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RESEARCH ARTICLE

The host protein CALCOCO2 interacts with bovine viral diarrhoea virus Npro, 
inhibiting type I interferon production and thereby promoting viral replication
Song Wanga,b*, Ran Weic*, Xiaomei Mab, Jin Guob, Muhammad Aizazb, Fangxu Lib, Jun Wangb, Hongmei Wangb, 
and Hongbin Heb

aDepartment of Clinical Laboratory, The Second Hospital of Shandong University, Jinan, Shandong, China; bRuminant Diseases Research 
Center, College of Life Sciences, Shandong Normal University, Jinan, China; cPoultry Institute, Shandong Academy of Agricultural Sciences, 
Jinan, Shandong, China

ABSTRACT
Bovine viral diarrhoea-mucosal disease caused by bovine viral diarrhoea virus (BVDV) is a major 
infectious disease that affects the cattle industry. The nonstructural protein Npro of BVDV 
antagonizes the type I interferon (IFN-I) pathway, thereby escaping the host immune response. 
The exact mechanism by which Npro uses host proteins to inhibit IFN-I production is unclear. The 
host protein CALCOCO2 was identified as a binding partner of Npro using a yeast two-hybrid 
screen. The interaction between Npro and CALCOCO2 was confirmed by yeast co-transformation, 
co-immunoprecipitation assays, and GST pull-down assays. The stable overexpression of 
CALCOCO2 markedly promoted BVDV propagation, while the knockdown of CALCOCO2 signifi
cantly inhibited BVDV replication in MDBK cells. Interestingly, CALCOCO2 inhibited IFN-I and IFN- 
stimulated gene production in BVDV-infected cells. Ectopic expression of CALCOCO2 effectively 
reduced IRF3 protein levels via the proteasome pathway. CALCOCO2 was found to promote Npro- 
mediated ubiquitination degradation of IRF3 by interacting with IRF3. Our results demonstrate the 
molecular mechanism by which Npro recruits the CALCOCO2 protein to regulate IRF3 degradation 
to inhibit IFN-I production.
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Introduction

Type I interferon (IFN-I) is an important component of 
antiviral innate immune responses. Upon viral infection, 
pattern recognition receptors (PRRs), including Toll-like 
receptors, retinoic acid-inducible gene-1-like receptors, 
NOD-like receptors, and some intracellular nucleic acid 
sensors, initiate antiviral immune responses [1–3]. After 
recognizing pathogen-associated molecular patterns pro
duced by RNA viruses, PRRs sequentially activate RIG-I, 
MAVS, TBK1, IRF3/7, and NF-κB, producing IFN-I [4,5]. 
IRF3 is a transcription factor responsible for IFN-I pro
duction [6]. IFN-I can induce the expression of inter
feron-stimulated genes (ISGs) [7]. ISGs can resist viral 
infection by inhibiting viral adsorption and entry, degrad
ing viral proteins and nucleic acids.

Bovine viral diarrhoea-mucosal disease (BVD-MD) is 
a contact infection caused by bovine viral diarrhoea virus 
(BVDV) infection, which leads to host immunosuppres
sion, affects animal performance, and causes great eco
nomic losses to the livestock industry [8]. BVDV is 
responsible for many clinical signs in infected animals, 
from subclinical infections to severe disease and even 

death. The virus is spread through contact with infected 
animals and contaminated feed, water, and equipment [9]. 
BVDV is a single-stranded positive-stranded RNA virus 
belonging to the genus Pestivirus in the family Flaviviridae 
[10]. The structural protein Erns, nonstructural proteins 
Npro, and NS4B of BVDV play important roles in suppres
sing the innate immune response. The BVDV Erns protein 
could compete with TLRs to bind viral double-stranded 
RNA, interfering with the TLR-mediated innate immune 
response to inhibit IFN-β production [11]. NS4B interacts 
with the CARD domains of MDA5 to negatively regulate 
the RLR-mediated antiviral response [12]. Npro could 
interact with IRF3 and induce ubiquitination of IRF3 for 
its degradation via the proteasomal pathway [13,14]. Npro 
negatively regulates IFN-β expression by decreasing the 
activity of the S100A9 protein [15]. However, the specific 
mechanism by which Npro uses host proteins to inhibit 
IFN-β production still lacks in-depth study.

