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SARS-CoV-2 exploits cellular RAD51 to promote viral 
propagation: implication of RAD51 inhibitor as a potential drug 
candidate against COVID-19
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ABSTRACT RAD51 is an important factor involved in the homologous recombination 
and repair of DNA breaks, which has also been implicated in various virus replication 
processes. We have previously reported that hepatitis C virus (HCV) exploits cellular 
RAD51 to promote viral propagation. Since severe acute respiratory syndrome coro­
navirus 2 (SARS-CoV-2) is also an RNA virus, we interrogated whether SARS-CoV-2 
could coopt RAD51 for its propagation. Here, we showed that silencing of RAD51 
impaired SARS-CoV-2 propagation. We further demonstrated that RAD51 colocalized 
with SARS-CoV-2 RNA in Vero E6 cells. Interestingly, RAD51 interacted with SARS-CoV-2 
3CL protease. This suggests that RAD51 inhibitors may block SARS-CoV-2 propaga­
tion. Hence, we evaluated multiple RAD51 inhibitors as potential drug candidates for 
coronavirus disease 2019 (COVID-19). Among these, B02, 4'-diisothiocyanostilbene-2,2'-
disulfonic acid (DIDS), IBR2, and RI(dl)-2 significantly decreased RNA, protein, and 
infectious virion levels of Wuhan and variants of SARS-CoV-2. Antiviral activity of DIDS 
was further confirmed in the Syrian hamster model. Molecular docking model showed 
that these chemicals interfered with RAD51 through dimerization interface. These data 
suggest that SARS-CoV-2 exploits host RAD51 to facilitate viral propagation, and hence, 
RAD51 inhibitor may serve as a putative novel therapeutic agent for the treatment of 
COVID-19.

IMPORTANCE Viruses are constantly evolving to promote propagation in the host. Here, 
we show that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) utilizes 
host RAD51 for replication. Silencing of RAD51 impaired SARS-CoV-2 propagation. Viral 
RNA colocalized with RAD51 in the cytoplasm of SARS-CoV-2-infected cells, suggest­
ing that both viral RNA and RAD51 may form a replication complex. We, therefore, 
evaluated RAD51 inhibitors as possible therapeutic agents against SARS-CoV-2. Indeed, 
RAD51 inhibitors exerted antiviral activities against not only Wuhan but also variants of 
SARS-CoV-2. Molecular docking model shows that RAD51 inhibitors impede SARS-CoV-2 
propagation by interfering with dimerization of RAD51. These data suggest that RAD51 
may represent a novel host-based drug target for coronavirus disease 2019 treatment.
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S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent 
of coronavirus disease 2019 (COVID-19). SARS-CoV-2 is a highly transmissible and 

pathogenic coronavirus that emerged in December 2019 and spread quickly around the 
world. This virus has infected more than 771 million people worldwide, and COVID-19 
has caused over 6.9 million deaths so far (1). SARS-CoV-2 is an RNA virus that belongs to 
the Betacoronavirus genus. Severe acute respiratory syndrome coronavirus, Middle East 
respiratory syndrome coronavirus, and SARS-CoV-2 can cause severe respiratory failure 
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and have raised as human respiratory pathogens from animals to humans by zoonotic 
spillover (2, 3). SARS-CoV-2 preferentially infects the cells of the lower respira­
tory tract in humans (4). Moreover, SARS-CoV-2 can infect other organs, including 
lungs, heart, brain, liver, kidneys, and intestines (5–7). SARS-CoV-2 infection can cause 
arrhythmias, heart and renal failure, gastrointestinal disorders, multi-organ failure, and 
acute respiratory distress syndrome (8).

Numerous prophylactic SARS-CoV-2 vaccines are currently in use to save hundreds of 
millions of lives globally (9–12). However, the emergence of the serial variants of concern 
(VOCs) with their remarkable immune evasion capability demands the most effective 
strategies to counter SARS-CoV-2 pandemic (13). As of November 2021, the predominant 
Delta (B.1.617.2) variant has been replaced by the Omicron (B.1.1.529) variant with a 
higher capacity to escape from protective immunity established through vaccination or 
infection by earlier VOCs (14, 15). Therefore, differential efficacy and safety of anti-SARS-
CoV-2 therapies for the treatment of COVID-19 are required. In these regards, drug 
repositioning may be an effective strategy for the treatment of COVID-19 (16–18).

RAD51 plays an essential role in DNA damage repair by homologous recombina­
tion (HR). RAD51 can bind to both ssDNA and dsDNA with equal affinity during the 
recombination reaction. RAD51 promotes heteroduplex joint formation, connects the 
damaged DNA to the undamaged repair template, and mediates homologous pairing to 
synthesize the DNA across the break (19–21). Importantly, RAD51 has been implicated 
in various viral propagation processes, including HIV (22–24), human papillomavirus 
(HPV) (25), hepatitis B virus (HBV) (26), and hepatitis C virus (HCV) (27). In the present 
study, we showed that knockdown of RAD51 impaired SARS-CoV-2 propagation. RAD51 
colocalized with SARS-CoV-2 RNA, suggesting that RAD51 inhibitor might block viral 
propagation. Indeed, multiple RAD51 inhibitors displayed antiviral activities against 
SARS-CoV-2 both in vitro and in vivo. Of note, RAD51 inhibitors displayed broad-spectrum 
antiviral activity against SARS-CoV-2 variants. We further demonstrated that chemical 
binding site on RAD51 dimerization interface played a crucial role in anti-SARS-CoV-2 
activity. All these data suggest that RAD51 may serve as a druggable host target for 
SARS-CoV-2 infection, and thus, RAD51 inhibitor may be a potential drug candidate to 
treat COVID-19.

