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A B S T R A C T

African swine fever virus (ASFV) is an important pathogen that causes a highly contagious and lethal disease in
swine, for which neither a vaccine nor treatment is available. The DNA repair enzyme 8-oxoguanine DNA gly-
cosylase 1 (OGG1), which excises the oxidative base lesion 8-oxo-7,8-dihydroguanine (8-oxoG), has been linked
to the pathogenesis of different diseases associated with viral infections. However, the role of OGG1-base excision
repair (BER) in ASFV infection has been poorly investigated. Our study aimed to characterize the alteration of host
reactive oxygen species (ROS) and OGG1 and to analyse the role of OGG1 in ASFV infection. We found that ASFV
infection induced high levels and dynamic changes in ROS and 8-oxoG and consistently increased the expression
of OGG1. Viral yield, transcription level, and protein synthesis were reduced in ASFV-infected primary alveolar
macrophages (PAMs) treated by TH5487 or SU0268 inhibiting OGG1. The expression of BER pathway associated
proteins of ASFV was also suppressed in OGG1-inhibited PAMs. Furthermore, OGG1 was found to negatively
regulate interferon β (IFN-β) production during ASFV infection and IFN-β could be activated by OGG1 inhibition
with TH5487 and SU0268, which blocked OGG1 binding to 8-oxoG. Additionally, the interaction of OGG1 with
viral MGF360-14-L protein could disturb IFN-β production to further affect ASFV replication. These results suggest
that OGG1 plays the crucial role in successful viral infection and OGG1 inhibitors SU0268 or TH5487 could be
used as antiviral agents for ASFV infection.

1. Introduction

African swine fever virus (ASFV), as a contagious viral pathogen, is
responsible for a rapid spread and highly lethal disease characterized by
fever, haemorrhage, ataxia, and severe depression among domestic pigs
that poses serious economic consequences to the swine industry and in-
ternational trade (Cackett et al., 2020). More recently, in 2018, ASFVwas
introduced into China and spread rapidly through many provinces, pre-
senting a severe threat to the pork supply (Zhou et al., 2018). Despite its
importance, little is known regarding the mechanisms and regulation of
ASFV infection.

Early expression of proteins of most viruses is not only important to
virus survival but also changes the cell environment of the host, such
as elevating cell reactive oxygen species (ROS) levels and causing
DNA oxidative damage, which is an important innate immune defence
of the host against viral infection (Cardoso et al., 2016). DNA

bases are susceptible to ROS, especially guanine, and its oxidation
product 7,8-dihydro-8-oxoguanine (8-oxoG) is the most notable
endogenous base lesion in DNA, often used as a cellular biomarker to
indicate oxidative stress (Wang W. et al., 2021). 8-oxoG can pair with
adenine as well as cytosine, thereby causing G to T transversion mu-
tations during DNA replication, which is considered to play a role in
mutagenesis and carcinogenesis (Shibutani et al., 1991). To counteract
these undesirable biological effects, the DNA damage response (DDR)
has specifically evolved to sense damage sites and activate an arsenal of
enzymes for DNA damage repair. Base excision repair (BER) is one type
of the pivotal DDR used to repair the oxidative DNA damage (Anand
et al., 2020). Beyond its canonical role in mediating DNA repair, the
DDR also functions as a potent antiviral defence in host cells (Weitzman
et al., 2010). However, viruses always take advantage of the DDR
pathways to modulate the chromatin epigenetic signatures and hijack
cellular proteins to support viral replication (Verhalen et al., 2015). A
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previous study indicated that the ATR-mediated DNA single-strand
break repair pathway facilitated ASFV infection (Simoes et al., 2013).
It is not yet clear whether the induction of oxidative damage results
from successful ASFV infection, and no studies have been performed to
evaluate the role of BER in viral replication.

Many nucleocytoplasmic large DNA virus (NCLDV)-encoded proteins
may take part in viral DNA damage repair pathways. ASFV is a large DNA
virus belonging to the Asfarviridae family and Asfivirus genus that pri-
marily replicates in the cytoplasm of swine macrophage cells, which are
rich in free oxygen radicals (Cuesta-Geijo et al., 2022). Intriguingly,
ASFV evolved its own BER system to overcome genome damage,
including an apurinic/apyrimidinic (AP) endonuclease (AsfvAP, E296R)
(Chen et al., 2020), a ligase (AsfvLIG, NP419 L) (Lamarche et al., 2005),
and a polymerase (AsfvPolX, O174 L) (Jezewska et al., 2006). In cellular
organisms, BER is initiated by DNA glycosylase, further recognizing
specific base damage and removing it. In mammals, 8-oxoguanine DNA
glycosylase 1 (OGG1), which is the major DNA glycosylase located in
both the nucleus and mitochondria, repairs DNA damage by recognizing
8-oxoG and cleaving the glycosidic bond, removing the 8-oxoG and
generating an AP site in the DNA, further inducing the downstream
pathway of BER (Nakabeppu et al., 2004; Wang K. et al., 2021). OGG1 is
a multifunctional protein that not only acts as a glycosidase initiating
BER but also participates in epigenetic regulation in gene transcription
(Wang et al., 2018). The loss or functional deficiency of OGG1 is relevant
in many pathological conditions, including cancer, inflammation, and
neurodegenerative diseases (Pao et al., 2020; Visnes et al., 2018, 2020).
It has been demonstrated that virus-induced oxidative stress and trig-
gered DNA damage repair responses in infected cells are closely related to
pathogenesis, and OGG1 is pivotal for the successful infection of a variety
of viruses (Hu et al., 2011; Piciocchi et al., 2016; Schachtele et al., 2010).
However, as ASFV does not encode genes of OGG1-like glycosylase, it is
possible that the virus uses the cellular enzyme to switch on the
ASFV-BER system and regulate related biological processes (Alejo et al.,
2018).

