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IkB kinases (IKKs) play critical roles in innate immunity thugh signal-induced activation
of the key transcription factors nuclear factokB (NFkB) and interferon regulatory factors
(IRFs). However, studies of invertebrate IKK functions ream scarce. In this study, we
performed phylogenetic analysis of IKKs and IKK-related ik@dses encoded in the Pacic
oyster genome. We then cloned and characterized the oystetkKK / -2 gene. We
found that oyster IKKa/b-2, a homolog of human IKKa/IKKb, responded to challenge
with lipopolysaccharide (LPS), peptidoglycan (PGN), andoyinosinic-polycytidylic acid
[poly(I:C)]. As a versatile immune molecule, IkK#b-2 activated the promoters of
NF- B, TNF , and IFN , as well as IFN-stimulated response element (ISRE)-conteéing
promoters, initiating an antibacterial or antiviral immuen state in mammalian cells.
Importantly, together with the cloned oyster IKI&/b-1, we investigated the signal
transduction pathways mediated by these two IKK/b proteins. Our results showed that
IKKa/b-1 and IKKa/b-2 could interact with the oyster TNF receptor-associateddctor 6
(TRAF6) and that IKI&/b-2 could also bind to the oyster myeloid differentiation fator 88
(MyD88) protein directly, suggesting that oyster IK&bs participate in both RIG-I-like
receptor (RLR) and Toll-like receptor (TLR) signaling fohe reception of upstream
immune signals. The fact that IKl&/b-1 and IKKa/b-2 formed homodimers by interacting
with themselves and heterodimers by interacting with each ther, along with the fact
that both oyster IKKa/b proteins interacted with NEMO protein, indicates that oysr
IKKa/bs and the scaffold protein NEMO form an IKK complex, which maye a key
step in phosphorylating kB proteins and activating NFkB. Moreover, we found that
oyster IKKa/bs could interact with IRF8, and this may be related to the IKKnediated
activation of ISRE promotors and their involvement in the ayer “interferon (IFN)-like”
antiviral pathway. Moreover, the expression of oyster IKddb-1 and IKKa/b-2 may
induce the phosphorylation of kB proteins to activate NFKB. These results reveal the
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Huang et al. Oyster IKKa/bs in Innate Immunity

immune function of oyster IKK/b-2 and establish the existence of mollusk TLR and
RLR signaling mediated by IKl&/b proteins for the rst time. Our ndings should be

helpful in deciphering the immune mechanisms of invertebtas and understanding the

development of the vertebrate innate immunity network.

Keywords: Crassostrea gigas , innate immunity, IKK a, IKKb, Toll-like receptor, RIG-I-like receptor, NF- kB,
interferon regulatory factor

INTRODUCTION D. melanogasteand found to participate in regulating the non-

apoptotic function of caspases via the degradation of inhibito
The innate immune response represents the rst line of defensgf apoptosis proteins (IAPsP@). Regarding other invertebrates,
of eukaryotic organisms against microbial infectiorn§.(In |KKs and IKK-related kinases have also been cloned from skevera
higher vertebrates such as mammals, innate immune siggalinspecies, including an IKK homolog frominctada fucatg23);
begins with pattern recognition receptors (PRRs), such as TollkKb, IKK+1, and IKKt2 from Scylla paramamosaif24); and
like receptors (TLRs) and RIG-I-like receptors (RLRs), whichKKb and IKK+from Litopenaeus vannamé?5). Such studies
recognize pathogen-associated molecule patterns (PAMP3) (  are helpful for understanding the functions of invertebris.
This recognition triggers immune signaling cascades, itgpd However, whether invertebrate IKKs are involved in RLR or
to the activation of the key transcription factors NB and TR signaling to activate antiviral or antibacterial cyitms and
interferon regulatory factors (IRFs) and initiating ant@i or  the details of the associated signaling transduction payisveae
antibacterial immune response$-(). largely unknown and require further investigation.

The canonical IKKs (IKl& and IKKb) and IKK-related The Paci c oysterCrassostrea gigas a representative bivalve
kinases [TANK-binding kinase 1 (TBK1) and IKK play mollusk and lophotrochozoan protostomad). As a sessile lter
crucial roles in both NFB and IRF signaling 7). IKKa  feeder that lives in the estuary and intertidal zone, thetewys
and IKKb are considered the most important inhibitors of is frequenﬂy exposed to a |arge Variety of pathogensy making
NF-kB (IkB) kinases §). Both proteins have been cloned it an attractive model for studying the innate immune system
and puried on the basis of their ability to phosphorylate of invertebrates. Moreover, oysters are distributed worttbwi
IkB proteins and activate NKB through the canonical IKK- and support major aquaculture and shery industries worldeid
dependent pathway9( 10). IKK complex assembly is crucial (27); however, recently, oyster mass mortality caused by \druse
in the IKK-dependent pathway. IKK and IKKb are present or bacteria has severely aected oyster productictd-g31).
in cells as part of this high-molecular-weight complex, actingHence, there is an urgent need to better understand the imenun
as the catalytic subunits1{, 12. The IKK complex also mechanisms of oysters in order to promote the development of
contains a scaold and regulatory subunit termed |§K)r new Strategies for Contro"ing such diseases.

NF-kB essential modulator (NEMO). NEMO is a non-catalytic  E orts have been made to elucidate the mechanisms of innate
regulatory subunit originally identi ed as an essentiahgoonent  jmmunity in oysters, and some progress has been made. Of note,
of the IKK complex (3, 14). Besides the ability to activate the oyster genome is predicted to encode several evoluilgnar
NF-kB, it has also been reported that llikcan associate with conserved nucleic acid sensors and their downstream signali
and phosphorylate IRF7 and participate in TLR7/9-inducedmolecules §2, 33). Additionally, the conserved RLR and TLR
IFN-a production (15). The IKK-related kinases TBK1 and jnnate immune signaling pathways have been preliminarily
IKK+ have been identi ed with sequence similarity to 6K demonstrated in oysters, with studies reporting the existenc
and IKKb (16, 17). In contrast to IKKa and IKKb, which  of the RIG-I-mitochondrial antiviral (MAVS) signaling protei
activate NFkB, TBK1, and IKK play important roles by and TLR-MyD88 signaling axis in the oysté&i4-36). Moreover,
activating other transcription factors, namely IRF3 and IRF7KK-like and TBK1 genes have been identi ed in the Pacic
(18 19). The phosphorylation of IRF3 and IRF7 by TBK1 andoyster 37, 39), as well as &AEMO gene 89). To date, three
IKK+ promotes IRF3 and IRF7 homodimerization and the|r|kB genes have also been identi ed in oyst@,(zll) However,
subsequent nuclear import, followed by the induction of type lthe functions of oyster IKK genes involved in innate immune
IFN gene expression. signaling should be further investigated in greater detail

