:80 in polished water) was added to coverslips and incubated for 60 min at 37° C in a 231 

humidity chamber. Coverslips were washed 2 X 10 min in Wash Buffer B (.02 M Tris, .01M 232 

NaCl), then washed 1 X 1 min in 0.01X Wash Buffer B and mounted on slides using Prolong 233 

Gold antifade reagent with DAPI. PLA slides were imaged using an Olympus Fluoview FV1000 234 

laser scanning confocal microscope. Images were acquired using the same relative locational 235 

plane and exposure settings within experiments. For quantification, 7-10 cells from experiments 236 

were subjected to the 3D Objects Counter analysis tool in ImageJ using the same threshold 237 

measurement for each image. The total pixel area from each image was calculated and divided 238 

by the number of cells present to arrive at pixel area/cell for each image in each experimental set. 239 

Graphs were created using the box plot tutorial of Peltier’s Tech Charts for Excel. Statistical 240 

significance was determined using a two-tailed student's t-test and p values were calculated. Any 241 

statistical difference within groups for which p < 0.05 or p < 0.01 or p < 0.001 were considered 242 

statistically significant are indicated with one (*) or two (**) or three (***) asterisks in the 243 

figures respectively. 244 

Virus growth assay. Wildtype and G3BP1 -/- MEF cells or wildtype and ΔG3BP1 or 245 

ΔΔG3BP1/2 U2OS cells were seeded onto 6-well (9.6 cm2) plates (Corning Inc). MEF cells were 246 

infected with an MOI of 0.1 and U2OS cells were infected with an MOI of 0.01 of T1L, T2J or 247 

T3D and the infection was continued for 24, 48 and 72 hours. Cells were harvested and subjected 248 

to three freeze/thaw cycles. The virus-infected lysates were serially diluted (10-fold dilutions) in 249 
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PBS containing 2 mM MgCl2 and titers were determined by standard plaque assay on L929 cells 250 

(44). Each experiment was performed for three independent biological replicates and repeated 251 

for two experimental replicates and the mean of the six experiments was plotted on a line graph 252 

with error bars depicting the standard deviation (SD). Statistical significance was determined 253 

using a two-tailed student's t-test and p values were calculated with Microsoft Excel. Any 254 

statistical difference within groups for which p < 0.05 was considered statistically significant is 255 

indicated with an asterisk (∗) in the figures.  256 

RESULTS 257 

Stress granule associated proteins are localized around MRV factories in a subset of 258 

infected cells. We and others have shown that during infection with MRV, cells initiate a stress 259 

response mediated by phosphorylation of eIF2α, leading to SG formation (34, 45). As infection 260 

proceeds, although eIF2α phosphorylation remains detectable, SGs are no longer present in 261 

infected cells (35). While canonical SGs were not observed in our prior studies, we observed SG 262 

associated proteins surrounding the outer periphery of VFs in a small percentage of infected 263 

cells, leading us to hypothesize that VFs may play a role in SG modulation during infection. To 264 

more carefully investigate this finding, HeLa cells were infected with MRV strain T2J and at 24 265 

h p.i., cells were fixed and stained with antibodies against the VF-localized MRV non-structural 266 

proteins σNS or μNS and G3BP1, a well-characterized SG-associated protein, followed by 267 

Alexa fluor-labeled secondary antibodies. The cells were then examined by immunofluorescence 268 

microscopy to determine the localization of G3BP1. Similar to what we had previously observed, 269 

we found that in most infected cells, G3BP1 displayed a diffuse phenotype, however, in a subset 270 

of cells (20-40%, depending on cell type), G3BP1 was found localized around MRV factories 271 

(Fig. 1A, first row, Fig. 1C). This phenotype was also observed in Cos-7 (Fig. 1A, second row, 272 
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Fig. 1C), and MEF cells (Fig. 1A, third row, Fig. 1C), suggesting it is not cell type specific.  273 

G3BP1 localization around the outer periphery of VFs was confirmed by high resolution 274 

confocal microscopy, and was apparent in all planes of 3D Z-stacks (Fig. 1B and Supplemental 275 

movie 1). Similar localization of G3BP1 was observed in T1L and T3D infected HeLa, Cos-7 276 

and MEF cells albeit to a substantially lower level compared to T2J infection (Fig. 1C).  277 

 The association of mRNA with polysomes is known to impact SG formation, with an 278 

influx of non-polysome associated mRNA promoting formation of SGs and an increase in 279 

polysome associated mRNA leading to inhibition of SG formation (46, 47). To determine 280 

whether the localization of G3BP1 around VFs during MRV infection is dependent on the state 281 

of mRNA translation in the cell, and therefore related to the induction of SG formation, we 282 

examined the percent of infected cells with G3BP1 localization to the VF periphery in the 283 

presence of puromycin, which dissociates polysomes, stimulating SG assembly (48), and 284 

cycloheximide, which prevents polysome dissociation, inhibiting SG assembly (47). HeLa cells 285 

were infected with T2J, and at 24 h p.i., cells were either left untreated, or treated with 286 

puromycin or cycloheximide for 1 h prior to fixation and immunostaining. Cells were then 287 

examined by immunofluorescence microscopy, and the number of infected cells with G3BP1 288 

localization around VFs were counted (Fig. 1D). We found that the addition of puromycin did 289 

not lead to a significant increase in the number of infected cells with G3BP1 localization at the 290 

VF periphery. As puromycin promotes SG formation but does not independently induce SGs (46, 291 

48), these results suggest that polysomal dissociation triggered by puromycin is not sufficient to 292 

drive G3BP1 localization around VFs in MRV infected cells that do not already exhibit the 293 

localization. Interestingly, however, the addition of cycloheximide led to a significant decrease 294 

in the number of infected cells with localization of G3BP1 around VFs, suggesting that 295 
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inhibiting polysome dissociation prevents G3BP1 peripheral VF localization, and indicating that 296 

the altered localization of G3BP1 to VFs instead of canonical SGs is likely a result of active SG 297 

modulation during MRV infection. 298 

The cycloheximide-dependent localization of G3BP1 around MRV VFs strongly suggests 299 

that there may be an association between MRV factories and cellular SGs. To further examine 300 

this, we investigated the localization of additional SG associated proteins in MRV infected cells. 301 

HeLa cells were infected with MRV strain T2J and at 24 h. p. i., cells were fixed and stained 302 

with antibodies against the MRV protein σNS, and SG-associated proteins Caprin1, USP10, 303 

TIA-1, TIAR or eIF3b followed by Alexa fluor-conjugated secondary antibodies and then 304 

examined by fluorescence microscopy (Fig. 2A, Fig. 2B). Our data showed that similar to 305 

G3BP1, Caprin1 (Fig. 2A, first row), USP10 (Fig. 2A, second row), TIAR (Fig. 2A, third row), 306 

TIA-1 (Fig. 2A, fourth row) or eIF3b (Fig. 2A, fifth row) localized to the outer periphery of VFs 307 

formed by MRV strain T2J in a subset of MRV infected cells (Fig. 2B). Taken together with our 308 

prior studies, these findings indicate that during later stages of MRV infection, rather than 309 

forming canonical SGs in response to phosphorylation of eIF2α induced by the virus or 310 

exogenous stressors such as sodium arsenite, SG associated proteins are either diffusely 311 

distributed as we previously reported (28, 36) or accumulate around MRV-induced VFs. Taken 312 

all together, these data suggest that VFs may play a role in SG modulation during MRV 313 

infection. 314 

MRV σNS protein associates with G3BP1. When expressed alone in transfected cells, the 315 

