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ABSTRACT Tumor progression locus 2 (TPL2) is a serine/threonine kinase that belongs
to the mitogen-activated protein 3 kinase (MAP3K) family, and it plays an important role
in pathogen infection. The trimer complex of TPL2, p105, and ABIN2 is essential for
maintenance of TPL2 steady-state levels and host cell response to pathogens. Foot-and-
mouth disease virus (FMDV) is a positive-strand RNA virus of the family Picornaviridae
that encodes proteins capable of antagonizing host immune responses to achieve infec-
tion. The VP1 protein of FMDV is a multifunctional protein that can bind host cells and
induce an immune response as well as cell apoptosis. However, the role and mecha-
nisms of TPL2 in FMDV infection remain unknown. Here, we determined that FMDV
infection could inhibit TPL2, p105, and ABIN2 at the transcription and protein levels,
while VP1 could only inhibit TPL2, p105, and ABIN2 at the protein level. TPL2 inhibited
the replication of FMDV in vivo and in vitro, and the 268- to 283-amino-acid region in
the TPL2 kinase domain was essential for interaction with VP1. Moreover, VP1 promoted
K48-linked polyubiquitination of TPL2 and degraded TPL2 by the proteasome pathway.
However, VP1-induced degradation of p105 and ABIN2 was independent of proteasome,
autophagy, lysosome, and caspase-dependent pathways. Further studies showed that
VP1 destroyed the stability of the TPL2-p105-ABIN2 complex. Taken together, these
results revealed that VP1 antagonized TPL2-meditated antivirus activity by degrading
TPL2 and destroying its complex. These findings may contribute to understanding
FMDV-host interactions and improving the development of a novel vaccine to prevent
FMDV infection.

IMPORTANCE Virus-host interactions are critical for virus infection. This study was the
first to demonstrate the antiviral effect of host TPL2 during FMDV replication by
increasing production of interferons and antiviral cytokines. Both FMDV and VP1 pro-
tein can reduce host TPL2, ABIN2, and p105 to destroy the TPL2-p105-ABIN2 trimer
complex. VP1 interacted with TPL2 and degraded TPL2 via the proteasome pathway
to repress TPL2-mediated antivirus activity. This study provided new insights into
FMDV immune evasion mechanisms, elucidating new information regarding FMDV
counteraction of host antivirus activity.

KEYWORDS FMDV, TPL2, VP1, trimer complex, immune escape, foot-and-mouth
disease virus

oot-and-mouth disease is a severe infectious disease of cloven-hoofed animals
caused by foot-and-mouth disease virus (FMDV) infection, which seriously harms
the development of animal husbandry (1-3). FMDV is a single-stranded positive-strand
RNA virus belonging to the Aphthovirus genus of the Picornaviridae family. Seven
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serotypes of FMDV (O, A, C, SAT1, SAT2, SAT3, and Asial) and multiple subtypes are
currently recognized (4, 5). The FMDV genome is approximately 8.5 kb in length and
consists of a 5" untranslated region (UTR), a complete open reading frame (ORF), and a
3'UTR with a poly(A) tail (6). The ORF-encoded polyprotein is cleaved into four struc-
tural proteins (VP1, VP2, VP3, and VP4) and eight nonstructural proteins (L, 2A, 2B, 2C,
3A, 3B, 3C, and 3D) by viral self-encoded proteases (7, 8). These viral proteins perform
various roles in the pathogenicity of FMDV and can block the functions of various host
proteins to counteract host antiviral responses.

Tumor progression locus 2 (TPL2) is a serine/threonine kinase that regulates the pro-
duction of host interferons and cytokines (9), and it is an important participant in the pro-
cess of inflammation and cancer (10, 11). TPL2 consists of an amino acid terminal region of
unknown function, a serine/threonine kinase domain, and a carboxyl-terminal region with
a determinant “degron” sequence (12, 13). Under normal circumstances, TPL2 forms a
trimer complex with p105 and A20-binding inhibitor of NF-kB activation 2 (ABIN2) in a sta-
ble state, where TPL2 cannot perform its biological function (14, 15). The downstream in-
hibitor of kB (IkB) kinase (IKK) complex is activated when tumor necrosis factor receptor
(TNFR), toll-like receptors (TLR), and interleukin-1 receptor (IL-1R) are stimulated, leading to
the degradation of p105 and releasing TPL2 (9, 16-19). TPL2 is then phosphorylated and
activated. Activated TPL2 activates nodal proteins via downstream signaling pathways to
perform biological functions (20-23). Recent studies have shown that TPL2 is also an im-
portant host immunoregulatory protein involved in innate and adaptive immunity, and it
can resist the invasion of foreign pathogens. However, the role of TPL2 during FMDV infec-
tion remains unknown.

During the process of evolution, FMDV has accumulated a variety of self-encoded pro-
teins to antagonize the host innate immune response. The virus effectively forms a unique
immune escape mechanism that enables it to survive the host antiviral defense mecha-
nism. For example, FMDV 2B negatively regulates retinoic acid-inducible gene | (RIG-)-like
receptor (RLR)-mediated induction of beta interferon (IFN-3) by inhibiting phosphorylation
of TANK-binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3) (24); FMDV 3C
protease induces the degradation of host protein kinase R (PKR) through the lysosomal
pathway, thereby promoting viral replication (25); and FMDV L significantly inhibits the
ubiquitination of RIG-I, TBK1, TNFR-associated factor 6 (TRAF6), and TRAF3, thereby inhibi-
ting the induction of type I IFN (26). FMDV structural protein VP1 has the function of bind-
ing to host cell receptors, and it contributes to the host-cell interaction through identified
cavities on its surface (27) that are the key to virus infection. The interaction between VP1
and host proteins also largely determines the course of the disease. Our previous studies
have determined that VP1 and host TPL2 interact (28), but the regulatory effects of VP1 on
TPL2 and its mechanism are still unknown.

The present study verified the role of TPL2 in the process of FMDV infection in vivo and
in vitro and determined its antiviral effect on FMDV. TPL2 inhibited FMDV replication by
promoting the production of FMDV-induced IFN and other antiviral cytokines. Further
studies demonstrated that FMDV induced a decrease in the expression of host TPL2 in a
manner dependent on VP1. The VP1 protein specifically interacted with TPL2, promoted
K48-linked polyubiquitination of TPL2, and then degraded TPL2 through the proteasome
pathway. This affected the stability of the trimer and resulted in a decrease of the amount
of TPL2 released from the trimer. This precluded TPL2 downstream signaling pathways
and subsequent production of antiviral cytokines, thereby increasing FMDV replication.
Thus, we describe a new mechanism for FMDV to antagonize host innate immune
response through a virus-encoded protein and deepen our understanding of host innate
immunity and the pathogenic mechanism of FMDV.

RESULTS

TPL2 inhibits FMDV replication during virus infection. The role of TPL2 in FMDV
infection has remained unknown. To determine whether TPL2 is involved in FMDV rep-
lication, gain-of-function and loss-of-function assays were performed. PK-15 cells were
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FIG 1 TPL2 played an antiviral role during FMDV replication. (A) PK-15 cells were transfected with increasing amounts of Myc-tagged TPL2-expressing
plasmid (0, 1, 2, or 3ug), and the empty Myc vector (3, 2, 1, or Oug) was used in the transfection process to ensure that the cells received the same
amounts of total DNA plasmids. At 24 hpt, the cells were infected with equal amounts of FMDV (MOI of 1) for 12 h. The replication levels of FMDV were
measured by RT-qPCR, and the expression levels of Myc-TPL2 and viral proteins were detected by Western blotting. A rabbit anti-FMDV polyclonal
antibody was used to confirm the expression of viral proteins. Western blotting showed three protein bands of VPO (40kDa), VP1 (25kDa), and VP3
(26 kDa). The viral titers were measured by 50% tissue culture infective dose (TCID,,) assay. (B) PK-15 cells were transfected with 100 pM NC siRNA or TPL2
siRNA for 48 h. The knockdown efficiency was determined by Western blotting. Relative fold change in abundance of TPL2 protein was determined by
densitometric analysis. (C) PK-15 cells were transfected with 100 pM NC siRNA or TPL2 siRNA for 48 h, followed by infection with equal amounts of FMDV
(MOI of 1) for 0, 8, and 16 h. The replication levels of FMDV were measured by RT-qPCR, and the expression levels of endogenous TPL2 and viral proteins
were detected by Western blotting with anti-TPL2 antibody and anti-FMDV antibody. The viral titers were measured by 50% tissue culture infective dose
(TCIDy,) assay. (D) PK-15-TPL2 or PK-15-TPL27/~ cells were seeded in six-well culture plates for 24 h, and TPL2 protein was detected by Western blotting.
(E) PK-15-TPL2 and PK-15-TPL2"/~ cells were infected with equal amounts of FMDV (MOI of 1) for 0, 8, and 16 h. The expression levels of viral proteins
were detected by Western blotting. The replication levels of FMDV and viral copy numbers were measured by RT-gPCR, and the viral titers were measured

by TCID,, assay.

transfected with increased doses of Myc-TPL2 plasmids, and the empty vector was
used in the transfection process to ensure that the cells received the same amounts of
total plasmids. At 24 h posttransfection (hpt), the cells were infected with FMDV at a
multiplicity of infection (MOI) of 1 for 12 h. Viral RNA levels, viral protein abundance,
and viral titers were then compared. Quantitative PCR (qPCR), Western blotting, and vi-
ral titer analysis showed that overexpression of TPL2 significantly suppressed FMDV
replication in a dose-dependent manner (Fig. 1A).

The replication status of FMDV in TPL2-downregulated cells was also evaluated.
Three TPL2 short interfering RNAs (siRNAs) were designed and constructed, and their
silencing efficiencies were evaluated by Western blotting in PK-15 cells. The #2 TPL2
siRNA, with the best inhibition of TPL2 expression, was selected for subsequent experi-
ments (Fig. 1B). Thus, TPL2 was knocked down in PK-15 cells by transfection of TPL2
siRNA. Viral RNA levels, viral protein abundance, and viral titers in the TPL2 siRNA cells
were analyzed and compared with the negative-control (NC) siRNA cells at 0, 8, or 16 h
postinfection (hpi). The results demonstrated that FMDV replication was significantly
enhanced in TPL2 siRNA cells compared with that of NC siRNA-treated cells (Fig. 1C).

To further evaluate the relationship between TPL2 and FMDV replication, TPL2
knockout PK-15 cells (PK-15-TPL2~/~) were established by using the CRISPR/Cas9 system.
Western blotting demonstrated the successful knockout of TPL2 in the established cell line
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FIG 2 TPL2 enhanced antiviral effectors induced by FMDV infection in PK-15 cells. PK-15-TPL2 and PK-15-TPL27/~ cells were transfected with Myc-TPL2-
expressing plasmid (3 1g) or empty Myc vector (3 ug) for 24 h and then mock infected or infected with equal amounts of FMDV (MOI of 1) for 12 h. The
MRNA expression levels of IFN-«, IFN-3, IFN-y, ISG15, I1SG56, IL-6, IL-8, and TNF-a were measured by RT-qPCR assay.

