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ARTICLE INFO ABSTRACT

Keywords: Heat shock cognate 70 (HSC70), a highly conserved molecular chaperone in the heat shock protein 70 (HSP70)
Black carp family, plays an essential role in maintaining the homeostasis of the cellular environment. Furthermore, although
RIG-T previous studies have investigated potential function of HSC70 in innate antiviral immunity, further research is
HS,C7(? - still required to fully elucidate its role. In this study, we cloned and characterized the HSC70 homolog gene from
Ubiquitination

black carp (Mylopharyngodon piceus), which consists of 1950 nucleotides encoding 650 amino acids, migrates at
approximately 71 kDa on SDS-PAGE, and is distributed in the cytoplasm. In response to different stimuli (SVCV,
poly (I:C) and LPS), the transcription level of black carp HSC70 (bcHSC70) all increased to a certain extent.
Luciferase reporter assay demonstrated that co-transfected bcHSC70 obviously reduced activity of interferon
(IFN) promoters mediated by most factors in the RLRs pathway, and further qRT-PCR and plaque assay indicated
that co-transfection of bcHSC70 with bcRIG-I decreased the bcRIG-I-mediated IFN transcription and antiviral
ability resisting spring viremia of carp virus (SVCV), whereas knockdown of bcHSC70 improves the host cellular
antiviral activity. Noteworthily, co-immunoprecipitation (co-IP) assay and immunofluorescence (IF) assay
confirmed bcHSC70 interacts with bcRIG-I, and weaken K63-linked polyubiquitination of bcRIG-I. In summary,
our study revealed that HSC70 negatively regulates IFN signaling pathway through impairing K63-linked
ubiquitination of RIG-I in black carp, which provides an important basis for exploring innate immune regula-
tory mechanisms in teleost fish.

Innate immunity

1. Introduction (NLRs), c-type lectin receptors, cytosolic DNA sensors, as well as retinoic

acid-inducible gene-I-like receptors (RLRs) (Freed et al., 2014; Gong

Vertebrates rely on both innate and adaptive immunity to resist
pathogenic microorganisms. However, the lower vertebrate primarily
rely on innate immunity to defend against various detrimental micro-
organisms rather than adaptive immunity (Gomes et al., 2020). Innate
immunity is the primary immune barrier against the invasion of viruses,
which covered the important process that the pattern recognition re-
ceptors (PRRs) recognizing pathogen-associated molecular patterns
(PAMPs) and inducing a range of antiviral immune responses. Classi-
cally, PRRs encompass toll-like receptors (TLRs), nod-like receptors

et al., 2019). RLRs consist of retinoic acid-inducible gene protein I
(RIG-1), melanoma differentiation associated gene 5 (MDAS5), and lab-
oratory of genetics and physiology 2 (LGP2), and RLR signaling pathway
is a key signaling pathway in the innate immune system against RNA
viruses (Liao et al., 2021). Once the host is invaded by RNA virus, RIG-I
and MDA5 immediately recognize it and activate the downstream
mitochondrial antiviral signaling protein (MAVS). Subsequently, acti-
vated MAVS further recruits TANK-binding kinase 1 (TBK1), IxB kinase ¢
(IKKe), then phosphorylates IFN regulatory factor 3/7 (IRF3/7) and
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nuclear factor kB inhibitor protein (NF-kB), ultimately inducing the type
I IFN production and other antiviral proteins to eliminate viral infection
(Solstad et al., 2022).

RIG-I as a crucial sensor for detecting the invasion of RNA viruses,
possessing a DExD/H-box Helicase domain, a repressor domain (RD),
and two caspase recruitment domains (CARDs) (He et al., 2023; Leung
et al., 2012). When RIG-I detects pathogen RNAs, and then undergoes
conformational changes, firmly anchoring the virus within its receptor
and activating downstream signaling molecules, ultimately inducing the
production of type I IFN to combat the viral infection (Kowalinski et al.,
2011; Thoresen et al., 2021). RIG-I deficiency significantly impairs the
host innate immunity to resist pathogenic microorganisms (Yang et al.,
2021), while overactivation of RIG-I will lead to the autoimmune dis-
eases (Kato et al., 2015). Therefore, strict regulation of RIG-I activity is
essential for the host to resist invasion of viruses and maintain immune
homeostasis. Moreover, in teleost fish, RLR signaling pathway also plays
an important role in the innate immune response, such as recently
studies have reported that zebrafish RIG-I could significantly induce the
expression of IRF7, IFN and Mx, thereby confer resistance to SVCV
infection (Zou et al., 2015). In black carp, RIG-I exists in two isoforms:
RIG-Ia and RIG-Ib. Interestingly, only RIG-Ib activates IFN expression
and has antiviral activity, not RIG-Ia (Liu et al., 2023). Besides, the RIG-I
activation is tightly regulated by multiple molecules in teleost fish. For
example, zebrafish TRIM25 and RNF135 could positively regulate the
RLR/IFN signaling pathway via promoting the K63-linked ubiquitina-
tion of RIG-I (Jin et al., 2019; Lai et al., 2019). However, the research on
the negative regulatory mechanism of RIG-I in fish is still limited.

