ONCOLOGY REPORTS 34: 2602-2608, 2015

Hexane extract from Sargassum serratifolium inhibits
the cell proliferation and metastatic ability
of human glioblastoma US7MG cells
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Abstract. The present study is the first to demonstrate the
anticancer effects of a hexane extract from the brown algae
Sargassum serratifolium (HES) on human cancer cell lines,
including glioblastoma U87MG, cervical cancer HeLa
and gastric cancer MKN-28 cells, as well as liver cancer
SK-HEP 1 cells. Among these cancer cell lines, US7MG cells
were most sensitive to the cell death induced by HES. HES
exhibited a cytotoxic effect on U87MG cells at concentra-
tions of 14-16 ug/ml, yet an effect was not observed in human
embryonic kidney HEK293 cells. The antiproliferative effects
of HES were regulated by inhibition of the MAPK/ERK
signaling pathway which plays a pivotal role in the prolifera-
tion of glioblastoma U87MG cells. In addition, treatment with
HES led to cell morphological changes and cell cytoskeleton
degradation through regulation of actin dynamic signaling.
Furthermore, migration and invasion of the U§7MG cells were
inhibited by HES via suppression of matrix metalloproteinase
(MMP)-2 and -9 expression. Thus, our results suggest that
HES is a potential therapeutic agent which has anticancer
effects on glioblastoma.

Introduction

Human glioblastoma is one of the most common and malig-
nant tumors, that originates from glial cells (1). Glioblastoma
is characterized by rapid invasion and distant migration (2).
Current therapeutic strategies for glioblastoma include
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surgery, radiation therapy and chemotherapy. However, the
median survival of glioblastoma patients is extremely poor (3).

Mitogen-activated protein kinase (MAPK) signaling regu-
lates diverse cellular functions, such as cell proliferation, the
cell cycle, cell survival, angiogenesis and cell migration (4).
The MAPK cascade is initiated by Ras activation which is
regulated by receptor tyrosine kinases at the cell surface. Ras
activation recruits C-Raf to the cell membrane, processing the
phosphorylation of multiple co-factors (5). Downstream of the
C-Raf proteins are MEK1 and MEK2, a dual serine/threo-
nine and tyrosine kinase (6). MEK further transmits signals
to extracellular regulated serine/threonine kinases (ERK),
comprised of ERK1 and ERK2 (7). The cellular functions of
ERK play diverse roles in the regulation of cell proliferation,
survival, mitosis and migration (8).

The cytoskeleton plays pivotal roles in various signaling
pathways related to cellular adhesion, cytokinesis, cell survival
and transcriptional processes (9). Particularly, reorganiza-
tion of the actin cytoskeleton is essential for the migration
and metastasis of malignant tumors. Actin reorganization
is regulated by Rac, the Wiskott-Aldrich syndrome protein
(WASP) family and actin-related protein (Arp) (10). Rac is a
Ras-related GTP binding protein that controls assembly and
disassembly of actin cytoskeleton by transducing extracel-
lular chemoattractive signals to downstream effectors such
as WASP family verprolin-homologous protein-2 (WAVE-2)
and Arp-2. WAVE-2 activates the Arp2/3 complex through
their binding and consequently the Arp2/3 complex locates
to actin filament branches and crosslinks into a branching
network (11). In addition, they play a functional role in lamelli-
podium formation that is related to the invasion and metastasis
of malignant tumors (12,13).

Metastasis is a mechanism by which new tumors form
in distant tissues from a primary tumor. Cell migration
and invasion are required for cancer metastasis. Invasion is
induced by matrix metalloproteinases (MMPs) that induce
degradation of the extracellular matrix (ECM) and basement
membrane (14,15). Thus, inhibition of MMPs is considered to
be a therapeutic strategy for tumor metastasis.

Sargassum (Sargassaceae, Fucales) is a genus of brown
seaweed that is found in all the oceans. Previous research on
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Sargassum spp. extracts have been reported to exhibit anti-
cancer, antibacterial, antifungal, antiviral, anti-inflammatory,
anticoagulant, antioxidant, hepatoprotective and neuroprotec-
tive activities (16). However, the pharmacological effect of
extracts from Sargassum serratifolium (S. serratifolium) has
not been thoroughly studied in glioblastoma. Therefore, the
present study aimed to investigate the anticancer effects of an
extract from S. serratifolium on US7TMG glioblastoma cells.

