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Jellyfish grow rapidly and have a strong regenerative ability, indicating that they may express high levels of
growth factors. Therefore, the aim of this research was to isolate the growth-promoting components from the jel-
lyfish Cyanea capillata (C. capillata) and to further explore the underlying mechanisms. In this study, we first iso-
lated and identified a novel polypeptide from C. capillata tentacles using size-exclusion chromatography followed
by reverse-phase HPLC. This peptide, consisting of 58 amino acids (MW 5782.9 Da), belonged to the granulin
(GRN) family of growth factors; thus, we named it Cyanea capillata granulin-1 (CcGRN-1). Second, using CCK-8

Keywords:
Jelfyﬁsh assay and flow cytometry, we verified that CcGRN-1 at the 0.5 pg/ml concentration could promote cell prolifer-
Granulin ation and increase the expression of cell-cycle proteins (CyclinB1 and CyclinD1). Third, signaling pathways stud-

ies showed that CcGRN-1 could activate the PI3K/Akt- and ERK1/2 MAPK-signaling pathways but not the JNK
MAPK- or NF-kB-signaling pathways. Subsequently, we further confirmed that the CcGRN-1-induced cell prolif-
eration and migration were associated only with the ERK1/2 MAPK-signaling pathway. Considering all of these
factors, CcGRN-1, as the first jellyfish-derived GRN homologue, possesses growth-promoting properties and may
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be a candidate for novel therapeutics to promote human wound healing in unfavorable conditions.

© 2019 Published by Elsevier B.V.

1. Introduction

Chronic wounds associated with diabetes, aging and cardiovascular
diseases have become prevalent and are a costly healthcare problem
globally [1]. These non-healing wounds can result in a high rate of dis-
ability and amputation because growth factors are deficient and
wound surfaces have a high incidence of infection [2]. Moreover,
chronic wounds can lead to long-term hospitalization which presents
a huge financial burden for social community, family and the individual
patients as well [3,4]. However, until now, few advanced therapeutics
have been reported to effectively improve the healing outcomes. There-
fore, safe, effective and affordable treatments must be developed for
these chronic wounds.

Wound-healing is a complex process that depends on a multitude of
growth factors and cytokines that regulate the signaling networks alter-
ing cell growth, differentiation, and metabolism [2,5]. Therefore, growth
factor-based therapies have expectedly gained more attention, and
some promising growth factors—such as the granulocyte-macrophage
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colony-stimulating factor (GM-CSF), vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and platelet-derived growth fac-
tor (PDGF)—have been extensively studied and tested in wound repair
[2,3,6]. However, topical delivery of growth factors must overcome
some limitations such as short plasma half-life and susceptibility to deg-
radation [2,7,8]. For example, epidermal growth factor (EGF),
transforming growth factor beta (TGF-3) and PDGF are reported to be
easily degraded by some proteases in the wounds [2]. To overcome
these problems, some novel growth factor families should be explored.
Fortunately, marine-derived bioactive peptides offer enormous poten-
tial as therapeutics because of their selectivity and high binding affinity
with receptors to carry out signaling processes [9]. On the other hand,
compared with terrestrial environments, marine ecosystems have
some unique features—such as high salt, high pressure, low tempera-
ture and low-nutrient availability [10]—which may foster more struc-
tural novelty and biological diversities for developing promising drug
candidates. As a representative of an abundant group of marine zoo-
plankton, jellyfish (Scyphozoa) have received increasing attention for
their complex life cycles and potential medicinal values in recent
years. Generally, Scyphozoa have a special life cycle that typically incor-
porates both sexual and asexual proliferation, with sexual reproduction
occurring at the medusa stage and asexual reproduction at the polyps
phase [11]. Meanwhile, in unfavorable environmental conditions,
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Scyphozoa also exhibit an unparalleled developmental plasticity that
equips them to back-transform to immature from adult stages by body
reorganization [12]. These flexible life cycles require a high rate of cell
proliferation at different life stages and can be interpreted as an evolu-
tionary outcome [13]. In addition, scientists have found that jellyfish
grow rapidly and preserve a strong reproductive and regenerative capac-
ity in response to the changing environment [11,12,14]. For example,
after being attacked by predators or human beings, jellyfish undergo a
rapid repair process and manifest a powerful regenerative ability. Their
maximum growth rate reaches approximately 3 mm d~' (&
0.2 mm d~!) [15], and their instantaneous growth rate exceeds 0.3 d !
[16], which is possibly the highest rate ever recorded in epi-pelagic
metazoans. Given these factors, we hypothesized that jellyfish expressed
high levels of growth factors [13,17] and that further exploration of these
active components would facilitate the development of novel drugs for
wound healing. However, until now, isolation of the growth factors or
their homologues from jellyfish has rarely been reported.

Cyanea capillata (C. capillata)—also called the “Sea Blubber”, the
“Hairy Stinger” or the “Snottie”—is a major jellyfish type found in south-
east Chinese coastal waters [18]. In our previous study, we performed a
de novo transcriptome sequencing of the tentacle tissue and obtained a
well-categorized and annotated transcriptome of the jellyfish
C. capillata [19]. Among these transcripts, four sequences were identi-
fied as being similar to VEGFs, which have been reported to stimulate
angiogenesis and influence wound closure, epidermal repair, granula-
tion tissue formation and repair quality [20,21]. On the other hand, in
our preliminary experiments, we also provided evidence that tentacle
extract (TE) from C. capillata could significantly promote the prolifera-
tion and migration of human umbilical vein endothelial cells (HUVECs),
which may be mediated by ERK1/2 signal transduction [22]. Therefore,
we have reasons to believe that some bioactive growth factors or their
homologues are contained in TE. As a step forward, the present study
aimed to isolate and purify these bioactive components from
C. capillata tentacles, to investigate their possible biological functions
through computational analysis, and finally to explore the correspond-
ing mechanisms through biological assays.

