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ARTICLE INFO ABSTRACT

Keywords: The signal transducer and activator of transcription 2 (STAT2), a downstream factor of type I interferons (IFNs),
Innate immunity is a key component of the cellular antiviral immunity response. However, the role of STAT2 in the upstream of
RIGT IFN signaling, such as the regulation of pattern recognition receptors (PRRs), remains unknown. In this study,
:Ta‘tizcarp STAT2 homologue of black carp (Mylopharyngodon piceus) has been cloned and characterized. The open reading

frame (ORF) of bcSTAT2 comprises 2523 nucleotides and encodes 841 amino acids, which presents the
conserved structure to that of mammalian STAT2. The dual-luciferase reporter assay and the plaque assay
showed that bcSTAT2 possessed certain IFN-inducing ability and antiviral ability against both spring viremia of
carp virus (SVCV) and grass carp reovirus (GCRV). Interestingly, we detected the association between bcSTAT2
and bcRIG-I through co-immunoprecipitation (co-IP) assay. Moreover, when bcSTAT2 was co-expressed with
bcRIG-I, beSTAT2 obviously suppressed bcRIG-I-induced IFN expression and antiviral activity. The subsequent
co-IP assay and immunoblotting (IB) assay further demonstrated that bcSTAT2 inhibited K63-linked poly-
ubiquitination but not K48-linked polyubiquitination of bcRIG-I, however, did not affect the oligomerization of
bcRIG-I. Thus, our data conclude that black carp STAT2 negatively regulates RIG-I through attenuates its K63-
linked ubiquitination, which sheds a new light on the regulation of the antiviral innate immunity cascade in
vertebrates.

1. Introduction

Type I interferons (IFNs) act as highly important antiviral cytokines
in vertebrates [1,2]. Upon virus infection, pattern recognition receptors
(PRRs), such as RIG-I-like receptors (RLRs), recognize
pathogen-associated molecular patterns (PAMPs) and activate down-
stream signaling molecules to induce the production of type I IFNs
[3-5]. Secreted IFNs bind to the interferon-a/p receptor (IFNAR) of
neighbor cells, which in turn activates the downstream Janus kin-
ase-signal transducer and activator of transcription (JAK-STAT)
signaling pathway and ultimately triggers the expression of
interferon-stimulated genes (ISGs), most of which are antiviral proteins
and pro-inflammatory cytokines [6-8].

In mammals, STAT family consists of seven members, including

STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6, which
share a N-terminal domain (ND), a coiled-coil domain (CCD), a DNA-
binding domain (DBD), a linker domain (LD), a Src homology 2
domain (SH2), and a transactivation domain (TAD) [9,10]. Type I IFNs
induced by viral infection interact with their cognate IFNARs, promot-
ing STAT1, STAT2 and IRF9 to form interferon-stimulated gene factor 3
(ISGF3) complex, which enters the nucleus and binds to IFN-stimulated
response element (ISRE) of ISGs to initiate ISGs transcription, resulting
in a cellular antiviral state [8,11]. Human (Homo sapiens) STAT1
(HsSTAT1), named HsSTAT1a and HsSTAT1p, was reporter for the first
time in 1990 [12]. However, HsSTAT1a but not HsSTAT1p contains a
complete TAD domain [13]. Similarly, HsSTAT2 contains the corre-
sponding six domains. STAT1 and STAT2 play an important role in the
antiviral immunity. STAT1-deficient mice are more susceptible to
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Table 1
Primers used in the study.
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Primer name Sequence (5-3")

Primer information

beSTAT2-F
beSTAT2-R
beSTAT2- AN-F
beSTAT2- ACC-F1
beSTAT2- ACC-R1
beSTAT2- ADBD-F1
beSTAT2-ADBD-R1
beSTAT2- ALD-F1
beSTAT2- ALD-R1
beSTAT2- ASH2-F1
beSTAT2- ASH2-R1
beSTAT2- ATAD-R1

ACTGACGGTACCGCCACCATGACTCAGTGGGAG
ACTGACCTCGAGGGGGGTCAGCGGCA
ACTGACGGTACCGCCACCGCACAGCAAGTGCAG
ACTGACGGTACCGCCACCGCAGAGCTTTGTAGAGACTC
ACTGACCTCGAGAGTCTCTACAAGCTCTGCATCAT
ACTGACGGTACCGCCACCTCATTTGTTCTTCCAGCCTCCTGGG
ACTGACCTCGAGGGCTGGAAGAACAAATGAGCTC
ACTGACGGTACCGCCACCGAAAGCCCTAGCTACTTGTCAGAC
ACTGACCTCGAGCAAGTAGCTAGGGCTTTCAAAA
ACTGACGGTACCGCCACCCTGGTTAAAGGCAAATACTACAG
ACTGACCTCGAGGTATTTGCCTTTAACCAGGG
ACTGACCTCGAGAAAGGCCTGGTCTTTAG

ORF cloning

Mutant construction

ex vivo g-PCR

beactin-Q-F TGGGCACCGCTGCTTCCT
bcactin-Q-R TGTCCGTCAGGCAGCTCAT
bcSTAT2-Q-F GGAGAATCTGGACAACC
bcSTAT2-Q-R ATCCTGCTGCTCCTCC

