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Abstract
Previous studies indicate that green tea extract may inhibit breast cancer progression by blocking
angiogenesis, although the molecular mechanisms are not well defined. We demonstrate that
administration of Polyphenon E (Poly E), a standardized green tea extract, inhibited MDA-MB231
breast cancer and human dermal microvascular endothelial (HMVEC) cell migration and the
expression of vascular endothelial growth factor (VEGF) and matrix metalloproteinase 9 (MMP9).
In addition, Poly E inhibited VEGF-induced neovascularization in vivo. We also demonstrate that
Poly E blocked signal transducers and activators of transcription (STAT) signaling by suppressing
interferon-gamma (IFN-γ)-induced gene transcription via IFN-γ-activating sequence (GAS)
elements and downstream STAT3 activation by inhibiting STAT1 and STAT3 dimerization in
MDA-MB231 cells. Transient expression of constitutively active STAT3 significantly reduced the
inhibitory effect of Poly E on cell migration and VEGF and MMP9 expression. Taken together,
these observations indicate that green tea extract inhibits angiogenesis partly through the
disruption of STAT3-mediated transcription of genes, including VEGF.
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Introduction
Angiogenesis, the development of new capillaries from preexisting blood vessels, is required
in physiological processes such as wound healing and pathological conditions including
tumor growth and metastases [1]. Tumor angiogenesis is a complex process that consists of
several steps including the secretion of angiogenic factors by tumor and host cells, activation
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of proteolytic enzymes, endothelial cell migration and invasion, and endothelial cell
proliferation and capillary formation [2, 3]. These events are regulated by several
antiangiogenic and proangiogenic factors, of which vascular endothelial growth factor
(VEGF) is most potent. VEGF exerts its biological activities through three receptors
including VEGFR-1 (Flt-1), VEGFR-2 (Flk-1), and VEGFR-3 (Flt-4) [3]. VEGF and its
receptors are commonly overexpressed in several types of human cancers including breast
cancer. Overexpression is an event that frequently occurs during the early stages of breast
cancer progression and is associated with poor clinical outcome and resistance to hormonal
and chemotherapy in patients with invasive breast cancer [4, 5]. Thus, VEGF and its
receptors are attractive therapeutic targets for breast cancer treatment.

Multiple agents that target the VEGF pathway are currently being studied for cancer
therapy. Among these agents are monoclonal VEGF antibodies, small-molecule inhibitors of
VEGFR, and several natural products that exhibit antiangiogenic properties including milk
thistle, turmeric, ginger, and green tea [6–11]. Unlike single antiangiogenic agents, natural
products often exert actions on several signaling pathways besides angiogenesis, including
proliferation and apoptosis. Due to such combinatorial effects, natural products may
potentially enhance the efficacy of conventional cancer therapies. For example, green tea
extract, derived from the tea plant Camelia sinensis, exerts diverse biological activities
including the inhibition of tumor growth, induction of apoptosis, and inhibition of
angiogenesis [12]. Studies demonstrate that a major component in green tea improves the
sensitivity of tumor cells to chemotherapeutic agents such as Sulindac and Taxol [13–15].

Next to water, tea is the most popular beverage consumed in the world. Epidemiological
data suggest that the consumption of green tea may reduce the risk of several cancer types
including cancers of the lung, breast, and prostate [16–18]. The health benefits of green tea
are attributed to its epicatechin-derived polyphenolic components, which include (–)-
epicatchin (EC), (–)-epigallocatechin (EGC), (–)-epicatechingallate (ECG), and (–)-
epigallocatechin-3-gallate (EGCG) [13]. EGCG, the main polyphenolic constituent,
mediates the majority of anticarcinogenic effects of green tea and has been shown to
effectively inhibit several angiogenic processes. For example, EGCG has been shown to
inhibit endothelial cell growth, VEGF expression and binding to its receptor, and VEGFR
expression and phosphorylation [19–23]. In addition, EGCG has been shown to inhibit the
expression of matrix metalloproteinases (MMPs) such as MMP9, which play a role in
angiogenesis by degrading the extracellular matrix [24]. Studies also indicate that EGCG
may suppress signaling proteins downstream of VEGFR activation, including VE-cadherin
and Akt [21, 23, 25]. Although mechanistic studies demonstrate that EGCG may decrease
VEGF expression through the inhibition of NF-kB activity, the exact mechanism by which
green tea inhibits VEGF-induced angiogenesis remains unclear [21]. In the present study,
we demonstrate that green tea inhibits VEGF signaling in breast cancer cells through the
inhibition of STAT3 activation. We demonstrate that STAT3 inactivation is required for the
inhibitory effects of green tea on angiogenesis including cell migration, interferon-induced
VEGF expression and secretion, and the expression and activity of MMP-9.