2. Material and methods
2.1. Reagents

Human umbilical vein endothelial cells (HUVECs) were purchased
from Zhonggiao Xinzhou Biotech (Shanghai, China). A Cell Counting
Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies
(Kumamoto, Japan). The antibodies Phospho-Akt (Ser473), Akt,
Phospho-JNK (Thr183/Tyr185), JNK, Phospho-NF-«B (Ser536), NF-«B,
Phospho-IkBa, CyclinB1 and CyclinD1 were purchased from Cell Signal-
ing Technology (Beverly, MA, USA). Phospho-ERK1/2, ERK1/2, and
GAPDH antibodies were purchased from Abcam (Cambridge, MA,
USA). Beta-Tubulin, HRP-conjugated anti-rabbit IgG and anti-mouse
IgG were purchased from Beyotime (Jiangsu, China). LY294002 (PI3K/
Akt inhibitor), PD98059 (ERK1/2 inhibitor), SP600125 (JNK inhibitor)
and Bay11-7082 (NF-«B inhibitor) were purchased from Selleck (Hous-
ton, TX, USA). FITC-conjugated goat anti-rabbit IgG and FITC-conjugated
goat anti-mouse IgG were purchased from EarthOx Life Sciences
(Millbrae, CA, USA). 4/, 6-diamidino-2-phenylindole (DAPI) was pur-
chased from Beyotime (Jiangsu, China). Other chemical reagents were
purchased from Sinopharm (Shanghai, China).

2.2. Cyanea capillata granulin-1 (CcGRN-1) isolation from the jellyfish
C. capillata

2.2.1. Rapid preparative tentacle extract (rpTE) from the jellyfish
C. capillata

C. capillata specimens were collected from the Sanmen Bay, East
China Sea in June 2015 and identified by Professor Huixin Hong from

the Fisheries College of Jimei University, Xiamen, China. The excised
tentacles were preserved in a dry-ice chest and immediately shipped
to Shanghai, where the samples were frozen at —70 °C until use.
Thawed tentacles were mixed with ice-cold filtered seawater at a
mass/volume ratio of 1:1 and stirred evenly. The mixture was centri-
fuged at 5000 xg for 5 min, and the supernatant was decanted. The col-
lected tentacles were washed again with seawater and immersed in
phosphate-buffered saline (PBS, 0.01 M, pH 7.4) at a mass/volume
ratio of 1:1. The mixture was vortex oscillated for 5 min and centrifuged
at 5000 xg for 5 min to remove the sediments. The supernatant was fil-
tered through a dialysis bag (1000 Da, Spectrum, USA) against PBS for
over 8 h. A subsequent centrifugation step at 4 °C and 10,000 x g for
10 min yielded the rapid preparative tentacle extract (rpTE). All proce-
dures were performed at 4 °C, and rpTE was stored at —70 °C. Before
use, rpTE was ultrafiltrated using an ultrafiltration tube (Millipore,
USA) of a 30 kDa intercept molecular weight. The filtrate was dialyzed
through a dialysis bag (1000 Da) against water for 24 h and then
freeze-dried. The sample was finally dissolved in 50 mM acetic acid
and filtered by a 0.45 pm filter membrane (Millipore, USA) for the
next purification step.

2.2.2. Isolation and purification of CcGRN-1

The solution after pretreatment was first fractionated by a gel-
filtration Superdex 30 (GE Healthcare, USA) column (800 x 16 mm),
which was connected to an AKTA prime system (GE Healthcare, USA)
and equilibrated with 50 mM acetic acid. The column was eluted with
a flow rate of 1 ml/min, and eluates were collected in glass tubes at
5 ml per tube. The purified ingredients were further separated by
high-performance liquid chromatography (HPLC) with an MZ-
ANALYTICAL C8 (Mainz, German) column (250 x 4.6 mm). The latter
was connected to an Agilent 1100 HPLC system (Agilent Technologies,
USA) and eluted in a gradient of 0-40% (v/v) acetonitrile for 40 min in
the presence of 0.1% (v/v) trifluoroacetic acid at a flow rate of
1 ml/min. Subsequently, the purified ingredients were injected into a
Vydac C18 (Grace, USA) column (250 x 4.6 mm) and eluted in a gradi-
ent of 0-50% (v/v) acetonitrile in the presence of 0.1% (v/v)
trifluoroacetic acid for 50 min for further purification. Fractions were si-
multaneously monitored by UV detection at 214 nm. All the chromatog-
raphy separation procedures were performed at room temperature. The
protein concentration in the preparations was determined by the Brad-
ford assay.

2.2.3. Mass spectrometry analysis of CcGRN-1

Matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) analysis was performed on an Ultraflex
MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA),
equipped with a 50 Hz pulsed nitrogen laser (A = 337 nm) and oper-
ated in positive ion reflectron mode at a 25 KV accelerating voltage.
The samples were prepared by mixing an equal volume (1 ) of peptide
solution with a 1 pl matrix (a-cyano-4-hydroxycinnamicacid) saturated
solution in 0.1% TFA containing 50% ACN.

2.3. Identification of CcGRN-1

2.3.1. N-terminal sequence analysis of CcGRN-1

The purified peptide was subjected to Edman degradation and ana-
lyzed by an automatic protein sequencer (ABI491, Perkin Elmer-
Applied Biosystems) using standard protocols.

2.3.2. Reduction and alkylation of CcGRN-1

A freeze-dried sample (300 pg) in 150 pl of 1 M Tris-HCl buffer
(pH 8.5; 6 M guanidinium hydrochloride; 0.01 M EDTA) was added to
33 ul dithiothreitol (100 mg/ml) in the same buffer and incubated at
37 °C for 8 h. Then, the sample was added with 8.7 mg iodoacetamide
(IAM), and the reaction was maintained in a dark place. Two hours
later, 1 ml of 0.1% TFA solution was added, and the sample was
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centrifuged at 10,000 xg for 5 min. The supernatant was isolated by
HPLC with an MZ-ANALYTICAL C8 column in a gradient of acetonitrile
in water (0.1% trifluoroacetic acid) from 0 to 40% for 40 min. The single
peak eluent was analyzed by MALDI-TOF-MS.

