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ARTICLE INFO ABSTRACT

B52 is a member of the classical serine/arginine (SR)-rich proteins, which are phylogenetically conserved and
play significant roles in mRNA maturation, including alternative splicing. In the present study, the docking site,
selector sequences and locus control region of the Chinese mitten crab (Eriocheir sinensis) Down syndrome cell
adhesion molecule (EsDscam) were identified. Alternative splicing of Dscam is essential to generate different
isoforms. We also isolated and characterised the B52 gene from E. sinensis (EsB52). The 876 bp open reading
frame of EsB52 encodes a 291 amino acid residue polypeptide, and EsB52 has two RNA recognition motifs
(RRMs) at the N-terminus and an arginine/serine-rich domain at the C-terminus. Each RRM contains two de-
generate short submotifs, RNP-1 and RNP2. Analysis of tissue distribution revealed that EsB52 mRNA expression
was widespread in all tested tissues, and especially high in brain and hemocytes. In hemocytes, EsB52 was
upregulated significantly after stimulation with pathogen-associated molecular patterns and bacteria.
Furthermore, EsB52 RNAi decreased the number of Ig7 inclusion in mRNA rather than Ig2 or Ig3. Taken to-
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gether, these findings suggest that EsB52 acts as an alternative splicing activator of EsDscam.

1. Introduction

The Down syndrome cell adhesion molecule (Dscam) belongs to a
family of cell membrane molecules involved in differentiation of the
nervous system, and in the specific recognition and binding activity of
innate immune reactions [1-3]. Dscam has been recently referred to as
hypervariable (Dscam-hv) due to the large number of possible isoforms
[4]. The most striking characteristic of Dscam-hv is alternative splicing
[5-8], which can generate 38,016 different isoforms through mutually
exclusive splicing of the four cassette exon clusters in Drosophilla mel-
anogaster [9]. There are several variable regions in the extracellular
region (Ig2, Ig3 and Ig7) of Arthropod Dscam, as well as a transmem-
brane domain and a cytoplasmic tail [10,11]. Alternative splicing is an
ancient and widespread mechanism used by eukaryotes to expand
protein diversity and regulate gene expression, which may contribute to
subsequent functional differentiation [12-14]. Up to 95% of primary
transcripts in humans are estimated to undergo alternative splicing
[15]. Mutually exclusive splicing is strictly regulated by alternative
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splicing in which the splicing machinery must choose one of two or
more candidate exons to include in each mRNA isoform, which are
subsequently translated into different proteins with a constant non-al-
ternatively-spliced region, and variable alternative splicing regions
[16].

The most attractive model for mutually exclusive splicing involves
competition among RNA secondary structures [17]. This mechanism
was discovered in Dscam-hv within the exon 6 cluster, which encodes
Ig3 in Drosophila [7]. The exon 6 cluster contains two conserved and
complementary elements; a docking site, which is located in the intron
downstream of constitutive exon 5, and selector sequences, which are
located upstream of each of the 48 exon 6 variants. The docking site is
partially complementary to each of the selector sequences, partially
complementary features can bind only one selector sequence at the
docking site during Dscam-hv mRNA maturation, and s similar struc-
tural arrangement is present in Drosophila Dscam exon clusters for 1g2
and Ig7 [18].

However, the secondary structure of RNA alone cannot explain
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Table 1
Sequences of primers used for EsB52 analysis.

Primer name and purpose Sequence (5°-39)

cDNA cloning
EsB52-5" RACE
EsB52-3’ RACE
Real-time quantitative PCR

CCTGTACTTGTGGGCGTCGGC
CGGCTTTGGCTTCGTGGAGTT

B-actin qF GCATCCACGAGACCACTTACA
B-actin qR CTCCTGCTTGCTGATCCACATC
B52 qF ACCGTTTCTTCCGCTCCTAC

B52 qR GCTCCTTTCCGTTCATCTCATAC
RNA interference

siEsB52 F GGGACAUCGUCAUCAAGAATT
siEsB52R UUCUUGAUGACGAUGUCCCTT
Hypervariable region amplification

1g2-F GCACGCTGATGTTTCCACCTTT
Ig2-R GGTATTTGCCATCTGCGGGAC
1g3-F GCACGCTGATGTTTCCACCTTT
Ig3-R GCTCAAAGCGTCCTCCAAGT
1g7-F ATGATTGTCCACTGCCCTGT
Ig7-R CAATCTGAAGGGTGCCATC
Clone sequencing

23-Mer CGACTCACTATAGGGAGAGCGGC
24-Mer AAGAACATCGATTTTCCATGGCAG

A
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which exon is selected by the interaction between docking sites and
selector sequences, hence we must identify proteins that regulate al-
ternative splicing of Dscam-hv. Based on this mechanism, there are two
types of antagonistic and conserved alternative splicing regulators; the
serine/arginine (SR)-rich protein family, and the heterogeneous nuclear
ribonucleoprotein (hnRNP) family. During pre-mRNA maturation, these
families play opposite roles in alternative splicing. SR proteins act as
splicing activators and bind to exonic splicing enhancer (ESE) elements
and recruit core splicing machinery proteins to the splicing site to
prevent exon skipping, thereby ensuring ESE-containing exons in
spliced mRNA [19]. By contrast, hnRNP proteins act as splicing re-
pressors and bind to exonic splicing silencer (ESS) elements. This pre-
vents small nuclear ribonucleoprotein particles (snRNPs) from binding
to the splicing site, excluding the alternative exon from the spliced
mRNA [20].