Materials and methods
Materials

Polyphenon E (Poly E), generously supplied by Mitsui Norin Co. Ltd. (Shizuoka, Japan), is
a de-caffeinated green tea extract containing 65% EGCG, 10% EC, 5% ECG, 5% EGC, and
0.5% caffeine. Recombinant IFN-α and -γ were obtained from Chemicon (Temecula, CA).
The pCMV-Tag 1 mammalian expression vector, and pGL13-GAS and pGL13-VEGF
reporter constructs were obtained from Stratagene (La Jolla, CA), and the pRc/CMV-
STAT3C expression plasmid was obtained from Dr. Bromberg [26].
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Cell culture
MDA-MB231 and MCF-7 human breast adenocarcinoma cells were routinely cultured in
phenol red-free Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). For all experiments unless otherwise noted, cells were grown in
DMEM supplemented with 5% charcoal/dextran stripped FBS (Atlanta Biologicals,
Lawrenceville, GA). Human dermal microvascular endothelial (HMVEC) cells were
cultured in EGM-MV medium (Cambrex, Charles City, IO).

Transient transfection and luciferase assays
Cells were seeded in 48-well plates and transfected the next day with Polyfect (Qiagen)
according to the manufacturer’s instructions. Transfections contained 300 ng of pGAS-Luc
or pVEGF-Luc, 50 ng of the control β-galactosidase expression plasmid, and where
indicated, 50 ng of expression or control vectors. Treatments were reconstituted in sterile
PBS and administered one day following transfection as a 100–1,000-fold dilution in fresh
media for the indicated time period. Luciferase activity was measured from harvested cells
and normalized for transfection using β-galactosidase as an internal control. All values are
representative of at least three independent experiments and are reported as a fold induction
over controls.

Coimmunoprecipitation and western blot analysis
Coimmunoprecipitation (coIP) studies were performed using antibodies against STAT1 and
STAT3 (Santa Cruz Biotechnology, Santa Cruz, CA) as previously described [27]. For non-
coIP studies, whole cell extracts were obtained using 2× SDS–PAGE sample buffer. Equal
amounts of lysates were passed through a 27 gauge needle three times, resolved on gradient
Tris–glycine polyacrylamide gels, and transferred to nitrocellulose membrane. Equal protein
loading was confirmed by Ponceau staining. Blots were blocked in 5% nonfat milk in TBST
for at least 3 h and incubated with phospho-STAT1, phospho-STAT3, STAT1 (Upstate,
Charlottsville,VA), STAT3 (BD Biosciences, San Jose, CA), or actin (Upstate,
Charlottsville, VA) antibodies at a 1:1000 dilution overnight. Blots were then washed and
incubated with the appropriate infrared-labeled secondary antibody (Li-COR, Lincoln, NE)
for 1 h and detected with the Odyssey Infrared Imaging System (Li-COR, Lincon, NE).

Enzyme-linked immunosorbent assay
VEGF levels in conditioned medium from MCF-7 and MDA-MB231 cells were measured
using the human VEGF QuantiGlo Kit (R&D Systems, Minneapolis, MN) as previously
described [28].

