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Part I: Molecular cloning of Penaeus monodon Tudor staphylococcal nuclease and

its involvement in RNA interference

Abstract

RNA interference (RNAI) plays an important role in an antiviral defense in shrimp.
RNALI technology has been extensively used for inhibition of viral replication and
studying gene function. However, the mechanism of shrimp RNAi pathway is still
poorly understood. In this study, we identified and characterized an additional protein in
the RNAi pathway, tudor staphylococcal nuclease from Penaeus monodon (PmTSN).
The full-length ¢cDNA of PmTSN is 2897 bp, with an open reading frame encoding a
putative protein of 889 amino acids. Phylogenetic analysis and domain structure
comparison revealed that PmTSN is more closely related to vertebrate TSN by sharing
the amino acid sequence identity of 57% with TSN of zebrafish. This represents a new
type of TSN proteins by exhibiting the four tandem repeat of staphylococcal nuclease-
like domain (SN), followed by a Tudor and a partially truncated C-terminal SN domain.
Knockdown of PmTSN by dsRNA targeting SN3 domain resulted in the impairment of
dsRNA targeting PmRab7 gene to silence PmRab7 expression. In addition, the
efficiency of dsRNA targeting YHV-protease gene inhibiting yellow head virus
replication was decreased in the Pm7SN-knockdown shrimps. Our results imply that
PmTSN is involved in dsSRNA-mediated gene silencing in shrimp and thus we identified
the additional protein involved in shrimp RNAi pathway.

Keywords: RISC, RNA1, double-stranded RNA, black tiger shrimp
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1. Introduction

Eukaryotes possess a conserved post-transcriptional gene regulation mechanism
known as RNA interference (RNAi) [1-2]. In this phenomenon, small RNA duplexes
including short-interfering RNA (siRNA) and micro RNA (miRNA) trigger the
silencing of the target mRNA in a sequence specific manner by mRNA degradation or
translational repression. The ability of RNAi to silence the expression of a specific gene
is a potential tool for analyzing gene function in eukaryotes [3]. In addition, RNAi acts
as aii antiviral immune defense which can be considered as a new promising therapeutic
modality to combat viral diseases [4].

In penaeid shrimp, RNAI technology was employed as a powerful tool for studying
gene function in vivo [5]. In addition, double-stranded RNA (dsRNA) is a potent trigger
in the RNAi pathway and can induce both sequence-dependent and sequence-
independent antiviral immunity in penaeid shrimp [6]. Therefore, RNAi technology was
applied to prevent or cure viral infection in shrimp [7-9]. An understanding of the
molecular mechanism of RNAi and identifying the proteins involved in the shrimp
RNAi pathway will be essential before using RNAi as a tool for viral protective
immunity or studying gene function in this economically important species.

Very little is known about the RNAi machineries in shrimp. Recently, the key
proteins of the shrimp RNAi pathway have been identified including Dicer [10-12] and
Argonaute [13-15]. In addition, the Dicer-interacting protein, the TAR-RNA binding
protein (TRBP) has been identified in the Chinese shrimp, Fenneropenaeus chinensis
[16]. However, other proteins that involved in the shrimp RNAi pathway are remained
unknown. A number of the associated proteins in the RNA-induced silencing complex
(RISC) such as dFXR, VIG and Tudor staphylococcal nuclease were indentified in C.
elegans, Drosophila and human [17-18], whether these RNAi machineries play
important roles in the shrimp RNAi pathway remains to be elucidated. Therefore, the
purpose of this study is to clone and characterize one of the RNAi machineries, Tudor
staphylococcal nuclease from black tiger shrimp, Penaeus monodon.

Tudor staphylococcal nuclease (TSN, also known as SND1 and P100) is a highly
conserved protein ranging from yeasts to humans [19]. This protein contains five
staphylococcal nuclease-like (SN) domains and a Tudor domain [20]. Biochemical
purification of the RISC revealed that TSN is one of the components in the silencing
complex [17]. Knockdown of fsn-1 expression impairs RNAi in Caenorhabditis
elegans, indicating the requirement of TSN for the proper function of the RISC [17].
TSN was first identified in human as a transcriptional coactivator of Epstein-Barr virus
nuclear antigen 2 (EBNA2) [21]. It interacts with several transcription factors and
chromatin remodeler to enhance their activities, such as STATS [22], STAT6 and RNA
polymerase II [23], and CREB-binding protein [24]. In addition, TSN interacts with
small nuclear ribonucleoproteins (snRNP) and functions in spliceosome assembly and
pre-mRNA splicing [25]. TSN was shown to bind and promote the cleavage of hyper-
edited inosine-containing dsRNA [26]. Whether such diverse functions of TSN exist in
shrimp remain to be elucidated.

In this study, we cloned and characterized the full-length ¢cDNA encoding TSN
from P. monodon (PmTSN). We further demonstrated that RNAi knockdown of

PmTSN expression diminished the efficiency of RNAI, suggesting the involvement of
PmTSN in dsRNA-mediated gene silencing in shrimp.
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2. Experimental Procedures

2.1. Animals

Black tiger shrimps, Penaeus monodon (4 - 5 g) were purchased from the commercial
shrimp farms in Thailand. They were reared in the laboratory tanks with continuous
aerated sea water (10 ppt) for 3 days before processing to allow acclimatization.

Shrimps were fed ab libitum with commercial shrimp feed. Apparently healthy looking
shrimp were picked and used in all experiments.

2.2, Virus stock and experimental infection

Yellow head virus (YHV) stock was kindly prepared by Dr. Witoon Tirasophon,
Mahidol University. The YHV viral titer (~3x10° infectious virions ml') was
determined according to the method described by Assavalapsakul et al. [27]. The YHV

stock was diluted to 10 fold and 50 pl of the diluted YHV stock was used to inject into
shrimp [28].

2.3. RNA extraction and cDNA synthesis

The tissue samples were homogenized in TRI-REAGENT® or TRI-LS® (Molecular
Research Center). Total RNA was extracted according to manufacturer’s instruction.
The RNA concentration was determined by NanoDrop ND-1000 spectrophotometer
(Nanodrop Technologies). The absorbance ratio of A260 and A280 was 1.8 to 2.0,
indicated that the RNA samples were relatively pure. Total RNA (1 pg) was used for
cDNA synthesis. Reverse transcription was performed by using Improm-II™ reverse

transcriptase (Promega), following the manufacturer’s instruction with PRT-oligo-dT}»
primer (Table 1).

2.4.  Cloning of PmTSN cDNA

A partial PmTSN ¢DNA fragment was first amplified by RT-PCR with gene
specific primers. Briefly, total RNA (5 pg) extracted from gills was primed with PRT-
oligo-dT12 primer and reverse transcribed with SuperScript® 11T reverse transcriptase
(Invitrogen). PCR was performed using TuF1 and TuRI primers, following the
condition: denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 50°C
for 30 s, and 72°C for 1 min. The final extension was carried out at 72°C for 7 min. The
amplified fragments were purified from the gel using QIAquick gel extraction kit
(Qiagen). Purified PCR products were cloned into pGEM®-T Easy vector (Promega)
and subsequently subjected for DNA sequencing by First Base Co., Ltd. (Malaysia).

2.4.1. Amplification of the 5’ and 3’ end sequences

Rapid amplification of ¢cDNA ends (5’ and 3’ RACE) were used for
identifying the 5 and 3’ end sequences. Primers for RACE were designed from a
partial sequence of PmTSN ¢cDNA fragment. For 3° RACE, PCR was performed using
TuF2 primer and an adaptor primer, PMI. Subsequently, the nested PCR was
performed with 3RF1 and PM1 primers. For 5> RACE, a poly-A tail was added to the
3'-end of cDNA using terminal deoxynucleotidyl transferase (TdT) (Promega) and
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purified by QIAquick PCR purification kit (Qiagen). A-tailed cDNA was subsequently
used for PCR with Tu5R and PRT- oligo-d T, primers. The nested PCR was performed
using TuNSR and PRT- oligo-dT1, primers. Identification of the remaining 5’end
sequences was performed using 5°-Full Race Core Set (Takara) according to
manufacturer’s instruction. Briefly, c¢DNA was synthesized using 5° end-
phosphoryiated primer, P-SRACE and was subsequently circularized by T4 RNA ligase
(Takara). Then, PCR was performed by using S1 and ASI primers. The nested PCR
was subsequently performed with S2 and AS? primers. All primers used for cloning
were ordered from Pacific Science Co., Ltd. (Thailand) and were listed in Table 1. PCR
products were purified, cloned and subjected for sequencing as described above.

Table 1 Sequences for primers used in this study

2.4.2. Amplification of the full-length coding sequences of PmTSN

To amplify the coding region of PmTSN ¢cDNA, RT-PCR was performed
using VENT® DNA polymerase (New Englang Biolabs) with CDS-F and CDS-R
primers, following the condition: denaturation at 95°C for 3 min, followed by 30 cycles
0f 95°C for 30 s, 55°C for 30 s, and 72°C for 3 min. The final extension was carried out

at 72°C for 7 min. PCR product was purified, cloned and subjected for sequencing as
described above.

2.5. Sequence and phylogenetic analysis
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The nucleotide and deduced amino acid sequences of PmTSN were compared with
other known TSN sequences available in the GenBank database using BLAST search
program [29]. The protein domain features of PmTSN were predicted by using
ScanProsite [30] and Conserved Domain Architecture Retrieval Tool (CDART) [31].
Molecular weight and isoelectric point of the protein were predicted by tools in the
Expasy website (www.expasy.org). For multiple sequence alignment and phylogenetic
analysis, TSN sequences from several species were retrieved from the GenBank
database. Multiple sequence alignment was performed by using ClustalW [32] and
phylogenetic analysis was performed by using MEGA 4.1 program [33] based on the

neighbor-joining methods [34]. Bootstrap values of 1000 replicates were calculated for

each node of the consensus tree.

2.6. Tissue distribution study

Multiplex RT-PCR was employed to study the expression of PmTSN in various
shrimp tissues. hemolymph, gill, lymphoid organ, hepatopancreas, stomach, testis,
abdominal muscle, pleopods and thoracic ganglia were dissected out from male brood
stock shrimps. Total RNA from different tissues were extracted and reverse transcribed
to ¢cDNA. To determine the expression of PmTSN, multiplex RT-PCR was performed.
The PmTSN primers were TSN-F1 and TuNSR, and the S-actin primers were Actin-F
and Actin-R (Table 1). The multiplex PCR was performed under the following
condition: denaturation at 94°C for 5 min, followed by 5 cycles of 94°C for 30 s, 59°C
for 30 s (-1°C/cycle) and 72°C for 40 s, and 23 cycles of 94°C for 30 s, 54°C for 30 S,
and 72°C for 40 s. The final extension was carried out at 72°C for 7 min. PCR products

were analyzed on 1.2% agarose gel electrophoresis, stained with ethidium bromide and
visualized under ultraviolet light.

2.7, Preparation of double-stranded RNA (dsRNA)

The dsRNA specific to SN3-like domain of PmTSN (dsSN3) was synthesized by in
vitro transcription using RiboMAX® Large Scale RNA Production System (Promega)
following the manufacturer’s protocol. Briefly, sense and anti-sense DNA template
strands were synthesized by PCR with the primers that contained T7 promoter
sequences (Table 1) using VENT® DNA polymerase (New England Biolabs). Five
micrograms of each purified PCR product was used for in vitro transcription. After the
reaction, DNA template was removed by incubating with RQ1 DNase (Promega) (1
unit per ug of DNA template) at 37°C for 15 min. The in vitro transcribed RNA product
was annealed to produce dsRNA by incubating at 95°C for 2 min. The temperature was
decreased to 25°C at the rate of 0.1°C s and hold at 25°C for 30 min. The left-over
single-stranded RNA (ssRNA) was degraded by adding 10 ng of Ribonuclease A
(RNase A) (New Englang Biolabs) and incubated at 37°C for 10 min. dsSN3 was
further purificd by TRI-LS® (Molecular Research Center) according to manufacturer’s
protocol.

The dsRNA specific to PmRab7, gfp and YHV-protease (dsRab7, dsGFP and
dsYHV) were produced by in vivo bacterial expression [35]. The quality of dsRNAs

was determined by ribonuclease digestion assay using RNase A and RNase III (New
England Biolabs).

