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ARTICLE INFO ABSTRACT

Keywords: Protein kinase CK2 (CK2) is a ubiquitous serine/threonine kinase with multiple cellular functions in vertebrates
L. vannamei including apoptosis, differentiation, proliferation, survival, tumorigenesis, signal transduction, immune reg-
LvCK2

ulation and inflammation. In the current study, the catalytic and regulatory subunit homologs of Litopenaeus
vannamei protein kinase CK2 (LvCK2a and LvCK2f) were cloned and characterized. LvCK2a has a full-length
cDNA sequence of 1764 bp with a 1053 bp open reading frame (ORF) encoding a putative protein of 351 amino
acids, which contains a typical serine/threonine kinase domain. On the other hand, LvCK2p has a 1394 bp full-
length cDNA with an ORF of 663 bp encoding a protein with 221 amino acids, which contains a Casein kinase II
regulatory subunit domain. Sequence and phylogenetic analysis revealed that LvCK2 was evolutionary related
with the CK2 of invertebrates. Quantitative reverse transcription PCR (RT-qPCR) analysis showed that LvCK2a
and LvCK2p transcripts were widely expressed in all shrimp tissues tested, and were both induced in hemocytes
and hepatopancreas upon challenge with Vibrio parahaemolyticus, Streptoccocus iniae, lipopolysaccharide (LPS),
and white spot syndrome virus (WSSV), suggesting their involvement in shrimp immune response. Moreover,
RNA interference (RNAi) of LvCK2a resulted in increased hemocytes apoptosis, shown by high caspase 3/7
activity, increased number of apoptotic cells, coupled with an elevation in transcript levels of pro-apoptotic
LvCaspase3 and LyCytochrome C, and a reduction in mRNA levels of pro-survival LvBcl2, LVIAP1, and LVIAP2. In
addition, LvCK2a knockdown followed by V. parahaemolyticus challenge resulted in higher cumulative mortality
of shrimp. Taken together, our current findings suggest that LvCK2 modulates shrimp hemocytes apoptosis as
part of the innate immune response to pathogens.

Shrimp immunity
Hemocytes apoptosis

1. Introduction

Invertebrates are the most abundant animals on earth, although
they lack specific or adaptive immune system and therefore only de-
pend on their innate immunity [1]. Currently, the invertebrate innate
immune system is best characterized in arthropods such as insects and
crustaceans. The Pacific white shrimp, Litopenaeus vannamei, is one of
the most important aquaculture shrimp species in the world, accounting
for nearly 80% or two-thirds of the total annual produce [2,3]. Typical
of other invertebrates, shrimp also lack a true adaptive immune system
[4]. In the past two decades, several infections including those caused
by Vibiro, Pseudomonas and Aeromonas, white spot syndrome virus

(WSSV), etc. [5,6] have constrained L. vannamei culture, thereby re-
ducing yield and impacting on trade [7]. To better understand the
immune system of L. vannamei so as to curtail the impact of these pa-
thogens on shrimp farming as well as prevent economic losses to
farmers, research on shrimp immunity has intensified in recent years
[8].

Protein kinase CK2 (hereafter CK2), a ubiquitous serine/threonine
protein kinase that exists mainly as a holoenzyme composed of two
catalytic (a and/or a’) and a dimer of regulatory (f3) subunits, is be-
lieved to be among the most highly conserved proteins in nature [9].
The regulatory subunits of CK2 stimulate the catalytic subunits, thereby
stabilizing the CK2 heterotetramer, a scaffold for specific kinase
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partners [10]. In most mammalian studies, the expression and kinase
activity of CK2 is reported to be higher in malignant tumor cells in-
cluding stomach, kidney, prostate, heart, liver, lung, B-cells and hepa-
tocytes [11-13] compared to normal cells. Apart from its ubiquitous
distribution, CK2 is also a multifunctional protein kinase involved in
the phosphorylation of more than 300 substrates and therefore plays a
pivotal role in many biological and pathological processes including a
dual function in DNA replication [14], gene transcription [15], cell
proliferation [16], differentiation [17], apoptosis [18], signal trans-
duction [19], immune regulation [20], inflammation [21], tumorigen-
esis [22], etc.

In spite of the fact that several studies have reported on the role of
CK2 in physiological and pathophysiological functions in mammals,
none is reported on CK2 homologs in arthropods. Moreover, limited
studies have explored the role of CK2 in invertebrate immunity. In the
current study, the role of CK2 in shrimp innate immunity was explored
by first cloning and characterizing the subunit homologs of L. vannamei
CK2 serine/threonine protein kinase (designated LvCK2a and LvCK2f3).
Tissue distribution analyses revealed that LvCK2a and LvCK2( were
widely expressed in most shrimp tissues and were induced upon im-
mune challenge. Knockdown of LvCK2a increased hemocytes apoptosis
in terms of high caspase3/7 activity and increase in the expression of
LvCaspase3 and LvCytochrome C, while a decrease in the expressions of
LvBcl2, LvIAP1, and LvIAP2 were observed. Depletion of LvCK2 fol-
lowed by V. parahaemolyticus infection increased the cumulative mor-
tality of shrimp. Thus, LvCK2 plays an important role in shrimp immune
response by modulating hemocytes apoptosis.

2. Materials and methods
2.1. Experimental animals and tissues collection

Healthy L. vannamei (approximate weight of 8-10g each) were
bought from a local shrimp farm, Shantou Huaxun Aquatic Product
Corporation (Shantou, China), and cultured in tanks filled with sea-
water aerated at room temperature. Shrimp were acclimatized for 3-5
days prior to the experiments. Hemocytes were collected via the peri-
cardial sinus with a sterile needle and syringe into an equal volume of
precooled acid citrate dextrose (ACD) anti-coagulant buffer (19.65 g/L
NaCl, 22.80 g/L glucose, 7.95 g/L sodium citrate and 3.35 g/L EDTA-
Na2, pH 6.0). Hemocytes were harvested by centrifugation at 800 x g
for 10 min at 4 °C. The other shrimp tissues such as hepatopancreas,
intestine, heart, gill, muscle and eyestalk were collected and processed
as previously described [23]. All animal experiments were carried out
in accordance with the guidelines and approval of the Animal Research
and Ethics Committees of Shantou University, China.

