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ABSTRACT

Adiponectin (APN) is an important cytokine secreted by fat cells that is responsible for regulating numerous biological functions. However, the APN gene in lamprey
and its precise function remain unidentified. In this study, the full-length cDNA sequence of L-APN was cloned, and it encoded a protein of 267 amino acid residues
with a globular domain. The results of immunohistochemistry and FACS assays showed that APN protein was distributed in multiple tissues. L-APN expression in the
supraneural body (SB) and leukocytes was differentially upregulated in response to Gram-negative bacteria, Gram-positive bacteria and poly (I:C). The expression
levels of inflammatory cytokines were upregulated, and a proapoptotic effect was stimulated in SB cells treated with recombinant APN. Furthermore, L-APN could
inhibit cell proliferation and arrest cell growth in the G1 phase. In summary, the APN protein from the lamprey plays an important role in inhibiting cell proliferation,
inducing the production of inflammatory cytokines and promoting cell apoptosis, and it is also involved in immune responses and immune defenses. Our data provide

insights into the evolutionary origin of the structure and function of APN gene.

1. Introduction

It is now known that adipose tissue is a dynamic endocrine organ
that secretes a number of biologically active proteins known as adipo-
kines [1]. Adiponectin is one of several adipokines that circulates at a
high concentration in the blood (3-30ug/mL) as three oligomeric
complexes [2,3]. Relatively low adiponectin expression is associated
with various human metabolic diseases and some cancers [4]. The
amino acid sequence of adiponectin is very similar to that of comple-
ment 1q factor (C1q). Interestingly, the crystal structure of the globular
region from adiponectin shows a striking similarity to that of tumor
necrosis factor-a (TNFa), despite dissimilar amino acid sequences
https://en.wikipedia.org/wiki/Adiponectin [5]. Adiponectin plays im-
portant roles in fatty acid oxidation, hepatic gluconeogenesis, insulin
sensitivity and chronic inflammation. Adiponectin also imparts anti-
atherogenic effects by upregulating AMP-activated protein kinase
(AMPK) signaling and acting on the central nervous system to regulate
food intake and body weight [6-8]. Therefore, adiponectin is a pro-
mising candidate for the development of drugs to treat obesity, insulin
resistance, type 2 diabetes and other related metabolic diseases [9].

Lamprey is one of the two most ancient representatives of the ver-
tebrate group, and thus, lamprey species are critical for exploring the
biological evolution and origin of the immune system due to their un-
ique evolutionary position [10,11]. The vertebrate immune system can

eliminate exogenous pathogens and abnormal cells. In contrast to the
broad body of knowledge on APN in jawed vertebrates, little is known
about the existence and potential roles of APN in jawless vertebrates.
In this paper, we identified and characterized an adiponectin
homolog from Lampetra mori Berg, designated L-APN. We revealed that
L-APN plays prominent proinflammatory and proapoptotic roles and
that it inhibits cell proliferation by inducing cell-cycle arrest. In addi-
tion, the potential roles of L-APN in the immune response and immune
defense were also investigated. Based on these results, we propose that
adiponectin serves as a tumor necrosis factor that facilitates efficient
inflammation and apoptosis under immune defense conditions.

2. Materials and methods
2.1. Animals and cell culture

Adult lampreys (Lampetra japonica) were captured from the Tong
River of China and kept in 4 °C water in a glass tank. Adult lampreys
(200-220 g in weight, 49-52cm in length) were anesthetized with
0.05% tricaine methanesulfonate (MS-222; 3-aminobenzoic acid ethyl
ester, Sigma), which is an excellent and safe anesthesia, and blood was
then collected by severing the tails of lampreys. Peripheral blood leu-
kocytes were separated using Ficoll-Hypaque density centrifugation
(density = 1.092 g/mL) [12]. The SB cells were isolated from the SB
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tissue via 0.25% trypsin treatment. The handling of the lampreys and
all of the experimental procedures were approved by the Animal Wel-
fare and Research Ethics Committee of the Institute of Dalian Medical
University (Permit Number: SYXK2004-0029). We performed the an-
imal experiments at the Institute of Dalian Medical University. Lam-
preys (three in each group) were intraperitoneally injected with PBS
(0.1 mL), Vibro anguillarum, Aeromonas hydrophila, Vibrio splendidus,
Vibro parahemolyticus, Micrococcus lysodeikticus, Vibro alginnolyficus
(approximately 1 X 10”7 in 0.1 mL of PBS), S. aureus (approximately
1 x 107 in 0.1 mL of PBS), or poly (I:C) (100 ug) [12].

MCF-7, HelLa and HepG-2cells were maintained in RPMI 1640
medium (Sigma-Aldrich), and RAW264.7 cells were maintained in
DMEM medium. Both media were supplemented with 10% fetal bovine
serum, 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, Life
Technologies). Cells were cultured in an incubator with 5% CO, at
37°C.