(Fig. 1D). The control cell line (PK-15-TPL2) was also obtained in parallel. PK-15-TPL2~/~
and PK-15-TPL2 cells were infected with equal amounts of FMDV (MOI of 1). Viral copy
numbers, viral RNA levels, viral protein abundance, and viral titers were determined and
compared at the indicated time points after virus infection. As shown in Fig. 1E, the expres-
sion of viral protein and RNA as well as viral copy numbers and viral titers were signifi-
cantly higher in the PK-15-TPL2~/~ cells than in the PK-15-TPL2 cells. Taken together, these
results conclusively demonstrated the important antiviral role for TPL2 in FMDV infection.

TPL2 positively regulates FMDV-triggered induction of downstream antiviral
cytokines. To reveal how TPL2 exerts antiviral effects during FMDV infection, we inves-
tigated the effect of TPL2 on the expression of IFN, IFN-stimulated genes (ISG), and
other downstream antiviral genes during FMDV infection. PK-15-TPL2 and PK-15-
TPL2~/~ cells were transfected with Myc-TPL2 or empty Myc vector for 24 h. The cells
were then infected with equal amounts of FMDV (MOI of 1) for 12 h. Reverse transcrip-
tion-qPCR (RT-gPCR) analysis indicated that the transcription of IFN-«, IFN-8B, IFN-y,
ISG15, ISG56, IL-6, IL-8, and TNF-« genes were significantly decreased in PK-15-TPL2~/~
cells compared with those of the PK-15-TPL2 cells after FMDV infection (Fig. 2).
Conversely, overexpression of TPL2 significantly increased the mRNA levels of down-
stream genes, including IFN-a, IFN-3, IFN-y, ISG15, ISG56, IL-6, IL-8, and TNF-¢, induced
by FMDV infection (Fig. 2). These results indicated that TPL2 positively regulated
FMDV-triggered induction of antiviral cytokines.

TPL2 is essential for innate immune responses to FMDV in vivo. To further unveil
the functions of TPL2 in FMDV-triggered innate immune response, we deleted 3 and 4
exons in mice using CRISPR/Cas9 systems, generating TPL2 knockout mice (Fig. 3A).
Western blotting demonstrated that the expression of TPL2 protein was effectively deleted
in TPL2=/~ mice (Fig. 3B). These TPL2~/~ mice were born at a standard Mendelian ratio and
did not show any developmental or behavioral abnormality compared with their wild-type
(WT) littermates. We infected 3-day-old TPL2*/* and TPL2~/~ suckling mice with FMDV by
subcutaneous injection and monitored their survival. The results indicated that TPL27/~
suckling mice were more susceptible to FMDV-induced death than their WT littermates
(Fig. 3Q). It is calculated that the 50% lethal dose (LDs,) of TPL2 knockout suckling mice and
wild-type suckling mice were 7.625 and 6.498, respectively; levels for TPL2 knockout suck-
ling mice are about 14 times higher than those for the wild-type suckling mice (data not
shown). Consistent with this, the ketone bodies of lactated mice were taken 48 h after
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FIG 3 TPL2 was essential for host against FMDV infection in mice. (A) Knockout (KO) schematic representation position of the sequence for TPL2 in TPL2 ™/~
mice. The mouse genome of TPL2 contained eight exons. CRISPR/Cas9 technology was used to design a targeted vector to delete exon 3 and exon 4. (B)
Protein levels of TPL2 in TPL2*/* and TPL2™/~ mice were detected by Western blotting to determine TPL2 knockout efficiency. (C) Three-day-old TPL2*/*
(n=6 in each group) and TPL2™/~ (n=4 in each group) suckling mice were used and divided into three groups. One group was subcutaneously injected with
equal amounts of PBS, and the other two groups were injected subcutaneously with two concentrations of FMDV (7 x 10° and 7 x 10* PFU). The survival rate
was monitored every 12 h. (D) Three-day-old TPL2™* (n=4 in each group) and TPL2/~ (n=4 in each group) mice were used and divided into two groups
in total. Two groups were subcutaneously injected with equal amounts of PBS and FMDV (7 x 10* PFU) and euthanized at 72 h after FMDV infection.
Samples from FMDV-infected mouse were detected by RT-qPCR individually. Samples from mock-infected mice were mixed, and samples from infected mice
were left unmixed and then analyzed by Western blotting. The replication levels of FMDV were measured by RT-qPCR. The expression levels of FMDV
proteins in mice were detected by Western blotting with rabbit anti-FMDV polyclonal antibody. Each lane represents different FMDV-infected
suckling mice. +/+, wild-type suckling mice; —/—, TPL2 knockout suckling mice. (E) The mRNA expression levels of IFN-«, ISG15, and IL-6 in mice
were measured by RT-qPCR for the samples from panel D. The variance represents the difference between different mice.

infection to measure the replication of FMDV in suckling mice, and the TPL2~/~ suckling
mice infected with FMDV showed higher FMDV viral copy numbers, RNA levels, and protein
abundance than infected WT littermates (Fig. 3D). In addition, the levels of internal antiviral
genes, including IFN-¢, IL-6, and 1SG15, were much lower in TPL27/~ suckling mice than in
their WT littermates after FMDV infection (Fig. 3E). These results indicated that TPL2 was
essential for host defense against FMDV infection in vivo.

FMDV infection inhibits TPL2 expression. Because TPL2 plays an antiviral role in
FMDV infection, it is necessary to investigate the state of TPL2 during FMDV infection.
PK-15 cells were infected with equal amounts of FMDV (MOI of 1), and the dynamics of
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FIG 4 TPL2, ABIN2, and P105 levels were decreased after FMDV infection in vivo and in vitro. (A) PK-15 cells were infected with equal amounts of FMDV
(MOI of 1) for 0, 4, 8, or 12 h. The transcriptional levels of FMDV and TPL2 were measured by RT-qPCR. (B) PK-15 cells were infected with equal amounts of
FMDV (MOI of 1) for 0, 2, 4, 8, 12, 16, and 20 h. The expression levels of endogenous TPL2 and viral proteins were detected by Western blotting with anti-
TPL2 and anti-FMDV antibodies. (C) The mRNA expression levels of p105 and ABIN2 were measured by RT-qPCR for the samples from panel A. (D) The
expression levels of endogenous p105, ABIN2, and viral proteins were detected by Western blotting for the samples from panel B with anti-p105, anti-
ABIN2, and anti-FMDV antibodies. (E) PK-15 cells with or without actinomycin D (10 ug/ml) treatment were infected with equal amounts of FMDV (MOI of
1) for 0, 4, 8, 12, and 16 h. The expression levels of endogenous TPL2 and viral proteins were detected by Western blotting. (F and G) Three-day-old wild-
type mice (n=4 in each group) were divided into two groups. Two groups were subcutaneously injected with equal amounts of FMDV (7 x 10* PFU) and
PBS and then euthanized 72 h after FMDV infection. All Western blotting samples from suckling mice without FMDV infection were mixed, and all Western
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TPL2 were determined over time. The results showed that TPL2 transcription levels
were significantly downregulated as the infection progressed (Fig. 4A), while viral RNA
was gradually increased, confirming the correlation between TPL2 expression and viral
replication (Fig. 4A). We also detected the abundance of TPL2 protein in FMDV-infected
cells and found that the protein levels of TPL2 gradually decreased as infection pro-
gressed (Fig. 4B). To investigate whether FMDV infection reduced the expression of
p105 and ABIN2, two other proteins that form a trimer complex with TPL2, we infected
PK-15 cells as described above and determined the state of the two proteins after
FMDV infection. As shown in Fig. 4C and D, the transcription and protein levels of p105
and ABIN2 decreased significantly as infection progresses. It was observed that the
transcription and translation methods of TPL2 were different after FMDV infection. To
further confirm the inhibitory activity of FMDV on TPL2 expression, the PK-15 cells
were maintained in the culture medium in the presence or absence of actinomycin D
and then infected with equal amounts of FMDV (MOI of 1), and the expression level of
TPL2 protein was measured over time. Actinomycin D is a specific inhibitor of cellular
transcription. As shown in Fig. 4E, the protein levels of TPL2 showed a more linear
decrease with time in both actinomycin D-treated and untreated cells. This implied
that FMDV has different inhibitory mechanisms on TPL2 transcription and protein
levels.

To further verify the above-described results, we conducted in vivo experiments in
suckling mice. The suckling mice were infected with FMDV by subcutaneous injection,
and the transcription and protein expression levels of TPL2, p105, and ABIN2 were
detected. The results demonstrated that FMDV infection reduced the expression of
TPL2, p105, and ABIN2 proteins (Fig. 4F). In addition, the transcription levels of TPL2,
p105, and ABIN2 were significantly downregulated after FMDV infection (Fig. 4G).
Taken together, these results indicated that FMDV infection inhibited the expression of
TPL2, p105, and ABIN2.

FMDV VP1 protein inhibits TPL2 protein expression. FMDV decreases the expres-
sion of TPL2, but it was still unknown which viral protein plays a role in this process.
Previous studies have shown that the FMDV structural proteins VP1 and VP2 and non-
structural protein L interact with TPL2. To identify viral proteins that downregulate
TPL2 expression in these interacting proteins, Myc-tagged TPL2 and different concen-
trations of plasmids encoding Flag-tagged viral proteins were cotransfected into
HEK293T cells. After 24 h, the abundance of Myc-TPL2 was detected by Western blot-
ting. FMDV VP1 significantly decreased expression of Myc-TPL2 in a dose-dependent
manner, while VP2 and L had no significant effect on TPL2 expression (Fig. 5A). PK-15
cells were then transfected with plasmids expressing different Flag-tagged viral pro-
teins. The expression of endogenous TPL2 protein was further determined by Western
blotting, and the same conclusions as those for exogenous were obtained (Fig. 5B).
Subsequently, the effect of VP1 on the expression of two other proteins, p105 and
ABIN2, in the trimer was evaluated, and all found that VP1 also downregulated the
expression of exogenous and endogenous p105 and ABIN2 (Fig. 5C and D). To investi-
gate whether the decrease in protein levels was the result of the specific decrease in
mRNA expression, the levels of TPL2, p105, and ABIN2 mRNA in Flag-VP1-transfected
cells were measured by RT-gPCR. There was no significant decrease in mRNA levels of
the three proteins (Fig. 5E).

