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Abstract 

Porcine deltacoronavirus (PDCoV) is an enteropathogenic coronavirus that has been reported to use various strate-
gies to counter the host antiviral innate immune response. The cGAS-STING signalling pathway plays an important 
role in antiviral innate immunity. However, it remains unclear whether PDCoV achieves immune evasion by regulating 
the cGAS-STING pathway. Here, we demonstrated that the nonstructural protein 2 (nsp2) encoded by PDCoV inhibits 
cGAS-STING-mediated type I and III interferon (IFN) responses via the regulation of porcine STING (pSTING) stability. 
Mechanistically, ectopically expressed PDCoV nsp2 was found to interact with the N-terminal region of pSTING. Con-
sequently, pSTING was degraded through K48-linked ubiquitination and the proteasomal pathway, leading to the dis-
ruption of cGAS-STING signalling. Furthermore, K150 and K236 of pSTING were identified as crucial residues for nsp2-
mediated ubiquitination and degradation. In summary, our findings provide a basis for elucidating the immune 
evasion mechanism of PDCoV and will contribute to the development of targets for anti-coronavirus drugs.
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Introduction
PDCoV belongs to the deltacoronavirus genus of the Cor-
onaviridae family and was first detected in Hong Kong in 
2012 [1]. In February 2014, outbreaks of PDCoV infec-
tion in piglets were first reported in the United States, 
followed by subsequent occurrences in China, Korea, 
Thailand, and numerous other countries [2]. Infected 
piglets typically experience watery diarrhoea, vomiting, 

and dehydration, with a mortality rate of nearly 100% 
in neonatal piglets, resulting in considerable economic 
losses for the global pig industry [3]. Additionally, one 
study reported the presence of PDCoV viral particles in 
plasma samples from three Haitian children, confirming 
the potential risk of cross-species transmission and the 
public health hazards associated with PDCoV infection 
[4]. PDCoV is currently known as the smallest single-
stranded positive-sense RNA coronavirus, with a length 
of approximately 25.4  kb. The genome of PDCoV con-
tains 15 nonstructural proteins (nsp2-16), four structural 
proteins, namely, the spike (S), envelope (E), membrane 
(M), and nucleocapsid (N) proteins, and three accessory 
proteins (NS6, NS7, and NS7a) [5]. The nonstructural 
proteins are essential for viral transcription, replication, 
protein post-translational degradation, and host modi-
fication, particularly for the regulation of host innate 
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immunity [6, 7]. However, the functions of some non-
structural proteins, such as nsp2, remain unknown.

The interferon response, which includes type I IFNs 
(IFNα and IFNβ) and type III IFNs (IFNλ), is one of the 
first and most crucial components of the host innate 
immune system against viral infections [8]. Type I IFN 
is commonly regarded as the first-line immune defence, 
generally triggering a broad and systemic antiviral 
response, while type III IFN is acknowledged as a critical 
local innate defence against pathogens invading mucosal 
barriers, such as the intestinal and respiratory barriers 
[9]. Moreover, type I and III IFNs exhibit apparent simi-
larities in intracellular signalling events and subsequent 
expression of interferon-stimulated genes (ISGs) [8]. 
Therefore, it is equally important to explore the role of 
both type I and III IFNs in host innate antiviral immu-
nity against PDCoV infection. Previous studies have 
shown that PDCoV infection can inhibit IFN production 
in porcine cells, thus drawing significant attention to the 
immune evolution mechanism of PDCoV [10, 11].

RNA-stimulated signalling is mainly dependent on 
the adaptor protein mitochondrial antiviral signal-
ling (MAVS), whereas the signalling triggered by DNA 
mainly relies on the adaptor protein stimulator of inter-
feron genes (STING) during viral infection [12]. Due to 
the crosstalk between RNA and DNA sensing pathways, 
the activation of cGAS-STING signalling by RNA viruses 
has gradually been discovered [13, 14]. SARS-CoV-2 
infection was reported to activate cGAS-STING through 
DNA damage, chromatin damage, and mitochondrial 
DNA release [15–17]. Although there is currently no 
known evidence that PDCoV activates the cGAS-STING 
pathway, similar mechanisms are likely to exist based on 
relevant studies of other coronaviruses [15–18]. RNA 
viruses have evolved immune evasion strategies that 
antagonize not only the retinoic acid-induced gene I-like 
receptor (RLR) signalling pathway but also the cGAS-
STING signalling pathway to ensure their survival [19]. 
For instance, hepatitis C virus NS4B suppresses type I 
IFN by impairing the interaction between STING and 
TBK1 [20]. SARS-CoV-2 ORF10 inhibits cGAS-STING 
signalling by blocking the translocation of STING [21]. In 
addition, the Tembusu virus NS2B3 protease blocks IFNβ 
induction by cleaving STING [22]. However, whether 
PDCoV targets cGAS-STING signalling for immune eva-
sion is unknown.

A critical strategy for the successful persistence of cor-
onavirus infection is to evade the host’s innate immune 
response. On the one hand, viruses can hijack host 
proteins or noncoding RNAs to achieve immune eva-
sion [23]. On the other hand, viruses can also inhibit 
the innate immune response through their own virally 
encoded proteins. Several viral proteins encoded by 

PDCoV, such as N, NS6, nsp5, nsp10, and nsp15, have 
been identified as antagonists of the RLR-mediated 
type I IFN response [24–28]. Our previous reports 
revealed that PDCoV N suppresses both key host pro-
teins upstream and downstream of RLR signalling, lead-
ing to a decrease in porcine IFNβ [29, 30]. One previous 
study revealed that PDCoV suppresses IFN-λ1 produc-
tion in porcine intestinal mucosal epithelial cells (IPI-2I 
cells) [10]. However, there is limited knowledge regard-
ing the underlying mechanism involved. In deltacorona-
virus, there is no orthologue of nsp1, which is present in 
alphacoronaviruses and betacoronaviruses. PDCoV nsp2 
is the initial N-terminal cleavage product of the poly-
proteins and exhibits the most divergent conservation 
among the four different genera; however, limited studies 
have been conducted on this protein. Based on structural 
biology and interactome research, SARS-CoV-2 nsp2 
is predicted to be essential for viral transcription and 
translation initiation [31]. Transmissible gastroenteritis 
virus (TGEV) nsp2 has been reported to be involved in 
the regulation of inflammation [32]. However, additional 
functions of coronavirus nsp2, especially in antagoniz-
ing the IFN response, have remained unclear. Here, we 
report for the first time that the PDCoV-encoded nsp2 
could antagonize the cGAS-STING signalling pathway. 
Mechanistically, PDCoV nsp2 directly targeted pST-
ING for ubiquitin-mediated degradation, resulting in the 
inhibition of cGAS-STING-induced type I and III IFN 
production. These findings provide novel insight into 
host‒virus interactions during PDCoV infection.

