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ABSTRACT Noroviruses are a leading cause of gastroenteritis worldwide, yet the molec-
ular mechanisms of how host antiviral factors restrict norovirus infection are poorly
understood. Here, we present a CRISPR activation screen that identifies mouse genes
which inhibit murine norovirus (MNV) replication. Detailed analysis of the major hit Trim7
demonstrates a potent inhibition of the early stages of MNV replication. Leveraging in
vitro evolution, we identified MNV mutants that escape Trim7 restriction by altering the
cleavage of the viral NS6-7 polyprotein precursor. NS6, but not the NS6-7 precursor,
directly binds the substrate-binding domain of Trim7. Surprisingly, the selective polypro-
tein processing that enables Trim7 evasion inflicts a significant evolutionary burden, as
viruses with decreased NS6-7 cleavage are strongly attenuated in viral replication and
pathogenesis. Our data provide an unappreciated mechanism of viral evasion of cellular
antiviral factors through selective polyprotein processing and highlight the evolutionary
tradeoffs in acquiring resistance to host restriction factors.

IMPORTANCE To maximize a limited genetic capacity, viruses encode polyproteins
that can be subsequently separated into individual components by viral proteases.
While classically viewed as a means of economy, recent findings have indicated that
polyprotein processing can spatially and temporally coordinate the distinct phases of
the viral life cycle. Here, we present a function for alternative polyprotein processing
centered on immune defense. We discovered that selective polyprotein processing
of the murine norovirus polyprotein shields MNV from restriction by the host antivi-
ral protein Trim7. Trim7 can bind the viral protein NS6 but not the viral precursor
protein NS6-7. Our findings provide insight into the evolutionary pressures that
define patterns of viral polyprotein processing and uncover a trade-off between viral
replication and immune evasion.

KEYWORDS norovirus, polyprotein, antiviral

Noroviruses are nonenveloped, positive-sense RNA viruses that are a leading cause
of gastroenteritis worldwide (1). The global economic burden of human norovirus

infection is estimated to be more than $60 billion (2). While norovirus gastroenteritis is
typically self-limiting, immunocompromised patients can have recurrent and persistent
norovirus infections (3, 4). Despite their global health burden, there are currently
no approved antivirals or vaccines for noroviruses. This largely stems from a lack of
suitable small animal models and difficulties in culturing human noroviruses in vitro (5).
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While significant progress has been made recently in establishing in vitro culture condi-
tions for human norovirus, these culture systems are cumbersome, can vary between
research groups, and in their current state are not amenable to high-throughput screens
(6–9). Murine norovirus (MNV) has emerged as the premier model system for investigating
norovirus biology. Unlike human noroviruses, MNV grows robustly in established cell lines
and is a natural pathogen of mice (10–12). The MNV model system provides a unique op-
portunity to study host-virus interactions in a natural setting where both host and virus
are genetically tractable and phenotypes are robust and reproducible.

We have previously leveraged the robust in vitro replicative capacity of MNV to define
fundamental aspects of its interactions with host cells. Using clustered regularly inter-
spaced short palindromic repeats (CRISPR)/Cas9 genetic screening tools (13), we have
uncovered fundamental details of the MNV life cycle (14–16). Our loss-of-function CRISPR
screen revealed CD300lf as the functional receptor for MNV (15, 17), which has been fur-
ther validated by recent in vivo studies (18, 19). Additionally, our initial screen identified an
unappreciated role of sphingolipid biosynthesis in norovirus entry and subversion of the
stress granule proteins (14, 20). Critically, both of these pathways are essential for human
norovirus infection, highlighting the utility of the MNV screening approach to identify criti-
cal features of norovirus biology (20, 21). Additionally, to uncover host antiviral factors that
can restrict MNV replication, we used CRISPR activation (CRISPRa), which allows for the
overexpression of genes from their native locus (22–24), to perform a gain-of-function
screen in human cells expressing CD300lf (16). Tripartite motif-containing protein 7 (Trim7,
also known as GNIP), an E3 ubiquitin ligase that was originally described to interact with
glycogenin (25), provided the strongest signal in this pooled CRISPRa screen (16). We
determined that Trim7 antiviral activity against MNV requires both the E3 ligase activity
and a putative substrate binding domain (B30.2, also known as PRY-SPRY) to block MNV
replication. Entry bypass experiments demonstrated that Trim7 can inhibit a post-entry
stage of the MNV life cycle, although a Trim7-mediated restriction of viral entry cannot be
excluded from this experiment (16). Recent work in other viral systems indicates that
Trim7 has a complex role in viral regulation, since both proviral and antiviral properties
have been observed. Trim7 can ubiquitinate stimulator of interferon genes (STING) and mi-
tochondrial antiviral signaling protein (MAVS), leading to their degradation and a decrease
in interferon (IFN) induction (26, 27). Trim7 also ubiquitinates the Zika virus envelope pro-
tein E, thereby enhancing the ability of virions to interact with binding receptors on host
cells (28). However, Trim7 is antiviral toward enteroviruses, acting to ubiquitinate the
enterovirus nonstructural protein 2BC, leading to its proteasome-mediated destruction
(29). Whether any of these activities mediate Trim7 inhibition of MNV remains unclear.

