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A B S T R A C T

The ubiquitin-proteasome system is involved in numerous cellular processes, such as signal transduction, au-
tophagy, cell cycle control, embryogenesis, and regulation of immune response. Neural precursor cell expressed
developmentally downregulated 8 (NEDD8) is a ubiquitin-like protein that activates Cullin-RING ligases and
modifies substrates via neddylation. However, there is limited information on how neddylation regulates innate
immunity in crustaceans. In the present study, we identified the evolutionarily conserved NEDD8 with the
ubiquitin homologue domain in the Chinese mitten crab (Eriocheir sinensis), named it EsNEDD8. Then, we
analyzed the expression patterns and cellular location of its substrate, EsCullin4. qRT-PCR showed that both
EsNEDD8 and EsCullin4 were widely expressed in all the selected tissues, and EsCullin4 was significantly up-
regulated in hemocytes after bacterial stimulation. Moreover, silencing of EsCullin4 significantly suppressed the
expression of antimicrobial peptides (AMPs) in the hemocytes after bacterial stimulation, and inhibition of
EsCullin4 neddylation by treatment with the NEDD8-activating enzyme inhibitor MLN4924 significantly in-
hibited the expression of the AMPs. Thus, the results show that EsNEDD8-modified EsCullin4 could control
antimicrobial activities via regulation of AMPs expression in the Chinese mitten crab.

1. Introduction

Ubiquitination is a common type of post-translational modification,
and it plays crucial roles in various life processes such as DNA repair,
cell cycle regulation, inflammation immunity, and signal transduction
[1,2]. Ubiquitination has a fundamental role in the immune system
[3–5], and it is accompanied by a cascade of enzymes such as ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubi-
quitin ligase (E3) [6]. Over the past few decades, ubiquitin-like proteins
such as SUMO, neural precursor cell expressed developmentally
downregulated 8 (NEDD8), ATG8, Ufm1, ISG15, FAT10, and URM have
been identified [7].

The ubiquitin-like proteins play crucial roles in cell cycle control
and embryogenesis. Covalent attachment of the proteins to substrates
requires prior activation by the E1 complex and linkage to the E2 en-
zyme. The attachment of NEDD8 to Cullins, which are a family of
structurally related proteins containing an evolutionarily conserved
Cullin domain, via the neddylation pathway activates the associated E3
activity and, thus, promotes polyubiquitination and proteasomal de-
gradation of cyclins and other regulatory proteins [8–10]. To date, the
most well-studied substrates of NEDD8 are Cullins [11], each member

of the Cullin family can be modified by NEDD8 [8]. MLN4924, the
NEDD8-activating enzyme (NAE) inhibitor, inactivates Cullin-RING-
based E3 ubiquitin ligases (CRLs) through inhibition of Cullin neddy-
lation, leading to the accumulation of multiple CRLs substrates [12].

Several studies have examined the importance of ubiquitin-like
post-translational modifiers. NEDD8 with a high homology to ubiquitin
is covalently linked to all members of the Cullin family through an
enzymatic cascade analogous to ubiquitination [13]. Unlike ubiquitin,
which mostly acts as a degradation signal for the target proteins,
NEDD8 acts as an activation signal for Cullin-based ubiquitin-protein
ligases [14]. CRLs, which are responsible for almost 20% of ubiquitin-
dependent proteins subjected to proteasome degradation, are the lar-
gest class of E3 ubiquitin ligases [15].

CRLs have three major components: a Cullin protein; Roc1 or Roc2,
which recruits the E2 enzyme; and a substrate adaptor that transfers
ubiquitin from E2 to the substrates. Cullins have been conserved during
evolution from yeast to humans, and at least five Cullins are present in
metazoans [16,17]. Cullin4, a member of the Cullin family, typically
serves as a scaffold protein in CRLs. In mammalian immune cells,
Cullin4a was found to affect the differentiation of granulocytes and cell
cycle [18]. Cullin4b maintains the mRNA expression of TNF-a [19] and
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plays a negative role in regulating lipopolysaccharide signaling in
macrophages [20]. To date, most studies on Cullin4 have been con-
ducted in mice and humans. However, to the best of our knowledge, the
immune functions of Cullin4 in invertebrates, especially the Chinese
mitten crab (Eriocheir sinensis), are still unknown.

