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ARTICLE INFO ABSTRACT

Keywords: Mammalian heterogeneous nuclear ribonucleoproteins M (hnRNPM) is a critical splicing regulatory protein that
hnRNPM has been reported to negatively regulate the RLR signaling pathway by impairing the binding of RIG-I and MDA5
IRE7 to viral RNA. To explore the role of hnRNPM in the antiviral innate immune response in teleost fish, the hnRNPM
ISrX(e::;eron homologue of triploid fish (3nhnRNPM) has been cloned and identified in this paper. The CDS of 3nhnRNPM gene

is composed of 2016 nucleotides and encodes 671 amino acids. 3nhnRNPM migrated around 71 kDa in immu-
noblotting assay and was mainly detected in the nucleus in nucleo-cytoplasmic separation assay and immuno-
fluorescent staining test. When 3nhnRNPM and 3nIRF7 were co-expressed in EPC cells, 3nhnRNPM significantly
reduced the 3nIRF7-induced interferon (IFN) promoter transcription. Correspondingly, the mRNA levels of the
SVCV-M, -N, -P, and -G genes were noteworthily enhanced, but the transcription levels of epcIFNg1, epcMx1,
epcPKR, and epcISG15 were dramatically decreased. Additionally, the knockdown of 3nhnRNPM resulted in
restricted SVCV replication and enhanced host cell antiviral activity. Furthermore, the association between
3nhnRNPM and 3nIRF7 has been identified by the co-immunoprecipitation assay. In addition, we found that
3nIRF7 was detained in the nucleus when co-expressed with 3nhnRNPM. To sum up, our data supported the

Triploid fish

conclusion that 3nhnRNPM suppressed 3nIRF7-mediated IFN signaling in the antiviral innate immunity.

1. Introduction

Vertebrates deploy their innate and adaptive immunity to resist the
invasion of numerous harmful microorganisms. Teleost fishes, as the
lower vertebrates, are more reliant on their innate immune system
(Chen et al., 2017). The innate immune response is initiated when the
pattern-recognition receptors (PRRs) recognize pathogen-associated
molecular patterns (PAMPs). These PRRs include Toll-like receptors
(TLRs), C-type lectin receptors, NOD-like receptors (NLRs), cytosolic
DNA sensors, and retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) (Onomoto et al., 2021). RLRs are key RNA sensors in the cytosol,
which consist of RIG-I, melanoma differentiation-associated gene 5
(MDAS5), and laboratory of genetics and physiology 2 (LGP2) (Rehwin-
kel and Gack, 2020). RIG-I and MDAS5 are activated by immunostimu-
latory RNA, for example, viral RNAs. LGP2 is believed to regulate RIG-I

and MDAS due to the lack of caspase activation and recruitment do-
mains (CARDs) (Rehwinkel and Gack, 2020). Upon recognizing viruses,
RIG-I and MDAS recruit and activate the adaptor protein mitochondrial
antiviral signaling (MAVS), and then further gathers and transduces
signals to downstream kinases, phosphorylating IFN-regulatory fac-
tor3/7 (IRF3/7) (Liu et al., 2015). The phosphorylated IRF3/7 form
dimers and translocate into the nucleus, initiating the induction of IFN
finally.

IRF3 and IRF7 are members of the IRF family, playing vital roles in
the induction of IFNs and antiviral response. They consist of several
functional domains, including a conserved N-terminal DNA binding
domain (DBD) responsible for binding to IFN-stimulated response ele-
ments (ISREs), an IRF-associated domain (IAD) responsible for inter-
acting with other IRF family members, and a serine-rich domain (SRD).
The activation of IRF3/7 requires phosphorylation, dimerization, and
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Table 1
Primers used in the study.
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Primer name Sequence (5-3")

Primer information

CDS

3nhnRNPM-F ATGTCGACCGAGGTTAAATCA
3nhnRNPM-R TTATGCATTTCTGTCAATCCT

Expression vector

3nhnRNPM-F ACTGACGGTACCATGTCGACCGAGGTTAAA
3nhnRNPM-R ACTGACCTCGAGTTATGCATTTCTGTCAAT
qRT-PCR

q-SVCV-M-F CGACCGCGCCAGTATTGATGGATAC
g-SVCV-M-R ACAAGGCCGACCCGTCAACAGAG
q-SVCV-N-F GGGTCTTTACAGAGTGGG

g-SVCV-N-R TTTGTGAGTTGCCGTTAC

q-SVCV-P-F AACAGGTATCGACTATGGAAGAGC
q-SVCV-P-R GATTCCTCTTCCCAATTGACTGTC
q-SVCV-G-F GATGACTGGGAGTTAGATGGC
g-SVCV-G-R ATGAGGGATAATATCGGCTTG

ATGAAAACTCAAATGTGGACGTA
GATAGTTTCCACCCATTTCCTTAA

g-epc IFNg1-F
q-epc IFNgp1-R

q-epc PKR-F ACCTGAAGCCTCCAAACATA
q-epc PKR-R GCATTCGCTCATCATTGTC

q-epc MxI-F TGGAGGAACCTGCCTTAAATAC
q-epc Mx1-R GTCTTTGCTGTTGTCAGAAGATTAG

g-epc ISG15-F
q-epc ISG15-R

TGATGCAAATGAGACCGTAGAT
CAGTTGTCTGCCGTTGTAAATC

g-epc actin-F AAGGAGAAGCTCTGCTATGTGGCT
g-epc actin-R AAGGTGGTCTCATGGATACCGCAA
q-3nhnRNPM-F GTGGCGTCGGTGGGCAGTTT
q-3nhnRNPM-R AGGCTCGCTCGGCAGTCTCA
q-3nIFNa-F TTCTTGCCTTGACCTTGGAT
g-3nIFNa-R GCTCAGATGACTGCCGTTGC
q-3nIFNa2-F GATTGGAGATGCTAAGGTGGAG
q-3nIFNa2-R AAAGTCCTGAAGTGCCTTGTTA
shRNA

sh3nhnRNPM-1-F
sh3nhnRNPM-1-R
sh3nhnRNPM-2-F
sh3nhnRNPM-2-R
sh3nhnRNPM-3-F
sh3nhnRNPM-3-R

