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Abstract 20 

The cGAS-STING pathway is central to the IFN response against DNA viruses. However, 21 

recent studies are increasingly demonstrating its role in the restriction of some RNA viruses. 22 

Here we show that the cGAS-STING pathway also contributes to the IFN response against 23 

noroviruses, positive-sense single-stranded RNA viruses that are now one of the most 24 

common causes of infectious gastroenteritis world-wide. We show a significant reduction in 25 

IFN-β induction and a corresponding increase in viral replication in norovirus-infected cells 26 

following STING inhibition, knockdown or deletion. Upstream of STING, we show that cells 27 

lacking either cGAS or IFI16 also have severely impaired IFN responses. Further, we 28 

demonstrate that immunostimulatory host genome-derived DNA, and to a lesser extent 29 

mitochondrial DNA, accumulate in the cytosol of norovirus-infected cells. And lastly, 30 

overexpression of the viral NS4 protein was sufficient to drive the accumulation of cytosolic 31 

DNA. Together, our data elucidate a role for cGAS, IFI16 and STING in the restriction of 32 

noroviruses, and demonstrate for the first time the utility of host genomic DNA as a damage-33 

associated molecular pattern in cells infected with an RNA virus. 34 

 35 

Highlights: 36 

• cGAS, IFI16 and STING are required for a robust IFN response against noroviruses 37 

• Nuclear and mitochondrial DNA accumulate in the cytosols of infected cells 38 

• Viral NS4 mediates accumulation of cytosolic DNA 39 

 40 

  41 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 26, 2021. ; https://doi.org/10.1101/2021.08.26.457800doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.26.457800
http://creativecommons.org/licenses/by/4.0/


Introduction 42 

Viruses and other pathogens are detected by a myriad of receptors called pattern recognition 43 

receptors (PRRs) [1]. These receptors are present in various compartments in the host cell, 44 

including on cell surfaces (such as toll-like receptors [TLRs] and c-type lectin receptors), in 45 

endosomes (TLRs), and in the cytosol (such as the retinoic acid-inducible gene 1 [RIG-I]-like 46 

receptors, or NOD-like receptors). They are germline encoded and are able to detect 47 

pathogen-associated molecular patterns (PAMPs) which are conserved molecular patterns 48 

unique to pathogens (such as uncapped 5’ tri-phosphorylated RNA or double-stranded RNA), 49 

or common molecular signatures in aberrant conditions (such as the presence DNA in the 50 

cytosol). Activation of these sensors initiates signaling cascades that trigger the release of 51 

interferons (IFNs) and other cytokines, and promote the restriction of the invading pathogen.  52 

 53 

Noroviruses are positive-sense single-stranded RNA viruses, with ~7.4kb genomes 54 

comprising 3-4 open-reading frames and a poly(A) tail [2]. The human noroviruses (HuNoVs), 55 

against which there are no approved vaccines or treatment, are the commonest causes of 56 

infectious gastroenteritis worldwide, with up to 677 million cases and more than 200,000 57 

deaths every year in children under 5 [3–5]. The murine norovirus (MNV) is broadly used as a 58 

surrogate model for studying the biology of noroviruses due to the availability of a reverse 59 

genetics system and a robust animal model, as well as an efficient virus culture system in 60 

widely available cell lines and primary cells [2]. Using MNV as a model, MDA5 and NLRP6 61 

have been previously demonstrated to play important roles in initiating IFN responses 62 

following infection with noroviruses, both in vivo and in primary cells [6–8]. The distribution of 63 

these receptors is complementary and varies with cell type, such that MDA5 is largely 64 

expressed in myeloid cells, while NLRP6 is predominantly expressed in epithelial cells [8]. 65 

However, the effect of NLRP6 depletion on virus replication is only marginal [8]. Additionally, 66 

depletion of STAT1, a central mediator of signalling downstream of IFN receptors, leads to 67 

profoundly higher viral titres than those following MDA5 depletion, both in vivo [6,9] and in 68 

vitro [6,10], suggesting the presence of other receptors or pathways that contribute to innate 69 

immune responses against noroviruses. 70 

 71 

While the cGAS-STING pathway is mostly associated with restriction of DNA viruses [1], there 72 

have been reports of its role in the restriction of replication of RNA viruses, in both IFN 73 

dependent and independent manners [11–15]. This is thought to be mediated by the presence 74 

of leaked mitochondrial DNA (mtDNA) in the cytosol resulting from viroporin-mediated calcium 75 

imbalances [12], infection-induced mitochondrial damage [11,15], or via an as yet undefined 76 
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mechanism downstream of IL-1β receptor signalling [16]. This leaked mtDNA acts as a 77 

Damage-Associated Molecular Pattern (DAMP), activating host responses downstream of 78 

STING. Thus far, there are no reports of genomic DNA acting as DAMPs in the same manner, 79 

although previous studies have demonstrated STING activation following genomic DNA 80 

leakage into the cytosol in tumour cells [17,18], following extensive DNA damage from 81 

irradiation [19], or from exposure to some anticancer agents [20]. Indeed STING-dependent 82 

IFN responses to leaked genomic DNA are thought to significantly contribute to the 83 

chemotherapeutic activities of certain anticancer drugs [21,22]. 84 

 85 

In the current study, we observed a considerable attenuation of IFN responses and a 86 

commensurate increase in viral replication in norovirus-infected primary cells and cell lines 87 

following treatment with small molecule inhibitors of STING. We also show a reduction in 88 

induction of IFNs and IFN-stimulated genes (ISGs) in norovirus-infected STING-/- cells, as well 89 

as cGAS-/- and IFI16-/- cells. We further demonstrate a substantial accumulation of nuclear 90 

DNA, and to a lesser extent mtDNA, in the cytosol of infected cells, likely mediated by the viral 91 

NS4 protein. In summary, we show for the first time a host-pathogen dynamic whereby 92 

genomic DNA acts as a damage-associated molecular pattern in cells infected with an RNA 93 

virus. 94 

 95 

Results 96 

MNV induces IFNs only in STING-competent cells 97 

The MNV VF1 protein counteracts induction of type I IFNs through an as yet unknown 98 

mechanism [23,24]. A common and significant challenge in studying the functions of MNV 99 

proteins, including VF1, is that primary murine macrophages and MNV-permissive cell lines 100 

are often difficult to transfect [25,26], and the transfection process itself frequently leads to 101 

induction of IFNs. To circumvent these limitations, we transduced two easy-to-transfect cell 102 

lines, HeLa and HEK293T, with the MNV receptor CD300lf to make them permissive to MNV 103 

infection [27,28]. To examine whether VF1 inhibits IFN induction in human cells, the CD300lf-104 

expressing HeLa and HEK293T cells were infected with wild-type MNV1 or the previously 105 

described VF1-negative mutant M1 in which a stop codon was introduced at position 17 of 106 

VF1 without affecting the underlying VP1 sequence [23]. As seen previously in RAW264.7 107 

cells [23], HeLa-CD300lf cells infected with MNV1 induced substantial increase of IFN-β, with 108 

the M1 virus inducing higher levels of IFN-β compared to cells that were infected with wild type 109 

MNV1 (Figure 1a). By contrast, there was little or no IFN-β induction in HEK293T-CD300lf 110 
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cells infected with either the wild type virus or M1, with no difference seen in IFN induction 111 

between cells infected with the wild type MNV1 compared to those infected with the M1 mutant 112 