There have been fewer functional studies on IKKs and IKK- In this Study’ we performed phy]ogenetic ana|ysi5 of all IKKs
related kinases in invertebrates than in vertebrate®rosophila  and IKK-related kinases encoded in the oyster genome, and we
melanogastethe catalytic subunitimmune-response de cient 5 sybsequently cloned and characterized #2 from oyster.
(IRDS, the y homolog of mammalian IKK) and the regulatory In addition, we focused on the immune signaling transdutio
subunit Kenny (the y homolog of mammalian IK§) take pathways mediated by IKdb-1 and IKKa/b-2 and established
part in the immune de ciency (IMD) pathway and form a the presence of rudimentary oyster TLR and RLR signaling. Our
signaling complex that is thought to tdgrosophilaRelish for its  results should be useful for further research into the imraun
subsequent cleavage and the activation of antibacteria@ine mechanisms of invertebrates and the development of disease-
response geneg( 21). Moreover, IKK-was also identi ed in  resistant strategies.

Frontiers in Immunology | www.frontiersin.org 2 July 2019 | Volume 10 | Article 1826


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Huang et al. Oyster IKKa/bs in Innate Immunity

MATERIALS AND METHODS To examire CglKK / -2 expression patterns after challenge
. . . . with lipopolysaccharide (LPS), peptidoglycan (PGN) and
Phylogenetlc AnalySlS and Classi cation of polyinosinic-polycytidylic acid [poly(l:C)], 200 oysters wer
IKK Sequences randomly divided into four groups. The oysters of the control
The IKK sequences used for the alignment and phylogenetigroup were injected with 100rL phosphate-bu ered saline
analysis were downloaded from the NCBI database (httpsWww (PBS, pHD 7.4), while those in the LPS, PGN, and poly(I:C)
ncbi.nim.nih.gov/), and the eukaryotic translation i@ition  experimental groups were injected with 16@ of LPS, PGN,
factor 2-alpha kinase 4 (EIF2AK4) sequence was used as t§€epoly(1:C) suspended in PBS at concentrations ofrigfmL,
outgroup in phylogenetic analyses. Alignment of all seqesnc 1.0mg/mL, and 1.0 mg/mL, respectively. Hemolymph samples
was conducted using MAFFT 7.221 softwa#e)(with the E-  \were collected from ve oysters per group at 0, 6, 12, 24, 48, an
INS-I algorithm. Phylogenetic analysis was then perform@l w 72 h post-injection. The collected hemolymph was immediately
the LGC GammacC Invariant evolution model using RAXML  centrifuged at 1,000 g for 10 min at 4C in order to harvest

software ¢3). The consistency test was performed with 1,00khemocytes for RNA preparation. The total RNA was then

repetitions using the bootstrap method. extracted, the template for quantitative real-time PCR (gRT
PCR) was prepared, and gRT-PCR was performed to analyze the

Cloning and Sequence Analysis of Oyster mMRNA expression level @glKK / -2 after challenge.

IKK / Genes

An oyster cDNA library was rst prepared. Total RNA was ART-PCR Analysis of CgIKK / -2 mRNA

extracted from oyster gill and mantle samples using TRIzoEXpreSSion

Reagent (Invitrogen, USA) and then treated with DNaseBrie y, qRT-PCR was performed in a 7500 Fast Real-Time PCR
I (Promega, USA). First-strand cDNA synthesis using theSystem (Applied Biosystems, USA) using a SYBR Green Real
treated RNA as a template was performed using PromegBime PCR Master Mix kit (Takara) to quantify mRNA expression
M-MLV reverse transcriptase according to the manufacturerdevels. The primers used for gRT-PCR analysis are listed in
instructions. Then, according to information from th@. gigas Supplementary Table 1 The -actin (ACTB) gene (GenBank
genome 82) and the sequences deposited in the GenBank (NdNo. NM_001308859.1) was employed as an internal control for
NM_001308886.1 and XM_011450699.2), oyk{&r / -1and cDNA normalization. And the relative mRNA expression level of
IKK / -2 gene sequences were ampli ed using speci ¢ primer$£glKK / -2 transcripts was calculated using the comparative Ct
(Supplementary Table )L The PCR products were puri ed using method (2 1* ¢t method) ¢4).

the E.Z.N.A Gel Extraction Kit (OMEGA, USA) and cloned

into the pMD19-T vector (Takara, Japan). The recombinantP|gsmid Construction, Cell Culture, and

vectors were transformed intd. coli Tran&-T1 competent cells ;

(Transgen, China) and sequenced (Sangon Biotech, China). Transfection

Open Reading Frame Finder (http://www.ncbi.nlm.nih.gov/Dual_IUCIferase reporter (DLR) assays, Yeast two-hybrid-)Y2

gorflor g.cg) was used to analyze cDNA seguences an?ssays, and Co-immunoprecipitation (Co-IP) assays are atl nee

deduce the corresponding polypeptides they encode. The SimgPe construct related plasmids. In DLR assays, the open reading

. rame (ORF) ofCgIKK / -2was ampli ed using Phusion High-
Modular Architecture Research Tool (SMART; http://smart._. . . A )
emblheidelberg.de) was used to predict protein domains.gfmot Fidelity DNA polymerase (Thermo Fisher Scienti ¢, USA) with

peci ¢ primers Supplementary Table L The plasmids pCMV-

sequences from di erent species were downloaded from NCEﬁAyC (Clontech, USA) was digested witicoR (New England

