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A B S T R A C T

MEK dual-specificity protein kinases are a group of mitogen-activated protein kinase kinases, which act as an
integration point by transferring extracellular signals to the nucleus. To investigate the function of MEK in
teleost fish, we cloned MEK1 and MEK2 cDNA sequences from the orange-spotted grouper (Epinephelus coioides).
EcMEK1 and EcMEK2 shared 80% amino acid identity with each other. EcMEK1 had 89–99% amino acid
identity with teleosts or mammals, whereas EcMEK2 shared 85–97% amino acid identity. The exon structures of
the grouper MEK1/2 genes were conserved with zebrafish and human MEK1/2. Tissue distribution analysis
showed that EcMEK1 and EcMEK2 had a similar expression pattern in grouper tissues and was mainly transcribe
in systemic immune organs. Both EcMEK1 and EcMEK2 were distributed throughout the cytoplasm of trans-
fected GS or HEK293T cells. Overexpression of EcMEK1 or EcMEK2 activated Activator protein 1 dependent
luciferase. The phosphorylation levels of EcMEK1/2 and EcERK1/2 were significantly increased in head kidney
leukocytes by stimulation with PMA treatment. The grouper MEK1/2-ERK1/2 axis was activated in Cryptocaryon
irritans infection and showed an enhanced phosphorylation after immunization.

1. Introduction

Mitogen-activated protein kinase (MAPK) signaling pathways are
responsible for the regulation of cell growth and differentiation and are
activated by a variety of extracellular stimulations [1–3]. In mammals,
there are at least four distinct groups of MAPK signaling cascades: the
extracellular signal-regulated kinase (ERK), the c-Jun N-terminal ki-
nases (JNK), the p38 MAP kinase, and the ERK5 groups [4–7]. The
MAPKs are inactive in their base form and activated by the phosphor-
ylation of a characteristic TxY (threonine-x-tyrosine) motif (TEY in
ERK1/2, TPY in JNKs, TGY in p38, and TDY in ERK5) [8].

Dual-specificity protein kinases (MEK1 and MEK2), also known as
dual-specificity mitogen-activated protein kinase kinases, are specific
ERK1/2 activators [9]. Structurally, both MEK1 and MEK2 contain a
dual-specificity protein kinase (PK) catalytic domain, which can phos-
phorylate and activate the specific TEY motif in ERK1/2 [10]. There are
two regions between MEK1 and MEK2 that show reduced homology: (1)
the N terminus region, which was reported to be an ERK-binding site,
and (2) the proline-rich region, which is required for signaling complex

formation and ERK activation [11–14].
In mammals, although MEK1 and MEK2 share almost 80% amino

acid identity and 90% amino acid similarity, the functions of MEK1 and
MEK2 are not the same. Only MEK1 but not MEK2 can form a signaling
complex with RAS and c-RAF in NIH 3T3 fibroblasts, suggesting that
the RAS signaling pathway preferentially activates MAPK via MEK1
[14]. Moreover, MEK1-deficiency in mice leads to embryonic lethality
whereas MEK2 mutant mice are viable and fertile [15,16]. These stu-
dies also showed that MEK1 but not MEK2 is responsible for placenta
development and suggests that MEK2 is functionally redundant. In
addition, the MEK1/2-ERK1/2 signal pathway plays an important role
in inflammation response by mediating the production of inflammatory
factors such as interleukin (IL)-1β, IL-8, and tumor necrosis factor-α
(TNF-α) [17,18].

In fish, although many MEK1/2 sequences have been released in
public network databases, the functional analysis of fish MEK1/2 was
mainly focused on zebrafish [19–22]. As a model organism, zebrafish is
suitable to study the function of MEK1/2 in development. A recent
study on Clarias gariepinus found that Aeromonas hydrophila-infected
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head kidney macrophages induced an increase in the phosphorylation
level of MEK1/2-ERK1/2, and suggested that A. hydrophila infection
mediated the cPKC-MEK1/2-ERK1/2-TNFa axis by the alteration of
cytosolic calcium [23]. However, the activation of MEK1/2 was poorly
illustrated in other fish infected with pathogens.

