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Ubiquitin-specific proteinase 1 stabilizes PRRSV nonstructural
protein Nsp1f to promote viral replication by regulating
K48 ubiquitination
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ABSTRACT The porcine reproductive and respiratory syndrome virus (PRRSV) can lead
to severe reproductive problems in sows, pneumonia in weaned piglets, and increased
mortality, significantly negatively impacting the economy. Post-translational changes are
essential for the host-dependent replication and long-term infection of PRRSV. Uncer-
tainty surrounds the function of the ubiquitin network in PRRSV infection. Here, we
screened 10 deubiquitinating enzyme inhibitors and found that the ubiquitin-specific
proteinase 1 (USP1) inhibitor ML323 significantly inhibited PRRSV replication in vitro.
Importantly, we found that USP1 interacts with nonstructural protein 13 (Nsp1f) and
deubiquitinates its K48 to increase protein stability, thereby improving PRRSV replication
and viral titer. Among them, lysine at position 45 is essential for Nsp1f protein stability.
In addition, deficiency of USP1 significantly reduced viral replication. Moreover, ML323
loses antagonism to PRRSV rSD16-K45R. This study reveals the mechanism by which
PRRSV recruits the host factor USP1 to promote viral replication, providing a new target
for PRRSV defense.

IMPORTANCE Deubiquitinating enzymes are critical factors in regulating host innate
immunity. The porcine reproductive and respiratory syndrome virus (PRRSV) nonstruc-
tural protein 1B (Nsp1f) is essential for producing viral subgenomic mRNA and
controlling the host immune system. The host inhibits PRRSV proliferation by ubig-
uitinating Nsp1(, and conversely, PRRSV recruits the host protein ubiquitin-specific
proteinase 1 (USP1) to remove this restriction. Our results demonstrate the binding of
USP1 to Nsp1p, revealing a balance of antagonism between PRRSV and the host. Our
research identifies a brand-new PRRSV escape mechanism from the immune response.
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dous economic loss in the swine industry globally (1, 2). PRRSV is a small, enveloped, g 2, el B, e e Ve
single positive-stranded RNA virus (3-5). The length of the PRRSV genome ranges from contributed equally to this article. Author order was
14.9 to 15.5 kb, and it uses two different transcription methods to express a variety determined by drawing straws.
of nonstructural and structural proteins (6). The pathogenicity of PPRSV is associated Tihe awilhens dedlie e @arifilia: of iniaiest,
with its high genetic diversity. The outbreak of high pathogenicity PRRSV (HP-PRRSV)
strains in China in 2006 resulted in atypical PRRS pandemics and 20% mortality in pigs
(7). Since 2013, novel PRRSV variations, NADC30-like strains, and proven imports from
North America and adoption in China have caused PRRS to be common once again (8,
9). Multiple PRRSV variants coexist in Chinese swine herds currently, which has caused
the swine industry to suffer enormous financial losses and increased worry about virus
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recombination with rising pathogenic risk (10). Since neither commercial vaccinations
nor conventional tactics can effectively manage PRRS (11-13), therefore, it is critical
to understand the pathogenic mechanisms of PRRSV for PRRS prevention and treatment
(14-17).

PRRSV acts as an immunosuppressive virus. Type | interferons (IFNs-o/B) are the
most effective part of innate immunity against invading viruses. Innate immunity is the
first line of defense of the host against infections. At least six PRRSV proteins [nonstruc-
tural protein (Nsp)1a, Nsp1B, Nsp2, Nsp4, Nsp11, and N] are now IFN antagonists;
several IFNs are inhibited by PRRSV (18, 19). In addition, PRRSV hijacks apoptosis to
promote self-replication (20, 21). miRNAs can also positively or negatively regulate PRRSV
replication by degrading mRNAs or inhibiting translation (22). PRRSV replication activates
the expression of proinflammatory cytokines, which activate the inflammatory storm in
the body and aggravate the symptoms of infection (23). Overall, PRRSV is host depend-
ent for replication. Consequently, the host immune system restricts viral replication and
eliminates the viruses. To evade recognition by PRRs, PRRSV self-occlusion inhibits innate
immunity, alters cytokine responses, and regulates apoptosis to survive and spread
within the cell.

The most prevalent family of deubiquitinating enzymes (DUBs) is the ubiquitin-spe-
cific proteinases (USPs), which carry out protein turnover and destruction by ubiquitina-
tion and deubiquitination (24). USPs primarily participate in various biological activities,
such as plasma membrane receptor modulation, cell cycle progression, cell proliferation,
and cell differentiation (25). Numerous studies have shown that USPs are associated
with the host infection of diverse RNA viruses. USP29 prevents proteasome degradation
of ORF9b to promote severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
replication (26). Deubiquitinating enzyme inhibitors prevent Chikungunya virus (CHIKV)
replication. Inhibition of the deubiquitinating enzyme ubiquitin C-terminal hydrolase
1 (UCHL1) reduces SARS-CoV-2 replication (27). USP38 suppressed Zika virus (ZIKV)
infection because it binds to the ZIKV envelope (E) protein through its C-terminal
domain and reduces K48- and K63-linked polyubiquitination (28). According to this
research, USPs are crucial in viral infection and host immunological reactions. A crucial
component that regulates Fanconi anemia is USP1 (25). However, the mechanism of the
USP1 complex in innate antiviral immunity, especially against PRRSV infection, remains
unknown.