SVCV-G-Q-F GATGACTGGGAGTTAGATGGC
SVCV-G-Q-R ATGAGGGATAATATCGGCTTG
SVCV-P-Q-F AACAGGTATCGACTATGGAAGAGC
SVCV-P-Q-R GATTCCTCTTCCCAATTGACTGTC
SVCV-M-Q-F CGACCGCGCCAGTATTGATGGATAC
SVCV-M-Q-R ACAAGGCCGACCCGTCAACAGAG

bacteria and virus infection [14-16]. Meanwhile, STAT2 deficiency in
mice are also sensitive to virus infection and increases the replication of
vesicular stomatitis virus (VSV) and dengue virus [17,18]. Moreover,
the role of STAT2 in antiviral signaling is further supported by a study in
which child lacking STAT2, caused by a homologous mutation in intron
4, has a history of disseminated vaccine-strain measles [19]. In addition,
studies have reported that STAT2 has the tumor suppression activity and
participates in antitumor immunity [20,21]. In teleost, STAT2 has been
cloned and characterized from some species, such as orange-spotted
grouper (Epinephelus coioides) [22], turbot (Scophthalmus maximus)
[23], rock bream (Oplegnathus fasciatus) [24]. However, there have been
few studies on the role of STAT family in regulating PRRs, such as RIG-1.
So far, researchers have only found that STAT4 binds to E3 ligase CHIP,
preventing CHIP-mediated proteasomal degradation of RIG-I by
K48-linked ubiquitination [25].

RIG-I is the key sensor to recognize cytosolic RNA components of
invading microorganisms and induces the production of type I I[FNs and
inflammatory cytokines [26,27]. The deficiency of RIG-I dampens host
innate immunity against viruses and bacteria; however, the
over-activation of RIG-I leads to the development of autoimmune dis-
eases. Therefore, the activation of RIG-I is strictly regulated to moderate
type I IFNs production and to maintain the host immune homeostasis.
Interacting protein is one of an important mean to regulate the activity
of RIG-I. In mammals, the double-stranded RNA-binding protein PACT
interacts with C-terminal RD domain of RIG-I and increases
RIG-I-induced type I IFNs expression [28]. In addition, NDR2 stabilizes
the interaction between RIG-I and TRIM25, promoting TRIM25-induced
K63-linked ubiquitination of RIG-I [29]. On the contrary, the
pyrin-containing NLR members, NLRP12 binds to TRIM25, blocking its
ability to ubiquitylate and activate RIG-I [30]. In teleost, bcLGP2 in-
teracts with bcRIG-I and enhances the K48-linked ubiquitination of
bcRIG-I, thereby resulting in the degradation of bcRIG-I [31]. Mean-
while, grass carp LGP2 restrained the K63-linked ubiquitination of grass
carp RIG-I [32].

Our previous study has reported that bcRIG-I presented strong
antiviral activity against GCRV and SVCV [33]. Moreover, STAT1 ho-
mologues of black carp, named as bcSTAT1a and bcSTAT1b, has been
also cloned and characterized in our lab [34]. In this study, we have
cloned becSTAT2 and identified that beSTAT2 expression alone had
certain IFN-inducing ability and antiviral activity. However, when
co-expressed with bcRIG-I, bcSTAT2 attenuated the K63-linked ubiq-
uitination of bcRIG-I, thereby inhibiting bcRIG-I-induced IFN expression

and antiviral activity. These data will elucidate a new regulatory
mechanism of RLR/IFN signaling pathway in vertebrates and provide a
new idea for studying the mechanism of antiviral innate immune in
other vertebrates and even humans.

2. Materials and methods
2.1. Cells and plasmids

Epithelioma papulosum cyprini (EPC), Ctenopharyngodon idella kidney
(CIK), Mylopharyngodon piceus kidney ( MPK ) and Human embryonic
kidney 293T (HEK293T) cells were kept in our lab. All cell lines were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mM L-glutamine, 100 u/ml
penicillin and 100 mg/ml streptomycin. EPC, CIK and MPK cells were
cultured at 28 °C with 5% CO2, however, HEK293T cells were cultured
at 37 °C with 5% CO2.

pcDNAS5/FRT/TO-HA-Ub and pRL-TK were kind gifts from Dr.
Pinghui Feng (University of Southern California, USA). pcDNA5/FRT/
TO (Invitrogen, USA), pcDNA5/FRT/TO-HA-K630-Ub, pcDNA5/FRT/
TO-HA-K480-Ub, Luci-bcIFNa (for black carp IFNa promoter activity
analysis), Luci-eIFN (for EPC IFN promoter activity analysis), Luci-hISRE
(for human IFN-stimulated response element promoter activity analysis)
and Luci-DrIFN@3 (for zebrafish IFN@3 promoter activity analysis) were
kept in our lab. The plasmid expressing bcRIG-I was constructed in our
previous study [33]. The open reading frame (ORF) of bcSTAT2 was
cloned from MPK cells and inserted into pcDNA5/FRT/To with a HA tag
or a Myc tag at the C-terminus separately. The recombinant expression
vectors pcDNA5/FRT/TO/-beSTAT2-/AND-Myc, pcDNA5/FRT/TO/-
beSTAT2- ACCD-Myc, pcDNAS5/FRT/TO/-bcSTAT2-/ADBD-Myc,
pcDNAS5/FRT/TO/-bcSTAT2-/ALD-Myc, pcDNA5/FRT/TO/- bcSTAT2-
ASH2-Myc and pcDNA5/FRT/TO/-bcSTAT2-/ATAD-Myc were con-
structed by cloning the predicted functional domain of bcSTAT2 into
pcDNA5/FRT/TO-Myc (C). All primers’ information was listed in
Table 1.