In vivo matrigel plug assay
Female C57BL/6 mice were purchased from Jackson Laboratory and maintained in the
Animal Resource Center at the University of Chicago on a 14 h on/10 h off light cycle. Care
of the animals was in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals. Following acclimation to a soy free diet for 7 days, female C57BL/6
mice (8 weeks of age) were lightly anesthetized with sodium pentobarbital (50 mg/kg, i.p.).
Matrigel (BD Biosciences, Bedford, MA) was gently mixed with 100 ng/ml mouse VGEF
(VEGF, R&D Systems, Minneapolis, MN) and injected subcutaneously into the bilateral
flanks of the mice in a final volume of 0.5 ml/site. Beginning the day of matrigel
implantation, mice were subcutaneously injected five times weekly with 0.75, 1.5, or 2.5 mg
of Poly E in PBS vehicle per animal. Control animals were injected with an equivalent
volume of PBS. Each experimental group contained five animals. Mice were sacrificed after
2 weeks and matrigel plugs were harvested. Plugs from each animal were divided and either
fixed in formalin for histological analysis or frozen for hemoglobin analysis. To determine
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hemoglobin content, plugs were homogenized in Drabkin’s reagent (Sigma– Aldrich, St.
Louis, MO) and the resultant supernatant following centrifugation was measured at a
wavelength of 540 nm according to the manufacturer’s instructions.

Immunohistochemistry
For histological analysis, paraffin embedded sections (5 µm) prepared from matrigel plugs
were subjected to H&E staining according to standard procedures by the Human Tissue
Research Center at the University of Chicago. CD31 (Santa Cruz, San Jose, CA)
immunostaining was also performed to determine vascularity as previously described [28].
All stained sections were scanned using the Automated Cellular Imaging System (ACIS,
Chroma Vision, San Juan Capistrano, CA). Ten selected areas at 200 µm from the edge of
each matrigel plug were acquired and scored to assess cellularity (H&E) or microvascular
density (microvessel number per unit area). CD31-stained clusters of cells or single cells
were defined as microvessels.

Cell migration assay
Cell migration assays were performed using matrigelcoated Boyden chambers (Chemicon,
Temecula, CA) according to the manufacturer’s instructions. Prior to plating, MDA-MB231
and HMVEC cells were cultured in serum and supplement-free DMEM and EBM
(Cambrex, Charles City, IO), respectively, for at least 6 h. Cell suspensions, in the presence
or absence of the indicated treatments, were added to the upper chambers and incubated
overnight at 37°C. For all cells, DMEM containing 10% FBS was used as the
chemoattractant in the lower chamber. Migrated cells were stained with crystal violet,
imaged, eluted, and transferred to a 96-well plate for absorbance readings at 595 nm. All
results are representative of at least three independent experiments.

Capillary tube formation
The In Vitro Angiogenesis Assay Kit (Chemicon, Temecula, CA) was used to monitor
capillary tube formation in HMVEC cells. According to the manufacturer’s instructions,
cells were plated in 96-well microtiter plates coated with matrigel in the presence or absence
of the indicated concentrations of Poly E. Four hours after plating, tube formation was
determined under an inverted light microscope and photographed. Images are representative
of three independent experiments with triplicate samples.

Gelatin zymography
MMP-9 activity from MDA-MB231 culture medium was determined by gelatin
zymography. Cells were plated into 6-well plates in DMEM supplemented with 10% FBS
and treated with the indicated compounds for 48 h. Conditioned medium was collected,
concentrated 20-fold using Centricon filters (Millipore, Bedford, MA) according the
manufacturer’s instructions, and electrophoresed on polyacrylamide gels containing gelatin
(Biorad, Hercules, CA). Human fibroblast MMP-9 (Sigma–Aldrich, St. Louis, MO) was also
loaded as a positive control. Gels were incubated twice in renaturing buffer (2.5% Triton
X-100) for 30 min, washed in developing buffer (Biorad, Hercules, CA) for 30 min, and
further incubated in fresh developing buffer overnight. Gels were stained for 30 min with
0.5% (w/v) Coomassie Brilliant Blue R-250 in 80% methanol/20% acetic acid, and
destained with 50% methanol/10% acetic acid.

