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Iron homeostasis is vital to organismal health; it is maintained by the iron regulatory protein (IRP)-iron-re-
sponsive element (IRE) signaling pathway. In the Chinese mitten crab Eriocheir sinensis, EsFer-1 and EsFer-2
reportedly have a putative IRE, but an IRP has not yet been identified. In this study, we successfully amplified the
full-length ¢cDNA of EsIRP using gene cloning and rapid amplification of cDNA ends techniques. The length of
this cDNA was 4474 bp, and it included a 2682-bp open reading frame encoding 893 amino acids. Using
quantitative real-time PCR, mRNA transcripts of ESIRP were detected in various tissues. The highest and lowest
expression level was detected in the muscle and gills, respectively. In response to Staphylococcus aureus and
Vibrio parahaemolyticus challenge, the transcription level of ESIRP was downregulated and that of EsFer-1 and
EsFer-2 was upregulated in hemocytes. ESIRP knockdown resulted in increased expression of both EsFer-1 and
EsFer-2. After EsFer-1 and EsFer-2 knockdown, the bacterial clearance ability of E. sinensis against S. aureus and
V. parahaemolyticus was impaired. In conclusion, our results suggest that the IRP-IRE signaling pathway plays an

important role in the innate immune system response in E. sinensis.

1. Introduction

The innate immune system acts as the frontline of defense against
microbial pathogens by recognizing pathogen-associated molecular
patterns using pattern recognition receptors [1]. With the accumulation
of knowledge about how hosts fight infections, immunologists have
realized that pathogen recognition is only one of the facets of innate
immunity. The iron-withholding strategy in innate immunity has gra-
dually caught the attention of many researchers [2]. Iron plays a key
role in infectious diseases; it can be used not only as a regulator of the
innate immune system response but also as a nutrient source for mi-
croorganisms [3,4]. Although a sufficient amount of electron transfer is
required in alkaline biochemical reactions, excess iron may be harmful
because it can catalyze the non-enzymatic production of toxic oxygen
intermediates via Fenton/Haber-Weiss chemistry [5]. Iron is involved
in diverse metabolic and synthetic pathways that unicellular and mul-
ticellular organisms rely on; microbes including bacterial, protozoan
and fungal pathogens also have an essential requirement of iron [6-8].
Therefore, all organisms have evolved complex mechanisms to main-
tain cellular iron homeostasis. The hormone hepcidin, produced by the
liver, is believed to be the central regulator of systemic iron home-
ostasis [9]. Other than this, there is a distinct iron regulatory system
that maintains iron homeostasis by regulating the levels of transferrin
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receptors and other proteins in individual cells [10].

Iron homeostasis is meticulously regulated by the iron regulatory
protein (IRP)-iron-responsive element (IRE) signaling pathway at the
transcription level [11]. IRP can control the translation of ferritin and
ferroportin mRNA as well as the stability of transferrin receptor mRNA
by interacting with their IRE function [12]. Ferritin both in the cyto-
plasm and mitochondria can sequester and store iron in the ferric state
[13,14]. Excess iron is mainly exported to blood through ferroportin
[15]. Transferrin then binds iron in the ferric state and transports it to
the peripheral tissues. The iron-loaded transferrin binds to the cell
surface transferrin receptor and undergoes endocytosis [11]. IRE is a
specific non-coding sequence located on the untranslated region (UTR)
of mRNA transcripts and contains the classic CAGUGN sequence [12].
IRE motifs are located in the 5’-UTR of ferritin H and L subunits, fer-
roportin, and aminolevulinic acid synthetase and in the 3’-UTR of
transferrin receptor and divalent metal transporter 1 (DMT1) [11].
When iron is deficient in cells, IRPs can bind to IRE motifs in the 5’-UTR
to abrogate target mRNA translation. However, when iron is in excess,
it can bind to IRP and dissociate IRP from target genes, inducing normal
translation [12]. In contrast, IRP binding to IRE motifs in the 3-UTR
can promote translation of target mRNA against endonuclease cleavage
[12]. When IRP dissociates from IRE motifs in the 3’-UTR, the target
mRNA becomes susceptible to endonuclease attack and degradation.
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Under conditions of iron deficiency, as ferritin and ferroportin mRNAs
have IREs in their 5-UTRs, their translation is inhibited by IRPs;
however, as transferrin receptor and DMT1 mRNAs have IREs in their
3’-UTRs, their translation is promoted by IRPs [11]. In contrast, when
iron is in excess, IRP dissociation from IREs promotes the translation of
ferritin and ferroportin mRNAs but destabilizes transferrin receptor and
DMT1 mRNAs [12]. The importance of IRPs for innate immunity was
discovered by the genetic disruption of the macrophage IRP-IRE system
in mice [16,17]. IRP ablation in macrophages broadly hampers the
immune response to Salmonella infection [18]. It also seems to promote
toll-like receptor signaling [19].

