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Holothurian glycosaminoglycan inhibits metastasis via inhibition
of P-selectin in B16F10 melanoma cells
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Abstract P-selectin-mediated tumor cell adhesion to
platelets is a well-established stage in the process of tumor
metastasis. Through computerized structural analysis, we
found a marine-derived polysaccharide, holothurian gly-
cosaminoglycan (hGAG), behaved as a ligand-competitive
inhibitor of P-selectin, indicating its potential to disrupt the
binding of P-selectin to cell surface receptor and activation
of downstream regulators of tumor cell migration. Our
experimental data demonstrated that hGAG significantly
inhibited P-selectin-mediated adhesion of tumor cells to
platelets and tumor cell migration in vitro and reduced
subsequent pulmonary metastasis in vivo. Furthermore,
abrogation of the P-selectin-mediated adhesion of tumor
cells led to down-regulation of protein levels of integrins,
FAK and MMP-2/9 in B16F10 cells, which is a crucial
molecular mechanism of hGAG to inhibit tumor metasta-
sis. In conclusion, hGAG has emerged as a novel anti-
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cancer agent via blocking P-selectin-mediated malignant
events of tumor metastasis.
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Introduction

Melanoma is the most aggressive type of skin cancer, and
its incidence is rapidly increasing in all industrialized
countries [1]. Because of local invasion and hematogenous
metastasis, neither radiation therapy nor chemotherapy is
able to substantially increase the length or quality of life of
patients with advanced melanoma. Hematogenous metas-
tasis is one of the major causes of mortality in melanoma
patients and occurs as a complex multistep process
involving cancer cell adhesion with platelets [2, 3].
Extensive experimental evidence shows that activated
platelets promote tumor metastasis [4], which is important
for tumor cell survival. Tumor cells in circulation interact
with platelets and form tumor emboli that further con-
tribute to tumor cell migration, extravasation, and the
establishment of metastatic lesions [5]. Adhesive proteins
expressed by platelets such as integrins and selectins
enable the platelets to adhere to tumor cells that express
their corresponding receptors [6]. Therefore, developing
agents that effectively block or inhibit platelet and tumor
cell adhesion would improve the treatment for melanoma
metastasis [7].

Recently, increasing evidence indicates that P-selectin
(CD62P) plays a critical role during hematogenous
metastasis [8—11]. P-selectin has been shown to bind to
several human cancers and human cancer-derived cell
lines, such as human malignant melanoma [12], colon
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cancer, lung cancer, breast cancer, and gastric cancer [13].
Studies demonstrate that P-selectin is an important medi-
ator for the aggregation of activated platelets and cancer
cells, facilitating in vivo tumor metastasis [14, 15] and the
arrest of cancer cells [16]. Mechanistically, binding of
P-selectin to tumor cell surface ligand regulates subsequent
integrin-mediated steps in metastasis, which is critical for
tumor emboli formation and metastasis [17]. Inhibiting
selectin-mediated tumor cell interaction with blood con-
stituents attenuates tumor metastasis in a number of animal
models [18-21]. Therefore, blocking P-selectin interaction
with tumor cells through antagonists can effectively inhibit
tumor cell-platelet emboli complex formation and suc-
cessfully prevent hematogenous metastasis [22, 23].

In clinic, there are several synthetic drug candidates
targeting P-selectin, such as glycosaminoglycan com-
pounds, including heparin and low-molecular-weight hep-
arins [24]. Heparin is an excellent inhibitor of P-selectin,
preventing P-selectin from binding to its natural ligands
[25]. Addition of exogenous heparin competes for P-se-
lectin binding and inhibits tumor cell adhesion processes.
N-acetylated heparin reduces experimental melanoma
metastasis through blocking P-selectin [26]. However, due
to its strong anticoagulant potency, the application of
P-selectin on anti-metastasis therapy is limited [27]. There
are still medical needs to develop alternatives of heparin
for anti-metastasis therapy.

In this study, we searched compounds targeting P-se-
lectin in therapeutic targets database and DrugBank, and
found that several compounds contain Glucosamine in the
center of the molecular structure, similar to holothurian
glycosaminoglycan (hGAG), a potential anti-metastasis
compound suggested by our previous studies [28]. We
discovered that heparin sodium and hGAG have similar
characteristic peaks of infrared spectra, suggesting that
they share similar structures. hGAG is a type of acidic
mucopolysaccharide with average molecular weight of
114.802 kDa. It is extracted from the sea cucumber
Holothuria leucospilota (Brand) [28, 29]. Similar to hep-
arin, hGAG inhibits B16F10 melanoma metastasis in vivo,
blocks tumor cell-platelet adhesion in vitro, reduces tumor
cell migration mediated by activated platelets, and
decreases integrin expression. However, the underlying
mechanisms of hGAG to inhibit melanoma metastasis
remain unknown.