This study found that the deubiquitinating enzyme inhibitor ML323 inhibited PRRSV
infection by downregulating USP1 expression in cells. Overexpression of USP1 also
promoted PRRSV infection in cells. Meanwhile, USP1 interacts with Nsp1f, and USP1
promotes PRRSV infection by removing the polyubiquitination of the Nsp1f protein
K48 linkage and subsequently stabilizing the expression of Nsp1{ protein. The findings
showed that PRRSV uses a unique approach to circumvent the host’s innate immune
response by using the ubiquitination pathway. USP1 might be a key protein in the
PRRSV-host interaction and a potential target for antiviral studies.

RESULTS
ML323 inhibited PRRSV replication

Deubiquitination processes significantly control the number of cellular proteins that
behave, act, localize, and remain stable. It has been demonstrated that several viruses
exploit cellular ubiquitin-binding systems to efficiently infect cells, promote genome
replication, or assemble and release viral offspring (29-33). First, we evaluated 10
deubiquitinating enzyme inhibitors [USP1 (ML-323), USP2 (PR-619), USP7 (USP7-in-1,
P22077, P005091, and HBX-19818), USP7-USP47 (USP7-USP47 IN), and USP8 (DUBs-IN-1,
DUBs-IN-2, and DUBs-IN-3)]. Fluorescence infusion results showed that the USP1 inhibitor
ML323 and the USP8 inhibitor DUBs-IN-1 inhibited rSD16 replication, with ML323 having
the most significant inhibitory effect, whereas several other small-molecule compounds
either promoted rSD16 replication or had no effect (Fig. 1A). Therefore, we selected
ML323 for a detailed study. However, to verify the interspecies variability of ML323,
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FIG 1 ML323 inhibited PRRSV replication. (A) The cells treated with 10 different small-molecule compounds were collected for 48 h and detected by flow
cytometry. (B) Western blot assay for ML323 (10 pM) was performed after treatment with HEK293T, PAM-Tang, and MARC-145 and detected with antibodies
against USP1 and f-actin. (C) After pretreatment with ML323, PRRSV BJ-4-infected PAM-Tang cells were identified using 0, 1, 3, and 10 uM ML323, and reverse
(Continued on next page)
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transcription-quantitative PCR (RT-PCR) was used to evaluate the level of ORF7 mRNA in the cells. (D) MARC-145 cells were pretreated with ML323 at doses of 0,
1, 3,and 10 uM for 4 h and infected with BJ-4 and rSD16 PRRSV (MOI = 10). gPCR was used to detect the PRRSV ORF7 mRNA levels in MARC-145 cells. (E) The
treated cells were collected after 48 h, and Western blot analysis was performed with USP1 antibody and PRRSV-N antibody. (F) PRRSV BJ-4 and rSD16 viruses

were infected into ML323-pretreated MARC-145 cells, and subviral titers were assayed. (G) The 48-h treated cells were collected and examined by fluorescence

microscopy and Western blot. (H) The treated cells collected at 48 h were examined by flow cytometry. The data were presented with significant differences

(note: P> 0.05 ns, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.000 1).

we first carried out the validation in different cell lines and found that human-derived
HEK293T, porcine-derived PAM-Tang, and monkey-derived MARC-145 cells exhibited
inhibition of USP1 protein expression after ML323 treatment (Fig. 1B). First, we examined
the transcription levels of PRRSV ORF7 in the PRRSV host cell line PAM-Tang following
treatment with various concentrations (0, 1, 3, and 10 uM) of ML323, and the results
showed that ML323 decreased the mRNA levels of PRRSV ORF7 in a concentration-
dependent manner (Fig. 1C). Then, we used BJ-4 and rSD16 PRRSV strains to infect
cells, and we looked at how different ML323 dosages affected PRRSV replication. The
outcomes demonstrated that ML323 significantly and dose-dependently decreased the
mRNA expression of PRRSV BJ-4 and rSD16 ORF7 (Fig. 1D). Western blotting analysis
showed that ML323 could significantly reduce the expression of the PRRSV N protein
and suppress the expression of USP1 (Fig. 1E). PRRSV BJ-4 and rSD16 virus titers were
simultaneously dose-dependently decreased by ML323 (Fig. 1F). Consistently, fluores-
cence microscopy, Western blot, and flow cytometry (Fig. 1G and H) assays further
confirmed that ML323 inhibited rSD16 replication. These results indicated that ML323
inhibited PRRSV replication.

USP1 can enhance PRRSV infection

To validate the role of USP1 in PRRSV infection, we constructed a monkey-derived
USP1-Flag expression vector and validated it in MARC-145 cells (Fig. 2A). Results from
reverse transcription-quantitative PCR (RT-PCR revealed that USP1 ectopic expression
markedly increased the quantity of PRRSV BJ-4 ORF7 mRNA (Fig. 2B). Western blot
analysis revealed that USP1 promoted PRRSV BJ-4 N protein—protein expression (Fig. 2C).
The 50% tissue culture infective dose (TCIDsg) assay indicated that ectopic expression of
USP1 significantly increased the yield of PRRSV BJ-4 and rSD16 progeny virions (Fig. 2D).
By utilizing rSD16, the impact of USP1 expression was further validated and shown in
fluorescence microscopy, Western blot, and flow cytometry (Fig. 2E and F). According to
these findings, USP1 might encourage PRRSV replication.