2.2. Total RNA extraction and cDNA synthesis

Total RNA was extracted from various shrimp tissues (gills, heart,
hemocytes, hepatopancreas, intestine, muscle and stomach) using the
RNAFAST 200 Kit (FeiJie, China) according to the manufacturer's in-
struction. The RNA was quantified using NanoDrop 2000 spectro-
photometer (Nano-drop Technologies, Wilmington, DE) while RNA
quality was ascertained using the A260/280 ratio (=2) as well as
checked on 1% agarose gel electrophoresis. The total RNA was either
stored in aliquots at —80 °C or used immediately for cDNA synthesis.
The cDNA samples were prepared with 1.0 pg of the total RNA using the
PrimeScript™ RT reagent kit (TaKaRa, Japan) following the manufac-
turer's protocol. All cDNA samples were used immediately for down-
stream experiments or stored in aliquots at —20 °C.

2.3. Cloning and sequence analysis of full-length LvCK2 cDNA

The full-length ¢cDNA sequence of the unigenes encoding putative
LvCK2a and LvCK2P proteins were retrieved from our in-house L.
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Table 1
Nucleotide sequences of primers and siRNA used in this article.

Primer Sequence (5’-3") Amplicon size
(bp)
PCR
LvCK2a-F ATGCCATTGGCAAGCCGTGC 1053
LvCK2a-R CTATTCAGGAACTCCAGCTAGAGGGG 1053
LvCK2B-F GCCTTCCTCCCTCGGCCTAGC 663
LvCK2B-R CACAGAAGGGGACAGGAAGGAGAA 663
Real-Time qPCR
LvCK2a-F CGGAAGCGGTGGGAAAGGTT 188
LvCK2a-R GGCGTGGGCGAGTTCATTT 188
LvCK2B-F GTGGATTGCTTGGTTCTGTGGC 239
LvCK2B-R AAATGTAGCGAGCGTGGATGAGG 239
LvBcl2-qF GGTGGAATCACAAGAGAGCGA 83
LvBcl2-qR TCTCCACGGTGTCTCACTTGG 83
LvCytochrome C-qF AGGGAAAGAAGCTGTTCGTGC 148
LvCytochrome C-qR GACTTGTTGGCGTCGGTGTA 148
LvCaspase3-qF AGCGAGACTACCGCCTCCTAC 92
LvCaspase3-qR CCAAATCTGAGCCACTCCTGTT 92
LvIAP1-qF CCCGCACTGTCCATTTATCAG 144
LvIAP1-qR CCACATTCATCTGTGCCACGT 144
LvIAP2-qF CCAGTTGGGAACATACCTTTGG 189
LvIAP2-qR GTCAATCGTGCTATCTGGCTCA 189
LvEF-1a-F TATGCTCCTTTTGGACGTTTTGC 118
LvEF-1a-R CCTTTTCTGCGGCCTTGGTAG 118
siRNA
siLvCK2a-F CCAAGACGAUUAUCAGCUUTT 21
siLvCK2a-R AAGCUGAUAAUCGUCUUGGTT 21
Si-Non-F UUCUCCGAACGUGUCACGUTT 21
Si-Non-R ACGUGACACGUUCGGAGAATT 21

vannamei transcriptome data [24]. Next, gene specific primers (Table 1)
were designed with Primer Premier 5 software for PCR analysis of the
open reading frames (ORF) of LvCK2a and LvCK2f so as to further
confirm the sequence. The PCR reaction, which contained 10 pL 2x PCR
Mix (GenStar, Beijing, China), 1 uL ¢cDNA (10 ng/ul) template (from
hemocytes), 1 uL each of forward and reverse primers (10 umol), plus
ddH,O0 to a total volume of 20 uL, was carried out in a thermal cycler
(Biometra T Gradient, Germany). The PCR conditions were: 94 °C for
3 min initially, then 35 cycles of 94 °C for 30s, 59 °C for 30 s and 72 °C
for 1 min, and finally 72 °C for 10 min. The PCR products were cloned
into the pMD-19T vector (Takara, Japan) and sequenced using the
Sanger sequencing technology at Beijing Genomics Institute (GBI,
Shenzhen, China).

2.4. Bioinformatics analysis

The BLAST program (http://www.ncbi.nlm.nih.gov/BLAST/) was
used to search and analyze the nucleotide sequences of LvCK2 against
other species. The simple modular architecture research tool (SMART)
online program (http://smart.emblheidelberg.de) was used to predict
the protein functional domains of LvCK2 and then compare to CK2 of
other species. Analysis of LvCK2 sequence and multiple sequence
alignment was performed using the DNAMAN program (version
6.0.3.99). The MEGA 7.0 software [25] was used to construct the
phylogenic tree and the evolutionary history of LvCK2 inferred using
the Neighbor-Joining method based on the full-length amino acid se-
quences of LvCK2a (351 amino acids ) and LvCK2f (221 amino acids )
[26]. Briefly, the phylogenetic tree was drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used for
the tree. The evolutionary distances were computed using the Poisson
correction method, and are in units of the number of amino acid sub-
stitutions per site. The analysis involved 20 amino acid sequences.
Bootstrap values were determined based on 1000 replications. The
position of LvCK2 on the tree is marked with a triangle.
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B. (i)
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781 ATTAATTGCAATATTCCTTATTTTTGAAAAGAATTAAAACTTTTITATTTATATTTTTTTCTC
(i)
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Fig. 1. The nucleotide sequence of L. vannamei CK2a (Genbank accession number KY038483.1) and L. vannamei CK2(3 (Genbank accession number KY038484.1) with
deduced amino acid sequence and structural domain. (A) (i) The ORF of the amino acid sequences of LvCK2a are shown with one-letter codes. Nucleotides and amino
acids are numbered on the left of the sequences. The initiation codon (ATG) and the stop codon (TGA) are shaded. (ii) The S/TKc structural domain of LvCK2a. (B) (i)
The ORF of the amino acid sequences of LyCK2(3 are shown with one-letter codes. Nucleotides and amino acids are numbered on the left of the sequences. The
initiation codon (ATG) and the stop codon (TGA) are shaded. (ii) The CK_II beta (Casein kinase 2 regulatory subunit) domain of LvCK2p.

