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ABSTRACT The RIG-I-like receptor signaling pathway is crucial for producing type |
interferon (IFN-I) against RNA viruses. The present study observed that viral infection
increased annexin-A1 (ANXA1) expression, and ANXA1 then promoted RNA virus-
induced IFN-I production. Compared to ANXA1 wild-type cells, ANXA1~/~ knockout
cells showed IFN-B production decreasing after viral stimulation. RNA virus stimula-
tion induced ANXA1 to regulate IFN-B production through the TBK1-IRF3 axis but
not through the NF-«B axis. ANXA1 also interacted with JAKT and STAT1 to increase
signal transduction induced by IFN-B or IFN-y. We assessed the effect of ANXAT on
the replication of foot-and-mouth disease virus (FMDV) and found that ANXA1 inhib-
its FMDV replication dependent on IFN-I production. FMDV 3A plays critical roles in
viral replication and host range. The results showed that FMDV 3A interacts with
ANXAT to inhibit its ability to promote IFN-3 production. We also demonstrated that
FMDV 3A inhibits the formation of ANXA1-TBK1 complex. These results indicate that
ANXAT1 positively regulates RNA virus-stimulated IFN-B production and FMDV 3A
antagonizes ANXA1-promoted IFN-B3 production to modulate viral replication.

IMPORTANCE FMDV is a pathogen that causes one of the world’s most destructive
and highly contagious animal diseases. The FMDV 3A protein plays a critical role in
viral replication and host range. Although 3A is one of the viral proteins that influen-
ces FMDV virulence, its underlying mechanisms remain unclear. ANXA1 is involved in
immune activation against pathogens. The present study demonstrated that FMDV
increases ANXA1 expression, while ANXAT1 inhibits FMDV replication. The results also
showed that ANXAT promotes RNA virus-induced IFN-I production through the IRF3
axis at VISA and TBK1 levels. ANXA1 was also found to interact with JAK1 and STAT1
to strengthen signal transduction induced by IFN-B and IFN-y. 3A interacted with
ANXAT1 to inhibit ANXA1-TBK1 complex formation, thereby antagonizing the inhibi-

tory effect of ANXAT on FMDV replication. This study helps to elucidate the mecha- Editor Susana Lopez, Instituto de
nism underlying the effect of the 3A protein on FMDV replication. Biotecnologia/UNAM
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oot-and-mouth disease virus (FMDV) belongs to the Picornaviridae family and is a Address correspondence to HaiXue Zheng,
pathogen that causes one of the world’s most destructive and highly contagious haixuezheng@163.com.

animal diseases. The FMDV genome encodes 12 proteins, including four structural pro- i

teins (VP1 to -4) and eight nonstructural proteins (LP, 2A, 2B, 2C, 3A, 3B, 3C, and 3D) x::::;zz;;sgir;ggozz

(1). The FMDV nonstructural proteins together with some host proteins constitute viral Published 23 May 2022

replication sites. The 3A protein, through its hydrophobic motif, anchors on the
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intracellular membrane of the host cell (2). This protein is an essential component for
FMDV replication complex formation. It mediates the localization of the viral replica-
tion complex on cell membrane structure. Although FMDV 3A is one of the viral pro-
teins that influence FMDV virulence, its underlying mechanisms remain unclear (3-5).

The RIG-I like receptors (RLRs) pathway is the most prominent innate immune signaling
pathway for sensing cytosolic RNA. The RIG-| or MDA5 signaling pathway induces NF-«B-
or IRF3-mediated IFN-I production after viral stimulation (6). Type | interferon (IFN-I) inter-
acts with the receptors and activates JAK1 and Tyk2 function, which phosphorylates STAT2
and STAT1 to translocate into the nucleus, thereby leading to antiviral IFN-stimulated gene
expression (7). The host factors significantly regulate RLR signaling. For instance, TRIM25
induces the degradation of VISA to activate the signaling transduction of the IFN-I pathway
through the K48-linked ubiquitination at Lys7 and Lys10 (8); the scaffold protein FAS-associ-
ated factor 1 (FAF1) disrupts the interactions of VISA and TRIM31 to negatively regulate
TRIM31-mediated ubiquitination of VISA (9). Here, we found that annexin-A1 (ANXA1) can
regulate RNA virus-induced RLR signaling.

ANXAT is a member of the annexin superfamily, and it is widely expressed in many
tissues, including immune and epithelial cells. Previous studies have shown that
ANXAT is involved in immune activation against pathogens. ANXA1 interacts with
FPR2 to enhance the functionality of alveolar macrophages and inhibits murine influ-
enza A virus infection (10, 11). In the absence of ANXA1, the response to TLR4-induced
activation is reduced in bone marrow-derived cells (BMDCs) (12). ANXA1 promotes
TLR3- and TLR4-induced IFN-B production to influence the innate immune response
(13). ANXAT1 activates NF-«B through its interaction with NEMO and RIP1 in breast can-
cer cells (14). Recently, Yap et al. reported that ANXA1 enhances cell apoptosis after
influenza type A virus (IAV) infection (15). ANXAT1 increases RIG-I activation, which indu-
ces apoptosis of A549 lung epithelial cell by regulating the IRF3-IFNAR-STAT1-IFIT1
pathway (15). Although ANXAT1 is involved in innate immune responses, the mecha-
nism of regulation of FMDV-induced IFN-B production is not entirely understood.

In the present study, we found that viral infection increased ANXA1 expression.
Moreover, ANXA1 overexpression facilitated the RNA virus-induced antiviral response, while
ANXAT1 knockout decreased virus-induced IFN-I production and antiviral gene expression.
ANXAT1 interacted with VISA and TBK1 to regulate RNA virus-induced IFN-8 production
through the TBK1-IRF3 axis rather than through the NF-«B axis. ANXA1 also interacted with
JAK1 and STAT1 to increase signal transduction induced by IFN-B and IFN-y. We demon-
strated that the FMDV 3A protein interacts with ANXA1 to antagonize ANXA1-mediated
promotion of virus-induced IFN-B production and to counteract ANXAT-mediated inhibi-
tion of FMDV replication. The results also showed that 3A inhibits ANXA1-TBK1 complex
formation. Our results indicated that ANXA1 positively regulates RNA virus-stimulated IFN-
B production and IFN-B/yinduced JAK-STAT signal transduction. However, FMDV 3A dis-
rupts ANXA1-TBK1 complex formation to block IFN-3 production and thus promotes FMDV
replication.