RESULTS

SARS-CoV-2 exploits RAD51 for its own propagation

Since RAD51 plays an important role in various viral replication processes, we investiga­
ted whether RAD51 is also involved in SARS-CoV-2 propagation. To this end, Calu-3 
cells were transfected with siRNAs targeting RAD51 and then infected with wild-type 
and Delta variant of SARS-CoV-2. At 48 h postinfection, the silencing effect of RAD51 
on viral protein expression level was determined by immunoblot analysis. Figure 1A 
shows that RAD51 expression was nearly undetectable in siRNA-transfected cells (lanes 
3 and 4 in upper, left panel). As expected, SARS-CoV-2 nucleoprotein level decreased 
extensively in RAD51-silenced cells. We also showed that SARS-CoV-2 protein level 
of Delta variant decreased profoundly in RAD51-silenced cells (Fig. 1A, right panel). 
We verified that the knockdown of RAD51 did not affect the cell viability (data not 
shown). We further confirmed that silencing of RAD51 significantly decreased virus 
titer, indicating that RAD51 promoted SARS-CoV-2 propagation (Fig. 1A, bottom panels). 
To exclude the off-target effect of a RAD51 siRNA, we generated an siRAD51-resist­
ant mutant and cotransfected with siRAD51 into Calu-3 cells. As shown in Fig. 1B, 
siRAD51-resistant mutant was unable to fully restore the SARS-CoV-2 protein expression 
level (left panel). However, both SARS-CoV-2 RNA level and infectious virus titer level 
were significantly recovered by siRAD51-resistant mutant (Fig. 1B, middle and right 
panels). We also generated the RAD51-siRNA-resistant mutant plasmid and cotransfec­
ted with siRAD51 into Calu-3 cells and 293T cells. In fact, Calu-3 cells are widely used 
for SARS-CoV-2 infection; however, exogenous gene transfection efficiency in Calu-3 
cells is very low (data not shown). As shown in Fig. 1C, exogenous expression of the 
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FIG 1 RAD51 is involved in SARS-CoV-2 propagation. (A) siRNA-mediated knockdown of RAD51 expression impairs SARS-CoV-2 propagation in Calu-3 cells. 

Calu-3 cells were transfected with 20 nM of the indicated siRNAs. At 48 h after transfection, cells were further infected with either wild-type (MOI = 0.1) or Delta 

variant (MOI = 1) of SARS-CoV-2 for 1 h. At 48 h postinfection, protein expression levels were analyzed by an immunoblot analysis using the indicated antibodies.

(Continued on next page)
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RAD51-siRNA-resistant mutant restored the SARS-CoV-2 nucleoprotein expression level 
in 293T cells. These data indicate that RAD51 plays an important role in SARS-CoV-2 
propagation. Since SARS-CoV-2 replicates in the cytoplasm and RAD51 is localized in 
the nucleus, we questioned whether intracellular localization of RAD51 was altered by 
SARS-CoV-2 infection. For this purpose, both cytosolic and nuclear fractions prepared 
from either mock- or SARS-CoV-2-infected cells were analyzed by immunoblot using 
an anti-RAD51 antibody. Figure 1D shows that the RAD51 level in nuclear fraction 
marginally decreased, whereas the protein level of RAD51 in cytosolic fraction increased 
markedly in SARS-CoV-2-infected cells compared to mock-infected cells (lane 2 versus 
lane 1). To further confirm the subcellular re-distribution of RAD51 by SARS-CoV-2 
infection, we performed immunofluorescence assay by using an anti-RAD51 antibody 
and double-strand RNA-specific J2 antibody. As shown in Fig. 1E, RAD51 mainly localized 
in the nuclei of mock-infected cells. Meanwhile, the protein level of RAD51 barely 
decreased in the nuclei but prominently accumulated in the cytoplasm of SARS-CoV-2-
infected cells. Importantly, RAD51 protein colocalized with replicating viral RNA in cells 
infected with wild type, Delta, and Omicron stealth of SARS-CoV-2. All these data 
suggest that SARS-CoV-2 exploits host cellular RAD51 to promote viral propagation. We 
previously reported that protein interaction between RAD51 and HCV non-structured 
protein 3 (NS3) is critical for HCV production (27). Since HCV NS3 is a multifunctional 
protein which displays serine protease and RNA helicase activities, we investigated 
whether RAD51 also interacted with SARS-CoV-2 3CL protease. SARS-CoV-2 3CL protease 
is a viral enzyme that plays an essential role in viral replication. To determine protein 
interaction between RAD51 and SARS-CoV-2 3CL protease, we cotransfected Flag-tagged 
RAD51 and Myc-tagged SARS-CoV-2 3CL protease plasmid into 293T cells and performed 
immunoprecipitation assay. Figure 1F showed that RAD51 was coprecipitated with 
SARS-CoV-2 3CL protease (left panel). Of note, this interaction was impeded by one 
of the RAD51 inhibitors, 4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS; Fig. 1F, lane 
4 versus lane 3 in right panel). These data suggest that SARS-CoV-2 may recruit RAD51 
via 3CL protease to ensure viral replication. More importantly, RAD51 inhibitor may block 
SARS-CoV-2 propagation by inhibiting viral RNA synthesis in the replication complex.

FIG 1 (Continued)

50% Tissue culture infectious dose (TCID50) values were determined from the SARS-CoV-2-containing supernatant. Wild type, Wuhan strain of SARS-CoV-2; 

Neg, universal negative siRNA; Pos, positive siRNA targeting the RNA-dependent RNA polymerase (RdRp) of SARS-CoV-2. (B) Calu-3 cells were transfected with 

20 nM siRAD51 and 10 nM siRAD51-resistant mutant. Total amounts of siRNA were adjusted by adding negative siRNA. At 48 h after transfection, cells were 

further infected with wild-type SARS-CoV-2 (MOI = 0.5). At 48 h postinfection, protein expression levels were analyzed by immunoblot analysis using the 

indicated antibodies, TCID50 value was determined from the SARS-CoV-2-containing supernatant, and SARS-CoV-2 RNA level was measured by quantitative 

real-time PCR. siRNA sequences: RAD51, 5′-GCA GUG AUG UCC UGG AUA A (dT dT)-3′; siRAD51-resistant mutant (siRAD51-RM), 5′-GCA GUG AUG UCU UAG 

ACA A (dT dT)-3′. For virus titer and SARS-CoV-2 RNA level, one-way ANOVA was calculated to compare the multiple treatments gene-specific siRNA and 

negative siRNA in SARS-CoV-2-infected cells (*P < 0.05; **P < 0.01; ***P < 0.001). Student’s t-test was used for comparing the significant difference between cells 

cotransfected with siRAD51/siRAD51-RM and cells transfected with siRAD51 (#P < 0.05). (C) 293T cells were cotransfected with 20 nM of the indicated siRNAs, 

0.5 µg TMPRSS2 plasmid, 0.5 µg ACE2 plasmid, and 0.5 or 1 µg of V5-tagged RAD51 siRNA-resistant mutant plasmid (RAD51-SR-V5). Total amounts of DNA 

were adjusted by adding empty vector. At 24 h after transfection, cells were infected with wild-type SARS-CoV-2 (MOI = 0.01). At 24 h postinfection, protein 

expression levels were analyzed by immunoblot assay. Neg, universal negative siRNA; Pos, positive siRNA targeting the RdRp of SARS-CoV-2. Arrow indicates 

endogenous RAD51, and arrowhead denotes V5-tagged exogenous RAD51. Data represent averages from triplicate experiments. (D) Vero E6 cells were either 

mock infected or infected with SARS-CoV-2 (MOI = 0.01) for 1 h and further cultured in fresh media. At 24 h postinfection, both cytosolic and nuclear fractions 

were prepared, and then protein levels were determined by an immunoblot analysis with the indicated antibodies. (E) Vero E6 cells were either mock infected 

or infected with wild-type (MOI = 0.01), Delta (MOI = 0.1), and Omicron stealth (MOI = 4) variant of SARS-CoV-2, respectively, for 1 h and further cultured in 

fresh media. At 24 h postinfection, cells were fixed with 4% paraformaldehyde, and immunofluorescence staining was performed by using either J2 antibody and 