Two RNAI screening studies revealed that some splicing regulators
might have roles in Dscam-hv alternative splicing in Drosophila S2 cells
[21,22]. We proposed that hrp36 binds to most if not all exon 6 variants
to represses their inclusion when a selector sequence interacts with the
docking site. This causes hrp36 to bind the downstream exon to prevent
its selection. Hrp36 competes with SR-rich proteins for binding to exon
6 variants. In the absence of hrp36, SR-rich proteins can bind to all exon
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Fig. 1. The docking site and selector sequences of EsDscam-hv. (A) The location of the docking site, selector sequences, and the locus control region (LCR) in the
exon 6 cluster. Selector sequences are located in introns between each small exon. The upper numbers indicate the length from the selector sequence to the previous
exon, and the lower numbers indicate the length from selector sequence to the next exon. (B) RNA secondary structures of the docking site with exon 6.8, 6.9, 6.17,
and 6.20 selector sequences from Eriocheir sinensis. These examples demonstrate that the docking site engages in base-pairing interactions with the selector sequences.
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Fig. 2. The locus control region (LCR) of EsDscam-hv. (A) The location and number of LCRs in exons 4, 6 and 14 in E. sinensis. (B) The predicted tetramer

architecture and secondary structure of the LCR in E. sinensis pre-mRNA.

6 variants and enhance the abundance of exon 6 isoforms [21]. These
include the B52 protein that activates exon inclusion and possesses two
RNA recognition motifs (RRMs) in the N-terminus, and an RS-rich do-
main at the C-terminus [23]. Another silencing study in Litopeneaus
vannamei revealed that B52 acts as a splicing activator that regulates
alternative splicing of Dscam-hv [24]. However, it is not clear exactly
what role B52 plays in the alternative splicing of Dscam-hv in Chinese
mitten crab (Eriocheir sinensis).

Dscam-hv molecules are widely expressed in the nervous system, and
their functions are critical in neural circuit formation [25]. Transcripts
of fly Dscam-hv have been detected in components of the insect immune
system, including fat body cells and hemocytes [1]. Moreover, deple-
tion of Dscam-hv impairs the ability of D. melanogaster hemocytes to
phagocytose bacteria [11]. These phenomena, and the presence of a
large number of different isoforms, provide evidence of the potential
roles of Dscam-hv, and explain the almost endless possibilities of its
immunological functions. Dscam-hv is particularly interesting due to its
extreme encoding versatility and molecular diversity, and also because
the nervous and immune systems may exert different selection pres-
sures on this gene.

In the present study, we analysed the alternative splicing me-
chanism of Dscam-hv in E. sinensis to build on the results of our pre-
vious study [26]. The findings provide insights into the mechanism of
alternative splicing that results in the high molecular diversity of
Dscam-hv. We also cloned and characterised the full-length cDNA se-
quence of EsB52, and measured its expression in different tissues, and
following stimulation with bacteria and pathogen-associated molecular
patterns (PAMPS). Finally, we performed RNA interference in vitro to
investigate the role of B52 in alternative splicing of EsDscam.
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2. Materials and methods
2.1. Experimental animals

Healthy adult Chinese mitten crabs (n = 150; 100 = 20g wet
weight) were collected from the Xin’An Market in Shanghai, China, and
maintained in filtered and aerated fresh water for 1 week under con-
stant temperature (20-25 °C).

2.2. Sequence alignment and secondary structure prediction

The full-length mRNA sequence of EsDscam was obtained from our
previous study [26]. To identify the docking site of EsDscam-hv, align-
ment of Dscam genes from Drosophila species (D. melanogaster, D. si-
mulans, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. persi-
milis, D. willistoni, D. mojavensis, D. virilis, and D. grimshawi) was
performed using Multi-PipMaker (http://pipmaker.bx.psu.edu/cgi-bin/
multipipmaker) [27]. Alignments of specific regions between species
were further refined using the ClustalW program (http://www.ebi.ac.
uk/Tools/msa/clustalw2/), as were alignments of the selector se-
quences. Consensus sequences of selector sequences were derived using
WebLogo (http://weblogo.berkeley.edu/) [28], and selector sequences
complementary to the docking site were identified.

Intronic RNA secondary structures were predicted using the Mfold
program [29], which included interactions between docking sites and
selector sequences, and the locus control region (LCR).


http://pipmaker.bx.psu.edu/cgi-bin/multipipmaker)
http://pipmaker.bx.psu.edu/cgi-bin/multipipmaker)
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://weblogo.berkeley.edu/

Z.-C. Wan et al.

