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Abstract. Multiple myeloma (MM) remains an incurable
hematological neoplasms. Our previous studies showed that
Fucoidan possessed anti-myeloma effect by inducing apop-
tosis and inhibiting invasion of myeloma cells. In this study,
we evaluated the effect of Fucoidan on angiogenesis induced
by human myeloma cells and elucidated its possible mecha-
nisms. Multiple myeloma cells were treated with Fucoidan at
different concentrations, then the conditioned medium (CM)
was collected. The levels of VEGF in the CM were tested
by ELISA. The results showed that Fucoidan significantly
decreased VEGF secretion by RPMI-8226 and U266 cells. The
tube formation assay and migration test on human umbilical
vein endothelial cells (HUVECS) were used to examine the
effect of Fucoidan on angiogenesis induced by human myeloma
cells. The results showed that Fucoidan decreased HUVECs
formed tube structures and inhibited HUVECs migration,
and suppressed the angiogenic ability of multiple myeloma
RPMI-8226 and U266 cells in a dose-dependent manner. The
study also showed that Fucoidan downregulated the expres-
sion of several kinds of proteins, which may be correlated
with the reduction of angiogenesis induced by myeloma cells.
Moreover, results were compared from normoxic and hypoxic
conditions, they showed that Fucoidan had anti-angiogenic
activity. Furthermore, in a multiple myeloma xenograft mouse
model, it indicated that Fucoidan negatively affected tumor
growth and angiogenesis in vivo. In conclusion, our results
demonstrate that Fucoidan was able to interfere with angio-
genesis of multiple myeloma cells both in vitro and in vivo and
may have a substantial potential in the treatment of MM.
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Introduction

Multiple myeloma (MM), the second most common hema-
tological malignancy following non-Hodgkin's lymphoma
(NHL), contribute to 13% of all malignancies and 1% of all
neoplasias (1). MM is characterized by bone lesions, anemia,
susceptibility to infections, renal failure and hypercalcemia,
caused by proliferation of clonal plasma cells in the bone
marrow (2). Recently, some agents such as thalidomide,
lenalidomide, and bortezomib have prolonged overall survival
of MM patients, but MM remains an incurable disease and
eventually almost all patients relapse and become resistant to
the chemical treatment. Therefore, there is an urgent need to
explore new therapeutic agent to improve the survival of MM
patients.

In MM, angiogenesis takes place in the microenvironment
and that is strongly correlated to disease progression and
poor prognosis (3). Hypoxia inducible factor la (HIF-1o)) and
vascular endothelial growth factor (VEGF) are known to play
important roles in angiogenesis and tumor progression (4). It is
hypoxic in the bone marrow microenvironment of MM patients
(5), and HIF-1a has been regarded as the most important
factor promoting angiogenesis by upregulating pro-angiogenic
factors such as VEGF (6). In MM, VEGF is secreted not only
by myeloma cells but also bone marrow stem cells (BMSC)
(7). The activation of extracellular signal-regulated kinases 1/2
(ERK1/2) and phosphatidylinositol 3-kinase/protein kinase B
(PI3K/AKT) pathway are critical for myeloma cells to express
HIF-1o and VEGF (8).

Fucoidan is a kind of marine drug, and its anticancer func-
tion has been focused on. It is clear that Fucoidan has potential
to inhibit the proliferation of cancer cells (9-11). Furthemore,
Fucoidan suppressed neovascularization of human umbilical
vein endothelial cells (HUVECS) in vitro and tumor-bearing
animal models (9,10,12,13). Previously, we found that
Fucoidan was able to reduce MM cell escape caused by various
chemotherapy drugs, which might prevent the formation of
MRD (minimal residual desease) and occurrence of relapse
(14). However, whether Fucoidan has the ability to suppress
HIF-10/VEGF expression in human multiple myeloma cells
still remains unknown. Thus, in this study, we investigated
whether Fucoidan can significantly inhibit angiogenesis of
MM both in MM cells and a xenograft mouse model.
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Materials and methods

Reagents. Fucoidan was purchased from Sigma-Aldrich
(St. Louis, MO, USA), and dissolved in PBS (Sigma) and ster-
ilized by a 0.22-mm syringe filter (Millipore, Carrigtwohill,
Ireland). Total and phospho-specific antibodies against AKT,
and ERK1/2 were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibodies against HIF-1a. and VEGF
were obtained from Abcam (Cambridge, UK).

