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The P Protein of Spring Viremia of Carp Virus Negatively Regulates
the Fish Interferon Response by Inhibiting the Kinase Activity of
TANK-Binding Kinase 1
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ABSTRACT

Spring viremia of carp virus (SVCV) is an efficient pathogen causing high mortality in the common carp. Fish interferon (IFN) is
a powerful cytokine enabling host cells to establish an antiviral response; therefore, the strategies that SVCV uses to avoid the
cellular IFN response were investigated. Here, we report that the SVCV P protein is phosphorylated by cellular TANK-binding
kinase 1 (TBK1), which decreases IFN regulatory factor 3 (IRF3) phosphorylation and suppresses IFN production. First, overex-
pression of P protein inhibited the IFN promoter activation induced by SVCV and the IFN activity activated by the mitochon-
drial antiviral signaling protein (MAVS) although TBKI1 activity was not blocked by P protein. Second, P protein colocalized and
interacted with TBK1. Dominant negative experiments suggested that the TBK1 N-terminal kinase domain interacted with P
protein and was essential for P protein and IRF3 phosphorylation. Finally, P protein overexpression reduced the IRF3 phosphor-
ylation activated by TBK1 and reduced host cellular ifn transcription. Collectively, our data demonstrated that the SVCV P pro-
tein is a decoy substrate for the host phosphokinase TBK1, preventing IFN production and facilitating SVCV replication.

IMPORTANCE
TBK1 is a pivotal phosphokinase that activates host IFN production to defend against viral infection; thus, it is a potential target
for viruses to negatively regulate IFN response and facilitate viral evasion. We report that the SVCV P protein functions as a de-
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coy substrate for cellular TBK1, leading to the reduction of IRF3 phosphorylation and suppression of IFN expression. These

findings reveal a novel immune evasion mechanism of SVCV.

In aquatic viruses, spring viremia of carp virus (SVCV) belongs
to the genus Vesiculovirus of the family Rhabdoviridae and
causes significant mortality in the common carp (Cyprinus carpio)
(1). Regarding its genome structure, SVCV encodes an ~11-kb
negative-sense, single-stranded RNA that encodes five proteins in
the following order (3’ to 5"): nucleoprotein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G), and viral RNA-depen-
dent RNA polymerase (L) (2—4). The roles of these proteins in the
replication and proliferation of rhabdovirus have been explored.
N protein associates with viral RNA to form the nucleocapsid
during viral assembly. M protein participates in the assembly and
budding of virus, and G protein is involved in viral endocytosis.
Moreover, as a phosphoprotein, the P protein is involved in sev-
eral viral replication and assembly processes. As an example, the
functional phosphorylated P protein interacts with the L protein
to form a viral polymerase complex that interacts with the RNA
template. In addition, the P protein also maintains the N protein
in a soluble, encapsidation-competent form (1, 5).

In host cells, viral RNAs can be recognized by the cellular im-
mune system, triggering an antiviral response (6). In the cyto-
plasm, RIG-I-like receptors (RLRs), including RIG-I and MDAS,
are the major pattern-recognition receptors (PRRs) sensing exog-
enous viral RNAs (7, 8). Upon sensing the viral RNAs, the mito-
chondrial adaptor protein MAVS (also known as VISA, IPS-1, or
Cardif) is recruited to and activated by RIG-I and MDAS, trans-
ducing the signal to the downstream molecules MITA (also
known as STING, ERIS, or MYPS) and TANK-binding kinase 1
(TBK1) (9, 10). Then, activated TBK1 phosphorylates interferon
(IFN) regulatory factor 3 (IRF3) and IRF7, which are translocated
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into the nucleus to trigger the transcription of IFN genes (11). IFN
production initiates the transcription of more than 300 IFN-stim-
ulated genes (ISGs), leading the infected cells and nearby unin-
fected cells to generate an antiviral state (12, 13). The RLR mole-
cules play a pivotal role in IFN activation and are conserved in
mammals and fish (14, 15). For example, MAVS and MITA in
zebrafish (Danio rerio) are crucial to defend against both DNA
and RNA viruses, and TBKI1 in the crucian carp (Carassius caras-
sius) is indispensable for IRF3 phosphorylation and IFN ex-
pression (16-18).

TBK1 is a crucial kinase that activates host IFN production;
therefore, it is targeted by viruses as a major negative regulatory
target to decrease the IFN response and facilitate viral replication
(19, 20). Viruses have evolved multiple strategies to escape the
TBK1-mediated antiviral system (21). In general, there are two
essential mechanisms used by viruses to inhibit TBK1 activity: (i)
physical interaction, such as that of the NS3 and NS2 proteins
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TABLE 1 Primers used in this study

SVCV P Protein Is a Negative Regulator of Fish TBK1

Primer function and name”

Sequence (5'—3")

