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ABSTRACT

The production of type I interferon is tightly regulated to prevent excessive immune activation. However, the role
of selective autophagy receptor SQSTM1 in this regulation in teleost remains unknown. In this study, we cloned
the triploid fish SQSTM1 (3nSQSTM1), which comprises 1371 nucleotides, encoding 457 amino acids. QqRT-PCR
data revealed that the transcript levels of SQSTM1 in triploid fish were increased both in vivo and in vitro
following spring viraemia of carp virus (SVCV) infection. Immunofluorescence analysis confirmed that
3nSQSTM1 was mainly distributed in the cytoplasm. Luciferase reporter assay results showed that 3nSQSTM1
significantly blocked the activation of interferon promoters induced by 3nMDA5, 3nMAVS, 3nTBK1, and 3nIRF7.
Co-immunoprecipitation assays further confirmed that 3nSQSTM1 could interact with both 3nTBK1 and 3nIRF7.
Moreover, upon co-transfection, 3nSQSTM1 significantly inhibited the antiviral activity mediated by TBK1 and
IRF7. Mechanistically, 3nSQSTM1 decreased the TBK1 phosphorylation and its interaction with 3nIRF7, thereby
suppressing the subsequent antiviral response. Notably, we discovered that 3nSQSTM1 also interacted with SVCV
N and P proteins, and these viral proteins may exploit 3nSQSTM1 to further limit the host’s antiviral innate
immune responses. In conclusion, our study demonstrates that 3nSQSTM1 plays a pivotal role in negatively
regulating the interferon signaling pathway by targeting 3nTBK1 and 3nIRF7.

1. Introduction

infections to maintain immune homeostasis and prevent unwanted
inflammation [8,9]. Sequestosome 1 (p62/SQSTM1) is a multifunctional

Type I interferons (IFN-I) are a group of cytokines that play a critical
role in response to viral infections. When the viruses infect a cell, they
trigger signaling cascades that ultimately lead to the production and
secretion of IFN-I [1]. TANK-binding kinase 1 (TBK1) is a key enzyme
involved in the activation of IFN-I signaling. It serves as a critical
mediator of the signaling pathways that lead to the activation of tran-
scription factors such as interferon regulatory factor 7 (IRF7). TBK1
phosphorylates IRF7, leading to its activation and subsequent trans-
location to the nucleus where it induces the transcription of IFN-I and
other antiviral genes [2-4]. However, excessive production of interferon
can also trigger autoimmune diseases, so the interferon signaling
pathway is strictly regulated [5-7].

Autophagy is involved in host defense against bacterial and viral

scaffolding protein. It acts as a selective autophagy receptor that rec-
ognizes and binds ubiquitin molecule-tagged proteins. p62/SQSTM1
transports these tagged proteins into the autophagosome and facilitates
their fusion with lysosomes. Through these actions, it participates in the
autophagic process and regulates multiple signaling pathways [10].
SQSTM1 mainly possesses five structural domains, namely, the N-ter-
minal Phox and Beml (PB1) domain, the ZZ zinc-finger domain
(ZnF-ZZ), the EIR domain, the LC3-interacting region (LIR) domain, and
the ubiquitin-associated (UBA) domain at the C-terminal. The PB1
domain mainly mediates oligomerization on its own or with other se-
lective autophagy receptors. SQSTM1 interacts with the N-terminal
arginylated cargo via its ZnF-ZZ domain. The EIR domain is a region that
interacts with E2 ubiquitin ligase and is able to increase the affinity of

* Corresponding author. State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Science, Hunan Normal University, Changsha, 410081,

China.

** Co-corresponding author. State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Science, Hunan Normal University, Changsha,

410081, China.

E-mail addresses: xiaojun2018@hunnu.edu.cn (J. Xiao), fenghao@hunnu.edu.cn (H. Feng).

https://doi.org/10.1016/j.fsi.2024.109805

Received 22 May 2024; Received in revised form 22 July 2024; Accepted 2 August 2024

Available online 3 August 2024

1050-4648/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:xiaojun2018@hunnu.edu.cn
mailto:fenghao@hunnu.edu.cn
www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2024.109805
https://doi.org/10.1016/j.fsi.2024.109805
https://doi.org/10.1016/j.fsi.2024.109805

Z. Lietal

Table 1
Primers used in the study.
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Primer name Primer Sequence

