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ABSTRACT Peroxiredoxin 1 (PRDX1) is a cellular antioxidant enzyme that is crucial for
diverse fundamental biological processes, such as autophagy, infllmmation, and carcino-
genesis. However, molecular mechanisms underpinning its diverse roles are not well
understood. Here, we report that PRDX1 positively regulates interferon (IFN) induction
and that pseudorabies virus (PRV) targets PRDX1 to evade IFN induction. PRV UL13 enco-
des a serine/threonine kinase important for PRV infection, although its biological function
remains obscure. We identified PRDX1 as a UL13-interacting protein. Virological and bio-
chemical assays demonstrate that PRDX1 promotes IFN induction by interacting with
TANK-binding kinase 1 (TBK1) and IxB kinase & (IKKe). Conversely, UL13 accelerates
PRDX1 degradation via the ubiquitin-proteosome pathway in a kinase-dependent manner.
In doing so, PRV inhibits IFN induction during productive infection, which requires PRDX1
expression. This study uncovers an essential role of PRDX1 in the innate immune response
and reveals a new viral immune evasion strategy to counteract cellular defenses.

IMPORTANCE PRV interacts with numerous cellular proteins during productive infection.
Here, we demonstrated the interaction of viral protein UL13 with the antioxidant
enzyme PRDX1, which functions in multiple signal transduction pathways. We found
that PRDX1 participates in the type | IFN pathway by interacting with TBK1 and IKKe,
thereby negatively regulating PRV propagation. However, UL13 ubiquitinates PRDX1,
which routes PRDX1 into proteasomes for degradation and effectively reduces its
expression. These results illuminate the fundamental role that PRDX1 plays in the IFN
pathway, and they identify a potential target for the control of PRV infection.
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seudorabies virus (PRV), a large DNA virus that can convert between latent and lytic

cycles, causes neuroencephalitis, respiratory disease, and reproductive failure (1-4).
The genome of PRV is largely colinear with the genomes of herpes simplex virus 1
(HSV-1) and other alphaherpesviruses. Alphaherpesviruses encode 8 capsid proteins,
23 tegument proteins, and 14 envelope proteins. The tegument is located between
the capsid and the envelope and has a variety of functions, including viral entry, sec-
ondary envelopment, viral capsid nuclear transportation during infection, and immune
evasion. UL13, one of the tegument proteins, is characterized as a serine/threonine
protein kinase, and the protein kinase site of UL13 is conserved throughout the alpha-
herpesvirus subfamily (these enzymes are collectively known as the conserved herpes-
virus protein kinases [CHPKs]) (5, 6). HSV-1 UL13 can modulate the modification of viral
proteins VP11/12, ICP22, ICPO, UL41, and UL49 (7-10). In addition, PRV UL13 cooperates
with US3 to facilitate transport of viral capsids to the distal axon (11). Similarly, the
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UL13 gene product encoded by HSV-2 is required to mediate viral replication and
pathogenesis in vitro and in vivo (12). Recent studies demonstrate that PRV UL13
antagonizes innate immunity by inhibiting the beta interferon (IFN-B) signaling path-
way (13, 14), although the precise mechanism needs to be investigated further.

The innate immune system activates robust antiviral responses as the first line of
defense against viral infection when it recognizes pathogen-associated molecular patterns
(PAMPs) (15, 16). Upon DNA virus infection, viral components are recognized by intracellu-
lar DNA sensors (cyclic GAMP synthase [cGAS]) (17), IFN-inducible protein 16 (IFI16) (18),
and DEAD box helicase 41 (DDX41) (19). The surveillance system then activates the stimu-
lator of IFN genes (STING), which recruits 1«B kinase & (IKKe) and TANK-binding kinase 1
(TBK1) and promotes the phosphorylation of downstream IFN regulatory factor 3 (IRF3),
leading to the production of IFN-B and IFN-stimulated genes (ISGs) (20-22). TBK1 and
IKKe play pivotal roles in mediating IRF3 phosphorylation and activation, and their activ-
ities are crucial for maintaining immune homeostasis (23). Recently, many factors that posi-
tively or negatively regulate type | IFN production by manipulating the TBK1/IKKe complex
in various ways have been identified. For example, GSK3b positively regulates self-associa-
tion and autophosphorylation of TBK1, promoting type | IFN production (24). TRIM26 and
ubiquitin-specific protease 38 (USP38) can link TBK1 to NF-«B essential modulator (NEMO)
and mediate the activation of TBK1 (25, 26). The E3 ligases Nrdp1, Mib1, Mib2, and RNF128
promote K63-linked polyubiquitination of TBK1 to activate it and to stimulate IFN produc-
tion (27-29). Conversely, the E3 ligase TRIM27, deltex-4 (DTX4), and TRAF-interacting pro-
tein (TRIP) facilitate K48-linked polyubiquitination of TBK1, tagging it for proteasome-de-
pendent degradation (30-32). Protein phosphatase 1B (PPM1B) dephosphorylates TBK1 at
serine 172 to inhibit TBK1-mediated IRF3 phosphorylation (33). Suppressor of 1k B kinase &
(SIKE) blocks IFN production by disrupting the interaction of IKKe or TBK1 with IRF3 (34).
Finally, the DExD/H-box RNA helicase 19 (DDX19) inhibits type | IFN production by disrupt-
ing TBK1-IKKe-IRF3 interactions (35).

In this study, peroxiredoxin 1 (PRDX1), an antioxidant enzyme, was found in a mass
spectrometry-based screen to associate with PRV-encoded protein kinase UL13. PRDX1
negatively regulates PRV propagation by enhancing TBK1/IKKe-mediated IFN-8 signal-
ing. However, UL13 tags PRDX1 for degradation in proteasomes via K48-linked ubiqui-
tination. As a consequence, deletion of UL13 or introduction of the serine/threonine
mutation K93A into UL13 reduces viral replication in PRDX1+/* cell lines, but this effect
is absent in PRDX1~/~ cell lines. Our results reveal the molecular mechanism by which
UL13 targets PRDX1 to antagonize the IFN-3 signaling pathway.

