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ARTICLE INFO ABSTRACT

Keywords: Noroviruses are the main causative agents for acute viral gastroenteritis worldwide. RIG-I-like receptors (RLRs)
Norovirus triggered interferon (IFN) activation is essential for host defense against viral infections. In turn, viruses have
Ns7 developed sophisticated strategies to counteract host antiviral response. This study aims to investigate how
;ISAIS murine norovirus (MNV) replicase interacts with RLRs-mediated antiviral IFN response. Counterintuitively, we
1SG found that the MNV replicase NS7 enhances the activation of poly (I:C)-induced IFN response and the tran-

scription of downstream interferon-stimulated genes (ISGs). Interestingly, NS7 protein augments RIG-I and
MDADS-triggered antiviral IFN response, which conceivably involves direct interactions with the caspase acti-
vation and recruitment domains (CARDs) of RIG-I and MDAS. Consistently, RIG-I and MDAS5 exert anti-MNV
activity in human HEK293T cells with ectopic expression of viral receptor CD300If. This effect requires the
activation of JAK/STAT pathway, and is further enhanced by NS7 overexpression. These findings revealed an

unconventional role of MNV NS7 as augmenting RLRs-mediated IFN response to inhibit viral replication.

1. Introduction

Human noroviruses (HuNV) are positive sense single-stranded RNA
viruses belonging to the Caliciviridae family (Karst et al., 2014).
Although they are the major causes of epidemic nonbacterial gastroen-
teritis worldwide (Bok and Green, 2012; Glass et al., 2009), progress on
norovirus research has been hampered by the lack of robust cell culture
systems. The closely related murine norovirus (MNV) shares similar
structural and genetic features with HuNV and can efficiently propagate
in vitro and in vivo (Wobus et al., 2004, 2006). Importantly, the recent
discovery of the MNV receptor (CD300If) breaks the barriers for viral
infection in human cells, and enables the study of MNV in human cell
models (Orchard et al., 2016, 2019).

The MNV genome is approximately 7.5 kilo bases (kb) in length that
encodes four open reading frames (ORFs) (Karst et al., 2014; McFadden
et al., 2011). ORF1 encodes a polyprotein that is post-translationally
cleaved into six non-structural proteins (NS1/2 to NS7), while ORF2
and ORF3 encode the major and minor structural proteins that referred
to as VP1 and VP2, respectively (Zhu et al., 2013). ORF4 overlaps with
ORF2, and encodes the virulence factor (VF1), which can antagonize

innate immune response to MNV infection (McFadden et al., 2011; Zhu
et al., 2013). The non-structural proteins are associated with the viral
replication complex induced membrane clusters, and interaction with
host factors to regulate cellular homeostasis and promote viral replica-
tion (Hyde et al., 2009, 2012). NS7 is the viral RNA-dependent RNA
polymerase (RdRp) (Hogbom et al., 2009; Zamyatkin et al., 2008),
responsible for viral replication.

Interferon (IFN)-mediated innate immune response provides a for-
ward line of cell-autonomous defense against viral infections (Wu and
Chen, 2014). Upon infection, viral components can be recognized by
specific pathogen recognition receptors including the RIG-I-like re-
ceptors (RLRs) RIG-I and MDAS, which subsequently activate IFN
response (Kato et al., 2006; Yoneyama et al., 2004). MDA5 has been
demonstrated as a predominant sensor of MNV (McCartney et al., 2008),
whereas inactivating RIG-I signaling has no effects on HuNV replication
(Guix et al., 2007). RIG-I and MDA5 contain the N-terminal
caspase-recruitment domains (CARDs), which can recruit and interact
with the CARD-containing adaptor named mitochondrial antiviral
signaling protein (also known as IPS-1, VISA or Cardif) (Kawai et al.,
2005; Seth et al., 2005). The interaction stimulates downstream
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signaling pathways including activation of transcriptional factors NF-kB
and IRF3, and further induces type I IFN production (Honda et al., 2006;
Seth et al., 2005). The released IFNs bind to their receptors and in turn
activate Janus kinase (JAK)/signal transducer and activator of tran-
scription (STAT) signaling pathway, leading to transcription of hundreds
of interferon-stimulated genes (ISGs), some of which are considered as
the ultimate antiviral effectors restricting viral replication (Schoggins
et al., 2011).