MRV non-structural protein μNS forms structures that are strikingly similar to VFs (termed viral 316 

factory-like structures or VFLs), to which 6 other viral proteins and viral core particles are 317 

localized (25, 31, 41). Since μNS is involved in the nucleation of VFs and we have previously 318 
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shown that μNS is localized to SA-induced stress granules (25, 31, 36, 41), we first investigated 319 

whether G3BP1 would be localized to VFLs formed by μNS expression in transfected cells. 320 

HeLa cells were transfected with plasmids encoding μNS, and 24 hours p. t., cells were fixed and 321 

stained with antibodies against μNS and G3BP1 followed by Alexa fluor-conjugated secondary 322 

antibodies to detect cellular localization of G3BP1 with respect to μNS-formed VFLs (Fig. 3A). 323 

G3BP1 was diffusely distributed throughout μNS transfected cells suggesting that expression of 324 

μNS alone is not sufficient to localize G3BP1 around VFLs (Fig. 3A, first row). The single-325 

stranded RNA-binding non-structural protein σNS, exhibits a diffuse distribution throughout the 326 

cytoplasm and nucleus of infected cells when expressed alone, but is localized to VFLs when co-327 

expressed with μNS (30, 32). Moreover, both σNS and G3BP1 associate with ribosomal 328 

proteins, suggesting they may have shared binding partners (10, 29). Both σNS and G3BP1 are 329 

diffusely distributed in cells, making it difficult to determine if the two proteins associate using a 330 

colocalization approach. (Fig. 3A, second row). However, overexpression of G3BP1 triggers SG 331 

assembly (7), therefore we induced SG formation in HeLa cells by co-transfecting a G3BP1 332 

expressing plasmid with a plasmid expressing σNS. At 24 h p. t., cells were fixed and stained, 333 

and σNS and G3BP were visualized by immunofluorescence microscopy. In these experiments, 334 

G3BP1 formed SGs in many cells, and in some of those cells, σNS co-localized with G3BP1-335 

induced SGs, suggesting that G3BP1 may associate with σNS (Fig. 3A, third row). 336 

To further explore the association of σNS and G3BP1, we took advantage of published 337 

data showing that the carboxyl terminal one-third of  μNS,  spanning residues 471-721, is 338 

sufficient for formation of VFLs in transfected cells (41) but is unable to associate with σNS 339 

since it lacks the amino terminal residues 1-13 required for σNS binding (32). We designed a 340 
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plasmid expressing a fusion protein, G3BP1/EGFP/μNS(471-721), by incorporating G3BP1 on 341 

the amino terminus of EGFP fused to the μNS (471-721) protein fragment. HeLa cells were 342 

transfected with pCI-σNS and either p-EGFP/μNS(471-721) (Fig. 3B, first row) or p-343 

G3BP1/EGFP/μNS(471-721) (Fig. 3B, second row). Cells were fixed and stained with 344 

antibodies against σNS and EGFP, followed by Alexa fluor-conjugated secondary antibodies. 345 

While σNS did not associate with the structures formed by the EGFP/μNS(471-721) protein 346 

fusion, σNS did co-localize with structures formed by G3BP1/EGFP/μNS(471-721) in some 347 

cells, suggesting that VFLs formed by μNS(471-721) provide a platform for presenting G3BP1 348 

to associate with σNS, independent of the association between σNS and μNS.  349 

Because the μNS(471-721) protein fragment provided a foundation for presenting G3BP1 350 

to σNS in the above experiments, there remained a possibility that this portion of μNS was 351 

contributing to G3BP1 association with σNS. To rule out any role of μNS in G3BP1 association 352 

with σNS, we utilized the rotavirus non-structural protein NSP5, which is functionally similar to 353 

μNS in terms of forming rotavirus viroplasm-like structures, without sharing substantial 354 

sequence homology with μNS (49, 50). We designed a plasmid construct in which the G3BP1 355 

gene was fused to the amino terminus of an EGFP/NSP5 fusion plasmid, and transfected HeLa 356 

cells with pCI-σNS and p-EGFP/NSP5 (Fig. 3C, first row) or p-G3BP1/EGFP/NSP5 (Fig. 3C, 357 

second row). Cells were fixed and stained for σNS and EGFP, followed by Alexa fluor-358 

conjugated secondary antibodies. Both EGFP/NSP5 and G3BP1/EGFP/NSP5 formed viroplasm-359 

like stuctures, however, σNS only co-localized with structures formed by G3BP1/EGFP/NSP5 360 

(Fig 3C, second row), and not with those formed by EGFP/NSP5 (Fig. 3C, first row). These data 361 

strongly suggest that G3BP1 association with σNS is not dependent on μNS. 362 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 28, 2017. ; https://doi.org/10.1101/169433doi: bioRxiv preprint 

https://doi.org/10.1101/169433


To provide further evidence that G3BP1 associates with σNS, we performed a proximity 363 

ligation assay (PLA) (Fig. 3D and Fig. 3F). Plasmids expressing T2J σNS or G3BP1 alone 364 

(negative controls), T2J σNS and μNS (positive control), or G3BP1 and T2J σNS together were 365 

transfected into G3BP1 -/- MEF cells. At 18 h p.t., cells were fixed and stained with mouse 366 

antibodies against σNS and rabbit antibodies against μNS or G3BP1. Cells were incubated with 367 

plus and minus probe anti-rabbit and anti-mouse antibodies respectively, followed by ligation 368 

and amplification reactions. In this assay if the binding sites of the primary antibodies are within 369 

30-40 nm, the ligation of oligos present in the ligation reaction will result in rolling circle 370 

replication during the amplification reaction, and fluorescent probes present in the amplification 371 

mix will bind and be apparent as fluorescent spots in locations within the cell where the 372 

interaction is taking place. Interestingly, as σNS and μNS associate primarily within VFLs, we 373 

routinely detected small dots of PLA amplification within larger spots that were presumably 374 

VFLs in our positive control samples (Fig. 3D, middle panel, arrowheads). Importantly, we 375 

detected abundant bright fluorescent spots in cells containing both σNS and G3BP1, but not in 376 

negative control cells missing either one of the two proteins (Fig. 3D, first panel, Fig. 3E, first 377 

panel), indicating that the two proteins are within 30-40 nm of each other, and further supporting 378 

our findings that σNS and G3BP1 associate within the cell. Finally, as both σNS and G3BP1 are 379 

single-stranded RNA binding proteins (5, 51), we wanted to determine if the σNS association 380 

with G3BP1 was occurring through σNS RNA binding. It has previously been shown that the 381 

σNS amino terminal residues 2-11 are necessary for RNA binding (52). We transfected G3BP1-382 

/- MEFs with plasmids expressing G3BP1 and either wildtype T1L σNS, or T1L σNS with a 383 

deletion of amino-acids 2-11 (σNSΔ2-11), and performed PLA (Fig. 3E). We found that 384 

wildtype T1L σNS, similar to T2J σNS strongly associated with G3BP1, suggesting the 385 
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interaction is not strain-specific. Moreover, we found that deletion of σNS amino-acids 2-11 had 386 

no significant impact on the association, suggesting that σNS binding to RNA is not necessary 387 

for the association (Fig. 3E, third panel, Fig. 3F). Taken all together, these findings strongly 388 

suggest that G3BP1 associates with σNS and that this association is independent of viral strain, 389 

