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the FAK/AKt/ERK and NF-kB signaling pathways
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Abstract. Lunasin is a naturally existing bioactive peptide
with an Arg-Gly-Asp (RGD) motif, which competes with
integrins to bind with the extracellular matrix (ECM) conse-
quently suppressing the integrin-mediated signaling pathway.
Owing to the RGD motif, lunasin has been proven as an effec-
tive anti-inflammatory, antitumor and antimetastatic agent in
many types of cancer. However, knowledge of its inhibitory
effect on metastasis and the related mechanism of action in
breast cancer cells is limited. In this study, the inhibitory effect
of lunasin on the proliferation, migration and invasion of two
typical breast cancer cell lines, ER-negative MDA-MB-231
with ayf; expression and ER-positive MCF-7 with o fs/aL503,
expression, were examined in vitro as well the related mecha-
nisms. The results demonstrated that lunasin (10-20 uM)
effectively inhibited the migration and invasion activity and
expression of matrix metalloproteinase (MMP)-2/-9 in both
breast cancer cell lines. Meanwhile, we also found that lunasin
inhibited the phosphorylation of focal adhesion kinase (FAK),
Src, Akt, ERK and nucleus translocation of NF-xB, which
indicates that, possibly via competing with af; or ayBs/asp,
integrin, lunasin suppresses the metastasis of breast cancer
cells through integrin-mediated FAK/Akt/ERK and NF-kB
signaling pathways followed by downregulation of the activity
and expression of MMP-2/-9.

Introduction

Breast cancer is the most frequently diagnosed cancer and the
leading cause of cancer-related death among females world-
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wide (1). In most cases, it is the metastasis of malignant tumor
cells, rather than the primary solid tumor, that is the main cause
of death (2). Metastasis is a complex process involving cell
adhesion, migration, invasion and extracellular matrix (ECM)
degradation. Hence, it is urgent to develop therapeutic strate-
gies and agents with the ability to inhibit growth, migration,
invasion and proteolytic degradation of ECM in breast cancer
cells.

Integrin is a family of ubiquitous transmembrane glyco-
protein receptors comprised of 18 a and 8 f subunits with
different combinations and ligand specificity (3). They link the
ECM to the intracellular actin cytoskeleton and stimulate the
intracellular signaling pathway that modulates proliferation,
migration and invasion of cells. Compared with normal cells,
metastatic tumor cells often overexpress certain integrins.
For example, ayf;, ayfs and asf,, a subfamily of integrins,
have been demonstrated to be upregulated in lung, melanoma,
breast and brain tumors, which make them ideal pharma-
cological targets for the development of antitumorigenic
and antiangiogenic compounds (4,5). Recently, a tripeptide
sequence Arg-Gly-Asp (RGD) which is a conserved motif
present in ECM proteins, has been identified as an important
tool in targeting drugs and imaging agents because of its high
affinity to oyps, ayPs and asf, integrins. Therefore, RGD has
been investigated as an ideal promising ligand for the develop-
ment of antitumor or antimetastatic agents.

Many natural peptides containing the RGD motif have
been examined as effective agents with antitumor and anti-
metastatic activity (6). Lunasin is such a novel 43-amino acid
peptide originally isolated from soybean seed with the
sequence: SKWQHQQDSCRKQLQGVNLTPCEKHIMEKI
QGRGDDDDDDDDD (7). To date, lunasin and its analogues
have been successively identified in barley (8), wheat (9) and
other plants, e.g. Amaranth, a plant cultivated in Mexico (10),
and a traditional Chinese herb, Solanum nigrum L. (11). There
is accumulating evidence showing that the bioactivity of
lunasin is highly associated with its unique peptide sequences
consisting of three functional regions: a C-terminal tail with 8
aspartic acid residues (poly-D), helping lunasin bind directly to
histones affecting the H3 and H4 acelylation/deacelylation
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process (12); a predicted and structurally conserved helix
region targeting lunasin to the chromatin. Moreover, as a cell
adhesion motif, RGD potentiates the ability of lunasin to inter-
nalize into cells and compete with ECM to interact with
integrins, such as a5, oyPs or asf,, which is crucial in angio-
genesis, tumor progression and metastasis. It was found that
lunasin inhibited cell proliferation and induced apoptosis in
breast, colon and leukemia cancers owing to its RGD motif (13).
As reported, lunasin inhibited the metastasis of colon cancer
cells by direct binding with asf, integrin through suppression
of focal adhesion kinase (FAK)/ERK/NF-«B signaling in vitro
and in a mouse model (14). Lunasin has also been reported to
exert anti-inflammatory effects on human macrophages via
inhibition of the ayp; integrin-mediated Akt/NF-xB
pathway (15). Additionally, when combined with other chemo-
preventive agents anacardic acid or oxaliplatin, lunasin
potentiated their antitumor effects on MDA-MB-231 (16), and
KMI12L4 (14) cells, respectively, indicating that this peptide
has a promising role as a co-adjuvant in cancer therapy.