Here, we present an orthogonal CRISPRa screen conducted in murine microglial cells,
which are naturally susceptible to MNV. Our results expand upon known anti-norovirus
host factors and further highlight the potent restriction of MNV by Trim7. Using in vitro
evolution, we have determined that Trim7 sensitivity hinges on the selective processing of
nonstructural proteins 6 and 7 (NS6-7). We further demonstrate that Trim7 targets the
MNV protease NS6 but not the fusion protein of NS6-7. While mutations that alter polypro-
tein processing provides resistance to Trim7, viruses harboring these mutations are attenu-
ated both in vitro and in vivo. These findings highlight an evolutionary trade-off selective
polyprotein processing by noroviruses that balances Trim7 resistance and viral replication.

RESULTS
CRISPRa screening in murine BV2 cells identifies anti-norovirus genes. To iden-

tify murine genes which, when overexpressed, are antiviral in the context of MNV infec-
tion, we performed genome-wide positive selection CRISPRa screens in wild-type (WT)
BV2 cells. BV2 cells are a mouse microglial cell line that is naturally susceptible and
highly permissive to MNV infection (15). We generated BV2-dCas9-VP64 cells and vali-
dated their CRISPRa activity prior to screening (Fig. S1 in the supplemental material).
BV2-dCas9-VP64 cells were transduced with the Caprano Library, which induces tran-
scriptional activity of over 22,000 mouse genes with each gene targeted by 3 to 6
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single guide RNAs (sgRNAs) that are split into two pools (30). After transduction, the
library was challenged with MNVCW3 or MNVCR6 at a multiplicity of infection (MOI) of 5.
MNVCW3 and MNVCR6 share 86% nucleotide identity, yet cause distinct phenotypes in
vivo (31, 32). Both MNVCW3 and MNVCR6 have been used as models for host-viral interac-
tions and human norovirus biology (6, 31, 33–38). Surviving cells infected with MNVCW3

and MNVCR6 were harvested at 10 days postinfection. Screens were performed in dupli-
cate, and analysis compared the relative enrichment of sgRNAs in infected and unin-
fected populations.

Independent guide RNAs targeting the same gene were averaged together, and
their distribution in the ranked list was used to determine a gene-level P value (Fig. 1A
and B, Tables S1 and S2 in the supplemental material). Gene set enrichment analysis
(GSEA) of screen hits showed an enrichment in known antiviral signaling IFN-gamma
and -alpha response pathways (Fig. S2 and Table S3). A total of 38 genes reached sta-
tistical significance in the MNVCW3 and MNVCR6 screens (Table S2). Fifteen of the 38
enriched genes are shared between the screens, suggesting that MNVCW3 and MNVCR6

are sensitive to overlapping antiviral mechanisms (Fig. 1C). A modest overlap of
enriched genes was identified between the current screen and a previously conducted
CRISPRa screen in human, HeLa-CD300lf cells (Fig. S2 and Table S4) (16). A selection of
the top antiviral candidate genes from the genome-wide screens—Trim7, Prdm1,
Tbx19, Obox6, and Cdkn1a—underwent arrayed validation using two independent
sgRNAs per gene. We tested the abilities of cells to survive MNV challenge and to

FIG 1 Genome-wide CRISPR activation (CRISPRa) screens in BV2 cells identify TRIM7 as potently antiviral. (A and B) Volcano plot showing CRISPRa
screening results in BV2 cells infected with MNVCR6 (A) or MNVCW3 (B) at an MOI of 5. Controls are plotted in gray and relevant hit genes are denoted in
color. (C) Venn diagram of significant hits in the MNVCR6 and MNVCW3 CRISPRa screens. (D and E) Results of arrayed validation for MNVCR6 (D) and MNVCW3

(E) with BV2-dCas9-VP64 cells transduced with indicated single guide RNA (sgRNA) construct. Cell viability was measured 24 h after murine norovirus (MNV)
infection (MOI = 5). Viral replication was enumerated via plaque assay 24 h after a low MOI infection (0.05). Data are from two independent experiments
and presented as mean 6 standard error of the mean (SEM). *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; one-way analysis of variance
(ANOVA) with Tukey’s multiple-comparison test.
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support viral replication. Enhanced cell survival and impaired viral replication were con-
sistently observed with all sgRNAs tested (Fig. 1D and E). Consistent with the screening
results, CRISPRa-mediated enhancement of Trim7 and Prdm1 expression exhibited the
most potent antiviral activity, while enhancement of Tbx19, Obox6, and Cdkn1a exhibited
more modest antiviral activity (Fig. 1D and E). We decided to focus on the mechanism of
Trim7 inhibition of MNV due to the potency of Trim7 inhibition, its cell-type independent
activity, and the breadth of phenotypes associated with Trim7.

