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ARTICLE INFO ABSTRACT

Keywords: Interleukin-1 receptor-associated kinase (IRAK) family members play important roles in myeloid differentiation
Grass carp primary response 88 (MyD88)-dependent toll-like receptor (TLR) signaling, the crucial innate immune pathway
IRAK-M

in vertebrates. In the present study, the IRAK family gene IRAK-M (also called IRAK3) from grass carp
(Ctenopharyngodon idella) was cloned and characterised. IRAK-M was mainly enriched in the spleen, and the
significantly altered expression was observed after grass carp reovirus (GCRV) infection. Subcellular localisation
showed that IRAK-M protein distributed uniformly in the entire cell and co-localised with MyD88 in the cyto-
plasm of transfected cells. Additionally, the interaction between IRAK-M and MyD88 was confirmed by bimo-
lecular fluorescence complementation (BiFC) system. Moreover, deficient of IRAK-M in C. idella kidney cell line
(CIK) with small interference RNA (siRNA) upregulated polyinosinic:polycytidylic acid (poly(I:C))-induced in-
flammatory cytokines production, including interleukin 8 (IL-8), IL-6, and tumour necrosis factor a (TNF-a),
which reveals that IRAK-M functions as a negative regulator of inflammatory cytokines. Taken together, our
results demonstrate that IRAK-M gene plays an important role in innate immune regulation and provide new

Innate immune
Subcellular localisation
MyD88

insights into understanding the functional characteristics of the IRAK-M in teleosts.

1. Introduction

Interleukin (IL)-1 receptor-associated kinases (IRAK), which belongs
to the serine/threonine protein kinase superfamily, contain a death
domain that plays a crucial role in signaling cascades of the toll-like
receptor (TLR) and interleukin-1 receptor (IL-1R) [1-3]. These sig-
naling cascades are indispensable for elimination of viruses, bacteria,
and cancer cells, as well as for wound healing [4]. In mammals, IRAK
family consists of four members, IRAK1, IRAK2, IRAK-M (also called
IRAK3), and IRAK4, which play important roles in both positively and
negatively regulating the expression of inflammatory cytokines. All of
four proteins contain an N-terminal death domain (DD), a ProST do-
main, and a central conserved kinase domain, but only IRAK1 and
IRAK4 are active serine/threonine kinases [5]. By engaging MyD88
through their DD, IRAK1 and IRAK4 are able to interact with each other
to initiate downstream signaling. IRAK4 is thought to autopho-
sphorylate and then phosphorylate IRAK1 [6], which allows IRAK1 to
initiate an autophosphorylation cascade occurring at several residues in
the proST region in next sequential steps [7]. Unlike IRAK1 and IRAK4,
IRAK2 cannot autophosphorylate, and it was initially thought to be a
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“pseudokinase” [8-11]. However, IRAK2 was detected to possess cat-
alytic activity and had been implicated in maintenance of proin-
flammatory cytokine release [10]. Similar to other IRAK proteins,
IRAK-M can form complexes with MyD88 and tumour necrosis factor
(TNF) receptor associated factor 6 (TRAF6), but it is still considered as a
pseudokinase because of limited capacity for autophosphorylation.
However, the recent studies demonstrated that IRAK-M has potential to
become activated and serve as a functional kinase [11].

Although with limited capacity for active kinases, IRAK-M is closely
associated with many diseases, like sepsis [12,13], asthma [14,15],
pneumonia [16,17], autoimmune diseases [18,19], and tumour [20].
Besides, following induced by TLR signaling, IRAK-M can express in
response to various endogenous and exogenous soluble factors as well
as cell surface and intracellular signaling molecules [21]. IRAK-M is
known to be an important negative regulator in macrophages in models
of inflammation. In mouse models of myocardial infarction, upregula-
tion of IRAK-M in cardiac macrophages can reduce myocardial in-
flammation and prevent adverse cardiac remodeling [22]. Naive
monocytes and macrophages exposed to tumour cell lines exhibited
reduced expression of tumour necrosis factor a (TNF-a), IL-12p40, and
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IRAK1 [23,24]. IRAK-M-deficient (IRAK-M~™/~) nonobese diabetic
(NOD) mice displayed early onset and rapid progression of Type 1
diabetes mellitus (T1DM) with impaired glucose tolerance, more severe
insulitis, and increased serum anti-insulin autoantibodies. Moreover,
IRAK-M /™ dendritic cells induced enhanced activation of diabeto-
genic T cells in vitro and the rapid onset of TIDM in vivo in im-
munodeficient NOD mice when cotransferred with diabetogenic T cells
[25]. These data suggest that IRAK-M is a critical mediator of cross talk,
however, the exact way of IRAK-M transcription regulation is largely
unknown [4,21].