(Figure 1a). These findings suggest that a factor or pathway present in HeLa and RAW264.7 113 

cells, but absent in HEK293T is required for both a robust induction of IFN in MNV-infected 114 

cells, as well as the phenotypic differences observed between cells infected with the wild type 115 

and M1 viruses. 116 

 117 

To further examine IFN induction in HeLa-CD300lf and HEK293T-CD300lf cells following 118 

infection with MNV, the cells were either mock-infected, or infected with wild type MNV1 at a 119 

high MOI, harvested 10 hours post infection and the lysates assessed using western blotting. 120 

As shown in Figure 1b (right panel), there was no difference in the levels of phospho-IRF3 and 121 

phospho-STAT1 between the mock-infected cells and cells infected with MNV1 in HEK293T-122 

CD300lf cells. This contrasts with infection in HeLa-CD300lf cells (Figure 1b, left panel) where 123 

a significant increase is seen in the levels of both phospho-IRF3 and phospho-STAT1 124 

following infection with MNV1. We also observed profoundly higher levels in viral titres from 125 

the HEK293T-CD300lf cells compared to HeLa-CD300lf cells (Figure 1c). The HEK293T-126 

CD300lf cells have an intact RNA sensing pathway as they are able to phosphorylate STAT1 127 

in response to poly (I:C) transfection (Figure 1d). Both being epithelial-like cell lines, HeLa and 128 

HEK293T cells likely express the same repertoire of components of the IFN response 129 

pathway, with an exception of the adapter protein STING that is only marginally expressed in 130 

HEK293T cells, compared to HeLa cells (Burdette et al.[29], and Figure 1e). Taken together, 131 

these data demonstrate an attenuation of the IFN response to MNV1 infection in HEK293T-132 

CD300lf cells, compared to HeLa-CD300lf and RAW264.7 cells, and putatively suggesting a 133 

role for STING, or other factors non-functional in HEK293T-CD300lf cells, in the IFN response 134 

against noroviruses. 135 

 136 

Small-molecule inhibition of STING activation enhances replication of noroviruses in 137 

cell lines and primary cells 138 

To explore the role of STING in the antiviral response against MNV, we made use of the 139 

recently described covalent small-molecule inhibitors of STING; C-176 and H-151 [30]. As 140 

shown in Figure 2a, both molecules were able to inhibit induction of IFN-β following 141 

transfection of poly (dA:dT) in RAW264.7 cells, but not poly (I:C), consistent with previously 142 

published results. To determine whether STING is required for induction of IFNs following 143 

infection with MNV, RAW264.7 cells were pre-treated with DMSO or titrated doses of C-176 144 

or H-151, and then infected with wild type MNV1 at a high MOI. The cells were harvested 9 145 
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hours post infection and subjected to RT-qPCR. As shown in Figure 2b, there was a significant 146 

dose-dependent decrease in IFN-β induction in cells treated with either C-176 or H-151, 147 

compared to DMSO control. These data suggest that STING is required for a robust induction 148 

of IFNs in RAW264.7 cells infected with MNV1. 149 

 150 

To examine the role of STING in primary macrophages, bone marrow cells from C57BL/6 mice 151 

were differentiated into bone marrow-derived macrophages (BMDMs), pre-treated with either 152 

DMSO or titrated doses of C-176 or H-151, and subsequently infected with MNV1 at a high 153 

MOI. The cells were harvested 12 hours post infection and subjected to RT-qPCR. As shown 154 

in Figure 2c, and consistent with data from assays in RAW264.7 cells, there was a significant 155 

dose-dependent decrease in IFN-β induction in MNV-infected BMDMs following treatment with 156 

the small-molecule inhibitors of STING. To determine the role of STING in restricting MNV1 157 

replication, BMDMs were pre-treated with DMSO or titrated doses of C-176 or H-151, and then 158 

infected with MNV1. The samples were harvested at different time points post infection and 159 

infectious viral titres were determined using TCID50. As shown in figure 2d, there is a 160 

significant dose-dependent increase in viral titres following treatment with STING inhibitors. 161 

Altogether, these data indicate that STING plays an important role in the antiviral responses 162 

to MNV1 in both primary macrophages and cell lines. 163 

 164 

Next, we wanted to see if there is a similar role for STING in the IFN responses against human 165 

noroviruses. For this, we made use of the recently described HGT-NV cells [31], a human 166 

gastric tumour cell line stably harbouring a GI.I human norovirus replicon. The cells were 167 

treated with DMSO or indicated doses of H-151, harvested 24 hours post treatment and 168 

subjected to RT-qPCR. As shown in Figure 2e, inhibition of STING activation led to a 169 

significant increase in the HuNoV genomes, in a dose-dependent manner. We also saw a 170 

marked increase in viral proteins at 72 hours after treatment in these cells (Figure 2f). Taken 171 

together, these results suggest that STING contributes to the restriction of both human and 172 

murine noroviruses during replication.  173 

 174 

STING-/- cells induce an attenuated antiviral response against noroviruses 175 

To confirm the role of STING in the IFN responses against noroviruses, we used the 176 

CRISPR/Cas9 system to generate two clones of STING-/- RAW267.4 cell lines (Figure 3a). 177 

Both clone 14 (C14) and clone 22 (C22) STING-/- cells induced IFN-β at similar levels to the 178 

wild-type cells following transfection of poly (I:C), but showed a significantly impaired response 179 
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to transfected poly (dA:dT), as expected (Figure 3b). To determine the effect of STING 180 

depletion on IFN-β response to MNV, STING+/+ and C14 and C22 STING-/- cells were either 181 

mock-infected or infected with wild-type MNV1 at an MOI of 5 and harvested at 9 hours post 182 

infection. Samples were then assessed for IFN-β mRNA by RT-qPCR. Both clones of STING-183 

/- cells showed a significant decrease in IFN-β induction and ISGs following infection with 184 

MNV1 (Figure 3c) at both high and low MOI, in agreement with data from the small-molecule 185 

inhibition experiments, and overall confirm a role for STING in the antiviral responses to MNV1 186 

infection. These data are also consistent with data obtained from RAW264.7 cell transduced 187 

with shRNA targeting STING (Figure S1). 188 

 189 

Both cGAS and IFI-16 contribute to IFN responses in norovirus-infected cells 190 

Next, the upstream receptor that mediates STING activation in MNV-infected cells was 191 

examined. Activation of either cGAS or IFI16 leads to activation of STING and eventually 192 

induction of IFNs [1]. To explore the roles of these receptors in norovirus-infected cells, we 193 

used RAW264.7 cells stably expressing a secreted luciferase under the control of the ISG54 194 

(ISRE) promoter (RAW-Lucia ISG cells). Wild-type, cGAS-/- or IFI16-/- (p204-/-) cells were 195 

infected with MNV1 at an MOI of 5. As controls, MAVS-/-, STING-/-, and MDA5-/- were also 196 

infected at the same MOI. The supernatants were harvested at 18 hours post infection and 197 

analysed on a luminometer. As shown in Figures 4a and 4b, there was a significant decrease 198 

IFN-β induction in both cGAS-/- and IFI16-/-, compared to wild-type cells, and comparable to 199 

the decrease seen in MAVS-/-, STING-/-, and MDA5-/- cells. These data suggest that both cGAS 200 

and IFI16 are required for a robust induction in IFN-β in MNV-infected cells.  201 

 202 

Aberrant cytosolic DNA from norovirus-infected cells induces an IFN response, in a 203 

