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A B S T R A C T

RNF135, also known as RIPLET, plays a crucial role in facilitating RIG-I signaling in mammals. However, the 
function and regulatory mechanism of RNF135 in teleosts remain much to be elucidated. In this study, RNF135 
homolog of black carp (bcRNF135) has been cloned and identified. The coding sequence (CDS) of bcRNF135 gene 
comprises 1221 nucleotides, encoding a protein of 407 amino acids. Immunoblotting (IB) and immunofluores
cence (IF) assays identified that bcRNF135 is approximately 50 kDa and localized in the cytoplasm. qRT-PCR 
demonstrated that bcRNF135 mRNA levels were increased in host cells following SVCV infection and poly (I: 
C) stimulation. Co-expressed bcRNF135 obviously enhanced the induced transcription of IFN promoters by 
bcRIG-I in reporter assay, as well as improved bcRIG-I triggered antiviral response. Notably, bcRNF135 
knockdown reduced the antiviral ability of host cells and increased virus replication. Co-immunoprecipitation 
(Co-IP) assays and IF assays confirmed that bcRNF135 interacted with bcRIG-I. Moreover, SDD-AGE revealed 
that bcRNF135 promotes the oligomerization of bcRIG-I, a process critical for RIG-I activation. Overall, our data 
conclude that bcRNF135 enhances bcRIG-I-mediated antiviral signaling by facilitating its ubiquitination and 
oligomerization, enriching our understanding of RIG-I regulation in teleost innate immunity.

1. Introduction

The innate immune system plays a pivotal role in protecting verte
brates from the invasion of diverse pathogens [1]. This defense mech
anism is reliant on pattern recognition receptors (PRRs), which are 
capable of identifying pathogen-associated molecular patterns (PAMPs) 
and initiating immune response [2]. One such PRR is retinoic 
acid-inducible gene-I (RIG-I), which belongs to the RIG-I-like receptors 
and recognizes cytosolic viral RNA, initiating downstream signaling [3]. 
Upon infection with an RNA virus, RIG-I becomes activated and binds to 
the mitochondrial antiviral-signaling protein (MAVS), which in turn 
transmits signals to TBK1 and IKKε, activating IRF3 and IRF7, thereby 
inducing the expression of type I interferon (IFN) [4,5].

To maintain immune homeostasis, the activity of RIG-I is strictly 

regulated by various mechanisms to avoid detrimental inflammatory 
responses [6,7]. Ubiquitination, a widespread post-translational modi
fication (PTM), is critical for regulating functional proteins [8]. The 
ubiquitin (Ub) chains conjugate to target proteins at specific lysine 
residues (K6/K11/K27/K29/K33/K48/K63) or the amino-terminal 
methionine, leading to distinct protein functions [9,10]. For instance, 
TRIM25 mediates the K63-linked ubiquitination of RIG-I, promoting 
RIG-I-mediated interferon production in mammalian cells [11]. Addi
tionally, USP4 facilitates antiviral response by inhibiting the K48-linked 
ubiquitination of RIG-I [12]. Conversely, TRIM40 limits antiviral im
mune responses by promoting the K27- and K48-linked ubiquitination of 
RIG-I [13]. In teleost, zebrafish TRIM25 promotes the K63-linked 
ubiquitination of 2CARD and RD regions of RIG-I to positively regu
late its antiviral activity [14].
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Ring finger protein 135 (RNF135) functions as E3 ubiquitin ligase 
and is essential for ubiquitination. It is a member of the RNF protein 
family and comprises an N-terminal RING finger domain, C-terminal 
SPRY, and PRY motifs. In mammals, RNF135 was first reported to 
facilitate the activation of RIG-I in 2009 [15]. Subsequent studies have 
provided evidence indicating that RNF135 positively regulates 
K63-linked ubiquitination of the RIG-I in human antiviral innate im
munity [16]. Similarly, the knockout of endogenous RNF135 in mice 
inhibited RIG-I activation in response to RNA virus infection and was 
defective in the secretion of IFN and other cytokines during infection 
with several RNA viruses [17]. However, research on the function of 
RNF135 in fish is limited.

Our previous research indicates that black carp RIG-I (bcRIG-I) 
significantly induces IFN production and exhibits strong antiviral ac
tivity. Nevertheless, the regulatory mechanism underlying its antiviral 
activity remains largely unknown [18]. In this study, we successfully 
cloned and identified the function of black carp RNF135 (bcRNF135). 
Our results discovered that bcRNF135 serves as a positive regulator of 
bcRIG-I in the host’s antiviral innate immune responses. In mechanism, 
bcRNF135 interacts with bcRIG-I, facilitating its ubiquitination and 
oligomerization, thereby augmenting its antiviral activity. These results 
provide novel insights into the regulatory mechanism of RIG-I by 
RNF135 in teleosts.