The Chinese mitten crab, a major economic aquaculture species in
southeast Asia, is threatened by bacterial diseases [21]. Previous studies
have shown that antimicrobial peptides (AMPs) play a fundamental role
in the immune reactions of crustaceans [22], However, the mechanism
underlying the regulation of AMPs by CRL4 E3 ligase is still unclear. In
this study, the cDNA of NEDD8 was obtained from the Chinese mitten
crab, E sinensis, named it EsNEDD8, which was widely expressed in
various tissues. Then, we analyzed the expression patterns and cellular
location of its substrate, EsCullin4. Subsequently, we investigated the
mRNA expression levels of EsCullin4 in hemocytes after stimulation
with bacterial pathogens, and the relationship between EsCullin4 and
AMPs was explored. In addition, we observed that a neddylation in-
hibitor, MLN4924, significantly suppressed the expression of AMPs in
hemocytes, indicating the vital function of the neddylation pathway in
innate immune defense.

2. Materials and methods

2.1. Experimental animals and sample preparation

Healthy adult Chinese mitten crabs (n=135; wet
weight= 100 ± 15 g) were purchased from the Xin’An Agricultural
Market in Shanghai, China. The crabs were acclimated in filtered,
aerated freshwater for 1 week at 20–25 °C. For RNA extraction, hemo-
cytes and tissues of stomach, hepatopancreas, brain, gill, muscle, in-
testine, and heart were collected and frozen rapidly in liquid nitrogen
and stored at −80 °C.

2.2. Immune challenge and sample collection

For the bacterial challenge, the crabs were randomly divided into
three groups (Gram-negative bacterium group, Gram-positive bac-
terium group, and phosphate-buffered saline [PBS] group). The Gram-
positive bacterium (Staphyloccocus aureus BYK0113) and Gram-negative
bacterium (Vibrio parahaemolyticus BYK00036) were obtained from the
National Pathogen Collection Center for Aquatic Animals (Shanghai
Ocean University, Shanghai, China). Bacterial stains were cultured in
Luria-Bertani medium. After centrifugation at 4500×g for 5min, the
supernatant was discarded and the precipitate was washed three times
with PBS and adjusted to 1×106 CFU/ml. Then, the bacterial sus-
pension (100 μl) was injected into the last pair of walking legs before
sterilized with 75% alcohol in the Gram-positive bacterium (S. aureus)
group and Gram-negative bacterium (V. parahaemolyticus) group. The
PBS group (100 μl) was the control. More than five mitten crabs from
each group were collected randomly at specific time intervals (0, 2, 6,
12, 24, 36, and 48 h) after the challenge. Healthy crabs were lightly
anesthetized in an ice bath for about 5–10min before the experiment.
Hemocytes were collected from the hemocoel in the last pair of walking
legs from each crab by using a 10ml sterile syringe preloaded with 5ml
of anticoagulant solution (0.1M glucose, 30mM citrate, 26mM citric
acid, 0.14M NaCl, and 10mM EDTA) [23]. Then, the supernatant was
discarded after centrifugation (800×g at 4 °C for 10min), and the he-
mocytes were stored at −80 °C.

2.3. Total RNA extraction and cDNA synthesis

Total RNA was extracted from the tissues and hemocytes by using
the TRIzol® reagent (RNA Extraction Kit, Invitrogen, and Carlsbad, CA,
USA), according to protocol. The RNA concentration was evaluated
using NanoDrop 2000 (Thermo Fisher Scientific, USA), and the RNA
quality was analyzed using 1% agarose gel electrophoresis. The cDNA

for real-time PCR was obtained using the PrimeScript™ cDNA synthesis
Kit (TaKaRa, Japan). The EsNEDD8 partial cDNA sequence was ob-
tained from the E. sinensis hemocyte cDNA library (unpublished), and
gene-specific primers (Table 1) were designed to clone the EST se-
quence. The following PCR procedures were: 94 °C for 5min; 33 cycles
at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1min; and 72 °C for
10min. Finally, the PCR products were purified with the PCR & DNA
Fragment Purification Kit (GeneStart, Beijing), then inserted into the
pEASY-transT1 vector (TransGen, Beijing) for sequencing.