STING-dependent manner 204 

Mitochondrial DNA has also been demonstrated to accumulate in the cytosol of host cells 205 

following infection by some RNA viruses, including Dengue virus [11], Chikungunya virus [13], 206 

Influenza A virus [12], and encephalomyocarditis virus (EMCV) [12]. This aberrant presence 207 

of DNA in the cytosol then leads to activation of the cGAS-STING pathway and the ensuing 208 

IFN response. To determine if mtDNA accumulates in the cytosol of norovirus-infected cells, 209 

RAW267.4 cells were either mock-infected or infected at an MOI of 0.5 or 5, and harvested 210 

12 hours post-infection. The cells were then lysed in a digitonin buffer and fractionated. DNA 211 

was extracted from the cytosolic fractions and the presence of mtDNA was determined by 212 

qPCR using two previously described primer sets. As shown in Figure 5a, there was a 213 
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moderate accumulation of mtDNA in the cytosol of infected cells, with higher levels observed 214 

with increased MOI. Alongside this, we also observed a sizeable dose-dependent increase in 215 

genome-derived GAPDH and HPRT DNA in the cytosol of infected cells. Taken together, 216 

these data indicate leakage of both mitochondrial and genomic DNA into the cytosol of cells 217 

infected with MNV. 218 

 219 

To determine if this aberrant cytosolic DNA is able to induce IFNs, we transfected normalised 220 

amounts of extracted cytosolic DNA into RAW264.7 cells, and assessed for IFN-β and ISG 221 

(viperin) expression using qPCR (Figure 5c). As shown in Figure 5d, there was a significant 222 

increase in IFN-β and viperin in the cells transfected with cytosolic DNA from MNV-infected 223 

cells, compared to that from mock-infected cells, in a dose-dependent manner. This increased 224 

induction of IFN-β was seen to be STING-dependent, as there was almost no induction of IFN-225 

β in STING-/- cells transfected with cytosolic DNA (Figure 5e). Altogether, our data indicate 226 

leakage of genomic and mitochondrial DNA into the cytosol of MNV-infected cells that can 227 

activate induction of IFNs. 228 

 229 

The norovirus NS4 protein promotes the accumulation of cytosolic DNA 230 

Leakage of DNA into the cytosol of cells occurs in disparate ways. For example, mtDNA 231 

leakage in A549 cells was shown to occur downstream of IL-1β signalling [16]. Treatment of 232 

these cells with IL-1β was sufficient to cause mitochondrial leakage into the cytosol, activation 233 

of IRF3 and a resultant induction of IFNs and ISGs. Since MNV infection has recently been 234 

shown to induce IL-1β secretion [32], we hypothesised that this could therefore potentially 235 

explain the leakage of mtDNA in MNV-infected cells. To determine if this is the case, 236 

RAW264.7 cells were pre-treated with an IL-1 receptor antagonist (IL-1RA), IL-1β, or both, 237 

and subsequently infected with MNV1 at an MOI of 5. The cells were harvested 12 hours post 238 

infection and analysed for IFN-β and viperin expression using qPCR. As shown in Figures S2a 239 

and S2b, we neither observed any significant decrease in IFN-β or viperin induction in the 240 

presence of IL-1RA, nor did we see any induction of IFN-β or viperin in cells treated with IL-241 

1β. Additionally, while treatment of A549 cells with IL-1β did induce expression of IL-6, with a 242 

decrease in expression seen in cells pre-treated with IL-1RA, as expected (Figure S2c), in our 243 

hands there was no increase in IFN-β induction in cells treated with IL-1β (Figure S2d). 244 

 245 

Next, we considered if any of the structural and non-structural viral proteins is the cause of 246 

leakage of DNA into the cytosol. One likely candidate is the NS1-2 protein that was recently 247 
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shown to potentially have a viroporin activity [33]. We hypothesised that the NS1-2 protein, as 248 

a viroporin, may disrupt intracellular calcium homeostasis and eventually lead to mitochondrial 249 

leakage, similar to the M2 protein of Influenza A virus and the 2B protein of EMCV [12]. 250 

Another candidate is the NS5 protein (VPg), which was shown to be a potential interactor of 251 

PARP1 and other DNA repair enzymes in a proteomics assay [34]. Sequestration of DNA 252 

repair enzymes by VPg in the cytosol might lead to depletion of the nuclear components of 253 

these enzymes, which could then promote the leakage of genomic DNA into the cytosol. 254 

Indeed expression of the norovirus VPg in cells leads to cell cycle arrest [35,36], a 255 

phenomenon that is also seen following depletion of DNA repair enzymes. To determine if any 256 

of these is relevant to norovirus biology, we transfected plasmids encoding individual proteins 257 

of MNV1 into HEK293T-CD300lf cells. We opted to use these cells due to their high 258 

transfection efficiencies, and like RAW264.7 cells, show a significant accumulation of genomic 259 

and mitochondrial DNA in the cytosol following infection with MNV (Figures 6a and 6b). 260 

Transfected cells were harvested after 24 hours and cytosolic DNA was assessed by qPCR. 261 

A significant increase in cytosolic DNA was seen in cells expressing NS4 compared to those 262 

expressing GFP (Figure 6c). No increase in cytosolic DNA was seen in cells expressing the 263 

NS1-2 protein, VPg, or any of the other MNV proteins (Figures 6c and S3), suggesting that 264 

the NS4 protein of MNV mediates accumulation of DNA in the cytosols of MNV-infected cells. 265 

 266 

To determine if this function is conserved across the NS4 proteins of noroviruses, we explored 267 

leakage of DNA in cells expressing HuNoV NS4. For this, HEK293T-CD300lf cells were either 268 

mock-transfected, or transfected with plasmids encoding GFP, MNV1 NS4, or HuNoV GII.4 269 

NS4. The cells were harvested 24 hours post transfection and cytosolic DNA was assessed 270 

by qPCR. While no increase in cytosolic DNA was detected in GFP-expressing cells compared 271 

to mock, as expected, a significant increase was seen in cells expressing HuNoV NS4, similar 272 

to those expressing MNV NS4 (Figure 6d). Interestingly, we observed a higher proportion of 273 

mtDNA in cells expressing HuNoV NS4 compared to those expressing MNV NS4, although 274 

levels of genomic DNA remained largely the same. Altogether, these data indicate that NS4 275 

proteins of noroviruses are necessary and sufficient for mediating leakage of genomic and 276 

mitochondrial DNA into the cytosol. 277 

 278 

Discussion 279 

Data suggesting a role for STING in restricting RNA viruses are as old as the discovery of 280 

STING itself, and the first viral proteins shown to antagonize STING function are in fact 281 

encoded by RNA viruses [15]. In this study we explored the potential role of STING in the IFN 282 
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responses to norovirus infection. There was a substantial impairment of IFN responses and a 283 

corresponding increase in viral replication in norovirus-infected primary cells and cell lines 284 

following treatment with small molecule inhibitors of STING, as well as a decrease in induction 285 

of IFNs and ISGs in norovirus-infected STING-/- cells, as well as cGAS-/- and IFI16-/- cells. Both 286 

cGAS and IFI16 can sense the presence of DNA in the cytosol [1] and activate an IFN 287 

induction signalling cascade upstream of STING. IFI16 has also been shown to be able to 288 

sense viral RNA [37], positively regulates cGAS-STING signalling [38,39], and promotes both 289 