2.2. Virus production and antiviral assay

GCRV (strain: GCRV873) and SVCV (strain: SVCV741) were kept in
our lab, which were propagated in CIK and EPC cells in the presence of
2% FBS at 28 °C, respectively. The viral titer was measured by the
plaque assay as previously [31]. EPC cells in 24-well plate were
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Fig. 1. Sequence analysis of bcSTAT2
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(A) Amino acid sequence alignment of bcSTAT2 with other vertebrate STAT2 homologues, including H.sapiens 2a (AAA98760.1), H. sapiens 2b (NP_938146.1), M.
musculus (NP_064347.1), D. rerio (NP_001258730.1), C. idella (AMB20880.1), C. auratus (AFL69829.1), C. carpio (AJP77392.1), M. piceus (AZP56657.1), by using
MEGA 6.0 program and GENEDOC. The protein domains were predicted by CDS (Conserved Domain Search) of NCBI (http://www.ncbi.nlm.nih.gov/structure/cdd/
wrpsb.cgi). (B) The phylogenetic tree of STAT2 from different species were constructed by MEGA6.0 program, which are same to those in Table 2. (C) The genomic
information of bcSTAT2. The chromosome analysis map is done using the online tool IBS (http://ibs.biocuckoo.org/online.php#).

transfected with the plasmids expressing bcSTAT2 or the empty vector,
and infected with SVCV (MOI = 0.001, 0.01) or GCRV (MOI = 0.01, 0.1)
at 24 h post transfection (hpt). 24 h after infection, the corresponding
cell supernatant was collected and frozen at —80 °C. The corresponding
viral supernatant was added into EPC cells in the 24-well plate by
10-fold dilution method (10 '~1077) and incubated for 2 h at 28 °C.
The supernatant was replaced with fresh DMEM containing 2% FBS and
0.75% methylcellulose (Sangon, China) after incubation. When cells
showed obvious CPE phenomenon (generally 72 h-96 h), crystal violet
staining was performed to calculate the number of viral spots in each
pore.

2.3. Poly (I:C), GCRV and SVCV treatment

MPK cells were seeded in 6-well plate (1 x 10° cells/well) 24 h
before treatment. Poly (I:C) (Sigma, USA) was used for synthetic dsSRNA
stimulation, which was heated to 55 °C (in PBS) for 5 min and cooled at
room temperature before use. MPK cells were replaced with fresh media
containing Poly (I:C) at different concentrations (5 pg/ml, 25 pg/ml or
50 pg/ml) and harvested at different time points post treatment sepa-
rately. For GCRV and SVCV infection, MPK cells in 6-well plate (1 x 108
cells/well) were treated with GCRV or SVCV at different MOI
(0.01,0.1,1) separately and harvested at different time points post
infection.

2.4. RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA from treated EPC or MPK cells in 6-well plate was
extracted using the RNA rapid extraction kit (Magen, China). The RNA

was reverse-transcribed using reverse transcriptase (Takara, Japan). The
relative transcription level of bcSTAT2 and SVCV-M (P, G) was tested
through qRT-PCR by using Applied Biosystems QuantStudio 5 Real Time
PCR Systems (Thermo Fisher, USA). The qRT-PCR program was: 1 cycle
of 95 °C/10 min, 40 cycles of 95 °C/15 s, 60 °C/1 min. The 2"~4ACT
method was applied to calculate the relative expression difference of
target genes, and data were normalized by f-actin expression as the
internal control.

2.5. Immunoblotting (IB)

HEK293T cells and EPC cells in 6-well plate were transfected with
the indicated plasmids respectively. The transfected cells were harvested
at 48 hpt and boiled for IB assay as previously [31]. In brief, the target
protein was separated by 8% SDS-PAGE and then transferred to PVDF
membrane. Afterward, the membrane was probed with mouse anti-Myc
monoclonal antibody (Abmart), followed by the incubation with the
secondary antibody (Sigma). Finally, the target proteins were detected
by NBT/BCIP alkaline phosphatase substrate (Thermo Fisher).

2.6. Co-immunoprecipitation (Co-IP)

HEK293T cells in 100 mm were co-transfected with plasmids
expressing bcSTAT2 and/or beRIG-I, and collected for co-IP assay at 48
hpt. The transfected cells were lysed with 1% NP-40 lysis buffer con-
taining protease inhibitor cocktails. After centrifugation, the cell debris
was discarded and the supernatant was incubated with protein A/G
agarose beads at 4 °C for 1 h. Anti-Flag-conjugated (or anti-HA-
conjugated) agarose beads were incubated with the supernatant at
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Table 2
Comparison of bcSTAT2 with other vertebrate STAT2 (%).

