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Cyclic GMP-AMP synthase (cGAS) recognizes viral DNA and synthesizes cyclic

GMP-AMP (cGAMP), which activates stimulator of interferon genes (STING/MITA)

and downstream mediators to elicit an innate immune response. African swine

fever virus (ASFV) proteins can antagonize host immune responses to promote its

infection. Here, we identified ASFV protein QP383R as an inhibitor of cGAS.

Specifically, we found that overexpression of QP383R suppressed type I

interferons (IFNs) activation stimulated by dsDNA and cGAS/STING, resulting in

decreased transcription of IFNb and downstream proinflammatory cytokines. In

addition, we showed that QP383R interacted directly with cGAS and promoted

cGAS palmitoylation. Moreover, we demonstrated that QP383R suppressed DNA

binding and cGAS dimerization, thus inhibiting cGAS enzymatic functions and

reducing cGAMP production. Finally, the truncation mutation analysis indicated

that the 284-383aa of QP383R inhibited IFNb production. Considering these

results collectively, we conclude that QP383R can antagonize host innate

immune response to ASFV by targeting the core component cGAS in cGAS-

STING signaling pathways, an important viral strategy to evade this innate

immune sensor.
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1 Introduction

African swine fever virus (ASFV) is a large double-stranded, cytoplasmic DNA

arbovirus belonging to the genus Asfivirus in the family Asfarviridae (1, 2). The genomic

size of ASFV is approximately 170 to 193 kb, and the genome encodes more than 150 viral

proteins that play important roles in viral assembly, viral replication, virus-host interaction,
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and immune evasion. However, many viral proteins have unknown

functions (3–5). ASFV replicates mainly in the cytoplasm of

monocyte- and macrophage-lineage cells (6). As a complex

enveloped DNA virus, ASFV is responsible for African swine

fever disease (ASF). And this highly contagious hemorrhagic viral

disease in domestic pigs (Sus scrofa domestica) and wild boars (Sus

scrofa) has a morbidity and mortality rate of up to 100% and

threatens the global pork supply and food security (7). Despite

extensive research, there are no effective vaccines or antiviral drugs

commercially available for the prevention and control of this deadly

disease. Depletion of the virulence factors from field viruses to

generate live-attenuated vaccines (LAVs) is the most promising

strategy for the development of efficient vaccines so far (8).

Therefore, it is crit ical to identify the virulence and

immunosuppressive factors to provide potential targets for

vaccine design.

The innate immune system is the first line of host defense

against invading pathogens. Upon pathogens infection, cellular

pattern recognition receptors (PRRs) recognize pathogen-

associated molecular patterns (PAMPs) (9–11), which triggers a

series of signaling events that lead to the induction of type I

interferons (IFNs) (12), proinflammatory cytokines and other

downstream effectors (13, 14). These effectors mediate the

inhibition of microbial replication, clearance of infected cells and

facilitation of adaptive immune response to eliminate infected

pathogens (15, 16).

Among PRRs, cyclic GMP-AMP synthase (cGAS) is a recently

identified DNA sensor, which plays a pivotal role in recognizing

cytosolic DNA (17). Mechanistically, after binding to dsDNA, cGAS

forms a 2:2 complex with DNA, which allows the rearrangement of

the cGAS catalytic pocket for the subsequent binding, and then

catalyzes its substrates ATP and GTP to produce a cyclic

dinucleotide: 2’-3’-cGAMP. As a cytosolic second messenger,

cGAMP binds to the adaptor protein STING, and causes a 180°

rotation of its carboxyl ligand-binding domain relative to its

transmembrane domain, leading to STING activation (18–20).

Activated STING serves as the platform for recruitment and

activation of TBK1, which in turn phosphorylates STING and

IRF3. Phosphorylated IRF3 forms a homo-dimer to enter the

nucleus, leading to the transcription of type I IFNs and other

antiviral effector genes (21–23). In contrast, STING activation

stimulates the inhibitor of nuclear factor-kB (IkB) kinase to

release NF-kB, which translocates to the cell nucleus and activates

the transcription of type I IFNs and proinflammatory cytokine-

related genes (24).

QP383R is classified as an uncharacterized protein, which

consists of 383 amino acids. Recently, it has been reported that

QP383R represses inflammatory responses by inhibiting AIM2

inflammasome activation (25). In our study, we identified ASFV

QP383R as a negative regulator of cGAS-STING mediated innate

immunity. We found that overexpression of QP383R reduced

dsDNA-triggered and cGAS-STING-mediated innate antiviral

response. Furthermore, we found that QP383R interacted with

the nucleotidyltransferase (NTase) domain of cGAS through its

C-terminal tail (aa284-383). Palmitoylation is an important post-

translational modification of cGAS, which restricts its enzymatic
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activity in the presence of dsDNA. We showed that QP383R

promoted cGAS palmitoylation, and also impeded the DNA

binding ability and dimerization of cGAS. Importantly, QP383R

inhibited cGAS enzymatic functions and reduced cGAMP

production, thereby attenuating the downstream innate immune

response. Together, our findings reveal a novel immune evasion

mechanism of ASFV mediated by the QP383R protein, implying

that the QP383R gene could be used as a candidate target gene for

the ASFV live-attenuated vaccines.
2 Results

2.1 QP383R inhibits cGAS-STING-mediated
signaling

It has been demonstrated that the cGAS-STING axis plays a

critical role in the induction of type I IFNs in response to ASFV

infection (26). To identify ASFV proteins that target cGAS-STING-

mediated signaling, we constructed a series of expression clones each

encoding an individual ASFV protein. We performed systematic

screens for ASFV proteins that could inhibit cGAS-STING mediated

activation of the IFNb promoter and interferon-stimulated response

element (ISRE) by reporter assays in HEK293T cells. These efforts led

to the identification of 23 candidate ASFV proteins that could

antagonize cGAS-STING mediated signaling (data not shown).