Knockdown of USP1 inhibits PRRSV replication

We created three short-interfering RNAs to block USP1 expression in MARC-145 cells
to confirm the function of USP1 in PRRSV infection. The results showed that all small-
interfering RNA could reduce the USP1 protein level (Fig. 3A) and USPT mRNA expres-
sion (Fig. 3B), with USP1-RNAi#3 demonstrating the highest interference efficiency.
RT-gPCR findings after USP1 interference revealed that the mRNA level of ORF7 of the
PRRSV BJ-4 strain was dramatically downregulated (Fig. 3C). Western blot showed that
siUSP1-transfected cells significantly reduced the N protein level of PRRSV BJ-4 (Fig.
3D). The TCIDsq assay showed that the formation of PRRSV BJ-4 and rSD16 progeny
virions was significantly reduced upon knockdown of USP1 (Fig. 3E). Similarly, fluores-
cence microscopy, Western blot, and flow cytometry showed that interference of USP1
significantly inhibited rSD16 replication (Fig. 3F and G). In summary, these data indicate
that USP1 positively regulates PRRSV proliferation.

To further confirm the regulatory role of USP1 in PRRSV replication, we generated
USP1-deficient MARC-145 cells by CRISPR/Cas9 technology and verified the protein
expression of USP1 in cells by Western blot (Fig. 4A). USP1 deficiency decreased PRRSV
BJ-4 ORF7 mRNA levels and PRRSV N protein expression after USP1 knockdown cells
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FIG 2 USP1 can enhance PRRSV infection. (A) MARC-145 cells were transfected using the monkey USP1-Flag overexpression plasmid, and Western blot was
used to detect USP1 and Flag expression. (B) USP1-Flag-transfected MARC-145 cells were infected with PRRSV BJ-4 (MOI = 10), and gqPCR was used to detect
the mRNA load of ORF7. (C) PRRSV N protein expression test by Western blot. (D) PRRSV BJ-4 and rSD16 viruses were each infected into USP1-Flag-transfected
MARC-145 cells, and the titer of the daughter viruses was found. (E and F) Fluorescence microscopy, Western blot, and flow cytometry were performed to detect

the rSD16 virus during overexpression of USP1, and the fluorescence content of viral green fluorescent pr
were displayed with noticeable differences (note: P > 0.05 ns, *P < 0.05, ***P < 0.001, and ****P < 0.000 1).

and control cells were infected with PRRSV (Fig. 4B and C). Similarly, viral titers were
significantly reduced in USP1 knockdown cells (Fig. 4D). Fluorescence microscopy,
Western blot, and flow cytometry analyses showed that PRRSV-infected cells were
significantly reduced in the absence of USP1 (Fig. 4E and F). These outcomes matched
the results of the USP1 knockdown model, indicating that USP1 aids PRRSV propagation.

USP1 interacts with and stabilizes Nsp1f3

To clarify the relationship between USP1 and Nsp1f and to further explore the mecha-
nism of USP1 in PRRSV infection, we constructed the eukaryotic expression plasmid of
PRRSV. PRRSV expression plasmids were transfected in USP1 KO and control MARC-145
cells. The PRRSV protein level was considerably downregulated in USP1 KO MARC-145
cells, according to Western blot data (Fig. 5A). Meanwhile, the expression of Nsp1f was
significantly suppressed upon ML323 treatment and knockdown of USP1 (Fig. 5B and Q).
The results of Nsp1f cotransfection with the USP1 plasmid showed that different doses
of USP1 promoted Nsp1f3 protein expression (Fig. 5D). We confirmed the connection
between USP1 and PRRSV proteins in further detail. Then, HEK293T cells were transfected
with USP1-Flag and pCAGGS-HA-Nsp1a, 13, 2, 4, 7, 9, 10, 11, 12, ORF5, and ORF7.
According to the Co-IP data (Fig. 5E and F), USP1 interacted with PRRSV Nsp1(, but not
with other Nsps. Additionally, confocal microscopy research revealed that in MARC-145
cells, USP1 and Nsp1{ co-localized (Fig. 5G), suggesting that USP1 is related to Nsp1f. In
addition, co-immunoprecipitation showed that Nsp1f could bind to endogenous USP1
in MARC-145 cells (Fig. 5H). The aforementioned results indicate that USP1 binds to
Nsp1p and that USP1 stabilizes the PRRSV nonstructural protein Nsp1p.
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FIG 3 Knockdown of USP1 inhibits PRRSV infection. (A) MARC-145 cells were transfected with siNC and USP1siRNA#1/2/3, and USP1 protein expression was
detected after 36 h. (B) Simultaneous qPCR was performed to detect USPT mRNA expression. (C and D) PRRSV BJ-4 (MOI=10) was infected with siNC and
USP1siRNA#3 after transfection for 24 h, qPCR was used to detect the mRNA load of ORF7 (C). Western blot assay to detect PRRSV N and USP1 (D). (E) Twenty-four
hours after transfection, PRRSV BJ-4 and PRRSV rSD16 (MOI=10) were infected, and infectious zygotic viral load was determined by the TCID50 assay. (F and G)
The detection of PRRSV-GFP virus with fluorescence microscopy and Western blot and flow cytometry during the USP1 iRNA#3 (F). The fluorescence content of
viral-GFP was compared with the control (G). The data were presented with significant differences (P > 0.05 ns, *P < 0.05, **P < 0.01, and ****P < 0.0001).