For 3nhnRNPM CDS cloning

For expression vector construction

CCGGGCAACTTCGGGACTCCTTTCACTCGAGTGAAAGGAGTCCCGAAGTTGCTTTTTG
AATTCAAAAAGCAACTTCGGGACTCCTTTCACTCGAGTGAAAGGAGTCCCGAAGTTGC
CCGGGCAGATATCCTGGAAGATAAACTCGAGTTTATCTTCCAGGATATCTGCTTTTTG

AATTCAAAAAGCAGATATCCTGGAAGATAAACTCGAGTTTATCTTCCAGGATATCTGC
CCGGGCTCAACGGACGAGAGATTGACTCGAGTCAATCTCTCGTCCGTTGAGCTTTTTG
AATTCAAAAAGCTCAACGGACGAGAGATTGACTCGAGTCAATCTCTCGTCCGTTGAGC

nuclear translocation. Thus many molecules have been shown to regu-
late the innate immune response by regulating the activation of IRF3/7.
For instance, in mammals, the receptor for activated C kinase 1 (RACK1)
suppresses the phosphorylation of IRF3/7, thereby limiting the pro-
duction of type I IFNs (Qin et al., 2021). Neuralized E3 ubiquitin-protein
ligase 3 (NEURL3) promotes the activity of IRF7 by facilitating
K63-linked ubiquitination (Qi et al., 2022). Tripartite motif-containing
protein 28 (TRIM28) acts as a negative regulator of IRF7 by enhancing
the SUMOylation of IRF7 at K444 and K446 (Liang et al., 2011).
Calmodulin-like 6 (CALML6) binds to the phosphorylated IRF3 and
impedes its dimerization and nuclear translocation (Wang et al., 2019).
Similar to mammals, the activities of IRF3/7 in teleost fish are also
regulated by a variety of molecules. For example, RNASEK enhances the
phosphorylation of IRF3/7, leading to increased type I IFN production
(Sun et al., 2021). Ub-activating enzyme (Ubal) and rapunzel 5 (RPZ5)
mediate the K48-linked ubiquitination and subsequent degradation of
IRF3 and IRF7, respectively (Chen et al., 2021; Lu et al., 2019). Protein
arginine methyltransferases 6 (PRMT6) in black carp promotes lysosome
degradation of IRF3 and inhibits its K63-linked ubiquitination (C. Yang
et al., 2023); Black carp DExD/H-box RNA helicase 19 (DDX19) interacts
with IRF3 and hampers its nuclear translocation (Liu et al., 2022).
Additionally, grass carp Lysine (K) acetyltransferase 8 (KAT8) enhances
the acetylation of IRF3/7, thereby influencing their affinity for ISRE
response elements (Li et al., 2022). In summary, whether in mammals or
fish, the regulation of IRF3/7 is a complex and multifaceted process
involving various molecules.

The hnRNPs family is composed of diverse RNA-binding proteins,
which are typically associated with RNA metabolism, such as mRNA

trafficking, alternative splicing, and translational regulation (J. Wang
et al., 2022). hnRNPM, also known as CEAR, contains three
RNA-recognition motifs (RRMs) and is mainly distributed in the nucleus
of mammalian cells (J. Wang et al., 2022). Recent studies have revealed
the roles of hnRNPM in cancer metastasis. For instance, hnRNPM pro-
motes breast cancer metastasis by activating the switch of alternative
splicing during the epithelial-mesenchymal transition and regulating the
CD44 level (Sun et al., 2017; Xu et al., 2014). Additionally, quite a few
studies reported that hnRNPM was related to innate immunity. For
example, in vesicular stomatitis virus (VSV) infected macrophages,
hnRNPM inhibits the expression of a series of innate immune transcripts,
including Mx1, Gbp5, and Rsad2 (West et al., 2019). Besides, hnRNPM
restrains the RLR/IFN signaling by impairing the binding of RIG-I and
MDAS to viral RNA, and then dampening the induction of type I IFN
(Cao et al., 2019). However, the function of hnRNPM in innate immune
response in teleost remains unknown.

Triploid fish (3n = 150) was produced through the hybridization
between the male allotetraploid (4n = 200) and the female red crucian
carp (2n = 100), which outperforms its parents in disease resistance and
stress resistance (Chen et al., 2009; Liu, 2010). Our previous works have
identified some pivotal components of the RLR/IFN pathway, which
played a vital role in the antiviral innate immune response of triploid
fish (Xiao et al., 2019, 2022). However, the regulatory mechanisms of
the RLR signaling pathway in triploid fish still need to be explored.