FMDV infection can cause cell protein synthesis to stop rapidly and limit cell protein
synthesis. It is well known that LP™ can induce the cleavage of host eukaryotic transla-
tion initiation factor 4 (elF4G), thereby inhibiting host protein synthesis (29, 30). To

FIG 4 Legend (Continued)
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blotting samples of suckling mice infected with FMDV were not mixed. (F) Expression levels of TPL2, p105, and ABIN2 proteins in mice were detected by
Western blotting with anti-TPL2, anti-p105, and anti-ABIN2 antibodies. Relative fold change in abundance of TPL2, p105, and ABIN2 protein was
determined by densitometric analysis. WT-mice1, all combinations of noninfected FMDV suckling mice; WT-mice2, WT-mice3, and WT-mice4, three suckling
mice infected with FMDV. (G) RT-qPCR samples of uninfected suckling mice and FMDV-infected suckling mice were not mixed. The transcriptional levels of

TPL2, p105, and ABIN2 in mice were measured by RT-qPCR.
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FIG 5 FMDV VP1 protein was responsible for reducing the expression of TPL2, p105, and ABIN2 at protein level but not transcription level. (A) HEK293T
cells were cotransfected with Myc-TPL2 (1 ng), along with increasing amounts of Flag-L-, Flag-VP1-, or Flag-VP2-expressing plasmid (0, 1, 3, and 5 ug), and
the empty Flag vector (5, 4, 2, and 0 g) was used in the transfection process. At 24 hpt, the expression levels of Myc-TPL2 and Flag-tagged viral proteins
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ensure the enzyme activity of LP, PK-15 cells were transfected with Flag-L-expressing
plasmids, and the kinetics of elF4G protein levels were checked by Western blotting.
Lrro cleaved elF4G to produce cleavage bands (Fig. 5F), which was consistent with pre-
vious studies (31). To further confirm the impact of LP™ on the expression of TPL2, PK-
15 cells were mock infected or infected with wild-type FMDV type A strain, wild-type
FMDV type O strain, and FMDV-AL type O strain (leaderless virus), and TPL2 protein lev-
els were measured and compared. The results showed that both FMDV type O and A
strains inhibited the expression of TPL2 protein, while the expression of TPL2 protein
was similar in the FMDV-WT- and FMDV-AL-infected cells (Fig. 5G). In addition, there
was no significant difference in the transcription level of TPL2 between FMDV-WT- and
FMDV-AL-infected cells (Fig. 5H). Thus, FMDV VP1 significantly inhibited the expression
of TPL2, p105, and ABIN2 protein levels but had no effect on the transcription levels.

FMDV VP1 protein specificity interacts with host TPL2. We next investigated the
molecular mechanisms of immune escape mediated by FMDV structural protein VP1,
focusing first on the interaction between VP1 and TPL2-p105-ABIN2. HEK293T cells
were cotransfected with Flag-VP1- or hemagglutinin (HA)-VP1-expressing plasmids
with Myc-TPL2-, HA-p105-, or Flag-ABIN2-expressing plasmids. Cells were lysed, and
the lysates were immunoprecipitated with anti-Flag or anti-HA antibody and analyzed
by Western blotting. As shown in Fig. 6A and B, Flag-VP1 and HA-VP1 pulled down
Myc-TPL2, while HA-p105 and Flag-ABIN2 did not interact with VP1. To further investi-
gate whether VP1 interacts with TPL2 under physiological conditions, PK-15 cells were
transfected with Flag-VP1-expressing plasmid or empty Flag vector, and we conducted
coimmunoprecipitation experiments with anti-Flag or anti-TPL2 antibody. We found
that FDMV VP1 protein could interact with endogenous TPL2 (Fig. 6C and D). To con-
firm that the VP1-TPL2 interaction occurs in FMDV-infected cells, the coimmunoprecipi-
tation assay was performed using the lysates from FMDV-infected cells. FMDV VP1 pro-
tein clearly pulled down TPL2 in the context of viral infection (Fig. 6E). The reverse
immunoprecipitation assay was similarly performed using the anti-TPL2 antibody, and
the results showed that TPL2 also immunoprecipitated VP1 (Fig. 6F). Collectively, these
data firmly indicated that FMDV VP1 specificity interacted with TPL2 but not with p105
and ABIN2.

To further determine the binding region of the interaction between TPL2 and VP1,
a series of truncation mutants of Myc-TPL2-expressing plasmids were generated
through PCR-based site-directed mutagenesis (Fig. 6G). We conducted a detailed anal-
ysis for their interaction by constructing plasmids expressing Myc-tagged truncated
mutants of TPL2 and plasmids expressing Flag-tagged truncated mutants of VP1 pro-
duced by our laboratory (Fig. 6H). HEK293T cells were cotransfected with HA-VP1-
expressing plasmid and a series of plasmids expressing Myc-tagged truncated mutants
of TPL2. Cell lysates were immunoprecipitated with anti-HA antibody and analyzed by
Western blotting. As shown in Fig. 61, TPL2 mutant with the 138-388 kinase region and
TPL2 mutant with the 183-330 kinase region coprecipitated with HA-VP1, and the
183-330 kinase region of TPL2 contained a smaller region. Meanwhile, it was observed
that the TPL2 mutant with the 75-268 kinase region and TPL2 mutant with the 283-
413 kinase region failed to interact with VP1. Therefore, the region of their interaction

FIG 5 Legend (Continued)

(L, VP1, and VP2) were analyzed by Western blotting with anti-Myc and anti-Flag antibodies. (B) PK-15 cells were transfected with increasing amounts of
Flag-L-, Flag-VP1-, or Flag-VP2-expressing plasmid (0, 1, 3, and 5 ug), and the empty Flag vector (5, 4, 2, and 0 ug) was used in the transfection process. At
24 hpt, the expression levels of endogenous TPL2 and Flag-tagged viral proteins were analyzed by Western blotting with anti-TPL2 and anti-Flag
antibodies. (C) HEK293T cells were cotransfected with HA-p105 or Flag-ABIN2 (1 ug), along with increasing amounts of Flag-VP1- or HA-VP1-expressing
plasmid (0, 1, 3, and 5ug), and the empty Flag vector or empty HA vector (5, 4, 2, and Oug) was used in the transfection process. At 24 hpt, the
expression levels of HA-p105 and Flag-ABIN2 proteins were analyzed by Western blotting with anti-HA and anti-Flag antibodies. (D and E) PK-15 cells were
transfected with increasing amounts of Flag-VP1-expressing plasmid (0, 1, 3, or 5ug) for 24 h. Empty Flag vector (5, 4, 2, or Oug) was used in the
transfection process. (D) The expression levels of endogenous p105 and ABIN2 proteins were detected by Western blotting with anti-p105 and anti-ABIN2
antibodies. (E) The mRNA expression levels of endogenous TPL2, p105, and ABIN2 were measured by RT-gPCR. (F) PK-15 cells were transfected with FMDV
L-expressing plasmid (3 «g), and the cells were collected at 0, 16, 32, and 48 hpt. The protein levels of elF4G and Flag-L were determined by Western
blotting. (G and H) PK-15 cells with or without infection with FMDV type A strain-WT, FMDV type O strain-WT, or FMDV type O strain-AL (MOI of 1) for 12
h. (G) The expression levels of endogenous TPL2 were detected by Western blotting. (H) The expression levels of TPL2 mRNA were measured by RT-qPCR.
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FIG 6 VP1 interacted with host TPL2 but not with p105 and ABIN2. (A) HEK293T cells were
cotransfected with 8 ug Myc-TPL2- or HA-p105- and Flag-VP1-expressing plasmid. The cells were

(Continued on next page)
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was in the 268-283 kinase region of TPL2. A reverse immunoprecipitation experiment
was subsequently performed using anti-Myc antibody, which obtained the same
results (Fig. 6J). In addition, we cotransfected HEK293T cells with Myc-TPL2-expressing
plasmid and a series of plasmids expressing Flag-tagged truncated mutants of VP1.
Forward or reverse immunoprecipitation was subsequently performed using anti-Myc
antibody or anti-Flag antibody and then analyzed by Western blotting. All plasmids
expressing Flag-tagged truncated mutants of VP1 were coprecipitated with Myc-TPL2,
suggesting that multiple regions are involved in the VP1-TPL2 interaction (Fig. 6K and
L). All of these observations confirmed that VP1 interacted with host TPL2 but not with
p105 and ABIN2, and the 268-283 kinase region of TPL2 was essential for this
interaction.

FMDV VP1 protein promotes K48-linked polyubiquitination of TPL2 and
degrades TPL2 by the proteasome pathway. To determine whether proteasomes,
autophagosomes, lysosomes, or caspase-dependent pathways play roles in FMDV- or
VP1-induced degradation of TPL2, the proteasome inhibitor MG132, the autophagy in-
hibitor chloroquine diphosphate (CQ), the lysosome inhibitor NH,CL, and the general
caspase inhibitor benzyloxy carbonyl (Cbz)-L-Val-Ala-Asp (OMe)-fluoromethylketone (Z-
VAD-FMK) were used to evaluate the inhibitive effects. PK-15 cells were treated with or
without inhibitors and then mock infected or infected with FMDV. The expression of
TPL2 at 12 hpi was detected by Western blotting. As shown in Fig. 7A, treatment of
MG132 restored endogenous TPL2 levels in FMDV-infected cells, while CQ, NH,Cl, and
Z-VAD-FMK had no such effect on TPL2 restoration (Fig. 7A). The effects of MG132, CQ,
NH,Cl, or Z-VAD-FMK on VP1-induced reduction of TPL2 were also examined. Flag-VP1-
and Myc-TPL2-expressing plasmids were cotransfected into HEK293T cells, and the
cells were maintained in the presence or absence of the inhibitors. The expression of
TPL2 was detected at 36 hpt by Western blotting. We found that VP1-mediated
decrease of exogenous TPL2 protein was blocked by the proteasome inhibitor MG132,
but the other three inhibitors (CQ, NH,Cl, and Z-VAD-FMK) had no effect on the degra-
dation of exogenous TPL2 mediated by VP1 (Fig. 7B). Moreover, proteasome inhibitor
MG132 also blocked VP1-induced endogenous TPL2 degradation (Fig. 7C), which pro-
vided more evidence that VP1 induced TPL2 degradation in a proteasomal-dependent
manner. Next, to determine the functional domain of TPL2 degradation, various plas-
mids expressing truncated forms of TPL2 were cotransformed with HA-VP1-expressing
plasmid or empty HA vector, and then the expression of various plasmids expressing
truncated forms of TPL2 was detected at 24 h by Western blotting. Thus, we discovered
that FMDV VP1 degraded the full functional domain of TPL2 (Fig. 7D). Since VP1 could
inhibit TPL2, it attenuated the antiviral effect mediated by TPL2. We were interested in

FIG 6 Legend (Continued)

lysed at 24 hpt, and the lysates were immunoprecipitated with mouse IgG antibody or mouse anti-Flag
antibody and subjected to Western blotting. Lysate and immunoprecipitation (IP) antibody-antigen
complexes were analyzed by immunoblotting (IB) using anti-HA, anti-Myc, anti-Flag, and anti-B-actin
antibodies. (B) The method is the same as that for panel A. The lysates were immunoprecipitated with
mouse IgG antibody or mouse anti-HA antibody and subjected to Western blotting. (C and D) PK-15 cells
were transfected with Flag-VP1-expressing plasmid (8 ug) or empty Flag vector (Vec; 8 ug) for 24 h. The
cells were then lysed and immunoprecipitated with normal IgG antibody, anti-Flag antibody (C), or anti-
TPL2 antibody (D). The lysate and IP antibody-antigen complexes were analyzed by IB using anti-Flag, anti-
TPL2, or anti-B-actin antibodies. (E and F) PK-15 cells were mock infected or infected with FMDV (MOI of
1) for 6 or 12 h. MG132 (20 M) was added to prevent the degradation of endogenous TPL2. The cells
were then lysed and immunoprecipitated with normal IgG antibody, anti-VP1 antibody (E), or anti-TPL2
antibody (F). The lysate and IP antibody-antigen complexes were analyzed by IB using anti-TPL2, anti-VP1,
or anti-B-actin antibodies. (G) Schematic representation showing a series of Myc-tagged truncated TPL2
mutants. (H) Schematic representation showing a series of Flag-tagged truncated VP1 mutants. (I and J)
HEK293T cells were cotransfected with HA-VP1 (7 ug) and a series of Myc-tagged TPL2 truncated mutants
expressing plasmids (7 1g). The cells were lysed at 24 hpt, and the lysates were immunoprecipitated with
mouse IgG antibody, mouse anti-HA antibody (I), or mouse anti-Myc antibody (J) and subjected to
Western blotting. (K and L) HEK293T cells were cotransfected with Myc-TPL2 (7 ng) and a series of Flag-
tagged VP1 truncated mutants expressing plasmids (7 n.g). The cells were lysed at 24 hpt, and the lysates
were immunoprecipitated with mouse IgG antibody, mouse anti-Myc antibody (K), or mouse anti-Flag
antibody (L) and subjected to Western blotting.
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FIG 7 Degradation pathways of TPL2, ABIN2, and p105 induced by VP1 in HEK293T and PK-15 cells. (A) PK-15 cells
treated with MG132 (20 uM), CQ (100 uM), NH,CI (20 uM), or Z-VAD-FMK (50 uM) for 1 h and then with or without
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whether TPL2 could, in turn, inhibit the expression of VP1 and promote its antiviral
effect. To test this hypothesis, the plasmids encoding Myc-TPL2 were used to confirm
TPL2-induced reduction of VP1. For immunoblot analysis, Myc-TPL2 and HA-VP1 were
cotransfected into HEK293T cells. As shown in Fig. 7E, TPL2 did not degrade VP1.
Consistent with this, PK-15-TPL2 and PK-15-TPL2~/~ cells were transfected with HA-
tagged VP1, and there is no significant difference in the expression level of VP1 in PK-
15-TPL2 and PK-15-TPL2~/~ cells (Fig. 7F).

