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ABSTRACT African swine fever virus (ASFV) is a large DNA virus that causes African
swine fever (ASF), an acute and hemorrhagic disease in pigs with lethality rates of up
to 100%. To date, how ASFV efficiently suppress the innate immune response remains
enigmatic. In this study, we identified ASFV cysteine protease pS273R as an antagonist
of type | interferon (IFN). Overexpression of pS273R inhibited JAK-STAT signaling trig-
gered by type | IFNs. Mechanistically, pS273R interacted with STAT2 and recruited the
E3 ubiquitin ligase DCST1, resulting in K48-linked polyubiquitination at K55 of STAT2
and subsequent proteasome-dependent degradation of STAT2. Furthermore, such a
function of pS273R in JAK-STAT signaling is not dependent on its protease activity.
These findings suggest that ASFV pS273R is important to evade host innate immunity.

IMPORTANCE ASF is an acute disease in domestic pigs caused by infection with ASFV.
ASF has become a global threat with devastating economic and ecological consequen-
ces. To date, there are no commercially available, safe, and efficacious vaccines to pre-
vent ASFV infection. ASFV has evolved a series of strategies to evade host immune
responses, facilitating its replication and transmission. Therefore, understanding the
immune evasion mechanism of ASFV is helpful for the development of prevention
and control measures for ASF. Here, we identified ASFV cysteine protease pS273R as
an antagonist of type | IFNs. ASFV pS273R interacted with STAT2 and mediated degra-
dation of STAT2, a transcription factor downstream of type | IFNs that is responsible
for induction of various IFN-stimulated genes. pS273R recruited the E3 ubiquitin ligase
DCST1 to enhance K48-linked polyubiquitination of STAT2 at K55 in a manner inde-
pendent of its protease activity. These findings suggest that pS273R is important for
ASFV to escape host innate immunity, which sheds new light on the mechanisms of
ASFV immune evasion.
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frican swine fever (ASF) is an acute hemorrhagic disease that is fatal to wild and

domestic pigs, with mortality rates of up to 100%. It is caused by infection with African

swine fever virus (ASFV), which was first reported in Africa in the 1920s (1). Due to the ab-

sence of effective vaccines, ASF has been spreading in Europe and Asia in recent decades
(2), becoming a global threat with devastating economic and ecological consequences.

ASFV is a large DNA virus belonging to the Asfivirus genus of the Asfaviridae family.

It has a large genome of around 170 to 190 kb and encodes more than 150 proteins,
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including essential factors required for genome replication and transcription and pro-
teins that play various roles in manipulation of the host immune responses (3-5).
Multiple ASFV-encoded proteins have been reported to be involved in immune eva-
sion. For example, ASFV A238L inhibits the activation of the transcription factors nu-
clear factor kB (NF-«B), c-Jun, and nuclear factor of activated T cells (NFAT) (6, 7), while
ASFV A276R inhibits the activation of the transcription factor interferon (IFN) regulatory
factor 3 (IRF3) (8). ASFV 1267L and DP96R prevent IFN-B production by inhibiting the
RNA polymerase lll-retinoic acid-inducible gene | (RIG-I) pathway and the cyclic GMP-
AMP synthase (cGAS)-stimulator of IFN genes (STING) pathway, respectively (9, 10).

Type | IFNs play important roles in antiviral responses via the effects of various IFN-
stimulated genes (ISGs) that are induced by the Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) pathway. Binding of type | IFNs to their receptors leads to
receptor tyrosine phosphorylation by JAK1 and tyrosine kinase 2 (TYK2). Subsequently,
activated JAK1 and TYK2 phosphorylate the transcription factors STAT1 and STAT2, leading
to assembly of the ISG factor 3 (ISGF3) heterotrimer, which is formulated by phosphoryl-
ated STAT1, STAT2, and IFN regulatory factor 9 (IRF9) in cytoplasm. ISGF3 is then translo-
cated to the nucleus, binds to IFN-stimulated response elements (ISREs), and initiates the
transcription of various ISGs (11). It has been reported that multigene family 360 (MGF360)
and MGF530/505 of ASFV are involved in modulation of the type | IFN responses (12).

In this study, we screened ~150 independent cDNA expression clones of ASFV by
reporter assays. We found that ASFV pS273R inhibited type | IFN-triggered signaling.
pS273R is encoded by the S273R gene and belongs to the small ubiquitin-like modifier
protein (SUMO-1)-specific protease family (13). It has been reported that pS273R func-
tions as a cysteine protease that processes polyprotein precursors to mature structural
proteins required for virus assembly. For example, the polyprotein pp220 is cleaved by
pS273R to yield p5, p34, p14, p37, and p150, while the polyprotein pp62 is cleaved by
pS273R to yield p15, p35, and p8 (14). In our study, we uncover the immune evasion
function of pS273R. We demonstrate that pS273R interacts with STAT2 and enhances
K48-linked polyubiquitination and degradation of STAT2 by recruiting the E3 ubiquitin
ligase DCST1 and thus impairs type | IFN-mediated antiviral effects.

