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Abstract

Green tea extract and its major component (—)-epigallo-
catechin-3-gallate (EGCG) exhibit antiangiogenic activities
in various experimental tumor models. A growing body of
evidence has established that hypoxia-inducible factor-1a
(HIF-1a) and its downstream target, vascular endothelial
growth factor (VEGF), play a critical role in tumor
angiogenesis. In this study, we investigated the effect of
green tea extract and EGCG on HIF-1a and VEGF
expression in human cervical carcinoma (Hela) and
hepatoma (HepG2) cells. Our results showed that green
tea extract and EGCG significantly inhibited hypoxia- and
serum-induced HIF-1a. protein accumulation in these
cancer cells but had no effects on HIF-1laa mRNA
expression. Suppression of HIF-1a protein by green tea
extract and EGCG also resulted in a drastic decrease in
VEGF expression at both mRNA and protein levels. The
mechanisms of green tea extract and EGCG inhibition of
hypoxia-induced HIF-1a protein accumulation seem to
involve the blocking of both phosphatidylinositol 3-kinase/
Akt and extracellular signal-regulated kinase 1/2 signaling
pathways and the enhancing of HIF-1a protein degrada-
tion through the proteasome system. In addition, green tea
extract and EGCG inhibited serum-induced HIF-1« protein
and VEGF expression by interfering with the phosphatidy-
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linositol 3-kinase/Akt/mammalian target of rapamycin
signaling pathways, which play a crucial role in the protein
translational machinery cascade. Functionally, green tea
extract and EGCG abolished both chemoattractant- and
hypoxia-stimulated HelLa cell migration. Our data sug-
gested that HIF-1a/VEGF function as therapeutic target
for green tea extract and EGCG in the context of cancer
chemoprevention and anticancer therapy. [Mol Cancer
Ther 2006;5(5):1227 - 38]

Introduction

Green tea is one of the most widely consumed beverages in
the world. The water-extractable fraction of green tea
contains several polyphenolic compounds known as
catechins. Generally, a typical cup of green tea contains
100 to 150 mg catechins, including 50% of (—)-epigalloca-
techin-3-gallate (EGCG), 15% of (—)-epigallocatechin
(EGC), 15% of (—)-epicatechin-3-gallate, and 8% of (—)-
epicatechin (1). Numerous studies have shown that green
tea extract derived from the dried fresh leaves of the plant
Camelia sinensis and one of its major constituents, EGCG,
possess obvious antiproliferative (2-4), antiangiogenic
(5-11), antimetastatic (4, 12-15), proapoptotic (2, 16, 17),
and cell cycle perturbation (18, 19) activities in various
in vitro and in vivo tumor models. These experimental
studies together with several epidemiologic studies have
suggested that green tea extract and EGCG harbor strong
anticancer and cancer preventive effects in numerous
human cancers (2, 20, 21).

As the most potent component in green tea with respect
to antitumor activity, EGCG has been shown to inhibit
several critical signal transduction pathways (22). Previous
studies have shown that treatment of cancer cells with
EGCQG leads to the inactivation of epidermal growth factor
receptor (erbBl), HER-2/neu (erbB2), and HER-3 and
subsequently the inhibition of multiple downstream sig-
naling pathways, particularly phosphatidylinositol
3-kinase (PI3K)/Akt and extracellular signal-regulated
kinase 1/2 (ERK1/2), in human head and neck squamous
cell carcinoma, breast cancer, and colon cancer cell lines
(23-29). These receptors belong to subclass I of the receptor
tyrosine kinase superfamily (23-29). In addition to epider-
mal growth factor receptor, it has been shown that EGCG
also inhibits tyrosine kinase activities of other receptor
tyrosine kinases, such as platelet-derived growth factor
receptor and fibroblast growth factor receptor in human
A-431 epidermoid carcinoma cells, and insulin-like growth
factor-I receptor in a mouse model of prostate cancer and
human colon cancer cells (10, 30, 31). Collectively, these
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studies suggest that these specific receptor tyrosine kinases
and their downstream signaling pathways may serve as
potential molecular targets of EGCG with respect to its
antiproliferative and proapoptotic activities. It has been
well established that neovascularization or angiogenesis
plays a key role in the growth of malignant solid tumor and
metastasis (32). One of the principal mediators of tumor
angiogenesis is vascular endothelial growth factor (VEGF).
Previous studies have indicated that treatment with green
tea extract or EGCG not only decreased VEGF production
(83-36) but also inhibited the expression (7), binding
activity (5), and phosphorylation (37) of VEGF receptors,
thus contributing to their potent antiangiogenic activities.
However, up to date, the detailed biochemical and
molecular mechanisms underlying the antiangiogenic
effect of green tea extract and EGCG are still not fully
understood.