Although research has proven that lunasin is an effective
bioactive peptide in many cancer therapies, the effect and
mechanism of lunasin in regards to the metastasis of breast
cancer cells are largely unknown. In this study, we assessed
the potential inhibitory effects of lunasin on the growth,
migration, invasion and ECM degradation of breast cancer
cells. We also verified that lunasin exerts its antimetastatic
effect by decreasing the activity and expression of MMP-2/-9
and inactivating the associated proteins in the FAK/Akt/ERK
and NF-«xB pathways.

Materials and methods

Cell lines. Human breast cancer cell lines MCF-7 and
MDA-MB-231 were purchased from the Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). MCF-7 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco, Grand Island, NY,
USA) supplemented with 10% FBS (Biological Industries,
Kibbutz Beit-Haemek, Israel), 100 mg/ml streptomycin
and 100 U/ml penicillin in a 5% CO, atmosphere at 37°C.
MDA-MB-231 cells were cultured in L15 (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% FBS, 100 mg/ml
streptomycin and 100 U/ml penicillin (Beyotime Institute of
Biotechnology, Shanghai, China) at 37°C.

Reagents. Lunasin, SKWQHQQDSCRKQLQGVNLTPCEK
HIMEIGRDDDDDDDDD was synthesized by GL Biochem
(Shanghai, China). The purity of the peptide was higher
than 95%. Stock solutions of synthetic lunasin (1 mM) were
prepared with sterile distilled water and stored at -20°C.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and PMSF were obtained from Sigma-
Aldrich. BCA protein assay kit, RIPA lysis buffer and nuclear/
cytoplasmic protein extraction kit were purchased from
Beyotime Institute of Technology. The primary antibodies to
phospho-Akt (Ser473) rabbit mAb, Akt rabbit mAb, phospho-
Src family (Tyr416) rabbit mAb, Src rabbit mAb, phospho-
FAK (Tyr397) rabbit mAb, FAK rabbit mAb, phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) rabbit mAb, p44/42 MAPK
(Erk1/2) rabbit mAb, phospho-NF-«kB p65 (Ser536) rabbit
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mADb, IkBa mouse mAb, phospho-IkBa (Ser32) rabbit mAb,
NF-xB p65 rabbit mAb, -actin mouse mAb, Lamin B2
(D8P3U) rabbit mAb, anti-rabbit IgG, HRP-linked antibody,
anti-mouse IgG and HRP-linked antibody were all purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).

Cell viability assay. Cell viability was assessed using an
MTT assay. MCF-7 and MDA-MB-231 cells were plated at
a density of 1x10* cells/well in a 96-well plate overnight and
then treated with various concentrations of lunasin peptide
(0-320 M) for 24 or 48 h. At the end of the treatment, 20 pul
of MTT (5 mg/ml) was added and incubated at 37°C for 4 h.
The supernatant was aspirated and the formazan crystals
that formed were dissolved in 150 1 DMSO for 20 min. The
absorbance at 490 nm was measured with a microplate reader
(Spectra Max 190; Molecular Devices, LLC, Sunnyvale, CA,
USA). The viability was expressed as the percentage of the
lunasin-treated group to the control group, considered as
100%. All data were analyzed from three independent experi-
ments with six replicates and the results are expressed as the
mean + SD.

Wound healing assay. The wound healing assay was performed
as previously reported with some modifications (17). MCF-7
and MDA-MB-231 cells were seeded into a 6-well plate until
growth to 70% confluence with complete medium. A plastic
tip (1 mm) was used to make a scratch on the cell monolayer
as previously described (18). Then the wound area was washed
three times with PBS to remove cell debris and the cells were
incubated with lunasin (0-20 uM) for 24 h. The cells were
allowed to migrate into the wound surface and the average
distance of the migrating cells was observed using inverted
microscopy (Leica Microsystems GmbH, Wetzlar, Germany)
at different times. The migration rate was expressed as the
migrated distance of the cells in the experimental group to
that of the control group. All data were analyzed from three
independent experiments performed in triplicate and the
results are expressed as the mean + SD.