RESULTS

ASFV pS273R inhibits JAK-STAT signaling induced by type I IFNs. Type | IFNs are
important for the host antiviral defense. To identify potential candidate ASFV proteins
that could antagonize type | IFN-induced signaling, we screened ~150 independent
cDNA expression clones of ASFV by reporter assays. In this screening, we identified
pS273R as a potent antagonist of type | IFN signaling (see Fig. S1 in the supplemental
material). Overexpression of pS273R inhibited activation of the STAT1/2 reporter by
IFN-B stimulation (Fig. 1A). However, pS273R showed little effect on IRF1 activation
stimulated by IFN-y (Fig. 1B). Consistently, overexpression of pS273R impaired the tran-
scription of ISG15, ISG54, and ISG56 genes in response to IFN-8 treatment in HEK293T
cells (Fig. 1C). To further confirm the function of pS273R in porcine cells, we estab-
lished PK-15 cells stably expressing pS273R and found that pS273R also inhibited tran-
scription of Mx2, Isg15, and Isg54 genes stimulated by porcine IFN-« (Fig. 1D). It is well
known that phosphorylations of JAK1, TYK2, STAT1, and STAT2 are key events in the
activation of JAK-STAT signaling stimulated by type | IFNs. We found that pS273R
impaired phosphorylation of STAT1 and STAT2 in HEK293T and PK-15 cells (Fig. 1E and
F) but had little effect on phosphorylation of JAK1 and TYK2 (Fig. 1E). In these experi-
ments, we also noticed that the level of STAT2 in cells expressing pS273R was lower
than that in the control cells (Fig. 1E and F).

ASFV pS273R interacts with STAT2 and induces STAT2 degradation. Based on
these results, we further investigated whether pS73R inhibited type | IFN-induced sig-
naling by targeting STAT2. In coimmunoprecipitation experiments, pS273R interacted
with STAT2 but not JAK1, TYK2, STAT1, or IRF9 (Fig. 2A; also see Fig. S1B). Consistently,
pS273R was associated with endogenous porcine STAT2 following ASFV infection (Fig.
2B). In addition, in vitro pulldown assays with purified recombinant STAT2 and pS273R
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FIG 1 ASFV pS273R inhibits JAK-STAT signaling induced by type | IFNs. (A) HEK293T cells were transfected with expression plasmids for pS273R, STAT1/2
luciferase reporter (0.01 wng), and thymidine kinase (TK) reporter (0.01 wg/mL). Twenty-four hours later, cells were stimulated with IFN-B (20 M) for 10 h
before luciferase assays were performed. One-way ANOVA was used for statistical analysis for means and average deviations. Data shown are
representative of 4 repeated experiments. (B) HEK293T cells were transfected with plasmids of the IRF1 luciferase reporter (0.05 wg) and TK reporter
(0.01 wg/mL). Twenty-four hours later, cells were stimulated with IFN-y (20 M) for 10 h before luciferase assays were performed. One-way ANOVA was
used for statistical analysis for means and average deviations. Data shown are representative of 2 repeated experiments. (C) HEK293T cells were transfected
with pS273R. Twenty-four hours later, cells were stimulated with IFN-3 (20 wM) for 6 h. The ISG15, ISG54, and ISG56 mRNA levels were analyzed by reverse
transcription (RT)-gPCR. Student's t test was used for statistical analysis for means and average deviations. Data shown are representative of 3 repeated
experiments. (D) PK-15 cells stably expressing pS273R were stimulated with porcine IFN-a (400 U) for 6 h. The porcine Mx2, Isg15, and Isg54 mRNA levels
were analyzed by RT-qPCR. Student's t test was used for statistical analysis for means and average deviations. Data shown are representative of 2 repeated
experiments. (E) HEK293T cells (5 x 10° were transfected with Flag-tagged pS273R (1 wg). Twenty-four hours later, cells were stimulated with IFN-3
(20 uM) for 0, 5, 10, or 20 min before Western blot assays were performed. Data shown are representative of 3 repeated experiments. (F) PK-15 cells stably

expressing pS273R were stimulated with porcine IFN-a (400 U) for 0, 5, or 10 min before Western blot assays were performed with the indicated
antibodies. Data shown are representative of 3 repeated experiments.
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FIG 2 ASFV pS273R interacts with STAT2. (A) HEK293T cells (5 x 10°) were cotransfected with Myc-tagged pS273R (5 1g) and Flag-tagged JAK1
(5 n9), Flag-tagged TYK2 (5 nq), Flag-tagged STAT1 (5 ng), Flag-tagged STAT2 (5 wg), or Flag-tagged IRF9 (5 wg). Coimmunoprecipitation and
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showed that pS273R bound to STAT2 directly (Fig. 2C). Confocal microscopy showed
that STAT2 was dispersed through the cytosol in pulmonary alveolar macrophages
(PAMs) under normal physiological conditions (Fig. 2D). Interestingly, after ASFV infec-
tion, STAT2 aggregated to form punctate structures in which it remarkably colocalized
with pS273R, suggesting that pS273R is associated with STAT2 following ASFV infec-
tion (Fig. 2D). Moreover, we tried to determine which domains of STAT2 and pS273R
are responsible for their interaction. Domain-mapping experiments indicated that the
N-terminal domain of STAT2 and the core domain (CD) of pS273R were essential for
their interaction (Fig. 2E and F). Consistently, the pS273R CD but not the arm domain
of pS273R (AD) showed an inhibitory effect on IFN-B3-stimulated activation of STAT1/2
(Fig. 2G). Taken together, these results suggest that pS273R interacts with STAT2 fol-
lowing ASFV infection.