To explore the function of hnRNPM in the antiviral activity of trip-
loid fish, the hnRNPM homologue of triploid fish (3nhnRNPM) has been
cloned and identified in this paper. The reporter assay and plaque assay
showed that 3nhnRNPM significantly inhibited 3nIRF7-mediated IFN
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Fig. 1. Sequence and structure analysis of 3nhnRNPM

(A) Amino acid multiple sequence alignments of hnRNPM of Homo sapiens (XP_005272535.1), Mus musculus (NP_084080.1), Gallus gallus (NP_001026103.1), Pan-
therophis guttatus (XP_034260446.1), Xenopus tropicalis (XP_004911113.1), and Danio rerio (NP_001243560.1). (B) Schematic diagram of 3nhnRNPM protein. (C)
Prediction of the spatial structure of three RNA-recognition motifs of human hnRNPM and 3nhnRNPM by a-fold2 (the images were generated in Pymol). In the
pictures, the RNA-recognition motifs of human hnRNPM are color-coded with yellow, and the RNA-recognition motifs of 3nhnRNPM are color-coded with cyan.
RRM: RNA-recognition motif. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Comparison of vertebrate hnRNPM homologues (%).
Species Full-length sequence Species Full-length sequence

Identity Similarity Identity Similarity

Triploid hybrid 100.0 100.0 Ovis aries 55.6 67.9
Pimephales promelas 93.2 98.0 Puma yagouaroundi 55.5 67.3
Danio rerio 82.9 86.1 Prionailurus bengalensis 55.5 67.3
Clupea harengus 81.9 88.2 Dromiciops gliroides 58.0 68.8
Acanthopagrus latus 79.3 85.1 Gracilinanus agilis 58.0 68.8
Amphiprion ocellaris 78.5 85.5 Panthera leo 55.5 67.2
Perca fluviatilis 77.5 83.5 Lonchura Striata domestica 56.8 68.8
Betta splendens 79.3 85.4 Rhinatrema bivittatum 55.4 67.6
Oreochromis aureus 79.3 85.7 Parus major 57.2 68.8
Haplochromis burtoni 79.3 85.7 Microcaecilia unicolor 54.8 66.3
Polypterus senegalus 69.4 78.7 Bubalus bubalis 54.8 66.8
Pantherophis guttatus 61.1 71.1 Motacilla Alba alba 54.2 66.4
Crotalus tigris 60.1 70.2 Homo sapiens 54.3 65.9
Mauremys reevesii 59.4 69.1 Corvus Cornix cornix 54.3 66.0
Chrysemys Picta bellii 59.4 68.9 Peromyscus Maniculatus bairdii 55.0 66.6
Chelonia mydas 59.9 69.6 Mesocricetus auratus 55.0 66.6
Dermochelys coriacea 59.0 68.8 Sus scrofa 54.9 66.6
Zootoca vivipara 60.4 71.5 Chlorocebus sabaeus 54.8 66.4
Aquila Chrysaetos chrysaetos 57.3 69.0 Jaculus jaculus 54.5 66.4
Falco rusticolus 57.1 69.0 Mus musculus 54.6 66.3
Falco naumanni 57.1 69.0 Anser cygnoides 55.7 67.8
Panthera tigris 55.0 66.4 Xenopus tropicalis 55.9 67.6
Gallus gallus 54.9 66.4 Xenopus laevis 55.7 67.2

promoter transcription and antiviral activity. Co-immunoprecipitation 2. Materials and methods

assay identified an interaction between 3nhnRNPM and 3nIRF7, with

a concurrent observation that 3nIRF7 was retained in the nucleus when 2.1. Cells, plasmids, and transfection

co-expressed with 3nhnRNPM. In brief, 3nhnRNPM suppressed 3nIRF7-

mediated IFN signaling in the antiviral innate immunity. HEK293T cells, HeLa cells, Epithelioma papulosum cyprini (EPC) cells,

2nFC (caudal fin of red crucian carp), 3nFC (caudal fin of triploid fish),



H. Zhong et al.

Table 3
GenBank accession numbers of vertebrate hnRNPM homologues.
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Species GenBank Accession Number Species GenBank Accession Number
Mammals Reptiles

Homo sapiens XP_005272535.1 Pantherophis guttatus XP_034260446.1

Mus musculus NP_084080.1 Crotalus tigris XP_039180492.1

Sus scrofa XP_005654810.2
Chlorocebus sabaeus XP_037848264.1
Ovis aries XP_012033373.1
Bubalus bubalis XP_025149145.1
Panthera tigris XP_042833923.1

Panthera leo

Prionailurus bengalensis

Puma yagouaroundi

Jaculus jaculus

Mesocricetus auratus
Peromyscus Maniculatus bairdii
Gracilinanus agilis

Dromiciops gliroides

XP_042784143.1
XP_043442346.1
XP_040305631.1
XP_004672260.1
XP_005081378.1
XP_042123027.1
XP_044528713.1
XP_043836408.1

Birds
Gallus gallus NP_001026103.1
Anser cygnoides XP_013050693.1

Falco naumanni

Falco rusticolus

Aquila Chrysaetos chrysaetos
Motacilla Alba alba
Lonchura Striata domestica
Parus major

Corvus Cornix cornix

XP_040448215.1
XP_037242160.1
XP_029889172.1
XP_038019527.1
XP_021401849.1
XP_015507114.1
XP_039422119.1

Zootoca vivipara
Mauremys reevesii

XP_034972775.1
XP_039371100.1

Chrysemys Picta bellii XP_005283833.1
Dermochelys coriacea XP_038240423.1
Chelonia mydas XP_037741953.1
Amphibians

Xenopus laevis
Xenopus tropicalis
Microcaecilia unicolor
Rhinatrema bivittatum

XP_041416854.1
XP_004911113.1
XP_030073833.1
XP_029441850.1

Fishes

Triploid hybrid 0Q718809
Danio rerio NP_001243560.1
Pimephales promelas XP_039538131.1

Amphiprion ocellaris
Haplochromis burtoni
Oreochromis aureus

XP_023130250.1
XP_005931018.1
XP_031601416.1

Acanthopagrus latus XP_036970282.1
Betta splendens XP_029004665.1
Perca fluviatilis XP_039666486.1
Clupea harengus XP_031431023.1

Polypterus senegalus XP_039622922.1

and 4nFC (caudal fin of allotetraploid) cells (Xiao et al., 2018) were kept
in the lab. Mammalian cell lines were cultured in DMEM (BaseIMedia,
China) containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin with 5% CO3 at 37 °C; Fish cell lines were cultured in the
same culture medium with 5% CO-, at 26 °C.