Hypoxia-inducible factor-1 (HIF-1) belongs to the basic
helix-loop-helix-periodic acid-Schiff domain transcription
factor family and consists of two subunits, HIF-1a and HIF-
1p. Only the expression and activation of HIF-1a is tightly
regulated by cellular oxygen concentration (38). In the
presence of O,, HIF-la is hydroxylated at the proline
residues Pro*®? (39) and Pro®®* (40, 41) in the oxygen-
dependent domain, which is catalyzed by specific HIF-1a
prolyl hydoxylases (42). The prolyl-hydroxylated HIF-1la
interacts with the von Hippel-Lindau gene product, an
important component of the E3 ubiquitin ligase complex,
resulting in ubiquitination and subsequent degradation via
the 26S proteasome system (43, 44). Under hypoxic
conditions, due to the inhibition of prolyl hydroxylation,
HIF-la escapes from degradation, accumulates rapidly,
translocates into the nucleus, and forms a heterodimer with
HIF-1p. The HIF molecule then binds to the cis-acting
element (hypoxia-responsive elements) within the promot-
er regions of hypoxia-responsive genes and activates their
expression (45). In addition, accumulating evidence has
shown that other pathways independent of hypoxia can
also promote HIF-la protein synthesis and stabilization.
These pathways include the inactivation of some tumor
suppressor genes, such as von Hippel-Lindau gene product
(44) and phosphatase and tensin homologue deleted on
chromosome 10; ref. 46, the oncogenic activation of Src (47),
and the stimulation by some inflammatory cytokines,
hormones, or growth factors, such as interleukin-1, tumor
necrosis factor-a (48-50), interleukin-6 (51), insulin, and
insulin-like growth factor-I (52, 53) via translational or post-
translational mechanisms. Recent studies have shown that
HIF-1la plays an important role in tumor growth, angio-
genesis (54), metastasis (55), and apoptosis (54, 56, 57). Its
overexpression is related to a more aggressive tumor
phenotype (58-60), thus supporting the notion that
hypoxia/HIF-1 system is a potential molecular target in
cancer therapeutics (61).

In this study, we have shown for the first time that green
tea extract and EGCG suppressed both hypoxia- and
serum-induced HIF-la protein accumulation and VEGF
expression in human cervical carcinoma (HeLa) and

hepatoma (HepG2) cells but had no apparent inhibitory
effects on HIF-la mRNA levels. The mechanisms by which
green tea extract and EGCG inhibited hypoxia- and serum-
induced HIF-1a protein expression seemed to involve an
increase in HIF-la protein degradation via the ERK1/2
and/or PI3K/Akt signaling pathways. These unique
findings provided further understanding of the molecular
mechanisms underlying the antiangiogenic effects of green
tea extract and EGCG and help to delineate further targets
of therapeutic intervention and chemoprevention of human
cancers.

Materials and Methods

Reagents

Green tea extract was obtained from Pharmanex, Inc.
(Provo, UT) and dissolved in distilled water to make a stock
solution of 10 mg/mL. The purity and components of green
tea extract were described previously (15). EGCG was pur-
chased from Sigma (St. Louis, MO), dissolved in distilled
water at a concentration of 100 mmol/L, and stored at
—80°C as a stock solution. 1.Y294002, PD98059, U0126,
wortmannin, and rapamycin were purchased from Calbio-
chem (San Diego, CA) and dissolved in DMSO. The final
DMSO concentration did not exceed 0.1% throughout the
study. The selective proteasome inhibitor, MG132 (Z-Leu-
Leu-Leu-CHO), and protein synthesis inhibitor, cyclohex-
imide, were from Sigma. Primary antibody for HIF-1a was
from BD Transduction Laboratories (San Diego, CA).
Antibodies for total or phosphorylated p42/p44 mitogen-
activated protein kinases (Thr*”?/Tyr***) and total or
phosphorylated Akt (Ser*’®) were from New England
Biolabs (Beverly, MA). Antibodies for VEGF, phosphory-
lated M, 70,000 ribosomal protein S6 kinase 1 (p7OS6K] ;
Thr*?!/Ser***), and eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1; Ser®/ Thr70) were from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibody for B-actin was
from Sigma. Horseradish peroxidase—conjugated second-
ary antibodies were from Pierce (Rockford, IL).

Cell Culture

Human cervical carcinoma (HeLa) and hepatoma
(HepG2) were obtained from the American Type Culture
Collection (Rockville, MD). HeLa and HepG2 cells were
maintained in RPMI 1640 (Invitrogen Corp., Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS), penicil-
lin (100 units/mL), and streptomycin (100 pg/mL; Invi-
trogen) and incubated at 37°C in a humidified atmosphere
with 5% CO,.

Establishment of Hypoxic Culture Condition

Cells were cultured to ~80% confluence and transferred
to a hypoxic chamber with an auto-purge airlock (Coy
Laboratory Products, Inc., Grass Lake, MI). Environmental
hypoxic conditions (1%) were achieved in an airtight
humidified chamber continuously flushed with a gas mix-
ture containing 5% CO, and 95% N,. Maintenance of the
desired O, concentration was constantly monitored during
incubation using a microprocessor-based oxygen controller
(Coy Laboratory Products).
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Treatment of Cancer Cells with GreenTea Extract and
EGCG

Exponentially growing cells (~80% confluence) in
complete medium were pretreated for 1 hour with different
concentrations of green tea extract and EGCG followed by
incubation under normoxic or hypoxic conditions for
indicated periods according to the purpose of experiment.
To study the effects of green tea extract and EGCG on the
half-life or degradation of hypoxia-induced HIF-1a protein
accumulation, HeLa cells were exposed to hypoxia for 16
hours followed by treatment with 10 pg/mL cycloheximide
in the presence or absence of green tea extract (80 pg/mL)
or EGCG (100 pmol/L). Cells that were pretreated with 20
umol/L MGI132 for 30 minutes were cultured in the
presence or absence of green tea extract or EGCG under
normoxic or hypoxic conditions. HIF-1a protein levels were
determined by Western blot analysis.

To study the effect of green tea extract and EGCG on
serum-induced HIF-la protein expression, exponentially
growing HepG2 cells were serum starved for 24 hours
followed by pretreatment with green tea extract or EGCG
for 1 hour in serum-free medium. Afterward, pretreated
cells were cultured in complete medium containing 10%
FBS in the presence or absence of green tea extract or EGCG
for indicated periods. HIF-la protein levels were deter-
mined by Western blot analysis.

