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ABSTRACT

Clusterin (CLU) is a glycoprotein that contains a- and f-chains. CLU exerts multifunctional activities and plays a
role in different cell signaling pathways that are associated with various diseases such as proteotoxic and
oxidative stress, as well as cell death and survival. However, its role in marine teleost fish remains unclear.
Therefore, the present study was carried out to characterize and investigate the immune responses and anti-
apoptotic effects of CLU of the big-belly seahorse (Hippocampus abdominalis) (HaCLU) on oxidative stress-
induced cell death. The HaCLU open reading frame was 1389 bp long and encoded a protein with 462 amino
acids, a molecular weight of 51.28 kDa and an isoelectric point of 5.41. In-silico results demonstrated that HaCLU
has a signal peptide in the 1-29 amino acid region, while the a- and p-chains were in the 34-227 and 228-455
amino acid regions, respectively. Multiple sequence alignment clarified the low homology of the a-chain with
other orthologs. The highest HaCLU mRNA expression level was observed in the liver, followed by the heart,
spleen, and brain tissues of healthy big-belly seahorses. Further, HaCLU mRNA expression level was elevated in
the liver in response to different stimuli, including lipopolysaccharides, polyinosinic:polycytidylic acid,
Edwardsiella tarda, and Streptococcus iniae. HaCLU potentiates cell viability and weakens chromatin condensation
in the nucleus of FHM cells following HyO2-induced oxidative stress and subsequent cell death. HaCLU over-
expression resulted in a reduced Bax/Bcl-2 mRNA expression ratio. This study revealed the role of HaCLU in
immune regulation against pathogenic infections and its anti-apoptotic effects on oxidative stress-induced cell
death.

1. Introduction

physiological and pathological processes, including extracellular chap-
erone function, lipid transportation, immune modulation, oxidative and

Clusterin (CLU), also known as apolipoprotein J, is a multifunctional
glycoprotein that contains two chains, a- and p-CLU linked by five di-
sulfide bonds [1-3]. This two coiled-coil (CC) domain is important for
the interaction of CLU with other proteins to elicit several cellular ac-
tivities, including stabilizing the Ku70-Bax complex to inhibit mito-
chondrial apoptosis [3].

CLU was first discovered as a cell-aggregating factor in the ram rete
testis fluid of immature rats [4]. Two forms of CLU molecules are
ubiquitously expressed in mammals [5], namely CLU precursor forms
(approximately 60 kDa) and mature secreted heterodimeric glycopro-
tein (approximately 75-80 kDa) [5,6]. CLU participates in several

proteotoxic stress, cell death, and survival [2,7,8]. A previous study on
zebrafish CLU showed that CLU has direct or indirect involvement in
neuronal cell death [9], while another study characterized two CLU
isoforms, i.e., CLU-1 and CLU-2 in rainbow trout [10]. Although several
studies have described the different roles of mammalian CLU, functional
studies of its teleost counterparts are obscure.

Accumulating evidence suggests that intracellular CLU is an anti-
apoptotic molecule responsible for impairing mitochondrial apoptosis
by inhibiting the intrinsic apoptosis pathway through the attenuation of
Bax activation in mammals [3,11,12]. Apoptosis is an important bio-
logical process for normal cell turnover, proper functioning of the
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immune system, immune system development, chemical-induced cell
death, embryonic development, and hormone-dependent atrophy [13].
Furthermore, apoptosis of host cells can be promoted by the pathogen
infection induced oxidative stress to suppress the immune system [14].
Moreover, the two types of apoptotic pathways, extrinsic and intrinsic,
are clearly defined in previous studies [15,16]. On the one hand, the
extrinsic pathway is mediated by the activation of death receptors such
as TNFR, Fas, and TRAIL by external environmental influences and leads
to the recruitment and activation of initiator caspases (caspases 8 and
10), subsequently leading to the formation and activation of the
death-inducing signaling complex (DISC) and caspase 3 [17]. On the
other hand, intrinsic apoptosis is mostly initiated by cytochrome c
release from the mitochondria due to stress factors such as reactive
oxygen species (ROS) production and subsequent activation of caspases
9 and 3, inducing cellular apoptosis [17,18]. However, the lack of evi-
dence on the role of teleost CLU in cellular apoptosis and immune
response prompted us to investigate the regulatory effect of big-belly
seahorse HaCLU on the cellular apoptosis mechanism and immune
response against pathogen infections.

Big-belly seahorse (Hippocampus abdominalis) is rich in proteins with
essential amino acids. They have a high ratio of aromatic or heterocyclic
(Pro, His, Phe, and Tyr) and acidic (Asp and Glu) amino acids, which are
important in the production of proteins and different products in the
aquaculture industry [19,20]. Furthermore, recent studies have indi-
cated that amino acids, unsaturated fatty acids, trace elements, and
other functional components in seahorses have medicinal value,
particularly in East Asian countries [21-24]. Ryu et al. investigated a
novel peptide (SHP-1) from seahorse (Hippocampus kuda) hydrolysate
for its inhibitory function on collagen release in arthritis [20]. Another
study reported that Brassicasterol, a bioactive compound from Hippo-
campus abdominalis, can potentially function as an anti-cancer com-
pound against human prostate cancer [22]. These properties make
big-belly seahorse a valuable, highly sought-after marine animal, pri-
marily in the Asian medicinal market [24]. Therefore, customer demand
for seahorses is very high not only in Asian countries but also globally,
commanding high prices [25,26]. However, captive breeding and rear-
ing of seahorses are challenging because of disease outbreaks caused by
pathogens [25]. Thus, to address this issue genetically, research on
marine molecular genetics is paramount to improving efficiency for
successful seahorse-aquaculture. In this study, we present the first in
silico analysis and expression pattern, immune response, and
anti-apoptotic behaviors of big-belly seahorse HaCLU.