The Chinese mitten crab Eriocheir sinensis is an important commer-
cial aquaculture species in China and other Asian countries. The con-
tinuous expansion of aquaculture has given rise to many problems;
diseases caused by bacteria, viruses, and parasites are known to cause
serious economic losses [20-22]. Therefore, it is necessary to study the
immune mechanism of E. sinensis. In recent years, some iron-binding
proteins have been reported in E. sinensis. Two novel ferritins con-
taining IREs in the 5-UTR have been identified from Chinese mitten
crabs. In response to Listonella anguillarum and Pichia pastoris GS115
challenge, the expression levels of both EsFer-1 and EsFer-2 are upre-
gulated in hemocytes [23]. Transferrin and ferritin reportedly partici-
pate in the immune response to Spiroplasma eriocheiris in E. sinensis
[24]. In this study, we identified an IRP, EsIRP, and analyzed its tissue
expression profiles. ESIRP expression levels were investigated after
bacterial challenge. RNA interference (RNAi) of EsFer-1 and EsFer-2
impaired bacterial clearance. Our results suggest that the IRP-IRE sig-
naling pathway plays an important role in the innate immune system
response in E. sinensis.

2. Material and methods
2.1. Animals

Healthy adult male Chinese mitten crabs (n = 240; wet
weight = 100 + 15 g) were purchased from a local agricultural market
in Shanghai, China. They were acclimated for 1 week at 23°C = 2°Cin
aerated freshwater with abundance of oxygen before being used for
experiments. Before use, 5% of crabs was randomly detected by PCR
using TaKaRa 16S rDNA Bacterial Identification PCR Kit to ensure that
the crab were free of Staphylococcus aureus and Vibrio parahemolyticus.

2.2. Bacterial challenge and sample collection

The Gram-positive bacterium Staphylococcus aureus and the Gram-
negative bacterium Vibrio parahaemolyticus were gifted by the National
Pathogen Collection Center for Aquatic Animals (Shanghai Ocean
University, Shanghai, China). Bacteria were cultured overnight in
Luria-Bertani (LB) medium at 37 °C and collected by centrifugation at
5000 x g for 5 min, washed three times, and then resuspended in sterile
PBS (137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM KH,PO,, pH
7.4). Numbers of bacterial colony-forming units (CFU) were determined
by plating the diluted suspension onto agar plates. For the bacterial
challenge experiment, the crabs were randomly divided into three
groups. In the two challenge groups, the animals were separately in-
jected with 200 ul S. aureus or V. parahaemolyticus (1 x 108 CFU) using
a microliter syringe. In the control group, the crabs were injected with
the same volume of PBS. At specific time points (O h, 6 h, 12h, 24 h, and
48h) after bacterial challenge, hemolymph samples were collected
from the ventral sinus via the arthrodial membrane at the base of a
walking leg using a sterile syringe containing an equal volume of an
anticoagulant solution (0.1 M glucose, 30mM citrate, 26 mM citric
acid, 0.14 M NaCl, and 10 mM ethylenediaminetetraacetic acid). The
solution was then transferred to a centrifuge tube and immediately
centrifuged at 800xg for 15minat 4°C to obtain hemocytes.
Subsequently, other tissues including the hepatopancreas, stomach,
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gills, muscle, intestine, and heart were collected. The samples were
immediately frozen in liquid nitrogen and stored at —80 °C. Three crabs
were chosen for each sample in case of individual differences.

2.3. Total RNA extraction and cDNA synthesis

Total RNA was extracted from the aforementioned tissues using
Trizol (RNA extraction kit, Invitrogen), according to manufacturer's
instructions. The integrity of extracted RNA samples was detected using
agarose gel electrophoresis, and the samples were quantified by UV
spectrophotometry. RNA concentration and purity were checked using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE). The cDNA template for general PCR was synthesized
using the PrimeScript™ First-Strand cDNA Synthesis Kit (Takara, Shiga,
Japan), according to manufacturer's instructions. Total RNA was re-
verse transcribed using the SMARTer” RACE c¢DNA Amplification Kit
(Clontech, Shiga, Japan) for rapid amplification of cDNA ends (RACE)
and PrimeScript™ RT reagent Kit with gDNA Eraser (Takara) for
quantitative real-time PCR (qRT-PCR).

2.4. Gene cloning of EsIRP

The EsIRP partial cDNA sequence was obtained from the tran-
scriptome data of E. sinensis. The partial cDNA was amplified using
general PCR. The complete sequence of the ESIRP gene was extended
using 3’- and 5’-RACE. Gene-specific primers (Table 1) were designed
based on the partial cDNA sequences, and amplification was performed
according to the instructions of different kits. PCR products were pur-
ified and inserted into the pEASY-T1 vector (TransGen, China) for DNA
sequencing.

2.5. Sequence analysis

The open reading frame (ORF) of EsIRP was identified using ORF
finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi). Full-length cDNA
and the deduced amino acid sequences were compared against se-
quences from other representative vertebrates and invertebrates de-
posited in the National Center for Biotechnology Information (NCBI)
GenBank using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Molecular weight and estimated isoelectric point (pI) of the ESIRP
protein were predicted using the ProtParam tool of ExPASy (https://

Table 1
Primer sequences.