Since overexpression of pS273R resulted in lower levels of STAT2, we further investi-
gated whether pS273R affects STAT2 stability. In cotransfection experiments, we found
that pS273R mediated STAT2 degradation in a dose-dependent manner but showed
little effect on the stability of JAK1, TYK2, STATT1, or IRF9 (Fig. 3A). Consistently, while
the expression of pS273R increased following ASFV infection, the relative level of
STAT2 (the STAT2/B-actin ratio) decreased (Fig. 3B). In addition, pS273R-mediated deg-
radation of STAT2 was completely inhibited by MG132, an inhibitor of the proteasome,
instead of 3-methyladenine (3MA) or NH,Cl, which are inhibitors of the lysosomal path-
way and the autophagy pathway, respectively (Fig. 3C and D). Taken together, these
results suggested that pS273R inhibits type | IFN signaling by inducing proteasome-de-
pendent degradation of STAT2.

ASFV pS273R recruits the E3 ubiquitin ligase DCST1 and enhances K48-linked
polyubiquitination of STAT2. Since ubiquitination is usually involved in proteasome-
dependent protein turnover, we next examined whether pS273R enhanced the ubiquiti-
nation of STAT2, and we found that overexpression of pS273R markedly enhanced the
polyubiquitination of STAT2 (Fig. 4A). To investigate which type of polyubiquitination of
STAT2 was enhanced by pS273R, we transfected pS273R with wild-type ubiquitin or
ubiquitin mutants such as K60, K110, K270, K290, K330, K480, and K630, which con-
tain only one lysine residue at the indicated position, with other lysine residues being
substituted by arginines. We found that pS273R enhanced K48-linked polyubiquitination
of STAT2 but had little effect on other types of polyubiquitination of STAT2 (Fig. 4B).

Previously, E3 ubiquitin ligases such as PDLIM2, DCST1, and FBXW?7 have been reported
to be involved in K48-linked polyubiquitination of STAT2 (15-17). Coimmunoprecipitation
experiments showed that, while all three E3 ligases interacted with STAT2, only DCST1 and
not PDLIM2 or FBXW?7 could interact with pS273R (Fig. 4C; also see Fig. S2A). Notably,
pS273R enhanced the interaction between STAT2 and DCST1 but showed no obvious
effects on STAT2-PDLIM2 or STAT2-FBXW?7 interactions (Fig. 4D; also see Fig. S2B).
Furthermore, we examined whether the antagonistic function of pS273R is dependent on
DCST1. The quantitative PCR (qPCR) results showed that impaired transcription of Isg15,
Isg54, and Oas1 mediated by pS273R was completely restored by knockdown of DCST1 in

FIG 2 Legend (Continued)

immunoblotting (IB) were performed with the indicated antibodies. Data shown are representative of 2 repeated experiments. (B) PAMs
(1 x 10”) were infected with ASFV CN/GS/2018 strain (MOI of 0.1) for 24 h or 36 h. Coimmunoprecipitation (IP) and immunoblotting were
performed with the indicated antibodies. Data shown are representative of 2 repeated experiments. (C) In vitro pulldown assays were performed
with the indicated antibodies and anti-GST-tagged beads using purified recombinant STAT2 and pS273R expressed in E. coli cells. Data shown
are representative of 2 repeated experiments. (D) PAM cells (5 x 10%) were infected with ASFV (MOI of 0.2) for 0, 12, or 24 h. STAT2 and pS273R
were stained with anti-STAT2 antibody and anti-pS273R antibody. The nuclei were stained with DAPI. Confocal assays were performed by Nikon
100 microscopy. (E) HEK293T cells (5 x 10°) were cotransfected with Flag-tagged pS273R (5 ug) and HA-tagged STAT2 or its truncation mutants
(5 ng). The upper section shows schematic representations of STAT2 truncations. Coimmunoprecipitation and immunoblotting were performed
with the indicated antibodies. Data shown are representative of 4 repeated experiments. (F) HEK293T cells (5 X 10°) were cotransfected with
Flag-tagged STAT2 (5 wg) and HA-tagged pS273R or its truncation mutants (5 wg). The upper section shows schematic representations of
pS273R truncations. Coimmunoprecipitation and immunoblotting were performed with the indicated antibodies. Data shown are representative
of 2 repeated experiments. Vec, vector; FL, full length; AD, AD of pS273R; CD, CD of pS273R. (G) HEK293T cells were transfected with plasmids of
full length, AD or CD domain of pS273R, STAT1/2 luciferase reporter (0.01 ng) and TK reporter (0.01 wg). Twenty-four hours later, cells were
stimulated with IFN-B (20 ©M) for 10 hours before luciferase assays were performed. ONE-way ANOVA was used for statistical analysis for means
and average deviations.