Many viruses have developed sophisticated strategies to counteract
the host IFN signaling. For instance, MNV VF1 can inhibit RLRs-
mediated IFN response (Zhu et al., 2013), and VP2 has been reported
to possess important functions in viral replication and modulation of the
host immune response (Zhu et al., 2013). Studies have reported the
regulation of viral replicases on RIG-I and MDAS5 mediated IFN response.
Semliki Forest virus (SFV) RdRp can induce IFN-f through the RIG-I and
MDAS5 pathways by converting host cell RNA into 5'-ppp RNA (Nikonov
et al., 2013). Furthermore, transgenic mice stably expressing RdRp
encoded by Theiler’s murine encephalomyelitis virus (TMEV) can
dramatically upregulate antiviral ISGs and confer profound resistance to
ECMV challenge, and is refractory to HIV-1 infection in THP-1 cells
(Painter et al., 2015). Recently, transgenic mice with similar antiviral
mechanisms against retrovirus infection have also been documented
(Miller et al., 2020). Previous studies have revealed that RNAs synthe-
sized by transiently expression of norovirus RdRp can stimulate
RIG-I-dependent reporter luciferase production via the IFN-f promoter
(Subba-Reddy et al., 2011). However, a recent study showed that the
replicases of enterovirus 71 (EV71) and coxsackievirus B3 inhibit
MDAS5-mediated IFN activation through interaction with MDAS5 (Kuo
et al., 2019). Given the importance and complicity of interactions be-
tween viral replicases with the host innate immunity, this study aims to
investigate the role of MNV NS7 on regulating RLRs-mediated IFN
activation and antiviral response.

2. Materials and methods
2.1. Reagents

Poly (I:C) (HMW) (Bio-Connect BV) was dissolved in distilled water.
Stocks of JAK inhibitor 1 (SC-204021, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were dissolved in DMSO (DMSO, Sigma, Zwijndrecht,
the Netherlands) with a final concentration of 5 mg/ml. Halt™ Protease
Inhibitor Cocktail (100X) was purchased from Thermo Fisher Scientific.
Rabbit polyclonal antisera to MNV NS1/2 was kindly provided by Prof.
Vernon K. Ward (School of Biomedical Sciences, University of Otago,
New Zealand) (Davies et al., 2015). Rabbit polyclonal antisera to MNV
NS7 was kindly provided by Prof. Ian Goodfellow (Department of Pa-
thology, University of Cambridge, UK) (Emmott et al., 2019). Mouse
anti-RIG-I (clone 1C3, Sigma) and mouse anti-MDAS5 (Proteintech) an-
tibodies were used. f-actin antibody (#sc-47778) was purchased from
Santa Cruz Biotechnology. IRDye® 800CW-conjugated goat anti-rabbit
and goat anti-mouse IgGs (Li-Cor Bioscience, Lincoln, USA) were used
as secondary antibodies, as appropriate.

2.2. Cells and viruses

RAW264.7 and human embryonic kidney (HEK293T) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza Verv-
iers, Belgium) supplemented with 10% (vol/vol) heat-inactivated fetal
calf serum (FCS; Hyclone, Logan, UT, USA), 100 pg/mL of streptomycin,
and 100 IU/mL of penicillin. MNV-1 (murine norovirus strain MNV-1.
CW1) (Wobus et al., 2004) was kindly provided by Prof. Herbert Vir-
gin (Department of Pathology and Immunology, Washington University
School of Medicine), and produced by inoculating the virus into
RAW264.7 cells. The MNV-1 cultures were purified, aliquoted, and
stored at —80 °C for all subsequent experiments. The MNV-1 stock was
quantified three independent times by the 50% tissue culture infective
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dose (TCID50).
2.3. TCID50

TCID50 assay was performed to quantify the viral titers. Briefly, 10-
fold dilutions of MNV-1 were inoculated into RAW264.7 cells grown in
96-well tissue culture plate at 1,000 cells/well. The plate was incubated
at 37 °C for another 5 days, followed by observing the cytopathic effect
(CPE) of each well under a light scope. The TCID50 was calculated by
using the Reed-Muench method.

2.4. Plasmid construction and cell transfection

The full length human RIG-I was amplified from a plasmid contain-
ing human RIG-I (kindly provided by Prof. Xuetao Cao, Nankai Uni-
versity, China) (Hou et al., 2014), and cloned into pcDNA3.1/Flag-HA
(Addgene). The CARD domain of RIG-I was amplified and cloned into
pcDNA3.1/Flag-HA and pcDNA3.1/Myc-His (kindly provided by Dr.
Shuaiyang Zhao, Chinese Academy of Agricultural Sciences, China)
vectors, respectively. The remaining domain of RIG-I without CARDs
(pFlag-RIG-I_ACARD) was amplified and cloned into
pcDNA3.1/Flag-HA vector. The full length and CARD domain of human
MDA5 were amplified from pTRIP.CMV.IVSb.ISG.ires.TagRFP-based
hMDAS overexpression vector (kindly provided by Prof. Charles M.
Rice, Rockefeller University, New York, USA) (Schoggins et al., 2011),
and cloned into pcDNA3.1/Flag-HA vector. The Myc-tagged plasmid
containing the CARD domain of MDAS5 and the related empty vectors
were kindly provided by Dr. Rei-Lin Kuo (Chang Gung University,
Taiwan, China) (Kuo et al., 2019). The MNV NS7 gene was amplified
from cDNA that prepared from MNV-1 infected RAW264.7 cells, and
cloned into Flag- and Myc-tagged vectors, respectively (Yu et al., 2020).
The related N- and C-terminus of NS7 were also amplified and cloned
into Flag-tagged vectors, respectively. The pFlag-CD300lf plasmid was
kindly provided by Prof. Herbert Virgin (Department of Pathology and
Immunology, Washington University School of Medicine, USA) (Or-
chard et al., 2016). The primers used for plasmid construction are listed
in Supplementary Table 1.

