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A B S T R A C T

The transcription factor, activator protein-1 (AP-1), is a dimeric protein and a downstream member of the
mitogen-activated protein kinase (MAPK) signaling pathway. It regulates a wide array of functions including,
cell proliferation, survival, differentiation, response to UV-irradiation, immune responses, and inflammatory
conditions. AP-1 belongs to the basic leucine zipper (bZIP) protein family, which consists of members from Jun,
Fos, Maf, and ATF subfamilies. In the present study, c-Jun and c-Fos homologs were identified from a tran-
scriptome database of Liza haematocheila and designated as Lhc-Jun and Lhc-Fos. In both sequences, the signature
bZIP domain was identified and also the DNA binding sites, dimerization sites, as well as the phosphorylation
sites, were found to be highly conserved through evolution. Tissue distribution analysis revealed that both Lhc-
Jun and Lhc-Fos transcripts were ubiquitously expressed in all examined tissues of healthy mullets. In order to
determine the transcriptional modulations of Lhc-Jun and Lhc-Fos, challenge experiments were carried out using
LPS, poly I:C, and L. garvieae. The qRT-PCR analysis revealed significant upregulation of Lhc-Jun and Lhc-Fos in
blood, gill, liver, and spleen. This is the first study that explores the correlation between UV-irradiation and AP-1
ortholog expression in teleosts. Also, this is the first time that the functional characterization of the teleost c-Fos
ortholog has been carried out. Sub-cellular localization of Lhc-Jun and Lhc-Fos was observed in the nucleus. AP-
1-Luc reporter assays revealed significant higher luciferase activities in both Lhc-Jun and Lhc-Fos proteins
compared to mock controls. These results strongly suggest that Lhc-Jun and Lhc-Fos might play a significant role
in Liza haematocheila immunity by regulating AP-1 promoter sequences in immune and stress-related genes.

1. Introduction

Activator protein-1 (AP-1) was the first identified mammalian
transcription factor that plays a significant role in cellular proliferation,
differentiation, apoptosis, survival, and immune response [1,2]. It is a
dimeric protein that comprises members of Fos (Fos-B, c-Fos, Fra-1, and
Fra-2), Jun (Jun-B, c-Jun, and Jun-D), Maf (musculoaponeurotic fi-
brosarcoma), and ATF (activating transcription factor) protein families
[3]. AP-1 forms different combinations of homo and heterodimers using
Jun, Fos, Maf, and ATF proteins [4]. Moreover, AP-1 is a leucine zipper
(bZIP) protein, which contains a highly conserved basic DNA binding

region and leucine zipper for dimerization [5]. This specific dimeriza-
tion and structural complexity together, with transcriptional and post-
translational modification imparts AP-1 with the ability to regulate a
wide array of cellular processes [3,4]. The mitogen-activated protein
kinase (MAPK) pathway is responsible for the induction of AP-1 by
phosphorylation [6]. Also, the cascade of MAPK activates AP-1 through
a wide array of stimuli, such as growth factors, cytokines, neuro-
transmitters, viral and bacterial infections, apoptotic signals, and dif-
ferent environmental stresses such as UV irradiation and oxidative
stress [7–9].

In the Jun family, c-Jun is the most puissant transcriptional
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activator while the c-Jun N-terminal kinase (JNK), a subgroup of
MAPKs regulates c-Jun expression [10]. The c-Fos is a mainstream
member of the Fos protein family which forms a stable dimer with c-
Jun to form the AP-1 transcription factor [5,11,12]. While Fos proteins
are unable to homodimerize, the Jun/Fos heterodimer complexes have
a high affinity in binding to the AP-1 site of the target gene compared to
the weak Jun/Jun homodimers [13]. Furthermore, c-Fos and c-Jun are
the cellular homologs of retroviral oncogenes, which are involved in the
oncogenic transformation of cells [1].

The innate immune system plays a vital role in many organisms as
the first line of host defense [14]. The transcription factors, including
AP-1, NF-κB (Nuclear factor- κB) and, IRF (Interferon Regulatory
Factor) are mainly involved in the innate immune response against
infectious pathogens [15]. AP-1 is primarily involved in the regulation
of cytokine expression and inflammation via different cell signaling
pathways such as TNF (tumor necrosis factor), RIG (retinoic acid-in-
ducible gene-I-like receptors) and TLRs (Toll-like receptors) in response
to different stimuli like pro-inflammatory cytokines and genotoxic
stress [3,16]. AP-1 binds to the DNA sequence motifs, either TPA
(phorbol 12-O-tetradecanoate-13-acetate) [5′TGAG/CTCA-3’] or cAMP
(cyclic adenosine monophosphate) responsive elements [5′TGACGTCA-
3’], and thereby regulates cytokine expression and inflammation by
selectively expressing a wide range of genes in different cell types
[3,17–19].

Till now, the only characterization study of AP-1 homolog in fish
has been c-Jun characterization from Orange-spotted grouper
(Epinephelus coioides) [20]. However, several c-Jun/c-Fos homologs
have been studied in Molluscs [21–23], Arthropods [24–27], and
Mammals [1,28]. The upregulation of the c-Jun homolog of Orange-
spotted grouper has been observed under the Singapore grouper ir-
idovirus (SGIV) challenge, where the researchers had performed sub-
cellular localization and luciferase reporter assays to understand the
functional traits of the c-Jun homolog [20]. Mollusc Jun homolog
(AbJun) has been identified from Haliotis discus discus; this study has
shown a significant upregulation of AbAP-1 in gill tissues upon a bac-
terial or viral hemorrhagic septicemia virus (VHSV) challenge [21].
Also, the studies on c-Jun/c-Fos homologs of Litopenaeus vannamei show
the involvement of viral replication and viral gene expression in re-
sponse to white spot syndrome virus (WSSV) infection [24]. Further-
more, some studies have suggested that the orthologs of c-Jun/c-Fos are
involved in activation of the antimicrobial peptide (AMPs) expression
in Drosophila [29], Litopenaeus vannamei (Pacific white shrimp) [25]
and juvenile fine flounder (Paralichthys adpersus) [30]. On the other
hand, previous work also suggests that AP-1 enhances the viral gene
transcription or virus replication, such as activation of the viral im-
mediate-early gene transcription of Human cytomegalovirus (HCMV),
and replication of Hepatitis C virus (HCV) in hepatocarcinogenesis
[31,32]. Collectively, these studies have resulted in confusing evidence
by which it is indicated that c-Jun/c-Fos orthologs could play a pro-
tective or non-protective role in bacterial and viral infections [25].