Heparin possesses selectins’ and integrins’ inhibitory
activity [6], and it inhibits tumor cell-platelet interactions
mediated by P-selectin and mucins on tumor cell surface
in vitro [25]. Since hGAG and heparin are structurally
similar, we propose that hGAG can interfere the adhesion
between tumor cells and platelet through blocking P-se-
lectin binding.
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To test this hypothesis and identify the target of hGAG,
we applied computer virtual docking method to assess the
binding activity of hGAG to P-selectin and other potential
ligands that may play crucial role in tumor cell-platelet
adhesion. Next, we assessed the inhibitory effect of hGAG
on P-selectin and melanoma cells binding in vitro. Lastly,
we tested the effect of hGAG on metastasis in vivo using
an experimental metastasis mouse model.

Our results showed that hGAG exhibited higher binding
activity with P-selectin than other proteins. We demon-
strated that hGAG can inhibit the binding of melanoma
B16F10 cells to P-selectin under static conditions and
significantly inhibited P-selectin-mediated B16F10 cells’
metastasis in our mouse model. These results indicate an
anti-metastatic role for hGAG by disrupting P-selectin
binding to tumor cells and subsequent tumor metastasis.

Materials and methods
Chemicals and reagents

Holothurian glycosaminoglycan (hGAG, purity > 98 %),
purchased from Hualikang Biotechnology Co., Ltd
(Changzhou, China), was dissolved in phosphate buffered
saline (PBS) to prepare a stock solution (1 mM), filtered
through 0.22 uM membrane, and stored at —20 °C.
Recombinant soluble human P-selectin-IgFc chimeric
molecules (P-Fc) were obtained from Signalway Antibody
LLC (SAB). The primary antibodies were anti-integrin B3
(Chemicon) monoclonal antibody, anti-integrin ol
(Chemicon) monoclonal antibody, anti-FAK (SAB) mon-
oclonal antibody, anti-MMP-2 (Bioworld), anti-MMP-9
(Bioworld), and Phospho-FAK (Tyr576/577) antibody
(CST). The secondary antibodies were goat anti-Rabbit
IgG (H&L)-HRP (Bioworld), and GAPDH (Sigma) was
used as the internal control. A Supersignal kit was pur-
chased from Millipore. BCA™ protein assay kit was pur-
chased from Pierce.

Cell lines and culture

B16F10 cells (ATCC) were maintained in DMEM sup-
plemented with 10 % FBS. The cells were maintained in a
humidified incubator (37 °C, 5 % CO,) and detached with
0.25 % Trypsin—-0.02 % EDTA.

Molecular docking
The X-ray crystal structures of proteins (P-selectin, GPIIb/

IIla, etc.) were obtained from RCSB Protein Data Bank
(http://www.rcsb.org) and used as the basis of the docking
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experiment. The structure of compound (hGAG) was
drawn using ISIS-Draw and then exported in MOL format.
The two-dimensional structures of hGAG and ligands were
converted into three dimensional by small molecule-line
structure transformation services. Schemes of hydrogen
atoms and charges were added to the three-dimensional
structure with an extensible molecular modeling system
UCSF Chimera, which then were exported into mol2 for-
mat using Open Babel for further study of molecular
docking.

The crystal structures of protein were used as the basis
of the docking experiments. The active sites exploited in
docking studies were defined as a subset region of 10.0 A
radius from the centroid of their ligands. Before screening,
the docking protocol was validated. Each ligand was
docked into the binding pocket to obtain the docked pose,
and the root mean square deviation (RMSD) of all atoms
between these two conformations was at 1.00 A indicating
that the parameters for docking simulation were good in
reproducing the X-ray crystal structure.

Generally, about 10-100 individual docking simulations
were performed, and interaction energy of each possible
docking model was analyzed by AutoDock Tools (http://
www.mgltools.scripps.edu/). After multiple docking sim-
ulations, consistent docking models among the best-fitted
models were used for the development of the hypotheses.