2.3.3. Trypsin digestion of CcGRN-1

The derivate sample in 600 pl of 50 mM Tris-HCl (pH 8.5) was added
with 10 pl trypsin solution (0.1 mg/ml) in the same buffer. The solution
was incubated for 3 h at 37 °C and separated on a Vydac C18 column
using a gradient of acetonitrile in water (0.1% trifluoroacetic acid)
from 0% to 40% for 40 min.

2.34. C-terminal sequence analysis of CcGRN-1

The C-terminal peptide fragment was dissolved in 0.01 M NH4Ac-
HAc buffer (pH 6.8) and mixed with carboxypeptidase Y solution (0.1
unit) at room temperature. The reaction was stopped at different time
intervals (10 s, 30 s, 1 min, 2 min, 4 min, 8 min, 16 min, 30 min, 1 h,
2 h,5hand 24 h) by mixing a 1 pl stop solution (saturated CCA solution
in 35% acetonitrile water solution containing 0.1% TFA) and a 1 pl reac-
tion mixture. Each reaction fraction was analyzed by MALDI-TOF-MS.
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2.3.5. Bioinformatics analysis and CcGRN-1 alignments

Bioinformatics analysis and alignments were performed as previ-
ously described [23]. First, the entire CcGRN-1 sequence was annotated
using an EXPASy software such as ProtParam. The molecular mass, iso-
electric point (pl) and amino acid composition were determined using
the ProtParam tool (http://www.expasy.ch/cgi-bin/protparam). The
hydrophilic-hydrophobic property was analyzed using a ProtScale tool
(http://www.expasy.ch/tools/protscale.html). Subcellular localization
was performed using the PROST program (http://psort.hgc.jp/form.
html). The signal peptide was predicted using the SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/). The glycosylation and phos-
phorylation sites were predicted by YinOYang 1.2 (http://www.cbs.dtu.
dk/services/YinOYang/) and NetPhos2.0 (http://www.cbs.dtu.dk/
services/NetPhos/), respectively. The motif was analyzed in http://
prosite.expasy.org/. The structural domain was analyzed in http://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd_help.shtml#CDUpdate. Sec-
ondary structure modeling was predicted using GOR4 (http://npsa-
pbil.ibcp.fr/cgi-bin/npsa_automat.npsa_gor4.html). Second, sequence
alignments were performed using the ClustalW2 program (http://
www.ebi.ac.uk/Tools/msa/clustalw2/). Conserved domains were ana-
lyzed using the InterProScan and CDD websites. A phylogenetic tree
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Fig. 1. Isolation and purification of CcGRN-1 from rpTE and MALDI-TOF mass spectrometry of purified CcGRN-1 and the S-carbamidomethyl derivative of CcGRN-1 (S-CAM-CcGRN-1). A
rpTE was separated on a Superdex 30 column (GE Healthcare, USA) in 50 mM acetic acid at a flow rate of 1 ml/min. B Final reverse-phase HPLC separation of CcGRN-1 occurred on a Vydac
C18 (Grace, USA) column (250 x 4.6 mm) in a gradient of 0-50% (v/v) acetonitrile in the presence of 0.1% (v/v) trifluoroacetic acid for 50 min at a flow rate of 1 ml/min. C The monoisotopic
molecular mass of CcGRN-1 was determined to be 5782.92 Da. D The monoisotopic molecular mass of S-CAM-CcGRN-1 was determined to be 6478.68 Da. E Reversed-phase chromatog-
raphy of S-CAM-CcGRN-1 trypsin hydrolysates. Two fragments were obtained (2160.9 Da and 4335.9 Da). F S-CAM-CcGRN-1 trypsin hydrolysates were analyzed by MALDI-TOF mass

spectrometry. (m/z: mass-to-charge ratio; a. u.: arbitrary units).
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Table 1
Identification of the amino acid sequence of CcGRN-1.

Sequence 1
Sequence 2
Sequence 3
Sequence 4
Sequence 5

NVICPDGTSFCASGQTCCKLSSGSYGCCPL
LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQG
NVICPDGTSFCASGQTCCKLSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQG
QGTCL(I) "R
NVICPDGTSFCASGQTCCKLSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQGTCL(I) 'R

was further established using MEGA 4 software to analyze the relation-
ship between CcGRN-1 and its homologous molecules in different spe-
cies. Finally, functional and metabolic pathways were analyzed using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway data-
base (http://www.genome.jp/kegg) to obtain functional annotations
and analyze biological processes involved in metabolism.

2.4. Cell culture and cell viability assay

Human umbilical vein endothelial cells (HUVECs) (Zhonggiao
Xinzhou Biotech, Shanghai, China) were grown in high-glucose DMEM
medium (HyClone, Waltham, MA, USA) supplemented with 10% fetal
calf serum (FBS, Gibco, USA), 100 U/ml penicillin, and 100 pg/ml strep-
tomycin at 37 °C in a humidified incubator with 95% air and 5% CO-.

Cell viability was determined by the CCK-8 assay. The HUVECs were
plated in 96-well culture plates at a density of 1x 10* cells/ml. After in-
cubation for 24 h, the cells were treated with CcGRN-1 (0-32 pg/ml) for
12 h, 24 h and 48 h. Then, 10 ul of CCK-8 reagents was added to each
well for 4 h at 37 °C. Absorbance at 450 nm was measured using a micro-
plate reader (BioTek, Winooski, VT, USA). Cell-growth frequency was
calculated using the following formula:

Proliferation (%) = (1—0Deated/ODuntreated) X 100.

2.5. Cell-cycle analysis

The HUVECS, seeded in 6-well culture plates (3 x 10° cells/well),
were treated with CcGRN-1 (0.5 pg/ml) for different time durations
(0-360 min). Then, the trypsin-harvested cells were fixed in ice-cold
75% ethanol at 4 °C for 30 min. The cells were washed twice with PBS
at room temperature then incubated with a staining solution containing
PI (50 pg/ml) and Rnase A (50 pg/ml) for 30 min. The fluorescence was
measured and analyzed using an FAC Scan flow cytometer (Becton
Dickinson, San Jose, CA, USA).

