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Abstract

Norovirus infection is characterised by a rapid onset of disease and the development of

debilitating symptoms including projectile vomiting and diffuse diarrhoea. Vaccines and anti-

virals are sorely lacking and developments in these areas are hampered by the lack of an

adequate cell culture system to investigate human norovirus replication and pathogenesis.

Herein, we describe how the model norovirus, Mouse norovirus (MNV), produces a viral pro-

tein, NS3, with the functional capacity to attenuate host protein translation which invokes the

activation of cell death via apoptosis. We show that this function of NS3 is conserved

between human and mouse viruses and map the protein domain attributable to this function.

Our study highlights a critical viral protein that mediates crucial activities during replication,

potentially identifying NS3 as a worthy target for antiviral drug development.

Author summary

Norovirus infection is a global health problem and is it estimated that ~10% of the world

population suffer an infection each year. The infection is characterized by projectile vom-

iting and profuse diarrhoea, yet surprisingly there are no available preventative or treat-

ment options currently available. This is primarily due to the lack of efficient in vitro virus

cultivation system. Within this report we have used the model norovirus, mouse norovi-

rus or MNV, and investigated the role of the virus encoded protein NS3 in potentiating

cell death within infected cells. We show that the initiation of cell death is promoted due

to the depletion of cell pro-survival proteins induced by both virus infection and expres-

sion of the NS3 protein alone. We have showed that this biochemical characteristic is con-

served between mouse and human viruses and mapped the functional domain within the
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NS3 protein. This research has identified a mechanistic role for the NS3 protein during

the norovirus replication cycle.

Introduction

Noroviruses are capsidated, positive sense single-stranded RNA (+ssRNA) viruses that belong

to the Caliciviridae family. Although human noroviruses (HuNoV) are highly infectious

human pathogens that are the major cause of non-bacterial gastroenteritis cases worldwide,

the mechanism of disease is poorly understood [1,2]. Clinically, HuNoV manifestations range

from an asymptomatic infection to severe, life-threatening gastroenteritis, and in patients with

immune deficiencies can lead to a chronic infection [3]. Globally, 685 million annual infec-

tions and over 200,000 annual deaths are linked to HuNoV disease, which leads to an approxi-

mate 60 billion USD in losses associated with health care costs and declined productivity [4].

Despite the significant global health burden, effective antiviral treatments and preventative

vaccines remain unavailable and are recognized as a public health concern. Progress in devel-

oping effective therapies is hampered by the fact that HuNoVs are difficult to cultivate under

laboratory conditions, therefore the closely related group V murine norovirus (MNV) acts as a

model virus to study HuNoV in vivo and in vitro [5].

The MNV genome is approximately 7.5 kb, from which the viral proteins are generated via

translation of 3 to 4 open reading frames (ORF) and subsequent proteolytic processing by the

viral encoded protease (NS6) [6,7]. The genome itself is polyadenylated at the 3’ end and the 5’

end is covalently linked to the viral protein NS5 (or VPg) which binds select host translation

initiation factors to promote efficient replication [8–10]. The remaining non-structural pro-

teins localize to the viral replication complex to aid in viral replication in addition to interact-

ing with host proteins to facilitate replication and regulate cellular homeostasis [11,12]. Of the

non-structural proteins, NS3 is of particular importance due to the multifunctional roles it

possesses. At the viral level, NS3 localizes to the replication complex and acts as a RNA heli-

case, chaperone and nucleotide triphosphatase (NTPase) [13,14], whereas at the cellular level,

we and others have shown that NS3 associates with the ER, mitochondria, lipid-rich bodies,

microtubules and reduces surface expression of MHC-I [15–20]. We, and others, have also

demonstrated that MNV infection, via the NS3 protein, arrests host cell cap-dependent trans-

lation independent of the integrated stress response and prevents stress granule formation

[10,21,22].

Host halting of translation (referred to as host translational shut-off) by viral infection has

been well established since it was first discovered during poliovirus infection in the 1960s [23].

Since then, host translational shut-off has been reported with influenza virus (inhibits phos-

phorylation of eIF2α), alphaviruses such as Chikungunya, Sindbis and Semliki Forest virus

(inhibits translation in a PKR-dependent and independent manner) and SARS-CoV-2 (Nsp1

binds to the ribosomal mRNA channel to inhibit translation) [24–28]. Host translational shut-

off is a major host defence mechanism against invading viruses. Since viruses lack their own

translational machinery, they are completely dependent on the host to translate their genome.

Therefore, viruses must orchestrate translational shut-off in a timely manner for favourable

access to host-cell machinery and to promote viral replication. During infection, MNV induces

translational shut-off 6 hours post infection. This provides sufficient time for MNV to con-

struct its replication complex and establish exponential replication [21], however the exact

mechanism of how MNV halts host translation is poorly understood. It has been shown that

the viral protease (NS6) may cleave the translation factor PABP to promote a translation bias
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in infected cells [9] and infection stimulates the MAPK pathway to activate eIF4E phosphory-

lation [29]. We and others have shown that during infection translation repression is uncou-

pled from PKR activation [21,22] and thus occurs via an unknown mechanism.

Apoptosis is a key form of programmed cell death which has been extensively studied in the

context of viral infections. In general, our cells produce pro-survival proteins particularly from

the B-cell lymphoma 2 (BCL-2) family of proteins, including Myeloid cell leukemia 1 (MCL-

1), BCL-XL and BCL2, that prevent apoptosis and maintain cellular homeostasis. The induc-

tion of cell death itself involves a multitude of signalling and activation pathways with one of

the final stages involving the cleavage of the poly ADP-ribose polymerase (PARP) protein

resulting in significant DNA damage. While apoptosis is part of the innate immune response

and important for control of some pathogens, in others, it can perform a pro-viral function.

We and others have described intrinsic apoptosis during norovirus infection and shown that

caspase 3-mediated apoptosis is required for efficient viral replication and the proteolytic pro-

cessing of the NS1/2 proteins [30–34]. The mechanisms driving apoptosis in MNV-infected

cells is not clearly understood. Published reports have shown MNV downregulates the inhibi-

tor of apoptosis (IAP) protein survivin and proposed cathepsin B as a non-canonical mecha-

nism for induction of apoptosis [30,32]. Additionally, expression of the full ORF1 polyprotein

was found to induce apoptosis but attempts to identify a specific viral protein were unsuccess-

ful [33]. Recently, it was shown that the N-terminus of MNV NS3 protein may act as a MLKL-

like protein to induce pores in the mitochondrial membrane and promote cell death [35].

Based on the importance of host translational shut-off by MNV infection, we were inter-

ested in identifying the viral mechanism involved in regulating this process and given the

established link between translational repression and apoptosis in other pathogens, we sought

to establish if MCL-1 loss was involved in driving apoptosis observed during MNV infection.

In this study, we demonstrate that the MNV and HuNoV non-structural protein NS3 alone

are responsible for host translational shut-off, independent of other viral factors and are suffi-

cient to induce apoptotic cell death through a previously unrecognised mechanism. By adopt-

ing the Alanine scanning method, we reveal the key nucleotides within NS3 that are

responsible for this process.

Materials and methods

Cells and virus infection

Immortalised bone marrow-derived macrophages (iBMDM), Hela and HEK 293T cells were

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) supplemented with

10% foetal calf serum (FCS) (Gibco) and 1% GlutaMAX (200mM) (Gibco). All cell lines were

cultivated at 37˚C in a 5% CO2 incubator. For infection iBMDM cells cultured to 80% con-

fluency in a 24 well plate were infected with MNV (strain CW1) at MOI 5 [36]. At 3-hour

intervals between 9 and 24 hours post infection, cell supernatant was collected clarified by

low-speed centrifugation and stored at -80oC.

