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ABSTRACT Pseudorabies virus (PRV) is the causative pathogen of Aujeszky’s disease
in pigs. Although vaccination is currently applied to prevent the morbidity of PRV
infection, new applications are urgently needed to control this infectious disease. Poly
(ADP-ribose) polymerase 1 (PARP1) functions in DNA damage repair. We report here
that pharmacological and genetic inhibition of PARP1 significantly influenced PRV rep-
lication. Moreover, we demonstrate that inhibition of PARP1 induced DNA damage
response and antiviral innate immunity. Mechanistically, PARP1 inhibition-induced
DNA damage response resulted in the release of double-stranded DNA (dsDNA) into
the cytosol, where dsDNA interacted with cyclic GMP-AMP (cGAMP) synthase (cGAS).
cGAS subsequently catalyzed cGAMP production to activate the STING/TBK1/IRF3
innate immune signaling pathway. Furthermore, challenge of mice with PARP1 inhibi-
tor stimulated antiviral innate immunity and protected mice from PRV infection in
vivo. Our results demonstrate that PARP1 inhibitors may be used as a new strategy to
prevent Aujeszky’s disease in pigs.

IMPORTANCE Aujeszky’s disease is a notifiable infectious disease of pigs and causes eco-
nomic losses worldwide in the pig industry. The causative pathogen is PRV, which is a
member of the subfamily Alphaherpesvirinae of the family Herpesviridae. PRV has a wide
range of hosts, such as ruminants, carnivores, and rodents. More seriously, recent reports
suggest that PRV can cause human endophthalmitis and encephalitis, which indicates
that PRV may be a potential zoonotic pathogen. Although vaccination is currently the
major strategy used to control the disease, new applications are also urgently needed
for the pig industry and public health. We report here that inhibition of PARP1 induces
DNA damage-induced antiviral innate immunity through the cGAS-STING signaling path-
way. Therefore, PARP1 is a therapeutic target for PRV infection as well as alphaherpesvi-
rus infection.

KEYWORDS innate immunity, cyclic GMP-AMP synthase, DNA damage, poly(ADP-
ribose) polymerase 1, pseudorabies virus, stimulator of interferon genes

Pseudorabies virus (PRV) is an enveloped, double-stranded DNA (dsDNA) virus that
belongs to the subfamily Alphaherpesvirinae (1). PRV infection causes Aujeszky’s

disease in pigs, leading to high mortality in suckling pigs and respiratory disease and
latent infection in adult pigs. Although pigs are the natural carriers of PRV, the virus
can also infect numerous other species, including ruminants, carnivores, and rodents
(2). In recent years, several reports have suggested that PRV can cause human endoph-
thalmitis and encephalitis (3–5). These findings indicate that PRV infection is a
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potential public health risk and not limited to the swine industry. Therefore, new appli-
cations are urgently needed to prevent PRV infection.

Poly(ADP-ribosyl)ation is a posttranslational modification of proteins that is induced
by DNA damage responses (6). Poly(ADP-ribose) polymerase 1 (PARP1) is the founding
member of the PARP superfamily, which comprises 18 proteins encoded by different
genes (7). PARP1 utilizes NAD1 as a substrate to catalyze linear or branched poly(ADP-
ribose) (PAR) polymer on itself or nuclear proteins to facilitate the process of DNA
repair (8). PARP1 is rapidly recruited to sites of damaged DNA through its DNA-binding
ability (9). The residues Glu, Asp, and Lys in acceptor proteins are covalently attached
to PAR by transesterification of PARP1. Proteins responsible for DNA damage repair
noncovalently interact with PAR on PARP proteins through PAR-binding modules, such
as PAR-binding consensus motifs and PAR-binding zinc finger motifs, for recruitment
to sites of DNA damage (10). PAR-interacting proteins can participate in DNA binding,
protein-protein interactions, nuclear localization, and other functions (11, 12).

Cyclic GMP-AMP (cGAMP) synthase (cGAS) is a germ line-encoded DNA sensor that
detects cytosolic DNA to initiate innate immune responses (13). Binding of cGAS to
DNA is necessary for the activation of enzymatic activity of cGAS to generate cGAMP
(14). cGAMP is an intrinsic agonist of stimulator of interferon (IFN) genes (STING) and
induces conformational change of STING (15). STING then serves as an adaptor that
recruits TANK binding kinase 1 (TBK1), IFN-regulated factor 3 (IRF3), and NF-κB to acti-
vate innate immune responses (16). Our previous study demonstrated that inhibition
of bromodomain protein 4 (BRD4) induces DNA damage response and activates cGAS-
STING-dependent antiviral activity (17).

Here, we demonstrate that inhibition of PARP1 induces DNA-damage-response-
triggered activation of antiviral innate immunity through cGAS-STING. Thus, PARP1
inhibitors may be developed as promising antivirals against PRV infection.