Quantitative reverse transcriptase-PCR
Total RNA was extracted from cells using Trizol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. RNA quality and quantity were measured
using the Nanodrop ND-1000 (NanoDrop, Wilmington, DE) and reverse transcribed into
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cDNA with random primers using the SuperScript III First Strand Synthesis System
(Invitrogen, Carlsbad, CA). Real-time quantitative reverse transcriptase-PCR was performed
using the QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA) with primers targeting
VEGF-A, MMP-9, or RPL13A (Qiagen, Valencia, CA) as an internal control for RNA input
on the ABI 7300 Sequence Detector (Applied Biosystems) according to the manufacturer’s
instructions. Standard curves were generated for each primer set using QPCR Reference
Total Human RNA (Stratagene, La Jolla, CA) to determine gene expression levels. All
reactions were performed in triplicate for samples and in duplicate for standards.

Results
Effects of green tea on angiogenesis

Angiogenesis and tumor metastases require the migration and invasion of cells through
surrounding extracellular matrix. Thus, we investigated the effect of green tea on the
invasive behavior of both MDA-MB231 breast cancer and HMVEC endothelial cells. Cells
were plated in Boyden chambers with matrigel-coated membranes. Using 10% FBS as a
chemoattractant, the number of invasive cells that migrated to the underside of the
membranes were photographed and counted after 24 h. Treatment with Poly E decreased the
invasive behavior of cells from 1 to 50 ng/µl in a concentration-dependent manner (Fig. 1a).
Poly E inhibited the invasion of both MDA-MB231 and HMVEC cells by up to ~40%
compared to controls. EGCG inhibited invasion to a similar extent, suggesting that EGCG is
the active compound in Poly E.

The angiogenic effects of Poly E were also determined by examining the effects on
morphologic differentiation of HMVEC cells into capillary-like structures using the matrigel
assay. Untreated endothelial cells showed reorganization and formation of typical networks
containing distinct rings of cells after 6 h of plating (Fig. 1b). Administration of Poly E at
concentrations of 20 ng/µl or greater significantly decreased the formation of vascular
structures, indicating that green tea interferes with endothelial cell differentiation.

Green tea inhibits neovascularization in vivo
The effects of green tea on vascularity were further evaluated using the matrigel implant
model. C57BL/6 mice were implanted with matrigel and treated subcutaneously with Poly E
five times weekly. Following 14 days of treatment, matrigel plugs were harvested and
assessed for neovascularization. Histochemical analysis revealed that all administered
concentrations of Poly E markedly decreased cellularity by ~75% compared to controls (Fig.
2a). Migration of endothelial cells into the matrigel plugs of Poly E-treated animals was
significantly reduced, as confirmed by CD31 staining (Fig. 2b). Quantification of
microvessel density (MVD) also indicated that Poly E drastically reduced angiogenesis by
up to 100% in a dose-dependent manner (Fig. 2a, b). To determine the functionality of
migrated endothelial cells, the hemoglobin content was measured within the matrigel plugs.
Compared to controls, all doses of Poly E reduced hemoglobin content by ~50%,
demonstrating that green tea effectively inhibits functional vessel formation (Fig. 2c).

Green tea modulates vascular endothelial growth factor expression
The impact of green tea on VEGF expression levels was determined as a measure of green
tea’s effect on angiogenic growth factors. Conditioned media from MCF-7 and MDA-
MB231 cells was concentrated after 48 h administration of the indicated concentrations of
Poly E and assessed for VEGF secretion by ELISA analysis. Poly E (10–50 ng/µl)
substantially inhibited VEGF levels in a concentration-dependent manner from 70 pg/ml to
242 pg/ml in MCF-7 and MDA-MB231 cells to 2 pg/ml and 11 pg/ml, respectively (Fig.
3a).
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To assess whether the observed effect occurred at the transcriptional level, VEGF mRNA
expression was measured by quantitative real-time PCR. VEGF mRNA expression in MDA-
MB231 cells was reduced by Poly E treatment for 24 h in a concentration-dependent manner
(10–50 ng/µl) by up to almost 90% (Fig. 3b). The effect of Poly E in MCF-7 cells was
inconsistent, showing only a 35% decrease in mRNA expression at 10 ng/µl. As an alternate
method, we tested the effect of green tea on VEGF promoter activity. Cells were transfected
with pGL13-VEGF and treated for 24 h with the indicated concentrations of Poly E. Similar
to the gene expression studies, Poly E inhibited promoter activity by up to 60% compared to
controls in MDA-MB231 cells while Poly E showed no effect in MCF-7 cells (Fig. 3c).
These combined results suggest that the effect of green tea on VEGF expression is mediated
at the transcriptional level in MDA-MB231 cells and at the translational level in MCF-7
cells.