Species GenBank accession number Full-length sequence
Identity Similarity
Mylopharyngodon piceus AZP56657.1 100% 100%
Carassius auratus AFL69829.1 94.9% 96.2%
Ctenopharyngodon idella AMB20880.1 94.8% 96.3%
Pimephales promelas XP_039545086.1 86.4% 90.5%
Cyprinus carpio AJP77392.1 81.7% 88.2%
Labeo rohita XP_050967968.1 79.5% 85.8%
Danio rerio NP_001258730.1 79.2% 87.8%
Triplophysa dalaica XP_056605751.1 70.3% 81.2%
Triplophysa rosa KAI7807479.1 79.0% 88.2%
Misgurnus anguillicaudatus XP_055068931.1 70.0% 81.0%
Salmo salar NP_001138896.1 63.1% 76.5%
Scophthalmus maximus ACX69848.1 58.6% 74.2%
Tetraodon nigroviridis AFQ98274.1 57.0% 73.0%
Mauremys mutica XP_044851387.1 46.4% 65.9%
Spea bombifrons XP_053311646.1 47.5% 63.9%
Euleptes europaea XP_056711592.1 43.5% 65.2%
Thamnophis elegans XP_032064703.1 42.0% 62.2%
Bufo gargarizans XP_044140748.1 45.0% 64.1%
Agelaius phoeniceus XP_054505189.1 41.8% 61.5%
Hyla sarda XP_056418350.1 44.1% 62.7%
Sceloporus undulatus XP_042305569.1 42.6% 62.1%
Zootoca vivipara XP_034959598.1 42.5% 62.4%
Lacerta agilis XP_032994520.1 41.4% 61.9%
Tympanuchus pallidicinctus XP_052521163.1 41.5% 62.3%
Rattus norvegicus NP_001011905.1 42.5% 61.3%
G.gallus XP_015155768.1 41.2% 62.1%
Panthera leo XP_042802806.1 42.4% 60.7%
Panthera tigris XP_007081564.2 42.4% 60.6%
Grus americana XP_054663250.1 41.5% 62.3%
Macaca fascicularis XP_005571290.1 43.1% 61.9%
Macaca mulatta NP_001253856.1 43.1% 64.4%
Homo sapiens NP_005410.1 42.8% 62.2%
Mus musculus NP_064347.1 41.9% 61.4%
Phodopus roboroyski XP_051032028.1 41.8% 61.5%
Sus scrofa NP_999054.1 40.1% 57.0%
Marmota monax XP_046322667.1 41.8% 63.1%

4 °C for 4 h. After 4 times of wash with 1%NP-40 buffer, the Flag peptide
(HA peptide) was used to elute the proteins bound to the agarose beads.
Finally, the proteins were boiled in 5 x sample buffer and applied to IB
assay as above.

2.7. Immunofluorescence microscopy

The transfected cells in 24-well plate were treated with 4% (v/v)
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paraformaldehyde at 24 hpt, permeabilized with Triton X-100 (0.2% in
PBS) and then applied for immunofluorescent (IF) staining as previously
described [34]. Rabbit monoclonal anti-HA antibody was probed at the
ratio of 1:500 (Sigma), accordingly, Alexa 594-conjugated secondary
antibody was probed at the ratio of 1:1000 (Sigma); DAPI was applied to
nucleus staining.

2.8. Dual-luciferase reporter assay

EPC cells seeded in 24-well plate were transfected with the indicated
plasmids in figures. For each transfection, the total amount of plasmid
was balanced with the empty vector. The cells were harvested at 24 hpt
and lysed by PLB buffer for 15 min on ice. The supernatant was used to
measure the activities of firefly luciferase and renilla luciferase by dual-
Luciferase reporter assay system (Promega).

2.9. Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)

The transfected HEK293T cells in 100 mm were harvested at 48 hpt
and then treated with 1%NP-40 lysis buffer. After centrifugation, the
supernatant was mixed with 5 x loading buffer. The horizontal 1.5%
agarose gel made with 1 x TBE and 0.1% SDS was used to divide the
samples at 100 V for 80 min at 4 °C [35]. Eventually, the proteins were
transferred to PVDF membrane for IB assay as above.

2.10. Statistics analysis

All data of qRT-PCR, dual-luciferase reporter assay and viral titra-
tion, were acquired from the average values of three independent ex-
periments, and each experiment was repeated with three times. The
student’s t-test indicates the statistical significance between the groups.
Asterisk * stands for p < 0.05, which means statistically significant; **
stands for p < 0.01 which means the high significance of statistic.

3. Results
3.1. Molecular cloning and sequence analysis of bcSTAT2

To explore the role of STAT2 in black carp innate immunity, the full-
length ¢cDNA of bcSTAT2 was cloned and identified from MPK cells
(Fig. S1). The CDS of bcSTAT2 (NCBI accession number: MH410169.1)
consists of 2523 nucleotides and encodes 841 amino acids, which con-
tains ND, CCD, DBD, LD, SH2 and TAD (Fig. 1A). To investigate the
conservation of STAT2 in vertebrate, the amino acid sequence of
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MPK cells in 6-well plate (1 x 10° cells/well) were treated with poly (I:C) (A) at indicated concentrations, or infected with GCRV (B) or SVCV (C) at different MOI
respectively. The cells were harvested at indicated time points post stimulation for qRT-PCR to detect the mRNA level of bcSTAT2. The asterisk (* or **) indicated the
fold changes are significant different compared with the control. *p < 0.05, **p < 0.01.
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Fig. 3. Protein expression and intracellular distribution of bcSTAT2