Heat shock proteins (HSPs) are part of the cellular molecular chap-
erone system, which are widely distributed in microorganisms and
mammalian cells. There are seven major families of HSPs, namely
HSP110, HSP100, HSP90, HSP70, HSP60, HSP40, and small HSPs
(approximately 15-30 kDa) (Tutar et al., 2010), which protected cells
from a variety of physical and chemical stressors, such as temperature
changes, ultraviolet radiation and pathogen invasion (Zininga et al.,
2018). Heat shock cognate 70 (HSC70, as known as HSPA8) (Stricher
et al., 2013), as a member of the HSP70 family, exhibits high homology
in all species and plays essential roles in protein quality control, such as
regulating misfolding and translocation of proteins, and targeting pro-
teins for degradation by lysosomal or ubiquitin-proteasome pathway
(Wang et al., 2020). In addition, previous studies have reported that
HSC70 was involved in innate and adaptive host immunity, such as
HSC70 participated in virus-induced adaptive immune responses by
presenting antigenic peptides to CD4+T cells via MHC-II and acting as a
regulator of autophagy (Bonam et al., 2019), and HSC70 negatively
regulated VSV-induced antiviral response by restraining MAVS aggre-
gation (Liu et al., 2013). In teleost fish, it has been reported that HSC70
blocked hormone-induced apoptosis in whole blood preparations from
silver sea bream, and zebrafish HSC70 could degrade SVCV G protein via
MARCHS8-mediated lysosomal pathway, thereby inhibiting SVCV repli-
cation (Li et al., 2021). However, the regulatory mechanism of HSC70 in
RLR/IFN signaling is still unclear in teleost fish.

In this study, our results revealed that heat shock cognate 70
(HSC70) reducing the level of K63-linked polyubiquitination of RIG-I for
the first time, leading to suppression of cellular antiviral response in
black carp. These findings provide important data to elucidate the reg-
ulatory mechanism of RLR/IFN signaling in the innate immunity in
black carp.

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

HEK293T, Hela, Epithelioma papulosum cyprinid (EPC) and Mylo-
pharyngodon piceus kidney (MPK) cells were maintained in the lab (Yang

et al., 2024). Among them, HEK293T and HeLa cells were cultured at
37 °C, while EPC and MPK cells were cultured at 28 °C; all of them were
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maintained with 5% CO2.

The pcDNAS5/FRT/TO-bcRIG-I-Flag, pcDNA5/FRT/TO-HA-Ub/
K630/K480, pcDNA5/FRT/TO-Myc-Ub, Luci-bcIFNa, Luci-DrIFNgl,
Luci-epcIFN (for black carp, zebrafish, EPC IFN promoter activity anal-
ysis respectively), and pRL-TK were kept in the lab. The recombinant
expression plasmids HA-bcHSC70 and bcHSC70-Myc were constructed
by inserting the open reading frame (ORF) of bcHSC70 into pcDNA5/
FRT/TO-HA-N or pcDNA5/FRT/TO-C-Myc, respectively. The knock-
down plasmids targeting bcHSC70 were constructed by inserting
shRNAs into pLKO.1. The related primers were designed on the GPP Web
(https://portals.broadinstitute.org/gpp/public/seq/search). All the
primer sequences were referenced in Table 1. The transfection reagents
were Polyethylenimine (PEI) (Yeasen, China) and LipoMax (Sudgen,
China) and the antibodies and agarose beads related to immunoblotting
(IB) are as follows: Mouse monoclonal anti-HA antibody (Sigma, USA),
mouse anti-Flag (Sigma, USA), mouse monoclonal anti-Myc antibody
(Affinity), mouse monoclonal anti-B-actin antibody (Abcam, UK), mouse
anti-Flag conjugated protein A/G agarose beads (Sigma, USA), and
mouse anti-HA conjugated protein A/G agarose beads (Sigma, USA),
These were used according to the manufacturers’ instructions.

2.2. Virus infection, titer detection and virus production

The spring viremia of carp virus (SVCV/strain: SVCV741) was kept in
our lab. For virus infection, EPC cells were infected with SVCV at
different multiplicity of infections (MOIs) in DMEM for 1 h. Firstly, the
supernatant was discarded, and the cells were washed once with fresh
DMEM. Then the medium was replaced with fresh DMEM containing 2%
FBS. For titer detection of SVCV, the viral supernatant to be tested was
serially diluted 10 times in DMEM. Subsequently, each dilution was used
to infect 3 duplicate holes of EPC cells in 48-well plate. After three days
post-infection, the viral plaques were counted. Besides, the virus pro-
duction method was as previously described (He et al., 2023). Briefly,
the EPC cells in 10 cm plates were infected with SVCV at a low MOI by
using the infection methods mentioned above. When the cytopathic ef-
fect (CPE) reached approximately 50%, the supernatant was collected
and filtered through a 0.22 pm filter. Finally, the filtered supernatant
was aliquoted and stored at —80 °C.

2.3. Luciferase reporter assay

The EPC cells seeded in 24-well plate were co-transfected with pRL-
TK (50 ng), and either Luci-bcIFNa, Luci-DrIFN¢1, or Luci-epcIFN (200
ng) and plasmids expressing bcHSC70. The PLB-lysed cells were used to
measure the activities of firefly luciferase and renilla luciferase as pre-
viously (He et al., 2023).