2. Materials and methods

2.1. Cells and plasmids

Epithelioma papulosum cyprini (EPC), Mylopharyngodon piceus kid
ney (MPK), Mylopharyngodon piceus fin (MPF), human embryonic kidney 
293T (HEK293T) and Hela cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10 % FBS, 2 mML- 
glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin in 5 % a 
CO2 incubator. EPC, MPK and MPF cells were kept at 28 ◦C, while 
HEK293T and Hela cells were cultured at 37 ◦C.

The plasmids pcDNA5/FRT/TO (Invitrogen, USA), Luci-bcIFNa (for 
black carp IFNa promoter activity analysis), Luci-eIFN (for EPC IFN 
promoter activity analysis), Luci-DrIFNφ1 (for zebrafish IFNφ1 pro
moter activity analysis), Luci-DrIFNφ3 (for zebrafish IFNφ3 promoter 
activity analysis), pRL-TK and pcDNA5/FRT/TO-HA-Ub were kept in 
our lab. The shRNA vector for knocking down bcRNF135 was con
structed by inserting the shRNAs into PLKO.1, which was designed by 
the protocol on the website (http://rnaidesigner.thermofisher.com/rn 
aiexpress). All the primer sequences were referenced in Table 1.

2.2. Virus production and antiviral assay

Spring viremia of carp virus (SVCV/strain: SVCV741) was amplified 
in EPC cells using 2 % FBS at 28 ◦C. Virus titers were determined by 
plaque assay as previously described. For the antiviral assay, EPC cells 
seeded in 24-well plates were transfected with the indicated plasmids. At 
24 h post-transfection, cells were infected with SVCV. After 24h of 
infection, the supernatant was collected and frozen at − 80◦Cfor subse
quent detection. Virus titration was performed using 10-fold dilutions of 
the corresponding cell supernatant added to EPC cells in 24-well plates. 
After incubation for 2 h at 28 ◦C, the supernatant was removed and 
replaced with fresh DMEM containing 2 % FBS and 0.75 % methylcel
lulose (Sangon, China). When cells exhibited obvious CPE, the viral 
spots in each well were counted using crystal violet staining.

2.3. Poly (I:C) and SVCV treatments

MPK and MPF cells were seeded in a 6-well plate (1 × 106 cells/well) 
24 h before treatment. Poly (I:C) (Sigma, USA) was used for synthetic 
dsRNA stimulation, which was heated to 55 ◦C (in PBS) for 5 min and 
cooled to room temperature. MPK cells were treated with fresh media 

containing poly (I:C) at different concentrations (5 μg/ml or 25 μg/ml) 
and harvested at different time points post-treatment. For SVCV infec
tion, MPK and MPF cells in 6-well plates (1 × 106 cells/well) were 
treated with SVCV at different MOIs and harvested at different time 
points post-infection.

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

Total RNAs from treated cells in 6-well plates were extracted using 
the RNA rapid extraction kit (Magen, China). First-strand cDNA syn
thesis was carried out using reverse transcriptase (Takara, Japan). qRT- 
PCR was performed to detect relative mRNA levels using the Applied 
Biosystems QuantStudio 5 Real-Time PCR Systems (Thermo Fisher, 
USA). The qRT-PCR programs were as follows: 1 cycle of 95 ◦C/10 min, 
40 cycles of 95 ◦C/15 s, 60 ◦C/1 min. The relative changes of target 
genes were calculated by comparison with control groups using the 2^ 

− ΔΔCT methods. β-actin was used as the internal control.

2.5. Dual-luciferase reporter assay

EPC cells were cultured in 24-well plates and transfected with the 

Table 1 
Primers used in the study.

Primer Sequence (5′–3′) Application

q-bcRNF135- 
F

CACAACACGCTGGGAGAA For qRT-PCR

q-bcRNF135- 
R

CTGGGGAGAGAAGGAAAG ​

q-SVCV-M-F CGACCGCGCCAGTATTGATGGATAC ​
q-SVCV-M-R ACAAGGCCGACCCGTCAACAGAG ​
q-SVCV-P-F AACAGGTATCGACTATGGAAGAGC ​
q-SVCV-P-R GATTCCTCTTCCCAATTGACTGTC ​
q-SVCV-G-F ATGAGGGATAATATCGGCTTG ​
q-SVCV-G-R TGCATTGTCTCCACCTGGCT ​
q-bcIFNa-F AAGGTGGAGGACCAGGTGAAGTTT ​
q-bcIFNa-R GACTCCTTATGTGATGGCTTGTGG ​
q-bcIFNb-F GACCACGTTTCCATATCTTT ​
q-bcIFNb-R CATTTTTTCTTCATCCCACT ​
q-bcβ-actin-F TGGGCACCGCTGCTTCCT ​
q-bcβ-actin-R TGTCCGTCAGGCAGCTCAT ​
q-bcViperin- 

