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In East Asia, the dark sleeper, Odontobutis obscura (O. obscura) is a crucial commercial
species of freshwater fish; however, its molecular biology research is still undeveloped,
including its innate immune system, which is pivotal to antiviral responses. In this
study, we cloned and identified the characterization and kinase function of dark sleeper
TANK-binding kinase 1 (TBK1), supplementing the evidence of the conservation of this
classical factor in fish. First, the ORF of Odontobutis obscurus (O. obscura) TBK1
(OdTBK1) was cloned from liver tissue by RACE-PCR. Subsequent nucleic acid and
amino acid sequence analysis suggested that OdTBK1 is homologous with other fish
TBK1, and the N-terminal Serine/Threonine protein kinases catalytic domain (S_TKc)
and C-terminal coiled coil domain (CCD) are conserved. Subsequently, the cellular
distribution demonstrated that OdTBK1 was located in the cytoplasm region. With
regard to the identification of functions, OdTBK1 activated several interferon (IFN)
promoters’ activity and induced downstream IFN-stimulated genes (ISGs) expression. In
a canonical manner, wild-type OdTBK1 significantly phosphorylated interferon regulatory
factor 3 (IRF3) but failed when the N-terminal region was truncated. Furthermore,
overexpression of OdTBK1 decreased viral proliferation remarkably. Collectively, these
data systematically analyzed the characterization and function of OdTBK1, initiating
the study of the innate antiviral response of dark sleeper.
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HIGHLIGHTS

- OdTBKI promotes fish IFNs transcription.
- OdTBKI1 phosphorylates IRF3 as a kinase.
- OdTBKI1 exhibits a powerful antiviral capacity.

INTRODUCTION

A variety of pattern recognition receptors (PRRs) mediate a hosts innate immune response to
pathogen invasion; six families have been identified, including Toll-like receptors (TLRs), C-type
lectins (CTLs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), AIM2-like receptors
(ALRs), and OAS-like receptors (OLRs). Among them, RLRs are cytoplasmic sensors of RNA (1).
Upon activation, they signal to the mitochondrial antiviral signaling protein (MAVS, also called
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IPS-1, Cardif, or VISA) (2-4) to form active MAVS polymers
and subsequently recruit tumor necrosis factor (TNF) receptor-
associated factor (TRAF) family ubiquitin E3 ligases to synthesize
polyubiquitin chains, which activates IKK and TANK-binding
kinase 1 (TBK1). The recruited kinases then phosphorylate
MAVS at its conserved pLxIS motif, and, at the same time, the
potential transcription factors interferon regulatory factor (IRF)
3 and IRF7 are phosphorylated by IkB kinase IKKe or TBKI.
Thereafter, phosphorylated IRF3 and IRF7 form dimers that
accumulate in the nuclei where they bind to target sequences
to activate the IFN-B promoter to initiate interferon (IFN)
secretion (5).

TBK1 contains an N-terminal kinase, an ubiquitin like
domain and two C-terminal coiled-coil domains (6). Recruiting
of multiple TBKI1 dimers to signaling complexes enables
activation-loop swapping of locally clustered TBK1 and results
in TBK1 auto-phosphorylation (7). In addition, TBK1 is a
serine/threonine protein kinase of the IKK kinase family involved
in innate immunity to viral infection by inducing type I IFNs and
mediating TANK's ability to activate NF-kB (6, 8).

Upon stimulation by virus structural components, pattern
recognition receptors (PRRs) recruit TLR/IL-1R domain-
containing adaptor proteins, inducing IFN-p (TRIF), MAVS, and
a stimulator of IFN genes (STING; also called MITA, MPYS, and
ERIS) to activate TBK1 (9-11). Activated TBK1 phosphorylates
IRF3/7, triggers dimerization and nuclear translocation, and
leads to formation of active transcriptional complexes that bind
to IFN stimulation response elements (ISRE), activating type I
IFN gene expression (12). Knockdown assays and gene-targeting
studies have shown that TBK1 is essential for type I IEN
production in TLR3 and RLR signaling pathways (13-15).

TBK1 has been identified in a variety of fishes. The TBK1
of black carp (Mylopharyngodon piceus), named bcTBK1, shows
antiviral activity against both Grass Carp Reovirus (GCRV)
and Spring Viremia of Carp Virus (SVCV) (16). TBKI in the
large yellow croaker (Larimichthys crocea) (named LcTBK1) can
interact with an E3 ubiquitin ligase LcNrdpl to defend against
Cryptocaryon irritans infection (17). Upon LPS stimulation,
TBK1 from grass carp (Ctenopharyngodon idella) (CiTBK1)
triggers IFN response in an IRF3/IRF7-independent manner
(18). In addition, Danio rerio TBK1 (DrTBK1) or Carassius
auratus TBK1 (CaTBK1) can cause the phosphorylation of
IRF3/7 (19, 20). Nevertheless, in teleost fish, the identification
of the molecular characteristics and mechanisms of TBK1 are
still limited.