Invasion assay. The invasion assay was performed using a
Transwell chamber (8 ym pore polycarbonate, Corning Costar,
Cambridge, MA, USA) coated with the diluted BD Matrigel™
basement membrane matrix (BD Biosciences, Bedford, MA,
USA). MCF-7 and MDA-MB-231 cells treated with lunasin
(0-20 uM) for 24 h were trypsinized and suspended at a final
concentration of 1x10° cells/ml in serum-free DMEM and L15
medium, respectively. Cell suspension was added into each
Transwell upper chamber of and the medium with 5% FBS was
applied to the bottom of the chamber as a chemoattractant. The
chamber was incubated at 37°C for 24 h. After incubation, the
non-invaded cells in the upper chamber were removed from
the Transwell membrane with a cotton swab. The invaded cells
in the lower chamber were fixed with 100% methanol and then
stained with 1% crystal violet in 2% ethanol. The invaded cells
were counted and photographed under a microscope at five
different fields of the chamber. The data are presented as the
average number of invaded cells in the experimental group to
the control group. All data were analyzed from three indepen-
dent experiments performed in triplicate and the results are
expressed as the mean + SD.
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Figure 1. Cell viability of breast cancer cells following treatment with lunasin using MTT assay. (A) Cell viability of MCF-7 cells after treatment with lunasin
for 24 h and 48 h at different concentrations (0-320 xM). (B) Cell viability of MDA-MB-231 cells after treatment with lunasin for 24 and 48 h at different
concentrations (0-320 xM). (C) Cell viability of MCF10A cells after treatment with lunasin for 24 and 48 h at different concentrations (0-320 xM). The value
for each concentration tested represents the mean + SD of three independent experiments with six replicates. “P<0.05 vs. the control, “P<0.01 vs. the control.

Gelatin zymography. The proteolytic activity of MMP-2 and
MMP-9inthe supernatant was analyzed by gelatinzymography
assay as previously described (19). MCF-7 and MDA-MB-231
cells were treated with lunasin (0-20 gM) in serum-free
medium for 24 h. After incubation, the supernatant of the cells
was collected and centrifuged at 1,000 x g at 4°C for 10 min.
Samples were then loaded on 8% SDS-polyacrylamide gel
containing 0.1% gelatin. The electrophoresis was performed
at 100 V. When finished, the gel was washed with elution
buffer (2.5% Triton X-100, 50 mM Tris-HCI, 5 mM CaCl, and
1 uM ZnCl,, pH 7.6) and washing buffer (50 mM Tris-HCI,
5 mM CaCl, and 1 uM ZnCl,, pH 7.6) twice, followed by
reaction with incubation solution (50 mM Tris-HCI, 5 mM
CaCl,, 1 uM ZnCl, and 0.02% Brij-35, pH 7.6) for 48 h at
37°C. Finally, the gel was stained with staining buffer (0.05%
Coomassie Blue R-250, 30% methanol and 10% acetic acid)
and destained with destaining buffer A (30% methanol and
10% acetic acid), B (20% methanol and 10% acetic acid) and
C (10% methanol and 50% acetic acid) by turn. The results
were photographed and analyzed by Biospectrum Imaging
system (UVP, Inc., Upland, CA, USA) and Image J software.
The data are presented as the degree of grey in the enzymatic
region in the lunasin-treated group vs. the control group.
All data were analyzed from three independent experiments
performed in triplicate and the results are expressed as the
mean + SD.

