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Mammalian cyclic GMP-AMP synthase (cGAS) senses double-stranded (ds) DNA in the cytosol to activate the
innate antiviral response. In the present study, a cGAS-like gene, namely cGASL, was cloned from grass carp
Ctenopharyngodon idellus, and its role as a negative regulator of the IFN response was revealed. Phylogenetic
analysis indicated that cGASL was evolutionarily closest to cGAS, but was not a true ortholog of cGAS.
Overexpression of cGASL inhibited poly I:C-stimulated grass carp (gc)IFN1pro and ISRE activities. In addition,
MITA-, but not TBK1-mediated activation of gcIFN1pro was impaired by cGASL. Co-immunoprecipitation and

Western blot experiments indicated that cGASL interacted with MITA and TBK1, resulting in a reduction in the
phosphorylation of MITA. Lastly, overexpression of cGASL reduced the transcriptional levels of several IFN-
stimulated genes activated by MITA. Collectively, these data suggest that cGASL is a negative regulator of IFN
response by targeting MITA in fish.

1. Introduction

The innate immune system provides critical host defense against
microbial infection [1,2]. Upon microbial infection, cellular pattern
recognition receptors (PRRs) recognize the pathogen-associated mole-
cular patterns (PAMPs), which are small molecular motifs conserved
within groups of microbes, such as nucleic acids from viruses or bac-
teria, bacterial lipopolysaccharide (LPS), and peptidoglycan [1-3]. The
PRRs then trigger a series of signaling events, leading to the induction
of type I interferons (IFNs), pro-inflammatory cytokines, and other
downstream effectors. In mammals, PRRs mainly comprise Toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like re-
ceptors (RLRs), and a number of intracellular DNA sensors [1,2,4].

Viral nucleic acids are major PAMPs that are sensed by cellular

PRRs after virus infection [4]. In the cytoplasm, the cyclic GMP-AMP
synthase (cGAS) and RLRs including RIG-I and melanoma differentia-
tion-associated gene 5 (MDAS) are the major PRRs responsible for
sensing viral DNAs and RNAs, respectively [2,5-7]. After detecting the
foreign nucleic acids, these receptors can transfer the signals to the
downstream effector molecules mediator of IRF3 activation (MITA, also
known as STING) and TANK-binding kinase 1 (TBK1) [8-11]. TBK1
then interacts with MITA, undergoes self-phosphorylation, and subse-
quently phosphorylates MITA, which is necessary for the recruitment of
the IFN regulatory factor 3 (IRF3) [9,11-13]. In this complex, TBK1
further phosphorylates IRF3, which translocates to the nucleus to in-
duce the expression of IFN. Tremendous progress in the understanding
of fish IFN response provides evidence that the IFN antiviral response in
fish is conserved with those in mammals [1,11,14-16]. For example,
fish MITA plays a pivotal role in defending against both DNA and RNA
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viruses, and fish IRF3 needs to be phosphorylated by TBK1 to induce
IFN expression [11,15,17].

The male abnormal 21 (MAB21) family belongs to the large and
diverse superfamily of nucleotidyltransferase (NTase) fold proteins
[18]. Five members of this family have been identified in humans, in-
cluding MAB21-like protein 1 (MAB21L1), MAB21L2, MAB21L3,
MAB21 domain-containing protein 1 (MB21D1, also known as cGAS),
and MB21D2 [19]. The MAB21 proteins usually contain an NTase do-
main that partly overlaps with a C-terminal MAB21 domain. Functional
studies revealed that most of the MAB21 family members are involved
in cell fate determination and embryogenesis [20-22]. In Caenorhabditis
elegans, the MAB21 protein is related to cell fate and the formation of
sensory organs in male nematodes [20]. Several studies in model or-
ganisms Danio rerio, Xenopus laevis, and Mus musculus revealed that the
vertebrate homologs of MAB21 protein such as MAB21L1 and
MAB21L2 are important in embryonic tissue patterning and organo-
genesis [22-24]. Few studies have found evidence of the MAB21
members being involved in innate immune regulation. Mammalian
cGAS was recently identified as a cytoplasmic DNA sensor in the im-
mune system, capable of detecting cytosolic DNAs derived from various
types of viruses [7]. After binding to double-stranded DNA (dsDNA),
cGAS is activated and catalyzes the synthesis of cyclic GMP-AMP
(cGAMP) from ATP and GTP [5,25]. Then, cGAMP serves as an en-
dogenous second messenger to stimulate the production of IFN via
MITA [7].