Primer information

CDS
3nSQSTM1-F ATGTCGATGACAGTGAAA
3nSQSTM1-R CTACTTCTGTGGGCCGGG

Expression vector

For 3nSQSTM1 CDS cloing

For expression vector construction

3nSQSTM1-F ACTGACgctagcATGTCGATGACAGTGAAAGCT
3nSQSTM1-R ACTGACctcgagTTACTTCTGTGGGCCGGGTTT
qRT-PCR

q-3nSQSTM1-F GTGGCTCCATAGGGCTTCTC

q-3nSQSTM1-R CACTGCCTTGGTCTTTCTGC

q-SVCV-M-F CGACCGCGCCAGTATTGATGGATAC
q-SVCV-M-R ACAAGGCCGACCCGTCAACAGAG
q-SVCV-N-F GGGTCTTTACAGAGTGGG
q-SVCV-N-R TTTGTGAGTTGCCGTTAC
q-SVCV-P-F AACAGGTATCGACTATGGAAGAGC
q-SVCV-P-R GATTCCTCTTCCCAATTGACTGTC
q-SVCV-G-F GATGACTGGGAGTTAGATGGC
q-SVCV-G-R ATGAGGGATAATATCGGCTTG
q-epc Viperin -F GCAAAGCGAGGGTTACGAC

g-epc Viperin-R
g-epc ISG15-F
g-epc ISG15-R

CTGCCATTACTAACGATGCTGAC
TGATGCAAATGAGACCGTAGAT
CAGTTGTCTGCCGTTGTAAATC

Table 2
Comparison of vertebrate SQSTM1 homologues(%).

Species Full-length sequence Species Full-length sequence
Identity Similarity Identity Similarity

Triploid hybrid 100.0 100.0 Centrocercus urophasianus 44.8 57.7
Carassius gibelio 98.3 98.3 Lagopus muta 44.6 57.3
Cyprinus carpio 93.7 95.2 Bufo gargarizans 47.1 58.7
Megalobrama amblycephala 86.5 90.0 Anser cygnoides 44.7 58.9
Ctenopharyngodon idella 85.0 89.0 Dermochelys coriacea 45.1 57.5
Danio rerio 82.5 86.7 Rana temporaria 44.8 57.6
Ictalurus punctatus 69.5 80.0 Bufo bufo 46.0 57.7
Oncorhynchus mykiss 61.6 71.0 Macaca mulatta 45.6 57.3
Salmo salar 59.5 69.1 Taeniopygia guttata 45.2 57.5
Perca fluviatilis 56.6 66.8 Tyto alba 44.5 56.1
Lacerta agilis 47.3 61.2 Passer montanus 44.5 56.1
Malaclemys terrapin pileata 45.9 59.0 Corvus hawaiiensis 45.6 57.8
Xenopus tropicalis 47.1 58.6 Hirundo rustica 45.4 57.7
Trachemys scripta elegans 45.6 58.6 Orcinus orca 45.4 57.7
Varanus komodoensis 46.3 59.3 Mus musculus 45.0 57.0
Chelonia mydas 45.8 57.7 Bos taurus 44.2 56.3
Gallus gallus 45.7 58.3 Rattus norvegicus 44.9 58.0
Chelonoidis abingdonii 46.3 58.4 Acinonyx jubatus 44.3 56.9
Terrape necarolina triunguis 45.7 58.3 Ursus americanus 44.4 56.4
Xenopus laevis 46.2 58.8 Homo sapiens 45.4 57.2
Nanorana parkeri 45.2 59.0 Ursus arctos 44.0 55.8
Agquila chrysaetos hrysaetos 45.8 57.8 Pongo abelii 44.2 56.0

SQSTM1 for ubiquitin. The LIR domain is a region that interacts with
LC3 or ATGS8s. The UBA domain is mainly responsible for interbinding
with ubiquitin molecules [10-13].

It has been reported that SQSTM1 is involved in regulating IFN
signaling [14,15]. SQSTM1 can regulate host antiviral immune re-
sponses by modulating a series of immune factors, such as RIG-I, cGAS,
MAVS, STING, and IRF3 [16-21]. For example, the mycotoxin patulin
inhibits TLR-mediated immune responses via SQSTM1-dependent
mitochondrial autophagy and suppresses activation of the RLR/MAVS
signaling axis via SQSTM1 interaction with TRAF6 [22]. Additionally,
leucine-rich repeat containing protein 25 (LRRC25) binds specifically to
RIG-I during viral infection, thereby promoting the interaction of RIG-I
and SQSTM1, degrading RIG-I degradation through selective autophagy
pathways, and inhibiting type I interferon production [23]. Further-
more, leucine-rich repeat containing protein (LRRC59) modulates type I

interferon signaling by restraining the SQSTM1-mediated autophagic
degradation of RIG-I [16]. It has been proven that the hereditary he-
mochromatosis protein (HFE) mediated MAVS autophagic degradation
by binding to SQSTM1 [24]. In addition, SQSTM1 can be phosphory-
lated by TBK1 to direct ubiquitinated STING to autophagosomes for
degradation, thereby blocking cGAS-STING signaling [25]. Besides,
OTUD7B deubiquitinates SQSTM1 and promotes IRF3 degradation to
regulate antiviral immune responses [26]. Nevertheless, the role of
SQSTM1 in antiviral immunity in teleost fish has not been elucidated.
Triploid hybrid fish (3n = 150), which has a genetic advantage in
disease resistance over its parents and was produced by crossing a male
allotetraploid (4n = 200) with a female red crucian carp (2n = 100),
offer a valuable model for studying antiviral mechanisms due to its
unique genetic makeup and enhanced disease resistance [27-29]. In this
study, to investigate the role of SQSTM1 in antiviral immunity in triploid
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Table 3
Genbank accession numbers of vertebrate SQSTM1 homologues.
Species GenBank Accession  Species GenBank
Number Accession
Number
Mammals
Homo sapiens NP_003891.1 Trachemys scripta XP_034634458.1
elegans
Macaca mulatta NP_001253287.1 Chelonoidis XP_032628146.1
abingdonii
Pongo abelii XP_009239645.2 Terrapene carolina XP_024055543.1
triunguis
Rattus NP_787037.2 Malaclemys terrapin XP_053892875.1
norvegicus pileata
Mus musculus NP_035148.1 Varanus XP_044310365.1
komodoensis
Bos taurus NP_788814.1 Lacerta agilis XP_032996160.1
Ursus arctos XP_026363500.3 Amphibians
Acinonyx XP_026932737.1 Xenopus tropicalis AAHS80326.1
Jjubatus
Ursus XP_045650948.1 Xenopus laevis NP_001079920.1
americanus