RESULTS

Cellular PRDX1 is a target of the PRV UL13 protein. To explore the function of
PRV UL13, we used electrospray ionization mass spectrometry (ESI-MS) to identify host
proteins that potentially interact with UL13. Seven candidates were found in the screen
(Fig. 1A) and were selected for analysis. The corresponding genes were cloned into the
pCDNA3.1-Myc mammalian expression vector. Coimmunoprecipitation (Co-IP) assays
using HEK293T cells transfected with the pCDNA3.1-Myc constructs and UL13-Flag
showed that only PRDX1 interacted with UL13 (Fig. 1B). Endogenous PRDX1 protein in
HEK293T cells also interacted with UL13 during PRV infection (Fig. 1C). These results
suggest that PRDX1 is a specific host factor targeted by the PRV UL13 protein.

PRDX1 downregulates PRV replication. To investigate the role of PRDX1 in PRV
replication, PRDX1 knockout (PRDX1~/~) HEK293T and PK-15 cells were constructed using
the CRISPR/Cas9 or lentiCRISPRv2 systems and verified by Western blotting (see Fig. S1 in
the supplemental material). The modified cells were then infected with PRV ZJ01,
recombinant ZJO1 containing a UL13 deletion (AUL13), or the corresponding rescued vi-
rus (AUL13R). These were constructed using CRISPR/Cas9 and verified as shown in Fig.
S2. The results showed that ZJ01, AUL13, and AUL13R replication levels in PRDX1/~
HEK293T cells were increased, compared to levels in wild-type and PRDX1~/~ rescued
cells. Intriguingly, AUL13 growth was largely restored in PRDX1~/~ HEK293T cells
(Fig. 2A). Note that the viability of PRDX1*/*, PRDX1~/~, and PRDX1~/~ rescued cells was

October 2021 Volume 95 Issue 19 €00923-21

Journal of Virology

jviasm.org 2


https://jvi.asm.org

PRDX1 Inhibits PRV Replication

A
Protein Accession Protein Discription Coverage Coverage #Peptides  # Peptides
PCDH UL13-Flag PCDH UL13-Flag
PRDX1  A0A3SL7MD2 peroxiredoxin 1 2.46 30.00 1 10
CIBPQ AOAIU7QHBS  complement component 1 Q R 24.91 R 3
subcomponent-binding protein )
RPSI$ D2Y5X1 Ribosomal protein S18 1.04 23.62 1 3
ANXA2 COHJG? Annexin A2 - 2135 = 1
HNRNP AO0A3QOCCM9 heterogeneous nuclear ribonucl R 17.78 R 2
A2B1 eoproteins A2/B1 :
TIMMI10 AOAIAGHWL3 translocase of inner mitochond R 17.74 R 4
rial membrane 10 .
ARG1 G3IE79 arginase 1 - 17.43 - 1
B
UL13-Flag + + UL13-Fag - +
PRDX1-Myc - + PRDX1-Myc + +
Vector + - Vector + s
anti-Flag anti-Myc
IP-Myc IPF 3
anti-Myc anti-Flag
anti-Flag anti-Flag

WCL anti-Myc WCL anti-Myc

i
104

anti-actin anti-actin

C IgG  ULI13 IgG  PRDX1
PRV-ZJO1 + - + - PRV-ZJ01 + - + -

anﬁ-PRDXIE anti-PRDX1 IZ'
P
s [ el [T

FIG 1 PRV UL13-binding proteins detected by mass spectrometry. (A) PRV UL13-binding proteins
were detected using ESI-MS. HEK293T cells were transfected with a UL13-Flag construct (3 ug) or with
empty vector (pCDH) and incubated for 30 h. Cells were collected, and immunoprecipitation (IP)
products were probed using ESI-MS to identify candidate binding proteins. Coverage indicates the
percentage of protein sequence sampled as identified peptides. Peptides are the number of distinct
peptide sequences associated with the protein. (B) To confirm the association between UL13 and
PRDX1, HEK293T cells were transfected with PRDX1-Myc (3 ng) along with UL13-Flag (3 ug) or empty
vector. Thirty hours after transfection, cells were harvested and subjected to immunoprecipitation
assays using the indicated antibodies. Precipitated samples and whole-cell lysates (WCL) were probed
with antibodies against Flag, Myc, and p-actin. The results shown are representative of three
independent experiments. (C) HEK293T cells were infected with PRV ZJO1 (MOI of 0.1). Twelve hours
after infection, cells were harvested and subjected to immunoprecipitation assays using the indicated
antibodies (anti-PRDX1, 1 xg/ml; anti-UL13, 1 wg/ml).

indistinguishable (Fig. 2B). Similar results were obtained in PRDX1+/*, PRDX1~/~, and
PRDX1~/~ rescued PK-15 cells (Fig. 2C and D). These data demonstrate that PRDX1 plays
an important role in PRV replication.

PRDX1 potentiates antiviral immunity. To evaluate whether PRDX1 plays a role in
IFN induction by cGAS/STING, we transfected PRDX1*/*, PRDX1~/~, and PRDX1~/~ res-
cued HEK293T and PK-15 cells with poly(dA-dT) or cGAS-Flag and STING-Flag. Twenty-
four hours after transfection, total RNA was extracted and analyzed using quantitative
real-time RT-PCR (gRT-PCR) to quantitate IFN-3. The results showed that IFN-8 mRNA
levels in the PRDX17/~ cells were significantly lower than those in wild-type and
PRDX1~/~ rescued cells (Fig. 3A and B).