Interestingly, only three IRAK family members have been identified
in fishes until now, IRAK1, IRAK-M and IRAK4 [26]. IRAK1 in Gobio-
cypris rarus [27], Fenneropenaeus penicillatus [28], Epinephelus coioides
[11, and Ctenopharyngodon idella [29], IRAK4 in Epinephelus coioides
[301, Trachidermus fasciatus [31], Cynoglossus semilaevis [32], and Danio
rerio [33] were reported, while, the functions of IRAK-M are largely
unknown in fishes. In the present study, IRAK-M gene from grass carp
was cloned and characterised. Expression profiles in different tissues
and in response to GCRV infection were examined in vivo. Additionally,
the subcellular localisation of IRAK-M protein was investigated. More-
over, deficient of IRAK-M in grass carp kidney cell line (CIK) with small
interference RNA (siRNA) was performed to investigate the possible
roles of IRAK-M. These findings will provide new insights for under-
standing the functions of IRAK-M gene in teleosts.

2. Materials and methods
2.1. Experimental fish, plasmid, cells

Four-month-old healthy grass carps (weight, about 10g; average
length, 7 cm) were provided by the GuanQiao Experimental Station,
Institute of Hydrobiology, Chinese Academic of Sciences, and accli-
matized in aerated freshwater at 28 °C. The fish were fed twice a day
with a commercial feed (Tong Wei, China). The pMN155 and pMC156
plasmids used in the study were a kind gift from Professor Zonggiang
Cui, Wuhan Institute of Virology, Chinese Academy of Sciences and
kept in our lab. The CIK cells (China Center for Type Culture Collection,
China) used in the study were maintained in low glucose Dulbecco's
modified Eagle's medium (DMEM; Hyclone, USA) supplemented with
10% fetal bovine serum and 1% (v/v) penicillin-streptomycin at 28 °C
in a humidified atmosphere with 5% CO,.

2.2. GCRYV challenge and sample collection

Grass carps were acclimatized for 1 week and used for GCRV
challenge experiment after no abnormal symptoms were observed. The
GCRYV preparation and GCRV challenge experiment were carried out as
described previously [34].

Three uninfected fish were selected as the control group, and sam-
ples of the middle kidney, head kidney, liver, intestine, spleen, and gill
were collected. Afterward, the tissues were also randomly sampled from
three infected fish for six consecutive days after intraperitoneal injec-
tion. All samples were homogenized in TRIzol reagent (Invitrogen,
USA) and stored at —80 °C prior to RNA extraction.

2.3. Cloning the full-length cDNA of IRAK-M

Total RNA was extracted from healthy samples by using TRIzol re-
agent, according to the manufacturer's instructions, and first-strand
cDNA synthesis was performed using DNase I (Promega, USA) with
total RNA as the template and random nonamer primers as the control
for reverse transcriptase (Toyobo, Japan). The matched fragments of
IRAK-M were obtained by blasting the homologous IRAK-M sequences
(Accession no. BC098615.1) of zebrafish (Danio rerio) with draft
genome of grass carp [35]. 5" and 3’ untranslated regions (UTRs) of the
IRAK-M gene were obtained by the rapid amplification of cDNA ends
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(RACE) PCR according to 5’ and 3’ Full RACE Kit (TaKaRa, Japan). The
coding sequence (CDS) was amplified using PCR with primers within
the 5- and 3’-UTRs. The PCR products were purified, ligated into
pMD18-T vectors (TaKaRa, Japan), and transformed into competent
Escherichia coli DH5a cells (TransGen, China). Five positive colonies
were selected and sequenced by a commercial company (Tsing Ke,
China). The full-length cDNA of IRAK-M were obtained by comparing
these PCR product sequences and discarding the obtained overlapping
region sequence and vector sequence. The primers used for gene
cloning and sequence verification were listed in Table S1.

