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ARTICLE INFO ABSTRACT

Ubiquitination is a post-translational modification of proteins that is widely present in eukaryotic cells. There is
increasing evidence that ubiquitinated proteins play crucial roles in the immune response process. In mammals,
RING-between-RING (RBR) proteins play a key role in regulating immune signaling as the important E3 ubi-
quitin ligases during ubiquitination. However, the function of RBR in fish is still unclear. In the present study, six
RBR genes (RNF19A, RNF19B, RNF144AA, RNF144AB, RNF144B and RNF217) of grass carp (Ctenopharyngodon
idellus) were cloned and characterized. Similar to mammals, all six members of RBR family contained RING, in-
between-ring (IBR) and transmembrane (TM) domains. These genes were constitutively expressed in all studied
tissues, but the relative expression level differed. Following grass carp reovirus(GCRV) infection, the expression
of six RBR genes in liver, gill, spleen and intestine significantly altered. Additionally, their expression in
Ctenopharyngodon idellus kidney (CIK) cells was significantly increased after GCRV infection. And deficiency of
RNF144B in CIK with small interference RNA (siRNA) up-regulated polyinosinic:polycytidylic acid poly(I:C))-
induced inflammatory cytokines production, including IFN-I, TNF-a, IL-6, and transcription factor IRF3, which
demonstrated that RNF144B was a negative regulator of inflammatory cytokines. Our results suggested that the
RBR might play a vital role in regulating immune signaling and laid the foundation for the further mechanism
research of RBR in fishes.
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1. Introduction negative regulator of interferon-STAT1 signaling in antiviral response

[9].

Ubiquitination is a widespread and significant means of post-
translational modification which reversibly regulates the stability, ac-
tivity and localization of target proteins. Protein ubiquitylation also
plays an important role in regulating immune responses [1]. E3 en-
zyme, a major enzyme in the process of ubiquitination, is widespread
and grouped into three families: the homology to E6AP carboxyl ter-
minus (HECT), the really interesting novel gene (RING) finger (RNF)
and the U-box protein families [2,3]. Among them, the RING-finger
(RNF) family, which was discovered late, has become a hot topic in
recent years due to its large number and complex functions. Evidence
suggests RNF proteins are involved in a plethora of cellular processes
such as apoptosis, cell cycle regulation and viral responses [4-6]. Be-
sides, as the important E3 ubiquitin ligases in ubiquitination, RNF
proteins play a role in regulating immune signaling, such as TLR and
RIG-1/MAVS signaling [7,8]. Recent study has shown that RNF2 is a

In RNF protein superfamily, there are some hydrophobic regions
predicted to be transmembrane (TM) domains, implying that they are
embedded in the cellular membrane and directly participate in the
biological processes of both the cellular membrane and membranous
organelles [10-12]. According to the phylogenetic tree analysis, the
transmembrane RNF Proteins are grouped into tripartite motif-con-
taining (TRIM), PA-TM-RING, RING between RNFs (RBR) and mem-
brane-associated RING-CH (MARCH) families [2]. In recent years,
functional studies on TRIM, PA-TM-RING, and MARCH families have
become more and more popular. In mammals and even in fish, most of
them were involved in regulation of intracellular signaling, cell devel-
opment and innate immunity [13-18]. However, there are few studies
on RBR.

RBR family is characterized by the RBR signature, which consists of
two RNFs linked by an in-between-ring (IBR) domain. The most studied
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RBR E3 is Parkin, because of its association with Parkinson's disease
[19]. Moreover, there were also some studies on RBRs involving in
susceptibility to intracellular pathogens, such as Salmonella typhi, Sal-
monella paratyphi and Mycobacterium leprae [20-22]. Even more and
more evidence suggested some RBR members were involved in immune
responses [20-24]. RNF144, RNF19 and RNF217 belong to the RBR
ubiquitin ligase family that contains a transmembrane (TM) domain.
RNF144 comprises RNF144A and RNF144B. RNF144B, which was also
known as p53RFP, induced a p53-dependent and caspase-independent
apoptotic pathway [25] and was implicated in regulating inflammatory
cytokines [26-29]. RNF19B, as a member of RNF19, played an im-
portant role in the survivability of chickens infected with highly pa-
thogenic avian influenza viruses (HPAIVs) [30]. Most of the research on
these five RBR genes just focused on mammals, such as in Homo sapiens
[31-331, Mus musculus [34,35] and Rattus norvegicus [36,37]. However,
knowledge on the six RBR genes among teleosts is limited, and it has
only been investigated in Danio rerio [38,39]. The function of RBR fa-
mily in fish is even less clear.

In the present study, grass carp (Ctenopharyngodon idellus) was
served as a model to study the regulation of immune signaling by RBR
in teleost fish. Six RBR members (RNF144AA, RNF144AB, RNF144B,
RNF19A, RNF19B and RNF217) from grass carp were cloned and
characterized. Tissue expression and responses to grass carp reovirus
(GCRYV) infection were examined. Moreover, deficient of RNF144B in
Ctenopharyngodon idellus kidney (CIK) cells with small interference RNA
(siRNA) was performed to investigate the possible roles of RNF144B.
This study could shed new insight into the functions of RBR family in
teleost fish.

2. Materials and methods
2.1. Fish sample collection, virus exposure and ethics statement

Healthy five-month-old grass carp (average mass of 18 g) were ob-
tained from the Guan Qiao Experimental Fish Breeding Base, Institute
of Hydrobiology, Chinese Academy of Sciences, China. Before GCRV
challenge, the fish were kept in aerated freshwater at 28 °C for 1week
for acclimatisation and fed with commercial feed (Tong Wei, China)
twice a day. Water was replaced once daily. The grass carp were not
subjected to further virus exposure study until no abnormal symptom
was observed. For the viral challenge experiment, 80 healthy grass carp
were intraperitoneally injected with GCRV-GD108(3.12 x 10° copy/
uL)at a dose of 10 pL/g of fish weight. The appraisal method of GCRV
types and virus drops has been described in previously published lit-
erature [40]. The injected fish were fed with commercial feed (Tong
Wei, China) twice daily and carefully monitored. The temperature was
maintained at 26°C-28 °C throughout the experiment.