Orcinus orca
Birds

XP_004284096.1

Bufo bufo
Bufo gargarizans

XP_040296797.1
XP_044137045.1

Gallus gallus XP_040538686.1 Rana temporaria XP_040200921.1
Lagopus muta XP_048816709.1 Nanorana parkeri XP_018409942.1
Corvus XP_048175382.1 Fishes
hawaiiensis
Anser cygnoides XP_047913273.1 Triploid hybrid
Taeniopygia XP_002195682.4 Danio rerio AHA93916.1
guttata
Hirundo rustica XP_039934279.1 Cyprinus carpio XP_042593729.1
Centrocercus XP_042682527.1 Salmo salar NP_001133813.1
urophasianus
Passer montanus XP_039557355.1 Oncorhynchus XP_021439759.2
mykiss
Tyto alba XP_032862159.1 Perca fluviatilis XP_039669435.1
Aquila XP_029853968.1 Ictalurus punctatus XP_017329106.1
chrysaetos
chrysaetos
Reptiles Carassius gibelio XP_052430681.1
Chelonia mydas XP_043408524.1 Ctenopharyngodon QIC54186.1
idella
Dermochelys XP_043346858.1 Megalobrama XP_048032344.1
coriacea amblycephala

fish, we cloned and characterized the SQSTM1 homolog of triploid fish
(3nSQSTM1). We observed a marked increase in 3nSQSTM1 mRNA
expression following SVCV infection. Besides, 3nSQSTM1 potently
inhibited the activation of IFN promoters stimulated by 3nMDAS,
3nMAVS, 3nTBK1, and 3nIRF7. Co-IP assays confirmed the interaction
between 3nSQSTM1 and 3nTBK1, as well as 3nIRF7. Additionally,
3nSQSTM1 effectively inhibited the antiviral activity of these target
proteins by attenuating the phosphorylation of TBK1 and hindering the
binding between 3nTBK1 and 3nIRF7. Importantly, we found that
3nSQSTML1 is also associated with SVCV N and P proteins, indicating a
potential mechanism for the virus to manipulate the host’s innate anti-
viral responses through the exploitation of 3nSQSTM1. Taken together,
our results provide novel insights into the regulatory relationship be-
tween the RLR signaling factors and selective autophagy receptors in the
antiviral innate immune response of teleost fish.

2. Materials and methods
2.1. Cells, plasmids, and transfection

HEK293T cells, Epithelioma Papulosum Cyprinid (EPC) cells, and
triploid fish caudal fin cells (3nFC) were kept in the lab. HEK293T was
cultured at 37 °C with 5 % CO,; EPC and 3nFC were cultured at 26 °C
with 5 % CO,. All cell lines were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (BaselMedia, China) containing 10 % fetal
bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
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streptomycin.

The recombinant expression plasmid of Myc-3nSQSTM1 was con-
structed by linking the open reading frame (ORF) of 3nSQSTM1 to
pcDNAS5/FRT/TO fused with a Myc tag at the N-terminus. The other
plasmids, including Flag-3nMDAS, Flag-3nMAVS, Flag-3nTBK1, Flag-
3nIRF7, pRL-TK, Luci-DrIFN¢$1 (for zebrafish IFN$1 promoter tran-
scription analysis) and Luci-eIFN (for EPC IFN promoter transcription
analysis) were kept in the lab. All the primer sequences were referenced
in Table 1.

For cell transfection, polyethylenimine (PEI) (Yeasen, China) was
used for transfection according to the manufacturer’s instructions. The
cells were seeded 18-24 h before transfection and the culture medium
was changed to fresh medium containing 2 % FBS before transfection.
After 4-6 h of transfection, the medium was replaced with fresh medium
containing 10 % FBS.

2.2. Virus production, infection, and titer detection

EPC cells in 10 cm dishes were infected with SVCV (strain 741). After
2-3 days of viral infection, when the cytopathic effect (CPE) reached 50
%, cells and supernatant were collected, which were repeatedly freeze-
thawed three times and then filtered using a 0.45 pm filter. EPC cells
were subsequently infected with a gradient dilution of the viral super-
natant. 1-2 h after viral infection, the viral supernatant was replaced
with the semi-solid medium containing methylcellulose and 2 % FBS.
Plaques were counted 2-3 days after infection.