Materials and methods
Cells, viruses, and reagents
HEK293T, LLC-PK1, and IPEC-J2 cells were purchased 
from the American Type Culture Collection (ATCC). 
HEK293T (bio-72947) is an epithelial cell line derived 
from human kidney cells. LLC-PK1 (bio-131297) is an 
epithelial cell line derived from porcine kidney cells. 
IPEC-J2 (bio-131297) is an epithelial cell line derived 
from the porcine small intestine. These cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% foetal bovine serum (Gibco, 
USA) at 37 °C in 5% CO2. The PDCoV-CHSH-2016 strain 
was isolated, identified, and preserved in our laboratory 
[30]. The recombinant vesicular stomatitis virus (VSV-
GFP) has been described in a previous study [29]. A 
rabbit anti-STING polyclonal antibody was purchased 
from ABclonal (Wuhan, China). Rabbit anti-TBK1 and 
anti-IRF3 polyclonal antibodies were purchased from 
CST (USA). Mouse monoclonal antibodies against Flag, 
HA, Myc, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were purchased from Abmart (Shang-
hai, China). Rabbit polyclonal antibodies against Flag, 



Page 3 of 14Liu et al. Veterinary Research           (2024) 55:79 	

HA, and Myc were purchased from Yeasen (Shanghai, 
China). Alexa Fluor 488-conjugated goat anti-rabbit 
and 647-conjugated goat anti-mouse antibodies were 
purchased from Beyotime (Shanghai, China). A mouse 
monoclonal antibody against the PDCoV N protein was 
generated in our laboratory as described previously [29]. 
MG132 was obtained from Selleck (USA). Poly(dA:dT) 
was obtained from InvivoGen (USA).

Plasmids
The porcine STING (pSTING), porcine cGAS (pcGAS), 
and various PDCoV genes were amplified from cDNA 
generated from LLC-PK1 cells or PDCoV-positive sam-
ples and then cloned and inserted into plasmids through 
standard molecular biology techniques. Several muta-
tions of pSTING were cloned and inserted into the 
pcDNA3.1-Flag plasmid, including truncated amino acid 
regions (1–149, 1–195, 1–343, and 1–379) and muta-
tions in which lysines were mutated to arginines (K61R, 
K112R, K150R, K187R, K236R, K289R, K150/236R). 
PDCoV nsp2 truncations were cloned and inserted into 
the plasmid pCMV-Myc, including truncated regions 
(1–189, 1–303, 1–357, and 1–476). The PCR primers 
used are listed in Table 1, and all the constructs were con-
firmed by DNA sequencing. The porcine TBK1 (pTBK1), 
porcine IKKε (pIKKε), porcine IRF3-5D (pIRF3-5D), por-
cine IRF7 (pIRF7), PDCoV E, M, S, and N, and porcine 
IFNβ (pIFNβ), porcine ISRE (pISRE), and porcine NF-Κb 
(pNF-κB) promoter reporter plasmids were constructed 
in our laboratory as described previously [29]. The por-
cine IFNλ1 (pIFNλ1) promoter was amplified from 

genomic DNA extracted from LLC-PK1 cells. Ubiquitin 
(Ub) and Ub mutants, including K48 and K63, have been 
described previously [29].

Dual‑luciferase reporter assays
HEK293T or LLC-PK1 cells were grown in 24-well plates 
and co-transfected with the indicated plasmids. After 
24  h, the cells were harvested and lysed in lysis buffer, 
and the luciferase activities of pIFNβ, pIFNλ1, pISRE, 
pNF-κB, and the TK-Renilla reporter were measured 
with a Dual-Luciferase Reporter Assay System (Promega, 
USA) according to the manufacturer’s instructions. The 
data are shown as the relative firefly luciferase activi-
ties normalized to the Renilla luciferase activities from 
three independently conducted experiments. The relative 
luciferase activity was relative to that of an empty vector 
control.

Coimmunoprecipitation (Co‑IP) and Western blotting
HEK293T or LLC-PK1 cells were co-transfected with an 
empty vector or the recombinant expression plasmid. 
At 28  h post-transfection, the cells were harvested by 
adding lysis buffer (50 mM Tris–HCl (pH 7.4), 150 mM 
NaCl, 1% NP-40, 10% glycerin, 0.1% sodium sulfate, and 
2  mM Na2EDTA) containing a protease inhibitor mix-
ture plus the protease inhibitor phenylmethylsulfonyl 
fluoride (PMSF). The cell lysates were then immunopre-
cipitated at 4 °C with mouse anti-Flag or anti-Myc mag-
netic beads (Selleck, USA). The immunoprecipitates were 
washed four times with 1 × Tris-buffered saline and then 
subjected to Western blot analysis. The samples were 