CGCAGACCAT
CATCTCCCTCCCAGCATCACGCACACCTCCGCACTCAACCCTCAATTACTCTATGTACAG
ATGGTGGGCACACGTGTGTACGTCGGGGGCCTGAGTTACCGGGTGGGGGAGCGCGACTTG 60

MV GTRMYVGEGG6GTH S YRV GERTDL 20
GACCGTTTCTTCCGCTCCTACGGGCGGCTCAGGGACATTGTCATCAAGAACGGCTTTGGC 120
DRFFRSYGRTILRDTITVIZKNSGTEG 40
TTCGTGGAGTTTGATGATGACCGGGACGCGGACGACGCAGTGTATGAGATGAACGGAAAG 180
F VEFDDID®RDADTDAVYEMNGEK 60
GAGCTGCTGGGCGGAAGGGTGACGGTGGAGAAGGCCCGGGCCGCCCCACGCCTCCGCTGG 240
ELLGGRVYTVEZ KA ARAAPTR RTLTR RW 80
CCCCGCGCCCCTCCGCCACGGGGCTTCCACTCCAGTCGGTTTGGCATGGCGGCGCGCACG 300
PRAPPPRGFHSS SR RFGMAART 100
GACTACCGCCTCACGGTGGAGAACTTGTCGAGCCGAGTCTCGTGGCAGGACCTCAAGGAC 360
DY RETWVEWNTESSRVSWAQDTLIEKTD 120
TTCATGCGCCAGGCTGGGGAGGTGACCTACGCCGACGCCCACAAGTACAGGAGGAATGAA 420
FMRQAGEVTYADAHZ KYURIRNE 140
GGTGTGGTTGAGTTTGCTACCTACGCCGATATGAAGAATGCACTTCACCGCCTCGACGGG 480
G VVEFATYADMEKNALUHRILDG 160
AAGGACCTGCACGGCCGCCGCATCCGTCTCGTCGATGAGTCAAAGTCCCGCAGCTCCAGG 540
KDLHGRRTIRTLVDESZ KS SRS SS SR 180
AGGTCGCGGAGGTCAAGGTCCCGCTCCTCCTCCCGCTCAAGGTCACGATCAAGGTCCCGC 600
RSRRSRSRSSSRSRSRSRSR 20
TCCAGGTCAAGCAGGTCACGGTCCCACTCCCGCTCCCGCAGCCGCTCCAGGTCCAGGAGC 660
SRSSRSRSHSRSRSRSRSRS 22
GGCGGCCACGGGAAGAAGAGGCGCTCAAAGTCCAAGTCCCGCTCCAAGTCTGGCTCTCGG 720
G GHGZEKZ KRRSIKSIE KSR RSZKSOGSR 240
TCCAGGTCCAGGAGTGGCTCGGACCGCTCCAAGTCCAGATCCAGGTCCAGGTCACGCTCC 780
SRSRSGSDRSKSRSRSRSRS 260
AGGTCCAGGTCCCGCAGTGCATCCCCAGAGAAGAGAAAATCACGCAGCCGCTCCAAGTCC 840
RSRSRSASPEKRKSRSRSKS 280
GCCGAGAGAGAGTCCGAGTCCGAGGAGGAGAAG. 876
AAERESESEETEK =* 291

GGCGGTGGGTCCGGGCAGCGTCCTTCACCGTGTTCTCTTAGTACAATTGAATCCTTGTCC
CGTGGGTAAGGGGGGGGGGATAGAGGGGGATGGGGAGGGGGAAGGACCGGCAAGGTTTTG
GACCGGGCAAGAATTCTATTTTCTTGTTGTATTTACCGATGTTAGCTTCTTTTTTTTTCT
GCCTCCTGTATGTGTCTGCGGGGGGTGACTATTGAGGTCAGGTTAGGAGGCAGGCAGTGT
AGCCATCTCATGTCCGACAAGGGGTGAGAGAGAGGCGCTGTGTTCCATTCTAGGCTTATA
ACAACCTCTTTTTCACCCCTTCAGCTCTTCCAGACAGTATCATCACATCTGAGAAGTTAT
AAGGGGTGAGAGAGAGGCGTTATGTCTCACTGTATGCTTCAGCCCCTTTCCTTGC
CTCTGTCGGACATGTGCTGCTTGGCGTGTCAGCTTGTGGGGGAAAAAAAAAAAAAAAAAAA

Fig. 3. Nucleotide and deduced amino acid sequences of EsB52. Deduced
EsB52 amino acid sequences are shown below ¢cDNA sequences. The two RNA
recognition motifs (RRM) are underlined, and the RNA binding domain RNP-1
is shaded light grey, while RNP-2 is shaded dark grey. Each arginine (R) and
serine (S) in the RS-rich domain is double-underlined. Start codons (ATG) are
shaded green, stop codons (TAG) are shaded red, and the polyadenylation site
(AATAA) is boxed. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2.3. Sample collection and animal immune stimulation

