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ABSTRACT Coronavirus disease 2019, caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has led to an unprecedented public health crisis worldwide. 
Though the host produces interferons (IFNs) and restriction factors to suppress virus 
infection, SARS-CoV-2 has evolved multiple strategies to inhibit the antiviral respon­
ses. Understanding host restriction factors and viral escape mechanisms is condu­
cive to developing effective anti-SARS-CoV-2 drugs. Here, we constructed SARS-CoV-2 
nucleocapsid (2N) protein- and green fluorescent protein (GFP)-stably expressing cells 
that were transfected with polyinosinic-polycytidylic acid (poly(I:C)) to activate IFN 
responses. The transcriptome analysis showed that poly(I:C)-induced IFN responses were 
inhibited by the SARS-CoV-2 N protein. Further analysis revealed that 2N inhibited 
the production of IFN-stimulated genes by suppressing early growth response gene-1 
(EGR1) expression, a transcription factor that can regulate multiple cellular processes. The 
ectopic expression of EGR1 remarkably reduced 2N expression and suppressed SARS-
CoV-2 replication. Mechanistically, EGR1 promoted expression of IFN-regulated antiviral 
protein (IRAV), which interacted with 2N to induce its degradation via the E3 ubiqui­
tin ligase MARCH8 with the cargo receptor NDP52 in a lysosome-dependent pathway. 
MARCH8 catalyzed the K48-linked polyubiquitination of 2N at the lysine residue 143, and 
knockout of endogenous MARCH8 reversed IRAV-mediated 2N degradation. Addition­
ally, the overexpression of IRAV or MARCH8 could inhibit SARS-CoV-2 replication. Our 
findings reveal that EGR1 is a new host restriction factor to inhibit SARS-CoV-2 replication 
through the E3 ubiquitin ligase MARCH8, which would contribute to understanding the 
pathogenesis of emerging coronaviruses.

IMPORTANCE Emerging vaccine-breakthrough severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) variants highlight an urgent need for novel antiviral 
therapies. Understanding the pathogenesis of coronaviruses is critical for developing 
antiviral drugs. Here, we demonstrate that the SARS-CoV-2 N protein suppresses 
interferon (IFN) responses by reducing early growth response gene-1 (EGR1) expression. 
The overexpression of EGR1 inhibits SARS-CoV-2 replication by promoting IFN-regulated 
antiviral protein expression, which interacts with and degrades SARS-CoV-2 N protein via 
the E3 ubiquitin ligase MARCH8 and the cargo receptor NDP52. The MARCH8 mutants 
without ubiquitin ligase activity are no longer able to degrade SARS-CoV-2 N proteins, 
indicating that MARCH8 degrades SARS-CoV-2 N proteins dependent on its ubiquitin 
ligase activity. This study found a novel immune evasion mechanism of SARS-CoV-2 
utilized by the N protein, which is helpful for understanding the pathogenesis of 
SARS-CoV-2 and guiding the design of new prevention strategies against the emerging 
coronaviruses.
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T he coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute 
respiratory syndrome coronavirus-2 (SARS-CoV-2), has spread globally, resulting in 

approximately 664 million infections and 6 million deaths (https://covid19.who.int/). The 
disease outcomes range from asymptomatic, mild courses to more severe and critical 
cases (1). Host antiviral immunity responses can promote virus clearance, but severe 
COVID-19 patients are characterized by an inefficient immune response that fails to 
suppress infection (2). Understanding host antiviral restriction factors and viral antag­
onists against innate immunity is conducive to developing effective anti-SARS-CoV-2 
drugs.

Viruses depend on their ability to inhibit host cellular restriction factors and immune 
responses for successful replication (3–5). Following viral infection, the host pattern 
recognition receptors recognize viral RNAs of SARS-CoV-2 and rapidly activate the innate 
immune response, especially interferon pathways, to induce the expression of restric­
tion factors such as interferon-stimulating genes (ISGs), ultimately suppressing virus 
replication (6, 7). In turn, SARS-CoV-2 has evolved multiple strategies to antagonize the 
interferon (IFN) system (1). The SARS-CoV-2 genome encodes 16 non-structural proteins 
(nsp1-16), 4 structural proteins (E, M, N, and S), and 9 accessory proteins (ORF3a, 3b, 6, 
7a, 7b, 8, 9b, 9c, and 10), in which several viral proteins can antagonize host immune 
responses. The structural N protein promotes viral replication by regulating host-patho­
gen interactions and immune responses (8, 9), such as binding to stress granule proteins 
G3BP1, G3BP2, and HSPA1A involved in host RNA processing and regulation (10, 11), and 
interfering with TRIM25 to suppress type I interferon (IFN-I) production (12).

Early growth response gene-1 (EGR1), a zinc finger DNA-binding protein, is an 
important transcription factor associated with multiple cellular processes, including cell 
proliferation, survival, differentiation, and apoptosis (13, 14). EGR1 plays various roles 
in different viral infections. For example, EGR1 can facilitate human cytomegalovirus 
and Venezuelan equine encephalitis virus replication by promoting viral latent gene 
expression or host cell apoptosis (15, 16), whereas it can suppress foot-and-mouth 
disease virus and porcine epidemic diarrhea virus (PEDV) infection by activating IFN 
responses (17, 18). In this study, we found that SARS-CoV-2 N protein suppressed IFN 
responses by reducing EGR1 expression and overexpression of EGR1 inhibited SARS-
CoV-2 replication by promoting IFN-regulated antiviral protein (IRAV) expression, which 
interacts with and degrades SARS-CoV-2 N protein via the E3 ubiquitin ligase MARCH8. 
The MARCH8-degraded SARS-CoV-2 N (2N) protein is dependent on its ubiquitin ligase 
activity. These findings would contribute to further understanding the pathogenesis of 
the emerging coronaviruses.