Red lip mullet (Liza haematocheila) also known as Chelon haema-
tocheilus, is a commercially available common species of fish in Korean
waters. These fishes are widely spread in the northwestern Pacific in-
shore waters in Japan, Korea, and the coast of China [33]. Liza hae-
matocheila belongs to family Mugilidae, and its diet includes polluted
sediments. Due to this, L. haematocheila is considered the primary test
organism for assessing the effect of estrogenic contaminants in the
aquatic environments in Southeast Asia [34,35].

Though AP-1 and its components have been characterized in several
invertebrates and mammals, research is scarce in fish AP-1 character-
ization. In order to fill that knowledge gap, c-Jun and c-Fos (AP-1)
homologs (designated as Lhc-Jun and Lhc-Fos) in L. haematocheila were
identified. For a better understanding of Lhc-Jun and Lhc-Fos char-
acteristics and immune function, their spatial expression in different
tissues was determined, and regulation of both genes upon lipopoly-
saccharide (LPS), polyinosinic:polycytidylic acid (poly I:C), and

Lactococcus garvieae stimulations were studied. Furthermore, Lhc-Jun
and Lhc-Fos were overexpressed in mullet kidney (MK) cells to de-
termine their subcellular localization and reaction to activation of AP-1
responsive reporters. This is also the first instance which examine the
Lhc-Jun and Lhc-Fos expression in fish cells upon exposure to UV light.

2. Materials and methods

2.1. Experimental subjects

2.1.1. Experimental fish
Red lip mullet (Liza haematocheila) were purchased from Sangdeok

fishery in Hadong Korea. The fish acclimatization process was done at
20 °C for one week in laboratory aquarium tanks before experimenta-
tion. All the experiments using the experimental animals were per-
formed under the approval of Jeju National University animal experi-
ment ethics committee (Approval no- 2018-003).

2.1.2. Experimental cell
A mullet (Liza haematocheila) kidney cell line was created for the

first time and used for subcellular localization, UV irradiation studies
and AP-1-Luc assay. Mullet kidney was used for the primary cell cul-
ture. Briefly, kidney tissues were harvested from a healthy Red lip
mullet with an average weight and length of 80 g and 21 cm, respec-
tively. Harvested tissues were washed three times with 1X PBS and
transferred to a sterile dish containing L-15 medium (Sigma) which was
supplemented with 40% FBS (Hyclone), 100 U/mL penicillin and
100 μg/mL streptomycin (1X P/S) (Gibco). The kidney tissues were
minced and then filtered using a 40 μm cell strainer (SPL). Single cells,
separated from kidney tissue, were then seeded in a 6-well plate and
incubated at 25 °C. On a daily basis, the cell condition was checked, and
half of the medium was replaced. After three days, the medium was
changed to L-15 medium, supplemented with 20% FBS and 1X P/S and
after 7 days, it was replaced with normal complete medium (L-15 with
10% FBS and 1X P/S). Subculture was started when the cell populations
exhibited stable growth. All experiments were performed within 20
passages.

2.2. Construction of cDNA database and identification of Lhc-Jun and Lhc-
Fos

The de novo assembly technique was used to construct the mullet
cDNA transcriptome database. Concisely, tissue sample from blood,
spleen, kidney, head kidney, gill, skin, stomach, intestine, brain, heart,
eye, and liver were collected from five mullets as mentioned in section
2.4 and total RNA was extracted from each tissue (section 2.6). The
extracted RNA was sent for sequencing, where sequencing was done on
a Pacbio platform at Insilicogen, Korea. Lhc-Jun and Lhc-Fos sequences
were identified from the constructed transcriptome database using the
Basic Local Alignment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.
gov/Blast.cgi), National Center for Biotechnology Information (NCBI),
[36].

2.3. Bioinformatics analysis

The open reading frame (ORF) and the amino acid (aa) sequences of
putative Lhc-Jun and Lhc-Fos were predicted using the NCBI (ORF)
finder (https://www.ncbi.nlm.nih.gov/orffinder/) [37]. The ExPASy
prosite (http://prosite.expasy.org/) [38], NCBI-CDD (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [39], and Motif Scan
(http://myhits.isb-sib.ch/cgi-bin/motif_scan) online servers were used
to predict the Lhc-Jun and Lhc-Fos domain architectures. The physio-
chemical properties such as molecular weights and isoelectric points of
Lhc-Jun and Lhc-Fos were estimated by the ExPASy ProtParam tool
[40]. The PSORT II (https://psort.hgc.jp/form2.html) sever was used to
predict the Nuclear Localization Signal (NLS) [41]. The identified Lhc-
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Jun and Lhc-Fos ortholog sequences were found by BLAST searches.
Ortholog sequences were compared by ClustalW [42] in the BioEdit
software and Multiple Sequence Alignment (MSA) was constructed.
Pairwise alignments were performed using the EMBOSS needle pairwise
sequence alignment tool (https://www.ebi.ac.uk/Tools/psa/emboss_
needle/) [43]. Neighbor-joining method of MEGA 7.0 [44] was used
for the phylogenetic analysis of Lhc-Jun, Lhc-Fos and their orthologs,
using 5000 bootstrapped replicate trails. The 3-D structure of the
monomeric form of the two proteins was predicted using the RaptorX
web portal (http://raptorx.uchicago.edu/StructurePrediction/predict/)
[45]. The tertiary structure of the functionally important domain (bZIP)
and the dimerization between Lhc-Jun and Lhc-Fos were predicted by
SWISS-MODEL online platform using the homology-based modeling
technique [46]. The partial X-ray crystallographic structure of human
transcription factor Fos/Jun domain complex (PDB: 5vpf.1) was used as
the template to build the model. PyMOL molecular visualization system
was used to fine-tune the models that were built [47].

2.4. Tissue sampling

Acclimatized animals were used for tissue sampling. Five healthy
mullet fish, with average weight and length of 100 g and 24 cm, re-
spectively were used. Fish were anesthetized using MS-222; 40mg/L.
Whole blood was collected using heparin-coated (USB, USA) sterile
syringes. Subsequently, the samples were immediately centrifuged at
3,000× g for 10min at 4 °C, to separate peripheral blood cells from
plasma, and directly snap-frozen. The liver, head kidney, gill, spleen,
brain, intestine, kidney, muscle, stomach heart, and skin were excised
and immediately snap-frozen in liquid nitrogen. The samples were
stored at −80 °C until total RNA extraction.

2.5. Pathogen challenge experiment

Acclimatized healthy mullets were separated into four groups of fish
where each group contained 25 fish. Three groups were separately in-
jected intraperitoneally by 1.5 μg/g of polyinosinic:polycytidylic acid
(poly I:C) (Sigma-Aldrich, USA), 1.25 μg/g of lipopolysaccharide (LPS)
(Sigma-Aldrich, USA), and 1×103 CFU/μL of Lactococcus garvieae.
These stimulants were prepared in sterile phosphate-buffered saline
(PBS), and 100 μL of each solution was injected into the respective
animals. The remaining control group was injected with PBS. Tissue
samples from the liver, gill, spleen, and peripheral blood cells were
collected from each group (n= 5) at time points of 0, 6, 24, 48, 72 h
post-injection and stored as described previously (section 2.4).