Primer name and purpose Sequence (5-3")

cDNA cloning

RT-IRP-F GTACCATCGTTGTCAGGTCC
RT-IRP-R GCTGAACACTATCCGCAGAA
5RACE-IRP-1 GGATGTGGAGGGTGCGCGGT
SRACE-IRP-2 CGCGGTCCAGCCTTCTTGGCA
SRACE-IRP-3 AGCCCGGCGAGAGGGAGGTC
3RACE-IRP-1 ACAGGGTGCCGGTGTCTGGGA
3RACE-IRP-2 TGGCTCGGTGGTCATTGCGGC
3RACE-IRP-3 GGCTGGCTCCATCGCACGCA
Quantitative real-time PCR

Q-IRP-F TCACTACCTCCAGCACTCCG
Q-IRP-R TGACCAATGGGCTCCTTCTC
Q-Fer-1F GGGAATGGTGATGCTGATGTA
Q-Fer-1R AAAGCTCCTTGTCAAAGATACC
Q-Fer-2F GTCACGAAGAAAATACATGAAGTG
Q-Fer-2R TGCTGATACCTTACAACTCCC
Q-actin-F GCATCCACGAGACCACTTACA
Q-actin-R CTCCTGCTTGCTGATCCACATC
RNA interference

SiESIRP CGCUGACCUUGUGAUUGAU
siEsFer-1 CGAGCAGUAACCAGAAACU
siEsFer-2 GCAGCAAGCCAUAUCAUAC
siGFP UAAUACGACUCACUAUAGGG
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web.expasy.org/protparam/). Signal peptides and transmembrane he-
lices were predicted using SignalP 4.1 (http://www.cbs.dtu.dk/
services/SignalP/) and TMHMM 2.0 (http://www.cbs.dtu.dk/
services/TMHMMY/), respectively. The structure and function of do-
mains were predicted using SMART (http://smart.embl-heidelberg.de/
), and three-dimensional models were constructed using SWISS-MODEL
(http://swissmodel.expasy.org/). Multiple sequence alignment was
performed using the DNAMAN software. A phylogenetic tree was con-
structed based on the alignment of amino sequences using the neighbor-
joining method with 1000 bootstrap replications in MEGA 7.0.

2.6. qRT-PCR

To determine the tissue distribution of EsIRP, we used qRT-PCR
with specific primers Q-IRP-F and Q-IRP-R (Table 1). Q-actin-F and Q-
actin-R (Table 1) were used to amplify B-actin as the internal control
[25]. qRT-PCR was performed using the SYBR Premix Ex Taq™ Kit
(Takara), according to manufacturer's instructions, in a CFX96 Real-
Time system (Bio-Rad, Hercules, CA, USA). Relative expression levels
were calculated and quantified using the comparative CT (27 24<%
method. Statistical analysis was performed using SPSS. Data represent
mean *+ standard error. Statistical significance was determined using
one-way analysis of variance (ANOVA) and post hoc Duncan multiple-
range tests. Statistical significance was set at P < 0.05. For analyzing
the expression of EsIRP, EsFer-1, and EsFer-2 after bacterial challenge,
the reaction conditions were as described above. Data were analyzed
using unpaired t-test, and statistical significance was set at P < 0.05.

2.7. RNAi assay

Based on the sequences of the EsIRP, EsFer-1, and EsFer-2 genes,
small interfering RNAs (siRNAs) specifically targeting each gene were
synthesized using an in vitro transcription T7 kit, according to manu-
facturer's instructions (Takara). The sequences of siRNAs were dis-
played in Table 1. GFP siRNA was used as the negative control. The
synthesized siRNAs were dissolved in siRNA buffer (50 mM Tris-HCl,
100 mM NacCl, pH 7.5) and quantified using spectrophotometry. RNAi
assay was performed by injecting 100 pug siRNA into the foot of the third
appendage using a syringe. At 24 h after the injection, hemocytes were
collected. The efficacy of the RNAi procedure was assessed using qRT-
PCR. The assays were biologically repeated three times.

2.8. Bacterial clearance assay

Healthy crabs were randomly divided into three groups depending
on whether they were injected with siRNAs of EsFer-1, EsFer-2, or GFP.
Bacterial suspensions (S. aureus and V. parahemolyticus) were cultured
overnight in LB broth at 37°C and adjusted to OD 600 = 0.2. After
washing with PBS, the bacteria were collected by centrifugation at
5000 x g for 5 min and resuspended in 200 pl of PBS, then injected into
each crab in different groups, and the hemolymph was collected at 24 h
post-injection. After serial dilution, the number of residual bacteria was
determined by plating the samples onto LB agar plates. Three to five
crabs were used in each group, and each experiment was repeated three
times. The results are presented as the mean * SD.

3. Results
3.1. ¢cDNA cloning and sequence analysis of ESIRP

The length of the ESIRP cDNA sequence (GenBank accession:
MK184455) cloned from E. sinensis hemocytes was 4474 bp, and it in-
cluded a 2682-bp ORF along with 51 bp 5-UTR and 1741 bp 3’-UTR.
EsIRP c¢DNA and the deduced amino acid sequences are shown in
Fig. 1A. The ORF was found to encode 893 amino acids. The predicted
molecular weight of the EsIRP protein was 98.36 kDa and the estimated

634

Fish and Shellfish Immunology 89 (2019) 632-640

pl was 6.05. As identified via SignalP 4.1 and TMHMM 2.0, neither
signal peptides nor transmembrane helices were observed. SMART
predicted that the 59 to 570 and the 698 to 827 amino acid residues
were aconitase and aconitase C-terminal domains, respectively
(Fig. 1B).