σNS RNA-binding, or σNS-μNS association.  390 

Expression of μNS and σNS is essential for G3BP1 localization around VFLs. Our results 391 

indicated that G3BP1 is recruited to the outer periphery of VFs in MRV infected cells, and in 392 

transfected cells, G3BP1 is not recruited to VFLs formed by μNS alone but interacts with σNS, a 393 

protein that is localized to VFLs by association with μNS (28). Based on these findings, we 394 

hypothesized that G3BP1 may be recruited to the outer periphery of VFLs formed by μNS via its 395 

association with σNS. To test our hypothesis, we transfected HeLa cells with plasmids encoding 396 

the μNS and σNS proteins from MRV strains T1L, T2J and T3D. At 24 h p.t., cells were fixed 397 

and stained with antibodies against σNS and G3BP1 followed by Alexa fluor-conjugated 398 

secondary antibodies, and the localization of σNS and endogenous G3BP1 was examined by 399 

immunofluorescence microscopy. As has been previously shown, σNS strongly co-localized 400 

with VFLs formed by μNS in these experiments. Confirming our hypothesis, we found that 401 

G3BP1 localization was visible as discrete staining around the outer margins of the VFLs formed 402 

by μNS derived from T1L, T2J and T3D viruses (Fig. 4A- first, second and third rows, 403 

respectively). Moreover, unlike what we measured in infected cells, there was no strain-specific 404 

difference in the percentage of cells (between 40-50% of all transfected cells) that exhibited 405 

G3BP1 localization to VFLs formed by μNS and σNS (Fig 4., and data not shown) suggesting 406 
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that the MRV strain-specific differences we measured in infected cells were not a consequence 407 

of differences in σNS binding to G3BP1 or σNS recruitment of G3BP1 to VFLs.  408 

In order to confirm the recruitment of G3BP1 to the outer periphery of VFLs, and to rule 409 

out possible cross-reaction of the G3BP1 antibody, we constructed a plasmid in which the 410 

G3BP1 protein was fused to the amino terminus of EGFP. G3BP1 localization was then 411 

monitored by examining the inherent fluorescence of the G3BP1/EGFP fusion protein. HeLa 412 

cells were co-transfected with plasmids expressing μNS and σNS of either T1L (Fig. 4B, first 413 

row) T2J (Fig. 4B, second row) or T3D (Fig. 4B, third row) and p-G3BP1/EGFP. Similar to 414 

endogenous G3BP1, G3BP1/EGFP was strongly localized to the outer periphery of VFLs formed 415 

by σNS and μNS derived from all three virus strains in transfected cells, indicating that this 416 

phenotype is not limited to endogenous G3BP1 or an artifact of the G3BP1 antibody.  417 

We further examined this phenotype by co-expressing σNS and μNS of T1L (Fig. 4C, 418 

first panel), T2J (Fig. 4C, second panel), or T3D (Fig. 4C, third panel) in G3BP1-/- MEFs with 419 

(bottom rows) or without (top rows) plasmid expressed G3BP1, and monitored the localization 420 

of G3BP1 with respect to σNS. Similar to our previous results, G3BP1 displayed a peripheral 421 

localization along the outside margins of the VFLs formed by σNS and μNS from all three MRV 422 

strains further confirming this phenotype. Taken together, these results indicate that the MRV 423 

non-structural protein σNS interacts with endogenous or exogenously expressed G3BP1 around 424 

the margins of VFLs formed by μNS, suggesting that co-expression of μNS and σNS is essential 425 

for G3BP1 localization to the outer peripheries of VFs in infected cells. Since there was no 426 

obvious strain specific difference in G3BP1 localization around σNS/μNS formed VFLs, we 427 

continued our investigation with σNS and μNS derived from T2J for the following experiments. 428 
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 In infected cells, our data suggested that in addition to G3BP1, SG proteins Caprin1, 429 

TIA-1, TIAR and eIF3b were also all localized around VFs (Fig. 1).  Because the expression of 430 

μNS and σNS was necessary for the recruitment of G3BP1 to VFLs in transfected cells (Fig. 4), 431 

we investigated the role of σNS and μNS co-expression in localization of the other SG proteins 432 

to VFLs (Fig. 5). HeLa cells were transfected with plasmids expressing σNS and μNS from 433 

MRV strain T2J, and immunostained with antibodies against σNS and Caprin1, TIAR, TIA-1 or 434 

eIF3b. As seen in infected cells, Caprin1 (Fig. 5, first row), TIAR (Fig. 5, second row), TIA-1 435 

(Fig. 5, third row) and eIF3b (Fig. 5, fourth row) displayed a pattern of localization similar to 436 

G3BP1, characterized as distinct circling around the outer margins of the VFLs in many 437 

transfected cells. These results provide additional evidence that the MRV non-structural protein 438 

σNS and μNS are key players in driving the localization of SG-associated proteins around VFLs 439 

in transfected cells and VFs in infected cells. 440 

Localization of SG proteins to VFLs is G3BP1-dependent. Caprin1 has been shown to 441 

directly associate with G3BP1, while TIA-1, TIAR and eIF3b localize to SGs, but are not known 442 

to directly associate with G3BP1 (7). Because all these proteins localized around the peripheries 443 

of VFs in infected cells (Fig. 2) and VFLs in cells transfected with σNS and μNS (Fig. 5), via 444 

dual σNS association with μNS and G3BP1, we wanted to determine if the localization of these 445 

proteins to the VFL periphery was mediated by G3BP1. To address any potential impact of the 446 

G3BP1 homologue, G3BP2, on this localization we performed our experiments in cells lacking 447 

both G3BP1 and G3BP2. Wild-type and ΔΔG3BP1/2 U2OS cells were co-transfected with 448 

plasmids expressing T2J σNS and μNS. Cells were stained for σNS and either G3BP1 (Fig. 6A), 449 

Caprin1 (Fig. 6B), TIAR (Fig. 6C), TIA-1 (Fig. 6D) or eIF3b (Fig. 6E) followed by Alexa fluor-450 

conjugated secondary antibodies, then visualized by immunofluorescence microscopy. Our 451 
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results indicate that in the absence of G3BP, Caprin1, TIA-1 and TIAR were not localized to 452 

VFLs in any cells suggesting that the recruitment of these proteins to VFLs is G3BP dependent. 453 

However, unlike other SG proteins, eIF3b still exhibited VFL peripheral localization in many 454 

cells even in the absence of G3BP suggesting that eIF3b recruitment to VFL is independent of 455 

G3BP and is potentially due to the previously described presence of translational initiation 456 

complexes around VFs (29). Taken together these results suggest that the association of σNS 457 

with SG effector G3BP plays a significant role in driving the localization of other SG proteins to 458 

the VFL periphery. Moreover, as TIA-1/R do not directly associate with G3BP and simply co-459 

localize with G3BP in SGs, this data also indicates that MRV factory formation by μNS, and 460 

σNS association with μNS and G3BP1 may result in the redistribution of SGs from their normal 461 

localization in the cell to the periphery of VFs.  462 

The C-terminal RGG and RRM domains of G3BP1 are involved in VFL localization and 463 