Size exclusion chromatography

Sephadex G-150 (Pharmacia) was suspended in five to
tenfold volume of deionized (DI) water and heated to
50 °C for swelling and selectivity for specific molecular
sizes; then chromatographic column was filled with fully
swollen Sephadex by gentle stirring. After overnight bal-
ancing, Sephadex was saturated by elution buffer (DI
water). hGAG (2 mg/ml) was incubated with or without
50 ng/ml recombinant P-selectin and loaded to the column.
After the flow-through was collected, samples were sent for
total carbohydrate analysis by a phenol-sulfuric acid
method and the elution time was recorded.

Flow cytometry

The experimental groups were prepared by combining
10 pl P-Fc (100 mg/ml) in PBS with 100 pl of hGAG at
various concentrations. The control group was prepared by
mixing 10 pl P-Fc with 100 pl 10 % BSA/PBS. All groups
were incubated at room temperature (RT) for 30 min.
Then, 100 pl of single cells were added to all groups and
incubated for further 20 min. After centrifugation at 1000
r/min for 5 min, the cell pellets were collected and washed
with PBS for three times. Then, 100 pl Rabbit-Anti-Human
IgG-FITC (10 mg/ml) was added and the cells were

incubated for 1 h. The cells were collected by centrifuga-
tion at 1000 r/min for 5 min, and the pellets were washed
with PBS for three times. Each aliquot of cells was
resuspended with 0.5 ml PBS for immediate analysis by
flow cytometry using a FACScan (BD Biosciences,
Mountain View, CA).

Tumor cell adhesion to immobilized P-Fc

96-well plates were coated with 10pg/ml P-Fc and incubated
at4 °Covernight. The plates were then washed with PBS and
blocked with 1 % bovine serum albumin (1 h, 37 °C).
Confluent B16F10 plates were trypsinized, and the cells were
harvested and diluted to a density of 1 x 10%ml. The cells
were seeded onto 96-well plates and incubated with hGAG at
37 °C for 2 h. Plates were washed with PBS three times to
remove unadhered cells. The attached cells were detected
using hematoxylin and eosin (H & E) staining.

Wound-healing mobility assay

BI6F10 cells were seeded onto 6-well plates (5 x 10°
cells/well) and allowed to grow to 90 % confluence in
complete medium. The monolayers were wounded by
scraping with P200 micropipette tips, and any cellular
debris present was removed by gently washing with PBS.
Cell monolayers were then incubated with serum-free
medium containing 50 ng/ml P-selectin with various con-
centrations of hGAG for 24 h. Photographs of the exact
wound regions were taken at the indicated time points (0 h
and 24 h), at x 100 magnification.

Transwell migration assay

B16F10 cell motility induced by P-selectin (50 ng/ml) was
evaluated in a Transwell Boyden Chamber (Corning
costar) with a polycarbonate filter (8-pm pores). Briefly,
BI6F10 cells (2 x 10’ cells/ml) were added to the upper
chamber containing hGAG (0-1 uM), while the lower
chamber contained 600 Wl DMEM with 50 ng/ml P-se-
lectin or PBS (control). After incubation for 6 h at 37 °C,
non-migrating cells were scrubbed off from the top of each
filter, and the cells that had migrated to the lower surface of
each filter were fixed in 70 % ethanol and stained with
0.1 % (w/v) crystal violet solution. Finally, the cells in five
randomly selected microscopic fields (x100) were coun-
ted. Three independent experiments were performed.

Zebrafish tumor metastasis model
The zebrafish used in this study were housed in the zeb-