2.4. Immunoblotting (IB)

The immunoblotting assay as previously described (Yang et al.,
2023). Briefly, the transfected HEK293T or EPC cells were harvested at
48 h post-transfection (hpt) and the cell lysates were collected with 1 %
NP40 buffer, then boiled in 5 x SDS-PAGE Loading Buffer (NCM
Biotech, China) for 5-10 min. The proteins in the lysates were separated
by SDS-PAGE gels and then transferred to a PVDF membrane (Millipore,
USA). The membranes were probed with mouse anti-HA/Flag/Myc
monoclonal antibody (1:5000, Abmart, China) overnight at 4 °C and
were incubated with goat-anti-mouse IgG secondary antibody (1:30000,
Sigma, USA). Finally, the BCIP/NBT Alkaline Phosphatase Color
Development Kit (Thermo, USA) was used to visualize the specific
protein bands.

2.5. Co-immunoprecipitation (co-IP)

HEK293T cells were co-transfected with the relative plasmids and
those cells were harvested and lysed after 48 hpt for Co-
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Table 1
Primers used in the study.
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Primer name Sequence (5-3")

Primer information

CDS

bcHSC70-F ATGTCCAAGGGACCAGCTG

bcHSC70-R TTAGTCGACCTCCTCGATG

Expression vector

bcHSC70-N-F ACTGACGGTACCATGTCCAAGGGACCAG
bcHSC70-N-R ACTGACCTCGAGTTAGTCGACCTCCTCG
bcHSC70-C-F ACTGACGGTACCGCCACCATGTCCAAGGGACC
bcHSC70-C-R ACTGACCTCGAGGTCGACCTCCTCGATG
qRT-PCR

Q-bcactin-F TGGGCACCGCTGCTTCCT

Q-bcactin-R TGTCCGTCAGGCAGCTCAT

Q-HSC70-F GTCGCTATGAACCCCACCAA
Q-HSC70-R TGGGACGGGTATTGTCGTTG
Q-bcMX1-F TGAGCGTAGGCATTAGCAC

Q-bcMX1-R CCTGGAGCAGCAGATAGCG

Q-bcPKR-F GAGCGGACTAAAAGGACAGG
Q-bcPKR-R AAAATATATGAGACCCAGGG
Q-bcViperin-F CCAAAGAGCAGAAAGAGGGACC
Q-bcViperin-R TCAATAGGCAAGACGAACGAGG
Q-SVCV-G-F GATGACTGGGAGTTAGATGGC
Q-SVCV-G-R ATGAGGGATAATATCGGCTTG
Q-SVCV-M-F CGACCGCGCCAGTATTGATGGATAC
Q-SVCV-M-R ACAAGGCCGACCCGTCAACAGAG
Q-SVCV-N-F GGTGCGAGTAGAAGACATCCCCG
Q-SVCV-N-R GTAATTCCCATCATTGCCCCAGAC
Q-SVCV-P-F AACAGGTATCGACTATGGAAGAGC
Q-SVCV-P-R GATTCCTCTTCCCAATTGACTGTC
shRNA

sh-1-bcHSC70-F
sh-1-bcHSC70-R
sh-2-bcHSC70-F
sh-2-bcHSC70-R
sh-3-bcHSC70-F
sh-3-bcHSC70-R

For bcHSC70 CDS cloning

For expression vector construction

CCGGGGACAAGCAGAAGATCCTTGACTCGAGTCAAGGATCTTCTGCTTGTCCTTTTTG
AATTCAAAAAGGACAAGCAGAAGATCCTTGACTCGAGTCAAGGATCTTCTGCTTGTCC
CCGGGCACCTTCGATGTGTCTATCCCTCGAGGGATAGACACATCGAAGGTGCTTTTTG
AATTCAAAAAGCACCTTCGATGTGTCTATCCCTCGAGGGATAGACACATCGAAGGTGC
CCGGGGACAAGGCTCAGATCCATGACTCGAGTCATGGATCTGAGCCTTGTCCTTTTTG
AATTCAAAAAGGACAAGGCTCAGATCCATGACTCGAGTCATGGATCTGAGCCTTGTCC

immunoprecipitation (co-IP) assay as previously described (Liu et al.,
2024). In short, the whole-cell lysates were incubated with protein A/G
agarose beads (Sigma, USA) at 4 °C for 1 h. After centrifugation at 5000g
for 2 min to remove the beads, the supernatant was transferred to
anti-Flag/HA-conjugated protein A/G agarose beads (Sigma, USA) and
incubated overnight at 4 °C for 4 h. And then the beads were washed 5
times with 1 % NP40 buffer and then heated-denatured in 5 x
SDS-sample buffer. Finally, the above samples were used for IB as above.

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

The relative transcription level of bcHSC70, bcPKR, bcMX1, bcViperin
and SVCV-P, G, M, N were examined by qRT-PCR using the Applied
Biosystems QuantStudio 5 RealTime PCR Systems (Thermo, USA).
Specifically, total RNA from EPC or MPK cells were extracted via the
RNA rapid extraction kit (Magen, China), and the RNA were reverse-
transcribed into cDNA by using reverse transcriptase (Takara, Japan);
qRT-PCR was detected using the SYBR Green I (Vazyme, China); The
gqRT-PCR reactions were performed using a standard program: 1 cycle at
95 °C for 10 min, 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The data
were analyzed using the 2 *2¢T method and experiments were per-
formed in triplicate to ensure data reliability. The primers were listed in
Table 1.