Western blot analysis. MCF-7 and MDA-MB-231 cells were
cultured in a 6-well plate at a density of 2x10° cells/well.
After incubation, the cells were pretreated with different
concentrations of lunasin (0-20 M) for 24 h. Then, the cells
were harvested and lysed with the RIPA cell lysis buffer in
the presence of a protease inhibitor PMSF. The samples were
incubated for 30 min on ice and centrifuged at 8,000 x g for
15 min at 4°C. The cell extracts were collected and stored at
-80°C until use in subsequent experiments. Total cellular and
nuclear proteins were extracted according to the instructions
of the nuclear and cytoplasmic protein extraction kit. The
nuclear extracts were used to determine NF-xB protein
levels and the cytoplasmic extracts were used to determine
IkB levels. The protein concentration was determined using
the BCA protein assay kit. Equal amounts of protein were

separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)andtransferred toapolyvinylidene
fluoride (PVDF) membrane. Western blot analysis was
carried out as previously described (20). The protein bands
were visualized by enhanced chemiluminescence detection
reagents (Applygen Technologies Inc., Beijing, China) using a
Biospectrum Imaging system.

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation (SD) of 3 independent experiments performed
in triplicate. Statistical analysis was performed by Student's
t-test or one-way analysis of variance (ANOVA). In all cases,
P<0.05 was considered statistically significant, P<0.01 was
considered extremely significant.

Results

Cytotoxic effect of lunasin on MCF-7 and MDA-MB-231
breast cancer cells. To evaluate the cytotoxic effect of
lunasin on human breast cancer MCF-7 and MDA-MB-231
cells, the viability was determined by MTT assay. As shown
in Fig. 1A and B, lunasin did not exhibit strong cytotoxic
effects on MCF-7 and MDA-MB-231 cells until the concentra-
tion reached 20 yM. With the increase in lunasin concentration
and incubation time, the viability of the cells was markedly
decreased, which demonstrated that lunasin may exert its
inhibitory effect in concentration- and time-dependent
manners. After treatment with lunasin for 24 and 48 h, the
IC, values in the MCF-7 cells were 508.6 uM and 431.9 M,
respectively. The cell viability of the MDA-MB-231 cells
following treatment with lunasin (Fig. 1B) was much lower
than that of the MCF-7 cells. The ICy, was 224.7 uM at 24 h
and 194.9 uM at 48 h. The cytotoxic effect of lunasin was also
investigated in human normal breast MCF-10A cells (Fig. 1C).
As previosly reported (21), lunasin selectively kills cancer
cells without having an effect on normal cells.

Lunasin inhibits the migration and motility of breast cancer
cells in vitro. A scratch wound assay was carried out to
evaluate the migration and motility of the breast cancer
cells following treatment with lunasin. According to the
MTT assay results, 0-20 yM lunasin was selected for its
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Figure 2. Inhibitory effect of lunasin on breast cancer migration and motility. (A) The scratch wound assay following treatment with lunasin (0-20 yM) in
MCEF-7 breast cancer cells for 24 h. Representative images show the wound-induced motility of MCF-7 cells. The images were captured three times at different
areas and the results were analyzed by Image J software. (B) The migration rate of MCF-7 cells treated with lunasin (0-20 zM). (C) The scratch wound assay in
MDA-MB-231 breast cancer cells following treatment with lunasin (0-20 M) in 24 h. (D) The migration rate of MDA-MB-231 treated by lunasin (0-20 zM).
The data are represented as the mean + SD of three independent experiments in triplicate. The histograms (B and D) show the migration rate as determined by
the ratio of migrated wound width in the lunasin-treated group to the control group. “P<0.05 vs. the control. “P<0.01 vs. the control.

A Lunasin (M)

MDA-MB-231 | &

10
Lunasin {pM)

Figure 3. Inhibitory effect of lunasin on breast cancer invasion. (A) The effect of lunasin (0-20 xM) on the invasion of MCF-7 and MDA-MB-231 breast
cancer cells. Representative images show the invaded cells stained with crystal violet. The images were captured three times at different areas and the results
were analyzed by Image J software. (B) The invasion rate of MCF-7 and MDA-MB-231 cells treated with lunasin (0-20 M) for 24 h. The invasion rate was
determined by the number of invaded cells in the lunasin-treated group to the control group. The data are represented as the mean + SD of three independant
experiments in triplicate. "P<0.05 vs. the control. “P<0.01 vs. the control.
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Figure 4. Effect of lunasin on the activity and expression of MMP-2 and MMP-9 in breast cancer cells. (A) The inhibitory effect of lunasin (0-20 #M) on the
activity of MMP-2 and MMP-9 in (A) MCF-7 and (B) MDA-MB-231 cells as assessed by gelatin zymography. The histograms represent the quantification of
MMP activity in the MCF-7 and MDA-MB-231-7 cells following treatment with lunasin (0-20 M) compared to the control. (C) The inhibitory effect of lunasin
(0-20 uM) on the expression of MMP-2 and MMP-9 in (C) MCF-7 and (D) MDA-MB-231 cells as assessed by western blot analysis. Corresponding histograms
represent the relative expression quantity of the target protein to the control analyzed by Image J software. The data are represented as the mean + SD of three
independent experiments in triplicate. "P<0.05 vs. the control. “P<0.01 vs. the control.