CALCOCO2, also known as NDP52, is a member of 
the nuclear dot protein family that plays an important 
role in mitochondrial autophagy and allogeneic autop
hagy interacts with LC3, thereby anchoring the 
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substrate to the autophagosome membrane and subse
quently attaching the autophagosome to myosin VI to 
facilitate the fusion of autophagosomes with lysosomes 
[16,17]. Previous studies have identified the involve
ment of CALCOCO2 in the replication of various 
viruses. For example, CALCOCO2 could interact with 
the porcine epidemic diarrhoea virus (PEDV) nucleo
capsid protein after ubiquitination by the E3 ubiquitin 
ligase MARCHF8 to influence the viral life cycle [18]. 
CALCOCO2 could interact with the NSP2 protein of 
the chikungunya virus (CHIKV) to influence NSP2- 
induced apoptosis and nuclear localization [19]. The 
expression of IFN-α and TNF-α was higher in 
CALCOCO2-silenced PK15 cells induced by classical 
swine fever virus (CSFV) than in control cells, thereby 
inhibiting CSFV replication [20].

The present study found that BVDV Npro could inter
act with the host protein CALCOCO2 by screening the 
yeast library. Importantly, overexpression of CALCOCO2 
significantly increased the titre of BVDV, while silencing of 
CALCOCO2 inhibited viral replication. CALCOCO2 sup
pressed the expression of IFN-β and ISGs. Further studies 
revealed an interaction between CALCOCO2 and IRF3 
and that CALCOCO2 enhanced Npro-mediated ubiquiti
nation levels of IRF3, which led to the degradation of IRF3. 
Identifying CALCOCO2 as a host factor that interacts with 
BVDV Npro and regulates the host’s antiviral response 
provides a new avenue for understanding host-virus inter
actions and could lead to the development of new strategies 
for controlling BVDV infections.

Materials and methods

Cell lines

Madin-Darby bovine kidney (MDBK) cells kept in our 
research group as BVDV-free were grown in DMEM 
supplemented with 10% horse serum (16050122, Lot: 
2284918, New Zealand origin, Gibco), 1% penicillin, 
and streptomycin. CALCOCO2 overexpression or 
knockdown MDBK cell lines were constructed accord
ing to the previously described methods [21]. Briefly, 
the CALCOCO2 CDS of bovine was inserted into the 
pLVX-IRES-puro vector to construct MDBK cell lines 
stably expressing CALCOCO2. The primer sequences 
for CALCOCO2 amplification are listed in Table 1. 
Small interfering RNA sequences targeting the CAL 
COCO2 gene (1: 5”-GCGAGTACTACACCTTCATGT 
-3,‘ 2: 5’-GCAGACCCTTAGTTTGAATTG-3”) were 
inserted into the pYr-Lvsh vector to construct 
CALCOCO2 knockdown cell lines. The generation of 
lentiviral particles was performed in HEK293T cells. 
The plasmids pLVX-CALCOCO2 or pYr-Lvsh- 
CALCOCO2 were co-transfected into HEK293T cells 
with the plasmids of pLP1, pLP2, and pLP/VSVG using 
the polyfast transfection reagent (HY-K1014, 
MedChemExpress, Monmouth Junction, NJ, USA) 
according to the manufacturer’s protocol. The virus 
liquid within 72 h after transfection was collected and 
used to infect the MDBK cells. The stably-transfected 
MDBK cells were selected with puromycin (5 μg/ml). 
CALCOCO2 overexpression and knockdown cells were 

Table 1. List of primers used in this study.
Name Sequence (5”−3”)

qPCR-GAPDH-F GCATCGTGGAGGGACTTATGA
qPCR-GAPDH-R GGGCCATCCACAGTCTTCTG
qPCR-MX1-F AACACCTGACCGCGTACCA
qPCR- MX1-R GCACGAAGAACTGGATGATCAA
qPCR-IFNβ-F CCTGTGCCTGATTTCATCATGA
qPCR- IFNβ-R GCAAGCTGTAGCTCCTGGAAAG
qPCR-ISG15-F AAGCAGTTCATCGCCCAGAAGATC
qPCR- ISG15-R CTCTCAGGCCCTGGAGGACAAG
qPCR-OAS1-F GTCCTGCCCGCCTTTGAT
qPCR-OAS1-R GCTGGACGTAGATTTGAGGGTTA
qPCR-CALCOCO2-F CTTTGCCCGTTGACCTAAACA
qPCR-CALCOCO2-R TTGGGCAGGTAGTAAGCTTTGAA
qPCR-Npro-F CGACGTTAAAGCTCCCACACA
qPCR-Npro-R TGCAGTCACCCCTTTTTGGT
pCMV-Flag-CALCOCO2-F aaggacgacgatgacaagcttATGGAAGAGACAGTAGACGATCCC
pCMV-Flag-CALCOCO2-R agatctcggtcgaccgaattcTTAGAGAGTGTGGCAGAACACATGG
pCMV-Flag-IRF3-F aaggacgacgatgacaagcttATGGGAACCCAAAAGCCTCG
pCMV-Flag-IRF3-R agatctcggtcgaccgaattcCTAGAAATCCATGTCTTCGGCC
pEGFP-CALCOCO2-F tcagatctcgagctcaagcttATGGAAGAGACAGTAGACGATCCC
pEGFP-CALCOCO2-R atggtggcgaccggtggatccCGTTAGAGAGTGTGGCAGAACACATGG
pCMV-HA-CALCOCO2-F cgcgggcccaggcccgaattcATGGAAGAGACAGTAGACGATCCC
pCMV-HA-CALCOCO2-R atcgtatgggtagccggtaccCGTTAGAGAGTGTGGCAGAACACA
pCMV-HA-Npro-F cgcgggcccaggcccgaattcATGGAGTTGATCACAAATGAACTTTT
pCMV-HA-Npro-R atcgtatgggtagccggtaccGCAACTTGTGACCCATAGAGGG
pGEX4T-Npro-F gatctggttccgcgtggatccATGGAGTTGATCACAAATGAACTTTT
pGEX4T-Npro-R gtcacgatgcggccgctcgagGCAACTTGTGACCCATAGAGGG
pGEX4T-CALCOCO2-F gatctggttccgcgtggatccATGGAAGAGACAGTAGACGATCCC
pGEX4T-CALCOCO2-R gtcacgatgcggccgctcgagTTAGAGAGTGTGGCAGAACACATGG
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identified by RT-qPCR and immunoblotting with an 
anti-CALCOCO2 mouse monoclonal antibody 
(ab124372, Abcam).