The MAPK signaling pathway plays a central role in B cell activation
and inflammation response [24–28]. Our previous studies showed that
the B cell antigen receptor signal pathway and early inflammation were
involved in response to Cryptocaryon irritans infection [29–34]. Re-
cently, we cloned the ERK1/2 cDNA sequences from grouper and ana-
lyzed their expression pattern in response to infection by C. irritans
[35]. To further this research, we cloned the MEK1 and MEK2 cDNA
sequences from the orange-spotted grouper (Epinephelus coioides) and
analyzed the expression pattern of EcMEK1 and EcMEK2 in various
tissues. Localization of EcMEK1/2 was determined and a luciferase
reporter assay was performed. Grouper head kidney leukocytes (HKLs)
treated with phorbol 12-myristate 13-acetate (PMA) showed an in-
crease in the phosphorylation level of EcMEK1/2 and EcERK1/2. The
phosphorylation level of MEK1/2 and ERK1/2 could be induced by C.
irritans infection, suggesting grouper MEK-ERK was activated in the
immune response to parasitic infection.

2. Materials and methods

2.1. Fish

Healthy orange-spotted groupers (15.4 ± 1.2 g) were purchased
from the Marine Fisheries Development Center of Guangdong Province,
Guangdong, China, and maintained at 24 °C in a flow-through water
system (300 L) as described previously [36]. Samples of the thymus,
gill, head kidney, skin, muscle, liver, spleen, fore intestine, mid intes-
tine, hind intestine, stomach, trunk kidney, heart, and brain tissues
were taken from the groupers for tissue distribution analysis. All sam-
ples were immediately frozen in liquid nitrogen and stored at −80 °C.

2.2. C. irritans infection and grouper immunization

C. irritans were originally isolated from an infected Trachinotus
ovatus obtained from a local farm in Daya Bay, Guangdong Province,
China, and cultured using T. ovatus as a host, as described previously
[33] with minor modification. Immune groupers (n=30) were pre-
pared by exposure to living C. irritans theronts every 2 weeks at a dose
of 4000 theronts per fish in the dark for 2 h and then transferred into a
clean tank every 3 days to avoid secondary infection. The uninfected
fish were also transferred. Six weeks after the first immunization, both
the uninfected groupers and immune groupers were challenged with
living C. irritans theronts at a dose of 12,000 theronts per fish. After
anesthesia with MS-222, the skin near the dorsal fin of each group was
sampled at 3 days post-challenge. Meanwhile, skin samples from con-
trol groupers were collected as negative controls.

2.3. RNA extraction and cDNA synthesis

Total RNA from healthy grouper samples was extracted using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA). cDNA for expression analysis
was synthesized from total RNA from all collected samples using a
ReverTra Ace-a-Kit (Toyobo, Katata, Ohtsu, Japan). cDNA for obtaining
the full-length grouper MEK1 and MEK2 was synthesized from total
RNA of healthy grouper spleen using a SMARTer™ RACE cDNA
Amplification Kit (Clontech, Palo Alto, CA, USA).

2.4. Cloning of gene sequences

Expressed sequence tag (EST) sequences of MEK1 and MEK2 were
identified from grouper transcriptome data using the BLASTx program
[32]. However, both MEK1 and MEK2 were short of their 5′ regions. To

obtain the 5′ unknown regions of MEK1 and MEK2, the primers MEK1
5′GSP1/UPM and MEK1 5′GSP2/NUP, MEK2 5′GSP1/UPM and MEK2
5′GSP2/NUP (Table 1) were designed for primary and nested PCR to
obtain the full-length sequence of MEK1 and MEK2 from groupers.
cDNA was synthesized from healthy grouper spleen total RNA with the
SMARTer™ RACE cDNA Amplification Kit (Clontech) following the
manufacturer's protocol. The amplification protocol was performed as
follows: (98 °C, 10 s; 65 °C, 15 s; 72 °C, 2min)× 35 cycles, and one
cycle of 72 °C for 5min. The open reading frame (ORF) of MEK1 and
MEK2 was amplified using the primers MEK1 ORF F/R and MEK2 ORF
F/R (Table 1). The amplification protocol was performed as follows:
(98 °C, 10 s; 59 °C, 15 s; 72 °C, 2min)× 35 cycles, and one cycle of
72 °C for 5min. The amplification products were purified and ligated
into pEASY-Blunt Cloning Vector (TRANS, Beijing, China) for sequen-
cing.

