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Abstract

Receptors interaction protein 2 (RIP2) is a specific adaptor molecule in the downstream of NOD2. The role of RIP2 during
foot-and-mouth disease virus (FMDYV) infection remains unknown. Here, our results showed that RIP2 inhibited FMDV
replication and played an important role in the activation of IFN-f and NF-xB signal pathways during FMDV infection.
FMDV infection triggered RIP2 transcription, while it reduced the expression of RIP2 protein. Detailed analysis showed
that FMDV 2B, 2C, 3CP™, and L™ proteins were responsible for inducing the reduction of RIP2 protein. 3C*™ and L™ are
viral proteinases that can induce the cleavage or reduction of many host proteins and block host protein synthesis. The
carboxyl terminal 105-114 and 135-144 regions of 2B were essential for reduction of RIP2. Our results also showed that
the N terminal 1-61 region of 2C were essential for the reduction of RIP2. The 2C-induced reduction of RIP2 was
dependent on inducing the reduction of poly(A)-binding protein 1 (PABPC1). The interaction between RIP2 and 2C was
observed in the context of viral infection, and the residues 1-61 were required for the interaction. These data clarify novel

mechanisms of reduction of RIP2 mediated by FMDV.
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Introduction

Foot-and-mouth disease virus (FMDV), an Aphthovirus
within the viral family Picornaviridae, is a single-stranded
positive-sense RNA virus that causes foot-and-mouth dis-
ease (FMD) in domestic and wild cloven-hoofed animals
worldwide (Belsham 1993; Grubman and Baxt 2004). To
date, there are seven known serotypes of FMDYV including
O, A, Asial, C, SAT1, SAT2, and SAT3. FMDYV contains a
genome of approximately 8.4 kb molecule, which encodes
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a single polyprotein that is subsequently cleaved into 12
proteins including L™, VP1, VP2, VP3, VP4, 2A, 2B, 2C,
3A, 3B, 3CP™, and 3D (Li et al. 2016).

FMDV 2BC protein is cleaved into 2B and 2C during
viral infection and it suppresses protein trafficking from the
endoplasmic reticulum (ER) to the Golgi apparatus (Moffat
et al. 2005, 2007). FMDV 2B, an approximately 17-kDa
protein, is involved in the re-arrangement of host cell
membranes (Moffat ef al. 2005). Furthermore, the carboxyl
terminal region of 2B is involved in membrane interaction,
which plays important roles in virus replication (Moraes
et al. 2011). Our previous studies have determined that
FMDV 2B reduced the expression of RIG-I, LGP2, and
nucleotide-binding oligomerization domain (NOD) 2 pro-
teins to facilitate viral replication (Zhu et al. 2016, 2017;
Liu et al. 2019). FMDV 2C is a highly conserved viral
protein in all the serotypes of FMDV. It contains a pre-
dicted amphipathic helix (residues 17-34) and a conserved
ATPase domain formed by residues 60-270, which
improves the ability to bind to cell membranes, membrane
rearrangement, and formation of the viral replication
complex (Sweeney et al. 2010; Wang et al. 2012; Zheng
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et al. 2014). In addition, the biological significance of the
2C—beclinl and 2C-vimentin interactions have been iden-
tified (Gladue et al. 2012, 2013). Our previous results have
demonstrated that FMDV 2B and 2C interacts with NOD2
and reduces its protein expression to promote viral repli-
cation (Liu et al. 2019).

NOD?2, a widely studied member belong to the nucleo-
tide-binding oligomerization domain-like receptors (NLRs)
family, can recognize muramyl dipeptide (MDP) and then
activates nuclear factor-xB (NF-xB) signaling pathway
(Kanneganti ef al. 2007; Shaw et al. 2008; Cavallari ef al.
2017). However, recent studies showed that some viruses
also activate NOD2 (Sabbah et al. 2009; Vissers et al.
2012; Nystrom et al. 2013; Kapoor ef al. 2014; Al Nabhani
et al. 2017; Dominguez-Martinez et al. 2018). The acti-
vated NOD?2 interacts with mitochondrial antiviral-signaling
protein (MAVYS), leading to the activation of interferon (IFN)
regulatory factor 3 (IRF3) to produce IFN. In addition, the
activation of NOD2 also triggers NF-kB pathway during
viral infection (Al Nabhani et al. 2017).

Receptors interaction protein 2 (RIP2, also called CARD3,
RICK, or CARDIAK) contains a caspase-recruitment domain
(CARD) that mediates the interaction with other CARD-
containing proteins including NOD2. NOD?2 interacts with
RIP2 during viral infection, leading to the activation of NF-xkB
(Nembrini et al. 2009; Wu et al. 2018; Zheng et al. 2018). In
addition, phosphorylation of RIP2 is identified as a marker for
activation of NOD2-mediated NF-xB pathway (Jing et al
2014).

To date, the impact of NOD2 on FMDYV infection has
been reported (Liu et al. 2019). However, the role of RIP2
during FMDV infection remains unknown. In the present
study, we investigated the role of RIP2 during FMDV
infection and determined that RIP2 was involved in acti-
vation of innate immune signal pathways during FMDV
infection. We determined the antiviral effect of RIP2
against FMDV. We also identified novel antagonistic
mechanisms mediated by FMDV 2B, 2C, 3CP™®, and LP"
proteins to inhibit RIP2-mediated antiviral effect.

Materials and Methods
Cells, Viruses and Infection

Porcine kidney 15 (PK-15) cells, green monkey kidney cell
line (Vero), and Human embryonic kidney 293T (HEK-
293T) cells were cultured in Dulbecco’s modified Eagle
medium (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Gibco) and maintained at 37 °C
(5% CO,). FMDV type O strain O/BY/CHA/2010 and type
A strain A/HuBWH/CHA/2009 were used for viral chal-
lenge. SVV and EV71 strains were prepared in our

laboratory (Xue et al. 2018). Viral infection experiments
were carried out as described previously (Zheng et al.
2013).