Transient Transfection and Luciferase Reporter
Assays

The luciferase reporter plasmids (pGL2-Luc) harboring
human VEGF promoter region (—1,175/+336) was kindly
provided by Dr. David K. Ann (University of Southern
California School of Pharmacy). HeLa cells were transiently
transfected with 0.5 pg VEGF reporter plasmids. One-tenth
microgram of the Renilla luciferase pRL-TK plasmid was
cotransfected as an indicator for normalization of transfec-
tion efficiency. Afterward, cells were pretreated with
different concentrations of green tea extract or EGCG for
30 minutes followed by exposure to normoxia or hypoxia
for 24 hours. Cell lysates were subsequently assayed using
the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI).

Western Blot Analysis

The protein samples from cultured cells were prepared as
described previously (57). Western blot analyses were
carried out using specific primary antibodies against HIF-
la, VEGF, total or phosphorylated p42/p44 mitogen-
activated protein kinases (Thr?®?/ Tyr204) or Akt (Ser'”®),
phosphorylated p70°®!, or phosphorylated 4E-BP1 fol-
lowed by incubation with a horseradish peroxidase-—
conjugated secondary antibody (1:2,000). The signals were
visualized by the enhanced chemiluminescence detection
system. As a loading control, the blots were reprobed with
a specific antibody against human p-actin (1:4,000).

Reverse Transcription-PCR Analysis for HIF-1a and
VEGF mRNA Levels

Total RNA was isolated from cancer cells using Trizol
reagent (Invitrogen). Reverse transcription-PCR (RT-PCR)
analysis of HIF-1a, VEGF, and p-actin mRNA levels was
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done using the One-Step RT-PCR kit (Qiagen, Valencia, CA)
with primers specific to HIF-1a (forward primer 5-TCAC-
CACAGGACAGTACAGGATGC-3" and reverse primer 5'-
CCAGCAAAGTTAAAGCATCAGGTTCC-3), VEGF (for-
ward primer 5-AGGAGGGCAGAATCATCACG-3' and
reverse primer 5-CAAGGCCCACAGGGATTTTCT-3),
and p-actin (forward primer 5-TCATGAAGTGTGACGTT-
GACATCCGT-3" and reverse primer 5-CCTAGAAG-
CATTTGCGGTGCACGATG-3). All the primers were
synthesized by Microchemical Core Facility at Norris
Comprehensive Cancer Center of University of Southern
California.

ELISA for VEGF Production

VEGF production in the conditioned medium was
assayed with Quantikine Human VEGF ELISA kit (R&D
Systems, Inc., Minneapolis, MN) according to the manu-
facturer’s protocols. Results were normalized to cell count
(1 x 10°).

Cell Migration Assay

The cell migration kit (Chemicon, Temecula, CA) was
used according to the manufacturer’s protocol. HeLa cells
were added to the inner chamber of the insert in 300 uL
serum-free medium. Medium (500 pL) with or without 10%
FBS was added to the lower chamber. To determine the
effect of green tea extract or EGCG on cell migration,
80 pg/mL green tea extract or 100 umol/L of EGCG was
added to the lower chamber followed by incubating under
normoxia or hypoxia for 48 hours at 37°C. The non-
migrating cells and the collagen gel from the interior side of
the inserts were gently removed using a cotton-tipped
swab. The cells that migrated through the gel insert to the
lower surface of the membrane were stained and photo-
graphed using a computer imaging system.

Cell Viability Assay

HeLa or HepG2 cells were plated in 96-well plates (10*
per well) with or without serum starvation for 24 hours and
subsequently treated with different concentrations of green
tea extract and EGCG under normoxia or hypoxia for 24
hours. Viable cells were determined using 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide Assay
kit (Chemicon) according to the manufacturer’s instruc-
tions.

Statistical Analysis

Data are presented as mean +SD for three separate
experiments. One-way ANOVA and Bonferroni were
employed for statistical analysis using SPSS 11.0 for
Windows software. P < 0.05 was considered statistically
significant.

Results

Green Tea Extract and EGCG Inhibited Hypoxia-
Induced HIF-1a Protein Accumulation and VEGF
Expression in HeLa and HepG2 Cells

Most recently, two independent studies have reported
that (—)-epicatechin-3-gallate and EGCG, two major com-
ponents in green tea, induce HIF-1 activation and protein
stabilization in T47D human breast carcinoma cells (62) and
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PC-3 prostate cancer cells (63), respectively. These results
have somewhat compromised the intended anticancer
activity of green tea extracts and catechins and thus
prompted us to test the effect of green tea extract and
EGCG on HIF-1a expression in other cancer cells. To this
end, we examined the effects of green tea extract and EGCG
on hypoxia-induced HIF-la expression in HeLa and
HepG2 cells. Our results showed that under normoxic
conditions neither green tea extract nor EGCG had any
obvious effect on HIF-la protein accumulation in both
types of cancer cells (Fig. 1A and C). On the contrary,
pretreatment of HeLa and HepG2 cells with green tea
extract or EGCG significantly inhibited hypoxia-induced
HIF-1a protein accumulation in a dose-dependent manner
(Fig. 1A and B and Fig. 1C and D). It has been reported that
prolonged treatment with green tea extract and EGCG can
inhibit cell growth and induce apoptosis in a variety of
cancer cells (16, 17). To rule out the possibility that the
inhibitory effect of green tea extract and EGCG on HIF-1a
protein was due to cellular toxicity, cell viability was
determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay. No obvious changes in cell
viability were observed in HeLa cells after treatment with
different concentrations of green tea extract and EGCG
under both normoxic and hypoxic conditions for 16 hours
(Fig. 1F). Similar results were obtained in HepG2 cells (data
not shown).