(http://lwww.ncbi.nlm.nih.gov/guide/proteins/) and compat : . .
: ) : Biolabs, USA). And the puried PCR products were fused with
using the ClustalW2 program (http://www.ebi.ac.uk/Toolsahs the puri ed digested plasmids using the Ligation-Free Cloning

plustalw?/). The calculated molecular mass and the theet System (Applied Biological Materials, Inc., Canada) according
isoelectric point (pl/Mw) were analyzed by the EXPASy comput?0 the manufacturer's instructions. The plasmids NE- B
pl/Mw tool (https://web.expasy.org/compute_pi/). : '
TNF , and ISRE reporter genes were purchased from Beyotime
Biotechnology Corporation of China, and the plasmiddef
Animals and Immune Challenge reporter genes were purchased from Stratagene Company of
Healthy oysters with an average shell height of 60 mm werdSA. pRL-CMVRenillaluciferase plasmids were purchased from
collected from a farm in Qingdao, Shandong Province, ChinaPromega Company of USA. In Y2H assays, the ORF of each gene
All animal experiments were conducted in accordance wittwas also ampli ed using Phusion High-Fidelity DNA polymerase
the guidelines and approval of the respective Animal Researatith specic primers Supplementary Table L The plasmids
and Ethics Committees of the Chinese Academy of SciencggGBKT7 and pGADT7 (Clontech) were digested widtoR
Experimental specimens were acclimatized in aerated ancedter and BamHI (New England Biolabs). And then the puri ed PCR
seawater at 22 0.5C for more than 1 week prior to the productswere fused with the puri ed digested plasmids using the
execution of experiments. Samples of the gonad, muscle, ploddgation-Free Cloning System. For Co-IP studies, the plasmid
mantle, gills, labial palps, and digestive gland were celtetom  for the -myc fusion protein expression were constructed using
three oysters and snap-frozen in liquid nitrogen for analysfis the same methods mentioned in DLR assays. For the - ag fusion
tissue-speci c expression patterns. protein expression, the pPCMS-EGFP-FLAG (constructed by our
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lab) plasmids were digested widhd (New England Biolabs) HEK293T cells (ATCC, USA) were cultured in Dulbecco's
and the puried PCR products were fused with the puried modied Eagles medium (high glucose) (HyClone, USA)
digested plasmids using the Ligation-Free Cloning System. supplemented with 10% heat-inactivated fetal bovine serum
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FIGURE 1 | Phylogenetic tree of IKKs and IKK-related kinases from varigwspecies. The phylogenetic tree is divided into three braries: in pink are IKK/IKKb family
members, in green are TBK1/IKKfamily members, and in yellow are the outgroup sequences. Be indicates the vertebrate IKl& and IKKb branches. Red indicates

the vertebrate TBK1/IKK+branches. The names of oyster IKKs and IKK-related kinases aghown in pink and yellow, with pink indicating oyster IK&/b proteins, and
yellow indicating oyster IKK-or IKK+like proteins.
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(Gibco, USA) and 1 penicillin-streptomycin solution (Solarbio, using Myc-fused protein expressing vectors. Briey, cells in
China). Cells were grown in an atmosphere of 95% air/59%24-well plates (Corning, USA) were transfected with 64
CO, at 37C and subcultured every 3—4 days. Plasmid®f reporter gene plasmids, 0.0dg of pRL-CMV Renilla
were transfected into HEK293T cells using Lipofectaminduciferase plasmid (Promega), and varying amounts of exjmess
3000 reagent (Life Technologies, USA) according to thelasmids or empty expression vector (as a control). The

manufacturer's instructions. pRL-CMV Renillaluciferase plasmid was used as an internal
control. At 24-48h post-transfection, the Dual-Luciferase
Dual-Luciferase Reporter Assays Reporter Assays System (Promega) was used to measure

Dual-luciferase reporter assays were performed in HEK293the activities of rey and Renilla luciferases according to
cells to detect the eects of oyster IKKb-2 protein on the manufacturer's instructions. Experiments were performed
transcription from theNF- B, TNF , ISRE, andFN promoters in triplicate.