2. Materials and methods
2.1. Inssilico analysis of CLU from big-belly seahorse

The full-length CLU coding sequence of big-belly seahorse was ob-
tained from a previously established big-belly seahorse transcriptome
database. Verification and confirmation of the identified CLU were
performed using the National Center for Biotechnology Information
(NCBI) Basic Local Search Tool (BLAST) [27] and designated as HaCLU.
The open reading frame and the amino acid sequence of HaCLU were
predicted using the Unipro UGENE software [28]. Possible domains,
motifs, and signal peptides were determined using the Simple Modular
Architecture Research Tool (SMART) program [29] and the NCBI
conserved domain search tool [30]. The tertiary three-dimensional (3D)
structure of HaCLU was predicted using the Iterative Threading AS-
SEmbly Refinement (I-TASSER) server [31]. Visualization and editing
were performed using PyMOL Molecular Graphic System Version 2.5.1
[32]. Multiple sequence analysis and pairwise sequence alignment of
HaCLU with other vertebrate orthologs were performed using the
Clustal Omega Multiple Sequence alignment tool [33] with the
Sequence Manipulation Suite (SMS): Color align conservation tool
(https://www.biologicscorp.com/sms2/color_ align_cons.html) and
EMBOSS Needle Pairwise sequence alignment tool, respectively [34]. A
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phylogenetic tree was constructed using the MEGA version 11 software,
with 5000 bootstrap replicates, and neighbor-joining method [35].

2.2. Construction of plasmids

Gene-specific PCR primers with appropriate restriction sites
(Table 1) were used to construct the full-length HaCLU gene from the
genomic cDNA of the laboratory big-belly seahorse cDNA library. The
gene was cloned into the pcDNA 3.1 (+) vector (Invitrogen, Carlsbad,
CA, USA) and pEGFP-N1 (Invitrogen) expression vector to construct the
pcDNA 3.1(+)-HaCLU and pEGFP-N1-HaCLU plasmids, respectively.
The cloning was confirmed by sequencing the inserted coding sequence
(Macrogen, Republic of Korea).

2.3. Cell culture and gene transfection

Fathead minnow (FHM) cells were cultured and maintained in Lei-
bovitz L-15 medium (Sigma-Aldrich, St. Louis, MO, USA) with 10% heat-
inactivated fetal bovine serum (FBS, Gibco-BRL; Life Technologies,
Carlsbad, CA, USA) as a supplement and 1% antibiotic-antimycotic
(Gibco-BRL; Life Technologies) at 25 °C in an incubator. Thereafter,
the constructed plasmids were transfected into FHM cells using the X-
tremeGENE™ 9 transfection reagent (Roche Diagnostics GmbH, Penz-
berg, Germany) according to the manufacturer’s protocol.

2.4. Subcellular localization of HaCLU

FHM cells were seeded into a 12-well cell culture plate at a density of
2 x 10° cells/well. After 24 h, cells were transfected with the pEGFP-N1
vector or pEGFP-N1-HaCLU plasmid construct. After incubating trans-
fected cells at 25 °C in an incubator for 24 h, the cells were washed with
1 x PBS and fixed with 4% formaldehyde for 10 min. Fixed cells were
then stained with 4,6-diamino-2-phenylindole (DAPI) (Invitrogen) for
15 min at 37 °C and washed again with 1 x PBS for observation under a
fluorescence microscope at 400 x magnification (Leica DM6000 B; Leica
Microsystems, Wetzlar, Germany). The obtained images were processed
using Leica Application Suite X version 3.3.

2.5. Experimental animal and tissue isolation

Big-belly seahorses (~8 g average body weight) were bought from
the Center of Ornamental Fish Breeding at Jeju Island, Republic of
Korea. Fish were transported to the Marine Science Research Institute of
Jeju National University, Hamdeok, Jeju, and kept in a 300-L aquarium
tank with fresh seawater for one week to acclimatize the fish before the
experiments. Fish were fed ad libitum with frozen Mysis shrimp twice
per day during the acclimatization period. Water temperature and
salinity were maintained at 18 + 2 °C and 34 £ 0.6%o, respectively. All
experimental procedures were performed in accordance with the
guidelines provided by the Animal Experiment Ethics Committee of Jeju
National University.

To perform the tissue distribution analysis, six fish (three males and
three females) were dissected to harvest the skin, kidney, ovary, spleen,
blood, heart, brain, intestine, pouch, testis, liver, muscle, gills, and
stomach tissues. Blood samples were collected from the verge of the tail
by cutting, and hemocytes were separated by centrifugation at 3000xg
for 10 min at 4 °C. Harvested tissue samples were immediately flash-
frozen in liquid nitrogen and stored at —80 °C until further experiments.

