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Human and animal studies have shown that green tea consumption is associated with a reduced risk
of some cancers. This has been attributed to its polyphenol components, in particular (—)-epigalloca-
techin gallate (EGCG). In addition to be a cancer chemopreventive agent, EGCG inhibits angiogene-
sis, thus reducing tumor growth and metastasis. We tested EGCG modulation on the gene expression
profile of endothelial cells stimulated by VEGF using Affymetrix microarrays. A total of 421 genes
were up-regulated and 72 genes were down-regulated at the false discovery rate of 5% by VEGE,
EGCG, and EGCG pretreatment followed by VEGF stimulation. The changes in the expression of
several pivotal genes were validated by real-time PCR. Furthermore, we have identified two signaling
pathways (Wnt and Id) involved in cell proliferation were inhibited by EGCG treatment, suggesting
the negative regulation of EGCG on cell proliferation. Our results also indicate that the antiangiogen-
esis effect of EGCQG is partially mediated through its broad inhibition on endothelial cell proliferation.
Our data further support earlier observations that the anticancer effect of EGCG is mediated through
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changes in the expression of genes that are associated with cell proliferation.
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1 Introduction

Epidemiological studies have shown that the consumption
of green tea is associated with reduced risk of some cancers
including gastric, esophagus, and pancreas [1—4]. Studies
in animal models and in vitro cell culture system also sug-
gest that green tea and green tea extract inhibit the develop-
ment and progression of skin, lung, mammary gland, and
gastrointestinal tumors [5, 6]. Although the protective
mechanisms of green tea have not been fully elucidated, it
has been proposed that green tea extract inhibits cell prolif-
eration and causes cell apoptosis in vitro by modulating sig-
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nal transduction [7]. The protective effect of green tea has
been attributed to the biological activities of its polyphenol
catechins content, in particular (—)-epigallocatechin gallate
(EGCG), the major constituent in green tea extract, which
has been shown to have significant antiproliferative and
anticarcinogenic properties [8].

In addition to antiproliferative effects, green tea has been
shown to inhibit tumor invasion and angiogenesis [9],
which are the crucial steps for the growth and metastasis of
all solid tumors. Angiogenesis, the formation of new blood
vessels from the existing vessels, is involved in physiologi-
cal processes such as wound healing as well as in patholog-
ical processes such as tumor growth and atherosclerosis
[10, 11]. We and others have shown that EGCG inhibits tub-
ular structure formation of endothelial cells in culture via
modulation of vascular endothelial growth factor (VEGF)
signaling, including phosphorylation of VEGF receptor and
vascular endothelial (VE)-cadherin, disruption of VEGF-
induced VE-cadherin/B-catenin complex, and inhibition of
Akt phosphorylation and IL-8 production [12, 13]. It has
been reported that the anticancer activity of EGCG is also
associated with the inhibition of invasion by suppressing
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the activity of urokinase [14, 15] or the matrix metallopro-
teinases (MMPs) [16]. Thus, it appears that green tea
EGCG may contribute to cancer prevention by reducing
cell proliferation, tumor cell migration, and invasion, and
by inhibiting angiogenesis. In order to gain further insights
to the understanding of metabolic pathways that are
affected by EGCG, we tested the effect of EGCG on genes
expression in endothelial cells using Affymetrix micro-
arrays system, which enabled us to analyze the signaling
pathways modulated by EGCG based on changes in mRNA
expressions.

2 Materials and methods

2.1 Cell culture

Human umbilical vein endothelial cells (HUVECs) were
purchased from Cambrex (Walkersville, MD). Cells from
passage 6 were grown in 100 mm Petri dishes. The cells
were maintained with 2% fetal bovine serum (FBS) using
certified EBM-2 medium supplemented with growth factor
kit (EGM-™2 SingleQuots, Cambrex), which provides
optimal condition for HUVEC proliferation. At 70% con-
fluency, cells were supplemented with or without EGCG
extracted from tea polyphenol fraction (LKT Laboratories,
MN), 20 uM in DMSO for 24 h. DMSO final concentration
in medium was 0.02%. Each treatment was performed as
triplicate; 3 for control, 3 for EGCG, 3 for VEGF, 3 for
EGCG + VEGF. We set up two sets of culturing dishes. The
viability of the cells was around 95% during the treatment
as measured by Trypan blue on one set of the dishes (data
not shown). Since Abe and Sato [17] showed a very active
gene expression profile following 30 min stimulation of
HUVEC with VEGF, we therefore chose to stimulate
HUVEC with 50 ng/mL VEGF for 30 min. Then the cells
were washed and harvested for RNA extraction.

2.2 Measurement of cell proliferation

HUVECSs were grown in 6-well plates up to 70% conflu-
ency. EGCG at concentrations of 5, 10, 20 uM and VEGF
(final concentration 50 ng/mL) were added into the cells
culture medium and cells were incubated for 24 h. The cells
were trypsinized and cell suspension was prepared in
0.5 mL. Nine microliter was applied to hemocytometer and
cell numbers per well were determined.

