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Tumor cell migration is considered as a major event in the metastatic cascade. Here we examined the
effect of (—)-epigallocatechin-3-gallate (EGCG) on migration capacity and molecular mechanism using
4T1 murine mammary cancer cells as a model. Using an in vitro migration assay, we found that treatment
of 4T1 cells with EGCG resulted in concentration-dependent inhibition of migration of these cells. The
migration capacity of cells was reduced in presence of N¢-nitro-L-arginine methyl ester (.-NAME), an
inhibitor of nitric oxide synthase. EGCG suppressed the elevated levels of endogenous NO/NOS in 4T1
cells and blocked the migration promoting capacity of L-arginine. Treatment with guanylate cyclase
inhibitor 1-H-[1,2,4]oxadiaxolo[4,3-a]quinolalin-1-one (ODQ) reduced the migration of 4T1 cells. EGCG
reduced the elevated levels of cGMP in cancer cells and blocked the migration restoring activity of 8-
Br cGMP (cGMP analogue). These results indicate for the first time that EGCG inhibits mammary cancer
cell migration through the inhibition of NO/NOS and guanylate cyclase.
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Breast cancer is a leading cause of cancer-related deaths in wo-
men in the United States and world-wide [1,2]. Metastatic spread
of cancer continues to be the greatest barrier to cancer cure.
Understanding the molecular mechanisms of metastasis is crucial
for the design and effective clinical use of novel therapeutic strat-
egies to combat metastasis. Tumor cell migration is considered as a
major event in the metastatic cascade. Breast cancer is one of the
few cancers that have several active modalities available for its
treatment such as surgery, hormone therapy, cytotoxic therapy
and radiation therapy [3]. However, all these modalities are in vain
in advanced stages, where metastasis has already been set and the
median survival time in most conditions is not more than 2-3
years [3].

Nitric oxide (NO), an inorganic free radical gas, is synthesized
from the amino acid L-arginine by a group of enzymes, the nitric
oxide synthases (NOS) [4]. The production of NO at low levels is
an important mediator of physiological functions such as vasodila-
tion, inhibition of platelet aggrevation, smooth muscle relaxation
and regulation of neurotransmission [4-6]. Higher levels of NO
can mediate antibacterial and antitumor functions; however,
chronic and sustained production of NO contributes to many path-
ological conditions, including inflammation-associated tissue in-
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jury and development of cancers [6-8]. The role of NO in tumor
biology has been extensively studied; studies have suggested a po-
sitive association between NO and tumor progression [9,10]. It has
been shown that NO promotes tumor cell migration, and tumor
cell migration requires activation of nitric oxide synthase and a po-
sitive association between eNOS (endothelial-specific NOS) expres-
sion in tumor cells and growth and metastasis of tumors [9].
Phytochemicals offer promising new options for the develop-
ment of more effective chemotherapeutic strategies for cancer risk
and its metastasis. (—)-Epigallocatechin-3-gallate (EGCG) is an ac-
tive and major constituent of green tea and has been shown to pos-
sess anticarcinogenic properties [11]. Epidemiological studies have
indicated that consumption of green tea reduces risk of many can-
cers, including stomach, lung, colon, rectum, liver, breast and pan-
creas etc. [11,12]. In this study, we assessed the chemotherapeutic
effects of EGCG on the migration of murine mammary carcinoma
4T1 cells, as the migration of cancer cells is a major event in met-
astatic cascade of cancers. Mouse mammary carcinoma 4T1 cells
have been employed to examine the therapeutic efficacy and
molecular mechanism of chemotherapeutic agents which are rele-
vant to humans [13,14]. The 4T1 cells are poorly immunogenic and
exhibit characteristics that resemble those of stage IV breast cancer
in humans [15,16]. Here, we characterize the role of NO on the
migration of mammary cancer cells and ascertained whether EGCG
has any suppressive effects on NO-mediated migration of tumor
cells. Thus, we present the evidence that EGCG inhibits mammary
cancer cell migration and that they do so through a reduction in
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the production of endogenous NO by tumor cells, and that this in-
volves the down-regulation of inducible nitric oxide synthase and
cyclic guanosine monophosphate (cGMP) in the cell culture model
used in these experiments.