2.7. Immunofluorescence microscopy (IF)

The HeLa cells were transfected with HA-bcHSC70 and/or bcRIG-I-
Flag by using LipoMax. The cells were fixed with 4% para-
formaldehyde (Solarbio, China) at 24 hpt. The fixed cells were treated
0.2% Triton X-100 and 10% FBS used for immune-fluorescent staining as
previously described (Wei et al., 2024). Mouse monoclonal anti-Flag
antibody (Abmart, China) or rabbit monoclonal anti-HA antibody

(Abmart, China) was probed at the ratio of 1:500; Alexa Fluor 488
(Thermo, USA) goat anti-mouse or Alexa Fluor 594 goat (Thermo, USA)
anti-rabbit was probed at the ratio of 1:1000; The cell nucleus was
stained with Hoechst 33342 (Solarbio, China) according to the manu-
facturer’s instructions.

2.8. Statistics analysis

For the statistical analysis of the data in reporter assay qRT-PCR,
reporter assay viral titration and qRT-PCR, viral titration, all data
were obtained from three independent experiments with each per-
formed in triplicate. Error bars represent the standard error of the mean
across these three independent experiments. Asterisk (*) stands for p <
0.05, (**) stands for p < 0.01.

3. Results
3.1. Sequence analysis of bcHSC70

To study the role of bcHSC70 in teleost, the cDNA of HSC70 was
cloned from MPK cells and the coding sequence of bcHSC70 consists of
1950 nucleotides (NCBI accession number: PQ511126), which encodes
650 amino acids (Fig. 1A). The calculated molecular weight of bcHSC70
is 71 kDa and the theoretical isoelectric point of bcHSC70 is 5.31 by
website (http://web.expasy.org/protparam/).

In order to explore the sequence conservation of HSC70 among
different vertebrates, the HSC70 sequence of human, mouse, chicken,
zebrafish, african clawed frog and black carp were aligned together
using the ClustalW2 program and edited with GeneDoc software
(Fig. 1A). The results revealed that HSC70 sequences are highly
conserved across the vertebrates, exhibiting over 95% similarity.
Notably, these sequences share consistent structural domains: an N-
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Species

[ Amphibians
Reptiles.
Birds

Fishes

Mammals

bootstrap

195 233 199, 203 556, 153 206,

Fig. 1. Sequence analysis of bcHSC70

bcHSC70

hHSC70 Merge

Amino acid sequence alignment analysis of bcHSC70 with HSC70 from H. sapiens, M. musculus, G. gallus, D. rerio, and X. laevis was conducted using MEGA7 and
GeneDoc. The NBD and SBD domains of HSC70 were marked (A). A phylogenetic tree of HSC70 across vertebrates was constructed using the GeneDoc software and
iTOL (https://itol.embl.de/) website. The NCBI accession numbers for the sequences used in the tree are listed in Table 2 (B). Three-dimensional structures of
bcHSC70 and hHSC70 were constructed and compared via Swiss-model website (C). Transcriptome information was used to construct the localization of bcHSC70 on

the chromosomes of black carp (D).

terminal nucleotide-binding domain (NBD) and a C-terminal substrate-
binding domain (SBD). Then, to investigate the evolutionary process
of HSC70, we constructed phylogenetic tree and multiple alignments
based on the amino acid sequences of multiple species of HSC70 which
were listed in Table 2, and categorized them according to mammals,
birds, fishes, reptiles, and amphibians (Fig. 1B). The results indicated
that bcHSC70 has the closest evolutionary relationship with zebrafish
and common carp. Besides, we employed the SWISS-MODEL
(https://swissmodel.expasy.org/) to predict and compare the 3D struc-
tures of bcHSC70 and human HSC70 (hHSC70), based on their amino
acid sequences (Fig. 1D). The results revealed a high degree of structural
similarity between the two proteins. Following this, utilizing the
genome data of black carp, we pinpointed the location of bcHSC70 on
chromosome 10 and it comprises 8 exons and 7 introns (Fig. 1C).

3.2. Protein expression and subcellular distribution of bcHSC70

In order to investigate the expression of bcHSC70 in vitro, HEK293T
and EPC cells transfected with HA-bcHSC70 were harvested at 48 hpt
and lysed cells were detected by IB assay. The results showed that
bcHSC70 could normally express in both types of cells, and the
expressed protein migrated at approximately 71 kDa, which was
consistent with our predictions (Fig. 2A and B). Furthermore, to ascer-
tain the distribution of bcHSC70, we overexpressed bcHSC70 in HeLa
cells and the transfected cells were harvested at 24 hpt for IF staining.
The results showed that the red color representing bcHSC70 expression
area surrounded the nucleus (blue color). The above experimental re-
sults indicated that bcHSC70 was primarily localized in the cytoplasm
(Fig. 2C).

3.3. Transcription activity of bcHSC70 in response to different stimuli

To clarify the expression pattern of bcHSC70 in response to different
stimuli, we used qRT-PCR to examine the transcription levels of
bcHSC70 in MPK cells after infection with SVCV (MOI = 0.1 or 0.01) and
stimulation with Poly (I:C) (5 pg/mL or 50 pg/mL) or LPS (1 pg/mL or
50 pg/mL). After SVCV infection, when MOI = 0.1, the mRNA level of
bcHSC70 initially reached its peak at 24h (1.5-fold), and ultimately
dropped to the lowest point (0.3-fold). Similarly, when MOI = 0.01, the
mRNA level of bcHSC70 within 12 h post-stimulation was up to highest
(2.0-fold) and then fell to the lowest point at 48h (0.6-fold) (Fig. 3A).
After Poly (I:C) treatment, the mRNA level of bcHSC70 rose to the
highest point (5 pg/ml, 8.1-fold) at 12 h, and then showed a downward
trend (Fig. 3B). In the LPS treatment group, the mRNA level of bcHSC70
increased to a maximum at 12 h (50 pg/mL, 73.0-fold) (Fig. 3C). The
above results suggested that the expression of bcHSC70 in host cells after
different stimuli showed the similar trend of first increasing and then
decreasing, which indicated that bcHSC70 may be involved in the host
innate immune response induced by viruses and bacteria.

