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 42 

Abstract 43 

Alphavirus infections cause multiple alterations in the intracellular environment that can have 44 

both positive and negative effects on viral replication. The Old World alphaviruses, such as 45 

Sindbis (SINV), chikungunya (CHIKV), and Semliki Forest viruses, hinder the ability of 46 

vertebrate cells to form stress granules (SGs). Previously, this inhibitory function was attributed 47 

to the hypervariable domain (HVD) of nsP3, which sequesters the key components of SGs, 48 

G3BP1 and G3BP2, and to the nsP3 macro domain. The macro domain possesses ADP-49 

ribosylhydrolase activity, which can diminish the ADP-ribosylation of G3BP1 during viral 50 

replication. However, our recent findings do not support the prevailing notions. We demonstrate 51 

that the interactions between SINV- or CHIKV-specific nsP3s and G3BPs, and the ADP-52 

ribosylhydrolase activity are not major contributors to the inhibitory process, at least when nsP3 53 

is expressed at biologically relevant levels. Instead, the primary factors responsible for 54 

suppressing SG formation are virus-induced transcriptional and translational shutoffs that rapidly 55 

develop within the first few hours post infection. Poorly replicating SINV variants carrying 56 

mutated nsP3 HVD still inhibit SG development even in the presence of NaAs. Conversely, 57 

SINV mutants lacking transcription and/or translation inhibitory functions lose their ability to 58 

inhibit SGs, despite expressing high levels of wt nsP3. Moreover, we found that stable cell lines 59 

expressing GFP-nsP3 fusions retain the capacity to form SGs when exposed to sodium arsenite. 60 

However, our results do not rule out a possibility that additional virus-induced changes in cell 61 

biology may contribute to the suppression of SG formation. 62 

 63 

  64 
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Importance 65 

Our study highlights the mechanisms behind the cell's resistance to SG formation after infection 66 

with Old World alphaviruses. Shortly after infection, the replication of these viruses hinders the 67 

cell's ability to form SGs, even when exposed to chemical inducers such as sodium arsenite. This 68 

resistance is primarily attributed to virus-induced transcriptional and translational shutoffs, rather 69 

than interactions between the viral nsP3 and the key components of SGs, G3BP1/2, or the ADP-70 

ribosylhydrolase activity of nsP3 macro domain. While interactions between G3BP and nsP3 are 71 

essential for the formation of viral replication complexes, their role in regulating SG 72 

development appears to be minimal, if any. Cells harboring replicating virus-specific RNA with 73 

modified abilities to inhibit transcription and/or translation, but encoding wt nsP3, retain the 74 

capacity for SG development. Understanding these mechanisms of regulation of SG development 75 

contributes to our knowledge of viral replication and the intricate relationships between 76 

alphaviruses and host cells. 77 

  78 
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 79 

Introduction 80 

The Alphavirus genus in the Togaviridae family comprises over 30 known members that are 81 

distributed worldwide (1). Most alphaviruses are transmitted by mosquito vectors between 82 

vertebrate hosts, causing a variety of human diseases (2). Based on the areas of geographical 83 

circulation, alphaviruses are classified into the New World (NW) and the Old World (OW) 84 

species. Many NW alphaviruses are encephalitogenic, and their infections in humans may lead to 85 

either a lethal outcome or neurological sequelae (3). The diseases caused by the OW 86 

alphaviruses are characterized by the development of polyarthritis that can continue for months 87 

(4). Despite the unquestionable public health threat, the basis of alphavirus pathogenesis at the 88 

molecular, cellular, and organismal levels remains insufficiently understood. 89 

 Alphavirus genomic RNA (G RNA) encodes a handful of proteins. Four viral 90 

nonstructural proteins (nsP1-to-4) are translated directly from the G RNA as polyproteins P123 91 

and P1234 (1). Their sequential processing by nsP2-associated protease activity regulates the 92 

functions of viral replication complexes (vRCs) during negative and positive strand RNA 93 

syntheses (5-8). Early after infection, the vRCs contain partially processed nsPs (P123+nsP4) 94 

and synthesize the negative strand of the viral genome to form double-stranded RNA (dsRNA) 95 

replication intermediates. Later, fully processed nsPs within the vRCs produce viral G RNAs and 96 

subgenomic (SG) RNAs. The latter RNA encodes a precursor polyprotein for viral structural 97 

proteins (9, 10).  98 

The synthesis of alphavirus structural and nonstructural proteins, as well as RNA 99 

replication induce multiple changes in cellular biology. These modifications create an 100 

environment that facilitates viral replication and hampers the activation of the antiviral response. 101 
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Shortly after infection, both the OW and NW alphaviruses induce transcriptional shutoff (11-15), 102 

which is a critical mechanism for inhibiting the expression of cellular genes involved in antiviral 103 

and innate immune responses. Some of the OW alphaviruses, such as Sindbis (SINV) and 104 

Semliki Forest (SFV) viruses, also exhibit highly efficient translation inhibition (16, 17), which 105 

additionally suppresses the antiviral response. 106 

Like many other viruses, alphaviruses generate substantial amounts of dsRNAs (18, 19), 107 

which can act as one of the pathogen-associated molecular patterns (PAMPs). The isolation of 108 

these dsRNAs into membranous spherules (19, 20) formed during viral RNA replication appears 109 

to be incomplete and this results in the activation of cellular pattern recognition receptors 110 

(PRRs), such as RIG-I, MDA-5, and PKR (17, 21, 22). Interaction of PKR with dsRNA leads to 111 

its phosphorylation, dimerization, and subsequent phosphorylation of the translation initiation 112 

factor eIF-2α. This PKR-induced phosphorylation negatively affects the availability of the non-113 

phosphorylated form of eIF-2α, which is essential for the assembly of the ternary 114 

eIF2/tRNAi
Met/GTP complexes. Ultimately, a large portion of cellular mRNAs becomes stalled 115 

in 48S initiation complexes, impairing the translation of host proteins. Phosphorylation of eIF-2α 116 

can be also mediated by PKR-like endoplasmic reticulum kinase (PERK), heme-regulated 117 

inhibitor kinase (HRI) and general control non-repressed 2 kinase (GCN2) (23). During viral 118 

replication, the PKR-dependent mechanism is likely the most important contributor to the 119 

inhibition of cellular translation. However, in SINV-infected cells, the second component of 120 

translation inhibition is PKR-independent (21) and remains poorly understood. Interestingly, the 121 

translation of SINV SG RNA, which contains a translational enhancer in its 5' UTR, remains 122 

efficient despite the overall translation inhibition. 123 
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The accumulated stalled 48S initiation complexes attract large amounts of cellular RNA-124 

binding proteins, leading to the formation of stress granules (SGs) (24, 25). These dynamic 125 

membraneless organelles serve as sites for the accumulation of mRNPs and stalled translation 126 

initiation complexes during translational arrests induced by a variety of stimuli. SGs have the 127 

potential to interfere with viral replication by sequestering virus-specific mRNAs. However, 128 

some viruses, including alphaviruses, have developed specific strategies to counteract SG 129 

assembly (26, 27). The OW alphaviruses, such as SFV and chikungunya virus (CHIKV), 130 

transiently induce SG formation at early times post infection (p.i.), but subsequently inhibit SG 131 

assembly even in response to external inducers at later times (28, 29). Two mechanisms of the 132 

inhibition of SG assembly have been proposed. The first hypothesis is based on the ability of the 133 

hypervariable domain (HVD) of the nonstructural protein nsP3 to bind the main SG components, 134 