DNA or RNA virus-induced IFN transcription in the nucleus [40]. Although STING mainly 290 

functions as an adapter protein in intracellular detection of foreign DNA, it has been shown to 291 

play important roles in the restriction of some RNA viruses through various independent 292 

mechanisms (recently reviewed by Maringer et al. [15], Aguirre et al. [41], Zevini et al. [42], 293 

and Ni et al. [43]). For example, it has been shown that STING can promote fusion-mediated 294 

IFN induction in cells infected with Influenza A virus in a manner independent of cGAS [44], 295 

and facilitate IFN induction downstream of cGAS in a manner dependent on the viral M2-296 

mediated leakage of mtDNA [12]. In cells infected with DENV, membrane recruitment to 297 

replication complexes likely leads to leakage of mtDNA that triggers IFN induction via STING, 298 

in a process contingent on cGAS activation [11]. Recently, it was also demonstrated that 299 

STING can inhibit host and viral translation in cells infected with a wide variety of RNA viruses 300 

in a RIG-I dependent manner [14]. In addition, at least for JEV, IFN induction is largely 301 

dependent on a RIG-I/STING-dependent pathway [45]. And lastly, as were preparing this 302 

manuscript for submission, another group also published data that corroborated ours, showing 303 

a role for cGAS and STING in IFN responses against MNV, using knockout and 304 

overexpression assays [46]. 305 

 306 

The discovery of the role for the cGAS-STING pathway in the restriction of norovirus 307 

replication is significant, and potentially broadens the current MDA5/MAVS/IFN-centric 308 

understanding of the innate immune restriction of noroviruses to one that encompasses both 309 

IFN-dependent and independent pathways (Figure 7). For instance, STING can inhibit 310 

replication of RNA viruses via translation shutoff [14]. Since STING is itself an ISG [47], this 311 

could explain a previously described ability of type I IFNs to inhibit translation of MNV proteins 312 

independent of PKR [48]. STING is also involved in inflammasome activation following 313 

detection of pathogens, and this knowledge could therefore facilitate future studies of the 314 

complex relationship between noroviruses and commensal bacteria [49,50]. Importantly, this 315 

also potentially explains the discrepancy between in vivo and in vitro results from studies on 316 

IFN responses to the human norovirus. For example, studies in Huh7 and 293FT cells have 317 

shown no IFN responses to HuNoV [51,52], while human challenge studies [53], studies in 318 
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animal models [54,55], and in vitro studies in organoids [56–58], and replicon-containing cell 319 

lines [31] have all demonstrated induction of IFNs following infection. Given that both Huh7 320 

and 293FT cells have impaired cGAS-STING pathways [29,59,60], our data demonstrating a 321 

role of this pathway in restriction of noroviruses harmonises these various otherwise conflicting 322 

data. 323 

 324 

We considered if the NS1-2 protein was the cause of leakage of DNA into the cytosol given 325 

that it has been suggested to be a viroporin [33]. The M2 protein of Influenza A virus and the 326 

2B protein of EMCV have been shown to mediate leakage of mtDNA by upsetting the 327 

intracellular calcium balance in a manner dependent on their viroporin activity [12]. We also 328 

considered the NS5 protein (VPg), a potential interactor of PARP1 and other DNA repair 329 

enzymes [34]. We hypothesized that sequestration of DNA repair enzymes by VPg in the 330 

cytosol may perhaps lead to depletion of the nuclear components of these enzymes, which in 331 

turn could lead to leakage of genomic DNA into the cytosol. This hypothesis was supported 332 

by previous studies showing that expression of the norovirus VPg in cells leads to cell cycle 333 

arrest via a yet unknown mechanism [35,36,61], given that cell cycle arrest can be a 334 

consequence of compromised DNA repair. However, our data has shown that none of these 335 

proteins induce accumulation of cytosolic DNA independently. A third hypothesis we 336 

considered for the mechanism of DNA leakage into the cytosol of infected cells was IL-1β 337 

signalling. Leakage of immunostimulatory mtDNA in West Nile virus-infected cells was 338 

previously shown to likely occur downstream of IL-1β signalling via an unknown mechanism 339 

[16,62]. Since MNV was recently shown to induce significant release of IL-1β in vivo [32], we 340 

considered if this pathway was also activated in norovirus-infected cells. However, we were 341 

not able to demonstrate mtDNA leakage in cells treated with IL-1β, and treatment with an IL-342 

1RA did not affect IFN induction in MNV-infected cells. 343 

 344 

Our finding that infection promotes leakage of genomic DNA is surprising, but not unexpected, 345 

given the substantial widespread membrane reorganisation that occurs in infected cells during 346 

the formation of virus replication complexes [63,64]. We have shown that expression of the 347 

viral NS4 protein is sufficient to cause this accumulation of DNA in the cytosol. Interestingly, 348 

a previous study demonstrated that the NS4 protein is uniquely able to form membranous 349 

complexes when overexpressed in cells [64]. Whether the ability of NS4 to promote 350 

accumulation of cytosolic DNA is related to its membrane recruitment function remains to be 351 

tested. Indeed the presence of nuclear envelope markers on norovirus replication complexes 352 

has not been previously explored. While leakage of genomic DNA into the cytosol of cells 353 
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infected with RNA viruses has not been demonstrated until now, it is seen in cancer cells 354 

[17,18] and following irradiation [19] or exposure to chemotherapeutic agents such as 355 

etoposide [20]. Indeed, the efficacy of some anticancer drugs has been shown to be 356 

dependent on their ability to activate STING in this manner [21,22,65]. Given the widespread 357 

reorganisation of host cell architecture during viral replication, we expect that many more RNA 358 

viruses likely trigger leakage of genomic DNA into the cytosol. 359 

 360 

Several RNA viruses encode proteins that counteract STING-dependent host antiviral 361 

responses [15]. The Dengue virus NS2B and Chikungunya virus capsid proteins promote 362 

degradation of cGAS in infected cells, for example [11,13]. The Influenza A virus NS1 protein 363 

binds to mtDNA and renders it less immunostimulatory [12]. Further work is required to 364 

determine if noroviruses have mechanisms to counteract or avoid this pathway. One potential 365 

target could be the GTPase-activating protein SH3 domain-binding protein 1 (G3BP1). Our 366 

group and others have recently shown that G3BP1 is sequestered within replication 367 

complexes in infected cells [34,66,67]. Since it was also recently shown to contribute to DNA 368 

sensing by cGAS [68–70], it is entirely possible that its sequestration in replication complexes 369 

also dampens its contribution to cGAS activation. Further work is however required to 370 

determine if this is the case. 371 

 372 

In this work, we have shown a role for cGAS, IFI16 and STING in the restriction of noroviruses, 373 

and demonstrated for the first time the role of the host genomic DNA as a damage-associated 374 

molecular pattern in cells infected with an RNA virus. We have demonstrated accumulation of 375 

nuclear DNA, and to a lesser extent mtDNA, in the cytosol of infected cells, likely driven by 376 

the viral NS4 protein. Further work is required to determine the exact mechanism of this DNA 377 

leakage, as well as potential mechanisms of evasion by the viruses. 378 

 379 

  380 
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Materials and methods 381 

Cells 382 

RAW264.7, BV2, HEK293T, and HeLa cells were maintained at 37oC in complete Dulbecco’s 383 

Modified Eagle Medium (DMEM, Sigma Aldrich) containing 4500mg/ml glucose, sodium 384 

bicarbonate, and sodium pyruvate, and supplemented with 10% heat-inactivated Fetal Bovine 385 

Serum (HyClone), 10U/ml of penicillin, 100 g/ml of streptomycin, 2mM L-glutamine (Sigma 386 