In the present study, we examined the induction of ROS resulting
from ASFV infection and evaluated its effects on the host DNA damage
and repair machinery. Furthermore, we evaluated the biological function
of OGG1 and its inhibitory effect on the replication and transcription of
ASFV in vitro. The results suggested that the tested OGG1 inhibitors
TH5487 and SU0268 were able to effectively inhibit ASFV infection and
might be used potentially as the preventative antiviral drugs.

2. Materials and methods

2.1. Field samples collection, cells culture and ASFV strain

Healthy lungs and clinical lungs infected with ASFV were collected
as described previously (Sun et al., 2021). Primary alveolar macro-
phages (PAMs) were obtained from 40- to 60-day-old SPF pigs as pre-
viously described (MALMQUIST and HAY, 1960). PAM and MA104
cells were incubated in RPMI 1640 medium (0013219, BI, Israel))
containing 10% fetal bovine serum (10091148, Gibco, USA) and 1%
penicillin-streptomycin (V900929, Sigma, USA) at 37 �C in a humidified
incubator with 5% CO2. Red blood cells from heparin sodium-treated
swine blood were washed twice with PBS (P1020, Solarbio, China),
kept in RPMI 1640 medium containing 1% penicillin-streptomycin so-
lution, and maintained at 4 �C for the haemadsorption (HAD) assay. The
genotype II ASFV strain (CN/SC/2019) was provided by African Swine
Fever Regional Laboratory of China (Lanzhou).

2.2. Antibodies and reagents

The antibodies used in this study are as follows: rabbit polyclonal
anti-OGG1 (15125-1-AP), rabbit polyclonal anti-GAPDH (10494-1-AP),
Flag-tag monoclonal antibody (66008-4-Ig), HA-tag monoclonal anti-
body (66006-2-Ig) and horseradish peroxidase (HRP)-conjugated goat

anti-rabbit or anti-mouse secondary antibodies (SA00001-2; SA00013-3)
were obtained from Protein Tech Group, China. Monoclonal antibody 8-
oxoG (sc-130,914) was purchased from Santa Cruz Biotechnology, USA.
β-tubulin monoclonal antibody (32-2600), goat anti-rabbit IgG (HþL)
(Alexa Fluor 488, A32731) and goat anti-mouse IgG (HþL) secondary
antibodies (Alexa Fluor 555, A28180) were purchased from Invitrogen,
USA. Anti-p30, anti-p72, anti-pO174 L, anti-pE296R and anti-pNP419
rabbit polyclonal antibodies were provided by the African Swine Fever
Regional Laboratory, China (Lanzhou), Lanzhou Veterinary Research
Institute (LVRI) of the Chinese Academy of Agricultural Sciences.
SU0268 was synthesized as previously described (Tahara et al., 2018).
TH5487 (6749) was purchased from Tocris Bioscience, UK. Dimethyl
sulfoxide (DMSO) was purchased from Sigma-Aldrich, USA.

2.3. Cytotoxicity assay

The cell cytotoxicity of two representative inhibitors was evaluated
in PAMs by using a CCK8 Kit (Cat K1018, APExBIO, USA). Briefly, PAMs
(2 � 104 cells per well) in 96-well cell culture plates were treated with
increasing concentrations of inhibitors. The experiments included three
replicates, and a blank and DMSO control were included. The treated
cells were incubated for 24 h at 37 �C in 5% CO2, and after incubation,
10 μL CCK8 was added in each well and incubated at 37 �C for 1–4 h. The
absorbance was measured using a microplate reader at wavelength of
450 nm (OD450). The cell viability of PAMs was calculated according to
the formula: cell viability rate (%) ¼ [(OD inhibitor � OD blank)/(OD
control � OD blank)] � 100%. The drug concentration leading to 50%
cytopathic (CC50) was calculated using GraphPad Prism 8.0 software
(GraphPad, Inc., La Jolla, CA, USA).

2.4. Genomic DNA extraction and 8-oxoG measurement

PAMs were harvested and rinsed twice with PBS. Then, genomic DNA
from cells were extracted using a Blood & Cell Culture DNA Mini Kit
(13323, Qiagen, Germany). Genomic DNA from tissues was isolated
using a QIAamp DNA Mini Kit (56304, Qiagen) according to the manu-
facturer's instructions. The level of 8-oxoG was assessed by using a
commercial ELISA kit (4661, Chemicalbook, China) according to the
manufacturer's instructions. Meanwhile, the absorbance was immedi-
ately read at wavelength of 450 nm by a microplate reader (Thermo-
Fisher Scientific, USA).

2.5. Analysis of oxidized glutathione (GSH) disulfide (GSSG)
concentration

The PAMs were lysed with 5% 5-sulfosalicylic acid solution. The
cellular level of GSSG was determined using a Glutathione Oxidized
(GSSG) Colorimetric Assay Kit (GC31353, Glpbio, USA) following the
manufacturer's protocol. The absorption values were measured at
wavelength of 485 nm and 528 nm by a microplate reader.

2.6. HAD50 assay

Primary PAMs were seeded in 96-well plates. The samples were then
added to the plates and titrated in triplicate using 10� dilutions. The
presence of ASFV was assessed by identification of the characteristic
rosette formation representing HAD of erythrocytes around the infected
cells. HAD was observed for 7 days, and the 50% HAD (HAD50) was
calculated by using the method of Reed and Muench (Ruiz-Gonzalvo
et al., 1996).

2.7. Reverse transcription-quantitative PCR

Total RNA was extracted from cultured PAMs using TRIzol reagent
(15596018, Invitrogen) according to the manufacturer's instructions.
qRT-PCR was performed with a Step Prime Script RT PCR Kit (RR064A,
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Takara, Japan). The PCR primer sequences used in the reaction are listed
in Supplementary Table S1. The relative expression of each designated
gene was calculated by the 2�△△Ct method and normalized to GAPDH
(*P < 0.05, Student's t-test).