Ras-GTPase activating SH3 domain-binding proteins (G3BP1 and G3BP2) (20, 30-33). The 135 

nsP3-G3BP complexes were proposed to sequester the entire pool of cellular G3BPs, thereby 136 

altering SG development and indirectly promoting viral replication (32, 34). Another recent 137 

study suggests an alternative hypothesis that the macro domain of alphavirus nsP3 downregulates 138 

SG formation in CHIKV-infected cells by reducing ADP-ribosylation of G3BP1 (29). 139 

In our study, we focused on investigating SG assembly in SINV- and CHIKV-infected 140 

cells. Our data demonstrate that alterations in SINV nsP3 interactions with G3BPs significantly 141 

impair SINV replication. However, the lack of binding between G3BPs and nsP3 HVD does not 142 

restore the cells' ability to form SGs during replication of SINV mutants. Even under chemically 143 

induced stress, cells infected with SINV nsP3 HVD mutants remain unable to assemble SGs. 144 

Furthermore, we show that the expression of SINV nsP3 alone does not prevent SG assembly in 145 

response to oxidative stress inducer, sodium arsenite (NaAs). Thus, the sequestration of G3BPs 146 
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into nsP3-containing protein complexes and the ADP-ribosylhydrolase activity of the macro 147 

domain are not the primary contributors to the inhibition of SG assembly. Instead, virus-induced 148 

transcriptional and/or translational inhibition plays critical roles in preventing SG formation 149 

during viral replication and NaAs treatment. 150 

 151 

Results 152 

SINV and CHIKV infections hinder the assembly of SGs. Previous studies have suggested 153 

that SFV infection efficiently triggers SG formation at the early times p.i., and they gradually 154 

disassemble as the infection progresses (27). Therefore, our initial experiments aimed to compare 155 

SG formation during the replication of two other OW alphaviruses, SINV and CHIKV, in NIH 156 

3T3 cells that are highly permissive for alphavirus infections. 157 

  At 3 h p.i. with SINV/GFP, only approximately 3% of cells exhibited the presence of 158 

SGs. Additionally, as depicted in the representative image in Fig. 1, the infected GFP-positive 159 

cells displayed a lower number of SGs per cell compared to those mock-infected and treated with 160 

NaAs. No SGs were detected in CHIKV-infected cells at 3 h p.i. (Fig. 2), and we did not observe 161 

any SGs at 6 h p.i. with either virus. 162 

The formation of SGs requires the phosphorylation of eIF2α. Western blot (WB) analysis 163 

of eIF2α phosphorylation revealed a rapid accumulation of the phosphorylated form of eIF2α (p-164 

eIF2α) in SINV-infected cells (Fig. 3). By 6 h p.i., the level of p-eIF2α was similar to that found 165 

in cells treated with NaAs. Surprisingly, CHIKV infection induced less efficient eIF2α 166 

phosphorylation, which may explain the absence of SGs in CHIKV-infected cells at 3 and 6 h 167 

p.i. However, both SINV and CHIKV infections actively inhibited SG formation upon treatment 168 

of the cells with NaAs (Figs. 1 and 2). At 3 h p.i., only approximately 15% of SINV-infected 169 
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cells and around 70% of CHIKV-infected cells formed SGs in response to NaAs treatment. At 6 170 

h p.i., NaAs failed to induce SGs in both SINV- and CHIKV-infected cells (Figs. 1 and 2), while 171 

all mock-infected cells developed large numbers of SGs in response to NaAs (Fig. 1). 172 

The data presented demonstrate that SINV and CHIKV infections alone are not efficient 173 

in inducing SG formation. Moreover, the replication of these viruses renders cells incapable of 174 

responding with SG assembly when treated with the well-characterized inducer NaAs. Given that 175 

SINV is a stronger activator of eIF2α phosphorylation, it likely possesses a more robust 176 

mechanism to suppress SG assembly. 177 

 178 

Replication of G3BP-independent SINV mutants. Our previous study and those of other 179 

research groups demonstrated that cellular G3BP1/2 proteins directly interact with short 180 

repeating peptides located in the C-termini of SINV-, SFV-, and CHIKV-specific nsP3 HVDs 181 

(28, 30, 31, 33). G3BPs play essential roles in promoting viral replication, and when the 182 

expression of both G3BPs is knocked out (G3bp dKO cells), this strongly affects SINV and SFV 183 

replication and completely abolishes replication of CHIKV (20, 33). Since SINV remains viable 184 

in NIH 3T3 G3bp dKO cells, we utilized this virus as an experimental system to further 185 

investigate the role of nsP3 HVD-G3BP interactions in inhibiting SG assembly. 186 

In our initial experiments, we designed two SINV variants with mutated nsP3 HVDs. 187 

One variant, SINV/nsP3mut-GFP, had F-to-E mutations in both G3BP-binding repeat elements 188 

and another upstream peptide that shares some similarity with the canonical G3BP-binding motif 189 

(Fig. 4A). This upstream peptide could potentially facilitate additional weak interactions between 190 

the HVD and G3BPs. The other variant, SINV/nsP3del-GFP, had the entire repeat-encoding 191 

fragment, including a potential third G3BP-binding motif, deleted (Fig. 4A). Previous studies 192 
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have shown that inserting GFP into the HVD of SINV nsP3 has only a minor negative effect on 193 

viral replication rates (35). Therefore, the parental construct and both mutants contained this 194 

GFP-coding sequence in their HVDs. The expression of nsP3-GFP fusion was used to analyze 195 

the formation of nsP3 complexes and their compartmentalization in virus-infected cells. 196 

In the infectious center assay (ICA), the in vitro-synthesized RNAs of the designed 197 

SINV/nsP3mut-GFP and SINV/nsP3del-GFP showed lower infectivity compared to the parental 198 

SINV/nsP3-GFP (Fig. 4B). However, the differences were less than 10-fold, indicating that the 199 

designed mutants were viable and not second-site revertants. Viral titers at various time points 200 

post electroporation of BHK-21 cells were also 2-3 orders of magnitude lower than those of the 201 

parental SINV/nsP3-GFP. These observed differences in ICA and viral titers were expected 202 

based on our previous finding that HVD-G3BP complexes function in vRC assembly and 203 

recruitment of G RNA into replication (20). 204 

The electroporation-derived stocks of the mutants, but not the parental SINV/nsP3-GFP, 205 

displayed heterogeneity in plaque size, and a small percentage of larger plaques indicated viral 206 

evolution towards more efficiently replicating phenotype. Therefore, the pools of rescued 207 

mutants were enriched with evolved, better replicating variants through three additional passages 208 

on BHK-21 cells. Large plaques were randomly selected, and the nsP-coding fragments of the 209 

genomes of plaque-purified mutants were sequenced. No additional changes were found in nsP2, 210 

nsP4, or the mutated nsP3, but a reproducible H308Y substitution was detected in SINV nsP1. 211 

This mutation was then introduced into the cDNAs of the originally designed SINV/nsP3mut-212 

GFP and SINV/nsP3del-GFP. The presence of the H308Y mutation enhanced the infectivity of 213 

the in vitro-synthesized RNAs and the replication rates of the mutant viruses (Figs. 4B and C). 214 

