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ABSTRACT

Interferon regulatory factor 9 (IRF9) plays a crucial role in JAK-STAT signaling in human and mammal.
However, the relationship between IRF9 and STAT1 in teleost fish remains largely unknown. The previous study
has elucidated that two STAT1 isoforms (bcSTAT1a and becSTAT1b) of black carp (Mylopharyngodon piceus) play
an important role during the innate immune activation initiated by grass carp reovirus (GCRV). In this paper,
black carp IRF9 (bcIRF9) has been identified and characterized. bcIRF9 was distributed majorly in the nucleus
and the linker domain (LD) of bcIRF9 was vital for its nuclear localization. bcIRF9 showed ISRE-inducing activity
in reporter assay and presented antiviral activity against GCRV in plaque assay, in which both DNA binding
domain (DBD) and LD of bcIRF9 were essential for its antiviral signaling. bcIRF9 was identified to interact with
both beSTAT1a and beSTATI1D in the co-immunoprecipitation assay. It was interesting that bcIRF9-mediated
antiviral signaling was up-regulated by bcSTAT1a; however, down-regulated by bcSTAT1b. Thus, our data
support the conclusion that bcIRF9 plays an important role in the innate immune defense against GCRV, in

which two STAT1 proteins function differently.

1. Introduction

Innate immunity is the first line of host defense against pathogen
infection in vertebrates (Chiang and Liu, 2018). The host cells recruit
the pathogen recognition receptors (PRRs) to recognize the invading
pathogens and activate the downstream signaling pathway to trigger
the expression of type I interferons (IFNs), which include Toll-like re-
ceptors (TLRs) and retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) (Xu et al., 2019). IFNs are a group of small, induce-expressed
cytokines, which play key the roles in both innate and adaptive immune
responses (Ivashkiv and Donlin, 2014). The secreted IFNs stimulate
either the host cell itself through autocrine, or the neighbor cells
through paracrine, to induce the production of IFN-stimulated genes
(ISGs), which finally initiate the innate immune response (Pervolaraki
et al., 2018).

In humans and mammals, Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) signaling pathway plays the key role
in IFN-mediated ISGs expression, most of which are antiviral proteins
and pro-inflammatory cytokines (Yuan et al., 2018). After the binding
of IFNs, the trans-membrane interferon receptors (IFNRs) activate the
associated intracellular tyrosine kinases (JAK1, TYK2) and phosphor-
ylate signal transducer and activator of transcription 1 (STAT1) and
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STAT2, which interact with IRF9 and form STAT1/STAT2/IRF9 tri-
meric complex, named IFN-stimulated gene factor 3 (ISGF3)
(Suprunenko and Hofer, 2016). ISGF3 translocate from cytoplasm to
the nucleus and trigger the transcription of most ISGs by binding to the
IFN-stimulated response element (ISRE), which is a conserved compo-
nent of the promoter of many ISGs (Najjar and Fagard, 2010).
Interferon regulatory factors (IRFs) play a pivotal role in both innate
and adaptive immunity, including the development of immune cells
and induction of cytokines (Yanai et al., 2012). The vertebrate IRF fa-
mily consists of eleven members, in which IRF11 is exclusively found in
fish, and is classified into IRF1, IRF3, IRF4 and IRF5 subfamilies, with
IRF1, IRF2 and IRF11 belonging to IRF1 subfamily, IRF3 and IRF7
belonging to IRF3 subfamily, IRF4, IRF8, IRF9 and IRF10 belonging to
IRF4 subfamily, IRF5 and IRF6 belonging to IRF5 subfamily (Huang
et al., 2010). All IRF members possess a highly conserved N-terminal
DBD, which is composed of five conserved tryptophan repeats and
forms a helix-loop-helix motif to recognize consensus tandem repeat of
(5’-AANNGAAA-3’) (Yanai et al., 2012). Besides, most IRF members
(except IRF1 and IRF2) have a C-terminal IAD, which is involved in the
association with homologous or heterogenous proteins for the induction
of IFN or ISGs (Paun and Pitha, 2007). Based on a comparison of the C-
terminal region of the IRF proteins, IRF1, IRF3 and IRF9 have been
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Table 1
Primers used in the study.
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Primer name Sequence (5’-3")

Primer information

bcIRF9-N-F
bcIRF9-N-R
bcIRF9-ADBD-N-F
bcIRF9-ALD-N-F
bcIRF9-ALD-N-R
bcIRF9-AIAD-N-R

CMV-F CGCAAATGGGCGGTAGGCGTG
BGH-R TAGAAGGCACAGTCGAGG
be-Q-actin-F TGGGCACTGCTGCTTCCT
be-Q-actin-R TGTCCGTCAGGCAGCTCAT
bcIRF9-Q-F GAGGAAGATGCGGCTATT
bcIRF9-Q-R TGGACTTTTGTTGAGGGC

ACTGACGGTACCATGGCATCTGGAAGGATTCG
ACTGACCTCGAGTTAACAAAGATTCAGCGTCAC
ACTGACGGTACCATGGGAGTGGTGAAAATAAAAAAAG
ACTGACGGTACCTAGAAGAACAAGTGCTGAACTCTTTCC
ACTGACCTCGAGGGAAAGAGTTCAGCACTTGTTCTTCTA
ACTGACCTCGAGTTATCTCTTTTCTTCTGAC

Gene cloning

Gene cloning
Gene cloning

Gene cloning

q-PCR

q-PCR

described as activators, whilst IRF2, IRF4, IRF5, IRF7 and IRF8 have
been recognized as multifunctional agents, which both activate and
repress gene transcription (Antonczyk et al., 2019). The N-terminal
DBD and C-terminal IAD are connected by the linker domain (LD),
which has been rarely studied (Paul et al., 2018).