2.3 Invitro angiogenesis assay

Twenty-four-well plates were coated with ice-cold growth
factor-reduced Matrigel (250 pL/well; BD, MA). It was
allowed to polymerize at 37°C for 30 min. Thereafter,
I mL of a suspension of HUVEC (2 x 10° cells/mL),
which had been treated with DMSO or 20 pM EGCG in
DMSO for up to 24 h, was seeded onto the Matrigel as
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described previously [18]. The cells were maintained in
EBM-2 medium for 48 h in the presence or absence of
VEGF (50 ng/mL). Tube formation was assessed after 48 h
and quantified by determining the average length of total
tubes and number of branching points in three randomly
selected fields [18].

2.4 RNA extraction and preparation of biotin-
labeled cRNA for genechip analysis

RNA was extracted from cells subjected to the different
treatments using the RNeasy Mini Kit (Qiagen, Valencia
CA) according to the manufacturer's protocol. Each experi-
mental treatment was carried out in triplicate; 3 for control,
3 for EGCG, 3 for VEGF, 3 for EGCG + VEGF. Total 12
treated RNA went through hybridization. An aliquot of
RNA from each culture dish was used on one RNA chip to
do Microarray analysis. cDNA was synthesized from 5 pg
total RNA by SuperScript reverse transcriptase (Invitrogen,
Carlsbad, CA). Then biotin-labeled cRNA was synthesized
from cDNA with in vitro transcription. The cRNA samples
were fragmented and hybridized to human U133A Array
GeneChip (Affymetrix, Santa Clara, CA) in the 45°C oven
overnight, at 60 rpm. Microarrays were washed and stained
according to the protocol provided by the manufacturer.
The arrays were scanned using Agilent confocal laser scan-
ner (Affymetrix) and analyzed using Affymetrix 5.0 soft-
ware (Affymetrix).

2.5 Data analysis of Affymetrix microarrays

Affymetrix Human U133A Array contains 22 283 human
probe sets. Each gene on the array is represented by a probe
set consisting of 11 perfect match (PM) and 11 mismatch
(MM) probe pairs. The quantitative estimate of expression
of each probe set is the Signal (Sig) metric. Sig is computed
using the One-Step Tukey's Biweight Estimate, which gives
the weighted mean of the log (PM-MM) intensities for each
probe set (Affymetrix Microarray Suite, Version 5.0). All
microarrays were scaled to the same target signal using the
“All Probe Sets” scaling option. A detection call (present,
marginal or absent) is also given for each probe set. Only
those genes that, (i) had signal over 25 (the mean intensity
of all probe sets that had “absent” call), and (ii) were called
“Present” or “Marginal” in at least two of three replicates
were included for statistical analysis. We used a Bayesian
framework z-test (CyberT) [19] to identify genes that show
differential expression among the control and treatments.
The CyberT statistic models the SD as the function of signal
intensity for each probe set using Bayesian framework. This
approach was regarded as the most robust method to ana-
lyze Affymetrix microarray gene expression data [20]. Fur-
thermore, we corrected p-values from the Bayesian frame-
work t-test for multiple tests using a false-discovery rate of
5% (Q-values < 0.05) criterion for significance [21].
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2.6 Gene ontology and pathway analysis

We used the GenMapp 2.0 and MappFinder 2.0 software
package (www.GenMapp.org) [22, 23] for Gene Ontology
(GO) and pathway analysis. These resources contain most
updated GO terms from GenMapp archives (www.Gen-
Mapp.org) and available pathways from KEGG (www.ge-
nome.jp/kegg) [24], as well as contribution of GenMapp
users for humans. All the 8400 genes that were detectable in
gene expression and their Q-values were imported into the
programs, and linked to the GO hierarchy and pathway pro-
files. GO in GenMapp program allows all measured genes
to be organized into hierarchies in three aspects of their bio-
logical functions: biological processes, cellular compo-
nents, and molecular functions. Each hierarchy is structured
in multiple levels of parent—child relationships between its
terms. For each GO node, MappFinder calculated the per-
centage of the genes that met the user-defined criterion
(Q =< 0.05) among all the measured genes. We determined
which GO terms and pathways (MAPP) were significantly
over-represented by the set of significant genes by comput-
ing Z-scores. Z-scores were computed by subtracting the
expected number of genes in a GO term (or MAPP), meet-
ing the criterion from the observed number of genes, div-
ided by the SD of the observed number of genes. A GO
term or pathway with a Z-score greater than 1.96 (p < 0.05)
was considered to be statistically significant and of poten-
tial biological importance. GO terms describing fewer than
two genes that met the user-defined criteria were not con-
sidered here as they were either too specific or too general
[23]. The filtered list of high Z-score GO terms was further
annotated manually, to avoid redundant GO terms. When
both a parent and a child GO term were presented in the list,
the parent term was removed if its presence was due entirely
to the genes meeting the criteria for the child term.