The gill, liver, spleen, intestine, kidney, head kidney, heart, muscle,
skin, blood and brain were collected from five uninfected fish and
homogenised in TRIzol reagent (Invitrogen, USA) to obtain the total
RNA following the manufacturer's instructions. RNA was obtained from
these tissues for analysis of tissue distribution. In addition, gill, liver,
spleen and intestine samples were isolated from five infected fish at 0-6
day post—infection (dpi). RNA from these tissues was obtained to ana-
lyse the response of the six RBR members to GCRV infection. All animal
experiments were performed in conformity to the Guide for the Care
and Use of Laboratory Animals (Ministry of Science and Technology of
China, 2006). The protocol was approved by the committee of institute
of hydrobiology, Chinese Academy of Sciences (CAS). All surgeries were
performed under eugenol anaesthesia to minimise the suffering of an-
imals.
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Table 1

DNA sequences of PCR primers used in the study.
Primers Sequences (5‘—3’) Usage
RNF144AA-1F CAGCACTAGGAAATACTCAGACTAA RNF144AA cDNA
RNF144AA-1R GAAGTGAGAGAAAAGCCCCT cloning
RNf144AB-1F TTTATCTGCGACAAATGCG RNF144AB cDNA
RNf144AB-1R AAACTGAGGTTATGTGATTATGCTA cloning

RNF144B-1F TGGAGGATGTCACTTCACCGTT RNF144B cDNA cloning
RNF144B-1R GGGATTGGCACGTGGAAGA

RNF144B-2F CCACATAGGAGAACTCTTCGTAA

RNF144B-2R GAGAAATGCTTCCTTTGTCG

RNF19A-1F CCCGACAAAACAACTCCCTAA RNF19A cDNA cloning
RNF19A-1R ACAAGGTTCCTCTTGTGCTTGG

RNF19A-2F TTCCCTCTGCCGCCTCA

RNF19A-2R ACTCAGGTTGTCTCTCATTGCTC

RNF19A-3F CTGCGGGGAATGGAAAAG

RNF19A-3R TGCCCCGTCAGGAGTAAGA

RNF19B-1F AAGCCCTGAGAAAGGATTACGAT RNF19B cDNA cloning
RNF19B-1R TGTTATGTTCTCCCACTTGAGTCCT

RNF19B-2F ATGGGATCTGAAAAGGACTCTGAAT

RNF19B-2R AACGGGGATGCCGATAACC

RNF19B-3F GGCGTATGTGTATGGTGTTGTG

RNF19B-3R ACCTGTCCGTGCTTGTAATAGAG

RNF217-1F ATGGAAGATGACTCTTCCGTGC RNF217 cDNA cloning
RNF217-1R GCACAGCCAGCGGCCC

RNF217-2F GTCGTAGCCAACAGACATCCATC

RNF217-2R CATCCTAAAACAAAATCTCCTCAAA

qRNF144AA-F GCACCCTGTGCCTGAAGCAG qPCR

qRNF144AA-R AGTTGGCACACAGCCTGGCA

qRNF144AB-F GCAGCTCTCGCTACGAACCC

qRNF144AB-R  AGCTGGTTCGAGGCCCTCTT

qRNF144B-F TCTGCTGTGGCTGCAGAAGC

qRNF144B-R TCTTGCAGAGCATCTGAGCACA

qRNF19A-F GCGGGTATGCAGTCATTGCC

qRNF19A-R CGCTCTCCTGGCTGTAGCTG

qRNF19B-F GAAATGCCGTGGGCCTGGTA

qRNF19B-R GTGTGGGAGGCTGGAGAAGC

qRNF217-F TTGGAGCTGAGCAGACTGGACT

qRNF217-R GACACTTCAGGCCTTCGTGC

qp-actin-F AGCCATCCTTCTTGGGTATG

qp-actin-R GGTGGGGCGATGATCTTGAT

2.2. Cloning cDNA of six RBR genes in grass carp

Total RNA was isolated from the tissues of healthy grass carp by
using Trizol reagent (Invitrogen, USA) (as mentioned in 2.1). First-
strand cDNA synthesis was carried out using DNase I (Promega, USA)-
digested totlal RNA as a template and oligo (dT) primer (TOYOBO,
Japan) for reverse transcription. Based on the cDNA sequences of zeb-
rafish six RBR genes (D.rerio RNF19A, Accession no. NM_001326695.1;
D.rerio RNF19B, Accession no. NM_001202440.1; D.rerio RNF144AA,
Accession no. NM_001045209.2; D.rerio RNF144AB, Accession no. NM_
001002727.1; D.rerio RNF144B, Accession no. NM_201137.2; D.rerio
RNF217, Accession no. NM_001082853.1), specific primers (Table 1)
were designed according to their deduced cDNA sequences extracted
from the grass carp genome [41]. The above cDNA was used as tem-
plate for PCR amplification. The cDNA sequences were amplified by
PCR using the primers described in Table 1.

2.3. Sequence analysis

The RBR gene sequences from other species were searched from
NCBI (http://www.ncbi.nlm.nih.gov/). Simple Modular Architecture
Research Tool (SMART) (http://smart.embl-heidelberg.de/) was used
to predict the protein domain features, and Illustrator for Biological
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Sequences (IBS) Version 1.0 (http://ibs.biocuckoo.org/) was used to
draw the Schematic diagram of the protein. Multiple sequence align-
ments were performed using the ClustalW2.1 program (http://www.
ebi.ac.uk/tools/clustalw2.1). A phylogenetic tree was constructed using
neighbour-joining method with Mega5.1 software. Reliability was as-
sessed by 1000 bootstrap replicates.

2.4. Tissue distribution and responses of six RBR genes to GCRV infection

Total RNA was extracted from 11 tissues (gill, liver, spleen, intes-
tine, kidney, head kidney, heart, muscle, skin, blood and brain) of five
uninfected grass carp and reverse transcribed to obtain cDNA. The
obtained cDNA were served as template for real-time quantitative PCR
(qPCR) analysis to examine the expression level of six RBR genes in
different tissues. The qPCR reaction mixture was as follows: 0.8 pL each
of sense and reverse primers, 1 puL template, 10 pL 2 X ChamQ SYBR
qPCR Master Mix (Vazyme, NanJing), and 7.4 pL ddH,O. Three re-
plicates were conducted for each sample and f3-actin was used as re-
ference for normalisation. The program for qPCR was as follows: 95 °C
for 30, 40 cycles of 95°C for 10s, and 62 °C for 15s. The expression
level in the head kidney was used as baseline (1.0) for qPCR analysis. In
addition, total RNA from four tissues (gill, liver, spleen and intestine) of
five grass carp at 0-6 dpi with GCRV was extracted and reverse tran-
scribed to obtain cDNA. Subsequently, the cDNA from the four tissues
were served as template for qPCR by using gene-specific QPCR primers
(Table 1) to measure the expression level of six RBR member genes in
different tissues at various times at post-GCRV infection.

For qPCR data analysis, -actin was used as internal control, and the
expression level of the untreated groups (0 days) was set as baseline
(1.0). The relative expression level of each gene was calculated using 2
~AA €t methods [42]. Data were expressed as mean =+ standard de-
viation of the three replicates. T-test was used to determine differences
in expression, with p value < 0.05 indicating statistical significance.