RESULTS
Effects of PARP1 inhibitors on cell viability, apoptosis, and cell cycle. We first

analyzed the effects of PARP1 inhibitors on cell viability, apoptosis, and cell cycle in
vitro. PK15 and HEK293 cells were treated with the PARP1 inhibitors olaparib (0 to
30mM), A-966492 (0 to 100 nM), and PJ-34 (0 to 100 nM) or the positive control wort-
mannin (Wort; 2.5mM) for 48 h, and cell viability was determined with Cell Counting
Kit-8 (CCK-8) assays. As a positive control, Wort showed toxicity to PK15 and HEK293
cells (Fig. 1A). However, PARP1 inhibitors were harmless to both types of cells (Fig. 1A).
Wort, a proapoptosis compound (18), significantly induced apoptosis, but olaparib
(10mM), A-966492 (30 nM), and PJ-34 (30 nM) did not induce apoptosis in PK15 and
HEK293 cells, as indicated by annexin V and propidium iodide (PI) staining (Fig. 1B and
C). We also analyzed the effect of PARP1 inhibitors on the cell cycle. Olaparib treatment
resulted in cell cycle arrest in S phase in PK15 and HEK293 cells (Fig. 1D). PJ-34 induced
cell cycle arrest in S phase only in HEK293 cells, not in PK15 cells (Fig. 1D). However,
the cell cycle was unaltered when both cells were treated with A-966492 (Fig. 1D). We
treated PK15 cells with dimethyl sulfoxide (DMSO), olaparib (10mM), A-966492 (30 nM),
and PJ-34 (30 nM) for 24 h and examined PAR formation by immunoblotting analysis.
Inhibition of PARP1 by olaparib, A-966492, and PJ-34 decreased the formation of PAR
(Fig. 1E).

PARP1 inhibitors influence PRV infection.We used a previously established green
fluorescent protein (GFP) reporter (PRV-GFP) assay to analyze the anti-PRV effect of
PARP1 inhibitors in vitro (17). PK15 cells were infected with PRV-GFP (multiplicity of
infection [MOI] = 0.01) and treated with olaparib (0 to 10mM), A-966492 (0 to 30 nM),
or PJ-34 (0 to 30 nM) for 36 h. PRV replication was monitored by fluorescence micros-
copy and flow cytometry. PARP1 inhibitors significantly inhibited PRV-GFP replication
in a dose-dependent manner (Fig. 2A). We also detected PRV gE expression to evaluate
the inhibitory effect of olaparib, A-966492, or PJ-34 on replication of the virulent strain
PRV-QXX. Immunoblotting analysis indicated that expression of PRV gE and PAR forma-
tion were decreased by the increased concentration of PARP1 inhibitors (Fig. 2B).

Li et al. Journal of Virology

August 2021 Volume 95 Issue 16 e00760-21 jvi.asm.org 2

https://jvi.asm.org


FIG 1 Cytotoxicity and cell cycle analysis of PARP1 inhibitors in vitro. (A) PK15 and HEK293 cells were treated with olaparib (0 to 30mM),
A-966492 (0 to 100 nM), PJ-34 (0 to 100 nM), or Wort (2.5mM) for 48 h. Cell viability was assessed with CCK-8 assays. (B and C) PK15 and

(Continued on next page)
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We infected PK15 cells with PRV-QXX to examine the effects of PARP1 inhibitors on vi-
rus replication using viral titer assays. In agreement with GFP reporter assay and immu-
noblotting analysis of PRV gE expression, PARP1 inhibitors did affect virus replication,
as indicated by the decreased production of progeny virus (Fig. 2C). Taken together,
these results demonstrate that PARP1 inhibitors influence PRV infection in vitro.

Interference of PARP1 interrupts PRV infection. To confirm that inhibition of PARP1
disturbed PRV infection, we knocked down PARP1 expression in PK15 cells by RNA inter-
ference (RNAi). Cells were transfected with negative-control (NC) small interfering RNA
(siRNA) or siRNAs specifically targeting PARP1 (siPARP1-1 and siPARP1-2). At 48 h post-
transfection, the mRNA level of PARP1 in siPARP1-1- and siPARP1-2-transfected cells
dropped to ;25% compared with that in NC-transfected cells (Fig. 3A). Immunoblotting
analysis indicated that both siRNAs against PARP1 significantly decreased PARP1 expres-
sion and formation of PAR polymer, suggesting that PARP1 was efficiently knocked
down (Fig. 3B). Similar to the effect of olaparib on cell cycle arrest, PK15 cells with PARP1
knockdown accumulated in S phase (Fig. 3C). However, apoptosis did not occur, due to
PARP1 interference (Fig. 3D).

We then assessed whether PRV replication was influenced by interference of PARP1
expression. The analysis of fluorescence microscopy and flow cytometry indicated that
the replication of PRV-GFP was lower in siPARP1-1- and siPARP1-2-transfected than in
NC-transfected PK15 cells (Fig. 3E). The percentage of cells expressing GFP dropped
from ;70% to ,20% (Fig. 3E). Decreased PRV gE expression and PAR formation were
detected by immunoblotting analysis in cells expressing low levels of PARP1 (Fig. 3F).
Viral titer assays indicated that knockdown of PARP1 inhibited PRV replication (Fig. 3G).
Moreover, olaparib had no additional effects on inhibition of PRV replication in cells
with PARP1 knockdown, suggesting that olaparib specifically acted on PARP1 (Fig. 3H).
These results indicate that knockdown of PARP1 inhibits PRV replication.