Eukaryotic expression
pcDNA3.1-P-F
pcDNA3.1-P-R
pCMV-Myc-P-F
pCMV-Myc-P-R
pCMV-HA/Myc-TBK1-F
pCMV-Tag2c-TBK1-F
pCMV-HA/Myc/Tag2C-TBK1-R
pCMV-HA/Myc/Tag2C-TBK1-AN-F

pCMV-HA/Myc/Tag2C-TBK1-AN-R
pCMV-HA/Myc/Tag2C-TBK1-N-F
pCMV-HA/Myc/Tag2C-TBK1-N-R
pCMV-HA/Myc/Tag2C-MITA-F
pCMV-HA/Myc/Tag2C-MITA-R
pCMV-HA/Myc/Tag2C-IRF3-F
pCMV-HA/Myc/Tag2C-IRF3-R
pCMV-HA/Myc/Tag2C-IRF7-F
pCMV-HA/Myc/Tag2C-IRF7-R
pEGFP-N3-P-F

pEGFP-N3-P-R

pDsRed-TBK1-F

pDsRed-TBK1-R

Real-time PCR
IEN-EPC-F
IEN-EPC-R
RIG-I-EPC-F
RIG-I-EPC-R
ISG15-1-EPC-F
1SG15-1-EPC-R
ISG15-2-EPC-F
ISG15-2-EPC-R
MAVS-EPC-F
MAVS-EPC-R
qP-F
qP-R
qG-F
qG-R
qM-F
qM-R

qB-actin-F
qB-actin-R

CGCGGATCCATGTCTCTACATTCGAAATTG
CCGCTCGAGTTACAACCTATATTTTTGATAC
CCGGAATTCCGATGTCTCTACATTCGAAATTG
CCGCTCGAGTTACAACCTATATTTTTGATAC
CCGGAATTCCGATGCAGAGTACGGCCAAT
CGCGGATCCCGATGCAGAGTACGGCCAAT
AACTCGAGTCACATCCGCTCCACTG
CCGGAATTCCGATGCAGAGTACGGCCAATTACCTGTGGATGATGTC
CGACCTGACAGCGAACCTCTTC
AACTCGAGTCACATCCGCTCCACTG
CCGGAATTCCGCTGGGTCAGGGAGCCACAGC
AACTCGAGTTAGTTGTAAGTGTGTATGTAG
CCGGAATTCCGATGTCTGTGATGGGAGAA
CCGCTCGAG TTAGTTTTGTTTCATTGC
CCGGAATTCCGATGACTCAAGCAAAACCG
AACTCGAGTTAGCAGAGCTCCATCA
CCGGAATTCCGATGCAGAGCACAAATGC
AACTCGAGTTATTCCACTGAAGGCA
CTAGCTAGCATGTCTCTACATTCGAAATTG
CGCGGATCCCAACCTATATTTTTGATAC
CGCGGATCCGCCACCATGCAGAGTACGGCCAAT
CCGGAATTCCGCATCCGCTCCACTG

ATGAAAACTCAAATGTGGACGTA
GATAGTTTCCACCCATTTCCTTAA
TGCTGGACCGGATGTGTTATCT
TGGTGATCGATGGTTCGATTCT
CAGCCTTGAGGATGATTCCAG
TGCCGTTGTAAATCAGTCG
GCCTGGTATCACAGACAG
ACATCTTGCACTGACATA
GAATGTCCCTGTCCGAGAAA
TCTGAACATGCTCGTTTGCAG
TTGGACCTGGGATAGTGA
CTTGCTTGGTTTGTGGG
CGACCTGGATTAGACTTG
AATGTTCCGTTTCTCACT
TACTCCTCCCACTTACGA
CAAGAGTCCGAGAAGGTC

CACTGTGCCCATCTACGAG
CCATCTCCTGCTCGAAGTC

4 F, forward; R, reverse.

from the hepatitis C virus (HCV) that bind to TBK1 and disrupt
the interaction between TBK1 and IRF3, reducing IRF3 activa-
tion, and (ii) chemical modification, such as that of the shorter
form of the leader proteinase (Lb"*®) from the foot-and-mouth
disease virus (FMDV) and the papain-like protease domain 2
(PLP2) from mouse hepatitis virus A59 (MHV-A59) that mediate
TBK1 deubiquitination and inactivate its kinase activity (22, 23).

As an efficient pathogen that causes high mortality in fish,
SVCYV likely has strategies to negatively regulate or evade the host
immune response (24). In our previous study, the SVCV N pro-
tein degraded MAVS through the ubiquitin-proteasome pathway,
reducing IFN transcription and facilitating viral genome replica-
tion and viral particle proliferation (25). To further investigate the
immune evasion strategies of SVCV, we report here that the SVCV
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P protein functions as a TBK1 substrate to decrease IRF3 phos-
phorylation, reducing IFN transcription and facilitating viral rep-
lication.

MATERIALS AND METHODS

Cells and viruses. Epithelioma papulosum cyprini (EPC) cells were main-
tained at 28°Cin 5% CO, in medium 199 (Invitrogen) supplemented with
10% fetal bovine serum (FBS; Invitrogen). HEK 293T cells were grown at
37°C in 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM; Invit-
rogen) supplemented with 10% FBS. SVCV was propagated in EPC cells
until cytopathic effect (CPE) was observed; then the cultured medium
with cells was stored at —80°C and prepared for use.