FMDV capsid precursor P1 is the precursor protein of VP1. P1 is finally processed
into mature VPO, VP1, and VP3 proteins under the action of FMDV 3C protease (3CP™)
(32, 33). To clarify whether the degradation of TPL2 is caused by the specificity of the
VP1 protein in the P1 precursor, the effect of P1 on the expression level of TPL2 was
first detected by Western blotting. It was observed that the abundance of exogenous
and endogenous TPL2 proteins was reduced by the overexpression of P1 in a dose-de-
pendent manner (Fig. 7G). However, FMDV VPO and VP3 did not cause significant
changes in the levels of exogenous and endogenous TPL2 proteins (Fig. 7H). The
effects of MG132, CQ, NH,Cl, or Z-VAD-FMK on P1-induced degradation of TPL2 were
also assessed. The results showed that incubation of MG132 restored exogenous and
endogenous TPL2 levels in P1-overexpressed cells, while CQ, NH,Cl, and Z-VAD-FMK
had no such effect on TPL2 restoration (Fig. 71). These results indicated that the degra-
dation of TPL2 induced by P1 was caused by the specificity of the VP1 protein.

Furthermore, we subsequently checked the effect of VP1 on the ubiquitination of
TPL2, which serves as the essential sign of protein degradation mediated by the ubig-
uitin-proteasome system. We cotransfected a Myc-TPL2-expressing plasmid with a
Flag-Ub-expressing plasmid, along with HA-VP1-expressing plasmid or empty HA vec-
tor simultaneously. Immunoprecipitation experiments were conducted with anti-Myc
antibody, and the ubiquitination levels of TPL2 were determined by Western blotting.
Overexpression of VP1 enhanced the ubiquitination of TPL2, which corresponded to
the decrease of TPL2 protein expression (Fig. 7J). Similarly, immunoprecipitation analy-
sis of ubiquitin also demonstrated that overexpression of VP1 significantly enhanced
K48- rather than K63-linked polyubiquitination of TPL2 (Fig. 7K). Together, these results
indicated that FMDV VP1 specifically enhanced K48-linked polyubiquitination of TPL2

FIG 7 Legend (Continued)

FMDV infection (MOI of 1) for 12 h. The expression levels of endogenous TPL2 and viral proteins were detected by
Western blotting. DMSO, dimethyl sulfoxide. (B) HEK293T cells were cotransfected with Flag-VP1-expressing plasmid
(2ug) or empty Flag vector (2ug) and Myc-TPL2-expressing plasmid (1uxg) and empty Myc vector (1ug) and
maintained in the presence or absence of MG132 (2 or 20 M), CQ (50 or 100 M), NH,CI (10 or 20 uM), or Z-VAD-
FMK (10 or 50 uM) for 36 h. The expression levels of Myc-TPL2 and Flag-VP1 proteins were detected by Western
blotting. (C) PK-15 cells were transfected with HA-VP1-expressing plasmid (2ug) or empty HA vector (2ug) and
maintained in the presence or absence of MG132 (20 uM), CQ (100 uM), NH,CI (20 uM), or Z-VAD-FMK (50 uM) for 36
h. The expression levels of endogenous TPL2 and HA-VP1 proteins were detected by Western blotting. (D) HEK293T
cells were cotransfected with HA-VP1 (5ug) or empty HA vector (5ug) and Myc-tagged TPL2 truncated mutant-
expressing plasmids (2ug). At 24 hpt, the cells were collected for Western blotting. (E) HEK293T cells were
cotransfected with HA-VP1 (1 ug), along with increasing amounts of Myc-TPL2-expressing plasmid (0, 1, 2, and 3 ng),
and the empty Myc vector (3, 2, 1, or 0 ug) was used in the transfection process. At 24 hpt, the cells were collected
for Western blotting. (F) PK-15-TPL2 or PK-15-TPL2 /" cells were transfected with HA-VP1-expressing plasmid (2 ug)
or empty HA vector (2ug). At 24 hpt, the cells were collected for Western blotting. (G and H) Similar transfection
and immunoblotting analyses in HEK293T and PK-15 cells were performed as described for Fig. 5A and B. () HEK293T
cells were cotransfected with Flag-P1 (3 ug) or empty Flag vector (3 ng) and Myc-TPL2-expressing plasmid (1 xg) and
maintained in the presence or absence of MG132 (20 uM), CQ (100 uM), NH,Cl (20 uM), and Z-VAD-FMK (50 uM) for
36 h. The expression levels of Myc-TPL2 and Flag-P1 proteins were detected by Western blotting. PK-15 cells were
transfected with Flag-P1-expressing plasmid (3 «g) or empty Flag vector (3 xg) and maintained in the presence or
absence of MG132 (20 uM), CQ (100 uM), NH,CI (20 M), and Z-VAD-FMK (50 uM) for 36 h. The expression levels of
endogenous TPL2 and Flag-P1 proteins were detected by Western blotting. (J) HEK293T cells were cotransfected with
Flag-Ub-expressing (4 ug), Myc-TPL2-expressing (4 ug), HA-VP1-expressing (6 ug) plasmid, and empty HA vector
(6g) for 20 h. The cells were then lysed and immunoprecipitated with mouse IgG antibody or mouse anti-Myc
antibody and subjected to Western blotting. (K) HEK293T cells were cotransfected with HA-Ub, HA-K48-Ub, or HA-
K63-Ub (4 g), Myc-TPL2 (4 ng), Flag-VP1-expressing plasmid (6 ng), and empty Flag vector (6 ug) for 20 h. The cells
were then lysed and immunoprecipitated with mouse anti-Myc antibody and subjected to Western blotting. (L)
Degradation pathway of p105 induced by VP1 in HEK293T and PK-15 cells. The method is the same as that for panel
I. (M) Degradation pathway of ABIN2 induced by VP1 in HEK293T and PK-15 cells. The method is the same as that for
panel I.
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FIG 8 FMDV and FMDV VP1 destroy the stability of the TPL2-p105-ABIN2 trimer complex. (A) PK-15 cells were cotransfected in pairs with
plasmid expressing Myc-TPL2 (5 ug), HA-p105 (5 ng), or Flag-ABIN (5 1g) for 24 h, with or without FMDV infection (MOI of 1) for 12 h. The
cells were lysed, and the lysates were immunoprecipitated with anti-Myc antibody, mouse anti-Flag antibody, anti-HA antibody, and IgG
antibody and subjected to Western blotting. (B) PK-15 cells with or without FMDV infection (MOI of 1) for 12 h. The cells were lysed and
immunoprecipitated with mouse anti-TPL2 antibody. The lysate and IP antibody-antigen complexes were analyzed by IB using anti-TPL2,
anti-p105, anti-ABIN2, anti-FMDV, and anti-B-actin antibodies to measure the expression of endogenous TPL2, p105, and ABIN2 separately.
(C) HEK293T cells were cotransfected in pairs with plasmid expressing Myc-TPL2 (5urg), HA-p105 (51g), and V5-ABIN2 (5 ug). Flag-VP1-
expressing plasmid (8 xg) and empty Flag vector (8 ng) were transfected at the same time. At 24 hpt, the cells were lysed and the lysates
were immunoprecipitated with anti-Myc antibody, anti-V5 antibody, anti-HA antibody, and mouse normal IgG antibody. (D) PK-15 cells were
transfected with Flag-VP1-expressing plasmid (8 ug) and empty Flag vector (8 ug) for 24 h. The cells were lysed and immunoprecipitated
with anti-TPL2 antibody and subjected to Western blotting. The lysate and IP antibody-antigen complexes were analyzed by IB to measure

the expression of endogenous TPL2, p105, and ABIN2 separately.

and degraded TPL2 by the proteasome pathway.

The above-described results showed that FMDV VP1 can also inhibit the expression
of p105 and ABIN2. We sought to determine the pathways by which VP1 degrades
p105 and ABIN2. Treatment with proteasome inhibitor MG132, autophagy inhibitor
CQ, the lysosome inhibitor NH,CL, and caspase inhibitor Z-VAD-FMK did not signifi-
cantly block the exogenous and endogenous protein reduction (Fig. 7L and M). These
results suggested that VP1-induced reduction of p105 and ABIN2 was independent of

proteasome, autophagy, lysosome, and caspase pathways.
FMDV VP1 protein destroys the stability of the TPL2-p105-ABIN2 trimer complex.

A previous study showed that TPL2 forms a complex with p105 and ABIN2 in stable
states, and TPL2 is inactive in this state (34). TPL2 is active only when released from the
trimer complex, thereby triggering downstream signal transductions. Therefore, it is neces-
sary to evaluate the effect of FMDV and FMDV VP1 protein on the stability of the trimer.
PK-15 cells were cotransfected in pairs with Myc-TPL2-, HA-p105-, and Flag-ABIN2-express-
ing plasmids. After 24 h, the cells were infected with FMDV for 12 h. FMDV reduced the
interactions of TPL2-p105, TPL2-ABIN2, and p105-ABIN2 (Fig. 8A). To further determine the
effect of FMDV on the stability of the trimer, PK-15 cells were infected with FMDV, and the
complex was immunoprecipitated with anti-TPL2 antibody and analyzed by Western
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blotting. As with the experiments using exogenous protein expression, the interaction
between endogenous TPL2, p105, and ABIN2 was also reduced in the context of virus rep-
lication (Fig. 8B).