2.7 Validation of gene chip data by real time PCR

The aliquot of total RNA from microarray analysis was
used to validate selected number of responsive genes. The
first strand cDNA synthesis was performed with the Super-
Script II reverse transcriptase (Invitrogen) by using 1 pg
total RNA. The target mRNA levels were determined by
TagMan real-time RT-PCR using the ABI prism 7700
Sequence Detection System (Applied Biosystems, Foster
city, CA) and the Ct method: the fold of suppression =
2 Cilcontroly-Ciltreatment) ' The TagMan probe consisted of an oligo-
nucleotide with a 5’ reporter dye (FAM) and a downstream
3" quencher dye (NFQ). The reactions were performed on
plates using adhesive seals as covers. TagMan RT-PCR
master mix Reagent kit (Applied Biosystems) in a total vol-
ume of 20 pL consisted of 3 mM MgCl,, 0.2 mM/each
dNTP, 200 nM probe, primers, and 1.25 U Amplitaq Gold.
The PCR was programmed as follows: initial denature at
95°C for 10 min followed by 95°C for 15 s, 60°C for 1 min,
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Figure 1. The inhibitory effect of doses of EGCG with and
without VEGF-stimulation on HUVEC proliferation. HUVECs
were cultured in 6-well plate until 70% confluent. Cells were
incubated with or without 5, 10, and 20 uM EGCG in culture
medium for 24 h, then stimulated with or with out 50 ng/mL
VEGF for 24 h. The HUVEC proliferation rate was determined
by thymidine incorporation assay. Data are mean + SEM of
duplicates per treatment. *p < 0.05 compared to con-
trol(DMSO) group. **p < 0.05 compared to DMSO plus VEGF
treated group.

cycled 40 times. Each target was amplified in triplicates.
The standard curve was constructed with serial dilutions of
untreated endothelial cell RNA. A housekeeping gene
[B-actin was used as a reference for all of the samples. The
primers were purchased from Applied Biosystems. They
are premade primers and the catalog numbers are as fol-
lows: Hs00156507_m1(CENPE), Hs00357821_gl(ID1),
Hs001 83740_m1(DKK1), Hs99999903_mI(beta-actin).
Tryptophanyl-tRNA synthetase (TrpRS): forward primer:
GCATGTAGGTCACCTCATTCCATTT, reverse primer:
GACCAAGGGCACGTTAAATACATC, probe: CTGGA-
GCCACTTTGTG.

3 Results and discussion

3.1 Endothelial cell growth response to EGCG
treatment

3.1.1 Cell proliferation

Cell proliferation modulated by EGCG preincubation was
measured with and without VEGF stimulation. EGCG pre-
incubation with and without VEGF stimulation dose-
dependently inhibited HUVEC proliferation (Fig. 1).

3.1.2 Invitro angiogenesis

Endothelial cells growing on Matrigel coated plates showed
tube formation, which represented the angiogenesis
capacity of endothelial cells in vivo. The cells without
VEGF stimulation, due to the presence of some growth fac-
tor in Matrigel, showed formation of tubes. VEGF stimula-
tion increased tube formation by 15%. Both stimulated and
unstimulated tube formations (mean length and numbers of
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Figure 2. The inhibitory effect of EGCG on angiogenesis of
HUVEC on Matrigel. HUVECs were cultured until 70% conflu-
ent. Cells were preincubated with or without 20 uM EGCG for
24 h. Then the cells were seeded on 24-well plates coated
with growth factor reduced Matrigel and stimulated with or
without 50 ng/mL VEGF for 48 h (see Section 2). Tube forma-
tions by endothelial cells on Matrigel were observed and pho-
tomicrographs of three random fields were taken after 48 h.
(A) Control (DMSO); (B) 20 uM EGCG; (C) 50 ng/mL VEGF;
(D) 20 uM EGCG + 50 ng/mL VEGF.

Table 1. Total numbers of genes that have been regulated by
EGCG and VEGF

Treatment Up-regulated Down-regulated
Ip=<0.05 "0=<0.05 p=005 Q<005

EGCG vs. control 529 14 492 14

VEGF vs. control 710 291 638 51

EGCG + VEGF vs. VEGF 372 0 325 0

EGCG + VEGF vs.EGCG 425 116 257 7

Total 2036 421 1712 72

a) p values were calculated based on Bayesian framework
t-test [19].

b) Q-value was estimated using Q-value software [21] at the
false discovery rate of 5%.

branches of tubes in three random fields under the micro-
scope) were inhibited by preincubation of endothelial cells
with EGCG (20 pM) for 24 h (Figs. 2 and 3).