Three-dimensional models of EsIRP were constructed using SWISS-
MODEL. A hypothetical protein was subjected to a BLAST search
against PDB database. PDB alignment showed that EsIRP (6-892 amino
acids) shared the highest similarity (69.72%) with human IRP (PDB ID:
2b3y.1). Subsequently, the protein structure was homology modeled
and showed by PyMol1.3. The structures of IRPs from different species
indicated a very high similarity (Fig. 2).

3.2. Homologous and phylogenetic analysis of ESIRP

BLASTp analysis showed that EsIRP had the highest similarity (84%)
with the IRP of Pacifastacus leniusculus, followed by 74% similarity with
cytoplasmic aconitate hydratase of Lingula anatine. Multiple protein
sequence alignment analysis of the EsIRP amino acid sequence with
other species revealed that IRPs have conserved functional domains in
different species (Fig. 3). A phylogenetic tree was constructed based on
the deduced amino acid sequences of IRPs from 20 species using MEGA
7.0. Sequences from mammals, bony fishes, molluscs, and crustaceans
comprised the first group, followed by insects and then bacteria. EsIRP
sequence was included in the first group, along with the crustaceans
(Fig. 4).

3.3. Tissue distribution of ESIRP mRNA

SYBR green real-time PCR analyses were employed to quantify
EsIRP mRNA expression in the hepatopancreas, stomach, gill, muscle,
intestine, heart, and hemocytes. The mRNA of EsIRP was widely ex-
pressed in all samples. The highest expression level of EsIRP was de-
tected in the muscle, followed by the intestine. The lowest expression
level of EsIRP was noted in the gill (Fig. 5).

3.4. Transcription level changes in EsIRP after bacterial challenge

To investigate the role of EsIRP in the immune response to S. aureus
and V. parahaemolyticus, the transcription level of EsSIRP mRNA from
hemocytes was tested using qRT-PCR at different time periods after
bacterial challenge; (-actin was used as the internal control. The re-
lative expression levels of ESIRP were significantly downregulated after
S. aureus (Fig. 6A) and V. parahaemolyticus (Fig. 6B) challenge from 6 h
to 48 h; the PBS group served as the control.

3.5. EsFer-1 and EsFer-2 expression after bacterial challenge

For investigating the role of the IRP-IRE signaling pathway in the
immune response to S. aureus and V. parahaemolyticus, the transcription
level of EsFer-1 and EsFer-2 mRNA from hemocytes was tested using
gRT-PCR at different time periods after bacterial challenge. In response
to S. aureus and V. parahaemolyticus challenge, EsFer-1 expression
markedly increased from 6h to 48h (P < 0.01), being the highest at
12h and 6 h, respectively (Fig. 7A). EsFer-2 expression also showed a
significant increase (P < 0.01) after S. aureus and V. parahaemolyticus
challenge, and the expression was the highest at 6 h and 48 h, respec-
tively (Fig. 7B).

3.6. EsIRP knockdown promoted EsFer-1 and EsFer-2 expression

To study the relationship between IRP and IRE, EsIRP expression
was silenced using RNAi. EsIRP expression in the siRNA interference
group was suppressed significantly in E. sinensis hemocytes at 24 h in
comparison with the expression in the GFP RNAi group (Fig. 8A).