2.8, Knockdown of PmTSN expression
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To knockdown PmTSN transcript, shrimps (size 4-5 g, 6 shrimps per group) were
intramuscularly injected with 5 pg g shrimp of dsSN3. Shrimps injected with dsGFP
were used as a control group. To determine the earliest time point for complete PmTSN
knockdown, hemolymph was individually collected at 0, 1, 3, 5 and 7 days post
injection. To examine the expression of PmTSN, multiplex RT-PCR was performed as
described above. The PCR products were analyzed on 1.5% agarose gel electrophoresis,
stained with ethidium bromide and visualized under ultraviolet light. The intensity of
each band was quantified by Scion image analysis program. The relative expression
level of PmTSN was normalized against B-actin and expressed in arbitrary units.

2.9.  Functional assay of PmTSN in dsRNA-mediated gene silencing

Shrimps (size 4-5 g, 6 shrimp per group) were intramuscularly injected with dsSN3
or dsGFP (5 ug g' shrimp) for 48 h prior to injecting with dsRab7 (0.63 pg g
shrimp). Hemolymph was individually collected at 48 h post dsRab7 injection. Shrimps
injected with 150 mM NaCl or dsRab7 alone were used as control groups. Total RNA
(1 pg) was used for cDNA synthesis. The expression of PmTSN and PmRab7 was
determined by quantitative real-time PCR (qRT-PCR) analysis.

qRT-PCR was performed in an ABI 7500 real-time detection system (Applied
Biosystems) using KAPA™ SYBR® FAST master mix (2X) ABI Prism™ (KAPA
Biosystems). The primers for PmTSN were qRTSN-F3and qRTSN-R3, and the primers
for PmRab7 were qRab7-F2 and qRab7-R2. The primers for an internal control gene,
EF1-a were EFla-F and EFla-R. All primers used for qRT-PCR are listed in Table 1.
qRT-PCR was carried out in triplicates for each sample in a 20-pl reaction containing
10 ul of 2X KAPA™ SYBR® FAST master mix, 5 pl of 1:50 diluted cDNA, 0.25 pl of
10 uM of each primer and 4.5 pl of sterile water. PCR amplification was performed
under the following conditions: enzyme activation at 95°C for 3 min, followed by 40
cycles of 95°C for 3 s and 60°C for 31 s. The specificity of primers was determined by
melting curve analysis from the ABI Prism 7500 detection system. The cycle threshold
(Ct) value for the PmTSN and PmRab7 target genes and the internal control EF/-a gene
were determined for each sample. The expression levels of PmTSN and PmRab7 in each

treatment group relative to NaCl-injected group were then determined by comparative
Ct method (2744 [36].

2.10. Cumulative mortality assay

Shrimps (size 4-5 g, 9 — 15 shrimp per group) were injected with 5 ug g shrimp
of dsSN3, dsGFP or 150 mM NaCl for 48 h prior to injecting with a mixture of dsYHV
(2.5 pg g shrimp) and 50 pl of the 107 fold diluted YHV stock. Shrimps injected with
150 mM NaCl or YHV alone were used as control groups. Shrimp mortality was
recorded twice a day for 10 days after the second injection. Expression of YHV was
detected from gill tissues of death shrimps by using multiplex RT-PCR [37]. Only the

death shrimp that can be detected YHV expression was used to calculate the cumulative
percent mortality.

2.11. Statistical analysis

The data were expressed as mean + standard error (SEM). The statistical analysis of the
mean + SEM was performed by using ANOVA in the Sigma Stat 3.5 program. A
measurement of P<0.05 was accepted as statistically significant.
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3. Results

3.1. Cloning and sequence analysis of P. monodon Tudor staphylococcal nuclease

The full-length ¢cDNA encoding TSN from P. monodon (PmTSN) was cloned by
PCR approach. A 1043-bp fragment of PmTSN corresponding to SN4 and Tudor
domains was obtained by RT-PCR with TuF1 and TuR1 primers. A BLAST search of
the nucleotide and deduced amino acid sequences revealed that the product shared high
sequence similarity with TSN from other species. This partial sequence was used to
design gene specific primers to clone the 3’ and 5' ends of this gene by RACE.
Amplification of the full-length PmTSN coding region was used to confirm the
sequence. The full-length of PmTSN ¢cDNA consisted of 2897 bp, containing 44 bp in
the S’untranslated region (UTR), 2670 bp in an open reading frame (ORF), and 183 bp
in the 3’UTR with a poly A-tail (Fig. 1). The translation initiation sequence
(nucleotides 42-47, CAACATGG) was in an agreement with the Kozak’s consensus
sequence. In addition, atypical polyadenylation signal (AATTAAA) was found to reside
10 bp upstream of the poly (A) tail. The nucleotide sequence of PmISN cDNA was
submitted in the GenBank database under the accession number EF 429696.

The ORF of PmTSN encoded a polypeptide of 889 amino acids with an estimated
molecular weight of 99.7 kDa and a predicted isoelectric point of 8. The deduced amino
acid sequence of PmTSN was compared to TSN sequences from other known species.
Sequence alignment showed that PmTSN had higher identities (54-57%) to vertebrate
TSN. Among these, PmTSN showed the highest (57%) amino acid sequence identity to
TSN of D. rerio (GenBank ID: NP_878285). In addition, PmTSN showed 50%, 51%
and 54% amino acid sequence identities with TSN of C. elegans (GenBank ID:
NP_494839), A. gambiae (GenBank ID: XP _315689) and D. melanogaster (GenBank
ID: NP_612021), respectively, while it exhibited lower identities of 29-34% with
plants, fungi and slime mold.

Phylogenetic analysis based on a bootstrapped NJ tree indicated that TSN proteins
could be divided into four clusters, including vertebrates, other invertebrates, plants,
and fungi (Fig. 2). Interestingly, PmTSN clustered on a separated branch from
vertebrate and other invertebrate clusters. Similar tree was obtained from the analysis
based on Maximum Parsimony method (data not shown). In addition, the domain
structures of TSN proteins from shrimp and several organisms including H. sapiens
(GenBank ID: NP_055205), C. elegans, D. melanogaster, A. thaliana (GenBank ID:
NP_200986), A. fumigatus (GenBank ID: XP_753714), and S. pombe (GenBank ID:
NP_588117) were compared (Fig. 3). PmTSN contained four SN domains at the N-
terminus, followed by a Tudor and a partially truncated SN domain. A severely
truncated SN5 domain was found in TSN of H. sapiens, whereas a SN5 domain of TSN
of C. elegans and D. melanogaster overlapped with a Tudor domain. A SN5 domain
was totally absent in TSN of S. pombe. In addition, a partially truncated SN5 domain
was also found in TSN of 4. thaliana and A. fumigatus, but distinct from PmTSN in
term of amino acid sequence identities (26% identities, supplementary Table 1).
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Fig. 1 The nucleotide and deduced amino acid sequences of PmTSN ¢cDNA. Kozak’s
sequence and polyadenylation signal are underlined. The deduced amino acid sequence
of PmTSN is shown in a single letter under the respective codon. Staphylococcal
nuclease-like domains (SN) are boxed and a Tudor domain is shaded. The asterisk
represents the stop codon. This nucleotide sequence is available in the GenBank

database under the accession number EF_429696.
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Supplementary Fig. 1 Multiple sequence alignments of the conserved domains in TSN
protein of P. monodon with that of other species. P. monodon (PmTSN, GenBank ID:
JF_429696); A. fumigatus (AfTSN, GenBank ID: XP_753714); A. gambiae (AgTSN,
GenBank ID: XP_315689); 4. thailiana (AtTSN, GenBank ID: NP 200986); C.
elegans (CeTSN, GenBank ID: NP_494839); D. melanogaster (DmTSN, GenBank ID:
NP_612021), D. rerio (DrTSN, GenBank ID: NP 878285); H. sapiens (HSTSN,
GenBank ID: NP_0055205); S. pombe (SpTSN, GenBank ID: NP_588117). Identical
amino acids are shown in black and similar amino acids are shown in dark grey. Panels:

A, SN1 domain; B, SN2 domain; C, SN3 domain; D, SN4 domain; E, Tudor and SN5
domain.
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Fig. 2 Phylogenetic relationship of TSN on the basis of amino acid sequence using
neighbor-joining distance analysis. Hs, Homo sapiens; Pt, Pan troglodytes; Bt, Bos
Taurus; Mm, Mus musulus; Gg, Gallus gallus; Xt, Xenopus tropicalis; Dr, Danio rerio;
Tr, Takifugu rupripes; Pm, Penaeus monodon, Ce, Caenorhabditis elegans; Dm,
Drosophila melanogaster; Ag, Anopheles gambiae; Os, Oryza sativa; At, Arabidopsis
thaliana; Ps, Pisum sativum; Sp, Schizosaccharomyces pombe; Nc, Neurospora crassa;
An, Aspergillus niger; Af, Aspergillus fumigatus and Dd, Dictyostelium discoideum. The
GenBank accession number of TSN from each species was shown in the parenthesis.
Bootstrap values from 1000 replicates are indicated at the nodes.
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Supplementary Table 1 Percent amino acid sequence identity comparing between

conserved domains of PmTSN with that of other species.
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SN1 SN2 SN3 SN4 Tador SNS
; P. monodon

H. sapiens

C. elegans

D. melanogaster

A. thailiana

A. fumigatus

S. pombe

Fig. 3 Schematic diagram representation of the predicted domain structure of PmTSN
(GenBank ID: JF_429696) and comparison with the predicted structure of TSN proteins
of H. sapiens (GenBank ID: NP_0055205); C. elegans (GenBank ID: NP 494839); D.
melanogaster (GenBank ID: NP_612021); 4. thaliana (GenBank ID: NP _200986); A.
Jumigatus (GenBank ID: XP_753714) and S. pombe (GenBank ID: NP_588117). The

locations of six functional domains are indicated: SN, staphylococcal nuclease-like
domain; Tudor, Tudor domain.

3.2, Tissue distribution study

The expression of PmTSN in various tissues of shrimp was determined by
multiplex RT-PCR. The result in Fig. 4 revealed that PmTSN was ubiquitously
expressed in all examined tissues including hemolymph, lymphoid, gill, thoracic
gangiia, testis, stomach, hepatopancreas, abdominal muscle and pleopod.

M He Lo G Th Te St Hp Mu PI

Pactin
PmTSN

Fig. 4 Tissue distribution study of PmTSN expression in P. monodon. A representative
gel represents RT-PCR products of PmTSN and pS-actin. M, 1kb+DNA ladder; He,
hemolymph; Lo, lymphoid organ; G, gill; Th, thoracic ganglia; Te, testis; St, stomach;
Hp, hepatopancreas; Mu, abdominal muscle; and PI, pleopods.
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3.3 Knockdown of PmTSN in vivo using dsRNA

The dsRNA targeting the SN3 domain of PmTSN (dsSN3) was used to knockdown
the expression of PmTSN in vivo (Fig. 5A). Shrimps were intramuscularly injected with
5 ug g shrimp of dsSN3. Shrimps injected with dsGFP (5 pg g shrimp) were used as
a control group. The knockdown effect of dsSN3 on PmTSN expression was shown in
Fig. 5B and 5C. Injection of dsSN3 significantly decreased (P < 0.05) the PmTSN
transcript approximately 86% at 1 day post dsSN3 injection. The knockdown effect of
PmTSN persisted at least 7 days. However, injection of dsGFP, an unrelated dsRNA had
no effect on the level of PmTSN transcript. This result suggested the sequence-specific
inhibition of PmTSN by dsSN3.