Trim7 blocks an early stage in the MNV life cycle. Previously, we demonstrated
that Trim7 blocks a post-entry step in the MNV life cycle, but it remains unclear which
post-entry steps are inhibited by Trim7 (16). We longitudinally assessed the production
of MNV nonstructural proteins NS1, NS6 (viral protease), and NS7 (RNA-dependent-RNA
polymerase) in HeLa cells stably expressing CD300lf (HeLa-CD300lf) and Trim7 isoforms.
We previously determined that the longer Trim7 isoform 1 has antiviral activity, but the
shorter Trim7 isoform 4 lacks antiviral activity despite having an intact RING domain (16).
HeLa-CD300lf cells expressing Trim7 isoform 1 consistently exhibited lower levels of NS1,
NS6, and NS7 protein over the duration of MNV infection compared to cells expressing
either an empty vector or Trim7 isoform 4 (Fig. 2A and B). This defect in nonstructural
protein production was apparent as early as 5 h postinfection. Consistent with decreased
levels of the viral polymerase, we observed significant inhibition in the synthesis of viral
genomic RNA in cells expressing Trim7 isoform 1 at 8 and 12 h postinfection (Fig. 2C).
This block in viral RNA synthesis is not observed with isoform 4 and is dependent upon
the catalytic activity of the RING domain of Trim7 (Fig. 2C). These data are consistent
with Trim7 inhibiting an early stage in the MNV life cycle, decreasing viral nonstructural
protein levels and limiting subsequent viral replication.

Identification of Trim7 escape mutants. Trim7-mediated inhibition of MNV replica-
tion is not absolute, because viral replication can still be detected in Trim7 expressing cells
(Fig. 2). We sought to leverage the ability of viruses to mutate and adapt to determine how
Trim7 inhibits MNV replication. We passaged MNVCW3 and MNVCR6 in HeLa-CD300lf and BV2
cells expressing Trim7 (Fig. 3A). By using multiple viral strains and cellular contexts, we
aimed to focus on common mechanisms that lead to Trim7 resistance rather than general
tissue culture adaptations. We conducted 6 independent passaging experiments. We
serially passaged MNV in BV2-Trim7 and HeLa-CD300lf-Trim7 cells for 3 and 4 passages,
respectively (Fig. 3A). In all cases, we obtained viral populations that were resistant to Trim7
inhibition (data not shown).

We deep sequenced the viral populations using our recently developed method and
computational pipeline, obtaining robust coverage of the viral genomes (Fig. S3) (39).
Under all conditions, variants were detected at multiple sites throughout the MNV ge-
nome (Table S6). To aid in visualization, the percentage of the population with any varia-
tion at a given nucleotide position was plotted (Fig. 3B). In doing so, we consolidated
mis-sense variants, same-sense variants, insertions, and deletions into a single variable.
In all six experiments, there was a clustering of variants at the junction of NS6 and NS7
(Fig. 3B). More specifically, the major mutations detected were within the cleavage site
of NS6 and NS7 and distal from the active site of the NS6 protease (Fig. 3C). This region
of the MNV polyprotein is highly conserved among sequenced MNV strains (Fig. S4).
Variation at this site is surprising given that the cleavage of NS6-7 is required for MNV
and that MNV does not tolerate large changes at the NS6-7 junction, even though it is
variably cleaved in related Caliciviridae (40, 41). We focused on amino acid 182 in NS6
since multiple variants were detected at this site (Fig. 3B). In nearly all MNV strains, a
phenylalanine is present at this position (Fig. S4). Our data suggest that a cysteine, ser-
ine, or valine in this position can confer resistance to Trim7 (Fig. 3B). We generated these
three variants using MNVCW3 molecular clones and confirmed that MNVCW3 NS6F182C was
not sensitive to Trim7 inhibition (Fig. 4A). However, MNVCW3 molecular clones containing
NS6F182S and NS6F182V did not yield infectious virus. We obtained similar results with
other mutations near the NS6-7 cleavage site (data not shown). These observations sug-
gest a severe fitness disadvantage for these individual mutations and the possibility that
other linked variants may be necessary to allow viral replication. Therefore, we focused
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FIG 2 TRIM7 inhibits an early stage in the MNV life cycle. (A and B) Representative Western blots from three
independent experiments of HeLa-CD300lf cells expressing an empty vector, Trim7 isoform 1, or Trim7 isoform
4 infected with MNVCW3 (MOI = 25). Cells were lysed at indicated time points and probed with antibodies to
MNV nonstructural proteins (panel A, NS1; panel B, NS6-7). Non-specific band is denoted by an asterisk (*). (C)
Quantification of MNV genomes in HeLa-CD300lf cells expressing an empty vector, Trim7 isoform 4, Trim7
isoform 1, or Trim7 isoform 1 C29A C32A after infection with MNVCW3 (MOI = 25). Cartoon diagram of the
domains of Trim7 isoforms is presented below. Data are from three independent experiments and presented as
mean 6 SEM. **, P , 0.01; ***, P , 0.001; Kruskal-Wallis test for each time point compared to the empty
vector control. Only Trim7 isoform 1 showed significant differences at any time point.
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our remaining efforts on understanding how the NS6F182C substitution contributes to
Trim7 resistance.

Trim7 targets NS6 but not the NS6-7 precursor. The clustering of mutations at
the protease cleavage site of NS6-7 suggests that altered polyprotein processing of the
NS6-7 junction could confer resistance to MNV. To test whether this was the case for
the NS6F182C mutation, we quantified the production of NS6-7 containing polyproteins
over time during infection of wild-type BV2 cells. Using a polyclonal antibody raised
against the NS6-7 precursor, we could readily detect NS7, NS6-7, and NS5-6-7 in
infected cell lysates (Fig. 4B). NS6 was not included in our analysis because detection
of the NS6 band was faint, variable, and tended to migrate near a contaminating back-
ground band. The emergence of NS7 indicates that polyprotein processing occurs in
both MNVCW3 parental- and MNVCW3 NS6F182C-infected cellular lysates (Fig. 4B).
However, MNVCW3 NS6F182C consistently exhibited an increase in precursor proteins
NS6-7 and NS5-6-7 compared to the parental virus (Fig. 4B and C). MNVCW3 NS6F182C

also showed a delay in the accumulation of NS7 at earlier time points (Fig. 4B and C).
These data indicate that processing of the NS6-7 cleavage site is altered during
MNVCW3NS6F182C infection.