To evaluate the role of PRDX1 in IFN induction during PRV infection, PRDX1+/*,
PRDX1-/~, and PRDX1~/~ rescued HEK293T and PK-15 cells were infected with PRV
ZJ01, AUL13, or AUL13R. gRT-PCR analyses revealed that IFN-B, ISG15, and ISG56
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FIG 2 PRDX1 downregulates PRV replication. (A) PRV replication in PRDX1*/*, PRDX17/~, and PRDX1~/~ rescued
HEK293T cells. Cells were infected with PRV ZJ01, recombinant ZJO1 containing a UL13 deletion (AUL13), or the
corresponding rescued virus (AUL13R) at an MOI of 0.01. Twenty-four hours after infection, cells were harvested
and total virus yields were determined using the designated cells. Virus yields are shown as the 50% tissue
culture infective dose (TCIDy,) per milliliter. (B) Viability assays of PRDX1%/*, PRDX17/~, and PRDX1™/~ rescued
HEK293T cells. A total of 10* cells were seeded into 96-well plates, and viability was measured using a cell
counting kit 8 (Beyotime) at 0 h, 24 h, and 36 h. (C) PRV replication in PRDX1*/*, PRDX17/~, and PRDX1~/~
rescued PK-15 cells. (D) Viability assay results for PRDX1*/*, PRDX1~/~ and PRDX1~/~ rescued PK-15 cells.
Methods were identical to those used in panels A and B. The results shown are representative of three
independent experiments. Differences were assessed using multiple comparison analysis. *, P < 0.05; **, P<0.01.

MRNA levels in PRDX1~/~ HEK293T cells were significantly lower after infection than
those in wild-type or PRDX1~/~ rescued cells. In addition, the AUL13 mutant induced
higher levels of innate immunity, compared to wild-type ZJO1 or AUL13R (Fig. 30).
Similar results were obtained in PRDX1*/*, PRDX1~/~, and PRDX1~/~ rescued PK-15
cells (Fig. 3D). These results suggest that PRDX1 plays an important role in UL13-medi-
ated innate immunity.

PRDX1 positively regulates IFN-B signaling via interactions with TBK1 and
IKKe. To analyze interactions between PRDX1 and other proteins more closely, HEK293T
cells were transfected with PRDX1, TBK1, and IKKe expression vectors. Co-IP analysis
showed that PRDX1 interacted with IKKe and TBK1 (Fig. 4A and B) but not with cGAS
and STING (see Fig. S3A and B). The Co-IP results also showed that endogenous PRDX1
interacted with IKKe and TBK1 (Fig. 4C and D). To investigate how PRDX1 functions in
IKKe- and TBK1-mediated type | IFN production, we conducted experiments to examine
how PRDX1 affects IFN-B3 promoter activation mediated by IKKe and TBK1. The results
showed that ectopically expressed PRDX1 strongly enhanced IFN-8 reporter activation
induced by IKKe and TBK1, in a dose-dependent manner (Fig. 4E and F). Consistent with
these results, IFN-8 mRNA levels induced by IKKe and TBK1 were equally enhanced by
PRDX1 (Fig. 4G and H).

To definitively confirm the function of PRDX1 in the PRV-induced type | IFN
response, key factors in the type | IFN pathway (cGAS, STING, pTBK1, TBK1, IKKe, pIRF3,
and IRF3) were detected by Western blotting after virus infection. As shown in Fig. 4l,
AUL13 clearly increased phosphorylation of TBK1 and IRF3, compared to wild-type and
AUL13R viruses. In PRDX1/~ HEK293T or PK-15 cells, however, virus infection
decreased TBK1 and IRF3 phosphorylation (Fig. 41), especially in the case of the AUL13
mutant. Note that PRDX1 expression was downregulated in cells infected by wild-type
and AUL13R rescued viruses but not in cells infected by the AUL13 mutant. These data
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FIG 3 PRDX1 deficiency attenuates antiviral immunity. Effects of PRDX1 on antiviral gene expression during PRV infection were assessed. (A and B)
PRDX1*/*, PRDX17/~, and PRDX1~/~ rescued HEK293T or PK-15 cells were mock transfected or transfected with poly(dA-dT) (1 wg/ml) or cGAS-Flag
(100 ng) and STING-Flag (100 ng). After 24 h, total RNA was extracted from the cells and subjected to qRT-PCR analysis for quantitation of IFN-B and poly
(dA-dT) (A) or cGAS plus STING (B). (C and D) PRDX1*/*, PRDX1~/~, and PRDX1/~ rescued HEK293T or PK-15 cells were mock infected or infected with
ZJ01, AUL13, or AUL13R at an MOI of 0.1. Twelve hours after infection, total RNA was extracted from cells and subjected to qRT-PCR analysis for
quantitation of IFN-3, ISG15, and 1SG56 in HEK293T cells (C) and PK-15 cells (D). Cells were infected and processed as for panels A and B. Data were
normalized using B-actin, and levels were calculated as described in Materials and Methods. Results are expressed as fold activation with standard
deviations for triplicate samples. One-way analysis of variance (ANOVA) was used for multiple comparisons (Sidak’s multiple-comparison test). ns, not
significant (P> 0.05); *, P < 0.05. **, P<0.01.

revealed that PRDX1 regulates IFN-B production through TBK1 and IKKe and that
UL13 may counter cellular defenses by reducing PRDX1 levels.

UL13 specifically promotes PRDX1 degradation. To determine how UL13 affects
PRDX1 expression, HEK293T and PK-15 cells were separately transfected with H-PRDX1-
Myc (from Homo sapiens) or S-PRDX1-Myc (from Sus scrofa), together with increasing doses
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FIG 4 (Continued).

of UL13-Flag or green fluorescent protein (GFP)-Flag as controls. Western blot assays
showed that PRDX1 expression decreased in response to increasing UL13 transfection,
while the GFP control had no effect (Fig. 5A and B). The results suggest that UL13 specifi-
cally modulates degradation of the PRDX1 protein.