A
o snm
dsSN3
{1036-1407 nt)
B
C

Relative expression ratio
NN

Days post injection

Fig. 5 RNAi knockdown of PmTSN transcript in P. monodon hemolymph. (A)
Schematic diagram representation of PmTSN and the target region of dsSN3. B) A
representative gel of RT-PCR products showing PmTSN expression at 0, 1, 3, 5 and 7
days post dsSN3 or dsGFP injection. SB-actin was used as an internal control. (©)
Relative expression of PmTSN normalized with f-actin. Bars represent mean + SEM (n

= ). The asterisks represent the significant difference (P < 0.05) between before and 1,
3, 5 or 7 days after dsRNA injection.
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3.4. The effect of PmISN knockdown on dsRNA-mediated gene silencing in shrimp

To examine the involvement of PmTSN in the shrimp RNAi pathway, dsRNA-
mediated gene silencing approach was used to knock down the expression of Pm7SN in
vivo. Subsequently, the ability of dsRab7 in inhibition of PmRab7 expression was
determined. The knockdown effect of PmTSN and PmRab7 were determined by qRT-
PCR. The representative amplification plots of PmTSN, PmRab7 and EF-la were
shown in Supplementary Fig. 2. The result in Fig. 6 showed that similar reduction of
PmRab7 transcript at 85.5% and 85% was observed in shrimps injected with dsRab7
alone (NaCl-—>dsRab7) and with dsGFP followed by dsRab7 (dsGFP—»dsRab7),
respectively. In contrast, only 68.3% reduction of PmRab7 transcript was observed in
PmTSN-knockdown shrimps (85.6% knockdown of PmTSN). The results showed a
significant increase of the PmRab7 transcript (P < 0.05) in PmTSN-knockdown shrimps
when compared to the NaCl->dsRab7 and dsGFP-»dsRab7 groups which had normal
transcript levels of PmTSN. This result indicated that the ability of dsRab7 to knock
down PmRab7 was partially diminished in PmTSN-knockdown shrimp.
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Supplementary Fig. 2 Efficiency of RNAi in Pm7SN-knockdown shrimp. Quantitative
real-time PCR was performed with specific primers for Pm7SN and PmRab7. EFI-a
was used as an internal control for normalization. The representative amplification plots
of PmISN (A), PmRab7 (B) and EF-1a (C) are shown.
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34. Sl PmTSN
: " PmRab7
1.2+

Relative expression ratio

Fig. 6 Efficiency of RNAi in PmTSN-knocked down shrimp. Quantitative real-time
PCR was performed with specific primers for PmTSN and PmRab7. EFI-a was used as
an internal control for normalization. The relative expression of PmTSN and PmRab7
was calculated by comparative Ct method (244"). Bars represent means + SEM (1 = 6).
The asterisks (*) represent the significant difference (P < 0.05) of the relative PmTSN
and PmRab7 expression among dsSN3—dsRab7 group and other groups.

3.5.  Cumulative mortality assay

To further examine the involvement of PmTSN in the shrimp RNAi pathway, the
effect of PmTSN knockdown on the ability of dsYHV in inhibition of YHV replication
was determined by cumulative mortality assay (Fig. 7). The PmTSN-knockdown shrimp
(dsSN3—dsYHV+YHV) had a cumulative mortality of 35% at 10 days post YHV
challenge, whilst the mortalities of shrimps in the NaCl->dsYHV+YHV and
dsGFP—dsYHV+YHV groups was 12% and 9%, respectively. The significant increase
in shrimp mortality (P < 0.05) was observed in the PmTSN-knockdown shrimps. The
multiplex RT-PCR analysis of PmTSN expression in survival shrimps showed that the

knockdown effect was still observed in PmTSN-knockdown shrimps (Supplementary
Fig. 3).
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Fig. 7 Increase in cumulative mortality upon YHV challenge in PmTSN-knocked down
shrimp. Cumulative percent mortality in each treatment group (9-15 shrimps/group) is
presented as means + SEM. Two independent experiments were performed. An asterisk
(*) represents the significant difference (P > 0.05) among PmTSN-knocked down
shrimp (dsSN3-—>dsYHV+YHYV) and other groups.

<
&
g
M NaCl»NaCl & NaCl »dsYHV+YHV

Bactin
PmTSN

M dsSN3—>dsYHV+YHV dsGFPH>dsYHV+YHV

Supplementary Fig. 3 The expression of PmTSN in survival shrimps from cumulative
mortality assay. Gills were collected from survival shrimps at 10 days-post YHV
injection. Each lane shows representative RT-PCR products of PmTSN and P-actin. The

PCR products was resolved by using 1.5% agarose gel electrophoresis and visualized
by ethidium bromide staining. M is 1 kb+DNA ladder.
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4. Discussion

In this study, we have cloned and characterized a Tudor staphylococcal nuclease
(TSN) gene from black tiger shrimp, P. monodon. To our knowledge, this is the first
report of TSN in crustacean. The full-length cDNA of PmTSN is 2897 bp, encoding a
protein of 889 amino acids with a predicted molecular weight of 99.7 kDa. Analysis of
the deduced amino acid sequence of PmTSN revealed that the PmTSN showed the
domain organization similar to that seen in other organisms by exhibiting the four
tandem repeats of SN domains followed by a Tudor and SN5 domain. Based on
phylogenetic analysis and the characteristics of SN domain, TSN could be divided into
five categories [38]. Our analysis showed that PmTSN contains a partially truncated
SN5 domain, but distinct from higher plant and fungal types in term of amino acid
sequence similarities. Interestingly, phylogenetic analysis revealed that PmTSN was
more closely related to vertebrate TSN by sharing the highest sequence identity of 57%
with TSN of D. rerio, and PmTSN clustered on a separated branch from vertebrate and
other invertebrate clusters on the bootstrapped NJ tree. From these results, we proposed
that PmTSN represents a new type of TSN, a crustacean type. Further identification of
the crustacean TSN will provide a better understanding of the evolutionary relatedness
of this protein. Tissue distribution study revealed the expression of PmTSN in all
examined tissues with the similar level of transcript. Given the fact that TSN involves
in a variety of cellular processes, a ubiquitous distribution of PmTSN indicated that this
protein may involve in one or more cellular processes common to all cell types in
shrimp. In human, TSN exists in a wide range of organs and tissues, especially in
epithelial cells [39].

In this study, knockdown of PmTSN diminished the efficiency of dsRNA-
mediated gene silencing in shrimp. A partially impaired PmRab7 silencing was
observed in PmTSN-knockdown shrimps. However, it was not observed in shrimps
injected with NaCl and dsGFP, suggesting the involvement of PmTSN in dsRNA-
mediated gene silencing. In C. elegans, knockdown of tsn-1 expression was also found
to impair the efficiency of RNAi [17]. In shrimp, knockdown of the core RNAi
machinery, Pem-ago! led to the impairment of RNAi to silence the endogenous gene in
primary lymphoid cell culture [13]. In this study, we also found that knockdown of
PmTSN resulted in a decrease of the ability of dsYHV in inhibition of YHV replication.
An increase of the cumulative percent mortaliy was observed
The multiplex RT-PCR analysis of PmTSN expression in the survival shrimps showed
that the knockdown effect is still observed in shrimps injected with dsSN3. Previous
study reported that knockdown of PmDicer (PmDcr-1) enhanced the susceptibility of
gill-associated virus infection [11]. In our study, knockdown of PmTSN did not increase
the susceptibility of shrimp to YHV infection. The level of PmTSN transcript in
hemolymph did not change significantly after YHV challenge (data not shown). This
indicated that the decrease of the ability of dsYHV is the result of PmTSN knockdown.
These results suggested that PmTSN involved in dsRNA-mediated gene silencing in
shrimp.

Silencing of RNAi components resulted in a general loss of RNAi mechanism [40].
In D. melanogaster, r2d2 and logs mutants showed impaired silencing triggered by
injection of exogenous dsRNA or by artificial and natural expression of endogenous
dsRNA [41]. Knockdown of MOV 10, a putative DExD-box helicase and TNRC6B, a
marker of mRNA-degrading cytoplasmic processing bodies (P-bodies) resulted in
failure of miRNA-guide mRNA cleavage in HeLa cells [42]. However, knockdown of
some additional components which play a minor role in RNAi, such as dFXR and VIG
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were found to partially diminish RNAI activity in Drosophila [18]. It is noteworthy that
knockdown of PmTSN expression did not substantially reduce the efficiency of dsSRNA-
mediated gene silencing in shrimp. We speculate that PmTSN may function as a minor
component which affect the efficiency of RISC, but not absolutely required for RNAi in
shrimp. However, we could not completely knockdown the expression of PmTSN.
Therefore, the possibility that the residual PmTSN can function in the shrimp RNAi
pathway cannot be ruled out. This effect may interfere us for observing the greater
effect of PmTSN knockdown on dsRNA-mediated gene silencing in shrimp.

In conclusion, we provide the first description of the crustacean TSN from P.
monodon. Our findings suggest that PmTSN involves in dsRNA-mediated gene
silencing in shrimp. However, the mode of action of PmTSN in the shrimp RNAi
pathway is still unknown. Therefore, identification of the PmTSN-interacting proteins

will be essential for better understanding of the RNAi mechanism in the penaeid
shrimn.
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Part II: Protein-protein interaction between Penaeus monodon Tudor

staphylococcal nuclease and RNAi machineries; Argonaute proteins

Abstract

RNA interference (RNAi) plays a crucial role as an antiviral defense in several
organisms including plants and invertebrates. An understanding of RNAi machineries
especially  protein components of the RNA-induced silencing complex (RISC) is
essential for prior to applying RNAI as a tool for viral protective immunity in shrimp.
Tudor staphylococcal nuclease (TSN) is an evolutionarily conserved protein and is one
of the RISC components. In previous study, suppression of Penaeus monodon TSN
(PmTSN) by double-stranded RNA (dsRNA) resulted in decreasing dsRNA-mediated
gene silencing activity. To elucidate the functional significance of PmTSN in shrimp
RNAIi pathway, interactions between PmTSN and three Argonaute proteins (PmAgo)
were characterized by yeast two-hybrid and in vitro pull-down assays. The results
demonstrated that PmTSN interacted with PmAgo!, but not with PmAgo2 or PmAgo3.
The interaction between PmAgo and PmTSN was mediated through the N-terminal
domain of PmAgol and the SN1-2 domains of PmTSN. Analysis of the nuclease
activity of the recombinant PmTSN indicated that PmTSN possessed calcium-
dependent nuclease activity specific to single-stranded RNA (ssRNA), but not dsRNA
and DNA. Knockdown of PmAgol and PmTSN diminished the ability of dSRNA-Rab7
to knockdown PmRab7 expression, indicating the involvement of PmAgol and PmTSN
in shrimp RNAi pathway. Taken together, the results imply that PmTSN is one of the

components of PmAgol-RISC, thus providing new insights in the RNAi-based
mechanism in shrimp.

Keywords: RISC; RNAI; in vitro pull-down; yeast two-hybrid system; black tiger
shrimp
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1. Introduction

Invertebrates employ RNAI as a major host-defense mechanism against viruses

[1]. In Drosophila melanogaster, the dsRNA-replicative intermediate of viruses is
recognized and cleaved by Dicer, generating viral-derived small RNA which is
subsequently incorporated into RISC, and mediated the degradation of viral RNA [1-3].
In addition, mutation of the core RNAi machineries such as Dicer-2, Ago2, and R2D2
substantially increases susceptibility of the mutant flies to viruses, indicating the crucial
role of RNAI as an antiviral immunity in invertebrates [4-7]. A number of evidences
emphasized that dsRNA triggered an antiviral response in shrimp in both sequence-
independent [8] and sequence-specific manners [9-12]. Even though, there are several
evidences revealing the existence of RNAi, the mechanism by which the RNAi operates
in shrimp cells is not yet completely understood. An understanding of the RNAi
machineries especially the components of RISC will provide insights into an innate
antiviral immunity and the host-viral interaction in this economically important species.
Tudor staphylococcal nuclease (TSN, also known as SNDI1 or pl00) is an
evolutionarily conserved protein which is composed of four tandem repeats of
staphylococcal nuclease-like domains (SN), followed by Tudor and C-terminal SN
domains. It is a multifunctional protein involved in a variety of cellular processes. For
example, TSN can interact with several transcription factors to modulate their activities
such as a transcriptional co-activator of Epstein-Barr virus nuclear antigen 2 (EBNA?2),
STATS, STATS, c-Myb, and Pim-1 [13-16]. In RNA splicing, TSN regulates small
nuclear ribonucleoprotein (snRNP) assembly by interacting with SmB/B’ and
SmD1/D3, the core proteins of snRNP complex [17]. In addition, cleavage of TSN by
caspase-3 is important for the execution of apoptosis in plant and human [18]. Despite
its roles in several biological processes as described above, Caudy et al., 2003 revealed
that TSN also involved in RNAi pathway in Caenorhabditis elegans, D. melanogaster,
and mammals. Biochemical fractionation of RISC from these organisms revealed that
TSN was co-purified with other proteins of RISC including Ago, VIG, and FMRP, and
also resided in miRNA-ribonucleoprotein complex (miRNP) [19]. In addition,
suppression of 7SN expression impaired the RNAi activity indicating the importance of
this protein in the RNAi mechanism [19-21].