The nsP1-specific mutation stabilized the designed SINV/nsP3del-GFP/Y and SINV/nsP3mut-215 
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GFP/Y variants, and no further evolution was detected in subsequent experiments. Since the 216 

adaptive H308Y mutation was not in the nsP3 HVD, it is highly unlikely that it affected HVD 217 

interactions with G3BPs and SG formation. Therefore, the designed variants with the H308Y 218 

mutation were used in the following experiments, and the compensatory effect of the nsP1-219 

specific mutation was not further investigated. Thus, despite lacking G3BP-binding sites in their 220 

HVDs, the SINV variants were viable and became stable after acquiring a single mutation in 221 

nsP1. 222 

 223 

Mutated HVDs do not form complexes with G3BPs. Next, we confirmed that the mutated 224 

HVDs had lost the ability to bind G3BPs. The mutated and parental SINV nsP3 HVDs were 225 

fused with Flag-GFP and cloned into VEEV replicons under the control of the SG promoter (Fig. 226 

5A). These replicons were then packaged into infectious viral particles, and NIH 3T3 cells were 227 

infected at the same MOI. At 3 h p.i., HVD-bound protein complexes were isolated using anti-228 

Flag MAb magnetic beads and analyzed by WB using G3BP1-specific antibodies. The co-229 

immunoprecipitation samples of both mutated HVD fusions showed no presence of G3BP (Fig. 230 

5B), leading us to conclude that the mutated HVDs were no longer capable of binding murine 231 

G3BPs. 232 

 Next, we investigated the effects of modifications in the G3BP-binding fragment of 233 

SINV HVD on the distribution and composition of nsP3 complexes formed during viral 234 

replication. Cells were infected with SINV/nsP3-GFP, SINV/nsP3del-GFP/Y, and 235 

SINV/nsP3mut-GFP/Y, and the distribution of nsP3-GFP and G3BPs was assessed. Unlike the 236 

parental SINV/nsP3-GFP, the replication of both viruses with mutated HVDs had no effect on 237 

the diffuse distribution of G3BPs, which remained similar to that found in uninfected cells (Fig. 238 
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6 for G3BP1 and data not shown for G3BP2). These findings demonstrated that the introduced 239 

modifications rendered SINV nsP3 HVDs incapable of interacting with G3BPs and forming 240 

nsP3-G3BP complexes during viral replication. Importantly, staining of cells with antibodies 241 

against the SG marker TIAR showed the absence of SGs at 6 h p.i. with SINV variants encoding 242 

mutated HVDs (Fig.6). 243 

 244 

The inability of cells to express G3BPs and form SGs did not have any positive effects on 245 

the replication of SINV variants with mutated nsP3 HVDs. We then used HVD mutants to 246 

investigate viral interference with SG formation and its role in SINV replication. They lacked 247 

G3BP-binding motifs in their HVDs, and their replication had no effect on G3BP distribution 248 

(Fig. 6). According to the prevailing hypothesis, such mutants could not sequester G3BPs into 249 

nsP3 complexes and interfere with SG development. Therefore, it was reasonable to expect that 250 

they would replicate less efficiently in the parental, SG-competent NIH 3T3 cells compared to 251 

their G3bp dKO derivative, which is unable to form SGs even in response to NaAs treatment 252 

(Fig. 7).  253 

 For these experiments, the viruses were modified. To eliminate any potential effects of 254 

GFP insertion on nsP3 function, all the newly designed constructs lacked GFP in their nsP3 255 

HVDs (Fig. 8A). However, the GFP gene was inserted into the genomes of 256 

SINV/nsP3del/GFP/Y, SINV/nsP3mut/GFP/Y, and SINV/GFP/Y under the control of additional 257 

SG promoters. GFP expression facilitated monitoring the spread of the viral mutants, which 258 

replicate less efficiently than the control virus in cell culture. All the constructs also contained 259 

the previously identified H308Y mutation in nsP1. The viruses were generated by 260 

electroporation of in vitro-synthesized RNAs into BHK-21 cells. First, we compared their 261 
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abilities to form plaques on NIH 3T3 and NIH 3T3 G3bp dKO cell lines (Fig. 8B). As expected, 262 

SINV/GFP/Y, expressing wild type nsP3 HVD, formed large plaques on NIH 3T3 cells. 263 

However, its plaques on the G3bp dKO cell line were dramatically smaller due to the lack of 264 

G3BPs required for efficient vRC assembly and function. The sizes of plaques produced by 265 

SINV/nsP3del/GFP/Y and SINV/nsP3mut/GFP/Y mutants in both NIH 3T3 and G3bp dKO cells 266 

were consistently small and indistinguishable from those of SINV/GFP/Y produced on G3bp 267 

dKO cells (Fig. 8B). The foci of GFP-positive cells around plaques formed by the mutants were 268 

also small (data not shown). This was an indication that the small plaque size was primarily 269 

determined by inefficient viral replication and spread rather than a lower ability of the mutants to 270 

induce cell death and cause cytopathic effect (CPE). In conclusion, these experiments 271 

demonstrated that the absence of structural SG components (G3BPs) in dKO cells did not 272 

stimulate viral spread and CPE development. 273 

 Next, SINV/nsP3del/GFP/Y, SINV/nsP3mut/GFP/Y, and SINV/GFP/Y variants were 274 

compared in terms of replication rates in G3bp dKO and parental NIH 3T3 cells (Fig. 8C). 275 

Consistent with the plaque size data, SINV/GFP/Y replicated more efficiently in NIH 3T3 than 276 

in dKO cells. At any time p.i., its titers in NIH 3T3 cells were 50-100-fold higher than those in 277 

the dKO counterpart. In contrast, both mutants replicated with equal efficiency in NIH 3T3 and 278 

G3bp dKO cells. Moreover, their replication rates were identical to those of SINV/GFP/Y in the 279 

dKO cell line. These data clearly demonstrated that the inability of cells to express G3BPs and 280 

form SGs had no stimulatory effect on the replication of SINV mutants encoding nsP3 HVDs 281 

incapable of interacting with G3BPs. 282 

 283 
SINV mutants inhibit SG assembly even during NaAs treatment. In the experiments 284 

presented in Fig. 6, we observed that despite the mutant nsP3s did not interact with G3BPs, 285 
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infections with mutant viruses did not lead to SG development. However, this does not prove 286 

that the mutant viruses are incapable of preventing SG formation in response to chemical stress 287 

inducers, such as NaAs. To investigate this further, NIH 3T3 cells were infected with 288 

SINV/nsP3del/GFP/Y, SINV/nsP3mut/GFP/Y, and SINV/GFP/Y and then treated with NaAs at 289 

6 h p.i.. Exposure of mock-infected cells to NaAs induced the formation of large G3BP-290 

containing SGs in all cells. However, less than 1% of the cells infected with SINV encoding 291 

either wild-type nsP3 or nsP3 with HVDs lacking the G3BP-binding motifs exhibited the 292 

presence of a few SGs (Fig. 9). The same result was obtained on BHK-21 cells (data not shown). 293 