2.5. Tissue distribution of LvCK2 transcript

To analyze the expression of LvCK2 in different tissues, total RNA
from fifty (50) healthy shrimp was extracted, as outlined in section 2.2
above, from the hemocytes, hepatopancreas, muscle, gill, nerve, intes-
tine, heart, stomach and eyestalk for cDNA synthesis. Gene specific
primers (Table 1) designed based on the full-length sequence of LvCK2
and the Elongation factor 1 alpha gene of L. vannamei (LvEFla), were
then used for RT-qPCR analysis with the Master SYBR Green I mix
(GenStar, Beijing, China) on qTOWER 2.0 (Analytikjena, Germany).
The qPCR reaction mixture contained 10puL of 2 X RealStar Green
power mixture, 1 pL each of forward and reverse primers, 1 uL of cDNA
and 7 pL of Milli-Q water. The cycling conditions of the qPCR were as
follows: one cycle at 95 °C for 10 min and 40 cycles of 95 °C for 15 s and
60 °C for 30s. Samples were analyzed in triplicates, with LvEFla used
as the internal control. Gene expressions were computed using the re-
lative quantification method and normalized to LvEFla. All samples
were analyzed in triplicate, with the LvEFla gene used as the internal
control gene, and relative mRNA expression calculated using the
27 AACT method [27].

2.6. Immune challenge

Three hundred (300) healthy shrimp were divided into five groups,
with 60 shrimp per group. For the challenge groups, 100 uL of V.
parahaemolyticus (1 x 107 CFU/ml), Streptococcus iniae (1 x 107 CFU/
ml), or WSSV (1 x 10* virus copies/ml), Lipopolysaccharides (LPS)
(0.5mg/ml), was injected at the third abdominal segment of each
shrimp. As control, 100 ul of 0.01 M PBS (1 L ddH,O containing 2.90 g

Na,HPO,.12H, O, 0.296 g NaH,PO,2H,0, 8.5g NaCl, pH 7.4) was
used. Hemocytes were collected from five shrimp per group at 0, 6, 12,
24, 48, and 72h post injection (hpi). Total RNA was extracted and
cDNA synthesized as described in subsection 2.2 above, while the
LvCK2 transcript level was determined by RT-qPCR as outlined above in
subsection 2.5.