In previous study, we identified and characterized a TSN gene from the black
tiger shrimp, Penaeus monodon. The P. monodon TSN gene (PmTSN) encoded a
polypeptide of 889 amino acids with an estimated molecular weight of 99.7 kDa. It
contained the four tandem repeats of SN domains followed by a Tudor and a partially
truncated C-terminal SN domain. Silencing of PmTSN expression by dsRNA resulted in
diminishing of the dsSRNA-mediated gene silencing in shrimp [22]. In this study, to
elucidate the functional insights of PmTSN as one of the components of RISC, we
characterized the interaction between PmTSN and the catalytic engine of RNAI,
PmAgo by using yeast two-hybrid (Y2H) and in vitro pull-down assays. In addition, the
nuclease activity of the recombinant PmTSN was also investigated.

2. Materials and Methods

2.1. Shrimp

The black tiger shrimps, Penaeus monodon (~10 g body weight) were purchased
from the commercial shrimp farms in Thailand. They were reared in the laboratory
tanks with continuous aerated artificial sea water (10 ppt) for 2-3 days before
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processing to allow acclimatization, and were fed ad libitum with commercial shrimp
feed. Apparently healthy shrimp free of yellow head virus (YHV) and white spot
syndrome virus (WSSV) were selected and used in all experiments.

2.2. Plasmid construction

The plasmids pGEM-T containing coding regions of PmTSN (GenBank acc. no.
JF429696), PmAgol (GenBank acc. no. DQ663629), PmAgo?2 (kindly provided by Dr.
Apinunt Udomkit, Mahidol University, Thailand), and PmAgo3 (GenBank acc. no.
JX845575) were used as templates for PCR. VENT® DNA polymerase (New England
Biolabs) was used for all PCR amplifications. For Y2H assay, the DNA fragment of
PmTSN (amino acid residues 1-889) was amplified and cloned into Ndel/Sall sites of
pGBKT?7 to create plasmid expressing GAL4-DNA binding domain fusion protein (BD-
TSN). To generate plasmids expressing GAL4-activation domain fusion protein of
PmAgo (AD-Ago), the DNA fragments of PmAgol (amino acids residues 1-939) and
PmAgo2 (amino acid residues 1-810) were amplified and cloned into Ndel/Xkol sites,
and PmAgo3 (amino acid residues 1-825) was amplified and cloned into EcoRI/Xkol
sites of pPGADT?7, respectively.

For in vitro pull-down assay, the DNA fragments of TSN (amino acid residues 1-889),
SND (amino acid residues 1-660) and SN34 (amino acid residues 320-889) were
amplified and cloned into Xmal/Xhol sites of pGEX-5X-1 to generate N-terminal GST-
fusion constructs of PmTSN and its deletion mutants. For N-terminal Hise-tagged
constructs, the DNA fragments of PmAgo!l (amino acid residues 1-939), NTD-Agol
(amino acid residues 1-291), NPAZ-Agol (amino acid residues 1-409), PAZ-Agol
(amino acid residues 274-409), PIWI-Agol (amino acid residues 402-939), PmAgo2
(amino acid residues 1-810), and PmAgo3 (amino acid residues 1-825) were amplified
and cloned into EcoRI/Xhol sites of pET-28a(+). All primers used for cloning are listed

in Table 1. All constructs were subsequently sequenced to confirm gene sequences and
correct reading frames.

2.3. Yeast two-hybrid assay

Matchmaker GAL4 Two-hybrid System 3 (Clontech) was used for yeast two-
hybrid studies, according to the manufacturer’s protocol. Saccharomyces cerevisiae
strains Y187 and AH109 were kindly provided by Dr. Saengchan Senapin (Biotec,
Thailand). The yeast strain Y187 harboring pGBKT7-TSN was used for mating with
the yeast strain AH109 harboring pGADT7-Agol, -Ago2, or -Ago3. The mated cultures
were selected on synthetic double dropout medium (SD/-L/-W). Protein interaction was
further indicated on synthetic quadruple dropout medium (SD/-L/-W/-H/-A) containing
X-o-Gal (40 pg/ml). Yeast harboring pGBKT7-TSN and pGADT7-Laminin receptor
(AD-Lamr) served as a positive control whereas yeast harboring pGBKT7-TSN and
empty pGADT?7 served as a negative control. Preparation of yeast protein extracts was
performed according to Yeast Protocol Handbook (Clontech). Expression of BD-TSN
and AD-Ago in yeasts were confirmed before performing two-hybrid experiments using
anti-c-Myc antibody and anti-HA antibody (US Biological), respectively.

2.4. Protein expression and purification

All GST-fusion and Hise-tagged constructs were expressed in Escherichia coli
Rossetta (DE3) (Novagen). The recombinant GST-TSN, GST-SND, and GST-SN34
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were expressed by using auto-induction approach [23]. Briefly, overnight cultures in
non-inducing media ZYP-505 (1% N-Z-amine, 0.5% yeast extract, 50 mM Na;HPO,,
50 mM KH;PO4, 25 mM (NH4),S804, 2 mM MgSO04, 0.5% glycerol, and 0.05 %
glucose) were inoculated in auto-inducing media ZYZ-5052 (1% N-Z-amine, 0.5%
yeast extract, 50 mM Na;HPO4, 50 mM KH,PO4, 25 mM (NH4)2S804, 2 mM MgSQOs,
0.5% glycerol, 0.05 % glucose, and 0.2% lactose) containing ampicillin (100 pug/ml)
and chloramphenicol (34 pg/ml) and incubated at 37°C with shaking until 440 reached
~1.0. The cultures were then incubated at 18°C for 20 hours with shaking. For GST-
fusion protein purification, cells were collected by centrifugation, resuspended in lysis
buffer (PBS, pH 7.4, 0.2% Triton X-100, 1 mM DTT, 1 mM PMSF, and 100 pg/ml
lysozyme) and lysed by sonication. Following centrifugation, the clear cell lysates
containing GST-fusion proteins were filtrated and applied to the GSTrap FF column
(GE Healthcare) for affinity purification. GST-TSN and GST-SN34 were further
purified by anion-exchange chromatography using HiTrap Q column (GE Healthcare).
On the other hand, GST-SND was further purified by cation-exchange chromatography
using HiTrap SP column (GE Healthcare). The purified proteins were dialyzed against
binding buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT, 0.2% Triton X-
100, 10% glycerol, 1 mM PMSF), concentrated by Vivaspin 6 (GE Healthcare), and
determined the concentration by Bradford’s assay.

Expression of Hise-tagged fusion proteins were induced by the addition of Isopropyl-p-
D-thiogalactopyranoside (IPTG) to a final concentration of 0.2 mM at Asp ~ 0.6 and
proceeded for 6 hours for His-Agol and its deletion mutants, or 20 hours for His-Ago2
and His-Ago3 at 18°C with shaking. Following centrifugation, the cells were
resuspended in binding buffer at the ratio of 100 OD per mi, lysed by sonication, and
centrifuged at 48,000xg for 30 min at 4°C to separate inclusion bodies and cell debris.
The clear cell lysates containing Hiss-tagged proteins were then divided into small
aliquots, flash frozen with liquid nitrogen, and stored at -80°C until used.

2.5. Invitro pull-down assay

In vitro pull-down assay was performed according to Adachi et al. with some
modifications [24]. Ten micrograms of the purified GST-fusion proteins or GST alone
were immobilized on 30 ul of 50% (v/v) glutathione-agarose resin (Sigma) for 2 hours
at 4°C with rotating. The resins were then washed three times with washing buffer (25
mM HEPES, pH 7.5, 150 mM NaCl, | mM DTT, 1% Triton X-100, 10% glycerol, 0.2
mM PMSF). Subsequently, the resins were incubated with the lysates of E. coli
expressing Hiss-tagged proteins for 4 hours at 4°C with rotating. After incubation, the
resins were washed four times with washing buffer. The protein complex was eluted
from the beads by boiling in SDS-loading buffer. The complex was separated on SDS-
PAGE and subsequently transferred to nitrocellulose membrane. The presence of Hisg-
tagged proteins was detected by western blot with anti-His antibody (GE Healthcare).

For detection GST-fusion proteins, bound proteins were diluted 10 fold, separated on
SDS-PAGE, and blotted with anti-GST antibody (Sigma).

2.6. Nuclease activity assay
The recombinant GST-TSN was evaluated for its ability to cleave both RNA

and DNA. The luciferase (luc) oligonucleotide substrates with ~400 nucleotides in
length (nucleotides 619-1000) were synthesized by using plasmid pGL3-Basic
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(Promega) as a template. The luc-ssRNA and luc-dsRNA substrates were synthesized
by in vitro transcription using RiboMAX® Large Scale RNA Production System
(Promega), according to the manufacturer’s protocol. The luc-DNA was synthesized by
PCR and purified from the gel using QIAquick gel extraction kit (Qiagen). To assay the
nuclease activity of the recombinant GST-TSN, 2 pmol of luc-ssRNA, luc-dsRNA, or
luc-DNA were incubated with 10 pmol of the purified GST-TSN or GST in 20-pl
reaction containing 20 mM Tris, pH 7.0, 1 mM DTT, 100 mM NaCl, 2 mM MgCl,, 2
mM CaClz and 2 mM MnCl; at 37°C for 4 hours. The reactions were analyzed on 6%
non-denaturing polycrylamide gel for reactions containing luc-dsRNA and luc-DNA, or
6% denaturing polyacrylamide for reactions containing luc-ssRNA. The presence of
oligonucleotide substrate was visualized by ethidium bromide staining. In the assays,

RQI1 DNase (Promega), RNase A (US Biological), and RNase Il (New England
Biolabs) were included as controls.

2.7. Preparation of double-stranded RNA

The double-stranded RNA (dsRNA) targeting PAZ domain of PmdAgol (kindly
provided by Dr. Apinunt Udomkit, Mahidol University, Thailand), PmRab7 [25], and
g/p (kindly provided by Dr. Witoon Tirasophon, Mahidol University, Thailand) were
produced in bacterial expression system [26]. Briefly, the plasmid pET-17b-stAgol,
pET-17b-stRab7 and pET-3a-stGFP were transformed into E. coli HT115 (DE3). The
induction of dsSRNA expression was carried out by the addition of IPTG to the final
concentration of 0.1 mM (for dsSRNA-Agol and dsRNA-Rab7) or 0.4 mM (for dsRNA-
GFP) at Aspo ~ 0.6 and proceeded for 4 hours at 37°C with shaking. Extraction and
purification of dsRNA was performed as previously described [27]. For preparation of
dsRNA targeting PmTSN, in vitro transcription was performed as previously described
[22]. The concentration of the dsRNA was measured by Nanodrop ND-1000
spectrophotometer (Nanodrop technologies) and gel electrophoresis. The quality of
dsRNA was determined by RNase A and RNase II1 digestion assay.

2.8. In vivo gene knockdown and RNAi against RNAi assay

To knockdown PmAgo and PmTSN expression, 50 pg of dsRNA-Agol or
dsRNA-TSN was injected into shrimps (~10 g body wei ght) via intramuscular injection.
Shrimps injected with dSRNA-GFP were used as negative control. Hemolymph was
individually collected before and after dsRNA injection (1, 2 and 4 days). Total RNA
was extracted from hemolymph using TRI Reagent® LS (Molecular Research Center,
Inc.). Transcription levels of PmAgol and PmTSN were determined by RT-PCR.