2.8. Western blot analysis

PAMs were lysed in 200 μL RIPA lysis buffer (89900, ThermoFisher
Scientific, USA) with protease inhibitor cocktail (78429, ThermoFisher
Scientific, USA) for 30 min on ice. After centrifugation, the lysates were
denatured for 10 min in 2✕ SDS-PAGE loading buffer (S3401, Sigma
Aldrich). Samples were separated by electrophoresis on SDS-PAGE gels
and then transferred to transfer nitrocellulose membranes (ISEQ00010,
Merck-Millipore, USA). Next, membranes were blocked with 5% skim-
med milk for 1 h at room temperature. After that, the membranes were
incubated with primary antibodies at 4 �C overnight, and then incubated
with corresponding secondary antibodies conjugated to HRP at room
temperature for 1 h. Finally, the relative expression levels of protein were
detected using ECL reagents (35055, ThermoFisher Scientific) and were
quantified by Quantity One software (Bio-Rad Laboratories, USA).

2.9. Immunofluorescence and confocal microscopy

PAMs were seeded in laser confocal plates, treated under different
conditions and then washed twice with PBS. Then, monolayers were
fixed using 4% paraformaldehyde (R37814, ThermoFisher Scientific) for
30 min and permeabilized with 0.1% Triton-X 100 (X100, Sigma-
Aldrich) for 20 min at room temperature. Next, the cells were blocked
with 5% BSA (SRE0096, Sigma Aldrich) for 1 h at room temperature.
Then, the cells were incubated with primary antibodies at 4 �C overnight
and then incubated with fluorochrome-conjugated secondary antibodies
for 1 h in the dark. Meanwhile, the cells were incubated with DAPI
(P36941, Invitrogen) for nuclear staining. Finally, the fluorescence sig-
nals were detected with a TCS SP8 confocal fluorescence microscope
(Leica, Germany).

2.10. siRNA assay and plasmids transfection

Two double-stranded siRNAs targeting OGG1 transcripts were
designed by Ribobio, China. The siRNA sequences used in the study are
shown in Supplementary Table S1. For knockdown of OGG1, siRNA
control or siRNA-OGG1 was transfected into PAMs using Lipofectamine
2000 (R0532, Invitrogen). After 24 h of incubation, the knockdown ef-
ficiency of target gene was validated by qRT-PCR and Western blot.

The Flag-MGF360-14-L and HA-OGG1 expression plasmids were
constructed by Sangon Biotech, China. The recombinant plasmids were
transfected into cells with Lipofectamine 2000when the MA104 cells had
grown to nearly 80% confluence. Then, 24 h after transfection, cells were
harvested and analyzed by different methodologies.

2.11. Co-immunoprecipitation (Co-IP) assay

The MA104 cells were co-transfected with the indicated plasmids.
The transfected cells were lysed and clarified by centrifugation at 160 �g
at 4 �C for 15 min. The supernatants were incubated with anti-Flag or
anti-HA antibodies and rotated at 4 �C overnight. Protein G magnetic
beads (10004D, Invitrogen) were added to each sample and incubated at
4 �C for 2 h. Immunocomplex was recovered by adsorption and gently
washed six times with lysis buffer, and eluted by boiling in sample buffer,
then subjected to immunoblotting to evaluate the relationship between
proteins.

2.12. Co-IP-mass spectrometry (MS)

Firstly, PAMs were infected with ASFV for 48 h, then, the whole cell
extracts were immunoprecipitated by OGG1 antibody or IgG control.

Secondly, the IP protein samples were subjected to SDS-polyacrylamide
gel electrophoresis, stained with Coomassie blue, and detected by mass
spectrometry in Sangon Biotech.

2.13. Statistical analysis

Statistical analysis of all data was performed using Prism 8.0
(GraphPad Software, Inc., USA). Two-tailed P values were assessed, and P
values < 0.05 were considered to be statistically significant (*P < 0.05;
**P < 0.01, ***P < 0.001 and ****P < 0.0001). Statistical comparisons
between groups were performed using paired or non-paired t-tests. The
CC50 was calculated by a linear regression analysis of dose-response
curves generated from the obtained data. The 95% confidence intervals
(95% CIs) for CC50 were calculated using IBM SPSS Statistics version
19.0, USA. Quantitative data displayed in all figures are expressed as the
means � standard devision (SD, represented as error bars).

3. Results

3.1. ASFV infection induced dynamic changes in ROS and promoted
8-oxoG production

GSH is a tri-peptide (γ-glutamyl-L-cysteinylglycine) that acts as a
free radical scavenger and protects cells from oxidative stress, and it
can be oxidized by cellular ROS, forming GSSG. The concentration of
GSSG is an indicator of ROS levels (Owen and Butterfield, 2010).
Therefore, GSSG production was detected to reflect the level of ROS
post-ASFV infection. ROS can produce numerous DNA base modifica-
tions, especially causing 8-oxoG lesions. Here, we also examined
8-oxoG, which is a marker of DNA base oxidation in ROS-induced DNA
damage. To mimic oxidative stress, H2O2 was used as a positive con-
trol. ROS and 8-oxoG production during ASFV infection were detected
by using a Glutathione Oxidized (GSSG) Colorimetric Assay Kit and
ELISA, and the results indicated that ROS and 8-oxoG were elicited
from ASFV-infected PAMs at 0.25 h post-infection (hpi), and showed
dynamic changes later (Fig. 1A and B). The production of ROS in
ASFV-infected cells increased from 0.25 hpi to 3 hpi, followed by a
decrease, where the ROS level was reduced to approximately equal to
that in the mock group at 9 hpi, and then rebounded to its peak at
12 hpi (Fig. 1A). In addition, the formation of 8-oxoG was measured by
ELISA using an 8-oxoG-specific antibody in ASFV-positive or -negative
tissues. Similar to cell infection, a high amount of 8-oxoG was observed
in the ASFV-infected lungs compared to healthy lungs (Fig. 1B and C).
Meanwhile, immunofluorescence results also showed a strong accu-
mulation of 8-oxoG at 1 hpi in ASFV infected-PAMs (Fig. 1D). These
results indicated that ROS and the oxidized DNA base 8-oxoG were
produced during ASFV infection, suggesting the involvement of ROS in
virus-induced DNA lesions.