Aldrich), and non-essential amino acids (Sigma Aldrich). HEK293T and HeLa cells used in 387 

this work were generously provided by Dr Susanna M. Colaco (University of Cambridge). BSR-388 

T7 cells, a kind gift from Karl-Klaus Conzelmann (Ludwid Maximillians University, Munich) 389 

derived from Baby Hamster Kidney (BHK) cells and expressing the T7 RNA polymerase, were 390 

maintained in complete DMEM supplemented with 0.5 mg/ml G418 (Invivogen). RAW-Lucia 391 

ISG wild-type (Invivogen, rawl-isg), MAVS-KO (Invivogen, rawl-komavs), STING-KO 392 

(Invivogen, rawl-kostg), MDA5-KO (Invivogen, rawl-komda5), cGAS-KO (Invivogen, rawl-393 

kocgas), and IFI16-KO (Invivogen, rawl-koif16) were purchased from Invivogen. 394 

 395 

Bone marrow-derived macrophages (BMDMs) were differentiated from bone marrow cells of 396 

C57BL/6 mice as previously described [71]. Briefly, bone marrow cells were seeded on non-397 

treated culture plates in complete DMEM supplemented with 10% CMG14 culture supernatant 398 

which contains M-CSF. Fresh medium was added every 3 days and cells were harvested and 399 

used for experiments on day 9 or 10. This work was carried out in accordance with regulations 400 

of The Animals (Scientific Procedures) Act 1986 [72] and the ARRIVE guidelines [73]. All 401 

procedures were approved by the University of Cambridge Animal Welfare and Ethical Review 402 

Body (AWERB) and the UK Home Office and carried out under the Home Office project licence 403 

PPL 70/7689. 404 

 405 

Plasmids 406 

Plasmids used in this work are listed in Table 1. 407 

 408 

Lentivirus transduction 409 

For shRNA transduction, Mission shRNA plasmids (Sigma Aldrich) were transfected together 410 

with pMDLg/pRRE, pRSV-Rev, and pMD2.G plasmids into HEK293T cells using 411 

Lipofectamine 2000. Pooled lentiviral supernatants harvested on days 2 and 3 were used to 412 
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infect RAW264.7 cells. Puromycin (Invitrogen) selection was started 72 hours post-infection. 413 

The cells were cultured in 2 μg/ml puromycin until all the control cells were dead and were 414 

then maintained in 5 μg/ml puromycin.  415 

 416 

For CD300lf lentiviral transduction, the pFS669IG plasmid encoding the mouse CD300lf was 417 

transfected together with pMDLg/pRRE, pRSV-Rev, and pMD2.G plasmids into HEK293T 418 

cells using Lipofectamine 2000. Pooled lentiviral supernatants harvested on days 2 and 3 were 419 

used to infect HeLa and HEK293T cells. CD300lf-transduced HeLa and HEK293T cells were 420 

subsequently selected using 100 g/ml Hygromycin (Invitrogen), starting 72 hours post-421 

infection. 422 

 423 

For generation of STING-/- RAW264.7 cells, the LentiCRISPRv2-based plasmid pAJ221IG, co-424 

encoding the Cas9 nuclease and single guide RNA targeting mouse STING (sequence: 425 

AGCAAAACATCGACCGTGC, from Storek et al. [74]), was transfected together with 426 

pMDLg/pRRE, pRSV-Rev, and pMD2.G plasmids into HEK293T cells using Lipofectamine 427 

2000. Pooled lentiviral supernatants harvested on days 2 and 3 were used to infect RAW264.7 428 

cells. Puromycin (Invitrogen) selection was started 72 hours post-infection. The cells were 429 

cultured in 2 μg/ml puromycin until all the control cells were dead and were then maintained 430 

in 5 μg/ml puromycin. Single cells were FACS sorted into individual wells of 96-well plates 431 

containing conditioned media by the NIHR Cambridge BRC Cell Phenotyping Hub. Clones of 432 

cells were screened 6 weeks later by western blotting. 433 

 434 

Reverse genetics 435 

The MNV1 virus was prepared via reverse genetics as previously described [75,76]. Briefly, 436 

1.5x106 BSR-T7 cells were seeded in a 6-well plate and incubated at 37oC for 3 hours. The 437 

cells were then infected with Fowlpox virus (FPV)-T7 at an MOI of 0.5 pfu/cell and incubated 438 

at 37oC for 2 hours. Then, 1μg of the pT7:MNV-1_3’Rz or the pT7:MNV-1_3’Rz_M1 MNV 439 

cDNA clones (for the wild type or VF1-deficient M1 mutant, respectively) were transfected 440 

using Lipofectamine 2000, according to the manufacturer’s instructions. The plate was 441 

incubated at 37oC for 2 days, freeze-thawed once (at -80oC overnight or longer), and titred by 442 

TCID50. 443 

 444 

TCID50 445 
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TCID50 by cytopathic effect (CPE) was carried out as previously described [75]. Briefly, 1:10 446 

serial dilutions of the virus preparations were made in cell culture media and aliquoted into 447 

wells of a 96-well plate, each in 4 replicates of 50μl. Then, 2x104 BV2 cells in 100μl of cell 448 

culture media was added to each well and the plate was incubated at 37oC for 5 days. The 449 

cells were subsequently assessed for CPE, and TCID50/ml was calculated using the 450 

Spearman & Kärber algorithm [77]. 451 

 452 

Cell stimulation 453 

Poly (I:C) (P1530, Sigma) and poly (dA:dT) (P1537, Sigma) transfections were carried out on 454 

cells pre-seeded overnight in 24-well plates using Lipofectamine 2000 (Invitrogen), according 455 

to the manufacturer’s protocol. Animal-free recombinant IL-1RA (Peprotech, AF-200-01RA), 456 

mouse IL-1β (Peprotech, AF-211-11B) and human IL-1β (Peprotech, AF-200-01B) were used 457 

for the experiments in Figure S2.  458 

 459 

MNV infection 460 

Cells were incubated with the virus inoculum at the appropriate MOI on an end-to-end rotor at 461 

37oC for an hour, then washed twice with fresh media, transferred to appropriate culture plates, 462 

and incubated at 37oC. 463 

 464 

Small molecule inhibition of STING 465 

For experiments involving STING inhibition, cells were pre-treated in DMSO (Sigma), C-176 466 

(Focus Biomolecules), or H-151 (Focus Biomolecules) for 2 hours before infection or 467 

transfection with poly (I:C) or poly (dA:dT), and the drugs are supplemented in the media 468 

onwards until the cells were harvested for end-point assays. 469 

 470 

Luciferase assay 471 

RAW-Lucia ISG cells were infected as described. Clarified supernatants were harvested at 18 472 

hours post infection, mixed with the Quanti-luc Gold reagent (Invivogen, rep-qlcg1) in a 1:1 473 

ratio, and analysed on a Glomax Navigator Microplate Luminometer (Promega). 474 

 475 

Western blotting 476 
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Cells were washed in ice-cold PBS twice, resuspended in RIPA buffer (150mM NaCl, 1% NP-477 

40, 0.5% Na deoxycholate, 0.1% SDS, 25mM Tris-HCl pH 7.4) supplemented with a protease 478 

inhibitor cocktail (and a phosphatase inhibitor cocktail when phospho-proteins were of 479 

interest), and kept on ice for 20 minutes. The sample was pipetted up and down several times 480 

and was centrifuged immediately at 10,000 x g for 10 minutes at 4oC. The supernatant was 481 

transferred to a new tube and the pellet was discarded. The sample was quantified using the 482 