2.7. LvCK2a knockdown and expression of apoptosis-related genes

The LvCK2a siRNA (siLvCK2a) and scrambled control siRNA
(siNon) were designed and chemically synthesized by GenePharma
(Suzhou, China). For the knockdown experiments, shrimp were divided
into two groups (20 shrimp per group). Experimental group shrimp
were each intramuscularly injected with 2.5pug siLvCK2a, while the
control group shrimp were injected with equivalent amounts of siNon.
Knockdown efficiency of LvCK2a was ascertained by both Western blot
analysis as previously described [28] and RT-qPCR as outlined in sub-
section 2.5. Briefly, hemocytes were collected from six shrimp per
group and pooled together. After being washed three times with PBS
(Section 2.2), hemocytes were lysed at 4 °C for 30 min in lysis buffer
(25mM HEPES, 150mM NaCl, 1% Triton X-100, 1mM EDTA -
Nay2H,0, PH 7.4) containing a mixture of protease inhibitors (Roche,
Switzerland) and phenylmethylsulfonyl fluoride (PMSF) (Beyotime,
Beijing, China). Supernatants were collected by centrifugation at
20,000g, 4°C for 10 min. The protein concentration of the samples
were determined using a modified Bradford assay (Bio-Rad, USA) with
BSA as standard, and used immediately for the next experiment or
stored at —20 °C for later use. Next, 20 uL loading buffer (42 mmol/
LTris-HCl, containing 100 mL/L glycerol, 23g/L SDS, 50g/L 2-
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Fig. 2. Multiple sequence alignment and phylogenetic analysis of the CK2 proteins. (A) (i) Multiple sequence alignment between LvCK2a and other CK2a proteins.
CK2a proteins used for the analysis include: Mus musculus CK2a (NP_034104.1), Drosophila melanogaster CK2a (NP_001287153.1), Caenorhabditis elegans CK2a
(CCD61302.1), Homo sapiens CK2a (NP_808227.1), Danio rerio CK2a (NP_001002164.1). Identical amino acid residues are shaded in black and similar residues in
gray. (ii) The neighbor-joining phylogenetic tree based on the sequences of LvCK2a and other known vertebrates and invertebrates CK2 proteins. The numbers
marked on the tree branches represent the bootstrap values. The location of LvCK2a is indicated by a black filled triangle. Species included in construction of
phylogenetic tree were all retrieved from NCBI database and accession numbers of the CK2a are : Homo sapiens CK2o (NP_808227.1), Macaca mulatta CK2a
(NP_001247806.1), Bos taurus CK2a (NP_777060.2), Alligator mississippiensis CK2a (KYO41035.1), Crotalus horridus CK2a (JAG45466.1), Oryctolagus cuniculus CK2a
(NP_001153756.1), Fundulus heteroclitus CK2a (JAR36498.1), Danio rerio CK2a (NP_001002164.1), Salmo salar CK2a (NP_001134812.1), Spodoptera frugiperda CK2a
(AAC24041.1), Drosophila melanogaster CK2a (NP_001287153.1), Daphnia magna CK2a (KZS14530.1), Stegodyphus mimosarum CK2a (KFM81306.1), Limulus poly-
phemus CK2a (ANO53976.1), Crassostrea gigas CK2a (EKC28117.1), Caenorhabditis elegans CK2a (CCD61302.1), Schistosoma japonicum CK2a (CAX75618.1),
Exaiptasia pallida CK20a (KXJ22091.1), Mus musculus CK2a (NP_034104.1). (B) (i) Multiple sequence alignment between LvCK2p and other CK2fp proteins. CK23
proteins used for the analysis include: Danio rerio CK2p (NP_571262.1 ) , Homo sapiens CK2f3 (NP_001311.3 ), Drosophila melanogaster CK2f3 (NP_996415.1 ),
Caenorhabditis elegans CK2( (AAA27983.1), Mus musculus CK2f3 (NP_001290405.1). Identical amino acid residues are shaded in black and similar residues in gray. (ii)
A neighbor-joining phylogenetic tree based on the full-length amino acid sequences of LvCK2[3 and some vertebrates and invertebrates CK2 proteins. The numbers
marked on the tree branches represent the bootstrap values. The location of LvCK2p is indicated by a black filled triangle. Species included in construction of
phylogenetic tree were all retrieved from NCBI database and accession numbers of the CK2p are : Macaca mulatta CK23 (NP_001244617.1), Oryctolagus cuniculus
CK2p (NP_001153755.1), Bos taurus CK2f3 (NP_001039919.1), Homo sapiens CK2[3 (NP_001311.3), Crotalus horridus CK2p (JAG47227.1), Fundulus heteroclitus CK2[3
(JAR36519.1), Danio rerio CK2B (NP_571262.1), Salmo salar CK2 (ACN11473.1), Crassostrea gigas CK2(B (EKC23043.1), Stegodyphus mimosarum CK23
(KFM82016.1), Limulus polyphemus CK23 (AN053990.1), Spodoptera frugiperda CK2f3 (AAC24042.1), Drosophila melanogaster CK2(3 (NP_996415.1), Daphnia magna
CK2p (NP_001259462.1), Caenorhabditis elegans CK23 (AAA27983.1), Exaiptasia pallida CK2f (KXJ19257.1).

mercaptoethanol and 0.02 g/L bromophenol blue) was added to 80 pL secondary antibodies (goat anti-rabbit I[gG-HRP 1:3000 dilution, or goat
of each lysate, before being boiled for 5 min. Samples were then sepa- anti-mouse IgG-HRP 1:3000 dilution, Thermo Scientific, USA). After
rated on 10% SDS-PAGE gels and transferred onto PVDF membranes being washed three times with TBST buffer, signals were visualized
(Millipore, USA) using the Mini Trans-Blot® Electrophoretic Transfer using Millipore Immobilon™ Western Chemiluminescent HRP Substrate
Cell (Bio-Rad, USA). The membranes were blocked for 2hat room 280 (Millipore, USA) detection system. For the RT-qPCR analysis, total
temperature in 5% skimmed milk dissolved in TBST buffer (20 mM Tris, RNA was extracted from pooled hemocytes and used for cDNA synthesis
150 mM NacCl, 0.1% Tween 20, pH 7.6), and subsequently incubated as described above (subsection 2.2). The knockdown efficiency of
with primary antibodies (rabbit anti-CK2a antibody 1:1000 dilution, LvCK20 and the relative expression of LvCK2f, LvCytochrome C,
Thermo Fisher, USA) for 2h or (mouse anti-tubulin antibody 1:3000 LvCaspase 3, LvBcl2, LvIAP1 and LvIAP2 were determined using gene
dilution, Sigma-Aldrich, USA) for 1hat room temperature. Next, specific primers (Table 1).

membranes were washed three times with TBST buffer (15 min each

time), followed by incubation for 1hat room temperature with

646



Q. Feng, et al.

2.8. Analysis of hemocytes apoptosis after LvCK2a knockdown

The caspase activity of shrimp hemocytes after LvCK2a knockdown
was measured by using the Caspase-Glo® 3/7 assay kit (Promega, USA).
Shrimp in the experimental group were intramuscularly injected with
2.5 g siLvCK2a. One of the two control groups shrimp were injected
with 2.5 ug siNon, while the other control group shrimp were left un-
treated. At 120 h post-siRNA injection, hemocytes were collected from
six shrimp per group and pooled together for caspase 3/7 activity assay
and flow cytometry analysis. For the caspase 3/7 activity assay, the
Caspase-Glo® 3/7 buffer and lyophilized Caspase-Glo® 3/7 substrate
were equilibrated to room temperature before being mixed to obtain
the reaction buffer. Next, 6000 cells were seeded in a volume of 30 pL
per well into an opaque 96-well plate and then mixed with 30 uL of
reaction buffer. Samples were mixed gently on a rocker and incubated
for 3h at room temperature [29]. The enzyme activity was measured as
the luminescence of each sample with a Multimode microplate reader
(Infinite™ F200, Tecan, Switzerland). Samples were analyzed in tripli-
cates each time for three independent samples. For the flow cytometry
analysis of hemocytes apoptosis, pooled hemocytes were collected as
described above and stained with the YO-PRO™-1 dye/Propidium Io-
dide (PI) double staining kit (Thermo Fisher, USA) following the
manufacturers’ instructions. Briefly, a minimum of 3 x 10° hemocytes
were washed and re-suspended in 0.5 ml of anti-coagulant buffer. Next
the YO-PRO-1 dye was added at a final concentration of 20 pg/ml,
while PI was added to a final concentration of 50 pg/ml. Hemocytes
were stained for 15 min in the dark at room temperature. At least 10000
events were collected, recorded on a dot plot, The fluorescence signal
was determined and analyzed on an Accuri C6 flow cytometer (BD
Bioscience, SanDiego, USA). The number of necrotic, living, early
apoptotic, and late apoptotic or dead cells were characterized using dot
plots, where the number of dots counted in the four different quadrants,
i.e., upper left (UL), upper right (UR), lower left (LL), and lower right
(LR), represent primary necrotic cells, late apoptotic or secondary ne-
crotic cells, viable or live cells, and cells undergoing early apoptosis,
respectively.

