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a b s t r a c t

We previously found that ascophyllan, a sulfated polysaccharide isolated from brown seaweed Asco-
phyllum nodosum, exhibited antitumor activity in sarcoma-180 tumor-bearing mice. In this study, we
found that ascophyllan inhibited the migration and adhesion of B16 melanoma cells by reducing the
expression of N-cadherin and enhancing the expression of E-cadherin in a concentration-dependent
manner. Transwell invasion assay revealed that ascophyllan suppressed the invasion ability of B16
cells. It also inhibited the expression of matrix metalloprotease-9 (MMP-9) mRNA and the secretion of
MMP-9 protein in B16 cells, a process that may involve the extracellular signal-regulated kinase (ERK)
signaling pathway. Furthermore, ascophyllan administered intraperitoneally at 25 mg/kg showed anti-
metastatic activity in a mouse model of metastasis induced by intravenous injection of B16 cells, and
the number of lung surface metastatic nodules in ascophyllan-treated mice was significantly reduced
compared to that in the untreated control mice. Since splenic natural killer cell activity enhanced in the
mice injected with ascophyllan intraperitoneally, we suggest that ascophyllan may exhibit in vivo anti-
metastatic activity on B16 melanoma cells through activation of the host immune system in addition
to a direct action on cancer cells.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Metastasis of cancer cells is the major cause of cancer-related
mortality. The development of cancer metastasis consists of mul-
tiple steps, in which cancer cells migrate from the primary tumor
site, invade surrounding tissues, move through the blood or
lymphatic system to distant tissues, extravasate from the vascula-
ture, and eventually proliferate to form secondary tumors at new
sites. Hence, inhibition of any of these processes could be an
effective anticancer approach [1]. It is well documented that nat-
ural products are one of the most important sources of potential
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anticancer agents [2]. Naturally occurring polysaccharides show
potent immunotherapeutic properties in terms of cancer preven-
tion and treatment [3,4]. Some of these polysaccharides act as
biological response modifiers. Of special interest is fucoidan, a
sulfated fucan found in brown seaweeds, which is known to show
antitumor activity [5].

Ascophyllan (xylofucoglycuronan) is a sulfated polysaccharide
structurally similar to, but distinguishable from, fucoidan [6]. We
previously found that ascophyllan has various bioactivities such as
a growth-promoting effect on MDCK cells [7] and induction of
cytokine secretion from mouse macrophage RAW264.7 cells [8].
Furthermore, we recently found that intraperitoneally adminis-
tered ascophyllan had significant antitumor activity in a sarcoma-
180 solid tumor model [9]. In this study, we investigated asco-
phyllan's effects on B16 melanoma metastasis by using in vitro and
in vivo approaches.
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2. Materials and methods

2.1. Materials

Matrigel® was obtained from Becton & Dickinson Biosciences
(Franklin Lakes, NJ, USA). Antibodies for nonphosphorylated and
phosphorylated p38, JNK, and ERK MAP kinases were purchased
from Cell Signaling Technology, Inc. (Beverly, MA, USA). Specific
inhibitors for extracellular-regulated kinase (ERK) (PD98059), p38
(SB202190), and c-jun NH2-terminal kinase (JNK) (SP600125)
mitogen-activated protein (MAP) kinases were obtained from
Wako Pure Chemical Industries, Ltd (Osaka, Japan). Anti-E-cadherin
and anti-N-cadherin monoclonal antibodies were obtained from
Sigma (St. Louis, MO, USA).

2.2. Preparation of ascophyllan and desulfated ascophyllan

Ascophyllan was prepared from Ascophyllum nodosum as
described previously [6,7], and desulfated ascophyllan was pre-
pared from ascophyllan using a previously described method [10].

2.3. Cell culture

Murine B16 melanoma and lymphoma YAC-1 cells were ob-
tained from the Institute of Development, Aging, and Cancer of
Tohoku University, and cultured at 37 �C in RPMI 1640 medium
supplemented with 10% fetal bovine serum, penicillin (100 IU/ml),
and streptomycin (100 mg/ml). RAW264.7 (mouse macrophage)
cells were obtained from the American Type Culture Collection
(Rockville, MD, USA) and cultured as described previously [8].