Plasmids and Antibodies

The cDNA of RIP2 and PABPCI were cloned into the
p3xFLAG-CMV-10 vector (Sigma-Aldrich) to yield the
FLAG-tagged expression construct (FLAG-RIP2 and
FLAG-PABPC1). Each of FMDV full-length viral cDNA
was inserted into p3xFLAG-CMV-7.1 vector (Sigma-
Aldrich) to construct plasmids expressing FLAG-tagged
viral proteins. A series of FLAG-tagged truncated 2B
constructs were prepared in our laboratory (Zhu et al.
2016). A series of FLAG-tagged truncated 2C constructs
were prepared as described previously (Sweeney et al.
2010; Liu ef al. 2019). 3CP* mutants without protease
activity were prepared in our laboratory (Li ef al. 2017). A
series of LP™ mutants without protease activity were pre-
pared as described previously (Wang et al. 2011). Porcine
IFN-B and NF-kB promoter luciferase reporter plasmids
(IFN-B-Luc and NF-kB-Luc) were prepared in our labo-
ratory (Liu et al. 2019). All constructed plasmids were
confirmed by DNA sequencing.

The commercial antibodies used in this study include:
anti-FLAG monoclonal antibody (Santa Cruz Biotechnol-
ogy), anti-FLAG polyclonal antibody (Sigma-Aldrich),
anti-PABPC1 polyclonal antibody (Cell Signaling Tech-
nology), anti-P65 monoclonal antibody (Cell Signaling
Technology), anti-P-P65 monoclonal antibody (Cell Sig-
naling Technology), anti-IRF3 monoclonal antibody (Cell
Signaling Technology), anti-P-IRF3 monoclonal antibody
(Cell Signaling Technology), anti-RIP2 monoclonal anti-
body (Cell Signaling Technology), anti-PKR monoclonal
antibody (Cell Signaling Technology), anti-MX1 mono-
clonal antibody (Cell Signaling Technology), and anti-f3-
actin monoclonal antibody (Santa Cruz Biotechnology).
Anti-VPI1 and 2C polyclonal antibody was prepared in our
laboratory (Li et al. 2017; Liu et al. 2019).

Reporter Gene Assays

The reporter gene assays were performed as described
previously (Liu ef al. 2019). Briefly, PK-15 cells were co-
transfected with 0.1 pg/well of IFN-B-Luc or NF-xB-Luc
along with 0.01 pg/well of pRL-TK Renilla luciferase
reporter plasmid and RIP2 or NC siRNA. At 36 h post-
transfection (hpt), PK-15 cells were mock infected or
infected with FMDV (MOI=1.5). MDP (Sigma-Aldrich)
stimulation was used as a control. At 6 hpi, the dual-
specific luciferase assay kit (Promega) was used to analyze
the firefly and Renilla luciferase activities according to the
manufacturer’s instruction. The data represent the means
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and standard deviations from three

experiments.

independent

Co-IP and Western Blotting

PK-15 cells cultured in 10-cm dishes were transfected with
vairous plasmids or infected with FMDV. Cells were lysed
and immunoprecipitated as described previously (Li et al.
2016; Liu et al. 2018, 2018). The target proteins were
resolved by 10% SDS-PAGE and transferred onto an
Immobilon-P membrane (Millipore, Bedford, MA, USA).
The membrane was blocked with 5% skim milk at room
temperature for 2 h, and then incubated with primary and
secondary antibodies as described previously (Zhu et al.
2013). The antibody—antigen complexes were visualized
using enhanced chemiluminescence detection reagents
(Thermo Fisher Scientific Inc., Rockford, IL, USA).

Knockdown of RIP2 Using siRNA

siRNA used in this study was synthesized by Gene Pharma
(Shanghai, China). Knockdown of RIP2 in PK-15 cells was car-
ried out by transfection of RIP2 siRNA using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instruction. NC
siRNA was used as a negative control. The porcine RIP2 siRNA
sequence was F: 5'-CCUGAUGUUCCUUGGCCUUTT-3,
R: 5-AAGGCCAAGGAACAUCAGGTT-3' (Zhu 2018).

RNA Extraction and qPCR

Total RNA and cDNA were prepared as described previ-
ously (Zhu et al. 2016). The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene was used as an internal
control. Relative fold change of mRNA was calculated
based on the comparative cycle threshold (CT) (27AACT)
method (Schmittgen and Livak 2008). The qPCR primers
used in this study are listed in Supplementary Table S1.
The porcine RIP2 qPCR primers were described previously
(Jing et al. 2014).

Proteasome, Lysosome and Caspase Inhibitors
Assay

PK-15 cells cultured in six-well plates were incubated with
FMDYV or serum-free medium for 2 h. After that, cells were
maintained in fresh medium supplemented with 1% FBS in
the presence or absence of proteasome inhibitor MG132
(10 pmol/L or 20 umol/L) (Merck & Co., Kenilworth, NJ,
USA), caspase inhibitor Z-VAD-FMK (10 or 50 pmol/L)
(Sigma), or lysosome inhibitor CQ (50 or 100 pmol/L)
(Sigma) for 12 h, and then were collected for western
blotting analysis.

@ Springer

MTS Assay

The MTS assay was performed to evaluate the cytotoxicity
of MG132, CQ, and Z-VAD-FMK on cells according to the
manufacturer’s instruction. The experiments were repeated
three times.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics for
Windows, Version 17.0 (SPSS Inc., Chicago, IL, USA).
The student’s ¢ test was used for a comparison of three
independent experiments. A *P value<0.05 was consid-
ered statistically significant; A **P-value<0.01 was con-
sidered statistically highly significant.