2.5. Gene structure and phylogenetic analysis

The ORF of EcMEK1 and EcMEK2 were searched using ORF finder
(https://www.ncbi.nlm.nih.gov/orffinder/). The theoretical isoelectric
point (pI) and molecular weight (Mw) of EcMEK1 and EcMEK2 were
predicted using the Compute pI/Mw tool (http://web.expasy.org/
compute_pi/). Conserved domains were searched in the CDD tool
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The gene
information of human and zebrafish MEK1/2 was downloaded from
NCBI, and the gene sequences of grouper MEK1 and MEK2 were kindly
provided by Dr. Zhao Mi (unpublished genome data). Alignment and
phylogenic analysis of EcMEK1 and EcMEK2 were performed using the
MEGA 5.04 program. All GeneBank accession numbers used in this
study are listed in Supplementary Table 1.

2.6. Tissue distribution analysis

The expression level of EcMEK1 and EcMEK2 in various tissues was
determined using the SYBR Green Real-time PCR Master Mix (Toyobo)
as previously described [29]. Gene-specific primers of EcMEK1 and
EcMEK2 (MEK1 RTF/R and MEK2 RTF/R in Table 1) were used in real-
time PCR. β-actin primers (β-actin F/β-actin R) were used to amplify
the reference gene. The cycling protocol was: 94 °C for 2min and (94 °C,
15 s; 58 °C, 15 s; 72 °C, 20 s)× 40 cycles. Melting curve analysis and

Table 1
Primers used in this study.

Primer Sequence (5′ to 3’)

MEK1 5’GSP1 CCTGGTCTCCCAGGGGGCCGTGG
MEK1 5’GSP2 ACAGATCTTTTCAAAGTCATCG
MEK2 5’GSP1 CAGTGCCGCGGGTCGGAGTACTG
MEK2 5’GSP2 TCTTCTGGGATTCTTCTGGCTTCC
MEK1 ORF F CAGCCCGTGTGTTTCTACAGCAGCA
MEK1 ORF R CCCATAATACAAACCCAGTCACCAG
MEK2 ORF F CATTAGCAGCTTCCTAGCTCA
MEK2 ORF R TTATGTGTATGCAAGCAAGACC
MEK1 RT F AGAAGAGAAGGAAGCCAGAGCC
MEK1 RT R TCCCACCTTCTGCTTCTGTGTCAGG
MEK2 RT F CTGCTAAAAAAAGACCCGTTCCC
MEK2 RT R CCCAACCTGAGCTTTCTGGGTGAGA
MEK1 EGFP F tcgagctcaagcttcgaattcATGCAGAAGAGAAGGAAGCCAG
MEK1 EGFP R1 ggatcccgggcccgcggtaccGTCATTGCTGTGCCATGGGT
MEK1 EGFP R2 ggatcccgggcccgcggtaccTCACATTGCTGTGCCATGGGT
MEK2 EGFP F tcgagctcaagcttcgaattcATGCCTGCTAAAAAAAGACCCG
MEK2 EGFP R1 ggatcccgggcccgcggtaccGTCTCAGTGCCGCGGGTC
MEK2 EGFP R2 ggatcccgggcccgcggtaccTCACTCAGTGCCGCGGGTC
UPM Long: CTAATACGACTCACTATAGGGCAAG

CAGTGGTATCAACGCAGAGT
Short: CTAATACGACTCACTATAGGGC

NUP AAGCAGTGGTATCAACGCAGAGT
β-actin F TGCTGTCCCTGTATGCCTCT
β-actin R CCTTGATGTCACGCACGAT
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sequencing were used to detect the specificity of PCR products. The PCR
products were verified by sequencing. All samples were analyzed in
triplicate. The expression of the target gene was normalized to the β-
actin gene and calculated with the 2−ΔΔCt method [37].