2.6. In vivo immune challenge and stimulation

Pre-acclimatized big-belly seahorses (average bodyweight ~3 g)
were used in the immune challenge experiment. The fish were divided
into five groups, each consisting of 30 individuals. The control group
was intraperitoneally injected with 100 pL of PBS. Other groups were
challenged intraperitoneally with 100 pL 10° CFU/pL of Streptococcus
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Table 1
Primers used for cloning and qPCR analysis.
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Primer name Sequence (5°3)

Application

HaCLU_pcDNA (Forward)
HaCLU_pcDNA (Reverse)
HaCLU_pEGFP (Forward)
HaCLU_pEGFP (Reverse)
HaCLU_qPCR (Forward)
HaCLU_gPCR (Reverse)

GACGTGGTCATCACCAAACCTTAC
CCGGAACAATCGACGTGTTCAATC

Bax_qPCR (Forward) TGGCACTGTTTCACCTCG
Bax_gPCR (Reverse) ATCCTCCTTGCTGTCTGATC
Bcl-2_qPCR (Forward) TGGGACTGTTTGCCTTCG
Bcl-2_qPCR (Reverse) TCTGCCGCTGCATCTTTT
EFla_gPCR (Forward) GGCTGACTGTGCTGTGCTGAT
EF1a_qPCR (Reverse) GTGAAAGCCAGGAGGGCATGT

GAGAGAaagcttGCAATGGTGATGATGATGATGATGATGAAGATGAGGAA (HindlIl)
GAGAGAgaattcCTATTTGGCAACAACAGTGATATCCTTGTAGCG (EcoRI)
GAGAGAaagcttATGTTGATGATGATGATGATGATGAAGATGAGGAA (HindIII)
GAGAGAggtaccCGTTTGGCAACAACAGTGATATCCTTGTAGCG (Kpnl)

Cloning into pcDNA3.1(+)

Cloning into pEGFP-N1

qPCR analysis

To analyze expression in FHM cells
To analyze expression in FHM cells

qPCR internal reference of FHM cells

iniae, 5 x 10° CFU/pL of Edwardsiella tarda, 1.25 pg/pL of lipopolysac-
charides, from Escherichia coli 055:B5 (LPS) (Sigma-Aldrich), and 1.5
pg/pL of polyinosinic: polycytidylic acid (poly L:C). Liver samples were
collected from five individuals per group at 0, 3, 6, 12, 24, 48, and 72 h
post-injection (p.i.) and kept frozen in liquid nitrogen (—80 °C) for
further experiments.

2.7. Quantitative real-time PCR

Total RNA was isolated from FHM cells and big-belly seahorse tissues
using the RNAiso Plus kit (Takara Bio Inc, Shiga, Japan). RNA cleaning
was performed using an RNeasy spin column (Qiagen, Hilden, Ger-
many). The isolated RNA concentration was quantified using a spec-
trophotometer at an absorbance of 260 nm (uDrop Plate; Thermo Fisher
Scientific, Waltham, MA, USA). Thereafter, cDNA synthesis was per-
formed using the PrimerScript II First Strand cDNA Synthesis Kit (Takara
Bio Inc) and quantified by qPCR using TB Green® Premix Ex Taq™ (Tli
RNaseH Plus; Takara Bio Inc) in a Thermal Cycler Dice™ Real-Time
System III, (Model: TP951; Takara Bio Inc). qPCR primers were
designed using the IDT Primer Quest Tool, and the primers are shown in
Table 1. The manufacturer’s protocols were followed for each step. The
transcription level of HaCLU was calculated using the Livak 2~ 44T
method [36].

2.8. MTT assay

FHM cells were seeded at a concentration of 2 x 10° cells/well in a
24-well plate in a cell culture medium for 24 h at 25 °C in an incubator.
Subsequently, different concentrations of HO5 (0, 1, 1.5, 2, 3, and 4
mM) were added and incubated at 25 °C for 24 h in the cell culture
medium. The MTT assay was performed according to the method
described by Kumar et al. with some modifications [37]. Briefly, the
medium was removed and replaced with 100 pL serum-free media and
200 pL of 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazo-
lium bromide (MTT). Thereafter, the plate was covered with aluminum
foil and kept at 25 °C in an incubator for 3 h. After incubation in
serum-free media, MTT in the wells was replaced with 200 pL dimethyl
sulfoxide (DMSO), covered with an aluminum foil, and incubated on a
shaker at room temperature (RT) for 30 min. Finally, 50 pL of DMSO
from each well was transferred to a 96-well plate to measure absorbance
using a Multiskan Sky microplate reader (Thermo Fisher Scientific) at
540 nm. The experiment was performed in triplicate, and the percentage
of cell viability was calculated by considering control cells as 100%
viable. Suitable concentrations were selected based on the results for
future experiments.

To investigate the cell viability percentage of HaCLU-overexpressed
FHM cells following treatment with HzO, cells were transfected with
pcDNA3.1(+) or pcDNA3.1(+)-HaCLU and 20 pL of Hy05 in a concen-
tration series (0, 2, 2.5, 3, 3.5, and 4 mM) for 24 h. Afterward, an MTT
assay was performed in triplicate as described above to calculate the
percentage cell viability using the following equation: cell viability % =
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[At/Ac] x 100, where, A represents the mean absorbance value of the
test cells and A. represents the mean absorbance value of the control
cells.