Thus, despite the inability to sequester G3BP into nsP3 complexes, replication of SINV HVD 294 

mutants prevented SG formation in response to NaAs treatment. 295 

  296 

Stable cell lines expressing high levels of either nsP3 or its HVD form SGs upon NaAs 297 

treatment. Previous experiments demonstrating the inhibitory functions of nsP3 in SG assembly 298 

relied on transient overexpression of nsP3 alone (29, 32). However, we found that the 299 

transfection reagents strongly and nonspecifically inhibit SG formation (data not shown), making 300 

the results difficult to interpret. Therefore, we established stable cell lines expressing either full-301 

length SINV nsP3 or its HVD fused with GFP. Clones with high levels of nsP3 fusion produced 302 

large nsP3-GFP aggregates and were excluded from further analysis, and only those with lower 303 

levels of expression and diffuse distribution of GFP fusion proteins were used. It is worth noting 304 

that the selected clones expressed the GFP-nsP3 fusion at higher levels than that observed in 305 

NIH 3T3 cells at 6 h p.i. with SINV/nsP3-GFP (Fig. 10A). At this time p.i., infected cells 306 

become incapable of SG development even in response to NaAs treatment (Fig. 1). However, 307 

despite the higher concentration of GFP-nsP3 in the stable cell lines, the TIAR- and eIF3b-308 
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positive SGs were formed in response to NaAs as efficiently as in naïve NIH 3T3 cells (Fig. 309 

10B). This strongly indicates that neither the HVD nor other domains play critical roles in 310 

making cells resistant to SG formation. Additionally, similar results were obtained with NIH 3T3 311 

cells stably expressing GFP fused with full-length CHIKV nsP3: they also formed SGs in 312 

response to NaAs (data not shown). Thus, GFP-nsP3 expression in stable cell lines did not 313 

interfere with SG formation. In the cell lines expressing GFP-HVD, this fusion protein 314 

noticeably interfered with SG generation during NaAs treatment (Fig. 10B). However, the latter 315 

fusion was also expressed at very high concentrations and its negative effect was dependent on 316 

the levels of expression.  317 

 From these experiments, two conclusions were drawn. Firstly, neither SINV nsP3 HVD 318 

nor the entire SINV and CHIKV nsP3s could solely act as primary inhibitors of SG development. 319 

Thus, during the expression at low concentrations achieved by virus replication at early times 320 

p.i., nsP3's interaction with G3BPs may probably have a supporting role in SG inhibition, but 321 

this is not the major factor. Secondly, the ADP-ribosylhydrolase function of the nsP3-specific 322 

macro domain of SINV and CHIKV nsP3s is also insufficient to inhibit SG formation, and NIH 323 

3T3 cells stably expressing SINV and CHIKV nsP3s are not resistant to SG formation when 324 

exposed to NaAs. To rule out the possibility that GFP fusion to the N-terminus of nsP3 could 325 

interfere with the macro domain's ADP-ribosylhydrolase activity, GFP was also fused to the C-326 

terminus of the protein. The NIH 3T3 cells stably expressing this fusion remained fully capable 327 

of developing SGs when exposed to NaAs (data not shown). 328 

 329 

Transcriptional and translational shutoffs interfere with SG assembly in alphavirus-330 

infected cells. One of the common characteristics of the OW alphaviruses is a rapid induction of 331 
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transcriptional and translational shutoffs (36). They fully develop within 4-6 h p.i. and coincide 332 

with the acquisition of cell resistance to SG formation. To investigate the possible role of 333 

transcription inhibition in developing resistance of the infected cells to SG formation, we 334 

mimicked alphavirus-induced transcriptional shutoff by treating NIH 3T3 cells with 335 

Actinomycin D (Act D) (Fig. 11). NIH 3T3 cells were incubated in Act D-supplemented media 336 

for 1, 2, and 4 h before being exposed to NaAs. Immunostaining for SG markers clearly 337 

demonstrated that the cells already poorly formed SGs in response to NaAs after 2 h of Act D 338 

exposure. After 4 h of Act D treatment, NaAs was no longer able to induce SG assembly at all. 339 

This suggested that alphavirus-induced transcription inhibition may be critically involved in 340 

interference with SG development even in response to the chemical inducer. 341 

 In previous studies, we generated several SINV mutants that exhibited reduced cell 342 

inhibitory functions. One of them, SINV with the P726G mutation in nsP2 (SINV/G/GFP), was 343 

less efficient in inhibiting both cellular transcription and translation (36, 37). Consequently, we 344 

infected NIH 3T3 cells with wt SINV/GFP and SINV/G/GFP carrying the mutated nsP2. No SGs 345 

were observed in cells infected with SINV/GFP at 6 h p.i., and treatment of the infected cells 346 

with NaAs also failed to induce SG development (data not shown and Fig. 12B). However, over 347 

30% of cells infected with SINV/G/GFP formed SGs after NaAs treatment (Figs. 12A and B). 348 

The inability of SINV/G/GFP to block SG formation correlated with its reduced ability to induce 349 

phosphorylation of PKR and eIF2α [(21) and Fig. 12C] that is required for SG development. 350 

Notably, this mutant virus produced both nsP2 and, more importantly, wt nsP3 at levels 351 

comparable to those found in the cells infected with parental SINV/GFP (Fig. 12C).  352 

 In addition to their reduced ability to inhibit cellular transcription and translation, the 353 

SINV/G variant also exhibits decreased rates of RNA and virus replication (15), and this could 354 
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be an alternative explanation for its inability to interfere with SG induction. Consequently, we 355 

investigated three additional mutants with replication rates similar to those of the parental wt 356 

virus (36). SINV/nsP2-683S/GFP carried a mutation in nsP2 and was shown not to inhibit 357 

cellular transcription. SINV/nsP3Δ/GFP had a 6-aa-long deletion in nsP3 (Δ24-29) and inhibited 358 

cellular translation less efficiently than the wt virus. SINV/nsP2-683S/nsP3Δ/GFP, in turn, 359 

carried both mutations and did not inhibit both cellular transcription and translation. After 360 

infecting NIH 3T3 cells with these mutants for 6 h, we did not detect the appearance of SGs 361 

(data not shown). However, treatment of infected cells with NaAs resulted in SG generation (Fig. 362 

12B). Approximately 15% of cells infected with either single mutant and around 40% of cells 363 

infected with the double mutant produced SGs in response to NaAs. Thus, we concluded that 364 

both virus-induced inhibition of transcription and translation are the critical determinants of the 365 

cells’ inability to assemble SGs in response to NaAs, and their effects appear to be additive. 366 

To further investigate the hypothesis that inhibition of cellular transcription and 367 

translation affect SG development, we employed an additional experimental system. BHK-21 368 

cells were transfected with a SINV replicon (SINrep/L/GFP/Pac) encoding GFP and puromycin 369 

acetyltransferase (Pac) under the control of different SG promoters. This replicon had a mutation 370 

(P726L) in nsP2, making it highly attenuated and allowing it to persistently replicate in cells 371 

lacking a functional type 1 IFN system (38). Importantly, SINrep/L/GFP/Pac encoded wt nsP3. 372 

BHK-21 cells were transfected with the in vitro-synthesized SINrep/L/GFP/Pac RNA and 373 

passaged in puromycin-containing media for 4 days. No SGs were detected in the replicon-374 

carrying cells (Fig. 13A) and TIAR did not re-localize to the cytoplasm. Subsequently, the cells 375 

were treated with NaAs and immunostained for SG markers. Despite the presence of viral 376 

nonstructural proteins at the levels similar to those found in cells infected with SINV/GFP at 6 h 377 
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p.i. (Fig. 13C), the replicon-containing PurR BHK-21 cells were able to form SGs in response to 378 