rafish facility of the Model Animal Research Center
(MARC), Nanjing University, AB/Tubingen (Germany)
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strain, in accordance with TACUC-approved protocol
(MARC-AP#: QZ01). Embryos were obtained from natural
spawning of wild-type adults, and they were grown at
28 £ 1 °C in embryo medium as previously described
[30]. Twenty-four hours post-fertilization (24 hpf) zebra-
fish embryos were incubated with water containing
0.2 mM 1-phenyl-2-thio-urea (Sigma) to prevent pigmen-
tation. 48 hpf zebrafish embryos were dechorionated with a
sharp-tip forceps and anesthetized with 0.004 % (wt/vol)
tricaine (Sigma). Before microinjection, monolayers of
tumor cells at the proliferating phase were harvested and
then stained with 2 pg/ml 1,1’-dioctadecyl-3,3,3’,3'-te-
tramethylindocarbocyanine perchlorate (Dil, Invitrogen) as
described [31]. After overnight recovery in culture med-
ium, B16F10 cells were treated with or without P-selectin
and hGAG for 2 h. Subsequently, cells were washed with
DPBS, transferred to 1.5-ml tubes, and centrifuged for
3 min at 1000 rpm. The cells were then resuspended in
DPBS at a concentration of 2 x 10’ cells/ml. Using a
microloader (Eppendorf), the cell suspension was loaded
into an injection needle (0.75 mm internal diameter and
1.0 mm external diameter). Approximately 100-200 tumor
cells in 5 ml solution were injected into the perivitelline
cavity of 48 hpf embryo using a microinjector (Narishige).
After injection, embryos were incubated for 1 h at 28.5 °C
and checked for cell presence using a fluorescent micro-
scope (Olympus MVX10). Embryos with fluorescent cells
outside the implantation area were excluded to ensure that
tumor cells are located only within the perivitelline space.
10 zebrafish embryos were included in each experimental
group. All fish were incubated in housing-keeping water at
28.5 °C for 6 days. To measure the distance of metastasis,
we chose the focus or cell that lied furthest away from the
tumor mass and disseminated from the tumor mass toward
the fish embryo head and measured the distance between
that focus and the primary tumor using ImageJ [31].

Western blot analysis

To detect protein expression of mucin-1, B3 and ol inte-
grins, FAK, and MMP-2/9, B16F10 cells were treated with
hGAG (0-1 pM) for 24 h or 48 h in the presence of
P-selectin. Subsequently, cells were briefly washed with
pre-cooled PBS and lysed in RIPA buffer (50 mM Tris—
HCI, pH 7.4, 150 mM NaCl, 1 % NP-40, 0.1 % SDS, and
0.5 % sodium deoxycholate) supplemented with 1 mM
PMSF, 1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 pg/ml
pepstatin. Protein concentrations were determined using
the BCA™ protein assay kit. Protein samples (50 pg/lane)
were resolved by SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (Millipore). Proteins
were detected by immunoblotting with the following anti-
bodies: anti-integrin 33 monoclonal antibody, anti-integrin
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al monoclonal antibody, anti-FAK monoclonal antibody,
anti-MMP-2, anti-MMP-9, Phospho-FAK (Tyr576/577)
antibody, Goat anti-Rabbit IgG (H&L)-HRP, and GAPDH,
followed by incubation with corresponding secondary
antibodies conjugated with horseradish peroxidase. A Su-
persignal kit was used to visualize the bands according to
the manufacturer’s instructions.

Immunofluorescence analysis

The effects of hGAG on P-selectin-induced expression of
mucin-1 in BI6F10 cells were examined using an
immunocytochemical method. Cells were seeded on glass
coverslips and grew overnight, then pretreated with or
without hGAG for 24 h in the presence of 50 ng/ml P-se-
lectin. Following the treatment, the cells were fixed by pre-
cold acetone for 30 min. After three times rinse with PBS,
the cells were permeabilized in 0.1 % Triton X-100 and
incubated with 1 % BSA/PBS to block nonspecific binding.
Subsequently, anti-integrins and anti-mucin-1 antibodies or
normal goat serum control were applied for immunofluo-
rescent labeling, and goat anti-rabbit IgG-FITC (Boshide,
Wuhan, China) was used as a secondary antibody. Fluo-
rescence cells were observed and photographed under a
laser scanning confocal microscope at X400 magnification
(LEICA TCS SP5, Mannheim, Germany).

Experimental metastasis model, formation,
and visualization of tumor cell-platelet complex
in vivo

Female C57BL/6 mice (aged 6-8 weeks) were purchased
from the Animal Resources Center of Nanjing Medical
University (Nanjing, China). They were maintained in
accordance with the Institutional Guides for the Care and
Use of Laboratory Animals. Mice were housed in plastic
cages under controlled temperature (22 + 2 °C) and rela-
tive humidity (55 & 10 %) with a 12-h light/12-h dark
cycle (8:00-20:00) and were given unrestricted access to
water and a commercial non-purified diet (Xietong
Medicinal Bioengineering Co., Ltd, Nanjing, China). This
study was approved by the Animal Research Ethics Com-
mittee of Nanjing University of Chinese Medicine.