Crabs were placed in an ice bath for 3-5min until slightly an-
esthetised, and hemolymph was drawn from the hemocoel of the ar-
throdial membrane of the last pair of walking legs using a syringe
(~5.0mL per crab) with an equal volume of anticoagulant solution
(0.1 M glucose, 30 mM citrate, 26 mM citric acid, 0.14 M NaCl and
10 mM ethylenediaminetetraacetic acid) [30]. Hemolymph was cen-
trifuged at 800x g and 4 °C to isolate hemocytes. Other tissues (gill,
muscle, stomach, intestine, liver and brain) were collected, snap-frozen
in liquid nitrogen, and stored at —80 °C for subsequent analysis. For
cloning and expression analyses, identical tissue samples from 10 crabs
were pooled and ground with a mortar and pestle prior to extraction.

For stimulation by bacteria and PAMPs, more than 100 crabs were
divided equally into five groups (sex ratio = 1:1). Two experimental
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groups were injected in the arthrodial membrane of the last pair of
walking legs with 100 uL of lipopolysaccharide (LPS) from E. coli
(Sigma-Aldrich, St. Louis, MO, USA) and 100 pL of peptidoglycan (PG)
from Staphylococcus aureus (Sigma-Aldrich) resuspended in 500 ug/mL
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 2mM KH2PO4, pH 7.4). For bacterial stimulation,
Vibrio parahaemolyticus (BYK00036) and S. aureus (BYK0113) were
obtained from the National Pathogen Collection Center for Aquatic
Animals (Shanghai Ocean University, Shanghai, China). Strains were
cultured overnight in Luria-Bertani (LB) medium and collected by
centrifugation at 5000 x g for 5min. After removing the supernatant,
strains were washed two or three times with sterile PBS, resuspended in
fresh PBS, and plated for colony counting. The other two experimental
groups were injected with 100pL of bacterial suspension
(1 x 10° colony-forming units/mL) of V. parahemolyticus or S. aureus. In
the control group, crabs were injected with 100 pL of PBS (pH 7.4. More
than five crabs were randomly selected at time O (blank controls), and
at each time interval (12, 24, 36 and 48 h post-injection). Hemocytes
were collected according to the methods above, and stored at —80 °C
for subsequent analysis.

2.4. Total RNA extraction and first-strand cDNA synthesis

Using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), total RNA
was extracted from E. sinensis tissues according to the manufacturer's
protocol. The concentration and purity of total RNA were estimated
using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA) and agarose gel electrophoresis, respectively. The
SMARTer RACE cDNA Amplification Kit (Clontech, Mountain View, CA,
USA) was used to reverse-transcribe total RNA (5 pug) from hemocytes
into full-length cDNA. For quantitative real-time PCR (RT-qPCR) ana-
lysis, total RNA (1000 ng) was reverse-transcribed using a PrimeScript
RT Reagent Kit with gDNA Eraser (TaKaRa, Shiga, Japan).

2.5. Cloning of the full-length EsB52 cDNA

A partial EsB52 ¢cDNA sequence was obtained from the hemocyte
cDNA library (unpublished) and extended by 3’ and 5’ rapid amplifi-
cation of cDNA ends (RACE) using a SMARTer RACE cDNA
Amplification Kit (Clontech) according to the manufacturer's protocol.
Gene-specific primers (Table 1) were designed based on the original
expressed sequence tag (EST) sequence, and 3’ and 5" RACE were per-
formed at 94 °C for 4 min, followed by 35 cycles at 94 °C for 30's, 62 °C
for 30s, and 72 °C for 90s, and a final extension at 72 °C for 10 min.
PCR products were purified and inserted into the pZeroBack/Blunt
Vector (Tiangen, China) and transformed into competent E. coli
TOP10 cells. Positive clones containing inserts were sequenced in both
directions using 23-mer and 24-mer primers (Table 1).

2.6. Analysis of the full-length EsB52 cDNA

The full-length EsB52 cDNA and predicted amino acid sequences
were compared with sequences from other representative vertebrates
and invertebrates in the National Center for Biotechnology Information
(NCBI) database using the BLASTX online search tool (http://www.
ncbi.nlm.nih.gov/). The structure and functional domains of EsB52
were predicted using ExPASy (http://prosite.expasy.org/prosite.html/)
and SMART (http://smart.embl-heidelberg.de/). Multiple sequence
alignment was performed using the ClustalX 2.0 program and DNAMAN
software, and phylogenetic trees were constructed with MEGA6 soft-
ware.