FITC-conjugated goat anti-mouse IgG to detect dsRNA (green) or anti-Rad51 antibody and TRITC-conjugated donkey anti-rabbit IgG to detect RAD51 (red). Cells 

were counterstained with 4′,6′-diamidino-2-phenylindole to label nuclei (blue). Plot profile corresponding to the white arrow is traced in the merged panel. Scale 

bar = 20 µm. (F) (Left panel) 293T cells were cotransfected with Myc-tagged SARS-CoV-2 3CL protease and Flag-tagged RAD51. At 24 h after transfection, total cell 

lysates were immunoprecipitated with an anti-Myc antibody. Bound protein was detected by an anti-Flag antibody. (Right panel) 293T cells were cotransfected 

with Myc-tagged SARS-CoV-2 3CL protease and Flag-tagged RAD51. At 24 h after transfection, total cell lysates were mixed with 20 µM DIDS, incubated for 1 h 

with rotation, and then immunoprecipitated with an anti-Myc antibody. Bound protein was immunoblotted with an anti-Flag antibody.
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RAD51 inhibitors block SARS-CoV-2 propagation

Since RAD51 has been implicated in various viral replication processes and is required for 
SARS-CoV-2 propagation in the current study, we investigated whether RAD51 inhibitors 
could block SARS-CoV-2 propagation. For this purpose, we selected six well-known 
RAD51 inhibitors (B02, RI-1, RI-2, DIDS, RI(dl)-2, and IBR2) to examine their negative role 
in SARS-CoV-2 propagation. As these chemicals inhibit RAD51 with inhibitory concentra­
tion (IC50) values ranging from 0.1 to 45 µM, we decided to use chemical concentrations 
of 0.1, 1, 5, 10, 20, and 40 µM to evaluate the anti-SARS-CoV-2 activity of each chemical. 
Next, either Vero E6 cells or Calu-3 cells were mock infected or infected with wild-type 
SARS-CoV-2 in the absence or presence of the indicated amounts of chemicals. At 24 h 
(Vero E6) or 48 h (Calu-3) postinfection, both protein and RNA levels of SARS-CoV-2 
were determined in RAD51 inhibitor-treated cells. We showed that both protein and RNA 
levels of SARS-CoV-2 were decreased by B02, DIDS, RI(dl)-2, and IBR2, respectively, in a 
dose-dependent manner in both Vero E6 and Calu-3 cells (Fig. 2A through E). Meanwhile, 
both protein and RNA levels of SARS-CoV-2 were not altered by RI-1 or RI-2 (Fig. 2A and 
B). Of note, SARS-CoV-2 protein levels were completely blocked even in the presence 
of 10 µM DIDS in Vero E6 cells (Fig. 2C). These data indicate that RAD51 inhibitors truly 
inhibit SARS-CoV-2 replication, further confirming that RAD51 is required for SARS-CoV-2 
propagation.

Evaluation of anti-SARS-CoV-2 activity of RAD51 inhibitors

To determine whether RAD51 inhibitor could exert an anti-SARS-CoV-2 activity, either 
Vero E6 cells or human pulmonary epithelial Calu-3 cells were infected with wild-
type SARS-CoV-2 and then treated with various concentrations of each chemical. We 
examined the effects of RAD51 inhibitors on the cytopathogenicity of SARS-CoV-2-infec­
ted cells. The cytopathic effect (CPE) is prominently observed in SARS-CoV-2-infected 
African green monkey kidney Vero E6 cells (data not shown). We then evaluated 
anti-SARS-CoV-2 activity of each chemical. B02, DIDS, and RI(dl)-2 target RAD51-ssDNA 
and/or RAD51-dsDNA, whereas IBR2, RI-1, and RI-2 target RAD51 protein-protein 
interaction (28, 29). To this end, Vero E6 cells infected with either mock or SARS-
CoV-2 (MOI = 0.01) were treated with the indicated chemicals. At day 2 postinfection, 
microscopy data showed that SARS-CoV-2-induced CPE was decreased by B02, DIDS, 
RI(dl)-2, and IBR2, respectively, in a dose-dependent manner (data not shown). Mean­
while, neither RI-1 nor RI-2 altered SARS-CoV-2-induced CPE. Next, we determined 50% 
inhibitory concentration and 50% cytotoxicity (CC50) based on infectious viral titer and 
cell viability of each chemical. Water-soluble tetrazolium salt (WST) assay result showed 
that 40 µM B02 and DIDS displayed no effect on the cell viability of both Vero E6 and 
Calu-3 cells (Fig. 3A and B). As shown in Fig. 3A, B02 inhibited SARS-CoV-2 propagation 
with an IC50 value of 6.82 µM (95% CI ranging from 0.92 to 39.03) in Vero E6 cells and 
5.45 µM (95% CI ranging from 0.84 to 22.59) in Calu-3 cells. Figure 3B shows that IC50 
value of DIDS is 0.032 µM (95% CI up to 0.25) in Vero E6 cells and 24.95 µM (95% CI 
ranging from 1.63 to more than 40) in Calu-3 cells. Although DIDS decreased the protein 
levels and viral titer of SARS-CoV-2 in a dose-dependent manner in Calu-3 cells, the 
antiviral activity of DIDS in Calu-3 cells was less profound than in Vero E6 cells. This 
may be due to cell type-specific expression of the host genes involved in SARS-CoV-2 
propagation. We further showed that RI(dl)-2 exerted an anti-SARS-CoV-2 activity with 
IC50 value of 8.15 µM (95% CI, 0.04–202.46) in Vero E6 cells and 7.79 µM (95% CI, 
0.07–55.76) in Calu-3 cells (Fig. 3C). Lastly, IBR2 exhibited an anti-SARS-CoV-2 activity 
with IC50 value of 9.82 µM (95% CI, 2.84–35.71) in Vero E6 cells and 1.61 µM (95% CI, 
0.53–4.51) in Calu-3 cells (Fig. 3D). It is noteworthy that DIDS exerts an exceptionally high 
anti-SARS-CoV-2 activity in Vero E6 cells with an IC50 value of 0.032 µM among six RAD51 
inhibitors. Although anti-SARS-CoV-2 activity of DIDS tends to vary in different types of 
cells, these data suggest that DIDS may be a potential anti-SARS-CoV-2 agent.
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FIG 2 RAD51 inhibitors block SARS-CoV-2 propagation. (A–E) (Left panels) Either Vero E6 cells or Calu-3 cells were mock 

infected or infected with SARS-CoV-2 (MOI = 0.01 for Vero E6 and MOI = 0.1 for Calu-3) in the absence or presence of the 

indicated amounts of B02 or RI-1 (A), RI-2 (B), DIDS (C), RI(dl)-2 (D), and IBR2 (E), respectively. At 24 h (Vero E6) or 48 h 

(Calu-3) postinfection, protein levels of SARS-CoV-2 were determined by an immunoblot assay using the indicated antibodies. 