The establishment of the experimental lung metastasis
was performed as previously described. Overall, the sus-
pension of BI6F10 cells (2.5 x 10° cells in 0.2 ml normal
saline per mouse) was injected through the tail vein of
female C57BL/6 mice (6-8 weeks old) and allowed to
create lung metastatic foci for 14 days. Mice were followed
by an intraperitoneal administration of 26 mg/kg hGAG or
PBS control each day. 14 days post tumor cell injection, all
the mice were sacrificed and lungs were obtained and fixed
by formalin. The lung metastasis foci were observed.



Mol Cell Biochem (2015) 410:143-154

147

Statistical analysis

Data were analyzed using one-way analysis of variance
(GraphPad Prism 5, GraphPad Software Inc., San Diego,
CA). The results are expressed as mean & SD of at least
three independent experiments. The difference was con-
sidered significant between two samples if P < 0.05.

Results
hGAG has a high binding affinity to P-selectin

To identify the underlying mechanisms that mediate the
inhibitory effects of hGAG on tumor cell adhesion to
platelets, we applied molecular docking assay to screen the
potential targets of hGAG among macromolecules that
enhance cell aggregation and adhesion. hGAG exhibited
the lowest interaction energy with  P-selectin
(—16.97 kJ/mol) compared to other proteins such as TGF-
B, PDGF-B, TNF-a, vWF, platelet factor 4, GPIIb/IIIa,
thrombin, and thromboxane A2 (Fig. S1; Table 1), which
suggested that hGAG might preferably bind to P-selectin.
We further found that hGAG interacted with P-selectin in
the similar manner with P-selectin ligand Q14242, which
formed one hydrogen bond with residues of P-selectin at
active site residue ARG83 of 1GIR in our predicted
binding mode (Fig. 1a). To verify the virtual data, we used
size exclusion chromatography to investigate the binding
affinity of the two molecules. Generally, high-molecular
weight substances will be excluded from the Sephadex and
are eluted first. As shown in Fig. 1b, the average elution
time of hGAG was about 8 min. Surprisingly, the elution
time approximately reduced to 3 min after incubating
hGAG with P-selectin, which illustrated the formation of a
larger intramolecular complex. Collectively, computer
simulation and affinity test could predict the potential
interactions between hGAG and P-selectin.

hGAG inhibits P-selectin binding to B16F10 cells

To validate whether P-selectin is involved in hGAG-me-
diated disruption of the interactions between tumor cells
and platelets and subsequently inhibition of metastasis, we
used competitive binding test to verify hGAG as a potential
antagonist of P-selectin by FACS analysis. Our results
showed that the recombinant P-selectin peptide (P-Fc)
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Fig. 1 Diagram of hGAG binding to P-selectin. a hGAG and
P-selectin ligand docked in the pocket of P-selectin. Putative
hydrogen bonds between hGAG (a) or Q14242 (b, the ligand of
P-selectin) and P-selectin are shown in green dashes, ligands shown in
ball and stick fashion, and P-selectin’s active residues shown in lines.
b Size exclusion chromatography for analyzing the potential affinity
of hGAG to P-selectin. The green elution curve was the elution profile
of hGAG, while the red elution curve was that after incubation with
P-selectin. (Color figure online)

could significantly bind to the cell surface of B16F10,
exhibiting a positive population of FITC-staining cells,
while hGAG dramatically decreased the percentage of cells
combined with soluble P-Fc (Fig. 2a). Furthermore, we
also fixed P-Fc on the cell culture plates, leaving B16F10
cells freely binding to the immobilized P-Fc. As shown in
Fig. 2b, hGAG dose dependently attenuated the adhesion
of tumor cells to the immobilized P-F, and 1 uM of hGAG
could totally reverse the tumor cells to the background
level (P < 0.01). Altogether, these findings confirmed that
hGAG might be a potential competitive inhibitor of P-se-
lectin and it subsequently abolished P-selectin binding to
the tumor cell surface. Therefore, we further speculated
that hGAG might block the ligand behavior of P-selectin as
an initiator of intracellular signaling pathways that leading
to malignant phenotypes of tumor cell.