March 2023 Volume 97 Issue 3 10.1128/jvi.01942-22 5


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01942-22

pS273R Inhibits Type | Interferon Signaling Journal of Virology

Flag:  JAK1 TYK2 STAT1 Flag: STAT2 IRF9
HA-pS273R: - il -~ il - el HA-pS273R: - il - el
D Flag-JAK1/TYK2 [ Flag-STAT2

S s s e |- |29-STAT1
R F(ag-IRFO

-——— —— e e |-HA-pS273R e — o —— -HA-pSZ73R
-HA-B-actin '.- T o - - -HA-B-actin
B C Flag-STAT2

DMSO _MG132 3MA NHa4ClI
HA-pS273R! | el = el | el

w— o | STAT2 — i — e -Flag-STAT2

ASFV: 0 12 24 36 h

1.00 1.01 0.80 0.63

S -S273R
S |p-actin ———————— — — — |-\ [}-actin

e e |-HA-pS273R

D Mock MG132
Vec pS273R  Vec pS273R
IFN-B: 0 5 100 510 0 5 10 0 5 10 (min)

s —— w= e nSTAT1
T W e |_STAT1
- AL  aagel-pSTAT?
——— e —— —— -STAT2
P E— ; e w|-Flag-pS273R
-B-actin

FIG 3 ASFV pS273R induces STAT2 degradation through the proteasomal pathway. (A) HEK293T cells (5 x 10°) were transfected with
plasmids of Flag-tagged JAK1 (0.3 ng), Flag-tagged TYK2 (0.3 ng), Flag-tagged STAT1 (0.3 ng), Flag-tagged STAT2 (0.3 wg), Flag-tagged IRF9
(0.3 ng), and increasing dose plasmids of HA-pS273R. Twenty-four hours later, cells were lysed and the expression levels of these proteins
were determined by SDS-PAGE and Western blotting. B-Actin was used as a loading control. Data shown are representative of 3 repeated
experiments. (B) PAMs (1 x 10°) were infected with ASFV (MOI of 0.1) for 12 h, 24 h, or 36 h. Western blot assays were performed with the
indicated antibodies. Data shown are representative of 2 repeated experiments. (C) HEK293T cells (5 x 10°) were cotransfected with Flag-
tagged pS273R and Flag-tagged STAT2. Twenty-four hours later, cells were left untreated or treated with MG132 (20 uM), 3MA (100 uM), or
NH,Cl (20 nM) for 6 h. Western blot assays were performed with the indicated antibodies. Data shown are representative of 2 repeated
experiments. (D) HEK293T cells (5 X 10°) were transfected with plasmids of Flag-tagged pS273R (1 ug). Twenty-four hours later, cells were
treated or not treated with MG132 (20 uM) for 6 h before being stimulated with IFN-B (20 uM) for 0, 5, or 10 min. The phosphorylation
and expression levels of the indicated proteins were examined by Western blotting. 3-Actin was used as a loading control. Data shown are
representative of 3 repeated experiments. DMSO, dimethyl sulfoxide.

PK-15 cells (Fig. 4E). Consistently, ASFV infection-induced degradation of STAT2 was
restored by knockdown of DCST1 (Fig. 4F), suggesting that pS273R inhibits type | IFN sig-
naling via DCST1. In addition, knockdown of DCST1 inhibited ASFV replication (see Fig. S3).
Taken together, these results suggested that pS273R recruited the E3 ubiquitin ligase
DCST1, which mediated K48-linked polyubiquitination of STAT2, thus impairing host antivi-
ral responses.

DCST1-mediated polyubiquitination of STAT2 at K55 is responsible for
pS273R-induced STAT2 degradation. Next, we further investigated DCST1-mediated
ubiquitination of STAT2. Overexpression of DCST1 enhanced K48-linked polyubiquiti-
nation of STAT2. Domain mapping further suggested that, while DCST1 markedly
enhanced polyubiquitination of the N terminus of STAT2 (STAT2-ND), it showed no
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FIG 4 ASFV pS273R recruits the E3 ubiquitin ligase DCST1 and enhances K48-linked polyubiquitination of STAT2. (A) HEK293T cells (1 x 10°) were
cotransfected with Myc-tagged pS273R (1 ng), Flag-tagged STAT2 (2 ng) and HA-tagged ubiquitin (1 w«g). Twenty-four hours later, cells were treated with
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FIG 5 DCST1-mediated polyubiquitination at K55 of STAT2 is responsible for its degradation. (A) HEK293T cells
(1 x 10° were cotransfected with Myc-tagged DCST1 (1 wg), Flag-tagged STAT2 (2 ng), Flag-STAT2-ND (2 ug), Flag-
STAT2AND (2 ug), and HA-tagged K480 ubiquitin (2 wg). Twenty-four hours later, cells were treated with MG132
(20 uM) for 6 h. Coimmunoprecipitation (IP) and immunoblotting (IB) were performed with the indicated antibodies.
Data shown are representative of 2 repeated experiments. (B) HEK293T cells (5 X 10°) were cotransfected with HA-
tagged K480 ubiquitin (2 wg), Flag-tagged STAT2 and mutants (2 xg), and Myc-tagged DCST1 (1 wg). Twenty-four
hours later, cells were treated with MG132 (20 uM) for 6 h. Coimmunoprecipitation and immunoblotting were
performed with the indicated antibodies. Data shown are representative of 3 repeated experiments. (C) HEK293T
cells (5 x 10°) were transfected with plasmids of Flag-STAT2 (0.3 wg), Flag-STAT2 K55R mutant (0.3 ug), and
increasing dose plasmids of Myc-pS273R. Twenty-four hours later, cells were lysed, and the expression levels of these
proteins were examined by SDS-PAGE and Western blotting. 3-Actin was used as a loading control. Data shown are
representative of 2 repeated experiments. WT, wild-type.