Among these candidates, ASFV protein QP383R exhibited a strong

ability to inhibit cGAS-STING mediated activation of the IFNb
promoter. HEK293T cells were transfected with porcine IFNb-Luc
expression plasmid and pRL-TK plasmid along with FLAG vector or

FLAG-tagged-QP383R (FLAG-QP383R), FLAG-cGAS and FLAG-

STING expression plasmids. At 24 h post transfection (hpt), the IFNb
promoter activities were determined by using a Dual-Luciferase assay

kit. Overexpression of QP383R inhibited cGAS-STING mediated

activation of the IFNb promoter in HEK293T cells (about 25%

decreases). In addition, QP383R also inhibited the activation of

interferon-stimulated response elements (ISRE) promoter with a

more than 32% decrease (Figure 1A). Since IRF3 and nuclear

factor kB (NF-kB) collaborate to induce the transcription of the

IFNB gene, we further measured the effects of QP383R on the

activation of IRF3 and NF-kB. Consistently, QP383R suppressed

cGAS-STING mediated activation of IRF3 and NF-kB (ca. 35 and

25% decreases, respectively) (Figure 1B). To investigate whether

QP383R affects the expression of IFNb and IFN-stimulated genes

(ISGs), we measured the mRNA expression of antiviral genes in cells

that were cotransfected with FLAG-cGAS and FLAG-STING

expression plasmids. RT-qPCR experiments indicated that

overexpression of QP383R inhibited cGAS-STING-induced

transcription of antiviral genes including IFNB1, ISG54, ISG15, and

CXCL10 (Figure 1C). Since phosphorylation of TBK1, IRF3, and

IkBa are hallmarks of cGAS-STING mediated signaling, we further

examined the effects of QP383R on these events. Consistently,

overexpression of QP383R dramatically inhibited phosphorylation

of TBK1, IRF3, and IkBa in response to cGAS-STING (Figure 1D).

These data suggest that QP383R is an inhibitor of cGAS-STING

mediated signaling.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1186916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hao et al. 10.3389/fimmu.2023.1186916
2.2 QP383R inhibits dsDNA-triggered
induction of downstream antiviral genes

It has been previously reported that porcine macrophages and

monocytes are the primary target cells of ASFV (27–29). To further

determine the effect of QP383R on IFNb promoter activation, the

primary porcine alveolar macrophage (PAM) cell line 3D4/21

(CRL-2843) cells were cotransfected with FLAG vector or FLAG-

QP383R and porcine IFNb-Luc expression plasmids, as well as

pRL-TK plasmid. At 24 hpt, the cells were treated with the synthetic

double-stranded DNA (dsDNA)-mimetic poly(dA:dT) for 12 h,

and then the activation of the IFNb promoter was evaluated. The

results showed that QP383R inhibited poly(dA:dT)-induced IFNb
promoter activation in a dose-dependent manner (Figure 2A).

Overexpression of QP383R also inhibited the activation of the

ISRE promoter in a dose-dependent manner in response to

transfected poly(dA:dT) (Figure 2A). Consistently, QP383R

suppressed poly(dA:dT)-mediated activation of IRF3 and NF-kB

in a dose-dependent manner (Figure 2B). The mRNA expression of

antiviral genes in 3D4/21 cells treated with poly (dA:dT) were

measured. The results showed that the mRNA levels of IFNB1,

ISG54, CXCL10 and IL-6 genes induced upon transfection of poly

(dA:dT) were impaired with QP383R overexpression in a dose-

dependent manner (Figure 2C).
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Next, we wanted to verify whether the production of

biologically active IFNb protein and IL-6 protein is decreased by

QP383R in poly(dA:dT)-transfected 3D4/21 cells. For this purpose,

supernatants from 3D4/21 cells stimulated with poly(dA:dT) were

harvested and assessed by enzyme-linked immunosorbent assay

(ELISA) for IFNb and IL-6 production. Consistent with the results

obtained with RT-qPCR, when cells were transfected with QP383R

and stimulated with poly(dA:dT), the productions of IFNb and IL-6

proteins were inhibited as compared to empty vector-transduced

control cells (ca. 30 and 28% decreases, respectively), confirming

that the transduction pathway leading to IFNb production is

impaired in the presence of QP383R (Figure 2D). Taken together,

these data indicate that QP383R suppresses the activation of the

cGAS/STING pathway stimulated by poly(dA:dT) and blocks type I

IFN production in porcine cells.
2.3 QP383R acts at the level of cGAS

The observed inhibition of type I IFN production by the ASFV

QP383R protein raises the possibility that QP383R targets one or

several components of the cGAS-STING signaling pathway. To

identify the potential target regulated by QP383R, the porcine

IFNb-Luc and pRL-TK plasmids were co-transfected with FLAG-
B

C

DA

FIGURE 1

QP383R is an inhibitor of cGAS-STING-mediated signaling. (A, B) HEK239T cells were co-transfected with cGAS-Flag (40 ng/ml), STING-Flag (160
ng/ml), QP383R-Flag (0.5 µg/ml) or their empty vectors, and the indicated reporters (50 ng/ml) and pRL-TK (8 ng/ml). Twenty-four hours later, the
cells were harvested to determine the activities of IFNb and ISRE promoters (A), and IRF3 and NF-kB promoters (B) by luciferase assays. (C) HEK239T
cells were co-transfected with cGAS-Flag (40 ng/ml), STING-Flag (160 ng/ml), QP383R-Flag plasmid (0.5 µg/ml) or their empty vectors for 24 h. The
expression of antiviral genes including IFNB1, ISG54, ISG15, and CXCL10 were examined by qPCR. (D) HEK293T cells were transfected with cGAS-
Flag and STING-Flag or an empty vector, and the indicated amounts of QP383R-Flag plasmids for 24 h. Immunoblots were performed with anti-Flag
and the other indicated antibodies. The data are representative of three independent experiments (means ± the standard errors of the mean [SEM]).
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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QP383R expression plasmid and plasmid expressing each

component of the cGAS-STING signaling pathway (including

cGAS, STING, TBK1, IRF3, IRF3/5D, Ikka, Ikkb, and p65) into

HEK293T cells. The activation of the IFNb promoter was

determined at 24 hpt. Luciferase reporter assays indicated that

overexpression of these component molecules activated IFNb
promoter activity, while overexpression of QP383R protein

specially inhibited the activation of the IFNb promoter induced

by cGAS-STING but not STING or TBK1 or other molecules

(Figure 3A; Supplementary Figures 1A–E). These results suggest

that QP383R seems to target steps upstream of STING in the cGAS-

cGAMP-STING signal pathway.

To further confirm the specific target of QP383R, we measured

the activation of the IFNb promoter and ISRE in 3D4/21 cells

stimulated with poly(dG:dC) (another mimic of double-stranded

DNA) and 2’3’-cGAMP (an activator of STING downstream of

cGAS). Luciferase reporter assays indicated that overexpression of

QP383R inhibited poly(dG:dC)- but not 2’3’-cGAMP-induced

activation of the IFNb promoter and ISRE in a dose-dependent

manner (Figure 3B). In addition, transcription of genes including

IFNB1, ISG54 and CXCL10 following transfection of poly(dG:dC)

but not 2’3’-cGAMP, was impaired by QP383R as compared to

empty vector-transduced control cells (Figure 3C). These results
Frontiers in Immunology 04
suggest that QP383R seems to regulate the cGAS/STING pathway

upstream of cGAMP production. And this conclusion was further

confirmed since ectopic expression of QP383R dramatically

inhibited the phosphorylation of TBK1, IRF3, and IkBa in

response to poly(dG:dC). In contrast, QP383R did not have

marked effects on the phosphorylation of TBK1, IRF3, or IkBa
induced by 2’3’-cGAMP in 3D4/21 cells (Figure 3D). Thus, these