2.6. Western blotting

To investigate the CcGRN-1 effect on the cell-cycle protein expres-
sion, the HUVECs were treated with CcGRN-1 (0.5 pg/ml) for different
time durations (0-360 min). To explore the CcGRN-1 effect on
signaling-protein phosphorylation, the HUVECs were treated with
CcGRN-1 (0.5 pg/ml) for different time durations (0-60 min) in the
presence or absence of LY294002 (10 uM), PD98059 (10 uM),
SP600125 (10 uM) and Bay11-7082 (10 puM). To survey the effect of
signaling-pathway inhibitors on the expression of CcGRN-1-induced
cell-cycle proteins, the HUVECs were pretreated with CcGRN-1 (0.5
pg/ml) for 30 min in the presence or absence of LY294002 (10 uM) or
PD98059 (10 pM).

After treatments, the cells were lysed on ice in an RIPA buffer with a
protease inhibitor (1% PMSF). The protein content was measured by the
Bradford assay. Equal amounts of protein per sample were loaded on a
12% SDS-PAGE gel and transferred to a polyvinylidene difluoride or ni-
trocellulose membrane, which was then blocked with 5% non-fat dry
milk in TBST (3 g Tris-base, 8 g NaCl, 0.2 g KCl, 0.05% Tween-20, diluted
with water to 1000 ml, pH 7.4) for 2 h at room temperature. The

membranes were then incubated overnight at 4 °C with primary anti-
bodies as follows: p-Akt (1: 1000), Akt (1: 1000), p-ERK1/2 (1: 1000),
ERK1/2 (1: 1000), p-JNK (1: 500), JNK (1: 500), p-NF-kB (1: 1000),
NF-kB (1: 1000), p-IkBa (1: 500), CyclinB1 (1: 1000), CyclinD1 (1:
1000), GAPDH (1: 5000) and beta-Tubulin (1: 1000), with gentle shak-
ing. The electrochemiluminescence method was used with secondary
antibodies (HRP-conjugated anti-rabbit IgG and anti-mouse IgG) at a di-
lution of 1: 5000 for 2 h at room temperature. Afterward, the mem-
branes were exposed using a chemiluminescent detection system
(Syngene G: Box, USA). Quantitative densitometric analyses of immu-
noblots were performed using Image] software (Ver. 1.48, Bethesda,
MD, USA), and the relative ratio was calculated.

2.7. Immunofluorescence staining

The HUVECs were grown on coverslips located in 6-well culture
plates. The control group was incubated with PBS, and other groups
were incubated with CcGRN-1 (0.5 pg/ml) in the presence or absence
of LY294002, PD98059 or SP600125. Then, the HUVECs were fixed
with a 4% paraformaldehyde solution for 30 min and permeabilized
with a 0.5% Triton X-100 solution (in PBS) for 5 min at room tempera-
ture. Subsequently, the HUVECs were blocked with 5% BSA (in PBS)
for 30 min at room temperature and incubated overnight at 4 °C with
primary antibodies as follows: p-Akt (1: 100), p-ERK1/2 (1: 100), p-
JNK (1: 100), CyclinB1 and CyclinD1 (1: 200). After incubation with
the primary antibodies, the HUVECs were further incubated with FITC-
labeled goat anti-rabbit or anti-mouse antibodies for 3 h and incubated
with DAPI (10 pg/ml) for 1 min at room temperature. Afterward, cover-
slips were sealed onto the slides with an antifade mountant. Finally,
fluorescence images were visualized using a confocal laser-scanning mi-
croscope (Olympus FV 1000, Japan) with excitation and emission wave
lengths of 492 nm and 520 nm, respectively. Fluorescence intensities
were obtained from the image dataset using FV10-ASW 3.1 software
(Olympus FV 1000, Japan).

Table 2
C-terminal sequence analysis of 4336.1 Da peptide.

Peptide Observed Deduced sequence
number  fragment
mass[m/z]
1 2397.073  LSSGSYGCCPLPNAVCCSDGVH
2 2557.122  LSSGSYGCCPLPNAVCCSDGVHC
3 2797.978  LSSGSYGCCPLPNAVCCSDGVHCCP
4 2901.099  LSSGSYGCCPLPNAVCCSDGVHCCPS
5 3059.316  LSSGSYGCCPLPNAVCCSDGVHCCPSGT
6 3160.508  LSSGSYGCCPLPNAVCCSDGVHCCPSGTT
7 3320.541  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTC
8 3435586  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCD
9 3621.889  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVS
10 3749.499  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQ
11 3806.680  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQG
12 3907.763  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQGT
13 4067.601  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQGTC
14 4180.783  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQGTCL(I) *
15 4336.870  LSSGSYGCCPLPNAVCCSDGVHCCPSGTTCDVSQGTCL(I) ‘R
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2.8. Migration assay

Cell migration was studied using the wound healing scratched assay
and the transwell assay. For the wound healing scratched assay, HUVECs
were seeded in 6-well culture plates (3 x 10° cells/well) and grown to
confluence. After serum starvation, the cells were scraped to create a
wound area in the centers of the cell monolayers (time point set as
0 h). Then, the cells were washed with PBS and incubated with
CcGRN-1 (0.5 pg/ml) in the presence or absence of PD98059 (20 uM)
or with PD98059 (20 uM) directly for 24 h. The wound closure was
photographed at different time durations (0, 12, 24 h) at 100x. The ex-
tent of wound closure was quantitated by calculating the difference in
the denuded area using Image] software. For the transwell assay, cham-
bers with 8-um polyester filters were used (Corning, Corning, NY, USA).
HUVECs (200 pl, 1 x 10* cells/ml) were placed in the upper compart-
ment in serum-free medium and treated with CcGRN-1 (0.5 pg/ml) in
the presence or absence of PD98059 (20 pM) or with PD98059 (20
uM) directly. The lower chambers, which were devoid of cells, were

A

Jellyfish Cc—GRN-1
Human Granulin_A
Human Granulin_B
Rat Epithelin—1
Rat Epithelin-2

A QU (R ST QR Qs QS (P (R

filled with DMEM (500 pl) with 10% fetal bovine serum and placed in
24-well plates. After different incubation durations (6, 12, 24 h) incuba-
tion, the cells on the lower surface of the chamber were fixed with 4%
paraformaldehyde and stained with crystal violet for 20 min. Five visual
fields were randomly selected from each Transwell filter and captured
at 400x magnification using an inverted fluorescence microscope
(Nikon Eclipse Ti-S). The average number of cells that migrated through
the Transwell filter was assayed using Image] software.