Since UL13 is a member of the CHPKs (6), we asked whether PRV UL13 has serine/
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FIG 4 Identification of PRDX1 as a positive regulator of IFN-3 signaling. (A and B) Co-IP and immunoblot analyses. HEK293T
cells were transfected with PRDX1-Myc (3 ng) together with TBK1-Flag (3 «g) (A) or IKKe-Flag (3 ng) (B) for 30 h. Cell extracts
were subjected to immunoprecipitation (IP) with the indicated antibodies, and precipitated proteins and whole-cell lysates
(WCL) were probed using antibodies against Myc, Flag, or B-actin. (C and D) HEK293T cells (2 x 10° cells) were plated in 6-
well dishes and incubated for 30 h. Cell lysates were subjected to immunoprecipitation assays using IgG (1 wg/ml) or anti-
TBK1 (1 wg/ml), anti-IKKe (1 wg/ml), and anti-PRDX1 (1 ng/ml) antibodies. (E and F) Effects of PRDX1 on TBK1-induced (E) and
IKKe-induced (F) IFN-B promoter activity. HEK293T cells were transfected with TBK1-Flag or IKKe (20 ng) and various amounts
of PRDX1-Myc along with an IFN-B reporter. After 24 h, cells were harvested for luciferase assays. (G and H) Effects of PRDX1
on TBK1-induced (G) and IKKe-induced (H) IFN-B mRNA expression. HEK293T cells were transfected with TBK1-Flag or IKKe
(20ng) and various amounts of PRDX1-Myc. After 24 h, total RNA was extracted from cells and subjected to qRT-PCR analysis
as described in Materials and Methods. (I) Effects of PRDX1 on the IFN pathway during PRV infection. HEK293T and PK15 cells
were mock infected or infected with the indicated viruses (MOl of 0.1). Twelve hours after infection, cell lysates were
prepared and subjected to Western blot analysis with antibodies against cGAS, STING, phosphorylated TBK1, TBK1, IKKe,
phosphorylated IRF3, IRF3, PRDX1, UL13, gB, or B-actin. The results shown are representative of three independent
experiments. Differences were assessed using one-way ANOVA. *, P < 0.05; **, P<0.01; ***, P<0.001.

threonine kinase activity and plays a role in the reduction of PRDX1 protein levels.
Based on a comparison of UL13 amino acid sequences from PRV strains with homolo-
gous proteins from different alphaherpesviruses (HSV-1 and HSV-2), we constructed a
PRV UL13 mutant with a mutation at K93 (UL13/K93A-Flag) and an HSV-1 UL13 mutant
with a mutation at K176 (H-UL13/K176A-Flag). K93 is the conserved protein kinase site
in PRV UL13 (Fig. 5C and D) and is functionally identical to K176 in HSV-1 UL13 (see
Fig. S4). The PRV UL13/K93A mutant does not downregulate PRDX1 expression in ei-
ther HEK293T or PK-15 cells, while wild-type UL13 retains this ability (Fig. 5C and D). To
further explore the effect of PRV infection on endogenous PRDX1 degradation,
HEK293T or PK-15 cells were infected with ZJ01, AUL13, or AUL13R, and PRDX1 expres-
sion was examined using Western blots. The results showed that AUL13 lost the ability
to downregulate PRDX1 expression, compared with the wild-type virus and AUL13R
(Fig. 5E to H). Together, these results suggest that UL13 requires its kinase activity to
promote the degradation of PRDX1.

UL13 primes PRDX1 for proteolysis in the proteasome degradation pathway
via K48-linked ubiquitination. The ubiquitin-proteasome system, the autolysosome
pathway, and apoptosis are the three major intracellular protein degradation pathways
(36-38). To determine which pathway is responsible for UL13-mediated PRDX1 degradation,
the proteasome inhibitor MG132 (1 wM or 5 uM), the autophagy inhibitor 3-methyladenine
(3-MA) (1 mM or 5 mM), and the apoptosis inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-
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FIG 5 UL13 specifically promotes PRDX1 degradation. (A and B) HEK293T or PK-15 cells were separately
transfected with H-PRDX1-Myc (A) or S-PRDX1-Myc (B) (500 ng) and increasing amounts of UL13-Flag or GFP-
Flag. After 24 h, cell lysates were collected and subjected to Western blot analysis using antibodies against
Myc, Flag, and B-actin. (C and D) HEK293T or PK-15 cells were transfected with H-PRDX1-Myc (C) or H-PRDX1-
Myc (D) (500ng) and increasing amounts of UL13-Flag or UL13/K93A-Flag. After 24 h, cell lysates were
prepared and processed as described for panels A and B. Results shown are representative of three
independent experiments. (E and F) HEK293T (E) or PK-15 (F) cells were mock infected or infected with ZJO1,
AUL13, or AUL13R at an MOI of 0.01, 0.1, or 1. After 12 h, cells were subjected to Western blot analysis using
the indicated antibody. (G and H) HEK293T (G) or PK-15 (H) cells were mock infected or infected with ZJO1,
AUL13, or AUL13R at an MOI of 0.1. Cells were harvested at 6, 12, and 18 h after infection for Western blot

analysis with the indicated antibodies.

aspartyl-[O-methyl]-fluoromethylketone) (1 M or 5 M) were added to cells cotransfected
with the PRDX1-Myc and UL13-Flag expression constructs. As shown in Fig. 6A, MG132
treatment almost completely restored PRDX1 expression levels. To examine this more
closely, HEK293T cells were infected with PRV ZJO1 and treated with MG132. Western blot
analysis showed that PRDX1 expression was largely restored by MG132 treatment (Fig. 6B).
The results indicate that UL13 routes PRDX1 into proteasomes for degradation.