Table 1  Primer sequences used for constructing the expression plasmids 

Primers Sequence (5′ → 3′)

pSTING-PF CTA​GCG​TTT​AAA​CTT​AAG​CTT​ATG​CCC​TAC​TCC​AGC​CTGCA​

pSTING-PR GTC​CTT​GTA​ATC​CAT​GCG​GCC​GCA​GAA​GAT​ATC​TGA​GCG​GAG​
TGGAA​

pcGAS-PF CCA​GAT​TAC​GCT​TCG​GGT​ACC​ATG​GCG​GCC​CGG​CGG​GGA​

pcGAS-PR GCC​CTC​TAG​ACT​CGA​GCG​GCC​GCC​TAC​CAA​AAA​ACT​GGA​AAT​
CCA​TTG​

pSTING-K61R-PF TAG​GAC​TGC​TGG​TGC​GGG​GGC​TCT​GCA​GTC​TGGCG​

pSTING-K61R-PR CCG​CAC​CAG​CAG​TCC​TAT​CTG​CTG​GGA​GGC​CA

pSTING-K112R-PF TCT​CCA​TCC​GAG​ACC​GGG​CTG​GCC​TGC​CCC​TCCCC​

pSTING-K112R-PR CCG​GTC​TCG​GAT​GGA​GAA​GTA​GAA​GTA​GCA​GG

pSTING-K150R-PF CTG​TGA​ACG​GAG​GAA​CTT​CAA​CGT​GGC​TCA​TG

pSTING-K150R-PR AGT​TCC​TCC​GTT​CAC​AGA​TTG​CAG​AGA​CTT​CAGC​

pSTING-K187R-PF AAT​CAG​CGC​CAC​CGG​AAC​GTA​CTC​GGG​GGC​ATAGG​

pSTING-K187R-PR TTC​CGG​TGG​CGC​TGA​TTA​TAA​GCT​TGG​ATC​CG

pSTING-K236R-PF ATC​CGG​GGC​CGG​GTG​TAC​ACC​AAC​AGC​ATC​TA

pSTING-K236R-PR TAC​ACC​CGG​CCC​CGG​ATG​CCA​GCA​CGG​TCG​GC

pSTING-K289R-PF GCA​GGC​CCG​GCT​CTT​CTG​CCG​GAC​CCT​CGA​AG

pSTING-K289R-PR AGA​AGA​GCC​GGG​CCT​GCT​CGA​GCC​GAT​CCT​CC
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separated by 7.5–10% sodium sulfate‒polyacrylamide 
gel electrophoresis (SDS‒PAGE) and then transferred to 
a polyvinyl difluoride (PVDF) membrane (Merck, USA). 
The membranes were then analysed for protein expres-
sion by immunoblotting using the indicated antibodies. 
A GAPDH monoclonal antibody was used to detect the 
expression of GAPDH to confirm equal protein sam-
ple loading. The following antibodies were used: mouse 
anti-HA monoclonal antibody (1:5000 dilution), mouse 
anti-Flag monoclonal antibody (1:2000 dilution), mouse 
anti-Myc monoclonal antibody (1:2000 dilution), mouse 
anti-GAPDH monoclonal antibody (1:5000 dilution), 
mouse anti-PDCoV-N polyclonal antibody (1:1000 dilu-
tion), rabbit anti-STING polyclonal antibody (1:1000 
dilution), rabbit anti-HA polyclonal antibody (1:2000 
dilution), rabbit anti-Flag polyclonal antibody (1:2000 
dilution), rabbit anti-Myc polyclonal antibody (1:1000 
dilution), peroxidase-conjugated goat anti-mouse IgG 
(1:7000 dilution) and anti-rabbit IgG (1:7000 dilution).

RNA extraction and quantitative real‑time PCR
Total RNA was extracted from cultured cells using TRI-
zol reagent (Invitrogen, USA) and subsequently reverse-
transcribed to cDNA using a HiScript III 1st Strand 
cDNA Synthesis Kit (Vazyme, China). Quantitative 
real-time PCR (RT‒qPCR) was conducted in triplicate 
using HiScript IV RT SuperMix for qPCR (Vazyme) on 
an Applied Biosystems 7500 Fast real-time PCR system 
(USA). Relative mRNA expression levels were normal-
ized to the geometric mean of porcine GAPDH, ACTB, 
and B2M as reference genes and were calculated using 
the 2−ΔΔCT method, assuming 100% efficiency of qPCR 
assays [33]. The qPCR primers used are listed in Table 2.

Indirect immunofluorescence assay
LLC-PK1 cells were seeded onto microscope coverslips, 
placed into 12-well plates, and allowed to reach approxi-
mately 60% confluence. After transfection, the cells were 
stained with 1  μM ER-Tracker Red (Beyotime, China) 
in complete DMEM for 30 min at 37  °C to visualize the 
endoplasmic reticulum. The cells were then fixed with 
4% paraformaldehyde for 10  min, permeabilized with 
methyl alcohol for 15 min, and blocked with TBST con-
taining 5% BSA for 1  h. The cells were then incubated 
with the appropriate primary antibodies, washed, stained 
with fluorescent secondary antibodies, and washed. The 
fluorescence images were captured using a confocal laser 
scanning microscope (Nikon, Japan). Pearson’s R value 
between the indicated proteins was quantified using 
ImageJ software. The following antibodies were used: 
rabbit anti-Flag polyclonal antibody (1:1000 dilution), 
mouse anti-Myc monoclonal antibody (1:1000 dilution), 
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200 

dilution), and Alexa Fluor 647-conjugated goat anti-
mouse IgG (1:500 dilution).

Statistical analysis
The data are expressed as the mean ± standard deviation. 
The normality of the distribution of the data was assessed 
using the Shapiro‒Wilk test. Significance was determined 
with two-tailed independent Student’s t tests and one-
way analysis of variance (ANOVA). P values less than 
0.05 were considered to indicate statistical significance 
(ns, not significant; *P < 0.05 and **P < 0.001).