2.5. Responses of six RBR genes in CIK cells after GCRV infection

The Ctenopharyngodon idellus kidney (CIK) cells kidney (CIK) cells
used in the study were cultivated in M199 (Hyclone, USA) supple-
mented with 10% fetal bovine serum and 1% (v/v) penicillin-strepto-
mycin at 28 °C in a humidified atmosphere with 5% CO,, To observe
the responses of six RBR genes in CIK cells after GCRV infection, CIK
cells were seeded in six-well plates overnight at 28 °C. Afterwards, cells
were incubated with GCRV, which was diluted in a small volume of
serum free M199. At the same time, CIKs were inoculated with serum
free medium as control. After adsorption for 2 h, fresh complete growth
medium was added and the cells were placed in the incubator for the
following experiments. The control cell and GCRV-infected cell samples
were harvested at 0, 6, 12, 24, 48, 72 and 96 h. Total RNA was ex-
tracted from the harvested cells and reverse transcribed to cDNA. The
cDNA were used as a template for qPCR to determine the expression
level of six RBR genes. Data analysis was the same as that mentioned in
2.4.

2.6. Expression of related factors in RNF144B-deficient cells stimulated by
poly(I:C)

Given that RNF144B is an E3 ubiquitin ligase, and ubiquitination
has recently been implicated in regulation of inflammation function, a
potential role for RNF144B in inflammation activation was next in-
vestigated. Three pairs of RNFI44B siRNA oligo fragments were
transfected into cells respectively to screen the most efficient knock-
down siRNA oligo fragments for subsequent experiments. SIRNA oligo
fragments of RNF144B were transfected into CIK cells according the
manufacturer's instructions of Hieff Trans™ (Yeasen; www.yeasen.com/
transfection/351.htm). After transfection for 24 h, cells were stimulated
with poly(I:C) (sigma, USA) at a final concentration of 20 pg/ml or
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Table 2
DNA sequences of PCR primers used in the study.
Primers Sequences (5‘—3") Usage
qIFN-I-F AAGCAACGAGTCTTTGAGCCT qPCR
qIFN-I-R GCGTCCTGGAAATGACCT
qTNF-a-F CGGCATTTACTTCGTCTACAGC
qTNF-a-R TAGGAATCGGAAATTCGCATAA
qlL-6-F CAGCAGAATGGGGGAGTTATC
qIL-6-R CTCGCAGAGTCTTGACATCCTT
qIRF3-F TCCAGGCCAAGCATACGAA
qIRF3-R CCATTTGCAACAGCCATCAT
RNF144B-128F GCACACUGCAGUCCUGUAATT siRNA
RNF144B-128R UUACAGGACUGCAGUGUGCTT
RNF144B-475F CCUUGGAUAGAUGGUCAUUTT
RNF144B-475R AAUGACCAUCUAUCCAAGGTT

RNF144B-849F
RNF144B-849R
Scrambled-F
Scrambled-R

CCUGUGCUGUGUGUGCAAATT
UUUGCACACACAGCACAGGTT

UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

phosphate-buffered saline (PBS) as control groups. Samples were col-
lected after 8 h stimulation and total RNA was extracted and reverse
transcribed to cDNA. The cDNA was used as a template for qPCR to
determine the expression levels of RNF144B and related factors (IFN-I,
TNF-a, IL-6 and IRF3). The specific primers for gPCR and sequences of
siRNA were listed in Table 2.

3. Results
3.1. Sequence, homology and phylogenetic analyses

Six members of the RBR family (RNF19A, RNF19B, RNF144AA,
RNF144AB, RNF144B and RNF217) were identified in grass carp. The
cDNA sequence details were presented in Table 3. Like mammals, the
putative proteins of these six RBRs possessed all domains including
RING, IBR and TM domains (Fig. S1). Multiple alignment analysis re-
vealed only the structure of RING2 domains in RNF144AA, RNF144AB
and RNF144B resembled classical RINGs. And the IBR domain in all six
RBR proteins of grass carp comprises two zinc-binding structures
(RINGs) in a C6HC configuration (Fig. S2).

To elucidate the molecular evolutionary relationships of all studied
proteins between C. idellus and other species, a phylogenetic tree was
constructed based on their corresponding amino acid sequences ob-
tained from the NBCI GenBank of teleost fish (D. rerio, P. formosa, S.
salar and O. latipes) and non-fish (H. sapiens, B. taurus, M. musculus, G.
gallus and X. tropicalis). The accession numbers of the sequences used to
construct the tree were presented in Table 4. As shown in Fig. 1, se-
parate from RNF144A-like from S. salar and RNF217 isoform X2 from H.
sapiens, RBR proteins could be divided into four groups: the RNF144A
group (containing RNF144A, RNF144A-A and RNF144A-B), RNF144B
group (containing RNF144B and RNF144B-like), RNF19 group (con-
taining RNF19B, RNF19B-like, RNF19A and RNF19A-like) and RNF217
group. RNF144AA, RNF144AB, RNF144B, RNF19B and RNF217

Table 3

The cDNA information for the RBR family.
Gene GenBank Full lengths ORF Lengths of Lengths of

lengths 5'UTR 3'UTR
accession no.

RNF144AA MG679802 1468 bp 882 bp 114 bp 472 bp
RNF144AB  MG679803 1500 bp 882 bp 123 bp 495 bp
RNF144B MG679804 1619 bp 939 bp 680 bp
RNFI9A MG679805 2911 bp 2745bp 77 bp 89 bp
RNF19B MG679806 2781 bp 2109 bp 489 bp 183 bp
RNF217 MG679807 1945 bp 1629 bp 73 bp 243 bp
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proteins were the most highly related to the RBR proteins of D.rerio,
except that RNF19A was highly conserved in all species.

3.2. Expression of six RBR members in different tissues

QPCR analysis was performed to study the tissue distribution of the
six RBR members (RNF19A, RNF19B, RNF144AA, RNF144AB, RNF144B
and RNF217) in different tissues. As shown in Fig. 2, the six RBR
members were constitutively expressed in all of the 11 examined tis-
sues. RNF19A and RNF19B exhibited the highest expression level in the
blood (Fig. 2A and B) and broadly expressed in other organs.
RNF144AA and RNF144AB exhibited the highest expression in the brain
and were also highly expressed in the muscle, spleen and heart, but
were lowly expressed in the kidney and head kidney (Fig. 2C and D).
RNF144B was widely expressed in all tissues but at low levels (Fig. 2E).
RNF217 was prevalent in the liver, kidney, gill, heart and brain and

exhibited the lowest expression in blood (Fig. 2F). Overall, some RBRs
clearly had a tissue-significant expression pattern.

Fish and Shellfish Inmunology 87 (2019) 62-72

3.3. Expression of RBR member genes in response to GCRYV infection

In order to reveal the response of six RBR members after exposure to
GCRYV, The levels of mRNA were measured by qPCR analysis in primary
immune organs (gill, liver, spleen and intestine) at 0-6 dpi. The ex-
pression of the six RBRs was significantly altered in the gill, liver, spleen
and intestine following GCRV infection (Fig. 3).