1M A F A Q P T K K G s WL E E K I L GG S8 GG G F G Q V V L W K
1 ATGGCATTTGCACAGCCAACCAAAAAAGGATCTTGGTTGGAAGAAAAAATTCTTGGGTCAGGAGGATTTGGTCAAGTTGTTCTGTGGAAG
31N E b T G E Y VvV AV K K ¢C RV @ S EM T P K H R E R W K L E
91 AATGAGGACACAGGAGAATATGTTGCTGTGAAAAAATGTCGTGTTCAGAGTGAAATGACACCAAAGCACCGTGAGCGATGGAAACTGGAG
6l v D I M 9 R L S H P N V I A A K D V P P E I N V M A G E L P
181 GTGGACATCATGCAGCGGCTTAGCCACCCCAATGTTATAGCCGCGAAGGATGTGCCACCAGAAATTAATGTGATGGCAGGGGAACTCCCA
99 L. L. A M E ¥ C S K G D L R K V L N K P E N C V G L K E Y E I
271 CTGCTAGCCATGGAGTATTGCTCAAAAGGAGATCTACGCAAGGTGCTAAATAAGCCTGAAAATTGTGTTGGGCTAAAAGAATATGAAATC
121l R C L V K DI A S A I E Y L HG K R I I HRDIL K P E N I V
361 AGGTGTCTAGTGAAAGACATTGCTTCAGCCATTGAATATCTACATGGGAAACGCATCATCCACAGAGACTTAAAACCAGAAAATATTGTT
5L T v Q E D Q T Vv Y K L I D L G Y A K E L D Q G S VvV C T s F
451 CTTACAGTGCAAGAGGACCAGACAGTATACAAATTGATAGACCTGGGATATGCCAAGGAACTGGATCAGGGTAGTGTTTGCACCTCCTTT
181 v 6 T L Q Y L A P E L F A S Q K Yy T C T V D Y W S F G T V V
541 GTTGGAACTCTTCAGTACTTAGCCCCAGAGCTGTTTGCCAGCCAGAAGTACACATGTACTGTAGACTACTGGTCGTTTGGTACCGTGGTG
221 E ¢C I T G F R P F L P Q V P P V T W H R E V C K K S P E D
631 TTTGAGTGTATCACAGGATTCCGTCCATTCTTGCCACAAGTTCCTCCTGTCACTTGGCATAGAGAAGTCTGCAAGAAATCACCAGAAGAC
2411 T A F Y N S E G V V K F s K K I L T P T H L C R S M Q0 A Y
721 ATCACAGCATTCTACAATTCAGAAGGAGTGGTGAAATTTTCCAAGAAAATCCTCACACCAACTCACTTATGCAGAAGTATGCAAGCTTAC
2717 F E ¢ W L R L M L R W D P K A R G G G L S E G R P Q C F K I
811 TTTGAACAGTGGTTAAGACTGATGTTGCGATGGGACCCTAAGGCAAGAGGAGGGGGGCTCTCCGAGGGCAGACCACAATGCTTTAAAATT
31 b T Vv L G I K Vv Vv H I L Y Vv A NN L L 8 Y P L A D N Y S8
901 CTGGACACAGTGCTTGGCATTAAAGTAGTTCACATTTTGTATGTCGCCAACAATCAACTATTATCCTACCCACTGGCAGACAATTATTCA
331 MM 90 AL Q9 QO N I E K E T GV KV ED QDI L L A S G A S P D
991 ATGCAAGCACTACAACAAAACATTGAGAAGGAGACAGGGGTCAAAGTTGAGGATCAAGACATTCTATTGGCTAGTGGGGCATCACCAGAC
361 P N L G A N OQ C W T A?P G EED WV V F L F I K G E N Q A V
1081 CCAAACCTTGGTGCCAACCAATGCTGGACTGCTCCTGGAGAGGAGGACTGGGTGGTGTTCTTATTCATCAAGGGAGAGAACCAGGCCGTG
391 K s ¢ ¥ N K P L P V N V Q N I Vv K D s K T A L P Y N E Q K R
1171 AAAAGTCAATATAACAAACCGCTACCCGTGAATGTACAGAACATTGTGAAAGATTCCAAAACAGCACTGCCATATAATGAACAGAAGAGG
421 A W A E A V Y F C N Q 9 v v D F R R L I Q S @ R A A M L S L
1261 GCGTGGGCAGAAGCTGTATATTTCTGTAATCAACAAGTTGTAGATTTCAGGAGACTGATTCAGAGTCAGCGGGCAGCAATGTTGAGTTTA
4511L R K N Y s F V K M K N N M V s s ¢C D H L L S K M Q Y F N E
1351 CTACGAAAGAATTACAGTTTTGTGAAGATGAAAAACAACATGGTCAGTAGCTGTGATCACTTGCTGTCAAAGATGCAGTACTTTAACGAA
481 ¢ L b H D L S L Y E I 9 K 8 T R M Q Y A E G V V A K W K R V
1441 TGCTTGGACCATGACCTAAGTTTATATGAAATCCAGAAATCCACCAGAATGCAATATGCAGAAGGGGTGGTTGCGAAATGGAAGAGAGTT
511 ¢ ¢ E I E I H R N
1531 GGACAAGAAATAGAAATTCACAGAAATCTTAAAGAAAAAGTGACAAGGTTGGAGCAACAGTCTGTAGCACTTCAGACTAAAATCATTGAA
541 I Q K s Pp F A C A K QN DV L E E S E K K A I A L Y H D M R
1621 TTACAGAAAAGTCCTTTITGCTTGTGCCAAACAGAATGACGTTCTAGAAGAATCGGAGAAAAAAGCTATAGCTTTATACCATGACATGAGA
571 ¢ A G K N 66 8 s R D I ¥ K bDHT S MV QI VYV K CUL I TR D
1711 CAGGCTGGCAAAAATGGGAGCTCGAGAGATATTTACAAGGACCATACCTCCATGGTTCAAATTGTTGTCAAATGTCTCATCACCCGGGAC
60l K s L £E D L ¥ T H L R K I C A C K H E L F Q L L P S8 I Q @ C
1801 AAAAGTCTAGAGGATCTCTTCACACACTTAAGGAAAATCTGTGCCTGCAAACACGAGCTTTTCCAGTTATTACCCAGCATTCAGCAGTGT
631 C E 9 I T E A T Q K L L
1891 TGTGAACAGATAACAGAGGCCACACAAAAACTTCTACAGGCTCACAAACAGAGGCAGTCAGATATATGGAGTCTAGTCCAGATGGCTGTT
661
1981 CAGTCTGAAATTTCAAGACAGGATTCCAAGGGAAGTAGCTCCAATAACTCATGGAGTGTATCGTCATACGAGTCCATGAAAGTATGTGAT
ol I 0 ¢ B H L S M M D WS
2071 GATAATAGGGAAACTGTCAAAAAGGTTGATGACATGATAGTCAGTGTAATGAGAGAGCAAGAGGAGCATTTGTCCATGATGGATTGGAGC
721l ¥ L P P A K E § 8§ S ~*
2161 TTCCTTCCTCCTGCAAAAGAGAGTTCATCGTGA

FIGURE 2 | The ORF of CglKK/b-2 and its putative protein sequence. Yellow indicates the mtein kinase domain, green indicates a leucine zipper, anthe
C-terminal helix-loop-helical domain is shown in red.
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Yeast Two-Hybrid Assays

Gold yeast strains, respectively, according to the manufecs

whereas Gold cells were cultured on SD plates lacking tryptophan
Yeast two-hybrid (Y2H) assays were performed to deteqSD/-Trp). After 3-5 days, yeast strains able to grow on SD/-
interactions between proteins. Briey, using the ClontechLeu and SD/-Trp media were hybridized in 2yeast extract
Matchmaker Gold Yeast Two-Hybrid System (Takara), thepeptone dextrose (YPDA) medium and selected on double drop-
fusion protein expression plasmids pGADT7 (AD vector) andout (SD/-Leu/-Trp) medium. Interactions between proteins
pGBKT7 (BD vector) were transformed into the Y187 andwere detected based on the ability of the hybridized clones
to grow on quadruple drop-out (SD/-Ade/-His/-Leu/-Trp)
and aureobasidin

instructions. Y187 cells were cultured on selective platiéls w medium supplemented with J&Gal
synthetically de ned (SD) medium lacking leucine (SD/-)eu A (Takara).
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FIGURE 3 | Schematic representation of human and oyster IK&/b protein structure (A) and multiple sequence alignment of IKK and IKKb proteins from different
species (B). Sequences shaded in black are positions where all the sequees share the same amino acid residue, whereas those shadeih gray and light gray
represent conservative and semi-conservative amino acidubstitutions, respectively. Hs,Homo sapiens Dr, Danio reria The GenBank accession numbers for
sequences used in this alignment are as the followings: HsIKK(AAC51662.1), HsIKK (AAC64675.1), DriKk (NP_956611.1), and DrIKK (NP_001116737.1).
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Co-immunoprecipitation (Co-IP) Assays In vitro Protein Dephosphorylation Assay