NaAs as efficiently as mock-infected cells (Fig. 13A). However, when the replicon-containing 379 

cells were superinfected with wt SINV/GFP, within 6 h p.i., they lost the ability to form SGs in 380 

response to NaAs treatment (Fig. 13A). The ability of superinfecting virus to replicate in the 381 

replicon-containing cells and block the SG development was confirmed by infecting them with 382 

SINV/nsP3-Cherry. nsP3-Chery complexes were readily detectable at 6 h p.i. (Fig. 13B). These 383 

findings provide additional evidence supporting the hypothesis that the inhibition of SG 384 

assembly in cells infected with SINV and potentially other Old World alphaviruses is primarily 385 

determined by the inhibition of cellular transcription and translation, rather than the expression 386 

of nsP3. 387 

Previous studies have proposed that the efficient translation of viral SG RNA is involved 388 

in the inhibition of SG formation (28). The distinguishing characteristic of SINV replicons is that 389 

their SG RNAs are translated very inefficiently in the presence of p-eIF2α unless they contain a 390 

translational enhancer located at the beginning of the capsid-coding sequence (39). To test 391 

whether viral structural proteins and efficient translation of viral SG RNA play critical roles in 392 

SG formation, we infected BHK-21 cells with packaged SINVrep/GFP. The latter replicon 393 

expresses GFP 30-fold less efficiently than its counterpart containing the translational enhancer 394 

(21). However, similar to what we described earlier for SINV infection, less than 1% of cells 395 

were capable of forming SGs in response to NaAs treatment at 6 h p.i. with SINrep/GFP (Fig. 396 

14). Therefore, it is unlikely that the efficient translation of SINV SG RNA significantly 397 

contributes to the inhibitory effect of SINV replication on SG assembly. However, we cannot 398 

completely rule out its minor contribution. 399 

 400 
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Discussion 401 

One of the key features of alphaviruses is their highly efficient replication in vertebrate 402 

cells. Following infection with the OW alphaviruses, such as SINV, SFV, and CHIKV, cells 403 

begin releasing viral progeny within 4-5 h p.i. By 16-24 h p.i., these cells typically demonstrate 404 

virus-induced CPE, characterized by profound morphological changes, loss of integrity, and cell 405 

detachment. During the first hours of viral replication, cells experience multiple changes in their 406 

biology, which may have both pro- and antiviral effects. 407 

 Replication of alphaviruses leads to the production of the dsRNA replication 408 

intermediates (18, 35). Additionally, vRCs can produce dsRNAs as nonspecific byproducts using 409 

cellular mRNA templates (40). Most dsRNAs are located inside membrane spherules (19, 40, 410 

41). However, particularly during the early stages of infection, dsRNAs still can be sensed by 411 

cellular PRRs, such as RIG-I and MDA5 (22, 40). The presence of dsRNAs also activates PKR, 412 

and ultimately increases the levels of p-eIF-2α. This, in turn, leads to the accumulation of 413 

translationally stalled 48S initiation complexes, which are a prerequisite for the formation of SGs 414 

that accumulate translationally inactive mRNAs. However, during alphavirus infections, the 415 

development of SGs is rapidly blocked (28), and cells become resistant to SG induction even 416 

when exposed to potent chemical inducers such as NaAs. Consequently, both cellular and viral 417 

RNAs are not sequestered into SGs and may remain available for translation. 418 

 Previous studies have shown that the main components of SGs, G3BP1 and G3BP2, 419 

interact with nsP3 HVDs of the OW alphaviruses and eastern equine encephalitis virus (EEEV) 420 

(28, 30, 31, 33, 42). It was proposed that vRCs and large cytoplasmic nsP3 complexes sequester 421 

the entire pool of G3BP1/2, rendering these proteins unavailable for SG formation. These 422 

findings of nsP3-G3BP binding and the accumulation of G3BPs in nsP3 complexes provided a 423 
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plausible explanation for the lack of SG formation during replication of at least some 424 

alphaviruses (28, 32). However, accumulating experimental data have suggested that nsP3 HVD-425 

G3BP interactions are required for vRC formation and function rather than for the inhibition of 426 

SG development (20). In fact, the lack of nsP3-G3BP interaction in G3bp dKO cells renders 427 

CHIKV non-viable, and SINV replicates in this cell line several orders of magnitude less 428 

efficiently. Our new data also demonstrate that stable, high-level expression of the full-length 429 

SINV or CHIKV nsP3s, fused with GFP does not prevent SG assembly after exposure of the 430 

cells to NaAs. Expression of HVD alone can suppress SG development, but only at 431 

concentrations that are significantly higher than those of nsP3 achieved in virus-infected cells. 432 

Importantly, SINV mutants containing mutations in nsP3 HVD that prevent interaction with 433 

G3BP still efficiently suppress SG assembly. Moreover, the absence of G3BP expression in 434 

G3bp dKO cells, which are incapable of building SGs, provides no detectable benefit for the 435 

replication of viral mutants lacking G3BP-binding sites in their nsP3 HVD. Thus, our data do not 436 

support a significant role for G3BP interactions with SINV and CHIKV nsP3 HVDs in the 437 

regulation of SG formation during viral replication. 438 

 Another recently proposed mechanism is based on the function of the macro domain of 439 

alphavirus nsP3 as an ADP-ribosylhydrolase (43-45). According to this hypothesis, the 440 

enzymatic activity of nsP3's macro domain regulates the composition of SGs by reducing ADP-441 

ribosylation of G3BP1 (29). However, as mentioned earlier, stable expression of the entire SINV 442 

or CHIKV nsP3-GFP fusions did not have noticeable effects on the ability of cells to form SGs 443 

after exposure to NaAs. Even though the expression levels of nsP3 fusions remained higher than 444 

those of nsP3 in virus-infected cells, these proteins could not interfere with SG formation. 445 

Therefore, it is difficult to expect that the ADP-ribosylhydrolase activity of the nsP3 macro 446 
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domain plays a major role in downregulating SG assembly in infected cells. In this study, we 447 

also used a variety of SINV-based mutants SINV/G/GFP, and SINrep/L/GFP/Pac replicon, 448 

which expressed wt nsP3 at levels similar to that found in wt SINV-infected cells. Despite the 449 

presence of SINV nsP3 at levels relevant to wt virus infection, cells readily responded to NaAs 450 

treatment by forming SGs. This provides further evidence that nsP3-specific functions do not 451 

play major roles in the alphavirus-induced inhibition of SG assembly. 452 

 Our new data suggest that the inhibition of SG formation during replication of SINV and 453 

likely other alphaviruses is a complex process involving multiple components. Among them, the 454 

binding of G3BPs to CHIKV and SINV nsP3 HVDs, as well as the ADP-ribosylhydrolase 455 

activity of the nsP3 macro domain, do not significantly contribute to the inhibition of SG 456 

development, at least when nsP3 is expressed at biologically relevant levels. Instead, our data 457 

suggest that the inhibition of cellular transcription and translation, which rapidly develops in the 458 