Overall, RNF19A (Fig. 3A), RNF19B (Fig. 3B) and RNF217 (Fig. 3F)
showed a similar expression in the gill; that is, the expression levels of
these genes were down-regulated at all time points after GCRV infection
but remained at the original level at 4 dpi. However, RNF144AA ex-

pression was up-regulated in the entire process of infection and sharply
peaked at 4 dpi (4.18-fold, p < 0.05) (Fig. 3C). RNF144AB expression
was down-regulated from 1 dpi to 3 dpi, suddenly reached the peak and
down-regulated again from 5 dpi to 6 dpi in the gill (Fig. 3D). In the
liver, RNF19A, RNF144AB and RNF217 expression levels were down-
regulated during the infection process, but the latter two genes were
highly expressed at 4 dpi and 1 dpi, respectively. RNF19B expression in
the liver was slightly up-regulated from 1 dpi to 4 dpi and then down-
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Fig. 3. Expression level of six RBR genes after GCRV infection. (A) RNF19A, (B) RNF19B, (C) RNF144AA, (D) RNF144AB, (E) RNF144B and (F) RNF217. RNA was
isolated from gill (G), liver (L), spleen (S) and intestine (I), and subjected to qRT-PCR analysis. The relative expression is the ratio of gene expression after exposure to
GCRYV for 1-6 day to that in the control group (day 0) at the same tissue, normalised to the -actin gene. *, significant difference between the control and treated

group (p < 0.05).

regulated at 5 dpi and 6 dpi. RNF144AA was dramatically up-regulated
during the entire infection process. Interestingly, the mRNA expression
levels of RNF19A, RNF144AA and RNF217 in the spleen and intestine
were significantly down-regulated and maintained at low levels at all
time points. RNFI144AB expression in the spleen kept at a low level
under the control (0 dpi) from 1 dpi to 6 dpi. However, the expression
of RNF144AB in the intestine and that of RNFI19B in the intestine and
spleen fluctuated throughout the test period. The response of RNF144B
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was wavy in the liver and intestine but subtle in the gill and spleen
(Fig. 3E).

The responses of RBR members in vitro were also observed. The
mRNA expression levels of six RBR genes were detected in GCRV-in-
fected CIK cells. As shown in Fig. 4, compared with the control (0h),
the expression levels of six RBR genes were significantly up-regulated at
all time points after GCRV infection.
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3.4. Responses of RNF144B-regulated genes in CIK cells after poly(I:C)
stimulation

To determine the role of RNF144B in immune inflammation,
RNF144B deficient CIK cells were generated using siRNA. RNF144B
mRNA level were successfully depleted in CIK cells using three different
pairs of siRNA oligo fragments (Fig. 5A). The most efficient pair of
siRNA oligo fragments was used for subsequent experiments, and ex-
pression levels of IFN-I, TNF-a, IL-6 and IRF3 were investigated after
poly(I:C) stimulation in deficient CIK cells. As shown in Fig. 5B-E,
compared to the scrambled siRNA control groups, RNF144B depletion
significantly heightened poly(I:C)-induced the expression of IFN-I, TNF-
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a, IL-6 and IRF3. Taken together, the results suggest that RNF144B is a
negative regulator of inflammatory cytokines.

4. Discussion

The RBR domain mediates protein-protein interactions and a subset
of RBR proteins has been shown to function as E3 ubiquitin ligases. RBR
proteins have attracted interest. Despite their strong persistence
throughout evolution, most RBR E3s are not well understood.
RNF144A, RNF144B, RNF19A, RNF19B and RNF217 belong to the RBR
ubiquitin ligase family that contains a transmembrane (TM) domain.
However, previous studies of RBR just focused on mammals, research in
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Fig. 5. Poly(I:C)-mediated expression of inflammatory cytokines in RNF144B-deficient cells. RNF144B deficient CIK cells were generated using siRNA, then
RNF144B-deficient CIK cells were stimulated with poly (I: C) (sigma, USA) at a final concentration of 20 pg/ml or phosphate-buffered saline (PBS) as control groups.
Cells were collected after 8 h stimulation, total RNA was extracted and reverse transcribed into cDNA. QRT-PCR was performed to determine the expression levels of
RNF144B and related factors. The expression levels of these genes in the control group were set to 1. Significant difference (p < 0.05) between the control and
treated group was indicated with asterisks (*).(A) RNF144B, (B) IFN-I, (C) TNF-a, (D) IL-6, (E) IRF3.

fish was limited. In the present study, six RBR genes were cloned and
characterized in C. idellus for the first time.

Amino acid sequence comparison and phylogenetic analyses in-
dicated that six RBR members (RNF144AA, RNF144AB, RNF144B,
RNF19A, RNF19B and RNF217) were categorised into four groups:
RNF144A group, RNF144B group, RNF19 group and RNF217 group
(Fig. 1). RNF144AA and RNF144AB were only found in D. rerio and C.
idellus but were within the same branch of RNF144A in mammals;
hence, these genes in D. rerio and C. idellus may exhibit similar roles to
those of RNF144A alone in mammals, and the difference in copy
number is due to the result of genome replication during evolution.
Previous researches have shown that genomic replication is ubiquitous
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in fish and sub-functionalized, for example, in mammals, the chemo-
kine receptor CXCR3 exists as a single gene, while it has two isoforms,
CXCR3.1 and CXCR3.2 in the teleosts: ayu (Plecoglossus altivelis), grass
carp (Ctenopharyngodon idellus), and spotted green pufferfish (Tetraodon
nigroviridis) [43,44]. Furthermore, these six RBR member proteins in D.
rerio and C. idellus shared a high degree of homology probably because
zebrafish and grass carp share a similar genomic evolutionary history
[41]. In addition, results of protein structure prediction showed that
similar to mammalian RBR, grass carp six RBR genes also encoded
proteins containing a putative RING-IBR-RING domain, as well as a
transmembrane domain at the C-terminus (Fig. S1). The evolutionary
information of RBRs suggests a high reliability of the RBR sequences in
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Table 4
GenBank accession numbers of RBR family in phylogenetic tree.
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Name Species Accession no. Name Species Accession no.
CiRNF144A-A C.idella MG679802 HsRNF144A-1 H.sapiens NP_001336110.1
CiRNF144A-B MG679803 HsRNF144A-2 NP_001336111.1
BtRNF144A-X1 B.taurus XM_005213106.3 HsRNF144A-3 NP_001336114.1
BtRNF144A-X2 XP_010808612.1 GgRNF144A G.gallus XP_419938.3
DrRNF144A-A D.rerio NP_001038674.1 XtRNF144A X.tropicalis NP_001095278.1
DrRNF144A-B XP_005160733.1 OIRNF144A O.latipes XP_004082304.1
PfRNF144A P.formosa XP_007565595.1 SsRNF144A-A S.salar XP_014065667.1
MmRNF144A M.musculus NP_001075446.1 SsRNF144A-like XP_013993537.1
CiRNF144B C.idella MG679804 GgRNF144B-X1 G.gallus XP_004939680.1
BtRNF144B B.taurus NP_001092498.1 GgRNF144B-X2 XP_015131438.1
DrRNF144B D.rerio NP_957431.2 OIRNF144B O.latipes XP_011483208.1
PfRNF144B-like P.formosa XP_007550574.1 SsRNF144B- S.salar XP_014056805.1
likel
MmRNF144B M.musculus NP_001164114.1 SsRNF144B- XP_014056802.1
like2
HsRNF144B H.sapiens NP_877434.2 SsRNF144B- XP_014056802.1
like3
XtRNF144B X.tropicalis NP_001107142.1
CiRNF19A C.idella MG679805 MmRNF19A M.musculus NP_038951.1
BtRNF19A B.taurus NP_001178260.1 HsRNF19A H.sapiens NP_001267468.1
DrRNF19A D.rerio NP_001313624.1 GgRNF19A G.gallus XP_418362.3
PfRNF19A-likeX1 P.formosa XP_016527448.1 XtRNF19A X.tropicalis NP_001116899.1
PfRNF19A-likeX2 XP_016527449.1 OIRNF19A O.latipes XP_011483185.1
PfRNF19A-likeX3 XP_007553066.1 SsRNF144A-like S.salar XP_013998794.1
PfRNF19A-likeX4 XP_016527450.1
CiRNF19B C.idella MG679806 HsRNF19B-X1 H.sapiens XP_006710419.1
BtRNF19B B.taurus NP_001192591.1 GgRNF19B G.gallus XP_015153351.1
DrRNF19B D.rerio NP_001189369.1 XtRNF19B X.tropicalis XP_002940071.3
PfRNF19B P.formosa XP_016530847.1 OIRNF19B O.latipes XP_004074120.1
MmRNF19B M.musculus NP_083495.1 SsRNF19B-like S.salar XP_013997346.1
CiRNF217 C.idella MG679807 GgRNF217X1 G.gallus XP_015139925.1
BtRNF217 B.taurus XP_015328268.1 GgRNF217X2 XP_015139926.1
DrRNF217 D.rerio NP_001076322.1 GgRNF217X3 XP_015139927.1
PfRNF217 P.formosa XP_007561053.1 XtRNF217 X.tropicalis XP_004914658.1
MmRNF217 M.musculus NP_001139821.1 OIRNF217X1 O.latipes XP_020570567.1
HsRNF217b H.sapiens NP_689766.1 OIRNF217X2 XP_004083900.1
HsRNF217X2 XP_011533797.1 SsRNF217 S.salar XP_014060584.1
grass carp. topology.