2.7. Subcellular localization

Plasmids (pEGFP-EcMEK1-SL and pEGFP-EcMEK2-SL) used for
subcellular localization were constructed by amplification with primers
MEK1 EGFP F/R1 and MEK2 EGFP F/R1 (Table 1), which contain 20-bp
end sequences identical to pEGFP-N1 at the 5′-termini, respectively.
pEGFP-N1 were double-digested using EcoRI and KpnI to generate
linearized pEGFP-N1. The PCR product was mixed with linearized
pEGFP-N1 and ligated using a ClonExpress Ultra One Step Cloning Kit
(Vazyme, China) following the manufacturer's protocol. The pEGFP-
EcMEK1-SL and pEGFP-EcMEK2-SL plasmids were extracted using an
E.Z.N.A. Endo-free Plasmid Mini Kit (Promega, Madison, WI, USA) for
subsequent transformation.

Culture and transfection of GS and HEK293T cells were performed
as previously described [30,38] with some modifications. Briefly, GS
cells were cultured in Leibovitz's L-15 medium containing 10% fetal
bovine serum at 27 °C. HEK293T cells were cultured in Dulbecco's
Minimum Essential Medium containing 10% fetal bovine serum at 37 °C
under 5% (v/v) CO2. At 90% confluence, pEGFP-EcMEK1-SL, pEGFP-
EcMEK2-SL, or pEGFP-N1 Endo-free plasmid (1 μg for each plasmid)
were transfected into GS or HEK293T cells using Lipofectamine™ 2000
Reagent (Invitrogen). Twenty-four hours after transfection, the cells
were fixed with 4% paraformaldehyde (Beyotime) for 15min and then
1mg/mL of 4′, 6-diamidino-2-phenylindole (DAPI) was added followed
by a further 5min incubation. The intracellular localization was ob-
served and photographed used an NIH-Elements System (Nikon, Tokyo,
Japan).

2.8. Luciferase reporter assay

Plasmids (pEGFP-EcMEK1-LR and pEGFP-EcMEK2-LR) used for the
luciferase reporter assay were constructed by amplification with pri-
mers MEK1 EGFP F/R2 and MEK2 EGFP F/R2. The luciferase reporter
assay was performed as described previously [30]. In brief, the pEGFP-
EcMEK1-LR (150 ng) and pEGFP-EcMEK2-LR plasmids (150 ng), and
pEGFP-N1 (150 ng) were co-transfected with 40 ng of Activator protein
1 (AP-1) dependent firefly luciferase reporter vector and 10 ng of Re-
nilla luciferase vector. Twenty-four hours after transfection, the cells
were collected and lysed for dual-luciferase reporter assay analysis
according to the manual. The relative luciferase activity was measured
by the ratio between firefly luciferase activity and Renilla luciferase
activity. All data were analyzed using SPSS 16.0 (SPSS, Chicago, IL,
USA) and expressed as mean ± SE.

2.9. Cells preparation and in vitro stimulation

Grouper HKLs were prepared as described [29] with some mod-
ification. After anesthesia with MS-222, the head kidney was isolated
and gently sieved through a 70-mm nylon mesh filter. After 5min in-
cubation, suspensions were filtrated again to remove cell masses and
overlaid on Ficoll-Paque PLUS (1.077 g/mL; GE Healthcare) with cen-
trifugation at 2500 rpm for 25min at 20 °C. The leukocyte layer was
collected and washed twice with PBS then cultured in L-15 (Gibco) at
28 °C. HKLs were treated with DMSO, 100 nM PMA (Selleck) or 200 nM
PMA for 15min at 28 °C and washed with PBS. Cells lysates were pre-
pared and western blotting analysis was performed as described below.