2.4. Sequence analysis

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search
for the gene sequences in other species. Amino acid sequences of IRAK-
M proteins were predicted using open reading frame (ORF) Finder
(http://www.ncbi.nlm.nih.gov/projects/gorf/), and multiple sequence
alignment was performed using ClustalW 2.1 (http://www.ebi.ac.uk/
tools/clustalw2.1). SMART (http://smart.embl-heidelberg.de/) was
used to predict the protein domain features. Tridimensional structure
predictions of grass carp IRAK-M protein were performed using SWISS-
MODEL (https://swissmodel.expasy.org/interactive/) and schematics
were obtained using Swiss-PdbViewer 4.1 software. Neighbour-joining
(NJ) phylogenetic trees were constructed on the basis of the amino acid
sequences by using MEGA 7.0 software (http://www.megasoftware.
net/index.html) and the bootstrap values of the branches were obtained
by testing the tree 1000 times.

2.5. Tissue distribution of IRAK-M in grass carp

The total RNA was extracted from the tissues mentioned in 2.2 and
then reverse-transcribed to obtain cDNA as described above. qRT-PCR
and the CFX96™ real-time PCR detection system (Bio-Rad, USA) were
used to measure the tissue distribution of IRAK-M in healthy grass carp.
The housekeeping gene f-actin was used as a reference gene. Relative
expression levels were calculated as the ratio of gene expression in each
tissue relative to that in the middle kidney. The specific primers for
gRT-PCR were listed in Table S1. Relative expression levels of IRAK-M
were calculated using the 2 AAC method [36]. All data were expressed
as mean * standard deviation (S.D.) values of three replicates.

2.6. Responses of IRAK-M to GCRYV infection

Total RNA was extracted from six tissues (middle kidney, head
kidney, liver, intestine, spleen, and gill) of three grass carp at different
days after GCRV infection (1, 2, 3, 4, 5, and 6 days) and then reverse-
transcribed to obtain ¢cDNA as described above, which was used to
examine the responses of IRAK-M to GCRV infection. The S-actin gene
was used as a reference gene. Relative expression levels were calculated
as the ratio of gene expression in the infected grass carps at each time
point (1, 2, 3, 4, 5, and 6 days after GCRV infection) relative to that in
the uninfected fish (0). Data were represented as mean *+ S.D. values
of three replicates. The significant difference (p < 0.05) between the
control and treated groups at each time point was determined by
Student's t-test.

2.7. Responses of IRAK-M and inflammatory cytokines in CIK cells after
poly(I:C) stimulation

CIK cells seeded in six-well plates were stimulated with poly(I:C)
(sigma, USA) at a final concentration of 20 pug/ml or phosphate-buffered
saline (PBS) as control groups. Cells from each group were harvested at
3, 8, 24, 36, and 48 h post poly(I:C) stimulation. To further investigate
the regulatory functions of IRAK-M gene in innate immunity, siRNA was
performed to eliminate the expression of IRAK-M as following method.
CIK cells seeded in six-well plates were transfected with siRNA by using
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Fig. 1. Neighbour-joining phylogenetic tree analysis of IRAK-M. The tree was constructed based on amino acid sequences of grass carp IRAK-M and 11 orthologs
using MEGA 7.0 software and the bootstrap values of the branches were obtained by testing the tree 1000 times.

the Lipofectamine™ 3000 Reagent (Imvitrogen, USA), according to the
manufacturer's instructions. Firstly, the medium was renewed by 1.5 ml
DMEM without fetal bovine serum and penicillin-streptomycin before
transfection. Secondly, 5 pl Lipofectamine™ 3000 Reagent was diluted
in 125l Opti-MEM™ Medium and 2.5 pug siRNA was diluted in 125 pl
Opti-MEM™ Medium, then mixed them and incubated for 10 min at
room temperature. Thirdly, the siRNA-lipid complex was added to cells
gently and incubated for 12h. Then the medium was renewed by
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin for
another 12 h. After that poly(I:C) stimulation was carried out for 12 h,
and then cells were harvested and total RNA was extracted and reverse
transcribed to cDNA. The cDNA was used as a template for QqRT-PCR to
determine the expression levels of IRAK-M and inflammatory cytokines
(IL-8, IL-6, and TNF-a). The specific primers for qRT-PCR and sequences
of siRNA were listed in Table S1. Data were represented as mean =+
S.D. values of three replicates. The significant difference (p < 0.05)
between the control and treated groups at each time point was de-
termined by Student's t-test.