obvious effects on K48-linked polyubiquitination of STAT2AND (Fig. 5A), suggesting
that the site of polyubiquitination is located in the N terminus of STAT2. To further
determine the site of STAT2 polyubiquitination, we generated K55R, K89R, and K116R
mutants of STAT2, in which three lysines in STAT2-ND were replaced with arginines. As
shown in Fig. 5B, while DCST1 enhanced K48-linked polyubiquitination of the K89R
and K116R mutants of STAT2, it failed to mediate K48-linked polyubiquitination of
STAT2-K55R, indicating that K55 of STAT2 is the site of polyubiquitination by DCST1
(Fig. 5B). Interestingly, the STAT2-K55R mutant was resistant to pS273R-mediated deg-
radation (Fig. 5C). Taken together, these results suggested that DCST1-mediated K48-
linked polyubiquitination of STAT2 at K55 is responsible for pS273R-induced STAT2
degradation.

ASFV pS273R inhibits JAK-STAT signaling independently of its protease activ-
ity. ASFV pS273R is a cysteine protease that preferentially cleaves proteins with Gly-Gly-
X amino acid motifs. Previous studies reported that the AD (amino acids 1 to 83), as well

FIG 4 Legend (Continued)

MG132 (20 uM) for 6 h. Coimmunoprecipitation (IP) and immunoblotting were performed with the indicated antibodies. Data shown are representative of
5 repeated experiments. (B) HEK293T cells (1 x 10° were cotransfected with Myc-tagged pS273R (1 ng), Flag-tagged STAT2 (2 ng) and different types of
HA-tagged ubiquitin (1 wg). Twenty-four hours later, cells were treated with MG132 (20 wM) for 6 h. Coimmunoprecipitation and immunoblotting were
performed with the indicated antibodies. Data shown are representative of 3 repeated experiments. (C) HEK293T cells (5 x 10° were cotransfected with
Flag-tagged DCST1 (5 wg), HA-tagged pS273R (5 wg), and HA-tagged STAT2 (5 ng). Coimmunoprecipitation and immunoblotting were performed with the
indicated antibodies. Data shown are representative of 2 repeated experiments. (D) HEK293T cells (5 x 10°) were cotransfected with Myc-tagged pS273R,
HA-tagged STAT2, and Flag-tagged DCST1. Coimmunoprecipitation and immunoblotting were performed with the indicated antibodies. Data shown are
representative of 2 repeated experiments. (E) PK-15 cells stably expressing pS273R (1 x 10° were transfected with #4 siRNAs for porcine DCST1. Forty-
eight hours later, cells were stimulated with porcine IFN-a (400 U) for 6 h. The Isg15, Isg54, and OasT mRNA levels were analyzed by RT-qPCR. Student's t
test was used for statistical analysis for means and average deviations. Data shown are representative of 2 repeated experiments. (F) PAMs (1 x 10°) were
transfected with control (NC) or DCST1 siRNAs. Forty-eight hours later, cells were infected with ASFV (MOI of 0.1) for 24 h or 36 h before Western blot
assays were performed with the indicated antibodies. Data shown are representative of 2 repeated experiments.
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FIG 6 ASFV pS273R inhibits JAK-STAT signaling independently of its protease activity. (A) PK-15 cells (1 x 10°) stably expressing wild-type
(WT) and H168R and C232S mutants of pS273R were stimulated with porcine IFN-« (400 U) for 6 h. The mRNA levels of pI/SG15, pISG54, and
poas1 were analyzed by RT-gPCR. One-way ANOVA was used for statistical analysis for means and average deviations. Data shown are
representative of 2 repeated experiments. (B) HEK293T cells (1 X 10°) were cotransfected with Myc-tagged wild-type and H168R and C232S
mutants of pS273R (1 ug), Flag-tagged STAT2 (2 ng), and HA-tagged K480 ubiquitin (2 ng). Twenty-four hours later, cells were treated with
MG132 (20 uM) for 6 h. Coimmunoprecipitation (IP) and immunoblotting (IB) were performed with the indicated antibodies. Data shown are
representative of 3 repeated experiments. (C) PK-15 cells (5 x 10°) stably expressing wild-type and H168R and C232S mutants of pS273R
were stimulated with porcine IFN-a (400 U) for 0, 5, or 10 min. The phosphorylation and expression levels of the indicated proteins were

(Continued on next page)
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as His168 and Cys232, of pS273R are essential for its protease activity. Depletion of the
AD or mutation of either H168 or C232 resulted in loss of the protease activity of pS273R
(14). We next determined whether the protease activity of pS273R is required for its reg-
ulation of type I IFN signaling. Interestingly, pS273R CD still showed an inhibitory effect on
IFN-B3-triggered STAT1/2 activation (Fig. 2G). In addition, while wild-type pS273R and
pS273R(H168R) still inhibited transcription of Isg15, Isg54, and Oas1 induced by IFN-q,
pS273R(C232S) lost its inhibitory function (Fig. 6A). Consistently, pS273R(H168R) also
enhanced K48-linked polyubiquitination and induced the degradation of STAT2 (Fig. 6B
and C). Since the two enzymatically inactive mutants of pS273R still inhibited JAK-STAT sig-
naling, we speculated that the protease activity of pS273R is not required for its inhibition
of type I IFN signaling.