Materials and methods

Preparation of the hexane extracts. S. serratifolium was
collected from the coast of Busan, Korea, in April 2013.
Taxonomic identification was confirmed by an algal taxono-
mist (C.K. Choi) at the Department of Ecological Engineering,
Pukyong National University, Korea. The seaweed was rinsed
in tap water to remove salt and air-dried under sunlight for
3 days. The dried powder (1.5 kg) of S. serratifolium under-
went extraction three times with 96% (v/v) ethanol (EtOH) for
3 h at 70°C. The combined extracts were concentrated under
reduced pressure to obtain the EtOH extract. For further frac-
tionation of the EtOH extract, the extract was resuspended in
water:EtOH (9:1) and partitioned successively with n-hexane
and ethyl acetate. The n-hexane extract, which showed the
highest cell cytotoxic activities against U§7MG cells, was
maintained at -20°C and was used for the present study.

Cell culture. Human glioblastoma cancer U§7MG, human
cervical cancer HeLa, human gastric cancer MKN-28 and
human liver cancer SK-HEP 1 cells as well as human embry-
onic kidney HEK-293 cells, were obtained from the American
Tissue Culture Collection (ATCC; Manassas, VA, USA).
U87MG and SK-HEP 1 cells were incubated with minimum
essential medium (MEM), MKN-28 cells were incubated
with RPMI-1640 medium, and HeLLa and HEK-293 cells were
incubated in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1%
penicillin-streptomycin (PAA Laboratories GmbH, Pasching,
Austria). The cells were cultured in a 5% CO, incubator
(binder) at 37°C in a humidified atmosphere. The culture was
sub-cultured every 3 to 4 days and routinely checked under an
inverted microscope for any contamination.

Cell cytotoxicity and morphology. The effects of the extracts
of Sargassum serratifolium on cell viability were evaluated
by WST-1 assay, based on the reduction of the number of
metabolically active cells, and the results are expressed as a
percentage of the control. Cells were seeded in 96-well micro-
plates at a density of 1x10*cells/well and were cultured for 24 h.
After 24 h, the cells were treated with the extracts at various
concentrations and incubated for 12 and 24 h. Then, the media
was replaced and 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulforphenyl)-2H-tetrazolium, monosodium salt (WST-1
solution) was added to each well at 10 ul, and the cells were
incubated at 37°C for 3 h. Finally the optical density (OD)
was measured with an ELISA reader (Molecular Devices,
Silicon Valley, CA, USA) at 460 nm. The cytotoxic activity
of the extract was expressed as an ICs, value, which is the
concentration of the extract that caused 50% cell death. The
extract with an IC;, value <16 pg/ml was considered active.
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Dimethylsulfoxide (DMSO) was used to dilute the extracts
and the final concentration of DMSO in each well was not in
excess of 0.5% (v/v). No adverse effect due to the presence of
DMSO was observed.

Protein extraction and western blot analysis. USTMG cells
were treated with Sargassum serratifolium. The treated cells
were washed with ice-cold 1X phosphate-buffered saline
(PBS) and collected in lysis buffer [(50 mM Tris-Cl (pH 7.5),
150 mM NaCl, 1 mM DTT, 0.5% NP-40, 1% Triton X-100,
1% deoxycholate, 0.1% SDS] and a proteinase inhibitor cock-
tail [PMSF, EDTA, aptotinin, leupeptin, prostatin A (Intron
Biotechnology, Gyeonggi, Korea)] on ice. After incubation
on ice for 30 min, the insoluble materials were removed by
centrifugation at 14,000 rpm for 20 min. Protein contents of
the cell lysates were determined by a protein quantification
kit (Commasie Brilliant Blue solution®) (Dojindo Molecular
Technologies, Rockville, MD, USA) with bovine serum
albumin (BSA) as a standard. The absorbance was deter-
mined at 595 nm. An aliquot from each sample was boiled
for 5 min and then resolved by 12% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). Then, the proteins were
electrotransferred to a nitrocellulose membrane (Pall Life
Sciences, Pensacola, FL, USA) and blocked in PBST buffer
(135 uM NaCl, 2.7 mM KCl, 4.3 mM NaPO,, 1.4 mM KH,PO,
and 0.5% Tween-20) containing 5% non-fat milk (w/v).
After blocking, the membranes were then incubated with
primary antibodies against GAPDH, integrin (1, Rac1/2/3,
Ras, PI3K pl10a, WAVE-2, Arp-2, MMP-2, MMP-9,
phospho-C-Raf5%#  phospho-MEK 1/25¢217221 " phospho-
ERK 1/2Thr202Tyr204 gyernight at 4°C. The membranes were
next incubated with HRP-conjugated secondary antibodies
(Cell Signaling Technology) for 60 min. All membranes
were visualized using West Save Gold ECL (AbFrontier) and
exposed to Hyperfilm (GE Healthcare). GAPDH was used as
a loading control.