RESULTS

ANXAT1 increased after viral infection or IFN-g stimulation. To verify whether the
expression level of ANXA1 is correlated with viral infection, we assessed ANXA1 protein
expression and mRNA levels after viral infection. As shown in Fig. 1A, ANXA1 protein
expression was increased after PK-15 cells, HelLa cells, or HEK293 cells were infected
with FMDV, Sendai virus (SeV), Seneca valley virus (SVA), or herpes simplex virus (HSV).
Interestingly, ANXA1 showed two bands after FMDV infection at 16 h. Previous study
showed that ANXA1 increased IFN-I production through Toll-like receptors (TLRs) (13).
To determine the effect of IFN-B on ANXA1 expression, we detected ANXAT protein
expression after IFN-B treatment at indicated time points. We found that IFN-8 also
increased ANXAT1 protein expression (Fig. 1A). As shown in Fig. 1B, we verified that the
mRNA levels of ANXA1 were increased in FMDV-infected PK-15 cells and HSV-infected
HEK293 cells compared to that in the untreated control cells. Consistent with this, the
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FIG 1 Viral infection and IFN-B stimulation increased ANXA1 expression. (A) Hela, PK15, or HEK293 cells
were infected with SeV, FMDV, SVA, or HSV (MOI of 4) at the indicated time points. HEK293 cells were
stimulated with IFN-3 at the indicated time points. Cell lysates were subjected to Western blotting (WB).
(B and C) PK15 or HEK293 cells were infected with FMDV and HSV (MOI of 4) at the indicated time
points. Cellular RNA was extracted and reverse transcribed into cDNA. Compared to the control, relative
mMRNA levels of ANXA1 (B), FMDV, and HSV (C) were detected by qPCR. (D) Plasmids of EV (empty
vector), FMDV 3C (F-3C, Flag-3C), or FMDV L (FL, Flag-L?™) together with ANXAT were transfected into
HEK293T cells separately. After 24 h, cell lysates were subjected to Western blotting. Data are
representative of three independent experiments. The data are expressed as means = SEM; *, P < 0.05;
** P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; GraphPad Prism 8.3.0).
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FIG 2 ANXAT enhanced SeV-induced IFN-I activation. (A) Plasmids of ANXA1 (300 ng) and pRL-TK (20 ng) together with pIFN-B-luc or pISRE-
luc (200 ng) were transfected into HEK293T cells. After 24 h, the cells were infected with SeV, and after 12 h, the cell lysates were detected
with the relative intensity of luciferase. (B) Plasmids containing ANXA1 (indicated dose) and pRL-TK (20 ng) together with pIFN-B-luc or
pISRE-luc (200 ng) were transfected into HEK293T cells. After 24 h, the cells were infected with SeV, and after 12 h, the cell lysates were
detected with the relative intensity of luciferase. (C) ANXA1 plasmid (1 wxg) was transfected into HEK293T cells. After 24 h, the cells were
infected with SeV. After 12 h, cellular RNA was extracted and reverse transcribed into cDNA. Relative mRNA levels were detected by qPCR.
(D) ANXA1 (2 ng) was transfected into PK15 or HEK293T cells. After 24 h, the cells were infected with FMDV or SeV at the indicated time
points and cell lysates were subjected to Western blotting. Data are representative of three independent experiments. The data are
expressed as means = SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; GraphPad Prism 8.3.0).

mMRNA expression of FMDV and HSV also increased at 6 and 12 h postinfection (Fig.
1C). FMDV 3C and L protease can cleave host proteins (14, 16). Thus, to determine
whether FMDV 3C and L protease play a role in ANXA1 cleavage, ANXA1 together with
3C or LP were transfected into HEK293 cells. As shown in Fig. 1D, FMDV 3C and LP™
did not affect ANXA1 expression level.

ANXA1 enhances SeV-induced IFN-I activation. To evaluate whether ANXA1 reg-
ulates RNA virus-induced IFN-I induction, we detected SeV-induced IFN- promoter
activation in ANXA1-overexpressing HEK293T cells by using a luciferase reporter assay.
The results revealed that ANXA1 promotes SeV-induced IFN-B and IFN-sensitive
response element (ISRE) activation (Fig. 2A), suggesting that ANXA1 positively regu-
lates virus-induced IFN-B production. As shown in Fig. 2B, ANXA1 enables IFN-3 and
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ISRE activation in a dose-dependent manner. Interferon-stimulated genes (ISGs) are
numerous antiviral factors induced by IFNs. The expression of ISG20 and ISG56 is induced
after viral infection, and both these genes have the function of inhibition of viral replica-
tion (17-19). To confirm the accuracy of the effect of ANXAT on RNA virus-induced IFN-3
production, the mRNA levels of ISGs were detected in ANXA1-overexpressing HEK293T
cells infected with SeV. The results showed that the mRNA levels of IFNB, ISG20, and ISG56
were increased in ANXAT-overexpressing cells after SeV infection (Fig. 3C). To validate the
effect of ANXA1 on IFN-I production signaling, ANXAT was transfected into PK15 or
HEK293 cells, and the cells were then infected with FMDV or SeV. The phosphorylation lev-
els of TBK1 and IRF3 were then detected. As shown in Fig. 2D, ANXA1 increased the phos-
phorylation levels of IRF3 and TBK1 after FMDV or SeV infection. These results suggest that
ANXA1 promotes RNA virus-induced IFN-8 production.

ANXAT1 deficiency impairs RNA virus-induced IFN-1 production. To determine the
effect of endogenous ANXA1 on SeV-induced innate immune response, the ANXA1 short
interfering RNA (siRNA) was used to block endogenous ANXA1 protein expression. As
shown in Fig. 3A, the modulation of #3 siRNA against ANXA1 was more significant, and it
was further used for inhibition study. The role of ANXA1 has been extensively investigated
in cancer cells. In our study, HelLa cells were used as the ANXA1 knockdown or knockout
cell model (ANXA1/7) to clarify how ANXA1 modulates the innate immune system. After
the treatment of Hela cells with ANXA1 siRNA, IFN-B promoter activation (Fig. 3B) and
IFNB transcription (Fig. 3C) were observed to be decreased during SeV infection. We also
found that IFN-B and ISRE promoter activation was reduced in ANXA1~/~ cells compared
to that in wild-type (ANXA1"/*) Hela cells after SeV or poly(l-C) treatment (Fig. 3D and E).
Additionally, we found that the mRNA expression levels of ISGs, including IFNB, ISG56, and
1SG54, were reduced after SeV infection in ANXA1~/~ cells (Fig. 3F). The role of ANXAT in
IFN-I signaling was assessed, and we found that TBK1 and IRF3 phosphorylation (but not
p65 phosphorylation) was attenuated in SeV-infected ANXA1~/~ cells compared to that in
ANXA1*/* cells (Fig. 3G and H).