σNS interaction. The amino terminal NTF2-like domain of G3BP1 is the most highly conserved 464 

domain between species and within the mammalian G3BP1 family (53) and is essential for 465 

G3BP1 association with Caprin1 and USP10 (54). Site directed mutagenesis at residue 33 of 466 

G3BP1 from phenylalanine to tryptophan (G3BP1-F33W) disrupts the ability of G3BP1 to bind 467 

Caprin1 or USP10 (54) and reduces interaction with PKR (55), however this mutant remains SG 468 

competent (10). Phosphorylation of G3BP1 at residue 149 disrupts its ability to nucleate SGs (7), 469 

and, when expressed endogenously, the G3BP1 phosphomimetic mutant S149E is unable to form 470 

SGs (7) suggesting that residue 149 of G3BP1 functions as an SG regulatory switch (10). The 471 

carboxyl terminus of G3BP1 mediates G3BP1 binding to specific RNA sequences (56) and is 472 

involved in G3BP1 interaction with 40S ribosomal subunits (10). This region consists of 473 

predicted RNA binding domains, RRM (RNA recognition motif) and RGG (arginine-glycine 474 
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rich) (57), which are also involved in G3BP1 mediated SG modulation (10). The RGG domain is 475 

required for SA induced SG formation whereas the RRM domain is not (9). As our findings 476 

indicated that G3BP is critical for localization of other SG associated proteins to VFLs, we 477 

sought to determine the specific site/domain that is involved in localization around VFLs. We 478 

created three amino terminus site specific mutants, G3BP1-F33W, G3BP1-S149A and G3BP1-479 

S149E and three carboxyl terminus deletion mutants, G3BP1-ΔRRM (residues 340-416), 480 

G3BP1-ΔRGG (residues 428-456) and G3BP1-ΔRRM/ΔRGG in G3BP1 expression plasmids 481 

(Fig. 7A) and investigated which particular site or domain of G3BP1 is involved in localization 482 

of G3BP1 to VFLs. G3BP1-/- MEF cells were transfected with plasmids expressing either 483 

wildtype or mutant G3BP1, with plasmids encoding T2J σNS and μNS. Cells were then fixed 484 

and stained with antibodies against G3BP1 and σNS, followed by Alexa fluor-conjugated 485 

secondary antibodies, and examined by immunofluorescence microscopy. G3BP1-F33W (Fig. 486 

7B, second row), G3BP1-S149A (Fig. 7B, third row), and G3BP1-S149E (Fig. 7B, fourth row) 487 

were localized around VFLs in the presence of σNS/μNS expression similar to wildtype G3BP1 488 

(Fig. 7B, first row), suggesting that Caprin1/USP10 binding, or modulation of phosphorylation 489 

of amino-acid 149 do not play a role in G3BP1 localization to VFLs. However, G3BP1-ΔRRM 490 

(Fig. 7B, fifth row), G3BP1-ΔRGG (Fig. 7B, sixth row) or G3BP1-ΔRRM/ΔRGG (Fig. 7B, 491 

seventh row) displayed significantly reduced VFL localization characterized by either weakened 492 

or absent G3BP1 staining around the VFL periphery in the presence of σNS/μNS expression. 493 

Quantification of these results by calculating the percentage of cells exhibiting any detectable 494 

G3BP1 localization around VFLs demonstrated that the RRM domain led to an average 30% 495 

reduction, deletion of the RGG domain led to an average 50% reduction, and deletion of both the 496 
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RRM and RGG domains led to near complete disruption of G3BP1 localization to VFLs 497 

respectively (Fig. 7C).  498 

 In order to determine if this loss of G3BP1 localization to VFLs correlated with σNS 499 

binding to G3BP1, we performed PLA with σNS and wildtype G3BP1, G3BP1-ΔRRM, G3BP1-500 

ΔRGG, and G3BP1-ΔRRM/ΔRGG, in the absence and presence of μNS. G3BP1-/- MEFs were 501 

transfected with plasmids expressing σNS, and each of the G3BP1 plasmids without and with a 502 

μNS expressing plasmid, and at 18 h p.t., cells were fixed, permeabilized, and subjected to PLA 503 

(Fig. 8A). Interestingly, in both the presence and absence of μNS, each tested G3BP1 mutant 504 

interaction with σNS was significantly diminished in both intensity and number of interaction 505 

sites in this assay (Fig. 8B). This suggests that the loss of G3BP1 localization to VFLs in these 506 

mutants correlates with a significant loss in G3BP1 binding to σNS, indicating that this 507 

interaction plays an important role in the re-localization of SG associated proteins from 508 

canonical SGs to the VFL periphery in transfected and infected cells. Importantly, however, 509 

because the interaction of σNS and G3BP1 was not completely disrupted in the ΔRGG mutant, 510 

which no longer associates with ribosomes, these findings also indicate that σNS association 511 

with G3BP1 is not occurring through both σNS and G3BP1 binding to ribosomes. Moreover, it 512 

has previously been reported that the ΔRRM mutant has increased binding to ribosomes relative 513 

to wildtype G3BP1 (10). Because we see a significant decrease in both the localization of G3BP1 514 

to VFLs and σNS binding with this mutant, this further suggests that this interaction and 515 

phenotype are independent of ribosomal binding. Finally, because loss of the domain is not 516 

sufficient to fully prevent σNS binding, these results also suggest that RNA binding by the 517 

G3BP1 RRM domain may not be necessary for σNS association with G3BP1. Taken together 518 
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these data suggest that the entire C-terminal domain of G3BP1 is essential for both maximal 519 

σNS binding and VFL localization. 520 

Co-expression of μNS and σNS interferes with SG formation.  Previously we have reported 521 

that during later stages of infection with all three MRV strains (T1L, T2J and T3D), SG 522 

formation was disrupted in most cells even in the presence of cellular stressors such as sodium 523 

arsenite (35). We wanted to determine if expression of μNS or σNS or co-expression of μNS and 524 

σNS interfered with formation of canonical SGs that are induced by SA treatment (Fig. 9A). 525 

HeLa cells were transfected with plasmids expressing either T2J σNS (Fig. 9A, first row) or T2J 526 

μNS (Fig. 9A, second row) or co-transfected with T2J σNS and μNS (Fig. 9A, third row). 24 h 527 

p.t., cells were treated with SA and immunostained for G3BP1 and σNS or μNS. Our results 528 

demonstrated that expression of σNS or μNS alone did not interfere with formation of canonical, 529 

SA-induced SGs as evident by G3BP1 staining in cells expressing either μNS or σNS (Fig. 9 530 

first and second rows). Instead, as we have reported here (Fig. 3) and elsewhere (36), a subset of 531 

σNS and μNS in cells co-localized to SGs. However, in cells that expressed both μNS and σNS, 532 

localization of G3BP-containing SG puncta was completely altered and G3BP1 was either 533 

concentrated around the VFL periphery (Fig. 9A, third row) or diffusely distributed throughout 534 

the cell, in some cases with weak peripheral VFL localization. High resolution confocal images 535 

confirm that instead of large granules localized throughout the cytoplasm as is seen in non-536 

transfected cells (Fig. 9B, first row), G3BP1 localization was drastically altered following SA 537 

treatment when σNS and μNS are co-expressed in cells, with cells demonstrating G3BP1 either 538 

strongly localized to the σNS/μNS periphery (Fig. 9B, second row), or G3BP1 localized 539 

diffusely throughout the cytoplasm, in some cases with weak VFL peripheral staining (Fig. 9B, 540 

third row). As SA is predicted to induce phosphorylation of eIF2α and SG formation in all cells, 541 
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these data strongly suggest that the presence of σNS/μNS VFLs in cells interferes with normal 542 