Previous studies showed that in mammals, a classical zinc finger
(RING) is minimally described as cysteine-rich motif and follows the
general formula C—X2 —C—X(g_gg) —C—X(l_g) —H—X(z_g) —C—X2 —C—X(4_48)
—-C-x,-C, where x can be any amino acid. Typically, the sequence of
each ring domain in the RBR region contains a cluster of eight cysteine
and histidine residues that potentially bind metal ions [45]. There are
mounting evidences suggesting that RBR structure is closely related to
the function of RBR protein. The RING domain of KAP-1 played an
important role in mediating transcriptional repression [46]; and the
RING domains of PML could cooperate with the viral protein Z to bind
with elF4E and altered the mRNA transport and translational functions
of eIF4E by altering its affinity for the 5’cap of mRNA [47,48]. Besides,
many RING domains functioned as E3 ubiquitin protein ligases in the
ubiquitin conjugation pathway and helped E2 ubiquitin conjugating
enzymes to intended substrates [49,50]. Therefore, it is necessary to
predict the protein domains of these genes and analyse the conservation
degree of RBR structural sequences. The RBR domains of RNF144AA,
RNF144AB, RNF144B, RNF19A, RNF19B and RNF217 in C. idellus in-
dicated that RING2 (the C-terminal RNF, also called C-RING) resembled
a classical RING, while RING1 (the N-terminal RNF, also called N-
RING) did not. That is in contrast to mammals, where N-RING is usually
similar to a typical structure but C-RING is different [45]; suggesting
RING2 functions as a typical RING structure in grass carp. These key
differences between the sequences of the RING1 and the classical RING
domain led us to speculate that the RING1 may adopt a different
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All of the six RBR members were constitutively expressed in 11
tissues examined. This finding is similar to that reported by a study on
human RBR [51]. Interestingly, RNFI9A and RNF19B exhibited the
highest expression level in blood (Fig. 2A and B); meanwhile,
RNF144AA and RNF144AB expression was highest in the brain (Fig. 2C
and D), and RNF217 was highly expressed in the liver (Fig. 2F), sug-
gesting different RBR groups play different roles in the tissues and or-
gans of C. idellus. As we all know, spleen is one of the important im-
mune organism in fish, but surprisingly, the expression levels of
RNF19A, RNF144AA and RNF217 in the spleen and intestine were
significantly down-regulated at all time points of post GCRV infection
(Fig. 3). Studies in mammals suggest that RNF19A, RNF144A, and
RNF217 are involved in different ubiquitin process. For example,
RNF144A is the first identified mammalian E3 ligase for DNA-depen-
dent protein kinase, catalytic subunit, (DNA-PKcs) and plays roles in
cell metabolism and proliferation [52]. Many researches have revealed
that GCRV could induce cell apoptosis in grass carp [53-55]. Spleen is
not only a hematopoietic tissue of fish but also an important peripheral
immune organ. Following GCRV infection, spleen exerts an immune
response against pathogens invading the body. At the moment, a large
number of immune cells are in a state of stress or even apoptotic, the
cell proliferation-related factors are not activated but inhibited. This
may be the reason for the down-regulation of RNF144AA (as RNF144A
in mammals) in the spleen at all time points of post GCRV infection.
Since the study of RNFI9A and RNF217 is limited, it is difficult to
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speculate the reason for their down-regulation in the spleen after GCRV
infection based on the limited information. So far, previous studies have
only revealed that RNF217 regulates splicing in B cell development and
promotes leukemia development [56]. RNFI19A also known as Dorfin,
which mediated calcium-sensing receptor CaR ubiquitination, con-
tributed to maintenance of systemic Ca?* homeostasis [57]. This may
be the reason why RNF19A was highly expressed in blood.

In mammals, among the six RBR members, RNF144B has captured
more attention in view of its involvement in immune regulation.
RNF144B was not only a regulatory factor for Bax and apoptosis acti-
vation [33,36], but also necessary for priming of inflammasome re-
sponses in primary human macrophages [25]. Meanwhile, in this study,
although all of RNF19A, RNF19B, RNF144AA, RNF144AB, and
RNF144B responded substantially after GCRV challenge (Fig. 3);
RNF144B respond intensely in intestine which is sensitive to GCRV [58]
and forms the first protective barrier to invading pathogens. So in or-
ders to get a better understand of the immune regulation of RBR in
teleost fish, we chose RNF144B as a representative for further analysis.
In the present study, RNF144B-deficient CIK cells were generated and
stimulated with poly (I: C) to further verify the functions of RNF144B
gene in the immune response of grass carp and its further effects on
inflammation signaling. As shown in Fig. 5, RNF144B silencing sig-
nificantly increased IFN-I, TNF-a, IL-6 and IRF3 release after poly(I:C)
stimulation, suggesting that RNF144B acts as a negative regulator of
inflammatory related factor. Moreover, the expression of RNF144B in
liver, especially in intestine was intensely up-regulated (30.12 fold,
p < 0.05) (Fig. 3E) at 1 dpi, revealing that immune inflammatory re-
sponse occurs at the early stage of GCRV infection, and the response in
the liver and intestine is more obvious. At the moment, the expression
of RNF144B in the liver and intestine quickly increases and reduces the
production of inflammatory factors. It is a pity that we did not get the
antibody of RNF144B, so we could not perform further analysis at the
protein level. Further evidence is required to identify the functional
differences of these six RBR members in C.idellus.