The dark sleeper (Odontobutis obscurus), an important
commercial fish species, is widely distributed in the river systems
of southeast China (21, 22). In recent years, because of its
delicious taste and high nutritional value, the dark sleeper
has become a very promising aquaculture species in China.
However, some viruses seriously threaten its growth. Better
understanding of antiviral immune mechanisms may contribute
to the development of management strategies for disease control.

In this study, we report the characterization of Odontobutis
obscurus (0. obscura) TBK1 (OdTBK1). Our findings
demonstrate that OdTBK1 is effective for zebrafish and grass
carp IFN promoters and significantly induces IFN-stimulated

gene (ISG) expression. It can also promote the phosphorylation
of IRF3 both in Danio rerio (D. rerio) and O. obscura. OdTBK1
plays a critical role in the antiviral immune defense of fish in
promoting the IFN response.

MATERIALS AND METHODS

Cells and Viruses

Epithelioma papulosum cyprinid (EPC, now IDed as fathead
minnow) and Grass carp ovary (GCO) cells were maintained
at 28°C, 5% CO; in medium 199 (Invitrogen) supplemented
with 15% fetal bovine serum (FBS, Invitrogen) (23). Human
embryonic kidney (HEK) 293T cells were grown at 37°C, 5%
CO; in DMEM medium (Invitrogen) supplemented with 15%
FBS. Spring Viremia of Carp Virus (SVCV-741, 10° TCIDso/ml),
a negative-sense ssSRNA virus, was propagated in EPC cells until
cytopathic effect (CPE) were observed, then the cultured media
with cells was harvested and stored at —80°C until use.

Fish

Healthy dark sleeper (weighing 40 & 20g) purchased from a
fish farm were maintained and acclimated to re-circulating tanks
(1,000-L, 28 + 1°C) containing filtered and oxygenated water for
at least 2 weeks before experiments. All animal experiments were
approved by the Committee on the Ethics of Animal Experiments
of the Chinese Academy of Sciences.

Ampilification of OdTBK1 and

Plasmid Construction

Rapid amplification of cDNA ends (RACE) was carried out using
the 5 RACE system (Invitrogen) and BD SMART™ RACE
cDNA amplification kit (BD Biosciences Clontech) according to
the manufacturer’s instruction. The first strand cDNA synthesis
and RACE were performed on liver-derived RNA. To obtain
the 3’ unknown region, primer pairs OdTBK1F4a/APT and
OdTBKI1F5a/AP (Table 1), were used for the primary PCR and
the nested PCR, respectively. The amplified PCR product was
cloned and sequenced as described above. Similarly, the 5
end of OdTBK1 was obtained by nested PCR using primer
pairs OdTBK1R2a/APG and OdTBKI1R3a/AP (Table1). The
full-length ¢cDNA sequence was confirmed by sequencing the
PCR product amplified by primers OdTBK1-FP and OdTBK1-
RP (Table1) within the predicted 5 and 3’ untranslated
regions, respectively. The open reading frame (ORF) of OdTBK1
was subcloned into pcDNA3.1(4) (Invitrogen), pCMV-Myc
(Clontech) and pCMV-Tag2C (Clontech), respectively. For
subcellular localization, the ORF of OdTBK1 was inserted into
pEGFP-N3 (Clontech) vector. The ORFs of zebrafish IRF3
(NM_001143904) was subcloned into pCMV-HA (Clontech)
and pCMV-Myc vector. The primers used to amplify the N-
terminal absent OdTBK1 sequence were OdTBK1-AN-FP and
OdTBKI1-RP (Table 1). It was also subcloned into pCMV-Tag2C
and pCMV-Myc vector. The fmIFN promoter was obtained
from NCBI database (HE856618.1) and cloned into pGL3-Basic
luciferase reporter vector (Promega). The plasmids containing
DrIFN¢1pro-Luc, DrIFN$3pro-Luc, gcIFN1, and ISRE-Luc in
pGL3-Basic luciferase reporter vectors were constructed as
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TABLE 1 | Primers used in this study.