Virus

The BVDV NADL strain, which belongs to the cyto
pathic biotype of BVDV genotype 1a, was provided by 
the China Veterinary Culture Collection Center. 
MDBK cells grown to 80% confluence in 96-well 
microplates were washed three times with cold PBS. 
The collected BVDV virus liquid was serially diluted 
10-fold (10−1 to 10−9) and inoculated into MDBK cells, 
and each dilution factor was set to 8 replicate wells. 
Cells were incubated at 37°C in 5% CO2 for 2 h and 
then cultured in DMEM containing 2% horse serum. 
The cytopathic effect was observed under 
a microscope, and the TCID50 was calculated by the 
Reed-Muench method.

Viral infection

To determine the effects of CALCOCO2 on viral repli
cation, CALCOCO2 overexpression and knockdown 
MDBK cells were infected with BVDV (MOI = 0.1 
or 1) for 48 h. The cells were collected to detect Npro 
mRNA levels and viral titres. To determine the effects 
of CALCOCO2 on the mRNA levels of IFN-β and ISGs, 
CALCOCO2-overexpressing and knockdown cells were 
infected with BVDV (MOI = 0.1 or 5) for 24 h. To 
determine the effects of CALCOCO2 on IRF3 protein 
expression, CALCOCO2 overexpression MDBK or 
control cells pretreated with the proteasome inhibitor 
MG132 (0.5 μM) (HY-13259, MedChemExpress) for 4 
h followed by infection with BVDV (MOI = 5) for 24 h 
were used to detect the protein level of IRF3. The cells 
were collected for western blotting analysis.

Yeast two-hybrid assay

Yeast two-hybrid constructs were built using the 
Clontech Matchmaker Gold Yeast Two-Hybrid System 
(TaKaRa). Yeast two-hybrid analysis was performed as 
described [22]. The plasmids pGADT7 (AD), pGBKT7 
(BD), pGBKT7-p53 (BD-P53), pGADT7-T (AD-T) and 
pGBKT7-Lambda (BD-Lam) were gifts from Dr. Wei 
Pan (Shandong Normal University). The bovine 
CALCOCO2 gene was amplified using the primers 5’- 
gccatggaggccagtgaattcATGGAAGAGACAGTAGACG
ATCCC-3” (forward) and 5”-cagctcgagctcgat 
ggatccTTAGAGAGTGTGGCAGAACACATGG-3’ 

(reverse), which contained EcoR I and 
BamH I restriction sites (underlined), and cloned into 
the pGADT7 vector to generate the pGADT7- 
CALCOCO2 (AD-CLCOCO2) plasmid by using 
a ClonExpress II One Step Cloning Kit (C112, 
Vazyme). Similarly, the Npro of the BVDV gene was 
inserted into the pGBKT7 vector to generate the 
pGBKT7-Npro (BD-Npro) by using the ClonExpress 
II One Step Cloning Kit, and the primers were desig
nated as EcoR I and BamH I restriction sites, respec
tively (the forward primer atggc 
catggaggccgaattcATGGAGTTGATCACAAATGAACT
TTT and the reverse primer 
ccgctgcaggtcgacggatccGCAACTTGTGACCCATAGA
GGG). DNA sequencing was used to verify successful 
plasmid construction, and these plasmids were trans
formed into the yeast strain AH109 and grown in 
a defined medium lacking leucine and tryptophan 
(SD/-Leu/-Trp). Selected colonies were transferred to 
quadruple dropout supplement plates (SD/-Ade/-His/- 
Leu/-Trp) and incubated at 30°C. The AH109 strain co- 
transformed with BD-P53 and AD-T served as 
a positive control, and the yeast strain co-transformed 
with Lam/T and BD/AD was used as the negative 
control.