In conclusion, six RBR genes from Ctenopharyngodon idellus were
cloned and analysed in the present study. The responses of these genes
to GCRV infection in vivo and in vitro were also characterized, sug-
gesting that they might play a role in the immune system of C. idellus. In
addition, deficiency of RNFI144B in CIK with siRNA up-regulated
polyinosinic:polycytidylic acid poly(I:C))-induced inflammatory cyto-
kines production, revealing that RNF144B was a negative regulator of
inflammatory cytokines and played an important role in immune re-
sponses. Therefore, the studies reported herein will provide basic in-
formation that can be used in future research on teleost RBR proteins.

Acknowledgments

This work was funded by the National Natural Science Foundation
of China [grant numbers 31721005 and 31572614].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.fsi.2018.12.078.

References

[1] V.G. Bhoj, Z.J. Chen, Ubiquitylation in innate and adaptive immunity, Nature 458
(2009) 430-437.

N. Nakamura, The role of the transmembrane RING finger proteins in cellular and
organelle function, Membranes 1 (2011) 354.

H.C. Ardley, P.A. Robinson, E3 ubiquitin ligases, Essays Biochem. 41 (2005) 15-30.
E.J. Horn, A. Albor, Y. Liu, S. El-Hizawi, G.E. Vanderbeek, M. Babcock,

G.T. Bowden, et al., RING protein Trim32 associated with skin carcinogenesis has
anti-apoptotic and E3-ubiquitin ligase properties, Carcinogenesis 25 (2004)
157-167.

T. Urano, T. Saito, T. Tsukui, M. Fujita, T. Hosoi, M. Muramatsu, Y. Ouchi, S. Inoue,
Efp targets 14- 3- 3 sigma for proteolysis and promotes breast tumour growth,

[2]

[31
[4]

[5]

71

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Fish and Shellfish Immunology 87 (2019) 62-72

Nature 417 (2002) 871-875.

M. Stremlau, C.M. Owens, M.J. Perron, M. Kiessling, P. Autissier, J. Sodroski, The
cytoplasmic bodycomponent TRIM5alpha restricts HIV- 1 infection in Old World
monkeys, Nature 427 (2004) 848.

T.H. Chuang, R.J. Ulevitch, Triad3A, an E3 ubiquitin-protein ligase regulating Toll-
like receptors, Nat. Immunol. 5 (2004) 495-502.

P. Nakhaei, T. Mesplede, M. Solis, Q. Sun, T. Zhao, L. Yang, T.H. Chuang, et al., The
E3 ubiquitin ligase Triad3A negatively regulates the RIG-1/MAVS signaling
pathway by targeting TRAF3 for degradation, PLoS Pathog. 5 (2009) e1000650.
S. Liu, M. Jiang, W. Wang, W. Liu, X. Song, Z. Ma, S. Zhang, et al., Nuclear RNF2
inhibits interferon function by promoting K33-linked STAT1 disassociation from
DNA, Nat. Immunol. 19 (2017) 41-52.

Z. Cao, A. Huett, P. Kuballa, C. Giallourakis, R.J. Xavier, DLG1 is an anchor for the
E3 ligase MARCH2 at sites of cell-cell contact, Cell. Signal. 20 (2008) 73-82.

W. Li, M.H. Bengtson, A. Ulbrich, A. Matsuda, V.A. Reddy, A. Orth, S.K. Chanda,
et al., Genome-wide and functional annotation of human E3 ubiquitin ligases
identifies MULAN, a mitochondrial E3 that regulates the organelle's dynamics and
signaling, PLoS One 3 (2008) e1487.

A. Neutzner, M. Neutzner, A.S. Benischke, S.W. Ryu, S. Frank, R.J. Youle,

M. Karbowski, A systematic search for endoplasmic reticulum (ER) membrane-as-
sociated RING finger proteins identifies Nixin/ZNRF4 as a regulator of calnexin
stability and ER homeostasis, J. Biol. Chem. 286 (2011) 8633-8643.

J. Kim, J.W. Kim, D.G. Kim, B.H. Nam, Y.O. Kim, J.Y. Park, H.J. Kong, Molecular
characterization of Rhodeus uyekii tripartite motif protein 1 (TRIM1) involved in
IFN-y/LPS-induced NF-kB signaling, Fish Shellfish Immunol. 79 (2018) 42-51.
W.W. Wang, Y. Zhu, Z.F. Wei, W.W. Zheng, Z.D. Dong, F.T. Gao, C.W. Shao, et al.,
Cloning and expression analysis of trim36 gene in half-smooth tongue sole
(Cynoglossus semilaevis), Journal of Agricultural Biotechnology 24 (2016) 968-979.
N. Anandasabapathy, G.S. Ford, D. Bloom, C. Holness, V. Paragas, C. Seroogy,

H. Skrenta, et al., GRAIL: an E3 ubiquitin ligase that inhibits cytokine gene tran-
scription is expressed in anergic CD4™" T cells, Immunol. 18 (2003) 535-547.

G. Song, B. Liu, Z. Li, H. Wu, P. Wang, K. Zhao, G. Jiang, et al., E3 ubiquitin ligase
RNF128 promotes innate antiviral immunity through K63-linked ubiquitination of
TBK1, Nat. Immunol. 17 (2016) 1342-1351.

Z. Wang, Y. Yang, H. Yang, J.E. Cap6-Aponte, S.D. Tachado, J.M. Wolosin,

P.S. Reinach, NF-kB feedback control of JNK1 activation modulates TRPV1-induced
increases in IL-6 and IL-8 release by human corneal epithelial cells, Mol. Vis. 17
(2011) 3137-3146.

M. Ou, R. Huang, L. Xiong, L. Luo, G. Chen, L. Liao, Y. Li, et al., Molecular cloning of
the MARCH family in grass carp (Ctenopharyngodon idellus) and their response to
grass carp reovirus challenge, Fish Shellfish Immunol. 63 (2017) 480-490.

H. Shimura, N. Hattori, S. Kubo, Y. Mizuno, S. Asakawa, S. Minoshima, N. Shimizu,
et al., Familial Parkinson disease gene product, parkin, is a ubiquitin-protein ligase,
Nat. Genet. 25 (2000) 302-305.

S. Ali, A.M. Vollaard, S. Widjaja, C. Surjadi, E. van de Vosse, J.T. van Dissel, Park2/
pacrg polymorphisms and susceptibility to typhoid and paratyphoid fever, Clin.
Exp. Immunol. 144 (2006) 425-431.