2.4. Animals

C57BL/6 mice (8 weeks old, 20.0 ± 2.0 g) were obtained from
Texam Corp. (Nagasaki, Japan). All mice were treated according to
the Guidelines of the Japanese Association for Laboratory Animal
Science and the Guidelines for Animal Experiments of Nagasaki
University, Japan as described previously [9].

2.5. Cytotoxicity assay

Adherent B16 cells in 96-well plates (1 � 104 cells/well) were
cultured with varying concentrations of ascophyllan (0e1000 mg/
ml) in the growth medium for 24 h at 37 �C, and then, cell viability
was determined using MTT assay as described previously [11].

2.6. Wound healing assay

B16 melanoma cells were seeded into a well of 6-well plates
(1 � 106 cells/well). After 24 h at 37 �C, a wound in the cell
monolayer was formed by scraping with a 200-ml tip. After the cells
were washed thrice with the growth medium, varying concentra-
tions of ascophyllan (0, 10, 100, or 1000 mg/ml) were added to the
wells and incubated for 0, 6, 12, and 24 h at 37 �C. Then, migrated
cells in the scraped area were photographed under a phase-
contrast inverted microscope.

2.7. Adhesion assay

Adhesion assay was performed as described previously [12] with
slight modifications. Briefly, 100 ml of type I rat skin collagen (0.1 mg/
ml) in 5 mM acetic acid was added into each well of 48-well plates
and incubated at room temperature for 1 h, after which the super-
natants were removed. The wells were dried at room temperature
for 2 h and thenwashed twice with phosphate-buffered saline (PBS).
The suspensions of B16 melanoma cells (3 � 105 cells/well) were
added to eachwell in the presence or absence of ascophyllan (10,100
or 1000 mg/ml). After 1 h incubation at 37 �C, the wells were washed
twice with PBS. To determine the viable adherent cells on each well,
MTT assay was conducted as described above.

2.8. Nitrite assay for the estimation of NO

NO-inducing activities of ascophyllan and desulfated asco-
phyllan were measured by Griess assay as described previously [8].

2.9. Transwell invasion assay

Cell invasion ability was determined using a transwell invasion
assay as described previously [13]. To analyze invasive ability,
transwell chambers (BD, Franklin Lakes, NJ, USA) were set up with
8-mm pore-size filters. The filter's lower surface was coated with
2 mg/50 ml fibronectin and the upper surface with 10 mg/50 ml
Matrigel. Coated filters were washed with PBS and dried immedi-
ately before use. B16 melanoma cell suspensions (3 � 105 cells/ml,
300 ml) with or without ascophyllan were added to the chamber's
upper compartment and incubated at 37 �C. After 24 h incubation,
the non-invaded cells on the upper surface were wiped with a
cotton swab. The invaded cells on the filter's lower surface were
fixed with 30%methanol and stained with 0.5% crystal violet in 30%
methanol. The stained cells were counted under a microscope.

2.10. Western blot analysis

Adherent B16 melanoma cells in 6-well plates (5 � 105 cells/
well) were treated with varying concentrations of ascophyllan in a
growth medium at 37 �C. After 1.5 h incubation for the analysis of
MAP kinases or 24 h incubation for cadherins, the cells were
washed thrice with ice-cold PBS and harvested in lysis buffer, and
the proteins were extracted as described previously [8]. Equal
amounts of proteins (30 mg) were separated by 10% SDS-PAGE,
transferred onto polyvinylidene difluoride membranes, and pro-
bed with specific primary antibodies against E-cadherin, N-cad-
herin, and nonphosphorylated and phosphorylated p38, JNK, and
ERK MAP kinases, and subsequently with HRP-conjugated sec-
ondary antibodies. The blots were detected using an enhanced
chemiluminescence kit following manufacturer instructions.