Because VP1 is a viral protein that plays a role in the reduction of TPL2 expression
induced by FMDV, we speculated that VP1 could also reduce the stability of the trimer
complex. To test this hypothesis, plasmids encoding Myc-tagged TPL2, HA-tagged
p105, and V5-tagged ABIN2 were cotransfected in pairs into HEK293T cells, plasmids
encoding Flag-tagged VP1 were transfected together, and immunoprecipitation was
performed with specific antibodies. As shown in Fig. 8C, VP1 inhibited the pairwise
binding of TPL2-p105, TPL2-ABIN2, and p105-ABIN2. Subsequently, PK-15 cells were
transfected with Flag-VP1-expressing plasmid or empty Flag vector. The lysates were
immunoprecipitated with anti-TPL2 antibody and analyzed by Western blotting. It was
observed that VP1 reduced the endogenous interaction of TPL2, p105, and ABIN2 pro-
teins (Fig. 8D). Taken together, these results indicated that FMDV VP1 protein dis-
rupted the interaction of TPL2, p105, and ABIN2 by targeting TPL2 and destroying the
stability of the trimer complex.

DISCUSSION

TPL2 is a member of the mitogen-activated protein 3 kinase (MAP3K) family and
plays an important role in the host defense against pathogen infection (35). Past
research on TPL2 has focused on fighting bacterial infections. For example, TPL2 pro-
motes Helicobacter pylori-induced extracellular signal-regulated kinase (ERK) activation
and IL-8 expression, which prevents bacterial infection (36); TPL2 promotes innate cell
recruitment and effector T-cell differentiation to limit Citrobacter rodentium burden
and dissemination (37); and TPL2 can promote the production of IL-13, which is essen-
tial for host defense against Listeria monocytogenes (38). However, the role of TPL2 in
defending against viral pathogens is still poorly understood. A study in recent years
has shown that TPL2 resisted the invasion of influenza viruses by promoting the pro-
duction of IFN-A and interferon-stimulated genes and inducing antigen-specific CD8*
T-cell responses (39). This suggests that TPL2 also plays a broader role in antiviral
innate immunity.

Gain-of-function and loss-of-function experiments confirmed the antiviral role of
TPL2 during FMDV infection in vitro. However, TPL2 gene knockout in PK-15 cells signif-
icantly promoted the replication of FMDV. We also found that TPL2 has a positive regu-
latory effect on FMDV-induced interferons and other antiviral factors. Subsequently,
we constructed TPL2 knockout mice for in vivo experiments to further verify the experi-
mental results in vitro and obtained the same conclusions. In this study, we elucidated
the antiviral activity of TPL2 on FMDV for the first time in vitro and in vivo. TPL2 exerted
its antiviral effect by promoting the production of interferons and other antiviral cyto-
kines induced by FMDV and ultimately inhibited FMDV replication.

During the process of evolution, FMDV has acquired various strategies to antago-
nize host innate immune response, forming a unique immune escape mechanism that
enables it to survive host antiviral defenses (1). However, the mechanisms involved are
not fully understood. One of the potential strategies used by FMDV to antagonize host
innate immune responses involves interaction between proteins encoded by the virus
and host proteins to disrupt the function of the host proteins and reduce the produc-
tion of host protein-mediated antiviral cytokines that inhibit viral replication. FMDV
VP3 interacts with Janus kinase 1 (JAK1) and JAK2, destroys the assembly of the JAK1
complex, and degrades JAK1 through the lysosomal pathway, thereby inhibiting the
type Il IFN signaling pathway (40); FMDV 2B interacts with RIG-I and reduces its expres-
sion, effectively antagonizing the RIG-I-induced antiviral effect (41); and FMDV 3A inter-
acts with RIG-1, melanoma differentiation-associated protein 5 (MDAS5), and virus-
induced signaling adaptor (VISA), inhibiting their expression on a transcriptional level
and thereby inhibiting the induction of the antiviral cytokine IFN-3 (42). Notably, we
demonstrated that FMDV infection significantly inhibited TPL2 expression in vivo and
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in vitro and also inhibited the expression of p105 and ABIN2. However, before the pres-
ent study, it was unknown which viral protein played a role in this process.

In recent years, it has been discovered that the FMDV structural protein VP1 also
plays an important role in regulating the host immune response (43). For example, the
heat shock protein DNAJA3 interacts with VP1, reducing its antagonistic effect on the
IFN- B signaling pathway by inducing lysosomal degradation of VP1, thereby inhibiting
FMDV virus replication (44). VP1 interacts with host ribosomal protein SA (RPSA) to
maintain activation of the MAPK signaling pathway and promote virus replication (45);
VP1 protein inhibits type | interferon production by interacting with host cell protein
Sorcin (46). Here, we describe that among the three viral proteins L, VP1, and VP2 that
interact with TPL2, only VP1 specifically reduced the protein level of TPL2 in a dose-de-
pendent manner while also reducing the protein levels of p105 and ABIN2, although it
has no effect on the mRNA levels of the three proteins. FMDV LP™ is well known as a vi-
ral proteinase. LP can induce the cleavage of host eukaryotic translation initiation fac-
tor 4y (elF4G), limiting the synthesis of host proteins (47). Interestingly, we found that
FMDV LPr did not induce the reduction of TPL2. Subsequently, VP1 was observed to
interact with TPL2 but not with p105 and ABIN2. This finding was further confirmed in
cells infected with FMDV. This implies that the VP1 protein specifically interacted with
TPL2 and then induced the destruction of TPL2. The 268- to 283-amino-acid region in
the TPL2 kinase domain was essential for its interaction with VP1.

VP1 regulates the stability of TPL2, p105, and ABIN2. Protein stability is regulated by
ubiquitin-proteasome-mediated degradation, autophagy/lysosome-mediated degrada-
tion, or caspase-mediated degradation (48-50). In this study, we discovered that VP1-
mediated degradation of TPL2 was blocked by the proteasome inhibitor MG132 but
not by the autophagy inhibitor CQ, the lysosomal inhibitor NH,CL, or the caspase in-
hibitor Z-VAD-FMK. In addition, VP1 could degrade the entire segment of TPL2, but
TPL2 had no obvious effect on the expression of VP1. Many viral proteins can modify
host proteins through ubiquitination, leading to the degradation of host proteins
through the proteasome pathway (51-53). In the present study, we demonstrated that
VP1 indeed significantly promoted the ubiquitination of TPL2, which corresponded to the
decrease of TPL2 protein levels. Further study indicated that VP1 promoted K48- rather
than K63-linked polyubiquitination of TPL2. In addition, although VP1 significantly induced
the reduction of p105 and ABIN2 in cultured cells, VP1-induced degradation of p105 and
ABIN2 occurred in a proteasome-, lysosome-, and caspase-independent manner. It indi-
cates that VP1 represses p105 and ABIN2 expression by some complicated mechanisms.

The stability of the TPL2-p105-ABIN2 trimer complex is critical to the activation of
TPL2. TPL2 is active only when released from the trimer complex, and it triggers
downstream signal transduction to function (54). Therefore, it is necessary to evalu-
ate the influence of FMDV and FMDV VP1 protein on the stability of trimer. In the
present study, we observed that FMDV infection disrupted the interaction of the
TPL2, p105, and ABIN2 proteins, destroying the stability of the trimer complex.
Further research revealed that FMDV VP1 also destroyed the stability of the trimer
complex.

In conclusion, the present study determined the antiviral effect of TPL2 during
FMDV infection. TPL2 inhibited FMDV replication by promoting FMDV-induced interfer-
ons and other antiviral factors. We further identified a novel immune escape mecha-
nism for FMDV (Fig. 9). Our data also demonstrated that the FMDV VP1 protein pro-
moted K48-linked polyubiquitination of TPL2 and degraded TPL2 through the
proteasome pathway, while VP1 specifically interacted with TPL2 and destroyed the
stability of the TPL2-p105-ABIN2 trimer. These findings suggest that the FMDV VP1 pro-
tein destroyed the stability of TPL2 trimer by targeting TPL2 degradation, thereby
decreasing the amount of TPL2 that can be released from the trimer and activated to
induce the downstream production of antiviral cytokines, enhancing the replication of
FMDV. This provided us with new insights into the pathogenesis of FMDV.
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FIG 9 Schematic representation showing the model of TPL2 involvement in FMDV replication. TPL2
inhibits FMDV replication by promoting FMDV-induced interferons and other antiviral factors. FMDV
VP1 protein destroys the stability of TPL2 trimer by targeting TPL2 degradation, leading to the
reduction of TPL2, which can induce the production of antiviral cytokines, thereby facilitating FMDV
replication.

MATERIALS AND METHODS

Cells, viruses, and viral infection. Porcine kidney PK-15 cells and human embryonic kidney 293T
(HEK293T) cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco), 1% penicillin-streptomycin and maintained at 37°
C with 5% CO,. PK-15 cells are susceptible to FMDV infection and were used for viral infection experi-
ments in the present study. HEK293T cells are easily transfected and were used to investigate exogenous
protein-protein interactions as well as to express viral and host proteins. FMDV type A strain A/GDMM/
CHA/2013 was used for all viral challenge experiments. FMDV type A strain A/GDMM/CHA/2013 and
type O strain O/BY/CHA/2010 were obtained from the National Foot and Mouth Diseases Reference
Laboratory, Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences. FMDV
type O strain-WT was generated from the full-length serotype O/BY/CHA/2010 infectious clones, and
FMDV type O strain-AL (leaderless virus) was generated from the infectious clones lacking the Lb coding
region as described previously (29). For the virus infection experiment, PK-15 cells were washed with se-
rum-free medium and incubated with strain A/GDMM/CHA/2013 of a specified MOI at 37°C for 1 h for
adsorption. After adsorption, the inoculum was removed and replaced with a virus maintenance me-
dium containing 2% FBS to continue the cultures. The infected cells were collected and washed twice
with phosphate-buffered saline (PBS) for subsequent experiments.

Reagents and antibodies. MG132, CQ, NH,Cl, and Z-VAD-FMK were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Actinomycin D was purchased from MCE. The commercial antibodies used in this
study were mouse anti-Flag monoclonal antibody, mouse anti-Myc monoclonal antibody, mouse anti-
HA monoclonal antibody (all from Sigma-Aldrich), mouse anti-V5 monoclonal antibody (Proteintech),
mouse anti-TPL2 monoclonal antibody (Santa Cruz Biotechnology), mouse anti-elF4G monoclonal anti-
body (Santa Cruz Biotechnology), rabbit anti-p105 polyclonal antibody (Cell Signaling Technology), rab-
bit anti-ABIN2 polyclonal antibody (Proteintech), anti-B-actin monoclonal antibody (Thermo Fisher
Scientific), goat anti-mouse IgG antibody (Proteintech), and goat anti-rabbit IgG antibody (Proteintech).
Rabbit anti-FMDV polyclonal antibody was prepared in our laboratory, and Western blotting showed
three protein bands of VPO (40 kDa), VP1 (25 kDa), and VP3 (26 kDa). Mouse anti-VP1 monoclonal anti-
body was provided by the OIE FMD reference laboratory of China (Lanzhou, Gansu, People’s Republic of
China).