2.9. Statistical analysis

In the experiments, the images shown were the representatives of at
least three experiments performed on different experimental days. Data
were presented as the mean 4+ SEM. Analysis of variance (One-way
ANOVA) and Bonferroni's post hoc test were used to statistically evalu-
ate the data when appropriate. A value of P < 0.05 was considered statis-
tically significant.
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Fig. 2. Multiple sequence alignment and phylogenetic analysis of CcGRN-1. A Multiple sequence alignment of CcGRN-1 amino acid sequence with other eukaryotic granulin sequences. B
Multiple sequence alignment of CcGRN-1 amino acid sequence with human granulin sequences. C Phylogenetic analysis of the amino acid sequence of CcGRN-1 compared with other
known granulins. Completely conserved residues across all aligned sequences are shaded in black and marked below with an asterisk (*). Highly conserved residues are indicated by
dots (.) and shaded in gray. Absent amino acids are indicated by dashes (—).
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3. Results
3.1. Isolation and purification of CcGRN-1 from rpTE

The rpTE was fractionated on a Superdex 30 column, as shown in
Fig. 1A. Each fraction was subsequently analyzed by MALDI-TOF-MS,
and the fractions containing peptide with a molecular weight of approx-
imately 5800 Da were pooled and further purified by reverse-phase
HPLC. After 2 HPLC purification steps, a pure peptide was obtained
(Fig. 1B).

The molecular weight of isolated peptide CcGRN-1 was determined
by MALDI-TOF MS. Since the mass spectrometer resolution at m/z
5800 was not sufficiently high to present the monoisotopic peak, the
monoisotopic molecular weight was calculated from the m/z 2892.46
double-charged ions, where the resolution was much better. The mon-
oisotopic molecular weight of CcGRN-1 was 2892.46 x 2-2 =
5782.92 Da (Fig. 1C). In the same way, the monoisotopic molecular
weight of the reductive alkylation product of CcGRN-1 was 3240.34
x 2-2 = 6478.68 Da (Fig. 1D). A mass change of 696 Da resulted
when comparing the MALDI-TOF mass spectra of CcGRN-1 before and
after the reductive alkylation, indicating that the 12 Cys residues in
CcGRN-1 form 6 disulfide bonds in the natural peptide.

3.2. Identification of CcGRN-1 amino acid sequence

The reductive alkylation product CcGRN-1 was subjected to an auto-
matic protein sequencer to determine the N-terminal sequence. In the
first try, 30 amino acid residues were observed as Sequence 1
(Table 1). After trypsin hydrolysis, two fragments were obtained by pu-
rification with reverse-phase HPLC (Fig. 1E). The fragment with a mo-
lecular weight 2160.9 Da consists of 19 N-terminal amino acids
according to the molecular weight calculation, and the other one
(4335.9 Da) corresponds to the C-terminal region (Fig. 1F). Automatic
sequencing of the C-terminal fragment revealed 35 amino acid residues
as Sequence 2 (Table 1), of which 11 overlap with the N-terminal frag-
ment. Thus, the CcGRN-1 sequence was deduced as Sequence 3 (54 res-
idues) (Table 1). However, several residues in the C-terminus remain
unknown. Therefore, carboxypeptidase Y was used to determine the
C-terminal sequence. The peptide fragments obtained after carboxy-
peptidase Y hydrolysis were listed subsequently in Table 2, clearly re-
vealing the 6 residues from C terminus as Sequence 4 (Table 1). At
this point, the residue with a molecular weight 113 Da could be either
Leucine or Isoleucine.

These results showed that CcGRN-1 has 58 amino acids, and its com-
plete sequence is as shown in Sequence 5 (Table 1), which includes 12
cysteine residues forming 6 disulfide bonds. The observed monoisotopic

300

250

»
=
=

Survial rate (%)

Dose (ng/ml)

molecular weight of this sequence is identified using the calculated one,
5782.24 Da. Homologic analysis showed that this sequence was highly
similar to members of the granulin family. Therefore, the peptide was
named Cyanea capillata granulin-1 (CcGRN-1). A sequential comparison
using ClustalW analysis revealed conservation of several repetitions of
cysteine-rich structures between CcGRN-1 and other granulin amino
acid sequences (Fig. 2A). Similarly, the jellyfish CcGRN-1 sequence ex-
hibited a high structural conservation with human granulin sequences
(Fig. 2B). Moreover, phylogenetic analyses revealed that jellyfish
CcGRN-1 clustered with the bivalve granulins, suggesting its close re-
semblance to the Cnidarian counterpart. The other bioinformatics anal-
ysis results can be found in the Supplementary data (Supplementary
Figs. S1,S2 and S3).

Table 1 Amino acid sequence of CcGRN-1 was identified. N-terminal
30 amino acid residues were observed as Sequence 1. The C-terminal
fragment revealed 35 amino acid residues as Sequence 2, in which 11
overlapping residues were shown in bold, and the sequence was de-
duced to be Sequence 3 (54 residues). The terminal 6 residues from C
terminus were identified as Sequence 4. The complete 58 amino acid se-
quence was shown as Sequence 5. L(I) *: the residue could be either
Leucine or Isoleucine.

Table 2 C-terminal fragments obtained after carboxypeptidase Y hy-
drolysis were listed. The terminal 4 residues were shown in bold. L(I)*:
the residue with a molecular weight 113 Da could be either Leucine or
Isoleucine.

3.3. Effects of CcGRN-1 on HUVEC viability

As shown in Fig. 3, HUVEC viability was increased in a dose- and
time-dependent manner after treatment with CcGRN-1, which demon-
strated that CcGRN-1 could effectively promote cell proliferation.