RESULTS

SARS-CoV-2 N protein inhibits IFN responses in 2N-stably expressing cells

SARS-CoV is most genetically related to SARS-CoV-2, sharing similar structure and 
pathogenicity (19), so we constructed SARS-CoV N- and SARS-CoV-2 N-stably expressing 
HEK293T cell lines to explore their roles in the regulation of IFN responses. The N- 
and green fluorescent protein (GFP)-stably expressing cells were transfected with or 
without polyinosinic-polycytidylic acid (Poly(I:C)) to activate IFN responses, and RNA-seq 
analysis (n = 3) was conducted at 24 h post transfection (hpt). The multivariate princi­
pal component (PCA) analysis showed good intra-group repeatability and inter-group 
variability (Fig. 1A). We determined the potential biological functions of differentially 
expressed genes (DEGs) in N proteins compared to the controls and identified the 
top 40 enriched Gene Ontology (GO) pathways (Fig. 1B). The GO analysis showed that 
the 2N protein regulated the organ development pathways to a greater extent than 
the N protein, such as in the ear, kidney, and midgut (Fig. 1B, triangle). The nervous 
system-associated pathways were also enriched, especially the abnormal development 
of the olfactory bulb and olfactory lobe, which may explain the anosmia of COVID-19 
patients (Fig. 1B, star). In addition, IFN-I signaling was more obviously regulated by both 
N proteins upon poly(I:C) stimulation (Fig. 1B, diamond).
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FIG 1 The SARS-CoV-2 N protein inhibits IFN responses in stable-expressing cells. (A–D) N protein- and GFP-stably expressing cells were stimulated with or 

without poly(I:C) to activate interferon responses. At 24 hpt, cells were analyzed by RNA-seq (n = 3). GPF/2 N/N were the stably expressing cells without poly(I:C) 

stimulation, and GPF_S /2N_S /N_S were the cells with poly(I:C) stimulation. (A) The PCA analysis of the RNA-seq. (B) Illustration of the enrichment P-values for

(Continued on next page)
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Next, we focused on the transcriptome of poly(I:C)-induced samples and found that 
the commonly upregulated genes by the N proteins included insulin-like growth factor 
binding protein like 1, zinc finger protein 44 (ZNF44), and ZNF483 (Fig. 1C; Tables S1 
and S2), which are also increased upon both SARS-CoV and SARS-CoV-2 infection (10). 
We also found that almost all DEGs involved in the IFN-I pathway were reduced, such as 
the pattern recognition receptors DDX58 and MYD88, the transcription factors IRF9 and 
EGR1, the cytokine IFNB1, and ISGs (Fig. 1D). We then confirmed that both N proteins 
reduced poly(I:C)-induced mRNA expression of IFNA, IFNB1, IRAV, IFIT1, IFIT2, IFIT3, IFI6, 
and OASL using quantitative real-time PCR (qPCR) (Fig. 1E) and reduced RIG-IN (the 
constitutively active N-terminal domains of RIG-I)-induced protein expression of IFIT1 
and IFIT3 using immunoblots (Fig. 1F). The dual luciferase reporter assays also showed 
that both N proteins significantly inhibited the promoter activity of IFN-β and NF-κB 
induced by poly(I:C) or RIG-IN (Fig. 1G and H), indicating that the SARS-CoV-2 N protein 
inhibited IFN-I responses in 2N stable-expressing cells. These results demonstrated that 
SARS-CoV-2 N protein inhibited the IFN-I responses in stably expressing cells, which was 
also seen in SARS-CoV N protein.

SARS-CoV-2 N protein reduces EGR1 expression to inhibit IFN-I responses

To clarify the mechanism by which N proteins inhibit IFN responses, we analyzed the 
differentially expressed transcription factors and found that the expression of zinc 
finger proteins was increased, whereas the expression of basic leucine zipper ATF-like 
transcription factor 2 (BATF2), interferon regulatory factor 9 (IRF9), and EGR1 was 
reduced by both N proteins (Fig. 2A). We then confirmed the changes in the mRNA 
levels for BATF2, IRF9, EGR1, and ZNF738 using qPCR (Fig. 2B) and the protein levels for 
EGR1 and IRF9 via immunoblots (Fig. 2C). Both N proteins inhibited poly(I:C)-induced 
phosphorylation of STAT2, which is a pivotal transcription factor to elicit effective 
antiviral responses (Fig. 2C). Moreover, we found that 2N protein inhibited endoge­
nous EGR1 expression in a dose-dependent manner (Fig. 2D). EGR1 is reported to be 
rapidly induced by IFN-α, IFN-β, and IFN-γ in human or mouse fibroblasts and acts as 
a transcription factor to drive expression of ISGs (18, 20, 21). Furthermore, we found 
that EGR1 overexpression partially reversed the inhibitory effect of both N proteins on 
the IFN-induced expression of ISGs (Fig. 2E), indicating that the SARS-CoV-2 N protein 
inhibited IFN-induced antiviral responses through reducing expression of EGR1.

EGR1 reduces SARS-CoV-2 N expression by promoting IRAV expression

EGR1 has recently been identified as a host restriction factor that suppresses PEDV 
replication by degrading the viral nucleocapsid protein (17). We have found that the 
expression of SARS-CoV-2 N protein was reduced by poly(I:C)-induced IFN responses (Fig. 
3A), with an unknown mechanism. Thus, we sought to explore whether EGR1 is responsi­
ble for the reduction of 2N protein. HEK293T- or N protein-stably expressing cells were 
transfected with or without the EGR1 plasmid. The immunoblotting results revealed that 
overexpression of EGR1 reduced both N protein levels in cells that transiently or stably 
expressed N proteins (Fig. 3B through D). Moreover, knockout of endogenous EGR1 with 
small guide RNA (sgRNA) considerably increased the expression of 2N protein (Fig. 3E), 

FIG 1 (Continued)

selected GO pathways. The −log10 (P-values) are shown as a heat map. Triangle: organ development-related pathways; star: neuron-related pathways; diamond: 

type I IFN pathways. (C) Scatter plot for DEGs between 2N_S (x-axis) and N_S (y-axis) (log2 fold change in comparison with GFP_S control). (D) The heatmap of 

IFN-I signaling-related DEGs for 2N_S and N_S compared to GFP_S by log2 fold change. The color scale is shown at the top of the heatmap. (E) N proteins and 

GFP stable-expressing cells were transfected with or without poly(I:C). At 24 hpt, the mRNA levels of the indicated genes were examined using qPCR. (F) N and 

GFP stable-expressing cells were transfected with or without the RIG-IN plasmid. At 24 hpt, the protein expression of IFIT1, IFIT3, 2N, and RIG-IN was detected by 

immunoblots. (G and H) N and GFP stable-expressing cells were co-transfected with the IFN-β (G) or NF-κB (H) promoters and the control plasmid pGL4.74 and 

transfected with or without poly(I:C) (left) or RIG-IN (right). At 24 hpt, cells were harvested, and the luciferase activity was measured. One-way analysis of variance 

with multiple comparison correction was performed (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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demonstrating that EGR1 was responsible for inhibiting the expression of 2N protein. To 
explore whether EGR1 inhibits SARS-CoV-2 replication, Caco-2 cells that expressed 
exogenous EGR1 were infected with SARS-CoV-2. After 24 h, the viral replication levels 
were detected using qPCR, tissue culture median infectious dose (TCID50), and immuno­
blotting, showing that EGR1 effectively inhibited SARS-CoV-2 replication (Fig. 3F through 
H). These data demonstrated that the ability of EGR1 to reduce expression of 2N 
correlates with its ability to inhibit replication of SARS-CoV-2 and EGR1 is a new host 
restriction factor for SARS-CoV-2.