2.2. Amino acid sequence and phylogenetic analyses

The novel APN homolog from lamprey was obtained via analysis of
an expressed sequence tag (EST) cDNA library using the Basic Local
Alignment Search Tool X (BLASTx) at the National Center for
Biotechnology Information (NCBI). Total RNA was isolated from the
supraneural body using Trizol (Invitrogen, USA), and the DNA was
amplified using a High Fidelity PrimeScript™ RT-PCR Kit (TaKaRa
Biotechnology, Dalian, China). The PCR primers were designed based
on the ESTs of an APN homolog (Table 1). The PCR product was pur-
ified and cloned into the pMD19-T vector using a DNA ligation kit
(TaKaRa, Japan) prior to DNA sequencing.

The amino acid sequence deduced from the L-APN gene sequence
was analyzed using Bioedit, MEGA and NJ tools. The complete amino
acid sequence alignments of various APN family members, including L-
APN, were performed using Clustal X 1.83 and BioEdit with the default
settings. The obtained results were converted into the MEGA format
and imported into MEGA 5.05 to construct a phylogenetic tree using the
neighbor-joining (NJ) method with 1000 bootstrapped replicates.
Homology analysis of the APN sequences was performed using BLASTx
from NCBI. Functional domain analyses of L-APN were also conducted
using online tools at http://smart.embl-heidelberg.de.

2.3. Purification of the rL-APN protein and preparation of anti-L-APN
antibodies (Abs)

The open reading frame (ORF) of the APN gene, which was flanked
by EcoRI and HindlII restriction sites, was amplified and subcloned into
the pCold I vector, which encodes a His tag. Recombinant APN was
expressed in RosettaBlue competent cells induced with 1 mM isopropyl-
1-thio-P-p-galactopyranoside (IPTG) for 24 hat 16 °C. The purification

Table 1
Sequences of primer.
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of recombinant L-APN was performed using a Ni-NTA His-bind column.
To eliminate the possibility of contamination with bacterial factors,
endotoxins were removed from the rL-APN protein with the GenScript
ToxinEraser endotoxin removal kit (GenScript, China), and the en-
dotoxin levels were confirmed to be below 10 EU/mL via the
ToxinSensor Chromogenic LAL Endotoxin Assay kit (GenScript, China).

Two New Zealand white rabbits were first injected with purified rL-
APN protein (400 pg/rabbit) mixed with complete Freund's adjuvant
(CFA) (Sigma, USA) at a 1:1 ratio; next, they were subcutaneously in-
jected with the protein (200 pg/rabbit) mixed with incomplete Freund's
adjuvant. After 6 subsequent injections, repeating the immunizations at
1-week intervals, blood was drawn from the rabbit carotid artery, and
the antibody was purified using Protein A (GenScript, USA). The anti-
body titer was determined via an enzyme-linked immunosorbent assay
(ELISA). For western blotting, total lamprey serum protein was ex-
tracted and the protein concentrations were determined using a BCA
Protein Assay Kit (Beyotime, China). A total of 500 ng of purified rL-
APN and 80 pg of total protein from different lamprey tissues were then
subjected to 12% SDS-PAGE and then transferred to nitrocellulose (NC)
membranes. The membranes were blocked with 5% skim milk and in-
cubated with the rabbit anti-L-APN Ab (1000-fold dilution) overnight at
4°C, followed by incubation with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit IgG (5000-fold dilution). The membranes were
developed using an enhanced chemiluminescence (ECL) substrate
(Beyotime, China).

2.4. Quantitative real-time PCR (Q-PCR)

The extraction of leukocytes from the blood and supraneural body
cells were performed as described previously [13]. Total RNA was ex-
tracted from each lamprey tissue sample using TRIzol (Invitrogen,
USA), and the RNA was treated with DNase I (TaKaRa, China). Controls
omitting the reverse transcriptase (No-RT) were prepared for each
sample. Reverse transcription was performed as previously described.
Q-PCR was conducted with the TaKaRa SYBR® PrimeScript™ RT-PCR Kit
according to the manufacturer's protocol. Each reaction contained
1 X SYBR Premix Ex Taq, 10 mM concentrations of each primer, and
2 mL of ¢cDNA (50 ng/mL) in a final volume of 25 mL. Amplification was
performed in a TaKaRa PCR Thermal Cycler Dice Real Time System
with the following parameters: initial denaturation at 95 °C for 30s to
activate the DNA polymerase, followed by 40 cycles of 5sat 95°C,
30sat 60 °C, and 30sat 72 °C. The specific primers for L-APN, L-IL-17,
macrophage migration inhibitory factor (L-MIF), high mobility group
box protein 1 (L-HMGB1), leucocyte cell-derived chemotaxin 2 (L-
LECT2) for QPCR were designed and are shown in Table 1. Glycer-
aldehyde3-phosphate dehydrogenase (GAPDH) was used as an internal
control. Each sample was analyzed in triplicate using the Thermal Cy-
cler Dice Real Time System analysis software (TaKaRa, China). The