HEK293T cells were divided between two or more PetriTransfected HEK293T cells were lysed as described above
dishes (10-cm diameter, Corning) and cultured for 24 h.except that the lysis buer did not contain any phosphatase
Fused pCMV-Myc plasmids were co-transfected with vectorghibitors. Protein dephosphorylation assay was carried iaut
expressing FLAG-tagged fusion proteins or empty FLAG vectae 200 ml reaction consisting of 200ng of cellular protein
(control). After 24-36h, cells were harvested in cell lysignd 20 units of calf intestinal phosphatase (CIP, Sigma). The
bu er (Beyotime, China). Input samples were prepared fromreaction was incubated for 1-2 h at & and then subjected to
the cell lysate, and the remaining lysates were mixed wittmmunoblot analysis.

anti-FLAG M2 magnetic beads (Sigma, USA) under gentle

shaking on a roller at 4 for 2-4h. The beads were then

washed three times with cell lysis buer. Input and Co-IP Statistical Analysis

samples were incubated with 2orotein sodium dodecyl sulfate Each experimentN D 3) was repeated at least twice. Statistical
polyacrylamide gel electrophoresis loading bu er (Takara) atinalysis was performed with Studerttest for the comparison
100 C for 3-5min. Proteins were analyzed by western blottingbetween two groups or by one-way ANOVA followed by LSD
using anti-Myc antibody (Roche, Switzerland) and anti-FLAGmultiple group comparisons using the SPSS13.0. Di erences were

antibodies (Sigma). considered signi cant aP < 0.05.
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FIGURE 4 | Expression pro les of CgIKK / -2 mRNA in different tissuegA) and following challenge with different stimulant$B—D) as determined by gRT-PCR.
Tissues: GO, Gonad; MU, Muscle; BL, Blood; MA, Mantle; GI, GilLA, Labial palp; DI, Digestive gland. -actin gene expression was used as an internal control, and
gonad was used as a reference sample. Vertical bars represéthe mean SD (N D 3). Challenges: the different stimulants is LPS, PGN, and py(I:C). The
expression level ofCgIKK / -2 was determined at 0, 3, 6, 12, 24, 48, and 72 h after challenge. -actin gene expression was used as an internal control, and time 0 h
was used as a reference sample. Vertical bars represent the@an SD (N D 3).
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RESULTS

Phylogenetic Analysis of IKKs and

IKK-Related Kinases in the Oyster Genome
As the oyster genome has been sequencgd, (we rst

proteins was performed. The sequences of XP_011449000.1
and NP_001295815.1 were identical, and the sequence of

this gene has been cloned and veri e@7); this will be
referred to asCglKK / -1 hereafter. The remaining IKK gene
(XP_011449001.1) was cloned in the present study and isedfer

performed sequence analysis and constructed a phylogenetighere aCglKK / -2.
tree of the predicted IKKs and IKK-related kinases in the The ORF of theCgIKK / -2 gene is 2193 bp, and it encodes

oyster genome Higure 1). We found that all IKKs or IKK-

_ _ _ _ a putative protein of 730 amino acids. The putative protein was
related kinases in oyster could be classied into two groupsgstimated to be 83.6 kDa, with a predicted isoelectric point of

an IKKa/IKKb group and a TBK1/IKK group. Three proteins 8.07. Theoretical molecular weight and speci city of protein
with protein IDs of XP_011449000.1, NP_001295815.1, angktected for Western Blot analysis in this research weshallvn

XP_011449001.1 belonged to the BKKalso called Chuk,

conserved helix-loop-helix ubiquitous kinase) or IKkKamilies.

Because the IKK and IKKb proteins of vertebrates are rst

clustered together (shown in blue FFigure 1), it is di cult to

determine whether these three oyster IKK proteins are dkif
IKKDb proteins. Therefore, we named these proteins 8K The
other oyster IKK proteins all belonged to the TBK1/Ikkamily.

Identi cation and Sequence Analysis of

Oyster IKK / -2 Gene
Owing to the crucial roles that IKK and IKKb play in

innate immunity, in-depth analysis of the three oyster IKK e ective approach for revealing mechanisms of oyster immunity

in Supplementary Figure 2Sequence analysis revealed that the
CglKKa/b-2 amino acid sequence was up to 70% identical to

that of the cloned CglKi&/b-1 protein. The CglKK/b-2 protein
is predicted to contain a typical N-terminal serine/threoain

protein kinase domain, an intermediate leucine zipper, and a C-

terminal HLH domain Figures 2 3A). The core protein kinase
domain is highly conserved-{gure 3B).

CglKK / -2 mRNA Expression in Different

Tissues and Response to Challenge
Characterization of transcription responses to challengans
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FIGURE 5 | CglKKa/b-2 activated the NF- B (A), TNF (B), ISRE(C), and IFN (D) promoters in a concentration-dependent manner. Activatio was detected using
dual luciferase reporter assays in human HEK293T cells. Relis are displayed as the fold change from the control groupVertical bars represent the mean SD
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The tissue distribution ofCgIKK / -2 mRNA was analyzed CglKKa/b-2 activates transcription throughF- B, TNF |, ISRE,
using qRT-PCR. As shown frigure 4A, CgIKK / -2expression andIFN promoters. The expression plasmid pCMV-Cgl&k-
was observed in all tested tissuesfgigaswith the highest 2, the NF- B (or TNF , ISRE, orlFN ) promoter reporter
expression o€gIKK / -2 mRNA present in the digestive gland. plasmid, and the internal reference plasmid pRL-CMV were
CglKK / -2expression in the digestive gland was approximatelgo-transfected into HEK293T cells, and luciferase activias w
six-fold higher than that in the gonad~{gure 4A). determined after transfection for 24—36 h. The results stdw
CglKK / -2 temporal expression proles in response to that overexpression of the Cglkib-2 protein activated th&lF-
challenge with various stimulants were analyzed using gRT-B, TNF , ISRE, andFN promoters (although the activation
PCR.CgIKK / -2 expression was induced after LPS, PGN, andf TNF was weak), and this activation was concentration-
double-stranded RNA virus analog poly(I:C) challenge, altffto  dependent Figure 5). These results show that Cgliékb-2 is

its expression level did not change drasticafig(res 4B-D. a versatile protein that may participate in multiple immune
) signaling pathways in oysters.