GST pull-down

The sequences encoding Npro were cloned and inserted 
into the pGEX4T–1 and pCMV-HA-C vectors, respec
tively. The sequences encoding CALCOCO2 were 
cloned and inserted into the pGEX4T–1, pCMV-Flag 
-N, or pEGFP-N1 vector. E. coli BL21 (DE3) was trans
formed into the plasmids pGEX4T-CALCOCO2, 
pGEX4T-Npro, or pGEX4T–1. GST fusion protein 
expression was stimulated by adding 0.8 mM isopropyl 
1-β-D-thioglycoside to the bacterial medium at 16°C. 
After incubation of the soluble GST-CALCOCO2 or 
GST-Npro protein with glutathione beads (70601–5, 
Beaver Biotechnology) on a rotating incubator at 4°C 
for 3 h, the beads were washed three times. HEK293T 
cells were transfected with pCMV-HA-Npro or pCMV- 
Flag-CALCOCO2 plasmids encoding HA-tagged Npro 
or Flag-tagged CALCOCO2 protein using the poly-fast 
transfection reagent (HY-K1014, MedChemExpress). 
The glutathione beads were incubated overnight with 
HA-Npro or Flag-CALCOCO2 protein expression in 
HEK293T cells. The targeted proteins were separated 
with 10% SDS and identified using western blotting and 
an anti-HA mAb (3724, CST) or anti-Flag mAb 
(14793, CST).
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RNA extraction

MDBK cells were infected with BVDV for 24 h, washed 
with sterilized PBS and lysed in TRIzol for 5 minutes. 
After the end of lysis, 200 μl of chloroform was added, 
vigorously shaken for 60 s, and centrifuged at 13,000 ×  
g for 10 min. The upper water sample was aspirated, 
800 μl of isopropanol was added, mixed upside down, 
allowed to stand for 15 min, and centrifuged at 
13,000 × g for 15 min. After discarding the liquid, 85% 
ethanol was added, and the sample was centrifuged at 
13,000 × g for 3 min. The supernatant was discarded, 
and 20 μl of DEPC water was added. After the concen
tration was determined, aliquots were frozen at −80°C.

RT-qPCR

cDNA was prepared from the extracted RNA according 
to the instructions for HiScript II Q RT SuperMix 
(R223–01, Vazyme). Primers were designed using 
GenBank reference sequences and the primer design 
tool Primer Express 3.0.1 software. Specific primers 
for qPCR were verified by the NCBI primer-BLAST 
web tool and melt curve analysis [23,24]. GAPDH was 
used as an endogenous reference gene. The qPCR pri
mers synthesized by Tsingke Biotechnology Company 
are shown in Table 1. Perform the qPCR test according 
to SYBR Green’s instructions.

Western blot

Cells were washed with sterilized PBS, lysed with 200 μl 
RIPA (PC101, EpiZyme Biotechnology) for 40 min, and 
centrifuged at 13,000 × g for 5 min, and the supernatant 
was collected. Protein concentrations were quantified by 
a bicinchoninic acid (BCA) protein assay (BCA Protein 
Assay Kit 23,225, ThermoScientific). After determining 
the protein concentration, 50 μl of 5× loading buffer was 
added and placed in boiling water for 10 min. A 25 μg 
protein sample was subjected to SDS‒PAGE electrophor
esis, after which the protein was transferred to a 0.22 μm 
PVDF membrane and blocked with skim milk powder for 
2 h, and the primary antibody was incubated at 4°C for 6  
h. After the primary antibody incubation, the secondary 
antibody was incubated for 45 min after washing five 
times with TBST. After incubation, the cells were washed 
three times with TBST and exposed to the following 
antibodies: anti-Flag (14793, CST), anti-CALCOCO2 
(ab124372, Abcam), anti-GFP (AB0047, Abways 
Technology), anti-GAPDH (AB0036, Abways 
Technology), anti-GST (2625, CST), anti-HA (3724, 
CST), anti-Flag (14793, CST), anti-IRF3 (4302, CST) 
and anti-β-actin (P68133, Abways Technology).

Co-immunoprecipitation assay

The pCMV-Flag-CALCOCO2 and pCMV-HA-Npro 
plasmids were co-transfected into HEK293T cells for 48  
h. Cells were lysed on ice for 1 h in lysis buffer (protease 
inhibitor cocktail, 1 mM EDTA, 25 mM Tris-HCl pH 7.4, 
1% Triton X-100, 150 mM NaCl, 1 mM PMSF). The lysate 
was then centrifuged at 13,000 × g and 4°C for 10 min. 
Subsequently, magnetic beads coupled with anti-Flag or 
HA tag mAb were incubated with the supernatants at 4°C 
for 4 h, followed by magnetic separation and washing 
with lysis buffer. Proteins bound to the beads were eluted 
from the beads in 1×SDS‒PAGE buffer, boiled for 10 min, 
and then subjected to immunoblot analysis.