Spcecis Gene Name Primer (F/R) Nucleotide sequence Accession or Contig Number
Lamprey L-APN (Full length) Forward primer 5’-CTGTCCACACTGAACACTGCGAT-3’ MK681798
Reverse primer 5’-CTCTTTTTCAAGGATGACTCGGC-3’
L-GAPDH (QPCR) Forward primer 5’-AACCAACTGCCTGGCTCCT-3" AY578058
Reverse primer 5-GTCTTCTGCGTTGCCGTGT-3
L-APN (QPCR) Forward primer 5-TCCTGGCAAGAATGGCGAGAAAG-3’ MK681798
Reverse primer 5’-AGAGGAAGGTCACCAAAAACAGG-3’
L- IL-17 (QPCR) Forward primer 5’-CTGGTTCTGAGACGCACGAA-3’ AB303391
Reverse primer 5’-TGTCTCTAGGTCCGGCTTGTAAA-3"
L-MIF (QPCR) Forward primer 5’-CGTAGGCTGGAACGGATCAAC-3" AY280622
Reverse primer 5’-CCACAAGGGTGGGAAAGGATT -3’
L-HMGB1 (QPCR) Forward primer 5’-CCCGTCGGCTTTCTTCATC-3" AEH59759
Reverse primer 5-TTCCACATCTCACCCAGTTTCTT -3”
L-LECT2 (QPCR) Forward primer 5’-CCAACCGACAGTGCTGCAT-3’ MK716278

Reverse primer

5-TGTGTTTGTGGCCAGATCAT-3’
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specificity of the qPCR was validated by melting curve analysis.

RAW 264.7 cells were treated with 10 pg/mL rL-APN protein for 0
and 24 h, and LPS (1 mg/mL) was included as a positive control. Total
RNA was extracted using the RNAiso reagent (Takara Bio, Shiga, Japan)
according to the manufacturer's protocol. Total RNA (2 pg) was reverse
transcribed using a Takara reverse transcriptase Kit (TaKaRa, China).
Each sample was run in triplicate. The expression levels were de-
termined using the standard curve method with respective cDNA frag-
ments as standards. The level of GAPDH was used as an internal control.
The primer sequences for the cytokines are also listed in Table 1.

2.5. Immunohistochemical staining and laser scanning confocal microscopy

Tissue samples were fixed and sectioned, and the tissue sections
were then treated according to a previously reported method [14]. The
sections were blocked with 10% normal goat serum for 3 hat room
temperature and then incubated with the anti-L-APN polyclonal Ab at a
1/1000 dilution (0.6 pg/mL) for 3 h at room temperature, followed by
addition of HRP-conjugated goat anti-rabbit IgG and rinsing with PBS.
Normal rabbit IgG was used as a negative control. To confirm the
staining specificity, some sections were stained with normal rabbit IgG
or antibody that had been preabsorbed with recombinant L-APN. Sub-
sequently, the slides were stained with diaminobenzidine (DAB) and
counterstained with hematoxylin. Following dehydration, the sections
were passed through successively diluted concentrations of xylene for
15 min each and then mounted in neutral resin.

Lamprey liver cells and supraneural body cells were trypsin digested
and then washed with PBS. The cells were then fixed and permeabilized
as previously described [13], followed by blocking with normal 10%
donkey serum for 3 h and incubation with 4.8 pg/mL of anti-L-APN Abs
(125-fold dilution) at 4 °C overnight. After the overnight incubation, the
cells were washed with PBS and then incubated with Alexa Fluor 488-
labeled donkey anti-rabbit IgG (500-fold dilution). Following washes
with PBS, the cells were stained with 4’,6-diamidino-2-phenylindole
(DAPI) (1000-fold dilution). The immunofluorescence was then visua-
lized and captured with a Zeiss LSM 780 inverted microscope (Carl
Zeiss, Inc.) and analyzed using Zeiss ZEN software. The cells were
analyzed on a FACSCalibur flow cytometer (BD Biosciences) using an
argon laser emitting at 488 nm. Cells incubated with normal rabbit IgG
were used as isotype controls.

2.6. MTT assay

The effect of L-APN protein on cell viability was measured via MTT
assays as described in a previous study [15]. MCF-7, HeLa, HepG-2, SB
and liver cells were seeded in 96-well plates at a density of 2 x 10% cells
per well and then incubated at 37 °C in culture medium. After 24 h, the
cells were incubated with different concentrations of L-APN protein
(10, 25 and 50 pg/mL) for 24h as test condition. Each testing point
included 3 wells. After incubation, a total of 50 uL of MTT solution
(5mg/mL) was added to each well, and the plates were incubated at
37 °C. After 3 h, the supernatant was discarded, and the formazan dye
was dissolved in 200 puL. of DMSO. The absorbance of each well was
measured at 490 nm in a microplate reader to determine the formazan
concentration, which is proportional to the number of live cells.