3.4. Effects of CcGRN-1 on the cell cycle of HUVECs

3.4.1. Effects of CcGRN-1 on the cycle progression of HUVECs

To further elucidate the proliferation-promoting mechanism of
CcGRN-1, CcGRN-1 effects on cell-cycle progression were examined by
flow cytometry. As shown in Fig. 4A, CcGRN-1 (0.5 pg/ml) induced the
transition of cells from the G1-phase to the S/G2-phase in a time-
dependent manner. The cell-cycle analysis showed a significant cell de-
crease from 66.87% to 58.72% in the G1-phase and an increase from
33.13% to 41.28% in the S/G2-phase (Fig. 4B). These results indicated
that CcGRN-1 might promote HUVEC transition from the G1- to the S/
G2-phase, ultimately promoting cell proliferation.

HUVEC-CcGRN-1(12 h)
®m HUVEC-CcGRN-1(24 h)
OHUEVC-CcGRN-1(48 h)

Fig. 3. CcGRN-1 effects on HUVEC viability. The HUVECs were stimulated with different doses of CcGRN-1 (0-32 pg/ml) for 12 h, 24 h and 48 h. HUVEC viability was measured by the CCK-8

Fkk

assay. “P < 0.05, “44P < 0.001 vs. Control (12h),

P<0.001 vs. Control (24 h), *P < 0.05, **#P < 0,001 vs. Control (48 h).
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3.4.2. Effects of CcGRN-1 on the cell-cycle protein expression of HUVECs

As shown in Fig. 5, CyclinB1 expression increased significantly from
30 to 60 min after CcGRN-1 (0.5 pg/ml) treatment, with the maximal ex-
pression occurring at approximately 30 min. Similarly, the expression of
CyclinD1 was induced with CcGRN-1, with the maximum expression
occurring at approximately 30 min. These results indicated that
CcGRN-1 could activate the expression of cell-cycle proteins.

3.5. Effects of CcGRN-1 on the cell signaling pathways in HUVECs

3.5.1. Effects of CcGRN-1 on the cell signaling pathways in HUVECs by west-
ern blotting

As shown in Fig. 6A, Akt phosphorylation was markedly induced by
CcGRN-1 (0.5 pg/ml) from 5 to 30 min, with the maximal

P <0.001 vs. Control of G1-phase. *P < 0.05, **P < 0.01, **#P < 0.001 vs. Control of S/G2-phase.

phosphorylation occurring at approximately 15 min, while CcGRN-1
seemed to have no effect on the total Akt level. On the other hand, we
pretreated the HUVECs with the PI3K-, ERK1/2-, JNK MARK- or NF-
KB-signaling inhibitors before CcGRN-1 presence to confirm whether
the PI3K/Akt-signaling pathway was involved. The PI3K inhibitor
LY294002 completely blocked CcGRN-1-induced Akt phosphorylation,
while other signaling-pathway inhibitors—including PD98059,
SP600125 and Bay11-7082—had no effect (Fig. 6B). These results indi-
cated that CcGRN-1 could activate the PI3K/Akt-signaling pathway.

As shown in Fig. 6C, ERK1/2 phosphorylation was markedly induced
using CcGRN-1 (0.5 pg/ml) from 15 to 30 min, with the maximal phos-
phorylation occurring at approximately 15 min, while CcGRN-1 seemed
to have no effect on the level of total ERK1/2. Then, we pretreated the
HUVECs with the PI3K-, ERK1/2-, JNK MARK- or NF-kB-signaling inhib-
itors before CcGRN-1 presence to confirm whether the ERK1/2 MARK-
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Fig. 5. Effects of CcGRN-1 on the expression of cell-cycle proteins (CyclinB1 and CyclinD1) in HUVECs. *P < 0.05, ***P < 0.001 vs. Control.

signaling pathway was involved. The ERK 1/2 MAPK inhibitor PD98059
completely blocked CcGRN-1-induced ERK1/2 phosphorylation, while
other signaling-pathway inhibitors—including LY294002, SP600125
and Bay11-7082—had no effect (Fig. 6D). These results indicated that
CcGRN-1 could activate the ERK1/2 MAPK-signaling pathway.

However, CcGRN-1 (0.5 pg/ml) seemed to have no effect on the level
of p-JNK, p-NF-B and p-IkBc, which indicated that CcGRN-1 could not
activate the JNK MAPK- and the NF-kB-signaling pathway (Supplemen-
tary Fig. S4 and S5).

3.5.2. Effects of CcGRN-1 on the cell signaling pathways in HUVECs by
immunofluorescence

To further explore the effects of CcGRN-1 upon PI3K/Akt-, ERK1/2-
and JNK-signaling pathways, the HUVECs were analyzed by immunoflu-
orescence staining with corresponding antibodies (green) in the pres-
ence or absence of respective inhibitors. DNA staining with DAPI
(blue) was used to define nuclei.

As shown in Fig. 7, CcGRN-1 (0.5 pg/ml) could markedly induce Akt
phosphorylation, while LY29400 completely blocked CcGRN-1-induced
Akt phosphorylation. Similarly, ERK1/2 phosphorylation was signifi-
cantly induced by CcGRN-1 (0.5 pg/ml), while PD98059 completely
blocked CcGRN-1-induced ERK1/2 phosphorylation. On the other
hand, CcGRN-1 had no effect on the p-JNK level. These results further
confirmed that CcGRN-1 could activate PI3K/Akt- and ERK1/2 MAPK-
signaling pathways but not the JNK MAPK-signaling pathway.

3.6. Effects of signaling-pathway inhibitors on the expression of CCGRN-1-
induced cell-cycle proteins in HUVECs

3.6.1. Effects of signaling-pathway inhibitors on the expression of CCGRN-1-
induced cell-cycle proteins in HUVECs by western blotting

Since CcGRN-1 (0.5 pg/ml) could activate PI3K/Akt- and ERK1/2
MAPK-signaling pathways, corresponding pathway inhibitors were se-
lected to investigate their roles in the CcGRN-1-induced expression of
cell-cycle proteins.