2.6. Total RNA extraction and cDNA synthesis

The collected tissue samples from the healthy fish group (n=5),
and challenged fish groups along with the control group (n= 5), for
each time point, were measured and pooled separately. The pooled
tissue samples were used to extract total RNA using RNAiso plus
(TaKaRa, Japan) followed by a RNeasy spin column (Qiagen, Germany)
purification. The RNA quantification was done using a μDrop Plate
(Thermo Scientific) by measuring the absorbance at 260 nm. Moreover,
the quality of the RNA was confirmed by performing gel electrophoresis
in a 1.5% agarose gel. PrimeScript™ II 1st strand cDNA Synthesis Kit
(TaKaRa, Japan) was used to synthesize the first strand cDNA. The
cDNA was synthesized using 2.5 μg of RNA along with the kit in a 20 μL
reaction mixture. The synthesized cDNA samples were diluted 40 fold
using nuclease-free water and stored at −80 °C for future analysis.

2.7. Transcriptional analysis of Lhc-Jun and Lhc-Fos by using quantitative
real-time PCR (qRT-PCR)

Expressions of Lhc-Jun and Lhc-Fos in normal and immune chal-
lenged fish were analyzed by qRT-PCR using the synthesized cDNA

(section 2.6). The Dice™ TP800 Real Time Thermal cycler System
(TaKaRa) was used for the qRT-PCR, in a total volume of 10 μL of re-
action mixture containing 3 μL of diluted cDNA template, 5 μL of 2X
SYBR® Premix Ex Taq™ (TaKaRa, Japan), 0.4 μL of gene-specific pri-
mers (10 pmol/μL) (Suppl. Table 1, qPCR primers), and 1.2 μL of PCR-
grade dH2O. The qPCR cycle comprised of, 5min of initial denaturation
at 95 °C followed by 40 cycles of 95 °C for 5 s, 58 °C for 10 s, 72 °C for
20 s, and a dissociation cycle at 95 °C for 15 s, 60 °C for 30 s, and 95 °C
for 15 s. Each qPCR reaction was performed in triplicates. The experi-
ments were conducted following the Minimum Information for Pub-
lication of Quantitative Real-Time PCR Experiment (MIQE) guidelines
[48]. The specificity of the PCR products was confirmed by analyzing
the dissociation curve, and the mRNA expression level of Lhc-Jun and
Lhc-Fos were determined using the Livak (2−ΔΔCt) method [49]. The
Liza haematocheila Elongation Factor 1 alpha (LhEF1-α) (MH017208)
was subjected to the same qPCR conditions as the internal control, and
gene expression levels were compared to obtain the relative gene ex-
pression values of L. haematocheila. In the immune-challenged group,
relative changes in the Lhc-Jun and Lhc-Fos expression levels were de-
termined by normalizing with the PBS injected control at corresponding
time points. Further, the uninjected control (0 h) was considered as the
baseline to calculate relative fold difference of Lhc-Jun and Lhc-Fos
expression.

2.8. Construction of Lhc-Jun and Lhc-Fos recombinant plasmids

For the functional characterization of Lhc-Jun and Lhc-Fos proteins,
both Lhc-Jun and Lhc-Fos were cloned into pcDNA™3.1(+)
(Invitrogen™, USA) and pEGFP-N1(CLONTECH) cloning vectors.
Specific primers with corresponding restriction sites were designed to
amplify the Lhc-Jun and Lhc-Fos coding sequences (Suppl. Table 1,
cloning primers). The synthesized cDNA (section 2.6) from muscle (for
Lhc-Jun) and liver (for Lhc-Fos) tissues were used as the template for the
PCR reaction. The PCR reaction mixture was prepared in a total volume
of 50 μL containing 3 μL of cDNA template, 4 μL of dNTP mixture
(2.5 mM), 5 μL of 10 × ExTaq buffer, 1 μL of each forward and reverse
primers, 0.2 μL of TaKaRa Ex Taq™ DNA polymerase (5 units/μL)
(TaKaRa, Japan) and PCR grade sterilized distilled water. The primer
annealing temperatures were optimized using gradient PCR, and the
optimized annealing temperatures were found to be 58 °C (Lhc-Fos
primers) and 56 °C (Lhc-Jun primers). Using these annealing tempera-
tures the following PCR thermal cycle was performed in a TaKaRa PCR
thermal cycler Dice TP600 (TaKaRa, Japan): one cycle of 94 °C for
5 min (initial denaturation); 35 cycles of amplification at 94 °C for 30 s,
58 °C or 56 °C for 60 s, and 72 °C for 1 min, and a final extension at
72 °C for 7 min. Subsequently, the PCR products and the vectors
[pEGFP-N1 and pcDNA™3.1(+)] were digested using corresponding
restriction enzymes, and the digested product was purified using Ac-
cuprep™ purification kit (Bioneer Co., Korea). Next, ligation was per-
formed at 16 °C for 30 min for both pEGFP-N1 and pcDNA™3.1(+)
vectors using Mighty Mix (TaKaRa, Japan). The Lhc-Fos -GFP/
pcDNA™3.1(+) and Lhc-Jun -GFP/pcDNA™3.1(+) recombinant con-
structs were transformed into Escherichia coli DH5α competent cells,
and the positive colonies were sent for sequencing (Macrogen, Korea)
The identity and the orientation of the sequences were confirmed by
sequencing results. The QIAfilter™ plasmid Midi Kit (QIAGEN Ger-
many) was used to prepare the sequence confirmed constructs for
transfection.

2.9. Subcellular localization

Mullet kidney cells were cultured as mentioned in section 2.1. The
cells were seeded in a 12 well plate (2×105 cell/well). The MK cells
were transfected with 1 μg of plasmid constructs Lhc-Jun-GFP, Lhc-Fos-
GFP, and control pEGFP-N, using XtremeGENE™ 9 DNA transfection
reagent (Roche, Germany) according to the manufacturer's instructions.
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After 24 h incubation at 25 °C, the cells were washed with PBS thrice
and fixed with 4% paraformaldehyde in room temperature for 10min.
Subsequently, the cells were stained for 5min using 4,6-diamino-2-
phenylindole (DAPI). The cells were observed under a fluorescence
microscope (Leica, Germany).