Because ubiquitination is typically involved in the proteasome-dependent degradation
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FIG 6 UL13 tags PRDX1 for degradation in the proteasome pathway via K48-linked ubiquitination. (A) Effect of MG132,
3-MA, or Z-VAD-FMK on PRDX1 degradation. HEK293T cells were transfected with UL13-Flag (1,000 ng) and PRDX1-Myc
(500 ng). After 20 h, cells were treated with dimethyl sulfoxide and different concentrations of MG132, 3-MA, or Z-VAD-
FMK for 8 h and then were harvested for Western blot analysis using antibodies against Myc, Flag, and B-actin. (B) Effect
of MG132 on PRDX1 degradation during PRV infection. HEK293T cells were mock infected or infected with ZJO1 at an
MOI of 0.01, 0.1, or 1. After 6 h, cells were treated with or without MG132 (5 «M) for 8 h and then harvested for Western
blot analysis using antibodies against PRDX1, gB, and B-actin. (C) Effects of UL13 on PRDX1 ubiquitination. HEK293T cells
were transfected with various combinations of plasmids encoding Myc-PRDX1 (3 ng), UL13-Flag (3 1g), UL13/K93A-Flag
(319), and HA-ubiquitin (3 wg). After 20 h, cells were treated with MG132 (5uxM) for 8h, harvested, and analyzed by
immunoprecipitation (IP) using the Myc tag. Whole-cell lysates (WCL) and immunoprecipitates were analyzed by Western
blotting using antibodies against HA, Myc, Flag, and B-actin. (D) UL13 promotes K48-linked ubiquitination of PRDX1.
HEK293T cells were transfected with various combinations of plasmids encoding Myc-PRDX1 (3 g), UL13-Flag (3 g),
UL13/K93A-Flag (3ug), and HA-ubiquitin (K48) (3xg) or HA-ubiquitin (K63) (3xg). Methods were identical to those
described for panel B. (E) Effects of UL13 on endogenous ubiquitination of PRDX1. HEK293T cells were transfected with
PRDX1-Myc (3 ug) and UL13-Flag (3 ug) for 20 h, followed by treatment with MG132 (5 M) for 8 h. Cell extracts were
subjected to immunoprecipitation with anti-Myc monoclonal antibody, followed by Western blot analysis using
antibodies against endogenous ubiquitin and K48 chains. Results are representative of three independent experiments.

pathway (39), we evaluated the effect of UL13 on PRDX1 ubiquitination. As shown in
Fig. 6C, PRDX1 ubiquitination increased significantly in the presence of UL13 and MG-132,
but ubiquitination was not affected when UL13/K93A was substituted for UL13. We then
determined that UL13 markedly increased K48-linked ubiquitination of PRDX1 but not
K63-linked ubiquitination (Fig. 6D). Overexpression of UL13 significantly enhanced
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endogenous ubiquitination and K48-linked ubiquitination (Fig. 6E). These data reveal that
UL13 promotes PRDX1 degradation in the proteasome-dependent pathway via K48-linked
polyubiquitination.

UL13 serine/threonine kinase activity plays a critical role in antiviral immunity
and virus replication. To evaluate the relationships between the serine/threonine kinase
activity of UL13, the PRDX1-mediated IFN response, and virus replication, a recombinant
PRV containing a mutation (UL13/K93A) and its rescued counterpart (UL13/K93AR) were
constructed. Plaques formed by UL13/K93A were smaller than those formed by UL13/
K93AR and wild-type ZJO1 in PK-15 cells (see Fig. S2). The mutant and rescued viruses
were used to infect PRDX1*/*, PRDX1~/~, and PRDX1~/~ rescued HEK293T and PK-15 cells.
Following infection, cytokine and ISG expression levels were measured using qRT-PCR and
enzyme-linked immunosorbent assay (ELISA). The results showed that AUL13 and UL13/
K93A significantly induced expression of IFN-B, I1SG15, and ISG56 in PRDX1*/* and
PRDX1~/~ rescued HEK293T and PK-15 cells, compared to UL13/K93AR and wild-type ZJO1
(Fig. 7A to D). The results suggest that viral UL13 and its serine/threonine kinase activity
site (K93) act to inhibit antiviral immunity. In addition, cytokine and ISG expression levels
in PRDX1~/~ HEK293T and PK-15 cells were greatly diminished, compared to those in
wild-type and PRDX1~/~ rescued cells, suggesting that PRDX1 plays a critical role in PRV
infection. Replication of ZJO1, AUL13, UL13/K93A, and UL13/K93AR in PRDX1~/~ HEK293T
and PK-15 cells was increased, compared to replication in wild-type and PRDX1~/~ rescued
cells. Finally, growth of AUL13 and UL13/K93A was largely restored in PRDX1~/~ HEK293T
and PK-15 cells (Fig. 7E and F). Together, the data indicate that UL13 serine/threonine ki-
nase activity plays an important role in PRV replication.

DISCUSSION

PRV, a member of the alphaherpesvirus subfamily, can conduct lytic replication or
persist as a latent infection in the cell (1, 40). In the lytic replication cycle, the virus
orchestrates gene expression, DNA replication, assembly, and egress. During this pro-
cess, PRV provokes several antiviral innate immune responses that operate coordin-
ately. Our previous study demonstrated that UL13 protein inhibits the IFN pathway by
targeting IRF3. In the present study, PRDX1 was shown to interact with PRV UL13. It
also interacts with TBK1/IKKe and promotes their function as mediators of IFN activa-
tion and negatively regulates PRV propagation. Finally, PRV UL13 ubiquitinates PRDX1
(via K48), shunting PRDX1 into proteasomes for eventual degradation.