2.11. RNA isolation and RT-PCR

Adherent B16 melanoma cells in 6-well plates (3 � 105 cells/
well) were incubated with varying concentrations of ascophyllan
(0e20 mg/ml) in the growth medium for 24 h at 37 �C; then, the
cells were subjected to PCR as described previously [14]. Extracted
total RNA was reverse-transcribed into single-strand cDNA using
the PrimeScript® 1st strand cDNA Synthesis Kit (Takara Bio Inc.,
Shiga, Japan). cDNA was amplified by PCR with the following
primers: MMP-9, 50-AGTCCGGCAGACAATCCTTGCA-30 (sense) and
50-ATCCACGCGAATGACGCTCTGG-30 (antisense); MMP-2, 50-
ATCGCTCAGATCCGTGGTG-30 (sense), 50-TGTCACGTGGTGT-
CACTGTCC-30 (antisense); GADPH, 50-GGAGCCAAAAGGGTCATCAT-
30 (sense), 50-GTGATGGCATGGACTGTGGT-30 (antisense). Amplified
products were analyzed in 2% agarose gels containing 0.1 mg/ml
ethidium bromide under UV light, and images were captured with
Light capture (ATTO Co., Tokyo, Japan).

2.12. Gelatin zymography

Matrix metalloprotease-9 (MMP-9) activity was determined
using gelatin zymography as described previously [13]. B16 cells
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(1 �107 cells/ml) were incubated in a serum-free mediumwith the
indicated concentrations of ascophyllan at 37 �C for 24 h. Super-
natant aliquots (10 ml) were removed from the total culture me-
dium (200 ml), mixed with 5 ml of sample buffer (62.5 mM TriseHCl,
pH 6.8, containing 10% glycerol, 0.00125% bromophenol blue, 12%
SDS) without reducing regent, and subjected to SDS-PAGE at 4 �C in
10% polyacrylamide gels that were copolymerized with 1 mg/ml
gelatin. After electrophoresis, the gels were washed twice with
rinsing buffer (2.5% Triton X-100, 1 mM CaCl2, 1 mM ZnCl2, 0.05%
NaN3) for 30min at room temperature and incubated at 37 �C in the
incubation buffer (50mM TriseHCl, pH 7.5, 5mMCaCl2,1 mMZnCl2,
0.05% NaN3). After 24 h incubation, the gels were stained with 0.5%
(w/v) Coomassie brilliant blue R-250 solubilized in 30% methanol
and 10% acetic acid for 30 min, and then incubated in a destaining
solution (30% methanol and 10% acetic acid). The stained gels were
photographed.

2.13. In vivo experimental lung metastasis

The experimental metastasis assay was carried out by the
method described previously [15]. B16 cells were harvested,
washed with PBS, and resuspended in PBS. The cell suspensions
(3 � 105 cells/100 ml) were injected into mice via tail vein. An hour
after the injection, mice were randomly divided into two groups
(n ¼ 8 for each group). The control group received intraperitoneal
injection of PBS, and the treatment group received intraperitoneal
injection of ascophyllan (25 mg/kg) in PBS. The treatment was
Fig. 1. The effects of ascophyllan on viability (A), migration (B), adhesion (C), and expressi
ascophyllan was measured by MTT assay. (B) The cells migrated into open area were photog
cell adhesion on collagen-coated plates is expressed as % of the control. Each value represents
cadherin and N-cadherin were determined by Western blot analysis.
continued daily for 10 days, and then the mice were observed for a
further 10 days. The mice were sacrificed on day 21 after the in-
jection of B16 cells, and the number of metastatic B16 colonies on
the lung surface was counted under microscopic observation.

2.14. NK cell activity of splenic cells of C57BL/6 mice

Ascophyllan (25 mg/kg/day) was intraperitoneally injected into
mice for 3 consecutive days. The control group received PBS alone.
Three mice were used for each treatment group. After treatment,
spleen cells were prepared from the mice, and their NK cell activity
was measured by calcein-release assay using YAC-1 cells as target
cells as described previously [11].