non-cytotoxicity to cells. As shown in Fig. 2A and B, lunasin
effectively inhibited the migration of MCF-7 cells after a
24-h treatment. Compared with the control group, the migra-
tion rate in the lunasin group decreased gradually with an
increase in lunasin concentration. The same phenomenon
was also observed in the MDA-MB-231 cells following treat-
ment with lunasin (Fig. 2C and D). All the results indicated
that lunasin significantly suppressed the migration of MCF-7
and MDA-MB-231 breast cancer cells in a dose-dependent
manner.

Lunasin inhibits the invasion of breast cancer cells. The
inhibitory effects of lunasin on the invasion of breast cancer

cells were investigated by Transwell invasion assay. Fig. 3
shows that after incubation for 24 h, lunasin (10-20 xM) mark-
edly decreased the number of invasive cells in both the MCF-7
and MDA-MB-231 cells. The invasiveness of the MCF-7 and
MDA-MB-231 cells became less aggressive with an increase in
lunasin concentration. These findings were consistent with the
wound scratch assay, which indicated that lunasin suppresses
the metastasis of breast cancer cells.

Lunasin reduces the activity and expression of MMP-2/-9 in
breast cancer cells. Matrix metalloproteinases (MMPs) are a
family of proteins that can degrade the ECM leading to tumor
metastasis, apoptosis and carcinogensis (22). Among the MMP
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Figure 6. Effect of lunasin on the expression and phosphorylation of Akt and ERK in breast cancer cells. (A) The inhibitory effects on the expression levels of
phosphorylated and total Akt and ERK in the MCF-7 and MDA-MB-231 breast cancer cells as analyzed by western blotting. (B) Corresponding histograms
represent the relative expression quantity of the target protein to the control analyzed by Image J software. The data are represented as the mean + SD of three
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proteins, MMP-2 and MMP-9 are highly expressed and corre-
lated with the metastasis of breast tumors (23). Hence, in this
study the activity and expression of MMP-2 and MMP-9 were
investigated by gelatin zymography and western blot analysis to
examine the possible anti-invasive ability of lunasin. As shown
in Fig. 4A and B, lunasin (10-20 #M) reduced the activity and
expression of MMP-9 in the MCF-7 cells. However, there were
no significant changes in the activity and expression of MMP-2.
In the MDA-MB-231 cells (Fig. 4C and D), lunasin sharply
reduced the activity and expression of MMP-9 and decreased
that of MMP-2 gradually. The differences in MMP-2 expres-
sion may be attributed to the different characteristics between
the two breast cancer cell lines.

Lunasin suppresses the phosphorylation of FAK and Src.
FAK, a cytoplasmic protein tyrosine kinase, is crucial for
proliferation, migration, adhesion and invasion of cancer
cells (24). It has been reported that FAK is activated by integrin-
clustering and autophosphorylated at Tyr397 (25). Once
phosphorylated, FAK supplies a binding site for Src to form
the FAK-Src complex, which recruits more signaling molecules
participating in integrin-mediated signaling transduction (26).
Therefore, we assessed the expression of phosphorylated FAK
and Src in breast cancer cells after treatment with lunasin for

24 h. As shown in Fig. 5A and B, lunasin strongly inhibited
the phosphorylation of FAK and Src in both MCF-7 and
MDA-MB-231 cell lines. It did not have significant effects on
total FAK and Src, which demonstrated that lunasin exerted its
antimetastatic effect by preventing the phosphorylation of FAK
and Src from forming the FAK-Src complex.