CglKK a/b-2 Activates ISRE and NF- B

Promoters in Mammalian Cells CglKK a/bs Are Involved in Oyster TLR and

Because IKK family members represent the crucial convesgenRLR Signaling

of upstream signaling and downstream activation of keyWe used Co-IP and Y2H assays to validate the interaction of
transcription factors for the nal immune response, dual- CglKKa/b-1 and CglKKa/b-2 withCgMyD88 and CgMAVS,
luciferase reporter assays were employed to determine whethibe key adaptors of oyster TLR and RLR signaling pathways,

A B QDO/X/A
CgMyD88-1-myc + + + 1
CgIKKa/p-1-flag + - - 2
CgIKKa/p-2-flag - + - 3
pCMS-flag - - + 4
5
IP: anti-flag “’- *
WB: anti-myc : 4=
Input 1: pGAD-CgIKKuo/f-2 & pGBK-CgMyD88-1
an‘t’i_myc LN e 2: pGAD-CgIKKo/p-2 & pGBK-T7
3: pGAD-T7 & pGBK-CgMyD88-1
Input 4: pGADT7-T & pGBKT7-53
anti-flag —— e 5: pGADT7-T & pGBKT7-Lam
C D
QDO/X/A
CgTRAF6-myc + + +
CglKKa/p-1-lag  + - - ;
CgIKKa/B-2-flag -+ - 3
pCMS-flag - - + 4
5

IP: anti-flag
WB: anti-myc -~ -

1: pGAD-CgTRAF6 & pGBK-CgIKKa/p-2
Input )
TG — D . 2: pGAD-CgTRAF6 & pGBK-T7
3: pGAD-T7 & pGBK-CgIKKa/p-2
Input 4: pGADT7-T & pGBKT7-53
anti-flag - — 5: pGADT7-T & pGBKT7-Lam

FIGURE 6 | Interactions between oyster IKK/bs and other proteins detected by co-immunoprecipitation (®-IP) and yeast two hybrid (Y2H) assaygA) Co-IP results
showing that CgMyD88-1 directly interacts with CglKIl&/b-2 but not with CglKKa/b-1. Asterisk represents the heavy chain of mouse IgG. Anti-Mywestern blot
bands show the expression of CgMyD88-1-Myc and anti-FLAG wstern blot bands show the expression of CglKl&/b-1-FLAG and CglKKa/b-2-FLAG. (B) Interaction
between CglKKa/b-2 and CgMyD88-1 was detected by Y2H assay. DDO, -Leu/-Trp doble-dropout media; QDO/X/A, -Ade/-His/-Leu/-Trp quadruple drgpout media
with X-a-Gal and aureobasidin A. pGADT7-T and pGBKT7-53 were used fathe positive control; pPGADT7-T and pGBKT7-Lam were used fothe negative control.
(C) Co-IP results showing that CgTRAF6 directly interacts with @IKKa/b-1 and CglKKa/b-2. Anti-Myc western blot bands show the expression of CgTRA6-Myc and
anti-FLAG western blot bands show the expression of CglK&/b-1-FLAG and CglKKa/b-2-FLAG. (D) Interaction between CglKKa/b-2 and CgTRAF6 was detected
by Y2H assay.
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A B
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4
5

1: pGAD-CgIKK(l/[i-Z & pGBK-CgIKK(l/ﬁ-Z 6: pGAD-CgIKKﬂ/ﬁ-l & pGBK-CgIKK(l/[}-Z

2: pGAD-CgIKKo/p-2 & pGBK-T7 7: pGAD-CgIKKuo/B-1 & pGBK-T7
3: pGAD-T7 & pGBK-CgIKKa/B-2 8: pGAD-T7 & pGBK-CgIKKo/p-2
4: pGADT7-T & pGBKT7-53 9: pGADTT-T & pGBKT7-53

5: pGADT7-T & pGBKT7-Lam 10: pGADT7-T & pGBKT7-Lam

FIGURE 7 | CglKKa/b-1 and CglKKa/b-2 each form a homodimer and can form a heterodimer with each ther. (A) Co-IP results showing that CglKk/b-1 and
CglKKa/b-2 interact with CglKKa/b-1. Anti-Myc western blot bands show the expression of CglKI&/b-1-Myc and anti-FLAG western blot bands show the expression
of CglKKa/b-1-FLAG and CglKKa/b-2-FLAG. (B) Co-IP results showing that CglKK/b-1 and CglKKa/b-2 interact with CglKKa/b-2. Anti-Myc western blot bands
show the expression of CglKKy/b-2-Myc and anti-FLAG western blot bands show CglIKig&/b-1-FLAG and CglKKa/b-2-FLAG. (C) Interaction between CglKKv/b-2

and CglKKa/b-2 was detected by Y2H assay.(D) Interaction between CglKKa/b-1 and CglKKa/b-2 was detected by Y2H assay.

respectively. Co-transfection of plasmids of Cgl{k1l, form heterodimers Figures 7A,B. The interactions between
CglKKa/b-2, and CgMyD88-1 (GenBank Accession numberCglKKa/b-2 and CglKka/b-2 and between CglK#&/b-
KC155821.1) or CgMAVS (GenBank Accession numberl and CglKka/b-2 were also conrmed by Y2H assays
KY630189) in HEK293T cells revealed that the oyster CgilK  (Figures 7C,D. Next, we test the interaction between CgNEMO
2 could bind to CgMyD88-1Kigures 6A,B but did not interact and the two CglKkK/b proteins. The results of Co-IP and
directly with CgMAVS (results not shown). However, theY2H experiments showed that the oyster NEMO protein
Co-IP experimental results showed that both Cgldk-1 and  interacted with both CglKk/b-1 and CglKKa/b-2 (Figure 8A).
CglKKa/b-2 could interact with the oyster TRAF&igure 6C), These interaction results were also conrmed by Y2H assays
and the interaction between Cglk#b-2 and CgTRAF6 was (Figures 8B,0.

con rmed by Y2H assaydgure 6D).