2.9. Analysis of cumulative mortality rate

Four groups (30 shrimp per group) were used for the cumulative
mortality rate determination after knockdown of LvCK2a followed by
challenge with V. parahaemolyticus. Two groups (80 shrimp in each
group) were first injected with siLvCK2a or siNon. At 120h post in-
jection, shrimp from each group were further divided into two sub-
groups, with one subgroup injected with 50 uLV. parahaemolyticus
(2.0 X 10 ®CFU/ml) while the other was injected with 50 pL sterile
PBS. Shrimp mortality was recorded every 6h and the cumulative
mortality calculated for 5d. One-way analysis of variance (one-way
ANOVA) was used to determine statistical significance. Significance
was considered at p < 0.05.

3. Results
3.1. Identification and sequence analysis of LvCK2

The full-length cDNA sequences of LvCK2a and LvCK2[(} were ana-
lyzed by first using PCR cloning. The full-length ¢cDNA of LvCK2a was
1764 bp (deposited at GenBank with the accession number: KY038483.
1) with an ORF of 1053 bp encoding a protein with 351 amino acids
(Fig. 1A(i)). On the other hand, LvCK2( had a full-length cDNA of 1394
bp (deposited at GenBank with the accession number: KY038484.1)
with an ORF of 663 bp encoding a protein with 221 amino acids
(Fig. 1B(i)). Protein functional domain analysis using the SMART pro-
gram revealed that LvCK2a contains a Serine/Threonine protein kinase
catalytic domain (S/TKc) located at 37-322 aa (Fig. 1 A (ii)), while
LvCK2p has a Casein kinase II regulatory subunit domain located at

Fish and Shellfish Inmunology 94 (2019) 643-653

8-190 aa (Fig. 1 B(ii)). Multiple sequence alignments shows that
LyCK2a shares 84.3% homology with Drosophila melanogaster CK2a
(NP_034104.1), 80.4% with Mus musculus CK2a (NP_001287153.1),
78.3% with Caenorhabditis elegans CK2a (CCD61302.1), 79.3% with
Homo sapiens CK2a (NP_808227.1), and 77.1% with Danio rerio CK2a
(NP_001002164.1) (Fig. 2A(i)). Similarly, full-length LvCK2( shares
87.8% homology with Danio rerio CK2f3 (NP_571262.1), 86.9% with
Homo sapiens CK23 (NP_001311.3), 80.9% with Drosophila melanogaster
CK2f3 (NP_996415.1), 70.5% with Caenorhabditis elegans CK2p
(AAA27983.1), and 50.1% with Mus musculus CK2f3 (NP_001290405.1)
(Fig. 2B(i)). Neighbor-joining (NJ) phylogenetic trees (Fig. 2) of L.
vannamei CK2 (LvCK2a and LvCK2) with CK2 of other species revealed
that LvCK2a and Daphnia magna CK2a were clustered together, while
LvCK2p and Drosophila melanogaster CK23 were clustered together. This
is an interesting observation as LvCK2a and LvCK2[ share 14.5%
identity.

3.2. Tissue distribution of LvCK2 transcripts in shrimp

The distribution of LvCK2a and LvCK2f transcripts in various tis-
sues of healthy shrimp were determined using RT-qPCR including levels
in hemocytes, hepatopancreas, muscle, gill, nerve, intestine, heart,
stomach and eyestalk. The results showed that LvCK2a and LvCK2f3
were expressed in all tissues examined, with high levels mainly found in
gill, intestine, nerve and hemocytes, while lower levels were generally
observed in eyestalk, muscle, stomach and hepatopancreas (Fig. 3).
Notably, the two subunits of LvCK2 displayed different tissue distribu-
tion, with higher levels of LvCK2a found in hemocytes (Fig. 3A) while
the highest expression of LvCK2f were in intestine (Fig. 3B).
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Fig. 3. Tissue distribution of LvCK2a and LvCK2p in healthy L. vannamei. The
expression of (A) LvCK2a and (B) LvCK2p were determined relative to LvEF-1a
expression using RT-qPCR analysis. Data represent mean *= SD (n = 50) of
three independent experiments.
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Fig. 4. Expression patterns of LvCK2a and LvCK2( in hepatopancreas and hemocytes upon immune challenge. Transcript levels of LvCK2a and LvCK2f (A-D) in
hepatopancreas and hemocytes at 0, 6, 12, 24, 48, and 72 h post-injection with V. parahemolyticus, S. iniae, LPS, and WSSV, determined by RT-qPCR analysis relative

to LvEF1la expression. The expression level of LvCK2a and LvCK2p at 0 h of each group was set to 1.0. Data represent mean

+

SD (n = 5) of three independent

experiments. Statistical difference between experimental groups and control groups at same time points were determined by Student's t-test (p < 0.05, *p < 0.01

and “p < 0.001).