Inhibition of PARP1 induces DNA damage response. Because PARP1 is involved
in DNA repair (19), we investigated whether PARP1 inhibition induced a DNA damage
response. Doxorubicin, an inhibitor of DNA topoisomerase II that can induce DNA dam-
age response (20), was used as a positive control. We performed a comet assay to
determine DNA damage by PARP1 inhibition. PARP1 inhibitors or PARP1 knockdown
significantly induced DNA damage response (Fig. 4A and B). Immunofluorescence anal-
ysis was carried out to detect the phosphorylation of H2AX at serine 139 (g-H2AX), the
most sensitive marker of DNA damage response (21). PK15 cells were treated with
DMSO, olaparib (10mM), A-966492 (30 nM), PJ-34 (30 nM), or doxorubicin (100 nM). At
24 h posttreatment, the percentage ofg-H2AX-positive cells was significantly increased
(Fig. 4C). Transfection of siPARP1-1 and siPARP1-2 also significantly enhanced phos-
phorylation of H2AX (Fig. 4D). These results suggest that inhibition of PARP1 induces
DNA damage response.

Inhibition of PARP1 activates innate immune signaling. Previous studies have
demonstrated that DNA damage responses can evoke innate immune signaling (22), so
we examined whether PARP1 inhibition-induced DNA damage response stimulated innate
immune activation. We detected transcription of IFN-b , IFN-stimulated gene 15 (ISG15),
and NF-κB target genes encoding interleukin 1b (IL-1b) and IL-18 in PK15, RAW264.7, and
HEK293 cells. Quantitative reverse transcription-PCR (qRT-PCR) showed that all four genes
tested were upregulated in response to olaparib in a time-dependent manner in PK15,
RAW264.7, and HEK293 cells, suggesting that PARP1 inhibition-induced innate immune
activation was not cell type specific (Fig. 5A to C). Similarly, knockdown of PARP1 in PK15
cells significantly stimulated transcription of IFN-b , ISG15, IL-1b , and IL-18 genes (Fig. 5D).

FIG 1 Legend (Continued)
HEK293 cells were treated with DMSO, olaparib (10mM), A-966492 (30 nM), PJ-34 (30 nM), or Wort (2.5mM) for 24 h. Apoptosis was
assessed with annexin V-FITC and PI staining in flow cytometry (B). Percent cell death was quantified (C). (D) PK15 and HEK293 cells were
treated with DMSO, olaparib (10mM), A-966492 (30 nM), or PJ-34 (30 nM) for 24 h. The cell cycle was assessed with Hoechst 33342 staining
in flow cytometry. (E) PK15 cells were treated with DMSO, olaparib (10mM), A-966492 (30 nM), or PJ-34 (30 nM) for 24 h. PAR, PARP1, and
actin were assessed by immunoblotting analysis. Data are means and standard deviations (SD) based on three independent experiments.
***, P, 0.001, determined by two-tailed Student's t test.
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Enzyme-linked immunosorbent assay (ELISA) of IFN-b from the culture medium indicated
that IFN-b secretion was enhanced in siPARP1-1- and siPARP1-2-transfected PK15 cells,
compared with NC-transfected PK15 cells (Fig. 5E). We treated PK15 and HEK293 cells with
DMSO, olaparib (10mM), A-966492 (30nM), and PJ-34 (30nM) for 24 h and assessed innate

FIG 2 PARP1 inhibitors exhibit inhibitory effect on PRV infection. (A) PK15 cells were infected with PRV-GFP
(MOI=0.01) and treated with olaparib (0 to 10mM), A-966492 (0 to 30nM), or PJ-34 (0 to 30nM) for 36 h. Viral
replication was analyzed by fluorescence microscopy, and GFP-positive cells were analyzed by flow cytometry. Bars,
100mm. (B) PK15 cells were infected with PRV-QXX (MOI=0.1) and treated with olaparib (0 to 10mM), A-966492 (0
to 30nM), or PJ-34 (0 to 30nM) for 24 h. PRV gE, PAR, and actin were assessed by immunoblotting analysis. (C)
PK15 cells were infected with PRV-QXX (MOI=0.01 and 0.1) and treated with olaparib (0 to 10mM), A-966492 (0 to
30nM), or PJ-34 (0 to 30nM) for 24 h. PRV titers were assessed by TCID50 assay. Data are means and SD based on
three independent experiments. **, P, 0.01, and ***, P, 0.001, determined by two-tailed Student's t test.
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FIG 3 Knockdown of PARP1 inhibits PRV infection. (A) PK15 cells were transfected with NC, siPARP1-1, and
siPARP1-2 for 48 h. The PARP1 mRNA level was assessed by qRT-PCR analysis. (B) PK15 cells were transfected
with NC, siPARP1-1, and siPARP1-2 for 48 h. PAR, PARP1, and actin were assessed by immunoblotting analysis.
(C) PK15 cells were transfected with NC, siPARP1-1, and siPARP1-2 for 48 h. The cell cycle was assessed with
Hoechst 33342 staining in flow cytometry. (D) PK15 cells were transfected with NC, siPARP1-1, and siPARP1-2
for 48 h. Apoptosis was assessed with annexin V-FITC and PI staining in flow cytometry (left). Quantification of
the percentage of cell death is shown on the right. (E) PK15 cells were transfected with NC, siPARP1-1, and
siPARP1-2 for 24 h and infected with PRV-GFP (MOI = 0.01) for 36 h. Viral replication was analyzed by
fluorescence microscopy (left), and GFP-positive cells were analyzed by flow cytometry (right). Bar, 100mm. (F)
PK15 cells were transfected with NC, siPARP1-1, and siPARP1-2 for 24 h and infected with PRV-QXX (MOI = 0.1)
for 24 h. PRV gE, PAR, PARP1, and actin were assessed by immunoblotting analysis. (G) PK15 cells were
transfected with NC, siPARP1-1, and siPARP1-2 for 24 h and infected with PRV-QXX (MOI = 0.01 and 0.1) for 24.
PRV titers were assessed by TCID50 assay. (H) PK15 cells were transfected with NC, siPARP1-1, and siPARP1-2 for
24 h. Cells were infected with PRV-QXX (MOI = 0.01 and 0.1) and simultaneously treated with DMSO or olaparib
(10mM) for 24 h. PRV titers were assessed by TCID50 assay. Data are means and SD based on three
independent experiments. ***, P, 0.001, determined by two-tailed Student's t test (A, E, and G) or one-way
ANOVA (H).
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immune activation by immunoblotting analysis. NF-κB subunit P65 and signal transducer
and activator of transcription 1 (STAT1) were phosphorylated when cells were challenged
with PARP1 inhibitors, suggesting that innate immunity and IFN signaling were activated
(Fig. 5F and G). Collectively, these results indicate that inhibition of PARP1 evokes the
innate immune signaling pathway.