3.2. The DNA repair enzyme OGG1 was elicited in ASFV-infected PAMs
with dynamic expression

To investigate the effects of ROS-induced DNA oxidative damage
repair during ASFV infection, we analyzed the expression of the lesion-
specific BER enzyme OGG1. Initially, to rule out the potential influence
of cell activity which may result from ASFV infection, we observed the
cytopathic effect (CPE) and measured cell activity at different time points
after ASFV infection. ASFV replicated and proliferated in PAMs but did
not cause CPE under general conditions (Supplementary Fig. S1A).
Moreover, cell viability was detected by using the CCK-8 assay to
determine whether ASFV infection can influence cell survival compared
with normal and H2O2-stimulated cells. The results indicated that cell
viability was not significantly reduced after H2O2 treatment or ASFV
infection until at least 24 hpi, and the cell survival rate was still
approximately 50% at 48 hpi (Supplementary Fig. S1B). The transcrip-
tional level of OGG1 was increased over time in H2O2-treated or AFSV-
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infected PAMs. RT-PCR results demonstrated dynamic changes of OGG1
mRNA expression in ASFV-infected PAMs from 0.5 hpi to 48 hpi, with a
significant increase (5-fold) at 9 hpi (Fig. 2A). Western blot analysis
revealed that OGG1 protein expression levels also varied over time,
which were significantly increased at 9 hpi, slightly decreased at 12,
24 hpi, and increased again at 48 hpi (Fig. 2B). Furthermore, the pro-
duction of OGG1 was measured using an OGG1 specific antibody and
fluorescent secondary antibody by immunofluorescence. Fluorescence
signals were detected, and fluorescence densities were higher in the
ASFV-infected PAMs at 9 hpi than that in mock cells (Fig. 2C). Further
research showed that the mRNA transcription level and protein expres-
sion level of OGG1 were gradually upregulated in ASFV-infected PAMs
with increasing multiplicities of infection (MOIs) of 0.1, 0.5, 1, 2 or 5 at
48 hpi (Fig. 3A and C). The mRNA level of the viral B646L gene was also
detected to demonstrate viral replication at incremental MOIs (Fig. 3B),
supporting successful AFSV infection in PAMs. These data suggested that
ASFV infection could induce the expression of OGG1, implying a po-
tential role for OGG1 in ASFV infection.

3.3. ASFV infection altered the subcellular localization of OGG1 and
8-oxoG in cells

To further explore the involvement of OGG1 during ASFV infection,
the expression and subcellular localization of OGG1were evaluated upon
ASFV infection in PAMs by Western blotting, and lamin B and β-tubulin
were considered as nuclear and cytosolic protein controls, respectively.
The results revealed that OGG1 migrated from the nucleus to the cyto-
plasm from 12 to 24 hpi (Fig. 4A). Furthermore, the localization of OGG1
(green) and 8-oxoG (red) in PAMs at 12 and 24 hpi was determined by
immunofluorescence analysis. Similar to the immunoblot analysis re-
sults, it was found that at the early post-infection time point (12 hpi),
OGG1 was scattered in both the nucleus and cytoplasm and colocalized
with 8-oxoG mainly in the nucleus. At the later infection time point
(24 hpi), the colocalization was mostly in the cytoplasm (Fig. 4B).
Interestingly, a faint fluorescence signal was detected in mock cells,
indicating that oxidative damage repair essentially occurred in PAMs.
Strong signals were detected in the nucleus and cytoplasm under ASFV

Fig. 1. ASFV infection induced dynamic changes in ROS and promoted 8-oxoG production. A The concentration of oxidized glutathione (GSH) disulfide (GSSG) is an
indicator of the ROS level. PAMs were infected with ASFV (MOI ¼ 1) for different times, then the samples were lysed and the cellular ROS levels were determined by
using a Glutathione Oxidized (GSSG) Colorimetric Assay Kit. PAMs were stimulated with H2O2 (500 μmol/L) for 15 min as a positive control. B The production of the
oxidative damage marker 8-oxoG was evaluated by ELISA at different time points post-ASFV infected PAMs (MOI ¼ 1), and H2O2 (500 μmol/L) stimulation for 15 min
was used as a positive control. C Genomic DNA was extracted from healthy (NC) and ASFV-infected lung tissue (ASFV), respectively, and the 8-oxoG levels were
measured by ELISA (n ¼ 3). D Representative images illustrating the production of 8-oxoG in ASFV-infected PAMs (MOI ¼ 1) at 1 hpi. H2O2 (500 μmol/L) stimulation
for 15 min and mock-infected PAMs were used as positive and negative control (scale bar ¼ 2.5 μm). Data were shown as mean with standard deviation. Statistical
analyses were performed by Student's t-test using Prism software. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 2. The DNA repair enzyme OGG1 was elicited in PAMs by ASFV and showed dynamic expression over time. A RT-qPCR was used to determine the mRNA levels of
OGG1 in PAMs infected with ASFV or stimulated with H2O2 at different time points. The mRNA level of ASFV gene CP204L was used to attest the viral replication over
time. GAPDH was served as a reference gene. B PAMs were mock infected or infected with ASFV (MOI ¼ 1). At the indicated time post-infection (hpi), whole-cell
extracts were prepared, and the protein levels were detected by Western blot. The relative intensity of OGG1 was standardized by GAPDH and analyzed by
Image J. C Confocal microscopy verified the distribution of OGG1 (green) in ASFV- infected (MOI ¼ 1) or mock infected PAMs. Nuclei were counterstained with DAPI
(blue) (scale bar ¼ 1 μm). Data were shown as mean with standard deviation. Statistical analysis was performed by Student's t-test. ****P < 0.0001; ***P < 0.001;
**P < 0.01; *P < 0.05.