IRF9 was discovered as a protein subunit purified from ISGF3 in
mammal, which was also known as ISGF3y or p48 in early studies be-
cause of its molecular weight of 48 kDa (Fu et al., 1990). Early study
identified that IRF9 played an important role as an interferon-stimu-
lated response element (ISRE)-binding and recognizing protein and the
combination with STAT1-STAT2 heterodimers added to its specificity
for the ISRE (Kraus et al., 2003). The subsequential study revealed that
the acetylation of IRF9 at residue Lys81 was required for its DNA
binding activity in U2A cells (Tang et al., 2007). IRF9 has also been
found to be involved in cell death pathway in humans, in which over-
expression of IRF9 facilitated the antiproliferative activity of IFNa
(Tsuno et al., 2009). Recent evidence has indicated that IRF9 is also
involved in NF-xB pathway in humans, in which overexpression of IRF9
and U-STAT2 (STAT2 lacking tyrosine phosphorylation) greatly en-
hances IL6 expression in response to the classical NF-xB activators LPS,
TNF, and IL1 (Nan et al., 2018). In teleost, IRF9 has been cloned and
characterized from several species, such as crucian carp (Carassius
auratus), zebrafsh (Danio rerio), spotted green pufferfish (Tetraodon ni-
groviridis), Atlantic salmon (Salmo salar), olive flounder (Paralichthys
olivaceus), miiuy croaker (Miichthys miiuy) and grass carp (Ctenophar-
yngodon idella) (Shi et al., 2012; Sobhkhez et al., 2014; Hu et al., 2014;
Wu et al.,, 2017). Most of these studies mainly focused on the re-
lationship between STAT2 and IRF9 in the innate immunity (Shi et al.,
2012; Wu et al., 2017; Huang et al., 2017). However, there are few
studies about the STAT1 and IRF9 in teleost, although the combination
of IRF9 and STAT1 is essential for the stability and transcriptional ac-
tivity of ISGF3 in humans and mammals (Paul et al., 2018).

Black carp is an economically important freshwater species in
China, which is subjected to bulk of pathogenic microorganisms, such
as GCRV. However, its innate immune system remains largely un-
known. In our previous study, bcIRF3, bcIRF5 and bcIRF7 have been
investigated separately, with all shown to be involved in regulating
antiviral immune response (Jiang et al., 2019; Yang et al., 2019; Li
et al., 2018). In this paper, we have reported the full-length cDNA se-
quence of black carp IRF9 and characterized its structures and features.
In addition, two members of STAT1 of black carp (bcSTAT1), bcSTAT1a
and bcSTAT1b, have been cloned and characterized to play an im-
portant role in the innate immune activation initiated by GCRV (Wu
et al., 2019). It was interesting that human STAT1a/[3 are generated by
alternative splicing; however, bcSTAT1a/b isoforms are derived from
two different genes (Song et al., 2011). To further explore the me-
chanism of bcSTAT1a/b in the antiviral innate immunity, the function
of bcIRF9 has been identified in this study. bcIRF9 showed strong ISRE-
inducing ability and antiviral activity in reporter assay and plaque
assay respectively. It was interesting that the ISRE-inducing ability and

antiviral activity of IRF9 were obviously elevated by bcSTAT1a, how-
ever, dampened by bcSTAT1b, which lacks a complete transcriptional
activation domain (TAD) at the C-terminus compared to STAT1a. Thus,
our data presented for the first time that STAT1 members function
differently in IRF9 regulation, which sheds a light on the STAT1/
STAT2/IRF9 study in teleost.

2. Materials and methods
2.1. Cells and plasmids

HEK293T cells were kept in the lab, Epithelioma papulosum cyprinid
(EPC) cells and Ctenopharyngodon idella kidney (CIK) cells were kind
gifts from Dr. Pin Nie (Institute of Hydrobiology, CAS), and
Mylopharyngodon piceus kidney (MPK) cells were a kind gift from Dr.
Tiansheng Chen (Huazhong Agricultural University) (Zhou et al.,
2015). All the cell lines were maintained in DMEM supplemented with
10% fetal bovine serum, 2mM r-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin. Mammalian cells were cultured at 37 °C with
5% CO, and fish cells were cultured at 26 °C with 5% CO,. Transfection
was done as previously described, calcium phosphate was used for
HEK293T transfection and Lipomax (SUDGEN) was used for EPC
transfection (Xiao et al., 2017).

pcDNA5/FRT/TO (Invitrogen), pcDNAS5/FRT/TO-bcSTAT1a-HA,
pcDNAS5/FRT/TO-bcSTAT1b-HA and pRL-TK were kept in the lab (Liu
et al, 2017). Luci-ISRE was a kind gift from Dr. Yongan Zhang
(Huazhong Agriculture University), which contained five ISRE motifs in
series (Li et al., 2014). The recombinant vector pcDNA5/FRT/TO-Flag-
bcIRF9 was constructed by cloning the open reading frame (ORF) of
bcIRF9 fused with a Flag tag at its N-terminus into pcDNA5/FRT/TO.