Name Sequences (5'— 3') Purpose
OdTBK1-Fl1a CCTCGCCAACATCCTGGAGGCCG RACE
OPTBK1-R1a CGTACAGCAGCTCCTGGTTGTG

OdTBK1-R2a GGTGAACAATGCCATACTCTC

OdTBK1-R3a TCGTCCTCTAGCTCTCTGG

OdTBK1-F4a GGTGAGATCTCGGACATGC

OdTBK1-Fba GCATGCTGACTGATACCTGG

APT CCAGACTCGTGGCTGATGCATTTTTTITITITITTTTTITTV

APG CCAGACTCGTGGCTGATGCAGGGGGGGGGGGGGGGGY

AP CCAGACTCGTGGCTGATGCA

OdTBK1-FP ATGCAGAGCACCACTAACTAC Eukaryotic expression
OdTBK1-RP TTAACCCCTCAGTCCTCCGTCC

OdTBK1-AN-FP CCGGAATTCCGATGCAGAGCACCACTAACTACCTTACAGTGGCACTGTTTCAGGAC

gPCR-OdTBK1-FP GGAGACCTGTATGCTGTC Real-time PCR
gPCR-OdTBK1-RP CAATACTCCATCACCAGC

qPCR-IFN-EPC-FP ATGAAAACTCAAATGTGGACGTA

qPCR-IFN-EPC-RP GATAGTTTCCACCCATTTCCTTAA

gPCR-VIG1-EPC-FP AGCGAGGCTTACGACTTCTG

gPCR-VIG1-EPC-RP GCACCAACTCTCCCAGAAAA

qPCR-MAVS-EPC-FP GAATGTCCCTGTCCGAGAAA

qPCR-MAVS-EPC-RP TCTGAACATGCTCGTTTGCAG

gPCR-g-actin-FP CACTGTGCCCATCTACGAG

gPCR-g-actin-RP CCATCTCCTGCTCGAAGTC

gPCR-Od-B-actin-FP CTCTTCCAGCCATCCTTCCT

gPCR-Od-B-actin-RP TCAGGTGGGGCAATGATCTT

described previously (24, 25). All constructs were confirmed by
DNA sequencing.

Bioinformatics Analysis

The phylogenetic tree was constructed with the Neighbor-joining
method (N]) by MEGA7 program which was bootstrapped
500 times. All gene sequences used in this study were
derived from GenBank. Multiple alignments were accomplished
using GENE.DOC.

Transient Transfection and Virus Infection

Transient transfections were performed in EPC cells or GCO
cells seeded in 6-well or 24-well plates by using X-tremeGENE
HP DNA Transfection Reagent (Roche) according to the
manufacturer’s protocol. And the transfection efficiency of EPC
cells or GCO cells is nearly 50%. To confirm the antiviral
response of OdTBKI, EPC cells were seeded in 24-well plates
overnight and transfected with 0.5 pg OdTBK1-Myc or the
pCMV-Myc vector separately. At 24 h post-transfection, the EPC
cells were infected with SVCV at a multiplicity of infection (MOI
= 0.01) and incubated at 28°C. The supernatant aliquots were
then harvested to detect the virus titers at 48 h post infection,
using the standard 50% tissue culture infection dose (TCIDs5)
method. The cell monolayers were washed with PBS, fixed with
4% paraformaldehyde (PFA) for 1h, and stained with 0.05%
crystal violet overnight, and observed for the cytopathic effect
(CPE). For virus titration, 200 pl of culture medium were
collected at 48 h post-infection, and used for plaque assay. The

supernatants were subjected to 3-fold serial dilutions and then
added (100 pl) onto a monolayer of EPC cells cultured in a 96-
well plate. After 48 or 72h, the medium was removed and the
cells were washed with PBS, fixed by 4% PFA and stained with 1%
crystal violet. The virus titer was expressed as 50% tissue culture
infective dose (TCIDsp/ml). Results are representative of three
independent experiments.

Luciferase Activity Assay

EPC cells were seeded in 24-well plates, and 24h later
co-transfected with 250 ng luciferase reporter plasmid
(DrIFN¢1pro-Luc, DrIFN¢3pro-Luc, ISRE-Luc, or fmIFN-
Luc) and 250 ng OdTBK1-Myc or pCMV-Myc and 50 ng
Renilla luciferase internal control vector (pRL-TK, Promega).
Empty vector pCMV-Myc was used to maintain equivalent
amounts of DNA in each well. GCO cells were used to detect
ISRE-Luc and gcIFN1-Luc. At 24h post-transfection, the
cells were washed in PBS and lysed for measuring luciferase
activity by Dual-Luciferase Reporter Assay System, according
to the manufacturer’s instructions (Promega). Firefly luciferase
activities were normalized on the basis of Renilla luciferase
activity. The results were representative of more than three
independent experiments, each performed in triplicate.