This alteration in the cleavage of NS6-7 suggests that Trim7 targets NS6 or NS7
when they are liberated, but not when they are in their uncleaved, precursor state
(NS6-7). Indeed, we detected a physical interaction via coimmunoprecipitation
between full-length Trim7 and NS6, but not NS7 (Fig. 5A). To further define the mecha-
nism of Trim7 restriction, we investigated these interactions using recombinant pro-
teins. A direct interaction between NS6 and the putative substrate binding domain,
B30.2, of Trim7 was detected using an in vitro glutathione S-transferase (GST) pulldown
assay (Fig. 5B). We did not detect interactions between the B30.2 domain of Trim7 and
NS7 (Fig. 5B). Furthermore, an NS6-7 recombinant protein lacking protease activity to

FIG 3 Trim7 resistance mutations map to the NS6-7 cleavage site. (A) Cartoon schematic of strategy to identify Trim7 resistance mutations. BV2 or HeLa-
CD300lf cells expressing Trim7 were challenged with MNVCW3 or MNVCR6. After 48 h, virus was passaged onto fresh cells. (B) Summary of the sequencing
data with MNVCW3 (left) and MNVCR6 (right). x axis denotes the nucleotide position with a diagram of the protein coding regions below. y axis shows the
percentage of the population that contained variants at the indicated position. Both MNVCW3 and MNVCR6 had strong signal in all experiments at the NS6-
NS7 junction (indicated by the star). Inset demonstrates the missense variants (shown in red) identified in these populations. (C) Structure of the MNV
protease NS6 (PDB: 4X2V). Dashed lines indicate the site where NS7 would be in the NS6-7 precursor protein. Sites with predicted Trim7 resistance
mutations are colored red, while the catalytic pocket is shown in yellow.
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prevent autoprocessing was unable to interact with the B30.2 domain of Trim7
(Fig. 5B). These data suggest that Trim7 targets NS6 but not the NS6-7 precursor
protein. Our data does not exclude the possibility that Trim7 could target other
NS6 precursors that accumulate during infection such as NS5-6 or NS4-6 (42).

The NS6F182C substitution attenuates viral replication in vitro and in vivo. We
were surprised to find that a single amino acid substitution could render MNV resistant
to Trim7 restriction (Fig. 4A), and we wished to understand the consequences of this
change on the fitness of MNV. In a multistep growth curve of virally infected wild-type
BV2 cells, MNVCW3 NS6F182C exhibits a significant replication defect (Fig. 6A). To test
whether this defect was dependent on MNV strain or cellular context, we tested the
ability of MNVCR6 NS6F182C to grow in HeLa-CD300lf cells. Consistent with our work with
MNVCW3, the NS6F182C substitution provided the MNVCR6 strain with a fitness advantage
compared to the parental virus when cells expressed Trim7 (Fig. 6B). However, MNVCR6

NS6F182C was attenuated in its ability to replicate in control HeLa-CD300lf cells (Fig. 6B).
Thus, the NS6F182C substitution attenuates the ability of multiple MNV strains to repli-
cate in vitro.

We next tested the fitness of the MNVCW3 NS6F182C in vivo in two independent
assays. First, we orally infected C57BL/6 WT mice with MNVCW3 parental or MNVCW3

NS6F182C virus. Three days postinfection, mice were euthanized, tissues were collected,
and viral genomes enumerated. In mice infected with MNVCW3, MNV genomes were
readily detected in the mesenteric lymph nodes, spleen, liver, and ileum (Fig. 6C). In
contrast, mice infected with MNVCW3 NS6F182C had significantly lower levels of viral rep-
lication in these tissues (Fig. 6C). These data indicate a severe attenuation of the
NS6F182C substitution in WT mice. Next, we tested whether the NS6F182C substitution
modulated the pathogenesis of MNVCW3 in Stat1–/– mice, since Stat1–/– mice are excep-
tionally sensitive to MNVCW3 infection (12, 33). Indeed, we observed significantly
reduced lethality in Stat1–/– mice when infected with MNVCW3 NS6F182C compared to
that in mice infected with parental MNVCW3 (Fig. 6D). Taken together, these data indi-
cate that Trim7 resistance can evolve in vitro, but it is accompanied by a trade-off in vi-
ral fitness both in vivo and in vitro (Fig. 7).