2.2. Cloning the cDNA of bcIRF9

Primers (Table 1) were designed to amplify the coding sequence
(CDS) of bcIRF9 based on the transcriptome data of black carp. Total
RNA was isolated from the spleen of black carp by Trizol (TaKaRa,
Japan) and the first-strand cDNA were synthesized by using the Revert
Aid First Strand cDNA Synthesis Kit (Thermo, USA). The coding se-
quence was cloned at the first attempt by using the primers. The am-
plified fragments were cloned into pMD18-T vector (TaKaRa, Japan)
and sequenced by Invitrogen.

2.3. Virus produce and titration

GCRV (strain: GCRV106) were kept in the lab. GCRV were propa-
gated in CIK at 26 °C in the presence of 2% fetal bovine serum. Virus
titers were determined by plaque assay on EPC cells separately as
previously described (Jiang et al., 2017). Briefly, the 10-fold serially
diluted virus supernatants were added onto EPC cells and incubated for
2h at 26 °C. The supernatant was removed after incubation and DMEM
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Fig. 1. Evolution study of bcIRF9.

(A): Comparisons of bcIRF9 with other vertebrate IRF9 proteins by using MEGA 6.0 program and GeneDoc program. The N-terminal DNA binding domain, C-terminal
IRF association domain and middle linker domain were labeled above the sequences. Two nuclear location domains (NLS1 and NLS2) were indicated with rectangle
separately. The domains were predicted by CDS (Conserved Domain Search) of NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Nuclear location
domains were predicted by PSORT II (https://psort.hgc.jp/form2.html). (B): Phylogenetic tree of IRFs in vertebrates. The tree was depicted on the overall sequences
by neighbor-joining method of MEGA 6.0 software. The accession numbers of the IRF1 sequences are: H. sapiens (CR541713.1), M. musculus (BC003821.1), D. rerio
(AY398364.1). The accession numbers of the IRF2 sequences are: H. sapiens (CR457077.1), M. musculus (BC006577.2), D. rerio (BC086813.1). The accession numbers
of the IRF3 sequences are: H. sapiens (AAH09395.1), M. musculus (NP_001006970), D. rerio (NP_001137376.1). The accession numbers of the IRF4 sequences are: H.
sapiens (CAH71554.1), M. musculus (AK089319), D. rerio (NP_001116182.1). The accession numbers of the IRF5 sequences are: H. sapiens (EAL24107.1), M. musculus
(EDL13770.1), M. piceus (MK422172.1), D. rerio (ABY91289.1). The accession numbers of the IRF6 sequences are: H. sapiens (AEL89176.1), M. musculus
(NM_016851.2), D. rerio (AAH56772.1). The accession numbers of the IRF7 sequences are: H. sapiens (BC136555.1), M. musculus (BC138799.1), M. piceus
(MG210943.1), D. rerio (BC065902.1). The accession numbers of the IRF8 sequences are: H. sapiens (NP_002154.1), M. musculus (NM001008722), D. rerio
(NM_001002622.1). The accession numbers of the IRF9 sequences are: M. mulatta (NP_001260669.1), H. sapiens (006084.4), M. musculus (BC005435.1), S. scrofa
(NM_001078670.1), S. salar (NM_001173719.1), C. auratus (JQ804926.1), D. rerio (NM_001260669.1), C. idella (KT156366.1), M. piceus (MH410168.1), M. miiuy
(KY091659.1), L. crocea (MF446411.1), T. nigroviridis (JQ412058.1). The accession numbers of the IRF10 sequences are: D. rerio (NP_998044.1). The accession
numbers of the IRF11 sequences are: D. rerio (BC165272.1), C. idella (MH797556.1). The bar stands for the scale length and the numbers on different nodes stand for

bootstrap value.

Table 2 containing 2% FBS and 0.75% methylcellulose (Sigma) was added.
Comparison of bcIRF9 with other vertebrate IRF9 (%). Plaques were counted at day 3 post infection.
Species Full-length sequence
2.4. Quantitative real-time PCR
Similarity Identity
C.idella 99.5 97.9 The relative bcIRF9 mRNA level in MPK cells was examined by
C.auratus 98.8 97.2 quantitative real-time PCR (q-PCR). The primers for bcIRF9 and (-actin
D.rario 85.4 76.9 (as internal control) were listed in Table 1. The q-PCR program was: 1
]S\/-[S:El’uy Zg‘i’ 235 cycle of 95 °C/10min, 40 cycles of 95 °C/15s, 60 °C/1min, followed by
T ’m.gmvin. ds 66.4 52.3 dissociation curve analysis (60 °C-95 °C) to verify the amplification of a
P.olivaceus 66.4 52.2 single product. The threshold cycle (CT) value was determined by using
L.crocea 58.8 46.6 the manual setting on the 7500 Real-Time PCR System and exported
G.gallus 46.2 33.5 into a Microsoft Excel Sheet for subsequent data analysis where the
H.sapiens 47.6 33.1 relative expression ratio of target gene of treated group versus that of
M.mulatta 47.1 33.6 > AACT
S.scrofa 45.3 32.1 control group were calculated by 2 method.
M.musculus 47.4 33.3
M fascicularis 185 314 2.5. LPS and poly (I:C) treatment