SINV-infected cells, plays a critical role in preventing SG assembly. We mimicked virus-459 

induced transcriptional shutoff by ActD treatment, and in agreement with the previously 460 

published data (46), within 2-4 h, it blocked SG formation in response to NaAs. The inhibition of 461 

SG assembly also requires the presence of nuclei and does not occur in enucleated cells. ActD-462 

induced global transcriptional inhibition has been shown to cause the re-localization of multiple 463 

RNA-interacting proteins from the nuclei to the cytoplasm (46-49). This binding of RNA-464 

interacting proteins to translationally inactive mRNAs is thought to render these RNA-protein 465 

complexes incapable of mediating SG formation (46). The transcriptional shutoff induced by 466 

SINV and CHIKV infections leads to the degradation of the entire pool of RPB1, the catalytic 467 

subunit of RNA polymerase II, and the relocalization of nuclear RNA-binding proteins to the 468 

cytoplasm (50). The accumulation of these proteins in the cytoplasm correlates with that found in 469 
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ActD-treated cells. This relocalization of nuclear proteins to the cytoplasm provides a plausible 470 

explanation for the development of resistance to SG formation in the cells infected with OW 471 

alphaviruses. The ActD-induced inhibition of transcription also leads to the disintegration of 472 

preformed SGs (46), and thus, virus-induced transcriptional shutoff may explain the previously 473 

described dissolution of SG-like structures starting at 4 h p.i. with wt SFV (27). Mutant SINV 474 

variants, such as SINV/G/GFP and SINV/nsP2-683S/GFP, and the SINrep/L/GFP/Pac replicon, 475 

which exhibit the lower ability to inhibit cellular transcription, fail to block SG formation in 476 

response to NaAs. 477 

The finding that translational shutoff is involved in the inhibition of SG development was 478 

unexpected. The cellular translation is inhibited within a few hours post infection with SINV or 479 

SFV (51, 52). This inhibition is mediated by two mechanisms. One of them depends on PKR and 480 

another is PKR-independent (21). The SG RNAs specific to SINV and SFV contain translational 481 

enhancers and remain efficiently translated in these conditions (53). The negative effect of virus-482 

induced translation inhibition on the ability of cells to induce SG formation may be explained by 483 

the rapid reduction in the levels of one or more SG components or by a decrease in the rates of 484 

required posttranslational modifications. However, further investigation is needed to evaluate 485 

these hypotheses. 486 

 To date, there is no compelling evidence to suggest that SINV and CHIKV have 487 

developed specific mechanisms to interfere with SG formation. Instead, the virus-induced 488 

inhibitions of cellular transcription and translation play critical roles not only in downregulating 489 

the antiviral response but also in preventing SG development. In summary, the results of this 490 

new study demonstrate that: (i) the inhibition of SG formation during replication of SINV and 491 

likely other alphaviruses involves multiple mechanisms, (ii) the binding of G3BPs to CHIKV 492 
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and SINV nsP3 HVDs, as well as the ADP-ribosylhydrolase activity of the nsP3 macro domain, 493 

are not critical contributors to the inhibition of SG development, at least when nsP3 is expressed 494 

at biologically relevant levels, (iii) the rapid transcriptional and translational shutoffs that occur 495 

in alphavirus-infected cells play major roles in inhibiting SG formation, and (iv) additional virus-496 

specific mechanisms may also be involved in the suppression of SG formation, although this 497 

requires further investigation. 498 

 499 

Materials and Methods 500 

Cell cultures. NIH 3T3 cells were obtained from the American Type Culture Collection 501 

(Manassas, VA), and BHK-21 cells were provided by Paul Olivo (Washington University, St. 502 

Louis, MO). The NIH 3T3 G3bp dKO cell line was described elsewhere (20). All cell lines were 503 

maintained in alpha minimum essential medium (αMEM) supplemented with 10% fetal bovine 504 

serum (FBS) and vitamins at 37°C.  505 

 506 

Plasmid constructs. The original plasmids containing the infectious cDNAs of SINV/nsP3-GFP, 507 

SINV/GFP, SINV/G/GFP, SINV/nsP3-Cherry and CHIKV/GFP, as well as cDNAs of 508 

SINrep/L/GFP/Pac and SINrep/GFP replicons, and SINV helper genome were described 509 

elsewhere (15, 20, 35, 38, 54, 55). Modifications of nsP3 HVD in these plasmids and the 510 

expression constructs of nsP3 and HVD fusions in PiggyBac-based vector (20) were designed 511 

using standard PCR-based and cloning techniques. Details of the introduced modifications can 512 

be found in the Results section. VEEV replicons expressing GFP fused with SINV nsP3 or SINV 513 

HVD were designed based on a previously described VEEV replicon (56), using similar 514 
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techniques. A VEEV helper-encoding plasmid was described elsewhere (57). Sequences of the 515 

plasmids and details of the cloning procedures are available upon request.  516 

 517 

Rescuing of recombinant viruses. Plasmids containing cDNAs of complete viral genomes, 518 

replicons, and helper genomes were purified by ultracentrifugation in CsCl gradients. The 519 

plasmids were linearized using unique restriction sites located downstream of the poly(A) tails. 520 

In vitro transcription was using SP6 RNA polymerase in the presence of a cap analog according 521 

to the manufacturer’s recommendations (New England Biolabs). The yields and integrities of the 522 

transcribed RNAs were analyzed by agarose gel electrophoresis under non-denaturing 523 

conditions. The transcription mixtures were used for transfection without further RNA 524 

purification. Viruses were rescued by electroporation of 3 µg of in vitro-synthesized RNAs into 525 

BHK-21 cells (58, 59) and harvested at 24 h post electroporation. In some experiments, viral 526 

replication was assessed immediately after RNA electroporation by seeding one-tenth of the 527 

electroporated cells into a 6-well Costar plate and harvesting media at the times indicated in the 528 

figures. Viral titers were determined using a standard plaque assay on BHK-21 cells (60).  529 

RNA infectivities were assessed in the ICA. In this assay, ten-fold dilutions of 530 

electroporated BHK-21 cells were seeded into 6-well Costar plates containing subconfluent, 531 

naïve BHK-21 cells. After 2 h of incubation at 37°C, the media were replaced with 2 ml of MEM 532 

supplemented with 0.5% agarose and 3% FBS. Plaques were stained with crystal violet after 48 h 533 

of incubation at 37°C, and infectivity was determined in PFU per μg of transfected RNA.  534 

 535 

Packaging of alphavirus replicons. Replicons were packaged by co-electroporation of the in 536 

vitro-synthesized replicon and helper RNAs into BHK-21 cells, followed by incubation at 37oC 537 
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(55). Infectious virions with replicons genomes were harvested at 24 h post electroporation. 538 

Titers were determined by infecting BHK-21 cells in 6-well Costar plates (5x105 cells/well) with 539 

serial dilutions of the harvested stocks in PBS supplemented with 1% FBS for 1 h. The 540 

inoculums were then replaced with complete BHK-21 media. After incubation at 37oC for 8 or 541 

20 h, the numbers of infected, GFP-positive cells were evaluated under an inverted fluorescence 542 

Eclipse Ti Nikon microscope and used to calculate the titers in infectious units per ml (inf.u/ml).  543 

 544 

Analysis of viral replication. Equal numbers of cells of NIH 3T3 cells and their G3bp dKO 545 

derivative were seeded into 6-well Costar plates (5x105 cells/well). After incubation for 4 h at 546 