Fluorescence Microscopy
EPC cells were plated onto coverslips in 6-well plates and
transfected with indicated plasmids for 24 h. The experimental
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group was stimulated with the viral analog polyinosinic-
polycytidylic acid (poly I:C) 12h before the photo was taken.
Then the cells were washed twice with PBS and fixed with 4%
PFA for 1 h. After draining the fixative, the cells were stained with
DAPI (C1006, Beyotime) for 5 min in dark at room temperature.
Finally, the coverslips were washed and observed with a Leica
confocal microscope under a x63 oil immersion objective (SP8;
Leica Microsystems).

RNA Extraction, Reverse Transcription,

and Quantitative Real-Time PCR

The total RNA from brain, pituitarium, eye, gill, heart, liver,
muscle, spleen, head kidney, and ovary were extracted from
three apparently healthy dark sleepers to detect the expression
of OdTBKI.

Total RNAs of EPC cells and tissues were extracted by Trizol
reagent (Invitrogen). RNase-free DNase is used specifically for
RNA purification by removing all contaminating genomic DNA.
The first-strand cDNA was synthesized by using a GoScript
Reverse Transcription System (Promega) according to the
manufacturer’s instructions. Quantitative real-time PCR (qPCR)
was performed with Fast SYBR Green master mix (BioRad) on
a CFX96 Real-Time System (BioRad). PCR conditions were as
follows: 95°C for 5min, then 40 cycles of 95°C for 20, 60°C
for 20s, 72°C for 20s. and the B-actin primers were used as
internal control. The specificity of the PCR amplification for all
primer sets was verified from the dissociation curves. The identity
of each PCR products was confirmed by dideoxy-mediated
chain termination sequencing at Wuhan TSINGKE Biological
Technology Inc. The relative fold changes were calculated by
comparison to the corresponding controls using the 27AA¢
method. Three independent experiments were conducted for
statistical analysis. The total RNA extracted from the tissue of
liver also treated as cells.

Co-IP Assay

For transient-transfection and Co-IP experiments, HEK 293T
cells were used instead of EPC cells due to the superhigh
transfection efficiency of HEK 293T cells. Cells seeded into 10-
cm? dishes overnight were transfected with a total of 10 pg
the indicated plasmids. At 24h post transfection, the medium
was removed carefully, and the cell monolayer was washed
twice with 10ml ice-cold phosphate-buffered saline (PBS). The
cells were then lysed in 1.0 ml radioimmunoprecipitation (RIPA)
lysis buffer (1% NP-40, 50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate
[NazVOy4], 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.25%
sodium deoxycholate) containing a protease inhibitor cocktail
(Sigma-Aldrich) at 4°C for 1h on a rocker platform. The
cellular debris was removed by centrifugation at 12,000 x g for
15min at 4°C. The supernatant was transferred to a fresh tube
and incubated with 20 pl anti-Flag affinity gel (Sigma-Aldrich)
overnight at 4°C with constant agitation. These samples were
further analyzed by Immunoblotting (IB). Immunoprecipitated
proteins were collected by centrifugation at 5,000 x g for 1 min
at 4°C, washed three times with lysis buffer, and resuspended

in 100 pl 5 x SDS sample buffer. The immunoprecipitates and
whole-cell lysates were analyzed by IB with the indicated Abs.

In vitro Protein Dephosphorylation Assay
Transfected HEK 293T cells were lysed as described above,
except that the phosphatase inhibitors (Na;VO,4 and EDTA) were
omitted from the lysis buffer. Protein dephosphorylation was
carried out in 100 pl reaction mixtures consisting of 100 g
of cell protein and 10U of CIP (Sigma-Aldrich). The reaction
mixtures were incubated at 37°C for 1h, followed by Western
blotting analysis.