Lunasin suppresses the phosphorylation of ERK and Akt.
Studies have found that the Ras/MEK/ERK and the PI3K/Akt
pathways, the downstream signaling molecules activated
by the FAK-Src complex, are correlated to the survival and
metastasis of cancer cells (27). Hence, the phosphorylation of
key molecules in these pathways, Akt and ERK, were exam-
ined further by western blot analysis. As shown in Fig. 6, the
phosphorylation of Akt and ERK was attenuated by lunasin
(10-20 uM) in a concentration-dependent manner. There were
no significant differences in the total amount of Akt and ERK.
The results illustrated that lunasin may inhibit the metastasis
of breast cancer cells by blocking the PI3K/Akt/ERK pathway.

Lunasin inactivates the translocation process of NF-kB
into the nucleus. NF-xB, an important transcriptional factor,
regulates the expression of many genes involved in mammary
carcinogenesis, survival and metastasis of breast cancer
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cells (28). The activation of NF-kB is controlled by the targeted
phosphorylation and subsequent degradation of IxB, which
prevents NF-xB from translocation into the nucleus. To further
explore the underlying mechanisms of lunasin, the expression
of the NF-«B inhibitor, IkBa and p-IkBa in the cytoplasm, the
translocation of NF-«kB, p65 and p-p65 in the nucleus, were all
examined in our study using western blot analysis. The results
showed that the phosphorylation and degradation of IkBa were
markedly inhibited by lunasin (10-20 M) with enhanced IxB
expression (Fig. 7). Accordingly, the translocation of activated
NF-«B, p-p65 and p65 in the nucleus, was decreased following
treatment with lunasin.

Discussion

Metastasis is a series of complex processes consisting of
cancer cell proliferation, cell motility, cell adhesion to ECM
and ECM proteolysis. It has been reported that 90% of breast
cancer deaths are attributed to the metastasis of cancer cells.
Therefore, it is urgent to develop new therapeutic agents to
inhibit the metastasis of breast cancer. Lunasin, a 43-amino
acid peptide derived from soybeans, is a bioactive peptide
which has been demonstrated as an effective chemopreventive
and antitumor agent in cancer therapy. However, knowledge
of the inhibitory effects of lunasin on the metastasis of breast
cancer cells and its underlying mechanism is limited. In this
study, we demonstrated that lunasin suppressed the prolifera-
tion, migration and invasion of breast cancer cells. Meanwhile,
the activity and expression of MMP-2/-9, phosphorylation of
FAK, Src, Akt, ERK, p65, IxBa and translocation of p65 were
decreased, which indicated that lunasin inhibited the metastasis
of breast cancer cells via suppression of the FAK/Akt/ERK
and NF-«kB pathways.

In this present study, we found that lunasin suppressed
the proliferation of MCF-7 and MDA-MB-231 breast cancer
cells with IC;, values of 508.6 uM and 224.7 uM, respectively.
These values were slightly higher than those of previous
research (29), in which the IC,, value of MDA-MB-231 was
181 uM following treatment by synthetic lunasin. In order to
examine the antimetastatic potential of the peptide, 10-20 M
lunasin was selected because of its non-cytotoxicity to MCF-7
and MDA-MB-231 breast cancer cells. Migration and invasion
are two critical processes during the metastasis of cancer cells.
The migratory and invasive abilities of cancer cells enable them
to migrate to adjacent tissues finally leading to metastasis. In
the present study, the inhibitory effects of lunasin on migration
and invasion were observed by scratch wound and Transwell
assays. As shown in Figs. 2 and 3, lunasin was able to effectively
block the migration and invasion of MCF-7 and MDA-MB-231
cells in a concentration-dependent manner. Furthermore, as we
examined, lunasin also inhibited the proteolytic degradation of
the ECM. MMPs, a family of zinc-containing endopeptidases
that can degrade the ECM, play a vital role in this process (30).
Among the MMPs, MMP-2 and MMP-9 have been reported
as being highly expressed in aggressive breast tumors and
associated with poor prognosis (31,32). In our study, it was
found that lunasin strongly inhibited the activity and expression
of MMP-9 in both the MCF-7 and MDA-MB-231 cell lines.
Nevertheless, the decrease in MMP-2 was much more slight
compared with MMP-9 in the MCF-7 and MDA-MB-231
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cell lines. The results demonstrated that lunasin plays a more
important role in the suppression of MMP-9 rather than
MMP-2. In conclusion, the results substantiated the inhibitory
ability of lunasin on the proliferation, migration, invasion and
ECM degradation, which indicates that lunasin inhibits the
metastasis of breast cancer cells.