SG formation.  543 

Next we wanted to confirm whether the altered localization of G3BP1 in cells expressing 544 

σNS and μNS was impacting other SG associated proteins following SA treatment. HeLa cells 545 

were transfected with plasmids expressing T2J σNS and μNS and 24 h p.t., cells were treated 546 

with SA, then stained for σNS and major SG marker proteins, Caprin1 (Fig. 9C, first row), TIA-547 

1/R (Fig. 9C, second row) and eIF3b (Fig. 9C, third row), followed by Alexa fluor-conjugated 548 

secondary antibodies, and visualized by immunofluorescence microscopy. Our results indicated 549 

that canonical SG proteins, Caprin1, TIA-1/R and eIF3b were also distributed either around VFL 550 

structures or diffusely throughout the cell, suggesting that co-expression of μNS and σNS leads 551 

to a striking change in distribution of these representative SG associated proteins away from 552 

canonical SA-induced SG puncta. Taken together, our results provide strong evidence that in 553 

cells where σNS and μNS are co-expressed, σNS binds G3BP1 and μNS to re-localize SG 554 

associated proteins in cells and interfere with normal formation of SA-induced SGs, suggesting a 555 

novel mechanism for SG disruption during MRV infection. 556 

G3BP1 inhibits MRV growth. Our data supports a hypothesis where σNS association with 557 

G3BP1 or a protein complex containing G3BP1, and recruitment of this complex to VFs may 558 

interfere with normal SG formation to prevent an inhibitory effect on infection. Therefore, we 559 

next wanted to examine the impact of G3BP1 on MRV replication. Wildtype and G3BP1-/- 560 

MEFs were infected with MRV strains T1L, T2J or T3D and at 0, 24, 48, and 72 h p.i., cells were 561 

harvested and subjected to three freeze/thaw cycles. Cell lysates were then subjected to standard 562 

plaque assays on L929 cells to determine the virus titers in each cell type over time (Fig. 10). 563 

Deletion of G3BP1 facilitated increased T1L and T2J growth over time as indicated by a 564 
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statistically significant higher virus titer respectively in the G3BP1 knockout MEFs at 24, 48, 565 

and 72 h p.i. relative to wildtype MEFs. However, G3BP1 deletion did not appear to have 566 

substantial impact on T3D growth as there was no significant difference in T3D virus titer even 567 

at 72 h p.i. To further confirm our findings and to rule out the possibility that in the absence of 568 

G3BP1, G3BP2 might play a role in regulating MRV replication, we performed replication 569 

assays in wildtype, ΔG3BP1 and ΔΔG3BP1/2 U2OS cells. Our results suggested that again in the 570 

absence of G3BP1 or in the absence of both G3BP1/2, replication of MRV strains T1L and T2J 571 

was significantly increased by 5-10 fold over a period of 24, 48, and 72 h p.i., while there was 572 

again no impact on T3D replication in the absence of either G3BP1 or both G3BP1/2. Taken 573 

together with our findings with the MEF cells, these results further confirmed an inhibitory 574 

function of G3BP1 on MRV replication, and suggest that this inhibition is more impactful on 575 

some strains than others. 576 

DISCUSSION  577 

We have previously reported that cells respond to MRV by inducing SG formation during early 578 

phases of infection in an eIF2α phosphorylation-dependent manner, and as viral infection 579 

proceeds, SGs are disrupted from most of the infected cells in a process dependent on synthesis 580 

of viral RNA and/or proteins (34). In addition to disrupting SGs over time, MRV prevents SG 581 

formation in most cells, even in the presence of phosphorylated eIF2α and SG-inducing drugs 582 

such as sodium arsenite. This suggests that MRV acts downstream of these cellular stress signals 583 

to interfere with SG formation. Based on these data we hypothesized that MRV encodes a viral 584 

component that disrupts or interferes with SG formation, either directly or indirectly by 585 

interfering with other SG inducing signals or with SG effecter protein aggregation (35). In this 586 

work, we show that during MRV infection, G3BP1, a major SG effector protein, associates with 587 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 28, 2017. ; https://doi.org/10.1101/169433doi: bioRxiv preprint 

https://doi.org/10.1101/169433


the MRV non-structural protein σNS and this association alters the distribution of additional SG 588 

associated proteins Caprin1, USP10, TIA-1, TIAR and eIF3b to the periphery of VFs nucleated 589 

by μNS. Our data indicates that co-expression of σNS and μNS interferes with the formation of 590 

canonical SG formation and leads to the mislocalization of SG-associated proteins away from 591 

their normal SG structure to the periphery of VFLs, suggesting that the G3BP1/σNS/μNS 592 

interaction is involved in SG disruption during infection. Although it is likely that this 593 

association and re-localization of G3BP1 and other SG-associated proteins plays an important 594 

role in MRV-induced SG prevention/disruption, whether it is sufficient to fully interfere with SG 595 

formation and function, or whether other factors are involved in this process during MRV 596 

infection remains under investigation. The absence of the phenotype in many cells, even 597 

following treatment with puromycin or SA [Fig. 1, Fig. 2, Fig. 9, and our previous studies (34)] 598 

suggests that it may be an intermediate step in SG disruption by the virus, with cells in which the 599 

phenotype is absent, and SG associated proteins are instead diffusely distributed throughout the 600 

cell, representing infected cells in which SGs have already been irreversibly disrupted. Intriguing 601 

possible mechanisms and outcomes of disruption that we are currently exploring are whether 602 

SGs, which are disassembled by heat shock proteins (58), are disassembled upon arrival at VFs 603 

by heat shock proteins known to be recruited to VFs (59), and whether VFL relocalization of 604 

SG-associated proteins impacts the activity of PKR and other innate immune response factors 605 

known to be regulated via SG association (13, 55).  606 

Recent evidence has shown that translation occurs in MRV VFs and that the cellular 607 

translational machinery, including ribosomes and translation initiation factors, are localized to 608 

VFs (29). σNS was shown to interact with components of the 40S and 43S pre-initiation 609 

complex suggesting a role of σNS in recruiting the cellular translational apparatus to the VFs to 610 
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facilitate viral protein synthesis (29). G3BP1 has also been shown to interact with the 40S 611 

ribosomal subunit via its’ RGG domain to mediate SG assembly (10). Our data shows that σNS 612 

interacts with G3BP1 at the periphery of VFLs (Fig. 1-4) and individual deletion of either the 613 

RNA binding (RRM) and/or the ribosome binding (RGG) regions of G3BP1 substantially 614 

decreases but does not abolish G3BP1 localization around VFLs or its association with σNS 615 

(Fig. 7 and 8). This suggests that G3BP1 binding to RNA or to the ribosome may play a role in 616 

association with σNS and relocalization of G3BP1 around VFLs, but individually, these 617 

interactions are not required for G3BP1/VFL recruitment or G3BP1/σNS association. Deletion 618 

of both the RRM and RGG domain appears to result in complete loss of G3BP1 localization to 619 