Materials and methods

Chemicals, reagents and antibodies. EGCG (>98% purified) was ob-
tained from Mitsui Norin Co., Ltd. (Tokyo, Japan). The N¢-nitro-i-
arginine methyl ester (.-NAME), o-NAME (inactive enantiomer of
.-NAME), r-arginine and 1H-[1,2,4] oxadiazolo[4,3-a]quinoxalin-
Tone (ODQ), an inhibitor of guanylate cyclase and cyclic GMP EIA
Kit were obtained from Cayman Chemical Company (Ann Arbor,
MI). The 8-bromoguanosine 3'5'-cyclic monophosphate (8-Br
cGMP), cGMP analogue, was purchased from Sigma Aldrich (St.
Louis, MO). Boyden Chambers and polycarbonate membranes
(8 wm pore size) for migration assays were obtained from Neurop-
robe, Inc. (Gaithersburg, MD).

Cells and cell culture conditions. The 4T1 cells were obtained
from American Type Culture Collection (Rockville, MD) and cul-
tured in monolayers in Dulbecco’s Modified Eagle’s Medium sup-
plemented with 10% heat-inactivated fetal bovine serum
(Hyclone, Logan, UT), 100 pig/ml penicillin and 100 pg/ml strepto-
mycin from Invitrogen (Carlsbad, CA) and maintained in humidi-
fied incubator at 37 °C in a 5% CO, atmosphere.
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MTT assay for cell proliferation/survival. The effect of EGCG on the
proliferative capacity of 4T1 cells were determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as described previously [17].

Migration assay. The migratory capacity of 4T1 cells was deter-
mined in vitro using Boyden Chambers (Gaithersburg, MD) in
which two chambers were separated with Millipore membranes
(6.5mm filters, 8 uM pore size). Briefly, tumor cells
(1.5 x 10% cells/100 pl serum-reduced medium) were placed in
the upper chamber of Boyden chambers, test agents were added
alone or in combination, to the upper (100 pl), and the lower
chamber contained the medium alone (800 pl). Chambers were
kept in an incubator for 24 or 48 h. After incubation, cells from
the upper surface of Millipore membranes were completely re-
moved with gentle swabbing; the migrant cells on the lower sur-
face of membranes were fixed and stained using hematoxylin.
Membranes were then washed with distilled water and mounted
onto glass slides, examined microscopically and cellular migration
was determined by counting the number of stained cells on mem-
branes in at least 5 randomly selected fields. Migration experiment
was repeated at least three times.

Immunofluorescent detection of eNOS. 4T1 cells were treated
with EGCG (0, 20, 40 and 60 pg/ml) for 24 h. The cells were then
harvested and processed for cytospin preparation (1 x 10° cells/
slide). Cells were fixed with methanol at —20 °C for 10 min. The
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Fig. 1. (A) Treatment of murine mammary cancer 4T1 cells with EGCG for 24 h inhibits migration of cells in a concentration-dependent manner. (B) The number of migrating
cells was counted and the results are expressed as a mean number of migratory cells + SD/microscopic field. (C) Effect of EGCG on the endogenous basal level of NOS. The
levels of nitric oxide were determined in cell supernatants. (D) Immunofluorescence staining of eNOS after the treatment of 4T1 cells with and without EGCG. Representative
pictures are shown from two independent experiments. The levels of NOS expression were determined in cell lysates using western blotting. Significant inhibition by EGCG

versus non-EGCG-treated controls, *p < 0.05; p <0.01; Tp < 0.001.
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cells were then incubated for 30 min with 2% goat serum and 1%
BSA in PBS. The slides were incubated with Alexa fluor-conjugated
eNOS-specific antibody (Santa Cruz Biotechnology, CA) for 2 h at
room temperature. The cells were washed with PBS and eNOS-spe-
cific staining was observed under fluorescence microscope.

Assay for nitric oxide. Cell culture media were collected from
cells treated identically to those used in the migration assays
and stored at —20 °C until assayed. The levels of NO in cell cul-
ture supernatants were measured by determining the levels of
their stable degradation products, nitrate and nitrite, using a col-
orimetric Nitric Oxide Assay Kit (Oxford Biomedical Research,
Inc., Oxford, MI) following the manufacturer’s protocol. In this
method, nitrate is enzymatically converted into nitrite by the en-
zyme nitrate reductase and the nitrite quantified using Griess
reagent.

Preparation of cell lysates and Western blot analysis. Following
treatment of 4T1 cells with or without EGCG, the cells were har-
vested, washed with cold PBS and lysed with ice-cold lysis buffer
supplemented with protease inhibitors. The lysate samples were
subjected to Western blot analysis to evaluate the levels of NOS
protein, as detailed previously [17]. To ensure equal protein load-

ing, the membrane was then stripped and reprobed with anti-$ ac-
tin antibody.