2.3. Quantitative real-time PCR (qRT-PCR)

The relative mRNA level of SVCV-associated proteins (M, N, P, and
G) and interferon-stimulated genes (Viperin and ISG15) in SVCV-
infected EPC cells were detected by qRT-PCR with the SYBR Green
staining. The operation program is as follows: 1 cycle of 95 °C/10 min,
40 cycles of 95 °C/15 s, 60 °C/1 min. The 2 DACT method was used to
analyze the data. The primer sequences are listed in Table 1.

2.4. Luciferase reporter assay

EPC cells in 24-well plates (2 x 10° cells/well) were co-transfected
with recombinant expression plasmid (300 ng), pRL-TK (25 ng) and
Luci-eIFN/Luci-DrIFN¢1 (200 ng) for 24 h. Cells were then collected and
lysed with PLB lysate, the results were finally determined according to
the Dual-Luciferase Reporter Assay System kit (Promega, USA).

2.5. Immunoblotting (IB)

HEK293T cells or EPC cells were transfected with expression
plasmid, and the cells were collected and lysed approximately 48 h later.
The prepared whole cell lysate samples were separated by 10 % SDS-
PAGE electrophoresis, and the proteins were subsequently transferred
to 0.45 pm PVDF membranes. The membranes were then blocked by
soaking them in 5 % skimmed milk and incubated with primary anti-
bodies at 4 °C overnight. After washing the membranes three times with
TBST, the membranes were incubated with secondary antibodies at
room temperature for 1 h. Band visualization was achieved using the
BCIP/NBT Alkaline Phosphatase Color Development Kit (Sigma). The
following primary antibodies were used in IB assay: mouse monoclonal
anti-Myc primary Ab (1:5000, Abmart); mouse monoclonal anti-Flag
primary Ab (1:5000, Abmart); mouse monoclonal anti-EGFP primary
Ab (1:5000, Abmart); mouse monoclonal anti-p-actin primary Ab
(1:5000, Affinity); Mouse pan-phosphoserine monoclonal primary Ab
(1:2000, Abbkine).

2.6. Immunofluorescence

HeLa cells in 24-well plates were transfected with plasmid Myc-
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Fig. 1. Amino acid sequence analysis of 3nSQSTM1
(A) Amino acid multiple sequence alignments of SQSMT1 of Homo sapiens (NP_003891.1), Mus musculus (NP_035148.1), Gallus gallus (XP_040538686.1), Cteno-

pharyngodon idella (QIC54186.1), Danio rerio (AHA93916.1), and Cyprinus carpio (XP_042593729.1). (B) The main functional domain of 3nSQSTM1. PB1: N-terminal
Phox and Bem1 domain. ZnF-ZZ: ZZ zinc-finger domain. LIR: LC3-interacting region domain. UBA: ubiquitin-associated domain. (C) The predicted 3D structure of

3nSQSTM1 by SMART (http://smart.embl-heidelberg.de/).
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Fig. 2. Phylogenetic evolutionary tree of SQSTM1 in different vertebrates
The amino acid sequences of SQSTM1 were aligned for several species (GenBank accession numbers are listed in Table 3, the similarity and identity of these se-

quences are shown in Table 2). These species were categorized as mammals, birds, reptiles, amphibians, and fish. The results of the comparison were also constructed
into a phylogenetic tree by neighbor-joining method using MEGA X, and the phylogenetic tree was annotated. Numbers on branches represent branch lengths.
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(A) Distribution of 3nSQSMTT1 in different tissues of triploid hybrid. The mRNA level of 3nSQSTM1 in the kidney was used as a control. (B) The mRNA changes of
3nSQSTM1 in 3nFC at different time points of SVCV infection. (C) The triploid hybrid spleen, liver and kidney samples were taken at the same time 24 h after
injection of PBS or SVCV, respectively, and tissue RNA was extracted, and qRT-PCR was performed to detect the changes in the 3nSQSTM1 content 24 h after viral

infection, in which PBS was used as the control group.
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Fig. 4. Protein expression and intracellular distribution of 3nSQSTM1

- 70 kDa
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Immunoblot (IB) assay of 3nSQSTM1 in HEK293T cells (A) and EPC cells (B). (C) The expression plasmid Myc-tagged 3nSQSTM1 was transfected into HeLa cells and
the results were detected by immunofluorescence. DAPI: cell nuclear stain. the scale represents 10 pm and 2 pm, respectively.
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(A) EPC cells were seeded in 24-well plates. The interferon promoter plasmids and TK plasmids were co-transfected with the empty vector for control and Myc-tagged
3nSQSTM1, respectively. Cells were stimulated with SVCV and poly(I:C) at 24 hpt, and subsequently subjected to luciferase reporter assay. The total amount of
plasmid transfected in a single well was 525 ng. (B) At 24hp, cells were infected with SVCV and then replaced with semi-solid medium, and crystalline violet staining
was performed. (C) The viral titers in the supernatants of SVCV-infected cells were detected at 24 hpi. Data represent the results of three independent experiments.
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(A) EPC cells were seeded in 24-well plates and co-transfected with an interferon promoter plasmid and TK plasmid, together with 3nSQSTM1 and key adapter
proteins from the RLR signaling pathway. Subsequently, a dual fluorescence assay was conducted. (B) Myc-tagged 3nSQSTM1 and Flag-tagged RLR factors were co-
transfected into HEK293T cells, respectively. At 48 hpt, the cells were collected for immunoprecipitation experiments.
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Fig. 7. 3nSQSTM dose-dependently inhibits activation of IFN promoter mediated by TBK1 and IRF7