F
CCAAAGAGCAGAAAGAGGGACC ​

q-bcViperin- 
R

TCAATAGGCAAGACGAACGAGG ​

q-bcPKR-F GAGCGGACTAAAAGGACAGG ​
q-bcPKR-R AAAATATATGAGACCCAGGG ​
q-bcMX1-F TGGAGGAACCTGCCTTAAATAC ​
q-bcMX1-R GTCTTTGCTGTTGTCAGAAGATTAG ​
18T- 

bcRNF135- 
F

ATGATGTCGGCATTATATG For CDS cloning

18T- 
bcRNF135- 
R

ATGTCTAGGAAAGGTTAAG ​

N- 
bcRNF135- 
F

ACTGACGGTACCGCCACCAT 
GATGTCGGCATTATATG

For expression 
vector construction

N- 
bcRNF135- 
R

ACTGACCTCGAGtcaAtgTCTA 
GGAAAGG

​

C-bcRNF135- 
F

ACTGACGGTACCGCCACCAT 
GATGTCGGCATTATATG

​

C-bcRNF135- 
R

ACTGACCTCGAGAtgTCTAGG 
AAAGGTTAAGGC

​

ShRNF135-1- 
F

AATTCAAAAAGGAGCAGATTATGGCAGAA 
ACCTCGAGGTTTCTGCCATAATCTGCTCC

shRNA

ShRNF135-1- 
R

GGAGCAGATTATGGCAGAAACCTCGAGGT 
TTCTGCCATAATCTGCTCCTTTTTGAATT

​

ShRNF135-2- 
F

CCGGGCAAAGTTTGTTGAGCTTTCCCTCG 
AGGGAAAGCTCAACAAACTTTGCTTTTTG

​

ShRNF135-2- 
R

CAAAAAGCAAAGTTTGTTGAGCTTTCCCT 
CGAGGGAAAGCTCAACAAACTTTGCCCGG

​
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described plasmids together with pRL-TK and different IFN promoters. 
The total amount of plasmids was balanced with the empty vectors. After 
24 h post-transfection, the cells were lysed using passive lysis buffer 
(PLB) for 15 min on ice. Then the supernatant was used to measure the 
activities of firefly luciferase and renilla luciferase by dual-luciferase 
reporter assay system (Promega, USA).

2.6. Immunofluorescence microscopy

HeLa cells were transfected with the indicated plasmids using Lip
oMax (Sudgen, China) for 24 h. Subsequently, the cells were fixed with 
4 % paraformaldehyde for 15 min and permeabilized with Triton X-100 
(0.2 % in PBS) for 15 min. The cells were then blocked with 10 % goat 
serum (solarbio SL038) for 1 h and stained using the anti-Flag antibody 
(Abmart, M20008) or anti-HA antibody (Abmart, M20003) for 2 h. After 
being washed six times with PBS, the corresponding secondary anti
bodies, Alexa 594 (Thermo, 35511) and Alexa 488 (Thermo, 35553), 
were probed at the ratio of 1:1000. DAPI (Sigma, USA) was used for 
nuclear staining. Finally, the cells were scanned under a confocal mi
croscope (Olympus).

2.7. Western blotting

HEK293T cells and EPC cells in 6-well plates were transfected with 
the plasmids described in the figures. For sample preparation, the cells 
were collected after 24 h post-transfection and mixed with 5 × SDS 
loading buffer, boiled for approximately 45 min. Subsequently, the 
samples were separated by SDS-polyacrylamide gels at appropriate 
concentrations. The proteins transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore, USA) were blocked for 1 h at room 
temperature in skim milk and incubated with the primary antibodies at 
appropriate dilutions overnight at 4 ◦C. After washing three times with 
TBST and once with TBS, the membranes were stained with the sec
ondary antibodies for 1 h. Lastly, the target proteins were detected by 
BCIP/NBT Alkaline Phosphatase Color Development Kit (Sigma, USA).