Results

RIP2 was Involved in the Activation of Innate
Immune Signal Pathways During FMDV Infection

To study the involvement of RIP2-mediated innate immune
signal pathways during FMDV infection, PK-15 cells were
transfected with IFN-B-Luc, or NF-kB-Luc, and pRL-TK
Renilla luciferase reporter plasmid along with RIP2 small
interfering RNA (siRNA) or negative control (NC) siRNA.
At 36 h post-transfection (hpt), the transfected cells were
stimulated by MDP, mock infected or infected with FMDV
at a multiplicity of infection (MOI) of 1.5 for 6 h. The
FMDV-induced activation of IFN-B or NF-kB promoter
was determined by dual-specific luciferase assay kit. MDP
induced activation of NF-xB promoter, whereas it did not
induce activation of IFN-f3 promoter. Knockdown of RIP2
significantly inhibited FMDV-triggered IFN-$ and NF-xB
signal pathways activation (Fig. 1A, 1B). Reduction of
RIP2 also significantly abrogated MDP-induced activiation
of NF-kB signal pathway (Fig. 1B).

Phosphorylation of p65 and IRF3 is considerd as a
maker for NF-xB and IFN-B pathways, respectively (Liu
et al. 2018; Tian et al. 2018). To further confirm the role of
RIP2 during FMDYV infection, the phosphorylation status of
p65 and IRF3 was deterimined. PK-15 cells were trans-
fected with the RIP2 siRNA or NC siRNA for 36 h. The
cells were then infected with FMDV (MOI=0.5). Viral
protein (VP1) and the indicated host proteins in the RIP2
and NC siRNA cells were detected and compared. The
results showed that the phosphorylation of endogenous p65
and IRF3 induced by FMDYV infection was impaired in the
RIP2 siRNA cells compared with that in the NC siRNA
cells (Fig. 10).
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Fig. 1 RIP2 was involved in FMDV infection-mediated innate
immune signaling pathways. A, B PK-15 cells cultured in 24-well
plates were co-transfected with 0.1 pg/well of IFN-B-Luc or NF-kB-
Luc, 0.01 pg/well of pRL-TK plasmid, and 75 nmol/L per well of
RIP2 or NC siRNA for 36 h. Cells were stimulated by MDP (5 pg/
mL) or mock-infected or infected with FMDV (MOI=1.5) for 6 h.
The promoter activity of IFN-$ (A) or NF-kB (B) was determined by
the dual-specific luciferase assay kit. The knockdown of RIP2 was
confirmed by Western blotting. C PK-15 cells cultured in 3.5 cm
dishes were transfected with the 150 nmol/L of RIP2 siRNA or NC
siRNA for 36 h. Then, the cells were mock-infected or infected with
FMDV (MOI=0.5). The cells were collected at 0, 3, 6, or 12 h after

infection. The target proteins were detected by Western blotting.
D Similar transfection and infection experiments were performed as
described above. The cells were collected for RNA extraction. The
IFN-B, ISG15, IL1pB, and CCL3L1 mRNA levels were determined by
qPCR assay. GAPDH was used as an internal control. E Similar
transfection and infection experiments were performed as described
above. The supernatant were collected for detecting IFN-f and IL1j
protein expression using ELISA kit, and the cells were collected for
detecting PKR and MX1 protein expression by Western blotting. All
the results represent the means and standard deviations of data. **P<
0.01 versus negative control.
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To further investigate whether down-regulation of RIP2
affects IFN-B, IFN-stimuated genes (ISGs), and proin-
flammatory cytokines expression during FMDYV infection,
we compared the mRNA and protein levels of these genes
in the RIP2 and NC siRNA cells after infected with FMDV.
The mRNA expression of IFN-B, ISG15, ILIB, and
CCL3L1 were significantly decreased in the RIP2 siRNA
cells compared with that in the NC siRNA cells (Fig. 1D).
The proteins expression of IFN-B, IL1p, PKR, and MX1
were also decreased in the RIP2 siRNA cells compared
with that in the NC siRNA cells (Fig. 1E). Taken together,
these results indicated that FMDV infection triggered
RIP2-mediated IFN-§ and NF-xB pathways activation; and
downregulation of RIP2 significantly impaired the activa-
tion of IFN-B and NF-kB pathways during FMDV
infection.

RIP2 Inhibited FMDV Replication During Viral
Infection

To determine the impact of RIP2 on FMDYV replication, we
evaluated the production of FMDV in PK-15 cells trans-
fected with different dose of FLAG-RIP2-expressing
plasmid. At 24 hpt, the cells were infected with FMDV
(MOI=0.5). The viral RNA, viral titers, and protein
abundance were compared. Over-expression of RIP2 sig-
nificantly suppressed FMDV yield in a dose-dependent
manner (Fig. 2A).

Replication of FMDV in PK-15 cells transfected with
the RIP2 siRNA or NC siRNA was also assessed. At 36
hpt, the cells were infected with equal amounts of FMDV
(MOI=0.5). Viral RNA, VP1 protein, titers, and host RIP2
protein in the RIP2 siRNA and NC siRNA cells were
compared after FMDV infection. FMDV replication was
significantly enhanced in the RIP2 siRNA cells compared
with that in NC siRNA cells (Fig. 2B). These results
demonstated the important antiviral role of RIP2 against
FMDV.

FMDV Infection Triggered RIP2 Transcription
and Decreased Its Protein Expression

To explore the state of RIP2 in FMDV-infected cells, PK-15
cells were infected with FMDV and the dynamics of RIP2
were evaluated. The expression level of RIP2 mRNA was
significantly upregulated as the viral infection progressed
(Fig. 3A), whereas the abundance of RIP2 protein was
gradually decreased and no cleaved bands were observed
(Fig. 3B). The expression of RIP2 in the mock-infected cells
was also investigated. There was no significant variation for
RIP2 mRNA or protein levels in the mock-infected cells
(Supplementary Fig. S1).
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In the present study, a commercial anti-RIP2 antibody
that detects the carboxyl terminal regions of RIP2 was used
in the Western blotting analysis. To detect the N terminal
region of RIP2, PK-15 cells were transfected with N ter-
minal FLAG-tagged RIP2 plasmid. At 24 hpt, the cells
were infected with FMDV. The target proteins were ana-
lyzed by Western blotting using anti-FLAG antibody.
Again, the expression of RIP2 was remarkably decreased
and no cleaved bands were observed in the FMDV-infected
cells (Fig. 3C).