The effects of PmAgol and PmTSN knockdown on RNAi in shrimp were determined by
using RNAI against RNAI assay, as previously described [22, 28]. Briefly, shrimps (n =
6) were injected with dsSRNA-Agol, dsSRNA-TSN or dsRNA-GFP as described above.
Two days later, shrimps were injected with 6.3 pg of dsRNA-Rab7. Hemolymph was
individually collected 2 days after the second injection. Transcription level of PmRab7
was observed by quantitative real-time PCR (qQRT-PCR) [22]. The data obtained from
qRT-PCR were analyzed by comparative Ct method (225 [29]. The data were
expressed as mean = standard error of mean (SEM) and analyzed by using one-way
ANOVA in the Sigma Stat 3.5 program. A measurement of P < 0.05 was accepted as

statistically significant. All primers used for RT-PCR and gRT-PCR are listed in Table
1.
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Table 1. Primers used in this study. Nucleotides that are underlined indicate restriction sites or T7
promoter sequences.
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3. Results
3.1 Interaction between PmTSN and three PmAgo proteins

TSN was identified as one of the components of RISC in C. elegans,
Drosophila, and mammals [19, 30]. In previous study, identification and
characterization of a TSN gene from P. monodon (PmTSN) demonstrated the
involvement of PmTSN in the shrimp RNAi pathway [22]. To investigate whether
PmTSN was one of the components of RISC in shrimp, the yeast two-hybrid assay
(Y2H) was performed to study the interaction between PmTSN and the core component
of RISC, PmAgo. PmTSN was fused with GAL4-DNA-binding domain (BD-TSN), and
the three PmAgo proteins including PmAgol, PmAgo2, and PmAgo3 were fused with
GAL4-activation domain (AD-Ago). The expression of BD-TSN and AD-Ago proteins
in yeasts were confirmed before Y2H was performed with anti-c-Myc and anti-HA
antibodies, respectively. The results showed that western blotting with anti-c-Myc
antibody could detect the expression of BD-TSN at the expected band of 120 kDa.
Expression of AD-Agol, AD-Ago2, and AD-Ago3 could be detected by anti-HA
antibody and showed the expected bands of 118 kDa, 105 kDa, and 107 kDa,
respectively (Fig. 1A). By using Y2H, the diploids harboring BD-TSN and AD-Agol
showed the positive interaction observed by the growth and blue color on the quadruple
dropout medium (SD/-W/-L/-H/-A/X-a-gal), similar to the results observed in the
diploids harboring BD-TSN and AD-Laminin receptor (AD-Lamr) which were used as
a positive control. The positive interaction was not observed in the diploids harboring
BD-TSN and AD-Ago2 or AD-Ago3. In addition, no sign of the interaction was
observed in the negative control diploids harboring BD-TSN and Empty pGADT?.
Therefore, this data confirmed that the interaction of BD-TSN and AD-Agol was not
the result of an auto-activation of the reporter genes.

The interaction between PmTSN and PmAgol was further confirmed by using
in vitro pull-down assay. PmTSN was expressed as a GST-fusion protein (GST-TSN)
by an auto-induction approach and showed an expected band of 126 kDa in both soluble
and insoluble fractions when compared to the non-induced condition. After purification
by chromatographic techniques, the purified protein was confirmed by western blotting
with anti-GST antibody (Fig. 2A). The expression of His-Ago proteins were observed
in both soluble and insoluble fractions by using western blotting with anti-His antibody.
The expected bands of His-Ago1, His-Ago2, and His-Ago3 were shown at 105, 92, and
94 kDa, respectively. In addition, no band was observed in the E. coli harboring the
empty pET-28a(+) (Fig. 2B). In vitro pull-down assay was performed by incubating
immobilized GST-TSN with cell lysate from E. coli expressing His-Ago1, His-Ago2 or
His-Ago3. The presence of GST- and Hise-tagged proteins was detected by western
blotting with anti-GST and anti-His antibody, respectively. The results demonstrated
that GST-TSN could interact with His-Agol, but not interact with His-Ago2 or His-
Ago3, confirming the results of Y2H (Fig. 2C). In addition, GST alone could not
interact with all three His-Ago proteins, indicating the specific interaction between
GST-TSN and His-Agol. Taken together, by using both Y2H and in vitro pull-down
assay, the results demonstrated that PmTSN specifically interacts with PmAgol,
suggesting that PmTSN is one of the components of PmAgo1-RISC.
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WB: anti-c-Myc WHB: anti-HA

B SD/AW/-L SD/-W/-L{-H/-A/X -u-gal Interaction
TSN + Lamy +
TSN + Empty -
TSN + Agol +
TSN. + Ago2 -
TSN + Ago3 |4 -

Fig. 1 PmTSN interacts with PmAgol in Y2H assay. (A) Western blot analysis of BD-
TSN and AD-Ago expression in yeasts confirmed by using anti-c-Myc and anti-HA
antibodies, respectively. Lane -ve represents untransformed yeasts. (B) Y2H assay
showing the interaction between PmTSN and PmAgol. S. cerevisiae Y187 expressing
BD-TSN was mated with S. cerevisiae AH109 expressing AD-Agol, AD-Ago2, or AD-
Ago3, respectively. The mated cultures were selected on SD/-W/-L medium and
subsequently confirmed on SD/-W/-L/-H/-A/X-ai-gal medium. Yeast expressing BD-
TSN and AD-Lamr served as a positive control whereas yeast harboring pGBKT7-TSN

and empty pGADT?7 served as a negative control. (+) and (-) represent the presence and
absence of the interaction.
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Fig. 2 In vitro pull-down assay confirming PmAgol-PmTSN interaction. (A)
Expression and purification of the recombinant GST-TSN using auto-induction
approach and further purified by chromatographic techniques. Lane M, pre-stained
protein marker; lane S, soluble fraction; lane I, insoluble fraction; lane 1, coomassie
blue staining; lane 2, western blot analysis detected with anti-GST antibody. The arrows
indicate GST-TSN. (B) Western blot analysis using anti-His antibody to detect the
expression of His-Agol (105 kDa), His-Ago2 (92 kDa), and His-Ago3 (94 kDa) in E.
coli Rosetta (DE3). Lane pET shows soluble and insoluble fractions from E. coli
harboring empty pET-28a(+). (C) In vitro pull-down assay showing PmTSN-PmAgol
interaction analyzed by western blotting with anti-His and anti-GST antibodies.
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3.2. Mapping of PmAgol-PmTSN interaction

To identify the PmTSN-binding site of PmAgol, a variety of His-Agol deletion
mutants, including N-terminal domain (NTD), NTD and PAZ domains (NPAZ), PAZ
domain, and MID-PIWI domains (PIWI) was generated and used for in vitro pull-down
assay with GST-TSN. Western blotting with anti-His antibody revealed the expected
bands of His-NTD, His-NPAZ, His-PAZ, and His-PIWI at 29, 48, 19, and 61 kDa in
both soluble and insoluble fractions, respectively. In addition, no band was observed in
the E. coli harboring the empty pET-28a(+) (Fig. 3A and B). The full-length His-Agol
(FL) was also included in pull-down experiments as a positive control. The results of an
in vitro pull-down assay demonstrated that FL, NTD and NPAZ were able to interact
with GST-TSN, but PAZ and PIWI were not (F ig. 4A). In addition, no interaction was
observed in the pull-down reactions containing GST. These results suggest that NTD of
PmAgol serves as an interacting domain for PmAgol to interact with PmTSN, and
PAZ and PIWI are not involved in the interaction between these two proteins.

The PmAgo1-binding site of PmTSN was further characterized. The GST-fusion
proteins of PmTSN-deletion mutants including GST-SND (contains SN1-SN4 domains)
and GST-SN34 (contains SN3, SN4, Tudor, and C-terminal SN5 domains) (Fig. 3C)
were expressed by an auto-induction approach and showed the expected bands of 100
and 90 kDa in both soluble and insoluble fraction, respectively, compared to a non-
induced condition. Both GST-fusion proteins were purified by chromatographic
techniques and were subsequently confirmed by western blotting with anti-GST
antibody (Fig. 3D and E). The PmTSN deletion mutant containing Tudor and SNS
domains (GST-Tud) was also generated. Unfortunately GST-Tud was expressed as
inclusion bodies. Attempts to refold the recombinant protein were unsuccessful.
Therefore GST-Tud was not included in this experiment (data not shown). To identify
the PmAgo1-binding site of PmTSN, His-NTD was used to perform in vitro pull-down
assay with GST-TSN and its deletion mutants. The results showed that His-NTD could
be pulled-down with GST-TSN and GST-SND. A faint band of His-NTD was also
observed in the GST-SN34 reaction. However, this minor interaction of His-NTD with
GST-SN34 was possibly at the background level when compared to the control reaction
containing GST only (Fig. 4B). Similar results were observed with His-FL instead of
His-NTD for in vitro pull-down assay. His-FL could be pulled-down by GST-TSN and
GST-SND, but not GST-SN34 (Fig. 4C). These results suggest that SN1 and SN2
domains are required for PmTSN to interact with the N-terminal domain of PmAgol,

and SN3, SN4, Tudor and SNS domains are not involved in PmTSN-PmAgol
interaction.
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Fig. 3 Expression of the deletion mutant proteins used for mapping of PmTSN-PmAgo1
interaction. (A) Schematic diagram showing PmAgo1-deletion mutants used to map the
PmTSN-interacting domain. The positions of amino acid residues at various domain
junctions are indicated. (B) Western blot analysis using anti-His antibody to detect the
expression of His-Ago1 (FL, 105 kDa) and its deletion mutants, including His-NTD (29
kDa), His-NPAZ (48 kDa), His-PAZ (19 kDa), and His-PIWI (61 kDa) in E. coli
Rosetta (DE3). Lane pET shows soluble and insoluble fractions from E. coli harboring
empty pET-28a(+); lane S and I represent soluble and insoluble fractions. ©
Schematic diagram showing PmTSN-deletion mutants used to map the PmAgol-
interacting domain. The positions of amino acid residues at various domain junctions
are indicated. Expression and purification of the recombinant GST-SND (D) and -SN34
(E) in E. coli Rosetta (DE3). The recombinant GST-SND (100 kDa) and GST-SN34 (90
kDa) were expressed by auto-induction approach and further purified by
chromatographic techniques. The arrows indicate GST-SND and GST-SN34. Lane M,
pre-stained protein marker; lane 1, coomassie blue staining; lane 2, western blot
analysis with anti-GST antibody.
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Fig. 4 Mapping of PmTSN-PmAgo1 interaction. (A) Mapping of PmTSN-binding site
of PmAgol. Full-length (FL) and deletion mutants of His-Agol were analyzed their
abilities to interact with the immobilized GST-TSN using in vitro pull-down assay. (B
and C) Mapping of PmAgol-binding site of PmTSN. The immobilized GST-TSN,
GST-SND, and GST-SN34 were used for in vitro pull-down assay with His-NTD or
His-FL. The immobilized GST was used as a negative control in all experiments. The

presence of GST- and His-tagged proteins was analyzed by western blotting with anti-
GST and anti-His antibody, respectively.

3.3. Nuclease activity assay of the recombinant GST-TSN

The nuclease activity of TSN has been reported in Drosophila [19], parasites
131}, human, and plant [18]. To investigate whether PmTSN possessed the nuclease
activity, purified GST-TSN was incubated with luc-DNA, luc-ssRNA and luc-dsRNA.
The results showed that only GST-TSN could cleave luc-ssRNA, while the cleavages of
luc-DNA and luc-dsRNA were not observed (Fig. 5A), indicating that PmTSN was a
single-stranded RNase. The effect of metal ion on PmTSN RNase activity was further
determined. The GST-TSN was incubated with luc-ssRNA in the presence or absence
of Ca?, Mg*", or Mn?". The RNase activity of the recombinant protein was strongly

inhibited in the absence of Ca?* (Fig. 5B, lane 3, 4, 7, and 8), indicating the calcium-
dependent RNase activity of PmTSN.
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Fig. 5 Nuclease activity of the recombinant GST-TSN. (A) Purified GST-TSN (10
pmol) was incubated with various nucleic acids (2 pmol). The reactions were incubated
at 37°C for 4 hours. Purified GST was used as a negative control. The commercial
DNase, RNase A, and RNase III were included as positive controls. (B) GST-TSN
exhibits calcium-dependent nuclease activity. Purified GST-TSN was incubated with
Luc-ssRNA in the presence of Ca®*, Mg¥, or Mn*". (+) and (-) indicate the presence
and absence of the divalent cations.

3.4. PmAgol and PmTSN are involved in dsRNA-mediated gene silencing

According to the results from Y2H and in vitro pull-down assay, the interaction
between PmAgol and PmTSN indicates that PmTSN is one of the components of
PmAgo1-RISC. Therefore, the roles of PmAgol and PmTSN in shrimp RNAi pathway
were further investigated. The dsRNA corresponding to PmAgol and PmTSN were
synthesized and used for gene knockdown in vivo. Injection of dsRNA-Agol or
dsRNA-TSN could significantly knockdown the transcripts of PmAgol or PmTSN in
shrimp, respectively. The transcription levels of PmAgo! and PmTSN were substantially
reduced approximately 80% and 83% after 2 days dsRNA injection, respectively. In
addition, injection of dsSRNA-GFP had no effect on the transcripts of PmAgol and
PmTSN (Fig. S1). Two-fold increase of the dosage of dsRNA did not completely
knockdown PmAgol and PmTSN (data not shown). We speculated that PmAgol and
PmTSN are indispensable for RNAi in shrimp.