HEK293T cells were transfected with various plasmids at indicated
concentrations using FuGENE HD Transfection Reagent (E2311; Prom-
ega) according to the manufacturer’s instructions. Where necessary, the
appropriate empty vectors were used to maintain a constant amount of
plasmid DNA per transfection.

2.5. qRT-PCR

Total RNA was isolated with a Macherey NucleoSpin RNA II Kit
(Bioke, Leiden, The Netherlands) and quantified with a Nanodrop ND-
1000 (Wilmington, DE, USA). cDNA was synthesized from 500 ng of
RNA using a cDNA synthesis kit (TaKaRa Bio, Inc., Shiga, Japan). The
cDNA of all targeted genes were quantified by SYBR-Green-based
(Applied Biosystems) real-time PCR on the StepOnePlus™ System
(Thermo Fisher Scientific LifeSciences) according to the manufacturer’s
instructions. Human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and murine GAPDH genes were used as reference genes to
normalize gene expression. The relative expression of targeted gene was
calculated as 2°22¢T, where AACr = ACtsample - ACrcontrol (ACt =
Cr[targeted gene] - Ct[GAPDH]). All primer sequences are listed in
Supplementary Table 2.

2.6. Western blotting

Cultured cells were lysed in Laemmli sample buffer containing 0.1 M
DTT and heated 5 min at 95 °C, then loaded onto a 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Then pro-
teins were further electrophoretically transferred onto a polyvinylidene
difluoride (PVDF) membrane (pore size, 0.45 pM; Invitrogen) for 2 h



P. Yu et al

with an electric current of 250 mA. Subsequently, the membrane was
blocked with a mixture of 2.5 mL blocking buffer (Odyssey) and 2.5 mL
PBS containing 0.05% Tween 20 for 1 h, followed by overnight incu-
bation with primary antibodies (1:1000) at 4 °C. The membrane was
washed 3 times and then incubated with appropriate IRDye-conjugated
secondary antibody for 1 h. After washing 3 times, protein bands were
detected with the Odyssey 3.0 Infrared Imaging System (Li-Cor
Biosciences).

2.7. Co-immunoprecipitation

HEK293T cells (1 X 10™ cells/well) were co-transfected with pMyc-
NS7 and pFlag-RIG-1 WT, pFlag-RIG-I CARD or pFlag-MDAS5_CARD (1.5
pg/each) in 12-well tissue culture plate. At 48 h post-transfection, the
cells were washed twice with cold PBS and lysed with cold NP-40 lysis
buffer at 4 °C for 30 min. Halt™ Protease Inhibitor Cocktail (Thermo
Fisher Scientific) was added in the lysis steps according to the manu-
facturer’s instructions. The cells collected by scraping and lysates were
cleared by centrifugation at 12,000 rpm for 10 min at 4 °C. 10% of the
supernatants were taken as input control, and the remaining superna-
tants were incubated with a mouse anti-Flag MAb (F1804; Sigma-
Aldrich) at 4 °C for 2 h, and then incubated with protein A/G plus-
agarose (sc-2003; Santa Cruz) overnight at 4 °C. The agaroses were
centrifuged and washed three times, and the bound proteins were
analyzed by western blotting.

2.8. Confocal fluorescence microscopy

HEK293T cells (3 x 10* cells/well) were co-transfected with pFlag-
RIG-I WT, pFlag-RIG-1.CARD, pFlag-MDA5 WT or pFLag-MDA5_CARD
and pMyc-NS7 (1 pg/each) into p-slide 8-well chamber (Cat. no.
80826; ibidi GmbH) for 24 h. In addition, HEK293T cells were co-
transfected with pFlag-CD300lf and pMyc-RIG-I. CARD or pMyc-
MDAS5_CARD for 24 h, then infected with MNV-1 for 20 h. The cells
were fixed with 4% paraformaldehyde in PBS, permeablized with 0.2%
Triton X-100, blocked with 5% skim milk for 1 h, reacted with the
appropriate antibody, and stained with 4°,6-diamidino-2-phenylindole
(DAPI). Antibodies used included mouse anti-Flag Mab (F1804; Sigma-
Aldrich), rabbit anti-Myc Mab (71D10; Cell Signaling), mouse anti-
Myc Mab (9B11; Cell Signaling), rabbit anti-NS7 antisera, and anti-
rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488 and 594 conju-
gate) or anti-mouse IgG(H+L), F(ab’) 2 Fragment (Alexa Fluor 488 and
594 conjugate) secondary antibodies. Imaging was performed on a Leica
SP5 confocal microscopy using a 63x oil objective.