3.2 Gene expression responses to EGCG
treatment in endothelial cells

Human U133A microarray contains 14500 well-character-
ized human genes, of which the expressions of 8400 genes
were detected from endothelial cells in our experiment. A
total of 421 genes were up-regulated and 72 genes were
down-regulated (Q < 0.05) by VEGF, EGCG, and EGCG
pretreatment followed by VEGF stimulation (Table 1). We
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Figure 3. Quantification of total length of tubes and numbers
of branches formed by HUVEC on Matrigel. HUVECs were
cultured until 70% confluent. Cells were preincubated with or
without 20 uM EGCG for 24 h. Then the cells were seeded on
24-well plates coated with growth factor reduced Matrigel and
stimulated with or without 50 ng/mL VEGF for 48 h (see Sec-
tion 2). Tube formations by endothelial cells on Matrigel were
observed and photomicrographs of three random fields were
taken after 48 h. The mean number of tube branches and
length of tubes formed after 48 h in each field were counted.
(A) The mean number of tube branches; (B) The mean num-
ber of tube length measured. Data are mean + SEM, n= 3 per
treatment. *p < 0.05 compared to DMSO control group, **p <
0.05 compared to DMSO plus VEGF treated group.

were specifically interested in the genes and functions that
were affected by EGCG treatments, in particular, when cells
were stimulated with VEGF.

3.2.1 The effects of VEGF on endothelial cells

VEGF at the concentrations of 50 ng/mL or more has been
used to investigate angiogenesis in cell culture systems [25,
26]. In our previous studies, we have also used 50 ng/mL of
VEGEF in vitro to determine its mechanism of action on
angiogenesis [27] To be consistent, we decided to use the
same concentration of VEGF in the present study, which
altered the expression of more than 350 genes in HUVECs
within 30 min (Supporting Information Part 1). This effect
of VEGF is mediated through specific binding to its recep-
tors; VEGFR-1 (Flt-1) and VEG FR-2 (KDR/FI k-1) on
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Table 2. GO categories over-represented in probe sets significant for VEGF vs. control

GOID GO name? Number changed/number Z-Score p-Value
measured (% changed)
Biological Process
7250 Activation of NF-kappaB-inducing kinase 2/7 (28.6) 3.563 0.035
1525 Angiogenesis 4/25 (16.0) 3.870 0.001
6916 Antiapoptosis 10/52 (19.25) 5.486 0.002
19722 Calcium-mediated signaling 2/7 (28.6) 3.563 0.026
7050 Cellcycle arrest 7/42 (16.7) 4.584 <0.001
1709 Cell fate determination 2/5 (40) 7.637 <0.001
7267 Cell—cell signaling 17/92 (18.5) 5.691 <0.001
6935 Chemotaxis 9/37 (24.3) 7.571 <0.001
30574 Collagen catabolism 2/7 (28.6) 3.563 0.022
7253 Cytoplasmic sequestering of NF-kappaB 2/3(66.7) 5.886 0.003
6959 Humoral immune response 2/13(15.4) 2.306 0.029
188 Inactivation of MAPK activity 3/11 (27.3) 4.236 0.004
50930 Induction of positive chemotaxis 2/2 (100) 7.345 0.001
6954 Inflammatory response 6/61(9.8) 3.656 0.003
7229 Integrin-mediated signaling pathway 4/26 (15.4) 3.249 0.013
7259 JAK-STAT cascade 2/13(15.4) 2.871 0.034
30216 Keratinocyte differentiation 2/3(66.7) 5.886 <0.001
7638 Mechanosensory behavior 2/3(66.7) 5.886 0.003
7517 Muscle development 4/49 (8.2) 2.692 0.019
7422 Peripheral nervous system development 2/3(66.7) 5.886 0.001
6470 Protein amino acid dephosphorylation 7/74 (9.5) 2.741 0.017
8277 Regulation of G-protein coupled receptor protein 3/12 (25.0) 4.001 0.007
signaling pathway
9615 Response to virus 3/21 (14.3) 2.647 0.040
9611 Response to wounding 2/8(25.0) 4.697 <0.001
1501 Skeletal development 5/33(15.2) 2.732 0.013
6366 Transcription from RNA polymerase Il promoter 10/115(8.7) 4.890 <0.001
7179 Transforming growth factor beta receptor signaling 3/14 (21.4) 2.871 0.031
pathway
1570 Vasculogenesis 2/4 (50.0) 5.002 0.011
Molecular function
8009 Chemokine activity 6/11 (54.5) 9.112 <0.001
5125 Cytokine activity 6/31(19.4) 8.820 <0.001
3677 DNA binding 19/506 (3.8) 5.322 <0.001
5355 Glucose transporter activity 2/4 (50) 5.002 0.007
8083 Growth factor activity 11/55 (20.0) 6.423 <0.001
5179 Hormone activity 5/17 (29.4) 5.346 <0.001
4879 Ligand-dependent nuclear receptor activity 2/5 (40.0) 4.308 0.002
17017 MAP kinase phosphatase activity 3/8 (37.5) 5.171 <0.001
8195 Phosphatidate phosphatase activity 2/3(66.7) 5.886 0.002
8243 Plasminogen activator activity 2/5 (40.0) 4.388 0.008
19901 Protein kinase binding 3/11 (27.3) 2.546 0.044
3707 Steroid hormone receptor activity 5/24 (20.8) 4.431 0.001
3714 Transcription corepressor activity 9/58 (15.5) 4.920 <0.001
Cellular component
5576 extracellular region 9/120 (7.5) 5.111 <0.001
5615 extracellular space 16/103 (15.5) 6.439 <0.001

a) GO terms listed met three criteria: (i) Z score =1.96, (ii) number genes with changed expression = 2, and (iii) unique GO term

only.

endothelial cells and downstream activating intracellular
signaling pathways [28].