As shown in Fig. 8, the CcGRN-1-induced expression of CyclinB1 and
CyclinD1 was blocked with PD98059 but not LY294002, which

demonstrated that the ERK1/2 MAPK-signaling pathway was involved
in CcGRN-1-induced cell-cycle protein expression in HUVECs.

3.6.2. Effects of pathway inhibitors on the expression of CcGRN-1-induced
cell-cycle proteins in HUVECs by immunofluorescence

As shown in Fig. 9, CcGRN-1 (0.5 pg/ml) increased CyclinB1 and
CyclinD1 expression. However, the effect was markedly blocked by
the PD98059 pretreatment but not affected by LY294002, which further
confirmed that the ERK1/2 MAPK-signaling pathway was involved in
TE-induced cell-cycle protein expression in HUVECs.

3.7. Effect of CcGRN-1 on wound healing

Since the ERK1/2 MAPK-signaling pathway was involved in the
CcGRN-1-induced cell-cycle protein expression, we further investigated
whether CcGRN-1 affected cell migration in the presence or absence of
the ERK1/2 MAPK inhibitor by the wound healing and the transwell
assay, respectively.

As shown in Fig. 10A, B, the results of the wound healing assay indi-
cated that CcGRN-1 (0.5 pg/ml) markedly induced cell migration in a
time-dependent manner. The relative migration was approximately
129% at 12 h and 163% at 24 h. However, the CcGRN-1-induced cell mi-
gration could be markedly attenuated by PD98059. Similarly, the results
of the transwell assay showed that the number of migrating cells in-
creased at 12 h and 24 h when HUVECs were treated with CcGRN-1
(0.5 ug/ml) and the CcGRN-1-induced cell migration could also be atten-
uated by PD98059 (Fig. 10C, D). These results demonstrated that the
ERK1/2 MAPK-signaling pathway was involved in CcGRN-1-induced
endothelial cell migration.

4. Discussion

Wound healing is a complex and coordinated multicellular process.
First, the wound is sealed by clotting and soon infiltrated by inflamma-
tory cells. Next, keratinocytes divide and migrate to reestablish the epi-
dermal layer—namely, reepithelialization—and then, fibroblast and
endothelia from the wound margins divide and enter the wound,
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Fig. 6. Responses of the PI3K/Akt- and the ERK1/2 MAPK-signaling pathway to CcGRN-1 (0.5 pug/ml). A, C HUVECs were treated with CcGRN-1 (0.5 pg/ml) for various time durations. B, D
HUVECs were treated with CcGRN-1 (0.5 pug/ml) in the presence or absence of various signaling-pathway inhibitors for 15 min. Cc: CcGRN-1, LY: LY294002, PD: PD98059, SP: SP600125,
Bay: Bay11-7082. P < 0.05, **P < 0.01, “*P < 0.001 vs. Control. P < 0.01, **#P < 0.001 vs. CcGRN-1.

establishing the granulation tissue comprising fibroblasts and new
blood vessels. At later stages, matrix deposition and wound contraction
[24-26] occur. During these processes, multiple growth factors and cy-
tokines are readily present in the wound bed and play a role in all stages
of wound healing. Numerous studies have shown that the activation of
EGFR increases the migration and proliferation of keratinocytes and ac-
celerates wound reepithelialization, FGF and VEGF participate in granu-
lation tissue formation and stimulate angiogenes, and PDGF plays a role
in each stage of wound healing [2,5,27,28]. For this reason, several stud-
ies have been performed on the effect of topically applied recombinant
growth factors in experimental wound healing or randomized con-
trolled clinical trials [2,3]. However, past attempts through topical appli-
cation of growth factors to refractory ulcers have not been efficacious.

For instance, a phase I clinical trial for topical recombinant human
VEGF (rhVEGF) showed no significant therapeutic benefit in chronic di-
abetic foot ulcers [7]. In another study, FGF-2 was topically applied daily
to 17 patients with diabetic foot ulcers in a double-blinded, randomized
manner, but no significant difference was observed [29]. The possible
reason is that recombinant growth factors suffer from some side effects
such as susceptibility to proteases and rapid plasma clearance [2,7,8].
Due to these limitations, purification and identification of novel growth
factors for wound healing is still in progress.

Marine-derived bioactive components such as pyranone [30], poly-
saccharide [31,32], anthraquinone [33] and collagen-derived peptides
[34] have long been used as a vital source of drug candidates that pro-
mote and accelerate the wound healing process. Besides, numerous

Fig. 7. Effects of CcGRN-1 (0.5 pg/ml) on signaling-pathway phosphorylation in the presence or absence of inhibitors. A HUVECs were pretreated with CcGRN-1 (0.5 pg/ml) for 15 min in the
presence or absence of an inhibitor for the PI3K/Akt-signaling pathway. B HUVECs were pretreated with CcGRN-1 (0.5 pg/ml) for 15 min in the presence or absence of an inhibitor for the
ERK1/2 MAPK-signaling pathway. C HUVECs were pretreated with CcGRN-1 (0.5 ug/ml) for 15 min in the presence or absence of an inhibitor for the JNK MAPK-signaling pathway. Images
were obtained by a fluorescence microscope at 600 x magnification, scale = 30 pum. Cc: CcGRN-1, LY: LY294002, PD: PD98059, SP: SP600125. “**P < 0.001 vs. Control. **#P < 0.001 vs.

CcGRN-1.
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marine bioactive molecules have been isolated and developed into
tissue-engineered substitutes with healing-promoting properties, such
as astaxanthin incorporated collagen film [35] and chitosan hydrogel
in combination with marine peptides [36].