Gene cloning and plasmid construction. The cDNA fragment encod-
ing the P protein (DQ916053.1) was amplified by reverse transcription-
PCR (RT-PCR) from the RNA of SVCV-infected cells and then cloned

jviasm.org 10729

SvD ‘AbojoigolpAH Jo axnisul 1e 6T0Z ‘6 Joqualdas uo /Bio wse’IAl//:dny woly papeojumoq


http://www.ncbi.nlm.nih.gov/nucleotide/DQ916053.1
http://jvi.asm.org
http://jvi.asm.org/

Li et al.

A
B
2.0x10° 1 = Nui
= SVCV
1.5x10¢ {"™= S\ .
e 1.0x10° 4 I * '
w
< 5.0x107 A N
500 | | a
27
miil Nl WA N
0 T T T T
G M N P

O

1 = Null
L 3 PolyI:.C
12000~ == SVCV

1°°°I HI H.
Il oLl

vig1

FIG 1 SVCV-induced expression of the genes of SVCV and host cells. (A) EPC
cells were seeded in 24-well plates overnight and infected with SVCV (MOI of
0.1) for 72 h; the cells were fixed with 4% paraformaldehyde and stained with
0.5% crystal violet. (B and C) EPC cells were seeded in six-well plates overnight
and infected with SVCV (MOI of 10) for 24 h. Then total RNAs were extracted
to examine the mRNA levels of the g, m, 1, and p genes of SVCV and the ifn and
vigl genes of host cells, as indicated, by qPCR. The 3-actin gene was used as an
internal control for normalization, and the relative expression is represented as
fold induction relative to the expression level in control cells (set to 1). Error
bars represent SDs obtained by measuring each sample in triplicate. Asterisks
indicate significant differences from control values (*, P < 0.05).

Rel. MRNA Exp

into pcDNA3.1(+) (Invitrogen) or pCMV-Myc vector (where CMV is
cytomegalovirus) (Clontech). The open reading frames (ORFs) of ze-
brafish TBK1 (NM_001044748.2), MITA (NM_001278837.1), IRF3
(NM_001143904), and IRF7 (NM_200677.2) and of the truncated mu-
tants of TBK1 were also subcloned into pCMV-HA, pCMV-Myc, and
pCMV-Tag 2C vectors, respectively. C-terminally enhanced green flu-
orescent protein (EGFP)-tagged P protein (P-EGFP) was generated by
inserting the ORF of the P protein into pEGFP-N3 vector (Clontech).
To generate the expression plasmids DsRed-MAVS, DsRed-MITA,
and DsRed-TBK1, the ¢cDNA fragments encoding zebrafish MAVS
(NM_001080584.2), MITA, and TBK1 were cloned into pDsRed-Mono-
mer-Cl1 vector (Clontech). IFN-¢1pro and IFN-¢3pro luciferase reporter
plasmids (IFN¢1pro-Luc or IFN¢3pro-Luc) and the expression plasmids
for Flag-tagged MAVS, MITA, and TBK1 were described previously (25—
27). All constructs were confirmed by DNA sequencing. The primers used
for plasmid construction are listed in Table 1.

Luciferase activity assay. EPC cells were seeded in 24-well plates and
24 h later cotransfected with 250 ng of luciferase reporter plasmid
(IFN¢1pro-Luc or IFN¢3pro-Luc) and 25 ng of a Renilla luciferase inter-
nal control vector (pRL-TK; Promega). An empty vector pcDNA3.1(+)
was used to maintain equivalent amounts of DNA in each well. At 48 h
posttransfection, the cells were washed with phosphate-buffered saline
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(PBS) and lysed for measuring luciferase activity by a dual-luciferase re-
porter assay system, according to the manufacturer’s instructions (Pro-
mega). The results are representative of more than three independent
experiments, each performed in triplicate.

RNA extraction, reverse transcription, and qPCR. Total RNAs were
extracted by TRIzol reagent (Invitrogen). cDNA was synthesized using a
GoScript reverse transcription system (Promega) according to the man-
ufacturer’s instructions. Quantitative real-time PCR (qPCR) was per-
formed with Fast SYBR green PCR Master Mix (Bio-Rad) on a CFX96
Real-Time System (Bio-Rad). PCR conditions were as follows: 95°C for 5
min and then 40 cycles of 95°C for 20 s, 60°C for 20 s, and 72°C for 20 s. All
primers used for qPCR are shown in Table 1, and the B-actin gene was
used as an internal control. The relative fold changes were calculated by
comparison to the corresponding controls using the 27227 (where C, is
threshold cycle) method. Three independent experiments were con-
ducted for statistical analysis.

Plaque formation assay. EPC cells were seeded in 24-well plates.
When the cells grew to 100% confluence, they were infected with SVCV in
M199 culture medium with routine rocking. At 1 h postinfection, infection
medium was removed, and infected EPC cells were then overlaid 1:1 with
M199 culture medium containing 1% agarose. At 72 h postinfection, cells
were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet.