2.7. Real-time quantitative PCR analysis of EsB52

Quantitative RT-PCR was performed using SYBR Premix Ex TaqTM
(TaKaRa) with an EsB52 gene-specific primer pair (Table 1), resulting in
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Fig. 4. Schematic view of the structure of the EsB52 protein and comparison of EsB52 with its closest orthologs. (A) Domain analysis of the putative EsB52
protein using SMART. The two RRM domains are shown. (B) Sequences and accession numbers of proteins used for alignment are as follows: Drosophila melanogaster
CAA41556.1, Trichinella spiralis KRY28632.1, Mus musculus NP_001334345.1, Xenopus laevis NP_001079647.1, Lepeophtheirus salmonis ACO12341.1, Caligus roger-
cresseyi ACO10556.1, Bombus terrestris XP_012169705.1, Pseudomyrmex gracilis XP_020293235.1, Homo sapiens NP_006266.2, Litopenaeus vannamei [24]. Identical
(black) and similar (red or blue) residues are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

a 123 bp amplicon using a CFX96 instrument (Bio-Rad, Hercules, CA,
USA). Reactions were performed at 95 °C for 30 s, followed by 40 cycles
at 95°C for 5s and 60 °C for 30s. The B-actin gene in was used as an
internal control, with the exception of an alternate gene-specific primer
pair (Table 1) as described above, designed based on a cloned E. si-
nensis (-actin cDNA fragment to produce a 276 bp amplicon. All qRT-
PCR experiments were performed in triplicate using independently
extracted RNA. For both tissue tropism and immune challenge tran-
scription assays, PCR templates were obtained as described above in
section 2.2. Data from qRT-PCR experiments were analysed using CFX
Manager software, and the relative expression level of EsB52 was cal-
culated using the 2~ 24Ct comparative CT method [31].

2.8. In vitro RNAi

RNAI experiments were performed using siRNAs targeting EsSB52
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or GFP as a control (Table 1), which were obtained from GenePharma
(GenePharma, Shanghai, China). A 5pug sample of siRNA was trans-
fected into cultured E. sinensis primary hemocytes for 24 h using siRNA-
Mate reagent (GenePharma) according to the manufacturer's instruc-
tions (sterile PBS was used as a control). E. sinensis primary hemocytes
were cultured was according to the method reported in our previous
study [32]. Total RNA was extracted and reverse-transcribed to analyse
the efficiency of RNAI silencing.

2.9. Amplification of EsDscam extracellular hypervariable regions in
EsB52-silenced templates

Base on the full-length EsDscam mRNA sequence [26], we designed
three pairs of primers (Table 1) to amplify the extracellular hy-
pervariable regions (Ig2, Ig3 and Ig7) in EsB52-silenced samples. PCR
experiments were performed using ExTaq Hot Start (TaKaRa) and
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r Bombus terrestris XP012169705.1

.88

I Pseudomyrmex gracilis XP020293235.1

Drosophila melanogaster CAA41556.1

Litopenaeus vannamei

* Eriocheir sinensis

Lepeophtheirus salmonis ACO12341.1

Caligus rogercresseyi ACO10556.1

Trichinella spiralis KRY28632.1

0.04

Fig. 5. Neighbour-joining phylogenetic analysis of SR-rich proteins. The
phylogenetic tree was constructed by MEGA 6, and sequences and their ac-
cession numbers are shown on the graph. Numbers at branch nodes present
bootstrap support (percentage) based on 3000 replications. The red triangle (%)
indicates EsB52. Vertebrates (blue) and invertebrates (red and black) are in-
dicated. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

15+

*%

EsB52

Relative expression level of

Fig. 6. Tissue distribution of EsB52. Expression of EsB52 was examined in
various tissues by real-time quantitative PCR. The f-actin gene of E. sinensis was
used as an internal control. The assay was performed in triplicate, and asterisks
indicate significant differences (*p < 0.05, **p < 0.01) in EsB52 expression
relative to levels in stomach.

templates were obtained s described above in section 2.7. Reactions
were performed at 98 °C for 10 min, 94 °C for 30, followed by 35 cy-
cles at 94 °C for 30s, 56 °C for 30s, and 72 °C for 90, and a final ex-
tension at 72 °C for 10 min. PCR products were cloned into competent E.
coli TOP10 cells according to the method escribed above in section 2.4,
and 100 individual clones from three Ig domains were sequenced in
both directions.

2.10. Statistical analysis

SPSS software (Ver. 16.0) was used for statistical analysis, and data
are presented as mean * standard error. Statistical significance was
determined using one-way analysis of variance and Duncan's post-hoc
multiple range tests. Significance was setatp < 0.05(*)andp < 0.01

).
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3. Results
3.1. RNA secondary structures of EsDscam-hv

Multiple sequence alignment of the E. sinensis Dscam-hv gene with
orthologs from 16 insect species revealed a number of conserved in-
tronic elements, the majority of which are located in the exon 6 cluster.
The most highly conserved element in the entire Dscam-hv gene is lo-
cated in the intron between the constitutive exon 5 and the first exon of
the exon 6 cluster, and is referred to as the docking site (Fig. 1A). The
docking site is ~40 bp in E. sinensis (Fig. 1B) and shares high identity
with the 10 Drosophila species examined, but lower than the 90-100%
identity among the 10 Drosophila species, possibly due to species dif-
ferences and evolutionary pressure.