EGR1 degrades PEDV N protein by promoting IRAV expression (17), and IRAV was 
reduced by SARS-CoV-2 N protein (Fig. 1E), so we speculate that EGR1 may inhibit 
SARS-CoV-2 replication through IRAV. HEK293T cells were transfected with a dose-esca­
lated EGR1 plasmid. After 24 h, the expression of IRAV was measured using qPCR and 
immunoblotting, showing that EGR1 indeed promoted the expression of IRAV (Fig. 3I). To 
explore whether IRAV degrades 2N protein, HEK293T cells were co-transfected with 2N 
and dose-escalated IRAV plasmids and lysed for immunoblots, demonstrating that IRAV 
inhibited expression of 2N protein in a dose-dependent manner (Fig. 3J). In addition, 
we found that 2N protein dose-dependently reduced expression of IRAV (Fig. 3K) and 

FIG 2 SARS-CoV-2 N protein reduces EGR1 expression to inhibit IFN-I responses. (A) The heatmap of the differentially expressed transcription factors for 2N_S 

and N_S compared to GFP_S. (B) N proteins and GFP stable-expressing cells were transfected with or without poly(I:C). At 24 hpt, the mRNA levels of BATF2, 

EGR1, IRF9, and ZNF738 were examined using qPCR. GAPDH was used as an internal reference control. (C) HEK293T cells were transfected with N proteins or 

GFP plasmids, incubated for 24 h, and treated with or without poly(I:C) for another 16 h. The cell lysates were analyzed through immunoblotting. The gray-scale 

statistical analysis of EGR1 and IRF9 was displayed (right). (D) HEK293T cells were transfected with the dose-escalated 2N plasmids. After 24 h, cells were 

lysed and detected by immunoblotting. The gray-scale statistical analysis of EGR1 were displayed (right). (E) N proteins and GFP stable-expressing cells were 

transfected with or without poly(I:C) and EGR1. At 24 hpt, the mRNA levels of IFIT1, IFIT2, and IFIT3 were examined using qPCR. One-way analysis of variance with 

multiple comparison correction was performed (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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FIG 3 EGR1 promotes IRAV expression to inhibit SARS-CoV-2 N expression. (A) HEK293T cells were transfected with the dose-escalated 2N, N, or vector 

plasmids, incubated for 24 h, and treated with or without poly(I:C) for another 16 h. The cell lysates were analyzed through immunoblots. (B) HEK293T cells 

were co-transfected with the indicated plasmids. After 24 h, cells were lysed for immunoblots with anti-Flag and EGR1 antibodies. (C) N proteins and GFP 

stable-expressing cells were transfected with or without the EGR1 plasmid. After 24 h, cell lysates were analyzed through immunoblots. (D) The gray-scale 

statistical analysis of N proteins in (B) and (C). (E) HEK293T cells transfected with sgEGR1 or sgControl plasmids were cultured for 48 h, transfected with 

2N plasmid, and incubated for another 24 h. Cell lysates were analyzed by immunoblots. (F–H) Caco-2 cells were transfected with EGR1 or vector plasmids. 

Twenty-four hours later, the cells were infected with SARS-CoV-2 at an MOI of 0.01. At 24 and 48 hpi, the viral RNA copies in supernatants were examined using 

qPCR (F); the viral titers were determined using TCID50 assays (G); and the 2N and MARCH8 protein levels of cells were detected by immunoblots (H). (I) HEK293T

(Continued on next page)
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interacted with IRAV (Fig. 3L and M). Collectively, these data indicated that EGR1 reduced 
the expression of the SARS-CoV-2 N protein by inducing IRAV expression.

IRAV promotes SARS-CoV-2 N degradation through MARCH8

MARCH8, a member of the MARCH E3 ubiquitin ligase family, not only degrades host 
transmembrane proteins to regulate cellular homeostasis but also acts as an antivi­
ral factor to reduce viral glycoprotein expression through ubiquitination-dependent 
or tyrosine motif-dependent pathways (22–25). To explore the mechanism by which 
IRAV inhibits 2N protein expression, HEK293T cells were co-transfected with different 
combinations of 2N, MARCH8, and IRAV plasmids. At 48 h after transfection, coimmuno­
precipitation (co-IP) results showed that 2N protein not only interacted with exogenous 
MARCH8 (Fig. 4A through C) but also inhibited IRAV and MARCH8 expression (Fig. 
4A, input). We then confirmed that 2N protein interacted with endogenous IRAV and 
MARCH8 (Fig. 4D), indicating that 2N protein formed a complex with IRAV and MARCH8. 
We then validated the interaction between 2N and IRAV or MARCH8 via a microscale 
thermophoresis (MST) assay, which can measure binding affinities of binder-ligand 
systems based on the directional movement of molecules in a temperature gradient 
(26). The results showed that the binding affinity of 2N to IRAV was 40.926 µmol/L (Fig. 
4E) and to MARCH8 was 118.4 µmol/L (Fig. 4F), indicating that 2N protein could directly 
bind to IRAV and MARCH8 with a moderate affinity in vitro.

To evaluate whether IRAV is involved in regulating MARCH8 expression, HEK293T 
cells were transfected with the IRAV plasmid. The immunoblotting and qPCR results 
showed that the mRNA and protein levels of MARCH8 were not affected by IRAV (Fig. 
4G). To confirm the role of MARCH8 during IRAV-mediated 2N degradation, HEK293T 
cells treated with sgRNA targeting MARCH8 were transfected with 2N and IRAV plasmids. 
We found that the knockout of MARCH8 eliminated the inhibitory effect of IRAV on 
2N expression (Fig. 4H), indicating that MARCH8 is responsible for IRAV-mediated 2N 
degradation. Additionally, the ectopic expression of MARCH8 reduced 2N protein levels 
(Fig. 4I and J), and the deficiency of MARCH8 reversed 2N protein degradation (Fig. 4K). 
The mutants of MARCH8W114A and MARCH8I82A/W114A that abolish its interaction with E2 
ubiquitin-conjugating enzyme (23) could not degrade 2N protein (Fig. 4L), indicating 
that MARCH8 degraded 2N protein dependent on its ubiquitin ligase activity. Overall, 
these findings demonstrated that IRAV promotes SARS-CoV-2 N protein degradation 
through the E3 ubiquitin ligase MARCH8.

MARCH8 degrades the SARS-CoV-2 N protein in a lysosome-dependent 
pathway

To explore the pathway by which 2N protein is degraded, HEK293T cells were co-trans­
fected with 2N and EGR1 plasmids, followed by treatment with dimethyl sulfoxide 
(DMSO), proteasome inhibitor MG132, or lysosome inhibitor chloroquine (CQ). The 
immunoblotting results showed that CQ reversed EGR1-induced 2N protein reduction 
(Fig. 5A), indicating that EGR1 reduced 2N protein expression through a lysosomal 
pathway. Moreover, the lysosome inhibitors CQ and bafilomycin A1 (BafA1) reversed 
MARCH8-mediated 2N protein degradation (Fig. 5B), showing that MARCH8 also 
degraded 2N protein in a lysosome-dependent pathway. Immunofluorescence revealed 
that 2N was co-localized with lysosome marker LAMP-1, and accumulated in the 

FIG 3 (Continued)

cells were transfected with the dose-escalated EGR1 plasmid. After 24 hpt, the expression of IRAV was measured using qPCR (left) or immunoblots (right). 