findings imply that QP383R targets cGAS for antagonizing innate

antiviral response.
2.4 QP383R interacts with cGAS

Given that cGAS is the potential cellular target of QP383R,

we next investigated whether QP383R directly interacted

with cGAS under physiological conditions. We conducted

coimmunoprecipitation (co-IP) experiments to examine whether

QP383R is associated with signaling components in cGAS-STING

pathways. HEK293T cells were transfected with HA-QP383R

expression plasmid and plasmids expressing each of the

components in cGAS-STING signaling pathway (including cGAS,

STING, TBK1, IRF3, IRF3/5D, p65, and Ikkb) for 24 h before

coimmunoprecipitation and immunoblotting analysis with the
B

C

D

A

FIGURE 2

QP383R negatively regulates dsDNA-induced antiviral response. (A, B) 3D4/21 cells were transfected with the indicated amounts of QP383R
plasmids (0.25, 0.5, and 1.0 mg/ml), and the indicated reporters (50 ng/ml) and pRL-TK (8 ng/ml). Twenty-four hours later, the cells were treated with
or without poly(dA:dT) for 12 h, and then the activation of the IFNb and ISRE promoters (A) and IRF3 and NF-kB promoters (B) were examined by
luciferase assays. (C) 3D4/21 cells were transfected with different doses of QP383R expression vectors (0.25, 0.5, and 1.0 mg/ml). At 24 h post-
transfection, cells were treated with or without poly(dA:dT) for 12 h, and then IFNB1, ISG54, CXCL-10 and IL-6 mRNAs were detected by q-PCR.
(D) 3D4/21 cells were transfected with QP383R expression vector or an empty vector for 24 h, and supernatants were harvested after stimulated
with or without poly(dA:dT) for 12 h to measure IFNb and IL-6 productions by ELISA. The data are representative of three independent experiments
(means ± the standard errors of the mean [SEM]). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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indicated antibodies. The results indicated that QP383R was

specifically associated with cGAS but not STING, TBK1, IRF3,

IRF3/5D (an active mutant of IRF3), p65 or Ikkb in overexpression

system (Figure 4A). Consistently, a reverse immunoprecipitation

experiment was also performed, and the results showed that cGAS

reciprocally coimmunoprecipitated with QP383R in transfected

HEK293T cells (Figure 4B). Endogenous coimmunoprecipitation

experiments further confirmed the association between QP383R

and cGAS in PK15 and 3D4/21 cells following poly(dA:dT)

transfection (Figure 4C). In line with this result, through

immunofluorescence assays, we found that QP383R colocalized

with cGAS in 3D4/21 cells (Figure 4D). Moreover, an in vitro

glutathione S-transferase (GST) pull-down assay further verified

their direct association, indicating a direct interaction between

cGAS and QP383R (Figure 4E).

Porcine cGAS contains three domains: an RD domain (amino

acid residues 1 to 134), a nucleotidyltransferase (NTase) domain

(amino acid residues 135 to 305), and a Mab21 domain (amino acid

residues 238 to 495) (30, 31). To further study which domain of

cGAS is involved in their interaction, we constructed a series of

truncation mutants of cGAS. HEK293T cells were cotransfected

with HA-QP383R expression plasmid and the indicated truncation
Frontiers in Immunology 05
mutants of cGAS for 24 h before coimmunoprecipitation and

immunoblotting analysis with the indicated antibodies.

Coimmunoprecipitation experiments showed that both

enzymatically active core (aa135-305) and the deletion of RD

domain (aa135-495) of cGAS could interact with QP383R.

However, RD domain (aa1-134) or Mab21 domain (aa306-495) of

cGAS could not interact with QP383R (Figure 4F). Collectively,

these results show the specific interaction between cGAS and

QP383R, and the enzymatically active core of cGAS is essential

for its binding to QP383R.
2.5 QP383R impairs DNA binding,
dimerization, and enzymatic activity of
cGAS through palmitoylation

In previous reports, the formation of a 2:2 complex with DNA is

shown to be important for cGAS activation (32). Therefore, we next

determined whether QP383R affected cGAS binding to dsDNA.

Purified proteins Flag-QP383R, Flag-cGAS, and PRK5-Flag were

incubated with or without biotinylated HSV120 (Bio-HSV120) for

in vitro pull-down assays. As shown in Figure 5A, QP383R did not
B

C D

A

FIGURE 3

QP383R targets cGAS for antagonizing innate antiviral response. (A) HEK239T cells were co-transfected with IFN-luc reporter promoter plasmid,
pRL-TK, the expression plasmids for cGAS + STING, STING or TBK1 along with QP383R or empty control plasmid. At 24 h post-transfection, cells
were analyzed using dual-luciferase reporter assays. (B) 3D4/21 cells were co-transfected with different amounts of QP383R plasmids (0.25, 0.5, and
1.0 mg/ml), pRL-TK, and IFN-luc or ISRE-luc reporter plasmid. Twenty-four hours later, the cells were treated with poly(dG:dC) or 2’3’-cGAMP for
12 h, and the activation of the IFNb or ISRE promoter was examined by luciferase assays. (C) 3D4/21 cells were transfected with different doses of
QP383R expression vectors (0.25, 0.5, and 1.0 mg/ml). At 24 h post-transfection, cells were treated with poly(dG:dC) or 2’3’-cGAMP for 12 h, and
IFNB1, ISG54, CXCL-10 mRNA were detected by q-PCR. (D) 3D4/21 cells were transfected with the indicated amounts of QP383R-Flag plasmids for
24 h. Cells were then treated with poly(dG:dC) or 2’3’-cGAMP for 12 h before harvest and analyzed by Western blotting. The data are representative
of three independent experiments (means ± the standard errors of the mean [SEM]). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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bind to Bio-HSV120 dsDNA in DNA-pull-down assays. However,

QP383R dramatically inhibited the binding of cGAS to Bio-HSV120

dsDNA (Figure 5A). The inhibitory effect of QP383R on cGAS

binding to dsDNA was in a dose-dependent manner (Figure 5B).

These results suggest that QP383R impairs cGAS binding

to dsDNA.

Previously, it has been shown that cGAS self-association and

oligomerization are important for its activation after binding to

dsDNA (33, 34). Since QP383R inhibits cGAS binding to dsDNA,

we speculated that QP383R also affected cGAS dimerization. To test

this hypothesis, we conducted coimmunoprecipitation experiments

to examine whether QP383R inhibits self-association of cGAS. Co-

IP experiments indicated that Flag-cGAS interacted with HA-cGAS,

while this self-association was inhibited with the overexpression of

QP383R (Figure 5C). Consistently, QP383R markedly inhibited

cGAS dimerization in a dose-dependent manner in Co-IP assays

(Figure 5D). The results reveal that cGAS dimerization is inhibited

by QP383R.