2.8. Dual-luciferase activity assays

Plasmid pCMV-HA-IRAK-M was constructed as following method.
Firstly, plasmid pCMV-HA was linearized with EcoRI and Kpn I (NEB,
USA), and products were recovered by gel cutting and purification.
Secondly, IRAK-M ORF from grass carp were amplified by specific
primers (sequences were listed in Table S1) which were designed by CE
Design (http://www.vazyme.com). Lastly, linearized pCMV-HA to-
gether with IRAK-M ORF was incubated at 37 °C for 30 min and then
incubated on the ice straightway, according to the manufacturer's in-
structions of ClonExpress kit (Vazyme, USA). Sequences of the resulting
plasmids were verified by DNA sequencing.

CIK cells were seeded in each well of 24-well plate with 300 pul
DMEM before transfection and incubated at 28°C overnight.
Subsequently, the cells were transfected by the mixture containing
200 ng of pNF-kB-TALuc (Beyotime, Jiangsu, China) that carries four
tandem copies of the NF-kB binding consensus sequence (GGGAATT
TCC) fused to a pTA promoter, 300 ng of pCMV-HA-IRAK-M or empty
vector (pCMV-HA, Clontech, USA), 5ng of pRL-TK Renilla plasmid
(Promega) and 1 pl of Lipofectamine 3000 (Invitrogen) as the method
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described above. Then cells were lysed by 100 ml of 1x Passive Lysis
Buffer (Promega) and luciferase activities were detected by using a
Dual-Luciferase Reporter Assay System (Promega). Data were re-
presented as mean * S.D. values of three replicates. The significant
difference (p < 0.05) between the control and treated groups at each
time point was determined by Student's t-test.

2.9. Subcellular localisation of IRAK-M and related proteins

To analyse the subcellular localisation of IRAK-M, IRAK-M-pDsRed
vector was constructed as the method described above. The day before
transfection, CIK cells were plated evenly in six-well plates with glass
bottoms for 24 h to 70-80% confluence. Then, the vectors were tran-
siently transfected into the CIK cells as the method described above. At
24 h post-transfection, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and stained with Hoechst 33342
(Beyotime, China). The CIK cells were observed using the UltraVIEW
VOX confocal system (PerkinElmer, Fremont, CA, USA) and a 63 X oil
immersion objective lens.

To further investigate the relationship between IRAK-M and related
proteins, TRAF6-pEGFP, IRAK1-pEGFP, and MyD88-pEGFP vectors
were constructed as the method described above. Then, the EGFP-tag
plasmids were transfected into CIK cells together with IRAK-M-pDsRed,
respectively as described above.

2.10. Validation of the interaction between IRAK-M and related proteins

TLRs play crucial roles for host to recognize and defense against
pathogens in fishes [37]. IRAK proteins have been identified as fatal
regulators involved in TLRs signaling pathways via binding or dis-
sociating with MyD88 and TRAF6 in mammals in recent years. In order
to further understand the functions of IRAK-M protein, the bimolecular
fluorescence complementation (BiFC) system was introduced to detect
whether IRAK-M could interact with TRAF6, IRAK1, and MyD88.
Briefly, the ORF sequences of TRAF6, IRAK1, MyD88, and IRAK-M
(amplified by the primers listed in Table S2) were cloned from grass
carp and inserted into the pMN155 and pMC156 plasmids, respectively.
The final plasmids were named pTRAF6-MN155, pIRAK1-MN155,
pMyD88-MN155, and pMC156-IRAK-M, which contained the N-
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Fig. 2. Tissue distribution of IRAK-M
and expression pattern following
GCRV infection. RNA was isolated
from the middle kidney (MK), head
kidney (HK), liver (L), intestine (I),
spleen (S), and gill (G) and subjected to
qRT-PCR analysis. A. Relative expres-
sion levels of IRAK-M were calculated
on the basis of the ratio of gene ex-
pression in the different tissues relative
to that in the middle kidney. The ex-
pression levels of B-actin were used as
an internal control. B-G. Expression le-
vels of IRAK-M in the healthy group
(day 0) were set to 1. -actin was used
as an internal control to normalize the
relative expression levels of the target
genes. The results were based on three
independent experiments and expressed
as mean =+ standard deviation (S.D.)
values. Significant difference
(p < 0.05) between the control and
treated group was indicated with as-
% terisks (*).