Plasmid constructs and transfection. Full-length cDNA of TPL2 was amplified from PK-15 cells and
cloned into the pcDNA3.1/myc-His(—)A vector (Invitrogen, Carlsbad, CA, USA) to generate plasmids
expressing Myc-tagged TPL2 (Myc-TPL2). A series of Flag-tagged VP1 truncated mutants expressing plas-
mids were generated by site-directed mutagenesis PCR in our laboratory as described previously (55).
FMDV full-length viral cDNA was inserted into the p3xFlag-CMV-7.1 vector (Sigma-Aldrich) to construct
plasmids expressing Flag-tagged viral proteins as described previously (56). The Flag-Ub, Myc-TPL2, HA-
p105, Flag-ABIN2, and V5-ABIN2 plasmids, as well as various HA-tagged ubiquitinated plasmids used in
this study, all were made by our laboratory. All constructed plasmids were sequenced and analyzed to
ensure that the target gene was inserted into the vector plasmid accurately. All transfection experiments
were performed with Lipofectamine 2000 (Invitrogen) as the transfection agent, with the specific trans-
fection method performed according to the manufacturer’s instructions.

Establishment of a TPL2 knockout PK-15 cell line using the CRISPR/Cas9 system. Using gene ID
100622217 of the TPL2 gene in the NCBI database, two single-guide RNAs (sgRNA) were designed by
selecting the sequence with higher score as the target site in the Ensembl genome database (http://
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asia.ensembl.org/Sus_scrofa/Transcript/Summary?db=core;g=ENSSSCG00000020705;r=10:40709927
-40746355;t =ENSSSCT00000033089). To construct the guide RNA expression plasmid, complemen-
tary oligonucleotides encoding gRNA1 (5'-TTCCATAATGTCTATTACATCGG-3') and gRNA2 (5'-
AGATCCCAGATTCCTGGGGTCGG-3') were annealed and cloned into BsmBI sites in lentiGuide-EGFP.
Lentivirus particles were produced by cotransfection of recombinant plasmids and lentivirus pack-
aging auxiliary plasmids. The supernatant of the packaged virus was collected and purified by 4°C
ultracentrifugation. PK-15 cells in logarithmic phase were seeded into six-well plates with a fusion
degree of 5 x 10° per well and then transduced with lentivirus. Polybrene was added to a final concentration
of 6 ug/ml. At 12 hpi, cell supernatants were changed to fresh medium, and culture was continued for 72 h.
The clones with fluorescence were separated by flow cytometry. The genomic DNA of the cells cul-
tured from a single-cell clone was analyzed by PCR using the pig TPL2 check primers (forward,
5'-GGACAGCAGGTGAAACGCATCT-3’; reverse, 5'-CCACAGCCATAGCCACAACC-3'). Frame-shifting
mutations of alleles in established monoclonal cell lines were identified by sequencing analysis.
Western blotting confirmed that TPL2 was completely knocked out in the established cell line.
PK-15 cells transfected with lentiGuide-EGFP empty vector were used as a control.

Establishment of TPL2 knockout mice using the CRISPR/Cas9 system. TPL2~/~ and TPL2"/* mice
on the C57BL/6J background were generated at the Shanghai Model Organisms Center, Inc.
(Shanghai, China), using CRISPR/Cas9 technology to repair nonhomologous recombination to
introduce mutations resulted in frame-shifting of the TPL2 gene protein and loss of function. PCR
products were sequenced to analyze the frame-shifting of the target gene protein in FO mice.
Positive FO generation mice were selected to mate with wild-type C57BL/6J mice to obtain F1 gen-
eration heterozygous mice. Genotyping by PCR was performed using a combination of the follow-
ing primers: 1, 5'-GCCTGGGCCCACCTATCTCTTCTC-3"; 2, 5'-ACCAGTTTGCACGCCATTCTTTTC-3'; 3,
5'-ACACCAAGCCCATCCCATAGTAGG-3'; and 4, 5'-GAGGCAGCACATCCAACAAACACG-3'. Amplification
of the wild-type allele with primers 1 and 2 gave rise to a 740-bp fragment, while amplification of the
mutant allele primers 3 and 4 led to a 437-bp fragment. Western blotting confirmed that TPL2 was
completely knocked out in the established mice. TPL27~ mice were bred under specific-pathogen-free
conditions. Three-day-old male and female mice were randomly allocated for each experimental
group, and littermates were used as controls.

Immunoblot analysis. For Western blotting, cells were lysed in lysis buffer (Beyotime Biotechnology).
Cell lysates were then denatured by boiling in a 100°C metal bath and centrifuged at 12,000 rpm for 10 min
to remove cell fragments. Target proteins were resolved by SDS-PAGE and transferred onto an Immobilon-P
membrane (Millipore). This was then incubated with 5% skim milk at room temperature for 2 h and incu-
bated with appropriate primary antibodies and secondary antibodies as described previously (57). The anti-
body-antigen complexes were visualized using enhanced chemiluminescence (Thermo Fisher Scientific,
Waltham, MA, USA).

RNA interference. Small interfering RNA (siRNA) was synthesized by GenePharma (Shanghai,
China) and used for the knockout of endogenous TPL2 in cells. PK-15 cells were cultured in six-well
plates to a confluence of 80% to 90% and then transfected with 100 pM TPL2 siRNA or an equivalent
amount of NC siRNA with Lipofectamine 2000 reagent. The follow-up experiment was carried out at
48 h posttransfection.

Coimmunoprecipitation assay. HEK293T or PK-15 cells were seeded in a 10-cm dish. The mono-
layer of cells was transfected with different doses of plasmid, infected with FMDV, or mock infected. The
cells were lysed with 1 ml lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 5mM EDTA, 50 mM EDTA free
EASY pack [27423500; Roche], 0.5% Nonidet P-40), and then 1 to 2 ul of proper antibodies or 0.4 ul of
control IgG were used to immunoprecipitate the interacted proteins by 50% (vol/vol) slurry of
GammaBind G Plus-Sepharose (GE Health Care Life Sciences, Piscataway, NJ, USA) overnight at 4°C. The
precipitates were analyzed by immunoblot assay as described above.

RNA extraction and RT-qPCR. Total RNA was extracted using TRIzol reagent (Invitrogen). Isolated
RNA was reverse transcribed into cDNA using M-MLYV reverse transcriptase (Promega) and random hex-
amer primers (TaKaRa). The generated cDNA was used as the template for expression analysis of all tar-
get genes by qPCR. The Mx3005P gPCR system (Agilent Technologies) and SYBR Premix Ex Taq reagents
(TaKaRa) were used in RT-qPCR experiments to quantify the expression of various mRNAs. The glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the internal control. The relative
expression of mRNA was calculated based on the comparative cycle threshold (2724¢") method (58).

RT-gPCR was used to quantify the viral genome copy numbers in PK-15 cells infected with FMDV as
previously described (59). All of the experiments were repeated in triplicate, with similar results. Data
represent results from one representative triplicate experiment.

Pharmacological inhibition of proteasome, lysosome, and caspase inhibitor pathway by their
specific inhibitors. PK-15 cells were cultured in 12-well plates to a confluence of 70% to 80% and then
treated with proteasome inhibitor MG132 (20 uM), autophagy inhibitor chloroquine diphosphate (CQ;
100 M), lysosome inhibitor NH,CI (20 uM), or caspase inhibitor benzyloxycarbony (Cbz)-.-Val-Ala-Asp
(OMe)-fluoromethylketone Z-VAD-FMK (50 uM) for 1 h. After the treatment, the cells were mock infected
or infected with FMDV (MOI of 1) for 12 h or PK-15 cells were cultured in 12-well plates to a confluence
of 80% to 90% and then transfected with HA-VP1 (Flag-VP1)- or Flag-P1-expressing plasmid or empty
HA (Flag) vector using Lipofectamine 2000 and maintained in the presence or absence of MG132
(20 M), CQ (100 uM), NH,CI (20 uM), or Z-VAD-FMK (50 uM) for 36 h. As for HEK293T cells, the cells
were cultured in 12-well plates to a confluence of 80% to 90% and then cotransfected with Myc-TPL2-
expressing plasmid or empty Myc vector and Flag-VP1-expressing plasmid or empty Flag vector using
Lipofectamine 2000 and maintained in the presence or absence of MG132 (2 or 20 M), CQ (50 or
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100 uM), NH,CI (10 or 20 uM), or Z-VAD-FMK (10 or 50 uM) for 36 h, or HEK293T cells were cultured in
12-well plates to a confluence of 80% to 90%, cotransfected with HA-p105- or Flag-ABIN2-expressing
plasmid and Flag-VP1 (HA-VP1)- and Flag-P1-expressing plasmid or empty Flag (HA) vector using
Lipofectamine 2000, and maintained in the presence or absence of MG132 (20 uM), CQ (100 «M), NH,CI
(20 M), or Z-VAD-FMK (50 M) for 36 h. The collected cells were then subjected to Western blotting.

Statistical analysis. The significance of the results between the experiments was analyzed using
Prism 6.01 software (GraphPad, San Diego, CA, USA). All data are presented as mean values = standard
errors (SEs) from three independent experiments. A Pvalue of <0.05 (*) was considered statistically sig-

nificant, and a Pvalue of <0.01 (**) was considered highly statistically significant.

ACKNOWLEDGMENTS
This work was supported by grants from the National Natural Science Foundation of
China (31972684).
We thank the anonymous editors and reviewers for their valuable comments and
suggestions that helped improve the quality of the manuscript.

REFERENCES

1.

16.

March 2021

Rodriguez Pulido M, Saiz M. 2017. Molecular mechanisms of foot-and-
mouth disease virus targeting the host antiviral response. Front Cell Infect
Microbiol 7:252. https://doi.org/10.3389/fcimb.2017.00252.

. Denver S, Alban L, Boklund A, Houe H, Mortensen S, Rattenborg E,

Tamstorf TV, Zobbe H, Christensen T. 2016. The costs of preventive activ-
ities for exotic contagious diseases—a Danish case study of foot and
mouth disease and swine fever. Prev Vet Med 131:111-120. https://doi
.org/10.1016/j.prevetmed.2016.07.010.

. Alexandersen S, Mowat N. 2005. Foot-and-mouth disease: host range and

pathogenesis. Curr Top Microbiol Immunol 288:9-42. https://doi.org/10
.1007/3-540-27109-0_2.

. Fry E, Stuart D, Rowlands D. 2005. The structure of foot-and-mouth dis-

ease virus. Curr Top Microbiol Immunol 288:71-101. https://doi.org/10
.1007/3-540-27109-0_4.

. Francis M, Hastings G, Clarke B, Brown A, Beddell C, Rowlands D, Brown F.

1990. Neutralizing antibodies to all seven serotypes of foot-and-mouth
disease virus elicited by synthetic peptides. Immunology 69:171-176.

. Sobrino F, Saiz M, Jiménez-Clavero M, Nunez J, Rosas M, Baranowski E,

Ley V. 2001. Foot-and-mouth disease virus a long known virus, but a cur-
rent threat. Vet Res 32:1-30. https://doi.org/10.1051/vetres:2001106.

. Grubman MJ, Baxt B. 2004. Foot-and-mouth disease. Clin Microbiol Rev

17:465-493. https://doi.org/10.1128/cmr.17.2.465-493.2004.

. Nayak A, Goodfellow IG, Belsham GJ. 2005. Factors required for the uridylyla-

tion of the foot-and-mouth disease virus 3B1, 3B2, and 3B3 peptides by the
RNA-dependent RNA polymerase (3Dpol) in vitro. J Virol 79:7698-7706.
https://doi.org/10.1128/JV1.79.12.7698-7706.2005.