Although cGAS has been identified as a key component in the innate
immune system, it is unclear whether other members of the MAB21
family can function in the IFN response. In this study, a cGAS-like gene,
namely cGASL, was cloned from grass carp Ctenopharyngodon idellus
and its role in the fish IFN response was determined. Phylogenetic
analysis showed that cGASL was most similar to cGAS, but was not a
true ortholog of cGAS. Functionally, cGASL could negatively regulate
IFN and IFN-stimulated gene (ISG) production by interacting with MITA
to reduce its phosphorylation mediated by TBK1. Our findings revealed
a new negative regulatory mechanism for fish IFN response.

2. Materials and methods
2.1. Cell lines and transient transfection

Grass carp ovary (GCO) cells purchased from China Center For Type
Culture Collection were maintained at 28 °C, 5% CO, in medium 199
(Invitrogen). HEK 293T cells were grown at 37 °C, 5% CO, in DMEM
medium (Invitrogen). All mediums were supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and penicillin-streptomycin (100 U/
ml). HEK 293T or GCO cells were seeded in 10 cm? dishes, 6 or 24-well
plates and 24 h later were co-transfected with indicated plasmids by
using X-tremeGENE HP DNA Transfection Reagent (Roche) according
to the manufacturer's protocol.

2.2. Homologous cloning of the grass carp cGASL gene

Based on the predicted cGAS-like mRNA sequences in zebrafish
Danio rerio (GenBank accession No.: XM_003200639.5), common carp
Cyprinus carpio (XM_019125260.1) and crucian carp Carassius auratus
(XM_026288623.1), degenerate primers were designed to amplify a
partial fragment of cGASL from grass carp gut cDNA. The PCR protocol
was as follows: 1 cycle of 95 °C/5 min; 35 cycles of 95°C/30s, 50 °C/
30s, 72°C/2min; 1 cycle of 72°C/10min. Amplified PCR products
were ligated into pMD™18-T Vector, transformed into the competent
Escherichia coli TOP10 cells, and plated on the LB-agar petri-dish.
Positive colonies containing expected size insert were screened by
colony PCR. Five of them were picked up and sent to a commercial
company (Wuhan TSINGKE Biological Technology, China) for sequen-
cing.
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2.3. Full-length cGASL cDNA cloning and plasmid construction

Based on the obtained cDNA fragment of cGASL, 5-RACE was
performed using the reverse primers gccGASL-5R1 and gccGASL-5R2,
while the 3’-RACE was performed using the forward primers gccGASL-
3F1 and gccGASL-3F2 (Supplemental Table 1). The amplified PCR
product was cloned and sequenced as described above. The full-length
cDNA sequence was confirmed by sequencing the PCR product ampli-
fied by primers gccGASL-F and gccGASL-R (Supplemental Table 1)
within the 5" and 3’ untranslated regions respectively. The open reading
frame (ORF) of grass carp cGASL, MAVS (mitochondrial antiviral sig-
naling protein, KF366908.1), MITA (NM_001278837.1) and TBK1
(NM_001044748.2) were subcloned into pcDNA3.1 (+) (Invitrogen),
pCMV-HA and pCMV-Myc (BD Clontech), respectively. For subcellular
localization, the ORF of grass carp cGASL was inserted into pEGFP-N3
vector (BD Clontech), and the ORF of grass carp MITA and TBK1 were
subcloned into pCS2-mCherry vector (BD Clontech). The grass carp (gc)
IFN1 promoter was obtained from NCBI database (GU139255.1) and
cloned into pGL3-Basic luciferase reporter vector (Promega). The
plasmid containing ISRE-Luc in pGL3-Basic luciferase reporter vector
was constructed as previously described [26]. The Renilla luciferase
internal control vector (pRL-TK) was purchased from Promega. All
constructs were confirmed by DNA sequencing. The primers including
the restriction enzyme cutting sites used for plasmid construction are
listed in Supplemental Table 1.