(Right panels) At 24 h postinfection, SARS-CoV-2 RNA levels were determined by quantitative real-time PCR. Data represent 

averages from triplicate experiments. One-way ANOVA was used for comparing the multiple treatments of chemicals and 

mock-treatment in SARS-CoV-2-infected cells. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Both B02 (20 µM) and 

remdesivir (Rem, 5 µM) were used as positive controls.
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FIG 3 Evaluation of anti-SARS-CoV-2 activity of RAD51 inhibitors. (A–D) Cells were infected with SARS-CoV-2 (MOI = 0.01 for Vero E6; MOI = 0.1 for Calu-3) 

and either left untreated or treated with B02 (A), DIDS (B), RI(dl)-2 (C), and IBR2 (D), respectively. At 24 h (Vero E6) or 48 h (Calu-3) postinfection, 50% tissue 

culture infectious dose value was determined from the SARS-CoV-2-containing supernatant. For the “% inhibition” calculation, the normalized relative inhibition 

values were calculated according to the formula % inhibition = 100 × [1 − (X − mock infected)/(infected untreated − mock infected)], where X is the each given 

treatment condition. Cell viability was determined by WST assay. Data represent averages from triplicate experiments. Dose-response curves for IC50 and CC50 

values were determined by non-linear regression analysis using the GraphPad Prism 9.
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Verification of anti-SARS-CoV-2 activities of RAD51 inhibitors

To verify the antiviral activity of RAD51 inhibitors, Vero E6 cells were either mock infected 
or infected with wild-type SARS-CoV-2 and treated with either vehicle or 20 µM of the 
indicated RAD51 inhibitors. SARS-CoV-2 replication was determined by staining cells with 
double-stranded RNA-specific J2 antibody (30). By using immunofluorescence assay, we 
showed that SARS-CoV-2 RNA replication was almost abrogated by all of the examined 
RAD51 inhibitors (Fig. 4A). These data confirmed that B02, DIDS, IBR2, and RI(dl)-2 
displayed potent anti-SARS-CoV-2 activities. In February 2022, Omicron variant (B.1.1.529 
and BA lineages) has spread globally and outcompeted the most recently recognized 
Delta variant (B.1.617.2) (31). Since the mutation of SARS-CoV-2 spike protein has led 
to the genesis of new SARS-CoV-2 variants, we asked whether these RAD51 inhibitors 
exhibited antiviral activities against SARS-CoV-2 variants. We showed that B02, DIDS, 
IBR2, and RI(dl)-2 markedly decreased SARS-CoV-2-induced CPE in wild-type, Delta, and 
Omicron stealth (BA.2 lineage) variants (data not shown). Furthermore, each of these 
four antiviral compounds profoundly decreased SARS-CoV-2 protein levels in both Vero 
E6 and Calu-3 cells (Fig. 4B). Collectively, these data suggest that RAD51 inhibitors may 
have the potential as an effective antiviral against not only known VOCs but also newly 
emerging SARS-CoV-2 variants. Taken together, these RAD51 inhibitors may represent 
potential drug candidates to treat COVID-19.

RAD51 inhibitors impede SARS-CoV-2 propagation by interfering with 
dimerization of RAD51

To explore the structural motif differences between RAD51 and its inhibitors in terms of 
anti-SARS-CoV-2 activity, we performed molecular docking analysis using the Schrö­
dinger software Glide (32). It has been previously reported that B02 and its derivatives 
bind within the dimerization interface of a RAD51 filament (33). Therefore, our docking 
calculations were preferentially performed within the dimerization interface of RAD51 
protein using six compounds. Of these RAD51 inhibitors, B02, IBR2, DIDS, and RI(dl)-2 
decreased SARS-CoV-2 propagation. Indeed, molecular docking analysis confirmed that 
these four RAD51 inhibitors showed high affinity at the dimerization interface (Fig. 5A). 
Grid-based docking results of four ligands in common produced a configuration, in 
which the aromatic ring of ligands docked into a hydrophobic cavity formed by residues 
Phe 248 and Met 251, and cation-π interaction with Arg 247 in the dimerization interface 
of an RAD51 protein (Fig. 5B). We show that anti-SARS-CoV-2 activities of RI-1 and RI-2 are 
less effective than those of B02, IBR2, DIDS, and RI(dl)-2, which are likely due to a loss of 
cation-π interaction with Arg 247 (Fig. 5C). Molecular docking studies demonstrate that 
the four ligands strongly interact with the dimerization interface of RAD51 protein with 
Glide docking scores of −3.5, −3.9, −4.3, and −4.2 kcal/mol, respectively. These results 
indicate that the hydrophobic interactions with Phe 248 and Met 251, and cation-π 
interaction with Arg 247 are critical for ligand binding and that these residues play a key 
role in ligand potency as well as its binding affinity in the dimerization interface. Taken 
together, these data further provide the critical importance of structural motif differen-
ces among RAD51 inhibitors in anti-SARS-CoV-2 activity, which suggests the better utility 
of structure-based ligand optimization.