0od 1d 2d 3d 4d 5d 6d
Time post GCRYV infection (days)
Intestine

n
o

o

o

0d

Gill

id 2d 3d 4d 5d 6d
Time post GCRYV infection (days)

terminal of mNeptune (mNeptune aa 1-155, MN155) and C-terminal of
mNeptune (mNeptune aa 156C-terminal, MC156), respectively. Then,
plasmids pTRAF6-MN155, pIRAK1-MN155, and pMyD88-MN155 were
transfected into CIK cells alone or together with pMC156-IRAK-M as
described above. At 24 h post-transfection, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, and stained
with Hoechst 33342 (Beyotime, China). The CIK cells were observed
using the UltraVIEW VOX confocal system (PerkinElmer, Fremont, CA,
USA) and a 63 X oil immersion objective lens.

od

1d 2d 3d 4d 5d 6d
Time post GCRYV infection (days)

3. Results
3.1. Molecular characterisation and phylogenetic analysis of IRAK-M

The full length ¢cDNA of IRAK-M (Genbank accession number:
MH590729) is 2172 bp long, with a 1851 bp ORF encoding a predicted
polypeptide of 616 amino acids, 144 bp 5’ UTR, and 177 bp 3’ UTR. The
SWISS-MODEL was used to predict the tertiary structure of grass carp
IRAK-M proteins, and the SPDBV software was used to display the
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Fig. 3. Analysis of IRAK-M and related gene expression after poly(I:C) stimulation. RNA was isolated from each cells group (3, 8, 24, 36, and 48 h post poly(I:C)
stimulation) subjected to qQRT-PCR analysis. Expression levels of these genes in the PBS group at each point were set to 1. f-actin was used as an internal control to
normalize the relative expression levels of the target genes. The results were based on three independent experiments and expressed as mean *+ standard deviation
(S.D.) values. Significant difference (p < 0.05) between the control and treated group was indicated with asterisks (*).

predicted tertiary structure diagram. As showed in Fig. S1, IRAK-M
protein contained typical a-helices and f-sheets. Structure analysis re-
vealed that IRAK-M consists of a conserved kinase domain (KD, aa
156-433) flanked by an N-terminal DD domain (aa 20-99) involved in
binding to other IRAK family members [11]. Sequence alignment
showed that the DD domain and KD domain were both well conserved
in fishes. Besides, compared to mammalian IRAK-M, a C-terminal do-
main of Leucine-rich repeat (LRR, aa 559-587) was predicted in grass
carp IRAK-M protein. Evolutionary relationship analysis based on the
full-length amino acid sequences of IRAK-M in other species revealed
that IRAK-M could be classified into two groups: IRAK-M proteins from
the fishes fell into one branch; IRAK-M proteins from mammals fell into
another branch. IRAK-M from grass carp was closely related to that of
C. carpio, and D.rerio. (Fig. 1).

3.2. Tissue distribution of IRAK-M in healthy grass carp

Six tissue samples (middle kidney (MK), head kidney (HK), liver (L),
intestine (I), spleen (S), and gill (G)) were isolated from three healthy
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grass carps for qRT-PCR to analyse the tissue distribution of the IRAK-M
gene in grass carp. As shown in Fig. 2A, IRAK-M was mainly enriched in
the spleen and far more than the second high expression levels in the
liver. IRAK-M expressed the lowest in the middle kidney.

3.3. Analysis of IRAK-M expression following GCRV infection

To determine whether IRAK-M is involved in the innate immune
responses to GCRV infection, a viral challenge experiment was per-
formed and samples were collected for qRT-PCR analysis.

Following GCRV stimulation, IRAK-M mRNA expression levels were
altered in all the detected tissues. In the liver, IRAK-M were upregulated
on day 1, subsequently, slightly reduced, then sharply upregulated
again and peaked on day 4, afterward decreased at the late stage. In the
middle kidney, IRAK-M were downregulated on the first two days after
GCRV infection, then, increased steadily and reached the peak on the
day 6. IRAK-M mRNA expression levels were suppressed significantly
during all the detected time in the other tissues (Fig. 2B-G).
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Fig. 4. Functional analysis of IRAK-M in CIK
cells. IRAK-M deficient CIK cells were generated
with siRNA. RNA was isolated from each treated
cells group and subjected to qRT-PCR analysis.
The expression levels of these genes in the con-
trol group were set to 1. B-actin was used as an
internal control to normalize the relative ex-
pression levels of the target genes. The results
were based on three independent experiments
and expressed as mean =+ standard deviation
(S.D.) values. Significant difference (p < 0.05)
between the control and treated group was in-
dicated with asterisks (*).