Expression plasmids in this paper for Flag-3nMDAS5a, Flag-
3nMDASD, Flag-3nMAVS, Flag-3nTBK1, Flag-3nIRF7, HA-3nhnRNPM,
and Myc-3nhnRNPM were constructed into pcDNA5/FRT/TO; pRL-TK,
Luci-DrIFNgl (zebrafish IFN¢1 promoter transcription analysis) were
kept in the lab.

Cells were seeded one day before transfection and the medium was
replaced with the medium containing 2% FBS before transfection. Pol-
yethylenimine (PEI) (Yeasen, China) was used for transfection according
to the manufacturer’s instructions. Six hours after transfection, the cell
culture medium was replaced with the medium containing 10% FBS.

2.2. Virus production, titer detection, and infection

For virus production, spring viremia of carp virus (SVCV) was
propagated in EPC cells at 26 °C with 2% FBS. In brief, EPC cells in 10 cm
plates were infected with SVCV. One hour later, the supernatants were
removed, and the infected cells were washed with DMEM followed by
incubation with DMEM containing 2% FBS. When the cytopathic effect
(CPE) was up to 50%, the supernatant media and cells were harvested
together. After three times of freezing and thawing, filter the virus
mixture before measuring the titers.

Viral titers were determined by viral plaque assay on EPC cells as
previously described (Xiao et al., 2022). Briefly, EPC cells were infected
with 10-fold serially diluted viral supernatant for 1 h. The supernatant
was then replaced with fresh DMEM containing 2% FBS and 0.75
percent methylcellulose. Plaques were counted on the third-day
post-infection.

For cell infection, the cells were infected with SVCV at different
MOIs. One hour later, the supernatants were removed and the cells were
washed with DMEM followed by incubation with DMEM containing 2%
FBS for 24h. For fish infection, intraperitoneal injection was used in this
study. The healthy triploid hybrid fish, with an average weight of 45 +
1.1 g, were placed in recirculating water at 26 °C and cultured for 2

weeks before experiments. Fish in the experimental group were intra-
peritoneally injected with SVCV (2.9 x 107 TCID50/ml). Fish in the
control group were intraperitoneally injected with PBS. At 24 h post-
injection, fish were dissected and tissues were collected respectively
for RNA extraction and qRT-PCR analysis.

2.3. Immunoblotting (IB)

HEK293T cells or EPC cells were transfected as required and har-
vested after 48 h, washed once with PBS, and lysed for IB assay as
previously described (X. Yang et al., 2023). Samples were boiled in 5 x
SDS sample buffer for 5 min, separated on SDS-polyacrylamide gels and
then transferred onto PVDF membranes (Millipore). The membranes
were incubated with the indicated primary antibodies overnight at 4 °C
after blocking with 5% skim milk. After three additional washes with
TBST, the membranes were incubated with the corresponding secondary
antibodies. BCIP/NBT Alkaline Phosphatase Color Development Kit was
used to visualize protein bands (Thermo, USA).

Antibodies (Abs) used in the paper were as follows: mouse mono-
clonal anti-Myc Ab (Abmart, China), mouse monoclonal anti-Flag Ab
(Abmart, China), mouse monoclonal anti-HA Ab (Abmart, China),
mouse monoclonal anti-p-actin (Sigma, USA), rabbit monoclonal anti-
LaminB1 (Abmart, China), and mouse monoclonal anti-phosphoserine
Ab (Abbkine, China). The second antibodies used in this study are AP-
conjugated goat anti-mouse (Sigma, USA) and AP-conjugated goat
anti-rabbit (Sigma, USA).

2.4. Nucleo-cytoplasmic separation

HEK293T cells were transfected with indicated expression plasmids.
At 48 h post-transfection (hpt), we harvested and lysed the cells with
hypotonic buffer (0.05% NP-40, 1 mM Tris-HC], 1.5 mM NaCl) con-
taining protease inhibitor cocktails. Then, the samples were centrifuged
at 700xg for 5 min and the supernatant was obtained as the cytoplasmic
extract, the precipitated pellet was obtained as nuclear extract after 3
times washing.
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Fig. 2. Phylogenetic tree analysis of hnRNPM homologues from different vertebrates

Amino acid sequences of hnRNPM homologues were aligned (GenBank accession numbers are listed in Table 3). These species were classified into mammals, birds,
reptiles, amphibians, and fishes. The result of alignment was built into a phylogenetic tree by using MEGA X through the neighbor-joining method and the
phylogenetic tree was annotated by iTOL (iTOL: Interactive Tree Of Life (https://itol.embl.de/)), The numbers on the branches represent branch length.

2.5. Immunofluorescence

HeLa and 3nFC cells were transfected with HA-3nhnRNPM and fixed
with 4% paraformaldehyde (Solarbio, P1110) for 15 min at 24 hpt,
penetrated with 0.2% Triton X-100 for 10 min and blocked with 10%
goat serum (Solarbio, SL038) subsequently. And then incubated with
mouse monoclonal anti-HA Ab (1:500, Abmart) followed by incubation
with Alexa Fluor 488-conjugated secondary Ab (1:1000, Invitrogen) for
1 h. Finally, the cells were washed 5 times with PBS and stained with
DAPI (H1200, Vector Laboratories). The laser confocal scanning mi-

croscope (Olympus FV1200, Japan) was used to visualize and image the
sample.