As previously described (35, 36), the extracts from DNA-

transfected cells contain cGAMPs, which activate the IFNb and

ISRE promoters, trigger the expression of IFNB1, ISG56, ISG54 and

CXCL10 genes, and induce TBK1, IRF3, and IkBa phosphorylation.

To elucidate the mechanisms on how QP383R antagonizes innate

antiviral response, we next assessed whether QP383R affected cGAS

enzymatic activity. Using a previously developed bioassay (37), we
Frontiers in Immunology 06
transfected 3D4/21 cells with or without QP383R for 24 h, then

stimulated with HSV60 (another mimic of double-stranded DNA)

to stimulate cGAMP production. Cell lysates were digested with

DNase and then boiled to remove DNA and proteins, and the

supernatant containing cGAMPs were collected by centrifugation

and added to 3D4/21 cells with digitonin, followed by measurement

of IFNb expression, which indirectly represents the cGAMP level.

As shown in Figure 5E, the activation of IFNb and ISRE promoter

in 3D4/21 cells was dramatically increased with the addition of the

supernatant, indicating that cGAS was activated to produce a large

amount of cGAMPs. However, QP383R overexpression

significantly reduced the activation of IFNb and ISRE promoters,

suggesting that QP383R restricted cGAS activity and cGAMP

production (Figure 5E). Consistently, QP383R overexpression

inhibited the cGAMP-mediated expression of antiviral genes,

including IFNB1, ISG56, ISG54 and CXCL10 (with decreases of

ca. 36, 45, 50, and 26%, respectively). (Figure 5F). The same results

were obtained when we assessed the phosphorylation level of TBK1,

IRF3, and IkBa (Figure 5G). TBK1, IRF3, and IkBa were

apparently phosphorylated after transfection of the supernatant,

whereas QP383R overexpression markedly inhibited TBK1, IRF3,

and IkBa phosphorylation, confirming the negative role of QP383R

on the enzymatic activity of cGAS. Taken together, our findings

suggest that QP383R impairs the synthesis of cGAMPs by inhibiting

DNA binding and dimerization of cGAS.
B C

D
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FIGURE 4

QP383R interacts with cGAS. (A) HEK293T cells were transfected with HA-tagged QP383R and Flag-tagged cGAS, STING, TBK1, IRF3, IRF3/5D, p65,
Ikkb or an empty vector for 24 h. Coimmunoprecipitations and immunoblots were performed with the indicated antibodies. (B) HEK293T cells were
co-transfected with HA-cGAS and Flag-QP383R or their empty vectors for 24 h. Coimmunoprecipitations and immunoblots were performed with
the indicated antibodies. (C) 3D4/21 and PK15 cells were transfected with Flag-QP383R or an empty vector for 24 h. Cells were then stimulated with
poly(dA:dT) for 12 h before harvest and endogenous coimmunoprecipitation and immunoblotting analysis with the indicated antibodies. (D) 3D4/21
cells were transfected with Flag-QP383R expression vector or an empty vector (1.0 mg/ml) for 24 h. The colocalization of cGAS and QP383R was
observed with confocal microscope (cGAS: green; Flag-QP383R: red; nucleus: blue). (E) Purified protein GST-cGAS was incubated with glutathione
agarose beads and purified His-QP383R before pull-down assays analysis with the indicated antibodies. (F) HEK293T cells were co-transfected with
HA-QP383R expression plasmid and Flag-cGAS or its truncation mutants for 24 h before coimmunoprecipitation and immunoblotting analysis with
the indicated antibodies.
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In the cGAS-STING signaling pathway, it has been reported that

palmitoylation of cGAS inhibits DNA binding and cGAS dimerization,

and also restricts its enzymatic activity (38). Next, we wanted to verify

whether QP383R regulates the palmitoylation of cGAS. We detected

cGAS palmitoylation using IP-ABE assay. We replaced the

palmitoylation modification of cGAS with biotin modification, and

analyzed the changes in the palmitoylation levels of cGAS by western

blot using the affinity of biotin and streptavidin. As shown in

Figure 5H, the protein samples treated with NH2OH developed a

cGAS band, indicating that cGAS was modified by palmitoylation.

Interestingly, we found that QP383R promoted elevation of the

palmitoylation level of cGAS stimulated with poly(dA:dT) (Figure 5H).

These results suggest that QP383R inhibits DNA binding, cGAS

dimerization, and the enzymatic activity of cGAS due to

palmitoylation of cGAS promoted by QP383R.
2.6 Amino acids 284-383 in QP383R are
responsible for its inhibitory effect on
IFN-I production

QP383R is a non-structural protein of ASFV, which is known as

an uncharacterized protein. QP383R is highly conserved among

virulent and nonvirulent isolates and consists of 383 amino acids,
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which contains a predicted “aminotransferase class-V”motif (aa32-

283). To identify the key domains in QP383R that were essential for

its interaction with cGAS, a series of truncated mutants were

generated, including FLAG-QP383R 1-31aa, FLAG-QP383R 32-

283aa, FLAG-QP383R 284-383aa, FLAG-QP383R 1-283aa and

FLAG-QP383R 32-383aa. HEK293T cells were cotransfected with

FLAG vector, FLAG-QP383R, or each of the FLAG-QP383R

mutant expression plasmids, and HA-cGAS expression plasmid.

And then, the cell lysates were immunoprecipitated with anti-FLAG

antibody and analyzed by Western blotting. The co-IP result

showed that only the amino acids 284-383 in QP383R retained

the interaction with cGAS, whereas other QP383R mutant

expression plasmids without 284-383aa abolished the binding

with cGAS (Figure 6A), suggesting that the region of amino acids

284-383 in QP383R is essential for the interaction between QP383R

and cGAS.