Coimmunoprecipitation (co-IP) assay. The HEK 293T cells seeded in
10-cm? dishes overnight were transfected with a total of 10 pg of the
plasmids indicated on the figures. At 24 h posttransfection, the medium
was removed carefully, and the cell monolayer was washed twice with 10
ml of ice-cold PBS. Then the cells were lysed in 1 ml of radioimmunopre-
cipitation assay (RIPA) lysis buffer (1% NP-40, 50 mM Tris-HCL, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate
[Na;VO,], 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.25% sodium
deoxycholate) containing protease inhibitor cocktail (Sigma-Aldrich) at
4°C for 60 min on a rocker platform. The cellular debris was removed by
centrifugation at 12,000 X g for 15 min at 4°C. The supernatant was
transferred to a fresh tube and incubated with 30 wl of anti-hemagglutinin
(HA)-agarose beads or anti-Flag affinity gel (Sigma-Aldrich) overnight at
4°C with constant agitation. These samples were further analyzed by im-
munoblotting. Immunoprecipitated proteins were collected by centrifu-
gation at 5,000 X g for 1 min at 4°C, washed three times with lysis buffer,
and resuspended in 50 pl of 2XSDS sample buffer. The immunoprecipi-
tates and whole-cell lysates were analyzed by immunoblotting with the anti-
bodies (Abs) indicated on the figures.

Immunoblot analysis. Immunoprecipitates or whole-cell extracts
were separated by 10% SDS-PAGE and transferred to polyvinylidene di-
fluoride (PVDF) membrane (Bio-Rad). The membranes were blocked for
1 hatroom temperature in TBST buffer (25 mM Tris-HCI, 150 mM NaCl,
0.1% Tween 20, pH 7.5) containing 5% nonfat dry milk, probed with the
primary Abs indicated on the figures at an appropriate dilution overnight
at 4°C, washed three times with TBST, and then incubated with secondary
Abs for 1 hatroom temperature. After three additional washes with TBST,
the membranes were stained with Immobilon Western chemiluminescent
horseradish peroxidase (HRP) substrate (Millipore) and detected using
an ImageQuant LAS 4000 system (GE Healthcare). Abs were used at the
following dilutions: anti-B-actin (Cell Signaling Technology) at 1:1,000,
anti-Flag/HA (Sigma-Aldrich) at 1:3,000, anti-Myc (Santa Cruz Biotech-
nology) at 1:2,000, and HRP-conjugated anti-rabbit IgG or anti-mouse
IgG (Thermo Scientific) at 1:5,000. Results are representative of three
independent experiments.

In vitro protein dephosphorylation assay. Transfected HEK 293T
cells were lysed as described above, except that the phosphatase inhibitors
(Na;VO, and EDTA) were omitted from the lysis buffer. Protein dephos-
phorylation was carried out in 100-l reaction mixtures consisting of 100
g of cell protein and 10 units (U) of calf intestinal phosphatase (CIP;
Sigma-Aldrich). The reaction mixtures were incubated at 37°C for 40 min,
followed by immunoblot analysis.
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FIG 2 Inhibition of IFN-¢1pro and IFN-¢3pro activation by overexpression of P protein. (A and B) EPC cells were seeded in 24-well plates overnight and
cotransfected with 250 ng of IFN¢1pro-Luc or IFN¢3pro-Luc, as indicated, and 25 ng of pRL-TK, plus 250 ng of empty vector or pcDNA3.1-P. At 24 h
posttransfection, cells were infected with SVCV (MOI of 10). The luciferase activities were monitored at 24 h after stimulation. (C and D) EPC cells were seeded
in 24-well plates and cotransfected with a MAVS- or TBK1-expressing plasmid and empty vector or pcDNA3.1-P, plus IFN¢1pro-Luc or IFN3pro-Luc, as
indicate, at the ratio of 1:1:1. pRL-TK was used as a control. At 48 h posttransfection, cells were lysed for luciferase activity detection. Error bars are the SDs
obtained by measuring each sample in triplicate. Asterisks indicate significant differences from control values (*, P < 0.05).

Fluorescence microscopy. EPC cells were plated onto coverslips in
six-well plates and transfected with the plasmids indicated on the figures
for 24 h. Then the cells were washed twice with PBS and fixed with 4%
paraformaldehyde (PFA) for 1 h. After three washes with PBS, the cells
were stained with 1 pg/ml 4',6’-diamidino-2-phenylindole (DAPIL; Beyo-
time) for 15 min in the dark at room temperature. Finally, the coverslips
were washed and observed with a Leica confocal microscope under a 63X
oil immersion objective (LSM710; Zeiss).

Statistics analysis. The statistical P values were calculated by one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test (SPSS Statis-
tics, version 19; IBM). A P value of <0.01 was considered statistically
significant. Data are expressed as means = standard deviations (SDs) of at
least three independent experiments (n = 3).