2.4. Tissue expression analysis

The distribution of EsCullin4 in different tissues was evaluated using
semi-quantitative RT-PCR. Two gene-specific primers of EsCullin4 were
designed using the Primer 5.0 software (Table 1), and they were used to
amplify a 165-bp fragment. The relative abundance of EsNEDD8 in the
selected tissues was also determined using RT-PCR with target-specific
primers (Table 1). β-actin (Table 1) was used as the internal control.
The experiment was performed using a final volume of 25 μl containing
12.5 μl of 2×Easy Taq PCR SuperMix (Transgen, Beijing), 2 μl of
10mM primer pairs, 9.5 μl of sterile deionized water, and 1 μl of first-
strand cDNA from the selected tissues. The PCR amplification protocol
was as follows: 95 °C for 5min; 33 cycles of 94 °C for 30 s, 58 °C for 30 s,
and 72 °C for 30 s; and a final 72 °C for 10min. Each experiment was
performed in triplicate.

2.5. Real-time quantitative PCR

The mRNA expression was analyzed using real-time quantitative
PCR with the CFX96™ Real-Time System (Bio-Rad, Hercules, CA, USA).
SYBR Premix Ex Taq™ (TaKaRa, Japan) was used to perform real-time
PCR according to the following protocol: 95 °C for 1min, followed by
39 cycles at 95 °C for 5 s and 58 °C for 30 s. The relative data were
analyzed using CFX Manager™ and quantified with the comparative CT
(2−ΔΔCt) method [24]. All data for the analysis were obtained from
three independent experiments.

Table 1
List of primers used for the analyses.

Primer name Sequence (5′-3′)

cDNA cloning
EsNEDD8 F ATGCTCATCAAAGTGAAG
EsNEDD8 R CTAAGAGGAGGCCATTCC
Real-time quantitative PCR
β-actin qF GCATCCACGAGACCACTTACA
β-actin qR CTCCTGCTTGCTGATCCACATC
EsNEDD8qF AGCGGGTGGAGGAGAAGGA
EsNEDD8 qR CCAGCACCAGATGAAGCAC
EsCullin4 F AGGGACTGGATTCTCTCT
EsCullin4 R CCTTATCTTTCTCTGGGTT
EsDWD1 qF ACGGGTCGTCAACGAAACTG
EsDWD1 qR GGTCACTGGGTTACCATAGCG
Lys qF CTGGGATGATGTGGAGAAGTGC
Lys qR TTATTCGGTGTGTTATGAGGGGT
EsALF1 qF GACGCAGGAGGATGCTAAC
EsALF1 qR TGATGGCAGATGAAGGACAC
EsALF2 qF GACCCTTTGCTGAATGCTTGA
EsALF2 qR CTGCTCTACAATGTCGCCTGA
EsALF3 qF ACGAGGAGCAAGGAAAGAAAG
EsALF3 qR TTGTGCCATAGACCAGAGACTT
EsCrus1 qF GCTCTATGGCGGAGGATGTCA
EsCrus1 qR CGGGCTTCAGACCCACTTTAC
EsCrus2 qF GCCCACCTCCCAAACCTAT
EsCrus2 qR GCAAGCGTCACAGCAGCACT
RNAinterference
siEsCullin4 F GCCAUGACCUUAGUUUGUUTT
siEsCullin4 R AACAAACUAAGGUCAUGGCTT
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2.6. Immunofluorescence analysis