Animals. Four to six-week-old female severe combined
immunodeficiency/non-obese diabetic (NOD/SCID) mice
(HFK Bioscience, Beijing, China), with body weight 15-18 g,
were housed under individual ventilated cages (IVC) in a
room maintained at constant temperature under 12-h light
and darkness cycle at the Laboratory Animal Center of
Chongqing Medical University. All procedures associated
with animals was reviewed and approved by the Institutional
Animal Care and Use Committee of Chongqing Medical
University.

Cell culture and induction of hypoxia. Human MM cell lines
(RPMI-8226 and U266) were kept frozen in our laboratory
and human umbilical vein endothelial cells (HUVECs) were
kindly provided by Dr Qifu Li (Department of Geriatrics, The
First Affiliated Hospital of Chongqing Medical University).
All cell lines were maintained with RPMI-1640 (Sigma-
Aldrich, St. Louis, MO, USA) containing 10% fetal bovine
serum (Gibco, Grand Island, NY, USA), penicillin (100 U/ml),
and streptomycin (100 pg/ml) (Beyotime, Bejing, China)
and subsequently incubated at 37°C in humid air with 19%
0,, 5% CO,. For hypoxia induction, cells were incubated in
a hypoxic chamber with a gas mixture (94% N,, 5% CO, and
1% O,) before being treated with Fucoidan.

Collection of conditioned medium (CM). Condition media
(CM) was collected as described (15). Briefly, 5x105/ml
RPMI-8226 and U266 cells were cultured with different
concentrations of Fucoidan (0, 25, 50, 100 and 200 pg/ml) for
72 h under normoxic and hypoxic conditions. After treatment,
cells were recollected and CM was collected, and centrifuged
at 12,000 rpm for 10 min under 4°C. CM was either used
immediately or stored at -20°C.

ELISA. CM of each group were collected as above, human
VEGF ELISA kit (Boster, Wuhan, China) was used to measure
the concentration of VEGF according to the manufacturer's
protocol. Then the plate was read immediately at 450 nm on a
microplate reader (Amersham Pharmacia Biotech, USA), and
the concentration was determined by calculating formula from
a standard curve. The experiment was performed three times.

Tube formation assay. The ability of HUVECs induced by CM
was assessed by the tube formation assay. Matrigel (50 ul/well,
BD Pharmingen, San Diego, CA, USA) was added into a
96-well plate and incubated for 30 min at 37°C. HUVECs
(2x10* cells/well) were suspended in CM (100 pl/well) and
plated on top of Matrigel, then incubated for 8 h and the capil-
lary-like structures were observed under a microscope. Three
random microscopic fields were photographed to evaluate the
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capillary-like structure formation (x200), and the tube areas
were quantified by using Image-Pro Plus software 5.0 (Media
Cybernetics, MD, USA).

Transwell migration assay. The effect of Fucoidan on migra-
tion of HUVECs was demonstrated in 24-well Transwell cell
culture chambers with the upper chamber containing filters.
HUVECsS (2x10*) were plated in the upper chambers, followed
by cocultivation with 50% CM in the lower chamber. Incubating
the plate for 6 h at 37°C, media in the upper chamber were
sucked out and cells on the surface of the upper chamber were
removed gently with a cotton swab. Cells on the lower surface
of the filters were fixed with 4% poly paraformaldehyde solu-
tion for 20 min, stained with 0.1% crystal violet solution for
10 min, then washed by PBS twice. Five random microscopic
fields were photographed (x200), and the number of HUVECs
were counted by using Image-Pro Plus software 5.0 (Media
Cybernetics).