To confirm the impact of different FMDYV strains on the
expression of RIP2 protein, PK-15 cells were infected with
FMDV type O or A strains (MOI=0.5). The expression of
RIP2 protein was determined by Western blotting. Both
FMDV type O and A strains reduced RIP2 protein
expression (Fig. 3D). Taken together, these results indi-
cated that FMDYV infection triggered RIP2 transcription but
reduced its protein expression.

FMDYV, Seneca Valley virus (SVV), and enterovirus 71
(EV71) belong to the family of Picornaviridae. Thus, we
also assessed the impact of SVV and EV71 on RIP2
expression. EV71 infection reduced RIP2 protein expres-
sion (Fig. 3E). However, SVV infection did not affect the
expression of RIP2 protein (Fig. 3E).

Five different RIPs, including RIP, RIP2, RIP3, RIP4
and RIPS, have been described in RIP family. RIPs interact
with the tumor necrosis factor receptor (TNFR) family
proteins and regulate the NF-kB pathway as well as cellular
apoptosis (Adams ef al. 2007; Kopparam et al. 2017; Cai
et al. 2018). To investigate whether FMDV infection
decreased other important RIP family members, we also
detected the dynamics of the widely-studied RIP and RIP3
proteins (Huang ef al. 2019). FMDYV reduced both RIP and
RIP3 proteins expression as the viral infection progressed
(Fig. 3F). In contrast, no significant changes of RIP and
RIP3 protein levels were observed in the mock-infected
cells (data not shown).

FMDV 2B, 2C, 3C"", and LP" Proteins were
Responsible for the Reduction of RIP2

To investigate the viral proteins that were responsible for
the reduction of RIP2, PK-15 cells were transfected with
the plasmids expressing various FLAG-tagged viral pro-
teins. The endogenous RIP2 protein was detected by
Western blotting. The expression of 2B, 2C, 3CP™, and LP*
protein significantly decreased RIP2 protein abundance
(Fig. 4A). The 2B-, 2C-, 3C"™, and LP™-induced reduction
of endogenous RIP2 were further compared by performing
the dose-dependent experiments (Fig. 4B). It showed that
2B-, 2C-, 3CP™, and LP™ reduced expression of RIP2 in a
dose-dependent manner.



H. Liu et al.: FMDV Inhibits RIP2 Protein Expression 613
12+ = 6- "
A g E
_ S 54 [ |
E 09+ 3
g Q 44
Mock 0 1 2 3 (M9) = O _—
O o6l - L 3
| —— G Cw— | VP1 % 06 5’ 3.
8 2
| T — —| FLAG-RIP2 5 034 jo)
=
[ - e e | 5-2ctin g | | F
>
00 0
o 1 2z 39 o 1 2 3(ug
FLAG-RIP2 FLAG-RIP2
B % =INC siRNA _ o
E 257 ==RF2sRNA 5300 - E 7 —
NC siRNA RIP2 siRNA £ 20 o g < 51
0 6 12 0 6 12 (hpi 5 T 20 g 4
g 1.54 E 150 =
|- —my - = - - -| RIP2 8} - ke 6 ‘93_
— e D
2 104 = 100 8
| - - --| VP1 o o o
e} 50 . s 2
[=] * =
| — o— - - o> | gactin G 05 g 3 - 9 17
£ T =l | | S
3 004 - 0 T T > 0 T T )
& 0 6 12 0 6 12 0 6 12(hpi)

Fig. 2 RIP2 inhibited FMDV replication. A PK-15 cells cultured in
six-well plates were transfected with O, 1, 2, or 3 pg FLAG-RIP2-
expressing plasmid or 3 pg empty FLAG vector. At 24 hpt, the cells
were mock-infected or infected with FMDV (MOI=0.5) for 12 h.
Expression of viral RNA was determined by qPCR assay; expression
of the target proteins was detected by Western blotting, and viral titers
were determined by TCIDsq assay. B PK-15 cells cultured in 3.5 cm

The impact of 2B-, 2C-, 3CP*, and LP™ on the expres-
sion levels of RIP2 mRNA was also evaluated, which
showed that 2B-, 2C-, 3CP™, and LP™ did not affect the
mRNA levels of RIP2 (Fig. 4C). Together, these results
suggested that the viral proteins 2B, 2C, 3CP™, and LP™
were responsible for the reduction of RIP2 protein.

Identification of the Functional Regions of 2B,
2C, 3CP", and LP™ Responsible for the Reduction
of RIP2

To determine whether the proteasomes, lysosomes or cas-
pase-dependent pathways play roles in FMDV-, 2B-, 2C-,
3CP™, or LP™ -induced reduction of RIP2, the lysosome
inhibitor chloroquine diphosphate (CQ), proteasome inhi-
bitor MG132, and caspases inhibitor benzyloxycarbony
(Cbz)-1-Val-Ala-Asp (OMe)-fluoromethylketone (Z-VAD-
FMK) were used to assess the inhibitive effects of FMDV
or the viral proteins on RIP2 protein expression. The
cytotoxicity of the inhibitors was determined by MTS
assay. All doses of the inhibitor used in the experiments did
not induce significant cell death (Supplementary Fig. S2).