In accordance with previous works [17, 29, 30], our study
has shown some typical regulatory effects of VEGFE. GO
term analysis identified the impact of VEGF on several bio-
logical processes including activation of NF-kB-inducing
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kinase, antiapoptosis, angiogenesis, and induction of posi-
tive chemotaxis (Table 2). Molecular functions such as che-
mokine and cytokine activities were also regulated by
VEGF enrichment in vitro (Table 2). Similarly, MAPP path-
way analysis has identified several pathways that have been
regulated by VEGF stimulation, including apoptosis, adipo-
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Table 3. Pathway analysis?

MAPP name Number changed/ Z-Score p-Value
number measured
(% changed)
EGCG vs. control
Hs_Cholesterol_Biosynthesis 3/15 (20) 8.946 <0.001
Hs_ld_NetPath_5 2/43 (4.7) 3.117 0.039
Hs_Wnt_NetPath_8 2/77 (2.6) 2.016 0.108
VEGF vs. control
Hs_Hypertrophy_model 7/19 (36.8) 5.230 <0.001
Hs_Adipogenesis 15/98 (15.3) 3.431 0.002
Hs_Cytokines_and_Inflammatory_Response_Biocarta 4/16 (25) 2.906 0.022
Hs_Apoptosis 10/73 (13.7) 2.388 0.028
Hs_Nuclear_Receptors 5/27 (18.5) 2.438 0.032
EGCG vs. EGCG + VEGF
Hs_Hypertrophy_model 5/19 (26.3) 6.265 <0.001
Hs_Cytokines_and_Inflammatory_Response_Biocarta 4/16 (25.0) 5.424 0.001
Hs_ld_NetPath_5 4/43(9.3) 2.626 0.038
Hs_Delta-Notch_NetPath_3 5/65 (7.7) 2.445 0.039
Hs_Blood_Clotting_Cascade 2/13(15.4) 2.771 0.047
Hs_Smooth_muscle_contraction 6/101 (5.9) 1.978 0.054
Hs_Adipogenesis 6/98 (6.1) 2.059 0.060
Hs_Prostaglandin_synthesis_regulation 2/20(10) 1.972 0.098

a) Pathway listed met two criteria: (i) Zscore =1.96 and (ii) number genes with changed expression =2.

genesis, cytokine and inflammatory responses, and prolifer-
ation (Table 3).

3.2.2 The effects of EGCG on endothelial cells
Under EGCG treatments, there were 14 genes up-regulated
and 14 genes down-regulated compared to the control group
as calculated by both Bayesian #-test and Q-value correction
(Table 1 and Supporting Information Part 2). To further elab-
orate the EGCG effect on modulation of cell proliferation,
VEGF was added to stimulate cell growth (EGCG + VEGF
treatment). Under this treatment, 116 genes were signifi-
cantly up-regulated and 7 genes were down-regulated com-
pared to the group with EGCG alone (Table 1 and Supporting
Information Part 3). However, there was no differential gene
expression when we compared the cells treated with EGCG
+ VEGEF to the cells only treated with VEGF (Table 1).
Furthermore, based on GO analysis we found that EGCG
exhibit strong regulatory effects on three biological proc-
esses: cholesterol biosynthesis, microtubule activities, and
inhibition of cell proliferation (Table 4 and Supporting
Information Part 2). As identified by MAPP finder (Table
3), 3 out of 15 genes (20%) in cholesterol biosynthesis path-
way, have shown differential expressions: Isopentenyl-
diphosphate delta isomerase, dehydrocholesterol reductase,
and sterol-C4-methyl oxidase-like genes (please see the
pathway cholesterol biosynthesis at this site: (http:/
www.wikipathways.org/index.php/Pathway:Human:Cho-
lesterol_Biosynthesis). The expressions of all these three
genes were increased by EGCG treatment (Table 4 and Sup-
porting Information Part 2). The increase of dehydrocholes-
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terol reductase and sterol-C4-methyl oxidase-like genes
would likely contribute to the synthesis of cholesterol. The
significance of this effect of EGCG in endothelial cells war-
rants further investigation.