Fig. 3. The expression of OGG1 induced by ASFV was MOI-dependent. A RT-qPCR was used to determine the mRNA levels of OGG1 in PAMs infected with ASFV at
different MOIs of 0.1, 0.5, 1, 2 or 5 at 48 hpi. GAPDH was used as a reference gene. Data was quantified by using Log2 (fold change) method and normalized with mock
control. B The mRNA level of ASFV gene B646L was assessed to indicate viral replication at incremental MOIs. GAPDH was served as a reference gene. C The protein
expression level of OGG1 in PAMs infected with the indicated MOI at 48 hpi was analyzed by Western blot. Data were shown as mean with standard deviation.
Statistical analysis was performed by Student's t-test. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.

J. Fan et al. Virologica Sinica 38 (2023) 96–107

100



infection, suggesting that oxidative damage was generated in the host
cell genome, including nuclear and mitochondrial DNA. This finding was
of high importance, as it specifically demonstrated that BER and OGG1
were involved in ASFV infection.

3.4. Cytotoxicity of OGG1 inhibitors in PAMs

To verify the effects of OGG1 on ASFV replication, we selected two
OGG1 inhibitors (TH5487 and SU0268) that have been reported in
previous studies (Hanna et al., 2021; Zhang et al., 2021). The structures
of the compounds are shown in Fig. 5A. First, the cytotoxicity of TH5487
and SU0268 was assessed. The CC50 values of TH5487 and SU0268 on
PAMs were determined to be 12.94 μmol/L (95% CI ¼ 11.16–15.11) and
37.92 μmol/L (95% CI ¼ 28.53–41.35), respectively (Fig. 5B). In anti-
viral studies, to mitigate the cytotoxic effects, TH5487 and SU0268 were

used at maximum concentrations of 5 and 10 μmol/L (Supplementary
Fig. S2A). We further assessed whether the cytotoxicity of OGG1 in-
hibitors on PAMs was time dependent by treating the cells with 5 or
10 μmol/L individual OGG1 inhibitors for 0, 1, 3, 6, 9, 12 and 24 h. The
results showed that the optimal concentration did not influence cell
viability over an extended time (Supplementary Fig. S2B).

3.5. OGG1 inhibition suppressed ASFV proliferation

To determine whether OGG1 inhibitors can affect the replication of
ASFV in PAMs, we detected the mRNA levels of the viral early gene
CP204L and the late gene B646L after treatment by qRT-PCR. The data
showed that TH5487 (5 μmol/L) and SU0268 (10 μmol/L) strongly
suppressed the transcription of the CP204L gene relative to the DMSO
control. Meanwhile, TH5487 exerted stronger inhibitory potency on

Fig. 4. ASFV altered the colocalization of OGG1 and 8-oxoG in cells. A PAMs were infected with ASFV (MOI ¼ 1) for 0, 12 and 24 h, then the target proteins in the
nucleus and cytoplasm were detected by Western blot. The relative intensity of OGG1 in the nucleus and cytoplasm was calibrated by Lamin B and β-tubulin,
respectively. B PAMs were infected with ASFV (MOI ¼ 1) and the cells were collected at 12 and 24 hpi. OGG1 and 8-oxoG were detected using specific antibodies,
which were visualized with Alexa Fluor 488- or 594-conjugated secondary antibodies, respectively, using confocal microscopy. Colocalization of OGG1 (green) and
8-oxoG (red) in cells appears yellow in the merged images (scale bar ¼ 2.5 μm). Data were shown as mean with standard deviation. Statistical analysis was performed
by Student's t-test. **P < 0.01; *P < 0.05.
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mRNA level of B646L compared to that of SU0268 (Fig. 6A). The duration
of the effect of these two inhibitors on ASFV replication was further
evaluated. PAMs were treated with SU0268 (10 μmol/L) or TH5487
(5 μmol/L) for 6 h prior to ASFV infection, and the samples were collected
at 0.5, 1, 3, 6, 9, 12, and 24 hpi. The relative mRNA expression levels of
CP204L and B646L were detected by qRT-PCR. As expected, the data
confirmed that CP204L and B646L mRNA levels at various time points
were significantly reduced in OGG1 inhibitors treated cells (Fig. 6B and
C). Additionally, siRNA was used to further explore the role of silencing
OGG1 on viral replication. The efficacy of siRNA targeting OGG1 tran-
script was firstly evaluated by qRT-PCR and Western blot (Fig. 6D and E).
The significant decrease in mRNA and protein levels of ASFV genes was
observed in OGG1-silencing cells (Fig. 6F and E), indicating that OGG1
knockdown downregulated ASFV replication. To further assess the
function of OGG1 on the proliferation of ASFV, MA104 cells were
transfected with HA-OGG1 plasmids and infected with ASFV. Western
blot analysis showed that during ASFV infection, OGG1 overexpression
increased ASFV replication (Fig. 6G). These suggested that OGG1 played
a key role in ASFV infection and it could be a potential antiviral target.

To further determine that whether the antiviral activity of TH5487
and SU0268 against ASFV obey a dose-dependent manner, ASFV-infected
PAMs were treated with two individual inhibitors at increasing concen-
trations. As shown in Fig. 7A and B, the viral yields were significantly
decreased from 7.6 to 2.6 or 7.6 to 1 log HAD50/mL at the maximum
concentration of SU0268 or TH5487, respectively (P < 0.001). In addi-
tion, after treatment of OGG1 inhibitors, the viral titer level gradually
decreased in ASFV-infected PAMs at different MOIs (0.5, 1 or 5) at 7 dpi
(Fig. 7C). At the gene transcription level, CP204L and B646L mRNA
transcription was significantly decreased in OGG1-suppressed cells by
both OGG1 inhibitors when concentrations were >1 μmol/L (P < 0.001)
(Fig. 7D and E). Further analysis revealed that viral p72 protein expres-
sion levels were restrained in a dose-dependent manner in ASFV-infected
PAMs treated with the two inhibitors, especially upon treatment with
10 μmol/L SU0268, in which the expression of the p72 protein was almost
blocked (Fig. 7F). These results demonstrated that ASFV proliferation was

successfully inhibited by the OGG1 inhibitors TH5487 and SU0268 in a
dose-dependent manner, implying that they are potentially reagents to
restrict ASFV replication.