2.8. Co-immunoprecipitation (Co-IP)

HEK293T cells seeded in 10 cm2 dishes were transfected with the 
plasmids shown in the figures and harvested for Co-IP assay after 48 h. 
Sample preparation involved washing the cells with ice-cold PBS and 
lysing them with 1 % NP-40 lysis buffer containing protease inhibitor 
cocktails. The cell debris was removed by centrifugation at 12,000×g for 
10 min at 4 ◦C, and the supernatants were transferred to new tubes for 
incubation with protein A/G agarose beads at 4 ◦C for 1 h. After 
centrifugation at 5000 rpm for 2 min at 4 ◦C, the supernatants were 
collected to incubate with Anti-Flag-conjugated (or anti-HA-conjugated) 
agarose beads at 4 ◦C overnight with constant agitation. The samples 
were washed with 1 % NP-40 buffer for 4 times and then boiled for 
western blotting as above.

2.9. Knockdown assay

Using a shRNA library from Sigma, the shRNA oligos were created 
based on the nucleotide sequence of bcRNF135. As instructed by the 
protocol, primers were added to ddH2O and diluted to 20 μM. To the 
PCR tubes, according to the annealing system, 5 μl of each oligonucle
otide, 25 μl of 10 × NEB buffer, and 5 μl of ddH2O were added. The tubes 
were then annealed for 5 min in a 95 ◦C water bath before being cooled 
to room temperature. The PLKO.1 vector (1 μg) was double-digested 
with restriction endonucleases EcoR I and AgeI. Subsequently, the 
primers were ligated to the vectors, purified, and subjected to 
sequencing.

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

Plasmids depicted in the figures were used to transfect HEK293T 
cells in 100 mm dishes, and the cells were harvested 48 h after trans
fection. Then the cells were treated with 1 % NP-40 lysis buffer and 
centrifuged. The supernatant was collected and mixed with 5 × loading 
buffer. Samples were then separated using a horizontal 1.5 % agarose 
gel, prepared with 1 × TBE and 0.1 % SDS, at a constant 100V for 80 min 
at 4 ◦C [19]. Following gel electrophoresis, the proteins were transferred 
to a PVDF membrane, incubated with primary and secondary anti
bodies, and visualized by NBT/BCIP, as described above.

2.11. Statistics analysis

The data of dual-luciferase reporter assay, qRT-PCR, and viral titra
tion were obtained from the average values of three independent ex
periments. Each experiment was repeated at least three times. The 
student’s t-test was applied to suggest the statistical significance be
tween the groups. Asterisk * represents p < 0.05, which means statis
tically significant; ** stands for p < 0.01 which means the high 
significance of the statistic.

3. Results

3.1. Molecular cloning and sequence analysis of bcRNF135

To investigate the role of RNF135 in the innate immunity of black 
carp, the coding sequence (CDS) of bcRNF135 (GenBank: PP974314) 
was cloned and identified from MPK cells. The CDS comprises 1221 
nucleotides and encodes a protein of 407 amino acids. To assess the 
conservation of RNF135 across vertebrates, we aligned the amino acid 
sequences of RNF135 proteins from black carp (Mylopharyngodon 
piceus), zebrafish (Danio rerio), mice (Mus musculus) and human (Homo 
sapiens) (Fig. 1A). Structure analysis represented that bcRNF135 harbors 
an N-terminal RING domain and a C-terminal SPRY domain (Fig. 1B). 
Utilizing phylogenetic analysis, we constructed a evolutionary tree 
comparing the amino acid sequences of RNF135 from various species, 
including birds, reptiles, amphibians, mammals and fish. The result 
revealed that bcRNF135 shared the highest similarity (96.8 %) with 
Megalobrama amblycephala (Fig. 1C). Further analysis of the black carp 
genome revealed that the bcRNF135 gene is situated on chromosome 6 
and is composed of four exons (Fig. 1D).

3.2. The mRNA expression of bcRNF135 in response to different stimuli

To investigate the modulation of bcRNF135 mRNA expression in 
response to various stimuli, MPK and MPF cells were subjected to 
diverse stimulation. qRT-PCR was employed to detect the bcRNF135 
mRNA levels. In SVCV-infected MPK cells, bcRNF135 mRNA levels in 
the MOI 0.1 group and in the MOI 0.01 group peaked at 48 h post- 
infection (hpi), respectively (Fig. 2A). Treatment of MPK cells with 
poly (I:C) induced a significant upregulation of bcRNF135 mRNA, which 
was higher than in the control (Fig. 2B). In addition, SVCV-infected MPF 
cells exhibited a modest increase in bcRNF135 mRNA levels across all 
groups, except at the 8-h time point in the MOI 0.01 group. The highest 
bcRNF135 mRNA levels were observed at 48 hpi in the 0.01 and 0.1 MOI 
groups (Fig. 2C). Furthermore, when MPF cells were stimulated by poly 
(I:C), the bcRNF135 mRNA level in 25 μg/ml group at 48 h was 
approximately 11.5-fold of the control (Fig. 2D). The results above 
indicated that bcRNF135 may participate in the innate immune response 
activated by RNA viruses.