The hemocytes were isolated from the healthy male crabs, as
mentioned in section 2.2, and counted using an automated cell counter
(Invitrogen Countess). The hemocytes were seeded onto a 24×24mM
cell climbing slice (WHB, Shanghai, China) and cultured for 24 h in 60-
mM dishes in vitro, according to established primary culture techniques
[25]. Then, the hemocytes were collected and washed twice with
1× PBS (Solarbio, Beijing), fixed in 4% paraformaldehyde for 10min,
and immediately incubated with 0.2% Triton X-100 in PBS for 15min.
Subsequently, the cell slides were blocked with 3% BSA for 2 h and
incubated with the rabbit anti-EsCullin4 polyclonal antibody or anti-
Dorsal antibody (antibodies produced by the laboratory using re-
combinant protein) at a dilution of 1:100 in 3% BSA overnight at 4 °C.
The next day, the cell slides were washed with PBST to remove the
antibodies. Then, the cell slides were stained with FITC-conjugated
secondary antibodies (at a dilution of 1:500 in PBST; the antibody was
purchased from Tiangen, Beijing) for 2 h at 37 °C in the dark. Finally,
the cell slides were stained with the nuclear counterstain DAPI (Beyo-
time, China) and observed under a fluorescence microscope (Leica,
Germany).

2.7. Hemocyte culture and RNA interference in vitro

Small interfering RNA (siRNA) duplexes for the EsCullin4 RNA in-
terference experiment were synthesized by GenePharma (Shanghai,
China), and the RNA oligonucleotides (siEsCullin4 and siGFP) used are
listed in Table 1. SiGFP was used as the negative control. Hemocytes
were isolated from the healthy male crabs, as described in section 2.2,
before the RNAi experiment and counted using an automated cell
counter (Invitrogen Countess, USA). The hemocytes were cultured for
24 h in 60mM dishes, according to established primary culture tech-
niques [25]. Then, the siRNA, which was dissolved in RNase-free water,
was transfected into cultured primary hemocytes by using the siRNA
mate reagent at a final concentration of 5 nM. Total RNA was extracted
to evaluate the RNAi efficiency of the target genes by using qRT-PCR.

2.8. Expression of AMP genes

After silencing EsCullin4, as described in section 2.7, the cultured
hemocytes were challenged with different strains for 24 h, then, total
RNA was extracted, as described in section 2.3. Real-time quantitative
PCR was used to evaluate the expression level of AMP genes. The fol-
lowing AMP genes were selected on the basis of previous studies:
EsCrus1 [26] and EsCrus2 [27], lysoz-yme gene (LYS) [28], EsDWD1
[29], anti-lipopolysaccharide factor (EsALF1) [30], second anti-lipo-
polysaccharide factor (EsALF2) [31], and third anti-lipopolysaccharide
factor (EsALF3) [21]. All primers used to detect the expression levels of
the AMPs were listed in Table 1, and all experiments were performed in
triplicate.

2.9. Inhibition assay

MLN4924, an NEDD8-activating enzyme inhibitor that can in-
activate CRLs by inhibiting NEDD8-modified Cullins, was obtained
from a previous study [32]. Before the experiment, hemocytes were
isolated from the healthy male crabs, as described in section 2.2, and
cultured in vitro for 24 h in dishes, as described in section 2.7. The
cultured cells were pretreated with 1 μM MLN4924 for 6 h, prior to the
bacterial challenge; the same volume of DMSO was added to the control
group. Next, the cultured hemocytes were stimulated with different
heat-killed bacteria for 24 h. Subsequently, total RNA was extracted to
detect AMP expression levels by using qRT-PCR.

2.10. Bioinformatic analysis

The online search tool BLASTX (http://www.ncbi.nlm.nih.gov/)
was used to analyze the nucleotide sequences, and ORFfinder (http://
www.ncbi.nlm.nih.gov/gorf/orfig.cgi) was used to identify the open
reading frame (ORF). SMART (http://smart.embl-heidelberg.de/) was
used to predict the protein functional domains. Multiple sequence
alignment was performed using ClustalX2.0 program and DNAMAN
software. A phylogenetic tree based on EsNEDD8 was constructed using
the neighbor-joining method with MEGA6 software.