RESULTS

SVCV infection triggers the host cellular IFN response. To in-
vestigate whether SVCV infection triggers the cellular IFN re-
sponse in vitro, the expression patterns of several host and viral
genes were examined. First, to measure the viral infectivity, SVCV
at a multiplicity of infection (MOI) of 0.1 was used to infect EPC
cells, and infectivity was measured by plaque assay. As shown in
Fig. 1A, EPC cells were infected by SVCV efficiently. Then, after
infection with SVCV at an MOI of 10 for 24 h, EPC cells were
lysed, and the total RNAs from both the cells and the replicated
viruses were extracted and monitored by qPCR. As shown in Fig.
1B, the p, n, m, and g transcripts from SVCV were significantly
expressed in the infected cells, indicating that the cells were suc-
cessfully infected with SVCV. Subsequently, the mRNA levels of
ifn and the antiviral gene vigl were also assessed, and they were
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remarkably upregulated after poly I-C stimulation and SVCV in-
fection (Fig. 1C). These data demonstrated that SVCV infection
induces the host cellular IFN response.

P protein blocks RLR-mediated activation of the IFN-¢1
promoter. Previous studies demonstrated that only IFN-¢1 and
IFN-b3 of the four type I IFNs (IFN-¢1 to IFN-¢4) in zebrafish
were activated by poly IC (a mimic of viral RNA), indicating that
IFN-¢1 and IFN-¢3 should be involved in the antiviral process
(18, 26). As shown in Fig. 2A, SVCV infection induced the activa-
tion of IFN-¢ 1pro; however, the IEN-d1pro induction stimulated
by SVCV was significantly impeded by overexpression of the P
protein. Similarly, the P protein also suppressed SVCV-induced
IFN-d3pro activity (Fig. 2B), suggesting that the P protein inhibits
the activation of IFN-¢1pro and IFN-¢3pro upon infection with
SVCV. Furthermore, fish RLR factors are efficient for triggering
IEN production (28); consequently, these constructs were used in
a luciferase reporter gene assay. As shown in Fig. 2C, overexpres-
sion of MAVS and TBK1 upregulated the activation of IFN-
d1pro, and the activation of IFN-d1pro induced by MAVS was
inhibited by cotransfection with the P protein. However, ectopic
expression of the P protein did not affect TBK1-stimulated IFN-
d1pro activity. Similarly, the upregulation of IFN-d3pro activity
activated by MAVS but not TBK1 was reduced by the P protein.
Given that TBK1 is downstream of MAVS, these results indicated
that the P protein likely decreased IFN-d1 and IFN-¢3 produc-
tion via the negative regulation of MAVS or TBKI1.

P protein colocalizes and interacts with MAVS and TBK1 in
the cytosol. To further investigate the function of the P protein, its
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FIG 3 P protein colocalizes and interacts with MAVS and TBK1. EPC cells seeded on microscopy coverglass in six-well plates were transfected with 2 pg of
P-EGFP and 2 pg of empty vector (A) or DsRed-MAVS (B), DsRed-MITA (C), and DsRed-TBK1 (D). After 24 h, the cells were fixed and subjected to confocal
microscopy analysis. Green signals represent overexpressed P protein, red signals represent overexpressed MAVS, MITA, or TBK1, and blue staining indicates the
nucleus region. The yellow staining in the merged images indicates colocalization of P protein and MAVS, MITA, or TBK1 (original magnification, 63X oil
immersion objective). Scale bar, 10 pm. All experiments were repeated at least three times with similar results. (E) 293T cells seeded in 10-cm?® dishes were
transfected with the indicated plasmids (5 g each). After 24 h, cell lysates were immunoprecipitated (IP) with an anti-Flag affinity gel. Then the immunopre-
cipitates and cell lysates were analyzed by immunoblotting (IB) with the anti-myc and anti-Flag Abs, respectively.

subcellular location was monitored in EPC cells. Confocal micros-
copy revealed that the P-EGFP signal was mainly distributed in the
cytoplasm (Fig. 3A). We cotransfected DsRed-MAVS, DsRed-
MITA, or DsRed-TBK1 with P-EGFP. Red signal from MAVS,
MITA, and TBK1 was observed in the cytosol. The P protein
(green) overlapped with MAVS and TBK1 but not MITA (Fig.
3B, C, and D). These data suggested that the SVCV P protein
might colocalize with MAVS and TBKI1 in the cytosol. To in-
vestigate whether the P protein associates with MAVS and
TBK1, 293T cells were cotransfected with P-myc and Flag-
tagged RLR factors, including MAVS, MITA, TBK1, IRF3, and
IRF7. Protein interactions were assessed by coimmunoprecipi-
tation (co-IP) assays. Anti-Flag Ab-immunoprecipitated pro-
tein complexes containing MAVS, MITA, and TBK1 were also
recognized with the anti-myc Ab, whereas IRF3 and IRF7 were
not recognized by the anti-myc Ab (Fig. 3E), suggesting that
the P protein interacts with MAVS, MITA, and TBK1 but not
IRF3 and IRF7.