USP1 stabilizes Nsp1f proteins by cleaving the K48 ubiquitination on Nsp1f3
lysine at position 45

Since USP1 functions as a deubiquitinating enzyme, we next verified the effect of USP1
on Nsp1f protein stability. K48 ubiquitination modification is considered one of the

March 2024 Volume 98 Issue 3 10.1128/jvi.01686-23 6


https://doi.org/10.1128/jvi.01686-23

Full-Length Text

MARC-145
1 BJ-4 10
USP1 B uspP1
WT Ko g< Fkkk WT KO (48 h) _El 81
X g o
[ &g uspt [ | A
B-actin < 5
.g 3 0.5 ) g’
=
12
0.0 0=
USP1 (48 h)
wT S0
BJ4
rSD16
UsPi _ 25+ Fkkk
KO (48 h) rSD16 S
UsP1 2
WT "o 48 h) 8 16
[
: PRRSV-GFPE 2
7(]Elll -E 10-
2 o
359 | TI% use1 [ | &
(=2 ’ =2 : b
8 1 USP1(48 h)
WT ko
102 10° 104 105 105107 10° 10* 10° 10° rSD16

WT

*%

USP1
KO

WT

Journal of Virology

= BJ-4
= rSD16

USP1 (48 h)
KO

FIG 4 Knockdown of USP1 inhibits PRRSV infection. (A) USP1 protein expression in wild-type (WT) and USP1-deficient (USP1 KO) MARC-145s was analyzed by
immunoprecipitation. (B) When USP1 KO MARC-145 cells were infected with PRRSV BJ-4 (MOI = 10) WT, PRRSV ORF7 transcription was determined by qPCR.
(C) The protein levels of PRRSV N in WT and USP1 KO MARC-145 cells. (D) Loads of infectious PRRSV BJ-4 and rSD16 were determined by TCIDsq. (E and
F) Fluorescence microscopy, Western blot, and flow cytometry were used to determine the PRRSV GFP virus in WT and USP1 KO MARC-145 cells. The fluorescence

content of viral GFP was compared with that of the WT. The data were presented with significant differences (note: P > 0.05 ns, *P < 0.05, **P < 0.01, and ****p <

0.0001).

major signals for degradation by the proteasome pathway (34). We found that Nsp1f
undergoes mainly K48-linked ubiquitination modifications (Fig. 6A). Further experiments
showed that USP1 treatment was significantly reduced by ML323 treatment. Importantly,
Nsp1p expression was remarkably downregulated, and K48 ubiquitination of Nsp1f was
significantly enhanced (Fig. 6B). Similarly, USP1 expression reduced the K48 ubiquitina-
tion modification of Nsp1f (Fig. 6C). These results suggest that USP1 stabilizes Nsp1f3
protein by cleaving the K48 ubiquitination modification of Nsp1f3.

We mapped the domains of Nsp1f3 and constructed the corresponding truncated
body, which consists of amino acids (aa) 1 to 111 (Nsp1B-NL-Flag) and aa 112 to 229
(Nsp1B-PC-Flag) (Fig. 7A). Co-IP results showed that the K48 ubiquitination modification
was mainly formed at the Nsp1(3-NL, whereas the Nsp1B-PC mutant had no obvious
ubiquitination modification (Fig. 7B and C). Further results showed that both wild-
type Nsp1 and Nsp1B-NL mutants had significant K48 ubiquitination compared with
Nsp1B-PC (Fig. 7D). With the aforementioned results, we focused the Nsp1f ubiquitina-
tion sites in the 1 to 111 domain. Subsequently, to identify the ubiquitination sites of
Nsp1B, we constructed Nsp1f-NL mutants (K16R, K45R, K57R, and K86R). Co-IP results
showed that the Nsp1B-NL K45R mutant did not form ubiquitination, indicating that K45
may be the ubiquitination site of Nsp1f (Fig. 7E). The Nsp1f K45R mutant was further
constructed, and the results showed that Nsp13 does not undergo K48 ubiquitination
after silencing of the 45 lysine of Nsp1f (Fig. 7F). These results indicate that USP1
stabilizes Nsp 13 protein by eliminating K48 ubiquitination of the lysine at position 45.
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FIG 5 USP1 interacts with Nsp1B and stabilizes its protein. (A) Viral protein expression plasmids (Nsp1a, Nsp1(, Nsp2, Nsp4,
Nsp7, Nsp9, Nsp10, Nsp11, Nsp12, ORF5, and ORF7-HA) were transfected in WT and USP1 KO MARC-145 cells. Western blot
detects virus protein expression. (B) After MARC-145 cells were pretreated with DMSO and ML323, Nsp13-Flag

(Continued on next page)
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FIG 5 (Continued)

transfection was performed for 24 h, and the related protein expression was then discovered. (C) Western blot detection of
protein expression in MARC-145 cells after transfection with Nsp1B-Flag for 24 h after transfection with siNC and siUSP1#3.
(D) Western blot detection of different concentrations of USP1-Flag (0, 1, and 2 ug) after transfection of MARC-145 cells with
Nsp1B-Flag (1 pg). (E) HEK293T cells were co-transfected with PRRSV (Nsp1a, Nsp1, Nsp2, Nsp4, Nsp7, Nsp9, Nsp10, Nsp11,
Nsp12, ORF5 and ORF7) expression plasmids and USP1-Flag for 24 hours. Cell samples were lysed to carry out immunoprecipi-
tation with an anti-Flag pAb. (F) HEK293T cells were cotransfected with USP1-Flag and Nsp1B-HA. Cells for Co-IP assay were
taken 24 h after transfection. (G) Nsp1B-HA-transfected cells were observed by confocal microscopy 24 h after transfection.
Anti-USP1 and anti-HA antibodies were used to identify endogenous USP1 and Nsp1, respectively. (H) Immunoprecipitation
analysis of USP1-deficient MARC-145 cells transfected with Nsp1f3-Flag.