Wound healing assay. USTMG cells (5.0x10° cells/well) were
seeded in the chamber of an Ibidi culture insert (Ibidi GmbH,
Martinsried, Germany) consisting of two reservoirs separated
by a 500 ym well and incubated at 37°C in an atmosphere of
5% CO, for 24 h. After incubation, the inserts were gently
removed, and the cells were cultured with medium to facilitate
cell migration. Cell migration was recorded by phase contrast
microscopy over a time course of 2h following treatment with
the S. serratifolium extract. On-line based Wimasis image
analysis was used to carry out quantitative analysis of the cell
migration.

Cell invasion assay. The invasion of the tumor cells was
assessed in Matrigel-coated Transwell chambers witha 6.5-mm
polyvinyl/pyrolidone-free polycarbonate filter with 8-ym pore
size (Corning Life Sciences) as previously described (17). The
US7MG cells (5x10* cells/well and test compounds at different
concentrations were suspended in 100 y1 of serum-free medium
and placed in the upper Transwell chamber and incubation
was carried out for 24 h at 37°C. Then, the cells on the upper
surface of the filter were completely wiped away with a cotton
swab, and the cells on the lower surface were lysed with 4%
formaldehyde and stained with crystal violet. After staining,
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Figure 1. Antiproliferative effects of three extracts from S. serratifolium in human cell lines, including U87MG, MKN-28, HeL, SK-HEP 1 and HEK-293. Cells
were treated with the indicated concentrations of (A) ethyl acetate, (B) ethanol and (C) hexane extracts from S. serratifolium for 24 h, and cell survival was
assessed by WST-1 assay. Each bar represents the mean + SD, n=3. “p<0.001, significant difference from the control by ANOVA.

cells on the lower surface were lysed with 2% SDS for 1 h and
the lysate was measured using a microplate reader at 570 nm.

Immunofluorescence. Cultured US7MG cells on a cover
glass-bottom dish were incubated for 30 min with 10 yg/ml
HES. For this, the cells were pre-treated with 1 yg/ml DAPI
for 20 min at 37°C, then fixed with 4% formaldehyde (Junsei
Chemical Co., Ltd., Japan) for 15 min at 25°C and blocked
for 1 h in a blocking solution, including 5% mouse and rabbit
normal serum (Santa Cruz Biotechnology, Inc.) with 0.3%
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). Fixed
and blocked cells were incubated with the primary antibodies
(p-actin, phospho-ERK1/2™202/Tyr204) for 3 h and washed three
times with PBS buffer. After washing, the cells were treated
with 0.1 ug/ml of anti-mouse IgG (H+L), F(ab'), fragment
(Alexa Fluor® 555-conjugated) and anti-rabbit IgG (H+L),
F(ab"), fragment (Alexa Fluor® 488-conjugated) for 1 h. Stained
cells were mounted on a slide with ProLong Gold antifade
reagent (Invitrogen, Grand Island, NY, USA) and fluorescence
was determined under a Carl Zeiss LSM 710 confocal laser
scanning microscope.

Statistical analysis. Data are presented as the mean + standard
deviation for the indicated number of separate experiments.
The mean of the control was compared with the mean of each
individual treatment group by one-way ANOVA followed by
Tukey's test using the statistical software SigmaPlot v.12.3

(Systat Software, Inc., San Jose, CA, USA), and a statistically
significant difference was set at p<0.001.

Results

Effects of S. serratifolium extracts on cell proliferation.
To investigate the antiproliferative effects of three types of
extracts, hexane, ethanol and ethyl acetate, from S. serrati-
folium, we performed WST-1 assay on human glioblastoma
cancer U87MG, human cervical cancer HeLa, human gastric
cancer MKN-28, human liver cancer SK-HEP 1 and non-
cancerous HEK?293 cells following treatments with the
extracts. As shown in Fig. 1, each extract had a cytotoxic
effect on the human cancer cell lines. Among these extracts,
the hexane extract from S. serratifolium (HES) exhibited the
most effective inhibition of cell proliferation. HES particularly
decreased the cell viability of the US7TMG cells to a higher
degree than that observed in the other cancer cell lines. The
IC;, value of HES was observed between 14 and 16 pg/ml
HES (Fig. 2). In addition, morphological cell changes were
observed in a dose-dependent manner (Fig. 4A). However,
there was no inhibitory effect on cell proliferation of the non-
cancerous HEK293 cells, indicating that HES particularly has
antiproliferation effects on U§7MG cells (Fig. 2B).