DISCUSSION

Genome-wide CRISPR/Cas9 screens have uncovered numerous fundamental aspects
of host-viral interactions, including for noroviruses (13). Here, we revealed numerous

FIG 4 NS6 F182C substitution provides Trim7 resistance and decreased NS6-7 processing. (A) HeLa-
CD300lf cells expressing either a vector control or Trim7 were infected with the parental or MNVCW3

NS6F182C mutant derived from CW3 molecular clone (MOI = 0.05). Viral titers were calculated after
24 h postinfection. Data are shown as mean 6 SEM from three independent experiments. ****, P ,
0.0001; one-way ANOVA with Tukey’s multiple-comparison test. (B) Representative Western blot from
BV2 cells infected with either the CW3 parental or CW3 NS6F182C derived from MNV molecular clones
(MOI = 5) and lysed at indicated hours postinfection (hpi). NS1/2, NS6, precursor bands were
identified based upon specific antibody staining and expected molecular weights of polyprotein
products. Non-specific band is denoted by an asterisk (*). (C) Quantification of the band intensities
from panel B. Intensities were normalized to 1 for 12 h postinfection for MNVCW3 for NS7, NS6-7, and
NS-5-6-7 relative to GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Data are shown as mean 6
standard deviation (SD) from three independent experiments. **, P , 0.01; ***, P , 0.0001; one-way
ANOVA with Tukey’s multiple-comparison test.
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antiviral host factors utilizing a CRISPRa screen conducted in murine microglial cells.
Importantly, in concordance with our previously conducted CRISPRa screen in HeLa cells
ectopically expressing the MNV receptor CD300lf, Trim7 emerged as one of the most
potent regulators of MNV in this system as well (16). While several genes were identified
by both screens as antiviral, a number of unique antiviral factors were identified in this
distinct system (Fig. S2). These findings add to the growing literature that similar screens
conducted using distinct cellular models can reveal novel insights (43). In combination,
these CRISPRa screens serve as a rich resource for those studying norovirus biology.

While Trim7 inhibition of viral replication is significant, it is not absolute. We identi-
fied a single nucleotide change leading to a coding variant at the NS6-7 junction that
is sufficient to evade Trim7 restriction (Fig. 3). Interestingly, this virus exhibits signifi-
cantly attenuated replication in vitro and in vivo and has reduced in vivo pathogenesis
(Fig. 6). It is possible that additional mutations outside of the NS6-7 cleavage site we

FIG 5 Trim7 binds NS6 but not NS7 nor the NS6-7 precursor protein. (A) Western blot from coimmunoprecipitation experiment
conducted in HEK 293T cells cotransfected with Ty1-tagged Trim7 (T7) or control Trim protein (C) with Flag-tagged GFP, NS6, or
NS7 (n = 3). (B) Coomassie brilliant blue stain of a representative glutathione S-transferase (GST) pulldown assay with
recombinant GST- or MBP-tagged proteins purified from E. coli. The GST-NS67 protein represents a fusion of NS6-7 that lacks
autoprocessing due to mutations in the NS6 protease catalytic site. The B30.2 domain of Trim7 (MBP-B30.2) binds NS6 but not
NS7 or NS6-7 (n = 4).

FIG 6 The NS6 F182C mutation leads to viral attenuation in vitro and in vivo. (A) BV2 cells were infected with MNVCW3 or MNVCW3 NS6F182C (MOI = 0.05).
Viral production was measured using plaque assays at indicated time points. Data are shown as mean 6 SEM from three independent experiments. (B)
HeLa-CD300lf cells expressing either an empty vector or Trim7 isoform 1 were infected with MNVCR6 or MNVCR6 NS6F182C (MOI = 0.05). Viral production
was measured using plaque assays at indicated time points. Data are shown as mean 6 SEM from three independent experiments. Statistics shown are
comparing viral titers at 72 h postinfection. ****, P , 0.0001; one-way ANOVA with Tukey’s multiple-comparison test. (C) C57BL/6 wild-type (WT) mice
were inoculated with 5 � 106 PFU of MNVCW3 or MNVCW3 NS6F182C, euthanized 3 days postinfection, and the indicated tissues were collected. MNV
genomes were enumerated via quantitative PCR. Data are shown as mean 6 SD from two independent experiments with 8 to 9 mice per group. **, P ,
0.01; ***, P , 0.001; ****, P , 0.0001; one-way ANOVA with Tukey’s multiple-comparison test. (D) Stat1–/– mice were inoculated with 1 � 104 PFU of
MNVCW3 or MNVCW3 NS6F182C and monitored twice daily for survival for 17 days postinfection (12 to 13 mice per group). Data were analyzed using log-
rank Mantel-Cox test.
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identified through our passaging studies may compensate for the replication defect of
the NS6F182C mutation. These data highlight the tradeoffs viruses make in acquiring fit-
ness in one environment compared to another. Previous work has indicated that the
cleavage of NS6-7 is required for MNV replication (40) and that the virus does not toler-
ate large changes to the NS6-7 junction sequence (41). Surprisingly, cleavage of NS6-7
(also called Pro-Pol) is variable in the Caliciviridae family. For example, the NS6-7 pre-
cursor is stably expressed during feline calicivirus (FCV) infection (44). It is not clear
why these closely related viruses differ in their polyprotein processing, and why MNV is
attenuated when the NS6-7 precursor is inefficiently processed. It is tempting to specu-
late that Trim7 or a similar restriction factor has influenced the evolution of the viral
polyprotein processing for viruses such as FCV. Whether other viruses acquire resist-
ance to Trim7 or other host restriction factors through alterations in polyprotein proc-
essing is an exciting possibility.