Plasmid preparation

Plasmids encoding the 6xHis-tagged MNV non-structural proteins (NS1-2, NS3, NS4, NS5,

NS6, NS7) on a pcDNA3.1 backbone have been generated and published previously [37]. NS3

truncation mutants were constructed by amplifying each fragment with a 5’ XhoI site and a 3’

BamHI site incorporated into the primer pairs (File Table 1 at https://doi.org/10.26188/

26332729). Each fragment was amplified by PCR using the Q5 High-Fidelity DNA Polymerase

(NEB, Cat #: M4091L) following the manufacturers protocols. Each PCR product was digested

with XhoI and BamHI and ligated with the T4 DNA ligase (Promega, Cat #: M1794) into a
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XhoI and BamHI pre-digested pcDNA3.1-mCherry-HIS vector. Full length NS3 triple Alanine

mutants (if an alanine was present, this was mutated to a Glycine) were constructed using site-

directed mutagenesis in the pcDNA3.1-NS3-mCherry-HIS plasmid. PCR amplification of

pcDNA3.1-NS3-mCherry-HIS plasmid was done by using PfuUltra HotStart DNA Polymerase

(Agilent, Cat #: 600390) and forward and reverse primers (File Table 2 at https://doi.org/10.

26188/26332729) containing site-specific mutations following the manufacturers protocol.

Chemicals and antibodies

The following antibodies have been used: Guinea Pig anti-MNV NS3 was kindly provided by

Kim Green and used for the immune-electron microscopy; Mouse anti-BCL-XL (CST Cat #:

2764); Mouse anti-BCL-2 (CST Cat #: 2875); Rabbit anti-MCL-1 (CST Cat #: 5453); Rabbit

anti-PARP (FL and Cleaved) (CST Cat #: 9542L); Rabbit anti-Cleaved Caspase-3 (Asp175)

(5A1E) (CST Cat #: 9664S); Rabbit Anti-Actin Affinity Isolated (Sigma, Cat #: A2066-0.2ml);

Mouse Anti-Puromycin [3RH11] (Kerafast, Cat #: EQ0001); Rabbit Anti-mCherry (Abcam,

Cat #: ab183628); Rabbit Anti-Calnexin (Abcam Cat #: ab22595); Rabbit Anti-6X His tag anti-

body—ChIP Grade (Abcam, Cat #: ab9108).

The following chemicals were used: Pan Caspase OPH Inhibitor Q-VD, Non-omethylated

(QVD) (R&D systems Cat #: RDSOPH00101M) diluted to a final concentration of 10μM in

DMSO; MG-132 Ready Made Solution (Sigma-Aldrich, Cat # M7449) diluted to a final con-

centration of 0.5μM in DMSO; Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Cat # D8418)

was used a vehicle control; Puromycin HCl (Sigma-Aldrich, Cat # P8833) was added to cells at

a concentration of 10 μg/ml at indicated times prior to cell lysate collection.

Lipofectamine 3000 transfections

Seeded cells were incubated until 80% confluence. 1 μg of DNA, 2 μl of P3000 reagent in 23 μl

of Opti-MEM (Gibco); and 1 μl Lipofectamine 3000 (Life Technologies) in 24 μl Opti-MEM

were incubated at RT for 2 mins. DNA and Lipofectamine mixtures were combined and incu-

bated for a further 10 mins. Meanwhile, cells were washed with fresh cell culture media. 400 μl

of cell culture media, containing chemicals where described, was added to each well. On top,

the DNA:Lipofectamine mixture is added drop wise. Cells were incubated at 37˚C until

required. Method is for a 24-well plate. Protocol is scaled according to used plate.

MNV plaque assays

For plaque assays, 1:10 serial dilutions of cell supernatants were prepared in DMEM and 6

dilutions (10−2–10−7) were used as inoculum in duplicate. RAW264.7 cells, seeded for 70%

confluency on the previous day, were infected in duplicate with the diluted supernatants for 1

hour. Infected RAW264.7 cells were cultured for 48hours with overlay media (70% DMEM,

2.5% [vol/vol] FCS, 13.3 mM NaHCO3, 22.4 mM HEPES, 200 mM GlutaMAX, and 0.35%

[wt/vol] low-melting-point agarose) and plaques visualised by fixing with 10% formalin for 1

hour and staining with toluidine blue.

LDH release cell viability assay

Cell viability of MNV infected iBMDM cells was assessed using CytoTox 96 Non-Radioactive

Cytotoxicity assay Promega according to manufacturer’s instructions. Briefly, 50uL of cell

supernatant was collected from MNV-infected cells every 3 hours between 9 and 24 hours post

infection. Cell supernatant was incubated with 50uL CytoTox 96 reagent in a flat-bottom

96-well plate for 20 minutes before reaction stopped and absorbance read at 490nm.

PLOS PATHOGENS The MNV NS3 protein restricts protein translation inducing apoptosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012480 September 3, 2024 4 / 23

https://doi.org/10.26188/26332729
https://doi.org/10.26188/26332729
https://doi.org/10.1371/journal.ppat.1012480


Western blots

Lysates from MNV-infected or NS3-transfected cells were harvested on ice for 30mins in

KALB lysis buffer [150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% (v/v) Triton X-100, 1 mM

EDTA] supplemented with 1% Protease Inhibitor cocktail III. Samples were centrifuged to iso-

late the soluble fraction, which was diluted in laemmli sample buffer, heated to 90˚C for 10

minutes and equal volumes loaded into a 4–12% polyacrylamide gels. Proteins were separated

by SDS-PAGE, transferred to PVDF a membrane, and blocked with 5% skim milk powder in

TBS-T (TBS plus Tween). Primary antibodies were prepared in 5% BSA/TBS-T and incubated

with membrane overnight at 4˚C. The following day, primary antibodies were removed, mem-

brane washed three times with TBS-T and secondary antibodies added for 2 hours at room

temperature. Visualisation was performed using Amersham ECL Western Blotting Detection

Reagent or Western Lightning Ultra (Perkin-Elmer) on the GE Healthcare Life Sciences AI600

Imager.

Immunofluorescence

Cells were rinsed twice with Phosphate buffered saline (PBS) and fixed 4% v/v paraformalde-

hyde (PFA)/PBS for 15 min at RT. Fixative was removed and cells were permeabilised with

0.1% v/v Triton X-100 for 10 min at RT. Cells were rinsed twice with PBS and quenched with

0.2 M glycine for 10 mins at RT. Cells were then rinsed with PBS and coverslips were incu-

bated in primary antibodies diluted in 25 μl of 1% bovine serum albumin (BSA)/PBS for 1 hr

at RT. Following incubation with primary antibodies, cells were washed thrice with 0.1% BSA/

PBS. Coverslips were incubated in secondary antibodies diluted in 25 μl of 1% BSA/PBS for 45

min at RT. Cells were washed twice with PBS and incubated for 5 mins with 4,6-diamidino-

2-phenylindole (DAPI) (0.33 μg/ml) in PBS. Coverslips were rinsed twice with PBS and MilliQ

water and mounted on cover-slides with ProLong Diamond (Life Technologies). Cells were

analysed using the Zeiss LSM710 confocal microscope.

Brightfield microscopy

iBMDM cells cultured in a 24-well plate and infected with MNV or left uninfected according

to procedure described above. At 24 hours post infection the integrity of the cell monolayer

was observed under 5X magnification with DMI4000B Automated Inverted Microscope

(Leica Microsystems).

Electron microscopy

Methods for cryofixation, preparation of cryosections and immunolabelling with anti-NS3

antibodies have been described previously [17]. The sections were then viewed on a JOEL 1010

transmission electron microscope and images were captured on a MegaView III side-mounted

CCD camera (Soft Imaging Systems, USA) and processed for publication in Adobe

Photoshop.