Table 1 Theoretical affinity of

hGAG and ligand with respect Ligand Binding score H-bonding Eudr?:efrmog s Residues

to P-selectin (1GIR) ydrog
hGAG —16.97 —6.89 1 ARG83:N-HO36
Q14242 —17.31 —7.05 1 ARGS83:N-HO1
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Fig. 2 hGAG inhibits P-selectin binding to BI16F10 cells in vitro.
a hGAG inhibits P-Fc binding to B16F10 cells. P-Fc was pre-
incubated with hGAG or PBS and then added to BI6F10 monolayers.
P-Fc was detected by Rabbit-Anti-Human IgG-FITC. The binding
events were analyzed by flow cytometry as described. b hGAG
inhibits B16F10 cells binding to immobilized P-selectin. The graph
represents the relative percentages of hGAG that inhibited B16F10

hGAG inhibits P-selectin-induced B16F10 tumor
cell migration in vitro and metastasis in vivo

To further examine whether hGAG could inhibit P-se-
lectin-activated cell motility, we used wound-healing and
Transwell migration models in the absence or the presence
of hGAG and P-selectin. As a result, we found that P-se-
lectin increased the horizontal migration of B16F10 cells
significantly in wound-healing assay (P < 0.01), which
was inhibited by hGAG in a dose-dependent manner
(Fig. 3a). We found that non-cytotoxic doses of hGAG also
induced a dose-dependent inhibition of B16F10 cells’
vertical migration using transwell migration model. Sig-
nificantly, 1pM of hGAG inhibited 58.48 % of B16F10 cell
migration in the visible fields (Fig. 3b). After that, we then
investigated the role of the hGAG on P-selectin-mediated
tumor cell invasion, dissemination, and metastasis in zeb-
rafish model. The metastatic B16F10 tumor cells were
treated with or without P-selectin and then treated with
1uM of hGAG. Tumor cells were labeled with Dil and then
injected into the perivitelline cavity of 48 h post-
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hGAG(UM) 0 0 00101 1

cells binding to immobilized P-Fc in vitro. For each condition, five
random fields were counted. Data are expressed as the mean £ SD (a,
n=5,b,n=29),"P <0.01P-Fc treatment alone group compared to
control group without P-Fc and hGAG treatment by one-way
ANOVA, *P < 0.05, **P < 0.01, P-Fc treatment groups with various
hGAG treatment compared to P-Fc treatment alone group by two-way
ANOVA

fertilization zebrafish embryos. Notably, as shown in
Fig. 3c, at day 6 after tumor implantation, the fish embryo
injected with P-selectin alone exerted evident hematoge-
nous metastasis far away from the injection site, while
hGAG effectively suppressed the process in tumor-bearing
fish embryos.

hGAG down-regulates P-selectin-induced activation
of integrin—-FAK signals and expression of MMPs

It has been shown that P-selectin increases the expression of
MMPs, integrins, and FAK, thus enhancing integrin-medi-
ated tumor cell metastasis. Therefore, we examined the
levels of downstream regulators of P-selectin that is incu-
bated with or without hGAG. Initially, we found that hGAG
could interrupt P-selectin-mediated activation of integrin—
FAK signaling pathway. The underlying mechanism might
be related to the down-regulation of membrane-embedded
integrin B3 (Fig. 4a). The immunofluorescence staining of
integrins also support the evidence. Furthermore, hGAG also
inhibited the expression of MMP-2 and MMP-9 under 48 h
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Control

P-selectin

P-selectin
+hGAG(1puM)

Fig. 3 hGAG inhibits P-selectin-induced B16F10 tumor cell migra-
tion in vitro and metastasis in vivo. a hGAG inhibited P-selectin-
induced mobility of B16F10 cells by wound-healing assay. A single
wound was created in the center of 90 % confluence B16F10 cell
monolayer, and cell debris was removed by washing. After 24 h of
incubation, wound closure was visualized under an inverted micro-
scope at x 100 magnification. Phase contrast images were taken at 0
and 24 h after wounding and wound closure percent was quantified
using Image] software. b hGAG inhibited P-selectin-induced mobility
of BI6F10 cells by transwell migration assay. BI6F10 cells treated

of drug exposure. Taken together, inhibition of P-selectin-
mediated activation of integrin—-FAK signaling pathways
and expression of MMPs by hGAG accounted for the lower
aggressive metastatic tendency.