BCA assay (Thermo Scientific) according to the manufacturer’s recommendations. The 483 

sample was then mixed with SDS polyacrylamide gel electrophoresis (PAGE) sample buffer 484 

(2% SDS, 10% glycerol, 0.002% bromophenol blue, 0.0625M Tris-Cl pH 6.8, 5% 2-485 

mercaptoethanol), heated at 95oC for 5 minutes, and kept at -20oC or used immediately for 486 

SDS PAGE. Transfers were made onto 0.45m nitrocellulose membranes. The membranes 487 

were blocked in 5% milk PBST for 1 hour at room temperature, and the primary and secondary 488 

antibodies were incubated at 4oC overnight and 1hour at room temperature respectively, with 489 

three 5-minute washes in between incubations. The membranes were subsequently scanned 490 

on an Odyssey CLx imager (LI-COR) and the results were analysed using the Image Studio 491 

Lite software version 5.2.5 (LI-COR). Antibodies used in this work are listed in Table 2. 492 

 493 

Relative RT-qPCR 494 

RNA extraction with on-column DNAse treatment were done using the GenElute Mammalian 495 

Total RNA Miniprep Kit (Sigma-Aldrich) according to the manufacturer’s protocol. cDNA was 496 

synthesized using the M-MLV Reverse Transcriptase (Promega), according to the 497 

manufacturer’s protocol. qPCR was carried out using a 2X SYBR Green mastermix containing 498 

2.5mM MgCl2, 400μM dNTPs, 1/10,000 SybrGreen (Molecular Probes), 1M Betaine (Sigma), 499 

0.05U/μl of Gold Star polymerase (Eurogentec), 1/5 10X Reaction buffer (750 mM Tris-HCl 500 

pH 8.8, 200 mM [NH4]2SO4, 0.1 % [v/v] Tween 20, Without MgCl2), and ROX Passive 501 

Reference buffer (Eurogentec), and ran on a ViiA 7 Real-Time PCR System (ThermoFisher 502 

Scientific), with a 15-second 95oC denaturation step and a 1-minute 60oC annealing/extension 503 

step for 40 cycles. Relative gene expression was calculated using the Livak method (ΔΔCt) 504 

relative to mock-transfected conditions [78], and normalized to a house keeping gene (Gapdh 505 

for all the mouse samples, and -actin for the human samples). Primers used in this work are 506 

listed in Table 3. 507 

 508 

Cell fractionation and cytosolic DNA assessment 509 
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Cell fractionation for cytosolic DNA assessment was carried out using a protocol modified from 510 

Moriyama et al. [12]. Briefly, the cells were washed in 1 ml of ice-cold PBS. Cells were then 511 

resuspended in 600μl digitonin lysis buffer (150 mM NaCl, 50 mM HEPES pH 7.4, and 512 

20 μg/ml digitonin), out of which 100μl was set aside for analysis by western blot, and 100μl 513 

was set aside as the whole cell fraction. The remaining 400μl was centrifuged at 1,000 x g for 514 

3 minutes, and the supernatant transferred to a new tube. This was repeated twice, and then 515 

the supernatant was centrifuged at 17,000 x g for 10 minutes and transferred into a new tube. 516 

An RNAse digestion was carried out on this cytosolic fraction and the whole cell fraction by 517 

adding 2.5 μl each (1.25 units) of the RNase Cocktail Enzyme Mix (Invitrogen, AM2286) and 518 

incubated at 37oC for 2 hours. DNA was then extracted from the cytosolic fraction using the 519 

QIAquick Nucleotide Removal kit (QIAGEN) and from the whole cell fraction using the QIAamp 520 

DNA Mini Kit (QIAGEN). Both cytosolic and whole cell fractions were eluted in 100μl and 521 

diluted 1:10 in water before assessment by qPCR. Primers used for qPCR are listed in Table 522 

4. 523 

 524 

Statistical analysis and software 525 

Prism 6.0 (Graph Pad) was used for all statistical analysis, and one-way repeated measures 526 

ANOVA with Bonferroni multiple comparisons tests was applied to determine statistical 527 

significance, unless where indicated otherwise. In all cases, ‘ns’, *, **, ***, and **** are used 528 

to denote p>0.05, p≤0.05, p≤0.01, p≤0.001 and p≤0.0001 respectively. The Image J software 529 

was used for all confocal micrograph preparation and Image Studio Lite 5.2 was used for 530 

western blot quantification. Clustal Omega was used for all sequence alignments, and 531 

Snapgene 4.2 was used for primer design and cloning strategies. 532 

 533 

  534 
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 844 

Figure 1. MNV induces IFNs only in STING-competent cells 845 

(a) HeLa-CD300lf and HEK293T-CD300lf cells were infected at the indicated MOIs with either wild-type 846 
MNV1 or the VF1-deleted M1 mutant. The cells were harvested 10h after infection and subjected to RT-847 
qPCR. Data represent two independent experiments done in triplicates, and is shown relative to mock-848 
infected cells, and normalised to human β-actin. 849 

(b) HeLa-CD300lf and HEK293T-CD300lf cells were either mock-infected, or infected at an MOI of 10 850 
with either wild-type MNV1 or the VF1-deleted M1 mutant. The cells were harvested 10h after infection 851 
and assessed by western blotting for the indicated proteins. 852 

(c) HeLa-CD300lf and HEK293T-CD300lf cells were infected at the indicated MOIs with wild-type 853 
MNV1. The cells were harvested 10h after infection and infectious viral titres were determined using 854 
TCID50. Data represent two independent experiments, each done in triplicates. 855 

(d) HEK293T-CD300lf cells were transfected with indicated amounts of poly (I:C). The cells were 856 
harvested 6h after transfection and assessed by western blotting for the indicated proteins. 857 

(e) Lysates from HeLa-CD300lf and HEK293T-CD300lf cells were assessed by western blotting for 858 
STING and GAPDH. 859 

  860 

pSTAT1

STAT1

pIRF3

IRF3

NS7

GAPDH

100 -

75 -

50 -
75 -

75 -

100 -

75 -

50 -
75 -

50 -

37 -

25 -

(kDa)

HeLa

M WT

37 -

25 -

(kDa)

75 -

100 -

75 -

100 -
pSTAT1

STAT1

GAPDH

Poly (I:C)
(μg/ml)

0 0.1 1 10

HEK293T

pSTAT1

STAT1

pIRF3

IRF3

NS7

GAPDH

HEK293T

100 -

75 -

50 -
75 -

75 -

100 -

75 -

50 -

75 -

50 -

37 -

25 -

(kDa)

M WT

0.
5 5

3

4

5

6

7

8

MNV1

MNV1 (MOI)

T
C

ID
5
0
/m

l 
(l

o
g

1
0
)

HeLa
293T

0
0.

5 5

0

50

100

150

200

250

IFN-β mRNA

MNV1 (MOI)
[HeLa cells]

F
o
ld

 i
n
c
re

a
s
e

WT
M1

0
0.

5 5

0

50

100

150

200

250

IFN-β mRNA

MNV1 (MOI)
[HEK293T cells]

F
o
ld

 i
n
c
re

a
s
e

WT
M1

a. b.

c. d. e.