N siRNA-scramble
[ siRNA-IRAK-M

0.0 T

W siRNA-scramble
IL'6 [ siRNA-IRAK-M 120

*
[

90 ~

w

60 -

Relative gene expression
(Fold-change)
N
Relative gene expression
(Fold-change)

30 A

=3
)

Mock

TNF-a

pon(I:C',)

W siRNA-scramble
[ siRNA-IRAK-M

*
[

poly(I:é)

pCMV-HA-IRAK-M
pNF-kB-Luc

Mock

800 4

600

400

200 +

Relative luciferase activity

pCMV-HA
PNF-kB-Luc

Fig. 5. Activation of the promoter activity of NF-kB by IRAK-M. NF-xB
activity is monitored by a pNF-kB-TA-Luc reporter system in CIK cells co-
transfected with pCMV-HA-IRAK-M or empty vector (pCMV-HA). Renilla luci-
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3.4. Functional analysis of IRAK-M in CIK cells

In order to explore the functions of IRAK-M during innate immunity,
the mRNA expression levels of IRAK-M, IL-8, MyD88, IL-6 and TNF-a
were detected after poly(I:C) stimulation in CIK cells. As shown in
Fig. 3, compared with the control, the expression levels of IRAK-M, IL-8,
MyD88, IL-6, and TNF-a were significantly upregulated following poly
(I:C) stimulation.

To further assess the regulatory effects of IRAK-M on innate immune
regulation, IRAK-M deficient CIK cells were generated using siRNA
(Fig. 4A), and expression levels of IL-8, IL-6, and TNF-a were in-
vestigated after poly(I:C) stimulation in deficient CIK cells. As shown in
Fig. 4, compared to the controls, expression of IL-8, IL-6, and TNF-a
were all significantly heightened. Taken together, these results suggest
that IRAK-M is a negative regulator of inflammatory cytokines.

3.5. Activation of the promoter activity of NF-xkB by IRAK-M

To analyse the role of grass carp IRAK-M in NF-kB signal path,
further experiments were performed. The plasmids pCMV-HA-IRAK-M
and pNF-kB-Luc were co-transfected into CIK cells for 24 h, and then the
NF-kB activity was detected by luciferase activity assay. As shown in
Fig. 5, the results showed that IRAK-M up-regulated the promoter ac-
tivity of NF-xB.

3.6. Subcellular localisation of IRAK-M and related proteins

To investigate the subcellular localisation of the IRAK-M protein,
CIK cells were transfected with IRAK-M-pDsRed plasmids, and then
fluorescence was observed at 24h post-transfection. The empty
pDsRed2-C1 plasmids were also transfected at the same time as the
negative control. IRAK-M-pDsRed was strongly distributed uniformly
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Fig. 6. Subcellular localisation of IRAK-M and related gene in CIK cells.
Cells were transfected with the plasmids (IRAK-M-pDsRed, TRAF6-pEGFP,
IRAK1-pEGFP, MyD88-pEGFP), and fluorescence was observed at 24 h post-
transfection. Red/Green fluorescence showed the distribution of pDsRed/EGFP-
tagged proteins, and blue fluorescence showed the nucleus stained with
Hoechst 33342 under a 63 X oil immersion objective lens (scale bar, 20 pm).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

throughout the entire cell, the same as pDsRed2-C1 (Fig. 6A). In order
to exclude the false positive results caused by the degradation of IRAK-
M protein, IRAK-M-pEGFP was also constructed and transfected into
CIK cells, the results showed the same pattern with IRAK-M-pDsRed
(Fig. S3).