Statistical analysis

All data are presented as the mean ± standard deviation 
and were analysed using GraphPad Prism software 
(version 8.0). Differences between two groups of nor
mally distributed variables were analysed using 
Student’s t test, while differences among three groups 
were evaluated with one-way ANOVA and subsequent 
Tukey’s post hoc test (*, P < 0.05, **, P < 0.01, ns indi
cates nonsignificant).

Results

Identification of CALCOCO2 as a novel BVDV Npro 
protein-interacting protein

To search for host cellular proteins that interact with 
the BVDV Npro protein, the yeast two-hybrid system 
was used to screen a cDNA library generated from 
the MDBK cells, and the full-length BVDV Npro was 
used as bait. The positive clones screened from yeast 
transformants were isolated, sequenced, and aligned 
with references in the NCBI database. One specific 
clone from this screen contained a partial open read
ing frame for CALCOCO2 (GenBank accession no. 
NM_174400.2). To exclude the self-activation of 
CALCOCO2, a yeast cotransformation assay was per
formed in AH109 yeast, with a combination of SV40 
large T antigen (AD-SV40-T) and murine p53 (BD- 
p53) fusion constructs as a positive control. As 
shown in Figure 1a, only AD-CALCOCO2/BD-Npro 
and the positive control could grow on SD/-4 med
ium, indicating that CALCOCO2 might be 
a potential binding partner for BVDV Npro.

A GST pull-down assay was performed to further 
verify the CALCOCO2/Npro interaction. The GST- 
CALCOCO2 fusion protein was generated in E. coli 
BL21, and the HA-Npro protein was expressed in 
HEK293T cells. The results showed that GST- 
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CALCOCO2 could pull down HA-Npro but not by 
GST alone (Figure 1b). Similarly, Flag-CALCOCO2 
was only abundantly pulled down by GST-Npro 
(Figure 1c). The interaction between CALCOCO2 and 
Npro was also confirmed by co-IP experiments. When 
HA-Npro and Flag-CALCOCO2 were coexpressed in 
HEK293T cells, HA-Npro was coimmunoprecipitated 
with Flag-CALCOCO2 (Figure 1d), suggesting that 
CALCOCO2 interacts with Npro in mammalian cells. 
These data indicated that CALCOCO2 was an interact
ing partner of the BVDV Npro protein.

CALCOCO2 promotes BVDV proliferation

To investigate whether CALCOCO2 was involved in 
the replication of BVDV, MDBK cells were infected 
with recombinant retrovirus encoding CALCOCO2 to 
establish the CALCOCO2-overexpressing stable cell 
lines. RT-qPCR and western blotting results showed 
that CALCOCO2 expression at both the mRNA and 
protein levels was increased in CALCOCO2- 
overexpressing cell lines compared with the negative 
control cell lines, indicating that CALCOCO2 overex
pression cell lines were successfully constructed 

Figure 1. Npro interacts with CALCOCO2. (a) the Npro-CALCOCO2 interaction was detected using the yeast two-hybrid system. The 
yeast strain co-transformed with BD-P53 and AD-T (P53/T) served as a positive control. BD-Npro/AD (Npro/AD) and BD/AD- 
CALCOCO2 (BD/CALCOCO2) were used to exclude self-activation. Cotransformation of Lam/T and BD/AD was used as a negative 
control. All yeasts co-transformed with the described constructs were screened on SD/-2 (SD/-Leu/-Trp) and SD/-4 (SD/-ade/-his/-Leu 
/-Trp) plates. (b, c) GST pull-down assay of CALCOCO2 and Npro. Purified GST, GST-Npro, or GST-CALCOCO2 proteins were bound to 
magnetic beads. The beads were then incubated with recombinant Flag or HA-tagged proteins expressed in HEK293T cells. The 
bound proteins were washed completely and subjected to western blotting using a rabbit anti-Flag mAb, a rabbit anti-HA mAb, or 
a rabbit anti-GST pAb. (d) HEK293T cells were co-transfected with HA-Npro and Flag-CALCOCO2 or Flag-EV. At 48 h post-transfection, 
HA-Npro immunoprecipitation was performed using the anti-Flag-tag mAb-magnetic beads, followed by immunoblot analysis with 
anti-Flag and anti-HA antibodies.
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(Figure 2a and b). Next, the cell lines were infected with 
BVDV (MOI = 0.1 or 1), and BVDV Npro mRNA and 
virus titres in CALCOCO2-overexpressing cells were 
significantly higher than those in control cells at 48 h 
post-infection (Figure 2c and d), indicating that over
expression of CALCOCO2 promoted viral replication 
in MDBK cells. To verify the effect of CALCOCO2 
knockdown on BVDV replication, stable CALCOCO2 
gene silencing in MDBK cells was established by lenti
virus-delivered shRNAs. The knockdown efficiency of 
shRNAs on CALCOCO2 was determined by RT-qPCR 
and western blotting (Figure 2e and f). CCK8 assay 
analysis revealed that the viability of MDBK cells was 
not affected by CALCOCO2 overexpression or silen
cing (data not shown). As shown in Figure 2g and h, 
knockdown of CALCOCO2 significantly reduced the 
proliferation of BVDV, as determined by measuring 
viral titres and Npro mRNA levels. Overall, these data 
demonstrated that CALCOCO2 promoted BVDV pro
geny production.