3.2.3 Negative regulation of EGCG on endothelial
cell proliferation and angiogenesis

The negative regulation of EGCG on endothelial cell prolif-
eration in this study (Table 4) appears to have a profound
biological significance. TGFP inducible early growth
responses gene (TIEG) and tryptophanyl-tRNA synthetase
(WARS), were 2 out of 78 genes (2.6%) that are involved in
cell proliferation were regulated by EGCG in the current
study (Table 4 and Supporting Information Part 2). TIEG
belongs to a family of transcription factors with antiproli-
ferative and apoptosis-inducing functions [31, 32] How-
ever, we found that this gene was down-regulated by EGCG
treatment (Supporting Information Part 2), whereas with
VEGF stimulation, TIEG was up-regulated by EGCG com-
pared to the control (Supporting Information Part 3). Thus,
the down-regulation of TIEG represents the anti-VEGF
function of EGCG and might be tissue specific. WARS is
an enzyme that catalyzes the first step of protein synthesis,
and is reported to have antiangiogenesis function in addi-
tion to the catalyzing function [33, 34]. It binds to intercel-
lular junctions of endothelial cells to form a complex with
VE-cadherin which then inhibits VEGF-induced ERK acti-
vation and endothelial cell migration [35]. The up-regula-
tion of WARS by EGCG and inhibition of angiogenesis
may counteract down-regulation of TIEG as noted with
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Table 4. GO categories over-represented in probe sets significant for EGCG vs. control

GOID GO name? Number changed/number Z-Score p-Value
measured (% changed)
Biological process
6695 Cholesterol biosynthesis 3/17 (17.6) 11.187 <0.001
7018 Microtubule-based movement 2/40 (5.0) 4.751 0.014
8285 Negative regulation of cell proliferation 2/78 (2.6) 3.221 0.036
Molecular function
3777 Microtubule motor activity 2/64 (3.1) 3.276 0.038
16491 Oxidoreductase activity 2/33(6.1) 5.360 0.007
16853 Isomerase activity 5/251 (2.0) 3.566 0.004
Cellular component
5783 ER 4/194 (2.1) 3.088 0.017
5624 Membrane fraction 3/201 (1.5) 3.332 0.017
5875 Microtubule associated complex 2/27 (7.4) 4.448 0.010

a) GO terms listed met three criteria: (i) Z score =1.96, (ii) number genes with changed expression =2, and (3) unique GO term

only.

EGCQG treatment (Supporting Information Part 3). In terms
of biological outcome, our finding is in accordance with the
previous observations showing the suppressive effect of
EGCG on the proliferation of different cell types. For exam-
ples, studies have shown EGCG inhibited the growth of
human epidermoid carcinoma cells [36] hepatic stellate
cells [37], human bronchial epithelial 21BES cells [38] and
human cervical cancer cells [39]. One study reported that
EGCG broadly decreased the expression of genes related
with prostate cancer cells proliferation [40]. And another
study reported EGCG modulated early response genes in
bronchial epithelial 21BES cells followed by activation of
genes with a variety of cellular functions such as growth
inhibition and the activation of apoptosis that are down-
stream targets of early response genes [38].

Two pathways related to cell proliferation were modified
by EGCG treatment in our study: Wnt signaling pathway and
Id pathway. Wnts are a family of signaling proteins secreted
from various cells, which have a major impact on embryonic
development, tumor progression, and stem cell differentia-
tion [41] (please see the Wnt signaling pathway at: (http:/
www.wikipathways.org/index.php/Pathway:Human: Wnt_-
signaling). Studies have shown that Wnt pathway is activated
in endothelial cells in vitro. The activated endothelial cells
express multiple ligands, receptors, and secretory modula-
tors, which may play roles in angiogenesis [42]. Wnt signal-
ing also induces proliferation and survival of endothelial
cells [43,44]. This pathway is triggered by Wnt binding to its
cell membrane receptors, which is composed of ten trans-
membrane proteins [45]. The signal is then transduced
through several cascades of cytoplasmic proteins to nucleus
via the translocation of the complex formed by B-catenin and
LEF/TCF. The complex exerts transcriptional activity [46] (I
agree to get rid of this part). In the current study, 2 out of 77
genes in Wnt pathway were regulated by EGCG treatment.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Dickkopf homolog 1 (Dkk1) is a soluble antagonist of Wnt
pathway and has a high affinity ligand to LRPS5, which is a
key molecule in Wnt pathway functioning as a coreceptor for
Whnt binding to the cell membrane [47]. The induction of
Dkk1 expression by EGCG in our study (Table 4 and Sup-
porting Information Part 2) is an indication of Wnt signaling
pathway inhibition at the mRNA level.