(J) HEK293T cells were co-transfected with 2N and dose-escalated IRAV plasmids. After 24 h, cells were lysed for immunoblots. The gray-scale statistical analysis 

of 2N was displayed (right). (K) HEK293T cells were co-transfected with IRAV and dose-escalated 2N plasmids. Cells were lysed at 24 hpt and analyzed by 

immunoblots. The gray-scale statistical analysis of IRAV was displayed (right). (L and M) HEK293T cells were co-transfected with Flag-2N and HA-IRAV plasmids 

as indicated. At 48 hpt, co-IP was performed using the anti-Flag beads (L) or anti-HA beads (M), and the immunocomplexes were analyzed by immunoblots. A 

two-way analysis of variance with multiple comparison correction was performed (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FIG 4 IRAV promotes 2N protein degradation through MARCH8. (A) HEK293T cells were co-transfected with the combinations of Flag-2N plus HA-IRAV, 

Flag-MARCH8 plus HA-IRAV, and Flag-MARCH8, HA-IRAV plus GST-2N. At 48 hpt, the presence of IRAV, MARCH8, and 2N was analyzed by immunoblots with 

anti-HA, Flag, and GST antibodies. (B) HEK293T cells were co-transfected with Flag-tagged 2N or vector, together with HA-MARCH8. At 48 hpt, co-IP was

(Continued on next page)
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lysosome after treatment with lysosome inhibitors CQ or BafA1 (Fig. 5C). Collectively, 
these results demonstrated that MARCH8 degraded SARS-CoV-2 N protein in a lysosome-
dependent pathway.

As an E3 ubiquitin ligase, MARCH8 mediates protein ubiquitination and degradation. 
Indeed, SARS-CoV-2 N protein was ubiquitinated by MARCH8, while less ubiquitination 
was observed in MARCH8W114A and MARCH8I82A/W114A mutants (Fig. 5D), demonstrating 
that MARCH8 induced the ubiquitination of 2N protein. We then determined the type 
of polyubiquitin linkage to 2N catalyzed by MARCH8 and found that only K48-ubiquitin 
promoted polyubiquitination of 2N (Fig. 5E). Based on recent studies, the substrate 
proteins that are ubiquitinated by MARCH8 are recognized by the cargo receptor NDP52/
CALCOCO2, which delivers them to the autolysosome for degradation (27–30). To explore 
whether the cargo receptor for MARCH8-degraded 2N protein is NDP52, we performed 
co-IP assays. We observed that IRAV co-immunoprecipitated with both endogenous and 
exogenous NDP52 in HEK293T cells (Fig. 5F and G) and 2N interacted with both IRAV and 
NDP52 (Fig. 5H). According to immunofluorescence analysis, 2N was also co-localized 
with IRAV and NDP52 (Fig. 5I). These results demonstrated that NDP52 was the cargo 
receptor for MARCH8 responsible for the degradation of 2N protein.

MARCH8 targets K143 of SARS-CoV-2 N for polyubiquitination

To identify the potential ubiquitination residue of the 2N protein, we first mapped the 
potential domain targeted by EGR1 and MARCH8. SARS-CoV-2 N protein contains three 
domains: the N-terminal domain (NTD, 46–176 aa), the serine/arginine-rich linker region 
(182–247 aa), and the C-terminal domain (CTD, 247–364 aa) (31, 32). We constructed a 
series of plasmids expressing 2N protein domain truncations (Fig. 6A) (12). Full-length 
or truncated 2N proteins were co-transfected with EGR1 and MARCH8 plasmids into 
HEK293T cells. The immunoblotting results showed that only the N-arm combine NTD 
(N-NTD) domain of 2N protein was degraded by the ectopic expression of EGR1 and 
MARCH8 (Fig. 6B and C), demonstrating that EGR1 and MARCH8 targeted the N-terminal 
region of 2N protein for degradation. Moreover, the SPRY domain of TRIM25 reduced the 
expression of N-NTD domain truncation (Fig. 6D), further confirming that the N-terminal 
region of 2N was responsible for its degradation. In addition, we found that the N-NTD, 
CTD, and C-tail domains of the 2N protein all interacted with MARCH8 (Fig. 6E), which 
was consistent with our previous findings of the interaction of 2N domains and TRIM25 
(12).

The N-NTD domain of the 2N protein has eight conserved lysine residues: K38, K61, 
K65, K100, K102, K127, K143, and K169, which are potential ubiquitination sites. Previous 
studies have shown that there are 16 lysine residues ubiquitinated in the 2N protein, of 
which K65, K100, K102, K143, and K169 are located in the N-NTD domain. The protein 
structure analysis highlights that the K338 ubiquitination located in the CTD domain 
is critical for 2N protein function (10). To explore the key lysine site for ubiquitination 
in 2N protein, we constructed five plasmids expressing the lysine mutants (K61R/K65R, 
K100R/K102R, K143R, K169R, and K338R/K342R) and co-transfected these 2N protein 

FIG 4 (Continued)

performed using the anti-Flag beads, and the immunocomplexes were analyzed by immunoblots. (C) HEK293T cells were co-transfected with HA-tagged 

MARCH8 or a vector together with Flag-2N. At 48 hpt, co-IP was performed using the anti-HA beads, and the immunocomplexes were analyzed by immunoblots. 

(D) HEK293T cells were transfected with Flag-tagged 2N, N, or vector. At 48 hpt, co-IP was performed using anti-Flag beads. The presence of endogenous IRAV 

and MARCH8 was analyzed by immunoblots. (E and F) The binding of fluorescently labeled SARS-CoV-2 N protein to IRAV (E) and MARCH8 (F) was measured 

by MST. (G) HEK293T cells were transfected with IRAV. At the indicated times, the expression of IRAV and MARCH8 was detected by immunoblots (left) and 

qPCR (right). (H) HEK293T cells transfected with sgMARCH8 or sgControl were cultured for 48 h, transfected with 2N and IRAV, and incubated for another 24 h. 

Cell lysates were analyzed by immunoblots. (I) HEK293T cells were co-transfected with 2N and Flag or HA-tagged MARCH8 (M8) plasmids. At 24 hpt, cells 

were lysed for immunoblots. (J) HEK293T cells were co-transfected with 2N and dose-escalated MARCH8 plasmids. At 24 hpt, cells were lysed for immunoblots. 