The effects of suppression PmAgol and PmTSN on the abilities of dsSRNA-Rab7
to knockdown PmRab7 expression were determined by qRT-PCR (F ig. 6, Fig. S2 and
Fig. S3). Shrimps injected with dsRNA-Rab7 alone (NaCl->dsRab7) and dsRNA-GFP
followed by dsRNA-Rab7 (dsGFP->dsRab7) showed similar reduction in PmRab7
transcripts approximately 91% and 96%, respectively. PmRab7 transcripts were
significantly increased (P < 0.05) in PmAgol-knockdown (dsAgol1->dsRab7) and
PmTSN-knockdown groups (dsTSN->dsRab7) when compared to the NaCl->dsRab7
and dsGFP->dsRab7 groups, as they showed 58% and 76% knockdown of PmRab7,

respectively. These results indicated that PmAgol and PmTSN are involved in dsSRNA-
mediated gene silencing in shrimp.
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Fig. 81 Time-course analysis of PmTSN and PmAgol knockdown by dsRNA. Agarose
gel electrophoresis of RT-PCR amplified PmTSN, PmAgol, and [-actin mRNAs from
hemolymph of (A) PmTSN- and (C) PmAgol- knockdown shrimp. Injection of dsRNA-
GFP was used as a control. Semi-quantitative RT-PCR was used to determine PmTSN
(B) and PmAgol (D) expression at 0, 1, 2, and 4 days after dsSRNA injection. B-actin
was used as an internal control. . The PCR products were resolved by using 1.5%
agarose gel electrophoresis and visualized by ethidium bromide staining. M is 2-log
DNA ladder. Bars represent mean £ SEM (n = 3). The asterisks (*) represent the

significant difference (P < 0.05) between before and after 1, 2, or 4 days dsRNA
injection.
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Fig. 6 Knockdown of PmTSN and PmAgol diminished RNAIi activity in shrimp.
dsRNA-Rab7 was injected into control (NaCl>dsRab7 and dsGFP—>dsRab7),
PmAgol-knockdown  (dsAgol->dsRab7), and  PmTSN-knockdown  shrimps
(dsTSN->dsRab7), and qRT-PCR was used to determine the transcription levels of
PmRab7. (A, B) Semi-quantitative analysis of PmTSN and PmAgol expression. S-actin
was used as an internal control for normalization. The asterisks (*) represent a
significant difference (P < 0.05) in the relative transcription levels of PmTSN and
PmAgol, compared to control groups. (C) qRT-PCR analysis of PmRab7 transcripts.
EFI-a was used as an internal control for normalization. The relative transcription
levels of PmRab7 were calculated by comparative Ct method (2'44"). Bars represents
means + SEM (n = 6). Statistical analysis was performed by using one-way ANOVA.
The asterisks (*) represent a significant difference (P < 0.05) in the relative
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transcription levels of PmRab7 in dsAgol->dsRab7 or dsTSN->dsRab7 groups,

compared to control groups.
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4. Discussion

In this study, the interaction between PmTSN and the core component of RISC,
PmAgo was demonstrated. Three Ago proteins are identified in P. monodon. PmAgol
or Pem-Agol is involved in dsRNA-mediated gene silencing [28], and is responded to
yellow head virus infection [32]. Recent study in Marsupenaeus Japonicus revealed that
there are three Agol isoforms encoded by shrimp Agol gene. Two of the isoforms,
including MjAgolA and MjAgo1B contain an insert sequence in the PIWI domain and
play key roles in host RNAI antiviral responses [33]. PmAgo? is a germ cell-specific
Ago protein which its function is not yet to be identified (Udomkit et al, unpublished
data). PmAgo3 shares amino acid sequence similarity to L. vannamei Ago? [34] and is
expressed ubiquitously in various shrimp tissues (Phetrungnapha et al, unpublished
data). Recently, Huang et al. (2012) demonstrated MjAgo2 (which showed 77% amino
acid sequence identity with PmAgo3) is required for the function of viral-derived
siRNA, suggesting its important role in shrimp RNAI pathway against an invasion of
DNA virus {35]. By using Y2H and in vitro pull-down assay, it was found that PmTSN
specifically interacts with PmAgol, but not PmAgo2 or PmAgo3, suggesting that
PmTSN is one of the components of PmAgo1-RISC. In C. elegans and Drosophila, the
organisms that contain multiple Ago proteins, TSN resides in both RISC and miRNP
complex, suggesting that it is a common factor in RISC [19]. Nevertheless, the specific
interaction of PmTSN and PmAgo! indicates that PmTSN is predominantly involved in
some sub-class of the RNAi pathways in shrimp.

The mapping of the interaction between PmTSN and PmAgo1 showed unique domains
that were required for their binding. PmTSN directly interacted with the N-terminal
domain of PmAgol via SN1-2 domains, while SN3, SN4, Tudor and SN5 domains
were not involved in this interaction. Previous evidences demonstrated that TSN used
different domains to interact with different proteins. The four tandem repeats of SN
domains interacted with several basal transcription machineries and activator proteins
such as EBNA2, TFIIE [16], STATS5 [13], STAT6, RNA polymerase II [14], Pim-1
[15], CBP/p300 [36], and RNA helicase A [37], whereas Tudor-SNS5 domains formed a
hook to interact with symmetrical dimethylated arginine-containing proteins, SmB/B’
and SmD1/D3, and involved in snRNP assembly [17, 38-39]. Intriguingly, recent study
in mouse has revealed that Tudor-SN5 domains recognized Piwi, a germ-line-specific
clade of Argonaute family proteins, in an arginine methylation-dependent manner,
suggesting the role of TSN in Piwi-interacting RNA (piRNA) pathway [40]. In our
case, analysis of amino acid sequences of three PmAgo proteins did not show the
RG/RA-rich motif, the signature motif of arginine methylation [41]. We speculate that
PmTSN uses different domains to interact with distinct PmAgo proteins in different
manners. Identification and characterization of the Piwi protein in shrimp will clarify
this point better.

TSN is the first RISC-associated protein to be identified. It contains recognizable
nuclease domains [19]. Nuclease activity assay revealed that PmTSN possessed a
calcium-dependent nuclease activity which was specific to ssRNA, but not dsRNA and
DNA. The nuclease activity of TSN has been reported in Drosophila, parasites, human,
and plants [18-19, 31]. The presence of RNase activity of TSN may involve in the
degradation of the remaining mRNA after the site-specific cleavage by Ago [42-43].
Recently, Musiyenko et al. 2012 have demonstrated that, in parasite, T. oxoplasma
gondii, TSN interacted with a single Ago protein in an arginine methylation-dependent

48



manner, and functioned as a potent second slicer of the parasitic RISC [44]. Whether
PmTSN functions as a second slicer in PmAgo1-RISC remains to be clarified.

Our previous study demonstrated that knockdown of PmTSN significantly affected the
dsRNA-mediated gene silencing in shrimp [22]. According to the results of Y2H and in
vitro pull-down showing that PmTSN was one of the components of PmAgo1-RISC,
we hypothesized that PmAgo1-RISC involved in dsSRNA-mediated gene silencing in
shrimp. To address this question, the knockdown effects of PmAgol and PmTSN on the
ability of dsRNA-Rab7 in PmRab7 silencing were analyzed. Knockdown of PmAgol
significantly diminished the ability of dSRNA-Rab7 to inhibit PmRab7 expression in
shrimp. Similarly, the ability of dsSRNA-SHT receptor to inhibit SHT receptor gene
expression in Oka cells was also diminished in PmAgol-knockdown [28]. These results
suggest the crucial role of PmAgol in shrimp RNAi pathway. Diminishing of the RNAi
activity in PmTSN-knockdown shrimps can be demonstrated by targeting either an
endogenous PmRab7 or an exogenous protease gene of YHV [22]. A reduction in the
efficiency of dsRNA-YHV to inhibit YHV replication was shown in PmISN-
knockdown shrimps [22]. Even though TSN was reported to function in various aspects
of gene expression such as transcription and RNA splicing, expression of B-actin was
not changed in PmTSN-knockdown shrimp (Fig. S1A). The results implied that an
indirect effect of the PmTSN-knockdown on other endogenous shrimp gene expression
could be excluded. The silencing effect of PmTSN-knockdown was less than that
observed in PmAgol-knockdown, suggesting that PmTSN is a minor component in
PmAgol-RISC. Recent study has revealed that TSN acted as a scaffold protein which
recruited Astrocyte-elevated gene-1 (AEG-1), another RISC-associated factor, to Ago2-
RISC, and was essential for the RISC activity in hepatocyte cells [20]. We hypothesized
that PmTSN may also function as a bridging or scaffold protein in PmAgo1-RISC.
Therefore, knockdown of PmTSN may disrupt the recruitment of other RISC-associated
factors to PmAgo1-RISC, resulted in diminishing the RNAi activity in shrimp.

In conclusion, our study demonstrated that PmTSN was a component of PmAgol-
RISC, but not PmAgo2 and PmAgo3. The PmAgol-PmTSN interaction was mediated
through the N-terminal domain of PmAgol and SN1-2 domains of PmTSN. To our
knowledge, this study is the first study that maps TSN and Ago interacting domains.
We also demonstrated that PmTSN possessed a calcium-dependent single-stranded
RNase activity, and PmTSN and PmAgol were important for dsRNA-mediated gene
silencing in shrimp. Our study provided new insights in RISC in shrimp RNAIi pathway,

expanding the understanding of RNAi-based mechanisms in this economically
important species.
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Part III: Transcriptional profiling of Marsupenaeus japonicus in response to
MjTSN and MjArgonaute-1 knockdown

Results

I Transcriptional profiling of the transcripts affected by MjAgol and
MjTSN knockdown

Previous data demonstrated that PmTSN was a component of PmAgol1-RISC.
Therefore, in order to gain more insights in the role of Agol-RISC in shrimp RNAi
pathway, the transcripts which were regulated by Agol-RISC components were
identified. Microarray was employed to study the expression profiles of the transcripts
affected by Mjdgol and MjTSN knockdown in kuruma shrimps. In this study, the
dsRNA-SN3 and dsRNA-Agol designed from PmTSN and PmAgol sequences were
used to knockdown the expression of MjTSN and MjAgol in vivo. RT-PCR analysis
demonstrated that injection of dsRNA-SN3 and dsRNA-Agol could specifically
knockdown the expression of MjTSN and MjAgol, respectively. In addition, injection of
dsRNA-GFP had no effect on the expression of MjTSN and MjAgol, indicating the
specificity of dsSRNA-SN3 and dsRNA-Agol (Fig. 1).

MTSN

v |-MjAgol

y |-EF-1a

Fig. 1 In vivo gene knockdown of MjTSN and MjAgol in kuruma shrimps.
Representative gels showing RT-PCR analysis of MjTSN and MjAgol expression. The
dsRNA-SN3 and dsRNA-Agol designed from PmTSN and PmAgol sequences were
used to knockdown MjTSN and MjAgo! in vivo. Fifty micrograms each of dsRNA-SN3,
dsRNA-Agol, or dsRNA-GFP were injected into shrimps, and hemolymph was
collected after 3 days-post dsSRNA injection. MjEF-1 was used as an internal control
gene. Lane M, 100-bp DNA ladder. PBS, PBS-injected; dsGFP, dsRNA-GFP-injected;
Ago-kd, MjAgol-knockdown; MjTSN-knockdown shrimps.

To perform microarray analysis, the 8 x 15K custom microarray slides with
14411 probes were designed from GenBank and EST sequences of the kuruma shrimp.
One-color microarray hybridization was performed with total RNA from PBS-injected
(PBS), dsRNA-GFP-injected (dsGFP), MjAgol-knockdown (Agol-kd), and MjTSN-
knockdown shrimps (TSN-kd). Normalization was performed based on the median of
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the PBS-injected group. One-way ANOVA unequal variance with Benjamini-
Hochberg’s multiple correcting test was used for statistical analysis. An overview of the
microarray results is shown in Table 1. A total of 2393 transcripts with > 2-fold change
(p < 0.05) in at least one of the four treatment groups were observed. These transcripts
were subsequently clustered by using hierarchical clustering algorithm. The
hierarchically-clustered heat map is shown in Fig. 2. The clustering data revealed
similar expression profiles of all dSRNA-injected shrimps. Nevertheless, the expression
profile of TSN-kd is more similar to dsGFP, as they are in the same cluster, while
Agol-kd is unique and localized to a separated branch.