Results
PDCoV nsp2 inhibits pcGAS‑pSTING‑induced type I and III 
IFN production
To screen which viral proteins of PDCoV may play a 
role in porcine pcGAS-pSTING-induced type I and 
III IFN suppression, we evaluated pIFNβ and pIFNλ1 
luciferase reporter activity using a series of plasmids 
expressing different PDCoV genes. The results showed 
that PDCoV E, M, NS7a, nsp2, nsp4, nsp7, nsp8, and 
nsp15 could significantly suppress the activation of the 
pIFNβ and pIFNλ1 promoters triggered by pcGAS-
pSTING (Figure  1A). Given that nsp2 plays potential 
pleiotropic roles in the CoV lifecycle, we focused on 
nsp2, a nonstructural protein with functions and mech-
anisms that have not been well studied. To determine 
whether PDCoV nsp2 could inhibit the production of 
porcine type I and III IFNs induced by pcGAS-pST-
ING, RT‒qPCR was used to detect the expression of 
pIFNβ, pIFNλ1, and pISGs in LLC-PK1 cells. Ectopic 

Table 2  Primer sequences for RT‒qPCR 

Primers Sequence (5′ → 3′)

pACTB-QF GGA​CTT​CGA​GCA​GGA​GAT​GG

pACTB-QR AGG​AAG​GAG​GGC​TGG​AAG​AG

pB2M-QF ACT​TTT​CAC​ACC​GCT​CCA​GT

pB2M-QR CGG​ATG​GAA​CCC​AGA​TAC​AT

pGAPDH-QF TCT​GGC​AAA​GTG​GAC​ATT​

pGAPDH-QR GGT​GGA​ATC​ATA​CTG​GAA​CA

pIFNβ-QF ACC​AAC​AAA​GGA​GCAG​

pIFNβ-QR TTT​CAT​TCC​AGC​CAGT​

pIFNλ1-QF GGT​GCT​GGC​GAC​TGT​GAT​G

pIFNλ1-QR GAT​TGG​AAC​TGG​CCC​ATG​TG

pMx1-QF AGT​ATG​GCT​CCG​ATA​TTC​

pMx1-QR CAG​TTC​CTC​TCC​TTG​TAT​

pISG56-QF AAT​TAG​CCA​CAG​GTC​ATT​

pISG56-QR ATT​CCA​TAC​ACA​ACA​CTC​T

pSTING-QF CTG​AAG​TCT​CTG​CAA​TCT​

pSTING-QR ACC​CGA​TGT​AAT​AAG​ACC​
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expression of PDCoV nsp2 decreased the mRNA lev-
els of pIFNβ, pIFNλ1, and the downstream antivi-
ral genes pMX1 and pISG56 compared with those in 
control cells (Figure  1B). Furthermore, dual-luciferase 
reporter assays revealed that the pcGAS-pSTING-
induced pIFNβ, pIFNλ1, and pISRE promoter activa-
tion was dose-dependently inhibited by PDCoV nsp2 

in LLC-PK1 cells (Figure  1C). Similar results were 
observed in dual luciferase reporter gene assays in 
IPEC-J2 cells (Additional file 1). PDCoV nsp2 also sig-
nificantly suppressed the activation of the pIFNβ and 
pIFNλ1 promoters induced by the dsDNA agonist 
poly(dA:dT) in LLC-PK1 cells, suggesting that nsp2 

Figure 1  PDCoV nsp2 inhibits pcGAS-pSTING-induced type I and III IFN production. A LLC-PK1 cells were co-transfected with Flag-pSTING, 
HA-pcGAS, pRL-TK and Myc-tagged PDCoV-derived expression plasmids or an empty vector as a control, along with pGL3-pIFNβ or  pGL3-pIFNλ1. 
At 24 h post-transfection, the cells were lysed for dual-luciferase assays. B LLC-PK1 cells were co-transfected with Myc-nsp2 or an empty vector 
together with Flag-pSTING and HA-pcGAS for 24 h. The cells were lysed for RNA extraction. RT‒qPCR was used to detect the relative expression 
of pIFNβ, pIFNλ1, pMx1, and pISG56 mRNA. All gene expression levels were normalized to the geometric mean of the expression levels 
of the reference genes porcine GAPDH, ACTB, and B2M. C LLC-PK1 cells were co-transfected with Flag-pSTING, HA-pcGAS, pRL-TK and increasing 
amounts of Myc-nsp2 or an empty vector as a control, along with pGL3-pIFNβ, pGL3-pIFNλ1, pGL3-pISRE or pGL3-pNFκB. At 24 h post-transfection, 
the cells were lysed for dual-luciferase assays. All the data are presented as the means ± SDs of three independent experiments (*P < 0.05 
and **P < 0.01).
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could inhibit the endogenous pcGAS-pSTING pathway 
(Additional file  2). These data confirmed that PDCoV 
nsp2 acted as an antagonist of type I and III IFNs 
induced by pGAS-pSTING.

PDCoV nsp2 targets pSTING to antagonize type I and III 
IFNs
To further identify the targets of PDCoV nsp2 in the 
pcGAS-pSTING-induced type I and III IFN signalling 
pathways, LLC-PK1 cells were co-transfected with nsp2 
and several expression plasmids containing key mol-
ecules from the pcGAS-pSTING signalling pathway 
(including pcGAS-pSTING, pTBK1, pIKKε, pIRF3-5D, 
and pIRF7), together with the pIFNβ or pIFNλ1 lucif-
erase reporter plasmids. We found that PDCoV nsp2 
was able to suppress the activities of the pIFNβ (Fig-
ure  2A) and pIFNλ1 (Figure  2B) promoters induced by 

pcGAS-pSTING, pTBK1, pIKKε, and pIRF3-5D but 
not pIRF7. Moreover, we observed that the pIFNβ and 
pIFNλ1 promoter activities induced by pcGAS-pSTING 
were inhibited to a greater extent than those induced 
by downstream factors in the pcGAS-pSTING pathway, 
such as pTBK1, pIKKε and pIRF3-5D (Figure  2C). We 
wondered whether PDCoV nsp2-mediated inhibition of 
type I and III IFNs was primarily attributed to the sup-
pression of pSTING. To validate this hypothesis, pSTING 
R284M (Arg to Met), an activation mutant of STING that 
is independent of cGAMP, was used in dual-luciferase 
reporter assays. As expected, PDCoV nsp2 was able to 
significantly suppress the activities of pIFNβ and pIFNλ1 
induced by pSTING R284M in the absence of cGAS (Fig-
ure  2D). These findings collectively suggested that pST-
ING may be the target of PDCoV nsp2 to inhibit porcine 
type I and III IFN production.