3.4. bcHSC70 attenuated IFN signaling

The RLR/IFN signaling pathway plays a crucial role in the antiviral
innate immunity in fish. Previous studies have confirmed that HSC70
interacts with MAVS in mammals, thereby exerting a negative regula-
tory effect on the RLR/IFN signaling pathway. To further elucidate the
role of bcHSC70 in the RLR/IFN signaling pathway, we performed co-
transfections of bcHSC70 with bcRIG-I/bcMDA5/bcMAVS/bcTBK1/
bcIKKe/bcIRF3/bcIRF7 in EPC cells, then used for reporter assay. The
results indicated that bcHSC70 could inhibit the transcriptional activity
of the bcIFNa promoter mediated by the above RLR factors (Fig. 4A), and
the most obvious inhibitory effects were bcRIG-I and bcMAVS. However,
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Table 2
Comparison of vertebrate HSC70 homologues (%).

Species Similarity Identity Accession Number
Mammals:

Homo sapiens 98 96 XP_054224589.1
Mus musculus 98 96 NP_112442.2
Rattus norvegicus 98 96 NP_077327.1
Bos taurus 98 96 NP_776770.2
Pongo abelii 98 96 NP_001125783.1
Cricetulus griseus 98 96 NP_001233658.1
Sorex araneus 98 96 XP_004604817.1
Moyotis lucifugus 98 96 XP_006105485.1
Microtus ochrogaster 98 96 XP_005347192.1
Sus scrofa 98 96 NP_001230836.1
Mesocricetus auratus 99 97 XP_040586126.1
Equus caballus 98 96 NP_001075247.1
Ovis aries 98 96 XP_011951023.2
Capra hircus 98 95 AFN69444.1
Felis catus 98 96 XP_003992527.1
Oryctolagus cuniculus 98 96 XP_051715102.1
Macaca mulatta 98 96 NP_001248586.1
Orcinus orca 98 96 XP_004265984.2
Birds:

Gallus gallus 98 96 NP_990334.2
Anas platyrhynchos 98 96 XP_027300025.1
Coturnix japonica 98 96 NP_001310129.1
Meleagris gallopavo 98 96 XP_003212746.1
Geospiza fortis 98 96 XP_005428927.1
Apus apus 98 96 XP_051494615.1
Falco cherrug 98 96 XP_055584512.1
Falco peregrinus 98 96 XP_005236669.1
Cuculus canorus 98 96 XP_053942910.1
Fishes:

Danio rerio 99 99 NP_001103873.1
Ctenopharyngodon Idella 97 92 XP_051720133.1
Cyprinus carpio 99 99 XP_042588704.1
Clarias batrachus 97 92 AGO59146.1
Carassius auratus 99 97 XP_026082004.1
Lutjanus sanguineus 99 97 ADK88904.1
Dicentrarchus labrax 97 91 XP_051261532.1
Callorhinchus milii 98 94 NP_001279148.1
Micropterus salmoides 99 97 XP_038564876.1
Boleophthalmus pectinirostris 98 96 XP_020790269.1
Chanos chanos 99 99 XP_030647953.1
Bagarius yarrelli 98 95 TSK16160.1
Betta splendens 97 92 XP_028985702.1
Amphibians:

Xenopus laevis 95 93 AAH41201.1
Spea bombifrons 98 96 XP_053323509.1
Hyla sarda 98 96 XP_056400669.1
Bufo bufo 98 95 XP_040286924.1
Rana temporaria 98 95 XP_040182323.1
Rhinatrema bivittatum 97 95 XP_029430042.1
Reptiles:

Thamnophis elegans 98 95 XP_032085137.1
Pelodiscus sinensis 98 96 NP_001273837.1
Caretta caretta 98 96 XP_048683618.1
Eublepharis macularius 98 96 XP_054854152.1
Alligator mississippiensis 98 96 NP_001274222.1

the regulatory role of HSC70 on RIG-I has not been studied extensively
in teleost fish. To further investigate the regulatory role of bcHSC70 on
bcRIG-I in the IFN signaling pathway, we co-transfected bcHSC70 and
bcRIG-I into EPC cells for reporter assay, and the results showed that the
bcRIG-I-mediated transcriptional activities of bcIFNa, epcIFN and
DrIFN¢1 promoter were strongly inhibited by bcHSC70 (Fig. 4B-D). The
above results implied that bcHSC70 exerts a negative regulatory effect in
the RIG-I/IFN signaling pathway.