2.10. Effect of UV irradiation on Lhc-Jun and Lhc-Fos expression

The UV irradiation effect on fish cell signaling was tested using the
expression levels of Lhc-Jun and Lhc-Fos. The MK cells were cultured as
mentioned in section 2.1.2 (90% confluency), followed by exposure to
short wavelength UV radiation (254 nm) using HL-2000 HybriLinker
(UVP®, UK). Both time and dose-dependent relative mRNA expressions
were examined. The cells were exposed to an energy dosage of 40 J/m2

(2 J/m2/s for 20 s) and 80 J/m2 (2 J/m2/s for 40 s) and incubated in
25 °C together with a control group that was not exposed to UV. All cells
from culture plates were harvested at two different time points (12 h,
24 h post-irradiation). The harvested cells were stored at −80 °C until
RNA extraction. Following cell harvesting, total RNA was extracted
from all experimental groups [Lhc-Jun and Lhc-Fos (12 h/40 Jm-2, 24 h/
40 Jm-2, 12 h/80 Jm-2, 24 h/80 Jm-2)] using the RNeasy mini kit
(QIAGEN, Germany), and cDNA was synthesized as mentioned in sec-
tion 2.6. The Lhc-Jun and Lhc-Fos relative gene expression levels upon
UV exposure were analyzed using qRT-PCR. The experiment was con-
ducted using the synthesized cDNA from all five group of cells including
the control group. The qRT-PCR was conducted as mentioned in the
above section 2.8 using the same qRT-PCR primers for Lhc-Jun, Lhc-Fos,
and LhEF1-α (Suppl. Table 1). The relative fold differences of Lhc-Jun
and Lhc-Fos in each group was calculated compared to the untreated
control. The experiments were performed in triplicates and data were
presented as the mean standard deviation (SD).

2.11. Analysis of AP-1 activity using AP-1 Luc reporter gene

The activity of Lhc-Jun and Lhc-Fos at the AP-1 site was investigated
using the AP-1 Luciferase reporter (AP-1-Luc) assay. Mullet kidney cells
were cultured as mentioned in section 2.1.2 and cells were seeded in 6
well plates (2×105 cells/well) and grown up to 90% confluency. For
the transfection, 0.35 μg of expression plasmid constructs Lhc-Jun-
pcDNATM3.1(+), Lhc-Fos-pcDNATM3.1(+) or empty pcDNA™3.1(+)
vectors, with 0.2 μg of AP-1 reporter plasmid and 0.1 μg of Renila lu-
ciferase (pRL-TK) plasmid were used. Also in the co-transfection,
0.35 μg of both Lhc-Jun-pcDNATM3.1(+) and Lhc-Fos-pcDNATM3.1(+)
were used. The total DNA amount for the transfection was maintained
at 1 μg using pcDNA™3.1(+). Transfection was conducted using X-
tremeGENETM 9 DNA Transfection Reagent (Roche Diagnostics GmbH,
Germany) following the manufacturer's guidelines. Transfected cells
were incubated at 37 °C with 5% CO2 for 48 h; cells were harvested
using 1X Passive Luciferase Lysis Buffer 2.0 (Biotium, USA). The lysates
were subjected to luciferase activity assay using Firefly & Renilla Lu-
ciferase Single Tube Assay Kit (Biotium, USA) according to the manu-
facturer's instructions. Luciferase activity was indicated as a relative
fold value compared to the activity of the empty pcDNA™3.1(+)
vector-transfected cells and Renila luciferase was used as the internal
control.

2.12. Statistical analysis

The mean standard deviation (± SD) was used to represent all data,
and all experiments were performed in triplicates. Two-tailed unpaired
student's t-test or one-way analysis of variance (ANOVA) posthoc
pairwise comparison test was used to distinguish the significance be-
tween groups having P value less than 0.05 (P < 0.05).

3. Results

3.1. Molecular properties, sequence and tertiary structure characterization
of Lhc-Jun and Lhc-Fos

In the present study, Lhc-Jun and Lhc-Fos were identified from the
transcriptome database of Liza haematocheila and characterized at the
molecular level. The Lhc-Jun and Lhc-Fos sequence information are
available in the GenBank database with accession numbers (MK225505,
MK225506), respectively. The Lhc-Jun cDNA sequence was 2865 bp
long with a 981 bp ORF encoding a polypeptide of 326 aa. Respectively,
the theoretical molecular weight and the predicted Iso-electric point
(pI) of Lhc-Jun polypeptide was 35.84 kDa and 8.65. The 1902 bp long
cDNA of Lhc-Fos consists of an ORF of 1143 bp which encodes for 380
aa. The Lhc-Fos polypeptide was predicted to have a theoretical mo-
lecular weight of 41.2 kDa and a pI of 5.06. Meanwhile, Lhc-Jun con-
tains two NLS (265–268: RKRK, 252–269: RKRMRNRIAASKCRKRK)
and it is predicted to be 82.6% nuclear. The Lhc-Fos was also predicted
to contain two NLS (114–130: KRGRGEQISPEEEEKRR, 132–148: RRE-
RNKQAAAKCRNRRR) and was 73.9% nuclear. The domain archi-
tectures of Lhc-Jun and Lhc-Fos were studied to get a broad idea about
the functional properties of these proteins. Lhc-Jun was found to pos-
sess a Transactivation domain (3–121 aa) comprising of residues Ser:
62,72 for phosphorylation (Phosphoacceptors: P) with critical site re-
sidues for both phosphoacceptors, Ser-62 (P+1: Pro, P+2: Asp, P+4:
Gly, P+5: Cys), and Ser-72 (P+1: Pro, P+2: Glu, P+4: Glu, P+5: Arg)
[50]. Whereas several phosphorylation sites of Lhc-Fos (Thr-232, 325,
331 and Ser-374) were identified at the carboxy-terminal and, the
signature proline residue (+1P) was identified adjacent to serine or
threonine at Thr-325, 331 and Ser-374 [51]. But, Lhc-Fos, Thr-232
residue was not followed by an adjacent proline. It was predicted that
both Lhc-Jun and Lhc-Fos possesses the main bZIP domain (Lhc-Jun:
247–310 aa, Lhc-Fos: 126–189 aa). This bZIP domain consists of a basic
region containing a DNA binding site, and a leucine zipper region
comprising of a dimerization site (Fig. 1A and B). The predicted di-
merized model of the bZIP domain in Lhc-Jun and Lhc-Fos (Fig. 1C) was
similar to the crystal structure of the human heterodimeric bZIP tran-
scription factor c-Fos, c-Jun identified by J. Glover and S. Harrison
[52].