2.9. Antiviral assay with MNV

HEK293T cells (8 x 10* cells/well) were co-transfected with pFlag-
CD300If and pFlag-RIG-I WT, pFlag-RIG-I CARD, pFlag-MDAS5 WT, or
pFlag-MDA5_CARD with indicated concentrations in 24-well tissue
culture plate for 24 h, then infected with MNV-1 for 20 h. The total RNA,
supernatants and protein samples were collected and used for determi-
nation of antiviral activity of RIG-I and MDAS. To determine whether
MNV NS7 could regulate RLRs-mediated antiviral response, HEK293T
cells were co-transfected with pFlag-CD300lf and pFlag-RIG-I WT,
pFlag-RIG-I. CARD, pFlag-MDAS5 WT, pFlag-MDAS5_CARD, or pFlag-
NS7 for 24 h, followed with infection of MNV-1 for 20 h. The total
RNA and protein samples were collected for further analysis.

2.10. Statistical analysis

Data are presented as the mean + SEM. Comparisons between groups
were performed with Mann-Whitney test using GraphPad Prism 5.0
(GraphPad Software Inc., La Jolla, CA, USA). Differences were consid-
ered significant at a P value less than 0.05.

Antiviral Research 182 (2020) 104877

3. Results
3.1. MNV NS7 enhances RIG-I triggered IFN response

To examine the effects of MNV RdRp on IFN response, we first tested
in the context of poly (I:C) triggered IFN response. We found that viral
NS7 alone did not affect IFN-B transcription, but enhanced poly (I:C)
triggered IFN-f transcription (Supplementary Fig. 1A) and transcription
of ISGs including IFIT1 and IFIT3 (Supplementary Fig. 1B). Besides
TLR3, RIG-I and MDAS5 have been implicated in the recognition of poly
(I:C) and the subsequent induction of IFN response (Kato et al., 2006;
Yoneyama et al., 2005). To investigate whether MNV NS7 could regulate
RIG-I-mediated IFN signaling, HEK293T cells were co-transfected with
pFlag-RIG-I WT and pFlag-NS7 for 24 h (Fig. 1A). We found that NS7
overexpression alone did not trigger IFN response, but enhanced RIG-I
induced IFN-f transcription (Fig. 1B), as well as the downstream ISG
transcription (Fig. 1C). It has been reported that the CARDs of RIG-I are
responsible for signal transduction and activation of IRF-3 and NF-kB, as
well as subsequent IFN response (Yoneyama et al., 2004). Thus, we
constructed the truncated RIG-I domains (Fig. 1D) and further investi-
gated whether NS7 also augments RIG-I CARD and RIG-I_ ACARD trig-
gered IFN activation. We found that RIG-I_CARD induced IFN-p and ISG
transcription were enhanced by NS7 (Fig. 1E and 1F). The helicase
domain of RIG-I (RIG-I_ ACARD) has been reported to have negative
regulatory effects by blocking newcastle disease virus-induced IRF3
activation (Yoneyama et al., 2004). Consistently, we found
RIG-I_ACARD did not trigger IFN activation, which was also not further
triggered by NS7 (Fig. 1E and 1F). These results demonstrated that MNV
NS7 positively regulates RIG-I mediated IFN signaling.

3.2. Interaction and co-localization of MNV NS7 with RIG-I

It has been reported that the replicases of EV71 and CVB3 inhibit
MDAS triggered IFN signaling through interaction with the CARDs of
MDAS5 (Kuo et al., 2019). This prompted us to investigate whether there
is an interaction between NS7 and RIG-I. HEK293T cells were
co-transfected with Flag-tagged RIG-I and Myc-tagged NS7 for 48 h. The
lysates of transfected cells were subjected to immunoprecipitation by
anti-Flag resin, and our results showed that RIG-I could precipitate with
NS7 protein (Fig. 2A). As aforementioned, the CARDs of RIG-I is able to
activate the IFN response, which is further increased by MNV NS7
expression (Fig. 1F). We further demonstrated the interaction between
NS7 and RIG-I_CARD in HEK293T cells co-transfected with Flag-tagged
RIG-I_CARD and Myc-tagged NS7 (Fig. 2B). Moreover, we examined the
localization of NS7 with RIG-I proteins in cells. Confocal microscopy
revealed that besides nucleus localization, MNV NS7 could co-localize
with either RIG-I or the CARDs of RIG-I in the cytoplasm (Fig. 2C).
These data demonstrated that MNV NS7 interacts with RIG-I and its
N-terminus (CARDs), and this interaction might explain the augment of
RIG-I mediated IFN activation by NS7.