IFN-B secretion induced phosphorylation of STAT1 and STAT2 proteins. However,
IFN-y induced phosphorylation of only STAT1. To determine the effect of ANXA1 on IFN-
induced signaling transduction, the phosphorylation of STATs was assessed. As shown in
Fig. 3I, STAT1 phosphorylation decreased after IFN-B stimulation in ANXA1~/~ cells.
Figure 3J shows that upon IFN-y stimulation, the phosphorylation of STAT1 was reduced
in ANXA1~/~ cells. Collectively, ANXAT promoted RNA virus-induced IFN-B production
and IFN-B/y stimulated JAK-STAT signaling transduction.

Next, to determine the effect of ANXA1 on NF-«B signaling, the localization of p65
in ANXA1~/~ cells was detected. We found that p65 localization did not change in non-
infected ANXA1~/~ cells. Moreover, no significant difference was observed in the pro-
portion of the p65 protein transported to the nucleus between ANXA1 wild-type and
ANXA1~/~ cells after SeV infection (Fig. 4A to D). These results suggest that ANXA1 pro-
motes SeV-induced IFN-B production through the TBK1-IRF3 axis.

ANXAT1 interacts with VISA and TBK1. Next, to investigate which components of
the RLR signaling pathway are involved in ANXA1 regulation, MDAS5, RIG-I, VISA, TBK1,
or IRF3 was cotransfected with ANXA1 into HEK293T cells. As shown in Fig. 5A, we
found that ANXA1 expression significantly promoted RIG-I-, MDA5-, TBK1-, and IRF3-5D
(a constitutive active mutant form of IRF3)-mediated IFN-3 production. This result sug-
gests that ANXA1 expression affects IFN-3 production at the VISA or IRF3 level. Next,
to determine whether ANXA1 interacts with VISA, IRF3, or IRF3-related protein, ANXA1
was cotransfected with VISA, TBK1, or IRF3 into HEK293T cells. The results of coimmu-
noprecipitation (co-IP) assay showed that ANXAT1 interacts with VISA (Fig. 5B) and TBK1
(Fig. 5C) but not with IRF3 (data not shown). In addition, in the fluorescence assay,
both VISA and TBK1 were found to be colocalized with ANXAT in cytoplasm (Fig. 5D
and E), and Pearson's correlation coefficient (PCC) also confirmed these results. We also
found that ANXA1 was distributed in the cytoplasm and nucleus, but it was localized
only in the cytoplasm after TBK1 overexpression (Fig. 5F). These results indicated that
ANXAT1 interacts with VISA and TBK1 to promote virus-induced IFN-I production.
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transfected into HEK293T cells, and after 72 h, the cell lysates were subjected to Western blotting. Negative ANXA1 siRNA control
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ANXAT1 interacts with JAK1 and STAT1. To further investigate the relationship
between ANXA1 and the IFN-I downstream signaling pathway, we investigated which
components of the JAK-STAT signal transduction pathway are involved in ANXA1 regu-
lation. The results of luciferase assay showed that ANXA1 promotes the activation of
STAT1 and STAT2 dimer-binding promoter (STAT1/2-luc) (Fig. 6A). ANXA1 significantly
increased STAT1 phosphorylation but not that of STAT2 after IFN-I stimulation (Fig. 3F).
Co-IP assays were performed to detect the association of ANXA1 with JAKT or STAT1.
The results showed that ANXA1 interacts with JAKT and STAT1 (Fig. 6B to D). Confocal
microscopy results also demonstrated that ANXA1 colocalized with JAKT and STAT1
(Fig. 6E and F). To assess the effect of IFN-B on the interaction between ANXA1 and
JAK1 or STAT1, ANXA1 was cotransfected with JAK1 or STAT1 into HEK293 cells, and
the cells were then stimulated with IFN-B for 6 h. As shown in Fig. 6G and H, IFN-3
treatment did not affect ANXA1-JAKT or ANXA1-STAT1 interaction. Taken together,
ANXA1 interaction with JAKT and STAT1 might promote JAK-STAT signal transduction.

Effect of ANXA1 on FMDV replication. To assess the effect of ANXA1 on FMDV repli-
cation, we transfected ANXAT1 into PK15 cells and then detected the relative mRNA levels of
FMDV compared to that in the control. As shown in Fig. 7A, after ANXA1 transfection, we
found that ANXA1 overexpression decreased FMDV mRNA expression compared to that in
the control. The FMDV titers were determined by a 50% tissue culture infective dose (TCID,)
assay, and we found that ANXA1 overexpression reduced FMDV titer compared to that in the
control (Fig. 7B). Consistent with this, the results of Western blotting showed that the expres-
sion levels of the FMDV structural proteins VPO, VP1, and VP3 were decreased after ANXA1
transfection (Fig. 7C). Moreover, we transfected ANXA1 siRNA into PK15 cells and detected
the extent of FMDV replication. The results showed that ANXA1 knockdown increased the rel-
ative mRNA level and the titer of FMDV compared to that in the control (Fig. 7D and E).

To assess whether ANXA1 inhibits FMDV replication depending on IFN-I production, we
investigated the effect of ANXA1 on FMDV replication in BHK21 cells (IFN-B3-deficient cells).
As shown in Fig. 7F, regardless of overexpression of ANXAT, IFN-3 levels did not change af-
ter FMDV infection in BHK21 cells compared to that in controls. Next, we assessed the
FMDV titer in FMDV-infected BHK21 cells overexpressing ANXA1 or ANXA1 siRNA. As shown
in Fig. 7G and H, after ANXA1 or ANXAT1 siRNA overexpression, FMDV TCID,, was similar to
that of the control. In addition, to determine the effect of ANXA1 on antiviral status, ANXA1
was transfected into BHK21 cells and then infected with FMDV for 12 h. The supernatant
was then collected, and UV light was used to inactivate FMDV particles. PK15 cells were
infected with VSV-GFP (vesicular stomatitis virus with green fluorescent protein tag) after
supernatant treatment for 6 h. The results showed that in ANXA1-mediated treatment of
PK15 cell supernatant, the VSV-GFP fluorescence showed no difference compared to that in
EV-mediated PK15 control cells (Fig. 71). These results suggest that ANXA1-mediated IFN-8
production affects FMDV replication. Taken together, the expression of ANXA1 in IFN-
B-producing cells inhibited the replication of FMDV.