3.2. Sequence alignment and homology analysis

The homology between the different orthologs of c-Jun and c-Fos
including Lhc-Jun, Lhc-Fos were analyzed using MSA (Fig. 2A and B,
respectively). The critical amino acid residues were highly conserved
throughout the vertebrate and invertebrate sequences. The putative
NLS sequence sites (Lhc-Jun: 252–269 aa, Lhc-Fos: 114–130 aa,
132–148 aa) were well conserved among both vertebrates and in-
vertebrates. The phosphorylation sites (phosphoacceptors- Ser 63/73)
and nearby critical residues (P+1, P+2, P+4, and P+5) were highly
conserved within c-Jun orthologs, and also the carboxy-terminal
phosphorylation sites within the c-Fos orthologs were highly conserved
among all the analyzed vertebrate orthologs (Thr-325, 331, and Ser-
374). Ser-374 was found to be conserved in both vertebrates and in-
vertebrates. The highest conservation was shown by the bZIP domains
of all examined orthologs. The majority of the residues were similar
among the other orthologs of c-Jun and c-Fos, and the pairwise align-
ment comparisons (Suppl. Table 2) further confirmed the resemblance
between the sequences. Lhc-Jun showed the highest identity (93.6%)
and similarity (96.3%) with that of Epinephelus coioides, while Lhc-Fos
showed the highest identity (88.5%) and similarity (92.1%) with the
Seriola dumerili protein.

3.3. The evolutionary relationship of c-Jun and c-Fos via phylogeny

Phylogenetic analysis of c-Jun and c-Fos orthologs were conducted
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to study the relationship among the selected vertebrates and in-
vertebrates through evolution. The phylogenetic trees constructed for
both c-Jun and c-Fos contained two main clusters which conspicuously
separate into vertebrates and invertebrates (Fig. 3A and B, respec-
tively). Among the vertebrates, the fish orthologs were clustered into a
separate clade while the amphibians, reptiles, birds, and mammals
joined into a common clade in both c-Jun and c-Fos phylogenetic trees.
The Lhc-Jun and Lhc-Fos orthologs joined the fish group and clustered
with the highest phylogenetically related species studied, Epinephelus
coioides, Larimichthys crocea, and Seriola dumerili, respectively.

3.4. Tissue-specific transcriptional pattern of Lhc-Jun and Lhc-Fos

The qRT-PCR results revealed that the mRNA expression levels of
Lhc-Jun and Lhc-Fos were ubiquitous for all selected tissues under
normal physiological conditions (Fig. 4). The highest expression of Lhc-
Jun was in muscle, brain, and heart (12.31, 7.54, 7.13 fold) while
stomach, spleen, kidney, and gill showed moderate expression levels
(3.66, 3.15, 2.97, 2.26 fold). Moreover, head kidney and intestine de-
monstrated the least expression of Lhc-Jun (Fig. 4A). In the Lhc-Fos
mRNA expression profile, the highest expression was detected in the
liver (45.22 fold). The kidney, gill, heart, brain exhibited moderate

Fig. 1. The 3-D structure of the main catalytic region of (A) Lhc-Jun, (B) Lhc-Fos based on homology modeling technique. The phosphoacceptor and surrounding
residues are shown as different colored spheres labeled in three-letter amino acid code. The Lhc-Jun and Lhc-Fos dimerized AP-1 b-ZIP domain is shown in (C) where
the mesh structure of dimerized bZIP is shown in (D).
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expression (18.47, 15.06, 13.39, 13.02 fold respectively) while skin,
muscles, spleen, and blood showed lower expression levels. The least
expression of Lhc-Fos was observed in the stomach (Fig. 4B).

3.5. The temporal transcriptional response of Lhc-Jun and Lhc-Fos upon
immune challenge

The temporal expressions of Lhc-Jun and Lhc-Fos were analyzed in
blood, gill, liver and spleen tissues at different post injection (p.i) time
points (6, 12, 24, 48, and 72 h p.i) after the LPS, poly I:C, L. garvieae
immune challenge (Fig. 5). Upon the LPS challenge, the temporal ex-
pression profile of Lhc-Jun in blood and spleen revealed that Lhc-Jun
level was upregulated at 24 h p.i (1.85, 1.86 fold, respectively com-
pared to 0 h expression) while blood gave a maximum peak at 72 h p.i
(2.24 fold). The gill showed a 1.72 fold late phase upregulation at 72 h
p.i. Early phase upregulation was observed in the liver at 6 h p.i (2.0

fold) and showed a higher peak at 24 h p.i (2.31 fold) (Fig. 5A). During
the poly I:C challenge all the tested tissues showed an upregulation of
Lhc-Jun. Except for blood the other three tissues, gill, liver, and spleen
exhibited an early phase upregulation at 6 h p.i (4.4, 2.5, and 1.27 fold,
respectively), while a late-phase expression of 1.38 fold was observed in
blood at 72 h p.i (Fig. 5B). Upon L. garvieae challenge blood and gill
showed significant late phase upregulations and the highest peak at
72 h p.i (4.01, 2.00 fold). Spleen had a mid-phase upregulation at 24 h
p.i, while a 1.3 fold early phase upregulation was detected in the liver
at 6 h p.i (Fig. 5C).

Meanwhile, the expression profile of Lhc-Fos exhibited a mid-phase
upregulation in all the tissues tested with LPS. A fold value of 6.0, 1.73,
4.26 and 1.6 was observed in blood, gill, liver, and spleen, respectively
at 24 h p.i. The gill showed highest expression at 72 h p.i (3.79 fold)
(Fig. 5D). The poly I:C challenge elevated the expression of Lhc-Fos to a
peak at 24 h p.i in all tested tissues; blood: 3.97 fold, gill: 3.95, liver:

Fig. 2. Multiple sequence alignment of the deduced amino acid sequences of (A) Lhc-Jun and (B) Lhc-Fos. The identical and similar sequences are highlighted in
black and grey, respectively. The dashes denote the gaps in the alignment. The brown and blue double-headed arrow denotes the transactivation domain and bZIP
domains respectively. The red and orange boxes indicate the basic and coiled-coil regions while purple stars and light green arrows, respectively, mark the residues
for DNA binding and dimerization. The green arrowheads denote the phosphoacceptor residues and the surrounding residues are indicated by a yellow box.
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1.60 fold, and spleen: 4.10 fold compared to the control (Fig. 5E). After
the L. garvieae injection, expression of Lhc-Fos showed a mid-late-phase
peak in both blood and spleen at 48 h p.i (2.9 and 1.8 folds, respec-
tively) while the liver showed a mid-phase stimulation at 24 h p.i (2.5
fold) and 1.7 fold upregulation in gill at 72 h p.i (Fig. 5F).