(A&B) 24-well plates lined with EPC cells were transfected with Myc-tagged 3nSQSTM1(0 ng, 50 ng, 100 ng, or 200 ng) and equivalent doses of Flag-tagged 3nTBK1
(100 ng) (A) or Flag-tagged 3nIRF7 (100 ng) (B), and each well was simultaneously transfected with 25 ng of pRL-TK and 200 ng of the IFN promoter (DrIFN ¢1). The
total amount of transfected plasmids was balanced with the empty vector: pcDNA5/FRT/TO.

3nSQSTM1 (500 ng) for 24 h. Cells were subsequently fixed with 4 %
paraformaldehyde for 10 min. The cells were immediately penetrated
with 0.2 % Triton X-100 for 8 min and blocked with goat serum for 1 h.
Next, the cells were sequentially incubated with mouse monoclonal anti-
Myc primary Ab (1:500, Abmart) and Alexa Fluor 488-conjugated sec-
ondary Ab (1:1000, Invitrogen), respectively, for 1 h. Finally, the cells
were washed five times with PBS. The coverslips were inverted onto
slides, the nuclei were stained with drops of DAPI (H1200, Vector
Laboratories) and sealed with nail polish. Slides were observed and
photographed by using the laser confocal microscope (Olympus FV1200,
Japan).

2.7. Immunoprecipitation (IP) and Co-immunoprecipitation (Co-IP)

The desired target plasmids were co-transfected in HEK293T cells
and the cells were harvested 48h after transfection. Whole-cell lysates
were obtained by centrifugation of the lysed and ultrasonically frag-
mented solutions. Whole-cell lysates were co-incubated with protein A/
G agarose beads for 1-2 h at 4 °C, and then co-incubated with anti-HA-
conjugated protein A/G agarose beads at 4 °C overnight. Finally, the
beads were washed 5 times by centrifugation with 1 % NP40 solution,
the beads were prepared for sampling and the results were detected by
IB.

2.8. Statistics analysis

All data were obtained from three independent experiments, each in

triplicate. Error bars indicate the standard error of the mean (+SEM) of
three independent experiments. Asterisk (*) stands for p < 0.05, and (**)
stands for p < 0.01.

3. Results
3.1. Amino acid sequence analysis of 3nSQSTM1

To investigate the role of SQSTM1 in the antiviral innate immunity of
triploid hybrid, the complete coding sequence (CDS) of 3nSQSTM1
(NCBI accession number: PP738648) has been cloned from the spleen of
the triploid hybrid. The CDS of 3nSQSTM1 contains 1371 nucleotides
and encodes 457 amino acids (Supplementary Fig. 1). The calculated
molecular weight of 3nSQSTM1 is about 50 kDa and the predicted iso-
electric point is 5.58 (by Expasy Compute PI/Mw). To understand the
sequence conservation of SQSTM1 in vertebrates, the amino acid
sequence of 3nSQSTM1 is used for multiple alignments with other
vertebrate species, including Homo sapiens, Mus musculus, Gallus gallus,
Ctenopharyngodon idella, Danio rerio, and Cyprinus carpio (Fig. 1A). The
3nSQSTM1 protein contains five major structural domains, including
PB1, ZnF-ZZ, EIR, LIR, and UBA (Fig. 1B). The predicted 3D structure
generated by SWISS-MODEL (https://swissmodel.expasy.org/) shows
that the key functional domains of 3nSQSTM1 and hSQSTM1 share
notable structural similarities, suggesting potential functional parity
(Fig. 1C). To explore the evolutionary history of SQSTM1 across verte-
brate lineages, we selected sequences of SQSTM1 from multiple species
to construct a phylogenetic tree, including mammals, birds, reptiles,
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(A) EPC cells in 24-well plates were transfected with Flag-tagged 3nTBK1 and Flag-tagged 3nIRF7 alone or together with Myc-tagged 3nSQSTM1 at equal doses (250
ng each). At 24 hpt, cells were infected with SVCV, and after 1-2 h the medium was changed to semi-solid medium. Crystalline violet staining was performed to
observe the cytopathic effect. (B) The viral titers in the supernatants of the EPC cells were detected at 24 hpi.

amphibians, and fishes. Phylogenetic analysis revealed conservation of
SQSTM1 in teleost fish species, with 3nSQSTM1 grouping closely with
SQSTM1 from Carassius gibelio and Cyprinus carpio, sharing 98 % and
94.1 % sequence identity, respectively (Fig. 2).