CALCOCO2 suppresses IFN-β and ISG expression 
during BVDV infection

Previous studies have shown the critical role of IFN-I in 
resistance to BVDV replication [25,26]. The effect of 
CALCOCO2 on IFN-β and ISG production in 
CALCOCO2-overexpressing stable cell lines during 
BVDV infection (MOI = 0.1 or 5) was first examined. 
The results revealed that CALCOCO2 overexpression 
significantly suppressed the expression of IFN-β, OAS1, 
ISG15, and M×1at the mRNA level (Figure 3a and b). 
To further confirm the impact of CALCOCO2 in reg
ulating the production of IFN-β and ISGs, the tran
script levels of these genes were examined by RT-qPCR 
in CALCOCO2 knockdown cells infected with BVDV. 
The results indicated that CALCOCO2 silencing could 
promote IFN-β, OAS1, ISG15, and M×1mRNA levels 
during BVDV infection (Figure 3c and d). These results 
showed that CALCOCO2 could suppress the IFN- 
I-mediated antiviral innate immune response in 
MDBK cells infected with BVDV.

Figure 2. CALCOCO2 promotes BVDV replication. (a) immunoblot analysis of CALCOCO2 protein expression in the MDBK cell line 
stably overexpressing CALCOCO2 using anti-CALCOCO2 and anti-GAPDH antibodies. (b) the mRNA levels of CALCOCO2 were 
analyzed through qPCR in cells that had stable overexpression of CALCOCO2. (c, d) CALCOCO2-overexpressing cell lines were 
infected with BVDV (MOI = 0.1 or 1) and harvested at 48 h post-infection. (c) the mRNA levels of BVDV Npro were analyzed through 
qPCR in CALCOCO2-overexpressing cells. (d) the TCID50 assay was used to determine the virus titers of BVDV in the cell cultures. (e) 
CALCOCO2 protein levels were analyzed through immunoblotting in stable CALCOCO2-knockdown cell lines. (f) the knockdown 
efficiencies of CALCOCO2-silenced MDBK cells were examined by immunoblot analysis. (g) the mRNA levels of the Npro gene were 
analyzed through qPCR in stable CALCOCO2-knockdown cell lines at 48 h post-infection. (h) the viral titers of BVDV-infected 
CALCOCO2-knockdown or control cells were determined by TCID50 at 48 h post-infection. The means and standard deviation 
from three independent experiments are shown. P values were calculated by Student’s t test in B,C and D and by one-way ANOVA in 
F, G and H: *, P < 0.05; **, P < 0.01.
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CALCOCO2 promotes the degradation of IRF3 via 
the ubiquitin-proteasome system

Given evidence showing that BVDV Npro antagonizes 
IFN-β production by facilitating the ubiquitination and 
degradation of IRF3 [27], we focused on detecting the effect 
of CALCOCO2 interacting with Npro on IRF3 expression. 
Subsequently, we detected the protein expression of IRF3 
after overexpression of CALCOCO2 in MDBK cells 
infected with BVDV. The images in Figure 4a clearly 
show that the protein levels of IRF3 in CALCOCO2- 
overexpressing cell lines were lower than those in control 
cell lines. Next, we determined whether CALCOCO2 over
expression could negatively regulate IRF3 transcription. 
The results showed that CALCOCO2 did not inhibit 
IRF3 transcription in MDBK cells (Figure 4b). To investi
gate whether CALCOCO2 facilitates the degradation of 
IRF3 via the ubiquitin-proteasome pathway, we subjected 
CALCOCO2-overexpressing cells to treatment with 
MG132 and subsequently assessed the protein expression 
levels of IRF3. The results indicated that the effect of 
CALCOCO2 overexpression on IRF3 degradation could 
be reversed using the proteasome inhibitor MG132 
(Figure 4c). These results suggested that CALCOCO2 pro
moted the degradation of IRF3 through the ubiquitin- 
proteasome system.