Antiproliferative effect of HES is mediated through the
MAPK/ERK pathway. The MAPK/ERK cascade is closely
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Figure 2. Antiproliferative effects of ethanol and hexane extracts from S. serratifolium on U87TMG cells. (A) The hexane extract exhibited more effective
inhibition of cell proliferation when compared with the ethanol extract. (B) HES had antiproliferative effects on U§7MG cells, but did not affect the cell
viability of non-cancerous HEK-293 cells. Each bar represents the mean + SD, n=3. “p<0.001, significant difference from the control by ANOVA. HES, hexane

extract from Sargassum serratifolium.
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Figure 3. Effect of HES on downregulation of the MAPK/ERK pathway. (A) Expression of Ras and phosphorylation of C-Raf/MEK/ERK were detected by
western blot analysis in the U§7MG cells following treatment with 10 yg/ml HES in a time-dependent manner. (B) U87MG cells were treated with HES, and
examined by immunofluorescence staining to detect the level of phospho-ERK (green) and DAPI (nuclear; blue) and -actin (cytoskeletal; red) using confocal
laser scanning microscope. HES, hexane extract from Sargassum serratifolium.

related to activation of transcription factors and leads to
cell proliferation. In the present study, we investigated the
effect of HES on the MAPK/ERK pathway using western
blot analysis. As shown in Fig. 3A, the expression of Ras and
phosphorylation of C-Raf, MEK and ERK were downregu-
lated by HES in a time-dependent manner. Furthermore, the
expression level of phosphorylated ERK and translocation to
the nucleus were also decreased by HES (Fig. 3B). Thus, our
results indicated that HES suppressed cell proliferation via
regulation of the MAPK/ERK pathway in US7TMG cells.

Effect of HES on the degradation of the cytoskeleton. As HES
induced morphological cell change (Fig. 4A), we hypothesized
that the expression of cytoskeleton-related proteins may
be affected by HES. Thus, we measured protein expression
associated with actin dynamic signaling using western blot
analysis. As shown in Fig. 4B, actin dynamic signaling,
including integrin 1, PI3K pl110a, Rac, WAVE-2 and Arp-2,
was decreased by HES in a dose-dependent manner. Therefore,

these results showed that HES induced unstabilization of the
cytoskeleton and affected cell survival through inactivation of
actin dynamic signaling in US7MG cells.

HES inhibits the invasion and migration of US7MG cells. One
of the most representative characteristics of glioblastoma is
its invasive ability, diffusing into intact brain regions, which
hinders elimination of the cancer by surgery (18). Thus, we
investigated the inhibitory effects of HES on the metastatic
ability of the U87MG cells. As shown in Fig. SA, protein
expression of MMP-2 and -9 was inhibited by HES in a
dose-dependent manner. Additionally, wound healing assay
results showed that the entire wound area in the HES-treated
group was markedly decreased in comparison with the control
group (Fig. 5B). In the Transwell invasion assay, the number
of invasive cells was also decreased in a dose-dependent
manner (Fig. 5C). Hence, our findings indicated that HES
inhibited cell invasion and migration of US§7MG cells via
negative regulation of MMP-2 and -9 expression.
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Figure 4. Effects of HES on morphological changes and actin dynamic signaling. (A) U87MG cells were treated with HES in a dose-dependent manner (0, 5,
10 and 15 pg/ml) for 24 h, and the cell morphology was imaged under a phase contrast inverted microscope at a magnification of x100. (B) US87MG cells were
treated with HES in a dose-dependent manner (0, 5, 10 and 15 ug/ml) for 12 h, and expression levels of proteins associated with actin dynamic signaling were
detected by western blot analysis. HES, hexane extract from Sargassum serratifolium.
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Figure 5. HES suppresses the cell migration and invasion of U§7MG cells. (A) U87MG cells were treated with the indicated doses of HES for 24 h. Western
blot analysis of MMP-2 and -9 expression. (B) Wound healing and (C) Transwell invasion results showing the suppressive effects of HES on cell migration and
invasion of U87MG cells at 24 h in a dose-dependent manner (magnification, x40). HES, hexane extract from Sargassum serratifolium.
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Figure 6. Schematic diagram indicating the anticancer signaling pathways mediated by HES in the U87MG cells. HES, hexane extract from Sargassum

serratifolium.