. Gantke T, Sriskantharajah S, Ley SC. 2011. Regulation and function of TPL-2,

an lkappaB kinase-regulated MAP kinase kinase kinase. Cell Res 21:131-145.
https://doi.org/10.1038/cr.2010.173.

. Vougioukalaki M, Kanellis DC, Gkouskou K, Eliopoulos AG. 2011. Tpl2 kinase

signal transduction in inflammation and cancer. Cancer Lett 304:80-89.
https://doi.org/10.1016/j.canlet.2011.02.004.

. Xu D, Matsumoto ML, McKenzie BS, Zarrin AA. 2018. TPL2 kinase action

and control of inflammation. Pharmacol Res 129:188-193. https://doi
.0rg/10.1016/j.phrs.2017.11.031.

. Gutmann S, Hinniger A, Fendrich G, Druckes P, Antz S, Mattes H, Mobitz

H, Ofner S, Schmiedeberg N, Stojanovic A, Rieffel S, Strauss A, Troxler T,
Glatthar R, Sparrer H. 2015. The crystal structure of cancer Osaka thyroid
kinase reveals an unexpected kinase domain fold. J Biol Chem
290:15210-15218. https://doi.org/10.1074/jbc.M115.648097.

. Yan MH, Hao JH, Zhang XG, Shen CC, Zhang DJ, Zhang KS, Zheng HX, Liu XT.

2019. Advancement in TPL2-regulated innate immune response. Immunobi-
ology 224:383-387. https://doi.org/10.1016/j.imbio.2019.02.010.

. Yang HT, Papoutsopoulou S, Belich M, Brender C, Janzen J, Gantke T,

Handley M, Ley SC. 2012. Coordinate regulation of TPL-2 and NF-kappaB sig-
naling in macrophages by NF-kappaB1 p105. Mol Cell Biol 32:3438-3451.
https://doi.org/10.1128/MCB.00564-12.

. Lang V, Symons A, Watton SJ, Janzen J, Soneji Y, Beinke S, Howell S, Ley SC.

2004. ABIN-2 forms a ternary complex with TPL-2 and NF-kappa B1 p105 and
is essential for TPL-2 protein stability. Mol Cell Biol 24:5235-5248. https://doi
.org/10.1128/MCB.24.12.5235-5248.2004.

Gantke T, Sriskantharajah S, Sadowski M, Ley S. 2012. IkB kinase

Volume 95 Issue 6 €02149-20

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

regulation of the TPL-2/ERK MAPK pathway. Immunol Rev 246:168-182.
https://doi.org/10.1111/j.1600-065X.2012.01104.x.

. Medzhitov R, Horng T. 2009. Transcriptional control of the inflammatory

response. Nat Rev Immunol 9:692-703. https://doi.org/10.1038/nri2634.

. Senger K, Pham V, Varfolomeev E, Hackney J, Corzo C, Collier J, Lau V,

Huang Z, Hamidzhadeh K, Caplazi P, Peng |, Setiadi A, Francis R, Paler-
Martinez A, Kwon Y, Ramirez-Carrozzi V, Sun Y, Grigg P, Roose-Girma M,
Jeet S, Barck K, Pham A, Ota N, Ha C, Stinson J, Guillory J, Tam L,
Modrusan Z, Emson C, McKenzie B, Townsend M, Carano R, Warming S,
Vucic D, DeVoss J, Lee W, Lill J, Zarrin A. 2017. The kinase TPL2 activates
ERK and p38 signaling to promote neutrophilic inflammation. Sci Signal
10:eaah4273. https://doi.org/10.1126/scisignal.aah4273.

. Beinke S, Robinson MJ, Hugunin M, Ley SC. 2004. Lipopolysaccharide acti-

vation of the TPL-2/MEK/extracellular signal-regulated kinase mitogen-
activated protein kinase cascade is regulated by lkappaB kinase-induced
proteolysis of NF-kappaB1 p105. Mol Cell Biol 24:9658-9667. https://doi
.org/10.1128/MCB.24.21.9658-9667.2004.

Luciano BS, Hsu S, Channavajhala PL, Lin LL, Cuozzo JW. 2004. Phospho-
rylation of threonine 290 in the activation loop of Tpl2/Cot is necessary
but not sufficient for kinase activity. J Biol Chem 279:52117-52123.
https://doi.org/10.1074/jbc.M403716200.

Voigt S, Sterz KR, Giehler F, Mohr A-W, Wilson JB, Moosmann A, Kieser A.
2020. A central role of IKK2 and TPL2 in JNK activation and viral B-cell
transformation. Nat Commun 11:685. https://doi.org/10.1038/s41467-020
-14502-x.

Chorzalska A, Ahsan N, Rao RSP, Roder K, Yu X, Morgan J, Tepper A, Hines
S, Zhang P, Treaba DO, Zhao TC, Olszewski AJ, Reagan JL, Liang O,
Gruppuso PA, Dubielecka PM. 2018. Overexpression of Tpl2 is linked to
imatinib resistance and activation of MEK-ERK and NF-kB pathways in a
model of chronic myeloid leukemia. Mol Oncol 12:630-647. https://doi
.org/10.1002/1878-0261.12186.

Menon MB, Gaestel M. 2016. TPL2 meets p38MAPK: emergence of a novel
positive feedback loop in inflammation. Biochem J 473:2995-2999. https://
doi.org/10.1042/BCJ20160672C.

Li M, Xin T, Gao X, Wu J, Wang X, Fang L, Sui X, Zhu H, Cui S, Guo X. 2018.
Foot-and-mouth disease virus non-structural protein 2B negatively regu-
lates the RLR-mediated IFN-beta induction. Biochem Biophys Res Com-
mun 504:238-244. https://doi.org/10.1016/j.bbrc.2018.08.161.

Li C, Zhu Z, Du X, Cao W, Yang F, Zhang X, Feng H, Li D, Zhang K, Liu X,
Zheng H. 2017. Foot-and-mouth disease virus induces lysosomal degra-
dation of host protein kinase PKR by 3C proteinase to facilitate virus repli-
cation. Virology 509:222-231. https://doi.org/10.1016/j.virol.2017.06.023.

Wang D, Fang L, Li P, Sun L, Fan J, Zhang Q, Luo R, Liu X, Li K, Chen H, Chen
Z, Xiao S. 2011. The leader proteinase of foot-and-mouth disease virus nega-
tively regulates the type | interferon pathway by acting as a viral deubiquiti-
nase. J Virol 85:3758-3766. https://doi.org/10.1128/JV1.02589-10.

Ashkani J, Rees DJG. 2016. The critical role of VP1 in forming the neces-
sary cavities for receptor-mediated entry of FMDV to the host cell. Sci Rep
6:27140. https://doi.org/10.1038/srep27140.

Wei ND. 2018. PhD thesis. Chinese Academy of Agricultural Sciences, Lanz-
hou, China.

de Los Santos T, de Avila Botton S, Weiblen R, Grubman MJ. 2006. The
leader proteinase of foot-and-mouth disease virus inhibits the induction

jviasm.org 19


https://doi.org/10.3389/fcimb.2017.00252
https://doi.org/10.1016/j.prevetmed.2016.07.010
https://doi.org/10.1016/j.prevetmed.2016.07.010
https://doi.org/10.1007/3-540-27109-0_2
https://doi.org/10.1007/3-540-27109-0_2
https://doi.org/10.1007/3-540-27109-0_4
https://doi.org/10.1007/3-540-27109-0_4
https://doi.org/10.1051/vetres:2001106
https://doi.org/10.1128/cmr.17.2.465-493.2004
https://doi.org/10.1128/JVI.79.12.7698-7706.2005
https://doi.org/10.1038/cr.2010.173
https://doi.org/10.1016/j.canlet.2011.02.004
https://doi.org/10.1016/j.phrs.2017.11.031
https://doi.org/10.1016/j.phrs.2017.11.031
https://doi.org/10.1074/jbc.M115.648097
https://doi.org/10.1016/j.imbio.2019.02.010
https://doi.org/10.1128/MCB.00564-12
https://doi.org/10.1128/MCB.24.12.5235-5248.2004
https://doi.org/10.1128/MCB.24.12.5235-5248.2004
https://doi.org/10.1111/j.1600-065X.2012.01104.x
https://doi.org/10.1038/nri2634
https://doi.org/10.1126/scisignal.aah4273
https://doi.org/10.1128/MCB.24.21.9658-9667.2004
https://doi.org/10.1128/MCB.24.21.9658-9667.2004
https://doi.org/10.1074/jbc.M403716200
https://doi.org/10.1038/s41467-020-14502-x
https://doi.org/10.1038/s41467-020-14502-x
https://doi.org/10.1002/1878-0261.12186
https://doi.org/10.1002/1878-0261.12186
https://doi.org/10.1042/BCJ20160672C
https://doi.org/10.1042/BCJ20160672C
https://doi.org/10.1016/j.bbrc.2018.08.161
https://doi.org/10.1016/j.virol.2017.06.023
https://doi.org/10.1128/JVI.02589-10
https://doi.org/10.1038/srep27140
https://jvi.asm.org

Zhang et al.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

March 2021

of beta interferon mRNA and blocks the host innate immune response. J
Virol 80:1906-1914. https://doi.org/10.1128/JV1.80.4.1906-1914.2006.
Wang Y, Wang X, Li J, Zhou Y, Ho W. 2013. RIG-I activation inhibits HIV
replication in macrophages. J Leukoc Biol 94:337-341. https://doi.org/10
.1189/jlb.0313158.

Foeger N, Kuehnel E, Cencic R, Skern T. 2005. The binding of foot-and-mouth
disease virus leader proteinase to elF4Gl involves conserved ionic interactions.
FEBS J 272:2602-2611. https://doi.org/10.1111/j.1742-4658.2005.04689.x.
Polacek C, Gullberg M, Li J, Belsham GJ. 2013. Low levels of foot-and-
mouth disease virus 3C protease expression are required to achieve opti-
mal capsid protein expression and processing in mammalian cells. J Gen
Virol 94:1249-1258. https://doi.org/10.1099/vir.0.050492-0.

Puckette M, Clark BA, Smith JD, Turecek T, Martel E, Gabbert L, Pisano M,
Hurtle W, Pacheco JM, Barrera J, Neilan JG, Rasmussen M. 2017. Foot-and-
mouth disease (FMD) virus 3C protease mutant L127P: implications for
FMD vaccine development. J Virol 91:e00924-17. https://doi.org/10.1128/
JVI.00924-17.

Waterfield MR, Zhang M, Norman LP, Sun S-C. 2003. NF-kB1/p105 regu-
lates lipopolysaccharide-stimulated MAP kinase signaling by governing
the stability and function of the Tpl2 kinase. Mol Cell 11:685-694. https://
doi.org/10.1016/s1097-2765(03)00070-4.

Pattison MJ, Mitchell O, Flynn HR, Chen CS, Yang HT, Ben-Addi H, Boeing
S, Snijders AP, Ley SC. 2016. TLR and TNF-R1 activation of the MKK3/
MKK6-p38alpha axis in macrophages is mediated by TPL-2 kinase. Bio-
chem J 473:2845-2861. https://doi.org/10.1042/BCJ20160502.

Jang S, Kim J, Cha JH. 2017. Cot kinase plays a critical role in Helicobacter
pylori-induced IL-8 expression. J Microbiol 55:311-317. https://doi.org/10
.1007/512275-017-7052-9.