The second class of identified conserved elements are termed se-
lector sequences. Initial selector sequences were identified as relatively
conserved sequences in introns upstream of some of the exon 6 variants.
For instance, the selector sequences upstream of E. sinensis Dscam-hy
exons 6.9, 6.10, 6.18 and 6.21 share high sequence identity and a
highly complementary docking site (Fig. 1B). However, this was not the
case for all, since some other selector sequences share comparable low
identities between themselves (Supplementary Fig. S1). By searching
the remaining exon 6 cluster for sequences that are similar, but not
identical, to the initially identified selector sequences, a potential se-
lector sequence was identified upstream of each exon 6 variant.

Strikingly, the central region of the E. sinensis Dscam-hv consensus
selector sequence is complementary to the docking site consensus se-
quence, similar to D. melanogaster. All selector sequences overlap with
one another to some extent; therefore, the docking site is predicted to
interact with only one selector sequence at a time. Thus, docking site-
selector sequence interactions presumably simultaneously juxtapose
exon 5 with the exon 6 variant that is to be included, and this could
explain how alternative splicing of these exons is mutually exclusive.

The LCR could activate the hypervariable exon cluster and specifi-
cally allow for the selection of only one exon splice variant in combi-
nation with competing RNA structures between docking site-selector
sequences (Fig. 2A). We found four LCRs between the exon 4 cluster
and exon 5, five between exon 5 and the exon 6 cluster, and four be-
tween the exon 14 cluster and exon 15 (Fig. 2B).

3.2. Characterisation of EsB52

The obtained full-length E. sinensis Dscam cDNA has been submitted
to GenBank under accession number MF582352, and contain a 5’-un-
translated region (UTR), and open reading frame (ORF), and a 3’ UTR.
The OREF is 876 bp and encodes a 291 amino acid residue protein. EsB52
contains two copies of an RRM, located between amino acids (aa) 5-70
and 103-171 in the N-terminal region, and an RS domain in the C-
terminal region. Each RRM contains two degenerate short submotifs,
RNP-1 and RNP2 (Fig. 3). EsB52 shares a typical domain architecture
with other B52 orthologs according to analysis of the deduced amino
acid sequence using ExPASy and SMART, and a signal peptide was not
found (Fig. 4A). Multiple sequence alignment revealed relatively high
conservation in the SR-rich protein family (Fig. 4B).

A phylogenetic tree was constructed based on analysis of EsB52 and
protein sequences of representative invertebrate and vertebrate ortho-
logs. The tree contains two distinct clades distinguishing invertebrate
SR-rich proteins (red) from vertebrate sequences (blue; Fig. 5).

3.3. Tissue distribution of EsB52

RT-PCR with B-actin as an internal control was performed to analyse
the relative expression levels of EsB52 in different tissues (stomach,
intestine, brain, gill, hepatopancreas and hemocytes; *p < 0.05,
**p < 0.01). EsB52 mRNA expression was observed in all tested tis-
sues, and was especially high in brain and hemocytes (Fig. 6).


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=MF582352
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Fig. 7. EsB52 mRNA expression levels are enhanced following stimulation with PAMPs and bacteria. EsB52 expression was significantly enhanced compared
with the control (white bars) as follows: (A) 24 h (*p < 0.05), 36 h and 48 h (**p < 0.01) after Vibrio parahaemolyticus stimulation; (B) 12 h, 24 h and 36 h
(**p < 0.01) after Staphylococcus aureus stimulation; (C) 24 h and 36 h (**p < 0.01) after lipopolysaccharide (LPS) stimulation; (D) 12 h and 24 h (**p < 0.01)

after peptidoglycan (PG) stimulation.
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Fig. 8. Efficiency of RNAI silencing of EsB52 in vitro. A 5 ug sample of siRNA
targeting EsB52 (experimental group) was transfected into cultured E. sinensis
primary hemocytes for 24 h, while control groups were treated with PBS and
siGFP RNAi. qRT-PCR was performed to analyse EsB52 mRNA expression levels
(B-actin served and an internal control). Statistical significance is indicated by
two asterisks (**p < 0.01).

3.4. Expression of EsB52 in hemocytes following immune stimulation

Temporal expression patterns of EsB52 were determined in hemo-
cytes using RT-qPCR following stimulation with V. parahaemolyticus, S.
aureus, LPS and PG (with B-actin as an internal control). Expression of
EsB52 was upregulated significantly upon exposure to V. para-
haemolyticus (a Gram-negative bacterium) at 24 h (*p < 0.05), 36 h
(**p < 0.01)and 48 h (**p < 0.01) after stimulation, peaking up to 7-
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Fig. 9. Influence of EsB52 RNAi on EsDscam 1g2 domain. (A) Specific pri-
mers were designed to amplify the Ig2 domain. (B) Ig2 variability was in-
vestigated by cloning and sequencing 100 clones from each group (the EsB52
siRNA experimental, and PBS and GFP siRNA control groups). S, serial number;
Vi, variable isoforms (Vi numbers were obtained from our previous unpublished
studies); N, number of clones.