USP1 does not promote the replication of PRRSV rSD16-K45R

Next, we investigated the effect of K48 ubiquitination of Nsp1{3 on viral replication. We
constructed a mutant PRRSV rSD16-K45R virus and compared the mutant virus with a
wild-type virus. The findings demonstrated that both viruses’ titers peaked at 48 h, and
the mutant virus rSD16-K45R’s growth kinetics were identical to those of rSD16 (Fig. 8A).
Western blot showed that after PRRSV infected the cells, the N protein expression of
the two viruses was comparable (Fig. 8B). These findings suggested that the rSD16-K45R
virus was capable of in vitro stable replication. We also looked at how USP1 affected
the propagation of the rSD16-K45R virus. WT virus was used as a control, and rSD16-
K45R N protein expression did not change with USP1 expression (Fig. 8C). Upon ML323
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FIG 6 Nsp1p K48-linked ubiquitination is formed at lysine position 45. (A) HEK293T cells were cotransfected with vector, WT-Ub-HA, K48-Ub-HA, and K63-Ub-HA
plasmids and Nsp1B-Flag, and the immunoprecipitation detection assay was performed 24 h later. (B) HEK293T cells were pretreated with DMSO and ML323,
transfected with Nsp1B-Flag and K48-Ub-HA plasmids for 24 h, and then detected by Co-IP assay. (C) HEK293T cells were transfected with the indicated plasmids
for 24 h and then detected by Co-IP.
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FIG 7 USP1 modulates Nsp1f stabilization by deubiquitinating Nsp1p. (A) Diagram showing Nsp1B and its lysine-mutant variants. (B) Nsp1B-NL-Flag was
cotransfected with the K48-Ub-HA plasmid in HEK293T cells, and a Co-IP assay was performed 24 h later. (C) Nsp1B-PC-Flag was cotransfected with the
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and K48-Ub-HA. (F) Nsp1B-K45R-Flag was cotransfected into HEK293T cells with Nsp1B-Flag and K48-Ub-HA, and Co-IP assay was performed 24 h later for the
Co-IP assay.

March 2024 Volume 98 Issue 3 10.1128/jvi.01686-2310


https://doi.org/10.1128/jvi.01686-23

Full-Length Text

A warc-145 B
8- @?&
- rSD16 NN
-e- rSD16-K45R Mock & & (48 h)
- 6+
£ PRRSV-N IEI
3
-
>
S 2
0 T T T T T

o4
o

12 24 36 48 (h)

D E

rSD16 rSD16-K45R rSD16 rSD16-K45R
ML323 - + - + (48 h) USP1-RNAi NC #3 NC #3 (48h)
PRRSV-N | S PRRSV-N

1.00 0.51 0.73 0.76
USP1 [*p - |

B-actin '—- -——-—|

1.00 0.54 0.95 0.85
USP1|..- -.—‘

Journal of Virology

rSD16 rSD16-K45R
USP1-Flag - + - +

PRRSV-N | | ——-— -

1.00 2.41 1.48 1.49
Flag \ —

USP1 | - :
Bactin [ b

(48 h)

F rSD16 rSD16-K45R

USP1 USP1
WT' "o WT ko (48h)
- =

PRRSV-N

USP1

L

B-actin | s s—— ——I

FIG 8 In vitro replication of the PRRSV rSD16-K45R virus. (A) MARC-145 was infected with rSD16 and rSD16-K45R (MOI = 10) at different time points (0, 6, 12,
24, 36, and 48 h), and the viral life cycle was determined by the viral titer. (B) Western blot was used to detect the expression of N protein in MARC-145 cells
infected with rSD16 and rSD16-K45R (MOI = 10) for 48 h. (C) MARC-145 cells transfected with the empty plasmid and USP1-Flag plasmid were infected with
rSD16-K45R and rSD16 (MOI = 10) for 48 h, and the change of PRRSV N was detected by Western blot. The ratio of PRRSV-GFP to B-actin was analyzed by ImageJ.
(D) MARC-145 cells transfected with ML323 were infected with rSD16-K45R and rSD16 (MOl = 10) for 48 h, and the expression of PRRSV N was detected by
Western blot. (E) rSD16-K45R and rSD16 were infected with siUSP14#3-transfected MARC-145 cells (MOI = 10), and PRRSV N protein expression was found 48 h
later. (F) The N protein expression of rSD16-K45R and rSD16 (MOl = 10) in USP1 KO MARC-145 cells was detected by Western blot.

treatment, the endogenous USP1 protein level was reduced, but rSD16-K45R N protein
was not changed, and WT virus was used as a control (Fig. 8D). Consistently, rSD16-K45R
N protein was not degraded after knockdown or knockout of USP1 (Fig. 8E and F). These
results indicated that lysine at position 45 of Nsp1f is crucial for viral replication and that
rSD16-K45R viruses are more stable.

DISCUSSION

The first line of host defense against viral infections is innate immunity (35). PRRSV
prolongs the acute and chronic phases of infection by using various strategies to subvert
the host’s antiviral defenses and foster favorable conditions for its survival (36). Because
of abrupt pandemic outbreaks and fast-changing PRRSV strains in swine herds, the
present PRRSV prevention strategy, which relies on vaccines, is continually tested (37).
As a result, there is a tremendous need to create small-molecule medications that
can modulate host cellular components and signaling pathways essential for PRRSV
infection. Although the intricate interaction between the PRRSV and the host cell is still
not fully understood, our study may serve as a theoretical foundation for developing
new biotherapeutics to manage PRRS. Hence, our study provides new PRRSV prevention
and control ideas by screening therapeutic small-molecule drugs for PRRSV infection and
further exploring its mechanism.