Flow cytometry

For fixation, cells were centrifuged at 400xg for 3 mins, washed twice with PBS and resus-

pended in a BD Cytofix/Perm buffer (Cat #: 51-2090KZ) for 15 mins at RT. Cells were centri-

fuged and the fixation buffer was aspirated. Cells were washed twice in BD Perm/Wash (Cat #:

51-2091KZ) and resuspended in BD Perm/Wash containing antibodies. Samples were incu-

bated at 4˚C in the dark for 30 mins followed by 3 washes with BD Perm/Wash. If unconju-

gated antibodies were used, the previous steps were repeated with the secondary antibodies
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containing fluorophores. Cells were resuspended in PBS and kept in the dark at 4˚C until flow

cytometry analysis. Flow cytometry data were collected with a BD LSR Fortessa analyzer using

BD FACS Diva software (BD Biosciences). Data were analyzed using FlowJo analysis software.

Results

iBMDM cells undergo a rapid loss of cell viability over the course of MNV

infection that correlates with infectious virus release

In a recent study, we showed that intrinsic apoptosis was induced in response to MNV infec-

tion and was a requirement for efficient viral replication [31]. As a continuation of this study,

we further aimed to investigate the mechanisms driving programmed cell death during infec-

tion. In support of our previous findings, we initially looked to assess the kinetics of cell death

and MNV production over the course of a 24-hour infection. To determine the production of

infectious virus, we infected iBMDM cells with MNV at an MOI of 5 and collected superna-

tants containing virus for enumeration by plaque assay at 9, 12, 15, 18, 21 and 24 hours post

infection. The same supernatant was also used to measure cell viability using the CytoTox 96

Non-Radioactive Cytotoxicity assay kit. We observed that cell viability rapidly decreased from

~9 hours post-infection and that almost complete loss of cell viability was observed at ~18 h.p.i

(Fig 1A, red line). This virus-induced cytopathic effect could be also easily visualised by light

microscopy at 24 h.p.i with the appearance of cell blebbing representing apoptotic cell death

(Fig 1B). Interestingly, the reduction in cell viability was found to be closely associated with

the production and accumulation of infectious virus in the cell supernatant. Between 12 and

18 hours post infection we observed an exponential increase in virus produced and a greater

than 50% decrease in cell viability (Fig 1A, blue line).

From these observations we suggest that there is a link between cell viability and infectious

virus release. However, we note that even when cell viability is still reasonably intact (i.e. at 9

hours post infection) there is a significant recovery of infectious virus in the supernatant.

Thus, it would appear that there are multiple virus egress and release pathways that include

cell lysis and release in extracellular vesicles as proposed by others [38,39].

MNV infection leads to cell death and the loss of pro-survival BCL-2 family

proteins coinciding with induction of apoptosis

As we have shown that MNV infection leads to rapid loss of cell viability and demonstrated

that apoptosis is the primary mechanism of MNV-induced programmed cell death, we aimed

to investigate the involvement and/or contribution of key host proteins involved in the apopto-

tic pathway. Cell lysates were collected from infected and uninfected cells at 0, 9, 12, 15, 18, 21

and 24 hours post infection, and the abundance of known protein markers of apoptosis

(namely capsase-3 and PARP) was assessed by western blotting. Coinciding with the induction

of cell death (Fig 1A and 1B), we observed a clear indication of cleavage products of caspase 3

and PARP from 15 hours post infection onwards (Fig 1C). The presence of these cleavage

products supports previous reports and suggest apoptosis as the mechanism of MNV-induced

programmed cell death [6,30,33].

Whilst investigating the mechanism of cell death during MNV infection, we also

immuno-blotted and quantified the relative levels of the BCL-2 family proteins: MCL-1,

BCL-2 and BCL-XL. These proteins play an essential role in regulating cell death by inhibit-

ing the pro-apoptotic proteins BAX and BAK, thereby preventing the induction of apopto-

sis. In our analyses we observed a significant decrease in each of these proteins over the

course of a 24-hour infection, proceeding from 15 hours onwards (Fig 1C and 1D). Of
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specific note was the rapid loss of MCL-1, coinciding with activation of apoptosis at 15

hours post infection (Fig 1C and 1D). MCL-1 is a key controller of intrinsic apoptosis and

reported to be rapidly turned-over through proteasomal degradation. Our findings are in

support of other findings which have shown loss of MCL-1 as a driver of intrinsic apoptosis

during infection [40–44], but are the first observations that MNV infection results in a dra-

matic reduction of this protein.

Fig 1. MNV infection leads to apoptosis and loss of cell viability in iBMDMs. (A) iBMDMs were infected with MNV (MOI

5) and supernatant was collected at 3-hour intervals between 9- and 24- hours post infection. Infectious virus was quantified for

each time point by plaque assay and plotted on the right y-axis (Blue line; n = 2; SEM). LDH release assay to calculate % cell

viability relative to total cell lysis control was performed on each time point and plotted on the left y-axis (Red line; n = 2; SEM).

(B) iBMDMs infected with MNV (MOI 5) or left uninfected were observed under 5x magnification at 24 hours post infection.

(C) Lysates from iBMDMs infected with MNV (MOI 5) were collected at the indicated times and immuno-blotted for markers

of apoptosis, cleaved (CL)-caspase- 3 and poly(ADP-ribose) polymerase (Full-length [FL] and cleaved [CL]-PARP, along with

pro-survival BCL-2 family proteins, MCL-1, BCL-XL, BCL-2. (D) The relative levels of pro-survival proteins compared with 0 h.

p.i were estimated from immuno-blots using image-based quantification (n = 2; SEM).

https://doi.org/10.1371/journal.ppat.1012480.g001
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The MNV NS3 protein induces apoptosis and MCL-1-loss through host-cell

translation repression

Our previous work has shown a role for the MNV NS3 protein in modulating innate

immune signalling through repression of host-cell translation [21]. Given that MCL-1 regu-

lation of apoptosis requires frequent turn-over of the protein, we hypothesised that the NS3

protein may also be responsible for the loss during infection. To assess this, the MNV non-

structural (ORF1) proteins were individually expressed in 293T cells either treated with

puromycin or left untreated and lysates collected to assess active translation and apoptotic

markers. Immuno-blotting for puromycin incorporated into translating proteins is used to

measure active protein synthesis in cells [21,45]. Over-expression of NS3 was shown to

completely halt host cell translation (Fig 2A) and in support of previously published results

[21]. Over-expression of NS3 was also sufficient to substantially decrease the levels of MCL-

1 compared to mock transfected cells and cells transfected with the other MNV nonstruc-

tural proteins (Fig 2B). Furthermore, we observed that a significant proportion of PARP

was cleaved in NS3 transfected cells indicating apoptosis activation. To a lesser degree,

PARP cleavage was also observed in NS1-2 transfected cells, however this was not associated

with a reduction of MCL-1 nor translational repression suggesting NS1-2 may induce apo-

ptosis via a different mechanism (Fig 2B). Intriguingly, we did observe that co-expression of

NS1-2 with NS3 did exacerbate lytic cell death but the mechanism of this is unclear and was

not part of this investigation (File Fig 3 at https://doi.org/10.26188/26332729). The repres-

sion of translation (Fig 2A), loss of MCL-1 and cleavage of PARP (Fig 2B) in only the NS3

transfected samples leads us to propose that NS3 is responsible for inducing apoptosis in

response to infection.

To further validate these findings and determine whether translational repression or apo-

ptosis is the initial step induced by NS3, we transfected cells with NS3, and treated these cells

with or without the pan-caspase inhibitor QVD or the proteosome inhibitor MG132 and per-

formed the Puromycin incorporation assay. Significantly, we observed QVD was sufficient to

prevent the NS3-induced apoptosis in NS3 transfected cells but did not restore host-cell trans-

lational shut off (Fig 2C). This result indicated that our observed translation repression was

not dependent on apoptosis activation. Similarly, QVD did not protect against MCL-1 loss in

NS3-transfected cells suggesting that MCL-1 reduction is not dependent on apoptosis (Fig 2D,

ii). However, strikingly the MCL-1 levels were rescued when NS3-transfected cells were treated

with MG-132 (Fig 2D, iii). Proteosome inhibition prevents the rapid turn-over of MCL-1 and

more significantly prevented the induction of apoptosis in NS3-transfected cells, observed by

the prevention of PARP cleavage.