Based on this observation, we speculate that the immunosuppressive

function of QP383R maybe need its interaction with cGAS. To test

this hypothesis, we cotransfected HEK293T cells with HA vector,

HA-QP383R, or HA-QP383R-1-283 (deletion of the amino acid

284 to 383 region of QP383R) mutant expression plasmid and

stimulated with poly(dA:dT) for 12 h, and IP-ABE assay was used to

analyze the changes in the palmitoylation levels of cGAS. As

expected, QP383R promoted the palmitoylation of cGAS, while
B C D

E F G H

A

FIGURE 5

QP383R inhibit cGAS activation. (A, B) HEK293T cells were transfected with Flag-QP383R, Flag-cGAS and PRK5-Flag plasmids (1.0 mg/ml). Twenty-
four hours later, the cell lysates were incubated with anti-FLAG M2 magnetic beads at 4°C for 4 hours, then eluted with 3 × Flag peptide to purify
proteins. The purified proteins were incubated with biotinylated HSV120 and streptavidin-Sepharose beads for in vitro pull-down assays. The bound
proteins were then analyzed by immunoblots with the indicated antibodies. (C) HEK293T cells were transfected with the indicated plasmids for 24 h
before co-immunoprecipitation and immunoblotting analysis with the indicated antibodies. (D) HEK293T cells were transfected with HA-cGAS (1.0
mg/ml) and Flag-QP383R (0.5, 1.0, and 2.0 mg/ml) for 24 h, cell extracts were incubated with purified GST-cGAS and glutathione agarose beads for 3
hours at 4°C before coomassie staining and/or immunoblot analysis. (E–G) Effects of QP383R on cGAMP synthesis induced by transfected HSV60.
3D4/21 cells were transfected with QP383R expression vector or an empty vector (1.0 mg/ml). Twenty-four hours later, cells were stimulated with
HSV60 (3.0 mg/ml) for 6 h, and then cell extracts containing cGAMP were delivered to digitonin-permeabilized 3D4/21 cells for 4 h before luciferase
assays (E), qPCR analysis (F) or western blot analysis (G). (H) HEK293T cells were co-transfected with Flag-cGAS (0.5 mg/ml) and HA-QP383R (1.0 mg/
ml). At 24 h post-transfection, the cells were harvested after stimulated with or without poly(dA:dT) for 12 h to determine cGAS palmitoylation by IP-
ABE assay. The data are representative of three independent experiments (means ± the standard errors of the mean [SEM]). *P ≤ 0.05; **P ≤ 0.01.
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the deletion of the amino acid 284 to 383 region of QP383R

completely abrogated the promotion of cGAS palmitoylation

(Figure 6B). These results suggest that the amino acid 284 to 383

region in QP383R is essential for QP383R to modulate cGAS

palmitoylation, implying that QP383R promotes cGAS

palmitoylation needs its amino acid 284-383 region to interact

with cGAS first.

To further confirm whether the deletion of the amino acid 284

to 383 region in QP383R loses its inhibitory effect on dsDNA

binding to cGAS, HEK293T cells were cotransfected with FLAG-

QP383R or FLAG-QP383R-1-283 and HA vector or HA-cGAS.

Then cell lysates were incubated with biotinylated HSV120 for 1

hour followed by incubation with streptavidin agarose for 2 h. The

agarose beads were analyzed by immunoblotting. As expected,

QP383R impaired the interaction between cGAS and HSV-120 (a

double-stranded DNA). While, deletion of amino acid 284 to 383

region in QP383R lost its inhibitory activity against dsDNA binding

to cGAS (Figure 6C).

The amino acids 284 to 383 region of QP383R was further

clarified to be crucial for its immunosuppressive function. 3D4/21
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cells were cotransfected with FLAG vector or FLAG-QP383R or

FLAG-QP383Rmutant expression plasmid along with porcine IFNb-
Luc expression plasmid and pRL-TK plasmid. At 24 hpt, the cells

were treated with poly(dA:dT) for 12 h, and the activation of the

IFNb promoter was evaluated. QP383R, QP383R 284-383aa and

QP383R 32-383aa but not other QP383Rmutant expression plasmids

suppressed IFNb promoter activation (Figure 6D), suggesting that the

C-terminal domain of QP383R (aa284-383) is responsible for

blocking cGAS-STING signaling pathway activation.

We also measured the mRNA expression of IFNb in 3D4/21

cells. 3D4/21 cells were cotransfected with FLAG vector or FLAG-

QP383R or FLAG-QP383R mutant expression plasmid and

stimulated with poly(dA:dT) for 12 h. Consistently, only QP383R,

QP383R 284-383aa, and QP383R 32-383aa reduced the

transcription of IFNB1 (Figure 6E). In line with these results,

through Western blot, we found that only QP383R and QP383R

284-383aa inhibited the phosphorylation of TBK1, IRF3 and IkBa
in response to poly(dA:dT) (Figure 6F).

Taken together, these results indicate that QP383R has an

activity to suppress the host antiviral response through blocking
B C

D E F

A

FIGURE 6

284-383aa of QP383R was essential for its inhibitory effect. (A) HEK293T cells were co-transfected with HA-cGAS expression plasmid and Flag-
QP383R or its truncation mutants for 24 h before coimmunoprecipitation and immunoblotting analysis with the indicated antibodies. (B) HEK293T
cells were co-transfected with Flag-cGAS (0.5 mg/ml) and HA-QP383R FL (1.0 mg/ml) or HA-QP383R 1-283 (1.0 mg/ml). At 24 h post-transfection,
the cells were harvested after stimulated with or without poly(dA:dT) for 12 h to determine cGAS palmitoylation by IP-ABE assay. (C) The purified
proteins were incubated with the indicated biotinylated HSV120 and streptavidin-Sepharose beads for in vitro pull-down assays. The bound proteins
were then analyzed by immunoblots with the indicated antibodies. (D) 3D4/21 cells were transfected with the indicated plasmids (1.0 mg/ml), IFN-luc
reporter promoter plasmid (50 ng/ml), and pRL-TK (8 ng/ml). Twenty-four hours later, the cells were treated with or without poly(dA:dT) for 12 h,
and then the activation of the IFNb promoter was examined by luciferase assays. (E) 3D4/21 cells were transfected with the indicated plasmids (1.0
mg/ml). At 24 h post-transfection, cells were treated with or without poly(dA:dT) for 12 h, and IFNB1 mRNA was detected by q-PCR. (F) 3D4/21 cells
were transfected with the indicated plasmids (1.0 mg/ml). At 24 h later, the cells were stimulated with or without poly(dA:dT) for 12 h. The cells were
then harvested and lysed for Western blot analysis to determine the levels of p-TBK1, p-IRF3 and p-IkBa. The data are representative of three
independent experiments (means ± the standard errors of the mean [SEM]). **P ≤ 0.01; ***P ≤ 0.001.
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type I IFN production, while the amino acid 284 to 383 region in the

C-terminal domain of QP383R is indispensable for its inhibitory

function against type I IFN production.
3 Discussion

Type I interferons represent one of the first lines of defense

against the invasion of virus. When a virus infects hosts, various

pattern recognition receptors recognize pathogen-associated

molecular patterns and result in the activation of innate immune

signaling pathways to produce IFN-I (39). As an important axis in

activating innate immune signaling pathways to produce IFN-I, the

cGAS-STING signaling axis could not only detects pathogenic

DNA to trigger an innate immune reaction involving a strong

type I interferon response against microbial infections, but also can

be activated by endogenous DNA, including extranuclear

chromatin resulting from genotoxic stress and DNA released

from mitochondria (40).