2.4. Sequence alignment and phylogenetic analysis

The molecular mass and protein domains of the deduced amino acid
sequences were analyzed by Expert Protein Analysis System (ExPasy)
(http://www.expasy.org/) and Simple Modular Architecture Research
Tool (SMART) (http://smart.embl-heidelberg.de/), respectively. For
phylogenetic analysis, sequences of MAB21 proteins were obtained
from GenBank. The amino acid sequences were aligned using the
GeneDoc software, and the phylogenetic tree was constructed based on
the maximum likelihood (ML) approach which was bootstrapped 1000
times using the MEGA 6.0 software.

2.5. Luciferase activity assay

GCO cells were seeded into 24-well plates and 24 h later were co-
transfected with 0.25 pg luciferase reporter plasmid (gcIFN1pro-Luc or
ISRE-Luc) and 0.05 pg of Renilla luciferase internal control vector (pRL-
TK). The pRL-TK was used to normalize the transcriptional levels in-
duced by the promoters and the empty vector pcDNA3.1 (+) was used
to maintain equivalent amounts of DNA in each well. Stimulation with
poly I:C was done 24 h later. At 48 h post-transfection, the cells were
washed with phosphate-buffered saline (PBS) and lysed for measuring
luciferase activity using the Dual-Luciferase Reporter Assay System
according to the manufacturer's instructions (Promega). The results for
each experiment were representative of more than three independent
experiments, each performed in triplicate.

2.6. RNA extraction, reverse transcription, and quantitative real-time PCR

The total RNAs of GCO cells and tissues from three apparently
healthy grass carps were extracted using the Trizol reagent
(Invitrogen). The ten tissues included brain, eye, gill, heart, liver,
spleen, gut, trunk kidney, muscle, and skin. First-strand cDNA was
synthesized 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 (Bio-Rad)
on the CFX96 Real-Time System (Bio-Rad). PCR conditions were as
follows: 95 °C for 5 min, then 45 cycles of 95 °C for 20s, 60 °C for 205,
72°C for 30 s and the B-actin primers were used to normalize the data.
All primers used for qPCR are shown in Supplemental Table 1. The
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Fig. 1. Characterization of mammalian c¢GAS and fish ¢cGASL proteins. (A) Multiple alignment of the amino acid sequences of cGAS and cGASL proteins using
GeneDoc. The NTase domain, MAB21 domain, and transmembrane region were indicated by lines, and five asterisks indicated key catalytic residues within the NTase
domain. (B) Schematic representation of mammalian ¢GAS and fish cGASL proteins.

specificity of the PCR amplification for all primer sets was verified from
the dissociation curves. The identity of each PCR products was con-
firmed by sequencing at Wuhan TSINGKE Biological Technology Inc.
The relative fold changes were calculated using the 274" method.
Three independent experiments were conducted for statistical analysis.

2.7. Coimmunoprecipitation assay

For the coimmunoprecipitation (Co-IP) experiments, HEK 293T cells
seeded into 10 cm? dishes overnight were transfected with a total of
10 pg of the indicated plasmids. At 24 h post-transfection, the medium
was removed and the cell monolayer was washed twice with 10 ml ice-
cold PBS. The cells were then lysed in 1 ml radioimmunoprecipitation
(RIPA) lysis buffer (1% NP-40, 50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate [NazVO,], 1 mM
phenylmethylsulfonyl fluoride [PMSF], 0.25% sodium deoxycholate)
containing a protease inhibitor cocktail (Sigma-Aldrich) at 4°C for 1 h
on a rocker platform. The cellular debris was removed by centrifugation
at 12,000 x g for 15minat 4 °C. The supernatant was transferred to a
fresh tube and incubated with 20 pl anti-hemagglutinin (HA)-agarose
beads (Sigma-Aldrich) overnight at 4 °C with constant agitation. These
samples were further analyzed by immunoblotting.
Immunoprecipitated proteins were collected by centrifugation at 5000
X g for 1minat 4°C, washed three times with lysis buffer, and re-
suspended in 50 pl 2 x SDS sample buffer. The immunoprecipitates and
whole-cell lysates were analyzed by immunoblotting with the indicated
antibodies (Abs).