VFLs, but although significantly diminished, this mutant maintains measurable interaction with 620 

σNS (Fig. 8). This may be interpreted several ways. First, it is possible that the σNS interaction 621 

with G3BP1, although important, is not sufficient for recruitment to VFLs, and that some other 622 

aspect of G3BP1 activity that is lost in this mutant is contributing to VFL localization. Secondly, 623 

it may simply be that the diminishing strength of the interaction is sufficient to prevent 624 

recruitment. Finally, it may also be that the PLA detecting σNS interaction with G3BP1 is 625 

simply more sensitive than the VFL recruitment assay. As this mutant maintains interaction with 626 

σNS, as well as some other G3BP1 functions (10), we believe it is unlikely that this is simply a 627 

result of gross protein misfolding.  Similar to what we measured with G3BP1 RNA binding, we 628 

also found that deletion of the RNA binding residues 2-11 from the N-terminus of σNS does not 629 

inhibit G3BP1/σNS association (Fig. 3) suggesting that σNS binding to RNA is also not 630 

necessary for σNS/G3BP1 association. While it appears that the σNS/G3BP1 association does 631 

not occur solely via either RNA or ribosomes, at this time, we do not know if the interaction 632 

occurs through other proteins in a complex, or if it is a direct association. Recent evidence shows 633 
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that proteins containing a conserved motif (amino acids FGDF) directly bind G3BP1 to inhibit 634 

SG formation (54). However, the σNS protein, regardless of strain, does not contain sequence 635 

resembling an FGDF motif, therefore, if a direct interaction between σNS and G3BP1 exists, it is 636 

through a different mechanism. Finally, although we have shown that G3BP1/σNS interaction is 637 

independent of μNS, and G3BP1 is not recruited to VFLs formed by μNS in the absence of σNS, 638 

our current (Fig. 9) and previous data (36) indicate that both σNS and a subset of μNS not 639 

localized to VFLs are recruited to SGs that are induced by SA treatment. Hence there remains a 640 

possibility that a function of μNS independent of VF formation is involved in recruiting G3BP1 641 

and other SG associated proteins to the VF periphery during MRV infection. 642 

Our data indicates that the percentage of infected cells that exhibit G3BP1 localization 643 

around VFs is strain-dependent (Fig. 1). However, in cells transfected with plasmids expressing 644 

the μNS and σNS proteins of T1L, T2J and T3D, the percentage of cells in which G3BP1 is 645 

localized around VFLs is similar between strains (Fig. 4 and data not shown). This suggests that 646 

σNS binding to G3BP1, or a complex containing G3BP1, and bringing associated proteins to the 647 

periphery of VFs is a conserved phenotype between the σNS and μNS proteins derived from the 648 

three strains of virus. Therefore, the discrepancy in the phenotype seen between MRV strains is 649 

likely to be upstream of SG formation, most probably at the level of PKR activation and eIF2α 650 

phosphorylation. There are previously defined strain-dependent differences that may be involved 651 

in the differences we see in G3BP1 localization. T3D infection prevents PKR activation, eIF2α 652 

phosphorylation, and subsequent host translational shutoff in infected cells, and T2J, and to a 653 

lesser extent, T1L infection is unable to inhibit this translational shutoff (1, 60, 61). This 654 

phenotype has been mapped to the dsRNA-binding σ3 protein of MRV and is suggested to occur 655 

because of differences in σ3 localization and association with the virus membrane penetration 656 
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protein μ1 between the virus strains (61). We are currently investigating the possible role of σ3, 657 

PKR, and eIF2α phosphorylation in modulating the differences seen in G3BP1 localization 658 

during infection by the three MRV strains.  659 

Virus replication assays indicate that MRV strains T1L and T2J, but not T3D, grow better 660 

in both the G3BP1-/-MEFs and in ΔG3BP1 or ΔΔG3BP1/2 U2OS cells than in their wildtype 661 

counterparts (Fig. 10). These results suggest that G3BP1 has an inhibitory effect on T1L and T2J 662 

replication but it does not impact T3D replication. This partially mirrors our results examining 663 

the localization of G3BP1 to VFs in infected cells, where T2J exhibits the highest number of 664 

cells with localization phenotype, followed by T1L and T3D, which exhibit less detectible 665 

G3BP1 localization. It is not clear why there are differences between localization (Fig. 1) and 666 

replication assays (Fig. 10), however, they may result from differences in assay sensitivity with 667 

replication assays being very sensitive relative to immunofluorescence assays that rely on factors 668 

such as antibody sensitivity. We have not yet formally ruled out a direct, SG-independent role 669 

for G3BP1 in MRV replication, however, strain-specific differences in replication efficiency in 670 

the absence of G3BP1 almost exactly mirror differences in the ability of the strains to prevent 671 

PKR activation, eIF2α phosphorylation and host translational shutoff (60-63). As stated above, 672 

MRV strain T3D σ3 protein binds dsRNA, preventing PKR activation, eIF2α phosphorylation, 673 

and host translational shutoff (1, 61). In the absence of eIF2α phosphorylation, SGs will not 674 

form in MRV infected cells (34), hence the absence of G3BP1, and the resultant loss of G3BP1-675 

induced SGs, should not, and does not (Fig 10), have an impact on the replication efficiency of 676 

the T3D strain. T2J, and to a lesser extent T1L viruses, on the other hand, are unable to prevent 677 

PKR activation, eIF2α phosphorylation, and host translational shutoff that results in the 678 

formation of G3BP1-induced SGs (1, 61). Hence, when SGs cannot form in the G3BP1 knock-679 
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out strains, T1L and T2J viruses should, and do, replicate better than in the wildtype cells. 680 

Moreover, as we have shown that all three viruses are able to interfere with normal SG formation 681 

(35), this somewhat modest increase of 5-10 fold is not surprising, as it supports the idea that 682 

SGs are inhibitory to MRV replication, but the virus has devised a way to overcome this 683 

inhibition.  Importantly, these findings also suggest that the formation of G3BP1-induced SGs 684 

themselves play an inhibitory role in T1L and T2J replication that is likely a critical downstream 685 

component of PKR activation, eIF2α phosphorylation, and host translational shutoff induced by 686 

these strains.  687 
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FIGURE LEGENDS 863 

Fig 1. G3BP1 localizes to the outer periphery of VFs in MRV infected cells. (A) HeLa (first 864 

row), Cos-7 (second row) and MEF (third row) cells were infected with MRV strain T2J. At 24 h 865 

p.i., cells were fixed and immunostained with mouse α-σNS monoclonal (HeLa and MEF) or 866 

mouse α-μNS polyclonal (Cos-7) antibody (left columns) and rabbit α-G3BP1 polyclonal 867 

antibody (middle columns), followed by Alexa 594-conjugated donkey α-mouse IgG and Alexa 868 

488-conjugated donkey α-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are 869 

shown (right columns). Bars=10 μm. The boxed inset (first row, third column) shows a 870 

magnified section of T2J infected HeLa cells. (B) HeLa cells were infected with MRV strain 871 

T2J. At 24 h p.i., the cells were fixed and immunostained with mouse α-σNS monoclonal 872 

antibody (left column) and rabbit α-G3BP1 polyclonal antibody (middle column), followed by 873 