FMDV 3A inhibits ANXA1-promoted innate immune response. Next, the effect
of FMDV on ANXAT-promoted innate immune response was determined. As shown in
Fig. 8A, in the luciferase reporter gene assay, ANXA1 increased FMDV-induced IFN-p

FIG 3 Legend (Continued)

(NC) or different doses of #3 ANXA1 siRNA were transfected into HEK293T cells, and after 72 h, the cell lysates were subjected to
Western blotting. (B) Negative ANXA1 siRNA control (NC) or #3 ANXA1 siRNA was transfected into Hela cells. After 48 h, the cells
were transfected with IFN-B-luc, and at 24 h posttransfection, the cells were infected with SeV for 12 h; luciferase reporter gene
activity was then detected. (C) ANXA1 siRNAs or negative ANXA1 siRNA control (NC) was transfected into Hela cells, and after 72
h, the cells were infected with SeV for 12 h. Cellular RNA was extracted and reverse transcribed into cDNA. The relative mRNA
level was detected by qPCR. (D) ANXAT wild-type and ANXAT knockout Hela cell lysates were subjected to Western blotting. (E)
ANXA1-knockout cells were transfected with pRL-TK (20 ng) together with pIFN-B-luc or pISRE-luc (400 ng). After 24 h, the cells
were infected with SeV for 12 h or transfected with poly(l:C) (1 wng) for 24 h, and the cell lysates were detected with the relative
intensity of luciferase. (F) ANXA1-knockout cells were infected with SeV, and after 12 h, cellular RNA was extracted and reverse
transcribed into cDNA. The relative mRNA levels were detected by gPCR. (G and H) ANXA1-knockout cells or ANXA1 wild-type
cells were infected with SeV at the indicated time points, and cell lysates were subjected to Western blotting. (I to J) ANXA1-
knockout cells or ANXA1 wild-type cells were stimulated with IFN-B or IFN-y at the indicated time points, and cell lysates were
subjected to Western blotting. Data are representative of three independent experiments. The data are expressed as means *
SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; GraphPad Prism 8.3.0).
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FIG 4 ANXAT does not affect p65 distribution. (A to D) ANXA1*/* or ANXA1~/~ cells were treated
with SeV or left untreated. After 12 h, the cells were fixed and subjected to confocal imaging to
detect the p65 and ANXAT1 distribution. Data are representative of three independent experiments.
The data are expressed as means *= SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001
(two-way ANOVA; GraphPad Prism 8.3.0).

activation in PK-15 cells compared to that in EV-transfected cells. In addition,
compared to a lower titer of FMDV-infected cells, a higher titer of FMDV significantly
inhibited IFN-3 activation in ANXAT-overexpressing PK15 cells (Fig. 8A).

To determine whether FMDV proteins are involved in ANXA1 regulation, HEK293T
cells were separately transfected with the FMDV protein and ANXA1. We found that
FMDV 3A interacted with ANXA1 but not with others (Fig. 8B and C). To further confirm
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FIG 5 ANXAT1 targeted VISA and TBK1 to affect IFN-S production. (A) Plasmids of ANXA1 (500 ng), pIFN-B-luc
(200 ng), and pRL-TK (20 ng) together with RIG-, MDA5, VISA, TBK1, or IRF3-5D (500 ng) were transfected into
HEK293T cells, and after 24 h, the cell lysates were detected with the relative intensity of luciferase. (B) HelLa
cells were cultured for 24 h, and cell lysates were subjected to co-IP. Anti-ANXA1 or anti-VISA antibodies were
used as IP primary antibodies. Anti-ANXA1 and anti-VISA antibodies were used for IB to detect ANXA1 and
VISA interaction. (C) Hela cell lysates were subjected to co-IP using the indicated antibodies. Anti-TBK1 or anti-
ANXA1 antibodies were used as IP primary antibodies. (D) HA-VISA together with EV or myc-ANXA1 were
transfected into Hela cells, and after 24 h, the cells were fixed and subjected to confocal imaging. (E) EV or
myc-ANXA1 together with Flag-TBK1 was transfected into Hela cells, and after 24 h, the cells were fixed and
subjected to confocal imaging. (F) The distribution of ANXAT in cells was analyzed. Thirty cells were observed,
and the number of cells that ANXAT dispersed into cytoplasm and nucleus and the number of cells that
ANXA1 distributed around the membrane were statistically analyzed. Data are representative of three
independent experiments. The data are expressed as means = SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001;
**F* P < 0.0001 (two-way ANOVA; GraphPad Prism 8.3.0).
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FIG 6 IFN-B stimulation has no effect on the interaction between ANXAT and STAT1 or JAK1. (A) Plasmids of
ANXA1, pSTAT-1/2-luc (200 ng) and pRL-TK (20 ng), were transfected into HEK293T cells. After 24 h, the cells were
treated or untreated with IFN-B for 6 h, and the cell lysates were detected with the relative intensity of luciferase.
EV is the negative control. (B) myc-ANXA1 and Flag-JAK1 were transfected into HEK293T cells. After 24 h, cell lysates
were subjected to co-IP assay. Anti-myc antibody was used as IP primary antibody. (C and D) HEK293T cell lysates
were subjected to the co-IP assay. Anti-ANXA1 antibody was used as IP primary antibody. (E) EV or myc-ANXA1
together with Flag-JAKT were transfected into Hela cells. After 24 h, the cells were fixed and subjected to confocal
imaging. (F) EV or myc-ANXA1 together with Flag-STAT1 were transfected into Hela cells. After 24 h, the cells were
stimulated with IFN-B for 6 h, and the cells were fixed and subjected to confocal imaging. (G and H) EV or myc-
ANXA1 together with Flag-STAT1 or Flag-JAK1 were transfected into HEK293T cells. After 24 h, the cells treated or
untreated with IFN-B for 6 h, and the cell lysates were subjected to the co-IP assay. Anti-myc antibody was used as
IP primary antibody.

that 3A combines with ANXAT1, a yeast two-hybrid screen was performed with FMDV
3A as the bait. Colonies were screened, and the positive clones were subjected to
sequencing. As shown in Fig. 8D, we found the presence of ANXA1 in the yeast two-
hybrid screening assay. Consistent with the results of the yeast two-hybrid screening
assay, we assessed the interaction between 3A and ANXAT with co-IP, and the results
suggest that ANXA1 physically interacted with 3A (data not shown).
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FIG 7 Effect of ANXA1 on FMDV replication. (A) ANXA1 or EV (pcDNA 3.1 empty vector, EV) was transfected into PK15 cells. After
24 h, the cells were infected with FMDV (MOI of 4) at the indicated time points, and cellular RNA was then extracted and reverse
transcribed into cDNA. The relative mRNA level was detected by qPCR. (B) ANXA1 or EV (pcDNA 3.1) was transfected into PK15
cells. After 24 h, the cells were infected with FMDV (MOI of 4) at the indicated time points, and the FMDV supernatant was
collected after freezing and thawing three times. The FMDV titers (TCID,,) were detected with BHK21 cells. (C) ANXA1 or EV
(pcDNA 3.1) was transfected into PK15 cells. After 24 h, the cells were infected with FMDV (MOI of 4) at the indicated time points,
and cell lysates were then subjected to Western blotting. (D) ANXA1 siRNA or negative siRNA (NC siRNA) was transfected into
PK15 cells, and after 24 h, the cells were infected with FMDV at the indicated time points. Cellular RNA then was extracted and
reverse transcribed into cDNA. The relative mRNA levels were detected by qPCR. (E) ANXAT siRNA or negative siRNA (NC siRNA)
was transfected into PK15 cells, and after 24 h, the cells were infected with FMDV at the indicated time points. The FMDV
supernatant was collected after freezing and thawing three times. The FMDV titers (TCID5,) were detected with BHK21 cells. (F)
ANXA1 or EV was transfected into BHK21 cells. After 24 h, the cells were infected with FMDV for 12 h; the supernatant was then
collected for IFN-B ELISA detection. (G and H) EV, ANXAT1, ANXA1 negative siRNA control (NC siRNA), or ANXA1 siRNA was
transfected into BHK21 cells. After 24 h, the cells were infected with FMDV at indicated time points. The FMDV titers were then
detected. (I) EV or ANXA1 was transfected into BHK21 cells. After 24 h, the cells were infected with FMDV for 12 h. The medium
supernatant was then collected, and UV light was used to inactive the medium supernatant for 2 h. PK-15 cells were treated with
the inactive supernatant for 6 h, and the cells were infected with VSV-GFP at indicated time points. Green fluorescence was
observed. Data are representative of three independent experiments. The data are expressed as means = SEM; *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; GraphPad Prism 8.3.0).