Inhibition of PARP1 activates the cGAS-STING pathway. Our previous study sug-
gested that inhibition of BRD4 exerts antiviral innate immunity through DNA-damage-
induced activation of the cGAS-STING signaling pathway (17), so we examined whether

FIG 4 Inhibition of PARP1 induces DNA damage response. (A) PK15 cells were treated with DMSO, olaparib
(10mM), A-966492 (30nM), PJ-34 (30nM), or doxorubicin (100nM) for 24 h. DNA damage response was detected
with comet assays (left), and tail moment was quantified (right). (B) PK15 cells were transfected with NC, siPARP1-1,
and siPARP1-2 for 48 h. DNA damage response was detected with comet assays (left), and tail moment was
quantified (right). Bar, 20mm. (C) PK15 cells were treated with DMSO, olaparib (10mM), A-966492 (30nM), PJ-34
(30nM), or doxorubicin (100nM) for 24 h. g-H2AX and H2AX were assessed with immunofluorescence analysis (left),
and g-H2AX-positive cells were quantified (right). Bar, 10mm. (D) PK15 cells were transfected with NC, siPARP1-1,
and siPARP1-2 and simultaneously treated with DMSO or olaparib (10mM) for 48 h. g-H2AX and H2AX
were assessed with immunofluorescence analysis (left), and g-H2AX-positive cells were quantified (right). Bar, 10mm.
Data are means and SD from three independent experiments. ***, P, 0.001, determined by two-tailed Student's
t test.
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PARP1 inhibition could achieve a similar phenomenon. By immunofluorescence analy-
sis, we found that PARP1 inhibitors condensed the structure of cGAS, some of which
colocalized with cytosolic dsDNA (Fig. 6A). The ratio of cytosolic to total cGAS was
significantly increased, which was possibly caused by activation of IFN signaling (23).
We further detected cGAS and STING expression in olaparib-treated PK15 and HEK293
cells by immunoblotting analysis. During prolonged treatment with olaparib, cGAS was
gradually upregulated and STING was gradually downregulated (Fig. 6B). Because
cGAS catalyzes cGAMP production to activate STING, we quantified cGAMP in the cells

FIG 5 Inhibition of PARP1 induces innate immune response. (A to C) PK15 (A), RAW264.7 (B), and HEK293 (C)
cells were treated with olaparib (10mM) for 0 to 36 h. IFN-b , ISG15, IL-1b , and IL-18 mRNA levels were
assessed by qRT-PCR analysis. (D) PK15 cells were transfected with NC, siPARP1-1, and siPARP1-2 for 48 h. IFN-
b , ISG15, IL-1b , and IL-18 mRNA levels were assessed by qRT-PCR analysis. (E) PK15 cells were transfected with
NC, siPARP1-1, and siPARP1-2 and simultaneously treated with DMSO or olaparib (10mM) for 48 h. IFN-b
secretion was assessed by ELISA. (F and G) PK15 (F) and HEK293 (G) cells were treated with DMSO, olaparib
(10mM), A-966492 (30 nM), or PJ-34 (30 nM) for 24 h. p-P65, P65, p-STAT1, STAT1, and actin were assessed by
immunoblotting analysis. Data are means and SD from three independent experiments. *, P, 0.05, **, P, 0.01,
and ***, P, 0.001, determined by two-tailed Student's t test. hpt, hours posttreatment.
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FIG 6 Inhibition of PARP1 activates cGAS-STING pathway. (A) PK15 cells were treated with DMSO, olaparib (10mM), A-966492
(30 nM) or PJ-34 (30 nM) for 24 h. cGAS and dsDNA were detected by immunofluorescence. Colocalization of cGAS with dsDNA is
indicated by arrowheads (left). (Right) Quantification of the ratio of cytosolic versus total cGAS. Bar, 10mm. (B) PK15 and HEK293
cells were treated with olaparib (10mM) for 0 to 36 h. cGAS, STING, and actin were assessed by immunoblotting analysis. (C) PK15
cells were transfected with NC, siPARP1-1, and siPARP1-2 and simultaneously treated with DMSO or olaparib (10mM) for 48 h.
29,39-cGAMP in the cells was assessed by ELISA. (D) WT and cGAS2/2 PK15 cells were treated with DMSO or olaparib (10mM) or
transfected with HT DNA (0.3mg) for 24 h. 29,39-cGAMP in the cells was assessed by ELISA. (E) HEK293 and HEK293T cells were
treated with DMSO, olaparib (10mM), A-966492 (30 nM), or PJ-34 (30 nM) or transfected with HT DNA (0.3mg) for 24 h. cGAS,