3.5. bcHSC70 down-regulated bcRIG-I-mediated antiviral ability

Our previous study has identified that overexpressed bcRIG-I could
significantly enhance the ability of EPC cells to resist SVCV (Liu et al.,
2023). To ascertain the role of bcHSC70 in the bcRIG-I-mediated innate
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antiviral response, we co-transfected EPC cells with bcHSC70 and
bcRIG-I, and then infected with SVCV at different MOIs (1 or 0.1). After
24 h, the supernatant was harvested for plaque assay, while the cell
pellets were used for qRT-PCR. The plaque assay results indicated a
significantly increase in viral titer in EPC cells co-transfected with
bcRIG-I and bcHSC70 compared to those transfected solely with beRIG-I,
suggesting a potential inhibitory role of bcHSC70 on bcRIG-I-mediated
antiviral activity (Fig. 5. A&B). Meanwhile, the transcription levels of
SVCV-P, SVCV-G, SVCV-M and SVCV-N in the cells co-transfected with
bcRIG-I and bcHSC70 were observably higher than those in the cells
transfected with bcRIG-I solely (Fig. 5C). The above results clearly
demonstrated that bcHSC70 restrained bcRIG-I-mediated antiviral
response.

3.6. Knockdown of bcHSC70 potentiated host antiviral activity

To investigate the influence of bcHSC70 knockdown on host antiviral
ability, we constructed three shRNA knockdown plasmids specifically
targeting bcHSC70 (bcHSC70-sh1, bcHSC70-sh2 and bcHSC70-sh3) and
assessed their knockdown efficiency in HEK293T cells using IB. The
results indicated that bcHSC70-sh3 significantly reduced the expression
level of exogenous bcHSC70 (Fig. 6A). Additionally, qRT-PCR results
showed that bcHSC70-sh3 also restrained the transcriptional activity of
HSC70 in MPK cells (Fig. 6B). Whereafter, MPK cells were transfected
with bcHSC70-sh3 or scramble as a negative control, and then infected
with SVCV (MOI = 0.1). The supernatant was collected after 24 h for
SVCV titration, while the cells were harvested for qRT-PCR analysis. The
result showed that the virus titer in the bcHSC70 knockdown group was
lower than that in the control group (Fig. 6C). Moreover, the mRNA
transcriptional levels of host genes including bcViperin, bcMx1 and
bcPKR in the bcHSC70 knockdown group were dramatically enhanced
than those in the control group (Fig. 6D). Additionally, the mRNA
expression levels of SVCV genes (SVCV-P, SVCV-G, SVCV-M, and SVCV-
N) were markedly reduced in MPK cells transfected with bcHSC70-sh3
(Fig. 6E). These results demonstrate that the knockdown of bcHSC70
promotes host cellular antiviral activity.

3.7. The interaction between bcHSC70 and bcRIG-I

In order to examine the interaction between bcHSC70 and bcRIG-I,
HA-bcHSC70 and bcRIG-I-Flag were co-transfected into HEK293T cells
for subsequent co-IP assay. The co-IP experiments revealed that specific
bands of HA-bcHSC70 could be detected in the precipitates of bcRIG-I-
Flag. Similarly, the specific bands of bcRIG-I-Flag could be detected in
the precipitates of HA-bcHSC70, which demonstrated the direct inter-
action between these two proteins (Fig. 7A and B). Furthermore, HeLa
cells were co-transfected with bcHSC70 and bcRIG-I and used for IF
assay, and the IF data clearly showed overlapping regions between green
fluorescence (representing bcRIG-I) and red fluorescence (representing
bcHSC70), indicating that these two proteins have consistent subcellular
distributions (Fig. 7C). These results indicate that bcHSC70 interacts
with bcRIG-1.

3.8. bcHSC70 decreased the K63-linked ubiquitination of bcRIG-I

Previous studies have shown that K63-linked ubiquitination of RIG-I
were required to activate downstream signaling transduction, while the
RIG-I stability were regulated by K48-linked ubiquitination (Madiraju
et al., 2022; Tracz et al., 2021). To explore whether bcHSC70 regulates
the activity of bcRIG-I through affecting its ubiquitination, we
co-transfected Myc-Ub, bcRIG-I-Flag, and/or HA-bcHSC70 into
HEK293T cells and conducted co-IP experiments. The results indicated
that bcHSC70 could reduce the overall ubiquitination level of bcRIG-I
(Fig. 8A). To further confirm the type of polyubiquitin chains on
bcRIG-I in the presence of bcHSC70, the HEK293T cells were
co-transfected HA-Ub/K630/K480, bcRIG-I-Flag, and/or
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Fig. 2. Protein expression and subcellular distribution of bcHSC70

HEK293T (A) or EPC (B) cells were transfected with 3 pg of bcHSC70 recombinant plasmid or pcDNA5/FRT/TO plasmid, respectively. At 48 hpt, the cells were
harvested and lysed for IB. Additionally, HeLa cells in 24-well plates were transfected with 500 ng of bcHSC70 using LipoMax. At 48 hpt, these transfected HeLa cells
were used for IF staining (C). The scale bars in (C) represent 10 pm (pm). HA-bcHSC70: pcDNAS5/FRT/TO-HA-bcHSC70; Ctr: pcDNA5/FRT/TO.
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The mRNA levels of bcHSC70 were detected in MPK cells at different time points (Oh, 2h, 8h, 12h, 24h and/or 48h) after stimulation with: SVCV at an MOI of 0.1 or
0.01 (A); Poly (I:C) at concentrations of 5 pg/mL or 50 pg/mL (B); LPS at concentrations of 1 pg/mL or 50 pg/mL (C). The experiments were performed in triplicate to

ensure data reliability. *p < 0.05, **p < 0.01.

bcHSC70-Myc, respectively. The co-IP and gray ratio analysis results
revealed that bcHSC70 significantly reduced the K63-linked ubiquiti-
nation of bcRIG-I (approximately a 44% decrease) but not the
K48-linked ubiquitination (Fig. 8B). These results suggested that HSC70
negatively regulated IFN signaling by decreasing K63-linked ubiquiti-
nation of RIG-I in black carp.