Figure 2  PDCoV nsp2 targets pSTING to antagonize type I and III IFN. A, B LLC-PK1 cells were co-transfected with Myc-nsp2 or an empty 
vector, and Flag-pSTING, HA-pcGAS, Flag-tagged porcine TBK1, IKKε, IRF3-5D, IRF7 or an empty vector as a control, along with pGL3-pIFNβ 
A and pGL3-pIFNλ1 B. At 24 h post-transfection, the cells were lysed for dual-luciferase assays. C The luciferase activities of pGL3-pIFNβ 
and pGL3-pIFNλ1 were set to 100% according to A, B. D LLC-PK1 cells were co-transfected with Myc-nsp2 or an empty vector 
and Flag-pSTING-R284M, Flag-pSTING or an empty vector as a control, along with pGL3-pIFNβ and pGL3-pIFNλ1. At 24 h post-transfection, the cells 
were lysed for dual-luciferase assays. All the data are presented as the means ± SDs of three independent experiments (*P < 0.05 and **P < 0.01).
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PDCoV nsp2 interacts with pSTING
To investigate whether nsp2 antagonized IFNs through 
direct interaction with STING, transient transfection 
and co-IP experiments were conducted. The results 
showed that PDCoV nsp2 was associated with pSTING 
in HEK293T cells (Figure  3A). Reverse co-IP also con-
firmed their interaction (Figure  3B). Moreover, PDCoV 
nsp2 could bind to endogenous pSTING in LLC-PK1 
cells and IPEC-J2 cells (Figure 3C and Additional File 3). 
The colocalization of pSTING with nsp2 was observed in 
the endoplasmic reticulum (ER), with a Pearson correla-
tion coefficient of 0.87 (Figure 3D).

To explore the domain of pSTING involved in the inter-
action with PDCoV nsp2, truncated mutants (aa 1 to 149, 
aa 1 to 195, aa 1 to 343, and aa 1 to 379) of pSTING were 
constructed and subjected to co-IP with PDCoV nsp2. 
The co-IP assay showed that the N-terminal fragment 
without the CTT domain of pSTING was sufficient for 
interaction with nsp2 (Figure 3E and Additional file 4A). 
The STING CTT domain is essential for IFN induction. 
To further identify the PDCoV nsp2 domains responsible 
for binding to pSTING, we constructed truncated nsp2 
proteins (aa 1 to 189, aa 1 to 303, aa 1 to 357, and aa 1 
to 476) and subjected them to co-IP with pSTING. We 
found that PDCoV nsp2 aa 1 to 303 clearly coprecipitated 
with pSTING, indicating that the N-terminal region of 
PDCoV nsp2 was responsible for the interaction (Fig-
ure  3F and Additional file  4B). Together, these results 
demonstrated that the N-terminal region of nsp2 inter-
acted with the pSTING-ΔCTT domain, thereby regulat-
ing the IFN signalling pathway.

PDCoV nsp2 promotes the degradation of pSTING
STING protein expression during viral infection is closely 
related to its function. In this study, we also observed 
decreased expression of pSTING in cells expressing nsp2 
(Figure  3A). To determine whether PDCoV nsp2 could 
affect the expression of pSTING, increasing amounts 
of PDCoV nsp2 were co-transfected with or without 
the pSTING expression plasmid. Western blot analysis 
showed that both the exogenous pSTING and endog-
enous pSTING protein expression levels could be sup-
pressed by PDCoV nsp2 in a dose-dependent manner 
(Figures 4A and B). Moreover, endogenous pSTING pro-
tein expression was analysed in the context of PDCoV 
infection. We found that PDCoV strongly downregulated 
endogenous pSTING expression in infected cells (Fig-
ure  4C). However, the RT‒qPCR results revealed that 
PDCoV nsp2 did not affect the level of pSTING mRNA 
(Figure 4D). This indicated that nsp2-mediated downreg-
ulation of pSTING did not occur at the transcriptional 
level.

To further determine whether PDCoV nsp2 degraded 
pSTING during nsp2-mediated type I and III IFN pro-
duction inhibition, the pcGAS and pSTING expression 
plasmids and increasing amounts of the PDCoV nsp2 
plasmid, along with the pIFNβ or pIFNλ1 luciferase 
reporter plasmids, were co-transfected, followed by dual-
luciferase reporter assays and Western blot analysis. As 
expected, the luciferase activities of pcGAS-pSTING-
induced pIFNβ and pIFNλ1 were significantly inhibited 
in a dose-dependent manner by increasing the expres-
sion of PDCoV nsp2. Moreover, a gradual decrease in the 
pSTING protein level was detected (Figure  4E). Taken 
together, these findings indicated that PDCoV nsp2 
could inhibit pcGAS-pSTING-induced type I and III 
IFN production by degrading pSTING. To explore the 
mechanisms of nsp2-mediated pSTING protein degrada-
tion, we treated nsp2-pSTING-expressing cells with the 
proteasome inhibitor MG132 and found that the nsp2-
induced degradation of pSTING was strongly blocked by 
MG132 compared with that in DMSO-treated cells (Fig-
ure 4F). Collectively, these results suggested that PDCoV 
nsp2 promoted the degradation of pSTING via the ubiq-
uitin‒proteasome pathway.