2.10. Western blotting

Total proteins of HKLs or skin were extracted using RIPA lysis buffer
(Beyotime) by adding an extra 1mM phenylmethanesulfonyl fluoride

(Beyotime) and 1mM pervanadate (Sigma). The supernatant was mixed
with SDS sample buffer and boiled for 10min. Protein samples were
electrophoresed and transferred to polyvinylidene fluoride (PVDF)
membranes as described previously [29]. The PVDF membranes were
blocked in 5% dried milk (diluted with PBST) for 1 h at room tem-
perature, followed by incubation with rabbit anti-MEK1/2 IgG (1:1000
dilution, CST), rabbit anti-pMEK1/2 IgG (1:1000 dilution, CST), rabbit
anti-ERK1/2 IgG (1:1000 dilution, CST), rabbit anti-pERK1/2 IgG
(1:1000 dilution, CST) or mouse anti-actin IgG (1:1000 dilution, Pro-
teintech) overnight at 4 °C with gentle shaking. Membranes were wa-
shed with PBST three times and incubated with goat anti-rabbit IgG
antibodies conjugated to horseradish peroxidase (HRP) or goat anti-
mouse IgG antibodies conjugated to HRP for 1 h at room temperature.
Membranes were washed in PBST three times and incubated with Su-
perSignal West Pico Chemiluminescent Substrate (Thermo), then ex-
posed and analyzed using the Tanon 5200 chemiluminescence imaging
analysis system (Tanon).

3. Results

3.1. Characteristics of EcMEK1/2 and phylogenetic analysis

The ORFs of EcMEK1 (GenBank no. MH685929) and EcMEK2
(GenBank no. MH685930) were 1188 and 1200 bp in length, which
encoded 395 and 399 amino acids with a theoretical pI of 6.19 and
6.16, and molecular mass of 43.85 and 44.24 kDa, respectively. Both
EcMEK1 and EcMEK2 sequences contained a PKc_MEK domain and a
proline-rich region (Fig. 1). EcMEK1 and EcMEK2 shared 80% amino
acid identity with each other. Homology analysis showed that EcMEK1
had 89%–99% amino acid identity with teleosts or mammals, while
EcMEK2 shared 85%–97% amino acid identity. Both EcMEK1 and
EcMEK2 shared the highest amino acid identity with the Asian seabass
Lates calcarifer MEK1 or MEK2 (Table 2). Similar to the human and
zebrafish MEK1/2 genes, grouper MEK1 and MEK2 had conserved exon
structures (Fig. 2). Both grouper MEK1 and MEK2 genes contained 11
exons. The exons sizes of the grouper MEK1 gene were 83, 211, 147, 80,
50, 125, 208, 65, 59, 46, and114 bp, while those of the grouper MEK2
gene were 89, 211, 147, 82, 48, 125, 214, 65, 62, 46, and 111 bp. The
phylogenetic tree indicated the formation of eight clades, which re-
present Mammalia MEK1, Aves MEK1, Reptilia MEK1, Teleostei MEK1,
Mammalia MEK2, Aves MEK2, Reptilia MEK2, and Teleostei MEK2, of
which EcMEK1/2 shared the closest homology with the Asian seabass
(Fig. 3).

3.2. Tissue distribution of EcMEK1/2 in healthy grouper

EcMEK1 and EcMEK2 had a similar expression pattern in grouper
tissues. Our results showed that EcMEK1/2 were transcribed in all tis-
sues tested and EcMEK1 showed the highest transcript levels in head
kidney, followed by spleen, gill, stomach, trunk kidney, fore intestine,
skin, heart, hind intestine, thymus, mid intestine, brain, muscle, and
liver. EcMEK2 showed the highest transcript levels in spleen, followed
by head kidney, gill, brain, thymus, mid intestine, heart, muscle, fore
intestine, skin, stomach, trunk kidney, hind intestine, and liver (Fig. 4).
Overall, EcMEK1/2 was mainly expressed in systemic immune organs.