(K) HEK293T cells transfected with sgMARCH8 or sgControl were cultured for 48 h, transfected with 2N, and incubated for another 24 h, and cells were lysed for 

immunoblots. (L) HEK293T cells were co-transfected with Flag-2N plus HA-MARCH8 (WT, W114A mutant, W114A/I82A mutant) plasmids. At 24 hpt, cells were 

lysed for immunoblots. The gray-scale statistical analysis of three independent experiments was displayed on the right of (H) through (L).
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FIG 5 MARCH8 degrades 2N protein in a lysosome-dependent pathway. (A and B) HEK293T cells were co-transfected with 

2N plus EGR1 (A) or MARCH8 (B) plasmids. At 24 hpt, cells were treated with DMSO, MG132, CQ, or BafA1 for another 6 h, 

followed by immunoblots using anti-Flag and EGR1 antibodies. (C) HEK293T cells were transfected with 2N plasmids. At 24 

hpt, cells were treated with DMSO, BafA1, or CQ for another 6 h and subjected to immunofluorescence with anti-LAMP1 

and Flag antibodies. Green: 2N signal; red: LAMP1 signal; blue: 4,6-diamino-2-phenyl indole (DAPI) (nuclei staining). Merge 

indicates the merged red, green, and blue channels. (D) HEK293T cells were co-transfected with HA-Ub and Flag-2N, together 

with HA-MARCH8 WT or mutant plasmids as indicated. At 24 hpt, cells were treated with the lysosome inhibitor CQ for another 

6 h to avoid MARCH8-mediated degradation of 2N protein. The cell lysates were precipitated with anti-Flag beads, and the 

immunocomplexes were analyzed by immunoblots with anti-HA and Flag antibodies. (E) HEK293T cells were co-transfected 

with HA-MARCH8 and Flag-2N, together with HA-tagged WT Ub, lysine 63-linked ubiquitin chain (K63-UB), or lysine 48-linked 

ubiquitin chain (K48-UB). At 24 hpt, cells were treated with the lysosome inhibitor CQ for another 6 h and subjected to co-IP 

with anti-Flag beads. (F) HEK293T cells were transfected with HA-IRAV or vector. At 24 hpt, cells were subjected to co-IP with 

anti-HA beads. (G) HEK293T cells were transfected with GST-NDP52 and HA-IRAV or vector. At 24 hpt, cells were subjected to 

co-IP with anti-HA beads. (H) HEK293T cells were transfected with HA-IRAV, GST-NDP52, and Flag-2N as indicated. At 24 hpt, 

cells were treated with the lysosome inhibitor CQ for another 6 h to avoid IRAV-mediated degradation of 2N protein. The cells 

were subjected to co-IP with anti-Flag beads. (I) HEK293T cells were transfected with the indicated plasmids. At 24 hpt, cells 

were subjected to immunofluorescence with anti-NDP52, Flag, and HA antibodies. One- or two-way analysis of variance with 

multiple comparison correction was performed (*P < 0.05, **P < 0.01, and ***P < 0.001).
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mutants combined with Ub and MARCH8 plasmids into HEK293T cells. The co-IP results 
showed that MARCH8 did not enhance the ubiquitination of the K143 mutant compared 
to wild-type (WT) and other mutants (Fig. 6F). Additionally, MARCH8 did not degrade the 
K143R mutant of the 2N protein (Fig. 6G). Taken together, our findings revealed that 

FIG 6 MARCH8 targets K143 of the 2N protein for polyubiquitination. (A) Domain mapping of the SARS-CoV-2 N pro­

tein. (B–D) HEK293T cells were co-transfected with the indicated GST-tagged truncations of 2N and Flag-tagged MARCH8 

(B), Flag-tagged EGR1 (C), or Flag-SPRY (a domain of TRIM25) (D). At 24 hpt, cells were lysed for immunoblots. The gray-scale 

statistical analysis was displayed (right). (E) HEK293T cells were co-transfected with the indicated GST-tagged truncations 

of 2N protein and Flag-MARCH8 plasmids. At 24 hpt, cells were subjected to co-IP with anti-Flag beads, and the immunocom­

plexes were analyzed by immunoblots. The arrows indicate the target protein bands. (F) HEK293T cells were co-transfected 

with Flag-2N mutants, HA-Ub, and Myc-MARCH8 plasmids. At 24 hpt, cells were treated with lysosome inhibitor CQ for another 

6 h and subjected to co-IP with anti-Flag beads. (G) HEK293T cells were co-transfected with HA-MARCH8 and Flag-2N WT 

or K143R mutant plasmids. At 24 hpt, cells were lysed for immunoblots. (H) HEK293T cells transfected with sgMARCH8 or 

sgControl were cultured for 48 h, transfected with N and IRAV, and incubated for another 24 h. Cell lysates were analyzed by 

immunoblots. The gray-scale statistical analysis was displayed (right). (I) HEK293T cells were co-transfected with HA-MARCH8 

and Flag-N WT or K144R mutant plasmids. At 24 hpt, cells were lysed for immunoblots. A two-way analysis of variance with 

multiple comparison correction was performed (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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MARCH8 targets K143, located in the N-NTD domain of the 2N protein, for ubiquitination 
and degradation.

We compared the N and 2N sequences and found that their N-NTD, especially K143, 
was conserved (Table S3). We further demonstrated that IRAV degraded N protein via 
MARCH8 (Fig. 6H) and the K144R mutant of N was no longer degraded by MARCH8 (Fig. 
6I). These results suggest that SARS-CoV N has similar functions via a similar mecha­
nism to 2N, which provides some insight regarding the conservative mechanism across 
different coronaviruses.

FIG 7 IRAV and MARCH8 inhibit SARS-CoV-2 replication. (A and B) Caco-2 cells (A) and HEK293T-ACE2 cells (B) were infected with SARS-CoV-2 at MOIs of 0.01 or 

0.1. At 12, 24, and 36 hpi, the expression of viral N protein and host EGR1, IRAV, and MARCH8 genes was examined using qPCR. GAPDH was used as an internal 

reference control. (C) Caco-2 cells were infected with SARS-CoV-2 at an MOI of 0.01. Then, the cells were lysed for immunoblots with anti-EGR1, IRAV, MARCH8, 

and 2N antibodies at the indicated hours post infection. (D–F) Caco-2 cells were transfected with HA-IRAV or HA-vector. After 24 h, the cells were infected with 

SARS-CoV-2 at an MOI of 0.01. At 48 hpi, the viral RNA copies in supernatants were examined using qPCR (D); the viral titers were determined using TCID50 

assays (E); and the 2N and IRAV protein levels of cells were detected by immunoblots with anti-2N and HA antibodies (F). (G–I) Caco-2 cells were transfected 

with HA-vector and HA-MARCH8 WT or mutant plasmids. After 24 h, the cells were infected with SARS-CoV-2 at an MOI of 0.01. At 48 hpi, the viral RNA copies in 

the supernatant were examined using qPCR (G); the viral titers were examined using the TCID50 assay (H); and the 2N and MARCH8 protein levels of cells were 

detected by immunoblots (I). A two-way analysis of variance with multiple comparison correction was performed (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 

0.0001).