Alexa 594-conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG and 874 

confocal images, including a merged image containing DAPI-stained nuclei (blue) are shown 875 

(right columns). Bars=10 μm. (C) HeLa, Cos-7 and MEF cells were infected with T1L (white 876 

bars), T2J (dark grey bars) or T3D (light grey bars), fixed and immunostained with mouse α-877 

σNS monoclonal antibody and rabbit α-G3BP1 polyclonal antibody, followed by Alexa 594-878 

conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Infected cells 879 
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exhibiting G3BP1 localization at the VF periphery, out of the total number of infected cells, were 880 

counted and the means and standard deviations of three experimental replicates are shown. (D) 881 

HeLa cells were infected with MRV strain T2J. At 24 h p.i., cells were either untreated or treated 882 

with puromycin or cycloheximide for 1 h, fixed and immunostained with mouse α-σNS 883 

monoclonal antibody and rabbit α-G3BP1 polyclonal antibody followed by Alexa 594-884 

conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Infected cells 885 

exhibiting G3BP1 localization at the VF periphery, out of the total number of infected cells, were 886 

counted and the means and standard deviations of three experimental replicates are shown. 887 

Fig. 2. Multiple SG associated proteins localize to the VF periphery. (A) HeLa cells were 888 

infected with MRV strain T2J. At 24 h p.i., cells were fixed and immunostained with mouse α-889 

σNS monoclonal antibody (left columns) and rabbit α-Caprin1 polyclonal antibody (middle 890 

column, first row), rabbit α-USP10 monoclonal antibody (middle column, second row), goat α-891 

TIAR polyclonal antibody (middle column, third row), goat α-TIA-1 polyclonal antibody 892 

(middle column, fourth row) and rabbit α-eIF3b polyclonal antibody (middle column, fifth row) 893 

followed by Alexa 594-conjugated donkey α-mouse IgG (for σNS) and Alexa 488-conjugated 894 

donkey α-rabbit IgG (for Caprin1, USP10 and eIF3b) or Alexa 488-conjugated donkey α-goat 895 

IgG (for TIA-1, TIAR). Merged images containing DAPI-stained nuclei (blue) are shown (right 896 

columns). Bars=10 μm. (B) HeLa cells were infected with T2J, and fixed and immunostained as 897 

in A. Infected cells exhibiting Caprin1, USP10, TIA-1, TIAR and eIF3b localization at the VF 898 

periphery, out of the total number of infected cells, were counted and the means and standard 899 

deviations of three experimental replicates are shown. 900 

Fig. 3. σNS associates with G3BP1. (A) HeLa cells were transfected with pCI-μNS (T1L) (first 901 

row), pCI-σNS (T1L) (second row) or pCI-σNS (T1L) and pCI-G3BP1 (third row). At 24 h p. t., 902 
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cells were fixed and immunostained with mouse α-μNS polyclonal antiserum (left column, first 903 

row), or mouse α-σNS monoclonal antibody (left column, second and third rows) and rabbit α-904 

G3BP1 polyclonal antibody (middle column, all rows), followed by Alexa 594-conjugated 905 

donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Merged images 906 

containing DAPI-stained nuclei (blue) are shown (right columns). Bars=10 μm. (B) HeLa cells 907 

were transfected with pCI-σNS and p-EGFP/μNS(471-721) (first row), or pCI-σNS and p-908 

G3BP1/EGFP/μNS(471-721) (second row). At 24 h p. t., cells were fixed and immunostained 909 

with mouse α-σNS monoclonal antibody (left columns), and rabbit α-EGFP polyclonal antibody 910 

(middle columns), followed by Alexa 594-conjugated donkey α-mouse IgG and Alexa 488-911 

conjugated donkey α-rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are 912 

shown (right columns). Bars=10 μm. (C) HeLa cells were transfected with pCI-σNS and p-913 

EGFP/NSP5 (first row), or pCI-σNS and p-G3BP1/EGFP/NSP5 (second row). At 24 h p. t., cells 914 

were fixed and immunostained with mouse α-σNS monoclonal antibody (left columns), and 915 

rabbit α-EGFP polyclonal antibody (middle columns), followed by Alexa 594-conjugated 916 

donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Merged images 917 

containing DAPI-stained nuclei (blue) are shown (right columns). Bars=10 μm. (D) G3BP1-/- 918 

MEF cells were transfected with pCI-σNS (T2J, left column), pCI-σNS and pCI-μNS (T2J, 919 

middle column), or pCI-σNS (T2J) and pCI-G3BP1 (right column) and at 24 h p. t., subjected to 920 

PLA using mouse α-σNS monoclonal antibody (all columns), rabbit α-μNS polyclonal 921 

antibodies (middle column) or rabbit α-G3BP1 polyclonal antibodies (left and right columns) 922 

followed by mouse minus and rabbit plus antibody probes, ligation and amplification reactions. 923 

Merged confocal images containing DAPI-stained nuclei are shown. Bars=10 μm. (E) G3BP1-/- 924 
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MEF cells were transfected with pCI-G3BP1 (all columns), pCI-σNS (T1L, middle column), or 925 

pCI-σNS(Δ2-11) (T1L, right column), and at 24 h p. t., subjected to PLA using mouse α-σNS 926 

monoclonal antibodies and rabbit α-G3BP1 polyclonal antibodies followed by mouse minus and 927 

rabbit plus antibody probes, ligation and amplification reactions. Merged confocal images 928 

containing DAPI-stained nuclei are shown. Bars=10 μm. (F) Images from D and E were 929 

subjected to 3D Objects Counter analysis (ImageJ) and pixel area/cell for each experimental 930 

condition was calculated and is shown. ns, not significant. 931 

Fig. 4. G3BP1 is recruited to the periphery of VFLs by σNS and μNS. (A) HeLa cells were 932 

transfected with pCI-μNS and pCI-σNS of T1L (first row), T2J (second row), or T3D (third 933 

row). At 24 h p. t., cells were fixed and immunostained with mouse α-σNS monoclonal antibody 934 

(left columns) and rabbit α-G3BP1 polyclonal antibody (middle columns), followed by Alexa 935 

594-conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Merged 936 

images containing DAPI-stained nuclei (blue) are shown (right columns). Bars=10 μm. (B) HeLa 937 

cells were transfected with pCI-μNS and pCI-σNS of T1L (first row), T2J (second row), or T3D 938 

(third row) and p-G3BP1/EGFP. At 24 h p. t., cells were fixed and immunostained with mouse 939 

α-σNS monoclonal antibody (left columns) followed by Alexa 594-conjugated donkey α-mouse 940 

IgG. The inherent fluorescence of EGFP was used to detect G3BP1/EGFP (middle columns). 941 

Merged images containing DAPI-stained nuclei (blue) are shown (right columns). Bars=10 μm. 942 

(C) G3BP1 -/- MEF cells were transfected with pCI-μNS and pCI-σNS of T1L (top two panels), 943 

T2J (middle two panels), or T3D (bottom two panels) with pCI-G3BP1 (bottom rows) or without 944 

pCI-G3BP1 (top rows). At 24 h p. t., the cells were fixed and immunostained with mouse α-σNS 945 

monoclonal antibody (left columns) and rabbit α-G3BP1 polyclonal antibody (middle columns), 946 
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followed by Alexa 594-conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-947 

rabbit IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right columns). 948 

Bars=10 μm. 949 

Fig. 5. Multiple SG associated proteins are recruited to the periphery of VFLs by σNS and 950 