3.6. OGG1 inhibition downregulated the expression of ASFV-BER-
associated proteins

We investigated whether the depletion of OGG1 affected ASFV-BER-
associated enzyme expression in PAM cells. For this purpose, the O174L,
NP419L and E296R mRNA and protein levels were measured in PAMs
pretreated with or without OGG1 inhibitors at the indicated concentra-
tions separately by qRT-PCR or Western blot at 24 hpi. Notably, the
transcription levels of the viral genes were prominently reduced at
various time points (Fig. 8A) and in a dose-dependent manner (Fig. 8B).
Additionally, Western blot analysis of whole-cell extracts revealed that
the protein levels ASFV-BER-associated enzymes were decreased in the
presence of OGG1 inhibitors (Fig. 8C and D). Together, these results
demonstrated that OGG1 was necessary for the expression of ASFV-BER
associated proteins.

3.7. OGG1 coupled with ASFV MGF360-14L protein to disturb the
production of IFN-β

To further understand the biological function of OGG1 in ASFV
infection, a Co-IP-MS analysis was performed to screen viral proteins that
potentially interacted with OGG1. After removing the non-specific
binding proteins of IgG, several ASFV proteins interacted with OGG1
were identified. MGF360-14L is one of them, which has been reported to
negatively regulate the production of IFN-β through the cGAS-STING
pathway (Wang Y. et al., 2021). We used Co-IP assay and confocal
immunofluorescence assay to verify the interaction between OGG1 and
MGF360-14L. The Co-IP analysis showed that OGG1 was interacted
efficiently with MGF360-14L (Fig. 9A). A confocal immunofluorescence
assay showed that the OGG1 andMGF360-14L proteins colocalized in the
cytoplasm (Fig. 9B). Furthermore, we found that the expression of

Fig. 6. OGG1 inhibition suppressed ASFV proliferation. A PAMs were pretreated with TH5487 (5 μmol/L) or SU0268 (10 μmol/L) for 6 h each. Then, PAMs were
infected with ASFV (MOI ¼ 1). Samples were harvested at 24 hpi. qRT-PCR was performed to analyse the mRNA level of the early viral gene CP204L and the late gene
B646L. GAPDH was served as a reference gene. B, C PAMs were treated with SU0268 (10 μmol/L) or TH5487 (5 μmol/L) for 6 h prior to ASFV (MOI ¼ 1) infection. The
samples were collected at 0.5, 1, 3, 6, 9, 12, and 24 hpi. The relative expression levels of CP204L and B646L were detected by qRT-PCR. GAPDH was used as a
reference gene. D OGG1 silencing in PAMs was determined by qRT-PCR, and GAPDH served as a reference gene. E, F PAMs were transfected with si-OGG1 or si-NC
(scramble) for 24 h, then infected with ASFV (MOI ¼ 1) for 24 h. The expression of viral protein was tested by Western blotting and the mRNA level of CP204L and
B646L were analyzed by qRT-PCR. The control group was only infected with ASFV (MOI ¼ 1) for 24 h. GAPDH was used as a reference gene. G MA104 cells were
transfected with HA-OGG1 (2 μg) expression plasmids for 24 h and then infected with ASFV (MOI ¼ 1) for 24 h. Western blot was performed to detect the protein level
of OGG1, P72 and β-actin. Data were shown as mean with standard deviation. Statistical analysis was performed by Student's t-test. ****P < 0.0001; ***P < 0.001; **P
< 0.01; *P < 0.05.
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MGF360-14L were obviously increased in both translation and tran-
scription level with the enhancing expression of OGG1 (Fig. 9C and D).
To further explore whether OGG1 was involved in production of IFN-β,
si-OGG1 and two inhibitors were used. As shown in Fig. 9E and F, OGG1
inhibition significantly upregulated the mRNA levels of IFN-β in
ASFV-infected PAMs. In summary, these data suggested that OGG1might
interact with ASFV MGF360-14L protein to further affect the production
of IFN-β.

4. Discussion

The battles between the virus and host cells are crucial for the virus to
start and complete productive infection. Several biological processes are
viewed as potential targets in rational vaccine design or latent antiviral
strategies, such as the DNA damage repair pathway. DNA damage is a
common event in the cell life cycle, leading to mutation, cancer, and cell
death (Kolodner et al., 2002; Puddu et al., 2019). Infection by viruses is
often associated with oxidative stress and DNA damage (El-Amine et al.,
2018). ROS-induced oxidative stress and complex oxidative DNA lesions
are key executors in the progression of virus-induced pathogenesis, but
the molecular mechanisms and biological significance of these cellular
responses are poorly understood. One crucial function of ROS is to defend
the cell against invading bacterial and viral pathogens (Dryden, 2018;
Dryden et al., 2017). However, some viruses thrive in ROS-abundant
environments, suggesting that ROS is beneficial for the virus (Paiva
and Bozza, 2014). The underlying mechanism by which ROS impacts on
viral replication remains to be elucidated.

ASFV is a complex double-stranded DNA virus replicating mainly in
the cytoplasm of macrophages (Xian and Xiao, 2020), where release of
ROS may cause the accumulation of 8-oxoG in ASFV.

Numerous studies have shown that OGG1 is involved in viral infec-
tion. OGG1was upregulated upon EBV infection in primary B cells (Wang
et al., 2020). HIV-infected patients showed increased levels of 8-oxoG
and significantly decreased DNA glycosylase activity (Aukrust et al.,
2005). Moreover, decreased HIV infection was associated with the
decreased expression of OGG1, and the absence of OGG1 significantly
reduced the efficiency of HIV integration (Bennett et al., 2014). Given the
role of OGG1 in different viruses, in this study, we revealed that ASFV
infection of PAMs induced ROS and DNA oxidative damage, as displayed
by the contents of GSSG and 8-oxoG. We also found that ASFV infection
resulted in the accumulation of genomic 8-oxoG lesions and induced
dynamic changes in OGG1 expression during infection. In addition, ASFV
altered the colocalization of 8-oxoG and OGG1, implying that OGG1
plays a key role in viral infection.