Full-Length Text Journal of Virology

October 2023  Volume 97  Issue 10 10.1128/jvi.01028-23 12

https://doi.org/10.1128/jvi.01028-23


IRAV and MARCH8 inhibit SARS-CoV-2 replication

To verify the expression of EGR1, IRAV, and MARCH8 during virus infection, Caco-2 or 
HEK293T-ACE2 cells were infected with SARS-CoV-2. The timely expression showed that 
expression of EGR1 and IRAV was elevated at 24 and 36 h post infection (hpi), especially 
in the infection group with a multiple of infection (MOI) of 0.1, while MARCH8 was 
not affected (Fig. 7A and B). The protein levels of EGR1 and IRAV were also increased 
at 24 and 36 h after infection, whereas they decreased almost to the background 
level at 48 hpi (Fig. 7C). We further explored whether IRAV and MARCH8 inhibit SARS-
CoV-2 replication. Caco-2 cells that expressed exogenous IRAV, MARCH8, or mutants 
were infected with SARS-CoV-2. At 48 hpi, SARS-CoV-2 replication levels were detected 
using qPCR, TCID50, and immunoblots, indicating that IRAV and MARCH8 repressed 
virus replication and the MARCH8W114A mutant lost the ability to inhibit viral replication 
(Fig. 7D through I). These results demonstrated that EGR1 and IRAV are induced by 
SARS-CoV-2 infection and inhibit viral replication dependent on the ubiquitin ligase 
activity of MARCH8.

DISCUSSION

SARS-CoV-2 has developed multiple strategies to antagonize host IFN systems and 
inhibit host restriction factors (33, 34). The present study showed that SARS-CoV-2 N 
protein inhibited IFN-I responses by decreasing EGR1 expression and ectopic expres­
sion of EGR1 inhibited SARS-CoV-2 replication. Mechanistically, EGR1 encouraged IRAV 
expression, which could interact with 2N protein to mediate its degradation through the 
ubiquitin ligase MARCH8 in a lysosome-dependent pathway (Fig. 8) . We also demonstra­
ted that SARS-CoV-2 infection induced the expression of EGR1 and IRAV but not MARCH8 
and ectopic expression of both IRAV and MARCH8 suppressed SARS-CoV-2 replication.

EGR1 is induced by interferons and acts as a transcription factor to drive ISG expres­
sion (18, 20, 21). As positive feedback, EGR1 enhances IFN-I signaling by promoting 
phosphorylation of TBK1, thereby suppressing viral replication (18). The effect of EGR1 on 
SARS-CoV-2 infection is still controversial. The expression of EGR1 is increased in SARS-
CoV-2-infected human lung-derived cells (A549-ACE2) (10), whereas it is reduced in 
SARS-CoV-2-infected epithelial cells (Calu-3) (36). Here, we found that SARS-CoV-2 
infection induced EGR1 expression in both Caco-2 and HEK293T-ACE2 cells and the 
overexpression of EGR1 inhibited SARS-CoV-2 replication by degrading 2N protein, 
demonstrating that EGR1 functions as a new host restriction factor for SARS-CoV-2 to 
inhibit virus replication.

EGR1 has been shown to bind to the promoter of IRAV to facilitate IRAV expression, 
which recruits MARCH8 to inhibit PEDV replication (17). In the present study, we 
demonstrated that IRAV expression is induced by EGR1 and IRAV interacts with SARS-
CoV-2 N protein to mediate its degradation through MARCH8, indicating that EGR1 is a 
new host restriction factor for SARS-CoV-2 to inhibit virus replication through the E3 
ubiquitin ligase MARCH8. As a novel interferon-stimulated gene, IRAV, also termed 
C19orf66, SHFL, and RyDEN, is upregulated upon multiple virus infections and exerts 
antiviral effects (37–39). For instance, IRAV interacts with the host cytoplasmic poly-A 
binding protein and interferes with the replication complex formation to repress dengue 
virus replication (40, 41), impedes early gene expression of Kaposi’s Sarcoma-associated 
herpesvirus (42), induces lysosome-dependent degradation of Zika virus NS3 protein 
(43), and alters the morphology of the replication organelle of hepatitis C virus (HCV) 
(44). In addition, as a trans-acting programmed −1 ribosomal frame shifting (−1PRF) 
inhibitor, IRAV exerts an antiviral effect through binding to viral −1PRF RNA and the 
translating ribosome to destroy −1PRF process (45–47). These studies suggest that IRAV 
may be a universal host restriction factor that inhibits virus infection. We will further 
verify whether IRAV suppresses SARS-CoV-2 replication through inhibiting the −1PRF 
process.
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As a member of the MARCH E3 ubiquitin ligase family, MARCH8 not only degrades 
host transmembrane proteins to regulate cellular homeostasis but also acts as an 
antiviral factor to degrade viral envelope glycoproteins through ubiquitination-depend­
ent or tyrosine motif-dependent pathways (22–25). The influenza A virus M2 protein can 
acquire non-lysine mutants at 78 or 79 positions to resist MARCH8-mediated ubiquitina­
tion and degradation, leading to the emergence of the human adaptive H1N1 IAV in 
1977 (48). SARS-CoV-2 is a rapidly evolving virus. SARS-CoV-2 spike (S) and N proteins 
display a strong propensity for mutations (49–51), whose mutations are involved in 
modulating viral transmissibility, replication, and virulence (52–54). A number of studies 
have demonstrated that MARCH8 can degrade the SARS-CoV-2 S glycoprotein by 
different mechanisms (55). MARCH8 can trap the S protein on the cell surface into an 
intracellular LAMP-1+ compartment for degradation (23), and MARCH8 can also recog­
nize the cytoplasmic lysine residues of the S protein, resulting in its ubiquitination and 
lysosomal degradation (22). Additionally, MARCH8 degrades the heavily glycosylated 
form of SARS-CoV-2 M protein due to the colocalization of MARCH8 and the heavily 
glycosylated form of M protein at the Golgi complex (35). Here, we found that knockout 
of endogenous MARCH8 reversed IRAV-mediated 2N protein degradation and overex­
pression of MARCH8 inhibited SARS-CoV-2 replication, which indicated that MARCH8 is 
responsible for the inhibition of SARS-CoV-2 replication mediated by EGR1 and IRAV. 
Specifically, MARCH8 induced SARS-CoV-2 N protein degradation via catalyzing the K48-
linked polyubiquitination at the lysine residue 143, suggesting that we should pay close 
attention to the K143 site of 2N protein, whose mutation may result in resistance to 
MARCH8.