Effects of green tea on MMP-9 activity and expression
Metalloproteases, such as MMP-9, are involved in both angiogenic and tumorigenic
processes. To evaluate the effect of green tea on MMP-9 activity, Poly E was administered
to MDA-MB231 cells for 48 h, and conditioned media was collected and analyzed by
gelatin zymography. Although MDA-MB231 cells secrete low levels of MMP-9, results
clearly indicate that treatment with Poly E caused a concentration-dependent suppression of
MMP-9 activity with complete inhibition reached by 20 ng/µl Poly E (Fig. 4a). Basal
secretion of MMP-9 from MCF-7 cells was below detectable limits (data not shown).
Further examination of MMP-9 expression by quantitative RTPCR indicated that treatment
with 20 ng/µl or greater concentrations of Poly E for 48 h inhibited MMP-9 mRNA by
greater than 40% compared to controls in MDA-MB231 cells while having no effect in
MCF-7 cells (Fig. 4b). The observed results indicate that similar to VEGF, green tea also
modulates MMP-9 through transcriptional mechanisms in MDA-MB231 cells.

Green tea interferes with STAT1 and STAT3 activation
Several members of the signal transducers and activators of transcription (STAT) family
play a role in tumorigenesis [29]. Studies demonstrate that STAT3 activity is commonly
upregulated in breast cancer, and that STAT3 regulates the expression of angiogenic genes
including VEGF and MMP9 [30]. Accordingly, we examined the effect of green tea on
modulation of STAT3 activity by western analyses. MCF-7 and MDA-MB231 cells were
treated with Poly E or EGCG for 24 h in the presence of 1,000 U/ml interferon-alpha (IFN-
α) or interferon-gamma (IFN-γ), cytokines which are known activators of STAT1 and
STAT3. Immunoblotting for phosphorylated STAT3 indicated that EGCG and Poly E
inhibited interferon-induced activation of STAT3 in a concentration-dependent manner (Fig.
5a, b). Poly E administration almost completely inhibited interferon-activated STAT forms
in both MCF-7 and MDA-MB231 cells.

We also examined the effect of Poly E on the association of STAT3 with STAT1, as
activation of STAT-regulated gene transcription involves the phosphorylation and formation
of hetero- and homodimers of STAT complexes, which then associate with and increase the
transcription of specific gene promoters [31]. Following 24 h administration of Poly E (20
ng/µl) in the presence or absence of 1,000 U/ ml IFN-α or IFN-γ, MCF-7, and MDA-
MB231 cell extracts were coimmunoprecipitated with STAT1 or STAT3 antibody and
analyzed for STAT1 and STAT3 association by western analysis. While IFN-α produced a
weaker effect, both IFN-α and IFN-γ induced the association of STAT1 with STAT3 in
MCF-7 and MDA-MB231 cells (Fig. 6). Poly E treatment reduced the formation of all
interferoninduced STAT1-STAT3 complexes, indicating that green tea inhibits STAT
dimerization.
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As a functional test of STAT inhibition, we examined the effect of green tea on interferon-
regulated gene transcription using a luciferase reporter under the regulatory control of IFN-
γ-activating sequence (GAS) elements. Treatment of MCF-7 cells with Poly E resulted in a
significant concentration-dependent suppression of IFN-γ-induced reporter activity by
greater than 85% (Fig. 7a). Poly E also reduced IFN-γ-induced GAS activation in MDA-
MB231 cells by ~45% (Fig. 7b). Altogether, these results suggest that Poly E reduces the
ability of STAT1 and STAT3 to form active transcriptional complexes through the
inhibition of STAT nuclear localization and dimerization.