2.9. Hoechst assay

Hoechst staining was performed according to a previously described
method [38]. Briefly, FHM cells were seeded at a concentration of 3 x
105 cells/well in cell culture medium and incubated at 25 °C for 24 h.
Thereafter, cells were transfected with pcDNA 3.1(+) or pcDNA 3.1
(+)-HaCLU. Twenty-four hours later, the pcDNA 3.1(+) or pcDNA 3.1
(+)-HaCLU-transfected cells were treated with 2 mM H504 (final con-
centration) or an equivalent volume of 1 x PBS (control) in existing cell
culture medium. After 24 h incubation at 25 °C, apoptotic bodies were
observed and counted by staining the cells with 20 pg/mL
nuclear-specific Hoechst 33342 dye (Sigma-Aldrich). Nuclei with chro-
matin condensation were visualized using a fluorescence microscope
equipped with a CoolSNAP-Pro color digital camera (Media Cybernetics
Inc, Rockville, MD, USA). The apoptotic body index was calculated for
each treatment using the following equation: apoptotic body index = (n
[Th/N¢l/n[Cp/Nc]), where Ty, represents the number of apoptotic bodies
and N; represents the number of total nuclei in HyO,-treated pcDNA 3.1
(+) or pcDNA 3.1(+)-HaCLU-transfected cells or 1 x PBS treated pcDNA
3.1(+)-HaCLU-transfected cells, Cp, represents the number of apoptotic
bodies, and N, represents the number of total nuclei in 1 x PBS-treated
pcDNA3.1(+) transfected cells, while “n” represents the mean values.
The minimum number of apoptotic bodies was considered as one in the
calculation. The experiment was performed in triplicate.

2.10. Analysis of Bax and Bcl-2 transcriptional level

FHM cells (4 x 10° cells/well) were transfected with pcDNA3.1(+)
or pcDNA3.1(+)-HaCLU and exposed to 2 mM H30- in a 12-well cell
culture plate; control cells were kept without exposure to HyO,. After 24
h incubation with the recommended FHM cell culture conditions, cells
were harvested, cDNA was synthesized, and RT-qPCR was performed to
analyze Bcl-2-associated X (Bax) and B-cell lymphoma 2 (Bcl-2) tran-
scription levels using the primers listed in Table 1. The Bax/Bcl-2 fold-
induction ratio was calculated to determine the effect of HaCLU in
FHM cells on cellular apoptosis.

2.11. Statistical analysis

All experiments were performed in triplicate, and the results are
shown as the mean + standard deviation. The data were analyzed using
Student’s t-tests and the GraphPad Prism Version 8.0.2 software
(GraphPad Software, Inc., San Diego, CA, USA) to determine the dif-
ferences between the groups. Statistical significance was set at P < 0.05.
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3. Results
3.1. Insilico analysis of HaCLU sequence

The HaCLU sequence was extracted from the laboratory pre-
constructed big-belly seahorse transcriptome database, and the
sequence was submitted to NCBI GenBank (GenBank accession number:
OL310706). HaCLU was found to contain 1389-bp nucleotides and 462
amino acids. The molecular weight of HaCLU was calculated to be 52.8
kDa, and the theoretical isoelectric point (pI) was found to be 5.41.
Furthermore, HaCLU contains an N-terminal signal peptide (1-29 aa),
clusterin-p (CLB) chain (34-227 aa), and a C-terminal clusterin-a (CLa)
chain (228-455 aa) (Fig. 1A). The predicted tertiary 3D structure,
designed using I-TASSER, showed a similar arrangement with an
approximately helical shape (Fig. 1B). Furthermore, the C-score of the
predicted structure was indicated as —1.35, in I-TASSER. The C-score
ranged from —5 to 2, with a higher C-score indicating higher confidence
[31].

Multiple sequence alignment of HaCLU showed highly conserved
amino acids with other vertebrate orthologs (Fig. 2). Pairwise compar-
ison of HaCLU (Table 2) with the CLU of Hippocampus comes (tiger tail
seahorse), which belongs to the same genus, showed the highest identity
(97.2%) and similarity (98.9%), followed by that of Oreochromis sp.
With an identity and similarity of 73.3 and 84.7%, respectively, among
the selected orthologs of other vertebrates. However, the CLU of other
taxonomies showed an identity lower than 50% with HaCLU. Similarly,
phylogenetic tree construction illustrated that HaCLU closely clustered
with Hippocampus comes in the teleost clade (Fig. 3).

3.2. Subcellular localization of HaCLU

Subcellular localization of HaCLU was observed by transfecting the
GFP-tagged pEGFP-N1 plasmid and pEGFP-N1-HaCLU construct into

227 228

¢» — C-terminal

N-terminal

[ Signal peptide
Il B chain
[ Ja chain

Fig. 1. Domain structure (A) and predicted tertiary 3D structure (B) of HaCLU.
The domain structure was predicted by using the SMART embl online tool. The
3D structure was predicted through the I-TASSER Server and edited using the
PyMOL software. (Sp, signal peptide; CLf, p-chain; CLx, a-chain).
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FHM cells (Fig. 4). Fluorescence images displayed dispersed green
fluorescent-tagged HaCLU throughout the cytoplasm, except the nu-
cleus, which was stained with DAPI (blue color).