(A-B) The predicted three-dimensional structures of bcSTAT2 and human STAT2 (HsSTAT2) were constructed by the online program SWISS-MODEL. HEK293T cells
(C) and EPC cells (D) in 6-well plate (2 x 10° cells/well) were transfected with plasmids expressing bcSTAT2 or the empty vector (3 pg) respectively. The IB assay was
used to detect the expression of the bcSTAT2 protein. (E-F): HEK293T cells (E) and EPC cells (F) in 24-well plate (5 x 10* cells/well) were transfected with bcSTAT2
(400 ng) respectively, and applied to the IF staining at 24 hpt. CTR: pcDNA5/FRT/TO; bcSTAT2: pcDNA5/FRT/TO-bcSTAT2-Myc; bcSTAT2-HA: pcDNA5/FRT/TO-

bcSTAT2-HA.

bcSTAT2 has been subjected to diverse alignment with those of STAT2
proteins from different species, including human, mouse (Mus musculus),
zebrafish (Danio rerio), grass carp (Ctenopharyngodon idella), crucian
carp (Carassius auratus) and common carp (Cyprinus carpio). The result
revealed that STAT2 is a conserved protein among vertebrates (Fig. 1A).
Phylogenetic analysis was applied to bcSTAT2 and STAT2 proteins of
other species, which was conducted by using the maximum likelihood
method with 500 replications of bootstrap. The result shows that
bcSTAT2 shares the highest similarity with grass carp STAT2 (96.3%)
and crucian carp STAT2 (96.2%) (Fig. 1B and Table 2). Based on the
genome information of black carp, we found that bcSTAT2 gene is
located on chromosome 6 and is composed of 22 exons (Fig. 1C).

3.2. bcSTAT?Z transcription in response to various stimulation

To learn the expression of bcSTAT2 during the innate immune acti-
vation, MPK cells were subjected to different stimuli, including poly (I:
C), GCRV and SVCV, and the mRNA level of bcSTAT2 was examined by
qRT-PCR. In the poly (I:C) treated MPK cells, the mRNA level of
bcSTAT2 was slightly increased in all groups, except that of 12 h point in
25 pg/ml group. The highest mRNA level of bcSTAT2 (24 h, 50 pg/ml)
within 48 h post stimulation was up to 7.3-fold of that of the control
(Fig. 2A). In GCRV infected MPK cells, the mRNA level of bcSTAT2 was
decreased at 2 h post infection (hpi) and then enhanced at 8 hpi in all
groups. The highest level of bcSTAT2 was up to 19.8-fold at 12 hpi in 1
MOI group of that of the control (Fig. 2B). In SVCV infected MPK cells,
the mRNA level of bcSTAT2 did not significantly change in the early
stage of SVCV infection, but was obviously improved at 24 hpi and
reached the peak at 48 hpi in 0.01 and 0.1 MOI group. However, the

mRNA level of bcSTAT2 was quickly increased and reached a maximum
at 24 hpi in 1 MOI group (Fig. 2C). In general, these data implied that
bcSTAT2 was involved in host innate immune response initiated by
GCRYV and SVCV.

3.3. Protein expression and subcellular distribution of bcSTAT2

To investigate the function of bcSTAT2, the protein structure of
bcSTAT2 and human STAT2 (HsSTAT2) was predicted by the Swiss
Model (https://swissmodel.expasy.org/). Fig. 3A and B shows that the
protein structure of bcSTAT2 is highly similar to that of HsSTAT2,
implying the functional conservation between bcSTAT2 and HsSTAT2.
HEK293T cells and EPC cells were transfected with the plasmid
expressing bcSTAT2 or the empty vector independently, and harvested
for IB assay at 48 hpt. The specific band of ~106 kDa was detected in the
cell lysates of both HEK293T and EPC cells transfected with bcSTAT2
but not the empty vector (Fig. 3C&D). The results demonstrated that
bcSTAT2 was well expressed in both mammalian and fish cells.

To determine the subcellular distribution of bcSTAT2. Both
HEK293T cells and EPC cells were transfected with the plasmid
expressing bcSTAT2 or the empty vector respectively, and used for the IF
staining assay. In the data of IF, the brilliant red color representing
bcSTAT2-expressing area was detected in cytoplasm of HEK293T and
EPC cells (Fig. 3E&F). The results demonstrated that bcSTAT2 was
mainly distributed in the cytoplasm.

3.4. The IFN-inducing activity and antiviral ability of bcSTAT2

To investigate the function of bcSTAT2 in IFN signaling pathway,
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(A-B): EPC cells in 24-well plate (4 x 10° cells/well) were co-transfected with PRL-TK (25 ng), and beSTAT2 (50ng/100ng/200 ng), Luci-bcIFNa (200 ng) (A) or Luci-
hISRE (200 ng) (B). The transcription level of bcIFNa or hISRE promoter induced by bcSTAT2 was determined by the dual-luciferase reporter assay. The total amount
of plasmid DNA was balanced by the empty vector (pcDNA5/FRT/TO). (C-D): EPC cells in 24-well plate (4 x 10° cells/well) were transfected with the plasmids
expressing bcSTAT2 or the empty vector (400 ng), and infected with SVCV(C) or GCRV(D) at 24 hpt. The supernatant was collected and applied to the plaque assay.