37 -

25 -

37 -

25 -

STING

GAPDH

(kDa)

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 26, 2021. ; https://doi.org/10.1101/2021.08.26.457800doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.26.457800
http://creativecommons.org/licenses/by/4.0/


 861 

Figure 2. Small-molecule inhibition of STING activation enhances replication of noroviruses in cell lines 862 
and primary cells  863 

(a) RAW267.4 cells pre-treated with DMSO, 0.5μM C-176 or 0.5μM H-151 for 2h, were either mock-864 
transfected, or transfected with 1μg poly (I:C) or poly (dA:dT). The cells were harvested after 2h and 865 
subjected to RT-qPCR. Data represent experiments done in triplicates, and is shown relative to mock-866 
transfected cells, and normalised to mouse Gapdh 867 

(b) RAW267.4 cells pre-treated with DMSO, or indicated amounts of C-176 or H-151 for 2h, were either 868 
mock-infected or infected with wild-type MNV1 at an MOI of 10. The cells were harvested 9h post-869 
infection and subjected to RT-qPCR. Data represent two independent experiments done in triplicates, 870 
and is shown relative to mock-infected cells, and normalised to mouse Gapdh 871 

(c) BMDM cells pre-treated with DMSO, or indicated amounts of C-176 or H-151 for 2h, were either 872 
mock-infected or infected with wild-type MNV1 at an MOI of 10. The cells were harvested 12h post-873 
infection and subjected to RT-qPCR. Data represent two independent experiments done in triplicates, 874 
and is shown relative to mock-transfected cells, and normalised to mouse Gapdh 875 

(d) BMDM cells pre-treated with DMSO, or indicated amounts of C-176 (left panel) or H-151 (right panel) 876 
for 2h, were either mock-infected or infected with wild-type MNV1 at an MOI of 10. The samples were 877 
harvested at different time points post infection and infectious viral titres were determined using TCID50. 878 
Data represent two independent experiments, each done in triplicates. 879 

(e) Pre-seeded HGT-NV cells were treated with DMSO or indicated doses of H-151. The cells were 880 
harvested 24h post treatment and subjected to RT-qPCR. Data represent two independent experiments 881 
done in triplicates, and is shown relative to DMSO-treated cells, and normalised to human β-actin. 882 

(f) Pre-seeded HGT-NV cells were treated with DMSO, H-151 (+=0.5µM, ++=5µM), or 2CMC (200µM). 883 
The cells were harvested 72h post treatment and assessed by western blotting for the indicated 884 
proteins. 885 
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 888 

Figure 3. STING-/- cells induce an attenuated antiviral response against noroviruses 889 

(a) STING+/+ (WT) and clones 14 and 22 STING-/- (C14 and C22, respectively) RAW264.7 cells were 890 
assessed by western blotting for the indicated proteins. 891 

(b) STING+/+ (WT) and clones 14 and 22 STING-/- (C14 and C22, respectively) RAW264.7 cells, were 892 
mock transfected, transfected with 1μg/ml of Poly (I:C), or with 1μg/ml of Poly (dA:dT) for 6h, and were 893 
subsequently harvested and assessed for IFN-β mRNA using RT-qPCR. Data is expressed relative to 894 
control and normalised to Gapdh. 895 

(c) STING+/+ (WT) and clones 14 and 22 STING-/- (C14 and C22, respectively) RAW264.7 cells, were 896 
mock infected or infected with wild-type MNV1 at an MOI of 5 and harvested at 9h post infection. 897 
Samples were assessed for IFN-β mRNA via RT-qPCR. Data is presented relative to control and 898 
normalised to Gapdh. 899 
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 902 

Figure 4. Both cGAS and IFI-16 contribute to IFN responses in norovirus-infected cells 903 

(a) and (b) Wild-type RAW-Lucia ISG cells or those with the indicated knockouts were either mock-904 
infected or infected with wild-type MNV1 at an MOI of 5. The supernatants were harvested 18h post 905 
infection and analysed for Lucia luciferase levels on a luminometer. Data is presented as raw RLU (a) 906 
or fold increase relative to the mock-infected (b). 907 
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 909 

Figure 5. Aberrant cytosolic DNA from norovirus-infected cells induces an IFN response, in a STING-910 
dependent manner 911 

(a) and (b) RAW264.7 cells were either mock-infected or infected with MNV1 at the indicated  912 
MOI. The cells were harvested 10h post infection and assessed for cytosolic DNA by qPCR. Data is 913 
presented relative to GFP and normalised to their corresponding whole cell fractions. 914 

(c) Schematic representation of the experiments carried out in (d) and (e) 915 

(d) and (e) RAW264.7 cells were infected with MNV1 at the indicated MOIs. The cells were harvested 916 
and fractionated 10h post infection, and DNA was extracted from the cytosolic and whole cell fractions. 917 
Pre-seeded cells were transfected with normalised amounts of the cytosolic DNA, harvested 9h post 918 
transfection, and analysed by qPCR. Data is presented relative to control and normalised to Gapdh. 919 
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 921 

Figure 6. NS4 proteins of noroviruses promote accumulation of cytosolic DNA 922 

(a) and (b) HEK293T-CD300lf cells were either mock-infected or infected with MNV1 at an MOI of 5. 923 
The cells were harvested 10h post infection and assessed for cytosolic DNA by qPCR. Data is 924 
presented relative to GFP and normalised to their corresponding whole cell fractions. 925 

(d) and (d) HEK293T-CD300lf cells were transfected with Flag-tagged construct plasmids of the 926 
indicated proteins. The cells were harvested 24h post transfection and assessed for cytosolic DNA by 927 
qPCR. Data is presented relative to GFP and normalised to their corresponding whole cell fractions. 928 
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 930 

Figure S1. STING knockdown impairs IFN induction and increases virus replication in MNV-infected 931 
cells 932 

(a) and (b) RAW264.7 cells stably transduced with control shRNA (shEGFP) or shRNA targeting mouse 933 
STING (shSTING-3) were lysed and assessed for STING mRNA via RT-qPCR (a) or analysed via 934 
western blotting (b). Data in the left panel is presented relative to control and normalised to Gapdh. 935 

(c) and (d) RAW264.7 cells stably transduced with control shRNA (shEGFP) or shRNA targeting mouse 936 
STING (shSTING-3), were mock infected or infected with wild-type MNV1 at an MOI of 10 and harvested 937 
at 9h post infection. Samples were assessed for IFN-β mRNA via RT-qPCR (c), or infectious viral titres 938 
were determined using TCID50 (d). Data in (c) is presented relative to control and normalised to Gapdh. 939 
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 941 

Figure S2. Inhibition of IL-1β signalling did not inhibit IFN responses in MNV-infected RAW264.7 cells, 942 
and IL-1β treatment failed to induce IFN-β in A549 cells. 943 

(a) and (b) RAW264.7 cells were either mock-treated or treated with 100ng/ml of recombinant IL-1RA 944 
for 30 minutes before infection with MNV1 at an MOI of 5, or treatment with 10ng of recombinant mouse 945 
IL-1β. The cells were harvested at 12h post infected and analysed by RT-qPCR. Data is presented 946 
relative to control and normalised to Gapdh 947 

(c) and (d) A549 cells were either mock-treated or treated with 100ng/ml of recombinant IL-1RA for 30 948 
minutes before treatment with 10ng of recombinant human IL-1β. The cells were harvested at the 949 
indicated timepoints and analysed by RT-qPCR. Data is presented relative to control and normalised 950 
to β-actin. 951 
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 954 

 955 

Figure S3. NS4, but not NS1-2 or NS6 (VPg), is sufficient for leakage of genomic and mitochondrial 956 
DNA in cell lines. 957 

(a) and (b) HEK293T-CD300lf cells were transfected with Flag-tagged construct plasmids of the 958 
indicated proteins. The cells were harvested 24h post transfection and assessed for cytosolic DNA by 959 
qPCR. Data is presented relative to GFP and normalised to their corresponding whole cell fractions. 960 
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 965 

Figure 7. Contribution of leaked genomic and mitochondrial DNA to the host response to noroviruses 966 
in a STING-dependent manner. The MDA5/NLRP6/MAVS pathway is thought to play a central role in 967 
the detection of PAMPs in norovirus-infected cells, initiating a signalling cascade that leads to induction 968 
of type I and type III IFNs. Our data show that accumulation of genomic and mitochondrial DNA in the 969 
cytosol, driven by the viral NS4, likely activates the cGAS/IFI16/STING pathway. The combined 970 
activation of the two pathways is required for a robust IFN response and restriction of norovirus 971 
replication. 972 
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Table 1: List of plasmids used 

sn Name Insert/description Source Comments 

1. pT7:MNV-

1_3’Rz 

MNV1 WT cDNA 

clone 

Chaudhry et al. 