3.6. Subcellular localization assay

Fluorescence microscopy was used to examine the subcellular lo-
calization of Lhc-Jun and Lhc-Fos proteins. MK cells transfected with
empty pEGFP-N-1 as the control showed a dispersed green fluorescence
throughout the cell (Fig. 6A). The Lhc-Jun-GFP and Lhc-Fos-GFP trans-
fected cells showed a green fluorescence exclusively in the nucleus
(Fig. 6B and C), suggesting that Lhc-Jun-GFP and Lhc-Fos-GFP were
localized to the nucleus.

3.7. Effect on Lhc-Jun and Lhc-Fos in response to UV irradiation

The effect of UV irradiation was examined by assessing the ex-
pression levels of Lhc-Jun and Lhc-Fos in UV irradiated MK cells. The
qRT-PCR results showed both Lhc-Jun and Lhc-Fos were observed to be

upregulated in both doses of UV light (40, 80 Jm-2) to a higher fold
value compared to in control (Fig. 7). Also, the expression levels of both
genes were observed to increase with time. Lhc-Jun expression in
40 Jm-2 low energy dose groups at 12 h and 24 h were 7.20 fold and
27.89 fold, respectively. Interestingly, the fold value of Lhc-Jun ex-
pression was reduced 24 h post radiation in 80 Jm-2 UV treated cells
compared to the 12 h time point with the same energy dosage (12 h:
24.28 fold and 24 h: 10.60 fold) (Fig. 7A). Lhc-Fos showed an increment
of fold value in a both dose and time-dependent manner. In 40 Jm-2 low
dosage; 12 h: 3.71 fold, 24 h: 10.88 fold and in 80 Jm-2 high dosage
12 h: 8.30 fold, 24 h: 22.41 fold values were observed (Fig. 7B).

3.8. Effect of Lhc-Jun and Lhc-Fos on AP-1-Luc reporter activity

AP-1 reporter activity was analyzed using the luciferase assay. All
three groups, Lhc-Jun, Lhc-Fos, and Lhc-Jun + Lhc-Fos co-transfected
groups exhibited significantly higher activity fold values (3.29, 2.89,
4.25 folds, respectively) compared to the pcDNA control (Fig. 8).

Fig. 2. (continued)
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Fig. 2. (continued)
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Fig. 2. (continued)
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4. Discussion

AP-1 is one of the main transcription factors which is involved in a
wide variety of cellular processes. AP-1 responds to a diverse array of
signals, including growth factors, cellular stress, UV irradiation, neu-
ronal depolarization, antigen-binding by T and B lymphocytes, and
cytokines such as TNFα and interferon-γ [53]. The key components of
AP-1 complex c-Jun and c-Fos have been associated with tissue injury,
immune responses, and in stress response [10,53]. This significant
immunological functionality led to this study, investigating the key
components of the AP-1 ortholog (Lhc-Jun and Lhc-Fos) and their
correlation to the host (Liza haematocheila) immune defense.

In this study, we have examined Lhc-Jun and Lhc-Fos in molecular,
transcriptional, and functional levels. The Lhc-Jun and Lhc-Fos domain
architecture plays a critical role in their functionality. The predicted
Lhc-Jun and Lhc-Fos tertiary structures resembled the human c-Jun and
c-Fos proteins [52], which results in the folding pattern conducive to
their functionality. The presence of the primary domain (bZIP) in both
Lhc-Jun and Lhc-Fos facilitated the dimerization and DNA binding by
correctly positioning catalytic binding sites, as shown in Fig. 1, which
mirrors the human orthologs [4,54]. It has been shown that this het-
erodimerization of c-Jun with c-Fos is 25 times more efficient in
binding to its specific DNA than the homodimers formed with c-Jun
itself [55]. The phosphorylation of the specific phosphoacceptors of Jun
and Fos by JNKs or ERKs results in their activated forms [51,56]. Im-
portantly, the human c-Jun phosphoacceptor sites Ser 63/73 and sur-
rounding site residues closely resemble the Ser 62/72 and surrounding
sequence of Lhc-Jun. Moreover, the carboxy-terminal MAPK phos-
phorylation sites and the surrounding residues of both human c-Fos and

Lhc-Fos are similarly positioned [50,51]. These resembling positions
and domain structure affirm the transcriptional activity of Lhc-Jun and
Lhc-Fos. Also, this domain architecture indicates the manner in which
the Jun and Fos dimers gained different DNA binding affinity, which
regulates and links to various signal transduction pathways [55,57].
The MSA results further indicated that the critical functional domains
and sites are highly conserved through the evolution, which confirmed
the conservation of functional activities in Lhc-Jun and Lhc-Fos ortho-
logs.

Phylogenetic analysis confirmed that the Lhc-Jun and Lhc-Fos se-
quences obtained were fish proteins. Among the selected vertebrate
sequences; Lhc-Jun and Lhc-Fos were included in the fish group de-
monstrating its fish origin. This grouping could be attributed to the high
identity and similarity values which Lhc-Jun and Lhc-Fos shared with
other vertebrates and fish orthologs. An earlier study had shown a si-
milar evolutionary pattern for c-Jun and c-Fos from orange-spotted
grouper [20], rainbow trout [58] and silver carp [59]. These previous
reports, along with our results, imply that both Lhc-Jun and Lhc-Fos
proteins are homologous to other c-Jun, c-Fos orthologs, and both have
originated from the fish group.

Spatial expression analysis of Liza haematocheila showed that Lhc-
Jun and Lhc-Fos were ubiquitously expressed in all examined tissues.
Gene characterization studies on c-Jun and c-Fos have shown a different
level of expression pattern in fish and few invertebrates. The Epinephelus
coioides c-Jun expression profile has demonstrated that c-Jun ortholog is
expressed abundantly in gill, brain, and heart [20], whereas, in this
study, Lhc-Jun was abundantly expressed in muscle, brain, and heart.
Myogenic differentiation in mouse myoblast has shown significant c-
Jun expression in mouse [60]. Also, a recent study showed c-Jun

Fig. 3. Phylogenetic analysis of (A) Lhc-Jun, (B) Lhc-Fos with c-Jun and c-Fos orthologs of selected vertebrate and invertebrates. The analysis was performed by the
neighbor-joining method using MEGA7.0 [44]; the bootstrap percentage is based on 5000 bootstrap replications, which are shown at the nodes of the tree. Accession
numbers used in this study are given in Suppl. Table 2.
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expression in the skeletal muscle of juvenile fine flounder (Paralichthys
adpersus) [30]. Furthermore, c-Jun expression in invertebrates Litope-
naeus vannamei [24], Penaeus monodon [26], and Crassostrea hon-
gkongensis [23] have been observed mainly in gill, hemocytes, hepato-
pancreas, mantle, and to a lesser extent in other tissues. The highest
Lhc-Fos expression was observed in the liver. A similar expression
profile has been reported in c-Fos ortholog of silver carp [59] where the
liver shows the highest expression of c-Fos. Moreover, mouse hepatic
gene studies have shown that following a hepatic injury or stress, c-Fos
has to be expressed rapidly to maintain the liver metabolic homeostasis
and limit tissue injuries [61]. All these findings suggest that tissue-
specific expression of c-Jun and c-Fos is identical to all the species where
abundant common expression can be observed in the liver, spleen, gill,
blood, and brain.