FIG 8 Schematic overview of the working model of the interactions between SARS-CoV-2 and host 

restriction factors EGR1 and MARCH8 (1). After SARS-CoV-2 invasion, EGR1 promotes expression of IRAV, 

which interacts with 2N protein and mediates its degradation through the ubiquitin ligase MARCH8 in a 

lysosome-dependent pathway (2). Simultaneously, the SARS-CoV-2 N protein inhibits the IFN-I response 

by suppressing EGR1 expression to obtain successful replication (3). MARCH8 mediates degradation of 

SARS-CoV-2 S and M glycoproteins to inhibit viral replication (22, 23, 35).
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In summary, our study demonstrated that the SARS-CoV-2 N protein inhibited IFN 
responses by reducing EGR1 expression. Additionally, the replication of SARS-CoV-2 was 
inhibited by EGR1 via the degradation of 2N protein. Mechanistically, EGR1 promoted 
expression of IRAV, which interacted with 2N and induced its degradation via the E3 
ubiquitin ligase MARCH8 using the cargo receptor NDP52. Moreover, we found that 
IRAV degraded SARS-CoV N protein via MARCH8, indicating that the antiviral role of the 
EGR1-IRAV-MARCH8 signal axis may be conserved in the family Coronaviridae.

MATERIALS AND METHODS

Construction of SARS-CoV and SARS-CoV-2 N proteins in stably expressing 
cells

The full-length cDNAs of SARS-CoV and SARS-CoV-2 N proteins obtained from Flag-tag­
ged expressing VR1012 plasmids (12) were inserted into lentiviral vectors to package 
lentivirus particles. HEK293T cells were infected with concentrated lentivirus particles 
and screened with puromycin to acquire N-protein-stably expressing cells, HEK293T-N 
and HEK293T-2N. HEK293T cells stably expressing Flag-tagged GFP were also construc­
ted and used as a control.

Cell culture and virus infection

HEK293T, HEK293T-ACE2, Caco-2, Vero, and N proteins stable-expressing cells were 
grown and maintained in Dulbecco's modified Eagle's medium (DMEM) (catalog no. 
HY-VW-SH30022-LS; HyClone, Logan, UT, USA) containing 10% heat-inactivated fetal 
bovine serum (catalog no. E600001; BBI, Shanghai, China), 100 U/mL of ampicillin, and 
100 µg/mL of streptomycin (catalog no. B540732; Sangon, Shanghai, China).

Virus infection was performed as previously described (12). Briefly, Caco-2 or 
HEK293T-ACE2 cells were infected with SARS-CoV-2 at an MOI of 0.01 or 0.1 (BetaCoV/
wuhan/AMMS01/2020) (56), and the cells and supernatants were harvested to determine 
virus replication as previously described (57). The cell-culture supernatants were used 
to extract RNA using the QIAamp Viral RNA Mini Kit (QIAGEN, Germany). Detection of 
viral genomes was performed by qPCR using SARS-CoV-2-specific primers 5′-GGGGAA­
CTTCTCCTGCTAGAAT-3′ (forward) and 5′-CAGACATTTTGCTCTCAAGCTG-3′ (reverse). The 
qPCR was performed using the HiScript II U+ One Step qRT-PCR Probe Kit (Vazyme, China) 
in an ABI 7500 real-time PCR system (Applied Biosystem, USA), using the following 
cycling conditions: 50°C for 15 min, 95°C for 30 s, and 40 cycles of 95°C for 10 s, 
followed by 63°C for 35 s. Quantitative conversion of the virus copy number with the 
Ct value was obtained by the formula (copies)/μL = 10^[(Value of Ct − 45.949)/−3.29], 
which was generated by performing a standard curve with DNA derived from a viral N 
gene-expressing plasmid stock with a known plasmid concentration. Moreover, infected 
supernatants were assayed for infectious viral titers using the TCID50 method. Briefly, 
Vero cells were seeded in 96-well plates at 20,000 cells per well. After 24 h, infectious 
supernatants were applied at 10-fold serial dilutions ranging from 10−1 to 10−6 and added 
to the well plate, and the viral cytopathogenic effect was detected by staining cells 
with crystal violet. The TCID50 values were calculated via the Reed-Muench formula. 
All experiments infected with SARS-CoV-2 were conducted in the Biosafety Level 3 
laboratory.

Antibodies and reagents

Antibodies against GST (catalog no. 10000-0-AP), Flag (catalog no. 66008-3-Ig or 
20543-1-AP), HA (catalog no. 51064-2-AP or 66006-2-Ig), IRF9 (catalog no. 14167-1-
AP), EGR1 (catalog no. 22008-1-AP), IFIT3 (catalog no. 15201-1-AP), IRAV (catalog no. 
27865-1-AP), NDP52 (catalog no. 12229-1-AP), glyceraldehyde 3-phosphate dehydrogen­
ase (GAPDH; catalog no. 60004-1-Ig or 10494-1-AP), and CoraLite 594-, 647-, or 488-con­
jugated IgG secondary antibodies (catalog no. SA0013-3, SA00013-2, and SA00013-1) 
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were obtained from Proteintech (Rosemont, IL, USA); anti-STAT2 antibody (catalog no. 
ab32367) was purchased from Abcam (Cambridge, MA, USA); anti-pSTAT2 antibody 
(catalog no. 3540916) was obtained from Sigma-Aldrich (St. Louis, MO, USA); anti-IFIT1 
(catalog no. 14769S) antibody was purchased from Cell Signaling Technology (Danvers, 
MA, USA); MARCH8 antibody (catalog no. FNab05004) was purchased from FineTest 
(Wuhan Fine Biotech Co., Ltd., Hubei, China); anti-LAMP-1 antibody (catalog no. 328602) 
was obtained from BioLegend (San Diego, USA); and human anti-SARS-CoV-2 N protein 
antibody (catalog no. S209903) was purchased from ZENBIO (Chengdu, China).

BafA1 (catalog no. S7046), Z-VAD-FMK (catalog no. S7023), and 3-methyladenine 
(catalog no. S2767) were purchased from Selleck (Houston, TX, USA). MG132 (catalog no. 
S2767) and CQ (catalog no. PHR1258) were obtained from Sigma-Aldrich.