2.15. Statistical analysis

All experiments were repeated at least three times. Data were
expressed as mean ± standard deviation (S.D.), and data were
analyzed by paired Student's t-test to evaluate significant differ-
ences. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Cytotoxic effect of ascophyllan on B16 melanoma cells

As shown in Fig. 1A, ascophyllan showed no significant cytotoxic
effect on B16 melanoma cells up to 1000 mg/ml.
on levels of E-cadherin and N-cadherin (D) of B16 melanoma cells. (A) Cytotoxicity of
raphed during incubation in the presence of ascophyllan (0e1000 mg/ml). (C) Extent of
the mean ± S.D. (*(p < 0.05) of triplicate measurements. (D) The expression levels of E-



Fig. 2. Analyses of the invasion behavior (A), expression of MMP-9 (B, C), and MAP
kinase systems (D, E) in ascophyllan-treated B16 melanoma cells. (A) Data obtained by
invasion assay are shown as mean ± S.D. (*p < 0.05) of triplicate measurements. (B) The
levels of MMP-9 mRNA were determined by PCR. (C) MMP-9 activity in the culture
supernatant of the cells treated as described in (B) was analyzed by gelatin zymog-
raphy. (D) The levels of nonphosphorylated and phosphorylated p38, JNK, and ERK
MAP kinases in cells treated for 1.5 h were determined by Western blot analysis. (E)
The effects of specific MAP kinase inhibitors on the expression of MMP-9. Cells were
incubated with 10 mM of each inhibitor for 24 h and then subjected to PCR analysis.
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3.2. Effects of ascophyllan on migration of B16 melanoma cells

Effects of ascophyllan on cell migration were investigated by
wound healing assay. It was observed that B16 melanoma cells
moved gradually from the edge of the wound to open area during
24 h incubation, and ascophyllan inhibited the motility of B16
melanoma cells in a concentration-dependent manner (Fig. 1B).

3.3. Effects of ascophyllan on adhesion of B16 melanoma cells

Ascophyllan inhibited the adhesion of B16 melanoma cells to
type I collagen, and the inhibitory effects of ascophyllan were
approximately 47%, 62%, and 69% at the concentrations of 10, 100,
and 1000 mg/ml, respectively (Fig. 1C).

3.4. Effects of ascophyllan on the expression of E-cadherin and N-
cadherin in B16 melanoma cells

As shown in Fig. 1D, ascophyllan reduced N-cadherin levels
significantly and slightly increased E-cadherin levels.

3.5. Effects of ascophyllan on invasion of B16 melanoma cells

To investigatewhether ascophyllan affects the invasion ability of
B16melanoma cells, an in vitro transwell invasion assay systemwas
used. As shown in Fig. 2A, ascophyllan at 5, 10, and 20 mg/ml
strongly reduced the number of invaded B16 cells throughMatrigel
by 57%, 67%, and 78%, respectively.

3.6. Effects of ascophyllan on the activity of MMP-9 in B16
melanoma cells

As shown in Fig. 2B, ascophyllan suppressed expression levels of
MMP-9 mRNA in B16 melanoma cells in a concentration-
dependent manner, and a significant inhibitory effect of asco-
phyllan on the secretion of MMP-9 was observed at 20 mg/ml
(Fig. 2C). Expression of MMP-2 in B16 melanoma cells was at un-
detectable levels under our experimental conditions (data not
shown).

3.7. Effects of ascophyllan on MAP kinase signaling pathways in B16
melanoma cells

As shown in Fig. 2D, the level of phosphorylated ERK selectively
decreased with ascophyllan administration, whereas the levels of
phosphorylated p38 and phosphorylated JNKwere not significantly
changed. Furthermore, the ERK-specific inhibitor significantly
reduced the expression level of MMP-9, while inhibitors specific for
p38 and JNK showed no inhibitory effect on MMP-9 expression;
rather, they slightly enhanced expression (Fig. 2E). These results
suggest that ascophyllan down-regulates the expression of MMP-9
through inactivation of ERK signaling pathways.