3.3. HaCLU mRNA expression pattern in different tissues of big-belly
seahorse

RT-qPCR analysis was performed to determine the mRNA expression
of HaCLU in different big-belly seahorse tissues. As seen in Fig. 5, the
highest HaCLU mRNA expression level was observed in liver tissue
(~44.4 fold), followed by heart (~43.6 fold), spleen (~40.8 fold), and
brain (~39.1 fold). However, other tissues showed comparatively lower
expression levels, while the intestine had the lowest HaCLU expression,
which was defined as the basal level.

3.4. Effect of in vivo immune stimulation in big-belly seahorse on
temporal HaCLU mRNA expression

To investigate the temporal expression pattern of HaCLU in big-belly
seahorse following immune stimulation with LPS, poly I:C, E. tarda and
S. iniae, RT-qPCR analysis was performed on the harvested liver tissue at
different time points (0, 3, 6, 12, 24, 48, and 72 h) p.i (Fig. 6). Results
showed significant induction of HaCLU mRNA expression level
following LPS challenge at 24 h p.i. Poly I:C challenge shows undulatory
modulation of HaCLU mRNA expression level with significant induction
at 3, 24, and 72 h p.i.; however, the expression level was drastically
induced at 24 h p.i. Following E. tarda challenge, the expression level
increased at 72 h p.i., while S. iniae significantly induced the expression
level at 24 h p.i., which was later downregulated at 48 h p.i and sub-
sequently upregulated at 72 h p.i.

3.5. Effect of HaCLU on FHM cell survival under H2O2-induced oxidative
stress

To determine the cytotoxic HyO, dose in FHM cells, cells were
treated with increasing concentrations of HyO> (1, 1.5, 2, 3, and 4 mM),
and cell viability was observed 24 h post-treatment using the MTT assay.
Results indicated that HyO» impaired cell viability with increasing
concentration (Fig. 7A); maximum cell death was observed at 4 mM
H20,, with 35 + 1% cell viability. Moreover, the first lowest cell
viability lower than 50% was observed at an HoO; concentration of 3
mM (56 + 1%). However, HyO5 concentrations greater than 1.5 mM
resulted in significant cell death compared to that in the control cells.
Based on the above results, we decided to use a 2-4 mM range of HyO5
concentrations for subsequent experiments in this study.

To investigate the effect of HaCLU on Hy05-induced oxidative stress
and subsequent cell death, pcDNA 3.1(+) or pcDNA 3.1(+)-HaCLU-
overexpressing FHM cells were treated with increasing concentrations of
H,0, (2, 2.5, 3, 3.5, and 4 mM). After a 24-h incubation period, an MTT
assay was performed, and the results are illustrated in Fig. 7B. The re-
sults revealed that HaCLU-overexpressing FHM cells showed signifi-
cantly increased levels of cell viability at all HyO, concentrations
compared with the pcDNA 3.1(+) vector-transfected FHM cells.

3.6. HaCLU reduces HyOz-induced chromatin condensation in the nuclei
of apoptotic FHM cells

The ability to reduce chromatin condensation in the nuclei of
apoptotic cells during cell death was further determined using Hoechst
33342 staining. As shown in Fig. 8A, HaCLU overexpression in FHM cells
reduced the number of apoptotic bodies or condensed chromatin (white
arrows in Fig. 8A) compared with the pcDNA 3.1(+) vector-transfected
control after treatment with 2 mM H50,. However, cells not treated with
H50, did not show condensed chromatin or apoptotic bodies at all. The
apoptotic bodies in each treatment were counted, and the apoptotic
body index was calculated (Fig. 8B). The results revealed a significant
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lines, respectively.

reduction of apoptotic bodies in HaCLU-overexpressing cells than in the
control following HoO, treatment.

3.7. Bax and Bcl-2 transcription after treatment of HaCLU-
overexpressing FHM cells with H202

To analyze the transcription of Bax and Bcl-2 in HaCLU-
overexpressing FHM cells after HyO, treatment, RT-qPCR analysis was
performed (Fig. 9). Results revealed that HaCLU overexpression reduced
the mRNA expression level of Bax and increased that of Bcl-2 (Fig. 9A
and B). Furthermore, the Bax/Bcl-2 fold-induction ratio in HaCLU-
overexpressing cells following Hy0, treatment was lower than that in
the empty vector-transfected cells and cells not exposed to HyO
(Fig. 9Q).
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4. Discussion

CLU is defined as an “enigmatic” protein, with diverse functions in
almost all the fundamental biological processes and various diseases,
including cancer [39]. There are various naturally occurring proteo-
forms of CLU in mammals, including cytosolic, nuclear, and variably
glycosylated forms of CLU, which have different functions [2]. Among
these functions, the anti-apoptotic effect of CLU is of paramount
importance as cell death is an unavoidable and crucial process that oc-
curs in all living organisms [3]. When considering teleost CLU, a pre-
vious study investigated the induction of CLU expression following
neuronal cell death in zebrafish [9], while another study characterized
CLU in rainbow trout and identified two forms of CLU, CLU-1 and CLU-2
[10]. Unfortunately, even though various studies have been done on
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Table 2

Pairwise percentage identity and similarity of HaCLU with selected orthologs of

other vertebrates.