As the cGAS-STING axis plays a crucial role in host antiviral

defense (41), many viruses have evolved various mechanisms to

antagonize this signaling pathway for efficient infection and

replication (42). For example, HCMV tegument protein UL82

contributes to HCMV immune evasion by inhibiting the cellular

trafficking and activation of MITA/STING to evade antiviral

immunity (35). UL83 inhibits gamma-interferon-inducible

protein 16 (IFI16)- and cGAS-mediated DNA sensing for

immune evasion (43). PPRV infection impairs the interaction of

IRF3 with TBK1 and inhibits IRF3 nuclear translocation, resulting

in the suppression of IFN synthesis (44). Virulent poxviruses

suppresses host type I IFN production by preventing STING

activation (45). Similar to many other DNA viruses, the cGAS-

STING axis also plays a crucial role in ASFV-induced host antiviral

defense (26, 46). Meanwhile, several proteins encoded by ASFV

could antagonize cGAS-STING signaling pathway through different

mechanisms for efficient infection and replication (47–49). For

example, it has been demonstrated that ASFV protein pA137R

negatively regulates the cGAS-STING-mediated IFNb signaling

pathway via the autophagy-mediated lysosomal degradation of

TBK1 (50). EP364R and C129R of ASFV cleave 2’3’-cGAMP to

inhibit the cGAS-STING signaling pathway (51). Moreover, DP96R

of ASFV China 2018/1 strain subverts type I IFN production in the

cGAS sensing pathway by inhibiting both TBK1 and IKKb (52).

However, whether other ASFV proteins are involved in

antagonization of innate antiviral response are largely unclear.

Here we identified ASFV protein QP383R as an inhibitor of

cGAS-STING-mediated innate antiviral response. Overexpression

of QP383R inhibited cGAS-induced activation of the IFNb
promoter and ISRE promoter. Consistently, QP383R inhibited

cytosolic dsDNA-induced production of type I IFNs and

transcription of downstream antiviral effector genes. These results

suggest that ASFV QP383R acts to antagonizing cGAS-STING-

mediated innate antiviral immune response, and has the potential

to help ASFV achieve immune escape.

As a nonredundant cytosolic DNA sensor, cGAS plays an

important role in anti-DNA virus. Therefore, different
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antagonistic mechanisms targeting cGAS have been identified in

various viruses. For example, herpes simplex virus 1 (HSV-1)

tegument protein UL37 has been reported to deamidate cGAS,

which impairs the ability of cGAS to catalyze cGAMP synthesis

(53). HSV-1 protein UL41 has been reported to directly degrade

cGAS mRNA to inhibit antiviral signaling (54). ICP27 targets the

TBK1-activated MITA/STING signalosome to inhibit antiviral

response (55). Kaposi sarcoma herpesvirus (KSHV) protein

ORF52 and cytoplasmic isoforms of LANA counteract cGAS-

STING pathways through binding to cGAS (56, 57). However, to

date, knowledge of the ASFV proteins that regulate cGAS function

is limited (58). In this report, several lines of evidence suggest that

QP383R directly targets cGAS. Firstly, overexpression of QP383R

inhibited cGAS-STING- and dsDNA-, but not cGAMP-induced

induction of type I IFNs in 3D4/21 cells and HEK293T cells,

suggesting that QP383R targets components upstream of cGAMP.

Secondly, co-IP experiments indicated that QP383R was

reciprocally associated with cGAS in vivo and in vitro.

Immunofluorescence assays further confirmed the colocalization

of QP383R with cGAS in 3D4/21 cells. Thirdly, an in vitro GST

pull-down assay further verified the direct interaction between

cGAS and QP383R.

Extensive studies have revealed the essential roles of cGAS in

multiple biological processes, including pathogen invasion and

autoimmune diseases. The function of cGAS must be tightly

controlled, preventing both over inhibition, which leads to

silenced innate immune responses and pathogen invasion, and

over activation, which may lead to auto-immune or chronic

inflammatory diseases. cGAS activity is reported to be regulated

by various PTMs, including ubiquitylation, sumoylation,

glutamylation, phosphorylation, acetylation and palmitoylation

(59). As a PTM, palmitoylation usually occurs on membrane-

associated proteins to regulate their subcellular localization or

conformational state. For the first time, cGAS is found to have

palmitoylation, but cGAS palmitoylation does not affect its

subcellular localization (38). Palmitoylation is a common

regulatory mechanism in conformational change. Shi et al. have

found that human cGAS palmitoylation alters the interaction

between specific amino acid residues and causes conformational

changes through MD simulation and biochemical verification. In

our study, we found that porcine cGAS also had palmitoylation.

Porcine cGAS is not palmitoylated in the resting state, while cGAS

palmitoylation appears under stimulation by cytosolic double-

stranded DNA. Overexpression of QP383R promoted elevation of

the palmitoylation level of cGAS stimulated with poly(dA:dT),

which inhibited DNA binding, dimerization, and the enzymatic

activity of cGAS. In our study, the palmitoylation modification of

porcine cGAS was found for the first time, and cGAS palmitoylation

was identified as a novel inhibitory mechanism of the innate

immune response to ASFV. Because the structure or function of

QP383R is still unknown, whether QP383R has palmitoylase

activity, or recruits palmitoyltransferase to interact with cGAS, or

inhibits the interaction between depalmitoylase and cGAS to

promote cGAS palmitoylation needs further investigation.

Live attenuated vaccines, developed by deleting one or more

of their specific virulence-associated and immunosuppressive
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genes in the genome of the virulent strains, have been shown to

elicit protection against experimental challenge with virulent

parental viruses (60–66). These findings suggest that the

development of attenuated ASFV recombinant viruses through

the genetic manipulation of specific gene(s) could be the most

promising strategy for vaccine development so far. As an

immunosuppressive factor, QP383R might be a potential target

for LAVs design. It has been reported that QP383R is an inhibitor

of inflammatory response and deletion of the QP383R genes

(ASFV-DQP383R) from the highly virulent ASFV CN/GS/2018

strain results in partly viral attenuation in pigs (67). In our study,

we found that QP383R is an immunosuppressive factor, inhibited

innate antiviral response by reducing the production of type I

IFNs. Meanwhile, the amino acid 284 to 383 region of QP383R is

indispensable for its inhibitory function against type I IFN

production. Therefore, we assume that existing LAVs with the

deletion of QP383R gene or deletion/mutation of its key domain

(amino acid 284 to 383) at the same time, would dramatically

induce the production of type I IFNs, which might play an

important role in improving vaccine efficacy.