3.3. Transcript levels of LvCK2 after pathogens challenge

The expression profile of LvCK2 in the hepatopancreas and hemo-
cytes of shrimp after challenge with V. parahaemolyticus, S. iniae, LPS,
WSSV, and PBS (as negative control) at different time points was de-
termined using RT-qPCR. There were different expression patterns in
the transcript levels of LvCK2 in the two tissues (Fig. 4). Compared with
control (PBS), transcript levels of LvCK2a and LvCK2p in the hepato-
pancreas were significantly increased at all infection time points post V.
parahaemolyticus challenge, except at 36 h for LvCK2a (Fig. 4A (i)) and
72h for LvCK2f (Fig. 4A(ii)), where their expression levels was not
significant. In hemocytes, levels of LvCK2a and LvCK2f post V. para-
haemolyticus challenge were also significantly elevated at all time
points, with a decrease to baseline at 36 h and 72 h for LvCK2a (Fig. 4 A
(iii)) and 36 h for LvCK2p (Fig. 4 A (iv)). In response to S. iniae chal-
lenge, the mRNA levels of LvCK2a (Fig. 4B(i)) and LvCK2p (Fig. 4B(ii))
in the hepatopancreas increased significantly throughout the time
points. While in hemocytes, transcript levels of LvCK2a post S. iniae
infection was at baseline at 6 h but increased significantly from 12 h to
72h post challenge (Fig. 4B(iii)), with the levels of LvCK2[ elevated
significantly at all challenged time points (Fig. 4B(iv)). For LPS treat-
ment, mRNA levels of both LvCK2a and LvCK2p} in the hepatopancreas
increased significantly between 6 h and 72 h, except at 36 h for LvCK2a
(Fig. 4C(>i)) and 48h for LvCK2p (Fig. 4C(ii)), where their expression
levels was not significantly different from control. Similarly, in hemo-
cytes, transcript levels of LvCK2a (Fig. 4C(iii)) and LvCK2p (Fig. 4C(iv))
were significantly elevated between 6 h and 72h post LPS treatment,
except at 6h where the expression of LvCK2a was same as baseline.
When shrimp were challenged with WSSV, transcript levels of LvCK2a
in the hepatopancreas increased significantly at only 24h, 48h and
72 h, with no significant change at 6 h, 12h and 36 h (Fig. 4D(i)), while
the levels of LvCK2( in the hepatopancreas increased significantly
throughout the challenged period (Fig. 4D(ii)). In hemocytes, mRNA
levels of LvCK2a (Fig. 4D(iii)) and LvCK2pB (Fig. 4D(iv)) were both
significantly increased between 6 h and 72 h post WSSV infection, ex-
cept at 6h and 36 h for LvCK2a where transcript levels were not sig-
nificantly different from control samples.

3.4. LvCK2 is involved in shrimp immune response to pathogens

To further explore whether LvCK2 was involved in shrimp immune
response to pathogens, we employed the technique of RNAI. First, the
knockdown efficiency of LvCK2a in shrimp hemocytes using siLvCK2a
was determined by RT-qPCR and Western blot analysis. As shown in
(Fig. 5A(i) and 5A(ii)), at 120h post siRNA injection, a significant
(p < 0.01) decrease in the mRNA and protein expression of LvCK2a
was observed compared to control. At the same time, we went on to
detect the expression of LvCK2p after depletion of LvCK2a. The results
showed that the mRNA level of LvCK2f in hemocytes was also sig-
nificantly (p < 0.01) reduced after LvCK2a knockdown (Fig. 5A(iii)),
suggesting a successful knockdown of both subunits of LvCK2. Next, the
effect of LvCK2 knockdown on the immune response of shrimp to V.
parahaemolyticus infection was determined in terms of cumulative
mortality. Shrimp successfully depleted of LvCK2a were injected with
V. parahaemolyticus and the mortality recorded at 6 h interval post in-
jection. As shown in Fig. 5B, the cumulative mortality of siLvCK2a
depleted shrimp challenged with V. parahaemolyticus was relatively
higher than siNon treated shrimp injected with V. parahaemolyticus. For
instance, the cumulative mortality following LvCK2a knockdown
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increased sharply from 6h to 120 h, reaching 93.3% at 120 h post V.
parahaemolyticus injection, while the highest shrimp cumulative mor-
tality in the siNon control group was 66.6% at the same time point.
Some mortality was recorded in the LvCK2a depleted shrimp injected
with sterile PBS at 120 h (53.3%), compared with control siNon shrimp
injected with PBS injection at 120 h (30.0%), suggesting that LvCK2a
plays an important antibacterial role in shrimp.

3.5. LvCK2 affects hemocytes apoptosis

The effect of LvCK2a on shrimp hemocytes apoptosis was de-
termined using RT-qPCR and flow cytometry. In terms of the expression
of apoptosis-related genes, significant increase in the levels of pro-
apoptotic LvCytochrome C (p = 0.036, Fig. 6A(i)) and LvCaspase 3
(p = 0.033, Fig. 6A(ii)) were observed after LvCK2a silencing, while
significant decrease in expression of the anti-apoptotic genes LVIAP1
(p < 0.01, Fig. 6A (iii)), LVIAP2 (p = 0.046, Fig. 6A (iv)) and LvBcl2
(p = 0.048, Fig. 6A (v)) were observed after LvCK2a knockdown. Si-
milarly, the there was a significant increase (p < 0.01) in LvCaspase3/
7 activity in shrimp hemocytes after LvCK2a knockdown (Fig. 6B(i))
compared with control (siNon). In addition, after successful LvCK2a
knockdown, flow cytometry analysis of hemocytes apoptosis using YO-
PRO-1/PI double staining revealed that the ratio of viable cells (7000
events) decreased, while the percentage of late apoptotic cells and PI/
YO-PRO1 positive cells increased from 5% (350 events) to 13% (910
events) Fig. 6B(ii).