3.3. Protein expression and subcellular distribution of bcRNF135

To further reveal the function of bcRNF135, we employed western 
blotting to examine its protein expression. Plasmids expressing 

C. Dai et al.                                                                                                                                                                                                                                      Fish and Shellϧsh Immunology 154 (2024) 109987 

3 



bcRNF135 were transfected into HEK293T and EPC cells individually, 
followed by western blot analysis. As shown in Fig. 3A and B, bcRNF135 
was well expressed in both HEK293T and EPC cells, with a specific band 
corresponding to approximately 50 kDa. To investigate the subcellular 
distribution of bcRNF135, we transfected the plasmids into HeLa cells 
and performed immunofluorescence assays. The result revealed that 
bcRNF135 predominantly localized to the cytoplasm (Fig. 3C). In 
addition, the protein three-dimensional structure of bcRNF135 and 
human RNF135 (hRNF135) was constructed by the SWISS MODEL 

(https://swissmodel.expasy.org/). As shown in Fig. 3D, bcRNF135 and 
hRNF135 had a comparable structure, suggesting that they might have 
similar functions (Fig. 3D).

3.4. bcRNF135 enhanced bcRIG-I-mediated IFN promoter transcription

Previous studies have demonstrated that RNF135 serves as a positive 
regulator of RIG-I [16,20,21]. To examine the function of bcRNF135 in 
IFN signaling pathway of black carp, the dual-luciferase reporter assays 

Fig. 1. Sequence analysis and evolution of bcRNF135 
(A) The amino acid sequence analysis of bcRNF135 with H. sapiens (NP_115698.3), M. musculus (NP_082295.1), and Danio rerio (XP_021329759.1) were aligned by 
MEGA-X and GENEDOC. (B) The conserved protein domains of bcRNF135 were constructed by IBS 2.0 (https://ibs.renlab.org/#/server). (C) The phylogenetic tree 
was built by MEGA-X. Genebank accession numbers of species are shown in Table S1. (D) The chromosome analysis of bcRNF135 was constructed by the online tool 
IBS (http://ibs.biocuckoo.org/online.php#).

Fig. 2. bcRNF135 participates in the antiviral response of host cells 
(A-D): MPK (A&B) or MPF (C&D) cells seeded in 6-well plates (1 × 106 cells/well) were infected with SVCV or treated with poly (I:C). The cells were harvested at 
different time points and applied to qRT-PCR to detect the mRNA levels of bcRNF135. The asterisk (* or **) indicates the significant difference compared to the 0 h 
group. *p < 0.05, **p < 0.01.
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Fig. 3. The protein expression and subcellular distribution of bcRNF135 
(A&B) HEK293T cells (A) and EPC cells (B) were seeded in 6-well plates (2 × 106 cells/well). The cells were transfected with empty vector or the plasmid expressing 
bcRNF135 (3 μg/well), individually. At 48 hpt, the cells were collected for the western blotting. (C): Hela cells in 24-well plate (5 × 104 cells/well) were transfected 
with bcRNF135 (400ng/well) and subjected to the immunofluorescence assay at 24 hpt. The localization of bcRNF135 is shown in green, and the nucleus is shown in 
blue. (D) The three-dimensional structure of RNF135 protein was predicted by SWISS-MODEL. CTR: pcDNA5/FRT/TO; bcRNF135: pcDNA5/FRT/TO- 
Flag-bcRNF135.

Fig. 4. bcRNF135 enhances bcRIG-I-mediated interferon promoter transcription 
(A-D): EPC cells in 24-well plates (4 × 105 cells/well) were co-transfected with pRL-TK (25 ng) and the empty vector (500 ng)/bcRNF135 (250 ng)/bcRIG-I (250 ng)/ 
bcRNF135 (250 ng) & bcRIG-I (250 ng). The qualities of the transfection plasmids were balanced by the empty vector. The promoter induction fold of bcIFNa (A), 
eIFN (B), DrIFNφ1 (C), and DrIFNφ3 (D) were detected by the dual-luciferase reporter assay. The data comes from three independent replicates. CTR: pcDNA5/FRT/ 
TO; bcRNF135: pcDNA5/FRT/TO-Flag-bcRNF135; bcRIG-I: pcDNA5-FRT/TO-bcRIG-I-Flag. *p < 0.05, **p < 0.01.
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were performed. The results revealed that bcRIG-I, when expressed 
individually, significantly activates the four promoters of bcIFN 
(Fig. 4A), eIFN (Fig. 4B), DrIFNφ1 (Fig. 4C), and DrIFNφ3 (Fig. 4D). The 
activation of these promoters is further enhanced when bcRNF135 is 
co-expressed with bcRIG-I. These findings suggest that bcRNF135 
significantly amplifies bcRIG-I’s ability to stimulate IFN promoter 
activity.

