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Induction of apoptosis and the regulation of ErbB signaling
by laminarin in HT-29 human colon cancer cells
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Abstract. Laminarin, found in marine brown algae, is used as
a carbohydrate reserve for phytoplankton; however, it is also
used in traditional Chinese medicine, and has been shown to
have several biological activities, including anticancer activi-
ties. In this study, we examined the mechanisms through which
laminarin from Laminaria digitata induces apoptosis in HT-29
colon cancer cells, as well as the involvement of the ErbB
signaling pathway. Cell viability assay revealed that laminarin
induced cell death in a dose-dependent manner. Cell cycle
analysis revealed that laminarin increased the percentage of
cells in the sub-G1 and G2-M phase. Western blot analysis
demonstrated that laminarin inhibited the heregulin-stimulated
phosphorylation of ErbB2. A decrease in cellular proliferation
was also observed; this was found to be dependent on ErbB,
which activates c-Jun N-terminal kinase. These findings
demonstrate the important role of the epidermal growth
factor receptor in colon cancer tumorigenesis, and suggest the
potential of laminarin as a bio-functional food with anticancer
effects on human colon cancer.

Introduction

Recently, it was discovered that seaweed is composed of certain
bioactive compounds, which have antitumor effects. Seaweed
is also used in various functional materials and agents. In
particular, seaweed polysaccharides, which comprise some of
its bioactive compounds, include cellulose and viscous polysac-
charides. Seaweed is also comprised of approximately 30-60%
soluble polysaccharides; these polysaccharides include algi-
nate, laminarin and fucoidan. Of these, laminarin is composed
of B1-3 and B1-6-glucan, and is a storage glucan for brown
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seaweed (1). Due to these structural characteristics, laminarin
has bioactivities similar to those of f-glucan; it has been shown
to have immune-enhancing and anticancer effects, as well as
antibacterial activity (2).

In this study, we investigated whether laminarin has direct
anticancer activities in addition to its ability to inhibit cancer
cell proliferation. We demonstrate that laminarin induces
apoptosis in highly proliferative cancer cells. In a previous
study, we showed that activated insulin-like growth factor
receptor (IGF-IR) inhibits apoptosis (3). We showed that
laminarin induces the apoptosis of HT-29 cells through the
Fas and IGF-IR signaling pathways. Many human tumors
express high levels of growth factors and their corresponding
receptors, which contributes to cancer progression (4,5). Two
such growth factors that induce cancer progression are IGF
and epidermal growth factor (6).

In this study, we demonstrate that laminarin inhibits the
activation of the ErbB pathway. The four members of the
ErbB subfamily share a similar structure but have different
functions (7,8). The overexpression of ErbB genes, particularly
ErbB2, has been observed in human cancer (9). Heregulin (HRG)
is co-expressed with ErbB2 proteins in human cancer cells, and
heterodimerization with ErbB3 activates ErbB2 through an
autocrine mechanism in colon cancer cells (10). Therefore, the
HRG/ErbB2/ErbB3 pathway is an important regulator of aber-
rant growth in colon cancer (11,12). In our study, we confirmed
that laminarin inhibits the proliferation and survival of colon
cancer cells by regulating the ErbB receptor signaling pathway.
Our results suggest that laminarin is a ligand of the high-affinity
ErbB and IGF-1 receptors, and thereby significantly affects
signaling by the two growth factors. Moreover, our results
strongly suggest that in addition to inhibiting protein expres-
sion, specific mechanisms, such as apoptosis are involved in
laminarin-associated cancer prevention.