Immunoblot Analysis

Whole cells were lysed in radioimmunoprecipitation (RIPA)
lysis buffer [1% NP-40, 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, ImM EDTA, 1 mM NaF, 1 mM sodium orthovanadate,
1mM phenyl-methylsulfonyl fluoride, and 0.25% sodium
deoxycholate] containing protease inhibitor mixture (Sigma-
Aldrich). The Bradford method was used for estimation of
protein concentration of cell lysates. The equivalent amount
of proteins (10 pg) in different groups were separated by 10%
SDS-PAGE and transferred to PVDF membrane (Bio-Rad).
The membranes were blocked for 1h at room temperature in
TBST buffer (25 mM Tris-HCI, 150 mM NacCl, 0.1% Tween-20,
pH 7.5) containing 5% nonfat dry milk, probed with indicated
primary antibodies (Abs) at an appropriate dilution overnight
at 4°C, washed three times with TBST and then incubated with

Paralichthys olivaceus
Gadus morhua

100 Salmo salar

_[ Danio rerio
100 Cyprinus carpio
Xenopus tropicalis

Cuculus canorus PREDICTED

Mus musculus

Homo sapiens
Sus scrofa

86 L Bos taurus

Crassostrea gigas

| |
010

FIGURE 1 | Phylogenetic tree of various TBK1 members. The tree was
depicted on the overall sequences by neighbor-joining method. The 0.1 scale
indicates the genetic distance. Accession numbers of TBK1 amino acid
sequences are as follows: Odontobutis obscura (dark sleeper), MK637832;
Oplegnathus fasciatus (Stone bream), AHX37216.1; Paralichthys olivaceus
(bastard halibut), AGL54166.1; Larimichthys crocea (large yellow croaker),
AKM77645.1; Salmo salar (Atlantic salmon), AEA42006.1; Gadus morhua
(Atlantic cod), ADL60136.1; Danio rerio (zebra fish), NP_001038213.2;
Cyprinus carpio (koi), ADZ55455.1; Xenopus tropicalis (Western clawed frog),
NP_001135652.1; Crassostrea gigas (Thunberg), APX43288.1; Cuculus
canorus (Cuckoo), XP_009554581.1; Mus musculus (Mouse), AAF05990.1;
Sus scrofa (Pig), NP_001098762.1; Bos taurus (Bovine), NP_001179684.1;
Homo sapiens (Human), AAF05989.1.
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FIGURE 2 | Sequence alignment of the amino acid sequence of TBK1 from several species was carried out by Gene Doc. Conserved N-terminal Serine/Threonine
protein kinases catalytic domain (S_TKc) was showed in the black box, C-terminal coiled coil domain (CCD) was showed in the gray box.
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secondary Abs for 1h at room temperature. After additional
three washes with TBST, the membranes were stained with
Immobilon TM Western Chemiluminescent HRP Substrate
(Millipore) and detected using an Image Quant LAS4000 system
(GE Healthcare). Abs were diluted as follows: anti-Myc (Santa
Cruz Biotechnology) at 1:2000, HRP-conjugated anti-mouse IgG
(Thermo Scientific) at 1:5000. The results were the representative
of three independent experiments.

Statistics Analysis

The results are expressed as mean £+ SEM. Data were analyzed
using a Student’s unpaired ¢-tests. A p < 0.05 was considered to
be statistically significant.

RESULTS

Molecular Cloning and Phylogenetic

Analysis of OdTBK1

The coding sequence (CDS) of OdTBK1 was obtained by RACE-
PCR. The full-length ORF of OdTBKI is 2,172 bp, encoding
723 amino acids through initial sequence analysis of OdTBK1
prediction. The SMART program predicted that there were
Serine/Threonine protein kinases catalytic domain (S_TKc) in N
terminus (9-306) and coiled coil domain (CCD) in C terminus
(678-704). To investigate the homology of OdTBK1, phylogenetic
analyses of TBK1 with several species were conducted by
MEGA?7 based on the CDS sequences; these members could
be divided into mammals, amphibians, mollusks, and fish
(Figure 1). OdTBK1 showed high homology with the TBK1
of L. crocea. Additionally, OdTBK1 and the TBK1 homologs
of D. rerio and G. morhua shared similar positions on the
homology. Meanwhile, multiple alignments of OdTBK1 to the
corresponding sequences of other species showed that the N-
terminal kinases catalytic domains of TBK from the teleost were
conserved (Figure 2).

Tissue-Specific Expression Pattern

of OdTBK1

To investigate the mRNA level of OdTBK1 in vivo, total RNA
was isolated from brain, pituitarium, eye, gill, heart, liver, muscle,
spleen, kidney, and ovary of the black sleeper separately. The
tissue distribution pattern of OdTBK1 was monitored by qRT-
PCR. Transcripts of OdTBK1 were detected in all ten tissues:
the highest level of OdTBK1 was observed in pituitarium, while
the lowest level of OdTBK1 appeared in the head kidney.
Generally, the expression levels of OdTBK1 were basically
the same across tissues (Figure 3). These data demonstrated
that OdTBK1 was ubiquitously expressed in the tissues of the
dark sleeper.