Previously, we determined that Trim7 blocks a post-entry step in the MNV replica-
tion cycle (16). Here, we discovered that Trim7 can bind to NS6, but not to the NS6-7
precursor protein, via its putative substrate-binding domain, and that a virus with
decreased processing of NS6 and NS7 (NS6-7) is resistant to Trim7 antagonism (Fig. 4
and 5). Our findings thus provide a mechanism for viral evasion. However, it is also
possible that an unappreciated function of the NS6-7 precursor, but not the cleaved
proteins, provides resistance. A recent report demonstrated that NS6-containing pre-
cursor proteins exhibit differential localizations and protease activities during infec-
tion (42). The NS6-7 precursor, while produced at low levels, remains localized at the
MNV replication complex while NS6 is able to cleave other cellular substrates, includ-
ing poly(A)-binding protein (PABP) (42, 45). These data suggest that in addition to
differential binding of Trim7 to NS6-containing precursors, viral resistance to Trim7
may rely on the alternative activities of the precursors or on differential localization
that sequesters NS6-containing precursors away from Trim7. Recent studies have
placed Trim7 at the nexus of host-viral interactions. While Trim7 has been shown to
downregulate IFN production through the ubiquitination and degradation of STING
and MAVS (26, 27), we found an antiviral role of Trim7 for MNV. Similarly, a recent
study determined that Trim7 inhibits diverse enteroviruses from replicating by ubiq-
uitinating the viral 2BC protein (29). Interestingly, Trim7 has also been reported to
ubiquitinate the Zika virus envelope protein E to promote Zika virus entry (28). Our
findings reveal a new mechanism for Trim7 regulation of viral replication through the
selective targeting of a viral protease that is dependent upon specific polyprotein
processing. How Trim7 recognizes such diverse viral and host substrates in the cell
remains an outstanding question. Furthermore, how these seemingly distinct proviral

FIG 7 Model of Trim7 mechanism and the trade-off for MNV to acquire resistance. Wild-type MNV
separates NS6 from NS7, which allows for robust replication unless Trim7 is present, which can bind
NS6. Viruses with decreased NS6-7 processing have attenuated viral replication in cells without Trim7
expression. However, the NS6-7 fusion protein enables MNV to replicate in Trim7 expressing cells as
Trim7 cannot bind to the NS6-7 precursor protein.
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and antiviral functions of Trim7 are regulated in vivo will be an exciting area for
future investigations.

MATERIALS ANDMETHODS
Cell culture. BV2 (Yuanan Lu, University of Hawaii at Manoa), 293T (ATCC), and HeLa cells (ATCC)

were cultured in Dulbecco’s modified Eagle medium (DMEM) with 5% fetal bovine serum (FBS) and 1%
HEPES. During CRISPRa screening, cells were supplemented with 10% FBS, 1% HEPES, and 1% penicillin
and streptomycin. For antibiotic selection, BV2 medium was supplemented with 4 mg/mL puromycin
(Gibco) and 5 mg/mL blasticidin (Gibco), and HeLa medium with 1 mg/mL of puromycin and 5 mg/mL
blasticidin (Gibco) when required.

Stable cell lines were generated via lentivirus transduction. Lentivirus was generated by transfecting len-
tiviral vectors with packaging vector (psPax2, a gift from Didier Trono; Addgene plasmid no. 12260) and
pseudotyping vector (pCMV-VSV-G was a gift from Bob Weinberg; Addgene plasmid no. 8454) into 293T cells
using TransIT-LT1 (Mirus). Then, 48 h later, supernatants were filtered through a 0.45-mm pore filter and
added to the indicated cells. At 48 h after transduction, cells were selected with the appropriate antibiotic.

MNV assays. MNV stocks were generated from plasmids encoding parental MNVCR6 (GenBank ID
JQ237823) or parental MNVCW3 (GenBank ID EF014462.1) as described previously (46). Briefly, MNV mo-
lecular clone plasmids were transfected into 293T cells and frozen 48 h posttransfection. After thawing
and centrifugation at 3,000 � g, virus was passaged onto BV2 cells. When 50% of the cells exhibited cy-
topathic effects, cultures were frozen, thawed, and clarified by centrifugation (3,000 � g) to form P1
stocks. For animal experiments, viral stocks were passaged an additional time at an MOI of 0.05. After
clarification, viral P2 stocks were concentrated by filtration over a 100,000-kDa filter (Sartorius catalog
no. VF20P4) by tangential flow (Sartorius catalog no. VFP002). Viral titers were enumerated by plaque
assay on BV2 cells as described previously (15). Genetic identity of viral stocks was confirmed by tar-
geted sequencing. MNV growth assays were performed as previously described (16). For viral protease
processing studies, BV2 cells were seeded at 5 � 105 per well of a six-well plate. After adhering over-
night, cells were infected with the indicated viruses at an MOI of 5.0. After incubating for 30 min, the
cells were washed and fresh medium was added. Cells were lysed at indicated time points in Laemmli
Buffer (Bio-Rad). Lysates were resolved on SDS-PAGE gels and transferred to polyvinylidene difluoride
(PVDF) membranes to be probed with the indicated antibodies. Quantification was performed in Image
J and the expression of each nonstructural protein was normalized to GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase). Furthermore, the relative expression of indicated proteins is relative to the levels
at 12 h postinfection for the parental MNVCW3 infection.

CRISPRa screening. BV2-dCas9-VP64 cells were generated from the plasmid lenti dCas9-VP64, a gift
from Feng Zhang (Addgene plasmid no. 61425). CRISPRa activity in BV2-dCas9-VP64 cells was validated
through the introduction of sgRNAs targeting CD4 cloned in the pXPR_502 vector. Cells transduced with
sgRNA constructs were selected for 5 to 7 days with puromycin, and CD4 expression was assessed via
flow cytometry.