PRDXSs are a family of antioxidant enzymes that regulate cytokine-induced peroxide lev-
els, affecting multiple signal transduction pathways (41-43). The structure of the peroxidatic
active site is highly conserved in PRDX1 through PRDX6. PRDX1, also known as MSP23, is an
abundant protein with an approximate molecular mass of 23 kDa (44). PRDX1 has been iden-
tified as an induced macrophage redox protein with multiple functions. Additionally, extrac-
ellular PRDX1 plays a critical role in the regulation of inflammation and cancer development.
PRDX1 is associated with the occurrence, growth, and metastasis of a variety of cancers,
such as breast cancer and esophageal cancer (45, 46). PRDX1 knockout fibroblasts display
decreased proliferation and increased susceptibility to oxidative DNA damage (41). PRDX1
knockout mice exhibit abnormalities in the number and phenotype of natural killer (NK) cells
and develop a high frequency of intestinal malignancies, sarcomas, and lymphomas, sug-
gesting that PRDX1 plays a role in cancer progression (47). PRDX1 has also been found to
negatively regulate NF-«B signaling activation and autophagy functions by inhibiting TRAF6
ubiquitin ligase activity (48). However, little is known about the role of PRDX1 in regulating
innate immunity. Our data demonstrate that PRDX1 functions in the type | IFN pathway by
interacting with TBK1 and IKKe.

TBK1 and IKKe are members of the IKK family and are best known for their indispen-
sable roles in the type | IFN signaling pathway. The pathway is activated by diverse
host pattern recognition receptors (PRRs) in response to a variety of DNA or RNA
viruses, including the alphaherpesviruses (23, 49, 50). Both TBK1 and IKKe are modified
by activation loop phosphorylation (5172) to induce target phosphorylation (50). Most
critically, the activity of the TBK1/IKKe complex is regulated by various molecules
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FIG 7 The serine/threonine kinase activity of UL13 affects antiviral immunity and virus replication. (A to D) PRDX17/*, PRDX17/~, and PRDX1~/~ rescued
HEK293T (A and C) or PK-15 (B and D) cells were either mock infected or infected with AUL13, the UL13/K93A mutant, or the rescued virus UL13/K93AR
(MOI of 0.1). After 12 h, total RNA was extracted from the cells and subjected to qRT-PCR to quantitate IFN-p3, ISG15, and ISG56 expression (A and B). The
data were normalized using B-actin. IFN-B levels in the cell supernatants were detected using a pig or human IFN-B ELISA kit, according to the
manufacturer’s instructions (C and D). (E and F) Viral replication in PRDX1%/*, PRDX17/~, and PRDX1~/~ rescued HEK293T (E) or PK-15 (F) cells. Cells were
infected with AUL13, the UL13/K93A mutant, or UL13/K93AR at an MOI of 0.01. After 24 h, cells were harvested and the total virus yields were determined
on the designated cells. Virus yields are shown as TCID, per milliliter. Results are representative of three independent experiments, and differences were
assessed by one-way ANOVA. ns, not significant (P> 0.05); *, P < 0.05.

through multiple diverse posttranslational modifications, such as ubiquitination, deubi-
quitination, and phosphorylation (24, 25, 29, 30). In this study, our results showed that
PRDX1 positively regulates TBK1/IKKe-mediated IFN activation by interacting with
these factors. This is the first glimpse into the mechanism by which PRDX1 affects the
innate immune pathway, and it is supported by our demonstration that a PRDX1
knockout led to a decrease of TBK1 and IRF3 phosphorylation after PRV virus infection.
However, the detailed mechanism by which PRDX1 regulates the kinase activity of
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FIG 8 Model representing PRDX1 function in IFN-8 signaling and its inhibition by PRV UL13. After PRV
infection, PRDX1 accumulates and stimulates TBK1/IKKe-mediated IFN-B signaling, which depresses PRV
proliferation. However, viral kinase protein UL13 promotes the degradation of PRDX1 and blocks its
ability to stimulate IFN-3 signaling.

TBK1/IKKe is still unclear. It is possible that PRDX1 acts directly on TBK1 via ubiquitina-
tion and deubiquitination to enhance kinase activity or stability, but this hypothesis
requires further investigation.

To counteract host defenses, PRV-encoded UL13 promotes K48-linked ubiquitination
and degradation of PRDX1, preventing PRDX1 from stimulating the immune response.
UL13 and its serine/threonine kinase activity site (K93) also function to inhibit antiviral im-
munity. UL13 proteins are serine/threonine protein kinases encoded by alphaherpesviruses
and are some of the many CHPKs found throughout the Herpesviridae family (6). UL13 reg-
ulates the expression of viral proteins, including ICPO, UL26, UL38, UL41, UL49, and Us11
(7, 10). However, studies of UL13 mutations and their effects on viral replication have
yielded mixed results. Numerous reports show that HSV-1 UL13 protein kinase activity is
critical for viral replication, but the results are cell type dependent. For example, an HSV-1
UL13 K176M mutation (which abolishes kinase activity) reduced replication by 10-fold,
compared to wild-type virus (51). Similar results were obtained with HSV-2, in which a
K176M mutation reduced replication to levels similar to those observed with the UL13-null
virus in U20S cells, but the reduction was not observed in Vero cells (IFN-deficient cell
lines) (12). Previous work demonstrated that UL13 kinase activity promotes the evasion of
HSV-1 in the central nervous system in mice, suggesting that UL13-mediated immune eva-
sion is critical for viral replication and pathogenicity in the central nervous system (52). In
contrast, studies involving UL13 in alphaherpesviruses have yielded inconsistent data. In
some cases, the UL13 kinase appears to be dispensable for viral replication (8, 53). In PRV,
a D194A mutation in UL13 attenuates transport of capsids to the distal axon, independent
of replication (11). In our study, we found that UL13 and its serine/threonine protein ki-
nases (Lys93) are important in viral replication, because they function to neutralize
defenses imposed by the innate immune response.