hGAG inhibits experimental melanoma lung
metastasis

In order to visualize the decreased lung nodules with less
tumor emboli by hGAG, mice were pretreated with or
without single-dose hGAG (26 mg/kg) in experimental
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hGAG(M) 0 0 00101 1
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with hGAG were allowed to migrate for 6 h towards media containing
P-selectin (50 ng/ml). After 6 h, cells that migrated to the bottom of
the filters were stained with crystal violet and micrographs were taken
at x100 magnification. Scale bar represents 100 pum. ¢ Effect of
hGAG on tumor metastasis in vivo. Tumor cells labeled with Dil were
injected into the perivitelline cavity of 48 h post-fertilization
zebrafish embryos. At day 6 after implantation, B16F10 tumor cell
metastasis was detected by assaying Dil fluorescence using a laser
scanning confocal microscope

melanoma lung metastasis model. B16F10 cells were
injected intravenously via the tail vein into C57/BL6 mice.
14 days later, the lung tissues were harvested at the end
time point. As shown in the representative photos in
Fig. 5a, b, the number of lung metastasis foci decreased
significantly in mice with the treatment of 26 mg/kg hGAG
compared to vehicle control (P < 0.01). Immunohisto-
chemical staining showed that hGAG could down-regulate
the expression of integrin B3 in the lung foci (Fig. 5c).
Therefore, mice bearing metastases could respond to
hGAG treatment with disrupted tumor emboli formation.
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Fig. 4 hGAG down-regulates P-selectin-induced MMPs, integrins,
and FAK expression. a hGAG down-regulates protein levels of
P-selectin-induced integrin a1, B3, and FAK expression in B16F10
melanoma cells. b B16F10 cells were treated with hGAG (1 pM) with
or without P-selectin (50 ng/ml), then cells were fixed and incubated
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Fig. 5 hGAG inhibits tumor metastasis in a mouse lung melanoma
metastasis model. a C57BL/6 mice were injected with 2.5 x 10°
B16F10 cells and administrated with hGAG (26 mg/kg) for 14 days.

The mice then were sacrificed and lungs were obtained for
observation and quantification of pulmonary intravascular metastases

Cell-surface PSGL-1 (mucin-1) is not affected
by hGAG

P-selectin mainly binds to a mucin-type glycoprotein
PSGL-1 (P-selectin glycoprotein ligand-1) or mucin-1 on
tumor cells to activate downstream signal pathways [32,
33]. Our data show that hGAG treatment did not change the
expression level of mucin-1. As shown in Fig. 6a, neither
hGAG nor P-selectin (50 ng/ml) had any obvious effect on
protein levels of mucin-1 after treated for 24 h by Western
blot analysis. The result was confirmed by immunofluo-
rescence staining of mucin-1 on B16F10 cells (Fig. 6b).
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Integrin B3 Hoechst Merge

hGAG (nM)

with primary antibodies against Integrin B3. Cells were immunos-
tained with anti-rabbit FITC-conjugated secondary antibody and then
stained with Hoechst 33258. The specimens were visualized and
photographed using a fluorescence microscope (x400, scale bar
represents 20 pum)
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formation. b Representative lungs with experimental pulmonary
melanoma foci were from mice treated with saline (control) and
hGAG (26 mg/kg), respectively. ¢ Immunohistochemical staining of
integrin B3 expression in the lung of mice treated with and without
hGAG

Our results suggest that hGAG functions as a competitive
inhibitor to prevent P-selectin from binding to its ligands
such as mucin-1, but is not involved in reducing ligand
protein levels.

Discussion

In this study, we have shown that hGAG had anti-metastatic
properties possibly via inhibition of P-selectin binding to
tumor cells as a ligand antagonist of P-selectin and sup-
pression of adhesion and migration ability of cancer cells, by
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down-regulating 5 integrin and FAK (Fig. 7). Our findings
suggest that hGAG as a valuable candidate could potentially
be exploited to inhibit tumor metastasis.

P-selectin is a member of selectin family of cell adhe-
sion molecules that facilitates interactions among tumor
cells, platelets, and endothelial cells [34]. Expressed on

A B
Psel(ng/ml) 0 50 50 50 50
hGAG(M) 0 0 0.01 01 1

P-selectin (50ng/ml)