3.8. Effects of ascophyllan on experimental lung metastasis with
B16 melanoma cells

Intraperinoneal administration of ascophyllan (25 mg/kg/day)
from day 0 to day 10 after tumor injection resulted in significant
decrease in the number of metastatic nodules on the lung surface
compared to untreated control group (Fig. 3A and B). Body weights
of mice were slightly reduced during ascophyllan-treatment, but
they recovered to normal levels at the end of the experiment (data
not shown).



Fig. 3. The effect of ascophyllan on experimental lung metastasis with B16 melanoma
cells. (A) B16 cells were injected into the tail vein of C57BL/6 mice on day 0. Starting on
day 1, ascophyllan was administered i.p. at 25 mg/kg/day for 13 consecutive days PBS
was administered to control mice with the same schedule. At 21 days after injection of
B16 cells, lungs were excised, and metastatic nodules on the lung surface were pho-
tographed (A) and counted (B). Each value represents the mean ± S.D. (*p < 0.05) of
triplicate measurements.

Table 1
Bioactivities of desulfated ascophyllan.

Sulfate
levela (%)

Cell adhesion inhibitory
activity (%)b

NO inducing
activityc (%)

Sample conc. (mg/ml) Sample conc.
(mg/ml)

10 100 1000 100

Desulfated
ascophyllan

79.1 ± 0.6 86.0 ± 2.3 88.7 ± 6.0 82.9 ± 4.5 74.8 ± 5.2

a Determined by turbidity assay as described previously [10], and expressed %
relative to native ascophyllan.

b Determined as described in the text and expressed % relative to native
ascophyllan.

c Determined by Griess assay as described previously [8] and expressed % relative
to native ascophyllan.
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3.9. Effects of intraperitoneally administered ascophyllan on splenic
NK cell activity of C57BL/6 mice

The spleen weights of mice intraperitoneally administered with
ascophyllan at 25 mg/kg for 3 consecutive days were significantly
greater than those of control mice injected with PBS (data not
shown), and the NK cell activities of splenic cells prepared from the
mice injected with ascophyllanwere evidently enhanced compared
to those of control mice (Fig. 4).

3.10. Bioactivities of desulfated ascophyllan

Consistent with previous results [10], NO-inducing activity of
desulfated ascophyllan toward RAW264.7 cells was reduced by 75%
relative to native ascophyllan (Table 1). Cell-adhesion inhibitory
effect of desulfated ascophyllan on B16 cells was also reduced to a
similar extent (Table 1).
Fig. 4. The effect of intraperitoneal administration of ascophyllan on splenic NK cell
activity. After 3 consecutive days of i.p. administration of ascophyllan at 25 mg/kg/day,
splenic NK cell activities of the treated mice were measured. PBS was administered to
control mice with the same schedule. Data represent mean ± S.D. (n ¼ 3; *p < 0.05).
4. Discussion

Our previous study demonstrated that intraperitoneally
administered ascophyllan showed antitumor effects in sarcoma-
180 solid tumor-bearing mice [9]. Since increases in splenic NK
cell activity and serum levels of TNF-a, IL-12, and IFN-g were
observed in the ascophyllan-treated mice, whereas ascophyllan
showed no direct cytotoxic effect on sarcoma-180 cells, it was
suggested that ascophyllan exhibited antitumor activity through
activation of the host immune system [9].

In the present study, we investigated the effects of ascophyllan
on tumormetastasis using B16melanoma cells. Our in vitro analysis
revealed that ascophyllan inhibited migration and adhesion of B16
cells in a concentration-dependent manner (Fig. 1B and C). Since no
significant cytotoxic effect of ascophyllan on B16 cells was observed
up to 1000 mg/ml (Fig. 1A), it may be ruled out that the anti-
migration and anti-adhesion properties of ascophyllan are due to
cytotoxicity.

Epithelial-mesenchymal transition (EMT) is a critical process in
cancer development and metastasis [16,17], and invasion of cancer
cells is enabled by EMT, which is often associated with reduction of
E-cadherin (epithelial marker) expression and increase of N-cad-
herin (mesenchymal marker) expression [18]. To investigate
whether or not the inhibitory effects of ascophyllan on adhesion
and migration of B16 cells is due to the inhibition of EMT, we
investigated the expression levels of E-cadherin and N-cadherin in
ascophyllan-treated B16 cells. As expected, significant decrease in
N-cadherin expression concomitant with partial increase in E-
cadherin expression was observed in ascophyllan-treated cells
(Fig. 2D).