Taken together, these results indicated that the MNV NS3 protein attenuates host protein

synthesis that results in a depletion of the essential pro-survival protein MCL-1, which in turn

triggers apoptosis induction.

The MNV NS3 protein is confined to the viral replication complex during

infection of murine macrophages

Recently, it has been reported that the MNV NS3 protein contains an N-terminal MLKL-like

domain that inserts into the mitochondrial membrane to induce pores and ultimately cell

death [35]. Previously, we had investigated the intracellular localisation of the MNV NS3 and

shown that it was resident within the viral replication complex (RC) with viral dsRNA [11,17].

Thus, we investigated the distribution of NS3 again but focussed more on any potential mito-

chondrial localisation over the course of infection using immunogold labelling (Fig 3). As dis-

covered previously, we could clearly observe significant labelling with anti-NS3 antibodies in
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the virus RC at all stages of infection. NS3 was observed to specifically localise to the mem-

brane of the RC at all time points investigated (Fig 3A–3C). However, we did not observe any

significant labelling of the internal membrane of the mitochondria nor the outer membrane.

In addition, the morphology of the mitochondria appeared visibly normal.

Fig 2. MNV NS3 protein induces translational shut-off and apoptosis. (A) A puromycin incorporation assay was assessed on

lysates harvested from 293T cells transfected with expression plasmids encoding MNV nonstructural proteins fused with His tag

or left untransfected. MNV nonstructural proteins were observed by staining with Anti-6X His tag antibody. The NS4 and NS6

proteins could not be observed by western blot on this occasion but can be observed in Panel (B). NaAs is sodium azide and was

used to invoke a stress response in cells. Host cell translation was measured by treating with puromycin for 30 mins and

measuring incorporation with anti-puromycin antibody. Mock represents cells not transfected but pulsed with puromycin, -puro

represents mock-transfected cells without addition of puromycin and -ve control are cells transfected with the control plasmid

and pulsed with puromycin. (B) Immuno-blot of lysates harvested from 293T cells transfected with expression plasmids encoding

MNV nonstructural proteins fused with His tag. The membrane was probed with anti-6X His tag, PARP, MCL-1 and actin

antibodies. Proteins were visualised with species-specific IgG conjugated to HRP and ECL. (C) Immuno-blot of lysates collected

from cells transfected with expression plasmid encoding NS3 fused with mCherry (NS3-mC), treated with caspase inhibitor QVD

throughout transfection or left untreated and pulsed with puromycin as above. (D) Immuno-blot of lysates from 293T cells

transfected with expression plasmid encoding NS3 fused with His tag (NS3-His), mCherry (NS3-mC) or left untransfected. Cell

treated were either untreated (i), treated with caspase inhibitor QVD (ii), or treated with proteosome inhibitor MG-132 (iii)

throughout transfection. The membrane was incubated with antibodies specific for PARP, MCL-1 and actin.

https://doi.org/10.1371/journal.ppat.1012480.g002
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Thus, we would conclude that the vast majority of the intracellular NS3 produced during

infection is localised and contained within the viral RC. Arguably little to no NS3 could be

observed associated with the mitochondria at the ultrastructural level.

Localization and intracellular distribution of mouse norovirus NS3 protein

is dependent on the expression of different domains of the protein

To determine the region responsible for the NS3-imposed translational shut off, the 364 amino

acid NS3 protein was segmented into 8 different regions based on the three known domains;

N-term (amino acids 1 to 105), core (amino acids 130 to 285) and C-term (amino acids 290 to

364). We thus generated truncated mutants of the NS3 protein by recombinantly expressed

the amino acid regions of NS3 1 to 34, 1 to 67, 1 to 100, 1 to 134, 1 to 182, 135 to 300, 183 to

364 and 301 to 364. To aid in the visualisation and identification of the expressed protein each

mutant was fused to the fluorescent protein mCherry (mC) at the C-terminus (Fig 4A).

We initially determined the production and localisation of the expressed mutants by IFA

(Fig 4B). We observed that the full length NS3-mC localised diffusely throughout the cyto-

plasm but also to distinct cytoplasmic foci we had observed previously [17]. These foci were

also observed with the NS3-mC(1–182), (135–300) and to some extent the (1–134) constructs.

Noting that like we have observed during expression of the full-length protein [15–17], these

distinct foci are not observed in all cells but are combined with the more ER-like cytoplasmic

staining. Notably removal of the C-terminus resulted in a more diffuse, ER-like distribution as

observed with NS3-mC(1–67), (1–100), and (1–134). Conversely, removal of the N-terminus

resulted in a more non-specific diffuse localisation pattern, as observed with NS3-mC(135–

Fig 3. MNV NS3 localises predominantly to the viral replication complex during infection. RAW264.7 cells were infected with MNV

(MOI 5) and at 6 (A), 12 (B) or 24 (C) hrs p.i. the cells were collected and processed for cryosectioning and immunogold labelling with

anti-NS3 antibodies and 10nm Protein-A gold. (D-F) Quantitation of the anti-NS3 labelling on defined cellular organelles at each time

point as specified. Cytoplasmic localisation was defined as any gold particle observed not associated with a membrane or organelle. The

MNV replication complex (RC) and Mitochondria (Mito) are highlighted. Magnification bars in all panels are 500nm.

https://doi.org/10.1371/journal.ppat.1012480.g003
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300) and (301–364). Intriguingly, the minimal N-terminus construct, NS3-mC(1–34), dis-

played a very tight plasma membrane banding-like pattern but still appeared to be membrane

associated. We additionally, assessed any localisation of the NS3 truncation mutants with

mitochondria by co-staining cells with MitoTracker Deep Red. Overall, minimal co-

Fig 4. Cellular localisation of MNV truncation mutants. (A) Schematic of NS3 truncation mutants generated in

pcDNA3.1 expression constructs with key domains illustrated. Arrows indicate the amino acid positions of the three

NS3 domains. (B) Immunofluorescent staining of HeLa cells transfected with mCherry-tagged NS3 expression

constructs (white) and fixed and permeabilised before counterstaining with DAPI (blue). Images were captured using a

Zeiss LSM 710 confocal microscope and analysed with ZEN software.

https://doi.org/10.1371/journal.ppat.1012480.g004
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localisation was observed and if present, co-localisation co-efficient was significantly different

when compared to the known mitochondrial protein, MAVS (File Fig 2 at https://doi.org/10.

26188/26332729).

Overall, these observations indicate that the individual truncation constructs were

expressed in transfected cells, but all had very different localisation patterns depending on the

region of the NS3 protein expressed.

The region between amino acids 67 to 100 within the Mouse Norovirus NS3

protein is responsible for translational shut off and apoptosis induction

To determine the region within the MNV NS3 protein that is responsible for translational shut

off and apoptosis induction, we transfected 293T cells with full length WT NS3 (NS3-HIS), full

length NS3 fused with mCherry and NS3-mCherry truncation mutants. At 23.5 hours post

transfection puromycin was added to the cell, before cell lysates were collected for western blot

analysis (Fig 5A and File Fig 1 at https://doi.org/10.26188/26332729) or fixed for FACS analy-

sis (Fig 5B) and assessed with anti-puromycin antibodies. Our western blot and FACS analysis

revealed that expression of MNV NS3-HIS and NS3-mCherry induced host protein transla-

tional shut-off, as determined by a loss of staining for the incorporated puromycin. However,

the transfection and subsequent expression of NS3 encoding only amino acids 1 to 34 and 1 to

64 was not observed to shut-off translation (Fig 5A and 5B). Interestingly, in cells expressing

MNV NS3 encoding amino acids 1 to 100, 1 to 134 and 1 to 182 host translational shut-off was

once again observed. This indicates that the region within the MNV NS3 protein responsible

for translational shut-off must be between amino acids 67 to 100. Further, when the core and

C-terminal domain segments of the MNV NS3 protein (i.e. amino acids 135 to 300, 183 to 364

and 301 to 364) were expressed into 293T cells, the puromycin levels were similar to untrans-

fected cells indicating not attenuation of host protein synthesis (Fig 5A and 5B).