Z.-C. Wan et al.
—
Ig3-F Ig3-R
B 9
PBS EsB52 siRNA GFPsiRNA
(100) (200) (100)

[ s N O Vi N R v N.
6-2 s I 62 6 6-2 2
[ 2 5 HFE 63 s P 63 9
BN 64 3 E 64 5 IERN 64 4
B 66 6 A -8 8 6-6 9
[ 5 S CRNN 5 BGEC) 6 G 68 6
N 615 5 NG 6-10 3 G 6-9 3
6-16 6 6-15 5 6-10 3
B 61 3 BEENN 616 o [NENN 6-14 10
B -2 4 BN 6-19 5 [ECEM 6-15 3
6-24 10 6-23 B 6-16 5
6-26 8 6-24 1 6-19 4
6-28 7 6-26 9 6-23 2
6-29 6 6-28 3 6-26 6
EETEE 630 5 6-29 4 TR 6-28 9
B 632 6 6-30 8 IS 6-29 7
G 636 9 6-35 7 6-30 7
6-36 10 6-32 5

6-35 6

Fig. 10. Influence of EsB52 RNAi on EsDscam Ig3 domain. (A) Specific
primers were designed to amplify the Ig3 domain. (B) Ig3 variability was in-
vestigated by cloning and sequencing 100 clones from each group (as described

in Fig. 9).
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Fig. 11. EsB52 RNAI decreases the variability of the EsDscam Ig7 domain.
(A) Specific primers were designed to amplify the Ig7 domain. (B) Ig7 varia-
bility was investigated by cloning and sequencing 100 clones from each group
(as described in Fig. 9).

fold at 36 h after stimulation (Fig. 7A). Upon exposure to the Gram-
positive S. aureus, expression of EsB52 was also increased significantly
(**p < 0.01) at 12, 24 and 36h, peaking up to 9.8-fold at 24h
(Fig. 7B). In response to LPS, EsB52 was rapidly upregulated, peaking
up to 8-fold at 24 h, then dropping at 36 and 48 h (Fig. 7C). EsB52 was
upregulated significantly after PG challenge, peaking up to 5.8-fold at
12 h, then decreasing but remaining above controls at 24 h (Fig. 7D). As
expected, there was no significant variation in expression levels in
control groups (white bars in Fig. 7A—D).

3.5. RNAI silencing of EsB52 in vitro

To investigate the possible regulatory function of EsB52 targeting on
EsDscam-hv alternative splicing events, EsB52 siRNA was transfected
into hemocytes, and at 24 h after transfection, qRT-PCR was performed
to measure EsB52 mRNA levels. The expression level of PBS and GFP
transfected groups showed no significant different, but both were sig-
nificant higher than EsB52 siRNA treated group, which means EsB52
siRNA suppressed the expression of EsB52 efficiently (Fig. 8), and this
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siRNA can be used in the subsequent experiment.

3.6. Influence of EsB52 RNAi on EsDscam extracellular hypervariable
regions

In order to validate whether EsB52 is involved in alternative splicing
events for EsDscam, and if so, how it acts on the three extracellular
hypervariable regions (Ig2, Ig3 and Ig7) of EsDscam, three pairs of
specific primers were designed (Figs. 9A, 10A and 11A) to amplify
mRNA from each region. Approximately 100 clones of each region were
picked and sequenced, and the results are shown in Figs. 9B, 10B and
11B. The number of exon variants in Ig2 and Ig3 regions following
EsB52 silencing was similar to control (PBS and GFP siRNA) groups
(Figs. 9B and 10B), suggesting that EsB52 RNAi only slightly affected
the number of Ig2 and Ig3 isoforms. Therefore, we concluded that
EsB52 is not essential for alternative splicing of Ig2 and Ig3 domains in
EsDscam.

Comparison of exon variants in Ig7 (Fig. 11B) revealed obvious
differences in Ig7 variant populations between EsB52 silencing and
control groups. There were seven and six exon variants in PBS and GFP
siRNA groups, respectively, pared with only three variants in the EsB52
RNAI silencing group, hence EsB52 RNAi decreased the number of 1g7
variants. Therefore, we concluded that EsB52 may activate Ig7 alter-
native splicing.

4. Discussion

Decades of genetic and biochemical experiments have identified
almost all proteins in the spliceosomes of some organisms, and various
functions have been uncovered. However, the structure remained a
mystery for a long time, until two parallel research articles [33,34]
settled this issue by determining the long-sought-after structure of a
yeast spliceosome, which shed light on the molecular mechanism of
pre-messenger RNA splicing. In addition to the basic biological im-
portance of the spliceosome, numerous diseases are related to dys-
functional spliceosomal regulation or splicing mistakes. Almost 35% of
genetic disorders are the result of incorrect splicing, exemplified by
unusual expression of alternative splice variants that leads to fronto-
temporal dementia driven by tau mis-splicing. The mutation of key
spliceosomal proteins such as Brr2 or Prp8 can lead to the autosomal
dominant retinitis pigmentosa, and some cancers are associated with
abnormal splicing.