In the present study, we successfully isolated and purified a novel
polypeptide with a molecular mass of 5782 Da from the jellyfish
C. capillata using size-exclusion chromatography followed by reverse-
phase HPLC. Homologic analysis showed that this peptide belonged to
the granulin (GRN) family of growth factors; thus, we named it Cyanea
capillata granulin-1 (CcGRN-1). GRNs, also known as epithelins, are a
family of secreted, glycosylated peptides of approximately 6 kDa com-
posed of a highly conserved motif of 12 cysteines and characterized by
6 disulfide bridges [37]. Sequence analysis showed that the jellyfish
CcGRN-1 consisted of 58 amino acids which also included 12 cysteine
residues forming 6 disulfide bonds, exhibiting a high structural con-
servation with other GRN peptides. As a group of growth factors,
GRNs have been shown to be involved in numerous physiological
processes such as wound healing, cell growth and proliferation mod-
ulation [37]. In this study, we demonstrated that CcGRN-1 could pro-
mote cell viability in a dose- and time-dependent manner. Then, we
proved that CcGRN-1 (0.5 pg/ml) could increase the expression of
cell-cycle proteins (CyclinB1 and CyclinD1) and ultimately regulate
cell proliferation. To our knowledge, this is the first time that GRN
with growth-promoting properties was found in jellyfish. Our
study will enrich the current knowledge on the role of GRN on prolif-
eration and migration.

GRN originates from a posttranslational proteolytic processing of a
larger precursor, progranulin (PGRN), a secreted growth factor that me-
diates cell-cycle progression and cell motility [38-40]. It has been re-
ported that PGRN mRNA levels were upregulated for at least 10 days
in murine transcutaneous puncture wounds [24,41]. In addition, when
PGRN was administered to a fresh cutaneous wound, inflammation in-
filtration and accumulation of fibroblasts and blood vessels increased
in the wound [41]. However, recombinant human PGRN could easily
be hydrolyzed with elastase and chymotrypsin released during infec-
tion and inflammation, which affected PGRN's wound-healing capacity
[42]. Compared with their precursor proteins, GRNs were also reported
to exhibit growth-modulating activities on certain cell types. However,
until now, biological functions and the underlying mechanisms of
GRNs remain controversial [43-45]. Therefore, another aim of our

FHk

P < 0.001 vs. Control. *#P < 0.001 vs. CcCGRN-1.

present study was to explore the possible mechanisms by which
CcGRN-1 drives cell proliferation and wound repair.

Previous studies have shown that PGRN could activate typical
growth-factor pathways such as the PI3K and ERK signal cascades, pro-
mote the expression of cyclin B and D, and stimulate cell proliferation
and migration [46]. In this study we first examined the effect of
CcGRN-1 on PI3K- and MAPK-signaling pathways and found that
CcGRN-1 could activate PI3K/Akt and ERK1/2-signaling pathway. Con-
sequently, we performed additional experiments to further establish
the role of PI3K/Akt- and ERK1/2 signaling pathways in CcGRN-1-in-
duced proliferative effects in the HUVECs. It was showed that only the
ERK1/2 MAPK-signaling pathway was involved in regulating CcGRN-
1-induced proliferation. In addition, wound-healing assay showed that
the CcGRN-1-induced cell migration ability was notably impaired by
the ERK1/2 inhibitor. These results adequately demonstrated that the
ERK1/2 signaling pathway regulates CcGRN-1-induced endothelial cell
migration, which may aid the further understanding of the mechanism
of action of GRNs.

ERK1/2 signaling pathway has been reported to be involved in regu-
lating cell migration and can be activated by various stimuli, including
cytokines, transforming agents and growth factors [47]. However, little
is known about how GRNs activate ERK1/2. Also, there is still limited in-
formation on GRNs structure/function relationships. It has been eluci-
dated that GRNs characterized a novel protein architecture of four
stacked p-hairpins with an axial rod of disulfide bridges, which showed
some similarity with EGF in their respective tertiary structures [48]; and
the precursors for mammalian granulins and EGF are both characterized
as multiple repeats of conserved cysteine modules [49,50]. Although no
evidence showed that granulin peptides bind EGF receptors, partial su-
perimposition between the three-dimensional folds of granulin and the
EGF family of peptides may indicate an underlying similarity in the way
the peptides from these two families interact with their respective re-
ceptors. Further studies are required to obtain the structural informa-
tion of CcGRN-1 and determine the correlation between structure and
function in promoting cell proliferation.

Besides the lack of structural information of CcGRN-1, this study has
several other limitations. For example, it does not provide the informa-
tion about the half-life time and the characteristics of degradation of
CcGRN-1. Peptides delivered to the wound environment face many
challenges because of their low content in the surface of wounds,
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CcGRN-1 (0.5 pg/ml) for 30 min in the presence or absence of inhibitors for Akt and ERK1/2 MAPK, respectively. Images were obtained by a fluorescence microscope at 600 x magnification,
scale = 30 um. Cc: CcGRN-1, LY: LY294002, PD: PD98059. “**P < 0.001 vs. Control. **#P < 0.001 vs. CcGRN-1.

short half-life and vulnerability to interference by inflammatory sub-
stances. As a marine-derived GRN homologue, CcGRN-1 plays a role in
the special environment of seawater which exhibits many undesirable
features such as high salt, and osmotic pressure, high quantities of bac-
teria and low temperature. Thus we expect that CcGRN-1 may have
unique advantages over the existing growth factors to overcome their
handicap. Further study is needed to assess the half time and other im-
portant characters when CcGRN-1 work in unfavorable circumstances.
Furthermore, more in-depth experiments, such as animal and clinic tri-
als, also need to be performed to verify the potentials of CcGRN-1 in
treating non-healing wounds such as seawater immersion wounds
and chronic wounds associated with diabetes, aging and cardiovascular
diseases.

5. Conclusion
In this study, we isolated and identified a novel GRN homologue,

CcGRN-1, from the jellyfish C. capillata. Our results indicated that
CcGRN-1 possessed growth-promoting properties, which was

associated with the activation of the ERK1/2 signal pathway. To the
best of our knowledge, very little is known about the growth factors
or their homologues from jellyfish, and CcGRN-1 is the first GRN homo-
logue found in jellyfish, which enriches our understandings of GRNs In
general, the results of this study provides a basis for further study of
the structure/function relationship and mechanism of action of
CcGRN-1. More importantly, as a marine-derived bioactive growth fac-
tor, CcGRN-1 may be a good candidate to be developed as a novel
wound-healing agent to treat chronic wounds in unfavorable condi-
tions. However, further in vivo experiments are needed to verify the po-
tentials of CcGRN-1 in wound treatment in the near future.
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