Western blot analysis. After being cultured with Fucoidan
for 72 h under normoxic and hypoxic conditions, cells were
collected and washed with ice-cold PBS twice. Cell extracts
were prepared with cell lysis buffer mixed with protease and
phosphatase inhibitors (KeyGen Biotech, Nanjing, China).
Total protein concentration was determined using the BCA
protein assay kit (Beyotime). Aliquots of proteins (60 pg/lane)
were separated in 12% SDS-PAGE and transferred onto PVDF
membrane (Bio-Rad, Hercules, CA, USA), then blocked with
5% non-fat milk for 2 h. Membranes were incubated with
primary antibodies overnight at 4°C as follows: HIF-1a and
VEGF (Abcam, dilution: 1:1,000 and 1:600), AKT, phospho-
AKT, ERK 1/2, and phospho-ERK 1/2 (Cell Signaling
Technology, dilution: 1:1,000), and p-actin (Boster, dilution:
1:2,000) was used as the internal control. After washing with
TBS-Tween-20, the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit or mouse
IgG as the secondary antibody (Boster, dilution: 1:2,000)
for 2 h at 37°C. The protein bands were visualized using an
enhanced chemiluminescence (ECL, Beyotime) kit according
to the manufacturer's instructions.

Mouse xenograft model. The NOD/SCID mice were injected
subcutaneously with 1x107 RPMI-8226 cells which were
suspended in 100 ul of serum-free RPMI-1640 medium,
together with 100 1 Matrigel in the right flank (16). To prevent
leakage, a cotton swab was held cautiously for 1 min over
the site of injection. The weight of the mice and tumor size
were measured and recorded. Tumors were measured with
vernier caliper every other day and volumes were calculated
according to the formula: V = a?b / 2, where a is the major axis
and b is the minor axis. When the volume was measurable,
the mice (n=6/group) were assigned to three groups randomly,
group I as the control one treated with same volume of PBS,
groups II and III treated by intraperitoneal injection with 10,
50 mg/kg Fucoidan every two days. After 3 weeks of treat-
ments, the mice were sacrificed by cervical dislocation and
the tumors were removed and measured. Fixing the tumors
with 4% poly paraformaldehyde solution for 48 h, embedded
in paraffin, sectioned at 4 ym, and stained with hematoxylin
and eosin (H&E).
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Figure 1. Fucoidan suppressed secretion of VEGF in myeloma cells. (A and B) RPMI-8226 and U266 cells were treated by Fucoidan for 72 h under normoxic
condition. VEGF secretion was detected by ELISA assay. The secretion of VEGF was decreased dose-dependently in RPMI-8226 and U266 cells. Bars were
the mean + SD (n=3). The comparisons were made relative to untreated controls, and the different levels of significance are indicated as “P<0.05 and “P<0.01.
(C and D) RPMI-8226 and U266 cells were treated by Fucoidan for 72 h under normoxic and hypoxic condition. The secretion of VEGF was increased under
hypoxia condition, and Fucoidan (100 #g/ml) can play a role also in inhibition. Bars are the mean + SD (n=3). The comparisons were made relative to untreated
controls, and the different levels of significance are indicated as “P<0.05 and ““P<0.01.

TUNEL assay for apoptotic cells in vivo. Apoptosis of tumor
tissue sections were detected using terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP-digoxigenin nick-end
labeling (TUNEL) assays with a TUNEL apoptosis assay kit
(Beyotime). Tumor tissue sections were dewaxed, rehydrated
through graded alcohols to water. Then, the sections were
incubated with 3% H,O, for 10 min at 37°C and washed with
PBS three times. The sections were blocked with goat serum
for 10 min. TUNEL assays were then performed according to
the manufacturer's instructions.