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

HEK293T cells were co-transfected with expression plasmids as
required for 48 h, harvested for IP with 1% NP40 buffer containing
protease inhibitor cocktails. In brief, the cells were lysed and the su-
pernatant was incubated with protein A/G agarose beads (Sigma, USA)
and then transferred to the Flag-conjugated protein A/G agarose beads
(Sigma, USA). Finally, the beads boiled in 5 x sample buffer after

washing were used for IB as above.

2.7. Luciferase reporter assay

EPC cells were co-transfected with expression plasmids together with
PRL-TK (25 ng), and Luci-DrIFN¢1 (250 ng). For each transfection, the
total amount of plasmid DNA was balanced with the empty vector. The
cells were harvested at 24 hpt and lysed by passive lysis buffer. The
reporter assay was conducted based on the instruction of the manufac-
turer (Promega, USA).

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

The relative transcription level of SVCV-M (N, P, G), epcIlFNgl,
epcISG15, epcPKR, epcMx1, 3nhnRNPM, 3nIFNa and 3nIFNa2 was
examined by qRT-PCR using Applied Biosystems QuantStudio 5 Real-
Time PCR Systems (Thermo Fisher, USA). The program was: 1 cycle of
95 °C/10 min, 40 cycles of 95 °C/15 s, 60 °C/1 min. The data were

analyzed by the 272CT method. The primes for qRT-PCR were listed in
Table 1.
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Fig. 3. 3nhnRNPM expression in vivo and in vitro

(A) The analysis of 3nhnRNPM expression in different tissues obtained from the healthy triploid fish. The 3nhnRNPM expression level in the kidney was used as
control and set to 1. (B) The relative mRNA levels of 3nhnRNPM in spleen, kidney, and liver at 24 h post-SVCV injection. The 3nhnRNPM expression in the fish
injected with PBS was used as the control and set to 1. (C) The relative mRNA level of cnRNPM homologues in 2nFC, 3nFC, and 4nFC cells at 6 h, 12 h, and 24 h after
SVCV infection. The hnRNPM expression in the uninfected cells was used as the control and set to 1.

2.9. Gene knockdown

Several shRNA oligos (listed in Table 1) targeting 3nhnRNPM were
designed through the online tool Invitrogen Block-iT RNAi Designer
(thermofisher.com). Subsequently, these targeting fragments were
constructed into pLKO.1-TRC cloning vector.

2.10. Statistics analysis

All assays were conducted in triplicate. The data were analyzed by
two-tailed Student’s t-test. Asterisk (*) stands for p < 0.05, and (**)
stands for p < 0.01.

3. Results
3.1. Sequence and protein structure analysis of 3nhnRNPM

To study the role of hnRNPM in the antiviral innate immunity of
triploid hybrid, 3nhnRNPM (GenBank accession number: 0Q718809)
has been cloned from the spleen of triploid hybrid. The coding sequence
(CDS) of 3nhnRNPM gene is composed of 2016 nucleotides, which en-
codes 671 amino acids (Fig. 1A and Supplemental Fig. 1). The calculated
molecular mass of 3nhnRNPM is 71.4 kDa (by EXPASy).

The amino acid sequence of 3nhnRNPM was submitted to multiple
alignments with that of hnRNPM from other species, containing

zebrafish (Danio rerio), clawed frog (Xenopus tropicalis), snake (Pan-
therophis guttatus), house mice (Mus musculus), jungle fowl (Gallus gallus)
and human (Homo sapiens). The comparison suggested the conservation
of hnRNPM in vertebrates and the predicted 3nhnRNPM protein con-
tains three RNA-recognition motifs at 52-125, 206-278, and 595-666
residues, respectively (Fig. 1A and B). Furthermore, the spatial struc-
tures of hnRNPM of triploid hybrid and human were built by afold2
software, respectively (https://www. AlphaFold2.ipynb; Supplemental
Fig. 2). In accordance with the amino acid sequences analysis, the spatial
structures of the three RNA-recognition motifs of 3nhnRNPM show an
extremely high similarity to those of human hnRNPM (Fig. 1C). To ul-
teriorly investigate the evolution of hnRNPM in vertebrates, the
phylogenetic tree was built among the selected hnRNPM proteins which
were listed in Table 2. The selected sequences of hnRNPM were clus-
tered into 5 groups, including mammals, birds, reptiles, amphibians, and
fishes. The phylogenetic analysis results showed that 3nhnRNPM was
clustered with hnRNPM of fathead minnow (Pimephales promelas) and
zebrafish (Danio rerio), sharing 93.2% and 82.9% sequence identity
respectively (Fig. 2).

3.2. 3nhnRNPM expression in vivo and in vitro

To investigate the constitutive expressions of 3nhnRNPM gene in
different tissues, total RNA was extracted separately from the kidney,
spleen, gill skin, and liver of the triploid hybrid fish for qRT-PCR. As
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HEK293T cells (A) or EPC cells (B) in 6-well plate were transfected with HA-3nhnRNPM (3 pg) or empty vector (3 ug). Cells were harvested at 48 h post-transfection
and used for immunoblotting. Control: cells transfected with the empty vector. (C) HEK293T cells in 6-well plate were transfected with HA-3nhnRNPM (3 pg) as
indicated above, the transfected cells were harvested after 48 h and the cytosolic and nuclear extracts were isolated and used for immunoblot according to the
methods. LaminB1 and f-actin were utilized as the nuclear and cytoplasmic internal reference, respectively. (D) HeLa cells and 3nFC cells in 24-well plate were
transfected with HA-3nhnRNPM (600 ng) as indicated above and used for IF staining. The scale represents 10 pm and 2 pm, respectively.