CglKK a/b-1 and CgIKK a/b-2 Interact With
CglKK a/b-1, CglKK a/b-2, and CgNEMO CgIRF8 and May Phosphorylate Oyster | kB
Form a Signal Complex Proteins
As IKKa, IKKb, and NEMO are the key components of the Because CglK&b-2 activated ISRE and humdRN reporter
IKK complex, we examined the interactions and relationshipgenes in a dose-dependent manner, we assessed the relggionsh
between these three proteins in the oyster. First, Co-IPetween the oyster IK&b proteins and CgIRF2 (GenBank
assay results showed that both Cglidki-1 and CglKka/b-2  Accession number: KY630191) and CgIRF8 (GenBank Accession
could form homodimers, as well as bind to each other tonumber: KY630192), which were characterized in our previous
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FIGURE 8 | Oyster NEMO interacts with both CglKKk/b-1 and CglKKa/b-2. (A) Co-IP results showing that CQNEMO directly interacts with CiKKa/b-1 and
CglKKa/b-2. Anti-Myc western blot bands show the expression of CJNEMD-Myc and anti-FLAG western blot bands show the expression bCglKKa/b-1-FLAG and
CglKKa/b-2-FLAG. (B) Interaction between CglKK/b-1 and CgNEMO was con rmed by Y2H assay.(C) Interaction between CglKKa/b-2 and CgNEMO was

con rmed by Y2H assay.

study (34). The Co-IP results showed that both CglEk-1 and adaptive immunity and rely on innate immunity alone for
CglKKa/b-2 could interact with CglIRF8HKigure 9A) but not  host defense. In this report, we focused on the innate immune
with CgIRF2 (data not shown). The Y2H results also con rmedsignaling of the oyster mediated by IKK proteins in order tdtbe
the interaction between CglKadb-2 and CgIRF8Figure 9B). understand the innate immune mechanisms of invertebrates.
Another crucial transcription factor, NEkB, was also The Pacic oyster genome sequence not only enables
examined by attempting to determine the e ect of Cgl&ls  comparative genomic analyses of mollusks but also provides a
on the kBs of oyster. A CgIKE/b-1 or CglKKa/b-2 expression model species for broad-spectrum genomic studies of shell sh
vector was co-transfected with oystésBl protein vectors into  biology (32). Because IKKs and IKK-related kinases represent
HEK293T cells. We found that, in contrast to the control,the crucial convergence of upstream signaling and downstream
CglKKa/b-1 or CglKKa/b-2 expression resulted in obvious shifts activation of key transcription factors for the nal immune
in the CgkB1 bands detected by western blotting. Additionally,response, we performed phylogenetic analysis of all IKKs and
CglKKa/b-2 expression shifted the Ags2 band. In order to IKK-related kinases encoded in the Paci ¢ oyster genomesgh
verify whether the shifted bands represent the phosphorylatedyster IKKs could be divided into two groups: the KKK b
IkBs, we tried to perform a dephosphorylation as$ayitro.  group and TBK1/IKK-group. Interestingly, the IKK and IKKb
And the results showed that shifted bands disappeared aftegbe proteins of vertebrates clustered together, which may iigic

treated with CIP Supplementary Figure 3Figures 9C,D. that thelIKK and IKK genes of vertebrates are derived from
the same ancestral gene following duplication and functional
DISCUSSION di erentiation. Therefore, as we do not know whether the @yrst

IKK genesinthe IKK/IKK b group ardKK or IKK , we named
Animals are constantly threatened by the invasion of vasiouthese geneSgIKK / .
pathogenic microorganisms and have evolved immune defense In this study, we determined that the three oyster genes
systems to eliminate such threats. Innate immunity is oneelonging to the IKK/IKK b family actually encode two proteins,
of the rst lines of defense for animals, mainly relying onas the sequences of XP_011449000.1 and NP_001295815.1 were
the recognition of PAMPs by PRRs and subsequent signientical. The sequence of this gene has been con rmed and
transduction. In contrast to vertebrates, invertebrategkl wastermedCglKK / -1in this study. We cloned the remaining
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FIGURE 9 | CglKKa/b-1 and CglKKa/b-2 recruit oyster IRF8 and may phosphorylate oysteikB proteins. (A) Interaction between CglKKa/b-1 (or CglKKa/b-2) and
CgIRF8 was detected by Co-IP assays. Anti-Myc western blot baais show the expression of CgIRF8-Myc and anti-FLAG western bt bands show the expression of
CglKKa/b-1-FLAG and CglKKa/b-2-FLAG. Asterisk represents the heavy chain of mouse IgGB) Interaction between CglKKa/b-2 and CgIRF8 was con rmed by
Y2H assay.(C) CglKKa/b-1 and CglKKa/b-2 may phosphorylate oyster kB1. HEK293T cells were seeded in 6-well plates at 10 cells per well overnight and
transfected with the indicated plasmids (Img each) for 24 h. The cell lysates (200ng) were treated with or without CIP (20 U) for 1-2 h at 37TC. Then the lysates were
detected by immunoblotting with the anti-Myc antibody.(D) CglKKa/b-2 may phosphorylate oyster kB2.

oyster IKKa/IKKb gene (XP_011449001.1) and named itOverexpression of the Cglkd{b-2 protein activated th&\F- B,
CglKK / -2. CglKKa/b-2 is a typical IKK consisting of the TNF , ISRE, andFN promoters (although the activation of
typical N-terminal serine/threonine protein kinase domaan ~ TNF was weak) in a concentration-dependent manner. It is
intermediate leucine zipper, and a C-terminal HLH domain.reported that the promoter region (2kb of 5' anking sequence
The protein kinase domain is highly conserved, suggestireg thof the genes) of some key immune genes of oysters, such as the
functional conservation of the protein. oyster RIG-I-like receptor, contains a large number of k&-
Mammalian IKKa and IKKb play important roles in the and IRF binding sites45). The NFkB reporter gene plasmids
immune response by activating the transcription factor NF-used in the present study exactly contain KB-binding sites
kB (12). In this study, gRT-PCR showed that the expressiorfor detecting NFkB transcriptional activity levels. And the ISRE
of CglKK / -2 was ubiquitous in all tissues of the oyster.reporter gene plasmids used in the present study contained IRF
The universal expression of tHeglKK / -2 mRNA indicates binding sites for detecting IRF transcriptional activity éés. And
that CglKK / -2 may be essential for most physiologicalas shown inSupplementary Figure 1in the promotor region
functions inC. gigasAdditionally, the expression @@glKK / -  of some oyster crucial immune genes, suchTa®, MyD88§
2 was upregulated after LPS, PGN, and poly(l:C) challengend IL-17, lots of NFkB and IRF binding sites were predicted.
indicating that CglKKa/b-2 may participate in antibacterial and These results demonstrate the conservation of these sitih®in
antiviral responses of the host. The induced expression pso leimmune gene promoter region from oysters to mammals. And
of CglKK / -2 after various types of challenge showed then oyster cells, IKk/b-2 is likely to activate N&B and IRF
versatility of this gene in oyster innate immunity. This satility ~ signaling pathway and then regulate the expression of target
was also conrmed by the results of dual-luciferase assaysnmune genes.
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FIGURE 10 | Diagram of vertebrate TLR and RLR signalin¢A) and oyster TLR and RLR signalingB). TRIF, TIR-domain-containing adapter inducing interferob-