CTR: pcDNAS5/FRT/TO; beSTAT2: pcDNA5/FRT/TO-bcSTAT2-Myc.

EPC cells were transfected with the plasmid expressing bcSTAT2 and
used for the dual-luciferase reporter assay. The transcription of bcIFNa
and hISRE promoters was slightly up-regulated by bcSTAT2
(Fig. 4A&B). To further explore the role of bcSTAT2 in the antiviral
innate immunity, EPC cells were transfected with the plasmid expressing
bcSTAT2 or the empty vector respectively, and infected with GCRV or
SVCV at 24 hpt. The viral titers of the supernatant media were examined
by the plaque assay, in which the viral titers of the cells transfected with
bcSTAT2 were lower than that of control (Fig. 4C&D). Our data
demonstrated that black carp STAT2 functions importantly during the
antiviral innate immune response.

3.5. The interaction between bcSTAT2 and bcRIG-I

In mammals, STAT4, a member of the STAT family, has been found
to promote RIG-I-triggered type I IFNs production in response to RNA
virus infection [25]. Meanwhile, to our knowledge, there are no reports
on PRRs regulation by STAT family members in teleost. To investigate
the relationship between bcSTAT2 and bcRIG-I, HEK293T cells were
co-transfected with bcSTAT2 and bcRIG-I, and used for co-IP assay. The
specific band of ~106 kDa (red arrow indicated) representing bcSTAT2
was detected in the bcRIG-I-precipitated proteins (Fig. 5A). Similarly,

the specific band of ~96 kDa (red arrow indicated) of bcRIG-I was
detected in the bcSTAT2-precipitated proteins (Fig. 5B). Thus, these
results collectively demonstrated that bcSAT2 interacts with bcRIG-I.

3.6. bcSTAT2 down-regulated bcRIG-I-mediated IFN transcription

To investigate the role of bcSTAT2 in the regulation of bcRIG-I
mediated IFN signaling pathway, EPC cells were transfected with plas-
mids expressing bcSTAT2 and/or bcRIG-I separately. The cells were
harvested at 24 hpt and used for dual-luciferase reporter assay. The
result clearly indicated that bcSTAT2 strongly inhibited bcRIG-I-induced
the transcription of DrIFN¢3 (Fig. 6A), bcIFNa (Fig. 6B) and elFN
(Fig. 6C) promoter in a dose-dependent manner. In mammals, the N-
terminal CARD domain of RIG-I is crucial for activating downstream
signaling transduction [36,37]. To further explore whether bcSTAT2
functions on CARDs to suppress bcRIG-I mediated IFN signaling. We
co-transfected the plasmid expressing bcSTAT2 and/or bcRIG-I-CARD
into EPC cells, the result of dual-luciferase reporter assay showed that
the transcription levels of DrIFN¢3 (Fig. 6D), bcIFNa (Fig. 6E) and eIFN
(Fig. 6F) promoter induced by bcRIG-I-CARD were significantly reduced
by bcSTAT2. These results suggested that bcSTAT2 straightforwardly
suppressed bcRIG-I-CARD mediated IFN signaling pathway.
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(A- B) HEK293T cells in 100 mm plate were transfected with bcSTAT2 (7.5 pg) and/or bcRIG-I (7.5 pg), 48 h after transfection, the cells were harvested for the co-IP
assay. IP: immunoprecipitation; WCL: whole cell lysate. bcRIG-I-Flag: pcDNA5/FRT/TO-bcRIG-I-Flag; bcSTAT2-Myc: pcDNA5/FRT/TO-bcSTAT2-Myc; bcSTAT2-HA:

pcDNA5/FRT/TO-bcSTAT2-HA.

3.7. bcSTAT2 dampened bcRIG-I-mediated antiviral activity

Our previous study had reported that bcRIG-I owns strong antiviral
ability against SVCV and GCRV [33]. To investigate the effect of
bcSTAT2 on bcRIG-I mediated antiviral signaling pathway. EPC cells
co-expressing bcSTAT2 or/and bcRIG-I were infected with SVCV with
different MOIs (0.01 or 0.1) at 24 hpt. Then the supernatant was
collected for the plaque assay, and the cells pellets was used for
qRT-PCR. The plaque assay showed that the viral titer of the cells
co-transfected with bcRIG-I and beSTAT2 were much higher than those
of the cells transfected with bcRIG-I (Fig. 7A). Simultaneously, the
mRNA levels of SVCV genes, including SVCV-G, SVCV-P and SVCV-M, in
the cells co-expressing bcRIG-I and bcSTAT2 were much higher than
those of the cells expressing bcRIG-I alone (Fig. 7B). These above data
corporately showed that bcSTAT2 functions as a negative regulator in
bcRIG-I regulation during the antiviral innate immune response.