(Continued on next page)
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to determine whether cGAS was activated by PARP1 inhibition. Knockdown of PARP1
promoted cGAMP generation in PK15 cells (Fig. 6C). Olaparib treatment enhanced
cGAMP level in wild-type (WT) PK15 cells but failed in cGAS2/2 cells (Fig. 6D). As a posi-
tive control, herring sperm (HS) DNA stimulated cGAMP production in PK15 cells (24)
(Fig. 6D).

We next determined the activation of cGAS/STING/TBK1/IRF3 axis after PARP1 inhi-
bition. We treated HEK293 and HEK293T (STING-deficient) cells with PARP1 inhibitors
for 24 h. Challenge of HEK293 cells with olaparib, A-966492, PJ-34, or HS DNA exhibited
STING-dependent phosphorylation of TBK1 and IRF3 (Fig. 6E). However, pharmacologi-
cal inhibition of PARP1 failed to phosphorylate TBK1 and IRF3 in HEK293T cells, which
indicated that PARP1 inhibitors activated the STING/TBK1/IRF3 axis (Fig. 6E). In addi-
tion, WT, cGAS2/2, STING2/2, TBK12/2, and IRF32/2 PK15 cells were treated with ola-
parib for 0 to 36 h. IFN-b and IL-1b mRNAs were analyzed by qRT-PCR analysis.
Knockout of cGAS, STING, TBK1, and IRF3 in PK15 cells abolished olaparib-stimulated
IFN-b and IL-1b transcription, suggesting that olaparib activated the cGAS/STING/
TBK1/IRF3 axis (Fig. 6F and G). We analyzed PRV replication in cGAS2/2, STING2/2,
TBK12/2, IRF32/2, and IFNAR12/2 PK15 cells. Knockout of cGAS, STING, TBK1, IRF3, and
IFNAR1 enhanced PRV replication (Fig. 6H and I). Olaparib treatment inhibited PRV rep-
lication only in WT PK15 cells, not in cGAS2/2, STING2/2, TBK12/2, IRF32/2, or IFNAR12/2

PK15 cells (Fig. 6H and I). These results demonstrate that inhibition of PARP1 activates
antiviral innate immunity through the cGAS/STING/TBK1/IRF3 axis.

Olaparib inhibits PRV infection in vivo. We determined whether olaparib exerted
anti-PRV activity in vivo. Mice were intraperitoneally injected with olaparib on days 0
and 3. Transcription of IFN-b , ISG15, and IL-1b mRNA in the lungs was assessed by
qRT-PCR analysis. IFN-b , ISG15, and IL-1b mRNA were all upregulated from day 1 after
olaparib injection (Fig. 7A). ELISA showed that IFN-b and IL-1b levels in the serum
were significantly higher than in DMSO-treated mice (Fig. 7B). These results suggest
that olaparib activates innate immunity in vivo.

We next examined the protective effect of olaparib on the mortality of mice. Mice were
intraperitoneally injected with olaparib on days 26 and 23. On day 0, mice were intrana-
sally infected with PRV-QXX for 10days. Mice challenged with PRV were more susceptible
than those infected with PRV and treated with olaparib (PRV/olaparib) (Fig. 7C). qRT-PCR
analysis of PRV genome in lungs indicated that olaparib induced an;100-fold decrease in
PRV genomes compared with PRV infection alone (Fig. 7D). Immunohistochemistry of PRV
gE showed that olaparib treatment decreased PRV gE expression in lungs, suggesting that
olaparib inhibited PRV replication in vivo (Fig. 7E). Histological analysis by hematoxylin-
and-eosin (H&E) staining indicated that olaparib ameliorated the lung injury caused by
PRV infection (Fig. 7F). Mice were also intramuscularly infected with PRV expressing lucifer-
ase (PRV-Luc), and viral replication was monitored in real time by bioluminescence.
Olaparib significantly inhibited PRV-Luc replication, as indicated by a weaker biolumines-
cence signal in olaparib-treated than DMSO-treated mice (Fig. 7G). These results suggest
that olaparib prevents PRV infection in vivo.

DISCUSSION

Harnessing innate immunity has potential for antiviral therapeutics. In this study, we
demonstrated that inhibition of PARP1 by pharmacological inhibitors (olaparib, A-
966492, and PJ-34) and by RNAi significantly inhibited PRV infection in vitro. This antiviral
effect resulted from DNA damage-dependent antiviral innate immunity that relied on