To determine whether FMDV 3A is involved in the regulation of ANXA1 function,
in the transient-transfection experiment, ANXAT protein expression was increased
after FMDV 3A transfection (Fig. 8E). The effect of 3A on ANXA1-promoted IFN-I pro-
duction was also examined. The luciferase assay demonstrated that 3A inhibited
ANXA1-promoted IFN-B activation in a dose-dependent manner (Fig. 8F and G).
Consistent with this, 3A also inhibited the mRNA expression of IFNB, ISG56, and
1SG20, which was induced by FMDV after ANXA1 overexpression (Fig. 8H). Because
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FIG 8 FMDV 3A protein inhibited the ANXA1-promoting function on IFN-I production. (A) ANXA1 (1 ug), pRL-TK (40 ng), and
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the FMDV contains the 3A protein, we used poly(l:C) to imitate the RNA genome; as
shown in Fig. 8l, 3A decreased the mRNA levels of the ISGs, namely, IFNB, OAST,
ISG15, and ISG54, which was induced by poly(l:C) after ANXA1 overexpression.
Taken together, 3A inhibited ANXA1-promoted IFN-I production.

FMDV 3A interacted with ANXA1 to promote FMDV replication. To investigate
the interaction domain of 3A that is responsible for binding to ANXA1, we constructed
deletion mutants of 3A containing a GFP tag, including 3A with amino acids 1 to 51 (1-
51aa)-GFP, 3A (52-102aa)-GFP, and 3A (103-153aa)-GFP (Fig. 9A). The interactions
between 3A-GFP deletion mutants and ANXA1 were evaluated. As shown in Fig. 9B,
the full-length 3A protein could bind to ANXA1, suggesting that ANXA1 combines with
the conformational structure of 3A.

Several viruses with mutations in 3A have been identified to affect the virulence of
FMDV. To determine whether these 3A mutants affect binding to ANXA1, 3A-(87-106aa
deletion mutant), 3A-(93-102aa deletion mutant), or 3A-(E78G, H80C, K84 N, A97P, and
R1271 substitution mutant) together with ANXA1 were transfected into HEK293 cells.
As shown in Fig. 9C, all the mutants bound to ANXAT, suggesting that 3A virulence-
related mutants did not affect the interaction with ANXAT.

A confocal microscopy experiment was performed to demonstrate whether ANXA1
and 3A colocalize at similar subcellular positions. The results showed that 3A was dis-
tributed in the cytoplasm, while ANXA1 was expressed in the cytoplasm and nucleus.
3A and ANXA1 showed remarkable colocalization in the cytoplasm. The PCC results
showed that 3A and ANXA1 have high correlation. We also found that 3A likely pro-
motes the accumulation of ANXA1 around the cell membrane (Fig. 9D). We statistically
analyzed the number of cells in which ANXA1 was distributed clustered around the
membrane. We found that ANXAT was distributed in both cytoplasm and nucleus in
87% of cells without 3A expression, while ANXA1 was clustered around the membrane
in 70% of cells after 3A expression (Fig. 9E).

To reveal the mechanisms by which FMDV 3A protein inhibits ANXAT-promoted
innate immune response, 3A together with ANXA1 and TBK1 were coexpressed in
HEK293 cells. As shown in Fig. 9F, 3A expression inhibited ANXAT and TBK1 complex
formation. To prove the accuracy of this finding, we expressed TBK1 and ANXA1 pro-
teins in Escherichia coli and purified these two proteins. Next, we transfected EV or 3A
plasmid into HEK293 cells and collected the cell lysate. We then added the same con-
centration of EV or 3A cell lysate into the ANXA1 and TBK1 mixture. A pulldown assay
was performed to detect the effect of 3A on the binding of ANXA1 with TBK1.
Consistent with this, 3A impaired ANXA1 and TBK1 interaction (Fig. 9G). Subsequently,
we separately transfected HEK293 cells with 3A, ANXA1, or 3A plus ANXA1, and we
found that 3A decreased the inhibitory effect of ANXAT on FMDV replication (Fig. 9H).

Collectively, these findings suggest that the interaction of 3A and ANXA1 is critical
for FMDV replication.

FIG 8 Legend (Continued)