Centromere protein E (CENPE) is a kinesin-like motor
protein that accumulates in the G2 phase of the cell cycle.
CENPE is proposed to be one of the motors responsible for
mammalian chromosome movement and/or spindle elonga-
tion, and involved in Wnt signaling pathway. Its reduction by
EGCG (Table 4 and Supporting Information Part 2) further
indicates the inhibition of cell proliferation by EGCG. In
addition, inhibitors of differentiation (Id) or DNA binding
proteins are important for cellular proliferation and differen-
tiation in a variety of cell types through regulation of gene
expression (please see Id pathway at this site: (http:/
www.wikipathways.org/index.php/Pathway:Human:1d_-
NetPath_5). Id-1 belongs to a group of helix-loop-helix pro-
teins that lack DNA binding domain. Id-1 inhibits DNA
binding activity of basic helix-loop-helix (b HLH) by form-
ing nonfunctional heterodimers with it to inhibit cell differ-
entiation and promote proliferation [48]. Studies have shown
that Id-1 induces proliferation in prostate cancer cells, hepa-
tocellular carcinoma cells, and nasopharyngeal carcinoma
cells [48]. Its down-regulation by EGCG (Table 4 and Sup-
porting Information Part 2) is likely to play a role in the
inhibition of tumorigenesis and progression. Hairy and
enhancer of split 1 (HES1) is another HLH-type regulator of
cell proliferation [49, 50]. The down-regulation of this gene
by EGCG (Table 4 and Supporting Information Part 2) prob-
ably results in the inhibition of proliferation. The inhibition
of genes involved in cell proliferation by EGCG was also
confirmed by the dose-dependent inhibition of HUVEC
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Table 5. GO categories over-represented in probe sets significant for EGCG + VEGF vs. EGCG

GOID GO name? Number changed/number Z-Score p-Value
measured (% changed)
Biological process
1525 Angiogenesis 3/25 (12.0) 4.275 0.007
6916 Antiapoptosis 5/52 (9.6) 4.902 <0.001
6874 Calcium ion homeostasis 2/5 (40.0) 4.349 0.016
19722 Calcium-mediated signaling 2/7 (28.6) 6.448 0.002
7050 Cell cycle arrest 3/42 (7.1) 3.405 0.018
6928 Cell motility 2/59 (3.4) 3.749 0.006
7267 Cell—cell signaling 12/92 (13.0) 7.085 <0.001
6935 Chemotaxis 7/37 (18.9) 10.911 <0.001
7186 G-protein coupled receptor protein signaling 4/88 (4.5) 3.840 0.003
pathway
6959 Humoral immune response 2/13(15.4) 4.092 0.003
50930 Induction of positive chemotaxis 2/2 (100) 12.459 <0.001
6954 Inflammatory response 6/61(9.8) 7.760 <0.001
7229 Integrin-mediated signaling pathway 2/26 (7.6) 2.927 0.048
30216 Keratinocyte differentiation 2/3 (66.7) 10.108 0.001
7517 Muscle development 2/49 (4.1) 2.588 0.039
8285 Negative regulation of cell proliferation 7/78(9.0) 6.054 <0.001
122 Negative regulation of transcription from 3/39(7.7) 3.525 0.016
RNA polymerase |l promoter
7399 Neurogenesis 8/107 (7.5) 5.878 <0.001
9887 Organogenesis 3/33(9.1) 8.144 <0.001
8284 Positive regulation of cell proliferation 6/55(10.9) 5.996 0.001
8217 Regulation of blood pressure 2/8(25.0) 5.992 0.006
8277 Regulation of G-protein coupled receptor protein ~ 2/12 (16.7) 4.762 0.008
signaling pathway
9618 Response to pathogenic bacteria 2/7 (28.6) 5.288 0.012
1501 Skeletal development 3/33(9.1) 3.240 0.034
6366 Transcription from RNA polymerase Il promoter 4/115(3.5) 4.025 <0.001
Molecular function
8009 Chemokine activity 6/11 (54.5) 15.778 <0.001
5125 Cytokine activity 3/31(9.7) 12.01 <0.001
3677 DNA binding 10/506 (2.0) 5.311 <0.001
8083 Growth factor activity 7/55 (12.7) 7.904 <0.001
8201 Heparin binding 3/29 (10.3) 4.369 0.008
5179 Hormone activity 2/17 (11.8) 3.604 0.022
17017 MAP kinase phosphatase activity 3/8 (37.5) 9.148 0.001
8243 Plasminogen activator activity 2/5 (40.0) 7.729 0.002
3707 Steroid hormone receptor activity 3/24 (12.5) 4.795 0.001
3714 Transcription corepressor activity 5/58 (8.6) 5.015 <0.001
Cellular component
5576 Extracellular region 4/121(3.3) 6.595 <0.001
5615 Extracellular space 11/103 (10.7) 8.432 <0.001

a) GO terms listed met three criteria: (i) Z score =1.96, (ii) number genes with changed expression =2, and (iii) unique GO term

only.

treated with EGCG or stimulated with VEGF following
EGCG supplement (Fig. 1). Our findings on the EGCG sup-
pressive effect on VE cells proliferation and those reported
on cancer cells suggest that the overall antiproliferative
action of EGCG might be one important mechanism by
which this polyphenols of green tea contributes to the pre-
vention of angiogenesis and cancer progression.