To further the potential impact of the NS3 mutants on apoptosis induction, we transfected and

expressed the MNV NS3 truncation mutants into 293T cells for 24 hours, collected cell lysates and

assessed the cleavage and abundance of the apoptotic proteins PARP and MCL-1, respectively (Fig

5C). We observed that expression of full length NS3 and NS3 truncation mutants 1 to 100, 1 to 134

and 1 to 182 triggered the cleavage of PARP and a reduction in the amount of MCL-1 (Fig 5C). We

did not observe any noticeable induction of the cleavage of PARP upon expression of the remaining

NS3 mutants (Fig 5C). During expression of full length NS3 and the NS3 truncation mutants 1 to

100, 1 to 134 and 1 to 182, and upon addition of QVD, a pan-caspase inhibitor, and MG-132, a pro-

teasome inhibitor, we observed a significant prevention in appearance of the cleavage product of

PARP (Fig 5D) and a restoration in the reduction and abundance of MCL-1 (Fig 5E).

Again, these results indicate that the 67 to 100 amino acid region within MNV NS3 is not

only responsible for the observed host translation shut-off, but also the induction of apoptosis

via a reduction in MCL-1 levels and the associated cleavage of PARP to induce apoptosis.

NS3 Alanine scanning reveals the exact amino acids responsible for

translational shut-off and PARP cleavage

Alanine scanning is a site-directional mutagenesis technique used to identify the role of spe-

cific amino acids by changing the amino acid in question to an Alanine. In our attempts to

identify the amino acids within the MNV NS3 protein that are responsible for translational

shut off and apoptosis, we mutated three consecutive amino acids to Alanine’s, starting at

amino acids 70Leu-71Leu-72Ser, and continued with the next 3 amino acids overlapping by 1

amino acid i.e. 72Ser-73Asn-74Met (Primer list in File Table 2 at https://doi.org/10.26188/

26332729). In the event of an Alanine presence, this was changed to a Glycine (Fig 6A and 6B).
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Fig 5. N-terminal region of MNV NS3 induces translation repression and apoptosis. 293T cells were transfected with expression

plasmids encoding NS3 and truncation mutants for 24 hours. (A and B) Host cell translation was measured by treating with puromycin for

30 mins before (A) harvesting lysates and staining with anti-puromycin antibody by immuno-blot or (B) fixing cells and performing flow

cytometry with anti-puromycin antibody. Mean fluorescent intensity (MFI) was normalised to untransfected cells. (C-E) immuno-blots

were performed on lysates harvested from transfected cells following (C) no treatment (D) treatment with caspase inhibitor QVD or (E)

treatment with proteosome inhibitor MG-132 for the duration of transfection.

https://doi.org/10.1371/journal.ppat.1012480.g005
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We observed that expression of two out of the 15 mutations did not produce any protein due

to unknown reasons (represented in Fig 6A and 6B by an asterisk).

Full length NS3, NS3 truncation mutants and NS3 Alanine mutants were transfected and

expressed in 293T cells, and the cells were subsequently lysed and activation and cleavage of

PARP was assessed by western blot analysis to determine apoptosis induction (Fig 6C) and

stained for FACS analysis to determine the extent of host protein translation in the transfected

cells (Fig 6D). As we had observed previously, NS3-mCherry (1 to 34) and NS3-mCherry (1 to

67) did not induce the cleavage of PARP, however expression of NS3-mCherry (1 to 100) was

observed to induce the cleavage of PARP. In addition, NS3(70, 71, 72)-mCherry and NS3(74,

75, 76)-mCherry did not cause PARP cleavage (Fig 6C) or host translational shut-off (Fig 6D),

indicating that these amino acids are vital for NS3’s functions to shut-off translation and acti-

vate apoptosis. Interestingly, the Alanine mutant between these two regions, NS3(72, 73, 74)-

mCherry, retained its activity to cleave PARP and shut-off translation (Fig 6C and 6D). We

found that overall, mutating the second segment of NS3 (i.e. amino acids 80 to 100) did not

prevent the NS3 mediated shut-off of protein translation, however mutation of certain amino

acids from the first segment of NS3 (namely amino acids 70 to 80) prevented the ability of NS3

to shut off host protein translation, as assessed by puromycin incorporation (Fig 6D).

Overall, these results indicate that the region within the MNV NS3 protein encompassing

amino acids 70–80 contains the functional attributes that result in host cell protein translation

shut-down, ultimately driving the cleavage of PARP.

Human norovirus NS3 protein induces apoptosis and shuts-off translation

Although MNV is used as a useful model to elucidate norovirus replication and pathogenesis,

we additionally aimed to determine whether the human norovirus NS3 (HuNoV NS3) protein

was similar to the MNV NS3 protein in inducing a shut off of host translation and thus apopto-

sis induction. Alignment analysis revealed that the MNV NS3 and HuNoV NS3 proteins were

54.8% identical at the amino acid level (Fig 7A, straight line) and 17.5% conserved (Fig 7A,

two dots). The identical and conserved regions were mainly clustered to the core and C-termi-

nal regions of both proteins, with the N-terminal region showing higher amounts of dispari-

ties. The region we had identified in MNV NS3 that was attributable to the shut off of host

translation and activated apoptosis (NS3 amino acids 68 to 100) (Fig 7A, Red segment) dis-

played a low level of identical (28.1%) and conserved (37.5%) amino acids with HuNoV NS3.

To determine if HuNoV NS3 could induce translational shut-off and apoptosis activation,

we treated untransfected, MNV NS3 and HuNoV NS3 transfected 293T cells with puromycin

for 20 mins, harvested lysates and analysed the samples by western blotting. We immuno-

labelled with anti-puromycin antibodies to determine translation levels and anti-PARP anti-

bodies to determine apoptosis activation by detecting full-length and cleaved PARP (Fig 7B).

Our western blot analysis revealed that HuNoV NS3, similar to mouse NS3, reduced puromy-

cin incorporation, indicating that host-translation is attenuated (Fig 7B). In addition, we

observed that expression of both 6xHis- and mCherry-tagged HuNoV NS3 induced the cleav-

age of PARP resulting in apoptosis activation (Fig 7B). Additionally, we performed immuno-

fluorescence (IF) analysis/microscopy by transfecting Hela cells with HuNoV NS3-mCherry

and mouse NS3-mCherry, treated with Puromycin for 20 mins, fixed, visualised for mCherry

expression and immune-labelled with anti-puromycin antibodies (Fig 7C). The IF analysis

also showed that expression of both HuNoV NS3 and MNV NS3 transfected cells (Fig 7Ce and

7Ch) displayed a reduced level of Puromycin incorporation when compared with the untrans-

fected bystander cells (Fig 7Cd and 7Cg), which was also supported by quantitative analysis

(Fig 7D).
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Fig 6. Identification of key NS3 residues for translational shut-off and apoptosis. (A) Schematic of mCherry-tagged NS3

tripartite alanine mutants generated in pcDNA3.1 expression constructs. Amino acid residues in region between 70 to 100 is

illustrated in the expanded box along with changes in red. * denotes where generation of mutant was unsuccessful. (B)

Table outlining positions of NS3 tripartite mutations, the original amino acids (A.A) and the specific change (Δ A.A). (C) Immuno-

blot of lysates harvested 24 h.p.t. from 293T cells transfected with NS3 expression constructs encoding full length, truncation, or

tripartite alanine mutant proteins. (D) 293T cells transfected with full length NS3 or tripartite alanine mutant constructs for 24 hours

were treated with puromycin for 30 mins before fixation and flow cytometry was performed. Mean fluorescent intensity (MFI) of

puromycin staining was normalised to control cells transfected with mCherry only.

https://doi.org/10.1371/journal.ppat.1012480.g006
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Fig 7. HuNoV NS3 induces translation repression and apoptosis. (A) Amino acid homology between MNV NS3 and HuNoV

NS3. Alignment generated with EMBOSS Needle tool using Needleman-Wunsch algorithm. MNV NS3 amino acids 68 to 100

have been highlighted in red (B) Immuno-blot of lysates transfected with expression plasmids encoding MNV NS3 or HuNoV

NS3 fused with either His Tag or mCherry for 24 hours. Cells were treated with puromycin 30 mins before harvest and

translational assessed by measuring incorporation with anti-puromycin antibody. (C) Immunofluorescence was performed on

Hela cells transfected with either HuNoV NS3, MNV NS3 or left untreated and treated with puromycin 30 mins before fixation.