separately transfected with ANXA1 and FMDV-encoded proteins. After 24 h, the cell lysates were subjected to IP detection. Anti-
Flag or anti-GFP antibodies were used as the IP primary antibodies. (D) FMDV-encoded 3A as a bait protein and PK15 cell-derived
genes as a yeast library, using yeast two-hybrid technology; we screened that the FMDV 3A protein associated with ANXA1 and
other proteins. (E) FMDV 3A plasmid (Flag-3A) or empty plasmid (EV) was transfected into PK15 cells, and after 24 h, the cell
lysates were subjected to Western blotting. (F) Plasmids of EV (400 ng), ANXAT (300 ng) plus EV (100 ng), ANXA1 (300 ng) plus 3A
(100 ng), and pRL-TK (20 ng) together with pIFN-B-luc or pISRE-luc (200 ng) were transfected into HEK293T cells. After 24 h, the
cells were infected with SeV, and after 12 h, the cell lysates were detected with the relative intensity of luciferase. (G) ANXA1
(100 ng) or empty plasmid (100 ng) and the indicated dose of 3A, pRL-TK (20 ng) together with pIFN-B-luc, or pISRE-luc were
transfected into HEK293T cells. After 24 h, the cells were treated or untreated with SeV, and after 12 h, the cell lysates were
detected with the relative intensity of luciferase. (H) Plasmids of EV (1 wg), ANXAT (500 ng) plus EV (500 ng), or ANXA1 plus 3A
(500 ng) were transfected into PK15 cells. After 24 h, the cells were infected with FMDV (MOI of 4). After 9 h, cellular RNA was
extracted and reverse transcribed into cDNA. The relative mRNA levels were detected by qPCR. Data are representative of three
independent experiments. (I) Plasmids of EV (1 xg), ANXA1 (500 ng) plus EV (500 ng), or ANXA1 plus 3A (500 ng) were transfected
into PK-15 cells. After 24 h, the cells were transfected with poly(l:C) (1 wg). After 18 h, cellular RNA was extracted and reverse
transcribed into cDNA. The relative mRNA level was detected by qPCR. Data are representative of three independent experiments.
The data are expressed as means * SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; GraphPad
Prism 8.3.0).
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FIG 9 Full-length FMDV 3A protein impaired ANXA1-TBK1 complex formation. (A) Diagrammatic sketch of 3A and its mutants
containing a GFP tag. (B) Plasmids of ANXA1 and full-length 3A or its mutants with GFP tag were transfected into HEK293T cells.
After 24 h, the cell lysates were subjected to the co-IP assay, and anti-myc monoclonal antibody was used as the IP primary
antibody. (C) Plasmids of 3A-GFP, Flag-3A (aa 93 to 102, A93-102aa), Flag-3A (A87-106aa), or Flag-3A (E78G, H80C, K84 N, A97P,
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DISCUSSION

ANXA1 is a member of the annexin family (20) and is characterized as an anti-
inflammatory or modulating protein because of its effect on the modulation of the
immune response. It is secreted from cells to exert anti-inflammatory effects, although
it is lacking a signaling peptide (21). De Oliveira Cardoso et al. reported that ANXAT is
also involved in antiparasitic effects in placentas infected with Toxoplasma gondii (22).
A recent study showed that ANXA1 is associated with NEMO or RIP1, which regulates
NF-«B signaling in cancer cells (23). Another study found that ANXA1 promotes TLR3-
and TLR4-induced IFN-B production to influence the innate immune system (13). Yap
et al. also confirmed that ANXAT promotes RIG-I-dependent signaling and apoptosis
through the regulation of the IRF3-IFNAR-STAT1-IFIT1 pathway in A549 lung epithelial
cells (15). However, the effect of ANXAT on RNA virus-induced RLR signaling remains
unclear. In the present study, we first demonstrated that RNA virus infection increased
ANXA1 expression, which may explain the regulatory functions of ANXA1 under RNA
virus stimulation (24-26). Interestingly, we found that ANXA1 showed two bands after
FMDV infection at 16 h. Full-length and truncated forms of ANXAT1 are often observed
in extracellular fluids and inflammatory exudates (27-29). Previous studies have shown
that several proteases, such as plasmin and cathepsin D, cleave ANXA1 within the first
30 amino acids, while calpain 1 cleaves ANXAT1 after lys-26 (30). FMDV 3C and LP™ can
cleave host proteins (14, 16); however, we found that these proteins are not involved
in the production of two bands of ANXA1. The exact mechanism needs to be further
studied.

RIG- or MDA5 senses cytoplasmic viral RNA to activate MAVS to recruit TBK1 and acti-
vate IRF3 for inducing IFN-I production (6). Thus, the regulators that trigger the RLR
response represent a critical component in the molecular mechanisms of the antiviral
innate immune response. In recent years, multiple proteins have been identified to control
RLR signal transduction, thereby maintaining the balance of physiological functions; for
example, GSK3B interacts with TBK1, resulting in TBK1 phosphorylation at Ser172 and
facilitating TBK1 activation after viral infection (31), and SHIP-1 (inositol 5'-phosphatase)
targets TBK1 to negatively regulate TLR3- or TLR4-induced IFN-3 production (32). ANXA1
promotes IFN-B induction through the TLR pathway after lipopolysaccharide (LPS) stimula-
tion. The present study showed that ANXAT acted as a positive mediator to regulate RNA
virus-induced RLR signaling. As shown in Fig. 2, we demonstrated that ANXA1 overexpres-
sion inhibits FMDV and SeV replication. Consistent with this, ANXA1 was shown to nega-
tively regulate hepatitis C virus (HCV) infection by inhibiting viral RNA replication (33). In
contrast, Arora et al. reported that ANXAT enhanced influenza A virus infection in A549
cells, which may facilitate the process of nuclear vRNP accumulation, thereby resulting in
increased viral loads (34). To investigate the effect of ANXAT on FMDV replication, we
demonstrated that ANXA1 overexpression in PK15 cells significantly decreased viral repli-
cation after FMDV infection. As shown in Fig. 7, we found that ANXA1 inhibits FMDV repli-
cation depending on IFN-I production. These studies suggest that ANXA1 plays various
roles in regulating different viral infections.

FIG 9 Legend (Continued)

and R1271 of 5-aa-site mutant, A5aa) deletion together with myc-ANXA1 were transfected into HEK293 cells. After 24 h, cell lysates
were subjected to IP detection. IgG, Flag, or GFP was used as IP primary antibody. (D and E) Plasmids of FMDV 3A-GFP or EV
together with myc-ANXA1 or EV were transfected into Hela cells. (D) After 24 h, the cells were fixed and subjected to confocal
imaging, and the distribution of ANXAT1 in the cells was analyzed. (E) Thirty cells were observed, and the number of cells in which
ANXA1 was dispersed in the cytoplasm and nucleus and the number of cells in which ANXA1 was distributed around the
membrane was statistically analyzed. (F) Plasmids of myc-ANXA1 and Flag-TBK1 and GFP or 3A-GFP were transfected into HEK293
cells. After 24 h, the cell lysates were subjected to the co-IP assay, and anti-myc monoclonal antibody was used as IP primary
antibody. (G) Plasmids of His-ANXA1 or His-TBK1 were transferred into bacteria of Escherichia coli (BL-21), and the proteins were
purified. EV or 3A-GFP was transfected into HEK293 cells. After 24 h, the cell lysates were collected. Next, the same concentration
of EV or 3A cell lysate was added into ANXA1 and TBK1 mixture at 4°C for 4 h. The mixtures were subjected to the pulldown
assay, and anti-ANXAT monoclonal antibody was used as the pulldown primary antibody. (H) Plasmids of 3A (500 ng) plus EV
(500 ng), ANXA1 (500 ng) plus EV (500 ng), or ANXAT (500 ng) plus 3A (500 ng) were transfected into PK15 cells. After 24 h, the
cells were infected with FMDV at indicated time points. Cellular RNA was extracted and reverse transcribed into cDNA. The relative
mRNA level was detected by qPCR. Data are representative of three independent experiments. The data are expressed as means *
SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; GraphPad Prism 8.3.0).
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Bist et al. demonstrated that ANXA1 facilitates LPS-induced IFN-B activation (13).
Subsequently, we found that ANXA1 overexpression promotes RNA virus-induced IFN-
B production. By using SeV or FMDV stimulation, we observed that ANXA1-deficient or
ANXA1-knockdown cells showed impaired IFN-B production. We also found that RNA
virus-induced ANXA1 promoted its function through the MAVS-IRF3 axis but not
through the MAVS-NF-«B signaling cascade.