2.8. Immunoblot analysis

Immunoprecipitates or whole-cell extracts were separated by 9%
SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad). The membranes were blocked for 1hat room tem-
perature in TBST buffer (25 mM Tris-HCl, 150 mM NacCl, 0.1% Tween

20, pH 7.5) containing 5% nonfat dry milk, probed with the indicated
primary Abs at an appropriate dilution overnight at 4 °C, washed three
times with TBST, and then incubated with secondary Abs for 1hat
room temperature. After three additional washes with TBST, the
membranes were stained with the Immobilon Western chemilumines-
cent horseradish peroxidase (HRP) substrate (Millipore) and detected
using an ImageQuant LAS 4000 system (GE Healthcare). Abs were di-
luted as follows: anti-f-actin (Cell Signaling Technology) and anti-Flag/
HA/Myc (Sigma-Aldrich) at 1:3,000, and HRP-conjugated anti-mouse
IgG (Thermo Scientific) at 1:5000. Results are representative of data
from three independent experiments.

2.9. Fluorescent microscopy

GCO cells were plated onto coverslips in 6-well plates and trans-
fected with indicated plasmids for 24 h. Then the cells were washed
twice with PBS and fixed with 4% paraformaldehyde (PFA) for 1h.
After draining the fixative, the cells were stained with DAPI (1 mg/ml;
Beyotime) for 30 min in dark at room temperature. Finally, the cover-
slips were washed and observed with a confocal microscope under a
63 X oil immersion objective (SP8; Leica Microsystems).

2.10. Statistics analysis

The results are expressed as mean *= SDs of at least three in-
dependent experiments (n = 3). Data were analyzed using a Student's
unpaired t-tests. A p value < 0.05 was considered to be statistically
significant.
3. Results

3.1. Sequence characterization of grass carp cGASL

The obtained full length cDNA of grass carp cGASL was 1682-bp
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Fig. 2. Phylogenetic analysis of grass carp cGASL and the other MAB21 proteins. The tree was constructed by ML method supported with 1000 bootstrap replications

using MEGA 6.0 software. The numbers at a node reflect the bootstrap values.

long (MN456832) and included a predicted ORF of 1275 bp, a 206-bp
5’-untranslated region (UTR), and a 201-bp 3’-UTR. The ORF encoded a
putative 424-aa protein with a calculated molecular mass of 46.64 kDa
and a pI of 9.96. Multiple amino acid sequence alignments revealed that
grass carp cGASL contained an NTase domain, a MAB21 domain, and a
C-terminal transmembrane (TM) region (Fig. 1A and B). Five conserved
key catalytic residues (G52, S53, E65, D67, and D168) were observed in
the NTase domain (Fig. 1A). Phylogenetic analysis showed that grass
carp cGASL grouped together with the other fish cGASLs, and they were
most similar to fish and mammalian cGAS proteins, which clustered in a
well-supported group (Fig. 2).