STAT3 mediates the antiangiogenic effects of green tea
To determine whether the disruption of STAT3 signaling is required for the observed
antiangiogenic effects of green tea, we examined the effect of Poly E on angiogenic events
in cells transiently expressing constitutively active STAT3 (STAT3C). STAT3C activity
was verified by western analysis for phospho-STAT3 under basal conditions (data not
shown).

To determine the role of STAT3 in mediating the effects of green tea on VEGF and MMP9,
we investigated the influence of STAT3C transient expression on transcriptional regulation
of these genes in MDA-MB231 cells by quantitative RTPCR analysis. In cells expressing
control vector, 20 ng/µl Poly E treatment for 24 h inhibited both VEGF and MMP9 gene
expression by over 50% (Fig. 8a). However, Poly E did not downregulate gene expression in
cells expressing STAT3C.

Invasion assays were performed as a functional test to confirm the requirement of STAT3
inhibition for the antiangiogenic effects of green tea. Using MDA-MB231 cells, we
investigated the effect of STAT3C expression on invasive behavior. Following transfection
of cells with pSTAT3C or pCMV-Tag1 control vector, cells were plated in Boyden
chambers using 10% FBS as a chemoattractant and treated with 20 ng/µl Poly E for 24 h in
the presence or absence of IFN-γ. Poly E administration inhibited migration under basal
conditions by greater than 50% (Fig. 8b). In cells expressing STAT3C, expression
completely blocked the anti-invasive effects of Poly E. Altogether, these combined results
clearly indicate that the antiangiogenic actions of Poly E are partially mediated by the
inhibition of STAT3 activity.

Discussion
In this study, we demonstrate a novel mechanism by which green tea inhibits angiogenic
signaling in breast cancer cells. We show that green tea inhibits neovascularization in vivo
and inhibits the expression of the proangiogenic factors VEGF and MMP9 in breast cancer
cells. Green tea regulates such factors in a cell-specific manner by inhibiting expression
through translational and/or transcriptional mechanisms in MDA-MB231 and MCF-7 cells.
We demonstrate that both mechanisms require the inhibition of STAT3 activation, as
constitutive activation of STAT3 blocks the antiangiogenic effects of green tea. To the best
of our knowledge, this is the first report to establish that green tea suppression of
angiogenesis is in part mediated through STAT3. Previous mechanistic reports have focused
mainly on the disruption of VEGF signaling pathways [25]. For example, others have
reported the suppression of VEGF and MMP9 expression by EGCG as well as the inhibition
of VEGFR-2 expression, activity, and binding to VEGF [12, 20, 22, 32, 33]. The
downregulation of VEGF-induced angiogenesis by EGCG has been attributed to the
inhibition of downstream target activation including Akt, PI3K, ERK1/2, and NFκB in
endothelial cells [23, 25, 34]. However, few studies have described the exact mechanisms by
which green tea modulates upstream signaling pathways that regulate VEGF or MMP9
expression. Reports have suggested that EGCG may suppress VEGF expression in breast
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cancer and endothelial cells by inhibiting the activity of PKC and NFκB or by
downregulating the expression of c-fos and c-jun, which regulate VEGF promoter activity
[21, 32]. Thus, our study provides further insight into the molecular mechanisms by which
green tea inhibits angiogenesis.

STAT proteins are nuclear transcription factors that regulate the expression of diverse genes
in combination with other transcriptional factors. STAT activation occurs by ligand binding
of specific cell surface receptors and is controlled by several mechanisms including the
phosphorylation state of the receptor, interaction of STATs with a family of inhibitory
factors known as protein inhibitors of activated STAT (PIAS), and feedback inhibition by
suppressor of cytokine signaling (SOCS) proteins [21, 35, 36]. In the current study, we
demonstrate that the antiangiogenic effects of green tea are at least partially dependent on
STAT3 inhibition. Inhibiting STAT3 is especially significant in tumor cells as STAT3 is
constitutively active in several tumor types compared to normal cells [37]. Human cancers
expressing active STAT3 include carcinomas of the lung, pancreas, head and neck, ovarian,
prostate, and breast [37, 38]. Persistent STAT3 activation contributes to tumorigenesis by
deregulating the expression of genes involved in cell proliferation, immune response,
angiogenesis, and metastasis [39]. Specifically, activated STAT3 may enhance tumor
survival by increasing the expression of genes including MCL-1 and BCL-XL, increase
proliferation by enhancing cyclin D1 and myc expression, and promote angiogenesis by
inducing the expression of angiogenic genes including VEGF and MMP-2 and enhancing
the proliferation, migration, and differentiation of endothelial cells [39].