3.2. 3nSQSTM1 gene expression in vivo and in vitro

To explore the gene expression of 3nSQSTM1 in different tissues of
triploid hybrid, we extracted total RNA from the brain, skin, gills,
spleen, kidney, and liver. Using qRT-PCR, we noticed that 3nSQSTM1 is
highly expressed in the spleen, liver and kidney (Fig. 3A). To gain more
insight into the transcription of 3nSQSTM1 following infection, we
evaluated the mRNA level of 3nSQSTM1 in 3nFC after SVCV infection.
The results demonstrated a gradual increase in 3nSQSTM1 transcript
levels within 24 h post-SVCV infection (Fig. 3B). Moreover, we exam-
ined the expression changes of 3nSQSTM1 in tissues after infection. The
data revealed that, compared to the PBS-injected control group,
3nSQSTM1 exhibited significantly higher transcriptional levels in the
spleen, liver, and kidney at the 24-h time point following SVCV injection
(Fig. 3C). In conclusion, the above results suggest that 3nSQSTM1 may
play a role in the host antiviral immune response to SVCV infection.

3.3. Protein expression and distribution of 3nSQSTM1

To investigate 3nSQSTM1 protein expression and distribution, we
utilized the Myc-tagged 3nSQSTM1 plasmid for overexpression in
HEK293T and EPC cells. The IB assay confirmed the successful

expression of the 3nSQSTM1 protein in both cell lines and specific bands
of uniform size were detected (Fig. 4A and B). Subsequently, we aimed
to detect the intracellular distribution of 3nSQSTM1 protein. We over-
expressed the plasmid into HeLa cells and detected the protein’s distri-
bution by immunofluorescence. The results showed that 3nSQSTM1 was
mainly distributed in the cytoplasm rather than in the nucleus (Fig. 4C).

3.4. 3nSQSTM1 negatively regulates cellular antiviral ability

To evaluate the effect of 3nSQSTM1 on cellular antiviral capacity, we
initially examined its effect on the transcriptional activity of the IFN
promoters, including zebrafish IFN¢1 (DrIFN ¢1), zebrafish IFN¢$3
(DrIFN ¢:3) and EPC IFN (eIFN). The results showed that 3nSQSTM1 was
able to inhibit the activation of different interferon promoters, both
under basal conditions and after stimulation (Fig. 5A). We next exam-
ined the effect of 3nSQSTM!1 on cellular resistance to SVCV invasion and
replication using crystal violet staining and viral titer assay. Our findings
suggest that 3nSQSTM1 enhances SVCV invasion and replication within
cells (Fig. 5B and C). In conclusion, the above data suggest that over-
expression of 3nSQSTM1 attenuates the anti-SVCV capacity of the cells.

3.5. Interaction of 3nSQSTM1 with 3nTBK1 and 3nIRF7

The RLR/IFN signaling pathway is important for host innate immune
responses against RNA viruses. To investigate the impact of 3nSQSTM1
on this pathway, we co-transfected 3nSQSTM1 with RLR signaling fac-
tors into EPC cells and performed luciferase reporter assays.



Z. Lietal

Fish and Shellfish Inmunology 153 (2024) 109805

A Viperin B SVCV-P SVCV-N
_ 124 0.6 — 0.3
<@ — S
_z o g 5 sk
= 3 Aok =
; 9 ek g ek ‘g
: g 047 g 029
= @ g
£ 6 ¢ =5 *k
~ S g
) » b
< = S
2 ¢ 0.2 g 0.1
A = =
5 34 3 3
=
0 0.0- 0.0-
ISGI15 SVCV-M SVCV-G
B _ 04- _ 0.6 :
Sa 5 > S
g 0 - EE g 0.3- .E
£ % Z 0.4
S 6 2 0.2 7z
< i *ok b
k4 4 2
2 z 2 0.2 il
o = =
= 34 = 0.1 =
@ S v
& F =
0 . . 0.0 T T 0.0~ T Ll
A N & & d & S &S
R R K Q N SN
& & &S F L & & & & T
& o ¥ & & >
*}X"‘J Q,\X - \X ~ Q,\)( ~ ‘px ~ Q’\X P
R N & ¥ & ¢

Fig. 9. The mRNA levels of SVCV encoded proteins and ISGs after SVCV infection
(A&B) Collect the EPC cells corresponding to Fig. 8 and use them for RNA extraction. The mRNA transcript levels of ISGs (A) and SVCV-encoded proteins (B) were

detected by qRT-PCR, respectively.

Interestingly, our findings revealed that 3nSQSTMI1 effectively sup-
pressed the activity of the zebrafish and EPC IFN promoters stimulated
by these selected factors (Fig. 6A). Subsequently, we aimed to identify
potential target proteins for 3nSQSTM1. To achieve this, we co-
transfected the aforementioned plasmids into HEK293T cells and uti-
lized co-IP assays. The results demonstrated that 3nSQSTM1 could
interact with both 3nTBK1 and 3nIRF7 (Fig. 6B).