Nsp1 is an important antagonist to inhibit IFNB production (38). Nsp1a and Nsp1f3
are involved in suppressing IFN( luciferase activity. Nsp1f3 decreases the phosphoryla-
tion of IRF3 (Ser 396) and inhibits nuclear translocation of IRF3 (39). Nsp1f inhibits
phosphorylation of STAT1 and nuclear translocation of ISGF3 (40). These reports suggest
an important role for Nsp1f in PRRSV immune escape. Recent studies have found that
Nsp1B mediates stress granules (SG) from PRK restriction and suppresses the inflam-
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matory response (41). Studies on the involvement of ubiquitination modifications in
PRRSV replication have also shown new advances, with claims that hypoxia-inducible
factor 1 was further stimulated by von Hippel-Lindau tumor suppressor (pVHL)-stabi-
lized Nsp1f via K63-linked ubiquitination. These findings mainly focus on how the
host protein pVHL maintained Nsp1f via K63-linked ubiquitination, maintaining Nsp1(3
protein production (42). Based on these results, we also found that Nsp1B undergoes
ubiquitination modifications, mainly K48 ubiquitination. Among them, Nsp1f has five
lysine residues, and we found that the lysine at position 45 is the essential site for K48
ubiquitination, which establishes that ubiquitination is involved in PRRSV replication,
but studies on the role of deubiquitinating enzymes in PRRSV replication need to be
supplemented. PRRSV-1 has frequent gene recombination and high genetic diversity
and is more prevalent in Europe and Africa. Correspondingly, the PRRSV-2 genome
is more stable and is prevalent mainly in North America and East Asia (43). We ana-
lyzed the Nsp1f genes of PRRSV-1 and PRRSV-2, and the lysine residue at position
45 was not conserved. In this study, we focused on PRRSV-2 and labeled the virus
type in the material methods. We performed a preliminary screen of deubiquitinating
enzyme inhibitors for this purpose, and the USP1 inhibitor, ML323, produced a significant
inhibitory effect on PRRSV invasion. These studies revealed that the host degrades Nsp1(3
by ubiquitinating it through post-translational regulation, but PRRSV uses the deubiquiti-
nating enzyme USP1 to evade the host immune response. However, we demonstrated
the K48 ubiquitination modification of Nsp1f and the role of USP1 in its deubiquitination
in our study. However, the ubiquitinating enzymes involved in PRRSV ubiquitination
require further research. All the aforementioned phenomena indicate that ubiquitinating
and deubiquitinating enzyme lines are indeed involved in PRRSV replication, which
shows that the virus’ strategy of immune escape by using host proteins is complicated,
giving new significance to our study.

UPS plays a double-edged role in viral infections (44). On the one hand, many viruses
hijack UPS proteins to maintain normal function (45). On the other hand, UPS proteins
are involved in host defense to eliminate viruses (46). Viruses can also use UPS proteins
to degrade or eliminate host defense factors (47). Importantly, UPS proteins can degrade
proteins that impede viral replication and are involved in the replication and proliferation
of plus-strand RNA viruses (45). It has been reported that UPS proteins are involved
in viral pathogenesis and have antiviral effects. A viral limiting factor in the innate
immune response of MARC-145 cells and alveolar macrophages is the porcine ubiquitin-
specific peptidase 18. CH25H of host cells degrades the nonstructural protein Nsp1a of
PRRSV through the ubiquitin—proteasome pathway (48). Nsp1a uses the ubiquitin—pro-
teasome system to degrade the host cell's CBP and SLA-I proteins. Deubiquitinating
enzymes function during viral infections and are involved in cancer, inflammation, and
autoimmune diseases, so developing small-molecule inhibitors against deubiquitinate
has become a hot topic of research (49). Many of them have good performance in
antiviral mechanisms (50, 51). USP1 has a regulatory function on PRRSV replication, and
USP1 may become a new antiviral target, while the inhibitor ML323 may provide new
possibilities for preventing and treating PRRS.

Our study found that the nonstructural protein Nsp13 of PRRSV forms mainly K48
ubiquitination modifications. We hypothesized that this is a host strategy to inhibit viral
infection by degrading viral proteins. However, PRRSV may escape host defenses in other
ways. In our study, we screened the USP1 inhibitor ML323 to antagonize PRRSV. We
then focused on the role of USP1 in PRRSV infection. PRRSV replication was significantly
slowed by inhibitor treatment and upon deletion of USP1. We further investigated the
type and site of ubiquitination of the PRRSV nonstructural protein Nsp1f and found that
the lysine at position 45 is critical for the stability of Nsp 1. This work offers proof that
PRRSV infection depends on ubiquitin alterations. In vitro testing of the particular USP1
inhibitor ML323 revealed notable antiviral activity. This study provides evidence that
ubiquitin modification is important for PRRSV infection.
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MATERIALS AND METHODS
Cells and viruses

MARC-145 cells, HEK293T cells, and PAM-Tang cells were obtained from the American
Type Culture Collection (VA, USA). MARC-145 and HEK293T cells were cultured separately
in Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA), which also
contained 10% heat-inactivated fetal bovine serum (FBS) and 100 U/mL penicillin and
100 pg/mL streptomycin sulfate (FBS; Gibco). The PRRSV-sensitive cell line PAM-Tang was
grown in RPMI-1640 media obtained from Corning Inc. Fetal bovine serum, obtained
from Gibco with 10% (vol/vol) fetal bovine serum, was used. All cells were cultured at
37°Cand 5% CO,.