To determine
induced HIF-1a

whether the reduction of hypoxia-
protein accumulation by green tea

extract and EGCG was the result of transcriptional
inhibition, HIF-1a levels were determined by RT-PCR.
As shown in Fig. 1E, no apparent changes in HIF-la
mRNA levels were observed in HeLa cells after exposure
to hypoxia for 16 hours. Treatment of HeLa cells with
different concentrations of green tea extract or EGCG did
not alter HIF-la« mRNA expression under both normoxic
and hypoxic conditions (Fig. 1E). Similar results were
obtained in HepG2 cells under the same experimental
conditions (data not shown). These results suggest that
green tea extract and EGCG decreased hypoxia-induced
HIF-1a protein accumulation via a post-transcriptional
mechanism.

VEGEF is an immediate downstream target gene of HIF-1a
and plays a critical role in tumor angiogenesis (64). To
determine whether green tea extract and EGCG can inhibit
hypoxia-induced VEGF expression in HeLa cells, VEGF
protein secretion in the conditioned medium and mRNA
levels were determined by ELISA and RT-PCR, respective-
ly. Our results showed that green tea extract and EGCG
suppressed hypoxia-induced VEGF protein production and
mRNA expression in a dose-dependent manner in HeLa
cells (P < 0.01; Fig. 2A and B and Fig. 2C). To further
confirm the effects of green tea extract and EGCG on VEGF
transcriptional activation, HeLa cells were transiently
transfected with a luciferase reporter plasmid (pGL2-Luc)
harboring human VEGF promoter region (—1,175/+336)
followed by treatment with various doses of green tea
extract or EGCG for 16 hours. Our results indicated that the
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Figure 1.

Green tea extract and EGCG inhibit hypoxia-induced HIF-1a protein accumulation in HeLa and HepG2 cells. A, C, and E, HeLa and HepG2 cells

were pretreated for 1 h with different concentrations of green tea extract (GTE) or EGCG in normal culturing conditions followed by exposure to normoxia
or hypoxia (1% 0,) for 16 h. HIF-1a protein and mRNA levels were determined by Western blot analysis (A and C) and RT-PCR (E), respectively. B and D,
densitometry analyses of A and C. The relative density ratio of HIF-1a protein band to B-actin with nontreatment under normoxia was arbitrarily set as 1.0.
F, Hela cells were treated with various concentrations of green tea extract or EGCG for 16 h under both normoxic and hypoxic conditions and cell viability
was assayed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method. Representative of three independent experiments. Columns,

mean percentage of viable cells from three replicate experiments; bars, SD.
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Figure 2. Green tea extract and A Hypoxia - - + o+ + o+ o+ B O Normoxia M Hypoxia
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densitometry analyses of A. The
relative density ratio of VEGF mRNA
band to p-actin with nontreatment
under normoxia was arbitrarily set as
1.0. D, following transient transfec-
tion with the luciferase reporter plas-
mids (pGL2-Luc) harboring human
VEGF promoter region (—1,175/
+336), HelLa cells were pretreated
with various concentrations of green
tea extract or EGCG for 1 h and then
exposed to normoxia or hypoxia for
16 h. Luciferase activities were
assayed using the Dual-Luciferase
Assay kit. Columns, mean of three
replicate experiments; bars, SD.
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strikingly increased VEGF promoter activities induced by
hypoxia in HeLa cells were effectively suppressed by green
tea extract or EGCG in a dose-dependent manner (P < 0.01;
Fig. 2D).

GreenTea Extract and EGCG Inhibited Serum-Induced
HIF-1a Protein and VEGF Expression in HepG2 Cells

Accumulating evidence has shown that serum and some
growth factors can increase HIF-la protein expression in
several cancer cell lines (48, 65). To explore whether green
tea extract and EGCG inhibit serum-induced HIF-la
protein accumulation, HepG2 cells were cultured in
serum-free medium for 24 hours and then exposed to
10% FBS in the presence or absence of various doses of
green tea extract or EGCG for additional 16 hours. As
shown in Fig. 3A and B, the serum-induced HIF-1a protein
accumulation in HepG2 cells was robustly inhibited by
both green tea extract and EGCG in a dose-dependent
manner. There were no obvious changes in cell viability in
serum-starved HepG2 cells exposed to 10% FBS in the
presence of various doses of green tea extract or EGCG for
16 hours (Fig. 3D). These findings indicate that the decrease
in HIF-1a protein expression by green tea extract or EGCG
was not due to cellular toxicity. Similar to above findings,
HIF-la. mRNA levels were not affected in serum-starved
HepG2 cells after exposure to 10% FBS in the presence or
absence of different concentrations of green tea extract or
EGCG for 16 hours (Fig. 3C). These results indicated that
green tea extract and EGCG inhibited serum-induced HIF-
la protein accumulation through a translational and/or
post-transcriptional mechanism. Likewise, studies on
VEGF expression showed that treatment of HepG2 cells
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with green tea extract or EGCG suppressed serum-induced
VEGF expression at both mRNA and protein levels in
a dose-dependent manner (P < 0.01; Fig. 3E and F and
Fig. 3G).