Statistical analysis. For migration assays, control and EGCG or
other agents-treatment groups were compared using one-way
analysis of variance (ANOVA). All quantitative data are shown as
means +SD. In each case p<0.05 was considered statistically
significant.

Results

EGCG inhibits the migration of highly metastatic murine mammary
carcinoma 4T1 cells through the inhibition of nitric oxide production

We determined whether treatment of 4T1 cells with EGCG
inhibits the migration of these cancer cells. For instance, we per-
formed preliminary screening experiments to determine the effect
of lower concentrations of EGCG (1g/ml) on mammary cancer cells.
The selection of lower concentrations of EGCG was based on the
consideration of their relevance and achievability in an in vivo sys-
tem. Fig. 1 showed the migration of these cells treated with various
concentrations of EGCG. Relative to untreated control cells,
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Fig. 2. Effect of .L-NAME or their combinations with other agents on cell migration and NO production. (A) Treatment of 4T1 cells with .-NAME (250-1000 puM) for 24 h
inhibits migration of 4T1 cells. (B) The numbers of cell migration/microscopic field are summarized as means + SD from three independent experiments. (C) Treatment of
excess L-arginine (5 mM), a NOS substrate, restored the migration of .L-NAME-treated cells. (D) Inhibitory effect of EGCG (20-60 pg/ml) on cell migratory capacity is blocked
after 24 h treatment in presence of r-arginine. (E) .-NAME inhibits the production of NO by 4T1 cells in a dose-dependent manner, but lost the inhibitory effect on NO
production in the presence of excess L-arginine. EGCG inhibits the production of NO in 4T1 cells in the presence of excess L-arginine. C = Untreated control. Significant

inhibition versus control cells, ‘p < 0.05; p <0.01; 'p < 0.001.
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treatment with EGCG (10, 20, 40 and 60 pg/ml) reduced the migra-
tion of 4T1 cells in a concentration-dependent manner (Fig. 1A).
The numbers of migrating cells/microscopic field are summarized
in Fig. 1B. The results from this experiment indicated that the
migration of 4T1 cells was inhibited by 8 + 2-73 +7% (p < 0.01-
0.001) in a concentration-dependent manner after treatment with
EGCG for 24 h. Higher inhibitory effect of EGCG was observed at
the 48 h time point compared to 24 h time point. To determine
whether this inhibitory effect on the migration of 4T1 cells was
due to inhibition of nitric oxide production by EGCG, we deter-
mined the levels of NO in cell supernatants of the various treat-
ment groups. We found that the treatment of 4T1 cells with
EGCG (10-60 pg/ml) resulted in reduction of the levels of NO pro-
duction in a concentration-dependent manner compared to non-
EGCG-treated control cells (Fig. 1C). As the levels of NO were de-
creased after EGCG treatment, we determined whether the levels
of NOS were reduced in the EGCG-treated cells. The endogenous
levels of eNOS were detected using immunofluorescence staining
(Fig. 1D), which showed that the treatment of 4T1 cells with EGCG
decreases the expression of eNOS in these cells. These results were
further verified using western blot analysis which revealed that
treatment of EGCG resulted in inhibition of NOS expression in
4T1 cells (Fig. 1D).

To determine whether the inhibition of cancer cell migration by
EGCG is due to effects of the EGCG on cell survival rather than a
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direct effect on migration, MTT cell proliferation/survival assays
were performed using identical conditions as were used in migra-
tion assays. Treatment of 4T1 cells with various concentrations of
EGCG (10-60 pg/ml) for 24 h had no effect on 4T1 cell prolifera-
tion/survival. An inhibitory effect of EGCG on cell proliferation
was observed at 48 h after treatment. Based on this observation,
all experiments were performed using a 24 h time point.