2.7. Caspase 3/7 apoptosis assay

First, 50 puL of caspase 3/7 substrate from the caspase 3/7 kit was
added to 10 mL of assay buffer, according to the manufacturer's in-
structions. Myeloid cells were stimulated with 50 ug/mL of L-APN, and
cis-diamine dichloroplatinum (CDDP) was used as a positive control.
Next, 500 uL of caspase 3/7 activity detection reagent was added to
each group, and the samples were mixed and incubated at room tem-
perature for at least 1 h in the dark prior to flow cytometry analysis. The
percentage of apoptotic cells were evaluated using a FACSCalibur flow
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cytometer (BD Biosciences, USA).
2.8. Annexin V-FITC/PI apoptosis assay

The supraneural body cells were incubated with 50 pg/mL rL-APN
protein or treated with CDDP for 36 h. Afterwards, the cells were wa-
shed by PBS (4 °C) and 1 x binding buffer followed by the resuspension
of the cell pellet in 100 uL of 1 X binding buffer. Next, 5uL of Alexa
Fluor 488 annexin V was added to the cell suspension, followed by
incubation for 10 min in the dark at room temperature, according to the
manufacturer's instructions. Propidium Iodide (PI) (5 uL) was added to
the cell suspension, followed by 5 min of incubation in the dark at room
temperature. Finally, 500 uL. of PBS was added for flow cytometry
analysis.

2.9. Cell cycle analysis by flow cytometry

MCF-7 cells were cultured in 60-mm plates at a density of
5 x 10° cells/well for 24 h. The next day, the MCF-7 cells were treated
with 50 ug/mL L-APN protein. After 24 h of incubation, the cells were
fully digested with pancreatic enzymes (25%) including EDTA to form a
monocellular suspension. The cells were harvested, washed twice with
phosphate-buffered saline (PBS) and fixed in 70% ethanol (in PBS)
overnight at 4 °C. Next, the cells were washed twice and resuspended in
PBS containing 0.1 mg/mL RNase (Sigma, USA). After incubation at
37 °C for 30 min, the cells were resuspended in PBS containing 50 ug/
mL propidium iodide and analyzed using flow cytometry (BD). The
DNA content of the stained cells was analyzed using CellQuest Software
with a FACSCalibur flow cytometer (BD).

2.10. Statistical analysis

The statistical analyses were performed in GraphPad Prism. Each
experiment in this study was performed in triplicate, and all experi-
ments were repeated at least three times on separate occasions. The
data are presented as the mean = SD. Student's t-test was used to
compare data between groups. All statistical tests included two-way
analysis of variance. Statistical significance was accepted at p-values
less than 0.05.

3. Results

3.1. Amino acid sequence analysis alignment of the L. mori Berg L-APN
cDNA and phylogenetic analysis of the L-APN protein

We identified a fragment whose nucleotide sequence shared high
homology with the human APN homolog. 3’- and 5-RACE using pri-
mers designed based on this fragment resulted in the successful isola-
tion of a full-length L-APN c¢DNA of 2202 bp. This cDNA consists of an
804-bp ORF that encodes 267 amino acid residues, a 70-bp 5’-un-
translated region (UTR) and a 1328-bp 3’-UTR with a polyadenylation
signal (Fig. 1A). Lamprey APN contains four distinct regions. The first
region is a leading signal sequence for secretion outside the cell; next is
a variable region that varies between species; the third region is a 59-
amino collagen domain; and the last region consists of a globular do-
main with a striking similarity to the complement 1Q factor (C1Q) and
structural similarities to tumor necrosis factor and collagens VIII and X
(Fig. 1B). Sequence alignment of L-APN with the human APN gene
revealed that it has 50-60% sequence homology with a conserved
globular domain at the C-terminus of the protein, which plays a sig-
nificant role in its bioactivity (Fig. 1C).