Immunohistochemistry. For microvessel density (M VD) assay,
immunohistochemical staining was performed by using IHC
kit (Zhongshan Gold Bridge Bio, Beijing, China) according to
the manufacturer's protocol. After the sections were dewaxed
and antigen were repaired, the sections were incubated with
Primary rabbit antihuman CD34 antibody (Zhongshan Gold
Bridge Bio, dilution: 1:150) overnight at 4°C. Then the sections
were stained with a streptavidin-peroxidase system, the signal
was visualized by using 3, 3'-diaminobenzidine (DAB) and
counterstaining was done with hematoxylin. Areas of neovas-
cularization were counted at high power magnification (x400)
by two investigators in a blinded manner using Image-Pro
Plus 5.0 (Media Cybernetics).

Statistical analysis. The data was expressed as mean + SD of
a representative experiment in triplicate. Data were analyzed
using One-way ANOVA and Student's t-test. The level of
significance was indicated as P<0.05 and P<0.01.

Results

Fucoidan suppresses secretion of VEGF in myeloma cells.
The VEGEF secreted by myeloma cells is essential to angio-
genesis, so we quantified the concentration of VEGF in the
CM by ELISA assay. Under normoxic condition, the secretion
of VEGF was decreased dose-dependently (Fig. 1A and B).
As shown in Fig. 1C and D, it was obvious that the secretion
of VEGF was increased under hypoxia condition, at the same
time, Fucoidan at 100 pug/ml could lead to the suppression of
VEGF secrete apparently in both myeloma cell lines.

Fucoidan decreases tube formation of HUVECs in vitro. To
investigate the effect of Fucoidan on HUVECS in vitro, tube
formation assay was conducted. HUVECsS resuspended in the
CM of multiple myeloma cells were seeded onto Matrigel and
incubated for 6 h. HUVECs spread and formed capillary-like
structures. Compared with the control group, number and tube
size of capillary structures stimulated by CM from myeloma
cells pretreated with Fucoidan was reduced, the tubes were
thinner and highly disconnected (P<0.01) (Fig. 2).

When HUVECS pretreated with CM from hypoxic condi-
tion, the HUVECs spread and formed tubes better than that
with CM from normoxic condition (P<0.01) (Fig. 3).

Fucoidan inhibits migration of HUVECs cocultured with
CM of multiple myeloma cells. To assess the potential effect
of Fucoidan in HUVECs migration, a Transwell migration
assay was performed. After treated with CM from normoxic
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Figure 2. Pretreated with CM and then by Fucoidan inhibit the tube formation of HUVECs under normoxic condition. (A and B) Fucoidan inhibits HUVECs
angiogenesis induced by CM from Fucoidan pretreated RPMI-8226 on the Matrigel in a dose-dependent manner. (C and D) The number and area of tubes
were evaluated, they were inhibited significantly compared with the untreated controls. Bars are the mean + SD (n=3) and the different levels of significance

are indicated as “P<0.05 and “"P<0.01.

condition, the results indicated that less HUVECs migrated to
the lower chamber when the myeloma cells were cultured with
CM from the high dose-Fucoidan pretreated, similar results
were obtained in both myeloma cells (P<0.01) (Fig. 4). CM
from hypoxic condition promoted HUVECs migration, when
pretreated with Fucoidan at 100 pg/ml, HUVECs migration
was significantly inhibited (P<0.01) (Fig. 5).

Effect of Fucoidan on the expression of various proteins
involved in angiogenesis. After myeloma cells were treated
with Fucoidan under normoxic condition, HIF-1o. and VEGF
were inhibited when Fucoidan was increased. To ascertain
which signaling pathways were involved in regulating VEGF
secretion and expression of multiple myeloma cells by
Fucoidan, we focused on the level of phosphorylation of AKT
and ERK1/2. It was shown that the expression of p-AKT and
p-ERK1/2 were significantly decreased when Fucoidan was
increased (Fig. 6).

We further evaluated the effect by western blot analysis.
The results showed that hypoxia induced higher levels of

HIF-1a and VEGF in myeloma cells, and so did p-AKT and
p-ERK1/2. Then, we determined whether Fucoidan reduces
angiogenesis induced by myeloma cells. Treated with Fucoidan
100 pug/ml, it is obvious that HIF-1a, VEGF and p-AKT were
inhibited in both kinds of myeloma cells, but p-ERK1/2
changed little, as shown in Fig. 7.