3.2. Tissue expression pattern of grass carp cGASL in healthy fish

To characterize the tissue expression pattern of grass carp cGASL at
the mRNA level, the total RNA for ten tissue samples from healthy grass
carp was extracted and examined by qRT-PCR. As shown in Fig. 3, grass
carp cGASL expression was significantly high in the liver and gut tis-
sues; moderately high in the muscle, trunk kidney, skin, and gill tissues;
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Fig. 3. Tissue distribution of cGASL. Transcriptional levels of cGASL were de-
tected by qPCR and normalized to 3-actin. Graphs show mean + SD, and the
experiments were repeated for three times with similar results.

and poor in the heart, spleen, brain, and eye tissues.
3.3. c¢GASL inhibits MITA-mediated gcIFN1pro activities

Due to the close relationship between grass carp cGASL and mam-
malian cGAS proteins, we hypothesized that cGASL may play a role in
the IFN response. Therefore, luciferase assays were performed to in-
vestigate the potential of cGASL to affect gcIFN1pro and ISRE activities.
As shown in Fig. 4A and B, poly I:C infection induced substantial ac-
tivation of gcIFN1pro and ISRE, but the transfection of cGASL alone had
no effect on the activation of gcIFN1lpro and ISRE relative to the
transfection of the empty pcDNA3.1 vector. However, the gcIFN1pro
and ISRE activities stimulated by poly I:C were significantly impeded by
cGASL overexpression in a dose-dependent manner, which suggested
that cGASL inhibits the activation of IFN¢1pro and ISRE upon infection
with poly L:C.

Since RLR signaling is involved in the poly I:C-triggered IFN re-
sponse [11,14], the relationship between cGASL and RLR molecules
was examined with luciferase assays. As shown in Fig. 4C, over-
expression of RLR molecules upregulated gcIFN1pro activity, but the
capabilities of MAVS and MITA to activate gcIFN1pro decreased sig-
nificantly during the overexpression of cGASL, while that of TBK1 was
unaffected. The inhibitory effect of cGASL on MITA-stimulated
gcIFN1pro and ISRE activities was further verified through dose-de-
pendent experiments (Fig. 4D and E). Given that MITA is downstream
of MAVS, these results suggested that cGASL likely decreased the
gcIFN1pro activity via the negative regulation of MITA.

3.4. cGASL interacts with MITA to decrease its phosphorylation induced by
TBK1

In mammals and fish, MITA is a mediator protein which migrates in
cells and recruits TBK1, promoting the phosphorylation of IRF3. In this
process, MITA associates with and is phosphorylated by TBK1, which is
crucial for the recruitment of IRF3 [11,13]. Given that MITA-induced
gclFN1pro and ISRE activities were attenuated by cGASL, it was ne-
cessary to investigate whether cGASL associates with MITA and TBK1.
As shown in Fig. 5A, B, and C, grass carp TBK1 associated with MITA,
and interactions between cGASL and MITA or TBK1 were also
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Fig. 4. Inhibition of gcIFN1pro activity by overexpression of cGASL. (A and B) Overexpression of cGASL inhibited the poly I:C-triggered gcIFN1pro and ISRE
activities in a dose-dependent manner. GCO cells were seeded in 24-well plates overnight and co-transfected with 250 ng gcIFN1pro-Luc (A) or ISRE-Luc (B) and
25 ng pRL-TK, plus pcDNA3.1-cGASL (0, 250, 0, 200 or 400 ng/well). At 24 h post-transfection, cells were treated with poly I:C (1 ug/ml). After 24 h stimulation, the
cell lysates were harvested for luciferase assay. (C) cGASL blocked RLR-mediated activation of the gcIFN1 promoter. GCO cells were seeded in 24-well plates
overnight and co-transfected with pcDNA3.1-MAVS, pcDNA3.1-MITA or pcDNA3.1-TBK1 and pcDNA3.1-cGASL plus gcIFN1pro-Luc at a ratio of 1:1:1. At 24 h post-
transfection, cells were collected for detection of luciferase activities. (D and E) Overexpression of cGASL inhibited MITA-induced gcIFN1pro and ISRE activities in a
dose-dependent manner. GCO cells were seeded in 24-well plates overnight and co-transfected with 250 ng gcIFN1pro-Luc (D) or ISRE-Luc (E), 25 ng pRL-TK, 250 ng
pcDNA3.1-MITA, plus pcDNA3.1-cGASL (0, 250, 0, 200 or 400 ng/well). The luciferase activities were monitored at 24 h after transfection. Error bars are the SDs
obtained by measuring each sample in triplicate. Asterisks indicate significant differences from control (*p < 0.05).

confirmed. These results suggested that cGASL, MITA, and TBK1 form a
protein complex in the RLR pathway.