Interestingly, a recent study shows that the ASFV CN/GS/2018

strain lacking the QP509L and QP383R genes (ASFV-DQP509L/
QP383R) is completely attenuated in vivo in pigs. However, the

recombinant ASFV-DQP509L/QP383R does not induce protection

against lethal ASFV challenge due to its lower levels of type I

interferon induction in porcine macrophages (67), which seems to

be in contrast to our findings that QP383R inhibits type I interferon

production. We speculate that the lower levels of type I interferon

induction in porcine macrophages infected with ASFV-DQP509L/
QP383R is due to its low- or no-replication phenotype. On the other

hand, it is reported that the same genes might have different

functions in different ASFV strains (8, 61, 63, 64, 66). Therefore,
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QP383R could play a different function in ASFV CN/GS/2018 strain

and ASFV Pig/HLJ/2018 strain.

Based on our results, we propose a working model on

QP383R-mediated immune evasion of ASFV (Figure 7). Upon

ASFV infection, QP383R is expressed and recruited to cGAS.

Subsequently, QP383R uses its amino acid 284-383 to interact

with the enzymatically active core of cGAS (aa135-305), and

promotes the palmitoylation of cGAS. While, cGAS palmitoylation

alters the interactions between specific amino acid residues and

causes a conformational change, leading to the inhibition of cGAS

DNA binding and dimerization, and the synthesis of cGAMPs. This

causes the inhibition of type I IFNs production and innate antiviral

response. In summary, these findings expand our knowledge on

regulatory mechanisms of the cGAS-STING signal pathway, as well

as the strategies of immune evasion by ASFV, which may facilitate

the development of the vaccines and therapeutics against

ASFV infection.
4 Materials and methods

4.1 Cells

Human embryonic kidney 293T (HEK293T) cells (ATCC CRL-

3216™) and porcine kidney 15 (PK-15) cells (ATCC CCL-33) were

cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco). A

porcine alveolar macrophage cell line 3D4/21 cells (ATCC CRL-

2843, which is established by transformation of PAMs with SV40

large T antigen) were maintained in RPMI medium 1640 (Gibco).

Cells were supplemented with 10% heat-inactivated fetal bovine

serum (FBS; Gibco) and 1% antibiotic/antimycotic (Gibco) and

incubated in a humid 5% CO2 incubator at 37°C.
FIGURE 7

Model of the molecular mechanism for QP383R to inhibit IFN-I production. Upon ASFV infection, QP383R is expressed. QP383R interacts with cGAS
to inhibit cGAS dimerization, DNA binding, and enzymatic activity via promoting its palmitoylation, resulting in the suppression of IFN-I production.
Figure was created with BioRender (https://biorender.com).
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4.2 Reagents and antibodies

Poly(dA:dT) naked, Poly(dG:dC) naked, 2’3’-cGAMP, and HSV-

60 naked were acquired from Invivogen. Lipofectamine 3000

transfection kit (Invitrogen); jetPRIME transfection reagent

(Polyplus-transfection); dual-luciferase reporter assay system

(Promega); digitonin (Sigma); streptavidin agarose (Solarbio);

hydroxylamine solution (HAM, Sigma-Aldrich); EZ-Link BMCC-

Biotin (ThermoFisher). The commercial antibodies used in this study

included rabbit FLAG mAb (#14793), mouse FLAG mAb (#8146),

mouse His mAb (#2366), rabbit TBK1/NAK mAb (#3504), rabbit

phosphorylated-TBK1/NAK (p-TBK1) mAb (#3504), mouse IRF3

mAb (#10949), rabbit IRF3 mAb (#4302), rabbit p-IRF3 (Ser 396)

mAb (#4947), mouse IkBamAb (#4814), and rabbit p-IkBa (Ser 32)

mAb (#2859). Streptavidin-HRP antibody (#3999) were acquired

from Cell Signaling Technology (Boston, MA, USA). The rabbit

cGAS pAb (HA500023) was obtained from HuaAn Biotechnology

(Hangzhou, Zhejiang, China). The rabbit p-IRF3 (Ser 396) mAb

(SAB4504031), rabbit HA mAb (H6908), and mouse b-actin mAb

(A1978) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
4.3 RNA extraction and real-time PCR

Total RNAs were extracted from treated cells with TRIzol

reagent (CWBIO, China), and 1mg of total RNAs were then

reverse transcribed to cDNA using HiFiScript cDNA Synthesis

Kit (CWBIO, China) according to the manufacturer ’s

instructions. Real-time PCR analysis was performed by using M5

HiPer Real-time PCR Super Mix (Mei5Bio, China) in a ViiA 7 real-

time PCR system (Applied Biosystems). The gene-specific primers

for human IFNB1, ISG15, ISG54, and CXCL10, and porcine IFNB1,

ISG54, ISG56, IL-6 and CXCL10 were listed in Supplementary

Table 1. The level of gene mRNA was normalized according to

the amount of endogenous control glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) expression.
4.4 ELISA

The IFNb and IL-6 protein levels in cell culture supernatants

were measured using pig IFNb ELISA kits (CUSABIO, China) and

pig IL-6 ELISA kits (CUSABIO, China) respectively in accordance

with the manufacturer’s instructions.
4.5 Plasmid construction

The QP383R gene of ASFV Pig/HLJ/2018 (GenBank

submission No. MK333180) was synthesized by BGI, and cloned

into the pcDNA3.1(+), PRK5-HA, PRK5-Flag, pCMV-Myc or pET-

32a vectors by standard molecular biology techniques. ASFV

QP383R’s truncation mutants including QP383R 1-31aa, QP383R

32-283aa, QP383R 284-383aa, QP383R 1-283aa, and QP383R 32-

383aa were cloned into PRK5-Flag, respectively, using seamless

assembly cloning kit (cloneamarter, USA). Porcine cGAS, STING,
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TBK1, IRF3, IRF3/5D, p65, Ikkb expression plasmids and pGL3-

IFNb-luc, pGL3-ISRE-luc, pGL3-IRF3-luc, pGL3-NFkB-luc
reporter vectors were constructed and preserved in our laboratory