ASFV infection triggered heavy ROS and 8-oxoG production, which
exhibited dynamic changes over time. High levels of ROS and 8-oxoG
were observed early in infection, supporting the notion that the induc-
tion of oxidative stress is virus-driven. It is interesting to note that after a
progressive increase peaking at 30 min post-infection, the levels of
intracellular ROS gradually decreased and suddenly increased at 12 hpi.
It is possible that activation of the cellular antioxidant machinery may
contribute to a balance of redox reactions, together with the expression of
viral proteins that inhibit oxidative stress. The formation of viral factories
and the accumulation of a large number of intermediate and late viral
proteins (Gaudreault et al., 2020) possibly stimulated ROS production
again after 9 hpi (Fig. 1).

Viral replication entailed a higher oxidant environment, leading to
oxidative damage not only to host cells but also to viral genomes (Novoa
et al., 2005). To protect against oxidative damage, similar to some other
nucleocytoplasmic large DNA viruses, ASFV evolved a BER process to

Fig. 7. ASFV yield was decreased by OGG1 inhibitors. A, B Titration of infectious ASFV was quantified by using the HAD assay. PAMs were pretreated with TH5487
and SU0268 for 6 h, and ASFV was then added to the cells and titrated in triplicate using 10-fold serial dilutions. HAD was determined on day 7 post-infection, and
DMSO treatment was used as a negative control. C The viral titer was measured in PAMs after ASFV infection at MOIs of 0.5, 1 or 5 at 7 days post-infection. The viral
titer was compared with that in the DMSO-treated group. D, E The mRNA levels of the CP204L and B646L genes were verified by qRT-PCR. PAMs were treated with
TH5487 and SU0268 for 6 h prior to ASFV (MOI ¼ 1) infection, and the samples were then collected at 24 hpi. GAPDH was served as a reference gene. F PAMs were
pretreated with TH5487 and SU0268 at the indicated concentrations for 6 h, and cells were harvested after ASFV infection for 24 h. The protein level of P72 was
determined by Western blot. Data were shown as mean with standard deviation. Statistical analysis was performed by Student's t-test. ****P < 0.0001; ***P < 0.001;
**P < 0.01; *P < 0.05; ns, not significant.
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maintain the integrity of the viral genome in the highly oxidative and
potentially mutagenic environment of swine macrophages (Dixon et al.,
2013; Iyer et al., 2001). Since there is currently no annotated DNA gly-
cosylase gene for specifically recognizing 8-oxoG from ASFV DNA, it is
possible that the virus uses a cellular enzyme to initiate its BER, implying
OGG1 may has pivotal role in ASFV infection. Thus, we determined the
change in OGG1 and observed its cellular localization with 8-oxoG, and
we found that it was involved in ASFV infection. The level of OGG1 in
PAM cells post-ASFV infection was confirmed by qRT-PCR and Western
blot assays to be significantly higher than that in uninfected cells and
presented a dynamic change over time that was compatible with the
rapid increase in 8-oxoG in virus-infected cells. This may be because
OGG1 was elicited to respond to oxidative damage and activate the BER
pathway in host cells (Fig. 2). The combination of OGG1 and 8-oxoG was
observed, and the displacement of OGG1 and 8-oxoG colocalization from
the nucleus to the cytoplasm suggested that OGG1 likely performed
different functions in different periods of viral infection (Fig. 4).
ASFV-induced DNA oxidative damage may exist in both the nucleus and
mitochondria, even in virus genomes. The presence of such damage can
in turn directly or indirectly modulate cellular signal transduction
pathways (Sampath and Lloyd, 2019), thereby affecting the replication of
the virus. Previous studies have shown that OGG1 is imported to mito-
chondria to prevent oxidant-induced mitochondrial dysfunction, p53
mitochondrial translocation, and intrinsic apoptosis (Kim et al., 2014).
Induction of the apoptosis pathway is a common cellular DDR to viral
infection, which has the effect of limiting the replication and spread
of viral progeny. This may suggest a multilayered mechanism aimed

at manipulating the OGG1-dependent DDR after ASFV infection by
constraining the enzyme activity and altering its localization. Taken
together, OGG1 appears to be a key cellular factor involved in ASFV
replication by regulating DNA damage responses.

Indeed, recent studies have demonstrated that the BER pathway
plays an essential role in large DNA viruses, and suppression of DNA
repair may be a crucial target through which to counteract viruses
(Weitzman and Fradet-Turcotte, 2018). Especially, DNA glycosylase,
which recognizes and excises the damaged bases, has been evaluated as
a therapeutic target in virus-induced cancer therapy (Redrejo-Ro-
driguez and Salas, 2014). Due to the essential role of OGG1 in the BER
pathway, we selected inhibitors of OGG1 to verify the effects of OGG1
on ASFV replication. Interestingly, we found that TH5487 and SU0268
significantly impaired ASFV proliferation (Figs. 6–8). Moreover, we
found that OGG1 could interact with MGF360-14L, which is a member
of the MGF360 family. Previous studies have shown that ASFV MGFs
families suppress the host immune response through disturbing IFNs
signal pathway, and MGF360-14L was involved in suppressing type I
IFN induction (Rathakrishnan et al., 2022; Reis et al., 2016). Our data
showed that inhibition of OGG1 upregulated the transcription of IFN-β,
indicating that ASFV may disturb IFN-β production by interacting with
OGG1, thus creating a favorable condition for self-proliferation and
diffusion.