4. Discussion

The CK2 serine/threonine protein kinase plays a role in mammalian
cell survival, proliferation and suppression of apoptosis [11,30].
Emerging evidence also implicates CK2 protein kinases in mammalian
immunity and inflammation [31,32]. For instance, CK2 is involved in
antiviral interferon (IFN) response and temporal induction of IFN re-
sponse when CK2 is blocked [20]. Gibson et al., revealed that CK2 plays
an important role in adaptive immunity as a critical regulator of the
Th17/Treg cell axis [33]. Similarly, CK2 was identified as a new mo-
lecular target required for the suppression of Th2 immune responses by
T cells [34]. Protein kinase CK2 has also been shown to be a critical
regulator of epithelial homeostasis in chronic intestinal inflammation
[21]. However, in shrimp the role of CK2 in immune regulation and
inflammatory response remains unclear.

In this study, the CK2 homolog in L. vannamei was identified (de-
signated LvCK2) and characterized. The identified LvCK2 had two
subunits composed of a catalytic subunit (LvCK2a) and a regulatory
subunit (LvCK2p), which is synonymous with mammalian protein ki-
nase CK2 [35]. LvCK2a has an ORF of 1053 bp, encoding a putative
protein of 351 amino acids and contains a typical serine/threonine
protein kinase catalytic domain (S/TKc) at 37-322 aa. On the other
hand, LvCK2p has an ORF of 663 bp encoding a putative protein of 221
amino acids with a Casein kinase II regulatory subunit domain located
at 8-190 aa. The putative LvCK2 kinases share high sequence homology
with other known CK2 protein kinases, with LvCK2a sharing 77%-84%
homology with the CK2 protein kinases of Mus musculus, Drosophila
melanogaster, Caenorhabditis elegans, Homo sapiens and Danio rerio, while
LvCK2p shares 50%-88% sequence homology with the CK2a of Mus
musculus, Drosophila melanogaster, Caenorhabditis elegans, Homo sapiens
and Danio rerio. Phylogenetic analysis based on amino acid sequences
revealed that LvCK2a clustered with CK2a of Daphnia magna, while



Q. Feng, et al.

Relative Expression of LvCK2o

Oh  6h

(iiiy 3 PBS
s, EE LPS

Relative Expression of LvCK2o,

oh  6h
D.
) = pBs
5 El WSSV
§ 4-
-
=]
e
524
j=%
i
o 1
Z
5
— 0..
&  oh 6h
(i) 3 pBs
é 5, Hl WSSV
q 4]
-
=
£
£
=9
]
@ 1
=
g
5 0-
& Oh  6h

12h  24h

12h  24h

12h  24h

12h  24h

Hepatopancreas

(i)

=B

Relative Expression of Ly

36h 48h 72h

Hemocytes

o0

A
Relative Expression of LvCK2f 5
(o)}
L

36h 48h 72h

= PBS

- Hl LPS

Oh  6h

3 PBS

. Il LPS

Oh  6h

Time post LPS injection

Hepatopancreas
ii
(if) [ PBS
8 Hl WSSV
. g
3
s 01
=
= .
s 84
=
ie
° 27
=
=
36h 48h 72h Oh 6h
Hemocytes
V) 3 eBs
g g- Il WSSV
<
s 6]
=
2
¢4 A
=N
i
® 27
=
=
3
&

36h 48h 72h

Oh  6h

Time post WSSV injection

Fig. 4. (continued)

Fish and Shellfish Inmunology 94 (2019) 643-653

36h 48h 72h

24h 36h 48h 72h

12h  24h 36h 48h 72h

24h 36h 48h 72h



Q. Feng, et al.

A.
L g 157 p<0.01
2
3
s
S 1.0
£
g
=
5 0.5
g
Z
=
D
& 0.0-
(ii) 120h 1.59
p=0.013
&
. & E
Q < £ 1.0
y ¥ e
1)
@
. Z
Anti-CK2o | (D S gois_
-7
Anti-Tubulin - - 0.0-
N
é\ﬁ
(i) § 1.57 p<0.01
3
3
S 1.01
=
%
A
k4
&
Z 0.5
L
z
kA
3
& 0.0
> &
O
§ o
<
&

Fish and Shellfish Inmunology 94 (2019) 643-653

B.
-o- siNon+PBS
- si/vCK2a +PBS
=+ siNon+V. Parahemolyticus
2 100+ i P=0.04
=:°, - siLvCK2o. +V. Pamhemo/ylicui
P
2
3 801
z
F 601
8
1
=
g 404
£
2
Z 20
=
£
s
O in T T T T T T T T T
Oh 12h 24h 36h 48h 60h 72h 84h 96h 108h120h

Time post injection

Fig. 5. LvCK2 RNA interference (RNAi) and shrimp mortality. (A) Transcript and protein levels after LvCK2a RNA interference (RNAi). At 120 h post-injection with
siNon and siLvCK2a, expression levels of LvCK2a in shrimp hemocytes was determined by (i) RT-qPCR and (ii) Western blot analysis, as well as (iii) Transcript levels
of LvCK2p. The mRNA expression of LvCK2a and LvCK2[ were determined relative to LVEF-1a expression, with the relative expression for siNon in each group set to
1.0. All experiments were repeated at least three times. Statistical difference between the experimental groups and control groups at the same time points were
determined by Student's t-test. Asterisks indicate statistical significance. (B) Shrimp (n = 30 per group) initially intramuscularly injected with siNon or siLvCK2a,
were further injected 120 h later with Vibrio parahemolyticus or PBS as negative control. Cumulative mortality was recorded at 6 h interval.

LvCK2B clustered with CK2B of Crassostrea gigas in the invertebrate
clade. These data strongly suggest that LvCK2a and LvCK2( are mem-
bers of the CK2 serine/threonine protein kinase family.