To investigate the evolutionary relationships between L. mori Berg
APN and its counterparts, we used the neighbor-joining method to
construct a phylogenetic tree of the gC1q domains of proteins that have
both collagenous and gC1q domains. This analysis showed that L-APN is
an orthologue of mammalian APN protein. L-APN should be placed
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Fig. 1. Evolutionary analyses of L-APN. Multiple sequence alignment and phylogenetic analysis of L-APN. (A) Signal sequences are highlighted in blue; the
collagenous domain in purple; the globular domain (which is contained in the complement component C1q domain) in pink; the 3’-and 5-RACE in black. The
functional domains of L-APN were predicted using the tool at http://smart.embl-heidelberg.de/. (B) Prediction of the conserved domains in L-APN. (C) Alignment of
APN and C1q sequences from different vertebrate species. (D) Neighbor-joining tree for L-APN. An NJ tree was constructed using APN amino acid sequences. The
numbers at the nodes indicate the bootstrap confidence values derived from 1000 replications. The bar (0.2) indicates genetic distance. The accession numbers of the
amino acid sequences extracted from the NCBI protein database are shown in the figure. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

outside of the vertebrate clade, and it represents the most divergent 3.2. Expression and purification of the rL-APN protein and antibody
APN subfamily protein in vertebrates. As shown in Fig. 1D, the L-APN, preparation and identification
L-Clq and L-C1gDC-1 sequences are clustered separately at the bottom

of the evolutionary tree. However, L-C1q and L-C1qDC are orthologues To express recombinant L-APN in RosettaBlue (DE3) E. coli cells, a
of mammalian Clq protein, following lower to higher evolutionary recombinant expression plasmid, pCold I-L-APN, was constructed.
relationships. Amplification of the L-APN gene by PCR produced a single 804-bp DNA

fragment encoding mature L-APN protein with a length of 267 amino
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Fig. 3. The expression pattern of lamprey APN after bacterial and poly(I:C) challenge. (A) qRT-PCR analyses of the expression patterns of the L-APN gene in
supraneural body cells after challenge with Gram-negative Vibro anguillarum, Gram-positive S. aureus and poly (I:C). (B) qRT-PCR analyses of the L-APN gene
expression levels from leukocytes after stimulation with different bacteria and poly (I:C) for varying times. The results are presented as the fold-induction in mRNA
abundance relative to that in samples from animals injected with PBS as determined via the 224 method from two parallel experiments performed in triplicate.
The endogenous control for normalization was cytoplasmic gapdh. *p < 0.05 and **p < 0.01 versus the PBS control.

acids. Next, recombinant L-APN protein was expressed and purified as a
His-tagged fusion protein using RosettaBlue cells. The purified rL-APN
migrated as a single band in a 12% SDS-PAGE gel with a molecular
mass of approximately 31 kDa (Fig. 2A). Rabbit anti-L-APN polyclonal
antibody was generated through subcutaneous injection of New
Zealand white rabbits with purified rL-APN protein over 8 weeks. The
antibody titer in the anti-L-APN serum were determined via ELISA at
different dilutions, and the titer was increased 512,000-fold over pre-
immunization levels (preimmunized rabbit IgG was used as a negative

control). The Ab specificity was confirmed through Western blot assays
using recombinant L-APN protein and lamprey tissue samples. The re-
sults showed that the anti-L-APN antibody recognized native APN
protein in liver and supraneural body tissues (Fig. 2B).

3.3. mRNA expression and distribution of L-APN in different lamprey
tissues

The supraneural body (SB) and leukocytes are considered to be



K. Zhang, et al.

Supraneural

w 54

Anti-L-APN-antibody

Normal-rabbit-IgC

Liver

I ntesti_nes

Alexa 488

Fish and Shellfish Imnmunology 90 (2019) 446-455

Heart

Fig. 4. The tissue distribution and cellular localization of L-APN. (A) Localization and distribution of the L-APN protein as observed by immunohistochemical
staining. The tissue sections were incubated with L-APN rabbit polyclonal antibody (upper row). Normal rabbit IgG served as a negative control (bottom row). Scale
bars: 100 um and 20 pm. (B) Immunofluorescence localization of L-APN in lamprey liver cells and supraneural body cells. The primary antibody was the L-APN rabbit
polyclonal antibody (200-fold dilution) and the secondary antibody was an Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (500-fold dilution). The cells
were stained with DAPIL. The immunofluorescence was visualized and captured using a confocal microscope (Carl Zeiss, Inc). Scale bar: 5 um.

involved in the lamprey immune defense. To study the immunological
significance of L-APN, real-time PCR analysis was performed using L-
APN-specific primers. As shown in Fig. 3, the L-APN transcription levels
in SB cells and leukocytes were significantly upregulated at different
time points after challenge with a Gram-negative (G~) bacterium,
Gram-positive (G*) bacteria and poly (I:C) (Fig. 3). After stimulation
with Gram-positive bacteria, the APN transcription level in the leuko-
cytes first increased and then decreased, and stimulation with Gram-
negative bacteria resulted in a gradual increase (Fig. 3B). Its abundance
in immune tissue and its responsiveness to bacterial challenge suggests
that L-APN is a proinflammatory factor in the immune system.