3.5. bcRNF135 facilitated bcRIG-I-mediated antiviral activities

We further explored the effect of bcRNF135 on bcRIG-I-mediated 
antiviral activity. EPC cells were transfected with bcRNF135 and/or 
bcRIG-I and then infected with SVCV. Crystalline violet staining 
revealed that the cytopathic effect was significantly reduced in cells 
transfected with both bcRNF135 and bcRIG-I, compared to other groups 
(Fig. 5A). Simultaneously, the viral titers in the supernatant of cells co- 
transfected with bcRNF135 and bcRIG-I were significantly lower than 
those in the supernatant of cells transfected with bcRNF135 or bcRIG-I 
alone (Fig. 5B). Meanwhile, qRT-PCR analysis indicated that the tran
scriptions of virus proteins (SVCV-M, N, P, and G) were attenuated in the 
cells co-transfected with bcRIG-I and bcRNF135, compared to cells 
transfected with bcRIG-I only (Fig. 5C–F). To sum up, these results 
demonstrated that bcRNF135 enhances the antiviral activities mediated 
by bcRIG-I.

3.6. The knockdown of bcRNF135 weakened the antiviral ability of MPK 
cells

To validate the importance of bcRNF135 in RIG-I-mediated antiviral 
signaling, we designed shRNAs to specifically reduce bcRNF135 mRNA 
levels. In Fig. 6A, the western blot analysis was performed to assess the 
knockdown efficiency of different shRNAs targeting bcRNF135 in 
HEK293T cells. The results indicate that sh-2 led to the most substantial 
reduction in bcRNF135 protein levels, while sh-1 showed a moderate 
knockdown efficiency. The scramble control exhibited no reduction in 
bcRNF135 expression. These findings suggest that sh-2 is the most 

effective in knocking down bcRNF135 in HEK293T cells. Subsequently, 
MPK cells (derived from Mylopharyngodon piceus kidney) were trans
fected with scramble or sh-2. The knockdown efficiency of endogenous 
bcRNF135 was assessed using qRT-PCR. The results showed that the 
knockdown reduced the mRNA expression of bcRNF135 to approxi
mately 60 % compared to the control. This confirms the effective 
knockdown of bcRNF135 in its native host cells (Fig. 6B). Besides, the 
transcripts of bcPKR, bcIFNa, and bcViperin were decreased in 
bcRNF135-knockdown cells infected with SVCV (MOI = 0.1), comparing 
to the control group (Fig. 6C–E). Furthermore, qRT-PCR data showed 
that the knockdown of bcRNF135 led to increased transcription of SVCV 
viral proteins (M, N, P, and G) (Fig. 6F–I). Consistent with these ob
servations, the virus tite was significantly higher in bcRNF135- 
knockdown MPK cells upon SVCV infection (MOI = 0.1) than in the 
control group (Fig. 6J). These findings indicate that the knockdown of 
bcRNF135 impairs the antiviral ability of MPK cells.

3.7. The interaction between bcRNF135 and bcRIG-I

To reveal the regulation mechanism underlying bcRNF135 modu
lates bcRIG-I signaling, we investigated the interaction between these 
two proteins. Immunofluorescence microscopy revealed co-localization 
of bcRNF135 and bcRIG-I in the cytoplasm, suggesting their potential 
interaction (Fig. 7A). To validate this, co-IP assays were performed using 
HEK293T cells transfected with both bcRNF135-Flag and bcRIG-I-HA. 
The results showed that bcRNF135-Flag could be precipitated by 
bcRIG-I-HA, with a specific band at approximately 50 kDa observed 
(Fig. 7B). Simultaneously, when bcRNF135-Flag was used as the decoy 
protein, a distinct band at around 100 kDa indicated the presence of 
bcRIG-I-HA in the precipitated complex (Fig. 7C). These data collec
tively suggest that bcRNF135 interacts with bcRIG-I.