FIG 6 Legend (Continued)
STING, p-TBK1, TBK1, p-IRF3, IRF3, and actin were assessed by immunoblotting. (F and G) WT, cGAS2/2, STING2/2, TBK12/2, and
IRF32/2 PK15 cells were treated with olaparib (10mM) for 0 to 36 h. IFN-b (F) and IL-1b (G) mRNA levels were assessed by qRT-
PCR analysis. (H) WT, cGAS2/2, STING2/2, and TBK12/2 PK15 cells were infected with PRV-QXX (MOI = 0.1) and simultaneously
treated with DMSO or olaparib (10mM) for 24 h. PRV titer was assessed by TCID50 assay. (I) WT, IFR32/2, and IFNAR12/2 PK15 cells
were infected with PRV-QXX (MOI = 0.1) and simultaneously treated with DMSO or olaparib (10mM) for 24 h. PRV titer was
assessed by TCID50 assay. Data are means and SD from three independent experiments. ns, no significance. *, P, 0.05, **,
P, 0.01, and ***, P, 0.001, determined by two-tailed Student's t test. hpt, hours posttreatment.
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cGAS-STING. We also demonstrated that treatment of mice with olaparib activated
innate immunity and inhibited PRV infection in vivo. These results suggest that using
PARP1 inhibitors could be an effective strategy to prevent PRV infection.

cGAS can be activated by cytosolic DNA derived from a large variety of DNA-con-
taining pathogens and from damage-associated release of DNA from the mitochondria

FIG 7 Olaparib restricts PRV infection in vivo. (A) Mice were intraperitoneally injected with DMSO or olaparib
(50mg/kg) on day 0 and 3. IFN-b , ISG15, and IL-1b mRNA levels in the lungs were assessed by qRT-PCR analysis
(n=4 per group). (B) Mice were intraperitoneally injected with DMSO or olaparib (50mg/kg) for 0 to 5days. IFN-b
and IL-1b in the serum were assessed by ELISA (n=4 per group). (C) Mice were intraperitoneally injected with
DMSO or olaparib (50mg/kg) on days 26 and 23. On day 0, mice were mock infected or intranasally infected
with PRV-QXX (5� 103 TCID50 per mouse). The survival rate was monitored daily for 10days (n=12 per group). (D)
PRV genome copy numbers in the lungs from C at 3 days after mock infection or PRV-QXX infection were
assessed by qRT-PCR analysis (n=5 per group). (E) PRV gE in the lung sections used for panel C at 3days after
mock infection or PRV-QXX infection were assessed by immunofluorescence. Bar, 100mm. (F) H&E-stained images
of lung sections used for panel C at 3days after mock infection or PRV-QXX infection. Bar, 100mm. (G) Mice were
intraperitoneally injected with DMSO or olaparib (50mg/kg) on days 26 and 23 as indicated in panel C. On day
0, mice were intramuscularly infected with PRV-Luc (1� 104.5 TCID50). Viral growth was measured in real time by
bioluminescence at 20 h after PRV-Luc challenge (n=3). Data are means and SD from three independent
experiments. *, P, 0.05, **, P, 0.01, and ***, P, 0.001, determined by two-tailed Student's t test.
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or nuclei (25–27). Our previous study indicated that downregulation of porcine cGAS
by RNAi markedly reduced IFN-b expression after PRV infection, suggesting that PRV
infection can activate cGAS (28). We also found that inhibition of BRD4 induces DNA
damage response and antiviral innate immunity against PRV through cGAS-STING (17).
Here, we showed that inhibition of PARP1 exerted antiviral activity through a mecha-
nism similar to BRD4 inhibition. However, Ghosh and colleagues reported that PARP1
depletion induces RIG-I-dependent signaling in human cancer cells (29). It was also
reported that etoposide-induced DNA damage induces noncanonical activation of
STING that is mediated by the DNA-binding protein IFI16, together with the DNA dam-
age response factors ATM and PARP-1 (30). Our results showed that ablation of cGAS
completely abolished PRV-infection- and olaparib-induced IFN-b and IL-1b expression,
suggesting that RIG-I and noncanonical activation of STING were not involved in
PARP1 inhibition-activated innate immunity.

Suppression of PARP1 results in cell cycle arrest. PARP1 siRNA suppresses human
prostate cancer cell growth and progression (31). PARP1 inhibitor PJ-34 suppresses cell
cycle progression in neural stem/progenitor cells (32). We noted that olaparib treat-
ment resulted in cell cycle arrest in S phase in PK15 and HEK293 cells, and A-966492
had no effect on cell cycle progression. This difference might be because olaparib com-
pletely inhibited formation of PAR, compared to A-966492. Furthermore, knockdown
of PARP1 by RNAi with high efficiency completely inhibited formation of PAR and
induced cell cycle arrest in S phase.

Several lines of evidence have suggested that inhibition of PARP1 activates STING
in human cancer cells. Ding and colleagues report that PARP inhibition elicits STING-
dependent antitumor immunity in BRCA1-deficient ovarian cancer (33). Other research-
ers have demonstrated that BRCA2 abrogation triggers innate immune responses
potentiated by treatment with PARP inhibitors (34). However, Shen and colleagues
suggested that PARP inhibition triggers the STING-dependent immune response that is
independent of BRCA1/2 mutations (35). We found that PARP1 inhibition activated
STING in several normal cell lines, such as HEK293 and PK15. Given that BRCA1/2 muta-
tions can result in homologous recombination pathway alterations and consequently
lead to a clinical benefit from PARP inhibitors (36), novel combinations of PARP inhibi-
tors with BRCA inhibitors are promising effective antiviral therapeutics.