Species Accession Taxonomy  Identity Similarity
number (%) (%)

Hippocampus XP_019726297.1 Fish 97.2 98.9
comes

Oreochromis XP_003446372.1 Fish 73.3 84.7
niloticus

Oreochromis XP_031584229.1 Fish 73.3 84.7
aureus

Gopherus evgoodei ~ XP_030410953.1 Reptilia 45.7 63.4

Chrysemys picta XP_005284162.1 Reptilia 45.1 62.7
bellii

Gallus gallus AAD17257.1 Aves 44.7 60.0

Amazona aestiva KQK80821.1 Aves 43.7 61.2

Numida meleagris AAW21812.1 Aves 44.2 59.0

Rhinatrema XP_029452092.1 Amphibia 42.8 59.4
bivittatum

Microcaecilia XP_030054524.1 Amphibia 41.8 60.0
unicolor

Geotrypetes XP_033794384.1 Amphibia 40.5 59.7
seraphini

Homo sapiens AAP88927.1 Mammalia  38.6 57.3

Otolemur garnettii. ~ XP_012663173.1 Mammalia  38.0 55.9

diverse functions of mammalian CLU, studies on functions of teleost CLU
are scarce. Hence, the present study sought to elucidate the character-
istics, the immune response against different stimulants in vivo, and the

100— Hippocampus abdominalis

100

L Hippocampus comes [XP 019726297 .1]
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in vitro anti-apoptotic function of HaCLU associated with the immune
system.

CLU is an inherently sticky protein; therefore, it has been difficult to
produce X-ray crystallographic structures [5]. Hence, we predicted the
domain structure and tertiary 3D structure of HaCLU using online tools
to gain insight into the characteristics of HaCLU protein. The predicted
domain and 3D structure of HaCLU consist of both a- and f-chains
structurally similar to their mammalian counterparts [5,40,41]. In
teleost, rainbow trout contains two CLU isoforms, CLU-1 and CLU-2, of
which CLU-1 is similar to the two CLU chains (a- and f-chains) in
mammals [10]. Mammalian CLU is known to comprise a cytoplasmic
CLU form (c-CLU) and secreted subunit of CLU (s-CLU), consisting of a
signal peptide and, a- and f-chains as the main functional domains [5].
Furthermore, full-length c-CLU consists of a- and f-chains approxi-
mately 60 kDa in size, while s-CLU is approximately 40 kDa [6]. Simi-
larly, zebrafish CLU has motifs for the signal peptide and o- and p-chains
[9]. In the present study, we found that big-belly seahorse full-length
HaCLU is 52.81 kDa with distinct a- and p-chains and an N-terminal
signal peptide (Fig. 1). However, the identity and similarity of the
HaCLU amino acid sequence in the present study were lower than those
of other vertebrate orthologs (Table 2). In addition, the phylogenetic
relationship showed that HaCLU clustered together with teleost ortho-
logs (Fig. 3). pEGFP-N1-HaCLU overexpression in FHM cells showed that
HaCLU localized in the cytoplasm (Fig. 4). Consistent with our obser-
vation, a previous study also elucidated that the anti-apoptotic form of
CLU localized in the cytoplasm in most primary and metastatic breast

Cynoglossus semilaevis [XP 008311637 .1]

100

74 41()0? Etheostoma cragini [XP 034756271.1]

Sander lucioperca [XP 031177485.1]

61 Neolamprologus brichardi [XP 006792763.1]
100 [ Oreochromis aureus [XP 031584229.1]
68 81' Oreochromis niloticus [XP 003446372.1]

99

100

100

Danio rerio [AAQ56181.1]
Bufo gargarizans [AQX36192.1]
Xenopus laevis [NP 001080775.1]
Rhinatrema bivittatum [XP 029452092.1]

100 _ﬂooaecﬂi& unicolor [XP 030054524.1]
100

Geotrypetes seraphini [XP 033794384.1]

98] L Homo sapiens [AAP88927.1]

ETupaia chinensis [ELW62542.1]
100 Otolemur garnettii [XP 012663173.1]
Talpa occidentalis [XP 037382400.1]
E Rousettus aegyptiacus [KAF6400698.1]
100 Rhinolophus ferrumequinum [KAF6305997.1]

Trichechus manatus latirostris [XP 023592492.1]

L 9% F Chrysemys picta bellii [XP 005284162.1]

100} L Terrapene carolina triunguis [XP 026514113.1]

Betta splendens [XP 028996401.1]

Fish

Amphibia

Mammalia

Reptilia

Gopherus evgoodei [XP 030410953.1]

99 100 E Gallus gallus [AAD17257 1]

Numida meleagris [AAW21812.1]
100| [~ Falco peregrinus [XP 005236737.2]
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i
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Fig. 3. Phylogenetic relationship of HaCLU (GenBank accession number: OL310706) with orthologs of other vertebrates including Fish, Amphibia, Mammalia,
Reptilia, and Aves. H. abdominalis is clustered with the teleost clade and shares the same root with H. comes but in different branches. The Neighbor-joining method
was used, and bootstrap values are shown at nodes of the branches based on 5000 replicates.
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NucBlue (DAPI)

pEGFP-N1

PEGFP-N1-HaCLU
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Merged

Fig. 4. Subcellular localization of HaCLU in FHM cells. FHM cells were transfected with pEGFP-N1 (A, B, and C) or pEGFP-N1-HaCLU (D, E, and F) and incubated for
24 h at 25 °C. Incubated cells were fixed with 3% formaldehyde and the nucleus was stained with DAPI. Images were taken using a fluorescence microscope. pEGFP-
N1 or pEGFP-N1-HaCLU expression is indicated in green; the nucleus was stained blue, and merged results show the nucleus and fluorescence expression of pEGFP-

N1 or pEGFP-N1-HaCLU together in the same cell.