We further investigated whether cGASL affects TBK1-induced
phosphorylation of MITA. Fig. 5D shows that when HA-MITA was co-
transfected with HA-TBK1, a shifted band with higher molecular weight
could be detected by the anti-HA Ab, which was the phosphorylated
MITA; however, when Flag-cGASL was co-transfected with HA-MITA
and HA-TBK1, the TBK1-mediated phosphorylation of MITA decreased.
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These results demonstrated that cGASL reduced the phosphorylation of
MITA induced by TBK1.

3.5. ¢GASL decreases MITA-upregulated IFN-stimulated genes
Given that cGASL interacted with MITA to reduce its phosphoryla-

tion induced by TBKI, the effect of cGASL on MITA-stimulated ex-
pression of ISGs was investigated at the mRNA level. GCO cells were co-
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significant differences from control (*p < 0.05).
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mCherry cGASL-EGFP

mCherry-TBK1

cGASL-EGFP

transfected with pcDNA3.1-MITA and pcDNA3.1-cGASL or an empty
vector, and the total RNAs were extracted and evaluated with qPCR. As
shown in Fig. 6, cGASL transfection did not induce the expression of ifn
and isg15, consistent with the results in the control group. When MITA
was overexpressed, the transcription of these ISGs was remarkably
upregulated, while the induction was significantly decreased by co-
transfection with cGASL (Fig. 6).

3.6. Subcellular localization of grass carp cGASL

To further investigate the function of cGASL, its subcellular location
was investigated in GCO cells. Confocal microscopy revealed that the
cGASL-EGFP signal was mainly distributed in the cytoplasm (Fig. 7A).
We co-transfected mCherry-MITA or mCherry-TBK1 with cGASL-EGFP.
Red fluorescence from MITA and TBK1 was observed in the cytosol, but
cGASL (green) was not colocalized with MITA and TBK1 (Fig. 7B and
Q).

4. Discussion

Although IFNs and ISGs are critical components in the host defense
against viral infection, uncontrolled induction of IFNs and ISGs can lead
to a number of diseases. Therefore, multiple negative regulatory me-
chanisms are utilized by the host to avoid excessive activation of the
IFN response. Here, we report a new mechanism for the negative reg-
ulation of IFN and ISG production by a cGAS-like gene in fish.

Previous studies on MAB21 proteins have mainly focused on their
roles in animal development [20-24] and few studies have found evi-
dence of their involvement in the innate immune response. Mammalian
cGAS was recently identified as a ubiquitous sensor for cytosolic
dsDNA, which plays a critical role in innate immune responses to cy-
tosolic DNA and various DNA viruses [5,7,25]. Consequently, the

mCherry-MITA
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Fig. 7. Subcellular localization of cGASL. GCO
cells seeded on microscopy coverglass in six-well
plates were transfected with 1 pg of cGASL-EGFP
and 1 pg of empty vector (A), mCherry-MITA (B)
or mCherry-TBK1 (D). After 24 h, the cells were
fixed and subjected to confocal microscopy ana-
lysis. Green signals represent overexpressed
cGASL protein, red signals represent over-
expressed MITA or TBK1, and blue staining in-
dicates the nucleus region. The yellow staining in
the merged images indicates colocalization of
c¢GASL and MITA or TBK1 (original magnification,
63 x oil immersion objective). All experiments
were repeated at least three times with similar
results. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the Web version of this article.)

cGASL-EGFP

question of whether fish cGAS or other MAB21 proteins can function in
innate immune regulation has attracted great interest. Grass carp
c¢GASL was obtained based on the predicted fish cGAS-like sequences.
Despite the close evolutionary relationship between the cGASL and
cGAS proteins, fish cGASLs formed a single clade in the phylogenetic
tree while mammalian and fish cGASs clustered in another group.
Furthermore, structural differences were identified between cGASL and
cGAS. Although both cGAS and ¢GASL proteins contained an NTase and
an MAB21 domain, the NTase domain in cGASL was located on the N-
terminus while the corresponding domain in cGAS was not. Moreover, a
predicted transmembrane region was located at the C-terminus of
c¢GASL, which was absent in ¢cGAS. These data indicated that the fish
cGASL proteins are not orthologs of the mammalian cGAS proteins.