The protein IDs are identical to those of Fig. 1.
MPK cells were seeded in 6-well plate (2 X 10° cells/well) at 16 h

before treatment. poly (I:C) (Sigma) was used for synthetic dsRNA sti-
mulation, which was heated to 55 °C (in PBS) for 5min and cooled at
room temperature before use. MPK cells were replaced with 1 ml fresh
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Fig. 2. The expression of bcIRF9 in response to different stimuli.

40 - Olpg/ml @10pg/ml ®m50ug/ml

Developmental and Comparative Immunology 103 (2020) 103528

C

OMOI=0.01 @MOI=0.1 mMOI=1

—_
(=3
(=}

* %

* % *

Relative expression of b¢cIRF9
wn
f=]

12h  24h  48h Oh 2h 8h 12h 24h  48h

LPS GCRV

MPK cells were seeded in 6-well plate (2 x 10° cells/well) at 16 h before stimulation. The cells were treated with poly (I:C) or LPS at the indicated concentrations (A&
B) or infected with GCRV at indicated MOIs separately (C), and harvested for qPCR independently at the indicated time points post stimulation.

A B D
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Fig. 3. The protein expression, subcellular distribution and ISRE-inducing ability of bcIRF9.

(A) & (B) Immunoblot assay of bcIRF9 in 293T cells and EPC cells. CTR: cells transfected with empty vector, IB: immunoblot. (C): Immunofluorescence staining of
bcIRF9 in EPC cells; the bar stands for the scale of 20 um and 5 pm respectively. (D): EPC cells in 24-well plate were transfected with plasmid expressing bcIRF9, pRL-
TK and Luci-ISRE and applied to reporter assay. The numbers above the error bars stand for the average ISRE fold induction. bcIRF9: pcDNA5/FRT/TO-Flag-bcIRF9.

media containing poly (I:C) and harvested at different time points post
treatment. For LPS treatment, MPK cells in 6-well plate (2 X 10° cells/
well) were treated with LPS at indicated concentration and harvested
for g-PCR at different time point post stimulation as above.

2.6. Immunoblotting

EPC cells in 6-well plate (2 x 10° cells/well) were transfected with
pcDNA5/FRT/TO-Flag-bcIRF9 or the empty vector separately. The
transfected cells were harvested at 48 h post transfection and the whole
cell lysates were used for immunoblot (IB) assay as previously described
(Yang et al., 2019). In brief, the proteins were isolated by 10% SDS-
PAGE and the transferred membrane was probed with mouse-anti-Flag
monoclonal antibody (1:4000; Sigma, USA), which was followed by the
incubation with goat anti-mouse IgG (1:30000; Sigma, USA). The target

protein was visualized with BCIP/NBT alkaline phosphatase color de-
velopment kit (Thermo, USA).

2.7. Immunofluorescence microscopy

EPC cells in 24-well (3 x 10° cells/well) plate were transfected with
pcDNA5/FRT/TO-Flag-bcIRF9, and/or pcDNAS5/FRT/TO-bcSTAT1a-
HA or pcDNA5/FRT/TO-bcSTAT1b-HA. The transfected cells were fixed
with 4% (v/v) paraformaldehyde at 24 h post transfection. The fixed
cells were permeabilized with Triton X-100 (0.2% in PBS) and used for
immune-fluorescent staining as previously described (Li et al., 2019).
Rabbit-anti-HA antibody and mouse-anti-Flag antibody (Sigma, USA)
were probed at the ratio of 1:300. Alexa 594-conjugated secondary
antibody (Invitrogen, USA) and Alexa 488-conjugated secondary anti-
body (Invitrogen, USA) were probed at the ratio of 1:1000; and DAPI (4,
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Fig. 4. The protein expression, subcellular distribution and ISRE-inducing ability of the truncation mutants of bcIRF9.

(A): Schematic map of bcIRF9 and its truncation mutants. (B): Immunoblot assay of bcIRF9 and its mutants in 293T cells. CTR: cells transfected with the empty
vector, IB: immunoblot. (C): Immunofluorescence staining of bcIRF9 and its mutants in EPC cells. The bar stands for the scale of 5 um. (D): EPC cells in 24-well plate
were transfected with bcIRF9 or its mutants, and applied to reporter assay. WT: pcDNA5/FRT/TO-Flag-bcIRF9; ADBD: pcDNA5/FRT/TO-Flag-ADBD-bcIRF9; AIAD:
pcDNA5/FRT/TO-Flag-AIAD-bcIRF9; ALD: pcDNA5/FRT/TO-Flag-ALD- bcIRF9. The numbers above the error bars stand for the average ISRE fold induction.