Relative mRNA expressin level

¢ D 0 & D o o & &S
& & ) Q) < N D XV ) < > () N
S & & S S oy
Q@é & & & ¥ 9 ¢ @\’s ot Y
AS )

Tissue type

Fig. 5. Relative mRNA expression analysis of HaCLU in different tissues of
healthy big-belly seahorse. Data are presented relative to the transcript level of
the intestine. The liver, heart, spleen, and brain show relatively higher HaCLU
expression levels, while the liver shows the highest expression relative to the
HaCLU transcription level of the intestine. Data are presented as the mean
values of relative mRNA expression level + standard deviation (SD) (n = 3).

carcinomas, enhancing cancer cell survival [42].

We investigated the tissue distribution of HaCLU in different tissues
and found higher transcriptional levels of HaCLU in the brain, spleen,
heart, and liver of healthy big-belly seahorses. The highest HaCLU
expression was observed in the liver tissue (Fig. 5). Consistent with our
result, a previous study also reported that CLU-1 was highly expressed in
the liver tissue of rainbow trout [10]. Evidence suggests that CLU is an
immune preconditioning regulator in different types of inflammatory
diseases in mammals, such as steatohepatitis and subsequent hep-
atocarcinogenesis in the liver [43,44]. Moreover, Li et al. described the
use of the CLU expression patterns in liver tissues as a biomarker for
diagnosing hepatocellular carcinoma [44]. In addition, the liver is an
immunologically and anatomically unique site that is rich in natural
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killer and natural Kkiller T cells, which are essential for the innate im-
mune response against pathogen infections [45]. Moreover, the liver
plays a major regulatory role during inflammation [46]. When consid-
ering our results and previous studies, we were encouraged to analyze
the changes in CLU expression in the liver tissue of big-belly seahorses as
a means of investigating the immune response of HaCLU against
different pathogens and pathogen mimics, including LPS, Poly I:C,
E. tarda and S. iniae (Fig. 6). As expected, we found that both
gram-negative (E. tarda) and positive (S. iniae) bacteria increased HaCLU
expression in the liver tissue of big-belly seahorse in a time-dependent
manner. Similarly, poly I:C, a double-stranded RNA virus mimic,
induce HaCLU expression in big-belly seahorse liver tissue, providing
insight into the potential role of CLU in innate immune function against
viral infections. However, evaluating the different expression patterns of
immune stimulants at various time points should provide evidence for
the different mechanisms of each stimulant in activating HaCLU.
Complex interactions between pathogens and cellular host proteins
induce host cell apoptosis under ROS-induced oxidative stress [47].
Previous studies have suggested that c-CLU has anti-apoptotic properties
which are important in human cancer therapy [48-50]. Therefore, we
sought to determine whether HaCLU had an anti-apoptotic effect against
apoptosis stimulants based on the HaCLU, structural analysis and im-
mune challenge results and the accumulated evidence on the
anti-apoptotic function of mammalian c-CLU. Apoptosis can occur due
to HyOp-induced oxidative stress. A previous study indicated that in-
flammatory and vascular cells could cause oxidative stress by producing
H,0,, subsequently inducing reactive oxygen species (ROS) such as
0,® through endothelial nitric oxide synthase (NOS) and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, contributing to
endothelial dysfunction [51]. In the present study, we used FHM cells,
an epithelial cell line of fathead minnow, to study the ROS-induced
anti-apoptotic function of HaCLU. First, we determined the effective
concentration of HyO» required to induce apoptosis in FHM cells and
found significant cell death in FHM cells following treatment with HyO2
at concentrations higher than 1.5 mM (Fig. 7A). Similarly, in a previous
study that investigated the oxidative stress in fish cell lines,
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Fig. 7. FHM cell percentage viability at different H,O, concentrations (A). MTT
assay was performed 24-h treatments with H,O, at 0-, 1-,1.5-, 2-, 3-, 4- mM
concentrations. Thereafter, the best concentration range of H,O, was selected
to analyze the percentage cell viability of FHM cells transfected with pcDNA3.1
(+) or pcDNA3.1 (+)-HaCLU (B). Transfected FHM cells were treated with 0, 2,
2.5, 3, 3.5, 4 mM of H,0,, and cell viability was assessed using an MTT assay.
Data are presented as the mean values of percentage cell viability + SD (n = 3).
Statistically significances between treatments were compared with the control

(0 mM) using Student’s t-test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p <
0.001; **** p < 0.0001).
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H205-induced oxidative stress and cytotoxicity were observed in FHM
cells at concentrations higher than 1.5 mM of HyO; [52]. Based on the
above findings, the MTT assay was performed using selected H,O5
concentrations. Results implied that HaCLU could attenuate H2O»-in-
duced apoptotic cell death in FHM cells (Fig. 7B).