Due to the close relationship between cGAS and cGASL, we specu-
lated that cGASL is related to the regulation of the IFN response. In the
luciferase assays we performed, poly I:C-stimulated gcIFN1pro and
ISRE activities were reduced by cGASL, suggesting that cGASL is able to
negatively regulate IFN expression.

The RLR signaling pathway plays a major role in driving type I IFN
production and antiviral gene expression to initiate and modulate an-
tiviral immunity. Aberrant RLR signaling or the dysregulation of RLR
expression is known to be related to the development of various auto-
immune syndromes [27]. In mammals, a series of negative molecules
have been reported to regulate the RLR pathway in order to avoid ex-
cessive IFN production. IFN-induced protein 35 (IFI35) interacts with
RIG-I and negatively regulates its activation through mechanisms in-
cluding the suppression of dephosphorylation activation of RIG-I and
proteasome-mediated degradation of RIG-I [28]. ISG56 (IFIT1) was
found to associate with MITA and inhibit its interactions with MAVS
and TBK1 to negatively regulate the IFN response [29]. IFN-induced N-
Myc and STAT interactor (NMI) associates with IRF7, leading to K48-
linked ubiquitination and proteasomal degradation of IRF7 [30]. In
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recent years, negative regulators of the RLR system have also been
identified in fishes. For example, fish A20 (also known as tumor ne-
crosis factor alpha-induced protein 3 or TNFAIP3) interrupts RIG-I
signaling by targeting TBK1 [31]; FTRCA1l (a crucian carp-specific
finTRIM gene) associates with TBK1 and results in autophage-lysosomal
degradation of TBK1 [32]; and zebrafish IRF10 inhibits IFN production
by binding to the promoter of IFN and interacting with MITA [33]. In
the current study, grass carp cGASL was likely to target MITA to inhibit
the IFN response. Indeed, MITA is a critical mediator protein in the
innate immune system. It was reported that TBK1-mediated phos-
phorylation of MITA was required for IRF3 activation, and knockdown
of MITA severely inhibited virus-triggered IRF3 activation and type I
IFN expression [13]. The interaction between cGASL and the MITA-
TBK1 complex may partly hinder the phosphorylation process mediated
by TBK1, resulting in the reduction of MITA phosphorylation.

The negative regulation function of ¢GASL in the innate immune
system might be further reflected by its expression profile. In this in-
vestigation, grass carp cGASL had the highest expression in the liver
and gut, which was significantly higher than that in other tissues. It is
noteworthy that a previous study conducted in zebrafish also identified
the liver and gut as the main sites for ISG expression during viral in-
fection [34]. Therefore, we speculated that the high expression of
cGASL at these sites might be a strategy for a balanced antiviral im-
mune response to avoid excessive induction of ISGs.

The cGASL proteins were most similar to cGAS proteins. Although
cGAS has been demonstrated to be a critical component in the STING
(or MITA) signaling pathway in mammals, its role is less clear in fishes.
It was reported that zebrafish ¢cGAS was dispensable in the STING-
mediated immune response against Herpes simplex virus 1 (HSV-1)
[35]. However, a recent study performed in Japanese medaka Oryzias
latipes showed that fish cGAS may be more important for the immune
response to bacterial DNA than other DNA sensors [36]. Further studies
are needed to determine the role of fish ¢GAS in the antiviral innate
immune response. As for the other MAB21 proteins, it is also re-
commended to determine whether they are involved in the innate im-
mune response.

In summary, this study demonstrated that grass carp cGASL is a
negative regulator of the RLR pathway. It interacts with MITA, and
reduces the phosphorylation of MITA induced by TBK1 to negatively
regulate the MITA-mediated IFN response.
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