PK-15 cells were infected with FMDV (MOI=0.5) and
maintained in the presence or absence of the inhibitors. At
12 h post-infection (hpi), expression of RIP2 was detected

dishes were transfected with 150 nmol/LL NC siRNA or RIP2 siRNA
for 36 h. Then, the cells were mock-infected or infected with FMDV
(MOI=0.5) for 0, 6, and 12 h. Expression of viral RNA, VP1 protein,
or viral titers were determined. All the results represent the means and
standard deviations of data. GAPDH was used as an internal control.
**P<0.01 versus negative control.

by western blotting. FMDV infection-induced reduction of
RIP2 was not suppressed by MG132, CQ, or Z-VAD-FMK
(Fig. 5A). The effects of MG132, CQ, or Z-VAD-FMK on
2B-, 2C-, 3CP™-, or LP™-induced reduction of RIP2 were
also examined. No inhibitory effects of MG132, CQ, or
Z-VAD-FMK on reduction of RIP2 were observed (Sup-
plementary Fig. S3). These results indicated that FMDV-,
2B-, 2C-, 3CP™-, or LP™-induced reduction of RIP2 was
independent of proteasomes, lysosomes, and caspases
pathways.

To further confirm the functional domains of 2B, 2C,
3CP™, and LP™ that were essential for reduction of RIP2, a
series of truncated mutants of FMDV 2B and 2C were used
for detailed analysis (Fig. 5B). 3CP™ mutants without the
protease activity (H46Y, D84N, and C163G) were used for
detailed analysis. The 3CP™ mutant with the protease
activity (H205R) was used as a control. LP™ has protease
activity (papainlike proteinase) and SAP (for SAF-A/B,
Acinus, and PIAS) domain between amino acids 47 and 83.
Therefore, LP® mutants without the protease activity
(C51A, D163N, and D164N) and L SAP-domain-defi-
cient mutants (I83A or I86A) were used for detailed
analysis. FLAG-2B, FLAG-2C, FLAG-3C, FLAG-L, or
their mutants expressing plasmids were transfected into
PK-15 cells, separately. At 24 hpt, the abundance of RIP2
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Fig. 3 FMDV infection reduced the expression of RIP2 protein. PK-
15 cells cultured in 3.5 cm dishes were mock-infected or infected with
FMDV (MOI=0.5). The cells were collected and analyzed at the
indicated time points. Expression of viral RNA and RIP2 mRNA was
determined by qPCR assay, and viral titers were determined by
TCIDs, assay (A). GAPDH was used as an internal control.
B Expression of RIP2 and VP1 was detected by Western blotting.
C PK-15 cells cultured in 3.5 cm dishes were transfected with 2 pg
FLAG-RIP2-expressing plasmid. At 24 hpt, the cells were mock-
infected and infected with FMDV (MOI 0.5) for 12 h. Expression of
the target proteins were detected by western blotting. D PK-15 cells

was detected by Western blotting. The deletion of the
carboxyl terminal 105-114 or 135-144 regions of 2B
abrogated the reduction of RIP2 (Fig. 5C), which was in
accordance with that the 2B-induced reduction of RIG-I
and NOD2 (Liu et al. 2019). The deletion of the N terminal
1-34, 1-38, 1-52, or 1-61 regions of 2C did not induce the
reduction of RIP2 (Fig. 5D). N terminal (resides 17-34) of
FMDV 2C has a predicted amphipathic helix and exerts
various roles (Sweeney et al. 2010). Therefore, we specu-
late that 2C-induced reduction of RIP2 is dependent on
amphipathic helix. All the 3C"™ mutants with abrogated
protease activity failed to induce the reduction of RIP2
(Fig. 5E). The LP" mutant (C51A) with abrogated protease
activity failed to induce the reduction of RIP2, whereas the
mutation of SAP domain did not affect LP™-induced
reduction RIP2 protein (Fig. 5F). These results indicated
that 3CP™ and LP™ reduced RIP2 protein expression
depended on their protease activity. 2B deceased RIP2
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were mock-infected or infected with FMDYV type O or A strains (MOI
=0.5) for 12 h. Expression of endogenous RIP2 protein was detected
by western blotting. E Vero cells were mock-infected or infected with
EV71 (MOI=1) for 0, 8, and 16 h (left). HEK-293T cells were mock-
infected or infected with SVV (MOI=1) for 0, 6, and 12 h (right).
Expression of the RIP2 protein was detected by western blotting.
F PK-15 cells were mock-infected or infected with FMDV (MOI=
0.5). The cells were collected and analyzed at 0, 4, 8, 12, 16 h after
infection. Expression of the target proteins was detected by Western
blotting. All the results represent the means and standard deviations of
data. *¥*P<0.01 versus negative control.

through its C-terminus region and 2C deceased RIP2 by its
N-terminus region.

FMDV 2C Interacted with RIP2

FMDV 2B, 3CP™, and LP™ have been widely reported to
perform antagonistic roles by inducing the reduction or
cleavage of many host proteins during FMDV infection
(Wang et al. 2011; Zhu et al. 2016, 2017; Feng et al. 2018;
Liu et al. 2019). However, the 2C-induced antagonistic
mechanism remains unknown. Therefore, FMDV 2C was
selected for further study. To explore a possible interaction
between RIP2 and 2C, PK-15 cells were transfected with
FLAG-2C-expressing plasmid or empty vector. Cells
lysates were immunoprecipitated with anti-RIP2 antibody
and analyzed by Western blotting. RIP2 pulled down
FLAG-2C, which indicated that 2C interacted with RIP2
(Fig. 6A). A reverse immunoprecipitation experiment was
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expression of endogenous RIP2 and PABPCI proteins were deter-
mined by western blotting. B, C PK-15 cells cultured in six-well
plates were transfected with 0, 1, 2, and 3 pg FLAG-2B-, FLAG-2C-,

also performed, which showed that FLAG-2C immuno-
precipitated RIP2 (Fig. 6B).