In addition, the results of immunohistochemistry experiments re-
vealed that L-APN protein is well expressed in the supraneural body and
liver, to a lesser extent, in the intestines, kidneys and heart tissue of
lamprey (Fig. 4A). Western blot results revealed that L-APN protein was
mainly distributed in the supraneural body, liver, serum, intestine and
kidney, GAPDH was used as a normalization reference (Fig. 2C). Fur-
thermore, the intracellular localization of L-APN was examined by

confocal laser-scanning microscopy, and preferential L-APN expression
was observed in the cytoplasm of both SB and liver cells of the lamprey
(Fig. 4B).

3.4. L-APN has potential proinflammatory and proapoptotic effects in
lamprey cells

To confirm the proinflammatory the effect of L-APN in supraneural
body cells, the expression levels of inflammatory molecules were fur-
ther analyzed via real-time PCR using total RNA obtained from un-
treated or L-APN-treated supraneural body cells. The result confirmed
that treatment with L-APN significantly increased the expression of
HMGBI, an inflammatory cytokine factor in lamprey (Fig. 5A).

The caspase family plays a very important role in mediating apop-
tosis, with caspase-3 being a key molecule that functions in many
apoptotic signaling pathways. Caspase-3 normally exists in the cyto-
plasm as a zymogen that is activated at an early stage during apoptosis;
however, its activity is significantly lower in the late stage of apoptosis
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Fig. 5. The proinflammatory and pro-apoptotic roles of rL-APN in the supraneural body cells. (A) IL17, MIF, HMGB1 and LECT2 mRNA levels in lamprey SB
cells were determined via real-time quantitative PCR after stimulation with PBS, LPS, rL-APN and a combination of LPS and rL-APN for 24 h. The endogenous control
for the normalization was cytoplasmic gapdh. *p < 0.05 and **p < 0.01 versus the PBS control. (B) The apoptotic effect of rL-APN in supraneural body cells as
assessed via flow cytometry. The supraneural body cells were incubated with 50 pg/mL rL-APN for 24 h, and cell death was detected via flow cytometry analysis with
a caspase 3/7 apoptosis assay. (C) The apoptotic effect of rL-APN on supraneural body cells as assessed via flow cytometry. The supraneural body cells were incubated
with 50 pg/mL rL-APN for 24 h, and cell death was detected by flow cytometry with Annexin V-FITC/PI staining.

and in dead cells. Apoptosis can be detected by measuring the caspase
3/7 abundance. Our results demonstrated typical morphological fea-
tures of apoptosis in L-APN-treated supraneural body cells, and the
apoptosis rates of SB cells were apparently increased compared with
those of the negative control cells and the positive control cells, which
were preincubated with 300 uM cisplatin (CDDP) (Fig. 5B).

Apoptosis has two distinct morphological and biochemical forms.
Morphological changes in apoptotic cells, such as loss of plasma
membrane asymmetry and attachment, plasma membrane blebbing,
and condensation of the cytoplasm and nucleus, are always accom-
panied by several biochemical modifications [16]. Flow cytometry with
Annexin V/PI double staining was employed to investigate the bio-
chemical changes in L-APN-treated supraneural body cells. One of the
earliest biochemical changes during apoptosis is a change in the level of
phosphatidylserine (PS) exposed on the outer leaflet of the plasma
membrane. Annexin V, a Ca?*-dependent phospholipid-binding pro-
tein, interacts specifically and strongly with PS and can be used to
detect apoptosis by indicating loss of plasma membrane asymmetry
[17]. Our results confirmed the typical morphological features asso-
ciated with apoptosis in L-APN-treated supraneural body cells, and the
apoptosis rates of SB cells were apparently increased compared with
those of the negative control cells and the positive control cells, which
were preincubated with 300 uM cisplatin (CDDP) (Fig. 5C). In view of
these observations, we suggest that L-APN plays important proin-
flammatory and apoptotic roles in lamprey.

3.5. L-APN affects tumor cell proliferation and cell cycle progression and
enhances the release of inflammatory factors in RAW264.7 cells

The anti-proliferative effects of L-APN on various cell lines were
evaluated using the MTT assay. This experiment is based on the cap-
ability of the NADP(H)-dependent cellular oxidoreductase enzyme to

reduce the yellow tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide to the insoluble purple chemical for-
mazan, whose level is proportional to the number of viable cells pre-
sent. As shown in Fig. 6A, the viability of MCF-7, HeLa and HepG2 cells
gradually decreased in a dose-dependent manner after 24 h of exposure
to L-APN, indicating that L-APN had robust inhibitory effects on the
proliferation of MCF-7, HeLa, and HepG2 cells. We also found that the
different types of tumor cells had different sensitivities to L-APN. Fur-
thermore, the MTT assay showed that rL-APN affected the viability of
the lamprey SB cells and liver cells in a dose-dependent manner
(10-50 pg/mL) (Paclitaxel (PTX) was used as a positive control).