2007 [76] 

For generating wild type 

MNV1 

2. pT7:MNV-

1_3’Rz_M1 

MNV1 M1 cDNA 

clone 

McFadden et al. 

2011 [23] 

Similar to pT7:MNV-1_3’Rz, 

but with a T5118A mutation 

that introduces a stop codon 

17 amino acids downstream of 

the VF1 start codon and a 

silent mutation in VP1 

3. pFS669IG Mouse CD300lf This work  

4. pMDLg/pRRE Encodes Gag and 

Pol; contains the 

rev response 

element 

Dull et al. [79] 3rd generation lentiviral 

packaging plasmid, Addgene 

#12251 

5. pRSV-Rev Encodes Rev Dull et al. [79] 3rd generation lentiviral 

packaging plasmid, Addgene 

#12253 

6. pMD2G VSV-G envelop 

plasmid 

Dull et al. [79] 3rd generation lentiviral 

packaging plasmid, Addgene 

#12259 

7. shEGFP shRNA sequence 

targeting EGFP 

Sigma 

(SHC005) 

MISSION pLKO.1-puro 

Control Plasmid 

8. shSTING-3 Mouse STING 

(TMEM173) 

shRNA 

Sigma 

(SHCLNG-

NM_028261) 

MISSION shRNA plasmid 

TRCN0000346266 

9. pAJ093IG FLAG-EGFP This work Gateway cloning; N-terminal 

tag 

10. pFS610IG FLAG-NS1-2 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

11. pFS611IG FLAG-NS3 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

12. pFS612IG FLAG-NS4 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

13. pFS613IG FLAG-NS5 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

14. pFS614IG FLAG-NS6 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

15. pFS615IG FLAG-NS7 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

16. pFS616IG FLAG-VF1 This work MNV1 protein, Gateway 

cloning, codon-optimised, N-

terminal tag 
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17. pFS621IG FLAG-VP1 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

18. pFS617IG FLAG-VP2 This work MNV1 protein, Gateway 

cloning, N-terminal tag 

19. pAJ124IG FLAG-GII.4-NS4 This work HuNoV protein, Gateway 

cloning, N-terminal tag 

20. pAJ221IG mouse STING 

sgRNA 

This work sgRNA sequence 

AGCAAAACATCGACCGTGC 

(previously reported by Storek 

et al. [74]), cloned into 

LentiCRISPRv2 (Addgene 

#52961 [80]) 
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Table 2: List of antibodies used for western blots 

sn Target Supplier Catalogue Number Dilution 

1. Mouse GAPDH Ambion AM4300 1:20000 

2. Human GAPDH Protein Tech 10494-1-AP 1:20000 

3. Human IRF3 Abclonal A11373 1:250 

4. Human pIRF3 Abcam ab138449 1:500 

5. STAT1 Abcam ab92506 1:500 

6. pSTAT1 Cell signalling 9167S 1:500 

7. STING (D2P2F) Cell signalling #13647 1:500 

8. NS3 Non-commercial  - 1:500 

9. VPg Non-commercial  - 1:500 

10. NS7 Non-commercial  - 1:500 
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Table 3: List of RT-qPCR Primers used 

sn Target Lab no. Sequence (FWD, REV) Ref. 

1. Mouse 

Ifnb1 

IGUC0339 

IGUC0340 

ATGAACAACAGGTGGATCCTCC 

AGGAGCTCCTGACATTTCCGAA 

Petro 

2005 [81] 

2. Mouse 

Viperin 

IGUC1898 

IGUC1899 

GGTTCAAGGACTATGGGGAGTATTTGGAC 

GAAATCTTTCTGCTTCCCTCAGGGCATC 
This work 

3. Mouse 

IFIT1 

IGUC1052 

IGUC1053 

CTGAGATGTCACTTCACATGGAA 

GTGCATCCCCAATGGGTTCT 
This work 

4. Mouse 

Isg15 

IGUC1902 

IGUC1903 

GGTAACGATTTCCTGGTGTCCG 

GCTCAGCCAGAACTGGTCTTCG 
This work 

5. Mouse 

Gapdh 

IGUC0945 

IGUC0946 

CATGGCCTTCCGTGTTCCTA 

GCGGCACGTCAGATCCA 
- 

6. Human 

β-actin 

IGUC0784 

IGUC0785 

TTCTACAATGAGCTGCGTGTG 

GGGGTGTTGAAGGTCTCAAA 
- 

7. Human 

IFNB1 

IGUC0772 

IGUC0773 

CAGAAGGAGGACGCCGCATTGAC 

CCAGGCACAGTGACTGTACTCC 
- 
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Table 4: List of genomic and mitochondrial DNA Primers used 

sn Target Lab no. Sequence (FWD, REV) Ref. 

1. Mouse 

GAPDH 

IGUC4428 

IGUC4429 

CGTTGAATTTGCCGTGAGTG 

CACTACAGACCCATGAGGAGT 
This work 

2. Mouse 

HPRT 

IGUC4432 

IGUC4433 

CCACTTGTGACGAAAGCACC 

GTTGTCTACGCTCTGGCAGT 
This work 

3. Mouse 

mtDNA-A 

(COX1) 

IGUC4405 

IGUC4406 

TCGGAGCCCCAGATATAGCATT 

CTGCTCCTGCTTCTACTATTGATG 
Ma et al. [82] 

4. Mouse 

mtDNA-B 

(COX1) 

IGUC4219 

IGUC4220 

GCCCCAGATATAGCATTCCC 

GTTCATCCTGTTCCTGCTCC 

Moriyama et 

al. [12] 

5. Human 

GAPDH 

IGUC4440 

IGUC4441 

CTCTGCTCCTCCTGTTCGAC 

AATCCGTTGACTCCGACCTT 

Aguirre et al. 

[11] 

6. Human 

18S 

IGUC4442 

IGUC4443 

TAGAGGGACAAGTGGCGTTC 

CGCTGAGCCAGTCAGTGT 

Aguirre et al. 

[11] 

7. Human 

mtDNA1 

IGUC4444 

IGUC4445 

CACCCAAGAACAGGGTTTGT 

TGGCCATGGGTATGTTGTTAA 

Aguirre et al. 

[11] 

8. 
Human 

mtDNA2 

IGUC4446 

IGUC4447 

CTATCACCCTATTAACCACTCA 

TTCGCCTGTAATATTGAACGTA 

Aguirre et al. 

[11] 
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