According to a report, OGG1 is a multifunctional DNA glycosylase;
upon oxidative stress or during inflammation, the increased levels of ROS
transiently inhibit OGG1 enzymatic activity (Pan et al., 2017), and OGG1
becomes a chromatin recruiter of transcription factors, regulating gene

Fig. 8. The expression of ASFV-BER-associated proteins was inhibited by OGG1 inhibitors. A PAMs were pretreated with TH5487 (5 μmol/L) or SU0268 (10 μmol/L)
for 6 h. ASFV-BER-associated protein (pO174L, pNP419L and pE296R) mRNA levels were determined by RT-PCR at different time points after ASFV (MOI ¼ 1)
infection. The expressed significance was compared with 0.5 hpi. GAPDH was served as a reference gene. B PAMs were pretreated with TH5487 or SU0268 at assigned
concentrations for 6 h and then harvested after ASFV (MOI ¼ 1) infection at 24 hpi. The mRNA levels were assessed by qRT-PCR. GAPDH was used as a reference gene.
C, D PAMs were pretreated with OGG1 inhibitors at the indicated concentrations for 6 h. At 24 hpi, mock- and ASFV-infected (MOI ¼ 1) cells were lysed, and ASFV-
BER protein levels were assessed by Western blot analysis using specific antibodies. The relative intensity was calibrated by β-tubulin. Data were shown as mean with
standard deviation. Statistical analysis was performed by Student's t-test. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant.
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Fig. 9. OGG1 interacted with ASFV MGF360-14L and affected IFN-β transcription. A HA-OGG1 (2 μg) and Flag-MGF360-14L (2 μg) plasmids were cotransfected into
MA104 cells for 24 h. The interaction was analyzed through Co-IP using anti-Flag and anti-HA antibodies. B MA104 cells were transfected with HA-OGG1 and Flag-
MGF360–14L expression plasmids for 24 h. Double immunofluorescent staining revealed colocalization of HA-OGG1 (green) and Flag-MGF360-14 L (red) in cells
(scale bar ¼ 25 μm). C MA104 cells were cotransfected with Flag-MGF360-14L (1 μg) and HA-OGG1 (0, 1, 2, 3 μg) for 24 h. Then cells were lysed and tested by
Western blotting. D MA104 cells were transfected with HA-OGG1 (0, 1, 2, 3 μg) for 12 h, then infected with ASFV (MOI ¼ 1) for 24 h. The mRNA level of ASFV
MGF360-14L was analyzed by qRT-PCR. GAPDH was used as a reference gene. E PAMs were transfected with si-OGG1 or si-NC (scramble) for 24 h and then infected
with or without ASFV (MOI ¼ 1) for 24 h. IFN-β mRNA level was detected by qRT-PCR. GAPDH was served as a reference gene. F PAMs were pretreated with 5 μmol/L
TH5487, or 10 μmol/L SU0268 for 6 h and then infected with ASFV (MOI ¼ 1) for 24 h. The transcription level of IFN-β was determined by qRT-PCR. GAPDH was used
as a reference gene. Data were shown as mean with standard deviation. Statistical analysis was performed by Student's t-test. ***P < 0.001; **P < 0.01; *P < 0.05; ns,
not significant.

Fig. 10. A mechanism of OGG1 inhibitors suppresses ASFV replication. ASFV infection triggers dynamic changes in ROS and 8-oxoG and consistently increases the
expression of DNA repair enzyme OGG1. The small-molecule inhibitors TH5487 and SU0268 block OGG1 binding to 8-oxoG which then upregulated IFN-β tran-
scription and thus to suppress ASFV replication. Additionally, the interaction of OGG1 with viral MGF360-14L protein could disturb IFN-β production to further affect
ASFV replication.
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transcription (Ba et al., 2014; D'Augustin et al., 2020). TH5487 and
SU0268 may directly block OGG1 from exerting the biological functions
by inhibiting protein-DNA substrate binding (Qin et al., 2020; Baquero
et al., 2021). The novel small-molecule TH5487 was designed as a potent
and selective active site inhibitor of OGG1 that prevents OGG1 from
binding to its DNA substrate and alters OGG1-chromatin dynamics and
OGG1 recruitment kinetics. TH5487 not only prevents the binding
of OGG1 to damaged DNA but also inhibits its catalytic function,
impairing OGG1 incision and the generation of DNA breaks (Hanna et al.,
2020). Moreover, the tetrahydroquinoline compound SU0268 was
confirmed to be selective for inhibiting OGG1 over other BER enzymes,
which inhibits DNA binding and base excision. SU0268 could engage
OGG1 and inhibit its activity, resulting in an increase in the accumulation
of 8-oxoG (Kant et al., 2021). Therefore, there are at least three possi-
bilities that could account for how these compounds inhibit ASFV by
blocking OGG1 function. First, they can only inhibit catalytic activity,
reducing glycosidic bond cleavage, such that AP sites might not gener-
ated and strand scission by OGG1 cannot occur during BER, further
influencing OGG1-BER enzymatic activity-dependent promoter activa-
tion (Pan et al., 2016). Second, they could inhibit OGG1, another
epigenetic regulator, by preventing OGG1 from binding to DNA sub-
strates and recruiting chromatin remodelers, further altering chromatin
modifications and, thus, regulating gene expression in the host (Xia et al.,
2017). Third, they may block OGG1 from being hijacked and interacting
with viral proteins, ASFVMGF360-14L in this study, disturbing the type I
IFN pathway. Thus, our data suggest that the primary mode of TH5487 or
SU0268 impaired ASFV replication by upregulating IFN-β production.

5. Conclusions

In conclusion, our study investigated the changes in biomarkers of
oxidative stress and oxidative damage repair processes during ASFV
infection. Meanwhile, we demonstrated that OGG1 inhibition with
TH5487 and SU0268 could upregulated IFN-β transcription and thus to
suppress ASFV replication. Additionally, the interaction of OGG1 with
viral MGF360-14L protein might disturb IFN-β production to further
affect ASFV replication (Fig. 10). Taken together, our results provide
novel insight into ASFV pathogenesis with emphasis on the oxidative and
antiviral roles of the OGG1 inhibitors SU0268 and TH5487 in PAM cells
after the onset of ASFV infection. Further clinical trials will be needed to
determine whether the compounds will benefit farm pigs as a preventive
antiviral agent. The discovery and development of highly potent, selec-
tive, and stable small-molecule inhibitors of OGG1 against ASFV infec-
tion, as well as determination of the relative regulatory mechanism of
OGG1, remain important goals for further study.
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