Integrins, a family of heterodimer transmembrane
glycoproteins, consist of 18 o and 8 B subunits to form 24
different subtypes (33). In breast cancer cells, o,p;, o,ps
and osp, integrins are often highly expressed in comparison
to other subtypes, which can bind to ECM proteins such as
fibronectin, vitronectin and collagen through a tripeptide
motif Arg-Gly-Asp (RGD) to facilitate cell adhesion, migra-
tion, invasion and intracellular signaling (34). Hence, peptides
containing the RGD motif are considered to be ideal agents
to compete with ECM to interact specifically with integ-
rins (35). Previous studies suggest that lunasin possesses an
affinity for o5 and s, in macrophages (15) and cancer
cells (36-38) which enable it to prevent the activation of the
integrin-mediated signaling pathway by direct blockade. In
this present study, we selected two typical breast cancer cell
lines, ER-positive MCF-7 cells and ER-negative MDA-MB-231
cells with expression of different integrin subtypes. Research
has confirmed that in MDA-MB-231 cancer cells, a3 is often
highly expressed (39-41), while MCF-7 cells are o, [3; negative
but with a5 and asf, expression (42). Thus, we examined the
inhibitory effect on these two breast cancer cells and aimed to
ascertain the underlying mechanism involved. The differences
in the inhibitory effects of lunasin on these two cell lines may
be ascribed to the different integrins and ER expression on
their surface.

FAK, a receptor protein-tyrosine kinase, plays a central
role in the intracellular signaling of integrin. Once integrin
binds to the ECM, FAK is recruited to the clustering integrins
and activated by autophosphorylation. Then Src is further
phosphorylated to form the FAK-Src complex, which initiates
the signal transduction of cell survival, proliferation, migra-
tion and invasion. As examined in our study (Fig. 5), lunasin
strongly inhibited the phosphorylation of FAK and Src in both
MCF-7 and MDA-MB-231 cell lines with no changes in total
FAK and Src proteins. The results were consistent with the
study conducted by Dia et al (14) in which it was reported, that
lunasin suppresses the metastasis of colon cancer cells through
inhibition of the FAK/Src pathway.

Previous studies have shown that decreased levels of
MMP-9 and MMP-2, in breast cancer cells, are highly related
to the inhibition of PI3K/Akt and ERK, both of which are
downstream targets of FAK (43,44). PI3K, a lipid kinase,
participates in multiple cell signaling pathways through the
activation of Akt. Additionally, activated Akt can lead to
the invasion and metastasis of cancer cells by stimulating
the secretion of MMPs (45,46). It is accepted that the MAP
family kinases possibly take part in signaling processes that
modulate MMPs, including MMP-9 (47). In order to gain a
better understanding of the mechanism by which lunasin
inhibits tumor metastasis, the expression of Akt and ERK was
examined by western blotting (Fig. 6). The results confirmed
that lunasin markedly blocked the phosphorylation of Akt and
ERK which may stop the cellular signaling to transcription
factors of MMPs.
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Moreover, NF-«B is considered to regulate the survival,
proliferation, chemoresistance, angiogenesis, cellular inva-
sion and migration of cancer cells. Previous studies have
reported that NF-xB may be the transcriptional regulatory
factor of MMPs and other genes, while IxB is an inhibitor
which prevents NF-«B translocation into the nucleus (48). It
was reported that PI3K activates kB kinases (IKKs) to phos-
phorylate IxB, leading to its ubiquitination and proteasomal
degradation to release the NF-kB/Rel complex. Lunasin has
been shown to suppress the FAK/ERK/NF-kB signaling
pathway in colon cancer cells (14) and Akt/NF-«B pathway
in macrophages during activation of lipopolysaccharide-
induced inflammation (49). In our study, we also found that
lunasin inhibited the metastasis of breast cancer cells through
preventing IkB phosphorylated and enhancing IxB protein
expression, which decreased the phosphorylation and trans-
location of NF-«B.

In summary, lunasin inhibited the cell proliferation, cell
migration, cell invasion and the activity and expression of
MMP-2 and MMP-9 in breast cancer cells. We proposed that
lunasin possibly exerted its inhibitory effect via the suppres-
sion of the integrin-mediated FAK/Akt/ERK and NF-«B
signaling pathways. These results provide a foundation for
future investigation of lunasin as an effective antitumor and
antimetastatic agent for breast cancer therapy.
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