shown in Fig. 3A, the expression level of 3nhnRNPM was highest in the
liver, followed by the skin, gill, spleen, and kidney, respectively. To
clarify the expression pattern of 3nhnRNPM in response to viral infec-
tion, we examined the transcription levels of 3nhnRNPM in immune
organs, including the spleen, kidney, and liver, at 24 h post SVCV in-
jection. The results indicated a reduction in the transcription of
3nhnRNPM in these tissues after SVCV infection (Fig. 3B). Furthermore,
we studied and compared the expression patterns of hlnRNPM in 2nFC,
3nFC, and 4nFC cells infected with SVCV over different time points. The
data revealed that after SVCV infection, the transcription of 3nhnRNPM
in host cells showed a decreasing trend, whereas the transcription of its
homologue in 2nFC and 4nFC showed an increasing trend (Fig. 3C).
Taken together, these data suggest that 3nhnRNPM is involved in the
host’s antiviral immune response against SVCV infection both in vivo and
in vitro.

3.3. Protein expression and subcellular distribution of 3nhnRNPM

HEK293T cells or EPC cells transfected with HA-3nhnRNPM were
harvested for IB assay to investigate protein expression. As shown in
Figs. 4A and 3B, the specific band of 71 kDa was detected in the whole
cell lysates of both HEK293T and EPC cells expressing HA-3nhnRNPM
but not in control, indicating 3nhnRNPM was well expressed in both
fish and mammalian system. To further explore the subcellular locali-
zation of 3nhnRNPM, plasmids encoding HA-3nhnRNPM were overex-
pressed in HeLa cells and 3nFC cells for immunofluorescence staining
assay. The results demonstrated that 3nhnRNPM (green fluorescent

signals) was concentrated in the nucleus (Fig. 4D). Meanwhile,
HEK293T cells transfected with HA-3nhnRNPM were harvested at 48
hpt for nucleo-cytoplasmic separation. As shown in Fig. 4C, the bands
representing p-actin were only detected in cytoplasmic protein and
whole cell lysates, while the bands representing laminB1 were only
detected in nuclear protein and whole cell lysates, which demonstrated
that the nucleus and cytoplasm were completely separated. And the
specific bands of 3nhnRNPM were only detected in nuclear protein but
not in cytoplasmic protein. These results demonstrated that 3nhnRNPM
was substantially localized in the nucleus.

3.4. RLR/IFN signaling regulated by 3nhnRNPM

The RLR/IFN signaling pathway is crucial for the induction of IFN
and antiviral innate immune responses in triploid hybrid. To investigate
the effects of 3nhnRNPM on the RLR/IFN signaling, EPC cells were
transfected with 3nhnRNPM for luciferase reporter assay. The data
demonstrated that transfection with 3nhnRNPM alone, at varying doses,
had no discernible effect on the transcription of the DrIFN¢1 promoter
(Fig. 5A). However, when 3nhnRNPM was co-transfected with the
crucial molecules in the RLR/IFN pathway in triploid fish, such as
3nMDA5a, 3nMDA5b, 3nMAVS, 3nTBK1 and 3nIRF7, 3nhnRNPM
drastically reduced the activation on DrIFN¢1 promoter mediated by
these factors (Fig. 5B ~ F). Thus, the data proved that 3nhnRNPM
played a negative role in RLR/IFN cascade and implied that 3nhnRNPM
functioned on 3nIRF7 in this cascade.
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EPC cells in 24-well plate were transfected with the indicated plasmids, respectively and applied to reporter assay. For each transfection, the total amount of DNA
(675 ng) was balanced with the empty vector. The numbers above the error bars stand for the average IFN fold induction. hnRNPM: pcDNA5/FRT/TO-HA-
3nhnRNPM MDAbS5a: pcDNAS5/FRT/TO-Flag-3nMDA5a, MDA5b: pcDNA5/FRT/TO-Flag-3nMDA5b, MAVS: pcDNAS5/FRT/TO-Flag-3nMAVS, TBK1: pcDNA5/FRT/
TO-Flag-3nTBK1, IRF7: pcDNA5/FRT/TO-Flag-3nIRF7. pcDNA5: pcDNA5/FRT/TO empty vectors. Data are representative of three independent experiments.

3.5. 3nhnRNPM suppressed 3nIRF7-mediated antiviral activity

Investigations in mammals and teleost fish have determined IRF7 as
a key transcription activator in IFN production during the antiviral
innate immune response. For examining the impact of 3nhnRNPM on
3nIRF7-mediated antiviral activity, EPC cells were co-transfected with
3nIRF7 and/or 3nhnRNPM and exposed to SVCV infection using various
MOIs (0.1/0.01/0.001). At 24 h post-infection (hpi), the media was used
for the titration of SVCV, and the cells were harvested for RNA extrac-
tion and subsequential qRT-PCR. As depicted in Fig. 6A, EPC cells
transfected with 3nIRF7 displayed significantly improved antiviral ac-
tivity against SVCV compared with the control and the EPC cells
transfected with 3nhnRNPM exhibited antiviral activity comparable to
the control. However, the SVCV titer of the cells expressing both 3nIRF7
and 3nhnRNPM was much higher than that of the cells expressing
3nIRF7 alone, which proves that 3nhnRNPM obviously suppressed the
3nIRF7-mediated antiviral activity against SVCV (Fig. 6A). Further-
more, qRT-PCR assays were used to examine the replication of SVCV,
revealing that the viral mRNA copies of SVCV (M, N, P and G genes) in
cells expressing 3nIRF7 and 3nhnRNPM were considerably higher than
those in cells expressing 3nIRF7 alone (Fig. 6B ~ E). Concurrently, the
transcription levels of epcIFNg1 and three typical IFN-stimulated genes
(epcISG15, epcPKR, and epcMx1) were examined separately. The data
showed that the mRNA levels of epcIFNg1 (Fig. 7A), epcISG15 (Fig. 7B),
epcPKR (Fig. 7C), and epcMx1 (Fig. 7D) induced by 3nIRF7 were

dramatically suppressed by 3nhnRNPM. Collectively, these findings
confirm that 3nhnRNPM impaired 3nIRF7-mediated antiviral activity in
EPC cells.