2.11. Statistical analysis

SPSS software and GraphPad Prism 5 were used for the statistical
analyses. The error bars represented standard deviation (SD). One-way
analysis of variance (ANOVA) and post-hoc Duncan's multiple range
tests were performed, and P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Gene cloning and sequence analysis of EsNEDD8

The cloned partial EsNEDD8 cDNA has a 243 bp ORF (GenBank
accession: MH171299) encoding a protein with 80 amino acids
(Fig. 1A). EsNEDD8 was significantly conserved during evolution
(Fig. 1B), and it has been determined to contain only a ubiquitin
homologue (UBQ) domain by using the SMART program (Fig. 1A). We
found some NEDD8 sequences from GenBank for the phylogenetic
analysis, and BLASTX analysis showed that EsNEDD8 has 95% identity
with the NEDD8 of Scylla paramamosain (Fig. 2). The relationships
shown in the phylogenetic tree are in accordance with their taxonomic
classifications, which have closer relations with invertebrate compared
with vertebrate.

3.2. Tissue expression pattern analysis and subcellular location

qRT-PCR were used to analyze the transcript levels of EsCullin4 and
EsNEDD8 in the different tissues (Fig. 3). The data showed that Es-
Cullin4 expression was the highest in the brain and lower in the heart
and hemocytes (Fig. 3A). Similarly, EsNEDD8 expression was widely
detected in all the selected tissues. The expression level of EsNEDD8
was the lowest in the stomach and the highest in the gill (Fig. 3B).
EsCullin4 was found localized in the cytoplasm and mainly around the
nucleus in the hemocytes (Fig. 4).

3.3. Expression profiles of EsCullin4 in hemocytes after bacterial challenge

The temporal expression pattern of EsCullin4 after different types of
bacterial challenge was determined using real-time qPCR. The expres-
sion levels of EsCullin4 were upregulated at 12 h and 24 h (P < 0.05)
after response to S. aureus infection (Fig. 5A). In response to V. para-
haemolyticus infection, the expression level of EsCullin4 was upregu-
lated from 24 to 48 h, especially at 48 h (Fig. 5B). The control group
(injected with PBS) showed non-significant variations in EsCullin4 ex-
pression level.

3.4. Detection efficiency of EsCullin4 RNA

To evaluate the expression of related immune genes after silencing of
EsCullin4 by RNA interference, the interference efficiency of the primary
cultured hemocytes was detected. The expression of EsCullin4 was sig-
nificantly downregulated (P < 0.05) by siRNA with or without bacterial
challenge (Fig. 6). Transfection of siEsCullin4 for 24 h led to a more than
65% decrease in the mRNA level of EsCullin4 (Fig. 6A). After bacterial
challenge, the silencing efficiency reached 50% (Fig. 6B and C).
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3.5. Effects of EsCullin4 silencing on the expression of AMPs

To check whether EsCullin4 regulates the expression of AMPs, the
mRNA levels of immune-related genes, namely, EsALF1, EsDWD1,
EsALF2, EsALF3, EsCrus2, EsCrus1, and Lys, in EsCullin4-silenced he-
mocytes were analyzed after S. aureus challenge (Fig. 7A) or V. para-
haemolyticus challenge (Fig. 7B). The results showed that the expression
levels of EsALF3, Lys, EsCrus1, EsCrus2, and EsDWD1 were significantly
downregulated after S. aureus stimulation (Fig. 7A). The expression
levels of EsDWD1, EsCrus2, EsCrus1, Lys, and EsALF2 were significantly
downregulated after V. parahaemolyticus stimulation (Fig. 7B).

3.6. MLN4924 inhibits the expression of AMPs in vitro

MLN4924, a potent inhibitor of the activation of CRL E3 ligase, was
used to investigate the regulation of AMPs by EsCullin4 [15,33]. The
mRNA expression levels of Lys, EsDWD1, EsCrus1, and EsCrus2 were
detected in the MLN4924-treated hemocytes after S. aureus stimulation
or V. parahaemolyticus stimulation (Fig. 8). Treatment with MLN4924
dramatically suppressed the expression of Lys (Fig. 8C), EsCrus1
(Fig. 8A), and EsDWD1 (Fig. 8D) after S. aureus stimulation, but it had
no effect on the expression of EsCrus2 (Fig. 8B). The expression of
EsDWD-1 was also suppressed after V. parahaemolyticus stimulation
(Fig. 8H) (See Fig. 9).