Fig. 6 hGAG treatment shows no effect on the expression of mucin-
1. a B16F10 cells were treated with hGAG (0, 0.01, 0.1, and 1 pM)
for 24 h in the presence or absence of P-selectin, and then cells were
collected. The mucin-1 expression was analyzed with Western blot,
and GAPDH was used as a loading control. b BI6F10 cells were

blood vessel

Fig. 7 Proposed model by which hGAG inhibits tumor metastasis.
hGAG prevents P-selectin from binding to its receptor and attenuates
P-selectin-mediated interaction of platelets and tumor cells, leading to
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[35-37], P-selectin binding to melanoma cells specifically
activates integrins, which results in the increase of cell
migration and cell attachment to extracellular matrix
(ECM) [38]. The increase in expression of B3 and P
integrins has been shown to correlate with increased
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mucin-1 expression was detected by immunofluorescence (red), and
cell nucleuses were labeled with Hoechest 33258 (blue). Scale bar
represents 20 pm. (Color figure online)
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P-selectin level. It is believed that dysregulation of inte-
grin-mediated cell adhesion and migration contributes to
the increase of the metastatic process [39]. FAK is a focal
adhesion-associated protein kinase involved in cellular
adhesion. Activated integrin activates FAK pathway, thus
regulating tumor cell adhesion and migration [40, 41]. It
had been shown that when FAK was inhibited, cancer cells
became less metastatic due to decreased mobility [42].
P-selectin binding to mucin-1 on cancer cells activates
signals that promote tumor cell adhesion and migration
[32]. Consequently, P-selectin inhibition might have a
beneficial effect on cancer therapies by attenuating both
tumor cell migration and adhesion [35]. There are abundant
experimental data indicating that heparins attenuate
metastasis by interfering P-selectin interaction with tumor
cell [25, 43—46]. However, heparin therapy can be difficult
to administrate on an outpatient basis and is associated with
complications [25]. In the current study, we demonstrated
that hGAG, which is very close to heparin structurally, may
prevent or disrupt the processes of P-selectin-mediated
metastasis. It is quite true that the anti-metastasis effects
mediated by heparin are both dependent and independent
on its anticoagulant properties. hGAG also exhibits dual
mechanisms. Previously, we found that an essential target
of hGAG might be tissue factor (TF), the initiator of
extrinsic pathway of coagulation [28]. However, in this
study, we considered that the anticoagulant feature of
hGAG was not involved. Heparin can attenuate tumor
metastasis mainly due to inhibition of P-selectin, but non-
anticoagulant heparins also have similar effects. Instead of
heparin, low-molecular weight heparin (LMWH) with
decreased anticoagulant properties can eliminate the major
side effects of heparin in cancer treatment [47, 48].
Therefore, we believed that the inhibition of P-selectin was
the primary mechanism of hGAG to reduce tumor
hematogenous metastasis.

In addition to heparin, another glycosaminoglycan,
namely fucosylated chondroitin sulfate (FucCS), has been
proven to be a potent inhibitor of selectins. Both hGAG and
FucCS are acid mucopolysaccharides with high molecular
weight from sea cucumber. hGAG was isolated from
Holothuria leucospilota, while FucCS was from Ludwig-
othurea grisea. The major structure differences exist in the
percentage and position of sulfated residues. The backbone
of hGAG consists of repeating disaccharide units of B-p-
glucuronic acid and N-acetyl-fB-p-glucosamine, but N-
acetyl-pB-p-glucosamine is 6-carboxylated, while that of
FucCS is 6-sulfated [46]. It is reported that fucosylated
sialylated glycans such as sialyl Lewis x (sLe*) is essential
for interaction between selectin family of adhesion mole-
cules and their glycosylated ligands [49]. SLe™ mimics that
contain the essential functional groups for receptor inter-
action and a negative charge or a hydrophobic group have
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been developed as inhibitors of E-, P-, and L-selectins [50].
hGAG is a nature-derived glycosaminoglycan or
mucopolysaccharide, emerged as a structural and func-
tional mimic of SLe*, and is postulated to be able to
compete with SLe™ binding to P-selectin. The potential side
effects of hGAG have not been well documented yet, but
the anti-P-selectin activity of hGAG might induce the
deficiency of platelet function and related disorders.
Therefore, a more comprehensive assessment of in vivo
safety is critical for the future application of hGAG as an
anti-P-selection agent in cancer prevention and treatment.

In summary, we dissected out the three potential
mechanisms of hGAG to inhibit metastasis. Our findings
demonstrated that hGAG had a high potential in vitro to
(a) inhibit P-selectin-induced melanoma B16F10 cell
migration and mobility; (b) down-regulate the expression
of B3 integrins and FAK at protein levels in B16F10 cells;
and (c) inhibit B16F10 cell migration and adhesion through
blocking P-selectin binding to tumor cells. Each of these
effects appears to contribute to the inhibition of metastasis
of melanoma.
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