Fucoidan markedly decreases tumor growth in a xenograft
mouse model of human MM. We also assessed the efficacy
of Fucoidan in vivo using a mouse model of human MM.
NOD/SCID mice were given subcutaneous inoculations
into the right flank with 1x107 RPMI-8226 cells and then
Fucoidan was given to mice by i.p. every two days. At the end
of the treatment, the average tumor volume and weight in the
Fucoidan treated group (50 mg/kg body weight) was signifi-
cantly smaller and lighter than that in group I and II (Fig. 8A
and C). In addition, more necrotic tissues and disorderly and
irregular tumor cell arrangements were observed in H&E
stains of Fucoidan-treated mice, compared with untreated
groups (Fig. 8B). TUNEL assay showed that the apoptotic
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Figure 3. Pretreated with CM then by Fucoidan inhibit tube formation of HUVECs under hypoxic condition. (A and B) CM from hypoxic condition, enhanced
the quantity of tubes formed by HUVECsS. Fucoidan inhibits HUVEC angiogenesis induced by CM from Fucoidan 100 yg/ml. (C and D) The number and
area of tubes were evaluated, they were not increased significantly compared with the untreated controls, but when treated with Fucoidan, they were increased
compared with the untreated controls. Bars are the mean + SD (n=3) and the different levels of significance are indicated as "P<0.05 and “P<0.01.
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Figure 4. Fucoidan inhibits the migration of HUVECSs under normoxic condition. (A and B) Transwell migration assay indicated that less HUVECs migrated
when the cells were cultured with CM from the high dose-Fucoidan pretreated RPMI-8226 or U266. (C and D) The number of HUVECs was evaluated, they
were inhibited significantly compared with the untreated controls. Bars are the mean + SD (n=3) and the different levels of significance are indicated as "P<0.05
and "P<0.01.
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Figure 5. Fucoidan inhibits the migration of HUVECs under two conditions. (A and B) Transwell migration assay indicated that hypoxia induced greater
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treated with Fucoidan 100 pug/ml compared with the untreated controls. Bars are the mean + SD (n=3) and the different levels of significance are indicated as
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cells were increased significantly in treated mice (Fig. 8D).
Immunohistochemistry for CD34* on tumor sections showed
a significant reduction in the number of CD34* vessels within
group 1T (median number of vessels positive for CD34* per
vision 8 vs 2, P<0.05) (Fig. 8E). Taken all together, these
results demonstrated that Fucoidan inhibited tumor growth
in vivo, induced MM-cell apoptosis, and decreased the number
of MVD.

Discussion

Fucoidan, extracted from brown algae species, is a polysac-
charide and consists of sulfated fucose residues (17). As a
promising anticancer agent, it has been shown that Fucoidan
could inhibit the growth of a wide variety of tumor cells, but
it is still unclear whether Fucoidan has any impact on multiple
myeloma-induced angiogenesis. Therefore, we investigated
the effects of Fucoidan on the inducing capability of multiple
myeloma cells.

Angiogenesis is a complex process and essential for cancer
progression and metastasis. In multiple myeloma patients,
microvessel density in the bone marrow was significantly
higher (18). We directly investigated the tube formation and
invasion of HUVECs. We found that the number and the area
of tube were significantly decreased when myeloma cells were
pre-treated with Fucoidan. Furthermore, we compared the
tube area between CM collected under normoxia and hypoxia,

regardless whether treated with Fucoidan or not. It showed
that Fucoidan had the same efficacy even though the environ-
ment changed. During angiogenesis processes, migration is a
key step for the formation of new blood vessels (19). We next
performed Transwell chamber migration assay, the results
displayed a similar tendency. That suggesting that the use of
Fucoidan can interfere with neovascularization.