Cells were stained with DAPI (blue) anti-puromycin (green) and mCherry-tagged HuNoV or MNV NS3 visible (red). (D)

Fluorescence intensity was quantified in mCherry positive cells relative to untransfected bystanders. Images were captured using a

Zeiss LSM 710 confocal microscope and analysed with ZEN software.

https://doi.org/10.1371/journal.ppat.1012480.g007
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Overall, these results indicate that the functional capacity of the norovirus NS3 protein to

repress host cell protein translation and thereby induce the programmed cell death pathway of

apoptosis is conserved between murine and human viruses.

Structural modelling of the MNV NS3 protein with and without introduced

mutations

In attempts to understand how the mutations introduced into the MNV NS3 could affect the

functionality of the protein we used structural modelling to observe any significant changes in

the predicted 3D model of the protein using AlphaFold2 (Fig 8). Our predicted modelling of

full-length WT NS3 is in agreement of the recently described model for the N-terminus of NS3

although we can also resolve 3 α-helices in a bundle, not 4 at the N-terminus. This could be

explained by the fact that we have modelled the full-length protein and not just the truncated

N-terminus. In addition to the WT protein we also modelled our NS3(70, 71, 72) mutant pro-

tein that is unable to suppress host protein translation and thus apoptosis. Here we can observe

a very similar structure of the protein, except for a dramatic change in the N-terminus of the

protein whereupon only a singular and linear α-helix is observed.

Based on the recent report [35] this structural change would significantly disrupt the forma-

tion of potential pore-forming domains and provide a structural explanation why NS3(70, 71,

72) has reduced functional capability. This structural deformity would also perturb any poten-

tial protein-protein or protein-lipid interactions that define translational repression.

Fig 8. Predictive modelling of the WT and mutant MNV NS3 protein. The sequence of the WT CW1 NS3 protein

(orange) and NS3(70,71,72) (green) protein were imported into AlphaFold2 to derive a predicted model of the proteins.

The models were overlaid to indicate the changes in protein structure upon mutation and the amino acids mutated are

indicated in yellow.

https://doi.org/10.1371/journal.ppat.1012480.g008
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Discussion

Apoptosis is a form of non-inflammatory programmed cell death that serves a key role in the

innate immune response and clearance of many invading pathogens. On the other hand, some

pathogens have hijacked this response for the benefit of their replication and evolved mecha-

nisms to manipulate the cell death pathways. For MNV, apoptosis has been shown to be essen-

tial for efficient replication of the virus in cell culture and required for caspase-3 dependent

proteolytic cleavage of the NS1/2 proteins [46]. Recent studies have shown that processing of

NS1/2 has a number of important implications on MNV replication in vivo including; Essen-

tial for intestinal epithelial cell tropism and Tuft-Cell infection [47,48]; resistance to inter-

feron-λ [47]; persistent shedding with some MNV strains [34]; and amplification of apoptosis

[34]. While the requirement for apoptosis during norovirus infection is recognised, the mecha-

nism of induction is not well understood, nor the viral proteins involved. In this study we have

described a previously unrecognised mechanism for the induction of intrinsic apoptosis dur-

ing MNV infection.

As discussed above, apoptotic cell death is known as an important hallmark of MNV infec-

tion. During our studies we observed an accumulation of virus in the cellular supernatant that

was tightly associated with loss of cell viability and cleavage of apoptosis markers PARP and

caspase-3 from 15 h.p.i.. This supports findings from us and others that apoptosis-mediated

cell death occurs during MNV infection and is potentially facilitating replication. We also

observed that over-expression of the viral protein NS3 was sufficient to induce apoptosis inde-

pendent of replication. Importantly, this suggests that MNV actively induces cell death to ben-

efit propagation compared with an indiscriminate consequence of infection. Only one recent

study has linked expression of the MNV NS3 protein to cell death, which proposed that NS3

potentially forms pores in the mitochondria membrane [35], whilst another study could not

show this despite transfecting each non-structural expression plasmid independently, possibly

due to using RAW264.7 cells with a low transfection efficiency [30]. In this study we suggest

that NS3 expression results in the depletion of pro-survival proteins resulting in apoptosis

induction; the same outcome but a different mechanism to that described above. Another

report showed that expressing the entire ORF1, encoding all non-structural proteins, could

induce apoptosis [33]. While we saw no evidence of cell death or apoptosis in cells expressing

the individual NS4, NS5, NS6, or NS7 proteins, we did observe cleavage of PARP in cells

expressing the NS1/2 protein albeit to a lesser degree than in cells expressing NS3 alone (Fig

2). Caspase-3 cleavage of NS1/2 can potentiate apoptosis through an unknown mechanism

[34] and while we did not explore this as part of this study, we did observe that co-expression

of NS1-2 and NS3 (and mutants) did potentiate lytic cell death above expression of the single

protein alone (File Fig 3 at https://doi.org/10.26188/26332729). Thus, the co-expression of

NS1/2 and NS3 may appear to provide a synergistic role in the rapid induction of cell death

(both lytic and non-lytic) during infection. An aspect that we aim to pursue further.

The identification of NS3 involvement in MNV-induced cell death was of particular interest

due to our recent findings that NS3 induces repression of host cell translation [21]. In this

study we again showed that over-expression of the MNV NS3 protein could drastically limit

cellular translation and show that this occurs independently of NS3-mediated apoptosis induc-

tion (Fig 2). Translation repression has a well-established link to apoptosis induction through

the loss of a key pro-survival protein, MCL-1 [49]. It has been observed for a bacteria and

viruses that restricting protein synthesis prevents the ongoing replenishment of MCL-1 which

has a short half-life and is rapidly turned-over under normal homeostatic conditions. It has

been shown that infection with some viruses results in either stabilisation or depletion of

MCL-1 to regulate apoptosis [50]. For SARS-CoV-2 it was shown that expression of the N
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protein binds MCL-1 to prevent apoptosis and promote virus replication [51], whereas infec-

tion with VSV results in depletion of MCL-1, subsequent induction of cell death programs and

restricts virus replication [52]. Herein we show that either infection with MNV or expression

of the NS3 protein alone, resulted in depletion of MCL-1 leading to apoptosis induction (Figs

1 and 2). Proteasomal inhibition could rescue MCL-1 levels during NS3 expression and pre-

vent apoptosis induction (Fig 2), further supporting our hypothesised model that NS3-transla-

tion repression results in MCL-1 depletion and intrinsic apoptosis. This represents a new

mechanism for induction of apoptosis not previously observed during norovirus infection and

a key finding in our understanding of norovirus replication.