P protein is phosphorylated by the TBK1 N terminus. Given
that the P protein interacted with MAVS and TBK1, we sought to
determine the interaction pattern between the P protein and
MAVS or TBK1, which is a crucial phosphokinase in mammals. As
shown in Fig. 4A and B, there was no difference when the overex-
pressed P protein was cotransfected with MAVS; however, a band
shift was observed when the P protein was overexpressed with
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TBKI1 in a dose-dependent manner. To identify whether the band
shift was caused by phosphorylated P protein, cell lysate was
treated with CIP, leading to the disappearance of the shifted bands
(Fig. 4C). Given that the N-terminal domain is the functional
kinase domain for TBK1, dominant negative mutants of TBK1
were generated to identify the functional domain in the P protein.
As shown in Fig. 4D, compared to the robust P protein phosphor-
ylation observed in the wild-type TBK1 group, TBK1-AN (lacking
the N terminus) failed to phosphorylate the P protein. Finally, the
TBK1 fragment interacting with the P protein was also examined
using co-IP experiments. As shown in Fig. 4E, wild-type TBK1
bound to the P protein although this interaction was abolished
when the N-terminal kinase domain was deleted. The N termi-
nus of TBK1 alone also interacted with the P protein. These
data suggested that the P protein can interact with and be phos-
phorylated by TBK1, which requires the TBK1 N-terminal ki-
nase domain.

The TBK1 N terminus is essential for the phosphorylation of
IRF3 and MITA. To understand the biological effect of the inter-
action between the P protein and TBK1, the function of fish TBK1
was investigated. As shown in Fig. 5A and B, both IRF3 and MITA
caused a band shift, exhibiting higher mobilities when they were
cotransfected with TBK1-Flag in 293T cells. Subsequently, the cell
lysates were incubated with CIP. As expected, the band shifts dis-
appeared, demonstrating that IRF3 and MITA are phosphorylated

December 2016 Volume 90 Number 23

SvD ‘ABojolqolpAH Jo a1nnsu| e 6TOZ ‘6 Joquaidas uo /610 wse’IAl//:dny woll papeojumod


http://jvi.asm.org
http://jvi.asm.org/

SVCV P Protein Is a Negative Regulator of Fish TBK1

A B C

P-myc + + 4+

TBK1-Flag —
P-myc 4+  + P-myc +  + % o7
MAVS-Flag — +  TBKI-Flag — o1 Ce = =
. pP
1B: myc —a Bmyc [ IB:sye -.- P
IB: Flag IB: Flag —_— IB: Flag — —
IB: Actin | e s | |B: Actin E IB: Actin M
o
> 1
D @ & E S
P & & @ &
QR
P-myc P-myc 19G
—pP -:-P
IB: myc | . «—P Sy
- TBK1
b il TBK1AN
——ete—TBK1AN TBK1-N
IB: Flag

FIG 4 P protein is phosphorylated by TBK1. (A and B) 293T cells were seeded in six-well plates overnight and cotransfected with 2 g of P-myc and 2 g of empty
vector, MAVS-Flag, or TBK1-Flag (1 and 2 g, respectively) for 24 h. The cell lysates were subjected to immunoblotting (IB) with the anti-myc, anti-Flag, and
anti-B-actin Abs. (C) TBK1-phosphorylated P protein (pP) is reduced by CIP treatment. 293T cells were seeded in six-well plates overnight and transfected with
the indicated plasmids (2 g each) for 24 h. The cell lysates (100 g) were left untreated or treated with CIP (10 U) for 40 min at 37°C. Then the lysates were
detected by immunoblotting with anti-myc, anti-Flag, and anti-B-actin Abs. (D) P protein is phosphorylated by the N terminus of TBK1. 293T cells were seeded
in six-well plates overnight and transfected with the indicated plasmids (2 g each) for 24 h. The cell lysates were subjected to immunoblotting with the anti-myc,
anti-Flag, and anti-B-actin Abs. All experiments were repeated at least three times with similar results. (E) TBK1 interacts with P protein via the N-terminal kinase
domain. 293T cells seeded in 10-cm” dishes were transfected with the indicated plasmids (5 p.g each). After 24 h, cell lysates were immunoprecipitated with
anti-HA-agarose beads. Then the immunoprecipitates and cell lysates were analyzed by immunoblotting with the anti-myc and anti-HA Abs, respectively. All

experiments were repeated at least three times with similar results.

by TBK1 in fish. Compared with TBK1, MAVS did not phosphor-
ylate IRF3 or MITA (Fig. 5C). Furthermore, dominant negative
TBK1 mutants were used to characterize the functional kinase
domain of TBK1. Compared with the kinase activity of wild-type
TBK1, TBK1-AN was unable to phosphorylate IRF3 (Fig. 5D) or
MITA (Fig. 5E). These data indicated that the N-terminal kinase
domain of TBK1 is also indispensable for IRF3 and MITA phos-
phorylation.