6-diamidino-2-phenylindole) were used for the nucleus staining.

2.8. Luciferase reporter assay

EPC cells in 24-well plate (3 x 10° cells/well) were co-transfected
with expression plasmids as required, pRL-TK and Luci-ISRE. For each
transfection, the total amount of DNA was balanced with the empty
vector. The cells were harvested and lysed at 24 h post transfection. The
centrifuged supernatant was used to measure the activities of firefly
luciferase and renilla luciferase according to the instruction of the
manufacturer (Promega, USA) as previously described (Song et al.,
2019).

2.9. Co-immunoprecipitation (Co-IP)

HEK293T cells in 10cm Petri dish (6 x 10° cells/well) were co-
transfected with pcDNA5/FRT/TO-Flag-bcIRF9 and pcDNA5/FRT/TO-
bcSTAT1a-HA or pcDNA5/FRT/TO-bcSTAT1b-HA separately. For each
transfection, the total amount of plasmid DNA was balanced with the
empty vector. The transfected cells were harvested at 48 h post-trans-
fection and lysed for immunoprecipitation (IP) assay as previously de-
scribed (Lu et al., 2017). The whole cell lysate of the transfected cells
was incubated with protein A/G agarose beads at 4 °C for 2 h. Anti-Flag-
conjugated protein A/G agarose beads were added in the supernatant
after pre-cleaning and incubated with the supernatant media at 4 °C for
4 h. The anti-Flag-conjugated protein A/G agarose beads were boiled in
2 X sample buffer after 3 times of wash and the eluted proteins were
used for IB as above.

2.10. Statistics analysis

For the statistics analysis in q-PCR, luciferase reporter assay and
viral titer measurement, all data were obtained from three independent
experiments with each performed in triplicate. Error bars represented
the standard error of the mean value (+SEM) of three independent
experiments. Asterisks (*) on the pillar marked the significant differ-
ence between experimental data and control data (*p < 0.05). The
data were analyzed by two-tailed Student's t-test.

3. Results
3.1. Molecular cloning and sequence analysis of bcIRF9

The CDS of bcIRF9 consists of 1287 nucleotides, which encodes 428
amino acids (NCBI accession number: MH410168.1). The sequence
analysis predicts that bcIRF9 contains a highly conserved N-terminal
DNA binding domain (DBD), a linker domain (LD), and an IRF asso-
ciated domain (IAD). A previous report has showed that human IRF9
contains a bipartite NLS (named as NLS2) motif at the position of 66aa-
85aa. Multiple sequence alignments revealed that the NLS2 domain is
highly conserved in the corresponding region of all selected IRF9 pro-
teins from human to fish (Fig. 1A). In addition, the PSORTII software
predication and sequence alignment have revealed that bcIRF9 pos-
sesses a fish-specific nuclear localization signal (NLS1) like its piscine
homologues (Fig. 1A). The calculated molecular weight of bcIRF9 is
48.31kDa and the theoretical isoelectric point of this protein is 7.98
(http://web.expasy.org/protparam/). Phylogenetic analysis has shown
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Fig. 5. The antiviral activity of bcIRF9 and its mutants.

EPC cells in 24-well plate were transfected with 500 ng plasmids expressing
bcIRF9, its mutants or the empty vector separately. At 24h post transfection,
cells were infected with GCRV at the indicated MOI. The virus titers in the
supernatant media were examined by plaque assay at 24 hpi. CTR: EPC cells
transfected with the empty vector; bcIRF9: pcDNA5/FRT/TO-Flag-bcIRF9;
ADBD: pcDNAS5/FRT/TO- Flag-ADBD-bcIRF9; AIAD: pcDNAS5/FRT/TO-Flag-
AIAD-bcIRF9; ALD: pcDNA5/FRT/TO-Flag-ALD-bcIRF9. The numbers above the
error bars stand for average virus titer.

that black carp IRF9 is orthologous to mammalian counterparts, which
grouped with IRF4, IRF8, and IRF10 proteins constituting the IRF4
subfamily (Fig. 1B). bcIRF9 shares high amino acid sequence similarity
with grass carp IRF9 (99.5%) and crucian carp IRF9 (98.8%), which
correlates with the closest genetic relationship of these cyprinid fishes
(Table 2).