BV2-dCas9-VP64-expressing cells were transduced separately with Set A and Set B of the Caprano
CRISPRa library at an MOI of 0.3 to 0.5 to achieve a 500� library representation (30). Each experimental
arm was performed in duplicate, with each replicate consisting of 3.0 � 107 BV2 cells expressing the
complete CRISPRa system. Cells were infected with either MNVCW3 or MNVCR6 24 h post-seeding at an
MOI of 5. Mock-infected cells were harvested 48 h after seeding. Ten days postinfection, cells were
washed extensively and DNA from surviving cells was isolated using the QIAamp DNA Blood Midi kit
(Qiagen). PCR, next generation Illumina sequencing, and analysis were performed as previously
described (30). Briefly, harvested experimental and mock screen arms underwent DNA extraction, fol-
lowed by PCR sample barcoding of guide sequences and next-generation Illumina sequencing.
Sequencing was demultiplexed and mapped using Poolq, and the difference between the log-normal-
ized sgRNA abundances of the mock-infected cells and survival populations yielded the overall log-fold
change (LFC) of each guide. Further analysis was carried out using a Python hypergeometric script that
calculates P values based on the consistency of ranks of guides targeting the same gene. The overall
analysis was output in a volcano plot displaying log10 (P value) versus average LFC (log2) ranking the top
enriched and depleted genes in the screen (https://github.com/mhegde). GSEA of screen data was per-
formed using the Molecular Signatures Database (MSigDB): https://www.gsea-msigdb.org/gsea/msigdb/
index.jsp. Z-score was calculated according to the formula ([X – m]/s )/g, where X is the observed LFC of
a gene, m is the mean of the sample, s is the standard deviation of the sample, and g is the number of
perturbations per an individual gene.

Arrayed screen validation. Arrayed CRISPRa pXPR_502 constructs were delivered via lentivirus into
BV2-dCas9-VP64 cells. For cell viability assays, cells were seeded at 1 � 105 cells per well of a white-
walled glass-bottomed 96-well plate (Corning) and allowed to adhere to the plate overnight before viral
infection. BV2s were infected with indicated MNV strains at an MOI of 5 and returned to the incubator
for 24 h before viability was assessed via CellTiter-Glo (Promega) according to the manufacturer’s proto-
col and read out on a plate reader (Synergy II). The viability for each CRISPR cell line was normalized to a
paired mock-infected sample of that cell line. To assess MNV growth, arrayed BV2 CRISPRa cell lines
were seeded at 5 � 104 per well of a flat-bottomed 96-well plate and infected in suspension with
MNVCW3 or MNVCR6 at an MOI of 0.05. At 24 h postinfection, plates were frozen at –80°C. Titers were
enumerated via PFU as described previously (47). Experiments were performed in two independent bio-
logical replicates containing three technical replicates for viability measurements and two technical rep-
licates for enumerating viral growth.
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Plasmids. CRISPR sgRNA constructs for arrayed validation were cloned into pXPR_502 (Addgene no.
96923). A list of sgRNAs used can be found in Table S5. Trim7 cDNA sequences were cloned into pCDH-
MCS-T2A-Puro-MSCV (Systems Biosciences, CD522A-1) as described previously (16). pcDNA5/FRT/TO
CBP-3�Flag-GFP, pcDNA5/FRT/TO CBP-3�Flag-NS6, and pcDNA5/FRT/TO CBP-3�Flag-NS7 were kind
gifts of Seungmin Hwang. Trim7 and Trim47 (control plasmid) were cloned into a pcDNA 3.1 vector con-
taining a GST-3�Ty1 sequence. The B30.2 domain of Trim7 was cloned into pET28B-His-MBP (a kind gift
from Neal Alto). NS6, NS7, and NS6-7 (with NS6C139A eliminating protease activity and processing and
NS7D346A D347A eliminating polymerase activity for better expression) were cloned into pGEX-4T1 vector.
Mutations in MNV molecular clones were introduced through splicing by overlap extension PCR. All plas-
mid sequences were verified through sequencing prior to use.

Antibodies and Western blotting. Cells were placed on ice and washed once in phosphate-buf-
fered saline (PBS) prior to lysis in ice-cold mammalian lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl,
5 mM EDTA, 0.5% Triton X-100) supplemented with HALT protease and phosphatase inhibitors (Thermo
Fisher Scientific). Lysates were incubated on ice for 30 min with periodic vortexing prior to clarification
by centrifugation. Lysates were resolved on SDS-PAGE gels and transferred to PVDF membranes.

The following antibodies were used for Western blotting: rabbit polyclonal anti-NS67 (a kind gift
from Kim Green), mouse monoclonal anti-NS1 (a kind gift from Sanghyun Lee), mouse anti-Flag M2 HRP
(horseradish peroxidase; Sigma-Aldrich), mouse anti-GAPDH HRP (Sigma-Aldrich), anti-Ty1 clone BB2
(Thermo Fisher Scientific), anti-Rabbit IgG HRP (Sigma-Aldrich), and anti-mouse IgG (Sigma-Aldrich).