1-NAME inhibits 4T1 cell migration

As 1-NAME is a well known inhibitor of NOS, and thus, of NO
production, we first determined whether .-NAME inhibited the
migratory capacity of 4T1 cells. Using migration assay, we found
that the treatment of 4T1 cells with .-NAME (250, 500 and
1000 nuM) for 24 h resulted in a significant inhibition of cell migra-
tion in a concentration-dependent manner (50+5-82*7%,
p <0.01-0.001), as compared to non-.-NAME-treated control cells
(Fig. 2A). Resultant data on number of migrating cells/microscopic
field from three independent experiments are summarized as
means = SD (Fig. 2B). In another experiment, the cells were treated
with .-NAME with excess amount of L-arginine (a NOS substrate)
for 24 h. It was observed that the inhibition of cell migration
caused by .-NAME was not only blocked in the presence of addi-
tional excess of L-arginine but that the migration of 4T1 cells was
slightly increased as compared with untreated control cells
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Fig. 3. Effect of EGCG and ODQ on the basal levels of cGMP in 4T1 cells. (A) Treatment of cells with EGCG (10-60 ng/ml) for 24 h decreases the levels of cGMP in a
concentration-dependent manner. (B) Treatment of cells with ODQ, an inhibitor of guanylate cyclase, decreases the level of cGMP. (C) Treatment of cells with ODQ (25-
200 pM) inhibits migration of 4T1 cells in a dose-dependent manner. (D) Treatment of 8-Br cGMP, an analogue of cGMP, restored the migration of ODQ-treated cells. (E)
Treatment of cells with RP 8-Br cGMP, an antagonist of cGMP, inhibits the migratory capacity of cells. Significant difference versus untreated controls, 'p < 0.05; p < 0.01;

p<0.001.
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(Fig. 2C). Treatment of the cells with p-NAME (an inactive enantio-
mer of .-NAME) did not reduce the nitric oxide production in 4T1
cells and did not inhibit the migration of 4T1 cells (data not
shown). These data suggest that endogenous production of NO in
cancer cells plays a role in promoting the migration of 4T1 cells.

Next, we analyzed the effect of L-arginine on the EGCG-induced
inhibition of cell migration. Treatment of 4T1 cells with EGCG (20,
40 and 60 pg/ml) with an excess amount of L-arginine (5 mM) for
24 h resulted in blockade of EGCG-induced inhibition of migration
of cells in the presence of L-arginine-stimulated NO production
(Fig. 2D). This additional information suggests that the inhibition
of 4T1 cell migration by EGCG is mediated through the inhibition
of NO production. The levels of NO release in cell supernatants
from the treatment groups of these experiments (Fig. 2A, 2C and
2D) were determined and summarized in Fig. 2E.

EGCG reduces the levels of cGMP in 4T1 cells: role of cGMP modulators
on cell migration

Nitric oxide has been shown to stimulate guanylate cyclase/
cGMP pathway in a variety of cells [18]. Therefore, we examined
whether EGCG modulates the levels of cGMP in highly metastatic
4T1 cells. The treatment of 4T1 cells with EGCG (10, 20, 40 and
60 pg/ml) resulted in a dose-dependent decrease in the levels of
c¢GMP (20 +3-80 + 6%, Fig. 3A). To examine whether cGMP also
play a role in inhibition of cell migration by EGCG, we used agents
which are known to block cGMP formation (e.g., ODQ, a guanylate

cyclase inhibitor), mimic cGMP action (8-Br cGMP, a cells perme-
able cGMP analogue), or antagonize cGMP action by inhibition of
protein kinase G (RP-8-Br cGMP, a cGMP antagonist). As shown
in Fig. 3B, treatment of cells with ODQ resulted in a reduction in
the levels of cGMP in the cell supernatants similar to that observed
on treatment of the cells with EGCG (Fig. 3A). Treatment of 4T1
cells with ODQ (25-200 pM) also resulted in a significant dose-
dependent inhibition of the migration of cells (20-77%, p < 0.05-
0.001) (Fig. 3C). Moreover, treatment with 8-Br cGMP not only
blocked ODQ-induced inhibition of cell migration but also in-
creased (insignificantly) the numbers of migrating cells (Fig. 3D)
under identical conditions, suggesting a role for cGMP in mam-
mary cancer cell migration. The migration of ODQ-treated cells
that were additionally exposed to 8-Br cGMP (Fig. 3D), reached
control levels, suggesting ODQ selectivity for guanylate cyclase.
Treatment with RP 8-Br cGMP reduced the 4T1 cell’s migration rel-
ative to untreated control cells (Fig. 3E), further attesting to a cGMP
requirement for 4T1 cell migration and the role of cGMP in EGCG-
mediated inhibition of cancer cell migration.