After EsIRP gene knockdown, EsFer-1 and EsFer-2 expression levels
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cctectectegteccectectectectectetttgectgaattacgtegga 51 1846 tccagetggt tgtggt, tgtt tgt 1914
atggcaggegaaggaacaaacccatttgetcatctectotetgagetecagattggaggggaaacctte 120 R GGDI!1Q@LVEQEHVVPTMFZEKTEVYAR
M AGEGTNPFAHLLSELO I GGETF 1915 at t ) tatgctctacccctgggacaca 1983
aagtattataacctcctgaaccttaaggataagegetatgaccgectgeccttcageoatcagggtetta 189 I TTGNERWNIEKLEAPEGMLYPWDT
K'Y YNLLNLIKDI KR RYDRLZPFSI RVL 1984 cgctccacctacat ttott: t tgeotgeogtgaggage 2052
ttggaggcagotgtgagaaactgtgataattttcaggtgaaggaggaagatgtegcacaacatcctggac 258 RSTY | KKPPFFDGMTI KDLPAVRS
LEAAVRNG CDNTFAI QVKETETDVHNILD 2053 attgagaacgcctatgotctgettcatottggggacteget tot tgge 2121
t tgtoget tggaagtgectttecgtocagecegogteatoctocag 327 I' ENAYALLHLGD SV TTDHI SPAG
WEQKQ@NVAEGVEVPFRPARVILAQG 2122 tccatc tcccctgetgogogottecttgeot ttgact ttcaac 2190
gacttcacgggggtaccagetgtggtggacttt tgag tgt ttggagga 396 S 1 ARNSPAARTFLASKG GLTARTETFN
DF TGVPAVVDFAAMRDAVKDLGSG G 2191 tcctatggttctcggagaggtaatgatgetgtgatggcteggggaacctttgecaacatcaggetggts 2259
't tot tgaccttgtgattgatcactcagtgcaagtggagttec 465 S YGSRRGNDAVMARGTEFANIRLYV
DPKKINPICPADLV I DHSVQVETF 2260 t t tccacatcccgteccaagaggaggtegatgtgttt 2328
t tccagtgeecot. tagagttt ttttgagegetttgte 534 N KL AKKAGPRTILHI P SQETEVDVEF
S RTSSALQKNG GETLTETFETRNFETRETF.V 2329 gatgoagetgagegttateat tgatcatcctt tatggctca 2397
ttcctcaagtggggagegeaagecctcaagaacatgotgattgttecteccggetcaggeategtgecac 603 DAAERYHDEIKRPV I I L AGKEYGS
F LKWGAQALKNMLIVPPGSGI!I VH 2398 ggcteot tttcctectgggtgtacgggctatgattgotgagtee 2466
caggtgaacttggagtactt tcgtgtttaat tgotgtt tccotg 672 G S SRDWAAKGPTFLLGVRAV I AES
Q VNLEYLARVVFNSDIKTLTLTFPDSTL 2467 tat t ttgtgggcatgggcatcattcccctgcagtacatggagggagaa 2535
gt t tgat tgggtettatgggctegggagtgggaggcatt 741 YERI HRSNLVGMG I I PLQYMETGE
VGEGTDSHTTMINGLGVVGWAGV GG 2536 aatgcagactccttgggeatcactggaaaggaagetttcaccatcagecttccagaggaagttaagact 2604
tgtgatget tgtgtecatggtgct, tggtgggetactgeate 810 NADSLGI TGKEAFTISLPETEVKT
EAEAVMLGQAVSMVLPKVVGYGCGC.I 2605 ggcatgaccattcctgtgeagatgggtgatogttecttcaacacaatcctacgetttgacactgacgtg 2673
accggcacactctctccactctccacctccacggatgttgtcctcaccatcaccaagcacctccgtcaa 879 GMTI1PVA@MGDRSTFNTILRTFTDTTDUV
T GTLSPLSTSTDVVLTITKHLTRA 2674 gagctgacctactataggcacggaggaatcctcaactacatgatceggaagatgatctag 2733
gttggtotggtaggaaagtttgtagagttetttgggectggegtagageagetttecttagetgacecgt 948 ELTYYRHGGI LNYMIRIKMI *
VGV V GKFVEFFGPGVE= QLSLADRTR 2734 tt tgaagactcctttettttaggecaacttgaacagtgtttcaat 2802
tctccaacatgt; tatggggccactgtgggettcttecccagtggacgacacaace 1017 2803 agtcaaaatatgatgtacatatatatatatttaaagagaaaatattatatgatttcaatctgtgtecctt 2871
AT 1 SNMCPEYGATVGFFPVDDTT 2872 gtcattcatatccaaataaaataaacaaattgatatactgttaaactattagcttgtgataatgatttt 2940
atcaagtacctt ggat gat tagagggatacttgaaagct 1086 2941 tgttatgacaattaaatgctgaatattatgagtgcttaccactgagagattatgtgggagggggtecte 3009
| K YL RQSNURDETIKRIAETIESGY LKA 3010 agagaagaattaattgctgcgttcctgtgttggtgtagtgttgtettttgactgettagtgttaagtgtt 3078
gtcaacatgtaccgtaacttcatggatgectctcaagatccagegtatagegaggtggtgacgttggac 1155 3079 gaagggtagctgtgtagggctgtttgagggcgagtgttgaggtgctgaaagaggttactaacaccccca 3147
VNMYRNTFMDASQDPAYSEVVILTD 3148 gotgettgatggeacctgeattacagttcattcgtgaaagggtcagggctgtatctagaagttgatteg 3216
ctcggtgatgtagtaccatcgttgtcaggtcctaaacgeccccatgacagggtgecggtgtetgggatg 1224 3217 tgggcttgttcaacattctgeggatagtgttcagecaatcgaggatcatagatcatgetaagatccatgt 3285
L GDVVPSLSGPIKRPHDRVPVSEGHM 3286 aagattaagtaatgtgttctgtaggttcatccccat tcttaaat tgg: 3354
aaggaagacttcctcaaatgtttggeccaatcagategggttcaagggttacgecatecccageagaccag 1293 3355 gtaatagaacaaactagctcagagagagatgatcaataggagttgactattgtaagecgtgttattcat 3423
K E D F L KGCLANU QI GFIKTGYAT1PATDSZQ 3424 ccagttctcgcacaatgectcttaccttatctgggaatcacacacagttacttgettttttgectttta 3492
catgacaagacggtgcctttcatctacgagggtcaggagtacactctgeggeatggeteggtggtecatt 1362 3493 ttcctcaaactctttttctactgtggcacattcccttcagataatgatttctacttctcagcaagecagt 3561
HDKTVPF I YEG QEYTLRHGSVV I 3562 aagatttcctttccatgaatgttgagttcactaagttgtcaagcagttaaatacaacctggtgacttaa 3630
tcacctect tgtcatgcttggagcaggtctgetggccaag 1431 3631 ttacacgactttaggtttgaagtatttgtgctcaaactcagttgetttaatettcettacatcaccagge 3699
A A1 TS CTNTSNPTVMLGAGLTLAK 3700 ttgcagtcaagttt ttggcatggaccaagacttgtgtgatataaaaaaa 3768
aatgetgt tgagagt; tacat. tccctctegecgggeteaggggtes 1500 3769 acacgaatcacttcttccaggatggagt ttatgt tactttcagggtetttttt 3837
N AVEAGLRVAPY I KT SL SPGSSG GV 3838 aacgtgtgtaggtaccaaataagacatgecttagttgtagcagaggagaagtgtaactgaatgtetgee 3906
gtcactcactacctccagcactccggogtcactcccttoctcaccaaactgggettcgacatcgtagge 1569 3907 ttatgccagtgtgatttcttgttttttcagtatatcatgtaacagetgttggetcagaaattttattat 3975
VTHYLQHSGVTITPFLTIKLSGFDI VG 3976 ttgttcatacaatgaaaaattttgcattgtttatattttaggtttactttttaatcaatgaagecaata 4044
tatggctgeatgacctgtatcggecaactctggaccaatccctgaacctattgtggaagecattgagaag 1638 4045 tttcaataaaatgagataattttactactttgtagetttcagecttgaaataactaactttgggecaggg 4113
Y GCMTOGCI GNSGP 1 PEPIVEAIEHK 4114 aacacaaactcctcagattttagatctataagatgttgecacctataggtatactgagaagagtcagtet 4182
aatgacttggtgtgttgtggagtectetcagggaaccgtaactttgagggcaggatccaccccaacace 1707 4183 gctagttttctacagtgatttttcctaagaagecaattatcactgecatateottgtetttgtaggtca 4251
NDLVCGCGVLSGNRNFEGRTIHPNT 4252 taagtacagcgctacaaaatgttgtgettatttagt: tacat. ttgaatttat 4320
cgegecaactacctegectegeegetecttgtcategectacgecctggecgggagggtggacategac 1776 4321 attacagtaatctgttgccaaccaatatagttgacattataaacctgttattagtataggacaaacatg 4389
R ANYLASPLLVIAYALAGRVDITD 4390 atcccataccactgctgaaaacttaggagagagtaggtegetgtgaagetgtgatttgtacatctaaaa 4454
ttt ttggtcatggt tgtteoct tet 1845 4459 aaaaaaaaaaaaaaaa 4475
FEKEPIGHGNSGEPVFLRDIWPK
fam
conitase_C
'100 '200 '300 '400 '500 '600 '700 '800