STAT3 clearly plays a critical role in regulating tumor angiogenesis. Thus, we are not
surprised to find that the antiangiogenic effects of green tea are mediated by the inhibition of
STAT3 in breast cancer cells in the present study. To our knowledge, only one research
group has reported the inhibitory effect of EGCG on STAT3 phosphorylation in head and
neck and breast cancer cells [14, 21]. However, the role of STAT3 inhibition in the
suppression of angiogenic events by EGCG was not established. Here, we demonstrate that
green tea interferes with STAT3 activation at multiple levels including phosphorylation and
heterodimerization with STAT1. The observed STAT3 dysregulation is essential for the
inhibition of VEGF and MMP-9 gene expression and invasive activity of MDA-MB231
cells. Previous studies demonstrate that STAT3 activation upregulates VEGF expression and
correlates with increased MMP-9 activity while expression of dominant negative STAT3
leads to decreased angiogenesis and suppression of cell growth including breast cancer cells
[40–43]. Due to the nearly complete abrogation of green tea’s effect on angiogenic events by
the expression of constitutively active STAT3, we suggest that STAT3 inhibition is a
primary mechanism by which green tea exerts antiangiogenic effects in MDA-MB231 cells.
Although green tea inhibited STAT3 activation in MCF-7 cells, only translational effects on
VEGF expression were noted. These results suggest that green tea may influence the
transcriptional control of other STAT3-regulated genes involved in angiogenesis that were
not tested here. Due to the observed cell-specific effects, further studies are required to
identity whether angiogenesis-related STAT3-regulated genes are directly or indirectly
inhibited by green tea.