CALCOCO2 interacts with IRF3 and promotes 
Npro-mediated ubiquitination of IRF3

To determine whether CALCOCO2 regulates IRF3 
degradation by facilitating Npro-induced IRF3 ubi
quitination, HEK293T cells were co-transfected with 
HA-Npro, Flag-IRF3, and GFP-CALCOCO2 to detect 
the ubiquitination of IRF3. The higher level of IRF3 
ubiquitination in cells transfected with CALCOCO2 
and the lower expression of IRF3 in cell lysates also 
suggested that CALCOCO2 promoted the ubiquitina
tion and degradation of IRF3 (Figure 5a). Moreover, 
we found that CALCOCO2 appeared to promote the 
interaction between Npro and IRF3 (Figure 5a). We 
speculated that CALCOCO2 might interact with 
IRF3, thereby enhancing the interaction between 
Npro and IRF3. Therefore, we constructed Flag- 
IRF3 expression vectors for co-IP experiments to 
verify whether IRF3 interacts with CALCOCO2. 
IRF3 was found to co-immuno-precipitate with 
CALCOCO2 when immunoprecipitates were detected 
using anti-Flag or anti-HA antibodies (Figure 5b and 
c). These data indicated that CALCOCO2 could 
interact with IRF3 and Npro, respectively, thereby 
promoting Npro-induced IRF3 ubiquitination and, 
ultimately, IRF3 degradation.

Figure 3. CALCOCO2 restrains the expression of IFN-β and ISGs during BVDV infection. (a, b) a and b represent the qPCR analysis of 
IFN-β, MX1, ISG15, and OAS1 mRNA levels in CALCOCO2-overexpressing cells infected with BVDV (MOI = 0.1 or 5). c and d show the 
IFN-β, OAS1, MX1, and ISG15 mRNA levels in CALCOCO2 knockdown cells and control cells at 24 h after BVDV infection (MOI = 0.1 
or 5). The relative mRNA levels of IFN-β and ISGs were normalized to GAPDH. The mean and SD values were determined from three 
independent experiments. P values were calculated by Student’s t test in a and B and by one-way ANOVA in c and d: **, P < 0.01; 
and ns indicates insignificant.
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Discussion

Innate immune responses are the first line of host 
defence against viral infection, and IFN-I plays 
a crucial role in antiviral innate immunity [28]. IFN- 
I, which mainly includes IFN-α and IFN-β, induces 
ISGs production by activating the JAK/STAT signal
ling pathway [29]. ISGs are important in limiting viral 
replication and transmission [30]. Many viruses have 
evolved strategies to inhibit the production of IFN-I 
from evading the innate immune response. BVDV is 
an RNA virus that causes serious economic losses in 
the cattle industry. The BVDV nonstructural protein 
Npro inhibits the production of IFN-I and enhances 
viral replication ability [31,32].

It has been reported that BVDV potentially induces 
immunosuppression by interacting with the BVDV Npro 
protein with the host protein S100A9 [15]. Nevertheless, 
their study did not address the specific regulatory 
mechanisms of the interaction between Npro and 
S100A9 on IFN production. More recently, it has been 
reported that the atypical porcine pestivirus (APPV) Npro 
could inhibit the transmission of the IFN-I pathway by 
affecting the phosphorylation of IRF3 through interaction 
with IRF3 [33]. CSFV Npro inhibits the IFN pathway and 
suppresses dsRNA-mediated mitochondrial apoptosis 
[34]. The Npro of these viruses plays an important role 
in the viral infection process through cooperation with 
host proteins. However, it is still unclear which host 
proteins BVDV Npro can cooperate with to inhibit the 

IFN-I pathway. Thus, the yeast two-hybrid assay was 
performed using BVDV Npro as bait.

The autophagy receptor protein CALCOCO2 was 
identified as a candidate target protein for Npro. The 
interaction of CALCOCO2 and Npro was further verified 
by GST pull-down and co-IP assays (Figure 1). One 
limitation of the study is that we did not perform immu
noprecipitation assays to detect the interaction between 
Npro and CALCOCO2 in the lysates of MDBK cells 
infected with BVDV, because we were unable to obtain 
commercially available specific antibodies against the 
BVDV Npro protein, and no research group has success
fully prepared this antibody. This study used yeast two- 
hybrid, GST pull-down, and co-IP experiments to verify 
the interaction between Npro and CALCOCO2. These 
results can also support existing conclusions.