Fig. 1. (A) Nucleotide and deduced amino acid sequences of ESIRP. The nucleotide sequence is numbered from the 5’-end, and the amino acid code is present below
the corresponding codon. Aconitase domains are underlined. Aconitase_C domain is indicated by a wavy line. Start and stop codons are marked in bold. (B) Domain
structure analysis of the putative ESIRP protein, which includes an aconitase domain in the N-terminus and an aconitase_C domain in the C-terminus.

Hs|RP DI RP

Fig. 2. A comparison of the three-dimensional structures of iron regulatory
proteins from Homo sapiens, Drosophila melanogaster, and Eriocheir sinensis. The
alpha-helix structure is highlighted in green, beta sheet in yellow, and L-loop in
blue. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

were detected using qRT-PCR. In response to EsIRP knockdown, EsFer-1
and EsFer-2 expression significantly increased to levels higher than
those observed in the GFP RNAIi group (Fig. 8B and C). This indicated
that EsIRP knockdown results in increased expression of EsFer-1 and
EsFer-2 in E. sinensis.

3.7. EsFer-1 and EsFer-2 knockdown inhibits bacterial clearance

To investigate the in vivo function of the IRP-IRE signaling pathway
in E. sinensis, RNAIi of EsFer-1 and EsFer-2 and bacterial clearance assays
were performed. qRT-PCR analysis indicated that 24 h after siRNA in-
jection, the mRNA level of EsFer-1 and EsFer-2 in hemocytes decreased
significantly compared with that in the normal (i.e., without any
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Fig. 3. Multiple protein sequence alignments of ESIRP with IRPs from other species. Black shading indicates identical amino acid residues. Gray shading indicates less
conserved residues. Pale gray shading indicates somewhat similar residues. Sequences and their accession numbers are as follows: HsIRP, Homo sapiens AAF99681.1;
DriIRP, Danio rerio AAZ30732.1; MmIRP, Mus musculus NP_031412.2; MsIRP, Manduca sexta AAK39637.1; PlRP, Pacifastacus leniusculus CAB41634.1; DmIRP,
Drosophila melanogaster CAA11211.1; LpIRP, Limulus polyphemus XP_013787464.1; LalRP, Lingula anatine XP_013409790.1; ZnIRP, Zootermopsis nevadensis
XP_021921229.1; CfIRP, Crassostrea gigas XP_011411873.1; SsIRP, Salmo salar ACI33729.1; and DaIRP, Dermacoccus abyssi WP_118913250.1.
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Fig. 4. Phylogenetic analysis of IRPs from various species. Scale bar corresponds to 0.5 estimated amino acid substitutions per site. ESIRP is highlighted using a red
triangle. (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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Fig. 5. Tissue distribution of EsSIRP mRNA. Quantitative real-time RT-PCR re-
sults are shown; B-actin served as the reference gene. The different alphabets
above each bar represent significant differences among bars and the same al-
phabets above different bars indicate no significant differences.

treatment) and GFP RNAi groups (Fig. 9A and B).