MATERIALS ANDMETHODS
Reagents. Olaparib (HY-10162), A-966492 (HY-10614), PJ-34 (HY-13688A), wortmannin (HY-10197),

and doxorubicin (HY-15142) were from MedChemExpress. The Dead Cell apoptosis kit with annexin V-
fluorescein isothiocyanate (FITC) and PI (V13242) was from Thermo Fisher. Hoechst 33342 (561908) was
from BD. Anti-PARP1 (13371-1-AP) was from Proteintech; anti-poly(ADP-ribose) (4355-MC-100) was from
Trevigen. Anti-g-H2AX, anti-H2AX, anti-p-TBK1, anti-TBK1, anti-p-IRF3, anti-IRF3, anti-p-P65, anti-P65,
anti-p-STAT1, anti-STAT1, anti-STING, anti-cGAS, anti-dsDNA, anti-actin, and anti-PRV gE were used as
previously described (17). Herring sperm (HS) DNA (D3459; Sigma–Aldrich) was used as previously
described (24).

Cells and viruses. HEK293, HEK293T, Vero, and RAW264.7 cells and WT, cGAS2/2, STING2/2, TBK12/2,
IRF32/2, and IFNAR12/2 PK15 cells were used and cultivated as previously described (17). PRV-GFP and
PRV-QXX were used as previously described (17, 37).

Generation of recombinant PRV-Luc. The recombinant PRV strain of PRV-GFP was used for genera-
tion of recombinant PRV-Luc (17). The GFP expression cassette was replaced with the firefly luciferase
expression cassette from plasmid pEGFP-N1. The recombinant virus was further purified by endpoint
dilution.

Mice. Female 6- to 8-week-old BALB/c mice were purchased from the Experimental Animal Center of
Zhengzhou University (Zhengzhou, China) and maintained in a specific-pathogen-free animal facility
according to the Guide for the Care and Use of Laboratory Animals (38) and the related ethical regulations
of Henan Agricultural University.

Cell viability analysis. Cell viability was evaluated with CCK-8 assays (GK3607; Dingguo). Cells were
seeded at 1� 104 per well in 96-well plates. On the next day, the medium was changed to Dulbecco’s
modified Eagle’s medium (DMEM)–10% fetal bovine serum (FBS) supplemented with various concentra-
tions of inhibitors for 48 h. CCK-8 (10ml) was then added to each well, and the cells were incubated for
3 h at 37°C. The absorbance was detected at 450 nm with a microplate reader (Varioskan Flash; Thermo
Fisher).

Cell cycle analysis. Cells were digested with trypsin-EDTA and resuspended in phosphate-buffered
saline (PBS) containing 5mg/ml Hoechst 33342 at a concentration of 1� 106 cells/ml. After incubation
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for 1 h at 37°C, cell cycle profiles were collected by flow cytometry on a CytoFLEX instrument (Beckman
Coulter). Data were analyzed with FlowJo software.

Apoptosis analysis. Annexin V and PI staining was performed with a Dead Cell apoptosis kit with
annexin V-FITC and PI. The percent dead cells (positive for both annexin V and PI) was measured by flow
cytometry on a CytoFLEX instrument. Data were analyzed with FlowJo software.

RNAi. Cells were seeded at 4� 105 per dish in 60-mm dishes and transfected with siRNA
(GenePharma) at a final concentration of 0.12 nM. Transfections were performed with Lipofectamine
RNAiMAX reagent (13778500; Invitrogen) in Opti-MEM reduced-serum medium (31985062; Gibco). The
medium was replaced with DMEM containing 10% FBS at 8 h posttransfection. The knockdown efficacy
was assessed by qRT-PCR and immunoblotting analysis at 48 h posttransfection. The siRNA sequences
were as follows: NC, 59-UUCUCCGAACGUGUCACGUTT-39; siPARP1-1, 59-CCGAGUAUGCCAAGUCCAATT-
39; siPARP1-2, 59-GCACCGUAAUUGGUAGUAATT-39.

qRT-PCR analysis. Total RNA was isolated with TRIzol reagent (9108; TaKaRa). One microgram of
total RNA was prepared for cDNA synthesis with a PrimeScript RT reagent kit with gDNA Eraser (RR047;
TaKaRa). qRT-PCR was carried out with the QuantStudio 6 Flex real-time PCR system (Applied
Biosystems) using TB Green Premix Ex Taq (Tli RNase H Plus) (RR420; TaKaRa). Data were normalized to
the expression level of b-actin in each individual sample. Transcripts were quantified with the 22DDCT

method. Primers were designed in primer3 software and are shown in Table 1.
Immunoblotting analysis. Cells were lysed in lysis buffer (50mM Tris-HCl [pH 8.0], 150mM NaCl,

1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and 2mM MgCl2) supplemented with protease
and phosphatase inhibitor cocktail (HY-K0010 and HY-K0022; MedChemExpress). The protein concentra-
tions of the lysates were quantified with a bicinchoninic acid (BCA) protein assay kit (BCA01; Dingguo
Biotechnology). Protein samples (30mg) were denatured for 10min at 99°C, then separated by SDS-
PAGE, and transferred to polypropylene fluoride membranes (C3117; Millipore). The membranes were
blocked in 5% nonfat milk (A600669; Sangon Biotech) at room temperature for 1 h, washed three times
with Tris-buffered saline–Tween (TBST) and incubated with the primary antibodies overnight at 4°C. The
membranes were incubated with goat anti-mouse and anti-rabbit IgG conjugated to horseradish peroxi-
dase (HRP) (IH-0031and IH-0011; Dingguo) at room temperature for 1 h. The target proteins were
detected with Luminata Crescendo Western HRP substrate (180545; Millipore) on a GE AI600 imaging
system.