Anti-SARS-CoV-2 activity of RAD51 inhibitor in Syrian hamsters

To further verify the efficacy of RAD51 inhibitor in vivo, we chose DIDS because it 
displayed an exceptionally high anti-SARS-CoV-2 activity, and DIDS also has been 
clinically used as a drug target for the treatment of hypertension, osteoporosis, and 
gastrointestinal and renal disorders (34). To this end, we randomly divided Syrian 
hamsters into mock-infected or SARS-CoV-2-infected group in the absence or presence 
of DIDS. Animals were intranasally infected with 106 of 50% tissue culture infectious dose 
(TCID50) wild-type SARS-CoV-2. Immediately after the virus infection, animals were 
intraperitoneally injected with 50 mg/kg DIDS. DIDS was treated again on the next day 

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01737-23 8

https://doi.org/10.1128/jvi.01737-23


(Fig. 6A). At 4 days postinfection, hamsters were euthanized, and both lung and trachea 
tissues were collected for the determination of viral RNA, immune response genes 
expression, and virion titer. As shown in Fig. 6B, body weight was not significantly altered 
by DIDS for 4 days in SARS-CoV-2-infected hamsters. We further demonstrated that SARS-
CoV-2 RNA levels in lung tissues noticeably decreased but not significantly after the DIDS 
treatment (Fig. 6C). Most importantly, infectious virus titer determined by TCID50 
significantly decreased in lungs of DIDS-treated animals. It is noteworthy that infectious 
virus titer in trachea also decreased in DIDS-treated hamsters, but the reduction level of 
virus titer in trachea was less significant than in lungs (Fig. 6D). Since host innate immune 

FIG 4 Confirmation of anti-SARS-CoV-2 activity of RAD51 inhibitors. (A) Vero E6 cells were either mock-infected or infected with SARS-CoV-2 (MOI = 0.01) in the 

absence or presence of 20 µM of the indicated RAD51 inhibitors for 1 h and further cultured in media containing the indicated chemicals. At 24 h post-treatment, 

cells were fixed in 4% paraformaldehyde, and immunofluorescence staining was performed by using J2 antibody and TRITC-conjugated goat anti-mouse IgG 

to detect double-stranded RNA (red). Cells were counterstained with 4′,6′-diamidino-2-phenylindole to label nuclei (blue). Scale bar = 50 µm. (B) Vero E6 cells 

were mock infected or infected with wild-type (WT; MOI = 0.01), Delta (MOI = 0.1), Omicron stealth (MOI = 1) variants of SARS-CoV-2, respectively, for 1 h in the 

absence or presence of 20 µM of the indicated chemicals. Calu-3 cells were infected with wild-type (MOI = 0.1), Delta (MOI = 1), Omicron stealth (MOI = 2) variants 

of SARS-CoV-2 and treated as described above. Cells were further cultured in media containing each chemical for 24 h in Vero E6 cells or 48 h in Calu-3 cells. 

Protein levels were determined by an immunoblot analysis using the indicated antibodies.

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01737-23 9

https://doi.org/10.1128/jvi.01737-23


response is strictly related to the viral clearance, we investigated the alterations of typical 
pro-inflammatory cytokines, pro-inflammatory chemokines, and type I interferon (IFN)-
related gene expressions in SARS-CoV-2-infected hamsters. As shown in Fig. 6E, the 
mRNA level of ISG15 in SARS-CoV-2-infected hamsters increased with DIDS treatment, 
whereas those of IL6, IFN-γ, and CCL5 were decreased by DIDS as compared to mock-
treated animals. Interestingly, the mRNA level of TNF-α decreased in SARS-CoV-2-infected 
hamsters and then restored after treatment with DIDS. These data show that RAD51 
inhibitor displays an anti-SARS-CoV-2 activity by modulating host immune response. 
Collectively, these in vivo data further support that DIDS may be a promising novel 
therapeutic agent for the treatment of COVID-19.

FIG 5 Molecular docking of human RAD51 inhibitors. (A) Binding pose and detailed interactions between RAD51 protein and its inhibitors (B02, IBR2, DIDS, 

and RI(dl)-2) are shown as a stick model in the dimerization interface. H-bonds are indicated by red-dashed lines. B02, IBR2, DIDS, and RI(dl)-2) are indicated 

by gray, yellow, green, and orange, respectively. The figures are generated using the PyMoL Molecular Graphics System (Delano Scientific LLC, San Carlos, CA). 

(B) Ligand diagram reveals interaction between RAD51 protein and its inhibitors (B02, IBR2, DIDS, RI(dl)-2, RI-1, and RI-2). (C) Binding pose of RI-1 and RI-2 to the 

dimerization interface of RAD51 protein.
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FIG 6 Verification of anti-SARS-CoV-2 activity of DIDS in Syrian hamsters. Syrian hamsters were either mock infected or infected with wild-type SARS-CoV-2 (106 

TCID50) with or without DIDS treatment as illustrated in experimental timeline (A). (B) Body weight progression over time in the indicated group is expressed 

as the mean ± SD of the percentage over the baseline (day 0 p.i.) weight of each animal (n = 4). (C) At day 4 postinfection, SARS-CoV-2 RNA level in lungs was 

measured by RT-qPCR. (D) At day 4 postinfection, viral titers (TCID50) in the lung (left panel) and trachea (right panel) were determined as described in Materials 

and Methods. Student’s t test was used for comparing the significant difference between mock-treated and DIDS-treated SARS-CoV-2-infected hamsters (*P 

< 0.05). (E) At day 4 postinfection, mRNA levels of immune response genes in lung tissues were measured by RT-qPCR. One-way ANOVA was calculated to 

compare the multiple treatments in SARS-CoV-2-infected hamsters and mock-infected hamsters (*P < 0.05, **P < 0.01). Student’s t test was used for comparing 

the significant difference between mock-treated and DIDS-treated SARS-CoV-2-infected hamsters ( ##P < 0.01).
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DISCUSSION

RAD51, an essential factor for HR and DNA repair, has been implicated in various virus 
propagation processes. RAD51 interacts with HIV-1 integrase to restrict viral integration 
and replication (22, 23). Both RAD51 and BRCA1 are required for the productive replica­
tion of human Papillomavirus 31, suggesting that HR repair system is involved in HPV31 
replication (25). RAD51 also regulates HBV infection by maintaining the integrity of the 
genome and DNA repair (26). We have previously reported that HCV exploits cellular 
RAD51 to promote viral propagation. RAD51 is co-fractioned with HCV protein on the 
lipid raft, and hence, we proposed that RAD51 might be a component of the replication 
complex of HCV (27). Since SARS-CoV-2 is also an RNA virus, we interrogated whether 
SARS-CoV-2 could coopt RAD51 for its own propagation. In the current study, we showed 
that silencing of RAD51 expression impaired SARS-CoV-2 propagation in human lung 
cancer cells. We further showed that RAD51 accumulated in the cytoplasm of SARS-
CoV-2-infected cells. It is noteworthy that RAD51 protein is colocalized with viral RNA in 
SARS-CoV-2-infected Vero E6 cells. It would also be possible that those cells that are 
heavily infected may have more leaky nuclear membrane, or nuclear import of RAD51 
may be impaired in infected cells due to viral cytopathology. These would result in 
greater amounts of both viral dsRNA and RAD51 in the cytoplasm. Of note, RAD51 
inhibitors markedly reduce dsRNA level in SARS-CoV-2-infected cells. Interestingly, we 
also demonstrated that RAD51 interacted with SARS-CoV-2 3CL protease. These data 
suggest that SARS-CoV-2 may utilize RAD51 as a component of replication complex to 
ensure viral replication, and thus, RAD51 may be a potential target to interrupt viral 
propagation.