OdTBK1-Mediated IFNs and
ISRE Activation

TBKI1 is a crucial factor involved in type I IFN response. To
clarify whether OdTBK1 activates IFN production, the luciferase
report gene assay was employed in the following manner. Co-
transfection of the OdTBK1 and IFN promoters occurred in
EPC cells, and the activities of these promoters were measured

1200+
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FIGURE 3 | Expression analysis of OdTBK1 in different tissues. Total RNAs of
various tissues in dark sleeper were extracted to examine the transcripts of
OdTBK1, B-actin was used as an internal control for normalization to give
relative expression. The expression levels in the other tissues are shown as
fold induction compared with the head kidney (for which their relative
expressions were set to 1). Error bars represents the means + SEM (n = 3),
and the experiments were repeated three time with similar results.

24h later. According to the results, OdTBKI1 significantly
upregulated the activation of the DrIFN¢$1 promoter up to 7.6-
fold compared with the empty vector control group (Figure 4A).
Similarly, the activation of the DrIFN¢$3 promoter increased
by 6.3-fold compared with the control group (Figure 4B). The
activation of the fmIFN promoter was also measured, and it was
significantly induced about 20-fold compared with the empty
vector control group (Figure 4C). Then, ISRE was co-transfected
with OdTBK1 in GCO cells to monitor the capacity of OdTBK1
in another fish cell line. Consistent with the result above, ISRE
was significantly enhanced 24-fold by OdTBK1 overexpression
(Figure 4D). Finally, GCIFN1 was co-transfected with OdTBK1
in the same way, and its activity was also upregulated
about 16-fold (Figure4E). These results demonstrated that
OdTBK1 conservatively activated the IFN promoters from
different fishes.

Cytoplasm Localization of OdTBK1
Fluorescence microscopy was used to investigate the subcellular
localization of OdTBK1 with or without I:C stimulation or
SVCV infection. Poly I:C, an RNA virus mimic, can induce
IFN expression significantly. EPC cells transfected with EGFP-
N3 were used as a control group. The fluorescent signals
of EGFP-N3 were distributed in the cytosol and the nucleus
with or without poly I:C stimulation or SVCV infection.
Compared with the controls, without stimulation, the green
signals of OdTBK1 were detected in the cytosol, with none
in the nucleus. After poly I:C stimulation or SVCV infection,
green fluorescent signals were also detected only in the cytosol
(Figure 5). These data suggested that OdTBK1 was localized in
the cytoplasm.
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FIGURE 4 | (A-E) Activation of DrIFN¢ 1, DrIFN$3 and ISRE promoters by overexpression of OdTBK1. EPC cells were seeded on 24-well-plates overnight and
co-transfected with pCMV-Myc or OdTBK1-Myc and DrlIFN¢1pro-Luc (A), DrIFN¢3pro-Luc (B), fmIFNpro-Luc (C). GCO cells were treated at the same way and
co-transfected with pCMV-Myc or OdTBK1-Myc and gclFN1pro-Luc (D), ISRE-Luc (E). The luciferase assays were performed 24 h after transfection. The promoter
activity is presented as relative light units normalized to Renilla luciferase activity. Error bars represents the means + SEM (n = 3), and the experiments were repeated
three time with similar results. Asterisks indicate significant differences from control (p < 0.05).
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FIGURE 5 | Subcellular localization of OdTBK1. EPC cells seeded onto microscopy cover glass in 6-well plates were transfected with 2 pg EGFP-OdTBK1 or the
empty vector. After 24 h, the cells were untreated (null) or transfected with 2 g poly (I:C) or infected with 4 I SVCV for 12 h, then the cells were fixed and subjected
to confocal microscopy analysis. Green staining represents the OdTBK1 protein signal, and blue staining indicates the nucleus region (original magnification, x63; oil
immersion objective). Bar, 10 um. All experiments were repeated at least three times, with similar results.

OdTBK1 Acted as a Kinase to DrIRF3. As shown in Figure 6C, the mutant lacking the
Phosphorylate IRF3 kinase domain (OdTBK1-AN) failed to phosphorylate DrIRF3,
suggesting that this domain was indispensable for its kinase
activity (Figure 6C). In addition, to validate the association
between OdTBKI1 and DrIRF3, we transfected expression
plasmids for DrIRF3-Myc and OdTBK1-Flag into HEK
293T cells and performed Co-IP assays. The results indicate
that OdTBK1 interacted with DrIRF3 (Figure 6D) and was
involved in phosphorylation of DrIRF3 via its functional
kinase domain.