Plasmids and sgRNA

The promoter reporter plasmids (pIFN-β-Fluc or pISRE-Fluc) expressing the firefly 
luciferase and the internal reference reporter plasmid pGL4.74, expressing the Renilla 
luciferase, were described previously (58). The expression vectors of Flag- or GST-tagged 
SARS-CoV-2 N and truncations, Flag-tagged SARS-CoV N and SPRY, and GST-tagged 
RIG-IN were obtained as described previously (12). The expression vectors of HA-tag­
ged WT-Ub, K48-Ub, and K63-Ub were constructed in the previous study (59). The 
EGR1 plasmid (catalog no. PPL00335-2a) with an unfused GFP tag was purchased from 
the Public Protein/Plasmid Library (PPL, Jiangsu, China). The expression constructs of 
GFP, EGR1, IRAV, NDP52, MARCH8 or mutants, SARS-CoV, and SARS-CoV-2 N mutants 
were cloned into the VR1012 vector with a Flag- or HA-tag. The EGR1 and MARCH8 
knockdown plasmids, including pLenti-EGR1-sgRNA (catalog no. L00231) and pLenti-
MARCHF8-sgRNA (catalog no. L09805), which simultaneously express Cas9, sgRNA of the 
target gene, and puromycin, were purchased from Beyotime Biotechnology (Shanghai, 
China). Transfection of plasmids into HEK293T or Caco-2 cells was performed using 
Lipofectamine 2000 (catalog no. 11668019; Invitrogen, San Diego, CA, USA).

RNA sequencing and analysis

SARS-CoV and SARS-CoV-2 N proteins stably expressing cells were transfected with 
or without poly(I:C) (catalog no. 61401; Cell Signaling Technology), and GFP-stably 
expressing cells were used as controls. At 24 hpt, cells were collected for RNA sequencing 
at Major Bio (Shanghai, China) (http://www.majorbio.com/), in which GPF/2 N/N were the 
stably expressing cells without poly(I:C) stimulation, and GPF_S /2N_S /N_S were the cells 
with poly(I:C) stimulation. The Deseq2 package in the R software was used to analyze 
DEGs between different groups with the criteria of |log (fold change)|>1 and P < 0.05. 
The PCA and heatmaps were generated with the R program. The Gene Ontology analysis 
was performed by DAVID. The top 10 enriched GO biological pathways for each group of 
DEGs were selected, resulting in 40 unique GO terms across all groups.

Quantitative real-time PCR

qPCR was performed using the primers in Table S4 as previously described (60). In 
brief, cells were washed twice with PBS and lysed using a lysis buffer. Total RNA was 
extracted using an EasyPure RNA Kit (catalog no. ER101; TransGen, China) according to 
the manufacturer’s instructions. The extracted RNA was transcribed into cDNA using 
the cDNA Synthesis SuperMix (catalog no. AT341; TransGen), followed by qPCR with 
SYBR (Roche, Basel, Switzerland) using the Step-One Plus real-time PCR detection system 
(Applied Biosystems). The GAPDH gene was used as the reference gene for normaliza­
tion.

Full-Length Text Journal of Virology

October 2023  Volume 97  Issue 10 10.1128/jvi.01028-23 16

http://www.majorbio.com/
https://doi.org/10.1128/jvi.01028-23


Dual luciferase reporter assay

Cells were co-transfected with the indicated plasmids together with the luciferase 
reporter plasmids and lysed at 24 hpt. The firefly luciferase and Renilla luciferase 
activities were detected through the dual-luciferase reporter assay (catalog no. E1910; 
Promega, Madison, WI, USA) (61). The firefly luciferase activities were normalized and 
analyzed based on Renilla luciferase activity. Data were obtained from at least three 
independent experiments.

Immunoblotting and coimmunoprecipitation assays

Immunoblotting and co-IP analyses were conducted as previously described (12). In 
brief, cells were transfected with the indicated plasmids for 24 h and lysed for 30 min 
with the lysis buffer supplemented with protease and phosphatase inhibitor cocktail 
(catalog no. 78442; Thermo Scientific). The cell lysates were centrifuged at 12,000 × g 
for 10 min at 4°C and denatured for 10 min in 1× protein loading buffer. Then, proteins 
were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene fluoride (PVDF) membranes (catalog no. IPVH00010; 
Millipore). The membranes were blocked with 5% non-fat powdered milk (catalog no. 
A600669; BBI) in PBS containing 0.2% Tween-20 (PBST) for 1 h at room temperature and 
incubated with appropriate primary antibodies (1:1,000) at 4°C overnight. The mem­
branes were then washed with PBST and incubated with an HRP-conjugated secondary 
antibody (1:10,000) for 2 h at room temperature. Antibody-antigen complexes were 
visualized with chemiluminescence substrate. For co-IP, the lysates were centrifuged 
at 12,000 × g for 10 min at 4°C, and the supernatants were incubated with anti-Flag 
M2 Affinity Gel (catalog no. A2220; Sigma-Aldrich) or anti-HA Affinity Gel (catalog no. 
E6779; Millipore, Billerica, MA, USA) at 4°C overnight. The binding beads were washed 
with PBST five times and denatured in 1× protein loading buffer for 10 min. Finally, the 
immunocomplex proteins were analyzed using immunoblotting analysis.

Immunofluorescence

HEK293T or Caco-2 cells cultured on the 12 mm coverslips were transfected with the 
indicated plasmids or infected with SARS-CoV-2. After 24 hpi, the cells were washed once 
with PBST and fixed with 4% paraformaldehyde (catalog no. Top0382; Biotopped) for 
30 min at room temperature. Next, the cells were permeated with 0.5% Triton X-100 
(catalog no. 20107ES76; YEASEN) for 15 min. After washing twice with PBST, the cells 
were blocked in 1% bovine serum albumin (BSA) for 2 h and incubated with the primary 
antibody at 4°C overnight. After washing three times with PBST, the cells were stained 
with fluorescent dye-conjugated IgG secondary antibodies, and nuclei were stained 
with 4′,6-diamidino-2-phenylindole (catalog no. 40728ES03; YEASEN, Shanghai, China). 
Fluorescence images were obtained with a confocal microscope (FV3000; OLYMPUS) and 
analyzed using the ImageJ software.

Microscale thermophoresis assay

The affinity of the SARS-CoV-2 N protein (catalog no. PCN001; CRGEN Technologies) 
with the recombinant proteins IRAV and MARCH8 (catalog no. TP312344 and TP311771; 
OriGene Technologies) was calculated using Monolith NT. 115 (NanoTemper Technol­
ogies GmbH, Munich, Germany). Briefly, fluorescent labeling of SARS-CoV-2 N with 
His-tag was conducted with the RED-Tris-NTA Protein Labeling Kit (catalog no. MO-L018; 
NanoTemper). The candidate interacting IRAV and MARCH8 proteins with different 
concentrations were incubated with 50 nM labeled 2N protein at room temperature 
for 30 min in PBST buffer, and samples were loaded into NanoTemper hydrophilic-treated 
capillaries for affinity measurement. The data were analyzed using the NanoTemper 
analysis software.
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Statistical analysis

Prism 9.0.2 (Graph Pad) was used for statistical analyses. Statistical significance was 
analyzed using one- or two-way analysis of variance, and significance indicated by 
asterisks is designated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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