The apoptotic process is characterized by a reduction in DNA content
and morphological changes such as nuclear condensation [53]. The
Hoechst assay is a well-recognized method used to identify apoptotic
bodies during cell death and chromatin condensation [53]. Considering
this, our Hoechst assay showed a profound effect of HaCLU in reducing
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— Oh Fig. 6. The relative transcription level of HaCLU in
Em 3h the liver of big-belly seahorse after 0, 3, 6, 12, 24, 48,
and 72 h following LPS, poly I:C, E. tarda, and S. iniae

2 6h challenge. RT-qPCR was performed on liver tissue to
12h quantify the mRNA expression level of HaCLU after

the challenge, and the fold expressions were

24h normalized to the untreated (at 0 h) and PBS controls.

48h  Data are expressed as mean relative mRNA expression

72h level + SD (n = 3). Statistical significances (p < 0.05)

between control and experimental groups were
calculated using Student’s t-test and indicated by an
asterisk (*).

the number of apoptotic bodies in HyOs-induced apoptotic in
HaCLU-overexpressing FHM cells (Fig. 8A and B). Similar evidence was
obtained in the Hoechst experimental results of a previous study
regarding the anti-apoptotic effect of CLU [12].

To confirm our findings, we investigated the Bax, Bcl-2, and Bax/Bcl-
2 expression ratios (Fig. 9). Accumulating evidence suggests that CLU is
recognized as an anti-apoptotic molecule in mammals [54-56]. A pre-
vious study showed that CLU interferes with Bax activation by inter-
acting with conformation-altered Bax, followed by attenuation of Bax
oligomerization and subsequent release of cytochrome c¢ from mito-
chondria to continue the intrinsic apoptotic pathway [6]. Oxidative
stress can activate the intrinsic apoptotic pathway, which mainly con-
tinues through the mitochondria by suppressing the Bcl-2 anti-apoptotic
molecule and activating the Bax pro-apoptotic protein [57]. Activated
Bax then recruits to the outer membrane of the mitochondria and trig-
gers cytochrome c release from the intermembrane space of the mito-
chondria to the cytosol to induce the formation of the apoptosome and
subsequent activation of caspase-3 to continue apoptotic cell death [58].
Hence, the ratio of Bax and Bcl-2 is pivotal in determining the activation
of apoptotic events. Regarding the anti-apoptotic activity of CLU, a
previous investigation revealed that CLU attenuates cytochrome c
release by impairing Bax activation and recovering the Bcl-2/Bax ratio
relative to a control, showing a decreased Bcl-2/Bax mRNA expression
ratio following treatment with HyO2 [12]. Our findings are consistent
with the observations of the aforementioned study. Moreover, the
a-chain of CLU strongly interacts with Bax, while the p-chain does not
[6].

Taken together, the above evidence suggests that HaCLU has the
potential to influence the immune regulation process against pathogen
infections and function as an anti-apoptotic protein in HyO»-induced
apoptotic cell death through mechanisms likely similar to those of
mammalian CLU.

5. Conclusion

In this study, we determined that the HaCLU amino acid sequence
has less identity and similarity with the orthologs of other vertebrates,
except fish. However, the predicted domain structure of the full-length
HaCLU is similar to that of mammalian CLU and mainly consists of a
signal peptide and o- and p-chains and is a cytoplasmic form of CLU.
HaCLU was highly expressed in the liver of big-belly seahorse, as well as
in the brain, spleen, and heart, HaCLU was also significantly expressed.
We further revealed that HaCLU might be involved in innate immune
activity against LPS, poly I:C, E. tarda (gram-negative), and S. iniae
(gram-positive). Moreover, HaCLU has an anti-apoptotic function, sup-
pressing the HyO»-induced oxidative stress and subsequent cell death.
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Fig. 8. Effect of HaCLU on chromatin condensation
following H»O»-induced apoptotic cell death in FHM
cells. FHM cells were transfected with pcDNA3.1(+)
or pcDNA3.1(+)-HaCLU and apoptosis was induced
after 24 h incubation at 25 °C using 2 mM H20,. A
Hoechst 33342 assay was performed after 24 h incu-
bation, and chromatin condensation was visualized
using a fluorescence microscope (A). The apoptotic
body index was calculated as the number of apoptotic
bodies relative to the total number of cells (B). Ar-
rowheads indicate chromatin condensation. Data are
expressed as a mean index of apoptotic bodies + SD
(n = 3). Statistical significances between pcDNA3.1
(+) and pcDNA3.1(+)-HaCLU transfected cells were
determined using Student’s t-test and indicated by an
asterisk (*, p < 0.05).

+ = +
- + +

Fig. 9. The relative mRNA expression of Bax and Bcl-2 in HaCLU-overexpressing FHM cells treated with HyO; (A and B) and the ratio of Bax/BCL-2 expression levels
(C). pcDNA3.1(+) or pcDNA3.1(+)-HaCLU-over expressing FHM cells were treated with 2 mM of H,0, for 24 h, and RT-qPCR analysis was performed to determine
the mRNA expression levels of Bax and Bcl-2. Data are expressed as mean relative mRNA expression level or ratio = SD (n = 3). Statistical significances between
pcDNA3.1(+) and pcDNA3.1(+)-HaCLU -transfected cells following H,O, treatment were determined using Student’s t-test and indicated by an asterisk (***, p <

0.001; **** p < 0.0001).
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