Flow cytometry analysis was used to investigate whether the anti-
proliferative effect of L-APN on MCF-7 cells results from cell cycle ar-
rest. The results confirmed that L-APN induced G1 phase arrest in MCF-
7 cells. The proportion of Gl-arrested cells was significantly increased
after 48 h of treatment with concurrent decreases in the proportions of
S and G2/M phase cells (p < 0.05). These results also indicate a sig-
nificant increase in the proportion of apoptotic cells (Fig. 6C).

To examine whether the proinflammatory action of rL-APN was
applicable to mammalian cells, we compared the mRNA expression
levels of several inflammatory factors (TNF-a, IL-10, IL-6, IL-1) in rL-
APN-treated RAW264.7 cells. LPS treatment was used as the positive
control. The results of quantitative real-time PCR assays revealed that
rL-APN caused significant increases in the expression levels of TNF-a,
IL-6, IL-10 and IL-1f. Furthermore, robust IL-13 expression was ob-
served in RAW264.7 cells treated with a combination of rL-APN and
LPS (Fig. 6D). Our data show proinflammatory effects of rL-APN in
RAW264.7 cells, consistent with the results shown in Fig. 5A.

4. Discussion

For the past two decades, a great deal of research has been
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Fig. 6. Effects of rL-APN on tumor cells. (A) Inhibition of tumor cell proliferation after rL-APN treatment. The proliferative abilities of HeLa, MCF-7 and HepG2
cells were examined via MTT assays. The cells were treated with 10 pg/mL, 25 pg/mL and 50 pg/mL of rL-APN for 24 h *p < 0.05, **p < 0.01 compared with the
results from the control group. (B) Reduced viability in SB and liver cells after rL-APN treatment. The viability of the SB and liver cells was examined via MTT assays.
The cells were treated with 10 ug/mL, 25 pg/mL and 50 pg/mL of rL-APN for 24 h *p < 0.05, **p < 0.01 compared with the result of the control group. (C) Cell
cycle progression was analyzed by flow cytometry in MCF-7 cells treated with rL-APN. The MCF-7 cells were cultured following 48 h treatment with 50 pug/mL of rL-
APN. (D) qRT-PCR analysis of inflammatory molecule expression levels in RAW264.7 cells incubated with rL-APN. The TNF-q, IL-6, IL-1(3 and IL-10 mRNA levels
were determined via real-time quantitative PCR in RAW264.7 cells after stimulation with PBS, LPS, rL-APN and a combination of LPS and rL-APN for 24 h. The
endogenous control for the normalization was cytoplasmic gapdh. *p < 0.05 and **p < 0.01 versus PBS control, #p < 0.05 versus the LPS control.

published concerning APN, an abundant protein responsible for reg-
ulating numerous biological functions, including antioxidative, anti-
nitrative, anti-inflammatory, and cardioprotective effects [18,19]. In
this study, we identified the lamprey L-APN gene for the first time. The
full-length ¢cDNA includes an open reading frame of 804 bp that encodes
a 29kDa, 267-amino acid polypeptide that includes a 25-amino acid
signal peptide. This protein includes a conserved structural element
called a collagen domain. Due to the special status of lamprey, further
evaluation of the L-APN molecule will provide important information
regarding the function and evolution of the APN protein family.
Surprisingly, analysis of the peptide sequence of lamprey APN in-
dicated that the lamprey protein was neither a collagen nor any known
Clq homolog. Instead, it was a homolog of mammalian APN, despite
containing a collagen-like sequence with many Gly-Xaa-Yaa repeats and
a C-terminal globular C1q (gC1q) domain (Fig. 1A and B). L-APN shared
50% identity at the amino acid level with mammalian APN. Similar

motifs are found in other proteins, such as type X collagen and Clq.
Providing some insight into the origin and function of this crucial
molecule, a phylogenetic analysis indicated that the L-APN protein
appeared to be the most primitive form of its protein superfamily.
Furthermore, the phylogenetic tree contained two clusters. The first
cluster included the APN branches, and the second cluster included the
C1q branches, progressing from lower to higher evolutionary relation-
ships.

At present, little is known about the alteration of APN mRNA ex-
pression in lamprey in response to bacterial infection. As we known,
adiponectin expression in mice was transiently increased after Listeria
monocytogenes infection and then gradually decreased [20]. After V.
anguillarum infection, the mRNA expression of adiponectin in ayu also
slightly increased at first and then decreased [21]. To understand the
modulation of L-APN expression in response to different microbial pa-
thogens, the L-APN transcription levels in the supraneural body and
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Fig. 7. Model of the functions of lamprey APN. Lamprey APN has various roles, inducing regulating cytokine release, inhibiting cell proliferation, arresting the cell
cycle and promoting cell apoptosis. As an important immune molecule, lamprey APN may serve as a model for the biological activity of APN homologs in jawless
vertebrates and may be involved in immune defense against bacterial and viral invasion.

leukocytes were measured at different time points after stimulation
with Gram-positive bacteria, Gram-negative bacteria and poly (I:C)
using qRT-PCR. In this study, our result showed the L-APN mRNA levels
in the supraneural body and leukocytes were significantly upregulated
and then gradually decreased upon stimulation with microbial patho-
gens. The expression of APN gene was up-regulated after S. aureus sti-
mulation of myeloid cells in 8h, indicating that the stimulation of
different pathogens would cause difference in the upward trend (Fig. 3).
The real-time PCR results showed that L-APN may be involved in the
anti-bacterial immune response and that it might act rapidly to control
mediators against infection. Collectively, the data suggest that the su-
praneural body and liver of lampreys act as barriers between the or-
ganism and its environment and take part in the innate immune re-
sponse.