37oC, they were infected with the viruses at the MOIs described in the figure legends. At the 547 

indicated time points, the media were replaced, and viral titers were determined by plaque assay 548 

on BHK-21 cells.  549 

To compare the abilities of the viruses to form plaques on NIH 3T3 and G3bp dKO cells, 550 

the latter cells were seeded into 6-well Costar plates (5x105 cells/well). They were incubated at 551 

37oC for 4 h, and then used for standard plaque assay. Plaques were stained with crystal violet 552 

after 48 h of incubation at 37oC.   553 

 554 

Stable cell lines. NIH 3T3 cells in 6-well Costar plates (3x105 cells/well) were co-transfected 555 

with plasmids encoding GFP-nsP3 fusions and the integrase-encoding plasmid using 556 

Lipofectamine™ 3000 according to the manufacturer’s recommendations (ThermoFisher 557 

Scientific). Clones of blasticidin-resistant, GFP-positive cells were selected to express low levels 558 

of GFP fusions, which are more biologically relevant. The expression levels were further 559 
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evaluated by WB and compared with the level of nsP3-GFP produced by SINV/nsP3-GFP 560 

recombinant virus in NIH 3T3 cells at 8 h p.i.. 561 

Cell line containing persistently replicating, noncytopathic SINrep/L/GFP/Pac replicon 562 

was generated by electroporating BHK-21 cells with the in vitro-synthesized replicon RNA. At 563 

16 h post electroporation, the medium was supplemented with puromycin (5 μg/ml), and the 564 

cells were allowed to grow for 4 days before further experiments. 565 

 566 

Immunoprecipitations. NIH 3T3 cells in 6-well Costar plates were infected with packaged 567 

VEEV replicons at an MOI of 20 inf.u/cell. After incubation for 3 h in complete media, the cells 568 

were harvested, and protein complexes were isolated using anti-Flag MAb magnetic beads as 569 

previously described (61). Their compositions were analyzed by WB using the following 570 

antibodies:  anti-Flag antibodies (F1804, Sigma) and anti-G3BP1 (gift from Dr. Richard Lloyd). 571 

Secondary antibodies labeled with Alexa Fluor™ Plus 680 or Alexa Fluor™ Plus 800 572 

infrared dyes were acquired from ThermoFisher Scientific. Membranes were imaged on Odyssey 573 

Imaging System (LI-COR Biosciences). 574 

 575 

Western blotting. Proteins were separated using NuPAGE gels (ThermoFisher Scientific) and 576 

transferred to nitrocellulose membranes. After blocking in PBS supplemented with 5% nonfat 577 

milk or BSA, the membranes were incubated with antibodies specific to p-eIF2α (3398, Cell 578 

Signaling Technology), eIF2α (TA501313, OriGene), nsP2 (Mab7-4, custom), nsP3 (custom), β-579 

actin (66009-1-Ig; Proteintech) and GFP (600-145-215, Rockland), followed by corresponding 580 

secondary antibodies labeled with infrared dyes. Membranes were imaged on Odyssey Imaging 581 

System (LI-COR Biosciences) and analyzed in Empiria Studio (LI-COR Biosciences). 582 
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 583 

 584 

SG induction and immunofluorescence. Cells were seeded onto 8-well µ-slides (ibidi USA, 585 

Inc.), then infected at an MOI of 10 PFU/cell and incubated at 37oC for the times indicated in the 586 

figure legends. The presence of SGs was analyzed either without additional treatment or after 587 

induction of SG formation. To induce SGs, cells were treated with 0.75 mM NaAs for 45 min, 588 

and then fixed in 4% paraformaldehyde (PFA) in PBS for 20 min at room temperature. Cells 589 

were permeabilized with 0.5% Triton X-100 in PBS, blocked with 5 % BSA, and stained with 590 

antibodies specific to G3BP1 (gift from Dr. Richard Lloyd), eIF3b (sc-16377, Santa Cruz 591 

Biotechnology, Inc.) and TIAR (8509, Cell Signaling Technology), and corresponding 592 

fluorescent secondary antibodies. Images were acquired on a Zeiss LSM800 confocal 593 

microscope with a 63X 1.4NA PlanApochromat oil objective.  594 

 To analyze the effect of ActD-induced transcriptional shutoff on the ability of cells to 595 

generate SGs, NIH 3T3 cells in 8-well µ-slides (ibidi USA, Inc.), were incubated in complete 596 

media supplemented with ActD (5 µg/ml) for 1, 2, and 4 h. Then, they were treated with NaAs 597 

and stained with TIAR- and eIF3b-specific antibodies as described above.   598 
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 774 

FIGURE LEGENDS 775 

Fig. 1. Replication of SINV rapidly makes cells resistant to SG formation. NIH 3T3 cells were 776 

infected with SINV/GFP at an MOI of 10 PFU/cell and then, at the indicated times p.i., were 777 

either mock-treated or exposed to NaAs as described in Materials and Methods. Cells were 778 

immunostained with antibodies specific to SG components. Bars correspond to 10 μM. The 779 

experiment was reproducibly repeated several times. 780 

 781 
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Fig. 2. CHIKV infection also makes cells resistant to SG formation. NIH 3T3 cells were infected 782 

with CHIKV/GFP at an MOI of 10 PFU/cell. At the indicated times p.i., they were exposed to 783 

NaAs. Cells were immunostained with the indicated antibodies specific to SG components. Bars 784 

correspond to 10 μM. The experiment was reproducibly repeated multiple times. 785 

 786 

Fig. 3. Phosphorylation of eIF2α is induced more efficiently by replication of SINV than 787 

CHIKV. A) NIH 3T3 cells in 6-well Costar plates (5x105 cells/well) were infected with 788 

SINV/GFP and CHIKV/GFP at an MOI of 20 PFU/cell. At the indicated times p.i., cells were 789 

harvested. Mock-infected cells were treated with 0.75 mM NaAs for 45 min. Cell lysates were 790 

analyzed by WB using indicated antibodies and corresponding secondary antibodies, labeled 791 

with the infrared dyes. Membranes were scanned on the Odyssey Imaging System. B) Band 792 

intensities were determined in Empiria Studio 2.2. The p-eIF2α band intensities were first 793 

normalized to the total eIF2α  and then to the normalized level of p-eIF2α in mock-infected cells. 794 

Means and SD are indicated. The significance of differences was determined by one-way 795 

ANOVA with the two-stage step-up method of Benjiamini, Krieger and Yekutieli test (****P ≤ 796 

0.0001, **P ≤ 0.01, *P ≤ 0.05, ns ≥ 0.05; n = 3). 797 

 798 

Fig. 4. SINV/nsP3-GFP variants with mutated or deleted G3BP-binding sites in nsP3 HVD are 799 

viable but replicate less efficiently than the parental virus. A) The schematic presentation of the 800 

coding strategy of SINV/nsP3-GFP G RNA, the domain structure of nsP3-GFP, and mutations 801 

and deletions introduced into HVD. Red boxes indicate positions of the G3BP-binding sites. B) 802 