We next tried to elucidate why pS273R(C2329) lost its inhibitory function. We found
that, while both H168R and C232S mutations of pS273R showed no effect on the inter-
action with STAT2 (Fig. 6D), pS273R(C232S) no longer interacted with DCST1 (Fig. 6E).
Consistently, pS273R(C232S) failed to enhance the interaction between DCST1 and
STAT2 (Fig. 6F), as well as the K48-linked polyubiquitination of STAT2 (Fig. 6B), indicat-
ing that mutation of Cys232 disabled pS273R from recruiting DCST1 to STAT2. Taken
together, these results suggested that the ability to facilitate the DCST1-STAT2 interac-
tion instead of the cysteine protease activity is critical for pS273R to antagonize type |
IFN signaling.

DISCUSSION

The ASFV genome encodes more than 150 viral proteins. Previous studies have
reported that ASFV has developed series of strategies to evade host antiviral responses,
such as reducing IFN production, inhibiting IFN signaling, inhibiting infection-induced
apoptosis, and disturbing inflammatory responses (10, 18-20). In this study, we identi-
fied pS273R as a new inhibitor of type | IFN signaling by genome-wide screening of
ASFV-encoded proteins.

Several lines of evidence suggest that ASFV pS273R antagonizes type | IFN signaling
by inducing DCST1-mediated ubiquitination and degradation of STAT2. First, overex-
pression of pS273R caused STAT2 degradation and inhibited IFN-B-triggered transcrip-
tion of downstream ISGs. Second, pS273R interacted with STAT2 and enhanced the
interaction between STAT2 and DCST1, which is an E3 ligase and has been reported to
mediate K48-linked polyubiquitination of STAT2. Third, pS273R mutants that lost the
ability to bridge the STAT2-DCST1 interaction failed to inhibit type | IFN-induced sig-
naling. Fourth, pS273R-mediated STAT2 degradation was restored in DCST1 knock-
down cells. In addition, the STAT2-K55R mutant, in which the ubiquitination site of
DCST1 was mutated, was resistant to pS273R-mediated degradation. Taken together,
these findings suggest that, following ASFV infection, the viral protein pS273R interacts
with STAT2 and recruits the E3 ubiquitin ligase DCST1, which mediates ubiquitination
of STAT2 and subsequently results in STAT2 degradation. ASFV pS273R-mediated
STAT2 degradation leads to inhibition of ISG transcription induced by type | IFNs and
thus antagonizes host antiviral innate immune responses.

ASFV pS273R has been reported to have protease activity, which processes viral poly-
protein precursors to mature structural proteins required for virus assembly (13). Recently,
it was reported that pS273R could inhibit infection-induced pyroptosis by noncanonically

FIG 6 Legend (Continued)

examined by Western blotting. Data shown are representative of 2 repeated experiments. (D) HEK293T cells (5 X 10°) were cotransfected
with Flag-tagged wild-type and H168R and C232S mutants of pS273R (1 ug) and HA-tagged STAT2 (2 ug). Coimmunoprecipitation and
immunoblotting were performed with the indicated antibodies. Data shown are representative of 2 repeated experiments. (E) HEK293T cells
(5 x 10° were cotransfected with Myc-tagged wild-type and H168R and C232S mutants of pS273R (1 wg) and Flag-tagged DCST1 (2 wg).
Coimmunoprecipitation and immunoblotting were performed with the indicated antibodies. Data shown are representative of 2 repeated
experiments. (F) HEK293T cells (5 X 10°) were cotransfected with Flag-tagged wild-type and H168R and C232S mutants of pS273R (1 wg),
HA-tagged STAT2 (2 ung), and Flag-tagged DCST1 (1 wg). Twenty-four hours later, cells were treated with MG132 (20 uM) for 6 h.
Coimmunoprecipitation and immunoblotting were performed with the indicated antibodies. Data shown are representative of 3 repeated
experiments.
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cleaving gasdermin D, leading to antagonization of host antiviral responses (19). In our
study, pS273R(H168R) and pS273R(CD), two catalytically inert mutants of pS273R, inhibited
type | IFN signaling similarly as the wild-type pS273R, indicating that the protease activity
of pS273R is dispensable for it to negatively regulate type | IFN signaling. These findings
reveal a protease-independent function of pS273R in immune evasion.

The best way to elucidate the function of pS273R is to construct pS273R-deficient
ASFV and test its replication and immune evasion in the course of infection. However,
given that pS273R is required for the maturation of viral structural proteins and is nec-
essary for ASFV replication (13), it is difficult to obtain pS273R-deficient viruses. In our
study, we found that the ability to facilitate DCST1-STAT2 interaction instead of the
cysteine protease activity is critical for pS273R to antagonize type | IFN signaling, which
provides a possible strategy to generate a mutant virus by replacing pS273R with a
mutant that loses the ability to facilitate DCST1-STAT2 interaction. It will be of interest
to test the immune evasion ability of such a ASFV mutant in future studies.