The transcripts with > 2-fold change (p < 0.05) in each treatment group are
shown in Table 1. Agol-kd contains 663 up-regulated and 1027 down-regulated, while
TSN-kd contains 424 up-regulated and 863 down-regulated transcripts. dsGFP contains
433 up-regulated and 571 down-regulated transcripts. The distribution of these
transcripts among Agol-kd, TSN-kd, and dsGFP groups were represented in Venn
diagram (Fig. 3). The result showed that injection of dsRNA dramatically altered gene
expression in shrimp, as 263 up-regulated and 285 down-regulated transcripts were
observed in all dsRNA-injected groups. Among these, the genes involved in RNAi
pathway were found to be up-regulated upon dsRNA injection, including Mjdgo2,
MjDicer-2, Mjsid-1 and Mjmov-10 genes (Table 2). In addition, within the down-
regulated genes, Mjdgol and MjTSN were found to be down-regulated for 2.8 and 4.8
folds, respectively, confirming the effectiveness of dsRNA in MjAgol and MjTSN
knockdown.

For more comprehensive understanding of the differentially expressed genes,
they were classified according to their predicted function. Functional classification of
the differentially expressed genes is shown in Fig. 4. The functional classifications of
the putative genes are: (1) cellular process—any process that is carried out at the cellular
level; (2) enzyme and metabolism; (3) biological regulation—any process that modulates
a measurable attribute of any biological process such as quality or function; (4) cellular
response; (5) signaling pathway; (6) cell cycle and proliferation; (7) cell death; (8)
differentiation and development; (9) cell structure and cellular compartment
organization; and (10) unknown.

It has been shown that suppression of the core RNAi machineries led to general
loss of RNAi mechanism. Therefore, the transcripts which were up-regulated upon
knockdown of Mjdgol, the core component of shrimp Agol-RISC, possibly
represented the putative targets of miRNA or RNAi-mediated gene silencing in shrimp.
From Venn diagram, a total of 294 transcripts which represent 274 unique genes were
up-regulated exclusively in Agol-kd (Fig. 3). Functional classification of these up-
regulated transcripts revealed that knockdown of MjAgol affected various biological
processes in shrimp cells (Fig. 4A). Apart from unknown genes, the greatest number of
up-regulated genes was related to cellular process (21.4%), while the lowest was related
to cell death (1.4%) and differentiation and development (1.4%). Among these up-
regulated genes, heat shock protein 70 (4sp70) was the most up-regulated gene (16.6
fold).

Interestingly, a common set of 58 up-regulated (58 unique genes) was observed
in both Agol-kd and TSN-kd (Fig. 3). Functional classification of these up-regulated
transcripts indicated that with the exception of unknown genes, the greatest number of
the up-regulated genes was related to enzyme and metabolism (22.4%), while the
lowest was related to cell structure and cellular compartment organization (1.7%) and
cell death (1.7%) (Fig. 4B). Among these up-regulated genes, glycine N-acyltransferase
was the most up-regulated gene which was up-regulated 18.9 and 8.4 fold in Ago-kd
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and TSN-kd shrimp, respectively. List of the top ten most up-regulated genes found in
both Agol-kd and TSN-kd is shown in Table 3. Genes related to shrimp innate
immunity, including Kazal-type serine proteinase inhibitors 1 (KPI-1) and Persephone
(PSH) were found to be up-regulated in both Agol-kd and TSN-kd. In addition, the up-
regulation of the genes involved in DNA repair, including Fanconi anemia group M
protein and DNA cross-link repair 1a protein was observed.

A large number of transcripts were found to be down-regulated in TSN-kd
shrimps (Fig. 4). Functional classification of 310 down-regulated transcripts revealed
that knockdown of MjTSN affected various biological processes in shrimp cells. Apart
from unknown genes, the greatest number of the up-regulated genes was related to
enzyme and metabolism (12.58%), while the lowest was related to cell death (0.32%)
(Fig. 4C). With the exception of the unknown genes, MjTSN, hexamethylene
bisacetamide-inducible protein 1 (HEXIM1) was the most down-regulated gene (3.9
fold). The top ten most down-regulated genes are listed in Table 4. Interestingly, down-
regulation of the genes related to signaling pathway, including dedicator of cytokinesis
protein 7 (DOCK7) and serine/threonine-protein kinase 38 (STK38) was observed.
Genes involved in mRNA splicing, including serine/arginine-rich splicing factor 18
(SR18) and heterogeneous nuclear ribonucleoprotein splicing factor Q (HRP-Q) were
also found to be down-regulated in TSN-kd shrimps.

2. Validation of the microarray results by qRT-PCR

The microarray results were validated by using qRT-PCR. Four of the up-
regulated genes found in both Agol-kd and TSN-kd shrimps were selected for
confirmation by gRT-PCR. PBS group was used as a control group for normalization.
The relative expression ratio of the transcripts was calculated by comparative Ct
method. The results showed that glycine N-acyltransferase (GNAT), carbonic
anhydrase-related protein (CARP), tripartite motif-containing protein 3 (TRIM3), and
Pirin-like protein were up-regulated in both Ago-kd and TSN-kd groups when
compared to the PBS and GFP groups, confirming the microarray results (Fig. 5).
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Table 1 Overview of gene expression profiles of the MjAgol-knockdown, MjTSN-
knockdown and dsRNA-GFP-injected shrimps

Probes

4411

All entities 13935
Filtered on flags (detected, not detected) 13935
Fiitered on expression (1.548 — 799248.188 in raw data) 13935
Filtered on error (correlation of variation < 50%) 11931
1-way ANOVA unequal variance with corrected p-value (p < 0.05) 5501
Fold change > 2.0 (total) 2393

Differentially expressed > 2.0 fold

1690 1287 1004

- Up 2.0 fold 663 424 433

- Down 2> 2.0 fold 1027 863 571

Table 2 List of the RNAi-related genes which found to be differentially expressed
in dsRNA-injected shrimps

CUST 6755 _P1427842156 8.1 49 5.8 MjDicer2
CUST 9451 P1427842156 29.8 292 20.5 MjAgo2
CUST 7829 PI427842156 8.8 5.9 5.5 Mjsid-1
CUST 8967 P1427842156 15.1 14.1 15.9 Mjmov-10
CUST 6572_PI427842156 2.8 0.2 -0.07 MjAgol
CUST 1064_P1427842156 -0.88 -4.8 -0.37 MjTSN
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Fig. 2 Gene expression profiles of MjAgol-, MjTSN-knockdown shrimps and
dsRNA-GFP-injected shrimps comparing to PBS-injected shrimps

Hierarchically-clustered heat map showing the differentially expressed transcripts in all
profiles. Normalization was performed based on the median of PBS-injected group. A
total of 2393 differentially expressed transcripts were selected as at least 2-fold
regulated (p < 0.05, one-way ANOVA) in at least one of four treatment groups.
Transcripts shown in red are up-regulated and transcripts shown in blue are down-
regulated relative to PBS-injected shrimp, while yellow indicates no change in
expression. The intensity of the colors is shown in log 2 ratio. PBS, PBS-injected;
dsGFP, dsRNA-GFP-injected; Ago-kd, Mjdgol-knockdown; Afj7SN-knockdown
shrimps.

57



Agol-kd
« 2.0-told up

‘ j%%"

. hw.
TSN-kd B
2.0-fold up

Agol-kd |
2.0-fold down

[ dsGFp
2.0-foldup

dsGFP
2.0-fold down

TSN-kd
2.0-fold down

Fig. 3 Transcriptome changes upon MjAgol- and MjTSN-knockdown in kuruma
shrimps

Venn diagrams show the overlaps of differentially expressed transcripts with > 2-fold
change in MjAgol-knockdown (Agol-kd), A4 TSN-knockdown (TSN-kd) and dsRNA-
GFP-injected shrimps (dsGFP). (A) up-regulated transcripts (B) down-regulated
transcripts.
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Down-regulated genes in TSN-kd
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Fig. 4 Functional classification and distribution of the differentially expressed
genes based on their functions

Pie diagrams depict the percentage of functional classification and
distribution of the differentially expressed genes from microarray. The
predicted functions of the putative genes were inferred from UniProt and
FlyBase, or from BlastX against AmiGO. (A) up-regulated genes found
exclusively in MjAgol-knockdown shrimps (Agol-kd). (B) up-regulated
genes found in both MjAgol- and MjTSN-knockdown shrimps (TSN-kd).
(C) down-regulated genes found exclusively in MjTSN-knockdown shrimps.
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Table 3 List of the top ten most up-regulated genes found in both Mj4gol- and MjTSN-knockdown shrimps

P

"CUST 4689 P1427842156

CUST_8566_P1427842156 18.0 7.9
CUST_986_PI1427842156 11.7 6.4
CUST_451 P1427842156 10.4 5.8
CUST_12719_P1427842156 9.8 4.9
CUST_2203_PI427842156 6.6 4.4

CUST _4612_P1427842156 7.7 39
CUST_8862_PI427842156 42 3.2
CUST_422_PI1427909186 2.5 32
CUST _3877_PI1427842156 2.0 3.1

glycine N-acyltransferase

carbonic anhydrase-related protein

cuticle protein 72EA

Kazal-type serine protease inhibitor

carboxypeptidase A2

tripartite motif-containing protein 3

Pirin-like protein
Draper protein

pigment-dispersing hormone peptides

Serpin

=

posttranslation modification of proteins
a non-catalytic carbonic anhydrase which is
predominantly expressed in brain

a structural constituent of cuticle

an inhibitor of serine protease, immune defense
response

proteolysis, protein metabolism

a protein which composed of three zinc-binding
domains, a RING, a B-box type 1 and 2, and a coiled-
coil region; probably involved in myosin V-mediated
cargo transport

a putative transcription coactivator

phagocytosis of apoptotic ceils

a peptide hormone with an unknown function,
probably involved in pigment granules transport

an inhibitor of serine protease, immune defense

response

*Unknown genes and hypothetical proteins were excluded.

*Putative genes and their functions are ascribed by homology to already functionally annotated genes in the GenBank, UniProt and AmiGO databases.
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Table 4 List of the top ten most down-regulated genes found exclusively in MjTSN-knockdown shrimp

CUST _7137_PI427842156 -3.9

CUST 4876_PI427842156 -3.8
CUST_12210_PI427842156 -3.3
CUST 6766_P1427842156 3.3
CUST 362_PI426112206 32
CUST_8_PI427909186 32
CUST 4233 PI427842156 3.2
CUST_5122_P1427842156 3.1
CUST 2055 _PI427842156 3.1

hemocyte protein-glutamine gamma-
glutamyltransferase

fatty-acid amide hydrolase 2

galactoside 2-alpha-L-fucosyltransferase 2-like
enhancer of mRNA-decapping protein 4
wsv367

1,3-beta-D-glucan-binding protein

CTP synthase

heat shock protein 67B2

solute carrier family 20 member 1

ibitor of the posi ive transcription elongation factor b

I

posttranslational modification of proteins

fatty acid amides metabolism
posttranslational modification of proteins
mRNA destabilization via decapping process
unknown

immune defense response

synthesis of CTP

heat stress response

phosphate ion transport

*Unknown genes and hypothetical proteins were excluded.
*Putative genes and their functions are ascribed by homology to already functionally annotated genes in the GenBank, UniProt and AmiGO databases.
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Fig. 5 Validation of microarray results by using qRT-PCR

Four of the transcripts which up-regulated in both Mjdgol- and MjTSN-knockdown
shrimps were selected for qRT-PCR, including glycine N-acyltransferase (GNAT),
carbonic anhydrase-related protein (CARP), tripartite motif-containing protein 3
(TRIM3), and Pirin-like protein. EF-1a was used as an internal control gene for
normalization. Relative expression ratio of the transcripts was calculated by using
comparative Ct method (24Y). The asterisks represent significant difference (p < 0.05)
between the experimental groups and PBS-injected. Bars represent means + SEM (n =
3). PBS, PBS-injected; GFP, dsRNA-GFP-injected; Agol-kd, MjAgol-knockdown;

TSN-kd, MjTSN-knockdown shrimps.
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Discussion