As mentioned earlier, IRF3 is a crucial downstream signaling
molecule of TBKI. After co-transfection of zebrafish IRF3
(DrIRF3) and OdTBKI, cells were lysed for immunoblotting.
Compared with the signal band of DrIRF3 in the control
group, band shifts occurred through stimulation with
OdTBK1 (Figure 6A). To confirm whether the shifted
bands represented phosphorylated IRF3, a dephosphorylation
assay was performed in vitro. The shifted bands partially
disappeared after being treated with calf intestinal phosphatase
(CIP), demonstrating that DrIRF3 can be phosphorylated by OdTBK1 Induced Downstream

OdTBK1 (Figure6B). To further characterize this process, 1SGs Expression

a truncated OdTBKI mutant was generated to identify the = OdTBKI significantly phosphorylates IRF3, which is a crucial
functional domain that regulates the phosphorylation of  transcriptional factor of IFN, to activate ISGs expression.
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FIGURE 6 | IRF3 was phosphorylated by OdTBK1. (A) Overexpression of OdTBK1 induces the phosphorylation of DrIRF3 in a dose-dependent manner. HEK 293T
cells were seeded in six-well plates overnight and co-transfected with 1 g DrIRF3-HA (attachment of a HA tag to the N terminus of DrIRF3) and 1 jug empty vector,
or OdTBK1-Myc (0.25, 0.5 and 1 g, respectively) for 24 h. The cell lysates were subjected to IB with the anti-HA, anti-Myc, and anti-8-actin Abs. (B) OdTBK1
mediates the phosphorylation of DrIRF3. HEK 293T cells were seeded in six-well plates overnight and co-transfected with 1 g DrlIRF3-HA and 1 g empty vector or
OdTBK1-Myc for 24 h. The cell lysates (100 g) were treated with or without CIP (10 U) for 40 min at 37°C. The lysates were then subjected to IB with the anti-HA,
anti-Myc, and anti-g-actin Abs. (C) IRF3 was phosphorylated by the N terminus of OdTBK1. HEK 293T cells were seeded in six-well plates overnight and transfected
with the indicated plasmids (1 wg each) for 24 h. The cell lysates were subjected to IB with the anti-Myc and anti-8-actin Abs. (D) OdTBK1 associates with DrIRF3.
HEK 293T cells seeded into 10-cm? dishes were transfected with the indicated plasmids (10 g each). After 24 h, cell lysates were immunoprecipitated (IP) with
anti-Flag affinity gel. The immunoprecipitates and cell lysates were then analyzed by IB with anti-Myc and anti-Flag Abs, respectively. All experiments were repeated at
least three times with similar results.
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FIGURE 7 | Overexpression of OdTBK1 induces the expressions of ISGs in EPC cells. (A-C) qPCR detection of the transcript levels of ISGs in
OdTBK1-overexpressing cells. EPC cells seeded in 6-well plates overnight were transfected with 1.5ug OdIRF3-Myc or empty vector for 24 h. Then total RNAs were
extracted to examine the transcripts of ifn (A), mavs (B), and vig1 (C) by gPCR. B-actin 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 represents the means + SEM (n = 3), and the experiments were
repeated three time with similar results. Asterisks indicate significant differences from control ("o < 0.05).

Therefore, the regulation activity of OdTBK1 was monitored.  detect several genes involved in IFN-mediated pathways, such
EPC cells were transfected with OdTBKI and total RNA was  as ifn, mavs, and vigl (26). The transcription levels of these
extracted for reverse transcription. qRT-PCR was employed to  ISGs increased significantly compared with the control group.
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FIGURE 8 | Antiviral assay on OdTBK1. (A,B) EPC cells seeded in 24-well plates overnight were transfected with 0.5 jLg OdTBK1-Myc or pCMV-Myc vector. At 24 h
after transfection, the EPC cells were infected with SVCV (MOI = 0.01) per well and incubated at 28°C. The culture media was then harvested to detect the virus titers
at 48 h post infection. (A) The cell monolayers were fixed with 4% PFA for 1 h and stained with 1% crystal violet overnight. (B) The viral titers of the supernatants were
determined by TCIDsq assays on EPC cells. The experiments were performed for three times with similar results.
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The mRNA level of ifn was increased by 61-fold compared with
the control group, and that of vigl was increased by 15-fold
(Figures 7A-C). These data indicated that OdTBK1 was capable
of activating ISG transcription.