Modulation of the apoptotic pathway by MNV is not limited to the mechanism described

in our study. Previous reports have outlined three modulatory mechanisms which presumably

operate together to control cell death during infection. Survivin is an anti-apoptotic member

of the IAP group of proteins and while recent reports have called into question the mechanism

of survivin, it is widely believed that this protein works directly and with X-IAP to inhibit cas-

pases activated during apoptosis [53,54]. MNV has been reported to downregulate the tran-

scription of BIRC5, the gene encoding survivin to promote apoptosis [30]. Because the targets

of survivin are downstream from mitochondrial permeabilization it is hypothesised that this

acts as a supplementary system to promote cell death during infection. Lysosome-associated

cysteine protease cathepsin-B has also been identified as activated during MNV infection and

implicated as a possible contributor to apoptosis [32]. While this finding has not been exten-

sively assessed, during lysosome disruption, cathepsin B can induce apoptosis [55], however, it

remains unclear if this noncanonical pathway is connected to the mechanism for cell death we

observed in this study. The MNV expressed protein VF1 may act as a modulator of apoptosis,

with a report showing that a VF1-knockout virus had higher caspase activity than the wild-

type [6]. We did not explore this connection during our study, but we propose that this may

act in combination with NS3 to control apoptosis. However, we did observe some PARP cleav-

age upon expression of NS1/2 (Fig 2), and upon co-expression of NS1/2 with NS3 or mutants

we did observe some synergistic effects in promoting lytic cell death (File Fig 3 at https://doi.

org/10.26188/26332729). This aspect is something we are currently exploring further. Finally,

a potential mechanism has been proposed whereby the N-terminus of NS3 mimics an MLKL-

like protein to promote pore formation on the mitochondrial membrane and thus invoke cell

death [35]. Although we have not observed anything similar and our immunogold labelling

appeared not to detect NS3 on the mitochondria through the course of infection (Fig 3) or dur-

ing expression of the mutant proteins (File Fig 2 at https://doi.org/10.26188/26332729), it does

not discount that NS3 mediates multiple functions in infected cells. We were clearly able to

correlate the induction of cell death observed in infected murine macrophages with the func-

tional capacity of expressed NS3.

In addition to identifying the viral NS3 protein as responsible for translation repression

and apoptosis induction, we were also able to expand on our previous findings and identify a

key domain involved within the N-terminal domain of the protein (Figs 5 and 6). Encourag-

ingly the region of NS3 identified by us supports recent findings that identified the same

region using an overexpression system of MNV NS3 and the human norovirus NS3 homo-

logue [15,16,35]. Their findings also recognise the distinct vesicle localisation of mutants able

to induce apoptosis consistent with our findings and determined these to be lipid droplets

[15]. It is not clear what the significance of lipid droplet localisation is for translation repres-

sion and apoptosis. The similarity in domain and localisation patterns between our MNV NS3

study and those published on HuNoV NS3 clearly suggests a shared pathway between both

viruses. This is further supported by our observations that the HuNoV homologue also

represses host cell translation resulting in apoptosis (Fig 7).
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Together this study has shown that host cellular translation is repressed by a key region in

the N-terminal domain of both human and MNV NS3 leading to a dysregulation of MCL-1

and the induction of intrinsic apoptosis. Given the importance of NS3 in evading the immune

response and the essential requirement of apoptosis on viral replication this key discovery

opens the exciting possibility of rational drug design and development of attenuated live-virus

vaccines.

Acknowledgments

We wish to thank Kim Green (NIH) for kindly donating the anti-NS3 antibodies. The authors

acknowledge the facilities, and the scientific and technical assistance, of the Australian Micros-

copy & Microanalysis Research Facility at the Centre for Microscopy and Microanalysis, The

University of Queensland, and the University of Melbourne’s Biological Optical Microscopy

Platform (BOMP).

Author Contributions

Conceptualization: Turgut E. Aktepe, Joshua M. Deerain, Jaclyn S. Pearson, Peter A. White,

Jason M. Mackenzie.

Data curation: Turgut E. Aktepe, Joshua M. Deerain, Jennifer L. Hyde, Svenja Fritzlar,

Eleanor M. Mead, Julio Carrera Montoya.

Formal analysis: Turgut E. Aktepe, Joshua M. Deerain, Jennifer L. Hyde, Svenja Fritzlar,

Eleanor M. Mead, Julio Carrera Montoya, Jason M. Mackenzie.

Funding acquisition: Peter A. White, Jason M. Mackenzie.

Investigation: Turgut E. Aktepe, Joshua M. Deerain.

Methodology: Joshua M. Deerain, Jennifer L. Hyde, Svenja Fritzlar, Jaclyn S. Pearson.

Project administration: Jaclyn S. Pearson, Peter A. White, Jason M. Mackenzie.

Resources: Jennifer L. Hyde, Jaclyn S. Pearson, Jason M. Mackenzie.

Supervision: Jaclyn S. Pearson, Peter A. White, Jason M. Mackenzie.

Validation: Turgut E. Aktepe, Joshua M. Deerain.

Writing – original draft: Turgut E. Aktepe, Joshua M. Deerain, Jason M. Mackenzie.

Writing – review & editing: Turgut E. Aktepe, Joshua M. Deerain, Svenja Fritzlar, Abderrah-

man Hachani, Jaclyn S. Pearson, Peter A. White, Jason M. Mackenzie.

References
1. Cardemil CV, Parashar UD, Hall AJ. Norovirus infection in older adults: epidemiology, risk factors, and

opportunities for prevention and control. Infectious Disease Clinics. 2017; 31(4):839–70. https://doi.org/

10.1016/j.idc.2017.07.012 PMID: 28911830

2. Zhou H, Wang S, von Seidlein L, Wang X. The epidemiology of norovirus gastroenteritis in China: dis-

ease burden and distribution of genotypes. Frontiers of medicine. 2020; 14(1):1–7. https://doi.org/10.

1007/s11684-019-0733-5 PMID: 31823287

3. Bok K, Green KY. Norovirus gastroenteritis in immunocompromised patients. New England Journal of

Medicine. 2012; 367(22):2126–32. https://doi.org/10.1056/NEJMra1207742 PMID: 23190223

4. Shah MP, Hall AJ. Norovirus illnesses in children and adolescents. Infectious Disease Clinics. 2018; 32

(1):103–18. https://doi.org/10.1016/j.idc.2017.11.004 PMID: 29406972

PLOS PATHOGENS The MNV NS3 protein restricts protein translation inducing apoptosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012480 September 3, 2024 20 / 23

https://doi.org/10.1016/j.idc.2017.07.012
https://doi.org/10.1016/j.idc.2017.07.012
http://www.ncbi.nlm.nih.gov/pubmed/28911830
https://doi.org/10.1007/s11684-019-0733-5
https://doi.org/10.1007/s11684-019-0733-5
http://www.ncbi.nlm.nih.gov/pubmed/31823287
https://doi.org/10.1056/NEJMra1207742
http://www.ncbi.nlm.nih.gov/pubmed/23190223
https://doi.org/10.1016/j.idc.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29406972
https://doi.org/10.1371/journal.ppat.1012480


5. Wobus CE, Karst SM, Thackray LB, Chang K-O, Sosnovtsev SV, Belliot G, et al. Replication of Norovi-

rus in cell culture reveals a tropism for dendritic cells and macrophages. PLoS biology. 2004; 2(12):

e432. https://doi.org/10.1371/journal.pbio.0020432 PMID: 15562321

6. McFadden N, Bailey D, Carrara G, Benson A, Chaudhry Y, Shortland A, et al. Norovirus regulation of

the innate immune response and apoptosis occurs via the product of the alternative open reading frame

4. PLoS pathogens. 2011; 7(12):e1002413. https://doi.org/10.1371/journal.ppat.1002413 PMID:

22174679.

7. Thorne L, Bailey D, Goodfellow I. High-resolution functional profiling of the norovirus genome. Journal

of virology. 2012; 86(21):11441–56. https://doi.org/10.1128/JVI.00439-12 PMID: 22915807

8. Daughenbaugh KF, Wobus CE, Hardy ME. VPg of murine norovirus binds translation initiation factors

in infected cells. Virology journal. 2006; 3(1):1–7. https://doi.org/10.1186/1743-422X-3-33 PMID:

16719923

9. Emmott E, Sorgeloos F, Caddy SL, Vashist S, Sosnovtsev S, Lloyd R, et al. Norovirus-Mediated Modifi-

cation of the Translational Landscape via Virus and Host-Induced Cleavage of Translation Initiation

Factors. Mol Cell Proteomics. 2017; 16(4 suppl 1):S215–S29. Epub 20170113. https://doi.org/10.1074/

mcp.M116.062448 PMID: 28087593; PubMed Central PMCID: PMC5393397.