3.2. bcIRF9 expression in response to different stimuli

To learn bcIRF9 mRNA profile during the innate immune activation,
MPK cells were subjected to different stimuli and applied to qPCR
analysis, which including poly (I:C), LPS and GCRV. After poly (I:C)
stimulation, the transcription of bcIRF9 immediately increased right
after stimulation and the trends were same in all groups treated at
different concentration (5 ug/ml, 25ug/ml or 50pug/ml) and the overall
trend of the transcription of bcIRF9 were initially elevated and then
decreased (Fig. 2A). The highest transcription level of bcIRF9 (12h
point, 50ug/ml) within 48 h post stimulation was up to 41.4-fold of that
of the control (Fig. 2A). Similar to that of poly (I:C) group, the tran-
scription of bcIRF9 in MPK cells was increased right after LPS treatment
and the highest transcription level of bcIRF9 (12h point, 50pug/ml)
within 48 h post stimulation was up to 31.4-fold of that of the control
(Fig. 2B). In GCRYV infected MPK cells, the transcription of bcIRF9 was
increased right after virus infection and the trends of bcIRF9 tran-
scription were similar in all groups (0.01, 0.1 and 1 MOI). The highest
transcription level of bcIRF9 (12h point, 1 MOI) within 48h post in-
fection (hpi) was up to 82.3-fold of that of the control (Fig. 2C). These
data implied that bcIRF9 was involved in host innate immune response
against virus and bacteria.
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3.3. Protein expression and subcellular distribution of bcIRF9

Both HEK293T cells and EPC cells were transfected with plasmids
expressing bcIRF9 and used for IB assay to investigate the protein ex-
pression of bcIRF9. A specific band of ~54 kDa was detected in the
whole cell lysate of both HEK293T and EPC cells expressing bcIRF9, but
not in the control groups (Fig. 3A&B). bcIRF9 migrated a little heavier
(54 kDa) than its predicted molecular size (48.31 kDa) in the IB of both
mammalian cells and fish cells, which might be explained by that there
existed a proline-rich area in bcIRF9 (247aa-272aa). And similar phe-
nomenon was seen in the IB data of black carp MAVS (bcMAVS), which
also possessed a proline-rich area (Zhou et al., 2015). To determine the
subcellular distribution of bcIRF9, EPC cells were transfected with
plasmids expressing bcIRF9 and analyzed by immunofluorescence (IF)
staining assay. In the IF data of bcIRF9, the brilliant red color re-
presenting bcIRF9-expressing area was detected in nucleus of EPC cells
(Fig. 3C). The IF data suggested that bcIRF9 distributed predominantly
in the nucleus like its mammalian counterpart (Lau et al., 2000).

To investigate the function of the domains of bcIRF9, plasmids ex-
pressing ADBD-bcIRF9 (bcIRF9 without DBD domain), AIAD-bcIRF9
(bcIRF9 without IAD domain), ALD-bcIRF9 (bcIRF9 without LD do-
main) were generated separately (Fig. 4A). IB data demonstrated that
wild type bcIRF9 and the bcIRF9 truncates were well expressed in
HEK293T cells (Fig. 4B). The subcellular localizations of bcIRF9 trun-
cates were examined by IF staining, which was aimed to identify the
crucial domain for nuclear localization of this protein. Both ADBD-
bcIRF9 and AIAD-bcIRF9 were expressed predominantly in the nucleus;
however, ALD-bcIRF9, unlike the wild type bcIRF9, was mainly dis-
tributed in the cytosol part (Fig. 4C). The IF data demonstrated that
linker domain (LD) of bcIRF9 was indispensable for its nuclear locali-
zation.

3.4. The antiviral signaling mediated by bcIRF9

To determine the ISRE-inducing activity of bcIRF9, EPC cells were
transfected with plasmids expressing bcIRF9 or its truncates, and ap-
plied to dual luciferase reporter assay. The ISRE fold induction in-
creased as well as the bcIRF9 input increased (50 ng, 100 ng, 200 ng),
which clearly demonstrated the expression of bcIRF9 in EPC cells in-
duced the transcription of ISRE (Fig. 3D). As to the bcIRF9 truncates,
AIAD-bcIRF9 still possessed the ISRE-inducing activity, which was al-
though not as strong as that of wile type bcIRF9. However, ADBD-
bcIRF9 and ALD-bcIRF9 showed little effect on the activation of ISRE
(Fig. 4D), which demonstrated that DBD and LD were indispensable for
bcIRF9-induced ISRE activation. To test the antiviral activity of bcIRF9,
EPC cells were transfected with plasmids expressing bcIRF9, ADBD-
bcIRF9, AIAD-bcIRF9 or ALD-bcIRF9 separately before subjected to
GCRYV infection. The plaque assay data demonstrated that EPC cells
expressing wild type bcIRF9 or AIAD-bcIRF9 obtained enhanced anti-
viral activity against GCRV compared with the control cells, in which
EPC cells expressing bcIRF9 presented stronger antiviral activity than
EPC cells expressing AIAD-bcIRF9. However, EPC cells expressing either
ADBD-bcIRF9 or ALD-bcIRF9 showed similar antiviral activity to that of
the control cells (Fig. 5), which correlated with the reporter assay data
(Fig. 4D). Taken together, reporter assay data and plaque assay data
demonstrated that both DBD and LD were crucial for bcIRF9-mediated
antiviral signaling.

3.5. The relation between bcSTAT1 and bcIRF9

In teleost, little is known about the role of STAT1 in IRF9-mediated
antiviral signaling, which led us to explore the relationship between
bcSTAT1 and bcIRF9. The previous data has demonstrated that two
bcSTAT1 members, bcSTAT1a and beSTAT1b, play important roles in
the innate immunity (Wu et al., 2019). In the reporter assay, both
STAT1a and STAT1b showed little ISRE-inducing activity when they
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Fig. 6. The role of bcSTAT1a and beSTAT1b in bcIRF9-mediated ISRE activity.