In rainbow trout, APN is abundantly expressed in the muscle and
adipose tissue [22,23]. In ayu, adiponectin expression was detected in
immune cells, although its highest level was detected in the adipose
tissue [21]. To characterize the distribution of L-APN, we used im-
munohistochemical staining assays and intracellular immuno-
fluorescence staining to analyze its expression pattern. The im-
munohistochemical results indicated that the highest levels of L-APN
expression were in the supraneural body and liver. Moreover, the
protein expression was concentrated in the vein vessels of the liver
tissue (Fig. 4A). Immunohistochemical assays showed results identical
to those of the Western blot analysis.

Adiponectin is the most abundant adipokine secreted from adipose
tissue, and it has been reported to exert both anti- and proinflammatory
effects in peripheral tissues [24]. Human APN is an important mediator
of proinflammatory functions in viral diseases [25]. Elevated serum
adiponectin levels have been found in association with systemic lupus
erythematosus, cystic fibrosis, inflammatory bowel disease and rheu-
matoid arthritis [26-28]. To gain a better understanding of lamprey
APN function, we performed experiments using lamprey and human
cells. Our data confirmed that the expression levels of inflammatory
cytokines in SB cells were upregulated following L-APN treatment.
Thus, lamprey APN acts as a proinflammatory factor that induces the
defense mechanism via an inflammatory response. Furthermore, the
mRNA levels of inflammatory factors were upregulated in L-APN-
treated RAW 264.7 cells. The results of flow cytometry analysis to as-
sess apoptosis supported the predicted results, showing a significant
increase in Annexin-V/PI binding following L-APN treatment in SB cells
compared with that of untreated cells. The results of our apoptosis as-
says showed that L-APN has a proapoptotic role in SB cells in response
to the intracellular immune response.

Adiponectin is an adipokine with insulin-sensitizing, anti-in-
flammatory, and anti-proliferative effects, while globular adiponectin
induces a proinflammatory response in human astrocytic cells [29].

Adiponectin strongly upregulates lipid production in sebocytes and
increases cell proliferation [30]. Furthermore, adiponectin induces
dermal fibroblast proliferation and upregulates collagen production
[31,32]. To date, no study has reported the effects of lamprey APN on
human cancer cell lines. Therefore, the anti-proliferative effects and cell
cycle regulation by APN in HeLa, MCF-7 and HepG2 cells were in-
vestigated in the present study. Our MTT assay results suggest that L-
APN inhibits the proliferation of different human cancer cell types. Cell
cycle arrest was analyzed by flow cytometry in MCF-7 and Hela cells,
the former of which were more sensitive to L-APN. L-APN induced cell
cycle arrest in G1 phase in MCF-7 cells, while the effects in HeLa cells
were not significant. However, flow cytometry analysis revealed that
the percentage of debris in the treatment group was higher than that in
the control group, suggesting that both cell types entered the early stage
of apoptosis (Fig. 6C). Like mammalian APN, lamprey APN exhibits a
wide range of biological activities. In future studies, the identification
of an APN receptor-like gene in lamprey could cast light on its signaling
pathway and other cooperative interactions. Adiponectin, as a regulator
of the innate immune system, plays a role in the progression of in-
flammation and metabolic disorders in mammals. However, the roles of
APN in fish are poorly understood. Three adiponectin fragments exist in
ayu serum, but they have opposing roles in the regulation of monocyte/
macrophage functions, specifically in controlling the up- and down-
regulation of proinflammatory factors [21]. Are there different forms of
lamprey APN with different functions? Further exploration is needed to
address this question.

In summary, we identified an APN gene involved in the regulation
of the lamprey innate immune response to pathogen infection. The APN
mRNA expression levels were correlated with pathogen infection. The
lamprey APN protein plays an important role in inhibiting cell pro-
liferation, inducing the production of inflammatory cytokines and in
promoting cell apoptosis, and it is also involved in immune responses
and immune defenses. A summary of its functions is shown in Fig. 7.
Collectively, our data on the lamprey APN gene provide the basis for
structural comparison and functional studies between the APN homo-
logs in lamprey and other species, and provide insight into the origin
and evolution of the APN gene.
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