M.T. Mira, A. Alcais, V.T. Nguyen, M.O. Moraes, C. Di Flumeri, H.T. Vu, C.P. Mai,
et al., Susceptibility to leprosy is associated with PARK2 and PACRG, Nature 427
(2004) 636-640.

D. Malhotra, K. Darvishi, M. Lohra, H. Kumar, C. Grover, S. Sood, B.S. Reddy,
R.N. Bamezai, Association study of major risk single nucleotide polymorphisms in
the common regulatory region of PARK2 and PACRG genes with leprosy in an
Indian population, Eur. J. Hum. Genet. 14 (2006) 438-442.

R. Cesari, E.S. Martin, G.A. Calin, F. Pentimalli, R. Bichi, H. McAdams, F. Trapasso,
et al., Parkin, a gene implicated in autosomal recessive juvenile Parkinsonism, is a
candidate tumor suppressor gene on chromosome 6q25-q27, Proc. Natl. Acad. Sci.
U. S. A. 100 (2003) 5956-5961.

A.Y. Nikolaev, G. Wei, Parc: a potential target for cancer therapy, Cell Cycle 2
(2003) 168-170.

J.K. Ariffin, R. Kapetanovic, K. Schaale, M. Gatica-Andrades, A. Blumenthal,

K. Schroder, M.J. Sweet, et al., The E3 ubiquitin ligase RNF144B is LPS-inducible in
human, but not mouse, macrophages and promotes inducible IL-1f expression, J.
Leukoc. Biol. 100 (2016) 155-161.

B.F. Py, M.S. Kim, H. Vakifahmetoglu-Norberg, J. Yuan, Deubiquitination of NLRP3
by BRCC3 critically regulates inflammasome activity, Mol. Cell 49 (2013) 331-338.
M.A. Rodgers, J.W. Bowman, H. Fujita, N. Orazio, M. Shi, Q. Liang, R. Amatya,
et al., The linear ubiquitin assembly complex (LUBAC) is essential for NLRP3 in-
flammasome activation, J. Exp. Med. 211 (2014) 1333-1347.

F. Tokunaga, K. Iwai, LUBAC, a novel ubiquitin ligase for linear ubiquitination, is
crucial for inflammation and immune responses, Microb. Infect. 14 (2012)
563-572.

K. Labb’e, C.R. MclIntire, K. Doiron, P.M. Leblanc, M. Saleh, Cellular inhibitors of
apoptosis proteins cIAP1 and cIAP2 are required for efficient caspase-1 activation
by the inflammasome, Immunity 35 (2011) 897-907.

Y. Uchida, C. Watanabe, N. Takemae, T. Hayashi, T. Oka, T. Ito, T. Saito,
Identification of host genes linked with the survivability of chickens infected with
recombinant viruses possessing H5N1 surface antigens from a highly pathogenic
avian influenza virus, J. Virol. 86 (2012) 2686-2695.

S.R. Ho, Y.J. Lee, W.C. Lin, Regulation of RNF144A E3 ubiquitin ligase activity by
self-association through its transmembrane domain, J. Biol. Chem. 290 (2015)
23026-23038.

F. Conforti, A.L. Yang, M.C. Piro, M. Mellone, A. Terrinoni, E. Candi, P. Tucci, et al.,
Pir2/rnf144b regulates epithelial homeostasis by mediating degradation of
p21wafl and p63, Oncogene 32 (2013) 4758-4765.

G. Benard, A. Neutzner, G. Peng, C. Wang, F. Livak, R.J. Youle, M. Karbowski,


https://doi.org/10.1016/j.fsi.2018.12.078
https://doi.org/10.1016/j.fsi.2018.12.078
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref1
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref1
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref2
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref2
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref3
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref4
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref4
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref4
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref4
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref5
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref5
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref5
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref6
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref6
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref6
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref7
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref7
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref8
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref8
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref8
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref9
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref9
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref9
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref10
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref10
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref11
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref11
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref11
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref11
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref12
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref12
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref12
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref12
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref13
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref13
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref13
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref14
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref14
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref14
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref15
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref15
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref15
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref16
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref16
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref16
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref17
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref17
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref17
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref17
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref18
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref18
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref18
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref19
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref19
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref19
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref20
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref20
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref20
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref21
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref21
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref21
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref22
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref22
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref22
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref22
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref23
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref23
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref23
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref23
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref24
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref24
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref25
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref25
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref25
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref25
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref26
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref26
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref27
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref27
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref27
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref28
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref28
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref28
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref29
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref29
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref29
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref30
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref30
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref30
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref30
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref31
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref31
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref31
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref32
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref32
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref32
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref33

L. Luo et al.

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

IBRDC2, an IBR-type E3 ubiquitin ligase, is a regulatory factor for Bax and apoptosis
activation, EMBO J. 29 (2010) 1458-1471.

B.S. Sayan, A.L. Yang, F. Conforti, P. Tucci, M.C. Piro, G.J. Browne, M. Agostini,
et al., Differential control of TAp73 and ANP73 protein stability by the ring finger
ubiquitin ligase PIR2, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 12877-12882.

G. Martineznoel, R. Niedenthal, T. Tamura, K. Harbers, A family of structurally
related ring finger proteins interacts specifically with the ubiquitin-conjugating
enzyme UbcM4, FEBS Lett. 454 (1999) 257-261.

C.C. Ng, H. Arakawa, S. Fukuda, H. Kondoh, Y. Nakamura, P53rfp, a p53-inducible
ring-finger protein, regulates the stability of p21wafl, Oncogene 22 (2003)
4449-4458.

E. Rivkin, A.L. Kierszenbaum, M. Gil, L.L. Tres, Rnf19a, a ubiquitin protein ligase,
and Psmc3, a component of the 26s proteasome, tether to the acrosome membranes
and the head-tail coupling apparatus during rat spermatid development, Dev.
Dynam. 238 (2009) 1851-1861.

H.D. Song, X.J. Sun, M. Deng, G.W. Zhang, Y. Zhou, X.Y. Wu, Y. Sheng, et al.,
Hematopoietic gene expression profile in zebrafish kidney marrow, Proc. Natl.
Acad. Sci. U. S. A. 101 (2004) 16240-16245.

V. Briolat, L. Jouneau, R. Carvalho, N. Palha, C. Langevin, P. Herbomel,

O. Schwartz, et al., Contrasted innate responses to two viruses in zebrafish: insights
into the ancestral repertoire of vertebrate IFN-stimulated genes, J. Immunol. 192
(2014) 4328-4341.

P. Chu, L. He, H. Wang, G. Chen, Y. Li, R. Huang, L. Liao, et al., Preliminary study
on a new method of GCRV artificial infection, Acta Hydrobiol. Sin. 40 (2016)
1166-1171.