3.6. 3nSQSTM1 downregulates the antiviral activity of 3nTBK1 and
3nIRF7

To validate the above findings, we co-transfected 3nSQSTM1 with
3nTBK1 or 3nIRF7 into EPC cells, respectively. Dual fluorescence assay
results indicated that 3nSQSTM1 was able to repress the transcriptional
activity of the interferon promoters induced by 3nTBK1 and 3nIRF7 in a
dose-dependent manner (Fig. 7A and B). Additionally, we further co-
transfected 3nSQSTM1 with 3nTBK1 and 3nIRF7 in EPC cells, fol-
lowed by crystal violet staining and viral titer assay upon SVCV infec-
tion. The results demonstrated that 3nSQSTM1 significantly reduced the
cell’s ability to resist SVCV infection mediated by 3nTBK1 and 3nIRF7
(Fig. 8A and B). Furthermore, the qRT-PCR results demonstrated that
3nSQSTM1 downregulated the transcription of specific interferon-
stimulated genes and facilitated higher replication of viral proteins
encoded by SVCV upon co-transfection with 3nTBK1 and 3nIRF7,
respectively (Fig. 9A and B). In conclusion, our results indicate that
3nSQSTM1 inhibits the cellular antiviral capacity mediated by 3nTBK1
and 3nIRF7, thereby increasing SVCV replication in EPC cells.

3.7. 3nSQSTM1 attenuates phosphorylation of 3nTBK1 and weakens the
interaction of 3nTBK1 with 3nIRF7

To delve into the mechanism by which 3nSQSTM1 inhibits the

antiviral activity of TBK1-IRF7 axis, we first assessed the impact of
3nSQSTM1 on the protein levels of 3nTBK1 and 3nIRF7. Western blot
analysis demonstrated that the co-transfection of 3nSQSTM1 did not
significantly alter the protein levels of either 3nTBK1 or 3nIRF7
(Fig. 10A and B). However, subsequent immunoprecipitation assays
revealed that 3nSQSTM1 notably reduced the pan-serine phosphoryla-
tion of 3nTBK1 (Fig. 10C). This finding suggests an inhibitory effect of
3nSQSTM1 on 3nTBK1 activation. Further investigation into the inter-
action between 3nTBK1 and 3nIRF7 showed that 3nSQSTM1 impaired
the binding of 3nTBK1 to 3nIRF7 (Fig. 10D). These results collectively
indicate that 3nSQSTM1 inhibits the antiviral activity of the TBK1-IRF7
axis by reducing TBK1 phosphorylation and disrupting the TBK1-IRF7
interaction, thereby impeding downstream antiviral signaling.

3.8. Interaction of 3nSQSTM1 with SVCV-encoded proteins

Finally, we aimed to investigate the potential interaction between
3nSQSTM1 and viral proteins encoded by SVCV. The Flag-tagged SVCV-
P, -N, and, -G proteins were co-transfected with the Myc-tagged
3nSQSTM1, while the Myc-tagged SVCV-M was co-transfected with
the Flag-tagged 3nSQSTM1 into HEK293T cells, respectively. Subse-
quently, co-immunoprecipitation assays were performed to detect the
associations among these proteins. The results demonstrated that
3nSQSTM1 was capable of interacting with SVCV-P and SVCV-N, but not
with SVCV-M and -G (Fig. 11A and Supplementary Fig. 2). To further
elucidate the functional implications of these interactions, we co-
transfected 3nSQSTM1, TBK1, and IRF7 with SVCV-P and -N proteins,
respectively. Luciferase reporter assays revealed that when 3nSQSTM1
was co-expressed with viral proteins, the inhibitory effect of 3nSQSTM1
on interferon promoter activity triggered by 3nTBK1 and 3nIRF7 was
significantly enhanced (Fig. 11B). This finding suggests a synergistic
effect between 3nSQSTM1 and SVCV proteins in limiting interferon
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Fig. 11. Interaction of 3nSQSTM1 with viral proteins encoded by SVCV

(A) The Myc-tagged 3nSQSTM1 plasmid and the Flag-tagged SVCV-encoding genes were transfected into HEK293T cells, respectively. At 48 hpt, the cells were
collected for immunoprecipitation experiments. (B) EPC cells were seeded in 24-well plates and co-transfected with an interferon promoter plasmid and TK plasmid,
along with 3nSQSTM1 and SVCV-encoded P and N proteins, in the presence of TBK1 and IRF7, respectively. Dual fluorescence assay was then conducted on the
transfected cells, and luciferase activity was measured 24h later.

production, which may have important implications for the pathogen- 4. Discussion
esis of SVCV.
IFN-I is a multifunctional cytokine, mainly composed of IFN-a and
IFN-B, which plays an important role in regulating host antiviral im-
mune responses [30]. IRF7 is a major regulator of the IFN-I immune
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response, not only regulating the further expression of IFN-f but also
triggering the production of IFN-a. The specific knockout of IRF7 in
mouse pDCs almost loses the ability to produce IFN-o, and the deficiency
of IRF7 in humans also significantly inhibits the production of IFN-o
[31-34]. After infection of the host by pathogens such as viruses,
through a series of intracellular signaling molecules, eventually the
TBK1/IKK complex is able to activate the phosphorylation and dimer-
ization of IRF3 and IRF7, which allows them to enter the nucleus to
promote IFN-I expression [35]. The TBK1-IRF7-IFN-I axis plays a similar
and important regulatory role in antiviral immunity in teleost fish [7,
36].