Green Tea Extract and EGCG Inhibited Hypoxia-
Mediated Activation of PI3K/Akt and ERK1/2 Signaling
Pathways

Previous studies have shown that several major signal
transduction pathways, including PI3K/Akt and ERK1/2
pathways, are involved in hypoxia-induced HIF-1a protein
accumulation and its downstream target gene expression
(66). We also showed that exposure to hypoxia led to
transient activation of both ERK1/2 and Akt in HeLa cells
(Fig. 4A). To explore whether green tea extract and EGCG
can inhibit hypoxia-mediated activation of Akt and ERK1/
2 in HeLa cells, cultured cells were pretreated with various
concentrations of green tea extract or EGCG under hypoxic
condition, whereas cells pretreated with specific inhibitors
of ERK1/2 (50 pmol/L PD98059 or 50 umol/L U0126) or
specific inhibitors of PI3K (50 umol/L LY294002 or
100 nmol/L wortmannin) served as positive controls. Our
results showed that green tea extract and EGCG decreased
hypoxia-stimulated phosphorylated ERK1/2 and Akt lev-
els in a dose-dependent manner (Fig. 4B and C), which
were consistent with their inhibitory effects on hypoxia-
induced HIF-1a protein accumulation (Fig. 1A and C) and
VEGF expression (Fig. 2A and C). To further confirm
whether the activated ERK1/2 and PI3K/Akt are involved
in hypoxia-induced HIF-la protein accumulation and
transactivation, HeLa cells were transiently transfected
with pGL2-Luc-VEGF promoter. The transfected and
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nontransfected HeLa cells were pretreated with different
doses of LY294002 or PD98059 for 1 hour followed by
exposure to normoxia or hypoxia for 16 hours. Our results
showed that pretreatment of HeLa cells with LY294002 and
PD98059 dramatically suppressed both hypoxia-induced
HIF-1a protein accumulation in a dose-dependent manner
(Fig. 4D and E) and VEGF promoter activity (Fig. 4F; P <
0.01). Taken together, these results suggest that green tea
extract and EGCG inhibited hypoxia-induced HIF-1a
protein accumulation and VEGF expression, at least in
part, via blocking PI3K/Akt and ERK1/2 signaling path-
ways.

Green Tea Extract and EGCG Inhibited Hypoxia-
Induced HIF-1a Protein Expression by Promoting Its
Degradation in HeLa Cells

It has been well established that hypoxia induces HIF-1a
protein accumulation mainly by promoting its stability
rather than increasing its synthesis (66, 38—43). To explore

whether green tea extract and EGCG have any effects on
hypoxia-induced stabilization of HIF-la. protein, we ex-
posed HeLa cells to hypoxia for 16 hours followed by
treatment with cycloheximide to block ongoing protein
synthesis in the presence or absence of green tea extract or
EGCG for different periods. Our results showed that green
tea extract or EGCG dramatically promoted the degrada-
tion of hypoxia-induced HIF-1la protein (Fig. 5A, middle
and bottom, and B) compared with that treated with
cycloheximide alone (Fig. 5A, top, and B). These findings
suggested that green tea extract and EGCG decreased
hypoxia-induced HIF-1a protein levels mainly by promot-
ing its degradation. To find out whether the increased
degradation of hypoxia-induced HIF-1a protein caused by
green tea extract and EGCG was through the 26S
proteasome system, HeLa cells were incubated with
various concentrations of green tea extract or EGCG in
the presence or absence of 20 pmol/L MG132, a specific and
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Figure 3. Effects of green tea extract and EGCG on serum-induced HIF-1a protein and VEGF expression in HepG2 cells. A - C, HepG2 cells were serum

starved for 24 h followed by pretreatment with various doses of green tea extract or EGCG for 1 h in serum-free medium. Afterward, the pretreated cells
were cultured in complete medium containing 10% FBS in the presence of same doses of green tea extract or EGCG for 16 h under normoxia. HIF-1a
protein and mRNA levels were determined by Western blot analysis (A) and RT-PCR (C), respectively. B, densitometry analyses of A. The relative density
ratio of HIF-1a protein band to B-actin with nontreatment under normoxia was arbitrarily set as 1.0. D, HepG2 cells were serum starved for 24 h followed
by incubation in complete medium containing 10% FBS in the presence of various doses of green tea extract or EGCG for 16 h under normoxia, and cell
viability was assayed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method. E -G, following the same experimental procedures,
VEGF mRNA levels and protein production in the conditioned medium were determined by RT-PCR (E) and ELISA (G), respectively. F, densitometry
analyses of E. The relative density ratio of VEGF mRNA band to p-actin with nontreatment under normoxia was arbitrarily set as 1.0. Columns, mean of
three replicate experiments; bars, SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001, compared with the control.
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Figure 4. Green tea extract and EGCG inhibited hypoxia-induced activation of ERK1/2 and Akt in HeLa cells. A, time-course study on hypoxia-induced

activation of ERK1/2 and Akt in Hela cells. Following exposure to hypoxia for different periods, phosphorylated protein levels of ERK1/2 and Akt were

analyzed by Western blot. B and C, Hela cells were pretreated with different
followed by exposure to hypoxia (1% O5) for 1 h, and phosphorylated ERK1/2

concentrations of green tea extract or EGCG for 1 h in normal conditions
(B) and Akt (C) levels were analyzed by Western blot. D, Hela cells were

pretreated with various concentrations of LY294002 or PD98059 for 1 h in normal culturing conditions followed by exposure to hypoxia (1% O,) for 16 h.
HIF-1a protein levels were analyzed by Western blot. E, densitometry analyses of D. The relative density ratio of HIF-1a protein band to B-actin with
nontreatment under normoxia was arbitrarily set as 1.0. F, following transient transfection with the luciferase reporter plasmids (pGL2-Luc) harboring
human VEGF promoter region (—1,175/+ 336), HelLa cells were pretreated with various concentrations of LY294002 or PD98059 for 1 h and then exposed
to normoxia or hypoxia for 16 h. Luciferase activities were assayed using the Dual-Luciferase Assay kit. Representative of three independent experiments.