After EsFer-1 and EsFer-2 knockdown, S. aureus and V. para-
haemolyticus were injected into E. sinensis. In response to this, the
number of both S. aureus and V. parahaemolyticus CFU significantly
increased in comparison with that in the GFP RNAi group (Fig. 9C and
D). The bacterial clearance ability was thus impaired in EsFer-1- and
EsFer-2-silenced crabs.

4. Discussion

Iron transport and storage are critical for host defense [26]. The
binding of hepcidin to ferroportin inhibits iron export in a humoral
manner [27]. IRPs regulate cellular iron metabolism; they interact with
IREs of target mRNAs to regulate the translation of key iron metabolism
genes encoding iron storage proteins and the iron exporter. Earlier
studies have reported that the functions of IRPs are essential for orga-
nismal survival. For example, mice completely lacking IRP in their
hepatocytes or duodenal enterocytes have been reported to die in the
early postnatal period [28,29]. The function of the IRP-IRE system is
important for macrophage-mediated immunity and host resistance to
infection with intracellular bacteria [30]. Therefore, the IRP-IRE sig-
naling pathway may play an important role in conferring innate im-
munity against bacteria in E. sinensis.

In this study, we successfully amplified the full-length ¢cDNA of
EsIRP using gene cloning and RACE techniques. EsIRP has aconitase
domains, as predicted using SMART. IRP1 binds a [4Fe—4S] cluster and
functions as cytosolic aconitase, which catalyzes the conversion of ci-
trate to isocitrate in the cytosol [31,32]. Assembly and disassembly of
the [4Fe—4S] cluster can regulate IRP1 activity by changing
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conformations. The aconitase family proteins have a four-domain or-
ganization. Domains 1, 2, and 3 of typical mitochondrial aconitases are
tightly associated with each other to nestle the Fe—S cluster; in a sub-
group of isopropylmalate isomerases, domain 4 is a separate, unlinked
peptide chain. However, in the aconitase B group, the four domains are
contiguous but cyclically permuted in the order 4-1-2-3 [33]. Three-
dimensional models of IRPs indicated a very high similarity among
EsIRP, DmIRP, and HsIRP. Multiple sequence alignment and phyloge-
netic tree analysis showed that ESIRP has a close genetic relationship
with other species and it is highly conserved evolutionarily. In mam-
mals, IRP stabilizes the transcripts of transferrin receptor by binding to
IREs in the 3’-UTR. Transferrin receptor plays a critical role in cellular
iron uptake [34,35]. In addition to vertebrates, IRPs have been iden-
tified in Drosophila melanogaster using electromobility shift assays [36].
Moreover, functional IREs have been identified in mRNAs encoding
succinate dehydrogenase and ferritin in D. melanogaster [37]. These
results suggest that the IRP — IRE signaling pathway operates in various
species.

Our results showed that mRNA transcripts of ESIRP were widely
distributed throughout the tested tissues in E. sinensis, which suggests
that EsIRP plays an important role in maintaining iron homeostasis in
various cells. The high expression of EsIRP in the intestine is probably
due to the presence of beneficial microbial species. In humans, IRP
expression is present in most tissues, such as the liver, lung, spleen,
kidney, heart, duodenum, and brain [38]. It demonstrates that the IR-
P—IRE system can act as the major modulator of intracellular iron
metabolism. Hepatopancreas plays a crucial role in immune defense
against various pathogens in crustaceans. Therefore, it was used as the
target tissue to examine the expression profiles of EsIRP after bacteria
challenge. In E. sinensis, IREs were identified in the 5’-UTR of EsFer-1
and EsFer-2 mRNAs [23]. To investigate the role of the IRP-IRE sig-
naling pathway in the immune response against bacteria, the tran-
scription levels of EsIRP, EsFer-1, and EsFer-2 were analyzed in E. si-
nensis after S. aureus and V. parahaemolyticus challenge. Our results
showed that the expression levels of EsIRP were downregulated
whereas those of EsFer-1 and EsFer-2 were upregulated. IRPs can bind
to IREs to control target mRNA translation. IREs have been found in the
5’- or 3"-UTR of mRNA transcripts of genes related to iron uptake,
utilization, and storage [39]. IREs are RNA stem-loop structures com-
posed of a conserved loop with the sequence CAGUGX (X = U, C, or A)
[40]. The conformation of IRP changes when it binds IRE; IRP adopts an
L-shape conformation to make a two-point contact with IRE. IRE
binding sites use similar amino acids as the Fe—S cluster-binding region
in aconitase [41]. This explains the mechanism of translation modula-
tion by the IRP-IRE signaling pathway. The translation of transcripts is
inhibited by the binding of IRPs to IREs in the 5’-UTR. When iron bind
to IRPs, there are conformational changes that result in its dissociation
from IREs. Subsequently, the translation of transcripts is promoted. If
an IRE is present in the 3’-UTR, without IRP binding, transcripts can
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Fig. 6. Temporal expression of the ESIRP gene after Staphylococcus aureus (A) and Vibrio parahaemolyticus (B) challenge. Quantitative real-time RT-PCR results are
shown. Statistically significant differences are indicated by asterisks (**P < 0.01).
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Fig. 7. Temporal expression of EsFer-1 (A) and EsFer-2 (B) after Staphylococcus aureus and Vibrio parahaemolyticus challenge. Quantitative real-time RT-PCR results
are shown. Statistically significant differences are indicated with asterisks (**P < 0.01).