In summary, we have found that PRDX1 negatively regulates PRV propagation by
binding to TBK1 and IKKe and promoting type | IFN activation (Fig. 8). However, the
PRV-encoded kinase UL13 functions as a countermeasure by binding and promoting
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TABLE 1 Primers used in this study

Journal of Virology

Primer Sequence (5'—3’) Usage

Myc-H-PRDX1-F CCAAGCTTATGTCTTCAGGAAATGCTAA Amplification of human PRDX1
Myc-H-PRDX1-R CGGAATTCTCACTTCTGCTTGGAGAAAT

Myc-S-PRDX1-F CCAAGCTTATGTCTTCAGGAAATGCCAA Amplification of Sus scrofa PRDX1
Myc-S-PRDX1-R CGGAATTCTCACTTCTGTTTAGAGAAAT

UL13/K93A-F TACGGCTCGGTGGCCGTGGCCACGCTCCGCGCCGGCTTC Amplification of UL13 K93A
UL13/K93A-R GAAGCCGGCGCGGAGCGTGGCCACGGCCACCGAGCCGTA

PRDX1 K48-linked ubiquitination and degradation. Our results provide new insights
into the interactions between PRV and the host immune response.

MATERIALS AND METHODS

Cells, viruses, antibodies, and reagents. HEK293T and PK-15 cells were obtained from the American
Type Culture Collection (ATCC). PRV strain ZJO1 (GenBank accession number KM061380.1) was isolated
in Zhejiang Province by our laboratory (54). MG132 (catalog number S2619), 3-MA (catalog number
$2767), and Z-VAD-FMK (catalog number $7023) were purchased from Selleck Chemicals (USA). The fol-
lowing antibodies were used for Co-IP and Western blot experiments: anti-Flag (1:5,000; catalog number
ab125243), anti-Myc (1:5,000; catalog number ab32), anti-PRDX1 (1:1,000; catalog number ab16745) (for
Co-IP), and anti-GFP (1:2,500; catalog number ab290) from Abcam (UK), anti-hemagglutinin (HA) (1:
5,000; catalog number 3724), anti- B-actin (1:5,000; catalog number 3700), polyclonal anti-IRF3 (1:1,000;
catalog number 4302), anti-IRF3 phosphorylated at $396 (1:1,000; catalog number 83611), anti-cGAS (1:
1,000; catalog number 31659), anti-STING (1:1,000; catalog number 13647), anti-TBK1 phosphorylated at
S172 (1:1,000; catalog number 5483), anti-TBK1 (1:1,000; catalog number 3504), and anti-IKKe (1:2,000;
catalog number 3416) from Cell Signaling Technology (USA), and anti-PRDX1 (1:5,000; catalog number
66820-1-Ig) from Proteintech Group (China). Anti-UL13 and anti-glycoprotein B (gB) antibodies were
generated in our laboratory and are described elsewhere (14). Lipofectamine 3000 (L3000015) was used
for plasmid transfection and was obtained from Thermo Fisher Scientific (USA).

Plasmid construction. The PRDX1 gene (GenBank accession numbers NC_000001.11 and NC_010448.4)
was amplified from HEK293T and PK-15 cells and then cloned using the Hindlll and EcoRl sites of pCDNA3.1,
a vector that contains a C-terminal Myc tag. The clones were designated H-PRDX1-Myc and S-PRDX1-Myc,
respectively. The UL13-Flag, GFP-Flag, pC3-Ub-HA, pC3-K48-HA, and pC3-K63-HA expression plasmids are
described elsewhere (14). PRV UL13 point mutation K93A (UL13/K93A-Flag) and HSV-1 (F strain) UL13 point
mutation K176A (H-UL13/K176A-Flag) were introduced using QuikChange Il site-directed mutagenesis (cata-
log number 200524; Agilent) and cloned into the pCDH vector. This plasmid expresses the GFP cassette
driven by a cytomegalovirus (CMV) promoter to replace the PRV UL13 open reading frame region cloned into
the pUC-19 vector and was named pUC-CMV-GFP. The plasmids cGAS-Flag, STING-Flag, TBK1-Flag, IKKe-Flag,
pIFN-B-Luc, and pTK-Luc are described elsewhere (14). All PCR primers are listed in Table 1.

ESI-MS. HEK293T cells were transfected with a UL13-Flag (3 @) construct or with empty vector (pCDH).
The cells were harvested 48 h after transfection and then lysed on ice in RIPA lysis buffer (50 mM Tris-HCl [pH
8], 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 1 mM phenyl-
methylsulfonyl fluoride (PMSF). After centrifugation at 10,000 x g for 10 min, the supernatants were incubated
with 1 g mouse antibody and 30 ul protein A/G-agarose beads at 4°C for 3 h. The supernatants were col-
lected, immunoprecipitated with 1 g anti-Flag monoclonal antibody at 4°C for 12 h, and then mixed with
30l of protein A/G-agarose beads at 4°C for 4 h. The immunoprecipitated protein complexes were centri-
fuged for 5 min at 5,000 rpm at 4°C, and the supernatant containing total proteins was collected and subjected
to nano-liquid chromatography-tandem mass spectrometry (nano-LC-MS/MS) analysis by Shanghai Applied
Protein Technology (Shanghai, China). LC-MS/MS analysis was performed for 120 min on a Q Exactive mass
spectrometer (Thermo Fisher Scientific) coupled to an EASY-nLC injector (Proxeon Biosystems; Thermo Fisher
Scientific). The mass spectrometer was operated in positive-ion mode. MS data were acquired using a data-de-
pendent top 10 method dynamically choosing the most abundant precursor ions from the survey scan (m/z
300 to 1,800) for higher energy collisional dissociation fragmentation. MS/MS spectra were searched, using the
MASCOT engine v2.2 (Matrix Science, London, UK) embedded in Proteome Discoverer v1.4 (Thermo Fisher
Scientific), against the UniProt human database (133,549 sequences, download on 3 March 2013) and the
decoy database. For protein identification, the following options were used: peptide mass tolerance =20 ppm,
MS/MS tolerance =0.1 Da, enzyme = trypsin, missed cleavage =2, fixed modification = carbamidomethyl (C),
variable modification = oxidation (M), and false discovery rate (FDR) = =0.01.