3.8. bcRNF135 promoted the ubiquitination and oligomerization of 
bcRIG-I

Given that the activation of RIG-I requires ubiquitination and the 

Fig. 5. bcRNF135 facilitates bcRIG-I-mediated antiviral activities 
(A&B) EPC cells were seeded in 24-well plates (4 × 105 cells/well). The plasmids indicated in the figure were transfected into EPC cells. At 24 hpt, the cells were 
infected with SVCV at different MOI (MOI = 0.1, MOI = 1). Then cells were used for crystal violet staining (A) and the supernatant was collected for the detection of 
virus titer(B). (C–F) EPC cells in 6-well plates (2 × 106 cells/well) were transfected with empty vector/bcRNF135 (750 ng)/bcRIG-I (750 ng)/bcRNF135 (750 ng) & 
bcRIG-I (750 ng). The total amount of the plasmids was balanced by the empty vector. At 24 hpt, cells were infected with or without SVCV (MOI = 0.1). The cells 
were harvested after 24h then the relative mRNA level of SVCV-M (C), SVCV-N (D), SVCV-P (E), and SVCV-G (F) was tested by the qRT-PCR.
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formation of oligomers. Further insights into how bcRNF135 enhances 
bcRIG-mediated antiviral responses were sought through the use of the 
Co-IP assay and the SDD-AGE assay. The Co-IP assay showed that 

ubiquitination of bcRIG-I was significantly promoted by bcRNF135, 
comparing to the group transfected with bcRIG-I alone (Fig. 8A). This 
result indicates that bcRNF135 functions as an E3 ubiquitin ligase to 

Fig. 6. The knockdown of bcRNF135 weakened the antiviral ability of MPK cells 
(A) HEK293T cells in the 6-well plate (2 × 106 cells/well) were transfected with pcDNA5/FRT/TO-Flag-bcRNF135 (750 ng) and scramble (750 ng)/shbcRNF135-1 
(750 ng)/shbcRNF135-2 (750 ng). The knockdown efficiency of bcRNF135 was tested by Western blotting. (B) MPK cells seeded in 6-well plates (1 × 106 cells/well) 
were co-transfected with pcDNA5/FRT/TO-Flag-bcRNF135 and Scramble/shbcRNF135-2. After reverse transcription, the relative mRNA level of bcRNF135 was 
detected by qRT-PCR. (C–J) MPK cells seeded in 6-well plates (1 × 106 cells/well) were transfected with scramble (750 ng) or shbcRNF135-2 (750 ng), and infected 
with SVCV at indicated MOI (MOCK: the uninfected group serves as the control group). The transcription levels of IFN signaling pathway related factors bcPKR (C), 
bcIFNa (D) and bcViperin (E) in MPK cells were detected by qRT-PCR at 24 hpt. The relative mRNA levels of SVCV protein SVCV-M (F), SVCV-N (G), SVCV-P (H), and 
SVCV-G (I) were also detected by qRT-PCR; The supernatant was used for the detection of virus titer (J). Each data repeated at least three times. *p < 0.05, **p 
< 0.01.

Fig. 7. bcRNF135 interacts with bcRIG-I 
(A) Hela cells in 24 well-plates (5 × 104 cells/well) were transfected with bcRNF135 (200 ng) and bcRIG-I (200 ng). The cells were collected for immunofluorescence 
assay at 24 h post-transfection. bcRNF135: pcDNA5/FRT/TO-Flag-bcRNF135. bcRIG-I: pcDNA5-FRT/TO-bcRIG-I-HA. (B–C): HEK293T cells in 100 mm plates were 
co-transfected with pcDNA5-FRT/TO-bcRIG-I-HA (7.5 μg) and pcDNA5/FRT/TO-bcRNF135-Flag (7.5 μg). At 48 hpt, the cells were incubated with anti-HA- 
conjugated agarose beads (B) or anti-Flag-conjugated agarose beads (C), respectively. IP: immunoprecipitation. WCL: whole cell lysate.
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promote the ubiquitination of bcRIG-I, which is a critical step for RIG-I 
activation. Furthermore, the SDD-AGE assay was employed to examine 
the effect of bcRNF135 on the oligomerization of bcRIG-I, a key process 
required for its full activation in antiviral signaling. The data in Fig. 8B 
demonstrated that cells expressing both bcRNF135 and bcRIG-I showed 
a marked increase in the formation of high-molecular-weight oligomers 
of bcRIG-I compared to cells expressing bcRIG-I alone. To conclude, the 
above results show that bcRNF135 promotes the ubiquitination and 
oligomerization of bcRIG-I, thereby potentiating its antiviral function.

4. Discussion

Upon viral infection, RIG-I undergoes a conformational change that 
exposes its caspase activation and recruitment domains (CARDs), 
enabling the binding of viral RNA ligands [22]. This interaction triggers 
a series of downstream signaling events leading to the activation of 
interferon regulatory factors (IRFs) and nuclear factor kappa B (NF-κB), 
culminating in the transcription of type I interferons and proin
flammatory cytokines [23]. In this study, we identified the RNF135 
homolog in black carp (Mylopharyngodon piceus) and found that 
bcRNF135 acts as a positive regulator of bcRIG-I in the host’s antiviral 
innate immune response.