Type | IFNs play important roles in host antiviral responses. Therefore, it is not sur-
prising that viruses have evolved various mechanisms to antagonize type | IFNs for
immune evasion. For example, herpes simplex virus type 1 (HSV-1) ICPO inhibits IFN-
induced ISG expression, and mutant virus deficient in ICPO replicates less efficiently in
host cells (21). Human cytomegalovirus miR-US33as-5p causes the degradation of IFN-
a/ B receptor 1 (IFNAR1) mRNA and thus inhibits the antiviral effects of type | IFNs (22).
Hepatitis B virus Pol impairs phosphorylation of STAT1 at Ser727 to inhibit transloca-
tion of STAT1 to the nucleus (23). Previously, it has been reported that ASFV multiple
gene family (MGF) proteins have immune evasion functions. For example, MGF360 and
MGF505 have been reported to inhibit type | IFN-mediated antiviral effects, as ASFV
isolates that possess MGF360/MGF505 were partially resistant to type | IFN treatment
(20). In our screening, several candidate ASFV proteins were identified as potential
inhibitors of type | IFN signaling, among which is pS273R. It is possible that ASFV, like
other large DNA viruses, possesses multiple complementary and perhaps redundant
mechanisms to target type | IFN responses.

In summary, our findings reveal a protease-independent function of ASFV pS273R in
regulating host immune responses. pS273R bridges the interaction between STAT2 and
the E3 ubiquitin ligase DCST1, which induces degradation of STAT2 and impaired type |
IFN-mediated antiviral effects. The findings that ASFV pS273R not only is required for
maturation of viral structural proteins but also is involved in evasion of host innate
immune responses make it a potential target for the development of control measures
against ASFV.

MATERIALS AND METHODS

Reagents, antibodies, viruses, and cells. The following reagents and antibodies were purchased from
the indicated manufactures: dual-specificity luciferase assay kit (Promega), SYBR green (Bio-Rad), Polybrene
(Millipore), RNase A (Thermo Fisher Scientific), human IFN-y and IFN-B (R&D Systems), porcine IFN-« (PBL), pu-
romycin (Thermo Fisher Scientific), Lipofectamine 2000 (Invitrogen), MG132 (MCE), 3MA (MCE), mouse anti-
bodies against the hemagglutinin (HA) tag (BioLegend), Flag tag (Sigma), Myc tag (Cell Signaling Technology),
and B-actin (Sigma), anti-phospho-JAK1 (Tyr1022) (Cell Signaling Technology), anti-phospho-TYK2 (Tyr1054)
(Cell Signaling Technology), anti-phospho-STAT1 (Tyr701) (Cell Signaling Technology), anti-phospho-STAT2
(Tyr689/690) (Cell Signaling Technology), anti-JAK1 (Cell Signaling Technology), anti-TYK2 (Cell Signaling
Technology), anti-STAT1 (Cell Signaling Technology), anti-STAT2 (Cell Signaling Technology), and anti-DCST1
(Abcam). Anti-pS273R antibody was generated by immunizing rabbits or mice with purified recombinant
pS273R in the Center for Animal Experiment, Wuhan Institute of Virology, Chinese Academy of Sciences. The
ASFV CN/GS/2018 strain was propagated on PAMs as described previously (24), by the African Swine Fever
Regional Laboratory at the Lanzhou Veterinary Research Institute. HEK293T, PK-15 cells were purchased from
ATCC. PAMs were prepared by bronchoalveolar lavage as described previously. PAMs were cultured at 37°C
with 5% CO, in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% peni-
cillin-streptomycin (Thermo Fisher Scientific).

Constructs. Mammalian protein-expressing plasmids were constructed in the pCMV14 or pRK vector
by standard molecular biology methods. The point mutation plasmids were constructed by site-directed
mutagenesis as described previously. Expression plasmids for JAK1, TYK2, STAT1, STAT2, IRF9, DCST1,
FBXW?7, and PDLIM2 were described previously. Expression plasmids for ASFV open reading frames
(ORFs) were constructed by insertion of synthetic cDNA for particular ORFs into the pCMV7.1 vector as
described previously (24).
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Expression screen assays. HEK293T cells (1 x 10°) were transfected with an expression plasmid for
ASFV ORF (0.1 ng) and the STAT1/2 promoter luciferase reporter plasmid (0.05 ng) by the standard cal-
cium phosphate precipitation method. To normalize for transfection efficiency, 0.01 ug of pRL-TK
(Renilla luciferase) reporter plasmid was included in each transfection. Twenty-four hours later, cells
were further stimulated with IFN-B (20 ©M) for 10 h before luciferase assays were performed using a
dual-specificity luciferase assay kit (Promega) according to the manufacturer’s instructions.

Coimmunoprecipitation and immunoblotting analyses. Cells were lysed in NP-40 lysis buffer
(20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 1% NP-40) supplemented with protease and phos-
phatase inhibitors. For each immunoprecipitation, 400 uL of cell lysate was incubated at 4°C for 2 h with
0.5 ug of the indicated antibodies and 30 uL of a 50% slurry of protein G-Sepharose (GE Healthcare). The
Sepharose beads were then washed three times with 1 mL of lysis buffer containing 500 mM NaCl. The pre-
cipitates were resuspended with 50 uL 2x SDS loading buffer and boiled for 10 min. Immunoblotting anal-
ysis was performed following standard procedures.