TSN is a multifunctional protein involved in a variety of cellular processes [1-
2]. Therefore, to further explore the role of TSN in shrimp, the genes differentially
expressed in TSN-kd shrimps were analyzed. Notably, a large number of transcripts
were found to be down-regulated exclusively in TSN-kd. Functional classification of
310 down-regulated genes suggested that TSN is involved in a variety of biological
processes in shrimp. With the exception of the unknown genes, HEXIM1 was the most
down-regulated gene. HEXIMI is known as the inhibitor of positive transcription
elongation factor b (p-TEFb), a cyclin-dependent kinase which plays an essential role in
the regulation of transcription by RNA polymerase II (Pol II) [3]. Inhibition of p-TEFb
activity by HEXIM1 blocks most Pol II transcription [4]. The role of TSN in the
transcriptional activation was described by several studies [5-9]. However, there is no
report about the role of TSN in the elongation step of the transcriptional process. Down-
regulation of heximl upon TSN knockdown in shrimp suggested the possible role of
TSN in the regulation of the elongation step of the transcriptional process. Interestingly,
the genes involved in intracellular signaling pathway were found to be down-regulated
in TSN-kd shrimp, such as DOCK7 and STK38. DOCK7 is a guanine nucleotide
exchange factor (GEF) which involved in an activation of Rho GTPase family protein,
specifically, Rac [10]. In neuron cells, activation of Rac and Cdc4?2 by Dock7 resulted
in an activation of the c-Jun N-terminus kinase (JNK) signaling pathway [11]. STK38 is
a serine/threonine protein kinase belonging to the NDR family of the AGC kinases [12].
STK38 was shown to be a negative regulator of the mitogen-activated protein kinase
(MAPK) signaling pathway by interacting with MEKKI1/2 to inhibit its
autophosphorylation [13]. Down-regulation of dock7 and stk38 in TSN-kd shrimp might
imply the involvement of TSN in these signaling pathways. In addition, the genes
related to mRNA splicing such as, SR18 [14] and HRP-Q [15] were also down-
regulated in TSN-kd shrimp. The role of TSN in mRNA splicing was described by
several studies [16-17]. Although down-regulation of these genes upon knockdown of
TSN might be linked to the functions of TSN in the elongation step of the

transcriptional process, signaling pathway, and mRNA splicing in shrimp, further
studies are needed to clarify these scenarios better.
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Part IV: Identification and characterization of Penaeus monodon Tudor

staphylococcal nuclease interacting protein, laminin receptor

Penaeus monodon Tudor staphylococcal nuclease (PmTSN) is a multifunctional
protein involved in many biological processes and also acts as one of the components in
the RNA-induced silencing complexes (RISC) in shrimp. To identify the interacting
proteins of PmTSN, yeast two-hybrid screening on white spot syndrome virus (WSSV)-
infected shrimp hemocyte ¢cDNA library was performed by mating approach. By
screening 1.38 million clones (6.57% mating efficiency), 10 diploids showed the
positive results. After sequence analysis by using Blastx, the results showed that five
clones were Laminin receptor (40S Ribosomal protein SA or Lamr), one was histone
H2A, and four were unknown. Previous data showed that LamR was identified as a
binding protein for capsid protein (VP1) of taura syndrome virus (TSV) and envelope
protein gpl16 of yellow head virus (YHV). To elucidate the involvement of the
interaction between PmTSN and laminin receptor upon YHV and TSV infection, an in
vitro pull down assay was performed. The interaction of PmTSN and PmLamr cannot
form a complex with viral binding proteins gpl16 of YHV or VP1 of TSV. These

results suggested that the effect of the interaction between PmTSN and Lamr may not
play a significant role during viral infection.

KEY WORDS: TUDOR STAPHYLOCOCAL NUCLEASE/ LAMININ RECEPTOR/ VP1/ GP116
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Results

1. Y2H screening of shrimp hemocyte cDNA library

Yeast two-hybrid screening was performed to identify the interacting
proteins of PmTSN. Yeast strain Y187 harboring pGBKT7 was used to screen WSSV-
infected shrimp hemocyte ¢DNA library in yeast strain AH109 by using mating
approach. By screening 1.38 million clones (6.57% mating efficiency), 77 positive
diploids were observed on the triple dropout medium (SD/-W/-L/-H). After confirming,
10 diploids showed the positive results observed on the quadruple dropout medium
containing 40 mg/ml of X-o-Gal (SD/-W/-L/-H/-A/X-a-gal) (Fig. 1). Plasmids were
then extracted from positive diploids, transformed to E. coli DHSa., and subjected for
DNA sequencing. After sequence analysis by using Blastx, the results showed that five

clones were Laminin receptor (40S Ribosomal protein SA or Lamr), one was histone
H2A, and four were unknown.

SD/-W/-L/-H SD/-W/-L/-H/-L/X-a-Gal

3¢

Fig. 1 Confirmation of the positive diploids obtained from Y2H screening of

shrimp hemocyte ¢cDNA library

Yeast strain Y187 harboring pGBKT7-TSN was used to screen WSSV-infected shrimp
hemocyte cDNA library in AH109 by mating approach. After screening on SD/-W/-L/-
H, 77 diploids were obtained. They were cultured on the SD/-W/-L/-H/-A/X-0-Gal
medium to confirm the positive interaction. The numbers indicate ten diploids showing
positive results after confirmation. Positive control (+), diploids harboring pGBKT7-
p53/pGADT7-T; Negative control (-), diploids harboring empty pGBKT7/pGADT7-T;

8, 27, 28, 58 and 71, Lamr; 39, Histone H2A; 19, unknown 1; 33, unknown 2; 37,
unknown 3; 53, unknown 4.
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2. In vitro pull-down assay to study the interaction of PmTSN, laminin
receptor and TSV capsid protein

An in vitro pull-down assay was conducted to study the interaction of GST-
TSN, His-Lamr and His-VP1 and -VP3. Purified GST-TSN bound to Glutathione
agarose beads was incubated with His-tagged Lamr and His-tagged VP1 or VP3,
respectively, Following the elution step, western blot analysis using anti-his monoclonal
antibody and HRP-conjugated goat-a-mouse antibody were used to detect His-Lamr, -
VP1 or -VP3. The results showed that GST-TSN bound to His-Lamr whereas TSN-
Lamr complex cannot form a complex with His-VP1 or His-VP3 (Fig. 2). In addition,
GST-TSN alone cannot form the complex with His-VP1 or His-VP3. In contrast, none
of these fusion proteins; His-Lamr, -VP1 or -VP3 was found to form a complex with
GST protein alone. The result of an in vitro pull-down assay revealed that the

interaction between GST-TSN and His-tagged Lamr cannot form a complex with His-
tagged VP1.

3. YHV lysate from shrimp tissues

YHV lysate was extracted from shrimp tissue. The concentration of YHV
lysate protein was determined by Bradford’s protein assay and confirmed by western
blot analysis using anti-gp116 and anti-gp64 of YHV. The result showed that anti-
gp110 and anti-gp64 of YHV can be used to detect YHV envelope protein gpll6 and
gpo64 of the YHV lysate, respectively (Fig. 3).

4. In vitro pull-down assay to study the interaction of PmTSN, PmLamr
and YHYV envelope protein

An in vitro pull-down assay was conducted to study the interaction of GST-
TSN, His-Lamr and gp116. The purified GST-TSN bound to Glutathione agarose beads
was incubated with His-Lamr and YHV lysate, respectively. Following an elution,
western blot analysis using anti-His monoclonal antibody and HRP-conjugated goat-o-
mouse antibody were used to detect His-Lamr while anti-GST antibody and HRP-
conjugated goat-o-rabbit antibody were used to detect GST-TSN. In addition, anti-
gp116 and anti-gp64 antibodies were used to detect YHV envelope protein gp116 and
gp64, respectively. The result showed that GST-TSN bound to His-Lamr whereas TSN-
Lamr complex cannot bound with gp116 or gp64 (Fig. 4). In addition, gpl16 and gp64
have no direct interaction with GST-TSN. In contrast, none of these fusion proteins;
His-Lamr, gp116 and gp64 was found to form a complex with GST protein alone. The
result of in vitro pull-down assays revealed that the interaction between GST-TSN and
His- Lamr cannot form a complex with YHV envelope protein gpllé.
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Fig. 2 Mapping of the PmTSN-Lamr-VP1 interaction by in vitro pull down assay

(A) Western blot analysis of in vifro pull-down assay using anti-His antibody to detect
His-Lamr, -VP1 and -VP3 and anti-GST antibody to detect GST-TSN. GST-TSN was
immobilized on Glutathione-agarose beads and subsequently mixed with bacterial cells
lysate containing His-Lamr, followed by cell lysate containing His-VP1 or -VP3. The
protein complexes were analyzed by using western blot. (B) The input of the bacterial

lysate containing His-lamr, -VP1, -VP3. (+) and (-) represent the presence and absence
of the added components.
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Fig. 3 SDS-PAGE and western blot analysis of YHV infected tissue

(A) YHV lysate was extracted from YHV infected shrimp tissue and analyzed on 12%
SDS-PAGE. (B) Western blot analysis of using anti gp-116 (left panel) and anti- gp64
antibodies to detect gp116 and gp64 of the YHV infected tissue.
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Fig. 4 Mapping of the PmTSN-Lamr-gp116 interaction by in vitro pull down assay

(A) Western blot analysis of in vitro pull-down assay using anti-His antibody to detect
His-Lamr, anti-GST antibody to detect GST-TSN, anti gpl16 and gp64 to detect viral
protein gp116 and gp64. GST-TSN was immobilized on Glutathione-agarose beads and
subsequently mixed with bacterial cell lysate containing His-Lamr, followed by YHV
lysate. The protein complexes were analyzed by using western blot (B). The protein
GST was used as a negative control showing no direct interaction with His-Lamr and
YHV lysate. (C) The input of the bacterial lysate containing His-Lamr, -VP1, -VP3. (+)
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Discussion

Tudor staphylococcal nuclease (TSN) is a multifunctional protein involved in
many biological processes. In order to study the function of PmTSN, TSN-interacting
proteins were identified by yeast-two-hybrid (Y2H) screening with hemocyte cDNA
library from WSSV-infected P. monodon. Y2H screening demonstrated that PmTSN
interacted with laminin receptor (Lamr, also known as 40S ribosomal protein SA),
histone H2A, and four other unknown proteins. Lamr is a protein which functions as a
cell surface receptor of laminin, and involved in cell adhesion, cell migration, and
signal transduction [1]. Lamr also serves as a cell surface receptor for prion and several
viruses, such as Sindbis virus, Venezuelan equine encephalitis virus, and Dengue virus
[2-5]. Besides functions as a cell surface receptor, Lamr acts as an integral component
of 40S ribosomal subunit which required for 20S rRNA processing [6]. In shrimp, Lamr
also acts as a cell surface receptor for shrimp viruses, including TSV, YHV, and
infectious myonecrosis virus (IMNV) [7-9]. It was also found that PmTSN interacted
with histone H2A. Similarly, screening of Plasmodium Jalciparum ¢DNA library by
bacterial two-hybrid assay demonstrated that histone H2A is one of the PfTudor-SN
interacting proteins [9], suggesting that the interaction between TSN and histone H2A is
evolutionarily conserved. The interaction between PmTSN and histone H2A may be
involved in the regulation of chromatin structure via post-translational modification of
histone H2A. The involvement of TSN in histone modification was elucidated by
Valineva et al. (2005). Recruitment of the histone acetyltransferase, CBP/p300 to
STAT6 promoter by TSN resulted in the activation of the transcription of Ige [10].

By using an in vitro pull down assay, it was found that PmTSN specifically
interacted with Lamr whereas TSN-Lamr complex cannot interact with VP1 of TSV. In
addition, PmTSN was not directly interacted with VP1. According to the study of Y2H
and in vitro pull down assay of TSV binding protein by Senapin et al (2006) [8], the
result confirmed that Lamr was interacted with VP1. The VPI and Lamr clones in this
study were obtained from their lab. Eventhough, the in vitro pull down reaction
containing TSN and Lamr, the complex of TSN-Lamr-VP1 was not observed in this
study. This is indicated that the interaction of PmTSN and Lamr may not involve in the
TSV infection although Lamr was reported as a binding protein of viral capsid protein
VP1 of TSV.

The interaction of PmTSN and laminin receptor during YHV infection was
studied by an in vitro pull down assay. However, the interaction of PmTSN and
PmLamr has no direct interaction with YHV envelope protein gp64 or gpll6. In
addition, no direct interaction of PmTSN and gp116 or gp64. Previous study of shrimp
laminin receptor showed that Lamr interacted with YHV envelope protein gpl16 [7].
Taken together, the results revealed that the interaction of PmTSN and Lamr may not
involve in the YHV infection although Lamr has been reported to interact with gp116 of
YHV.

In both experiments, the order to add each protein in the interaction mixture of
an in vitro pull down assay had no effect in forming the binding complex. These results
confirmed that the interaction of PmTSN and Lamr cannot form the viral protein
complex with capsid protein VP1 of TSV and gp116 of YHV. The results suggested

that the interaction of PmTSN and Lamr was not involved in viral infection and may
function in other biological processes.
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Part V: Molecular cloning and characterization of Penaeus monodon Argonaute-3

Please see the attached paper.
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