Y.P. Wang, Y. Lu, Y. Zhang, Z. Ning, Y. Li, Q. Zhao, H. Lu, et al., The draft genome of
the grass carp (Ctenopharyngodon idellus) provides insights into its evolution and
vegetarian adaptation, Nat. Genet. 47 (2015) 625-631.

K.J. Livak, T.D. chmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 2 22 © method, Methods 25 (2001) 402-408.

X.J. Zhang, X.Y. Zhang, N. Zhang, X. Guo, K.S. Peng, H. Wu, L.F. Lu, et al.,
Distinctive structural hallmarks and biological activities of the multiple cathelicidin
antimicrobial peptides in a primitive teleost fish, J. Immunol. 194 (2015)
4974-4987.

X.J. Lu, Q. Chen, Y.J. Rong, F. Chen, J. Chen, CXCR3.1 and CXCR3.2 differentially
contribute to macrophage polarization in teleost fish, J. Immunol. 198 (2017)
1700101.

A.D. Capili, E.L. Edghill, K. Wu, K.L. Borden, Structure of the C-terminal RING
finger from a RING-IBR-RING/TRIAD motif reveals a novel zinc-binding domain
distinct from a RING, J. Mol. Biol. 340 (2004) 1117-1129.

H. Peng, G.E. Begg, D.C. Schultz, J.R. Friedman, D.E. Jensen, D.W. Speicher,

72

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Fish and Shellfish Immunology 87 (2019) 62-72

F.J. 3rd Rauscher, Reconstitution of the KRAB-KAP-1 repressor complex: a model
system for defining the molecular anatomy of RING-B box-coiled-coil domain-
mediated protein—protein interactions, J. Mol. Biol. 295 (2000) 1139-1162.

A. Kentsis, E.C. Dwyer, J.M. Perez, M. Sharma, A. Chen, Z.Q. Pan, K.L. Borden, The
RING domains of the promyelocytic leukemia protein PML and the arenaviral
protein Z repress trans- lation by directly inhibiting translation initiation factor
elF4E, J. Mol. Biol. 312 (2001) 609-623.

N. Cohen, M. Sharma, A. Kentsis, J.M. Perez, S. Strudwick, K.L. Borden, PML RING
suppresses oncogenic transformation by reducing the affinity of eIlF4E for mRNA,
EMBO J. 20 (2014) 4547-4559.

C.A. Joazeiro, A.M. Weissman, RING finger proteins: mediators of ubiquitin ligase
activity, Cell 102 (2000) 549-552.

S. Fang, K.L. Lorick, J.P. Jensen, A.M. Weissman, RING finger ubiquitin protein
ligases: implications for tumorigenesis, metastasis and for molecular targets in
cancer, Semin. Canc. Biol. 13 (2003) 5-14.

L. Fagerberg, B.M. Hallstrom, P. Oksvold, C. Kampf, D. Djureinovic, J. Odeberg,
M. Habuka, et al., Analysis of the human tissue-specific expression by genome-wide
integration of transcriptomics and antibody-based proteomics, Mol. Cell.
Proteomics 13 (2014) 397-406.

H. Shiuh-Rong, L. Weei-Chin, RNF144A sustains EGFR signaling to promote EGF-
dependent cell proliferation, J. Biol. Chem. 293 (2018) 16307-16323.

F. Du, J. Su, R. Huang, L. Liao, Z. Zhu, Y. Wang, Cloning and preliminary functional
studies of the JAM-A gene in grass carp(Ctenopharyngodon idellus),Fish, Shellfish
Immunol 34 (2013) 1476-1484.

R. Jia, L.P. Cao, J.L. Du, Y.J. Liu, J.H. Wang, G. Jeney, G.J. Yin, Grass carp reovirus
induces apoptosis and oxidative stress in grass carp (Ctenopharyngodon idellus)
kidney cell line, Virus Res. 185 (2014) 77-81.

Y. Li, Y. Zhang, T. Wang, P. Podok, D. Xu, L. Lu, Proteomic identification and
characterization of Ctenopharyngodon idella tumor necrosis factor receptor-asso-
ciated protein 1 (CiTrapl): an anti-apoptosis factor upregulated by grass carp re-
ovirus infection, Fish Shellfish Immunol. 43 (2015) 449e459.

L.M. Fontanari Krause, A.S. Japp, A. Krause, J. Mooster, M. Chopra, M. Miischen,
S.K. Bohlander, Identification and characterization of OSTL (RNF217) encoding a
RING-IBR-RING protein adjacent to a translocation breakpoint involving ETV6 in
childhood ALL, Sci. Rep. 4 (2014) 6565.

Y. Huang, J. Niwa, G. Sobue, G.E. Breitwieser, Calcium-sensing receptor ubiquiti-
nation and degradation mediated by the E3 ubiquitin ligase dorfin, J. Biol. Chem.
281 (2006) 11610-11617.

J.G. Su, et al., Toll-like receptor 3 regulates Mx expression in rare minnow
Gobiocypris rarus after viral infection, Immunogenetics 60 (2008) 195-205.


http://refhub.elsevier.com/S1050-4648(18)30884-2/sref33
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref33
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref34
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref34
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref34
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref35
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref35
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref35
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref36
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref36
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref36
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref37
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref37
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref37
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref37
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref38
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref38
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref38
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref39
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref39
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref39
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref39
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref40
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref40
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref40
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref41
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref41
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref41
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref42
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref42
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref43
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref43
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref43
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref43
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref44
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref44
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref44
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref45
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref45
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref45
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref46
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref46
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref46
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref46
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref47
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref47
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref47
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref47
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref48
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref48
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref48
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref49
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref49
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref50
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref50
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref50
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref51
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref51
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref51
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref51
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref52
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref52
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref53
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref53
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref53
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref54
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref54
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref54
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref55
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref55
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref55
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref55
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref56
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref56
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref56
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref56
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref57
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref57
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref57
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref58
http://refhub.elsevier.com/S1050-4648(18)30884-2/sref58

	Molecular cloning and preliminary functional analysis of six RING-between-ring (RBR) genes in grass carp (Ctenopharyngodon idellus)
	Introduction
	Materials and methods
	Fish sample collection, virus exposure and ethics statement
	Cloning cDNA of six RBR genes in grass carp
	Sequence analysis
	Tissue distribution and responses of six RBR genes to GCRV infection
	Responses of six RBR genes in CIK cells after GCRV infection
	Expression of related factors in RNF144B-deficient cells stimulated by poly(I:C)

	Results
	Sequence, homology and phylogenetic analyses
	Expression of six RBR members in different tissues
	Expression of RBR member genes in response to GCRV infection
	Responses of RNF144B-regulated genes in CIK cells after poly(I:C) stimulation

	Discussion
	Acknowledgments
	Supplementary data
	References