PDCoV nsp2 catalyses the K48‑linked ubiquitination 
of pSTING
Proteosomes generally degrade proteins that are tagged 
with ubiquitin via proteolytic cleavage [34]. To explore 
whether PDCoV nsp2 regulated pSTING ubiquitina-
tion, HEK293T cells were co-transfected with ubiquitin, 
pSTING, and either PDCoV nsp2 or an empty vector. 
We found that the ubiquitination of pSTING was signifi-
cantly increased by PDCoV nsp2 (Figure 5A). Moreover, 
PDCoV nsp2 expression dramatically increased pST-
ING ubiquitination after VSV-GFP infection for 8  h in 
LLC-PK1 cells (Figure 5B). These data demonstrated that 
PDCoV nsp2 promoted pSTING ubiquitination for deg-
radation. Given that K48 and K63 chains are the most 
prevalent types of ubiquitin chains, we then examined 
the role of K48 and K63 ubiquitin chains in nsp2-medi-
ated pSTING degradation. Immunoprecipitation analy-
sis revealed that the ubiquitin-K48 mutant, but not the 
ubiquitin-K63 mutant, increased pSTING ubiquitination, 
indicating that PDCoV nsp2 catalysed the K48-linked 
ubiquitination of pSTING (Figure 5C).

Sequence analysis identified six lysine residues (K61, 
K112, K150, K187, K236, and K289) in pSTING. To 
identify the ubiquitination sites on pSTING, a series of 
pSTING mutants were generated by individually replac-
ing the lysine residue with arginine, and their ubiqui-
tination was analysed in the presence of PDCoV nsp2. 
K150R and K236R blocked the nsp2-mediated ubiq-
uitination of pSTING (Figure  5D). To further identify 
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Figure 3  PDCoV nsp2 interacts with pSTING. A, B HEK293T cells were co-transfected with Flag-pSTING and Myc-nsp2 or the corresponding 
empty vector. At 28 h post-transfection, the cells were lysed for Co-IP with Flag-affinity magnetic beads or Myc-affinity magnetic beads, followed 
by Western blotting with anti-Flag, anti-Myc, and anti-GAPDH antibodies. C LLC-PK1 cells were transfected with Myc-nsp2 or an empty vector. At 
28 h post-transfection, the cells were lysed for Co-IP with Myc-affinity magnetic beads and subjected to Western blotting with anti-STING, anti-Myc, 
and anti-GAPDH antibodies. D LLC-PK1 cells were co-transfected with Flag-pSTING and Myc-nsp2. At 28 h post-transfection, the cells were fixed 
for immunofluorescence assays to detect pSTING (green) and nsp2 (blue) with anti-Flag and anti-Myc antibodies, respectively. The ER was stained 
with ER-Tracker (red). Fluorescence images were acquired with a confocal laser scanning microscope (scale bar: 10 μm). E HEK293T cells were 
co-transfected with Myc-nsp2 and truncated Flag-tagged pSTING (aa 1 to 149, aa 1 to 195, aa 1 to 343, and aa 1 to 379). At 28 h post-transfection, 
the cells were lysed for Co-IP with Flag-affinity magnetic beads, followed by Western blotting. F HEK293T cells were co-transfected 
with Flag-pSTING and Myc-tagged truncated nsp2 (aa 1 to 189, aa 1 to 303, aa 1 to 357, and aa 1 to 476). At 28 h post-transfection, the cells were 
lysed for Co-IP with Flag-affinity magnetic beads, followed by immunoblotting. Western blotting was used to detect the proteins in the WCLs 
and immunoprecipitates with anti-Flag, anti-Myc, or anti-GAPDH antibodies.
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the nsp2-mediated ubiquitination sites on pSTING, we 
simultaneously mutated these two lysine residues to 
arginines (K150/236R) and evaluated their effect on ubiq-
uitination. The results showed that PDCoV nsp2 failed to 
trigger ubiquitination of the pSTING K150/236R mutant 
(Figure  5E). These results collectively indicated that the 

K150 and K236 residues of pSTING were involved in 
nsp2-mediated K48-linked ubiquitination of pSTING.

Discussion
IFNs play crucial roles in the innate immune system, 
especially in antiviral defence [35]. Among them, type 
III IFN, also known as IFNλ, has attracted increasing 

Figure 4  PDCoV nsp2 promotes the degradation of pSTING A LLC-PK1 cells were transfected with Flag-pSTING and increasing amounts 
of Myc-nsp2 (100 ng, 200 ng, or 500 ng) or an empty vector for 24 h, followed by Western blotting with anti-Flag, anti-Myc and anti-GAPDH 
antibodies. B LLC-PK1 cells were transfected with increasing amounts of Myc-nsp2 (100 ng, 200 ng, or 500 ng) or an empty vector. At 24 h 
post-transfection, the cells were lysed for Western blotting with anti-STING, anti-Myc, and anti-GAPDH antibodies. C LLC-PK1 cells were left 
uninfected or infected with PDCoV at an MOI of 1. The cells were harvested at 6 h, 12 h, or 24 h for Western blotting with anti-STING, anti-PDCoV-N, 
and anti-GAPDH antibodies. D LLC-PK1 cells were transfected with increasing amounts of Myc-nsp2 (100 ng, 200 ng, or 500 ng) or an empty vector. 
At 24 h post-transfection, the cells were lysed for RNA extraction. RT‒qPCR was used to detect the relative expression of pSTING mRNA. E LLC-PK1 
cells were co-transfected with Flag-pSTING, HA-pcGAS, pRL-TK and increasing amounts of Myc-nsp2 (100 ng, 200 ng, 500 ng, or 750 ng) or an empty 
vector as a control, along with pGL3-pIFNβ or  pGL3-pIFNλ1. At 24 h post-transfection, the cells were lysed for dual-luciferase assays and Western 
blotting. F LLC-PK1 cells were co-transfected with Flag-pSTING and Myc-nsp2 or an empty vector. At 16 h post-transfection, the cells were treated 
with MG132 (20 μM) or DMSO as a control for 8 h before being harvested for Western blotting. All the experiments were performed independently 
three times.
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attention in recent years due to its distinct and nonredun-
dant functions [36]. Murine models of enteric virus infec-
tion have shown that the intestinal epithelium exclusively 
relies on IFNλ for protection after the neonatal period, 

despite all tested cell lines being responsive to IFN-α/β 
[37]. While transcriptome analysis has confirmed that 
type III IFN induces a subset of ISGs shared with type I 
IFN, type III IFN induces in more sustained expression 