Fig. 1. (A) Nucleotide sequence of EsNEDD8 and the amino acid sequence are shown to the left and right, respectively. The open reading frame that encodes a protein
of 80 amino acids has 243 bp. The ubiquitin homologue domain is highlighted in red. (B) Multiple alignment of EsNEDD8 and 14 other species from GenBank. The
sequences and their accession numbers are as follows: SpNEDD8, Scylla paramamosain, AFP23394.1; HsNEDD8, Homo sapiens, NM_006156.2; MmNEDD8, Mus
musculus, NM_008683.3; BtNEDD8, Bos taurus, NM_008683.3; DrNEDD8, Danio rerio, EF178472.1; AmNEDD8, Alligator mississippiensis, XM_006259722.3; ScNEDD8,
Serinus canaria, XM_009100480.2; MaNEDD8, Macaca mulatta, NM_001266888.2; GjNEDD8, Gekko japonicus, XM_015406368.1; PhNEDD8, Pseudopodoces humilis,
XM_014262707.1; DmNEDD8, Drosophila melanogaster, NM_001299141.1; XtNEDD8, Xenopus tropicalis, NM_001016973.2:30–263; SsNEDD8, Sus scrofa,
XM_003128544.3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. A phylogenetic tree of EsNEDD8 and proteins from 11
other species from GenBank, constructed using MEGA6. The
red triangle (▲) indicates EsNEDD8 from Eriocheir sinensis.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this ar-
ticle.)
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3.7. Neddylation inhibition with MLN4924 dampens EsDorsal nuclear
translocation

To investigate the regulation of Toll pathway in Eriocheir sinensis
during bacterial challenge, we first to explored the translocation of
EsDorsal. as is shown, the results showed that the distribution of
EsDorsal in untreated group was mainly observed in the cytoplasm, at
1 h after S. aureus challenge, almost dorsal protein was translocated
form the cytoplasm into the nucleus. In 1 μM of MLN4924 treated he-
mocytes EsDorsal did not translocate into the nucleus upon S. aureus
challenge, still mainly in the cytoplasm.

4. Discussion

In this study, we identified a ubiquitin-like protein in the Chinese
mitten crab and named it EsNEDD8; we obtained a 243bp ORF that
encodes a protein of 80 amino acids, and the predicted weight of the
protein was 10 kDa. These results are highly similar to those obtained
using S. paramamosain. Only one functional domain was predicted for
EsNEDD8, the UBQ domain, using SMART analysis, which is highly
consistent with ubiquitin [34]. Previous studies have suggested that the
conjugation of NEDD8 with Cullins is a necessary perquisite for the

activation of CRLs. Modification of Cullins by NEDD8 is termed ned-
dylation [8,35,36]. Unlike in ubiquitination, UBC12 is the only known
E2 involved in neddylation, and transfer of NEDD8 from E2 to the
substrates is an essential process to activate the substrates [14].

The multiple sequence alignment showed that the molecular struc-
ture of NEDD8 was highly conserved, which indicates similar functions
in different species. The phylogenetic tree analysis instructed that
EsNEDD8 protein was closer to the NEDD8 protein in S. paramamosain
and other invertebrate species, compared with fish. Thus, the re-
lationships in the phylogenetic tree corresponded to normal taxonomic
classifications. Currently, the most well studied substrates in the ned-
dylation pathway are Cullins. Cullins function as scaffold proteins and
have been evolutionarily conserved [37]. Knockdown of Cullin4B re-
duced TNF-a production in mouse macrophage cells [37], and knock-
down of Cullin5 resulted in lower secretion levels of IL-1b, IL-6, and
TNF-a [38]. Interestingly, in Culex mosquitoes, cxCul4 function as pro-
viral by degradation of STAT via the ubiquitination pathway in the Jak-
STAT pathway [39]. However, there is limited information on the role
of Cullins in the innate immunity of invertebrates, especially crusta-
ceans.