(A&B): EPC cells in 24-well plate were co-transfected with plasmids expressing bcIRF9 and bcSTAT1a (or beSTAT1b), and applied to reporter assay. pcDNA5:
pcDNA5/FRT/TO; bcIRF9: pcDNAS5/FRT/TO-Flag-bcIRF9; bcSTAT1a: pcDNAS/FRT/TO-bcSTAT1a-HA; beSTAT1b: pcDNA5/FRT/TO-bcSTAT1b-HA. The numbers
above the error bars stand for the average ISRE fold induction. (C): EPC cells in 24-well plate were transfected with bcIRF9 and/or beSTAT1a (or bcSTAT1b); and
then infected with GCRV (MOI = 0.1) at 24 h post transfection. The virus titers in the supernatant media were examined by plaque assay at 24 hpi. CTR: pcDNA5/
FRT/TO; bcIRF9: pcDNA5/FRT/TO-Flag-bcIRF9; bcSTAT1a: pcDNAS/FRT/TO-bcSTAT1a-HA; beSTAT1b: pcDNAS/FRT/TO-bcSTAT1b-HA; 9+ 1a: pcDNA5/FRT/
TO-Flag-bcIRF9 and pcDNA5/FRT/TO-bcSTAT1a-HA; 9 + 1b: pcDNAS5/FRT/TO-Flag-bcIRF9 and pcDNA5/FRT/TO-bcSTAT1b-HA. The numbers above the error bars
stand for average virus titer.
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Fig. 7. The association between bcIRF9 and bcSTAT1.

(A&C): Immunofluorescence staining of EPC cells co-expressing bcIRF9 and bcSTAT1a (or beSTAT1b). bcIRF9: pcDNAS5/FRT/TO-Flag-bcIRF9; beSTAT1a: pcDNAS/
FRT/TO-bcSTAT1a-HA; becSTAT1b: pcDNA5/FRT/TO-bcSTAT1b-HA. The bars stand for the scale of 20 um and 5 pm accordingly. (B&D): Co-IP in HEK293T cells
between bcIRF9 and becSTAT1a-HA (or beSTAT1b). IB:immunoblot; IP: immunoprecipitation; WCL: whole cell lysate; Flag-bcIRF9: pcDNA5/FRT/TO-Flag-bcIRF9;
bcSTAT1a-HA: pcDNA5/FRT/TO-bcSTAT1a-HA; bcSTAT1b-HA: pcDNA5/FRT/TO-bcSTAT1b-HA.
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were expressed alone in EPC cells. In EPC cells co-expressing bcSTAT1a
and bcIRF9, co-expressed bcSTAT1la up-regulated bcIRF9-mediated
ISRE fold induction in a dose-dependent manner. However, bcIRF9-
mediated ISRE fold induction was down-regulated by the co-expressed
bcSTAT1b in a dose-dependent manner (Fig. 6A&B). Accordingly, the
plaque assay demonstrated that bcIRF9-meidated antiviral activity of
EPC cells against GCRV was up-regulated by bcSTATla and down-
regulated by beSTAT1b (Fig. 6C). Our previous data has demonstrated
that bcSTAT1a and bcSTAT1b were distributed in both cytosol and
nucleus (Wu et al., 2019). The IF data in this paper showed that co-
expression of bcSTAT1 and bcIRF9 did not change the nuclear dis-
tribution of these proteins, and bcIRF9-expressing region (red color)
matched that of bcSTAT1a/b-expressing region (green color, nuclear
part), which implied the potential interaction between bcIRF9 and
bcSTAT1 (Fig. 7A and C). The sub-sequential co-immunoprecipitation
assay showed clearly that both bcSTAT1a and beSTAT1b were detected
in the bcIRF9-precipitated proteins, which identified the direct asso-
ciation between bcIRF9 and bcSTAT1a/b (Fig. 7B and D).