PRRSV BJ-4 strain (PRRSV-2) is a typical North American strain reported in China in
1996 (GenBank: AF331831) and labeled as BJ-4 in Fig. 1 to 4. Based on the genetic
makeup of the SD16 (PRRSV-2) strain that expressed enhanced green fluorescent protein
(EGFP) as an additional ORF, Professor En-min Zhou of Northwest A&F University created
EGFP-PRRSV (rHP-PRRSV/SD16/EGFP) (52), which is given as rSD16 in the figure. The virus
was reproduced, examined in MARC-145 cells, and stored at 80°C.

Antibodies and reagents

The following are the sources and antibodies used: Proteintech Group Inc. provided
the following antibodies: anti-USP1 (1:1,000, 66069-1-lg), anti-Flag (1:1,000, 80010-1-
RR), and anti-actin (1:2,000, 66009-1-lg). Monoclonal anti-Flag-HRP antibody (1:1,000,
A8592), anti-HA-HRP antibody (1:1,000, H6533), and anti-Flag M2 beads were pur-
chased from Sigma-Aldrich. ML323 (HY-17543), PR-619 (HY-13814), USP7-IN-1 (HY-16709),
P22077 (HY-13865), P005091 (HY-15667), HBX-19818 (HY-17540), USP7-USP47 inhibitor
(HY-13487), DUBs-IN-1 (HY-50736), DUBs-IN-2 (HY-50737A), and DUBs-IN-3 (HY-50737)
were purchased from MedChemExpress. We bought protease inhibitors from Roche.
Phenyl methane sulfonyl fluoride (PMSF) was purchased from Solarbio Life Sciences,
Beijing, China.

Plasmids

PrimeSTAR HS DNA Polymerase was used to amplify the USP1 (GenBank:
NW_023666033.1) genes from MARC-145 ¢cDNA before cloning them into the p3xFlag-
CMV-14 or pEGFP-N1 expression vectors, referred to as USP1-Flag and USP1-GFP,
respectively.

The Nsp1f gene was amplified from PRRSV BJ-4-infected Marc-145 cell cDNA
using PrimeSTAR HS DNA Polymerase and cloned into p3xFlag-CMV-14 or pCAGGS-HA
expression vectors, referred to as Nsp1B-Flag and Nsp1B-HA, respectively. The trunca-
ted mutant (@amino acids 1-111 and 112-229) plasmids p3xFlag-CMV-Nsp1p-NL-Flag
and p3xFlag-CMV-Nsp1(3-PC-Flag were constructed using the Nsp1f3-Flag vector as the
template, referred to as Nsp1B-NL-Flag and Nsp1B-PC-Flag, respectively. The mutant
plasmids of Nsp1B-NL ubiquitin sites (K16, K45, K57, and K86) and Nsp1B-K45 were
constructed and cloned into the p3xFlag-CMV-14 plasmid.

According to the manufacturer’s instructions, polyethylenimine (PEI) (Polyscience, IL,
USA) transfected WT-Ub-HA, K48-Ub-HA, or K63-Ub-HA plasmids from the International
Joint Research Center of National Animal Immunology.

Construction of stable cell lines and lentivirus infection

Lentiviral particles were created in HEK293T cells transfected with the empty vector or
LentiCRISPR v2-USP1 plasmid utilizing PEl and two packaging plasmids (psPAX2 and
pMD2.G). The recombinant viruses were filtered after 48 h and added to MARC-145
and HEK293T cells with polybrene (8 pg/mL, Cat#H8641, Solarbio, China). Puromycin
(Cat#IP1160, Solarbio) was used to select cells for 5 days at a final concentration of
8 ng/mL. The restricted dilution approach was applied to generate monoclonal cells
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in 96-well plates, and USP1 antibody immunoblotting was used to identify them. The
following sequences were targeted for USP1T mRNA: human-USP1sgRNA: 5-CACCGTC
CAAGGAACACCAGTCAT-3’; monkey-USP1sgRNA: 5'-CACCGGTGGAGTGAGGAAGACCCTAG
-3%

RNA-mediated interference (RNAI)

We designed different siRNAs for monkey-derived USP1. Duplexes of short-interfering
RNA were transfected into MARC-145 cells for transient gene silencing using the
Lipofectamine 2000 reagent from Invitrogen following the recommended procedure.
The siRNA sequences were as follows: siUSP1#1: 5-GGAUUUCACAGAUUCUCAATT-3’;
siUSP1#2: 5-GCAGUUUACAGUCCUUAAUTT-3" siUSP1#3: 5-GGAUUUGAAUCUCCAG-
GAATT-3".

Reverse transcription-quantitative PCR

Total RNA was isolated to measure the mRNA expression of the investigated genes
using RT-qPCR. The gene expression was normalized with -actin as the internal control.
The primer sequences were as follows: monkey USP1-Fw: 5-ACACAACTCATGCTTGTGGA
TT-3’; monkey USP1-Rv: 5-ACTGGCACACTGATGTCCTGCTG-3’; monkey B-actin-Fw: 5-CG
TGGACATCCGTAAAGAC-3’; monkey B-actin-Rv: 5-GGAAGGTGGACAGCGAGGC-3’; PRRSV
ORF7-Fw: 5-AGATCATCGCCCAACAAAAC-3’; PRRSV ORF7-Rv: 5-ACACAATTGCCGCTCACT
A-3".