Yap et al. reported that ANXA1 promotes RIG-I-dependent signaling and apoptosis
through the regulation of the IRF3-IFNAR-STAT1-IFIT1 pathway in A549 lung epithelial cells
(15). ANXAT1 does not bind to RIG-I when RIG-l is activated with 5’-ppp (15). However, the
mechanism remains unclear. As shown in Fig. 5A, we found that ANXA1 activated IFN-I
production through RIG-, MDA5, and TBK1 expression; however, during VISA overexpres-
sion, IFN-I production did not change when ANXAT was present. These findings suggest
that ANXA1 promotes IFN-I production at or upstream of the level of VISA and IRF3. Here,
we demonstrated that ANXA1 interacts with VISA and TBK1. We speculated that ANXA1
influences the posttranslational modification of VISA or the formation and stability of RIG-
I-VISA and MDA5-VISA complexes during RLR signaling activation. The kinase TBK1 is one
of the essential components of the RLR signaling pathway (6). Upstream of the IRF3 level,
we found that ANXAT interacts with TBK1 to promote IFN-I production during RLR signal-
ing activation. ANXA1 binds with TBK1 to regulate IFN-I production after TLR3 or TLR4
activation (11). Similar to the previous report, we observed that ANXA1 interacts and coloc-
alizes with TBK1, which increases phosphorylation of TBK1 and IRF3 after RNA viral infection.
We speculated that the ANXAT interaction with TBK1 promotes the autophosphorylation of
TBK1, K63-polyubiquitination of TBK1, or TBK1-IRF3 complex formation after RNA viral infec-
tion. The present study showed that ANXA1 also interacts with JAK1 and STAT1 to affect
JAK-STAT signaling pathway. These results indicate that ANXA1 regulates the area upstream
of VISA and IRF3 independently in IFN-I production. We confirmed that after IFN-3 stimula-
tion, ANXA1 did not affect ANXA1-STATT and ANXA1-JAK1 complex formation. We specu-
lated that ANXA1 changes the posttranslational modification of signaling proteins to
promote IFN-I production and signaling transduction. The specific mechanisms, however,
require further studies.

It is a contradiction that the host enhances the innate immune response with some
host proteins and the virus creates a “preferred microenvironment” for virus replica-
tion. Conversely, with the coevolution of viruses and the innate immune system,
pathogens developed the ability to evade or actively hinder antiviral responses from
every aspect of IFN-8 production. Viral proteins inhibit IFN-I production by creating a
beneficial environment for virus replication. For instance, FMDV LP™ (leader proteinase)
inhibits TBK1 ubiquitination to modulate TBK1 activity and suppress IFN-I responses
(35). The FMDV 3A protein interacts with vimentin to modulate FMDV replication nega-
tively (36). The NS3 protein of HCV interacts with TBK1 to disrupt TBK1-IRF3 complex
formation (37). However, the molecular mechanisms underlying the ability of FMDV
proteins to affect replication are not entirely understood. The FMDV 3A protein is a crit-
ical player in constructing the viral replication complex essential for replication.
Therefore, studies on the effect of FMDV 3A will provide insights for understanding the
mechanistic replication of FMDV. The present study found that FMDV 3A interacts with
ANXAT1 to inhibit IFN-I production and create a favorable environment for FMDV repli-
cation. A previous study reported that FMDV also used the 3A protein to suppress
adverse factors, such as FMDV 3A binding to vimentin to positively modulate viral rep-
lication (36) and FMDV 3A interacting with DDX56 to reduce the phosphorylation of
IRF3. Here, we demonstrated that the full-length FMDV 3A interacted and colocalized
with ANXA1 to antagonize RNA virus-induced IFN-I production.

Interestingly, 3A colocalizes with ANXA1 and might promote ANXA1 to accumulate
around the cell membrane. Previous studies have shown that upon neutrophil stimulation
and adherence to the endothelium, ANXA1 is externalized to the plasma membrane.
Because 3A anchors to intracellular membranes, 3A membrane-binding properties indicate
that FMDV 3A plays a role and interacts with the membrane protein ANXA1 during FMDV
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FIG 10 Model of FMDV 3A inhibiting the ANXA1-promoting function on IFN-I production. FMDV infection
increased ANXA1 expression levels, and ANXA1 interacts with VISA and TBK1 to increase IFN-I production.
ANXAT1 also interacts with JAK1 and STAT1 to promote IFN-B-stimulated signaling transduction. However, the
FMDV 3A protein interacted with ANXA1 to disrupt ANXAT1-TBK1 complex formation, thus leading to the
inhibition of IFN-I production and ultimately promote FMDV replication.

replication. The 3A protein also antagonized the effect of ANXA1 on FMDV replication.
Corresponding to FMDV, 3A interacts with ANXA1 to impair ANXAT and TBK1 complex
formation.

Several viruses with mutations in 3A have been identified to influence the virulence
of FMDV (4, 5, 38). We assessed the effect of 3A mutants on ANXAT1 interaction. The
results showed that 3A mutants do not affect ANXA1 binding. This suggests that the
function of 3A as a virulence factor is not related to ANXAT1 regulation.

Collectively, our results showed that FMDV 3A interacts with ANXA1 to disrupt
ANXA1-TBK1 complex formation to regulate IFN-I production negatively and that
ANXAT is essential for inhibiting FMDV replication (Fig. 10). The present study provides
insights into the mechanism of ANXAT in the virus-induced innate immune response
and reveals that FMDV 3A antagonizes the effect of ANXA1 on viral replication. Further
studies are required to provide a more thorough understanding of the role of 3A in
FMDV replication.

MATERIALS AND METHODS

Cells, viruses, and reagents. Human embryonic kidney 293T (HEK293T), human embryonic kidney
293 (HEK293), baby hamster kidney 21 (BHK21), HeLa (Henrietta Lacks), and porcine kidney 15 (PK15)
cell lines were maintained in our laboratory, while ANXA1 knockout cells and wild-type cells were con-
structed by EDIGENE Biotechnology Co., Ltd. (Beijing, China). HEK293 and ANXA1 knockout Hela cells
and Hela wild-type cells were cultured in Dulbecco's modified Eagle’s medium (DMEM; Gibco), and
BHK21 and PK15 cells were cultured in modified Eagle’s medium (MEM; Gibco) supplemented with 10%
or 20% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pwg/mL streptomycin at 37°C with 5% CO.,.