Research has shown that the Paci ¢ oyster possesses consertveal bands of CglKl&/b-2-ag may be the results of the
TLR and RLR signaling pathways, and the PRRs, TLR ar@dglKKa/b-2 auto-phosphorylation. Regarding the band shift
RLR interact with the downstream adaptor proteins MyD88 andbf oyster TRAF6, we noticed that the band shift occurs only
MAVS, respectively, for signaling transductio®4( 35). Co-IP  when it was co-expressed with CglEH-2. According to the
and Y2H assay results revealed that the oyster Cgll#2 could innate immune signaling transduction of vertebrates, TRAF
bind to CgMyD88-1 but did not interact directly with CgMAVS. activates IKK by phosphorylating IKK after receiving upstream
Further experimental results showed that both Cgl{k-1 signal. However, the shift of oyster TRAF6 band may due
and CglKKa/b-2 could interact with oyster TRAF6, which is to the regulation that IKK act on TRAF6 in reverse. It has
considered a key ubiquitin E3 mediating TLR and RLR signalinpeen reported that in order to prevent excessive immune
transduction @6, 47). Our previous study also found that the response and prevent unwanted host damage, the kinase MST4
oyster MAVS could interact with TRAFG3{). In combination  would directly phosphorylate TRAF6 to limit in ammatory
with the previous veried signal transduction pathways ofresponses49). Therefore, we hypothesized that the shift of
RIG-I-MAVS-TRAF6 and TLR-MyD88, the interaction betweenthe CgTRAF6 band may be the result of phosphorylation
the oyster IKK/b-2 and MyD88-1 and between the oysterby CglKKa/b-2. Elucidation of the details and regulation
IKKa/bs and TRAF6 revealed that the IlKKb proteins of mechanisms of these signaling pathways still require additio
oyster participate in both TLR and RLR signaling, althoughn-depth research.
there is some di erence in the transduction of upstream signal ~ Upon sensing upstream signals, the IKK complex assembly
Interestingly, in the results, we noticed that Cgl&i-2-ag is considered a key step in the activation of downstream
showed two bands and the band of CgTRAF6 showed sonteanscription factors $0). Human IKKa and IKKb not only
shift. It is reported that, in mammalian cells, phosphorylationundergo homotypic interactions but also interact with each
of two sites at the activation loop of IKKwas essential other (12, and NEMO has been shown to be a crucial
for activation of IKK. And IKKb auto-phosphorylated at a scaold protein and regulatory subunit of the IKK complex.
carboxyl-terminal serine cluster could decreased IKKwvégti An oyster NEMO gene had been cloned in a previous study
and may prevent prolonged activation?,(48). Therefore, the (39). Therefore, we performed an experiment to examine the
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relationships among the oyster IK#b-1, IKKa/b-2, and NEMO in one arm of the pathway, IK&/bs interact with IRF8 for
proteins. Our results showed that both the oyster B{K- ISRE activation; in the other arm, Ikd{bs phosphorylate
1 and IKKa/b-2 formed homodimers by interacting with IkB proteins to activate NK&B. Therefore, oyster IK&b
themselves and heterodimers by interacting with each otheproteins play key roles in antiviral and antibacterial innate
Moreover, both the oyster IK&/b-1 and IKKa/b-2 interacted immune signaling.
with the NEMO protein. Thus, we can infer that the oyster In  conclusion, we demonstrated that oyster
IKKa/b-1, IKKa/b-2, and NEMO proteins also form an IKK IKKa/bs are versatile innate immune molecules. They
complex, in which IKK/b-1 and IKKa/b-2 would be the participate in the TLR and RLR signaling pathways
catalytic subunits and NEMO would act as the scaold andand mediate signal transduction, followed by the
regulatory subunit. assembly of the IKK complex and activation of NF-
From the above experimental results, we can speculate theB and IRFs. Our study not only contributes to the
the IKKa/bs of oyster receive upstream signals and form anderstanding of the innate immune mechanisms of
signal complex; the next question is, how is the immune signahvertebrates and the evolution of the vertebrate TLR
transmitted downward? In other words, how do the I€ibs and RLR signaling pathways, but it also provides
activate NFkB and ISRE reporter genes? In vertebrates, it haa resource for further investigations into  oyster
been reported that IKKE can bind to IRFs, resulting in the releaseimmunity and may contribute to the design of novel
of IFN (15). In this study, we studied the interactions betweenantiviral or antibacterial strategies for disease control
the oyster IKK/bs and IRFs. Although no IFN homologs in oysters.
have been identi ed inC. gigasso far, several key elements of
the IFN pathway are present in the oyster genome, includin ATA AVAILABILITY
genes involved in JAK/STAT signaling, IRFs, and many IFN-
stimulated genes (ISGs); therefore, it has been hypotlesiz&he raw data supporting the conclusions of this manuscript will
that the role of IFNs in the oyster may be assumed by novede made available by the authors, without undue reservatimn
genes without recognizable homology to vertebrate IB®).Our  any quali ed researcher.
research veri ed that oyster IK&bs could interact with IRF8
and possess the ability to activate ISRE-containing promoterETHICS STATEMENT
According to the existing results, we speculate that theevyst
IKKa/bs recruit and activate IRF8, which may translocate intcExperiments in this study were conducted with approval
the cell nucleus, leading to the activation and expression dfom Experimental Animal. Ethics Committee, Institute of
“IFN-like” genes. These secreted “IFN-like” cytokinesivate  Oceanology, Chinese Academy of Sciences, China.
the JAK/STAT pathway to stimulate the expression of hundreds
of ISGs and initiate an antiviral state in oyster. Additilga AUTHOR CONTRIBUTIONS
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