Bone marrow microenvironment is also hypoxic in many
hematological malignancies, such as non-Hodgkin lymphoma
(20), acute myeloid leukemia (21), chronic lymphocytic
leukemia (22), and MM (23). The HIF-1a/VEGF/VEGF-
receptor pathway is upregulated in MM cases and linked with
increased angiogenesis. HIFla is an important transcription
factor directly regulating the expression of the VEGF gene
(24). Previous studies have shown that HIF-1a inhibition can
block angiogenesis (25), but under the opposite assumption, it
promotes (26). Therefore, HIF-1o. may be a target to control
MM cell-derived angiogenesis. Here, our results suggested
that Fucoidan inhibited the expression of HIF-1a protein
in a dose-dependent manner in RPMI-8226 and U266 cells
under normoxia. Hypoxia induced HIF-1a accumulation, at
the same time, HIF-1 could be inhibited when treated with
Fucoidan.

To further clarify the mechanism of Fucoidan inhibiting
angiogenesis induced by myeloma cells, the expression of
VEGF protein was detected. Results showed that VEGF
protein expression decreased with the treatment of increasing
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Fucoidan, and angiogenesis decreased accordingly. Hypoxia
can stimulate the activation of PI3K/AKT pathway, the
increase of HIF-1la synthesis is associated with activated
PI3K/AKT signaling. ERK can be activated by hypoxia and
may be involved in the response to hypoxia (27). It should be
considered that the possible crosstalk among these pathways,
AKT and ERK pathways activated by VEGF and VEGF
secretion can be reduced by inhibition of AKT or ERK protein
kinase activity (7,28). In multiple myeloma, downregulation

of p-ERK1/2 activity reduces myeloma-induced angiogenesis
by inhibiting VEGF secretion (29). Our results showed that
p-AKT and p-ERK1/2 were inactivated in a dose-dependent
manner under normoxia. Under hypoxia, p-AKT was activated
and also, Fucoidan had the capability to inhibit it. Whereas
p-ERK1/2 was not apparently activated, there was no sign
that p-ERK1/2 was restrained even treated with Fucoidan. It
was not possible to tell whether PI3K/AKT pathway was more
important than ERK1/2.
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A xenograft myeloma tumor model in NOD/SCID mice
was set up. As the result show, consecutive administration of
Fucoidan for 21 days significantly reduced the tumor volume
and weight. In H&E and TUNEL staining, the tumor cells

were induced to apoptosis. In addition, CD34* MVD expres-
sion in tumor sections were decreased. This confirms that
tumor neovascularization was inhibited by Fucoidan, making
the findings in vitro more certain.



ONCOLOGY REPORTS 36: 1963-1972, 2016 1971

B

C

...
in
\

- -

Tumor volume (¢m?)

Groupl  GroupIl  Group III

Tumor weight (g)

1.04

0.54 e,

e

0.0~ t T
Group I Group II Group ITI

Figure 8. Fucoidan interfered with tumor growth in xenograft mouse model. (A) Multiple myeloma cells xenograft mouse model was built (n=6), group I was
given PBS (100 L, i.p., every two days), group II and III were given Fucoidan (10 and 50 mg/kg body weight, i.p., every two days) for 3 weeks. Subcutaneous
tumor tissue removed from the mice after the treatment. (B) H&E staining showed that more disorder and irregular tumor cells arrangement in group III
(x400). (C) Tumor volume and weight in mice were measured (n=6). Columns, mean; bars, SD, "p<0.05, “p<0.01. (D) TUNEL assay showed that cell apoptosis
rate was increased significantly by treatment with Fucoidan (x400). (E) MVD assay showed that the number of CD34" vessels within mice of group III were

decreased significantly (x400).

In conclusion, these results demonstrate that Fucoidan
can prevent angiogenesis induced by myeloma cells. It may
be related to the ability to downregulate HIF-10/ VEGF
protein levels under normoxia and hypoxia. The inhibition of
HIF-1a/VEGF protein expression is possibly associated with

the suppression of PI3K/AKT pathway in both conditions,
but it is remarkable that p-ERK1/2 is not obviously attenu-
ated under hypoxia. Taken together, this study implies that
Fucoidan might be a new potential agent for human multiple
myeloma therapy.
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