Pulldown assay. pET-30c-STAT2 and pGEX-6p-1-pS273R were expressed in the Escherichia coli Rosetta
strain. Recombinant glutathione S-transferase (GST)-pS273R protein was purified with glutathione-Sepharose.
Purified His-STAT2 protein was added to the glutathione-Sepharose coupled with recombinant GST-pS273R
and incubated for 3 h at 4°C in NP-40 lysis buffer. Subsequently, the beads were washed in 1 mL of NP-40 lysis
buffer containing 500 mM NaCl and boiled with 50 L 2x SDS loading buffer. The eluates/input were
resolved by SDS-PAGE and detected by Coomassie staining and immunoblotting.

RNA extraction and qPCR. Total RNA was extracted using the TRIzol reagent according to the proce-
dures suggested by the manufacturer. cDNA was synthesized using an oligo(dT) primer and Moloney mu-
rine leukemia virus (M-MLV) reverse transcriptase (Invitrogen). qPCR analysis was performed to measure
the mRNA abundance of the indicated genes. Data shown are the relative abundance of the indicated
mRNA normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of
qPCR primer pairs were as reported previously or as follows: porcine Gapdh, 5'-ACATGGCCTCCAAGGA
GTAAGA-3" and 5'-GATCGAGTTGGGGCTGTGACT-3; porcine Isg15, 5'-CCTGTTGATGGTGCAAAGCT-3" and
5'-TGCACATAGGCTTGAGGTCA-3'; porcine Isg54, 5'-CTGGCAAAGAGCCCTAAGGA-3' and 5'-CTCAGAGGG
TCAATGGAATTCC-3’; porcine Oas1, 5'-AAGCATCAGAAGCTTTGCATCTT-3" and 5'-CAGGCCTGGGTTTCTT
GAGTT-3’; porcine Mx1, 5'-TCTGTAAGCAGGAGACCATCAACT-3" and 5'-TTTCTCGCCACGTCCACTATC-3’;
human GAPDH, 5'-GACAAGCTTCCCGTTCTCAG-3" and 5'-GAGTCAACGGATTTGGTCGT-3'; human ISG15, 5'-
AGGACAGGGTCCCCCTTGCC-3'" and 5'-CCTCCAGCCCGCTCACTTGC-3'; human I1SG54, 5'-GGAGCAGATTCT
GAGGCTTTGC-3" and 5'-GGATGAGGCTTCCAGACTCCAA-3'; human ISG56, 5'-TCATCAGGTCAAGGATAGTC-
3" and 5'-GCCACACTGTATTTGGTGTCTAGG-3'; ASFV p72, 5'-CCGGGTACAATGGGTCTTCC-3’ and 5'-CGCAA
CGGATATGACTGGGA-3'.

Confocal microscopy. PAMs were infected with the ASFV CN/GS/2018 strain (multiplicity of infection
[MOI] of 0.2) for 12 or 24 h, fixed with 4% paraformaldehyde for 24 h, and permeabilized with 0.1% Triton
X-100 in phosphate-buffered saline (PBS) for 10 min at 4°C. The cells were blocked with 1% bovine serum
albumin (BSA) in PBS and incubated with anti-STAT2 (Cell Signaling Technology) and anti-pS273R for 8 h
and with the secondary antibodies for 1 h. The nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI). The cells were observed with a Nikon confocal microscope with a 60x objective.

RNA interference. Small interfering RNA (siRNA) duplexes targeting porcine DCST1 were chemically
synthesized by Gene-Pharma. The siRNA duplexes (50 nM) were transfected into cells using the PepMute
siRNA transfection reagent (SignaGen Laboratories) according to the manufacturer’s instructions. Six hours
after transfection, the medium was replaced with fresh medium and cells were further incubated for 42 h.
The sequences of the siRNA oligonucleotides are as follows: siDcst1-#1, 5'-CCUGGCCAUAGGUCUCUUUCTAT-
3’; siDest1-#2, 5'-GCCUGCCCAUGAAGUUCAATAT-3'; siDest1-#3, 5'-CCUGCCCAUGAAGUUCAAAITT-3;
siDcst1-#4, 5'-CCUUCCUGCAGUACUCCUUITAT-3'.

Virus titration. The ASFV CN/GS/2018 strain was quantified by using hemadsorption (HAD) assays as
described previously, with minor modifications (25). In brief, PAMs were seeded in 96-well plates. The samples
were then added to the plates and titrated in triplicate using 10-fold serial dilutions. HAD was determined at
day 7 postinoculation, and 50% HAD doses (HAD,,) were calculated by using the Reed-Muench method.

Biosafety statement and facility. All experiments with live ASFV were conducted within the enhanced
biosafety level 3 facilities in the Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural
Sciences. The principles and procedures have been approved by the Ministry of Agriculture and Rural Affairs
and the China National Accreditation Service for Conformity Assessment.

Statistical analysis. For two sets of samples, paired, two-tailed Student's t test was used for statistical
analysis and the F test was performed to confirm that the two populations had the same variances. For
multiple comparisons, one-way analysis of variance (ANOVA) was performed, followed by a post hoc test.
Statistical differences were evaluated using GraphPad Prism software. Data are presented as mean =* aver-
age deviation.
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