SARS-CoV-2 vaccines have been successfully administrated worldwide. However, 
vaccine breakthrough infections are still common, and immunocompromised patients 
are not fully protected by current vaccination regimens. Moreover, new VOCs that can 
evade host immunity are constantly evolving. Therefore, more supportive strategies 
are needed to effectively control SARS-CoV-2 pandemic. Since RAD51 is involved in 
SARS-CoV-2 propagation, we selected six well-known RAD51 inhibitors and evaluated 
their anti-SARS-CoV-2 activities. Among these, B02, DIDS, IBR2, and RI(dl)-2 displayed 
anti-SARS-CoV-2 activity, respectively, while RI-1 and RI-2 exerted no antiviral activity in 
Vero E6 and Calu-3 cells. B02, DIDS, and RI(dl)-2 target RAD51-ssDNA or RAD51-dsDNA 
binding. RI-1, RI-2, and IBR2 inhibit RAD51 filament formation (29). B02 is an inhibitor 
of human RAD51 with an IC50 of 27.4 µM (35). B02 directly binds RAD51 and disrupts 
RAD51 binding to both ssDNA and dsDNA. B02 specifically inhibits DNA strand exchange 
and D loop formation activity of human RAD51 (29, 36). DIDS has been used in clinic 
as an anion transporter inhibitor and chloride channel blocker (34). DIDS directly binds 
RAD51 and affects RAD51-mediated homologous pairing and strand exchange (37). DIDS 
inhibits D-loop intermediate structure in a dose-dependent manner with an IC50 of 
0.9 µM (38). RI(dl)-2 is a cell-permeable pyrroloquinoxaline derivative that specifically 
inhibits RAD51-mediated D-loop formation (IC50 = 11.1 µM) without affecting ssDNA 
binding. RI(dl)-2 significantly inhibits DSBs-induced cellular HR activity (IC50 = 3.0 µM) 
(29, 39). IBR2 binds to the hydrophobic pocket of RAD51 and inhibits RAD51 oligomeriza­
tion and filament formation (40). IBR2 also downregulates the protein level and repair 
activity of RAD51, inhibits the multimerization of RAD51, impairs HR, inhibits cancer 
cell growth, and induces apoptosis (40, 41). IBR2 disrupts the BRC repeats of BRCA2/
RAD51 interaction with IC50 of 0.11 µM (40). RI-1 blocks RAD51 protomer-protomer 
interaction by binding covalently to the surface of RAD51 protein at cysteine 319 residue. 
Subsequently, RI-1 inhibits RAD51 filament formation and D-loop activity (28, 29, 42). RI-1 
blocks RAD51 with IC50 ranging from 5 to 30 µM (42). RI-2, an RI-1 analog, is a reversible 
RAD51 inhibitor (IC50 = 44.2 µM), and it competes with RI-1 for binding to RAD51 (28, 29).

In the present study, we demonstrated that B02 significantly reduced SARS-CoV-2 
propagation, while RI-1 displayed no anti-SARS-CoV-2 activity. Indeed, a recent study also 
shows that a human RAD51 inhibitor B02 exhibits antiviral synergy with remdesivir (43). 
It may be explained by the fact that B02 inhibits RAD51 through ssDNA binding and 
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dsDNA binding, whereas RI-1 inhibits RAD51 via protein-protein interaction. Similar to 
B02, DIDS and RI(dl)-2 inhibit RAD51 binding to ssDNA and dsDNA and display anti-SARS-
CoV-2 activities. Although RI-1, RI-2, and IBR2 inhibit RAD51 with a similar function, 
IBR2 remarkably blocks SARS-CoV-2 propagation. We reason that these chemicals have 
different binding sites on RAD51 since RI-1 and RI-2 bind to RAD51 at cysteine 319 
residue (28), whereas IBR2 binds to the hydrophobic pocket of RAD51 (40). Our docking 
model data further support that both RI-1 and RI-2 show lower binding affinity to the 
dimerization interface of RAD51 as compared to other RAD51 inhibitors. These results 
suggest that binding affinity between RAD51 and its inhibitors may play an important 
role in SARS-CoV-2 propagation. Interestingly, we observed that some RAD51 inhibitors, 
especially DIDS, displayed anti-SARS-CoV-2 activity with different IC50 values either in 
Vero E6 cells or Calu-3 cells, indicating that there might be cell type-dependent antiviral 
efficacy of RAD51 inhibitor. This is likely due to the distinctive drug metabolism or cell 
type-specific gene expression patterns of host factors required for SARS-CoV-2 propaga­
tion.

To verify the antiviral activity of RAD51 inhibitor in vivo, we selected DIDS and 
examined its efficacy in Syrian hamsters. In fact, DIDS has been clinically used for the 
treatment of other diseases (34). Currently, hamsters are widely used for COVID-19 
animal studies, although hamster model develops only mild-to-moderate disease (44, 
45). We showed that infectious virus titer in lungs significantly decreased in DIDS-treated 
hamsters. We further found that virus titer in trachea decreased in DIDS-treated hamsters 
but was less significant than in lungs. Despite the same tendency, SARS-CoV-2 RNA 
levels decreased but not significantly in lung tissues of DIDS-treated hamsters. We also 
observed that virus titer level and RNA level were not proportionally decreased by 
DIDS in SARS-CoV-2-infected animals. It can be explained that the viral load and viral 
RNA expression level in the lungs and extrapulmonary organs of SARS-CoV-2-infected 
Syrian hamsters may change dynamically (46). Moreover, it is well established that the 
particle:pfu ratio for viruses can vary between viral strains and is influenced by the cell 
type or organism the viral sample has been grown in (47).

An aberrant innate immune response has been reported to contribute to the 
immunopathology of COVID-19, which is characterized by an impaired type I IFN 
response and an exacerbated release of proinflammatory cytokines (48–50). Therefore, 
DIDS may prevent the subsequent cytokine storm by declining IL6 and IFN-γ levels. 
ISG15 is strongly induced by viral infection and is conjugated to a wide range of 
viral and host proteins to contribute to the defense against viruses such as influenza, 
herpes, and Sindbis viruses (51). Likewise, the increase of ISG15 level in DIDS-treated 
hamsters may represent the antiviral effect of DIDS in SARS-CoV-2-infected animals. In 
conjunction with the other proinflammatory cytokines, TNF-α can induce localized and 
systemic inflammatory events that eventually lead to tremendous lung damage and 
pulmonary edema in COVID-19 lung disease. This demonstrates the importance of TNF-α 
in the progression of COVID-19 (52–54). However, TNF-α level decreases in SARS-CoV-2-
infected Syrian hamsters (46, 55). We speculate that SARS-CoV-2 may regulate immune 
suppressors to attenuate host immune responses. Hence, DIDS may alleviate disease 
progression and severity of COVID-19 by modulating TNF-α level. Collectively, our data 
confirmed that DIDS inhibited viral replication and virion production of SARS-CoV-2 in 
vivo. However, further studies are needed to elucidate the mode of action of DIDS and 
evaluate antiviral activities of other RAD51 inhibitors. Taken together, our in vitro and 
in vivo studies strongly support that RAD51 inhibitor may be a potent agent to block 
SARS-CoV-2 propagation.