10. Hosmillo M, Lu J, McAllaster MR, Eaglesham JB, Wang X, Emmott E, et al. Noroviruses subvert the

core stress granule component G3BP1 to promote viral VPg-dependent translation. Elife. 2019;8. Epub

20190812. https://doi.org/10.7554/eLife.46681 PMID: 31403400; PubMed Central PMCID:

PMC6739877.

11. Hyde JL, Sosnovtsev SV, Green KY, Wobus C, Virgin HW, Mackenzie JM. Mouse norovirus replication

is associated with virus-induced vesicle clusters originating from membranes derived from the secretory

pathway. J Virol. 2009; 83(19):9709–19. Epub 2009/07/10. https://doi.org/10.1128/JVI.00600-09 PMID:

19587041; PubMed Central PMCID: PMC2748037.

12. Hyde JL, Gillespie LK, Mackenzie JM. Mouse Norovirus-1 utilises the cytoskeleton network to establish

localization of the replication complex proximal to the microtubule organizing centre. J Virol. 2012;

86:4110–22. https://doi.org/10.1128/JVI.05784-11 PMID: 22301146.

13. Pfister T, Wimmer E. Polypeptide p41 of a Norwalk-like virus is a nucleic acid-independent nucleoside

triphosphatase. Journal of virology. 2001; 75(4):1611–9. https://doi.org/10.1128/JVI.75.4.1611-1619.

2001 PMID: 11160659

14. Han KR, Lee J-H, Kotiguda GG, Jung KH, Chung MS, Kang S, et al. Nucleotide triphosphatase and

RNA chaperone activities of murine norovirus NS3. The Journal of general virology. 2018; 99(11):1482.

https://doi.org/10.1099/jgv.0.001151 PMID: 30265237

15. Yen JB, Chen LW, Wei LH, Hung CH, Wang SS, Lin CL, et al. Identification and Characterization of

Human Norovirus NTPase Regions Required for Lipid Droplet Localization, Cellular Apoptosis, and

Interaction with the Viral P22 Protein. Microbiol Spectr. 2021; 9(1):e0042221. Epub 20210825. https://

doi.org/10.1128/Spectrum.00422-21 PMID: 34431704; PubMed Central PMCID: PMC8552650.

16. Yen JB, Wei LH, Chen LW, Chen LY, Hung CH, Wang SS, et al. Subcellular Localization and Functional

Characterization of GII.4 Norovirus-Encoded NTPase. J Virol. 2018; 92(5). Epub 20180212. https://doi.

org/10.1128/JVI.01824-17 PMID: 29212938; PubMed Central PMCID: PMC5809722.

17. Cotton BT, Hyde JL, Sarvestani ST, Sosnovtsev SV, Green KY, White PA, et al. The Norovirus NS3

Protein Is a Dynamic Lipid- and Microtubule-Associated Protein Involved in Viral RNA Replication. J

Virol. 2017; 91(3). Epub 20170118. https://doi.org/10.1128/JVI.02138-16 PMID: 27881660; PubMed

Central PMCID: PMC5244318.

18. Doerflinger SY, Cortese M, Romero-Brey I, Menne Z, Tubiana T, Schenk C, et al. Membrane alterations

induced by nonstructural proteins of human norovirus. PLoS Pathog. 2017; 13(10):e1006705. Epub

2017/10/28. https://doi.org/10.1371/journal.ppat.1006705 PMID: 29077760; PubMed Central PMCID:

PMC5678787.

19. Fritzlar S, Jegaskanda S, Aktepe TE, Prier JE, Holz LE, White PA, et al. Mouse Norovirus infection

reduces the surface expression of MHC class I proteins and inhibits CD8+ T cell recognition and activa-

tion. J Virol. 2018. Epub 2018/07/07. https://doi.org/10.1128/JVI.00286-18 PMID: 29976673; PubMed

Central PMCID: PMC6146715.

20. Li TF, Hosmillo M, Schwanke H, Shu T, Wang Z, Yin L, et al. Human Norovirus NS3 Has RNA Helicase

and Chaperoning Activities. J Virol. 2018;92(5). Epub 20180212. https://doi.org/10.1128/JVI.01606-17

PMID: 29237842; PubMed Central PMCID: PMC5809735.

21. Fritzlar S, Aktepe TE, Chao Y-W, Kenney ND, McAllaster MR, Wilen CB, et al. Mouse Norovirus infec-

tion arrests host cell translation uncoupled from the stress granule-PKR-eIF2α axis. mBio. 2019; 10(3):

e00960–19.

22. Brocard M, Iadevaia V, Klein P, Hall B, Lewis G, Lu J, et al. Norovirus infection results in eIF2alpha inde-

pendent host translation shut-off and remodels the G3BP1 interactome evading stress granule

PLOS PATHOGENS The MNV NS3 protein restricts protein translation inducing apoptosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012480 September 3, 2024 21 / 23

https://doi.org/10.1371/journal.pbio.0020432
http://www.ncbi.nlm.nih.gov/pubmed/15562321
https://doi.org/10.1371/journal.ppat.1002413
http://www.ncbi.nlm.nih.gov/pubmed/22174679
https://doi.org/10.1128/JVI.00439-12
http://www.ncbi.nlm.nih.gov/pubmed/22915807
https://doi.org/10.1186/1743-422X-3-33
http://www.ncbi.nlm.nih.gov/pubmed/16719923
https://doi.org/10.1074/mcp.M116.062448
https://doi.org/10.1074/mcp.M116.062448
http://www.ncbi.nlm.nih.gov/pubmed/28087593
https://doi.org/10.7554/eLife.46681
http://www.ncbi.nlm.nih.gov/pubmed/31403400
https://doi.org/10.1128/JVI.00600-09
http://www.ncbi.nlm.nih.gov/pubmed/19587041
https://doi.org/10.1128/JVI.05784-11
http://www.ncbi.nlm.nih.gov/pubmed/22301146
https://doi.org/10.1128/JVI.75.4.1611-1619.2001
https://doi.org/10.1128/JVI.75.4.1611-1619.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160659
https://doi.org/10.1099/jgv.0.001151
http://www.ncbi.nlm.nih.gov/pubmed/30265237
https://doi.org/10.1128/Spectrum.00422-21
https://doi.org/10.1128/Spectrum.00422-21
http://www.ncbi.nlm.nih.gov/pubmed/34431704
https://doi.org/10.1128/JVI.01824-17
https://doi.org/10.1128/JVI.01824-17
http://www.ncbi.nlm.nih.gov/pubmed/29212938
https://doi.org/10.1128/JVI.02138-16
http://www.ncbi.nlm.nih.gov/pubmed/27881660
https://doi.org/10.1371/journal.ppat.1006705
http://www.ncbi.nlm.nih.gov/pubmed/29077760
https://doi.org/10.1128/JVI.00286-18
http://www.ncbi.nlm.nih.gov/pubmed/29976673
https://doi.org/10.1128/JVI.01606-17
http://www.ncbi.nlm.nih.gov/pubmed/29237842
https://doi.org/10.1371/journal.ppat.1012480


formation. PLoS Pathog. 2020; 16(1):e1008250. Epub 20200106. https://doi.org/10.1371/journal.ppat.

1008250 PMID: 31905230; PubMed Central PMCID: PMC6964919.

23. Holland JJ, Peterson JA. Nucleic acid and protein synthesis during poliovirus infection of human cells.

Journal of molecular biology. 1964; 8(4):556–73. https://doi.org/10.1016/s0022-2836(64)80011-5

PMID: 14153526
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