Materials and methods

Cell culture. We used HT-29 colon cancer cells (ATCC HTB-38;
ATCC, Manassas, VA, USA) to examine the effects of lami-
narin. The cells were maintained in a humidified environment
comprised of 5% CO, and 95% air at 37°C in RPMI-1640
supplemented with 10% fetal bovine serum (FBS), penicillin/
streptomycin (Gibco BRL, Grand Island, NY, USA). The
medium was changed every 2-3 days.
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Western blot analysis. To prepare a whole-cell extract, the cells
were washed in PBS and suspended in extraction buffer [20 mM
Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
2.5 mM sodium pyrophosphate, 1 mM [(3-glycerophosphate,
1 mM Na;VO,, 1 ug/ml leupeptin, I mM PMSF and 1% Triton
X-100]. Subsequently, 50 g of boiling sample buffer were added
to the total cell lysate, and the samples were boiled for 10 min
at 100°C. Proteins in the extracts were separated by 7.5-15%
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA). The membranes
were blocked for 1 h at room temperature in blocking buffer
[1% bovine serum albumin (BSA) in TBS-T] then probed with
primary antibodies (1:1,000 in 1% BSA/TBS-T) overnight at
4°C. The membranes were then washed twice for 15 min each
in TBS-T and incubated with peroxidase-conjugated goat anti-
mouse or -rabbit antibodies (1:10,000 in 1% BSA/TBS-T).

Cell cycle analysis. The cells were cultured in 6-well plates to
60% confluency then treated with serum-free medium (SFM)
for 6 h followed by various doses of laminarin (0, 1.25, 2.5 and
5 mg/ml) for 24 h. The cells were then trypsinized, washed with
PBS and treated with 50 pg/ml cold propidium iodide solution
containing 0.1 mg/ml RNase A in PBS (pH 7.4) for 30 min in the
dark. Flow cytometric analysis was performed on a FACSCalibur
instrument (Becton-Dickinson, San Jose, CA, USA).

Immunoprecipitation and western blot analysis. The
cells were incubated in SFM for 24 h and stimulated with
100 ng/ml HRG. To prepare a whole-cell extract, cells were
washed in PBS and suspended in extraction buffer [20 mM
HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
100 mM NaF, 10 mM sodium pyrophosphate, 1 mM Na,;VO,,
20 pg/ml aprotinin, 10 yg/ml antipain, 10 pg/ml leupeptin,
80 pg/ml benzamidine HCI, 0.2 mM PMSF and 1% Triton
X-100]. For immunoprecipitation, cell lysates (750 pg) were
incubated at 10°C with anti-ErbB2 antibodies. After 12 h, protein
A-Sepharose beads were added to the cell lysates. The beads were
collected by centrifugation for 2 min at 10,000 x g and washed
3 times with lysis buffer. The beads were then boiled with the
immunocomplex in 1X sample buffer. The eluted proteins were
analyzed by SDS-PAGE and western blot analysis.

Statistical analysis. All variables were compared with an anal-
ysis of variance using SPSS software version 10.0 (SPSS Inc.,
Chicago, IL, USA). All values are presented as the means + SD.
A P-value <0.05 was considered to indicate a statistically
significant difference.

Results

Laminarin induces a loss of mitochondrial membrane
potential. The mitochondrial pathway is a critical apoptotic
pathway that involves signaling by Bcl-2 family proteins. The
mitochondrial pathway of apoptosis also involves changes in
mitochondrial potential and the mitochondrial release of cyto-
chrome c into the cytosol.

Thus, we monitored the expression of Bcl-2 family
proteins. To determine whether laminarin triggers the release
of cytochrome ¢, we examined the cytosolic and mitochondrial
levels of cytochrome c. As shown in Fig. 1A, Bcl-2 expres-
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Figure 1. (A) Effects of laminarin on the expression levels of Bcl-2, Bax and
Bad in HT-29 cells. Western blot analysis of Bcl-2, Bax and Bad protein
expression. The cells were treated with laminarin (0, 1.25, 2.5 and 5 mg/ml).
(B) Effects of treatment with laminarin on cytosolic and mitochondrial cyto-
chrome ¢ and apoptotic protease activating factor-1 (Apaf-1) expression in
HT-29 cells. Laminarin-induced cytochrome ¢ and Apaf-1 protein expression
in the cytosol and mitochondria was examined by western blot analysis. The
cytosolic levels of cytochrome ¢ and Apf-1 increased, whereas mitochondrial
cytochrome ¢ protein levels decreased.

sion decreased following treatment with laminarin, whereas
Bad and Bax expression increased. Simultaneously, the levels
of cytochrome ¢ in the mitochondrial fraction decreased,
whereas the levels in the cytosolic fraction increased and the
expression of cytosolic apoptotic protease activating factor-1
(Apaf-1) also increased (Fig. 1B). This suggests a role for the
mitochondria in laminarin-induced apoptosis.