Herpes simplex virus (HSV), Sendai virus (SeV), and wild-type FMDV (FMDV/O/BY/CHA/2010) were
stored in our laboratory. HSV and SeV were propagated in embryonated chicken eggs. FMDV replication
and titration were performed in BHK21 cells. Primary antibodies against Flag, hemagglutinin (HA), and
myc were purchased from Sigma. Antibodies against ANXA1, TBK1, B-actin, IRF3, p-IRF3, and p-TBK1
were obtained from Cell Signaling Technology (CST). The antibodies used in the present study were spe-
cific for both human- and pig-derived proteins. Lipofectamine 2000 and Lipofectamine 3000 were pur-
chased from Invivogene Biotech Co., Ltd., and TRIzol was purchased from Invitrogen ((Thermo Fisher
Scientific [China] Co., Ltd., China).

Plasmids and transfection. The cDNA fragment of 3A was amplified from total RNA extracted from
FMDV/O/BY/CHA/2010. The DNA fragments of ANXA1, VISA, STAT1, JAK1, and TBK1 were generated by
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TABLE 1 Primers used for gPCR

Primer?

Sequence

pIFN-B forward
pIFN-S reverse
pANXA1 forward
PANXAT reverse
pISG56 forward
pISG56 reverse
pISG20 forward
pISG20 reverse
PGAPDH forward
PGAPDH reverse
FMDV forward
FMDV reverse
hIFN-g forward
hIFN-B reverse
hANXA1 forward
hANXA1 reverse
hISG56 Forward
hISG56 reverse
hl1SG54 forward
hISG54 Reverse
hGAPDH forward
hGAPDH reverse
SeV forward

SeV reverse
HSV-1 forward

5'TGCAACCACCACAATTCC3’
5'CTGAGAATGCCGAAGATCTG3'
5'TTGGAAGAAGGCAGGGAAAA3’

5'TGAGGATGGATTGAAGGTAGGATAG3'

5'ACGTAACTGAAAATCCACAAGA3’
5'TGCTCCAGACTATCCTTGACCTS3'
5'CTCCTGCACAAGAGCATCCA3’
5'CATCGTTGCCTTCGCATCT3'
5'ACATGGCCTCCAAGGAGTAAGA3’
5'GATCGAGTTGGGGCTGTGACT3’
5'ACTGGGTTTTACAAACCTGTGA3’
5'GCGAGTCCTGCCACGGA3’
5'TTGTTGAGAACCTCCTGGCT3’
5'TGACTATGGTCCAGGCACAG3’
5'GGATCCATGGCAATGGTATCAGA3’
5'CTCGAGGTTTAGTTTCCTCCACA3’
5'GCCTTGCTGAAGTGTGGAGGAA3'
5'ATCCAGGCGATAGGCAGAGATC3’
5'CACCTCTGGACTGGCAATAGC3’
5'GTCAGGATTCAGCCGAATGG3’
5'GAGTCAACGGATTTGGTCGT3’
5'GACAAGCTTCCCGTTCTCAG3'
5'TGTTATCGGATTCCTCGACGCAGTC3’
5'TACTCTCCTCACCTGATCGATTATC3’
5'TCGGCGTGGAAGAAACGAGAGA3’

HSV-1 reverse 5'CGAACGCACCCAAATCGACA3’

ap, porcine; h, human.

PCR amplification of the total RNA of PK15 cells. Expression plasmids were constructed by cloning the
indicated sequences into the plasmid pcDNA3.1. Lipofectamine 2000 or 3000 (Invitrogen) was used for
transfection according to the manufacturer’s instructions.

RNA isolation and quantitative PCR assay. RNA was extracted from HEK293T, PK15, or Hela cells
by using an RNA extraction kit, and cDNA was synthesized using the MLV-reverse transcription system
(Promega) according to the manufacturer’s instructions. SYBR green real-time PCR was used to analyze
gene expression. Data were normalized to the B-actin expression level. Real-time quantitative PCR
(gPCR) primers are listed in Table 1.

Luciferase reporter assay. HEK293T cells were cultured in a 24-well plate, and after 24 h, IFN-B-Luc
or ISRE-Luc and the pRL-TK plasmid (kindly provided by HongBing Shu from Wuhan University, China)
were transfected into HEK293T cells (1 x 10° cells/well) along with plasmids encoding the indicated
genes. The cells were further cultured for 24 h posttransfection and harvested 12 h later, and luciferase
activity was determined using a dual-luciferase reporter assay system (Promega) according to the manu-
facturer’s protocol.

Coimmunoprecipitation. After transfection and stimulation, HEK293T cells were harvested and
lysed with a lysis buffer for 30 min at 4°C. Cell lysates were centrifuged at 12,000 rpm for 10 min, and
the supernatant (1 ug total protein) was incubated with the indicated antibodies (1 ©g) and protein
A/G-Sepharose beads (Roche) for 2 h at 4°C. The beads were then washed 5 times with the lysis buffer.
The beads with a loading buffer were boiled for 10 min at 100°C and subjected to SDS-PAGE.

Western blotting. Protein samples were subjected to SDS-PAGE and transferred onto a polyvinyli-
dene difluoride (PVDF) membrane (Millipore). The membranes were blocked with 5% nonfat milk for 1 h
at room temperature. Subsequently, the membranes were incubated with specific primary antibodies
for 2 h at 4°C, followed by incubation with horseradish peroxidase (HRP)-labeled secondary antibodies
for 1 h at room temperature. The membrane was then subjected to ECL assay.

Confocal microscopy. The indicated plasmids were transfected into HEK293 cells for 24 h, washed
with phosphate-buffered saline (PBS) 3 times at room temperature, fixed with 4% paraformaldehyde so-
lution for 30 min, washed with PBS for 3 times, and permeabilized with PBS containing 1% Triton X-100
and 10% sheep serum for 30 min. After washing with PBS 3 times, the cells were blocked with PBS con-
taining 5% bovine serum albumin and 0.1% Tween 20 for 1 h, washed 3 times with PBS, incubated with
target primary antibodies for 4 h at 4°C, washed 3 times with PBS, and then incubated for 1 h with fluo-
rescence-labeled secondary antibodies. 4’,6-Diamidino-2-phenylindole (DAPI) (Sigma) was used for nu-
clear staining for 30 min at room temperature. Images were acquired using a Zeiss LSM 710 confocal
microscope.

Statistic analysis. Statistical analyses were performed using GraphPad Prism software (version 8). All
data were expressed as means =+ standard errors of the means (SEM). A P value of <0.05 was considered
significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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