Antiviral Activity of OdTBK1

Finally, to investigate the role of OdTBKI in host antiviral
immunity, EPC cells were transfected with OdTBK1 and the
pCMV-Myc group was used as a control group. These two groups
were separately infected with identical titers of SVCV at 24h
post-transfection. At 36 h after the infection, apparent CPE was
observed in the control cells, while the CPE of the OdTBK1
group was obviously reduced (Figure 8A). Measurement of the
virus titers of the OdTBK1 and control groups suggested that it
was reduced over 30-fold in the OdTBKI1-overexpressing cells
compared with the control cells (Figure 8B). The data above
demonstrated that OdTBK1 enhanced the antiviral ability of cells
against the virus, which indicated that OdTBKI1 participated as a
crucial factor in the host antiviral innate immune response.

DISCUSSION

As a key positive IFN regulator, TBK1 has been extensively
studied in mammals, whereas studies of teleost TBKI1 are
rare. In this study, we describe a fish TBK1 isolated from O.
obscura and its kinase function in inducing IFN expression and
phosphorylating IRF3. These data demonstrate that TBK1 is
conserved in both lower and higher vertebrates.

In our study, phylogentic analysis of the TBK1 amino acid
sequences revealed that dark sleeper TBK1 is closely related to
that of other fish and is likely an ortholog of mammalian TBKIs.
This is consistent with TBK1 being the crucial kinase in IFN
response, an essential and pivotal part of antiviral defense. In
addition, other RLR factors such as MAVS, MITA, and IRF3
are conserved and functional in fish. Generally, IFN production
activated by the RLR axis is necessary for both fish and mammal
antiviral processes.

The tissue expression pattern indicated that OdTBKI1 was
highest in the pituitary, but relatively low in the spleen and
head kidney. This is interesting because the pituitary participates

in the formation of the hypothalamic-pituitary-interrenal axis
for regulating the metabolism, immune response, and growth of
fish generally (27, 28). The lower expression level of OdTBK1
in the head kidney and spleen is probably because OdTBK1 is
not necessary in immune-relevant tissues of healthy fish. Also,
OdTBKI nay not be involved in adaptive immune processes.

In mammals, the induction of IFN and downstream ISGs
symbolizes antiviral post infection response (29, 30). Similar
to this, our study revealed that OdTBKI1 exhibits a powerful
effect on zebrafish and grass carp IFN promoter activation.
Overexpression of OdTBK1 up-regulates the expression of fmifn
and fmvigl, but not of fmmavs. MAVS belongs to the IFN-
related gene and recruits TBK1/IKKe by TRAFs, which means
that MAVS is not the TBK1 downstream effector protein (31).
Furthermore, fish MAVS has been reported to contribute to
IFN antiviral immunity upstream of TBK1 and IRF3/7 (32).
These findings explain why TBK1 cannot directly up-regulate the
expression of fmmavs.

OdTBK1 was located in the cytoplasm with or without
poly I:C and SVCYV, indicating that TBK1 activates downstream
signal molecules from the cytoplasm and that the cytoplasm
is where TBK1 is regulated by upstream molecules. After
being stimulated by TBK1, dimerized and phosphorylated IRF3
transfers from the cytoplasm to the nucleus, where it binds
to ISRE motifs to initiate the transcription of target genes,
including IFN and other ISGs (33). As a critical kinase involved
in antiviral immunity, TBK1 activity can be regulated in a variety
of ways, such as phosphorylation, ubiquitination, and kinase
activity modulation. These modifications occur mainly in the
cytoplasm. For instance, E3 ubiquitin ligase TRAF3 mediates
lysine 63 (K63)-linked polyubiquitination of TBK1 and facilitates
its activation in the cytoplasm (34). These data support the
cytoplasmic localization of TBK1 as responsible for its activation
and function.

Research has indicated that OdTBK1 exhibited kinase
activity that induced the phosphorylation of DrIRF3. We have
characterized OdIRF3, but do not yet know whether OdIRF3 can
be phosphorylated by OdTBK1. The protein kinase domain of
OdTBK1 was indispensable for its kinase activity; the dominant
negative mutant TBK1-K38M of human or crucian carp is able to
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effectively block this activity (20, 33). Future studies are needed to
construct the mutant OdTBK1-K38M to determine conservation
of the kinase functional site.

In summary, we have identified and characterized
OdTBK1 and verified the partial function of TBK1 in host
antiviral innate immunity. More research is still needed to
understand the molecular mechanisms behind the biological
functions and regulation of the TBKIl-mediated signaling
pathway and to gain insight into the potential role of
OdTBK1 in fish.
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