Acuff NV, Li X, Latha K, Nagy T, Watford WT. 2017. Tpl2 promotes
innate cell recruitment and effector T cell differentiation to limit Citro-
bacter rodentium burden and dissemination. Infect Immun 85:00193-
17. https://doi.org/10.1128/IA1.00193-17.

Mielke LA, Elkins KL, Wei L, Starr R, Tsichlis PN, O'Shea JJ, Watford WT.
2009. Tumor progression locus 2 (Map3k8) is critical for host defense
against Listeria monocytogenes and IL-18 production. J Immunol
183:7984-7993. https://doi.org/10.4049/jimmunol.0901336.

Kuriakose T, Tripp RA, Watford WT. 2015. Tumor progression locus 2 pro-
motes induction of IFNlambda, interferon stimulated genes and antigen-
specific CD8+ T cell responses and protects against influenza virus. PLoS
Pathog 11:€1005038. https://doi.org/10.1371/journal.ppat.1005038.

Li D, Wei J, Yang F, Liu HN, Zhu ZX, Cao WJ, Li S, Liu XT, Zheng HX, Shu
HB. 2016. Foot-and-mouth disease virus structural protein VP3 degrades
Janus kinase 1 to inhibit IFN-gamma signal transduction pathways. Cell
Cycle 15:850-860. https://doi.org/10.1080/15384101.2016.1151584.

Zhu Z, Wang G, Yang F, Cao W, Mao R, Du X, Zhang X, Li C, Li D, Zhang K,
Shu H, Liu X, Zheng H. 2016. Foot-and-mouth disease virus viroporin 2B
antagonizes RIG-I-mediated antiviral effects by inhibition of its protein
expression. J Virol 90:11106-11121. https://doi.org/10.1128/JVI.01310-16.
Li D, Lei C, Xu Z, Yang F, Liu H, Zhu Z, Li S, Liu X, Shu H, Zheng H. 2016.
Foot-and-mouth disease virus non-structural protein 3A inhibits the inter-
feron-beta signaling pathway. Sci Rep 6:21888. https://doi.org/10.1038/
srep21888.

Ho M, Hung S, Liang C, Liang S. 2014. Recombinant viral capsid protein
VP1 suppresses lung cancer metastasis by inhibiting COX-2 PGE2 and
MIG-7. Oncotarget 5:3931-3943. https://doi.org/10.18632/oncotarget
.2040.

Wei Z, Fan Y, Zixiang Z, Yang Y, Zhifang W, Weijun C, Wen D, Linlin L,
Ruoging M, Yongjie L, Hong T, Keshan Z, Xiangtao L, Junwu M, Haixue Z.
2019. Cellular DNAJA3, a novel VP1-interacting protein, inhibits foot-and-
mouth disease virus replication by inducing lysosomal degradation of

Volume 95 Issue 6 €02149-20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Journal of Virology

VP1 and attenuating its antagonistic role in the beta interferon signaling
pathway. J Virol 93:e00588-19. https://doi.org/10.1128/JVI.00588-19.

Zhu Z, Li W, Zhang X, Wang C, Gao L, Yang F, Cao W, Li K, Tian H, Liu X,
Zhang K, Zheng H. 2019. Foot-and-mouth disease virus capsid protein
VP1 interacts with host ribosomal protein SA to maintain activation of the
MAPK signal pathway and promote virus replication. J Virol 94:e01350-19.
https://doi.org/10.1128/JV1.01350-19.

Li X, Wang J, Liu J, Li Z, Wang Y, Xue Y, Li X, Cao H, Zheng SJ. 2013. Engage-
ment of soluble resistance-related calcium binding protein (sorcin) with
foot-and-mouth disease virus (FMDV) VP1 inhibits type | interferon response
in cells. Vet Microbiol 166:35-46. https://doi.org/10.1016/j.vetmic.2013.04
.028.

Guan Z, Liu D, Mi S, Zhang J, Ye Q, Wang M, Gao GF, Yan J. 2010. Interac-
tion of Hsp40 with influenza virus M2 protein: implications for PKR signal-
ing pathway. Protein Cell 1:944-955. https://doi.org/10.1007/513238-010
-0115-x.

Marques C, Guo W, Pereira P, Taylor A, Patterson C, Evans P, Shang F. 2006.
The triage of damaged proteins: degradation by the ubiquitin-proteasome
pathway or repair by molecular chaperones. FASEB J 20:741-743. https://doi
.0rg/10.1096/f}.05-5080fje.

Kaushik S, Massey A, Cuervo A. 2006. Lysosome membrane lipid
microdomains: novel regulators of chaperone-mediated autophagy.
EMBO J 25:3921-3933. https://doi.org/10.1038/sj.embo0j.7601283.
Powers E, Morimoto R, Dillin A, Kelly J, Balch W. 2009. Biological and chemical
approaches to diseases of proteostasis deficiency. Annu Rev Biochem
78:959-991. https://doi.org/10.1146/annurev.biochem.052308.114844.
Hossain D, Ferreira Barbosa JA, Cohen EA, Tsang WY. 2018. HIV-1 Vpr
hijacks EDD-DYRK2-DDB1(DCAF1) to disrupt centrosome homeostasis. J
Biol Chem 293:9448-9460. https://doi.org/10.1074/jbc.RA117.001444.
Yingjie S, Hang Z, Shengging Y, Yunlei D, Wei W, Xuming M, Ying L,
Chunchun M, Zaib UR, Lei T, Cuiping S, Xusheng Q, Fengyun W, Chan D.
2019. Newcastle disease virus V protein degrades mitochondrial antiviral sig-
naling protein to inhibit host type I interferon production via E3 ubiquitin
ligase RNF5. J Virol 93:e00322-19. https://doi.org/10.1128/JV1.00322-19.

Lu LF, Zhou XY, Zhang C, Li ZC, Chen DD, Liu SB, Li S. 2019. Zebrafish
RPZ5 degrades phosphorylated IRF7 to repress interferon production. J
Virol 93:e01272-19. https://doi.org/10.1128/JVI.01272-19.

Cho J, Tsichlis P. 2005. Phosphorylation at Thr-290 regulates Tpl2 binding
to NF-kB1/p105 and Tpl2 activation and degradation by lipopolysaccha-
ride. Proc Natl Acad Sci U S A 102:2350-2355. https://doi.org/10.1073/
pnas.0409856102.

Li X, Qiu'Y, Shen Y, Ding C, Liu P, Zhou J, Ma Z. 2008. Splicing together dif-
ferent regions of a gene by modified polymerase chain reaction-based
site-directed mutagenesis. Anal Biochem 373:398-400. https://doi.org/10
.1016/j.ab.2007.10.021.

Li D, Yang W, Yang F, Liu H, Zhu Z, Lian K, Lei C, Li S, Liu X, Zheng H, Shu H.
2016. The VP3 structural protein of foot-and-mouth disease virus inhibits the
IFN-beta signaling pathway. FASEB J 30:1757-1766. https://doi.org/10.1096/
fj.15-281410.

Zhu Z, Shi Z, Yan W, Wei J, Shao D, Deng X, Wang S, Li B, Tong G, Ma Z.
2013. Nonstructural protein 1 of influenza A virus interacts with human
guanylate-binding protein 1 to antagonize antiviral activity. PLoS One 8:
€55920. https://doi.org/10.1371/journal.pone.0055920.

Schmittgen T, Livak K. 2008. Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc 3:1101-1108. https://doi.org/
10.1038/nprot.2008.73.

Moniwa M, Clavijo A, Li M, Collignon B, Kitching P. 2007. Performance
of a foot-and-mouth disease virus reverse transcription-polymerase
chain reaction with amplification controls between three real-time
instruments. J Vet Diagn Investig 19:9-20. https://doi.org/10.1177/
104063870701900103.

jviasm.org 20


https://doi.org/10.1128/JVI.80.4.1906-1914.2006
https://doi.org/10.1189/jlb.0313158
https://doi.org/10.1189/jlb.0313158
https://doi.org/10.1111/j.1742-4658.2005.04689.x
https://doi.org/10.1099/vir.0.050492-0
https://doi.org/10.1128/JVI.00924-17
https://doi.org/10.1128/JVI.00924-17
https://doi.org/10.1016/s1097-2765(03)00070-4
https://doi.org/10.1016/s1097-2765(03)00070-4
https://doi.org/10.1042/BCJ20160502
https://doi.org/10.1007/s12275-017-7052-9
https://doi.org/10.1007/s12275-017-7052-9
https://doi.org/10.1128/IAI.00193-17
https://doi.org/10.4049/jimmunol.0901336
https://doi.org/10.1371/journal.ppat.1005038
https://doi.org/10.1080/15384101.2016.1151584
https://doi.org/10.1128/JVI.01310-16
https://doi.org/10.1038/srep21888
https://doi.org/10.1038/srep21888
https://doi.org/10.18632/oncotarget.2040
https://doi.org/10.18632/oncotarget.2040
https://doi.org/10.1128/JVI.00588-19
https://doi.org/10.1128/JVI.01350-19
https://doi.org/10.1016/j.vetmic.2013.04.028
https://doi.org/10.1016/j.vetmic.2013.04.028
https://doi.org/10.1007/s13238-010-0115-x
https://doi.org/10.1007/s13238-010-0115-x
https://doi.org/10.1096/fj.05-5080fje
https://doi.org/10.1096/fj.05-5080fje
https://doi.org/10.1038/sj.emboj.7601283
https://doi.org/10.1146/annurev.biochem.052308.114844
https://doi.org/10.1074/jbc.RA117.001444
https://doi.org/10.1128/JVI.00322-19
https://doi.org/10.1128/JVI.01272-19
https://doi.org/10.1073/pnas.0409856102
https://doi.org/10.1073/pnas.0409856102
https://doi.org/10.1016/j.ab.2007.10.021
https://doi.org/10.1016/j.ab.2007.10.021
https://doi.org/10.1096/fj.15-281410
https://doi.org/10.1096/fj.15-281410
https://doi.org/10.1371/journal.pone.0055920
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1177/104063870701900103
https://doi.org/10.1177/104063870701900103
https://jvi.asm.org

	RESULTS
	TPL2 inhibits FMDV replication during virus infection.
	TPL2 positively regulates FMDV-triggered induction of downstream antiviral cytokines.
	TPL2 is essential for innate immune responses to FMDV in vivo.
	FMDV infection inhibits TPL2 expression.
	FMDV VP1 protein inhibits TPL2 protein expression.
	FMDV VP1 protein specificity interacts with host TPL2.
	FMDV VP1 protein promotes K48-linked polyubiquitination of TPL2 and degrades TPL2 by the proteasome pathway.
	FMDV VP1 protein destroys the stability of the TPL2-p105-ABIN2 trimer complex.

	DISCUSSION
	MATERIALS AND METHODS
	Cells, viruses, and viral infection.
	Reagents and antibodies.
	Plasmid constructs and transfection.
	Establishment of a TPL2 knockout PK-15 cell line using the CRISPR/Cas9 system.
	Establishment of TPL2 knockout mice using the CRISPR/Cas9 system.
	Immunoblot analysis.
	RNA interference.
	Coimmunoprecipitation assay.
	RNA extraction and RT-qPCR.
	Pharmacological inhibition of proteasome, lysosome, and caspase inhibitor pathway by their specific inhibitors.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