Tumor cell invasion to the ECM and basement membrane is the
most important step in the tumor metastasis processes [19]. The
results obtained by transwell invasion assay showed that asco-
phyllan significantly inhibited B16 cell invasion at a lower con-
centration range than the concentrations used in migration and
adhesion assays, and ascophyllan even at 5 mg/ml suppressed more
than 50% of B16 cell invasion (Fig. 2A).

It is well known that MMPs play a pivotal role during tumor
metastasis by degrading proteins in the ECM and basement
membranes. Among them, MMP-2 and MMP-9 are expressed
abundantly in various cancer cells [20,21] and degrade type IV
collagen, which is a major component of the basement membrane
[22]. Hence, we investigated the effects of ascophyllan on the
expression and secretion of MMP-9 in B16 cells. The results ob-
tained by PCR and zymography showed that ascophyllan reduced
the expression levels of MMP-9 mRNA and the secretion levels of
MMP-9 protein. Expression levels of MMP-2 in B16 cells were
undetectable by PCR (data not shown). These results suggest that
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ascophyllan is capable of suppressing multiple steps of metastasis
through inhibition of tumor cell migration, adhesion, and MMP-9-
mediated invasion.

It has been reported that expression and secretion of MMPs are
up-regulated by activation of ERK signaling pathways in some cell
types [23]. Furthermore, a recent study on amsacrine, a drug with
anti-leukemia activity, demonstrated that this drug induced down-
regulation of MMP-2 and MMP-9 in U937 cells as well as inacti-
vation of ERK and activation of p38 and JNK MAP kinases [24].
Consistent with these findings, the level of phosphorylated ERK
was selectively decreased in ascophyllan-treated B16 cells, while no
significant changes in phosphorylated p38 and JNK were observed
(Fig. 2D), suggesting that ascophyllan suppressed MMP-9 expres-
sion through the inhibition of ERK activation. Involvement of ERK in
MMP-9 expression in B16 cells was also confirmed by the fact that a
specific ERK inhibitor significantly reduced the expression of MMP-
9 (Fig. 2E).

Regarding the structureeactivity relationship of ascophyllan,
the sulfate level seems to be an important structural element for
its bioactivities. Since macrophage-stimulating activity as judged
by NO-induction on RAW264.7 cells and the cell-adhesion
inhibitory activity of desulfated ascophyllan on B16 cells were
reduced to a similar extent as compared to native ascophyllan
(Table 1), a common mechanism of action through sulfate groups
might be responsible for both activities. Further studies are
necessary to clarify how sulfate groups are involved in these
bioactivities.

Based on these in vitro data, we further evaluated anti-
metastatic activity of ascophyllan by in vivo experimental lung
metastasis assay, in which B16 melanoma cells were injected into
tail veins of C57BL/6 mice. Intraperitoneal administration of
ascophyllan resulted in significant reduction of metastatic nodules
of the lung surface compared to the untreated control group
(Fig. 3). Although the exact mechanism of action of ascophyllan in
the in vivo experimental metastasis model is still unclear, host
immune system activation by ascophyllan may be partly respon-
sible for the suppression of B16 melanoma metastasis. NK cells
play a critical role in host defense against tumors [25] and are
involved in prevention of tumor metastasis [26]. In agreement
with our previous studies [9,11], intraperitoneal administration of
ascophyllan resulted in significant increase in the splenic NK cell
activity in recipient C57BL/6 mice (Fig. 4). Further studies are
required to clarify how ascophyllan inhibited B16 metastasis in
in vivo metastasis model.

In conclusion, we have found for the first time that ascophyllan
exhibits anti-metastatic activity through inhibiting tumor cell
migration, adhesion, and invasion at a non-cytotoxic concentration
range. Ascophyllan may also demonstrate anti-metastatic activity
via stimulation of the host immune system.
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