3.3. NS7 interacts with MDAS5 and enhances MDAS triggered ISG
transcription

Next, we examined the effect of MNV NS7 on another RLR, MDAS.
We co-transfected the pTRIP.CMV.IVSb.ISG.ires.TagRFP-MDAS5 and
pFlag-NS7 into HEK293T cells for 24 h, and found that NS7 over-
expression enhanced MDAS5 induced IFN-B transcription (Fig. 3A).
Because the CARDs of MDAS alone could initiate IFN activation and ISG
transcription (Kuo et al., 2019), we further determined whether NS7
could trigger MDA5_CARD mediated IFN response. We co-transfected
the Myc-tagged MDA5_CARD and NS7 into HEK293T cells (Fig. 3B),
and found that IFN-B transcription activated by MDA5_CARD was
further increased by co-expression of MNV NS7 (Fig. 3C). Consistently,
this effect was also observed on the induction of downstream antiviral
ISGs including IFIT1 and IFIT3 (Fig. 3C). Similar to the interaction with
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the CARDs of RIG-I, we found that NS7 also interacts with the CARDs of
MDAS5 (Fig. 3D). Furthermore, we also investigated the localization of
NS7 with MDAS proteins in HEK293T cells by confocal microscopy. The
results showed the expression and localization of Flag-tagged MDAS and
its CARDs in the cytoplasm (Fig. 3E), which also co-localized with MNV
NS7 in the cytoplasm, while NS7 also diffused in the nucleus (Fig. 3F).

IFN-B

IFIT1

IFIT3
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Fig. 1. MNV NS7 enhances RIG-I triggered IFN
response. HEK293T cells were transfected with pFlag-
RIG-I.WT, pFlag-NS7, or empty vectors with indi-
cated concentrations for 24 h. (A) The protein
expression of transfected vectors was analyzed by
western blotting. (B) The IFN-p mRNA level was
analyzed by qRT-PCR assay (n = 6). (C) The mRNA
levels of STAT1, ISG15, IFIT1 and IFIT3 were
analyzed by qRT-PCR assay (n = 6). (D) Schematic
representation of truncated RIG-I domains. HEK293T
cells were transfected with pFlag-RIG-I_CARD, pFlag-
RIG-I_ACARD, or empty vectors with indicated con-
centrations for 24 h. (E) The protein expression of
transfected vectors was analyzed by western blotting.
(F) The mRNA levels of IFN-B, IFIT1 and IFIT3 were
analyzed by qRT-PCR assay (n = 4-8). Data (B, C and
F) were normalized to the EV control (set as 1). *P <
0.05; **P < 0.01. p-actin was used as a loading
control.

We next investigated whether the N- or C-terminus of NS7 are
responsible for the effects on RIG-I and MDAS5 mediated IFN activation.
The N- or C-terminus of NS7 with Flag tag were constructed (Supple-
mentary Fig. 2A and 2B). HEK293T cells were co-transfected with Flag-
tagged CARDs of RIG-I or MDAS5, and N- or C-terminus of NS7. At 24 h
post-transfection, we found that the upregulation of IFN-f, IFIT1 and
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Fig. 2. Interaction and co-localization of MNV NS7 with RIG-I. (A) HEK293T cells were transfected with pMyc-NS7 (1.5 pg) and pFlag-RIG-I. WT (1.5 pg), or empty
vectors for 48 h. Co-IP was performed using anti-Flag MAD (1:1000). The precipitated proteins were analyzed by western blotting using antibodies against the Flag
and Myc tags. (B) HEK293T cells were transfected with pMyc-NS7 (1.5 pg) and pFlag-RIG-I_CARD (1.5 pg), or empty vectors for 48 h. Co-IP was performed using anti-
Flag MAb (1:1000). The precipitated proteins were analyzed by western blotting using antibodies against the Flag and Myc tags. (C) Co-localization of RIG-I and RIG-
I_CARD with NS7. Expression plasmids pMyc-NS7 and pFlag-RIG-I.WT, pFlag-RIG-I_CARD, or empty vectors (1 pg/each) were transfected into HEK293T cells for 24 h

and then subjected to a confocal assay. p-actin was used as a loading control.

IFIT3 transcription triggered by CARDs of RIG-I or MDAS5 was slightly
enhanced by N-terminus of NS7 (Supplementary Fig. 2C and 2D). The C-
terminus of NS7 appeared not to affect RIG-I.CARD but inhibited
MDAS5_CARD mediated IFN activation (Supplementary Fig. 2C and 2D).
These results collectively suggested that the intact of MNV NS7 is
essential for effective augmentation of RIG-I and MDA5 mediated IFN
activation.