Discussion

The present study is the first to demonstrate the anticancer
potential of extracts from S. serratifolium. Among these
extracts, a hexane extract from S. serratifolium (HES)
sensitively induced inhibition of cell proliferation and morpho-
logical change in U87MG cells (Figs. 2B and 4A).

In glioblastoma, the Ras/Raf/MEK/ERK pathway is
required for cell proliferation (18). Recently research has
shown that various agents inhibiting this signaling pathway,
such as sorafenib, an inhibitor of Raf, are able to inhibit
proliferation and induce apoptosis in glioblastoma (20).
This cascade signaling pathway is initiated by Ras activa-
tion, interacting with C-Raf and phosphorylating at serine
(Ser) 338, tyrosine (Tyr) 341, threonine (Thr) 491 and Ser497
of C-Raf (21). Phosphorylated C-Raf directly activates MEK1
and MEK?2, Tyr and Thr/Ser dual-specificity kinases, through
phosphorylation at Ser217 and 221 (22). These kinases subse-
quently phosphorylate Thr202 and Tyr204 residues in p44/42
MAPK, ERK1/2, leading to phosphorylation of p90 ribosomal
S6 kinase (p90ORSK) which phosphorylates cAMP response
element-binding protein (CREB) (23). ERK and CREB kinase
phosphorylate transcription factors translocating to the nucleus
for gene transcription (24). Our results demonstrated that the
antiproliferative effects of HES were exerted by suppression of
MAPK/ERK cascade signaling (Fig. 3).

The cytoskeleton is essential for morphological change,
growth, survival, cell motility and cancer metastasis (9,25).
Hence, regulation of the cell cytoskeleton and morphological
changes may be used to treat metastatic tumors (26). Actin
dynamic signaling is one of the crucial signaling pathways
for regulation of the cell cytoskeleton (27). This signaling

is initiated by integrin 1 which is located in the extracel-
lular membrane and converts extracellular stimuli into
intracellular signals (28). Integrin 1 regulates expression of
phosphoinositide 3-kinase (PI3K) p110a and Rac (29,30). Rac,
Rho-family of small G proteins, regulates the cytoskeleton
through activation of WAVE-2 leading to activation of Arp-2,
consequently facilitating morphological change (31-33). This
change regulates cytoskeletal stability, cell structure, cell
motility and cell death (34,35). Morphological change in the
US87MG cells was observed following treatment with HES
(Fig. 4A). Western blot analysis results also revealed that HES
suppressed reorganization of the cytoskeleton through regula-
tion of actin dynamic signaling, including integrin 1, PI3K
p110a, Racl, WAVE-2 and Arp-2, resulting in inhibition of cell
survival, growth and motility (Fig. 4B). Arp-2 and WAVE-2
are closely related to lamellipodium formation which regulates
cell motility and invasion (36). In addition, degradation of
the ECM by matrix metalloproteinases (MMPs) is required
for the migration and invasion of metastatic cancer cells.
MMPs, zinc-dependent endopeptidases, promote invasion and
metastasis of cancer cells (37,38). Among the members of the
MMP family, MMP-2 and -9 are crucial for degradation of
ECM (39). Therefore, western blot analysis, Transwell invasion
and wound healing assays were performed to demonstrate the
effects of HES on cell migration and invasion of the U87MG
cells. As expected, the expression levels of MMP-2 and -9
were decreased in the glioblastoma cells following treatment
with HES in a dose-dependent manner (Fig. 5A). Likewise,
HES showed inhibitory effects on cell migration and invasion
of the U87MG cells (Fig. 5B and C).

Taken together, the present study confirmed that HES has
anticancer potential through regulation of the MAPK/ERK
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and actin dynamic pathways in human glioblastoma US§7TMG
cells (Fig. 6). These findings demonstrated that HES may
be used as a candidate anticancer agent for the treatment of
human glioblastoma. To further analyze the detailed anticancer
mechanisms of extracts from Sargarssuim serratifolium, we
plan to use fractions of HES and investigate the effects of each
fraction on glioblastoma.
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