P protein decreases TBK1-mediated phosphorylation of
IRF3. Given that both SVCV P protein and cellular IRF3 can be
phosphorylated by TBK1 and that the phosphorylation of IRF3 is
indispensable for IFN expression, it is possible that SVCV uses the
P protein to compete with cellular IRF3 for phosphorylation by
TBKI. Figure 6A shows that increasing amounts of the P protein
were phosphorylated by TBK1, and phosphorylated IRF3 was
gradually reduced in a dose-dependent manner. Similarly, the
TBK1-mediated phosphorylation of IRF7 (Fig. 6B) and MITA
(Fig. 6C) was also decreased by exogenous expression of SVCV P
protein. In conclusion, these data suggest that the SVCV P protein

December 2016 Volume 90 Number 23

Journal of Virology

is an inhibitor of TBK1 kinase activity, resulting in the reduced
phosphorylation of IRF3, IRF7, and MITA.

P protein dampens the cellular IFN response and facilitates
SVCV gene replication. To investigate whether SVCV P protein
interferes with the cellular IFN response and enhances viral repli-
cation, EPC cells were transfected with P protein and stimulated
with SVCV. Total RNAs were extracted and monitored by qPCR.
As shown in Fig. 7A, the expression of the ifn transcript in cells
overexpressing P protein was reduced compared to the levels in
control cells, and the reduced expression of several other host
ISGs, such as isg15, rig-i, and mavs, was also observed. The expres-
sion of SVCV genes was also monitored. After infection with
SVCV, the viral m, n, and p genes were upregulated in cells ex-
pressing the P protein (Fig. 7B). Then the viral titers in the super-
natants of the infected EPC cells were confirmed by plaque assay,
which showed that the titer in P protein-overexpressed cells was
about 19 times that of the control cells (Fig. 7C). These data indi-
cated that the P protein suppresses the cellular ifn response and
facilitates SVCV proliferation.
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FIG 5 The N-terminal kinase domain is essential for TBK1 to phosphorylate MITA and IRF3. (A and B) 293T cells were seeded in six-well plates overnight and
transfected with the indicated plasmids (2 pg each) for 24 h. The cell lysates (100 pg) were left untreated or treated with CIP (10 U) for 40 min at 37°C. Then the
lysates were detected by immunoblotting with the anti-myc, anti-Flag, and anti-B-actin Abs. (C) 293T cells were seeded in six-well plates overnight and
transfected with 2 pug of MITA-myc or IRF3-myc and 2 pg of empty vector or MAVS-Flag for 24 h. The cell lysates were subjected to immunoblotting with the
anti-myc, anti-Flag, and anti-B-actin Abs. (D and E) 293T cells were seeded in six-well plates overnight and transfected with the indicated plasmids (2 g each)
for 24 h. The cell lysates were subjected to immunoblotting with the anti-myc, anti-Flag, and anti-B-actin Abs. All experiments were repeated at least three times
with similar results.

DISCUSSION

In a water-based environment, aquatic viruses can cause high
mortality in fish because viral spread is enhanced (29). To date,
significant research on aquatic viruses and fish immune responses
against the pathogens has been performed; however, little is
known about the evasion mechanisms of aquatic viruses from the

A B
TBKtmye - + + + TBK1-myc  —
RF3-HA + + + =+ "
P-myc P-myc _

fish immune system (30). Here, we report that the SVCV P pro-
tein, as a substrate of fish TBK1, competes with IRF3 for phos-
phorylation, leading to the reduction of IRF3 phosphorylation
and IFN transcription.

The SVCV genome encodes only five proteins. These proteins
not only participate in the process of viral particle assembly and

C
TBK1-myc -

MITA-HA + +
P-myc _ - =]

v . S| B: HA

i&—pP
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FIG 6 P protein decreases TBK1-mediated phosphorylation of MITA, IRF3, and IRF7. 293T cells were seeded in six-well plates overnight and transfected with
1.5 pg of TBK1-myc and 1.5 pg of empty vector or P-myc (0.75 and 1.5 pg, respectively), together with 1.5 g of IRF3-HA (A), IRF7-HA (B), or MITA-HA (C)
for 24 h. Then the lysates were detected by immunoblotting with the anti-myc, anti-HA, and anti-B-actin Abs. All experiments were repeated at least three times
with similar results.
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FIG 7 Overexpression of P protein increases virus replication in SVCV-in-
fected EPC cells and inhibits the expression of ISGs. EPC cells seeded in six-
well plates overnight were transfected with 2 pug of pcDNA3.1-P or empty
vector and infected with SVCV (MOI of 10) at 24 h posttransfection. At 24 h
after infection, total RNAs were extracted to examine the mRNA levels of
cellular ifn, isgl5-1, isg15-2, rig-i, and mavs (A) and the g, m, and p transcripts
of SVCV (B) by qPCR. The relative transcription levels were normalized to the
transcription level of the B-actin gene and are represented as fold induction
relative to the transcription level in the control cells, which was set to 1. Error
bars represent SDs obtained by measuring each sample in triplicate. Asterisks
indicate significant differences from control values (¥, P < 0.05). (C) P protein
was overexpressed in EPC cells, cells were then infected with SVCV (MOI of 1)
for 72 h, and the supernatants were harvested and used for standard plaque
assays.