Effect of laminarin on cell cycle progression. Laminarin-
induced apoptosis was assessed by cell cycle analysis (Fig. 2).
The cell cycle response was examined in the cells treated with
various concentrations of laminarin. We observed an increase
in the percentage of cells in the sub-G1 and G2-M phase,
while the percentage of cells in the other phases decreased.
Treatment with laminarin markedly increased the proportion
of cells in the sub-Gl and G2-M phase, suggesting that lami-
narin interferes with cell cycle progression.

Effect of laminarin on the expression of cell cycle-related
proteins. To investigate the apoptotic mechanisms through
which laminarin interferes with cell cycle progression, we
confirmed the cell cycle-related protein content. The levels of
p27, c-myc, pRb, Cdk2 and Cdk6 were measured by western
blot analysis using specific antibodies against these proteins.
The HT-29 cell cycle response was examined following treat-
ment with laminarin at various concentrations. As shown in
Fig. 3, the levels of Cdk2, Cdk6, pRb and c-myc decreased,
whereas the p27 level in the nuclear fraction increased.

Effect of laminarin on the expression of ErbB signaling
pathway-related proteins. ErbB receptor pathway-related
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Figure 2. Laminarin-induced sub-Gl1 cell cycle arrest. DNA fluorescence histogram of HT-29 cell nuclei following treatment with laminarin (0-5 mg/ml) for 24 h,
and the cell cycle was then analyzed by flow cytometry. Cell cycle analysis revealed that laminarin induced sub-Gl1 phase arrest in a dose-dependent manner.

Laminarin (mg/ml)

kDa 0
34 -

125 25 5

Cdk2

38 | m——— | Cdks

Laminarin (mg/ml)

Figure 3. Effects of laminarin on the levels of cell cycle-related proteins in
HT-29 cells. HT-29 cells were treated with laminarin (0-5 mg/ml) for 24 h.
Cells were lysed and then total proteins were separated by SDS-PAGE.
Proteins were visualized by western blot analysis using antibodies against
Cdk2, Cdké, pRb, p21 and c-myc.

proteins play important roles in normal cells, as well as in
cancer cells. ErbB receptors control key pathways that govern
cellular processes, such as proliferation, metabolism and
survival (13,14). In tumor cells, ErbB2 activates ErbB3, which
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Figure 4. Effect of laminarin on ErbB2, ErbB3, PI3K, JNK and GAPDH
expression. HT-29 cells were treated with laminarin (0-5 mg/ml) for 24 h.
Equal amounts (50 ug) of cell lysates were subjected to SDS-PAGE and ana-
lyzed by western blot analysis using antibodies against ErbB2, ErbB3, PI3K
and JNK.

stimulates several intracellular signaling proteins and path-
ways, including MAPK, PI3K/Akt and Src kinase (13,15,16).
As shown in Fig. 4, ErbB2, ErbB3 and PI3K expression
decreased following treatment with laminarin, whereas that of
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Figure 5. Effects of laminarin on HRG-induced p-Akt and PY99 expres-
sion. The HT-29 cells were treated with laminarin (5 mg/ml) for 24 h. HRG
(100 ng/ml) was added 0-60 min prior to lysate (750 pg) preparation. Cell
lysates were incubated with anti-ErbB2 antibodies and protein A-Sepharose
beads to immunoprecipitate the HRG complexes. Total lysates were analyzed
by western blot analysis for p-Akt, phospho-tyrosine and ErbB2.

1P: ErbB2 / WE : ErbB2

JNK increased. These results suggest that laminarin alters the
expression of ErbB signaling pathway-related proteins.