Columns, mean of three replicate experiments; bars, SD.

potent 26S proteasome inhibitor, under both normoxic and
hypoxic conditions. Our results showed that under
normoxic conditions treatment with MG132 increased both
the ubiquitinated fraction and the total HIF-la protein
levels. However, the increased HIF-la protein level
induced by MG132 could not be attenuated by green tea
extract and EGCG (Fig. 5C, top). As expected, under
hypoxic conditions, MG132 treatment further induced total

HIF-1a protein accumulation, whereas the inhibitory
effects of green tea extract and EGCG on hypoxia-induced
HIF-la protein level were abolished in the presence of
MG132 (Fig. 5C, bottom). Taken together, these results
suggest that green tea extract and EGCG promoted the
degradation of hypoxia-induced HIF-1a protein accumula-
tion possibly via the proteasome degradation pathway in
HelLa cells.
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Figure 5. Effects of green tea extract or EGCG on the degradation of hypoxia-induced HIF-1a protein in Hela cells. A, HelLa cells were exposed to

hypoxia for 16 h followed by treatment with cycloheximide (CHX; 10 pg/mL) in the presence or absence of 40 pg/mL green tea extract or 50 pmol/L EGCG
for different periods. HIF-1a protein levels were determined by Western blot analysis. B, quantitative densitometric analysis of results from A. C, Hela cells
were treated with 20 pmol/L MG132 for 30 min and cultured in the presence of different concentrations of green tea extract or EGCG for 6 h under
normoxic (top) or hypoxic (bottom) conditions. Western blot was done to determine HIF-1a protein levels. Representative of three independent

experiments.
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Figure 6. Effects of green tea extract and EGCG on serum-stimulated activation of ERK1/2 and Akt and phosphorylation of p70S6K and 4E-BP1 in

HepG2 cells. A, after serum starvation for 24 h, HepG2 cells were cultured in complete medium for different periods, and phosphorylated protein levels of
ERK1/2, Akt, p70S6K, and 4E-BP1 were analyzed by Western blot. B, after serum starvation for 24 h, HepG2 cells were pretreated with different
concentrations of green tea extract or EGCG for 1 h in serum-free conditional medium followed by incubation in complete medium in the presence of the
same doses of green tea extract or EGCG for 1 h. Phosphorylated ERK1/2, Akt, p70S6K, and 4E-BP1 levels were analyzed by Western blot. C-F, after
serum starvation for 24 h, HepG2 cells were pretreated with various concentrations of PD98059, LY294002, or rapamycin for 1 h in serum-free conditional
medium followed by incubation in complete medium for 16 h. HIF-1a protein levels were analyzed by Western blot (C and E). D and F, densitometry
analyses of C and E. The relative density ratio of HIF-1a protein band to p-actin with nontreatment under normoxia was arbitrarily set as 1.0.

Representative of three independent experiments.

GreenTea Extract and EGCG Inhibited Serum-Induced
HIF-1a Protein Expression by Interfering with PI3K/
Akt/Mammalian Target of Rapamycin Signaling Path-

way in HepG2 Cells

Previous studies have shown that growth factors and
serum-stimulated activation of PI3K/Akt and ERK1/2
signaling pathways play an important role in their up-
regulation of HIF-1a protein accumulation (65, 67). In the
present study, we also found serum greatly increased
phosphorylated ERK1/2 and Akt levels in HepG2 cells
(Fig. 6A). We next examined whether green tea extract
and EGCG affected serum-induced activation of Akt and
ERK1/2. The pretreatment of HepG2 cells with green tea
extract or EGCG resulted in a dose-dependent decrease
in the phosphorylated Akt levels but had no obvious
inhibitory effect on ERK1/2 activation (Fig. 6B), which
paralleled their similar inhibitory effects on serum-
induced HIF-la protein expression in HepG2 cells
(Fig. 3A). To further confirm our findings, we pretreated
serum-starved HepG2 cells with various doses of
LY294002 or PD98059 followed by exposure to 10% FBS
for 16 hours. Our results showed that serum-induced
HIF-lo protein accumulation was greatly inhibited by
LY294002 but only slightly inhibited by PD98059 (Fig. 6C
and D). Collectively, these results suggested that the
inhibitory effect of green tea extract and EGCG on
serum- or growth factor—induced HIF-la protein expres-
sion was due to the inhibition of PI3K/Akt activation in

HepG2 cells.

Previous studies have shown that serum- and growth
factor—mediated activation of PI3K/Akt is essential to
regulate HIF-la protein synthesis via phosphorylating
protein translational regulators, including p70°°' and 4E-
BP1 (52, 53, 67). Next, we investigated whether green tea
extract and EGCG affected the protein translational
machinery. Our results showed that serum obviously
stimulated the phosphorylation of both p70°°' and 4E-
BP1 in HepG2 cells (Fig. 6A). Treatment of cells with green
tea extract or EGCG inhibited serum-induced phosphory-
lation of p70S6K1 and 4E-BP1 (Fig. 6B), paralleled to similar
inhibitory effects on serum-induced HIF-1a protein expres-
sion (Fig. 3A). Rapamycin is a specific inhibitor of
mammalian target of rapamycin (mTOR), which has been
reported to phosphorylate and activate p70°°*! and 4E-BP1
(68, 69). To explore whether mTOR contributes to the
pathways, we pretreated HepG2 cells with rapamycin and
found it strikingly inhibited serum-induced HIF-1a protein
expression (Fig. 6E and F). Taken together, these results
indicated that green tea extract and EGCG affected protein
translational machinery, thus contributing to their inhibi-
tory effects on serum-induced HIF-1a protein expression.