Elevated STAT3 activity has been associated with breast cancer progression and inversely
correlated with response to chemotherapy [44]. Thus, small molecule inhibitors of STAT3,
such as EGCG found in green tea, could be used in combination with chemotherapy to
improve the therapeutic response in breast cancer patients. Previous studies have already
demonstrated that blocking STAT3 signaling in tumor cells expressing constitutively active
STAT3 results in tumor growth inhibition and increased tumor apoptosis [37]. Green tea has
already been found to block breast tumorigenesis and angiogenesis through multiple
mechanisms, for example, by altering p21 and p27 expression levels, c-fos promoter
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activity, and plasma estrone levels [45]. The ability of green tea to suppress STAT3, in
which a wide variety of oncogenic signaling pathways converge, further highlights the
potent antitumor effects green tea. In summary, our findings further support the use of green
tea in breast cancer treatment and prevention as an antiangiogenic agent.
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Fig. 1.
Poly E inhibits invasive behavior and capillary-like structure formation. a Treatment of
MDA-MB231 and HMVEC cells by Poly E (>10 ng/µl) and 50 µM EGCG significantly
reduced cell invasive behavior by Boyden chamber assay. Microscopic images reflect
representative crystal violet staining of migrated MDA-MB231 cells 24 h after catechin
treatment. Data points indicate an average of triplicate samples. Bars represent SD. * P <
0.05 by Student’s t test compared to the control group. b Poly E treatment (20–50 ng/µl)
inhibited morphologic differentiation of HMVEC cells into capillary-like structures.
Microscopic images reflect representative reorganization of endothelial cells into vascular
networks 6 h after plating and catechin treatment
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Fig. 2.
Poly E inhibits neovascularization in vivo. A matrigel plug assay was performed in C57Bl6
mice treated with Poly E (0.75, 1.5, or 2.5 mg) five times weekly for a duration of 2 weeks.
a Cell migration was significantly reduced by all doses of Poly E treatment as indicated by
H&E staining of matrigel plug sections. b Poly E treatment significantly inhibited MVD as
indicated by reduced CD31 staining of plug sections. Images reflect representative staining
of all sections. c The hemoglobin content of matrigel plugs, assayed by Drabkin’s reagent,
was reduced by all doses of Poly E. Data points indicate an average of five samples with
bars representing SD. *P < 0.05 by Student’s t test compared to the control group
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Fig. 3.
Poly E modulates VEGF expression and secretion. MCF-7 and MDA-MB231 cells were
treated with Poly E for 24 h. a The release of VEGF into cell culture media, as determined
by ELISA assay, was significantly inhibited by Poly E in MCF-7 (10–50 ng/µl) and MDA-
MB231 cells (50 ng/µl). b Poly E significantly inhibited VEGF mRNA expression by
quantitative RTPCR analysis in a concentration-dependent manner in MDA-MB231 but not
in MCF-7 cells. c A similar decrease in VEGF promoter activity was observed by luciferase
assay. Bars represent SD. *P < 0.05 by Student’s t test compared to the respective control
group.
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Fig. 4.
Poly E downregulates the expression and secretion of MMP9. MDA-MB231 and MCF-7
cells were treated with Poly E for 48 h. a MMP9 activity was significantly decreased by
Poly E (20–50 ng/µl) as determined by zymography analysis of conditioned media of MDA-
MB231-treated cells. MMP9 was loaded in the last lane as an internal positive control. b
Poly E inhibited MMP9 mRNA expression by quantitative RTPCR analysis. Bars represent
SD. *P < 0.05 by Student‘s t test compared control.
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Fig. 5.
Inhibition of STAT3 activation by Poly E. MDA-MB231 and MCF-7 cells were treated with
Poly E or EGCG in the presence or absence of 1,000 U/ml IFN-α or IFN-γ. Immunoblotting
for total and phosphorylated forms of STAT3 were performed after 24 h of treatment. Actin
was detected as an internal loading control.
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Fig. 6.
Poly E inhibits interferon-induced STAT1/STAT3. MDA-MB231 and MCF-7 cells were
treated for 24 h with Poly E (20 ng/µl) in the presence or absence of IFN-α or IFN-γ. Cell
extracts were coimmunoprecipitated with STAT1 or STAT3 antibody and analyzed for
STAT1 and STAT3 association by western analysis.
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Fig. 7.
Poly E suppresses interferon-induced GAS activation. a MCF-7, and b MDA-MB231, cells
were transfected with pGAS-Luc and control β-galactosidase expression reporter plasmids.
Cells were treated with vehicle or Poly E in the presence or absence of 1,000 U/ml IFN-α or
IFN-γ. Luciferase activity was assayed and reported as the fold induction relative to vehicle-
treated control. Bars indicate SD. *P < 0.05 by Student’s t test compared to the respective
control group.
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Fig. 8.
Poly E mediates antiangiogenic effects through STAT-3 dependent mechanisms. a MDA-
MB231 cells transiently transfected with pSTAT3C or control pCMV-Tag1 expression
vector were treated with Poly E (20 ng/µl) for 24 h. Quantitative RTPCR analysis
demonstrated that constitutive activation of STAT3 blocked the inhibitory effects of Poly E
on VEGF and MMP9 gene expression. Results are expressed as fold induction relative to
control cells transfected with pCMV-Tag1 in the absence of Poly E treatment. Bars
represent SD. *P < 0.05 by Student’s t test compared to the respective control group. b
MDA-MB231 cells were plated in Boyden chambers following transient transfection with
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pSTAT3C or control pCMV-Tag1 expression vector. The suppressive effect of 24 h Poly E
(20 ng/µl) treatment on cell migration was inhibited by constitutive STAT3 activation. Data
points indicate the percent change in migration relative to control cells transfected with
pCMV-Tag1. Bars represent SD. *P < 0.05 by Student’s t test compared to the respective
control group.
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