Effects of cGMP modulators on 4T1 cell migration are NO-dependent

We further examined whether endogenous NO-mediated
migration of 4T1 cells requires cGMP. .L-NAME was used to block
NO production, .-NAME plus a molar excess of L-arginine was used
to restore NO production by countering NOS inhibition. The 4T1
cells were treated with ODQ to block guanylate cyclase. The
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presence of ODQ blocked the migration-restoring effects of L-argi-
nine on -NAME-treated cells (Fig. 4A), suggesting that endoge-
nous NO-mediated migration of 4T1 cells require cGMP.
Measurement of the levels of cGMP in the different treatment
groups indicated that r-arginine enhances the levels of cGMP,
while excess amounts of L-arginine restore the levels of cGMP
in .-NAME treated cells, as shown in Fig. 4B. Treatment of 4T1
cells with EGCG inhibited the levels of cGMP in L-arginine-treated
4T1 cells in a concentration-dependent manner (Fig. 4B). To-
gether, these data suggest that EGCG-induced inhibition of mam-
mary cancer cell migration is mediated, at least in part, through
the inhibition of cGMP levels.

Discussion

Endogenous NO promotes tumor progression and metastasis
through multiple mechanisms: such as, stimulation of tumor cell
migration [18], invasiveness and tumor angiogenesis [19]. Here
we have determined: (i) the role of NO in highly metastatic-spe-
cific 4T1 mouse mammary cancer cell migration and (ii) the effects
of EGCG, a most active constituent of green tea, on the migration
ability of these cancer cells. Our present report is the first to docu-
ment the chemotherapeutic potential of EGCG on 4T1 cancer cell
migration, and sequential inhibitory effect on nitric oxide synthase
and guanylate cyclase pathways.

Our study reveals that the inhibition of cancer cell migration by
EGCG is mediated through the reduction in the levels of endogenous
NO level in4T1 cells. The reduction in NO levels by EGCG is caused by
the inhibition of NOS expression in cells. NO-mediated migration
was blocked by the use of .-NAME, and this function was restored
with the presence of excess L-arginine, validating the NO-mediated
stimulation of tumor cell migration and demonstrating that the
migration-inhibitory effects of .L-NAME are NO-specific. It has been
shown that NO activates soluble guanylate cyclase and elevates
c¢GMP, which may mediate the biologic responses of NO via activa-
tion of cGMP-dependent protein kinase or by modulating the phos-
phodiesterase activity [20,21]. In our study, three independent
criteria provided evidence that NO-mediated stimulation of mam-
mary cancer cell migration is cGMP-dependent. First, the cGMP ana-
logue, 8-Br cGMP, mimicked the migration-promoting role of NO,
and RP-8-Br cGMP, a cGMP antagonist, had migration inhibitory ef-
fects. Second, a selective inhibitor of soluble guanylate cyclase, ODQ,
inhibited 4T1 cell migration; however, this inhibition was restored
with additional treatment with 8-Br cGMP, attesting to guanylate
cyclase selectivity of ODQ in the migration-inhibitory response.
Third, the treatment of cells with ODQ blocked the migration-restor-
ing effect of r-arginine on L-NAME-treated cells, suggesting a
requirement for cGMP in endogenous NO-mediated 4T1 cell migra-
tion. Similar to above mentioned evidences, the treatment of 4T1
cells with EGCG inhibits r-arginine stimulated migration of cancer
cells,and itis mediated through a reduction in NO production. Under
identical experimental conditions, treatment of 4T1 cells with EGCG
reduces the endogenous basal levels of cGMP similar to the effect of
0ODQ in this cell culture system. These observations support the evi-
dence that inhibition of cancer cell migration by EGCG requires the
inhibition of cGMP.

Overexpression of NOS enzyme by tumor cells was positively
associated with the degree of malignancy of mammary tumors
[22,23]. The results obtained in our study show the chemothera-
peutic potential of EGCG against mammary cancer cells which is
supported by the evidences that EGCG inhibits the migration of
cancer cells, an important event of tumor invasion and metastasis,
through the inhibition of NO production, NOS expression and
cGMP levels.

In conclusion, our study has identified for the first time that
EGCG inhibits the migration of mammary cancer cells through
the inhibitory effect on NO production, and successively down-reg-
ulate the migration-promoting signals induced by NO in 4T1 cells.
The current new information may have relevance for developing
EGCG as a novel chemotherapeutic agent alone or in combination
with other anti-metastatic drugs for the treatment of metastatic
breast cancer risk.
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