replication but also should regulate the host immune response for
viral evasion (31). Therefore, some of the five proteins must play
multiple roles during the viral life cycle. For example, SVCV G
protein forms the trimeric spikes on the viral outer surface to
mediate endocytosis. In addition, G protein also induces au-
tophagy in infected cells, which is beneficial for SVCV prolifera-
tion (32). The N protein associates with viral RNA, providing a
helical symmetry to the viral nucleocapsid. In addition, the N
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protein mediates the degradation of host MAVS in a ubiquitin-
proteasome-dependent manner for viral evasion (25). Previous
studies have demonstrated that the M protein generates the bullet-
shaped structure of SVCV and binds to the G protein embedded in
the viral envelope (33). Several of our experiments indicated that
the M protein reduces the global transcriptional level of host cells
in a nonspecific manner (data not shown). These studies presume
that SVCV proteins possessed additional functions beyond expec-
tation.

Multiple strategies are employed by viruses to evade the host
immune defense. In addition to escaping from direct detection by
cellular sensors, interfering with or directly attacking the key mol-
ecules in host cells is also crucial for viral replication (33). IFN
expression initiates the transcriptions of at least 300 ISGs which
participate in the antiviral process. Therefore, upstream activating
factors (such as those in the RLR system) for IFN transcription are
frequently targeted and negatively regulated by viruses. In the RLR
system, RIG-I and MDAS sense viral double-stranded RNA
(dsRNA) and interact with the adaptor MAVS to transfer the sig-
nals to TBK1, which recruits MITA and phosphorylates IRF3 to
ultimately trigger IFN expression. Hence, each factor in the RLR
axis could be a viral target. In mammals, for example, the cyto-
plasmic RIG-I level is decreased by human immunodeficiency vi-
rus (HIV) protease (34); MDAS is inhibited by the N protein from
human respiratory syncytial virus (RSV), and MAVS can associate
with and be inhibited by the hepatitis B virus (HBV) protein HBx
(35, 36). MITA can be cleaved into inactive fragments by the pro-
tease complex NS2B2 from the dengue virus (37). Several viruses
negatively modulate the activity of TBK1, a crucial phosphokinase
that defends against viral infections, leading to a reduction in the
IEN response and promoting viral replication (21, 38). Similar to
the SVCV P protein, the P protein from the Borna disease virus
(BDV) also interacts with and is phosphorylated by TBK1, reduc-
ing IRF3 phosphorylation (39). Both BDV and SVCV are nega-
tive-sense RNA viruses (Mononegavirales) and encode N, P, M, L,
and G proteins. In these viruses, the P proteins act as a TBK1 decoy
and compete with IRF3 for phosphorylation. These observations
indicate that although the natural reservoirs of SVCV and BDV
are fish and mammals, respectively, the evasion mechanisms of
these negative-sense RNA viruses might be conserved.

In addition to activating IFN production, the roles of TBKI as
an indispensable kinase also exist in host autophagic maturation,
antibacterial response, cellular transformation, and oncogenesis
(40-43). In the process of infection, viruses do not only combat
the host’s immune system but also utilize host cells for viral rep-
lication and proliferation. Thus, TBK1 mediates cell physiology.
Therefore, the mechanism by which SVCV P protein impedes
TBK1 kinase activity will be clearer with subsequent studies exam-
ining the biological function of TBKI.

The modification (i.e., phosphorylation) of viral protein is in-
dispensable for the viral life cycle in addition to inhibiting the host
immune response. Studies have revealed that several viral proteins
are not active until modified by cellular protein kinases (44).
There are three primary functions of the modified viral proteins.
These include regulating viral genome replication and transcrip-
tion. For example, when the NS1 protein from Periplaneta fuligi-
nosa densovirus (PfDNV) was treated with a phosphatase, genome
replication and transcription were reduced. A second function is
changing the cellular location of viral proteins. IE63 from vesicu-
lar stomatitis virus (VSV), for example, is translocated from the
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nucleus to the cytoplasm after phosphorylation by the host cellu-
lar proteins CDK1 and CDK2. A third function is promoting viral
assembly and release, as when Gag and Vpr proteins from human
immunodeficiency virus 1 (HIV-1) interact to enhance their as-
sembly into viral particles after phosphorylation by atypical pro-
tein kinase C (aPKC). In previous studies, recombinant P protein
from VSV, which was isolated from Escherichia coli and was not
phosphorylated, failed to support viral transcription in vitro, in-
dicating that phosphorylation of the P protein is required for viral
RNA synthesis (45, 46). However, the mechanism by which P
protein function is controlled by phosphorylation is unclear. In
this study, the SVCV P protein was phosphorylated by TBK1,
leading to a reduction of IRF3 phosphorylation and viral evasion
from the host immune system. Although the function of the phos-
phorylated P protein in viral proliferation has not yet been iden-
tified, further studies should identify the roles of activated SVCV P
protein in the viral life cycle.
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