3.3. Subcellular localization and luciferase reporter assay

Plasmids (pEGFP-EcMEK1-SL and pEGFP-EcMEK2-SL) used for
subcellular localization were successfully constructed and transfected
into grouper GS cells or human HEK293T cell. Green fluorescence was
observed. The results showed that both EcMEK1 and EcMEK2 were
distributed throughout the cytoplasm of transfected GS (Fig. 5A) or
HEK293T cells (Fig. 5B), while fluorescence was distributed throughout
the cytoplasm and nucleus in the mock-transfected cells. To study the
function of EcMEK1 and EcMEK2 in the activation of AP1, two plasmids
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Fig. 1. Alignment of MEK1 (A) and MEK2 (B). Gaps, show as dashes (——), had been introduced to maximize the alignment to the sequences. Residues identical in all
the sequences were shaded by black. The Pkc_MEK domain was indicated by black letters on a grey background. The conserved serine residues were indicated by
triangle. The proline-rich region was indicated by red box. All Gene Bank accession numbers used in this study are listed in Supplementary Table 1. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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pEGFP-EcMEK1-LR and pEGFP-EcMEK2-LR were constructed and dual-
luciferase reporter assays were performed. Compared with mock-
transfected cells, both EcMEK1 and EcMEK2 activated AP1, and
EcMEK2 showed an enhanced activity (Fig. 6).

3.4. PMA treatment increases the phosphorylation level of grouper MEK1/2
and ERK1/2

HKLs were isolated and treated with PMA for 15min and cell lysates
were probed with either anti-MEK1/2, anti-pMEK1/2, anti-ERK1/2,
anti-pERK1/2 or anti-actin antibodies. The phosphorylation level of
EcMEK1/2 and EcERK1/2 were increased in HKLs at a concentration of
100 nM or 200 nM PMA compared to the vehicle (Fig. 7). This sug-
gested that the grouper MEK1/2-ERK1/2 axis could be triggered by
PMA stimulation.

3.5. Activation of MEK-ERK post-C. irritans infection

To study whether grouper MEK-ERK was activated in C. irritans
infection, immune groupers were prepared by exposure to a low dose of
living C. irritans (4000 theronts per fish) for three times and then
challenged with 12,000 theronts per fish. Skin was collected from the
immune groupers, infected groupers (challenged with 12,000 theronts
per fish for the first time), and negative control groupers, and the total
protein level and phosphorylation level of MEK1/2 and ERK1/2 were
detected. The phosphorylation level of MEK1/2 and ERK1/2 were sig-
nificantly upregulated in the infected skin and immune skin, while the
immune skin showed an enhanced signal (Fig. 8). The total protein level
of ERK1/2 was upregulated in the infected skin and immune skin, while
MEK1/2 was only upregulated in the immune skin but not in the in-
fected skin. Taken together, the results indicated that infection of C.
irritans activated MEK1/2 and ERK1/2 in grouper skin.

4. Discussion

In this study, we obtained MEK1 and MEK2 cDNA sequences from
orange-spotted grouper. EcMEK1 and EcMEK2 share a very high amino
acid identity with other vertebrate MEK1/2 molecules and both se-
quences had the highest amino acid identity with Asian seabass.
EcMEK1 and EcMEK2 share 80% amino acid identity with each other,

which is also found in mammals [10]. The exon structure of grouper
MEK1 and MEK2 is conserved between zebrafish and humans. In ad-
dition, as in mammals, there are two reduced homology regions be-
tween EcMEK1 and EcMEK2: an N terminus region and a proline-rich
region, which is required for the ERK-binding site and signaling com-
plex formation, respectively [11–14]. This suggests that fish MEK1/2
may have a similar function to that in mammals.

Although some studies involving MEK1/2 have been done in fish
[22,23], the expression pattern of MEK1/2 in fish tissue is rarely re-
ported. To further understand the tissue distribution of EcMEK1 and
EcMEK2, two pairs of gene-specific primers were designed from the 5′
region of EcMEK1 and EcMEK2 ORF sequences, and the transcript level
of EcMEK1 and EcMEK2 was detected in various tissues. Our results
showed that EcMEK1 and EcMEK2 had a similar expression pattern in
grouper tissues, and transcripts were mainly in the systemic immune
organs: head kidney and spleen, suggesting that EcMEK1 and EcMEK2
may play an important role in hematopoietic organs.