Figure 5  PDCoV nsp2 catalyses K48-linked ubiquitination of pSTING. A HEK 293 T cells were co-transfected with Flag-pSTING, Myc-nsp2 
or an empty vector, and HA-Ub or an empty vector. At 24 h post-transfection, the cells were lysed for Co-IP with Flag-affinity magnetic beads 
and subjected to Western blotting. B LLC-PK1 cells were co-transfected with Flag-pSTING, Myc-nsp2 or an empty plasmid and  HA-Ub or an empty 
vector. At 20 h post-transfection, the cells were infected with VSV-GFP for another 8 h. The cells were lysed for Co-IP with Flag-affinity beads 
and subjected to Western blotting. C LLC-PK1 cells were co-transfected with Flag-pSTING and Myc-nsp2 or an empty vector containing HA-Ub, K48 
only, or K63 only. At 28 h post-transfection, the cells were lysed for Co-IP with Flag-affinity beads and immunoblotting analysis. D, E LLC-PK1 cells 
were co-transfected with Myc-nsp2 or an empty vector and HA-Ub, along with the Flag-pSTING lysine mutants K61R, K112R, K150R, K187R, K236R, 
and K289R (D) or K150/236R (E). At 24 h post-transfection, the cells were lysed for Co-IP with Flag-affinity beads and Western blotting.
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of ISGs than type I IFN [38]. To establish an effective 
infection in the host, PDCoV has evolved multiple strat-
egies to counteract the IFN response. To date, most 
studies on PDCoV evasion strategies against IFN have 
focused predominantly on type I IFN, which involves 
multiple PDCoV viral proteins, such as N, NS6, and 
nsp5 [24–26]. In a previous study, PDCoV infection was 
shown to antagonize IFN-λ1 production by reducing 
the peroxisome count and blocking IRF1 nuclear trans-
location [10]. However, the specific mechanism utilized 
by PDCoV still lacks a thorough exploration. We found 
that PDCoV infection inhibited cGAS-STING-induced 
pIFNβ and pIFNλ1 promoter activities in LLC-PK1 cells 
in our previous study (see Additional file 5). In this study, 
we conducted a comprehensive analysis of the impact of 
PDCoV proteins on both type I and III IFN production, 
further exploring the mechanisms underlying the regula-
tion of IFN production by PDCoV-derived proteins. Our 
findings revealed that several viral proteins encoded by 
PDCoV, including several structural proteins and non-
structural proteins, efficiently inhibited the activation of 
type I and III IFN promoters induced by cGAS-STING 
(Figure  1A). Similar to type I IFNs, type III IFNs con-
sist of multiple subtypes. There are four IFNs (IFNλ1, 
IFNλ2, IFNλ3, and IFNλ4) in humans but only three 
(IFNλ1, IFNλ3, and IFNλ4 but no IFNλ2) in swine [39]. 
Here, we showed that ectopic expression of PDCoV nsp2 
suppressed the production of IFNλ1 induced by cGAS-
STING (Figure 1). The basal mRNA expression levels of 
IFNλ3 and IFNλ4 in the tested cells were markedly lower 
than those of IFN-λ1. Hence, IFN-λ1 was selected exclu-
sively as the representative type III IFN in our mechanis-
tic investigations.

Innate cytosolic sensing of foreign nucleic acids is a key 
initiator of the innate immune response to viral infec-
tion [40]. Due to the PDCoV RNA genome, the RNA-
sensing pathway typically plays a major role, but the 
interplay with the DNA-sensing pathway makes indirect 
activation by PDCoV equally vital [13]. Although STING 
serves as a well-known key adaptor molecule in the 
innate immune response to DNA viruses, an increasing 
amount of research indicates that STING evasion mecha-
nisms are also prevalent in various RNA virus infections, 
including flaviviruses, influenza A virus, and coronavi-
ruses [41]. The initial evidence of STING antagonism in 
RNA virus infection, as demonstrated by dengue virus 
(DENV), is that DENV NS2B3 can cleave human STING 
[42]. Additionally, the influenza virus NS1 has been 
shown to interact with mitochondrial DNA (mtDNA) 
induced by M2, inhibiting STING-dependent antiviral 
immunity [43]. Moreover, porcine epidemic diarrhoea 
virus (PEDV) and TGEV were found to deubiquitinate 
STING via a papain-like protease, counteracting host 

antiviral innate immunity by inhibiting STING activa-
tion [44, 45]. Although several studies have addressed 
the evasion strategies of RNA viruses against STING, it 
is still unclear whether PDCoV exploits similar mecha-
nisms to evade the STING-induced IFN response. Our 
findings revealed for the first time that numerous viral 
proteins encoded by PDCoV, including structural pro-
teins and nonstructural proteins, efficiently inhibited the 
pcGAS-pSTING-dependent activation of porcine IFN 
promoters. Furthermore, PDCoV nsp2 specifically tar-
geted pSTING, rather than pcGAS, to evade the pcGAS-
pSTING-induced IFN response.

Ubiquitination, an essential post-translational modi-
fication, is widely recognized as the most efficient regu-
latory mechanism of STING [46]. In the present study, 
we found that PDCoV nsp2-mediated degradation of 
pSTING was suppressed by the proteasome inhibitor 
MG132 (Figure  4F). Moreover, PDCoV nsp2 promoted 
the ubiquitination of pSTING (Figure  5A and B). These 
results indicated that PDCoV nsp2 promoted the deg-
radation of pSTING through the ubiquitin‒proteasome 
pathway. Notably, PDCoV nsp2 did not completely lose 
its ability to induce degradation of pSTING, suggest-
ing that nsp2 may utilize other cellular mechanisms to 
degrade pSTING. In addition to the ubiquitin‒protea-
some pathway, lysosomal degradation through selective 
autophagy is also an important mechanism [47]. Confo-
cal microscopy revealed that PDCoV nsp2 and pSTING 
were mainly colocalized in the cytoplasm with obvious 
speckle-like signals (Figure 3D). Hence, whether PDCoV 
nsp2 degrades pSTING through the autophagic lysoso-
mal pathway or other noncanonical protein degradation 
pathways and what mechanisms are involved are issues 
that are currently under investigation in our laboratory.