previously (68, 69). Truncation mutants of porcine cGAS in this

article including cGAS RD (1-134aa), cGAS NTase (135-305aa),

cGAS Mab21 (306-495aa), and cGAS RD deletion (135–496) were

amplified using the cGAS plasmid as a template and cloned into

PRK5-Flag respectively, using seamless assembly cloning kit

(cloneamarter, USA). The primers for amplification of plasmids

were listed in Supplementary Table 2.
4.6 Luciferase reporter assays

HEK293T cells and 3D4/21 cells seeded in 24-well plates were

transfected with the constructed plasmids using Lipofectamine 3000

according to the manufacturer’s protocol, and pRL-TK reporter

plasmid was transfected as an internal control. After 24 h, the cells

were treated with or without the synthetic double-stranded DNA-

mimetic for 12 h. Cell extracts were prepared and analyzed for firefly

and Renilla luciferase activities using a dual-luciferase reporter assay

kit (Promega) according to the manufacturer’s instructions.
4.7 Western blot

HEK293 cells, or 3D4/21 cells were lysed in radioimmunoprecipitation

assay (RIPA) lysis buffer (CWBIO) with 100 U of proteinase

inhibitors (CWBIO) and 20 mM NaF on ice for 20 min. Protein

levels were quantified using bicinchoninic acid assay. Similar

amounts of protein from each extract were separated by SDS-12%

PAGE and transferred to polyvinylidene difluoride membranes

(Millipore). Membranes were blocked with 5% skim milk in PBS

with 0.05% Tween 20, followed by incubation overnight at 4°C with

the indicated antibodies. The membranes washed three times with

PBST, and then incubated with the appropriate secondary antibody

for 1 h at room temperature. Signals were visualized using

enhanced chemiluminescence.
4.8 Coimmunoprecipitation

HEK293 cells, or 3D4/21 cells were lysed in l ml NP-40 lysis buffer

(50mMTris-HCl pH 7.5, 150mMNaCl, 5 mMEDTA, 1%Nonidet P-

40, 10% glycerin) with 100 U of proteinase inhibitors and 20MNaF for

20 min on ice. Cell lysates were clarified by centrifugation at 12,000

rpm for 10 minutes (4°C). For each immunoprecipitation, the cell

lysates was incubated with anti-FLAG M2 magnetic beads at 4°C for 4

hours or overnight. The protein-bound beads were then collected and

washed three times with lysis buffer.
4.9 Fluorescent confocal microscopy

3D4/21 cells were transfected with Flag-QP383R or PRK5-Flag

for 24 h and fixed in 4% paraformaldehyde for 10-20 min at room
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temperature. After being washed three times with PBS, the cells

were permeabilized in 0.1% Triton X-100 for 5 min on ice. After

being washed three times with PBS, the cells were incubated with

1% BSA for 1 h at room temperature. The cells were incubated with

rabbit anti-cGAS MAb (1:500) and mouse anti-Flag MAb (1:1000)

overnight at 4°C. Following incubation with Alexa Fluor 555-

conjugated goat anti-mouse IgG antibody (1:500) or Alexa Fluor

488-conjugated goat anti-rabbit IgG antibody (1:500) for 1 h at

room temperature in the dark, the cells were washed with PBS.

Subsequently, the cells’ nuclei were stained with 4’,6-diamidino-2-

phenylindole (DAPI) (1:1,000) and observed by laser

confocal microscopy.
4.10 DNA oligonucleotides

HSV120: 5’-AGACGGTATATTTTTGCGTTATCACTGTCCC

GGATTGGACACGGTCTTGTGGGATAGGCATGCCC

AGAAGGCATATTGGGTTAACCCCTTTTTATTTGTGGCG

GGTTTTTTGGAGGACTT-3’.
4.11 DNA pull-down assays

Bio-HSV120 upstream and downstream primers were

synthesized by Sangon. HEK293T cells transfected with the

indicated plasmids were lysed with lysis buffer (20 mM Tris-HCl

pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 10%

glycerin) and cell lysates were incubated with anti-FLAG M2

magnetic beads at 4°C for 4 hours. The protein-bound beads were

then collected and eluted with 3×Flag peptide to purify proteins.

The purified proteins were incubated with biotinylated HSV120 for

2 hours at 4°C, followed by incubation with streptavidin-Sepharose

beads for 3 hours at 4°C. The agarose beads were collected and

washed three times with lysis buffer before immunoblotting analysis

with the indicated antibodies.
4.12 GST pull-down assay

Purified GST-cGAS were incubated with glutathione agarose

beads at 4°C for 1 hour, followed by incubation with purified His-

QP383R for 3 hours at 4°C. The beads were washed three times each

with lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM

EDTA, 1% Nonidet P-40, 10% glycerin, 100 U proteinase inhibitors,

20 M NaF), and then mixed with an equal volume of 2 × SDS

loading buffer and boiled for 10 min. The input/elutes were resolved

by SDS-PAGE and analyzed by coomassie staining and/or

immunoblot analysis.
4.13 cGAMP activity assays

3D4/21 cells were transfected with FLAG vector or FLAG-

QP383R for 24 h, then treated with HSV60 (3 mg/ml) for 6 hours.

Cell extracts were then prepared and heated at 95°C for 5 min to
Frontiers in Immunology 12
denature most proteins, which were removed by centrifugation. The

supernatants containing cGAMP were delivered to 3D4/21 cells

pretreated with digitonin permeabilization solution (50 mMHEPES

pH 7.0, 100 mM KCl, 3 mM MgCl2, 0.1 mM DTT, 85 mM Sucrose,

0.2% BSA, 1 mM ATP, 0.1 mM GTP and 10mg/ml digitonin) at 37°

C for 30 min. Four hours later, the cells were collected for

Luciferase, qPCR analysis, or western blot.
4.14 IP-ABE assays

The in vitro palmitoylation assay was performed as previously

described, with minor modifications (70, 71). HEK293T cells

transfected with the indicated plasmids were lysed with ABE

lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%

Nonidet P-40, 10% glycerin, 1 mM PMSF, 50 mM NEM, 100 U

proteinase inhibitors) for 20 min on ice. The cell lysate was

incubated with anti-FLAG M2 magnetic beads at 4°C overnight

in dark. The protein-bound beads were then collected and washed

three times with ABE lysis buffer (pH 7.2), and were then divided

into two equal groups: group added with HAM (+HAM) as

experimental group, and group added without HAM (-HAM) as

control group. The samples were incubated separately with HAM

buffer (50 mM Tris-HCl pH 7.2, 150 mM NaCl, 1% Nonidet P-40,

10% glycerin, 1 mM PMSF, 50 mM NEM, 100 U proteinase

inhibitors, 1 M 50% HAM) and ABE lysis buffer (pH 7.2) for

50 min at room temperature. The protein-bound beads were

washed with ABE lysis buffer (pH 6.2), following incubation

with Biotin-BMCC buffer (50 mM Tris-HCl pH 6.2, 150 mM

NaCl, 1% Nonidet P-40, 10% glycerin, 1 mM PMSF, 50 mM

NEM, 100 U proteinase inhibitors, 1 mM Biotin-BMCC) for

45 min at 4 °C. After washed by ABE lysis buffer (pH 7.5) for

three times, the protein-bound beads were mixed with an equal

volume of 2 × SDS loading buffer and incubated for 10 min at 70-

85°C, and were then analyzed by immunoblot analysis.
4.15 Statistical analysis

Statistical analysis was performed using GraphPad Prism

software, and differences were analyzed using a Student’s t-test.

Significance is denoted in the figures as follows: *, P < 0.05; **, P <

0.01; ***, P < 0.001; and ns, not significant.
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