Immunoprecipitation and Western blot analysis

After 24 h of transfection, whole-cell extracts were taken for immunoprecipitation and
lysed in M2 buffer containing MG132 (HY-13259, MCE), a protease inhibitor cocktail from
Merck, 0.5% (vol/vol) Nonidet P-40, 20 mM Tris-HCI, 3 mM EDTA, and 3 mM EGTA. The cell
supernatants were collected after centrifugation for 10 minutes at 12,000 g and mixed
with 10 uL monoclonal anti-Flag M2 beads (SIGMA) for 3-h incubation. The incubated
beads were washed five times with elution buffer containing 0.5% (vol/vol) Nonidet P-40,
20 mM Tris-HCl, 3 mM EDTA, 3 mM EGTA, and 500 mM NaCl. The immunoprecipitates
were eluted by boiling in 1% (wt/vol) SDS sample buffer. Cell lysates were extracted
with 2% (wt/vol) SDS for Western blot examination. As previously reported, the whole-
cell lysates and the immunoprecipitates prepared before were submitted to SDS-PAGE,
which was then transferred onto nitrocellulose membranes for blotting (53).

Immunofluorescence assay

For the immunofluorescence assay, Nsp1B-Flag-transfected MARC-145 cells were grown
for 24 h at 37°C before being fixed for 10 minutes with 4% buffered paraformaldehyde.
Cells were then permeabilized in 0.1% Triton X-100 for 5 minutes at room temper-
ature. Before being washed three times with phosphate-buffered saline (PBS), cells
were exposed to anti-Flag pAb (1:500) and anti-USP1 protein mAb (1:500) at room
temperature for 1 h. Goat anti-rabbit IgG (H&L) (1:500) and goat anti-mouse IgG (H&L)
(1:500) staining procedures were then performed on the cells for an hour at room
temperature and in the dark. 4,6-Diamidino-2-phenylindole (DAPI) (1:5,000) was used
as a counterstain to stain nuclei, which were detected by a fluorescence microscope
from the Olympus Corporation (Tokyo, Japan). Immunofluorescence was observed, and
mock-infected cells were used for the background staining.

Flow cytometry

For viral proliferation assays, cells were infected with recombinant viruses for 24-48 h
and detached from cell plates by trypsin-EDTA digestion. Next, cells were collected by
centrifugation and re-suspended in PBS before the flow cytometry assay. The percentage
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of GFP-positive cells was calculated using flow cytometry and a BD AccuriCé instrument.
The CytExpert software was used to analyze all the data.

Viral titration

Viral titration assays were applied to determine viral infectivity, including the TCIDsq
assay. On day 0, a cell density of 1 x 10* cells per well was used to seed cells into
96-well plates. On day 1, the viruses were applied to the cells, serially diluted 10 times,
and then infected. The cells were then incubated at 37°C for 2 h. After incubation, the
extra viral inoculum was removed by washing with PBS. Then, each well received 100
pL of maintenance media (2% FBS/DMEM), and cells were maintained for an additional
5-7 days. The TCIDsq value was determined using the Reed-Muench method, and the
cytotoxic effects were monitored daily.

Reverse genetics-based mutagenesis of PRRSV

Using the targeted mutagenesis primer (5-GCCGAAGGGAGAATCTCCTGG-3’), the aa
residue at position 45 of Nsp1f was altered. Following Kas | and Pml | digestion, cDNA
fragments containing the required mutations were ligated to rSD16, and constructions
were later verified by DNA sequencing. According to the manufacturer’s instructions,
Attractene Transfection Reagent (Qiagen, Hilden, Germany) was used to transfect rSD16
and constructs with mutated Nsp1 sites into MARC-145 cells to rescue mutated viruses.
Three days after transfection, cell culture supernatants were collected, and Western blot
tests were carried out to verify the replication of recombinant viruses. In MARC-145
cells, the cell culture supernatants were serially passaged three times. Whole-genome
sequencing was then performed to confirm the virus rescue. The designation for
recovered viruses was rSD16-K45R.

The identification of site-specific modification on Nsp1f

First, vector plasmid, WT-Ub-HA, K48-Ub-HA, or K63-Ub-HA, and Nsp1B-Flag plasmid
were cotransfected in HEK293T cells. After 24-h transfection, the cell lysates were
precipitated with anti-Flag M2 beads and further detected by a Western blot with
anti-Flag MAb and anti-HA antibodies, respectively. To learn more about the mechanism
of action of USP1, HEK293T cells were pretreated with 10 uM ML323 for 4 h before being
transfected with the appropriate plasmid and having cell lysates prepared 24 h later. A
Flag antibody was used for immunoprecipitation, and a Western blot with an anti-HA
antibody was used to confirm that the protein had been ubiquitinated.

To target specific modification, the vector encoding Nsp1f3-NL-Flag or Nsp1f3-PC-
Flag or Nsp1f mutants (shown in Fig. 7), WT-Ub-HA, K48-Ub-HA, or K63-Ub-HA were
cotransfected in HEK293T cells for 24 h. Immunoprecipitates were probed with Flag and
HA antibodies, and the targets were detected with the whole-cell lysate by Western blot.

Statistical analysis

The experiments were run in triplicate. The means and standard errors of the data were
shown. All statistical analyses were performed using one-way analysis of variance. The
significant differences of the corresponding controls are set at *P < 0.05, **P < 0.01, ***P
<0.001, and ****P < 0.0001.
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