4. Discussion

IRFs are critical for the innate and adaptive immunity by regulating
the transcription of IFNs and IFN-induced gene expression in verte-
brates (Antonczyk et al., 2019). As a key member of IRF family, IRF9
have been investigated in many species from human to teleost. In
mammals, IRF9 has been recognized as a DNA-binding adapter protein
of IFN stimulated gene factor 3 (ISGF3) in the JAK-STAT signaling (Paul
et al., 2018). There is a growing interest in teleost IRF9 study on its
broad impact on the antiviral immunity. Crucian carp IRF9 has been
reported to be able to induce the expression of IFN and ISG (Shi et al.,
2012). In the studies of miiuy croaker and Japanese flounder, the
mRNA variation of IRF9 can be detected in tissues of fish injected with
poly I:C or lymphocystis disease virus (LCDV) (Hu et al., 2014; Yang
et al., 2017). bcIRF9 possesses three conserved domains like its fish and
mammalian counterparts and two nuclear location signals (NLS), NLS1
and NLS2, (Fig. 1A). NLS2 is highly conservative from mammal to fish;
however, NLS1 is unique among all fish IRF9 members, which is located
in the LD and composed of a stretch of lysines (K) and arginines (R) (Shi
et al., 2008). The IF data of bcIRF9 truncation mutants showed clearly
that ALD-bcIRF9, unlike the wild type bcIRF9, ADBD-bcIRF9 or AIAD-
bcIRF9, was distributed in the cytosol (Fig. 4C). Thus, our data de-
monstrates that NLS1 is crucial for the nuclear location of bcIRF9 and is
different to that of crucian carp IRF9 (Shi et al., 2012), in which both
NLS1 and NLS2 are necessary for the nuclear localization of crucian
carp IRF9. NLS1 of bcIRF9 shares 100% identity to that of crucian carp
IRF9; however, NLS2 of bcIRF9 presents one amino acid difference
(N75) to that of crucian carp IRF9 (D,5), which implies this aspartic acid
(D) is crucial for the predicted NLS2 of crucian carp IRF9. ADBD-bcIRF9
and ALD-bcIRF9 showed fiercely decreased ISRE-inducing ability and
antiviral activity compared with the wild type bcIRF9, suggested that
both the DNA binding activity and the nuclear accumulation of bcIRF9
were crucial for its mediated antiviral signaling (Figs. 4D and 5), which
was similar to its mammalian counterpart (Cheon et al., 2013).

STAT proteins belong to a family of transcription factors, which are
activated by a number of cytokines and growth factors (Gao et al.,
2012). After the translocation from the cytoplasm to the nucleus, the
activated STATs bind to the specific promoter elements of target genes
and regulate their transcription (Blaszczyk et al., 2016). The diversity
and specificity of the JAK-STAT signal transduction pathway have been
increased by STAT isoforms, which are derived from differential spli-
cing of STATs mRNA and posttranslational proteolytic processing of
STATs (Lim and Cao, 2006). Although the shorter isoforms of STATSs
lack a functional transcriptional activation domain, they still remain the
DNA-binding ability specific for the promoters of target genes, which
inhibit the transcription of target genes through competing with full
length STATs for DNA binding sites (Palosaari et al., 2003).
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As a canonical STATs member, STAT1 is a key component the JAK-
STAT signaling cascade and play an essential role in mediating re-
sponses to all types of IFNs (Meissl et al., 2017). Human STAT1
(HsSTAT1) two splice variants, named STAT1-alpha (HsSTAT1a) and
STAT1-beta (HsSTAT1p) separately. Both HsSTAT1a and HsSTAT1f
contain six domains; however, HsSTAT1a but not HsSTAT1p contains
complete transcription activation domain (TAD) (Zhang et al., 2017).
The phosphorylation, DNA binding and transcriptional activity of
HsSTAT1la were inhibited by HsSTAT1P in B-cells (Baran-Marszak
et al., 2004). To our knowledge, only a single STATI gene has been
cloned in teleost fishes except zebrafish and black carp (Song et al.,
2011; Wu et al.,, 2019). Human STAT1 isoforms (HsSTAT1la/p) are
generated from one gene through alternative splicing; however, both
black carp STAT1 isoforms (bcSTAT1la/b) and Zebrafish STAT1 iso-
forms (DrSTAT1a/b) are derived from two different genes. bcSTAT1a
and DrSTATla possesses the complete TAD as HsSTATla, but
bcSTAT1b and DrSTAT1b contains incomplete TAD as HsSTATI1p.
Previous report in zebrafish demonstrated that the expression level of
DrSTAT1a and DrSTAT1b had opposite trends with the increase of time
after IFN-y stimulation (Ruan et al., 2017). However, the role of teleost
STAT1 isoforms in JAK-STAT signaling remains during host antiviral
innate immune activation remains largely unknown.

In this paper, two black carp STAT1 members, bcSTAT1la and
bcSTAT1b, have been identified to interact with bcIRF9 (Fig. 7). Both
STAT1a and STAT1b showed little effect on the activation of ISRE when
they were expressed alone in EPC cells. However, bcIRF9-induced ISRE
activation and antiviral activity against GCRV were elevated by
bcSTAT1a, but dampened by beSTAT1b (Fig. 6). It is reasonable that
the different roles of STAT1a and STAT1b in regulating IRF9-mediated
ISRE signaling in black carp are important for host cells to keep
homeostasis when facing pathogens invading. This result implied that
bcSTAT1a/b might play a role like “molecular switch” in the JAK-STAT
signaling pathway in black carp. After the pathogenic microorganisms
invasion, host-derived IFNs induce bcSTATla with becSTAT2 and
bcIRF9 to form ISGF3 complex, which subsequentially translocate from
cytoplasm to the nucleus to activate the transcription of ISGs to resist
invasion. During and after host antiviral innate immune activation,
bcSTAT1b might replace beSTAT1a through uncertain mechanism to
prevent host from over-immune disorders. In our previous study,
bcSTAT1a and beSTAT1D transcription increased in response to poly
(I:C), LPS and GCRV; however, the mRNA level increase rate of
bcSTAT1a was obviously lower than that of bcSTAT1b (Wu et al.,
2019). Thus, it is speculated that the invading pathogens, such as
GCRYV, might “hijack” black carp STAT1b to facilitate its replication.
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