The EsDscam-hv gene has a similar organisation to its homologs in
insects; exons coding for half of Ig domains 2 and 3, and the entire Ig7
domain, are constructed from multiple exons [4]. The Dscam-hv gene is
an extreme example of alternative splicing that contains more than two
mutually exclusive exons [35]. Herein, we identified the docking site
(78.4% similarity with Drosophila), selector sequences (50-70% identity
with docking sites) and the LCR, representing three classes of conserved
sequence elements within the EsDscam-hv exon 6 cluster that have the
potential to engage in base-pairing interactions. The mutually exclusive
nature of the interactions of the selector sequences with the docking site
suggests that the formation of these structures is a central component of
the mechanism, which ensures that only one of the exon 6 variants is
included [6,7]. The docking site-selector sequence interactions are
somewhat reminiscent of those that direct site-specific RNA editing
[36]. An intriguing possibility is that the interaction juxtaposes the
exon 6 variant with a splicing regulatory element upstream of the
docking site [7].

Interestingly, an additional highly conserved sequence element is
located immediately adjacent to the docking site, which is predicted to
form a 37 bp stem-loop structure that is supported by multiple com-
pensatory mutations, termed the LCR. Long-range activation of Dscam-
hv splicing is controlled by LCRs under intense purifying selection. One
intronic element upstream of the docking site may have undergone
purifying selection and could form the ancestral monomer structure.



Z.-C. Wan et al.

Such a structural subunit could act as an LCR to activate the inclusion of
the proximal exon when the docking site interacts with a selection se-
quence [8].

B52 is a classical SR protein, members of which have one or two
RRMs in the N-terminal region and an extensive RS domain in the C-
terminal region. As a homolog of human SRp55, B52 is highly con-
served across vertebrates and invertebrates, as demonstrated by se-
quence alignment and phylogenetic analysis [37,38]. The RRMs and RS
domain bind to the RNA specifically and promote spliceosome assembly
[39]. In the present study, we cloned and characterised the full-length
cDNA sequence of EsB52, which as the typical domain architecture of
other B52 orthologs (Figs. 3 and 4A). RRM motifs in EsB52 consist of
60-70 residues and contain two degenerate short submotifs, the RNP-1
octamer and the RNP2 hexamer. In Drosophila, B52 is expressed during
all stages of development, indicating its overall importance [37]. Our
current results showed that EsB52 was highly expressed in all tested
tissues, especially in brain and hemocytes (Fig. 6). Thus, EsB52 is an SR
protein and B52 homolog that promotes exon inclusion by acting as a
splicing activator.

There are two immune systems that guard against invasion of pa-
thogens; innate immunity and adaptive immunity. Innate immunity
occurs in all animals, while adaptive immunity, which has im-
munological memory, was thought to exist only in vertebrates [40,41].
However, arthropods were so found to exhibit highly specific immune
responses against specific pathogens after following identical pathogen
challenge [42-45]. Thus, vaccine-like treatments are required for ar-
thropods to guard against the ‘conversant’ pathogen [45,46]. If in-
vertebrates can recognise different pathogens specifically, their pa-
thogen-specific receptors should display high diversity. In Drosophila
melanogaster, Dscam can generate tens of thousands of isoforms via al-
ternative splicing [5]. In addition, it is noteworthy that arthropods have
a large diversified Chelicerata-specific repertoire of nonclassical Dscam
isoforms, they can enhance protein diversity via alternative promoters
[47,48]. Dscam is extensively expressed in fat body cells and hemocytes,
which are major tissues of the insect immune system, and the immune
function of Dscam was confirmed by observing its participation in
bacterial recognition and phagocytosis [1,11]. Hemocytes are vitally
important cells of the invertebrate immune system [49]. In the present
study, expression of EsB52 was upregulated significantly in hemocytes
following stimulation by PAMPs and bacteria (Fig. 7A —D). Moreover,
Dscam transcription was induced after different types of PAMP chal-
lenge in Chinese mitten crab [26], and WSSV induced upregulation of
Dscam and B52 in shrimp [24]. These findings suggest that following
upregulation of Dscam, upregulation of B52 could promote alternative
splicing of Dscam.

After RNAI silencing of EsB52 in crab hemocytes, we observed only
a slight change in the number of Ig2 and Ig3 isoforms (Figs. 9B and
10B). However, it is too early to conclude that EsB52 is not involved in
EsDscam alternative splicing, because EsDscam also has other variable
regions, and animal physiology is complex. In Drosophila, a similar si-
tuation has been described, and B52 is an essential factor in larval
development [37,50]. It is possible that other SR proteins can func-
tionally replace B52 [37]. By contrast, in EsB52-silenced crabs, there
was a decrease in the number of Ig7 isoforms relative to controls
(Fig. 11B), and similar results were described in shrimp [24]. These
results indicate that EsB52 may be involved in EsDscam Ig7 alternative
splicing.

To conclude, we identified and characterised gene sequences and
structures of EsB52. EsB52 was found to be highly expressed in brain
and hemocytes, and upregulated significantly following stimulation by
PAMPs and bacteria. Thus, EsB52 acts as a splicing activator of EsDscam
in E. sinensis.
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