3.4. Co-localization of NS7 with the CARDs of RIG-I and MDAS5 in MNV
infected human cells

Ectopic expression of the MNV receptor mouse CD300If breaks the
species barriers for MNV infection in human cells (Orchard et al., 2016).
Thus, we determined MNV replication by immunoblotting viral NS1/2
protein in human HEK293T cells that were transfected with Flag-tagged

CD300If and infected with the virus (Fig. 4A). In addition, we confirmed
viral replication by targeting viral NS7 protein with rabbit anti-NS7
antisera using confocal microscopy (Fig. 4B). We next examined
co-localization of MNV NS7 with the CARDs of RIG-I and MDAS in
infected cells. In order to avoid the influence by the Flag tag of MNV
receptor, we co-transfected the pFlag-CD3001f with pMyc-RIG-I.CARD
or pMyc-MDA5_CARD into HEK293T cells for 24 h (Fig. 4C), then
infected with MNV-1 for 20 h. The results showed that besides nucleus
localization, MNV NS7 can co-localize with the CARDs of RIG-I and
MDAS in the cytoplasm of infected cells (Fig. 4D), which is in accor-
dance with previous studies demonstrating the diffuse of NS7 protein in
the cytoplasm and nuclear in infected cells (Hyde et al., 2009). The
activator of TLR3 signaling, poly (I:C) triggers IFN response involving
RIG-I and MDAS5 activation. Thus, we used poly (I:C) to activate the
endogenous RIG-I and MDAS, and confirmed co-localization of RIG-I
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Fig. 3. NS7 interacts with MDAS5 and enhances MDA5 triggered ISG transcription. (A) gqRT-PCR analysis of IFN-f mRNA level in HEK293T cells that were transfected
with pFlag-NS7, pFLuc-MDAS, or empty vectors (1 pg/each) for 24 h (n = 6). (B) Schematic representation of CARD domain of MDAS5. HEK293T cells were
transfected with pFlag-NS7, pMyc-MDAS5_CARD, or empty vectors (1 pug/each) for 24 h. Western blotting analysis of the expression of indicated transfected vectors.
(C) The mRNA levels of IFN-p, IFIT1 and IFIT3 were analyzed by qRT-PCR assay (n = 4). (D) HEK293T cells were transfected with pMyc-NS7 (1.5 pg) with pFlag-
MDAS5_CARD (1.5 pg), or empty vectors for 48 h. Co-IP was performed using anti-Flag MADb (1:1000). The precipitated proteins were analyzed by western blotting
using antibodies against the Flag and Myc tags. (E) Confocal analysis of expression and localization of MDA5 and MDA5_CARD in HEK293T cells that were
transfected with pFlag-MDA5_WT and pFlag-MDA5_CARD (1 pg/each) for 24 h. (F) Co-localization of MDA5 or MDA5_CARD with NS7. Expression plasmids pMyc-
NS7 and pFlag-MDAS5_WT, or pFlag-MDA5_CARD (1 pg/each) were transfected into HEK293T cells for 24 h and then subjected to a confocal assay. Data (A and C)

were normalized to the EV control (set as 1). *P < 0.05; **P < 0.01. p-actin was used as a loading control.
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Fig. 4. Co-localization of viral NS7 with the CARDs of RIG-I and MDAS5 in MNV infected human cells. (A) HEK293T cells were transfected with pFlag-CD300lf (1 pg)
or empty vectors (1 pg) for 24 h, then infected with MNV-1 for 20 h. Expression of viral NS1/2 protein and the transfected vectors were analyzed by western blotting.
(B) HEK293T cells were transfected with pFlag-CD300If (1 pg) for 24 h, then uninfected or infected with MNV-1 for 20 h. Expression of viral NS7 protein was
analyzed by confocal assay. (C) HEK293T cells were transfected with pMyc-RIG-I_CARD (1 pg) or pMyc-MDA5_CARD (1 pg) for 24 h. The expression and localization
of RIG-I_CARD and MDA5_CARD were analyzed by confocal assay. (D) HEK293T cells were transfected with pFlag-CD300If (0.5 pg) and pMyc-RIG-I_CARD (1 pg) or
pMyc-MDAS5_CARD (1 pg) for 24 h, then infected with MNV-1 for 20 h. Co-localization of RIG-I_CARD or MDA5_CARD with NS7 in MNV-1 infected cells was analyzed

by confocal assay.

(Supplementary Fig. 3A) and MDA5 (Supplementary Fig. 3B) with viral
NS7 in MNV-infected HEK293T cells. In addition, we found anti-MNV
effects of poly (I:C) in HEK293T cells expressing MNV receptor (Sup-
plementary Fig. 3C).