Transfection and dual luciferase reporter assays. HEK293T cells (2 x 10° cells) were cultured in
12-well plates and then transfected with the expression plasmids along with pIFN-B-Luc (100 ng) or the
empty vector (negative control) pGL3 (100 ng) and the Renilla luciferase construct (pRL-TK) (20 ng),
which served as an internal control. Twenty-four hours after transfection, cells were lysed and luciferase
activity was measured using a dual luciferase reporter assay system (Promega), following the manufac-
turer’s instructions. Relative luciferase activity was normalized to the control value.

qRT-PCR. For gRT-PCR, total RNA was isolated from HEK293T and PK-15 cells using the total RNA kit
(Omega) and reverse transcribed into cDNA according to the manufacturer’s instructions. qRT-PCR was
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performed using SYBR green real-time PCR Master Mix and an ABI QuantStudio 7 real-time PCR system
(Applied Biosystems). The specific primer sequences for the targeting genes were described previously (14).

ELISA. HEK293T cells and PK-15 cells were infected with PRV at a multiplicity of infection (MOI) of 0.1
and incubated for 12 h. IFN-3 levels in cell supernatants were detected using a human IFN-3 ELISA kit
(Elabscience, Wuhan, China) or a pig IFN-3 ELISA kit (Mlbio, Shanghai, China), according to the manufac-
turer’s instructions (55).

Western blot analysis. Cell lysates and immunoprecipitates were subjected to 10% SDS-PAGE and
then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked for 2 h
at room temperature in Tris-buffered saline (TBS) containing 10% nonfat dry milk and 0.05% Tween 20
and were incubated at room temperature for 2 h with the indicated antibodies. Membranes were
washed with 1x TBS containing Tween 20, incubated with horseradish peroxidase (HRP)-labeled goat
anti-rabbit IgG or anti-mouse IgG antibody at room temperature for 1 h, and treated with enhanced
chemiluminescence (ECL) reagent (Thermo Fisher Scientific).

Co-IP. HEK 293T cells were transfected with expression plasmids and incubated for 30 h. The cells
were washed in prechilled phosphate-buffered saline (PBS) and lysed with cell lysis buffer as described
elsewhere (56). For Co-IP assays, cell lysates were centrifuged at 10,000 x g for 5min. The supernatants
were incubated with 1 ug of homograft mouse or rabbit antibody and 30 ul of protein A/G-agarose beads
(Beyotime, China) at 4°C for 3 h. Supernatants were collected, incubated with 1 ug of the designated anti-
body at 4°C for 12 h, and then each lysate was combined with 30 ul of protein A/G-agarose and incubated
at 4°C for 3 h. Lysates were centrifuged at 2,500 x g for 5 min to collect the beads and were washed five
times with prechilled PBS. Finally, the immunoprecipitates were subjected to Western blot analysis.

Generation of PRV containing UL13 deletions or site-specific mutations. To generate ZJO1 virus
containing UL13 deletions, PK-15 cells were transfected with ZJO1 genome (500 ng), the CRISPR/Cas9
system plasmid PX335-sgRNA containing two targeting single guide RNAs (sgRNAs) for ZJO1 UL13 (des-
ignated pX335-UL13-1 and pX335-UL13-2), and the GFP cassette expression plasmid (pUC-CMV-GFP)
(500 ng). All primers are listed in Table S1 in the supplemental material. After PRV-mediated cytopatho-
genic effects were evident in the transfected cells, viruses were harvested and stored at —80°C. The
recombinant UL13 deletion (GFP-substituted) PRV was purified by plaque assay, and the mutant lacking
UL13 (ZJO1-AUL13-GFP) was identified using PCR.

To generate site-specific mutations in the ZJO1 virus, PK-15 cells were transfected with the ZJO1-
AUL13-GFP genome (500 ng), the CRISPR/Cas9 system plasmid (500 ng) PX335-sgRNA containing two tar-
geting sgRNAs for GFP (designated pX335-GFP-1 and pX335-GFP-2), and UL13 site-directed mutagenesis
pUC-UL13/K93A. Primers are shown in Table 1. Plaque purification was performed to obtain a virus con-
taining a UL13 site-specific mutation (ZJ01-UL13/K93A). ZJO1-AUL13-GFP and ZJ01-UL13/K93A-revertent
virus was obtained by the same method. Constructs were sequenced using the primers listed in Table S1.

Viral plaque assays. Viral plaque assays were performed as described previously (14). Virus infectiv-
ity was quantified by infecting a PK-15 cell monolayer overlaid with 1% low-melting-point agarose and
1x Dulbecco’s modified Eagle’s medium (DMEM) (containing 2% heat-inactivated fetal bovine serum).
After 3 days, cells were stained with 1% crystal violet in methanol for 12 h at room temperature, and pla-
ques were counted.

Generation of cells with gene disruptions. To generate PRDX1~/~ HEK293T knockout cells, pX459-
sgRNA-puro plasmids targeting the human PRDX1 gene were transfected into 2 x 10° HEK293T cells.
Twenty-four hours later, positive (puromycin-resistant) cells were transferred as single clones to a 96-well
plate. Candidate clones were screened by PCR and sequencing of the PCR products to confirm the gene
knockout. As a second test, clones were also subjected to Western blot analysis using PRDX1 antibodies.
To generate PRDX1~/~ PK-15 knockout cells, the lentiCRISPRv2 system was used. PK-15 cells (2 x 10° cells)
were infected with a lentivirus construct that expressed a sgRNA-puromycin plasmid targeting the Sus
scrofa PRDX1 gene. Two days later, positive (puromycin-resistant) cells were transferred to a 96-well plate.
Cell clones with the desired gene knockout were identified by Western blot analysis using the appropriate
antibodies The HEK293T and PK-15 PRDX1 sgRNA targeting site was designed using Benchling (https://
www.benchling.com/crispr). The sgRNA sequence and PCR sequencing primers are listed in Table S1 in
the supplemental material.
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