To further investigate the interaction between RIP2 and
2C in the context of viral infection, PK-15 cells were
mock-infected or infected with FMDV. Cell lysates were
immunoprecipitated with anti-RIP2 antibody and analyzed
by immunoblotting. RIP2 pulled down 2C in FMDV-infected
cells (Fig. 6C). A reverse immunoprecipitation experiment
was subsequently performed using anti-2C antibody, which
showed that 2C also immunoprecipitated host RIP2 protein
(Fig. 6D).

We further identified the crucial regions of 2C that is
essential for 2C-RIP2 interaction. PK-15 cells were trans-
fected with FLAG-2C-expressing plasmid, FLAG-2C
mutant plasmids, or empty vector. Cells ysates were
immunoprecipitated with anti-FLAG antibody and

121 12+
T 094 T 09-
o £
é 0.6- 5 064
<
0.3 2 034
% X 0.3
& o0l & ool
0 4 2 3() o 0 1 2 3(ug)
FLAG-3C FLAG-L

FLAG-3C-, or FLAG-L-expressing plasmids for 24 h. Expression of
the RIP2 and viral proteins was detected by Western blotting (B);
expression of RIP2 mRNA was determined by qPCR assay (C).
GAPDH was used as an internal control. All the results represent the
means and standard deviations of data.

analyzed by western blotting. FLAG-2C pulled down
RIP2. The 2C mutants with deletion of the N terminal 1—
34, 1-38, 1-52, or 1-61 regions did not interact with RIP2
(Fig. 6E). Taken together, these results indicated that the
2C-RIP2 interaction was involved in inducing the reduc-
tion of RIP2 expression, and the N terminal region of 2C
was essential for the interaction between 2C and RIP2.

FMDV 2C Induced the Reduction of PABPC1
Protein, and Downregulation of PABPC1 Reduces
the Expression of RIP2

FMDV 2C induces the reduction of host NOD2 protein,
which is independent of the cleavage of host elF4G,
induction of cellular apoptosis, and proteasomes, lyso-
somes, or caspases pathways (Liu et al. 2019). The
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Fig. 5 The functional regions of 2B, 2C, 3CP™, and LP™ responsible
for reduction of RIP2. A The experiment was performed as “materials
and methods” described. B Schematic representation showing a series
of FLAG-tagged truncated 2B and 2C mutants. C, D, E, F PK-15 cells

mechanism by which FMDV 2C inhibit host proteins
expression remains unknown. To explore the involved
mechanism, an important host eukaryotic translation initi-
ation factor poly(A) binding protein cytoplasmic 1
(PABPCI1, also known as PABP or PABPI) (Kuyumcu-
Martinez et al. 2004; Copeland et al. 2013; Eliseeva et al.
2013; Copsey et al. 2017; Sun et al. 2017) was selected for
further study. PABPC1 promotes host protein translation
initiation by interacting with eIF4G (Smith ef al. 2017). It
has been widely reported that many viruses cleave
PABPCI1 to inhibit host proteins synthesis (Kobayashi et al.
2012).

Here, we evaluated the effect of FMDYV infection on the
expression of endogenous PABPCI. Our results showed
that the expression of PABPC1 was gradually decreased as
infection progressed and no cleaved bands were observed
(Fig. 7A). A commercial anti-PABPC1 antibody that
detects the carboxyl terminal regions of PABPC1 was used
for the detection of endogenous PABPCI. To detect the N
terminal region of PABPCI, PK-15 cells were transfected

@ Springer

cultured in six-well plates were transfected with 1.5 pg FLAG-2B-,
FLAG-2C-, FLAG-3C-, FLAG-L-, or their mutant expressing plas-
mids for 24 h. The cells were collected and analyzed by Western
blotting.

with N terminal FLAG-tagged PABPCI1 plasmid. At 24
hpt, the cells were infected with FMDV. The PABPCI1
protein was analyzed by Western blotting using anti-FLAG
antibody. The N terminal cleaved bands of PABPC1 were
clearly observed in the FMDV-infected cells (Fig. 7B).
We further evaluated the effect of FMDV proteins on
the expression of PABPCI1, and our results showed that
FMDV 2C and 3CP™ significantly reduced the expression
of PABPC1 protein and no cleaved bands were observed
(Figs. 4A and 7C), and FMDV LP® cleaved PABPCI
protein. These results were in accordance with previ-
ous results that FMDV infection and overexpression of
FMDV LP® induced cleavage of PABPCI protein
(Rodriguez Pulido et al. 2007). However, we for the first
time showed that FMDV 2C and 3CP™ reduced PABPCI
protein expression. Therefore, the 2C- and 3CP*-induced
reduction of endogenous PABPC1 was further confirmed
by performing dose-dependent experiments in PK-15 cells,
which indicated that both 2C and 3CP™ reduced the
expression of PABPCI in a dose-dependent manner
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Fig. 6 RIP2 interacted with FMDV 2C. A PK-15 cells were
transfected with 10 pg FLAG-2C expressing plasmid or 10 pg empty
FLAG vector. At 30 hpt, cells lysates were immunoprecipitated with
anti-RIP2 antibody and subjected to western blotting. The whole-cell
lysates and IP antibody-antigen complexes were analyzed by IB using
anti-RIP2, anti-FLAG, or anti-B-actin antibodies. B Similar transfec-
tion in PK-15 cells and IP experiments were carried out as described
above. However, the lysates were immunoprecipitated with anti-
FLAG antibody. C, D PK-15 cells were mock-infected or infected
with  FMDV (MOI=0.5) for 12 h. The cells lysates were

(Fig. 7D). The impact of 2C and 3C"™ on PABPCI tran-
scription was also evaluated, which indicated that 2C and
3CP™ did not disrupt the transcription of PABPCI
(Fig. 7E).