Further, the relationship between IRAK-M and related proteins was
investigated by subcellular localisation. Firstly, TRAF6-pEGFP, IRAK1-
pEGFP, and MyD88-pEGFP were transfected into CIK cells alone, re-
spectively. As shown in Fig. 6B, TRAF6 and IRAK1 were strongly dis-
tributed uniformly in the cytoplasm, while MyD88 was presented as
spot and only observed in the cytoplasm surrounding the cell nucleus.
Moreover, the EGFP-tag plasmids were transfected into CIK cells to-
gether with IRAK-M-pDsRed, respectively. As shown in Fig. 7, no or
only little co-loclisation was observed between TRAF6 or IPAK1 and
IPAK-M. However, when cotransfection of IRAK-M-pDsRed and MyD88-
PEGFP, a remarkably bright signal occurred in the colocalisation of
IRAK-M and MyD88, suggesting that MyD88 could recruit and relocate
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IRAK-M protein.
3.7. Interaction between IRAK-M and MyD88

In the present study, the mNeptune-based BiFC system was used to
visualize the interaction of TRAF6, IRAK1, and MyD88 with IRAK-M in
living cells. When pTRAF6-MN155 and pIRAK1-MN155 were trans-
fected into CIK cells alone or together with pMC156-IRAK-M, no
fluorescence signal was observed (data not shown). However, co-
transfection of pMyD88-MN155 and pMC156-IRAK-M resulted in a
bright red mNeptune fluorescence signal in the cytoplasm surrounding
the cell nucleus (Fig. 8). The bright red mNeptune fluorescence signal
was not observed when it came to transfection of pMyD88-MN155 or
PMC156-IRAK-M alone. Thus, the results further confirmed that IRAK-
M interacted with MyD88 in CIK cells.

4. Discussion

TLRs family plays an important role in the innate immunity of
vertebrate and invertebrate by recognizing a series of highly conserved
pathogenic microorganism structures, termed pathogen-associated
molecular patterns (PAMPs) [38,39]. The signaling pathway of TLRs
are MyD88-dependent (except TLR3) and could induce inflammatory-
cytokine production via nuclear factor-kB (NF-xB) activation. IRAKs
family is known as a regulator in signaling cascades of the TLR. In
mammals, the N-terminal DD of IRAK proteins could form a signal
transduction complex with MyD88, maintain interactions with down-
stream proteins such as TRAF6 to initiate signaling, in which IRAK1
was phosphorylated and activated by autophosphorylated IRAK4 [6].
Then, activated IRAK1 dissociates from the MyD88 complex and as-
sociates with TRAF6, facilitating the activation of NF-kB [4]. IRAK1,
IRAK2, and IRAK4 play positive roles while IRAK-M acts as a negative
regulator in this signaling pathway. Interestingly, no IRAK2 protein has
yet been identified in any fish species, and our results also support the
notion that teleost IRAK separated into IRAK-1, M and 4 before the
separation of IRAK-2, implying that the IRAK family members may have
not diverged fully in the lower vertebrates [26], and function as a little
different roles with mammals. In the present study, IRAK-M gene was
identified in grass carp and investigated. In vertebrates, the N-terminal
death domain (DD) of IRAK family is conserved in a wide range of
species. In the study, a DD domain (aa 19-95) in the N-terminal and
catalytic domain (aa 162-437) in the central were also predicted.
Phylogenetic analysis and multiple sequence alignments analysis re-
vealed that IRAK-M from grass carp showed the closest relationship and
high homology (85%) with the homologues from C. carpio, while low
homology (35%) with human, its well conserved cDNA sequence in
teleost indicates IRAK-M is likely to be ancestral needs.