MEK-ERK is a classic MAPK axis which transfers extracellular sig-
nals and regulates downstream AP1 activation [39]. AP1 is a tran-
scription factor that regulates various inflammatory cytokines such as
TNF-α and IL-1β [40]. To study the function of EcMEK1 and EcMEK2 in
the activation of AP1, EcMEK1 and EcMEK2 were overexpressed in GS
cells and the luciferase activity of an AP1 dependent firefly luciferase
reporter was detected. Both EcMEK1 and EcMEK2 have an increased
luciferase activity compared with mock-transfected cells, and EcMEK2
showed an enhanced activity. Because the functions of MEK1 and MEK2
are not the same in mammals [15,16], the discrepancy of EcMEK1 and
EcMEK2 in the activation of AP1 seemed reasonable.

As an evolutionarily conserved signaling module, MEK1/2 were also
identified in teleosts. Studies on zebrafish MEK1/2 revealed a potential
role in notochord development by treatment with a MEK1/2 inhibitor
U0126 [22]. C. gariepinus head kidney macrophages infected with A.
hydrophila showed an increased level of phospho-MEK1/2 [23]. How-
ever, there is little information on fish MEK1/2 in response to a sti-
mulator. PMA, also known as12-O-tetradecanoylphorbol-13-acetate, is
a potent tumor promoter and widely used to activate protein kinase C
and the ERK pathway [41,42]. To study whether PMA can activate
grouper MEK1/2 or ERK1/2 in vitro, we isolated grouper HKLs and
stimulated them with 100 nM or 200 nM PMA. Compared to the con-
trol, both 100 nM and 200 nM PMA treatment were able to induce
phosphorylation in EcMEK1/2 as well as EcERK1/2. This indicated that
grouper have an integrity MEK-ERK axis that could be triggered by PMA
stimulation. This result can be used to find MEK-ERK inhibitors in
further studies.

It has been demonstrated that the production of inflammatory fac-
tors IL-1β and IL-8 is regulated by the ERK pathway [17]. Our previous
reports showed that grouper IL-1β, IL-8, and ERK1/2 were significantly
upregulated in skin infected by C. irritans [33,35,43]. In addition,
macrophages may be involved in the inflammation response to C. irri-
tans infection [32,34]. In this study, we provided further evidence that
grouper pMEK1/2 and pERK1/2 levels significantly increased in day 3
of C. irritans infection. Furthermore, the immune groupers showed a

Table 2
Amino acid identities (%) between EcMEK1/2 with other vertebrates.

EcMEK1 EcMEK2

Lates calcarifer 99 97
Takifugu rubripes 97 93
Ictalurus punctatus 95 91
Rattus norvegicus 89 85
Mus musculus 89 86
Bos Taurus 91 87
Homo sapiens 89 86

Fig. 2. Genomic structure of MEK in grouper, zebrafish and human. The boxes and lines between each box indicated exons and introns, respectively, and the numbers
indicated the sizes (bp) of each exon and intron. ? represents unknown intron sizes.
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stronger pMEK1/2 signal than the first infection groupers, which in-
dicated that an immunological memory was generated in immune
groupers. The correlation between C. irritans-induced IL-1β, IL-8 pro-
duction, and MEK-ERK activation suggested a MEK-ERK-IL-1β/IL-8 axis
may be involved in host anti-C. irritans inflammatory response.

To conclude, we cloned the MEK1 and MEK2 cDNA sequences from
orange-spotted grouper and found that both EcMEK1 and EcMEK2 were
mainly transcribed in hematopoietic organs. Overexpression of EcMEK1
and EcMEK2 could activate AP1. PMA treatment increased the phos-
phorylation levels of EcMEK1/2 and EcERK1/2. Moreover, the
EcMEK1/2-EcERK1/2 axis was activated in C. irritans infection and

showed an enhanced phosphorylation post-immunization. Our future
work will explore the upstream molecular events of the MEK-ERK signal
pathway and these subsequent studies will help to further understand
MAPK pathway activation in fish during parasitic infection.
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