Effects of GreenTea Extract and EGCG on the Migra-
tion of Hela Cells

Recent studies have shown that hypoxia has stimulatory
effects on cancer cell invasion and migration (55, 70). To
investigate whether green tea extract and EGCG suppress
hypoxia-induced cancer cell migration, an in vitro cell
migration assay was done. As shown in Fig. 7, 10% FBS
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obviously stimulated HeLa cell migration compared with
the serum-free condition (Fig. 7B versus Fig. 7A). The
chemoattractant migration of HeLa cells was significantly
decreased in the presence of 80 ug/mL green tea extract or
100 pmol/L EGCG (Fig. 7C and D). Exposure to hypoxia for
48 hours potently promoted the 10% FBS-stimulated
migration of HeLa cells (Fig. 7F versus Fig. 7B), and the
hypoxia-induced migration of Hela cells was drastically
inhibited by treatment with 80 pg/mL green tea extract or
100 pmol/L of EGCG (Fig. 7G and H). These results
indicated that both green tea extract and EGCG had
inhibitory effects on chemoattractant- and hypoxia-stimu-
lated migration of HeLa cells.

Discussion

Solid tumors cannot grow beyond 2 to 3 mm in diameter
without the capability to recruit their own blood supply
through new blood vessel formation (angiogenesis). There-
fore, the growth and metastasis of tumors are strictly
dependent on angiogenesis (32). As one of the principal
mediators of tumor angiogenesis (64), VEGF can be
potently stimulated by hypoxia via the major hypoxia-
responsive transcription activator, HIF-1a (45, 61, 66). Up to
date, accumulating evidence indicates that HIF-1la./ VEGF
can be a potential promising target for the antiangiogenic
therapy of cancer.

Numerous experimental studies have shown that green
tea extract and EGCG have antiangiogenic effects in
several tumor angiogenic models (8-10), and the under-
lying mechanisms seemed to be associated with their
inhibitory effects on VEGF production and VEGF receptor
activity (5, 7, 33—37). Most recently, Basini et al. reported
that treatment with EGCG decreased VEGF production

0% FBS

10% FBS 10% FBS+GTE 10% FBS+EGCG

Normoxia

Hypoxia

Figure 7. Effects of green tea extract and EGCG on the migration of
HelLa cells. Cancer cells (5 x 10* per well) were seeded in 300 uL serum-
free medium on the interior side of inner chambers containing a
polycarbonate membrane of 8-um pore size and a thin layer of rehydrated
collagen. Medium (500 pL) with or without 10% FBS was added to the
lower chamber. Then, the cells were cultured at 37°C for 48 h under
normoxia (A -D) or hypoxia (E-H) in the absence or presence of 80 pg/
mL green tea extract (C and G) or 100 umol/L EGCG (D and H). The cells
that migrated from the upper to the lower surface of the membrane were
stained and photographed using a computer imaging system. Represen-
tative of three independent experiments.
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induced by mild (5% O;) and severe (1% O,) hypoxia in
swine granulosa (36). However, the mechanism of green
tea extract-mediated or EGCG-mediated reduction of
VEGF expression has not been fully understood. In this
study, we showed for the first time that green tea extract
and EGCG significantly inhibited hypoxia- and serum-
induced HIF-1a protein accumulation (Figs. 1 and 3) and
the corresponding VEGF expression at both mRNA and
protein levels in HeLa and HepG2 cells (Figs. 2 and 3).
Our results also indicated that green tea extract and
EGCG function to suppress hypoxia-mediated increase in
VEGF promoter activity (Fig. 2D), which harbors hypoxia-
responsive elements and can be transactivated by HIF-1a.
These findings suggest that the suppression of hypoxia-
induced VEGF expression by green tea extract and EGCG
was due to, at least in part, their inhibitory effects on HIF-
la transactivation of VEGF gene in HeLa cells. However,
it is noteworthy that in a recent study Zhou et al. reported
that (—)-epicatechin-3-gallate (1-100 pmol/L), another
major green tea catechin, activated HIF-la and VEGF
expression in T47D human breast carcinoma cells,
whereas EGCG showed minor effect (62). Similarly,
Thomas and Kim reported that treatment of prostate
cancer cells with EGCG (20-40 pg/mlL, 43.6—87.3 pmol/L)
led to an increase in HIF-la protein level and HIF-1-
mediated gene transcription even under normoxic con-
ditions (63). These findings together with our present data
suggest that the different effects of green tea extract and
tea catechins on HIF-la expression and its downstream
transcriptional activity are unique to the cancer cell type
and probably the specific tumor targets. Of significant
observation are the facts that both cancer cells used in this
study, HeLa and HepG2, were initially derived from
human cervical and hepatocellular cancers, respectively,
with possibility of a viral-associated carcinogenesis. We
are in the process to screen other infection-associated
cancer cells to delineate the potential chemopreventive
and antitumor effect of green tea extract and catechins
and their underlying mechanisms.