To explore whether the downregulation of PABPCI
potentially decreased abundance of RIP2, PK-15 cells were
transfected with the PABPCI1 siRNA or NC siRNA. At 36
hpt, the whole cell lysates were analyzed by Western

immunoprecipitated with anti-RIP2 antibody (C) or anti-2C antibody
(D). The antibody-antigen complexes were detected using anti-RIP2
and anti-2C antibodies. E PK-15 cells were transfected with 10 pg
empty FLAG vector, 10 ug FLAG-2C expressing plasmid, or 10 pg
FLAG-2C mutants expressing plasmids. At 30 hpt, cells lysates were
immunoprecipitated with anti-FLAG antibody and subjected to
western blotting. The whole-cell lysates and immunoprecipitated
antibody-antigen complexes were analyzed by IB using anti-FLAG,
anti-RIP2, or anti-B-actin antibodies.

blotting. Downregulation of PABPC1 induced the reduc-
tion of RIP2 (Fig. 7F).

Taken together, these results indicated that FMDV 2C
and 3CP™ significantly decreased the expression of
PABPCI protein, which in turn resulting in the reduction of
RIP2.
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Fig. 7 FMDV 2C is responsible for the reduction of PABPCI protein,
and downregulation of PABPC1 reduces the expression of RIP2.
A PK-15 cells cultured in 3.5 cm dishes were mock-infected or
infected with FMDV (MOI 0.5). The cells were collected and
analyzed at the indicated time points. Expression of PABPC1 and
viral VP1 proteins was detected by western blotting. B PK-15 cells
cultured in 3.5 cm dishes were transfected with 2 pg FLAG-
PABPCl1-expressing plasmid. At 24 hpt, the cells were mock-infected
and infected with FMDV (MOI 0.5) for 12 h. Expression of the
PABPCI protein was detected by western blotting. C HEK-293T cells
were transfected with 1.5 pg FLAG-2C-, FLAG-3C-, and FLAG-L-

The Functional Regions or Sites of 2C and 3C°"
Responsible for Reduction of PABPC1

To identify the functional domains of 2C and 3CP" that were
essential for reduction of PABPCI1, a series of mutants of
FMDV 2C and 3CP™ were transfected into PK-15 cells. At 24
hpt, the abundance of PABPC1 was detected by Western
blotting. It was observed that the deletion of N terminal 1-34,
1-38, 1-52, or 1-61 regions of 2C abrogated 2C-induced
reduction of PABPC1 (Fig. 8A). All the 3CP™ mutants with
the abrogated protease activity also failed to induce the
reduction of PABPC1 (Fig. 8B), which indicated that 3CP™-
induced reduction of PABPC1 by its protease activity. Taken
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expressing plasmids along with 1.5 ng FLAG-PABPCIl-expressing
plasmid. At 24 hpt, the expression of the indicated proteins was
detected by Western blotting. D, E PK-15 cells cultured in six-well
plates were transfected with 0, 1, and 2 pg FLAG-2C- and FLAG-3C-
expressing plasmids for 24 h. Expression of the target proteins were
detected by western blotting (D). Expression of the PABPC1 mRNA
level was deterimined by qPCR assay (E). GAPDH was used as an
internal control. F PK-15 cells cultured in 3.5 cm dishes were
transfected with 150 nmol/L NC siRNA or PABPCI1 siRNA for 36 h.
The whole cell lysates were analyzed by western blotting. All the
results represent the means and standard deviations of data.

together, these results indicated that the functional regions of
2C and 3CP™ responsible for reduction of PABPCI1 were in
accordance with that 2C- and 3CP"-induced reduction of
RIP2.

Discussion

NOD?2 senses the PAMPs derived from bacteria or viruses
and play important roles in the immune response
(Dominguez-Martinez et al. 2018; Egarnes and Gosselin
2018; Ren et al. 2018). RIP2, VISA, TBK1 IRF3, and P65
are the downstream molecules of NOD2-mediated
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Fig. 8 The functional regions of 2C and 3CP™ responsible for
decreasing the expression of PABPC1. A, B PK-15 cells cultured in
six-well plates were transfected with 2 pg FLAG-2C-, FLAG-3C-
expressing plasmids and mutant plasmids for 24 h. Expression of the

signaling pathway (Sabbah er al. 2009). The impact of
FMDV on NOD2, VISA, TBK1 IRF3, and P65 has been
reported (Li et al. 2016; Fan et al. 2017; Liu et al. 2019).
RIP2 is a specific adaptor molecule in NOD2-mediated
signaling pathway (Nembrini ef al. 2009). The relationship
between FMDYV and RIP2 remains unknown. In the present
study, we explored the functions of RIP2 during FMDV
infection and confirmed that RIP2 can regulate FMDV
infection-mediated IFN-f and NF-kB signaling pathways.

The roles of NOD2 and RIP2 during viral infection have
been described in several viruses (Al Nabhani et al. 2017).
For instance, knockdown of NOD2 or RIP2 significantly
decreases porcine reproductive and respiratory syndrome
virus (PRRSV)-induced NF-xB signal pathway (Jing et al.
2014). NOD2 and RIP2 are involved in human cytome-
galovirus (HCMV)-induced IFN-B and inflammatory
cytokine (Kapoor et al. 2014). Here, our data showed that
RIP2 was involved in FMDV-induced IFN-f and inflam-
matory cytokine production process. In addition, NOD2
inhibits HCMV, respiratory syncytial virus, and influenza
A virus replication (Al Nabhani ef al. 2017). The impact of
RIP2 on viral replication remains unknown. Here, we for
the first time determined the antiviral role of RIP2 against
FMDV.