The classification and structure of EsCullin4 in the Chinese mitten
crab have been reported [40]; however, little is known about EsCullin4

Fig. 3. qRT-PCR analysis of EsCullin4 (A) and EsNEDD8 (B) expression levels in seven different tissues of unchallenged crabs. The X-axis and Y-axis represent
different tissues and relative expression levels, respectively. The error bars represent standard deviation (SD). Three independent repeats were performed with at
least three crab for each sample. The data were analyzed using one-way analysis of variance and post-hoc Duncan's multiple range tests, and statistical significance
was set at *P < 0.05.

Fig. 4. Immunofluorescence of EsCullin4 in hemocytes. The blue fluorescence signal represents the nuclear DNA labelled with DAPI, and the green signal indicates
the target protein. Scale bar= 5 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in hemocytes. The results show that both EsCullin4 and EsNEDD8
ubiquitously expressed in all the tested tissues and indicate that Es-
Cullin4 and EsNEDD8 participate in the regulation of a multitude of
cellular functions. In this study, EsCullin4 was found to be abundantly
expressed whether it is simulated by S. aureus or V. parahaemolyticus,
suggesting that both Gram-positive and Gram-negative bacteria could
induce the gene transcription of EsCullin4. Previous studies have de-
monstrated that AMPs function as effector molecules that quickly
identify and eradicate invading pathogens in the innate immune system
[41,42]. The role of AMPs is particularly important in invertebrates.
Thus, to prove whether EsCullin4 can regulate the expression of AMPs,
we detected AMPs expression after silencing of EsCullin4 and sub-
sequent stimulation by bacteria. The results showed that the mRNA
expression levels of some AMPs significantly decreased, which indicates
that EsCullin4 can regulate AMP expression via a still unknown me-
chanism. EsCullin4 was found localized in the cytoplasm and mainly
around the nucleus in the hemocytes, which indicates that EsCullin4
may play an important role in the transport of surface signals from the

cytoplasm to the nucleus. On the basis of these results, we speculate the
regulation of AMPs by EsCullin4 via an intracellular signaling pathway.
However, there is limited information on intracellular signaling cas-
cades triggered by Cullin4 or the expression of AMPs regulated by
Cullin4 in invertebrates.

Five Cullins have been identified in the Chinese mitten crab, and
neddylation is necessary to activate Cullins [32]. The neddylation
pathway was first found to be involved in the degradation of an in-
terferon regulatory factor (IRF3) induced by the Sendai virus [43].
Previous studies have shown that some viruses could hijack Cullin-
based ubiquitin ligases to inhibit interferon signaling [44–47]. How-
ever, a recent study has shown that the neddylation pathway regulates
the production of type I interferons in vertebrates [48]. Therefore, we
tried to determine the functions of the neddylation pathway in the
regulation of AMPs in invertebrates. Our results showed that MLN4924
blocked the expression of most AMPs in the cultured hemocytes. Thus,
EsNEDD8-modified EsCullin4 may be necessary for its regulatory effect
on AMP expression.

Fig. 5. Relative expression levels of
EsCullin4 were determined using qRT-
PCR at 0, 2, 6, 12, 24, 36, and 48 h post-
challenge. The left column represents
the control group, and the right column,
the experimental groups: S. aureus sti-
mulation group (A) and V. para-
haemolyticus stimulation group (B).
Three independent repeats were per-
formed with at least three crab for each
sample. The data are mean ± SD va-
lues of three independent experiments
and analyzed using post-hoc Duncan's
multiple range tests. *P < 0.05,
**P < 0.01 when compared with the
control.