In the present study, we also found that neither hypoxia
nor serum stimulation had any obvious effects on HIF-1a
mRNA expression, and treatment with green tea extract or
EGCG did not affect HIF-la« mRNA levels in both HeLa
and HepG2 cells (Fig. 1E and Fig. 3C), suggesting that
green tea extract and EGCG inhibited HIF-la protein
expression through a post-transcriptional mechanism (i.e.,
by affecting HIF-1a protein synthesis and/or degradation).
Under hypoxic conditions, HIF-1a protein stabilizes and
accumulates dramatically due to an inhibitory effect on its
own degradation (41-43). Our results showed that green
tea extract and EGCG significantly promoted the degrada-
tion of hypoxia-induced HIF-la protein accumulation in
HelLa cells (Fig. 5A and B), and their inhibitory effects on
hypoxia-induced HIF-1a protein expression were abolished
in the presence of MG132 (Fig. 5C). These results suggest
that green tea extract and EGCG suppressed hypoxia-
induced HIF-1a protein accumulation in HeLa cells mainly
by promoting its degradation via the 26S proteasome

Mol Cancer Ther 2006;5(5). May 2006

1235

£20Z Ae 81 uo 1senb Aq ypd°/2Z1/262€281/.221L/S/SPA-a0meA0W/BI0"s|euInofioee//:dny woy papeojumoq



1236 Green Tea Extract and EGCG Inhibit HIF-1o. and VEGF

system. On the contrary, Thomas and Kim recently
reported that EGCG inhibits prolyl hydroxylation of
HIF-1a protein in prostate cancer cells by preventing its
degradation (63). The apparent contradictory effect of
EGCG on HIF-1a protein stability remains to be elucidated.
Further studies are in progress to clarify why green tea
extract and EGCG exert different effects on HIF-la
stabilization in different cancer types.

Studies to date have shown that multiple signaling
pathways are involved in the regulation of hypoxia-
induced HIF-1a protein stabilization and transactivation
(66). To further define the signaling mechanisms by which
green tea extract and EGCG inhibited hypoxia-induced
HIF-1a protein accumulation, we next examined the effects
of green tea extract and EGCG on the activation of PI3K/
Akt and ERK1/2 pathways in HeLa cells in response to
hypoxia. Our findings indicated that both green tea extract
and EGCG significantly inhibited hypoxia-mediated acti-
vation of ERK1/2 and Akt in HeLa cells (Fig. 4B and C),
which was consistent with their inhibitory effects on
hypoxia-induced HIF-la protein accumulation and VEGF
expression (Fig. 1A and C and Fig. 2A and C). Treatment of
HeLa cells with LY294002 or PD98059 led to a dose-
dependent inhibition of hypoxia-induced HIF-la protein
accumulation and VEGF promoter activity (Fig. 4D and F).
Collectively, these findings suggested that green tea extract
and EGCG inhibited hypoxia-induced HIF-la protein
accumulation via blocking the activation of PI3K/Akt and
ERK1/2 signaling pathways.

An increasing body of evidence indicates that induction
of HIF-1a protein expression by the activation of certain
oncogenes and growth factors is due to an increase in HIF-
la protein synthesis, whereas the PI3K/Akt/mTOR sig-
naling pathway plays a critical role (48-53). We next
explored the effect of green tea extract and EGCG on HIF-
la protein translational machinery. It is well known that
eukaryotic initiation factors and p70°°! play a crucial role
in the regulation of the protein translation. The full
activation of p7056K1, a downstream target of PI3K,
depends on mTOR activity. Eukaryotic initiation factors
phosphorylate the S6 ribosomal protein of the 40S subunit
of the ribosome and stimulate the translation of mRNAs
with a 5"-oligopyrimidine tract (68, 69). On the other hand,
eukaryotic initiation factor 4E is the key enzyme for cap-
dependent initiation of protein translation, whose functions
are mainly regulated by 4E-BP1 that can also be phosphor-
ylated by mTOR and other unidentified kinases (68). Recent
studies showed that expression of eukaryotic initiation
factor 4E was sufficient to elevate HIF-lo protein levels
under normoxia (47). Herein, we found that treatment with
green tea extract or EGCG led to a dose-dependent
decrease in serum-induced phosphorylation of Akt,
p7056K1, and 4E-BP1 in HepG2 cells but had no inhibitory
effect on ERK1/2 activation (Fig. 6B). Consistently, treat-
ment of HepG2 cells with LY294002 or rapamycin, a
specific inhibitor of mTOR, drastically inhibited serum-
induced HIF-la protein accumulation, but only a slight
inhibitory effect was observed after treatment with

PD98059 (Fig. 6C and E). Taken together, our findings
suggested that green tea extract and EGCG inhibited
serum- or growth factor—-induced HIF-1a protein synthesis
via interfering with PI3K/Akt/mTOR signaling pathway
and translational machinery.

HIF-1a overexpression, as a result of either intratumoral
hypoxia or genetic alterations, has been found in several
human cancer biopsies at the invading tumor margins
(58-60). Previous studies have shown that green tea extract
and EGCG have potential inhibitory effects on cancer cell
migration and invasion in several tumor models (4, 12-15).
In the present study, we have shown that green tea extract
and EGCG significantly inhibited chemoattractant- and
hypoxia-simulated migration of HeLa cells (Fig. 7), which
could be attributed to its potent inhibitory effects on
hypoxia- and serum-induced HIF-1a protein accumulation
in cancer cells. Additional studies are under way to identify
the associated genes that are directly or indirectly involved
in green tea extract— or EGCG-regulated cancer cell migration
in response to hypoxia and/or HIF-1a overexpression.

In summary, in this study, we have shown, to our
knowledge for the first time, that green tea extract and
EGCG inhibited hypoxia- and serum-induced HIF-la
protein accumulation and VEGF expression in HeLa and
HepG2 cells via promoting HIF-la protein degradation
and/or interfering with protein translational machinery
and thus provided a novel mechanism for the antiangio-
genic action of green tea extract and EGCG.
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