Inhibition of HRG-induced p-Akt activation and ErbB2
phosphorylation by laminarin. The expression of p-Akt in
the HT-29 cells treated with increasing levels of laminarin
was examined by western blot analysis. As shown in Fig. 5,
the recruitment of p-Akt, ErbB2 and PY99 was observed,
which lasted 60 min in the control group. By contrast, protein
expression was inhibited for up to 60 min following treatment
with laminarin. The effect of laminarin on the HRG-induced
association of ErbB2 and p-Akt was examined by immunopre-
cipitation using anti-ErbB antibodies followed by western blot
analysis using anti-p-Akt antibodies. Additionally, we found
that laminarin inhibited the HRG-induced increase in ErbB2
phosphorylation in HT-29 cells.

Discussion

We have previously shown that treatment with laminarin
inhibits the proliferation of colon cancer cells through the Fas
and IGF-IR signaling pathways (3). In this study, we demon-
strate that laminarin inhibits HT-29 cell growth through the
intrinsic apoptotic and ErbB pathways.

In our previous study, we showed that laminarin induces
apoptosis (3). Therefore, in this study, we examined the effects
of laminarin on other apoptotic pathways. To our knowledge,
this study provides the first evidence that laminarin decreases
Bcl-2 family protein expression and inhibits cell cycle progres-
sion by regulating the ErbB signaling pathway.

Bcl-2 family proteins regulate apoptosis and the release
of pro-apoptotic factors (17-19). Bcl-2 family protein and
cytochrome c expression in the cytosol and mitochondria was
detected. As shown in Fig. 1, laminarin increased the expres-
sion of apoptotic molecules, such as Bax and Bad, which belong
to the Bcl-2 family. By contrast, the expression of anti-apoptotic
molecules, such as Bcl-2 was decreased following treatment
with laminarin. The anti-apoptotic factors, Bcl-2 and Bcl-xL,
function by heterodimerizing with multidomain Bax effectors.

A loss of mitochondrial membrane potential is associated
with apoptosis following the release of cytochrome ¢ (20). The
induction of Bax is associated with the release of cytochrome ¢
from the mitochondria to the cytosol and the cleavage of
poly(ADP-ribose) polymerase (21). As indicated in Fig. 1B, the
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release of cytochrome ¢ from the mitochondria to the cytosol
was induced following treatment with laminarin.

Apaf-1 plays a role in the activation of apoptosis in the
intrinsic mitochondrial pathway. Apaf-1 induces the formation
of apoptosomes and activates caspase-9. Activated caspase-9
then cleaves and activates downstream caspases, such as
caspase-3, -6 and -7, leading to apoptosis (22). In this study,
cytosolic Apaf-1 levels increased as the laminarin concentra-
tions increased. As shown in Fig. 1, laminarin increased the
expression of the apoptotic molecules, Bax and Bad, members
of the Bcl-2 family, thus inducing apoptosis and mitochon-
drial dysfunction by the release of apoptotic factors, such
as cytosolic cytochrome ¢ and Apaf-1. Therefore, laminarin
increased the protein levels of cytosolic cytochrome ¢ and
Apaf-1, suggesting that laminarin induced apoptosis through
a mitochondrial-dependent pathway.

Laminarin-induced apoptosis was examined by cell cycle
analysis (Fig. 2). The results revealed an increase in the
percentage of cells in the sub-G1 and G2-M phase, while the
percentage of cells in the other phases decreased following
treatment with laminarin. Treatment with laminarin markedly
increased the proportion of cells in the sub-Gl-phase from
8.28 to 63.48%, those in the G2-phase from 9.41 to 18.30%,
and those in the M-phase from 8.50 to 12.92%, suggesting that
laminarin inhibits cell cycle progression.