Lastly, we demonstrated that RAD51 inhibitors displayed antiviral activity against 
SARS-CoV-2 variants, including highly pathogenic Delta and highly transmissible 
Omicron. These data suggest that RAD51 inhibitors may represent a novel class of 
broad-spectrum therapeutics for difficult-to-treat COVID-19. In fact, targeting conserved 
host protein has an advantage in high genetic barrier to viral resistance and has 
the potential for pangenotypic antiviral activity. We propose that the intracellular 
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processes are consistent, and thus virus-host interactions would remain in both wild 
type and variants of SARS-CoV-2. Therefore, this would be a very important finding 
of the usefulness of host-targeted agent against viruses. Overall, SARS-CoV-2 coopts 
cellular RAD51 for viral propagation. Molecular docking model further shows that RAD51 
inhibitors impede SARS-CoV-2 propagation by interfering with dimerization of RAD51. 
Thus, RAD51 inhibitor may provide a potential candidate for drug repositioning against 
COVID-19. Further investigation is required to define the molecular mechanism of the 
antiviral activity of RAD51 inhibitor.

MATERIALS AND METHODS

Cell culture

All cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum, 1% penicillin-streptomycin, and 1% non-essential amino 
acids with 5% CO2 at 37°C. Cells from passage 3 to 10 were used for experiments, 
and viral infection was performed when the cell density was ~90%. Calu-3 cells were 
provided by Korean Cell Line Bank (Seoul, Korea).

Plasmids and DNA transfection

Total cellular RNAs were isolated from Calu-3 cells by using NucleoZOL (Macherey-Nagel). 
Full-length RAD51, RAD51 mutant and full-length 3CL protease were amplified from 
cDNA synthesized by using a cDNA Synthesis Kit (Toyobo) according to the manu­
facturer’s instructions. PCR products were inserted into the corresponding enzyme 
sites of the p3x-FLAG-CMV10 vector (Sigma-Aldrich), pEF6/V5-His B, or pEF6/Myc-His B 
vector (Invitrogen). All DNA transfections were performed by using a polyethyleneimine 
reagent (Sigma-Aldrich) as we reported previously (27).

Preparation of infectious SARS-CoV-2

Wild type (Wuhan, NCCP-43331), Delta (NCCP-43405), and Omicron stealth (NCCP-43412) 
of SARS-CoV-2 were provided by the National Culture Collection for Pathogens, South 
Korea. Viruses were cultured in Vero E6 cells grown in DMEM supplemented with 2% fetal 
bovine serum (FBS), 1% penicillin-streptomycin, and HEPES (Invitrogen, USA). Viral titers 
were determined by the 50% tissue culture infectious dose assay. All experiments were 
conducted in a biosafety level 3 facility, the Korea Zoonosis Research Institute, Jeonbuk 
National University.

Chemicals

B02 (SML0346), DIDS (D3514), and RI(dl)-2 (SML1851) were purchased from Sigma-
Aldrich (St. Louis, MO, USA); RI-1 (24182) and RI-2 (18397) were from Cayman Chemical 
(Michigan, USA); IBR2 (HY-103710) was from MedChemExpress, USA.

Water-soluble tetrazolium salt assay

Vero E6 cells seeded on a 96-well plate were treated with the indicated chemicals. At the 
indicated time points, cell viability was measured using 30 µL of WST (Dail Lab, Korea) as 
reported previously (56).

TCID50

A 50% tissue culture infectious dose assay was performed to determine the infec­
tious titer of cell culture-produced SARS-CoV-2 as described previously (57) with few 
modifications. Vero E6 cells were seeded on 96-well plates overnight and then infected 
with 10-fold serial dilutions of the virus-containing supernatants. At 5 days postinfection, 
virus-infected cells were counted by the presence of CPE in each well under a light 
microscope.
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Quantification of RNA

Total RNA was isolated using NucleoZol (Macherey-Nagel, Germany). cDNA was 
synthesized by using a cDNA Synthesis Kit (Toyobo) according to the manufacturer’s 
instructions. Quantitative real-time PCR experiments were performed using the CFX 
Connect real-time system (Bio-Rad Laboratories, Hercules, CA) with following primers: 
forward, 5′-GTG AAA TGG TCA TGT GTG GCG G-3′ and reverse, 5′-CAA ATG TTA AAA ACA 
CTA TTA GCA TA-3′ for SARS-CoV-2 polymerase; forward, 5′-TGA CAG CAG TCG GTT GGA 
GCG-3′ and reverse, 5′-GAC TTC CTG TAA CAA CGC ATC TCA TA-3′ for β-actin.

RNA interference

siRNAs targeting two different regions of RAD51 [#1: 5′-CCA ACG AUG UGA AGA AAU 
U (dT dT)-3′; #2: 5′-GCA GUG AUG UCC UGG AUA A (dT dT)-3′] (27), siRAD51-resistant 
mutant, 5′-GCA GUG AUG UCU UAG ACA A (dT dT)-3′, and the universal negative control 
siRNA were purchased from Bioneer (South Korea). siRNA targeting the RNA-dependent 
RNA polymerase of the SARS-CoV-2 [5′-GGA AGG AAG UUC UGU UGA A (dT dT)-3′] was 
used as a positive control (58). siRNA transfection was performed using a Lipofectamine 
RNAiMax reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Immunoblot analysis

Cells were harvested and lysed in a buffer containing 50 mM Tris HCl (pH 7.5), 150 mM 
NaCl, 1% NP-40, 1 mM EDTA, 0.25% sodium deoxycholate, 1 mM Na3VO4, 1 mM sodium 
fluoride, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM β-glycerophosphate, and 
protease inhibitor cocktail (Roche) for 30 min on ice and centrifuged at 12,000 rpm 
for 10 min at 4°C. The supernatant was collected, and equal amounts of protein 
were subjected to SDS-PAGE and electrotransferred to a nitrocellulose membrane. The 
membrane was blocked in Tris-buffered saline with Tween 20 (TBST) buffer [20 mM 
Tris-HCl (pH 7.6), 150 mM NaCl, and 0.2% Tween 20] containing 5% non-fat dry milk for 
1 h and then incubated overnight at 4°C with the indicated antibodies in TBST buffer 
containing 1% BSA. The SARS-CoV-2 nucleoprotein was detected using an anti-nucleo­
protein antibody (Sino Biological, China). Anti-actin and Flag antibodies were purchased 
from Sigma-Aldrich (USA). c-Myc antibody was from Santa Cruz. An anti-actin antibody 
was purchased from Sigma-Aldrich (USA). The membrane was then incubated with 
either horseradish peroxidase-conjugated goat anti-rabbit antibody or goat anti-mouse 
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) in TBST buffer for 
1 h at room temperature. Proteins were detected using an ECL Kit (Amersham Bioscien­
ces).