To investigate the expression pattern of RNF135 in host cells, we 
measured the mRNA level changes of RNF135 in MPK and MPF cells 
treated with various stimuli. The results showed that after SVCV infec
tion and poly (I:C) stimulation, the transcription level of RNF135 
increased, indicating its involvement in the response to viral infection 
(Fig. 2). This result is consistent with the findings of Oshiumi and Lai 
[15,24]. In addition, knocking down bcRNF135 significantly weakened 
the antiviral ability of host cells, indicating that bcRNF135 plays a 
positive regulatory role in the host’s antiviral innate immune responses. 
We further investigated the functional role of bcRNF135 on bcRIG-I. 
Interestingly, our data indicate that the transcription levels of IFN pro
moters and SVCV components remain comparable to controls when 
bcRNF135 is expressed alone (Figs. 4 and 5). This observation suggests 
that bcRNF135 may require the presence of bcRIG-I to exert its positive 
regulatory effect. Co-transfection experiments clearly demonstrated that 
bcRNF135 significantly enhances the transcriptional activation of IFN 
promoters only when bcRIG-I is present, highlighting a synergistic 
interaction between these two proteins. Furthermore, the interaction 
between bcRNF135 and bcRIG-I was confirmed through 
co-immunoprecipitation and immunofluorescence assays (Fig. 7). This 
synergy underscores the importance of bcRNF135 in the RIG-I signaling 
pathway, acting as a co-factor that amplifies RIG-I-mediated immune 
responses. Previous studies by Oshiumi and colleagues first reported 

that RNF135 binds to the C-terminal regulatory domain (RD) of RIG-I 
and mediates the K63-linked polyubiquitination of RIG-I [16]. Simi
larly, zebrafish RNF135 (zbRNF135) has been shown to promote 
K63-linked ubiquitination of zbRIG-I [24]. In our study, we confirmed 
that bcRNF135 enhances the ubiquitination of bcRIG-I, consistent with 
these earlier findings, thereby supporting the conserved role of RNF135 
across different species in regulating the RIG-I pathway.

In mammals, the oligomerization of RIG-I is a critical step in signal 
amplification and propagation [25]. The binding of viral RNA to one 
RIG-I molecule induces a conformational change, facilitating the oligo
merization of adjacent RIG-I molecules and the formation of a 
higher-order complex [26]. This oligomeric structure serves as a plat
form for the recruitment and activation of downstream signaling mol
ecules, amplifying the antiviral response [27]. Several factors have been 
reported to participate in RIG-I’s oligomerization. For example, TRIM25 
enhanced the k63-linked polyubiquitination of RIG-I and the ubiquiti
nation promoted the oligomerization of RIG-I to initiate the signaling 
cascade [16,28,29]. Upon poly (I:C) stimulation, RIG-I formed oligomers 
and the co-expression with MARCH5 reduces the expression of RIG-I 
oligomers [30]. Moreover, histone deacetylase 6 (HDAC6) facilitated 
RIG-I’s oligomerization and promoted antiviral immunity to restrict 
RNA virus infection [31]. ZAPS associated with RIG-I to enhance the 
oligomerization of RIG-I, which resulted in the robust activation of IRF3 
and NF-κB [32]. However, the regulatory mechanism on the oligomer
ization of RIG-I in teleosts remains largely unknown. To address this gap, 
we utilized SDD-AGE in this study, a technique that allows the detection 
of protein oligomerization, to explore the regulatory role of bcRNF135 
on bcRIG-I. Our results indicated that bcRNF135 promotes the oligo
merization of bcRIG-I, which suggests that this process is crucial for 
enhancing the antiviral signaling mediated by bcRIG-I. These findings 
contribute to our understanding of RIG-I regulation in teleosts’ innate 
immune responses. The identification and characterization of bcRNF135 
highlight its role in enhancing the antiviral activities mediated by 
bcRIG-I, shedding light on the intricate mechanisms underlying the 
activation and oligomerization of RIG-I in teleosts’ innate immunity.

In conclusion, our results provide evidence that bcRNF135 plays a 
positive role in the regulation of the RIG-I signaling pathway in teleost. 
bcRNF135 associates with bcRIG-I and enhances the ubiquitination and 
oligomerization of bcRIG-I, promoting antiviral signaling against SVCV. 
This study reveals the function of RNF135 in black carp and contributes 
to the broader understanding of innate immunity in teleosts.
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