Viral evolution. We performed six independent viral passaging experiments. We performed viral pas-
saging in BV2-Trim7 isoform 1 cells with MNVCW3 and MNVCR6, with one replicate of each (two independent).
We passaged MNVCW3 and MNVCR6 in HeLa-CD300lf Trim7 isoform 1 cells with two independent experiments
for each strain (four independent experiments). BV2-Trim7 isoform 1 and HeLa-CD300lf-Trim7 isoform 1 cells
(106) were seeded in a 10-cm2 plate and subsequently infected with MNVCW3 or MNVCR6 at an MOI of 5. At
48 h later, supernatants from the cultures were harvested and clarified (10 min at 3,000 � g). One mL of the
clarified supernatant was added onto the respective BV2 and HeLa-CD300lf Trim7-expressing cell lines. This
passaging was performed three times for BV2 cells and four times for HeLa cells. One mL of the final clarified
viral supernatant was used to isolate total RNA using the Direct-zol kit (Zymo Research).

Coimmunoprecipitation. 293T cells were seeded at 5 � 105 per well of a six-well plate and, after
overnight adherence, were transfected with indicated plasmid constructs. At 48 h posttransfection, cells
were lysed on ice with mammalian lysis buffer as indicated above. Clarified lysates were incubated with
anti-Flag-M2 agarose beads (Sigma-Aldrich) for 2 h with gentle rocking on a nutator at 4°C. Samples
were washed four times in mammalian lysis buffer. Proteins were eluted from beads with Laemmli buffer
and subjected to SDS-PAGE and Western blotting.

Protein purification. Recombinant proteins were produced in BL21-DE3 Escherichia coli strains (Thermo
Fisher Scientific). Protein expression was induced with 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside)
when cells reached an optical density at 600 nm (OD600) of 0.6 to 0.8. Bacterial pellets were resuspended in
either His buffer (100 mM HEPES [pH 7.5], 300 mM NaCl) or GST buffer (50 mM Tris [pH 7.5], 150 mM NaCl,
2 mM DTT) supplemented with HALT protease inhibitor cocktail (Thermo Fisher Scientific). Bacteria were
lysed using an EmulsiFlex C5 (Avestin) following the manufacturer’s protocol. Lysates were clarified by cen-
trifugation at 12,000 � g for 30 min prior to adding to nickel agarose (Thermo Fisher Scientific) or glutathi-
one Sepharose (Thermo Fisher Scientific) beads. Proteins were purified following manufacturer’s instructions.
Eluted proteins were buffer-exchanged into PBS using concentration centrifugal columns (Millipore). Glycerol
was added to 10% and the proteins were then stored at –80°C.

In vitro GST pulldowns. A total of 30 mg of recombinant GST proteins was immobilized to glutathione
Sepharose and incubated with 50 mg of 6�His-MalE fusion proteins for 1 h at 4°C. Samples were washed
three times in TBS (Tris-buffered saline) supplemented with 0.5% Triton X-100. Proteins were eluted from
beads with Laemmli buffer and subjected to SDS-PAGE. Gels were analyzed with Coomassie blue staining.

Mouse lines and infections. All mouse experiments were conducted at University of Texas
Southwestern Medical Center and approved by the University of Texas Southwestern Medical Center’s
Institutional Animal Care and Use committees. C57BL/6J wild-type and Stat1–/– [B6.129S(Cg)-Stat1tm1Div/J]
(48) mice were originally purchased from Jackson Laboratories and bred and housed in University of
Texas Southwestern Medical Center animal facilities under specific pathogen-free conditions, including
devoid of murine norovirus. A total of 1 � 104 PFU of MNVCW3 or MNVCW3NS6F182C was inoculated per
orally to Stat1–/– mice. Stat1–/– mice were singly housed immediately after inoculation and monitored
daily for survival for 17 days. A total of 5 � 106 PFU MNVCW3 or MNVCW3NS6F182C was inoculated per orally
to WT mice. Immediately after inoculation, mice were singly housed. At 3 days postinfection, mice were
euthanized and the indicated tissues harvested for RNA isolation. All experiments were performed three
independent times with gender-balanced littermate controls.

RNA extraction and MNV qPCR. Quantification of MNV genomes from infected tissues was performed
as previously described (15). Briefly, RNA from infected tissues was isolated using TRI Reagent (Sigma-
Aldrich) with a Direct-zol kit (Zymo Research) following the manufacturers’ protocols. One mg of RNA was
used for cDNA synthesis using a High-Capacity cDNA Reverse Transcription kit, following the manufacturer’s
protocols (Thermo Fisher Scientific). TaqMan quantitative PCR (qPCR) for MNV was performed in triplicate on
each sample and standard with forward primer 59-GTGCGCAACACAGAGAAACG-39, reverse primer 59-
CGGGCTGAGCTTCCTGC-39, and probe 59-6FAM-CTAGTGTCTCCTTTGGAGCACCTA-BHQ1-39. TaqMan qPCR for
Actin was performed in triplicate on each sample and standard with forward primer 59-GATTACTGC
TCTGGCTCCTAG-39, reverse primer 59-GACTCATCGTACTCCTGCTTG-39, and probe 59-6FAM-CTGGCCTCA
CTGTCCACCTTCC-6TAMSp-39.
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Data availability. Sequencing of MNV populations was carried out as we have recently described
(39). Sequencing data have been uploaded to the European Nucleotide Archive under accession no.
PRJEB47213.
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