3.5. RIG-I and MDAS restrict MNV replication, which is augmented by
NS7 overexpression

We evaluated the anti-MNV activity of RIG-I and MDAS in HEK293T
cells. We found that RIG-I overexpression inhibited MNV infection in
CD300If transduced HEK293T cells, as shown at both viral RNA
(Fig. 5A) and NS1/2 protein level (Fig. 5B). Consistently, the CARDs of
RIG-I exerted similar inhibitory effects (Fig. 5C). Moreover, the viral
titers were also decreased by RIG-I CARDs overexpression (Fig. 5F).
Similar results were observed for the N-terminus and full-length of
MDAS (Fig. 5D-F).

JAK/STAT cascade is a key component of the IFN signaling. Thus, we
examined whether blocking JAK/STAT pathway would affect RIG-I and
MDAS5 mediated antiviral activity. HEK293T cells were co-transfected
with pFlag-CD300If and pFlag-RIG-I CARD, or pFlag-MDAS5_CARD for
20 h, treated with JAK inhibitor 1 for 6 h, and then infected with MNV-1
for 20 h. We found the inhibitory effects on viral RNA by CARDs of RIG-I
or and MDAS5 were partially reversed by JAK inhibitor, respectively

(Fig. 6A). Consistently, the induction of IFN-f, IFIT1 and IFIT3 tran-
scription was also attenuated (Fig. 6B and 6C). These results showed that
the anti-MNV activity of RIG-I and MDAS requires activation of the JAK/
STAT pathway.

In HEK293T cells, overexpression of NS7 did not affect viral NS1/2
protein expression (Supplementary Fig. 2E). Thus, we examined the
effects of MNV NS7 on RIG-I mediated anti-MNV ability, by co-
transfecting HEK293T cells with Flag-tagged CD300lf, RIG-I or its
CARDs and NS7 for 24 h, and then infected with MNV-1 for 20 h. The
results showed that NS7 enhanced RIG-I or CARDs of RIG-I mediated
inhibition of viral RNA (Fig. 7A and 7B). Similar effects were observed
for MDAS (Fig. 7C and 7D). Interestingly, the N- or C-terminus of NS7
overexpression also did not affect viral NS1/2 protein expression (Sup-
plementary Fig. 2E), and the CARDs of RIG-I and MDA5 mediated in-
hibition of viral RNA (Supplementary Fig. 2F and 2G). These results
revealed that the intact version of MNV NS7 enhances the anti-MNV
activity of RIG-I and MDAS.

4. Discussion

Numerous studies have reported that viruses explore different stra-
tegies to counteract host antiviral defense. By striking contract, our re-
sults demonstrated that MNV RdRp promotes host antiviral response.
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Fig. 5. RIG-I or MDAS5 overexpression restricts MNV replication. (A) HEK293T cells were transfected with pFlag-CD300If (0.5 pg) and pFlag-RIG-I. WT (1 pg), or
empty vectors (1 pg) for 24 h, then infected with MNV-1 for 20 h. The viral RNA level was analyzed by qRT-PCR assay (n = 6). (B) HEK293T cells were transfected
with pFlag-CD300If and pFlag-RIG-I WT, or empty vectors with indicated concentrations for 24 h, then infected with MNV-1 for 20 h. The expression of viral NS1/2
and transfected vectors was analyzed by western blotting. (C) HEK293T cells were transfected with pFlag-CD300If and pFlag-RIG-I.CARD, or empty vectors with
indicated concentrations for 24 h, then infected with MNV-1 for 20 h. The viral RNA level, and the expression of viral NS1/2 and transfected vectors were analyzed by
qRT-PCR (n = 6) and western blotting, respectively. (D) HEK293T cells were transfected with pFlag-CD300If and pFlag-MDAS5_WT, or empty vectors with indicated
concentrations for 24 h, then infected with MNV-1 for 20 h. The viral RNA level, and the expression of viral NS1/2 and transfected vectors were analyzed by qRT-PCR
(n = 6) and western blotting, respectively. (E) HEK293T cells were transfected with pFlag-CD300lf and pFlag-MDA5_CARD, or empty vectors with indicated con-
centrations for 24 h, then infected with MNV-1 for 20 h. The viral RNA level, and the expression of viral NS1/2 and transfected vectors were analyzed by qRT-PCR (n
= 6) and western blotting, respectively. (F) HEK293T cells were transfected with pFlag-CD300If (0.5 pg) and pFlag-RIG-I_CARD (2 pg), pFlag-MDA5_CARD (2 pug), or
empty vectors (2 pg) for 24 h, then infected with MNV-1 for 20 h. The viral titer was analyzed by TCID50 assay (n = 6). Data (A, C, D, E, and F) were normalized to
the EV control (set as 1). *P < 0.05; **P < 0.01. p-actin was used as a loading control. For immunoblot results (B, C, D and E), band intensity of NS1/2 protein in each
lane was quantified by Odyssey software, and the quantification results were normalized to f-actin expression (EV control, set as 1).
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Although NS7 alone does not affect IFN signaling, it potently enhances
RIG-I and MDAS triggered antiviral IFN response.