μNS. HeLa cells were transfected with pCI-μNS (T2J) and pCI-σNS (T2J). At 24 h p. t., cells 951 

were fixed and immunostained with mouse α-σNS monoclonal antibody (left columns) and 952 

rabbit α-Caprin1 polyclonal antibody (middle column, first row), goat α-TIAR polyclonal 953 

antibody (middle column, second row), goat α-TIA-1 polyclonal antibody (middle column, third 954 

row), or rabbit α-eIF3b polyclonal antibody (middle column, fourth row) followed by Alexa 955 

594-conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG or Alexa 956 

488-conjugated donkey α-goat IgG. Merged images containing DAPI-stained nuclei (blue) are 957 

shown (right columns). Bars=10 μm. 958 

Fig. 6. SG associated protein localization to VFLs is G3BP1 dependent. Wildtype (top rows) 959 

and ΔΔG3BP1/2 (bottom rows) U2OS cells were transfected with pCI-μNS (T2J) and pCI-σNS 960 

(T2J). At 24 h p. t., cells were fixed and immunostained with mouse α-σNS monoclonal 961 

antibody (left columns) and (A) rabbit α-G3BP1 polyclonal antibody, (B) rabbit α-Caprin1 962 

polyclonal antibody, (C) goat α-TIAR polyclonal antibody (D) goat α-TIA-1 polyclonal 963 

antibody and (E) rabbit α-eIF3b polyclonal antibody followed by Alexa 594-conjugated donkey 964 

α-mouse IgG and Alexa 488-conjugated donkey α-rabbit or Alexa 488-conjugated donkey α-965 

goat IgG. Merged images containing DAPI-stained nuclei (blue) are shown (right columns). 966 

Bars=10 μm. 967 
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Fig. 7. G3BP1 C-terminus is necessary for VFL localization. (A) Illustration of G3BP1 gene 968 

mutations used for mapping the region(s) necessary for G3BP1 recruitment to VFLs. (B) 969 

G3BP1-/- MEF cells were transfected with pCI-μNS (T2J), pCI-σNS (T2J) and individual pCI-970 

G3BP1 wildtype (first row) or mutant plasmids F33W (second row), S149A (third row), S149E 971 

(fourth row), ΔRRM (fifth row), ΔRGG (sixth row) or ΔRRMΔRGG (seventh row). At 24 h p. t., 972 

the cells were fixed and immunostained with mouse α-σNS monoclonal antibody (left columns) 973 

and rabbit α-G3BP1 polyclonal antibody (middle columns) followed by Alexa 594-conjugated 974 

donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Merged images 975 

containing DAPI-stained nuclei (blue) are shown (right columns). Bars=10 μm. (C) G3BP1 -/-976 

MEF cells were treated as in (B). The percentage of G3BP1 -/- MEF cells exhibiting G3BP1 977 

localization around VFLs out of the total number of cells were counted, and the means and 978 

standard deviations of three experimental replicates are shown. A statistically significant 979 

difference for which p < 0.05 is indicated with an asterisk (∗).  980 

Fig. 8. The G3BP1 C-terminal domains play a role in σNS binding. (A) G3BP1-/- MEF cells 981 

were transfected with pCI-σNS (T2J, top row, first, third, and fourth columns; second row, all 982 

columns; third row, all columns), pCI-μNS (T2J, top row, second and fourth columns; third row, 983 

all columns), pCI-G3BP1 (top row, second, third, and fourth columns), G3BP1ΔRRM (second 984 

and third rows, first columns), G3BP1ΔRGG (second and third rows, second columns), or 985 

G3BP1ΔRRM/ΔRGG (second and third rows, third columns) and at 24 h p.t., subjected to PLA 986 

using mouse α-σNS monoclonal antibody and rabbit α-G3BP1 polyclonal antibodies followed 987 

by mouse minus and rabbit plus antibody probes, ligation and amplification reactions. Merged 988 

confocal images containing DAPI-stained nuclei are shown. Bars=10 μm. (B) Images from A 989 
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were subjected to 3D Objects Counter analysis (ImageJ) and pixel area/cell for each 990 

experimental condition was calculated and is shown. A statistically significant difference for 991 

which p < 0.05 or p < 0.01 or p < 0.001 were considered statistically significant and are indicated 992 

with one (*) or two (**) or three (***) asterisks in the figures respectively. 993 

Fig. 9. μNS and σNS expression interferes with canonical SG formation: (A) HeLa cells 994 

were transfected with pCI-μNS (T2J) (first row) or pCI-σNS (T2J) (second row) or pCI-σNS 995 

(T2J) and pCI-μNS (T2J) (third row). At 24 h p. t., cells were treated with SA, fixed and 996 

immunostained with mouse α-μNS polyclonal or mouse α- σNS monoclonal antibody (left 997 

columns) and rabbit α-G3BP1 polyclonal antibody (middle columns) followed by Alexa 594-998 

conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG. Merged 999 

images containing DAPI-stained nuclei (blue) are shown (right columns). Bars=10 μm. (B) HeLa 1000 

cells were mock-transfected (top row) or transfected with pCI-μNS (T2J) and pCI-σNS (T2J) 1001 

(second and third rows). At 24 h p. t., cells were treated with SA for 45 min, fixed and 1002 

immunostained with mouse α-σNS monoclonal antibody (left columns) and rabbit α-G3BP1 1003 

polyclonal antibody (middle columns) followed by Alexa 594-conjugated donkey α-mouse IgG 1004 

and Alexa 488-conjugated donkey α-rabbit IgG. Merged images containing DAPI-stained nuclei 1005 

(blue) are shown (right columns). Bars=10 μm. (C) HeLa cells were transfected with pCI-μNS 1006 

(T2J) and pCI-σNS (T2J). At 24 h p. t., cells were treated with SA for 45 min, fixed and 1007 

immunostained with mouse α-σNS monoclonal antibody (left columns) and rabbit α-Caprin1 1008 

polyclonal antibody (middle column, first row), goat α-TIA-1/R polyclonal antibody (middle 1009 

column, second row) or rabbit α-eIF3b polyclonal antibody (middle column, third row) followed 1010 

by Alexa 594-conjugated donkey α-mouse IgG and Alexa 488-conjugated donkey α-rabbit IgG 1011 
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or Alexa 488-conjugated donkey α-goat IgG. Merged images containing DAPI-stained nuclei 1012 

(blue) are shown (right columns). Bars=10 μm. 1013 

Fig. 10. MRV growth is inhibited by G3BP. (A) Wildtype and G3BP1 -/- MEFs or (B) 1014 

Wildtype, ΔG3BP1 and ΔΔG3BP1/2 U2OS cells were infected with T1L, T2J or T3D for 0, 24, 1015 

48 or 72 hours. Cell lysates were collected and lysed by three freeze/thaw cycles. Lysed samples 1016 

were subjected to standard MRV plaque assay on L929 cells. Plaques were counted, and relative 1017 

increases in virus titer from time zero were calculated. The means and SD of three biological 1018 

replicates and two experimental replicates are shown. A statistically significant difference for 1019 

which p < 0.05 is indicated with an asterisk (∗).  1020 
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