Previous research has reported that CALCOCO2 plays 
an important role in viral replication. The PEDV nucleo
capsid protein is ubiquitinated by the E3 ubiquitin ligase, 
recognized by CALCOCO2 and transported to the lyso
some for degradation [18]. More recently, it has been 
reported that the ubiquitinated nucleocapsid protein of 
SARS-CoV-2, SARS-CoV, and MERS is degraded after 
being bound by CALCOCO2 [35]. The interaction of 
CALCOCO2 with the influenza A virus PB1-F2 protein 
inhibits TBK1-mediated ISRE activity but promotes the 
NF-κB signalling pathway [36]. To investigate the rela
tionship between CALCOCO2 and BVDV replication, we 
examined the BVDV mRNA levels and viral titres in 
CALCOCO2-overexpressing or CALCOCO2 knockdown 

Figure 4. CALCOCO2 promotes the degradation of IRF3. (a) the protein levels of IRF3 in CALCOCO2-overexpressing cells infected 
with BVDV were detected at 24 and 48 hpi. (b) at 24 and 48 h post-infection, the mRNA levels of IRF3 were analysed through qPCR in 
both CALCOCO2-overexpressing MDBK cells and control cells. GAPDH mRNA levels served as an internal reference control. Data are 
shown as the mean ± SD (ns, not significant). (c). Immunoblot analysis of IRF3 protein levels in CALCOCO2-overexpressing and 
control cells treated with the proteasome inhibitor MG132 (0.5 μM) or DMSO for 4 h followed by infection with BVDV (MOI = 5) for 
24 h.
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stable cell lines and found that CALCOCO2 could pro
mote BVDV replication in MDBK cells (Figure 2), which 
is the first report on CALCOCO2 facilitating BVDV 
progeny production.

It has been reported that CALCOCO2 promotes 
MAVS degradation through selective autophagy to 
inhibit IFN-I production, thereby promoting viral 
replication during CVB3 infection [37]. Therefore, 
we investigated the innate antiviral response of 
CALCOCO2-overexpressing or CALCOCO2-silenced 

stable MDBK cells infected with BVDV. The results 
show that CALCOCO2 suppressed IFN-β, MX1, 
ISG15, and OAS1 mRNA levels in MDBK cells 
(Figure 3). Considering the degradation effect of 
BVDV Npro on IRF3, the effect of CALCOCO2, 
which interacts with Npro, on IRF3 protein and 
mRNA expression was investigated. IRF3 is the most 
important adapter protein downstream of the RIG-I 
signalling pathway, so we focused on the effect of 
CALCOCO2 on IRF3 expression. Our data revealed 

Figure 5. CALCOCO2 promotes Npro-mediated ubiquitination of IRF3 by interacting with IRF3. (a) HEK293T cells were co-transfected 
with HA-Npro, Flag-IRF3, Ub-myc, GFP-CALCOCO2, or GFP-EV and treated with 0.50 μM MG132. Anti-Flag-tag mAb-magnetic beads 
were used to perform IP on the cell lysates, which were subsequently analysed through immunoblotting using anti-Flag, anti-HA, 
anti-GFP, and anti-Ub antibodies. (b) HEK293T cells were co-transfected with Flag-IRF3 and HA-CALCOCO2 or HA-EV, followed by co- 
IP and immunoblot analysis of the interactions of Flag-IRF3 with HA-CALCOCO2 using the anti-HA-tag mAb-magnetic beads, anti- 
Flag, and anti-HA antibodies. (c) co-IP and immunoblot analysis using anti-Flag-tag mAb-magnetic beads on extracts of HEK293T 
cells transfected with HA-CALCOCO2 and Flag-IRF3 or Flag-EV.
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that CALCOCO2 could promote IRF3 degradation at 
the protein level but not at the mRNA level during 
BVDV infection. Subsequently, we found that rescue 
of IRF3 protein degradation occurred in CALCOCO2- 
overexpressing cells treated with MG132, indicating 
that CALCOCO2 promotes IRF3 degradation via the 
proteasomal pathway (Figure 4). Then, the effect of 
CALCOCO2 on Npro-mediated ubiquitination of 
IRF3 was examined. This analysis shows that 
CALCOCO2 significantly promoted the ubiquitina
tion of IRF3 and facilitated the interaction between 
Npro and IRF3 (Figure 5). Moreover, co-IP assays 
showed that IRF3 and CALCOCO2 also interacted 
with each other. Hence, we speculate that 
CALCOCO2 promotes the ubiquitinated degradation 
of IRF3 by interacting with IRF3 and Npro, forming 
a complex that increases the frequency of interaction 
between Npro and IRF3.

In this study, we demonstrated that the host pro
tein CALCOCO2 interacts with the BVDV nonstruc
tural protein Npro and plays a key role in regulating 
IRF3 protein levels. Our findings provide novel 
insights into the mechanisms by which BVDV 
evades innate antiviral responses, highlighting the 
importance of the host protein CALCOCO2. 
Identifying the interaction between CALCOCO2 
and BVDV Npro may open new possibilities for 
developing antiviral therapies targeting this host 
protein.
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