Immunoprecipitation assay

Cells were cotransfected with the indicated plasmids as described in each experiment. 
Total amounts of DNA were adjusted by adding an empty vector. At 24 h after transfec­
tion, cell lysates were centrifuged at 13,500 rpm at 4°C for 15 min, and then supernatant 
was incubated at 4°C overnight with the indicated antibody. The samples were further 
incubated with 30 µL of protein A beads (Sigma-Aldrich) for 1 h. The beads were washed 
five times in washing buffer, and then bound protein was detected by immunoblot assay.

Molecular docking

The crystal structure of Homo sapiens RAD51 post-synaptic complex (PDB code: 7EJE) 
was prepared as a template for docking simulation, which was performed in Glide 
software (Maestro, version 13.1, Schrödinger, New York, NY, USA). LigPrep was used 
to generate 3D ligand structures of six RAD51 inhibitors. To characterize the putative 
binding sites, the prepared protein structures were submitted to the SiteMap module 
as implemented in Schrödinger Suite (59, 60). The active grid was generated using the 
receptor grid application in the Glide module. Docking calculation was performed on a 
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defined receptor grid using the standard precision mode of Glide (32, 61). Based on the 
results of individual docking runs for each molecule, at least three of the five docking 
runs producing similar ligand forms are considered to be consistent. Among these, the 
ligand forms with the best docking score were selected for further structural analysis.

Immunofluorescence assay

Vero E6 cells were seeded on cover glass overnight and infected with SARS-CoV-2 at 
an MOI of 0.01. Cells were rinsed in PBS and fixed with 4% paraformaldehyde for 
10 min. After two washes in PBS, fixed cells were permeabilized with 0.1% Triton 
X-100 in PBS for 15 min. Cells were then blocked in 0.5% BSA in PBS for 1 h and 
incubated with primary antibodies overnight. For labeling, samples were incubated 
with either mouse monoclonal anti-dsRNA J2 antibody (English & Scientific Consult­
ing, 1/1,000 dilution) or rabbit monoclonal anti-RAD51 (Abcam, 1/300 dilution), rabbit 
anti-SARS-CoV-2 3CL protease (Cell Signaling Technology, 1/300 dilution) or mouse 
monoclonal anti-RAD51 (Invitrogen, 1/30 dilution). After three washes in PBS, either cell 
or tissue sections were incubated with secondary antibodies in PBS for 2 h. For sin­
gle staining, tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-mouse 
(Jackson ImmunoResearch Laboratories, 1/1,000 dilution) was used to detect dsRNA. For 
double staining, RAD51 was detected by TRITC-conjugated donkey anti-rabbit (Jackson 
ImmunoResearch Laboratories, 1/1,000 dilution), and dsRNA was detected by fluorescein 
isothiocyanate (FITC)-conjugated goat anti-mouse (Jackson ImmunoResearch Laborato­
ries, 1/1,000 dilution). Or RAD51 was detected by TRITC-conjugated goat anti-mouse 
(1/1,000 dilution), and 3CL protease was detected by FITC-conjugated goat anti-rabbit 
(Jackson ImmunoResearch Laboratories, 1/1,000 dilution). Cells were counterstained with 
4′,6′-diamidino-2-phenylindole for 10 min to label nuclei. Fluorescence was analyzed by 
using the Zeiss LSM 700 laser 397 confocal microscopy system (Carl Zeiss, Inc., Thorn­
wood, NY) and CELENA S Digital Imaging System 398 (Logos Biosystems, Inc.).

Nuclear and cytoplasmic fractionation

Nuclear and cytoplasmic fractionation were performed as described previously (27) 
with few modifications. Vero E6 cells grown on 100 mm dishes were washed twice in 
PBS, detached by trypsinization, pelleted by centrifugation, washed in PBS, and then 
resuspended in buffer A [10 mM HEPES (pH 7.6), 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 
0.5 mM PMSF]. After incubation on ice for 15 min, 10% NP40 was added and then 
vortexed for 10 s at the highest setting. The supernatant was collected by centrifugation 
at 16,000 × g for 5 min at 4°C and saved as a cytoplasmic fraction. The pellet was 
solubilized in buffer B [20 mM HEPES (pH 7.6), 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 
1 mM PMSF]. The solubilized pellet was further centrifuged at 16,000 × g for 5 min, and 
then supernatant was collected and saved as a nuclear fraction.

Hamster challenge study

Six-week-old male Syrian golden hamsters were purchased from Central Laboratory 
Animal Inc. (Korea). The study protocol details were approved by the Institutional 
Animal Care and Use Committee, Jeonbuk National University (JBNU 2022-055). Animals 
were divided into mock-infected group, SARS-CoV-2-infected vehicle-treated group, and 
SARS-CoV-2-infected DIDS-treated group. Each group consists of four animals (n = 4). For 
challenge studies, hamsters were anesthetized with vaporized isoflurane and inoculated 
intranasally by pipetting 50 µL of wild-type SARS-CoV-2 (106 TCID50) dropwise into 
the nostrils of the hamster. Mock group was intranasally inoculated with saline. DIDS 
(50 mg/kg, dissolved in saline) was injected intraperitoneally. Hamsters were treated 
in the same manner daily for the first 2 days. Animals were weighed and assessed 
twice daily for disease progression. For trachea and lung tissue collection, all hamsters 
were euthanized at day 4 postinfection. All procedures were performed on anesthetized 
animals.
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Statistical analysis

Data are presented as the means ± standard deviations. Statistical analysis was 
performed by Student’s t test for two treatments and one-way analysis of variance 
for multiple treatments. Dunnett’s test was used as a post hoc test. All statistical 
analyses were performed using IBM SPSS statistic v22 (IBM). Half-maximal effective 
(IC50) cytotoxic (CC50) concentrations of the compounds were estimated by non-linear 
regression analysis using the GraphPad Prism v9 (GraphPad Software, San Diego, CA, 
USA). All graphs were drawn using GraphPad Prism. The asterisks or sharp in the figures 
indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).
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