The results of the present study indicate that 3nSQSTMI, as a
negative regulator, is able to further reduce the host’s antiviral response
capacity by inhibiting the TBK1-IRF7 axis. The autophagy pathway
plays an important role in the regulation of host innate immunity [30,
37,38]. Previous research has shown that SQSTM1 can block signaling
by directly binding to and degrading target proteins [16,21,25,39].
Additionally, it can indirectly degrade target proteins by binding to
other proteins that target proteins, or by regulating its own activity
through specific deubiquitinating enzymes or kinases [26]. We thus
explored whether 3nSQSTM1 regulates the functions of 3nTBK1 and
3nIRF7 through degradation. Contrary to expectations, our data in
Fig. 10A and B indicate that 3nSQSTM1 does not markedly alter the
expression levels of 3nTBK1 and 3nIRF7. Instead, our results suggest
that 3nSQSTM1 dampens the TBK1-IRF7 axis by inhibiting 3nTBK1
phosphorylation and disrupting the interaction between 3nTBK1 and
3nIRF7 (Fig. 10C and D). In mammals, SQSTM1 phosphorylated by
TBK1 mediates the entry of ubiquitinated STING into the autophago-
some for degradation, thereby inhibiting IFN signaling [25]. Further-
more, OTUD7B deubiquitination of SQSTM1 promotes its
oligomerization, thereby targeting IRF3 for autophagic degradation
[26]. However, SQSTM1’s role in IRF7 regulation has not been
described. In conclusion, these findings in the present study diverge
from the known mechanisms of SQSTM1 regulation on TBK1/IRF7 in
mammals. Therefore, our study provides theoretical references and
helps in disease resistance strategies in aquaculture at the molecular
level.

Certain viruses have been shown to exploit the host’s autophagic
lysosomal degradation pathway. Their encoded proteins can bind to host
proteins and utilize this pathway to degrade target proteins, thereby
modulating the host’s antiviral immunity and facilitating viral replica-
tion [40-42]. In this study, the co-IP results in Fig. 11 indicate that both
N and P proteins encoded by SVCV interact with 3nSQSTMI1. It is
reasonable to speculate that these viral proteins are also likely to utilize
the interaction with SQSTM1 to help the virus better antagonize the
host’s antiviral immune response. Further, luciferase reporter assay re-
sults suggest that when these viral proteins are present, the inhibitory
effect of 3nSQSTM1 on interferon promoter activity is substantially
augmented. This suggests that upon viral infection, these viral proteins
may somehow hijack or assist SQSTM1 to further inhibit IFN signaling
activated through TBK1 and IRF7. However, the specific regulatory
mechanisms do not necessarily target TBK1 or IRF7 directly; for
example, enhanced phosphorylation of SQSTM1 contributes to an
increased affinity between SQSTM1 and ubiquitin chains, which in turn
enhances the ability of SQSTM1 to degrade target proteins tagged with
ubiquitin chains [25]. In addition, SQSTM1 can affect the stability of its
own proteins by being deubiquitinated [43]. Overall, these viral pro-
teins may alter the phosphorylation and ubiquitination levels of
SQSTM1, which in turn can affect the expression or activity of SQSTM1.
However, further experiments are necessary to elucidate the precise
regulatory mechanism of these SVCV-encoded proteins on SQSTMI.
Besides, it is also important to note that our study focuses exclusively on
the SVCV and does not examine whether 3nSQSTM1 has similar effects
on other types of viruses or pathogens. Expanding this research to
include a broader range of pathogens would enhance our understanding
of the general role of 3nSQSTM1 in the host’s immune defense.
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In summary, our research indicates that SQSTM1 can suppress the
antiviral innate immune signaling triggered by TBK1 and IRF7 in trip-
loid fish. SQSTM1’s ability to inhibit the TBK1-IRF7 pathway and reduce
interferon production likely serves as a fine-tuning mechanism to
maintain immune homeostasis. By dampening the antiviral response
once it has been adequately initiated, SQSTM1 helps to prevent an
overzealous immune reaction that could harm the host. This balance
ensures that while the fish are capable of mounting an effective defense
against pathogens, the risk of autoimmunity and inflammatory damage
is minimized. Thus, SQSTM1’s role is not merely suppressive but is a
crucial part of the regulatory network that maintains the health and
resilience of the organism in the face of diverse pathogenic challenges.
This discovery improves our comprehension of the role of autophagy-
related proteins in regulating interferon-mediated antiviral responses.
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