In contrast to other human IRAK members, whose expression are
ubiquitous, the expression of IRAK-M is predominantly in the spleen
and lung, and limited mostly to cells of the monocytic lineage [11].
Murine IRAK-M has been shown to be expressed in many cell types
occurring most predominantly in the liver and thymus [40]. In the
present study, grass carp IRAK-M was mainly detected in the spleen
which is the main innate immune tissue in teleost, suggesting an im-
portant immune function of IRAK-M. To our surprise, IRAK-M mRNA
expression levels were suppressed significantly during all the detected
time except that in the liver and the middle kidney after GCRV stimu-
lation (Fig. 2). Besides, Remarkable fluctuation of IRAK-M in response
to GCRV infection in the liver and the middle kidney was also observed
(Fig. 2), which indicated IRAK-M plays an important role in innate
immunity. RNAi in CIK cells is an effective way to analysis gene func-
tion in vivo [41,42]. In the present study, IRAK-M deficient CIK cells
were generated to assess the regulatory effects of IRAK-M on innate
immune responses. As shown in Fig. 4, the significantly heightened
expression of IL-8, IL-6 and TNF-a after poly(I:C) stimulation in IRAK-M
deficient CIK cells suggested that IRAK-M acts as a negative regulator of
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inflammatory cytokines. It is a pity that we did not get the antibody of
IRAK-M, so the changes of IRAK-M protein in respond to GCRV or poly
(I:C) could not be detected in the study. There are mounting evidences
that NF-xB plays an important role in immune regulation system [43].
Hao Zhou found that IRAK-M was also able to interact with My-
D88-IRAK-4 to form IRAK-M Myddosome to mediate TLR7-induced
MEKK3-dependent second wave NF-kB activation [44]. In the present
study, the same intriguing finding was also observed that the promoter
activity of NF-kB could be activated by IRAK-M (Fig. 5).
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Fig. 7. Colocalisation of IRAK-M with related
gene in CIK cells. Cells were transfected plasmids
TRAF6-pEGFP, IRAK1-pEGFP, MyD88-pEGFP
with IRAK-M-pDsRed, and fluorescence was ob-
served at 24 h post-transfection. Green fluores-
cence showed the distribution EGFP-tagged
proteins, red fluorescence showed the distribu-
tion of IRAK-M protein, and blue fluorescence
showed the nucleus stained with Hoechst 33342
under a 63 X oil immersion objective lens (scale
bar, 20 um). (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

Fig. 8. Imaging of the protein-protein in-
teraction by using far-red mNeptune-based
BiFC in vivo. Plasmids pMyD88-MN155 and
PMC156-IRAK-M were transfected into CIK
cells alone or together. In the BiFC system,
the fluorescence of the mNeptune channel
was red, and the nucleus was stained with
Hoechst 33342. The images were acquired
using fluorescence microscopy and a
63 x oil immersion objective lens (scale
bar, 20 um). (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

TLRs were well known as the crucial roles for host to recognize and
defense against pathogens in fish. Besides, more than 20 TLRs were
detected in fish, including the orthologous to mammals (TLR1, 2, 3, 4,
5, 7, 8, and 9) and only existed in fish (TLR11, 12, 13, 14, 21, 22, and
23) [37,45]. IRAKs proteins have been identified as a vital regulator
involved in TLRs signaling pathways via binding or dissociating with
MyD88 and TRAF6 in mammals in recent years [4,6,and 7]. As men-
tioned previously, IRAK-M protein generally acts as a negative reg-
ulator of NF-kB activation in TLR signaling by its adaptor roles [22].
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The subcellular localisation showed that IRAK-M protein was dis-
tributed uniformly throughout the entire cell. Interestingly, when co-
transfected with MyD88, a remarkably bright signal occurred in the
colocalisation of IRAK-M and MyD88 (Fig. 7), suggesting that MyD88
could recruit and relocate IRAK-M protein. To confirm this hypothesis,
BiFC system was used to visualize the interaction of MyD88 with IRAK-
M in CIK cells. Only co-transfection of pMyD88-MN155 and pMC156-
IRAK-M could result in a bright red mNeptune fluorescence signal in the
cytoplasm surrounding the cell nucleus (Fig. 8). Thus, the results fur-
ther confirmed that IRAK-M interacted with MyD88 in CIK cells [4,11].
IRAK1/2-double deficient mice expresses significantly higher IL-6 and
TNF-a than that of IRAK1/2/M-triple deficient mice, together with our
results suggest that IRAK-M is potential to become activated like other
IRAK proteins and serve as a functional kinase [11,44].

In summary, the full-length cDNA of IRAK-M from grass carp was
cloned and the transcriptional regulation pattern upon GCRV and poly
(I:C) were described and discussed. Furthermore, among three crucial
adaptor molecules, MyD88 protein was detected to recruit and interact
with IRAK-M in CIK cells by subcellular localisation and BIFC system.
Besides, deficient of IRAK-M in CIK cells with siRNA upregulated poly
(I:C)-induced cytokines IL-8, IL-6, and TNF-a, which reveals that IRAK-
M functions as a negative regulator of inflammatory cytokines. Our
results demonstrate that IRAK-M gene plays an important role in innate
immune regulation and will provide new insights into understanding
the functional characteristics of the IRAK-M in teleosts.
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