As shown in Fig. 2, we found that laminarin induced a dose-
dependent sub-G1 and G2-M phase cell cycle arrest; this was
followed by apoptosis, which was associated with the expression
of cell cycle-related proteins, such as Cdk and cyclin. The levels
of Cdk2, Cdk6, pRb, p27 and c-myc were measured by western
blot analysis. As shown in Fig. 3, the levels of Cdk2, Cdk®6,
pRb and c-myc decreased, whereas the level of p27 increased.
Our results also indicated that laminarin-induced apoptosis
was not associated with an alteration in p53 protein expression
(data not shown). An increase in the levels of cyclin Bl and A
regulates Cdk2 kinase expression at the G2-M phase (23). We
demonstrated that laminarin induced cell cycle arrest, followed
by cell death in highly proliferative colon cancer cells.

The dysregulation of the ErbB receptor family signal trans-
duction pathway is observed in several types of cancer, including
lung, breast, prostate, colon and duodenal cancer. The abnormal
activation of the ErbB receptor family signal transduction
pathway is considered one of the main causes of cancer (24).

ErbB family receptor tyrosine kinases are considered to
play crucial roles in the incidence of cancer. These kinases
include epidermal growth factor receptor (EGFR or ErbBl),
ErbB2, ErbB3 and ErbB4. In addition, HRG is co-expressed
with ErbB2 in colon cancer, and the autocrine activation of
ErbB2 occurs through dimerization with ErbB3 (10). The
extracellular domain of the ErbB receptor is responsible for
ligand binding, inducing the formation of receptor dimers and
the phosphorylation of tyrosine residues in the cytoplasmic
domain of the receptor occurs through the activation of intrinsic
tyrosine kinase. The phosphorylated tyrosine residues play a
role in intracellular signaling. Phosphatidylinositol-3 kinase
(PI3K) is activated through the binding of the SH domain
in the p85 subunit to autophosphorylated tyrosine kinase
receptors, and activated PI3K produces phosphatidylinositol-
3,4,5-triphosphate, thus promoting the phosphorylation of
Akt (25-27). Activated Akt is inactivated by the phosphoryla-
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tion of the apoptosis-related protein; activated Akt is known to
promote cell survival and suppress apoptosis (28).

ErbB receptor pathway-related proteins play important
roles in normal cells; ErbB receptors regulate cell prolifera-
tion, metabolism and survival (13,14). In tumor cells, ErbB2
activates ErbB3 by stimulating several intracellular signaling
proteins, such as MAPK, PI3K/Akt and Src kinase (13,15,16).
As shown in Fig. 4, ErbB2, ErbB3 and PI3K expression levels
decreased following treatment with laminarin, whereas the
JNK expression level increased. These results suggest that
laminarin inhibits the expression of ErbB signaling pathway-
related proteins.

The HT-29 cells were incubated in SFM with the addi-
tion of 5 mg/ml of laminarin for 24 h; the cells were then
stimulated with 100 ng/ml of HRG for 0, 1, 5 and 60 min. The
effect of laminarin on the HRG-induced association of ErbB2
and p-Akt was examined by immunoprecipitation. As HRG
binds with ErbB2, immunoprecipitation was carried out by the
addition of ErbB2 antibodies to the cell lysates. The immuno-
precipitated cell lysates were analyzed by western blot analysis.
As shown in Fig. 5, the recruitment of p-Akt, PY-99 and ErbB2
was observed, which lasted 60 min in the laminarin-free treat-
ment group (control group). By contrast, the protein expression
of p-Akt, PY-99 and ErbB2 was inhibited for up to 60 min
following treatment with laminarin. The HRG-induced ErbB2
protein expression levels were examined following treatment
of the HT-29 cells with 5 mg/ml laminarin. Treatment of the
HT-29 cells with laminarin inhibited phosphorylation and
ErbB2 expression, as well as the phosphorylation of Akt;
therefore, these results suggest that treatment with laminarin
inhibits the proliferation of HT-29 cells.

In this study, we demonstrate that laminarin induces apop-
tosis through an apoptotic pathway involving growth factors and
also demonstrate the effects of laminarin on the ErbB signaling
pathway in HT-29 colon cancer cells. These findings suggest
the important role of EGFR in colon cancer tumorigenesis, as
well as the potential value of laminarin as a bio-functional food
with anticancer effects on human colon cancer.
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