3.6. Knockdown of 3nhnRNPM promoted the antiviral activity of host
cells

To investigate the impact of 3nhnRNPM on host antiviral activity,
shRNAs targeting this gene were designed and the knockdown efficiency
was tested via western blot. Specifically, sh3nhnRNPM-2 markedly
decreased the protein expression level of 3nhnRNPM (Fig. 8A). Besides,
sh3nhnRNPM-2 also suppressed the transcriptional levels of endogenous
hnRNPM (Fig. 8B). Subsequently, 3nFC cells transfected with
sh3nhnRNPM-2 or scramble were infected with SVCV. The medium was
collected for SVCV titration, and the cells were harvested for RNA
extraction and subsequential qRT-PCR. Notably, the SVCV titer in the
medium of 3nFC cells that transfected with shhnRNPM was significantly
decreased compared to the control (Fig. 8D). Additionally, the tran-
scriptional levels of the M, N, P, and G genes of SVCV were dramatically
decreased in the 3nFC cells which transfected with shhnRNPM (Fig. 8E).
On the other hand, the transcriptional levels of the 3nIFNa and 3nIFNa2
were significantly increased in 3nhnRNPM silenced cells (Fig. 8C). To
summarize, the above data demonstrated that knockdown of
3nhnRNPM promotes host cell’s antiviral activity.
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Fig. 6. 3nhnRNPM suppressed 3nIRF7-mediated antiviral activity

EPC cells in 24-well plate were co-transfected 3nhnRNPM (300 ng) and/or 3nIRF7 (300 ng) respectively, which were infected with SVCV at indicated MOI at 24 hpt.
(A) The supernatants of the cells were used for virus titration. (B-E) The cells infected with SVCV at MOI = 0.01 were harvested and used for RNA isolation and
subsequential qRT-PCR at 24 hpi as described in the methods. hnRNPM: pcDNA5/FRT/TO-HA-3nhnRNPM; Flag-3nIRF7: pcDNAS5/FRT/TO-Flag-3nIRF7.

3.7. 3nhnRNPM interacted with and enhanced the nuclear detaining of
3nIRF7

To ulteriorly investigated the relationship between 3nhnRNPM and
3nIRF7, we conducted co-IP assays in HEK293T cells. As shown in
Fig. 9A, a specific band of Myc-3nhnRNPM was detected in Flag-3nIRF7
precipitated proteins, indicating the association between 3nhnRNPM
and 3nIRF7.

Phosphorylation is a key event for IRF7 activation because the
molecule needs to be phosphorylated before it translocated to the nu-
cleus and activated interferon transcription. Therefore, we examined
whether 3nhnRNPM could impact the phosphorylation and nuclear
migration of 3nIRF7. We transfected HEK293T cells with 3nIRF7 and/or
3nhnRNPM and performed immunoprecipitation to determine the
phosphorylation levels of 3nIRF7. The results demonstrate that
3nhnRNPM did not affect the phosphorylation level of 3nIRF7 (Fig. 9B).

Next, we used a nucleo-cytoplasmic separation assay to measure the
nuclear migration of 3nIRF7. Our results revealed that 3nhnRNPM
improved the protein level of 3nIRF7, and also obviously enhanced the
proportion of 3nIRF7 in the nucleus. Specifically, the proportion of
nuclear 3nIRF7 was 49% when overexpressed alone, while the propor-
tion increased to 79% when it co-expressed with 3nhnRNPM (Fig. 9C).
Thus, our data suggested that 3nhnRNPM interacted with 3nIRF7 in the
nucleus, which led to the increased nuclear detaining and delayed
cytosolic degradation of 3nIRF7.

4. Discussion

The precise regulation of the RLR signaling pathway is crucial for the
production of IFN and promoting immune responses against viral
infection. Different host molecules, such as ubiquitin ligases/deubiqui-
tinases, posttranslational modifiers, protein kinases/phosphatases,
RNA-binding proteins, or other host proteins, cooperate to control the
signal transduction of the RLR signaling (Onomoto et al., 2021). Previ-
ous studies in mammals have revealed that hnRNPM is an inhibitor of
the RLR signaling pathway targeting RIG-I and MDAS. In the current
study, we identified 3nhnRNPM as a negative regulator of 3nIRF7.

Sequence analysis of 3nhnRNPM demonstrated that the sequences of
three RRM domains in 3nhnRNPM were highly similar to those of other
vertebrates, including mammals, birds, reptiles, amphibians, and fishes
(Fig. 1A), which implied the function of hnRNPM in vertebrates may be
conservative. Consistent with this speculation, overexpression of
3nhnRNPM significantly suppressed the activation of DrIFN¢1 promoter
mediated by 3nMDA5, 3nMAVS, 3nTBK1, and 3nIRF7 (Fig. 5).
Conversely, the knockdown of 3nhnRNPM significantly enhanced the
transcription of IFN and promoted the antiviral activity of host cells
(Fig. 8). Furthermore, we confirmed that 3nhnRNPM interacted with
3nIRF7, and found that 3nhnRNPM increased the nuclear detaining of
3nIRF7 but showed no effect on the phosphorylation of 3nIRF7 (Fig. 9).
These data established a negative regulatory function of 3nhnRNPM
target 3nIRF7, but the specific mechanism remains to be elucidated.
According to a previous study, human IRF7 was hijacked by IFI204 in
the nucleus, thereby hindering the binding of IRF7 to the downstream
ISRE. Thus, further exploration is needed to determine whether
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Fig. 7. 3nhnRNPM suppressed 3nIRF7-induced transcription levels of IFN-related genes

(A D) EPC cells in 24-well plate were co-transfected 3nhnRNPM (300 ng) and/or 3nIRF7 (300 ng) respectively, which were infected with SVCV (MOI = 0.01) at 24
hpt. The cells were harvested at 24 hpi and used for RNA isolation and subsequential qRT-PCR. The mRNA levels of epcIFNg1 (A), epcISG15 (B), epcPKR (C) and
epcMx1 (D) were detected respectively. hnRNPM: pcDNA5/FRT/TO-HA-3nhnRNPM; Flag-3nIRF7: pcDNA5/FRT/TO-Flag-3nIRF7.