3.8. bcSTATZ2 impaired K63-linked ubiquitination of bcRIG-I

In mammals, the formation of oligomer and K63-linked ubiquitina-
tion are essential for RIG-I activation [38-40]. To delineate the molec-
ular mechanism behind the regulation of bcRIG-I by bcSTAT2, the
SDD-AGE assay was applied to test whether the oligomerization of
bcRIG-I was affected by bcSTAT2 or not. Our result demonstrated that
the oligomerization of bcRIG-I was not affected by beSTAT2 (Fig. 8A).
Next, we investigated whether bcSTAT2 was involved in the ubiquiti-
nation of bcRIG-I. HEK293T cells were co-transfected with HA-Ub,
bcRIG-I and/or beSTAT2, and becRIG-I protein were precipitated sepa-
rately to examine its ubiquitination. As shown in Fig. 8B, compared with
the group that bcRIG-I was transfected alone, bcSTAT2 significantly
reduced the ubiquitination of bcRIG-I in the group co-transfected with
bcSTAT2 and beRIG-I. To further examine which type of polyubiquitin
chains on bcRIG-I was regulated by bcSTAT2, HA-Ub-K480 and
HA-Ub-K630 were recruited in the above assay separately. The
K63-linked ubiquitination of bcRIG-I was obviously attenuated by
bcSTAT2; conversely, the K48-linked ubiquitination of bcRIG-I in the
co-transfection group was similar to that of bcRIG-I transfection alone

group (Fig. 8C). This result demonstrated that bcSTAT2 negatively
regulated the bcRIG-I-mediated IFN signaling pathway by dampening
the K63-linked polyubiquitination of bcRIG-I.

3.9. Diagram the functional domain of bcSTATZ2 in bcRIG-I regulation

bcSTAT2 contains the same functional domains to those of its
mammalian counterparts, including a ND, a CCD, a DBD, a LD, a SH2
and a TAD. To identify the role of the domains of bcSTAT2 in bcRIG-I
regulation, we constructed six different truncation mutants: bcSTAT2-
A\ND (truncation mutant lacking N-terminal domain), bcSTAT2-/ACCD
(coiled-coil domain deleted), bcSTAT2-ADBD (DNA-binding domain
deleted), beSTAT2- ALD (linker domain deleted), bcSTAT2- /AASH2 (Src
homology 2 domain deleted) and becSTAT2-ATAD (transactivation
domain deleted) (Fig. 9A). EPC cells were transfected with the trunca-
tion mutants respectively, and subjected to the IB assay. The result
showed that all truncation mutants were well-expressed in EPC cells
(Fig. 9B). Then, EPC cells were co-transfected with bcRIG-I and bcSTAT2
or its truncation mutants, and the transcription activity of bcIFNa and
elFN promoter was examined by dual-luciferase reporter assay. The
result revealed that the beSTAT2- /ASH2 and bcSTAT2-/ATAD mutants
significantly suppressed bcRIG-I mediated IFN promoter transcription,
just like wild-type becSTAT2. In contrast, the beSTAT2-/ACCD mutant
lost the inhibitory effects on bcRIG-I-mediated IFN promoter transcrip-
tion (Fig. 9C). Therefore, we concluded that the CCD domain of
bcSTAT?2 is indispensable for its negative regulation of bcRIG-I.

4. Discussion

IFN production is crucial for both innate immunity and adaptive
immunity. However, an excessive immune response leads to the tissue
damage and autoimmune diseases. Therefore, IFN activation and
signaling pathways must be strictly regulated to maintain immune ho-
meostasis [41]. RIG-], as a key cytoplasmic PRR, recognizes intracellular
viral RNA and activates downstream IFN regulatory factors (IRFs) and
NF-kB, thereby inducing the production of type I IFNs and inflammatory
factors, and eliminating invading virus [37]. Thus, the regulatory
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(A) EPC cells in 24-well plate (4 x 10° cells/well) were transfected with beRIG-I (200 ng) and/or becSTAT2 (200 ng), and infected with SVCV at 24 hpt. The su-
pernatant was collected for the plaque assay. (B) EPC cells in 6-well plate (2 x 10° cells/well) were co-transfected with bcRIG-I (1.5 pg) and/or beSTAT2 (1.5 pg)
separately, and infected with SVCV (MOI = 0.1) at 24 hpt. The cells were harvested and relative mRNA level of SVCV-G, SVCV-M, SVCV-P was detected by the qRT-
PCR. CTR: pcDNA5/FRT/TO; bcRIG-I: pcDNA5/FRT/TO-bcRIG-I-Flag; bcSTAT2:pcDNAS5/FRT/TO/-bcSTAT2-Myc.

mechanisms of RIG-I have been extensively studied. In resting time,
RIG-I is kept an autoinhibition state via the internal interaction between
N-terminal CARD domain and the intermediate helicase domain, pre-
venting premature signaling before infection [26]. Meanwhile, RIG-I can
also be positively or negatively modulated by post-translational modi-
fication, such as phosphorylation, ubiquitination and acetylation. In
particularly, ubiquitination is very important for regulating the