4. Discussion

Heat shock cognate 70 (HSC70) belongs to the HSP70 protein family
(Zininga et al., 2018), which is highly conserved across distinct species
and shares similar domain structures, including the N-terminal
nucleotide-binding domain (NBD) and the C-terminal substrate-binding
domain (SBD) (Silva et al., 2021). Specifically, the NBD domain, which
has a size of 44 kDa, consists of four residues: Ia, Ib, IIa, and ITb. The SBD
is made up of two subdomains: a 15 kDa p-sandwich domain that binds
peptide substrates and a 10 kDa R-helix domain that serves as the
substrate-binding site (Stricher et al., 2013). In this study, we success-
fully cloned the HSC70 homolog from black carp (bcHSC70) and

analyzed its conservation with other vertebrate species. The results
showed that bcHSC70 exhibits a remarkably high degree of conservation
across varied species, and possesses the same structural domains, such as
the NBD and SBD domains (Fig. 1A). Previous research has showed that
variations in these domains determine the specificity of HSC70 in
binding substrates and its functional diversity (Stricher et al., 2013;
Wang et al., 2020). Notably, the G/P-rich terminal region within the SBD
of bcHSC70 is less conserved compared to HSC70 from other species.
This may be one of the reasons why bcHSC70 targets the substrate RIG-I
and regulates its mediated antiviral response in black carp, but the
concrete mechanism remains to be further studied.

Recent studies have indicated that HSC70 plays different regulatory
roles in different viral infections. For example, HSC70 has been identi-
fied as a positive regulator of human hepatitis B virus (HBV) replication
(Wang et al., 2023), however, it can also restrict dengue virus (DENV)
replication (Vega-Almeida et al., 2013). In this study, we found that the
knockdown of bcHSC70 could enhance cellular antiviral signaling and
overexpressed bcHSC70 could weaken bcRIG-I-mediated IFN expression
and antiviral activity. However, recent studies have shown that HSC70
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Fig. 4. bcHSC70 inhibits bcRIG-I-mediated IFN promoter transcription

Each of the plasmids bcRIG-I, bcMDAS5, bcMAVS, bcTBK1, bcIKKe, bcIRF3 and beIRF7 was co-transfected with pRL-TK, Luci-bcIFNa and/or bcHSC70 into EPC cells,
respectively, and then cells were lysed with passive lysis buffer (PLB) and were used for luciferase report assay at 24 hpt. EPC cells in 24-well plates were transfected
with bcRIG-I and/or bcHSC70, pRL-TK, and different IFN promoter plasmids (Luci-bcIFNa (B), Luci-epcIFN(C) and Luci-DrIFNg1(D)), and then these cells were used
for luciferase report assay as described above. The total amount of plasmid DNA in each well was balanced by the addition of empty vectors. The experiments were
performed in triplicate to ensure data reliability. *p < 0.05, **p < 0.01.
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Fig. 5. bcHSC70 suppresses bcRIG-I-mediated antiviral activity

EPC cells in 24-well plate were transfected with 250 ng bcHSC70, 250 ng bcRIG-I and/or bcHSC70 respectively. The transfected cells were infected with SVCV (MOI
= 0.1 or 1). At 24 h post-infection: The supernatant was collected for virus titer assay (A). The monolayer cells were stained with crystal violet for visualization of cell
viability and morphological changes (B). Additionally, using the same transfection system as described for (A), then these transfected cells were infected with SVCV at
an MOI of 1. At 24 h post-infection, the monolayer cells were collected for qRT-PCR analysis to determine the relative mRNA levels of SVCV-P, G, M, N (C). The
experiments were performed in triplicate to ensure data reliability. *p < 0.05, **p < 0.01.

could inhibit SVCV replication by promoting G protein degradation in Ubiquitination is one of the crucial post-translational modification
zebrafish (Li et al., 2021), which was inconsistent with our experimental (PTM) of proteins that can affect their stability, interactions, and bio-
results. Other genes have similar regulatory mechanisms in teleost, such logical functions (Rennie et al., 2020). Differences in the types of
as the LGP2 in rainbow trout, which promotes the IFN production to ubiquitin chains have distinct functions in the RLR signaling pathway.
against Viral hemorrhagic septicemia virus (VHSV) infection. (Chang For instance, RIG-I is targeted for K63-linked ubiquitination by multiple