Immunofluorescence analysis. Cells seeded on coverslips were fixed with 4% paraformaldehyde in
PBS for 30min at room temperature and washed three times with PBS. The cells were permeabilized in
PBS containing 0.1% Triton X-100 and blocked with 10% FBS in PBS. The primary antibodies were diluted

TABLE 1 Primers used for qRT-PCR analysis

Name Sequence (59–39) Product size (bp)
Q-Sus actin CTGAACCCCAAAGCCAACCGT 317

TTCTCCTTGATGTCCCGCACG
Q-human actin GCACAGAGCCTCGCCTT 112

CCTTGCACATGCCGGAG
Q-Mus actin CCCCATTGAACATGGCATTG 272

ACGACCAGAGGCATACAGG
Q-Sus PARP1 CAGGCAAGCAAGGCGGCGGC 152

CGCCCACTCTTAGCATACTC
Q-Sus IFN-b AGTTGCCTGGGACTCCTCAA 60

CCTCAGGGACCTCAAAGTTCAT
Q-human IFN-b CAGGAGAGCAATTTGGAGGA 132

CTTTCGAAGCCTTTGCTCTG
Q-Mus IFN-b ATGAGTGGTGGTTGCAGGC 82

TGACCTTTCAAATGCAGTAGATTCA
Q-Sus IL-1b CCATCCACTGAGCCAGCCTT 103

TGCCAAGGACAGAGGACTGC
Q-human IL-1b CCTGAAGCCCTTGCTGTAGT 284

AGCTGATGGCCCTAAACAGA
Q-Mus IL-1b GCAGAGCACAAGCCTGTCTTCC 198

ACCTGTCTTGGCCGAGGACTAAG
Q-Sus IL-18 AGGGACATCAAGCCGTGTTT 66

CGGTCTGAGGTGCATTATCTGA
Q-human IL-18 GACCAAGTTCTCTTCATTGAC 144

GATAGTTACAGCCATACCTCTA
Q-Sus ISG15 ATGCCCCCTTGCCCTCTCCAGTG 235

TCCGATGCCATCATGCAGTCCCT
Q-Mus ISG15 GACGCAGACTGTAGACACGCTTAA 281

CGTTTACATTTCCAATGCTATCCC
Q-PRV gH CTCGCCATCGTCAGCAA 187

GCTGCTCCTCCATGTCCTT
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with 10% FBS in PBS and incubated with the cells for 1 h at room temperature. After being washed with
PBS, cells were incubated with the appropriate Alexa Fluor-conjugated secondary antibodies (Alexa
Fluor 488-labeled goat anti-mouse immunoglobulin [A-11029; Invitrogen] or Alexa Fluor 568-labeled
goat anti-rabbit immunoglobulin [A-11036; Invitrogen]) for 1 h at room temperature. Images were cap-
tured on a Zeiss LSM 800 confocal microscope.

ELISA. Cell culture supernatants were tested for IFN-b (ABCE-EL-P1819; Advanced BioChemicals)
and 29,39-cGAMP (501700; Cayman Chemical) with ELISA kits, according to the manufacturers’ instruc-
tions. Mouse serum was tested for IFN-b (42400; PBL Assay Science) and IL-1b (893829; R&D Systems)
with ELISA kits.

Comet assays. Normal-melting-point agarose (NMA; 0.5%) was used to coat frosted microscope
slides. Approximately 10,000 cells in 10ml DMEM were mixed with 75ml low-melting-point agarose
(LMA; 0.7%), and the mixture was dripped onto the precoated NMA layers. The third layers were pre-
pared with 75ml 0.7% LMA. The cells were lysed in lysis buffer (2.5 M NaCl, 100mM Na2EDTA, 10mM Tris
[pH 10.0], 1% Triton X-100, and 10% DMSO) for 2 h at 4°C. After lysis, the slides were placed in electro-
phoresis solution (300mM NaOH, 1mM Na2EDTA [pH .13]) for 40min, subjected to electrophoresis at
20 V (;300mA) for 25min, and neutralized with 0.4mM Tris-HCl (pH 7.5). Finally, the cells were stained
with PI (5mg/ml) and evaluated on a Zeiss LSM 800 confocal microscope. DNA damage was measured in
terms of tail moment in cometscore software.

TCID50 assay. A 50% tissue culture infective dose (TCID50) assay was performed to quantify the viral
titers. Briefly, 10-fold dilutions of PRV-QXX were inoculated into Vero cells grown in 96-well plates at
1� 104 cells/well. The plate was incubated at 37°C for a further 3 to 5 days, followed by observation of
the cytopathic effect of each well under a light microscope. The TCID50 was calculated using the Reed-
Muench method.

Histological analysis. Tissues dissected from mice were fixed in 4% paraformaldehyde (158127;
Sigma-Aldrich) overnight, embedded in paraffin, sectioned, and stained with H&E solution.

Statistical analysis. All data were analyzed in Prism 7 software (GraphPad Software) with two-tailed
Student's t test or one-way analysis of variance (ANOVA). P values of ,0.05 were considered statistically
significant. For mouse survival studies, Kaplan-Meier survival curves were generated and analyzed for
statistical significance.
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