We and others have shown that EGCG inhibits angiogen-
esis [12, 51]. While endothelial cell proliferation is one of
the stages of angiogenesis, other molecular mechanisms are

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

also involved in this process. In the present study, we have
identified relevant molecules involved in angiogenesis as
affected by EGCG. GO term analysis discovered that
EGCG has profound influence on intracellular microtubule
components and activities (Tables 4 and 5), which may play
arole in the inhibition of cell migration and angiogenesis as
well. Further studies are needed to determine EGCG modu-
lation at protein levels in conjunction with biological func-
tions presented here: the inhibition of cell proliferation and
angiogenesis.
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3.2.4 The effects of EGCG on endothelial cells
stimulated with VEGF

When EGCG-pretreated HUVECs were stimulated with
VEGE, amore robust effect of EGCG on biological functions
and signal transduction pathways was observed compared to
the HUVECS treated with EGCG alone (Tables 5 and Sup-
porting Information Part 3). However, despite of EGCG
inhibition of cell growth and angiogenesis (Figs. 1-3), we
did not see any change with EGCG pretreatment in the most
well-known genes that are involved in the classic angiogene-
sis-signaling pathway such as P13 kinase and dual specificity
phosphatase (PTEN). These observations were in concur-
rence with the previous report demonstrating that EGCG had
no effect on the expression of P13 kinase and PTEN [40]. Our
previous study also showed that EGCG inhibits angiogenesis
by preventing phosphorylation of several enzymes involved
in angiogenesis signal transduction pathways [27]. EGCG,
through its direct binding to receptors and enzymes [52, 53],
or through its metal chelating activity [54], may regulate
some enzymes and cell surface receptors, which are depend-
ent on divalent cation for their activation [8, 54]. Further-
more, we have shown that EGCG inhibits angiogenesis
through the disruption of VEGF-induced VE-cadherin/
VEGF receptors/B-catenin/PI3-kinase complex formation
[27] in endothelial cells without affecting gene expressions
of the enzymes. Therefore, the antiangiogenesis effect of
EGCG is mainly due to the inhibition of the activity of
enzymes that are involved in signaling pathways that govern
vessel formation and maturation.

When HUVECs were incubated with EGCG for 24 h,
then stimulated with VEGF for 30 min, there was no signif-
icant difference on gene expression compared to the cells
that were stimulated with VEGF only. However, in compar-
ison to EGCG treatment, 123 genes showed differential
expressions. This differential effect can be attributed to the
strong mitogenic effect of VEGF. VEGF has been shown to
exert a dynamic modulatory effect on endothelial cell gene
expressions associated with cell proliferation, migration,
and angiogenesis [17].

We have validated our findings by determining mRNA
levels of several selected genes using quantitative real-time
RT-PCR (QPCR) (Fig. 4). Our QPCR results showed that
EGCG treatment has inhibitory effects on Id1 and CENPE
gene expression levels and induced the expressions of
DKK1 and WARS. The fold of changes detected by QPCR
was consistent with Microarray analysis.

4 Concluding remarks

This study demonstrates the modulation of endothelial cell
gene expression by EGCG when the cells were challenged
with angiogenic growth factor VEGF. We have found that a
combination of various cellular regulatory components is
required for EGCG to exert its antiangiogenic effect. A
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Figure 4. QPCR validation of selected differentially expressed
genes by EGCG treatment. HUVECs were cultured in 100 mm
Petri dishes until 70% confluent. Cells were incubated with or
without 20 uM EGCG for 24 h. Total RNA was extracted for
both microarray and quantitative real-time PCR analysis (see
Section 2). n=5 per treated group. *p < 0.05 compared to
control (DMSO) group. Abbreviations: ID1, inhibitors of differ-
entiation protein 1; DKK1, Dickkopf (Xenopus laevis) homolog
1; CENPE, centromere protein E; WARS, tryptophanyl-tRNA
synthetase; Y-axis, fold of change; EGCG treated group com-
pared to control.

selective number of genes modulated by EGCG were vali-
dated by real time PCR. It should be noted that in vitro lev-
els of VEGF and EGCG applied in this study are compara-
ble to those used by other investigators [39, 40, 55]. The
antiangiogenic activity of EGCG on endothelial cells might
be through inhibition of cell proliferation and cell migra-
tion. Future work is needed to elucidate the biological func-
tion of those specific genes by employing transgenic and
molecular biology approaches. These EGCG-responsive
genes may provide key insights for identifying the mecha-
nisms of other polyphenolic compounds that might have
cancer prevention properties.

In the present study, 20 uM EGCG has shown to inhibit
HUVEC proliferation. Others used 10—25 uM to investi-
gate inhibitory effect of EGCG on endothelial cells and
higher than 25 uM on cancer cell proliferation studies [56].
Studies have shown serum level of EGCG reaches 5 uM
with daily moderate consumption of green tea and other
beverages containing green tea extract that are currently
available in the market, but not substantially increases with
higher level consumption [57, 58]. It appears that EGCG
not only has nutritional impact on human health, but it may
have pharmacological applications for prevention and treat-
ment of abnormal cell growth. Further studies are warranted
to explore this aspect, which may provide insights for new
drug development.
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