Fig. 6. RNAi efficiency of EsCullin4. (A) The mRNA expression level of EsCullin4 detected in hemocytes after transfection with EsCullin4 siRNA or siGFP. (B) The
mRNA expression level of EsCullin4 detected using real-time PCR and RT-PCR 24 h after transfection and S. aureus stimulation (B) or V. parahaemolyticus stimulation
(C). The data were analyzed using post-hoc Duncan's multiple range tests. *P < 0.05.
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The Toll pathway has significant roles in the innate immunity of
invertebrates and vertebrates. Toll-like receptors (TLRs) directly iden-
tify PAMPs from pathogens and activate NF-κB, resulting in acute re-
sponses to resistant pathogens [49]. A previous study has demonstrated
that, in shrimp, PAMPs can directly bind to TLRs, resulting in the de-
gradation of Cactus and translocation of Dorsal into the nucleus,
thereby initiating the expression of AMPs [50]. Thus, to evaluate the
relationship between neddylation and Toll pathway, we detected the
nuclear translocation of Dorsal after treatment with MLN4924. The

results showed that post S. aureus stimulation, the amount of Dorsal in
the cytoplasm of MLN4924 treated hemocytes were greater than in
DMSO treated hemocytes. This data indicates that the neddylation
pathway could positive regulate the translocation of Dorsal. In previous
study, Cullins inactivated by MLN4924 could block the degradation of
IκBα [51]. Cactus, the IκBα homologue, is required for degradation
after activation of the Toll signal pathway [52], although the molecular
mechanism underlying the degradation of Cactus by certain CRLs in
crabs is still unclear. ERK is the upstream signal of Dorsal, and

Fig. 7. Expression levels of seven se-
lected AMPs were detected using real-
time PCR after effective knockdown of
EsCullin4 and 24 h of stimulation with
S. aureus (A) or V. parahaemolyticus (B).
the data are mean ± SD values of three
independent experiments and were
analyzed using post-hoc Duncan's mul-
tiple range tests. *P < 0.05.

Fig. 8. (A) MLN4924 suppressed the expression of AMPs in vitro. Hemocytes cultured in vitro were treated with MLN4924 at a dose of 1 μM for 6 h before S. aureus
stimulation (1× 107 CFU/ml). (B) The expression levels of EsCrus1, EsCrus2, Lys, and EsDWD-1 in the hemocytes of the crabs treated with the neddylation inhibitor
MLN4924 at a dose of 1 μM for 6 h before V. parahaemolyticus stimulation (1×107 CFU/ml). The untreated cells served as controls. The mRNA levels of EsCrus1,
EsCrus2, Lys, and EsDWD-1 were measured using real-time PCR. All the data were obtained from three independent experiments. One-way analysis of variance and
post-hoc Duncan's multiple range tests were performed, and P < 0.05 was considered statistically significant (**P < 0.01).
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phosphorylated ERK regulates the translocation of Dorsal into the nu-
cleus to promote the production of AMPs in shrimp [53]. In mammals,
the neddylation pathway is essential for ERK activation in T cells [54],
and the expression of cytokines and chemokines is significantly blocked
when neddylation of Cullins is inhibited; the potential molecular me-
chanism is through inhibition of NF-κB and MAPK signal pathways
[55]. However, few studies have focused on the relationship between
the neddylation and MAPK pathways in invertebrates, and there is
limited information on the relationship between the MAPK and Toll
pathways. Thus, the role of the Cullin family in innate immunity of E.
sinensis, especially in regulating key molecules in the intracellular signal
pathway, needs to be investigated.

In summary, the cDNA of EsNEDD8 was obtained from the Chinese
mitten crab. Both EsCullin4 and EsNEDD8 were widely observed in all
detected tissues. In hemocytes, EsCullin4 was found localized in the
cytoplasm and mainly around the nucleus. Furthermore, the expression
of EsCullin4 was upregulated significantly in the hemocytes after bac-
terial stimulation. Moreover, our study showed that EsCullin4 regulates
AMPs expressions and neddylation of EsCullin4 by EsNEDD8 is neces-
sary. In addition, the translocation of Dorsal was suppressed after
treated with MLN4924 in hemocytes. However, the immune functions
of the Cullin family, especially the relationship between neddylation
and intracellular signaling pathways in invertebrates, need to be stu-
died further.
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