activation of RIG-I. The C-terminal SPRY domain of TRIM25 interacts
with the first N-terminal CARD domain of RIG-I, which effectively de-
livers the K63-linked ubiquitin to the second CARD domain, resulting in
the activation of RIG-I mediated signaling pathway [38]. Meanwhile,
positive regulators such as E3 ubiquitin ligases RNF135, TRIM4 and
MEX3C have also been shown to mediate the K63-linked ubiquitination
of RIG-I, thereby promoting RIG-I mediated signaling [42-44]. In
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(A) HEK293T cells in 100 mm plate were transfected with bcRIG-I (7.5 pg) and/or bcSTAT2 (7.5 pg) separately, and were harvested at 48 hpt for the SDD-AGE assay.
(B&C) HEK293T cells in 100 mm plate were co-transfected with HA-Ub (HA-Ub-K630 or HA-Ub-K480) (5 ug), bcSTAT2 (5 pg) and/or beRIG-I (5 pg) respectively.
The transfected cells were harvested for co-IP at 48 hpt. SDD-AGE: semi-denaturing detergent agarose gel electrophoresis. bcRIG-I-Flag: pcDNA5/FRT/TO-bcRIG-I-
Flag; becSTAT2-Myc: pcDNA5/FRT/TO-becSTAT2-Myc; HA-Ub: pcDNAS5/FRT/TO-HA-Ub; HA-Ub-K630: pcDNAS5/FRT/TO-HA-Ub-K630; HA-Ub-K480: pcDNAS5/
FRT/TO-HA-Ub-K480.
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(A) Schematic diagram of the domain of bcSTAT2 and its truncation mutants. (B) EPC cells in 6-well plate (2 x 10° cells/well) were transfected with bcSTAT2 or the
indicated truncation mutants (3 pg), respectively. The protein expression was detected by IB assay at 48 hpt. (G) EPC cells in 24-well plate (4 x 10° cells/well) were
co-transfected with pRL-TK (25 ng), Luci-bcIFNa (200 ng) or Luci-eIFN (200 ng), bcRIG-I (100 ng) and/or bcSTAT2 (truncation mutants of bcSTAT2) (200 ng). The
cells were harvested at 24 hpt and used for reporter assay. bcRIG-I: pcDNA5/FRT/TO-bcRIG-I-Flag; bcSTAT2: pcDNA5/FRT/TO-bcSTAT2-Myc; AND: pcDNA5/FRT/
TO/-bcSTAT2-/AND-Myc; ACCD: pcDNA5/FRT/TO/- beSTAT2-/ACCD-Myc; /AADBD: pcDNA5/FRT/TO/-bcSTAT2- ADBD-Myc; ALD: pcDNA5/FRT/TO/-bcSTAT2-
ALD-Myc; /ASH2: pcDNA5/FRT/TO/- beSTAT2-/ASH2-Myc; /ATAD: pcDNA5/FRT/TO/-bcSTAT2- ATAD-Myc.
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contrast, deubiquitinating enzymes such as CYLD, USP21 and USP3
negatively regulate RIG-I/IFN signaling by removing the K63-linked
polyubiquitination chain [45-47]. In this study, we showed that
STATZ2, originally identified as the downstream factor of IFN, inhibited
RIG-I mediated antiviral innate immune response by reducing the
K63-linked ubiquitination of RIG-I in black carp. Before that, researchers
have found that cytoplasmic STAT4 interacts with E3 ligase CHIP, which
leads to the proteasomal degradation of RIG-I by K48-linked ubiquiti-
nation, and promotes type I IFNs production [25]. Moreover, we found
that the transcription level of bcSTAT2 was improved in the early stage
of GCRV and SVCV infection, and reached the maximum at 12 hpi and
24 hpi, respectively. While the transcription level of bcSTAT2 was
decreased at 48 hpi (Fig. 2B&C). Therefore, we hypothesized that
beSTAT2 is involved in the antiviral immune system in the early stage of
viral infection, inducing the production of downstream ISGs, thereby
protecting host cells from viral infection. Whereas, bcSTAT2 might bind
to bcRIG-I in the later stages of viral infection to prevent the over-
activation of signaling pathway and maintain immune homeostasis.

In mammals, STAT2 forms ISGF3 complex with STAT1 and IRF9,
which is responsible for the induction of ISGs [48,49]. However, STAT2
has been reported as a negative regulator of innate immune responses in
mammals. USP18 recruits STAT2 to exhibit its inhibitory effect on IFN
signaling [50]. Simultaneously, STAT2 has also been found to negatively
regulate STING, leading to the suppression of cGAMP-induced expres-
sion of IRF-dependent genes [51]. In the present study, we revealed that
STAT2 interacted with RIG-I (Fig. 5), and restrained the IFN promoter
expression and the antiviral ability induced by RIG-I (Figs. 6 and 7).
Similarly to its mammalian counterpart, bcSTAT2 contains ND, CCD,
DBD, LD, SH2 and TAD (Fig. 1A). In mammals, STAT2 binds to STAT1
through its SH2 domain, and to IRF9 through its CC domain [52].
Nevertheless, we demonstrated that the bcSTAT2-/ACCD mutant lost
the ability to negatively regulate bcRIG-I mediated IFN expression
(Fig. 9C). Therefore, we speculated that in order to prevent over-
activation of bcRIG-I, bcSTAT2 competitively binds to bcRIG-I but not
IRF9 through the CC domain, thus terminating signaling transduction.
On the other hand, this interaction between bcRIG-I and becSTAT2 at-
tenuates the K63-linked ubiquitination of bcRIG-I, inhibiting bcRIG-I
mediated IFN signaling pathway.
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