et al.,, 2011); Conversely, the overexpressed LGP2 could reduce the regulators including CYLD, USP21, and USP3, regulating IRF3 phos-
transcriptional level of IFN and antiviral genes in orange-spotted phorylation and IFN production (Cui et al., 2014; Oshiumi, 2020). Be-
grouper, thereby enhancing susceptibility to red-spotted grouper ner- sides, K48-linked ubiquitination of RIG-I by multiple E3 ligases, such as
vous necrosis virus (RGNNV) (Yu et al., 2016); Therefore, HSC70 might RNF125/122, TRIM40 and CHIP, which leading to RIG-I degradation
also play distinct roles in different fish species or tissues, revealing the and attenuating IFN signaling (Chang et al., 2023; Wang et al., 2016;
functional diversity of bcHSC70 in innate immunity. Zhao et al.,, 2016, 2017). Recent studies have shown that STAT2
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Fig. 6. Effect of bcHSC70 knockdown on the antiviral ability of host cells
The HEK293T in 6-well plate were co-transfected with 1 pg pcDNA5-FRT/TO-HA-bcHSC70 and 2 pg pLKO.1-bcHSC70-shRNA (1, 2, 3) or pLKO.1-scramble-shRNA
and the knockdown efficiency was detected by IB assay. The figure shows the gray ratio of the protein band of HA-bcHSC70 to the corresponding p-actin protein
band. The gray value was calculated by Image J software (A). pLKO.1-bcHSC70-shRNA-3 or pLKO.1-scramble-shRNA plasmid were transfected into MPK cells, and
the transcription level of bcHSC70 was detected by qRT-PCR after 24 hpt (B). Using the same transfection system as in (B), after 24 hpt, the transfected cells were
infected by SVCV at an MOI of 0.1 for 24 h, and the supernatant was collected 24 h post-infection for virus titer assay (C), while monolayer cells were collected for

qRT-PCR analysis to determine the relative mRNA levels of bcViperin, bcMX1, bcPKR (D), and SVCV-P, G, M, N (E). The experiments were performed in triplicate to
ensure data reliability. *p < 0.05, **p < 0.01.

Relative Expression of SVCV-P
Relative Expression of SVCV-G
Relative Expression of SVCV-M
Relative Expression of SVCV-N

A B C
HeLa
HA-bcHSC70 + + HA-bcHSC70 =
bcRIG-I-Flag - + bcRIG-I-Flag +
IB: HA —— IB: HA -
IP:Flag IP:HA
IB: Flag - IB: Flag ree— BeRIGA
¢RIG-
IB: HA | i o IB: HA m—
WCL | IB: Flag r— WCL| IB:Flag| ‘s s
IB: B-actin [ s IB: B-actin I * ]
Hoechst 33342

Fig. 7. Analysis of interaction between bcHSC70 and bcRIG-I

HEK293T cells in 10 cm plates were co-transfected with 7.5 pg of HA-bcHSC70 and/or 7.5 pg of bcRIG-I-Flag (A) or 7.5 pg of beRIG-I-Flag and/or 7.5 pg HA-bcHSC70
(B). The total amount of plasmid for each transfection was balanced with pcDNA5/FRT/TO. The transfected cells were harvested for co-IP. IP: Inmunoprecipitation;
IB: Immunoblot; WCL: Whole cell lysate. HeLa cells in 24-well plate were transfected with 250 ng of bcRIG-I-Flag and 250 ng of HA-bcHSC70 used for immuno-
fluorescence experiments after 24 hpt. The scale bars represent 10 pm (um) (C).



J. Fu et al.

A B

HA-bcHSC70 - - +
bcRIG-I-Flag =
Myc-Ub  + + +

IB: Myc ¢
IP: Flag
IB: Flag i Gul
Ub(n)-beRIG-1 / RIG-I 1.00  0.45
IB: HA -
WCL | IB: Flag o M
IB: B-actin | suse samss s

Fig. 8. bcHSC70 decreased K63-linked ubiquitination of bcRIG-I

Developmental and Comparative Immunology 162 (2025) 105300

HA-Ub - - - = - =
HA-K630 + + o+ - - -
HA-K480 - - - + + o+

bcRIG-I-Flag - + + - + +
bcHSC70-Myc - - + - - +

IB: HA
IP: Flag
T Y T
Ub(n)-RIG-1/ RIG-I 1.00  0.46 1.00  0.56 1.00 0.90
IB: Myc| p— ~—— ez’ |
WCL 1B: Flag| - [pes—— .“ -ﬂ
IB: B-actin| I

HEK293T cells were transfected with Myc-Ub, bcRIG-I-Flag and/or HA-bcHSC70. The transfected cells were harvested for co-IP at 48 hpt (A). HEK293T cells were
transfected with HA-Ub/K630/K480, bcRIG-I-Flag and/or bcHSC70-Myc. The transfected cells were harvested for co-IP at 48 hpt (B).

inhibited K63-linked ubiquitination of RIG-I and negatively regulated its
mediated IFN signaling pathway in black carp (Liu et al., 2024). In this
article, our results showed that HSC70 could target RIG-I and weaken its
K63-linked ubiquitination, negatively regulating RLR/IFN expression
and antiviral activity in black carp. Generally, the K63 ubiquitin of RIG-I
is mainly associated with its activation (Oshiumi, 2020). We speculate
that the ubiquitination of RIG-I may be related to its activity in black
carp, which is consistent with studies in mammals, suggesting that
bcHSC70 can inhibit bcRIG-I activity by impacting its ubiquitination,
thereby negatively regulating the RLR/IFN signaling pathway.

In conclusion, this study is the first to explore the negative regulatory
mechanism of HSC70 within the RLR/IFN pathway in teleost fish. Our
findings suggest that HSC70 inhibits RIG-I mediated antiviral response
by weakening its K63-linked ubiquitination in black carp, which pro-
vides an important basis for studying the innate immune regulatory
mechanisms in teleost fish.
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