The schematic presentation of the G RNAs of SINV variants with mutated HVDs. BHK-21 cells 803 

were electroporated by 3 µg of the in vitro-synthesized G RNAs of these variants to generate 804 
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viral stocks and analyze RNA infectivities in ICA. C) BHK-21 cells were electroporated by 3 µg 805 

of the in vitro-synthesized G RNAs. At the indicated time post electroporation, media were 806 

replaced, and viral titers were assessed by plaque assay on BHK-21 cells.  807 

 808 

Fig. 5. Mutated SINV nsP3 HVDs do not bind G3BPs. A) The schematic presentation of VEEV 809 

replicon and encoded Flag-GFP-HVDsinv fusions. B) NIH 3T3 cells were infected with VEEV 810 

replicons encoding indicated fusions at the same MOI. At 3 h p.i., cells were lysed, protein 811 

complexes were isolated using anti-Flag magnetic beads and analyzed by WB using Flag- and 812 

G3BP1-specific antibodies and infrared dye-labeled secondary antibodies. Images were acquired 813 

on Odyssey Imaging System. 814 

 815 

Fig. 6. The designed viral variants with mutated HVD do not accumulate G3BP in nsP3 816 

complexes and do not induce SG formation in response to their replication. NIH 3T3 cells were 817 

infected with the indicated viruses at an MOI of 20 PFU/cell. At 6 h p.i., they were fixed and 818 

immunostained with the antibodies specific to G3BP1 and TIAR. Bars correspond to 10 μM. 819 

 820 

Fig. 7. NIH 3T3 G3bp dKO cells do not respond to NaAs treatment by SG formation. G3bp dKO 821 

and parental NIH 3T3 cells were treated with 0.75 mM NaAs for 45 min or remained mock-822 

treated. Then they were fixed and immunostained with the antibodies specific to SG components 823 

Bars correspond to 10 μM. 824 

 825 

Fig. 8. Lack of G3BP expression and inability of cells to form SGs does not stimulate replication 826 

of SINV variants with mutated HVDs. A) The schematic presentation of G RNAs of SINV 827 
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variants with mutated HVDs. B) Equal numbers of G3bp dKO and parental NIH 3T3 cells were 828 

seeded into 6-well Costar plates and used in the plaque assay done on the indicated variants. 829 

Cells were fixed by paraformaldehyde at 2 days p.i. and plaques were immunostained by crystal 830 

violet. C) G3bp dKO and parental NIH 3T3 cells were seeded into 6-well Costar plates (5x105 831 

cells/well) and infected with the indicated variants at an MOI of 0.01 PFU/cell. At the indicated 832 

times p.i., media were replaced and viral titers were determined by plaque assay on BHK-21 833 

cells. The experiment was repeated 3 times with the identical results. 834 

 835 

Fig. 9. Cells infected with either SINV HVD mutants or parental virus are incapable of forming 836 

SGs in response to NaAs treatment. NIH 3T3 cells were infected with the indicated viruses at an 837 

MOI of 10 PFU/cell. In 6 h, infected and mock-infected cells were exposed to 0.75 mM NaAs 838 

for 45 min, fixed, and immunostained with antibodies specific to the indicated components of 839 

SGs. Bars correspond to 10 μM. 840 

 841 

Fig. 10. Stable cell lines expressing SINV nsP3 and HVD fusions remain capable of forming 842 

SGs in response to NaAs treatment. A) Stable cell lines of NIH 3T3 cells expressing Flag-GFP-843 

nsP3 and Flag-GFP-HVD fusions were generated as described in Materials and Methods. 844 

Individual clones of GFP positive cells were analyzed by WB in terms of the expression of 845 

fusion proteins using GFP-specific antibodies. The levels of expression were compared to that of 846 

nsP3-GFP in NIH 3T3 cells at 6 h p.i. with SINV/nsP3-GFP. B) The indicated clones of stably 847 

expressing cells were treated with 0.75 mM NaAs for 45 min, fixed and immunostained with 848 

antibodies specific to SG components (eIF3b and TIAR). A percentage of GFP-positive cells 849 
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containing SGs was determined (~100 cells per experiment). Means and SD are indicated. The 850 

significance of differences was determined by one-way ANOVA with the Dunnett test (n = 3). 851 

 852 

Fig. 11. Transcriptional shutoff induced by ActD rapidly blocks formation of SGs in response to 853 

NaAs treatment. NIH 3T3 cells were treated with ActD for indicated times and then exposed to 854 

0.75 mM NaAs for 45 min. Ultimately, cells were fixed and immunostained with antibodies 855 

specific to the indicated components of SGs. Bars correspond to 10 μM. 856 

 857 

Fig. 12. The inabilities of viral mutants to develop transcriptional or translational shutoffs make 858 

them incapable of blocking SG development in response to NaAs treatment despite the 859 

accumulation of wt nsP3. A) NIH 3T3 cells were infected with SINV/G/GFP at an MOI of 10 860 

PFU/cell. At 6 h p.i., they were treated with 0.75 mM NaAs for 45 min or remained mock-861 

treated. Cells were fixed, immunostained with antibodies specific to the indicated SG markers 862 

and analyzed by confocal microscopy. Bars correspond to 10 μM.  B) NIH 3T3 cells were 863 

infected with the indicated viral variants (see the text for details) at an MOI of 10 PFU/cell, fixed 864 

and immunostained with TIAR- and eIF3b-specific antibodies to detect SGs. A percentage of 865 

GFP-positive cells containing SGs was determined (~100 cells per experiment). Means and SD 866 

are indicated. The significance of differences was determined by one-way ANOVA with the two-867 

stage step-up method of Benjiamini, Krieger and Yekutieli test (****P ≤ 0.0001, ***P≤0.001, 868 

**P ≤ 0.01, ns ≥ 0.05; n = 3). C) NIH 3T3 cells in 6-well Costar plates were infected with 869 

SINV/G/GFP and parental SINV/GFP at an MOI of 10 PFU/cell, and harvested at the indicated 870 

times p.i. Cell lysates were analyzed by WB for accumulation of viral nsPs and p-eIF2α.  871 

 872 
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Fig. 13. Persistent replication of SINV replicon does not inhibit SG formation during NaAs 873 

treatment. A) Naïve BHK-21cells, and cells carrying SINrep/L/GFP/Pac replicon were exposed 874 

to 0.75 mM NaAs for 45 min, fixed and immunostained with antibodies specific to SG 875 

components. The replicon-containing cells were also superinfected with SINV/GFP at an MOI of 876 

10 PFU/cell and at 6 h p.i., treated with NaAs and immunostained with the same antibodies. Bars 877 

correspond to 10 μM. B) To show that SINrep/L/GFP/Pac-containing cells are readily 878 

superinfected with homologous virus, they were infected with SINV/nsP3-Cherry for 6 h, treated 879 

with NaAs as above, and distributions of nsP3-Cherry and the SG marker eIF3b were analyzed. 880 

C) WB analysis of nsP2 and nsP3 levels in the cells carrying SINrep/L/GFP/Pac and in those 881 

infected with SINV/GFP for 6 h. Membranes were scanned on the Odyssey Imaging System. 882 

 883 

Fig. 14. SINV replicons make cells resistant to SG formation. BHK-21 cells were infected with 884 

packaged SINrep/GFP replicon at an MOI of 10 inf.u/cell. At 6 h p.i., they were either treated 885 

with 0.75 mM NaAs for 45 min or mock-treated, fixed and immunostained with antibodies 886 

specific to SG markers. Bars correspond to 10 μM. 887 

 888 
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