The ubiquitination of STING at distinct lysine residues 
may regulate similar biological functions. For instance, 
RNF5 and RNF90 were found to degrade STING by 
promoting K48-linked ubiquitination at K150 [48, 49]. 
However, TRIM29 catalyses STING at K370 via K48-
linked ubiquitination and subsequent degradation [50]. 
Additionally, autocrine motility factor receptor (AMFR) 
and TRIM32 target STING at K150 by K27-linked and 
K63-linked polyubiquitination, respectively [51, 52]. 
These two different E3 ubiquitin ligases target the same 
lysine residues in different types of ubiquitination. In this 
study, we demonstrated that PDCoV nsp2 promoted K48 
polyubiquitination of STING (Figure  5C). Compared to 
transfection with wild-type STING, transfection with 
the K150/236R mutant resulted in significantly less deg-
radation by PDCoV nsp2 (Figure  5E). The degradation 
of STING is commonly assisted by a specific E3 ubiq-
uitin ligase. According to previous studies, E3 ubiquitin 
ligases, including RNF5, RNF90, TRIM29, and TRIM30α, 
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are pivotal regulators of the protein stability of STING 
and mainly promote K48-linked polyubiquitination 
[48–50]. However, we confirmed that these E3 ubiquitin 
ligases could not be recruited by nsp2 (Additional file 6). 
The immediate early protein 1 (IE1) of human cytomeg-
alovirus (HCMV) was reported to have potential E3 
ubiquitin ligase activity, facilitating the ubiquitination 
and degradation of its substrate Hes1 [53]. Therefore, 
it is possible that nsp2 itself directly ubiquitinates pST-
ING. However, we found that nsp2 does not contain the 
usual motif present in E3 ubiquitin ligase family proteins. 
Hence, further research is necessary to identify the E3 
ubiquitin ligase responsible for facilitating PDCoV nsp2-
induced pSTING ubiquitination.

In summary, our current study is the first to reveal that 
PDCoV nsp2 acts as an IFN antagonist. Furthermore, 
PDCoV nsp2 interacts directly with pSTING and induces 
pSTING degradation through the ubiquitin‒proteasome 
pathway. Although PDCoV is a single-stranded RNA 
virus that typically antagonizes the RLR pathway for 
immune evasion, our findings demonstrate that PDCoV 
may encode viral proteins that suppress the cGAS-
STING pathway, further interfering with the host innate 
immune response. This study provides a foundation for 
functional studies of the coronavirus nsp2 protein and 
may assist future drug design.
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Additional file 1. PDCoV nsp2 inhibits cGAS-STING-induced type I 
and III IFN promoter activation. IPEC-J2 cells were co-transfected with 
pRL-TK, Myc-nsp2 or an empty vector, HA-pcGAS, and Flag-pSTING or 
the empty vector, along with pGL3-pIFNβ (A) or pGL3-pIFNλ1 (B). At 24 h 
post-transfection, the cells were lysed for dual-luciferase assays.

Additional file 2. PDCoV nsp2 inhibits poly(dA:dT)-induced type I 
and III IFN promoter activation. LLC-PK1 cells were co-transfected with 
pRL-TK, Myc-nsp2, or an empty vector with or without poly(dA:dT), along 
with pGL3-pIFNβ (A) or pGL3-pIFNλ1 (B). At 24 h post-transfection, the 
cells were lysed for dual-luciferase assays.

Additional file 3. PDCoV nsp2 interacts with pSTING. IPEC-J2 cells were 
transfected with Myc-nsp2 or an empty vector. At 28 h post-transfection, 
the cells were lysed for Co-IP with Myc-affinity magnetic beads and sub-
jected to Western blotting with anti-STING, anti-TBK1, anti-IRF3, anti-Myc, 
and anti-GAPDH antibodies.

Additional file 4. PDCoV nsp2 interacts with pSTING. A HEK293T cells 
were co-transfected with Myc-nsp2 and truncated Flag-tagged pSTING 
(aa 1 to 149, aa 1 to 195, aa 1 to 343, and aa 1 to 379). At 28 h post-
transfection, the cells were lysed for Co-IP by Myc-affinity magnetic beads, 
followed by Western blotting. B HEK293T cells were co-transfected with 
Flag-pSTING and Myc-tagged truncated nsp2 (aa 1 to 189, aa 1 to 303, aa 
1 to 357 and aa 1 to 476). At 28 h post-transfection, the cells were lysed for 
Co-IP by Myc-affinity magnetic beads followed by immunoblotting. West-
ern blotting was used to detect the proteins in the WCLs and immunopre-
cipitates with anti-Flag, anti-Myc, or anti-GAPDH antibodies.

Additional file 5. PDCoV infection inhibits cGAS-STING-induced type 
I and III IFN promoter activation. LLC-PK1 cells were co-transfected 
with pRL-TK, HA-pcGAS, and Flag-pSTING or the empty vector, along with 

pGL3-pIFNβ (A) or pGL3-pIFNλ1 (B). At 12 h post-transfection, the cells 
were uninfected or infected with PDCoV at an MOI of 0.1. At 24 h post-
infection, the cells were lysed for dual-luciferase assays.

Additional file 6. PDCoV nsp2 cannot interact with RNF5, RNF90 or 
TRIM29. LLC-PK1 cells were co-transfected with Myc-nsp2 or an empty 
vector and porcine RNF5 (A), RNF90 (B), or TRIM29 (C). At 28 h post-
transfection, the cells were lysed for Co-IP with Myc-affinity magnetic 
beads and subjected to Western blotting with anti-Flag, anti-Myc and anti-
GAPDH antibodies.
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