RIG-I and MDAS5 can recognize dsRNA or 5-pppRNA in the cyto-
plasm to induce downstream IFN signaling. MNV has been reported to
be recognized by MDA5 and activate IFN signaling in mouse macro-
phages (Emmott et al., 2017; McCartney et al., 2008). Although the main
function of viral replicases is to drive viral replication and transcription,
different regulatory functions of viral replicases on RLRs-mediated I[FN
signaling have been reported (Kuo et al., 2019; Miller et al., 2020;
Moriyama et al., 2007; Nikonov et al., 2013; Painter et al., 2015; Sub-
ba-Reddy et al., 2011). Previous studies have revealed that MNV RdRp
upregulates RIG-I mediated IFN-f promotor activation (Subba-Reddy
etal., 2011). Our results have demonstrated that MNV NS7 can augment
both RIG-I and MDAS mediated IFN antiviral response. The mechanism
of assisting RLRs-mediated IFN response by viral replicases has been
linked to the conversion or modification of host RNA into dsRNA
(Nikonov et al., 2013; Yu et al., 2012). In contrast, inhibition of MDA5
triggered IFN activation by enteroviral replicases has been reported
through direct protein-protein interactions (Kuo et al., 2019). In this
study, we demonstrated that MNV NS7 interacts with the CARDs of RIG-I
and MDAS. These interactions may explain the augmentation of
RLRs-mediated IFN activation by MNV NS7, although further studies are
needed to provide definitive proof.

Toll-like receptors (TLRs) including TLR3, TLR7 and TLR8 are
essential for activation of antiviral response upon viral infection, and
can sense sSRNA or dsRNA in the cytosol (Jensen and Thomsen, 2012).
Studies have shown a slight increase of MNV viral titers in TLR3

deficient mice (McCartney et al., 2008). Although HuNV RdRp does not
enhance TLR3-mediated IFN- promoter activation (Subba-Reddy et al.,
2011), we found that MNV NS7 increased the transcription of several
ISGs triggered by poly (I:C). Besides RIG-I and MDAS5 associated with
poly (I:C) triggered IFN response, poly (I:C) is also the activator of TLR3
signaling. Thus, it is interesting to further investigate whether there is a
regulatory role of MNV NS7 on TLRs-mediated IFN response.

Studies have shown that MNV-1 replicates to higher levels in MDA5S
deficient mice (McCartney et al., 2008), but HuNV replication is not
affected by silencing RIG-I signaling (Guix et al., 2007). We have pre-
viously demonstrated that ectopic expression of RIG-I and MDA5
potently inhibit HUNV replication in the HG23 replicon model (Dang
et al., 2018). In this study, we demonstrated that RIG-I and MDAS exert
antiviral activity against MNV replication in human cells ectopically
expressing MNV receptor. ISGs are considered as the ultimate antiviral
effectors, and the essential role of STAT1 in controlling MNV replication
has been demonstrated (Karst et al., 2003). By blocking the JAK/STAT
pathway, the CARDs of RIG-I and MDA5 mediated ISG transcription and
anti-MNV activity are partially attenuated, suggesting the requirement
of JAK/STAT pathway for RLRs-mediated antiviral actions. We also
revealed that NS7 overexpression enhances RIG-I and MDAS5 mediated
inhibition of viral RNA, consistent with the augmentation of IFN
response.

In summary, we demonstrated that MNV NS7 interacts with the N-
terminus of RIG-I and MDAS and enhances RIG-I and MDAS triggered
IFN response. Furthermore, RIG-I and MDAS potently inhibit MNV
replication requiring the activation of JAK/STAT pathway, and this
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antiviral effect is augmented by NS7. We postulate that MNV has
developed sophisticated strategies to efficiently replicate but also sur-
vive in the host cells. At the early stage of infection, viral proteins such as
VF1 and VP2 can regulate cellular immune response to facilitate viral
replication (McFadden et al., 2011; Zhu et al., 2013). In contrast, NS7 as
a RdRp can sensitively recognize the level of viral replication. As a
feedback reaction, NS7 can interact and augment RIG-I and MDAS5
mediated antiviral IFN response to inhibit over-replication, and thus
protect host cells from lysis in order to survive in the host. However,
future experimental studies are required to further validate this theory.
Furthermore, augmentation of antiviral response by MNV NS7 may have
an impact on superinfection of other pathogens, as different pathogens
cohabit in the intestine. Thus, this aspect is interesting to be further
investigated.
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