In the case of pathogen infection, the innate immune system pro-
vides the first line of defense against an infectious agent [15]. Innate
immunity of an organism is responsible for distinguishing the infectious
foreign pathogens by its self-components using specific receptors like

Toll-like receptors (TLRs). Subsequently, the signal is sent through the
signal transduction pathways, and inflammatory response genes are
activated using transcription factors like NF-κB, AP-1 [15]. This process
initiates inflammatory responses in the host, which leads to the im-
mobilization of the foreign pathogen and its destruction. During this
process, transcription factor AP-1 plays a major role in activating a
large number of genes as an immediate-early transcription factor [62].
In this study, the Lhc-Jun and Lhc-Fos involvement in the immune re-
sponse of Liza haematocheila has been examined. The study was con-
ducted after the fish was exposed to LPS, poly I:C and L. garvieae pa-
thological stresses. LPS is a Gram-negative bacterial endotoxin [63].
Poly I:C was used to mimic a viral infection since it is a synthetic
double-stranded viral RNA analog. L. garvieae was used as the live pa-
thogen since it is a Gram-positive coccus causing severe economic loss
to the mullet aquaculture industry [64,65]. After the challenge ex-
periments, the mRNA expression profiles of Lhc-Jun and Lhc-Fos were
examined in blood, gill, liver, and spleen tissues. These tissues have
been recorded as some of the main immune tissues in fish [66,67]. The
LPS challenge indicated that both Lhc-Jun and Lhc-Fos have an early
mid-phase upregulation in all four tissues examined. LPS is identified by
its physiological receptor TLR4-MD-2 complex, and it activates a cas-
cade of intracellular signaling [63]. The identification of LPS by TLR4
rapidly activates NF-κB and all three MAPK pathways which are com-
prised of JNK, ERK, and p38 [68]. Then the signal subsequently passes
on to the transcription factors (NF-κB, AP-1) to induce the pro-in-
flammatory cytokines [63,68]. Previous studies report that AP-1 (c-Jun,
c-Fos) orthologs of Crassostrea hongkongenesis have shown a similar
upregulation upon Gram-negative bacteria challenge in hemocytes
[22,23]. Human primary macrophages have shown that AP-1 is in-
volved in LPS induced expression of IL-6 and TNF [69]. This evidence
suggests that Lhc-Jun and Lhc-Fos may be involved in immunity against
Gram-negative bacterial pathogens. The early phase upregulation of
Lhc-Jun in gill, liver, spleen, and the middle phase upregulation of Lhc-
Fos in all tested tissues was significant in response to poly I:C challenge.
Interestingly, this early-mid phase upregulation can be expected from
Lhc-Jun and Lhc-Fos against poly I:C because of both act as an im-
mediate-early transcription factor which is involved in innate immunity
of fish [70]. Gene characterization studies of orange-spotted grouper
[20] have shown a significant increment of a c-Jun ortholog in spleen
upon Singapore grouper iridovirus (SGIV) infection. Since poly I:C is an
analog of double-stranded viral RNA, it is recognized by TLR3 [71].
TLR3 signaling leads to the activation of pro-survival and pro-in-
flammatory transcription factors, AP-1 and NF-κB [72]. Lhc-Jun may
also be involved in acquired immunity in the fish group. That would be
the reason for the late phase upregulation peak in blood after poly I:C
challenge. Previous studies have reported that the JNK pathway reg-
ulates T-cell activation and differentiation [73]. The role of AP-1 in
leukocyte activation and differentiation in the immune system has been
extensively studied (Foletta et al., 1998). It is a known fact that fish
consist of T cells that are functionally similar to mammals, where T
helper cells (Th cells) assist B cells and macrophages while Cytotoxic T
cells (CTLs) kill virus-infected cells [74]. These evidence, along with
our results suggest a strong role of Lhc-Jun and Lhc-Fos against viral
infection in host defense. The green liver syndrome is a major defect
caused by the L. garvieae in red lip mullets (Liza haematocheila) [64].
Results of this study demonstrated that upon L. garvieae challenge, liver
Lhc-Jun and Lhc-Fos were upregulated in the early-mid phase. Together,
both genes showed a late-mid phase upregulation in the blood and
spleen, while both genes showed a late phase upregulation in the gill.
The L. garvieae cause severe damage to the internal organs, including
liver and spleen, which is one of the main mortality causing agents in
mullet and rainbow trouts [75,76]. The intraperitoneal injection of L.
garvieae leads to the rapid spreading of the bacteria in the peritoneum;
this may be the reason for the early and mid-phase upregulation of Lhc-
Jun and Lhc-Fos in blood, spleen, and liver. Studies have revealed the
major role played by TLR2 in recognizing Gram-positive bacteria [77].

Fig. 4. The tissue distribution of (A) Lhc-Jun, (B) Lhc-Fos in head kidney (HK),
intestine (IT), liver (LV), blood (BL), skin (SK), gill (GL), kidney (KD), spleen
(SP), stomach (ST), heart (HT), brain (BR), and muscle (MU). The mRNA ex-
pression was measured by qRT-PCR and evaluated by the Livak method. Liza
haematocheila EF1-α was used as the internal control. Error bars represent
standard deviation with experimental replicates (n= 3). Significant differences
are indicated by alphabets (P < 0.05).
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Also, previous reports suggest that JNK1 is required for gene expression
in macrophages through TLR1 and TLR2 heterodimer where JNK is
involved in phosphorylation of c-Jun, which increases the AP-1 tran-
scriptional activity [78]. The above reports and upregulation of Lhc-Jun
and Lhc-Fos upon the L. garvieae challenge suggest that both genes are
involved in the immune response against Gram-positive bacteria. Fur-
ther extensive studies on AP-1 mediated leukocyte activation and the
differentiation of the immune system suggest the role of AP-1 in ac-
quired immunity [62]. All the results of this study and previous evi-
dence indicate a potential strong part played by Lhc-Jun and Lhc-Fos in
bacterial and viral pathogenic infection, triggering a wide array of
immune responses in red lip mullet.