The expression of RIP2 protein severely affects NOD2-
mediated signal pathways (Nembrini et al. 2009). To date,
the regulation of RIP2 protein expression is rare reported
(Lee et al. 2012). Our data showed that FMDYV infection

IFN-B/a

PABPCI1 protein was detected by western blotting. C Schematic
representation showing the roles of NOD2- and RIP2-mediated IFN-8
and NF-xB signaling pathways during FMDV infection and the
involved antagonistic mechanisms.

induced the reduction of RIP2, which may further affect
the functions of NOD2. In addition, EV71 also decreased
RIP2 protein expression, and SVV infection did not affect
the expression of RIP2 protein, revealing different states of
RIP2 during different picornaviruses infection. Together,
the degradation of RIP2 is not specific for FMDV, and also
not compatible for all picornaviruses.

Detailed analysis confirmed that FMDV 2B, 2C, 3C™,
and LP™ proteins can reduce abundance of RIP2. FMDV
2B reduces the abundance of host RIG-I (Zhu et al. 2016),
LGP2 (Zhu et al. 2017), NOD2 (Liu ef al. 2019), and RIP2,
and the carboxyl terminal 105-114 and 135-144 regions of
2B are essential for the reduction of these proteins. How-
ever, the mechanism of 2B-induced reduction of host
proteins remains unknown. FMDV 3CP™ and L"™ are well
known as viral proteinases. 3C"™ and LP™ induce the
cleavage of elF4G or elF4A to shut off host protein syn-
thesis, leading to the reduction of many host proteins
(Belsham er al. 2000; Wang et al. 2011). The protease
activity of 3CP" and LP™ palys important roles in patho-
genic processes (Wang et al. 2011; Wang et al. 2012; Du
et al. 2014; Fan et al. 2017; Li et al. 2017). In the present
study, 3CP™ and L"™ also induce reduction of RIP2 through
their protease activities, revealing novel antagonistic
mechanisms evolved by FMDV 3CP" and LP™.

PABPCI1 is an important regulator of translation initia-
tion, mRNA deadenylation, mRNA decapping, mRNA
stability, and mRNP maturation. In addition, PABPC1 also
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promotes the joining of 60S ribosomal subunits to 48S
preinitiation complexes to enhance the translation initiation
(Christofori and Keller 1988; Sachs and Davis 1989;
Vassalli et al. 1989; Sachs and Davis 1990; Wormington
et al. 1996; Brown and Sachs 1998). The roles of PABPC1
during virus infection have been reported in several viru-
ses. For instance, calicivirus 3C-like proteinase inhibits
cellular translation by the cleavage of PABPC1 (Kuyumcu-
Martinez et al. 2004); Picornavirus proteases, such as
poliovirus 2AP* and 3CP* and coxsackievirus 2AP™, also
cleaved PABPC1 to inhibit host proteins translation
(Joachims ef al. 1999; Kuyumcu-Martinez et al. 2002;
Kuyumcu-Martinez et al. 2004; Bonderoff et al. 2008).
Here, our results showed that FMDV 2C and 3CP™ induced
reduction of PABPCI. Detailed analysis confirmed that
3CP™-induced reduction of PABPCI1 depends on its pro-
tease activity, which showed that FMDV 3CP™ can also
shut off host protein synthesis by decreasing PABPCI.

Host cellular mRNAs consist of 5’ 7-methylguanosine
(m7G) cap structure, which can bind to the elF4E, eIF4A,
and elF4G proteins (Avanzino et al. 2017). However,
FMDV uses a cap-independent mechanism to promote viral
protein synthesis by its own internal ribosome entry site
(IRES) (Kanda et al. 2016). Many picornaviruses surpress
host antiviral response and compete cellular translation
factors by inhibiting host cell translation (Avanzino et al.
2017). Here, we for the first time showed that FMDV 2C
reduced PABPCI to inhibit host cell translation, resulting
in decreased host antiviral response. Collectively, in addi-
tion to 3C and LP*°, FMDV 2C can shut off host protein
synthesis.

FMDV 2BC palys an important role in the inhibition of
the secretory pathway by inhibition of ER-to-Golgi trans-
port (Moffat et al. 2005, 2007); Encephalomyocarditis
virus 2C inhibited innate immune responses through
interaction with MDAS (Li et al. 2019); EV71 2C induced
A3G degradation to regulate viral replication (Li ef al.
2018). Our previous results have shown that FMDV 2C
inhibited innate immune responses by reducing NOD2,
however, the mechanism that 2C-induced reduction of
NOD?2 remains unknown (Liu et al. 2019). In the present
study, our results further showed that FMDV 2C also
reduced RIP2 protein expression, which is independent of
induction of cellular apoptosis, the cleavage of elF4G, and
proteasome, lysosome, and caspases pathway, but is
dependent of the amphipathic helix in the N terminal of 2C.
Interestingly, FMDV 2C induced reduction of PABPCI1
depends on amphipathic helix of 2C, which is consistent
with that 2C-induced reduction of RIP2. Additionally, the
reduction of PABPCI1 potentially affected expression of
RIP2. Collectively, these results showed that FMDV 2C
inhibited the expression of RIP2 by decreasing PABPCI1
protein level, revealing novel antagonize innate immune
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responses mechanism evolved by FMDV 2C. We specu-
lated that 2C interacts with other host proteins to form a
complex to degrade PABPCI. Thus, investigations of the
proteinases that interact with 2C should be performed to
understand the mechanisms by which it reduces the
expression of PABPC1. FMDV 2B-induced reduction of
RIP2 is independent of PABPCI1, suggesting a PABPCl1
protein-independent pathway for RIP2 reduction during
FMDYV infection. However, the mechanism of 2B-induced
reduction of proteins remains unknown.

In conclusion, our results showed that RIP2 is involved
in the activation of IFN-f and NF-xB signal pathways
during FMDV infection, and RIP2 plays an antiviral role
during FMDV infection. We also described for the first
time the novel mechanisms by which FMDV 2B, 2C,
3CP™, and LP™ evolve to inhibit the RIP2-induced antiviral
effect (Fig. 8C).
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