Transcript levels of LvCK2 were detected in all shrimp tissues ex-
amined, with highest level of LvCK2a mRNA found in hemocytes, while
that of LvCK2[3 was in intestines. This observation is consistent with the
reported ubiquitous distribution of mammalian CK2 in tissues such as
kidney, heart, liver, and head [36], and also indicates the importance of
CK2 in most tissues. Notably, the observed high constitutive expression
of LvCK2 in hemocytes, intestine and gill, suggest a key role played by
LvCK2 in immune-related functions in shrimp. On the other hand, the
differences in the levels of LvCK2 in different tissues also suggest the
diverse functions of CK2 either as an effector or mediator in various
cellular and pathophysiological responses [37,38]. It was therefore not
surprising that transcript levels of LvCK2 were significantly induced in
shrimp hemocytes and hepatopancreas upon challenge with V. para-
haemolyticus, S. iniae, LPS and WSSV, albeit at different levels. This
observation is synonymous with previous studies where CK2 was im-
plicated in immune and inflammatory response [31]. For instance, in
RAW 264.7 macrophage cells, CK2 was shown to respond to LPS

stimulation [39]. Similarly, under steady state conditions and in herpes
simplex virus (HSV) infection, CK2 was reported to be involved in the
antiviral immune response, by serving as a negative regulator of IFN
responses [20]. It is believed that the role played by CK2 in immunity
could be via several signaling pathways, as CK2 is able to promote the
activation of the NF-kB, PI3K-Akt-mTOR, and JAK-STAT pathways in
mammals, which are used by immune cells to respond to inflammatory
insults [40].

To further delineate the involvement of LvCK2 in shrimp immune
defense, the technique of RNAi followed by immune challenge was
employed. Interestingly, knockdown of LyCK2a resulted in concomitant
decrease in LvCK2p transcript levels, which is believed to be due to the
rapid degradation of LvCK2p [41], as it could not assemble with the
depleted LvCK2a. This observation is in accordance with previous
studies in mammals [42]. Most importantly, knockdown of LvCK2 made
shrimp more susceptible to V. parahaemolyticus infection, as there was
an increase in shrimp mortality compared with control group shrimp.
This suggest an important role of LvCK2 in shrimp immune response to
bacterial infection. The results thus far indicate a significant role of
LvCK2 in shrimp immunity. LvCK2 thus seems to play a role in shrimp
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Fig. 6. (A) LvCK2 knockdown and hemocytes apoptosis. After successful
LvCK2a knockdown, RT-qPCR analysis was used to determine the transcript
levels of the apoptosis-related genes (i) LvCytochrome C, (ii) LvCaspase 3, (iii)
LVIAP1, (iv) LVIAP2, and (v) LvBcl2, in shrimp hemocytes at 96 h post siNon and
siLvCK2a injection. The transcript levels were determined relative to LvEF-1a
expression, with the relative expression for siNon in each group set to 1.0. All
experiments were repeated at least three times and the statistical difference
between the siNon and siLvCK2a groups at the same time point determined by
Student's t-test. Asterisks indicate statistical significance. (B) LvCK2 knockdown
affects hemocytes apoptosis. (i) LvCaspase3/7 activity in shrimp hemocytes.
Experiments were repeated at least three times and the statistical difference
between the control (untreated or siNon) and siLvCK2a groups determined by
Student's t-test. Asterisks indicate statistical significance. (ii) Number of apop-
totic cells. The number of apoptotic cells was determined by Flow cytometry
using the YO-PRO™-1 dye/Propidium Iodide double staining kit. Figure re-
presents one of three independent experiments.

immune response to various pathogens, synonymous with other shrimp
serine/threonine kinases such as LyPiml [29], Lv-p38 [43], LvMST4
[44], LvGSK3p [45] and LVERK [46].

The CK2 protein kinase is reported to exhibit anti-apoptotic activity
and functions downstream of Wnt, NF-xB, JAK/STAT and AKT signaling
pathways [47,48]. Similarly, CK2a suppresses prosurvival signaling
pathways such as the PI3K/AKT pathway, with CK2a knockdown re-
ported to attenuate AKT activation [49]. In mammalian cells, inhibition
of CK2 expression leads to apoptosis induction [50,51]. In the current
study, knockdown of LvCK2 resulted in an increase in hemocytes
apoptosis, in terms of high caspase 3/7 activity, increased number of
apoptotic cells, upregulated expression of proapoptotic genes (i.e.,
LvCaspase 3 and LvCytochrome C), and attenuation in the expression of
prosurvival genes (i.e., LvBcl2, LvIAP1, and LvIAP2). These results are
consistent with previous studies, where knockdown of CK2a reduced
the expression of prosurvival PCNA, Bcl-xl, and Bcl-2 proteins, while
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Fig. 6. (continued)

increasing the levels of proapoptotic Bax, cleaved caspase-3, cleaved
caspase-9 and cleaved caspase-8 [52]. In fact, it has been shown that
CK2a is able to decrease the level of Bcl-2/Bax in cells [50,53], with
CK2a knockdown reported to decrease bladder cancer cells survival
[54], while inhibition or knockdown of CK2a in human lung cancer
cells reduces Notchl signaling, thereby attenuating cell growth and
decreasing cancer stem-like cell population [55]. Collectively, the
current data strongly suggest an essential role of LvCK2 in shrimp im-
munity.

In conclusion, LvCK2 (LvCK2a and LvCK2p), the L. vannamei CK2
protein kinase homologs, were cloned and characterized. The findings
here revealed the involvement of LvCK2 in shrimp immunity via
modulation of hemocytes apoptosis, and therefore indicates the im-
portance of LvCK2 in shrimp immune and inflammatory responses.
There have been no previous findings on the involvement of CK2 in the
immunity of shrimp or other arthropods. Future work would further
explore the molecular mechanisms behind LvCK2 involvement in
shrimp immune response.
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