become susceptible to endonuclease attack and degradation; IRP
binding to IRE in the 3’-UTR can thus protect transcripts from en-
donuclease degradation, promoting the translation of transcripts. When
iron binds to IRPs, the dissociation of IRPs from IREs in the 3’-UTR
downregulates the translation of transcripts. This mechanism corre-
sponds to our observations in E. sinensis.

To investigate the function of the IRP-IRE signaling pathway in
bacterial infections, we performed EsFer-1 and EsFer-2 RNAi and bac-
terial clearance assays. EsFer-1 and EsFer-2 knockdown attenuated the
clearance of both S. aureus and V. parahaemolyticus. In infectious dis-
eases, iron is essential both to the host and microbes: the host needs
iron to modify immune effector mechanisms whereas microbes require
it for proliferation [42,43]. Therefore, iron sequestration is an efficient
mammalian defense strategy to inhibit the proliferation and patho-
genicity of microbes. Iron overload on the other hand can increase the
risk of bacterial infections. For example, in patients with thalassemia,
blood transfusions reportedly contribute to iron overload, which in-
creases the risk of infection with Streptococcus pneumoniae, Pseudomonas
aeruginosa, Klebsiella species, Yersinia species, Escherichia coli, and V.
vulnificus [44]. Hemolytic anemias including thalassemia also lead to
tissue iron overload and an increase in serum iron levels. In a mouse
model (Hamp’/ ~ mice), iron overload was reported to lead to very
rapid growth of V. vulnificus, eventually resulting in septicemia [45].
Many microbes possess receptors for hemoglobin, heme, ferritin, or
transferrin to gain access to host iron sources. Haptoglobin and he-
mopexin can bind hemoglobin and heme for uptake, lowering iron
availability for microbes. Transferrin is downregulated in case of an
infection to lower the level of transferrin-bound iron. Serum ferritin
may also be cleared by ferritin receptors. Therefore, macrophage and
microbial ferritin receptors appear to directly compete for their iron-
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carrying ligand [46]. Many bacteria and certain fungi can produce
siderophores, which are low molecular weight iron chelators with ex-
tremely high affinity for ferric iron. They are able to remove iron from
host proteins, such as transferrin and ferritin, and are subsequently
taken up by bacteria via specific receptors present across their outer
membrane [47,48]. The expression of ferroportin-1 and ferritin re-
portedly increased and production of proinflammatory cytokines de-
creased upon infection with Salmonella typhimurium in IRP1- and IRP2-
deficient myeloid cells [49].

In addition to iron ions, other metal ions are also involved in the
innate immune response. In some bacteria, Mn?* can reduce oxidative
damage to Fe?*-containing proteins by replacing the more reactive
Fe2* [50]. Zn?" is the second most abundant transition metal in most
living systems and can serve both catalytic and structural roles within
proteins [51]. Cu was accumulated at sites of infection in Myco-
bacterium tuberculosis pulmonary infections and resistance is necessary
for M. tuberculosis virulence [52]. Therefore, defining the mechanisms
and molecular machinery involved in the struggle for nutrient metals
has the potential to uncover new therapeutic targets for the treatment
of animal infections.

In summary, EsIRP was identified in E. sinensis and its mRNA tran-
scripts were found to be widely distributed in various tissues. After
bacterial challenge, the expression levels of EsIRP was downregulated
whereas those of EsFer-1 and EsFer-2 were upregulated in hemocytes.
After EsIRP knockdown, EsFer-1 and EsFer-2 expression increased.
Moreover, EsFer-1 and EsFer-2 knockdown impaired the bacterial
clearance ability of E. sinensis. Our results thus suggest that the IRP-IRE
signaling pathway plays an important role in the innate immune system
response in crabs.
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Fig. 8. EsFer-1 and EsFer-2 expression after ESIRP RNA interference (RNAi). (A) RNAI efficiency of EsIRP. (B) Transcription level of EsFer-1. (C) Transcription level of
EsFer-2. GFP RNAi was used as the control. Statistically significant differences are indicated with asterisks (**P < 0.01).
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Fig. 9. Bacterial clearance ability of Eriocheir sinensis
after EsFer-1 and EsFer-2 RNA interference (RNAi).
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