In order to elicit immune responses, cells must express immune
responsive genes. For this expression, transcription factors or kinases
which phosphorylate the transcription factors must be localized in the
nucleus of the cell upon a transcriptional inducing signal by a signal
transduction pathway [79]. The predicted nuclear localization signal
(NLS) from both Lhc-Jun and Lhc-Fos indicates that both transcription
factors are localized into the nucleus. An earlier study on teleost c-Jun
has provided evidence for its nuclear localization in Epinephelus coioides
[20]. Also, both c-Jun and c-Fos in Litopenaeus vannamei and Fos from
Crassostrea hongkongensis have shown nuclear subcellular localization in
expressed cells [22,25]. These reports as well as results of the sub-
cellular localization assay performed in this study, confirmed the nu-
clear localization of both Lhc-Jun and Lhc-Fos, thus fulfilling one of the
main requirements for the functionality of a transcription factor.

The excess amount of UV radiation, which results due to ozone
depletion plays a critical effect in living organisms and entire ecosys-
tems. There are several reports which emphasize the effect of UV ra-
diation on aquatic life. The fish behavior, food chains, and immunity
are mainly affected as a result of exposure to excess UV radiation
[80–82]. Although there is a scarce in the molecular level studies on
fish UV response, it is a well-established fact that AP-1 is involved in UV
response in mammalian cells [83]. Previous studies have reported that
both c-Jun and c-Fos genes are induced in mammalian cells on UV ex-
posure [84,85]. For the first time, the teleost c-Jun, c-Fos gene

Fig. 5. The temporal expression profiles of Lhc-Jun and Lhc-Fos genes upon LPS, poly I:C, and L. garvieae in blood, gill, liver, and spleen during 0 h, 6 h, 24 h, 48 h, and
72 h post-challenge time points. The mRNA expression was measured by qRT-PCR and evaluated by the Livak method [49]. Liza haematocheila EF1-α was used as the
internal control. Error bars represent standard deviation with experimental replicates (n = 3). Significant differences between challenged groups and 0 h control
groups are indicated by an asterisk (*) (P < 0.05).

Fig. 6. Subcellular localization of Lhc-Jun and Lhc-Fos in mullet kidney cells
after 24 h posttransfection incubation. Cells transfected with empty pEGFPN-1
was used as a control. DAPI staining showed the nuclei of cells. Images were
taken using fluorescence microscopy (Leica, Germany) with× 400 magnifica-
tion.
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expression after short wavelength UV exposure (UVC=254 nm) has
been examined in this report. The results suggest that Lhc-Jun and Lhc-
Fos are stimulated in accordance with the energy dose and time. Both
genes were observed to be upregulated after UV exposure. UVC is an
active DNA damaging agent; this results in cell cycle arrest to repair the
DNA or eliminate the cells which cannot be repaired [86,87]. Previous
reports have claimed that c-Jun is involved in cell-cycle re-entry by
negative regulation of the p53-mediated p21 expression [83]. More-
over, it has been reported that c-Fos is involved in re-expression of DNA
repair genes including xpf, in a UV irradiated DNA lesion, and in re-
installing the normal DNA repair mechanism in mouse embryonic fi-
broblasts [88]. In this study, Lhc-Jun showed a significant upregulation
in the low energy (40 Jm-2) dose group with time, but in high energy
(80 Jm-2) dosage, though it showed a significant upregulation, the in-
crement of the expression at 24 h was comparatively lesser than the
12 h expression fold at low energy dose. This result may be due to the
severe damage to the DNA by high dosage of UV. Cells may need more
time to recover from the damage. As a result, cell-cycle re-entry was
reduced by inducing cell cycle arrest. In the case of Lhc-Fos, the ex-
pression kept increasing with time and dosage increases suggesting the

restoration of the DNA repairing mechanism. It showed the highest
expression in the high dosage group at the 24 h time point, suggesting
positive evidence for our first hypothesis about the Lhc-Jun decrement
at the 24 h time point in the high dosage group. For the first time, these
results demonstrated teleost c-Jun and c-Fos involvement in UV re-
sponse suggesting the functional conservation of the proteins. Further
studies are needed to confirm the above hypothesis.

The functionality of Lhc-Jun and Lhc-Fos were examined using the
AP-1-Luc reporter assay. Results suggest that both Lhc-Jun and Lhc-Fos
activated the AP-1 promoter in the AP-1-Luc reporter. The Lhc-Jun and
Lhc-Fos co-transfected group showed the highest activity fold sug-
gesting an enhancement of the AP-1 promoter activity. These results
revealed that both Lhc-Jun and Lhc-Fos have the functionality to bind
an AP-1 region of a gene and initiate transcription. Moreover, by sug-
gesting the formation of the Lhc-Jun and Lhc-Fos (AP-1) dimer, which
enhanced the activity of the AP-1 transcription factor, it was suggested
that both Lhc-Jun and Lhc-Fos work together to augment AP-1.
Previous studies on c-Jun and c-Fos have reported similar results in
Epinephelus coioides [20], and Crassostrea hongkongensis [22,23]. All
these results suggest that the AP-1 functionality is conserved in both
Lhc-Jun and Lhc-Fos, indicating that Lhc-Jun and Lhc-Fos identified in
Liza haematocheila are functionally active.

5. Conclusion

Lhc-Jun and Lhc-Fos posses a typical bZIP leucine zipper domain,
which is involved in DNA binding and dimerization. The main phos-
phorylation sites and DNA binding sites of both genes have been con-
served through evolution. Lhc-Jun and Lhc-Fos were ubiquitously ex-
pressed in all examined tissues and exhibited a robust response against
immune stimulation. Both Lhc-Jun and Lhc-Fos showed a strong re-
sponse to UV irradiation. This is the first study on UV irradiation re-
sponse in c-Jun, c-Fos orthologs of fish. Both genes are nuclear-localized
and induce AP-1 reporter gene expression, which is the main function of
AP-1 transcription factors. All these data suggest that Lhc-Jun and Lhc-
Fos are involved in MAPK signaling pathways and broaden our current
knowledge of AP-1 structure and function.
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Fig. 7. The expression profiles of (A) Lhc-Jun and (B) Lhc-Fos genes upon UV irradiation. The mRNA expression was measured by qRT-PCR and evaluated by the Livak
method. Liza haematocheila EF1-α was used as the internal control. Error bars represent standard deviation with experimental replicates (n = 3). Significant
differences between challenged groups and 0 h control groups are indicated by an asterisk (*) (P < 0.05).

Fig. 8. The effect of Lhc-Jun and Lhc-Fos on AP-1 reporter activity in MK cells.
MK cells were transiently co-transfected with AP-1-Luc reporter plasmid with
Lhc-Jun-pcDNATM3.1(+) and Lhc-Fos-pcDNATM3.1(+) plasmids together with
Renila luciferase (pRL-TK) plasmid as an internal control. Empty
pcDNA™3.1(+) was used as a control. Significant differences are indicated by
an asterisk (*) (P < 0.05).
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Korea.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.fsi.2019.08.013.
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