3nhnRNPM inhibits 3nIRF7 through a similar mechanism. It is inter-
esting that the transcription of hnRNPM homologue in 2nFC, 3nFC, and
4nFC showed different trends in response to SVCV infection: it showed a
decreasing trend in 3nFC while an increasing trend in 2nFC and 4nFC
(Fig. 3C). Our previous results showed that the antiviral capacity against
SVCV of 3nFC was significantly stronger than that of 2nFC and 4nFC. In
addition, in response to SVCV infection, the expression of the antiviral
factors such as IFN, PKR, and Mx1 in 3nFC was significantly quicker and
higher than that of their expression in 2nFC and 4nFC (Xiao et al., 2018).
Therefore, we hypothesized that differential expression of some nega-
tive regulators, such as hnRNPM, may be one of the potential factors
leading to a faster immune response in 3nFC than in 2nFC and 4nFC.
On the other hand, members of the hnRNP family are reported to
involve in several steps of the viral infection process and could associate
with the protein of viruses (J. Wang et al., 2022). For instance, hnRNPA1
has been shown to interact with the N protein of porcine epidemic
diarrhea virus (PEDV), thereby promoting viral replication (Li et al.,
2018). And the hnRNP C was reported to associate with the N protein of
IAV and implicated its replication (Tang et al., 2022); hnRNP K was
reported to inhibit the replication of PEDV by degrading the N Protein of
PEDV(Qin et al., 2022). However, there is no research on the relation-
ship between hnRNPM and viral proteins. Spring viremia of carp virus

10

(SVCV) encodes five structural proteins: phosphoprotein P, nucleopro-
tein N, glycoprotein G, matrix protein M, and RNA-dependent RNA
polymerase L (Ashraf et al., 2016). Several studies have revealed that
SVCV employs strategies to evade the host’s innate immune response by
targeting the IFN signaling pathway. For instance, SVCV N protein was
reported to degrade MAVS and STING through the ubiquitin-proteasome
pathway and autophagy-lysosome pathway respectively (Lu et al., 2016;
Wang et al., 2023). SVCV P protein could interact with TBK1 and
competed with IRF3 for phosphorylation which was activated by TBK1,
leading to the reduction of IRF3 phosphorylation and IFN transcription
(Li et al., 2016). Additionally, SVCV M protein was reported to impair
IFN responses by competitively recruiting TRAF3 from the MAVS plat-
form and suppress TRAF3 activation by inhibiting K63-linked poly-
ubiquitination (Y.-Y. Wang et al., 2022). Therefore, it would be
worthwhile to investigate if hnRNPM interacts with SVCV-encoded
proteins and assists the viral infection in our future study.

In conclusion, our study suggests that 3nhnRNPM is a negative
regulator of 3nIRF7, which limits the antiviral activity of 3nIRF7 by
increasing its nuclear retention. Our findings will contribute to a better
understanding of the regulatory mechanisms of IFN signaling in teleost.
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Fig. 8. Knockdown of 3nhnRNPM promoted host antiviral activity

(A) HEK293T cells were co-transfected with Myc-3nhnRNPM (1.5 pg) and scramble (or sh3nhnRNPM-1, -2, and -3) (1.5 pg), respectively. Cells were harvested at 48
hpt and used for immunoblotting. (B&C) 3nFC cells 6-well plates were transfected with sh3nhnRNPM-2 (3 pg) or scramble (3 pg), and the mRNA levels of endogenous
hnRNPM, IFNa and IFNa2 were detected by qRT-PCR, respectively. (C ~ E) 3nFC cells transfected with sh3nhnRNPM-2 or scramble were subjected to SVCV infection

at 24 hpt with MOI = 1, or 0.1, and the media was used for the titration of SVCV at 24 hpi (D). Besides, the cells infected with SVCV at the MOI of 0.1 were harvested
for RNA extraction isolation and subsequential qRT-PCR (C&E).
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Fig. 9. 3nhnRNPM interacted with and enhanced nuclear detaining of 3nIRF7

(A&B) HEK293T cells were co-transfected with Myc-3nhnRNPM (7.5 pg) and/or Flag-3nIRF7 (7.5 pg), and the expression of 3nIRF7 was detected using the anti-
bodies shown in the figures. (C) HEK293T cells seeded in 6-well plate were transfected with 3nIRF7 (1.5 pg) with or without 3nhnRNPM (1.5 pg) and harvested at 48
hpt. The cytosolic and nuclear extracts were isolated subsequently and used for immunoblot according to the methods. LaminB1 and f-actin were utilized as the

nuclear and cytoplasmic internal reference, respectively. IB: immunoblot; IP: immunoprecipitation; WCL: whole cell lysate; Myc-3nhnRNPM: pcDNA5/FRT/TO-Myc-
3nhnRNPM; Flag-3nIRF7: pcDNA5/FRT/TO-Flag-3nIRF7.
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