
E U R O P E A N J O U R N A L O F C A N C E R 4 3 ( 2 0 0 7 ) 2 4 0 4 – 2 4 1 2

. sc iencedi rec t .com
ava i lab le at www
journal homepage: www.ejconl ine.com
Green tea catechin ())-epicatechin gallate induces tumour
suppressor protein ATF3 via EGR-1 activation
Kyou-Nam Choa, Mugdha Sukhthankara, Seong-Ho Leea, Joo-Heon Yoonb,
Seung Joon Baeka,*
aLaboratory of Environmental Carcinogenesis, Department of Pathobiology, College of Veterinary Medicine, University of Tennessee,

2407 River Drive, Knoxville, TN 37996, USA
bDepartment of Otorhinolaryngology, Yonsei University College of Medicine, Korea
A R T I C L E I N F O

Article history:

Received 9 May 2007

Received in revised form 12 July 2007

Accepted 20 July 2007

Available online 30 August 2007

Keywords:

ATF3

ECG

EGCG

EGR-1
0959-8049/$ - see front matter � 2007 Elsevi
doi:10.1016/j.ejca.2007.07.020

* Corresponding author: Tel.: +1 865 974 8216
E-mail address: sbaek2@utk.edu (S.J. Baek
A B S T R A C T

Epicatechin gallate (ECG) is the third major catechin component in green tea, but it shows

strong biological activity in some aspects, including apoptosis, cell growth inhibition, and

membrane transport system in various cells. We previously reported that ECG induces acti-

vating transcription factor 3 (ATF3), which is involved in pro-apoptosis in HCT-116 cells. In

this report, we present a molecular mechanism by which ECG induces ATF3 expression at

the transcriptional level. We found that Sp3 contributed to the basal expression of the ATF3

gene, whereas EGR-1 played an important role in ECG-induced ATF3 expression in HCT-116

cells, as assessed by EMSA and co-transfection experiments. These results suggested that

EGR-1, a tumour suppressor protein, could substantiate ECG’s role of ATF3 expression in

human colorectal cancer cells. We also found that pro-oxidant activity of ECG contributed

to ECG-induced ATF3 expression.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Green tea (Camellia sinensis) is the most widely consumed bev-

erage in the world, next to water. Tea contains large amounts

of flavonoids, and the major flavonoids in green tea are cate-

chins, which include epigallocatechin gallate (EGCG), epigal-

locatechin (EGC), epicatechin gallate (ECG), and epicatechin

(EC). EGCG is the most abundant catechin in green tea, and

has been reported to have biological activities, such as anti-

oxidative,1 pro-oxidative2 and anti-inflammatory effects3,4 in

a variety of experimental models. Although ECG is the third

most abundant constituent amongst the green tea catechins,

much attention has been focused on its anti-tumourigenic

activity, due to distinguished features of ECG compared to

EGCG. For example, it has been reported that ECG has anti-

angiogenic,5 and anti-oxidant6 activities. We have recently re-
er Ltd. All rights reserved

; fax: +1 865 974 5616.
).
ported that ECG has an anti-tumourigenic effect; it increased

the G1-sub population, cleaved poly (ADP-ribose) polymerase

(PARP) in HCT-116 cells,7 and suppressed cyclin D1 and b-cate-

nin pathways in mouse oral SCC7 cancer cells.8 However, the

molecular targets that might be involved in ECG-induced anti-

tumourigenesis have not yet been reported.

Activating transcription factor 3 (ATF3) is a member of the

ATF/CREB family, and is induced upon exposure of cells to a

variety of physiological and pathological stimuli.9 This re-

sponse is thought to have cell-defending effects, such as cell

cycle arrest and apoptosis.10,11 On the other hand, ATF3 is also

rapidly induced in regenerating liver,12 or in cells treated with

growth-stimulating factors such as serum, epidermal growth

factor or fibroblast growth factor.13 These conflicting results

may depend on stimuli or cell types used in the studies. In

HCT-116 cells, ATF3 is reported to be increased by nonsteroi-
.
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dal anti-inflammatory drugs (NSAID),14 conjugated linoleic

acid,15 LY294002,16 and 3, 3 0-diindolylmethane,17 which are

shown to have anti-tumourigenic activity in human colorec-

tal cancer cells. In this study, we focused on the transcrip-

tional regulation of ATF3, affected by green tea catechins.

We found that early growth response gene-1 (EGR-1) is in-

volved in ECG-induced ATF3 expression, whereas Sp3 contrib-

uted to the basal expression of ATF3 in HCT-116 cells. In

addition, ATF3 expression by ECG may result from the oxida-

tive stress generated by ECG in the cell culture media.

2. Materials and methods

2.1. Cell lines, reagents and plasmids

Cell lines were purchased from ATCC (Rockville, MD). HCT-116

and SW480 human colorectal cells were maintained in

McCoy’s 5A and RPMI medium, respectively, supplemented

with 10% foetal bovine serum and gentamicin (10 lg/ml). Cat-

echins (EGCG, ECG, EGC and EC), glutathione (GSH), H2O2, and

catalase were purchased from Sigma (St Louis, MO). NAG-1

(nonsteroidal anti-inflammatory drug-activated gene-1) anti-

body was described previously.18 ATF3, Actin, EGR-1, Sp1

and Sp3 antibodies were obtained from Santa Cruz Biotech-

nology (Santa Cruz, CA). The pATF3 )1850/+34 and pATF3

)84/+34 luciferase reporter vectors were provided by Dr. S. Kit-

ajima (Tokyo Medical and Dental University, Tokyo, Japan). For

the deletion clones of the ATF3 promoter, pATF3 )1850/+34

was used and serially deleted using the Erase-a-Base System
V       EGCG     ECG      EGC     EC             

HCT 116
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Fig. 1 – ECG induces ATF3 expression in colorectal cancer cells. (a

of ECG for 24 h. RT-PCR was performed using ATF3- and GAPDH

section. (b) HCT-116 and SW480 cells were treated with 50 lM o

total cell lysates were loaded, and Western analysis was perfor

antibodies. (c) HCT-116 cells were treated with 0, 0.1, 1, 10, 50, a

lysates were loaded, and Western analysis was performed usin
(Promega, WI). The EGR-1, Ftz and CRE sites between the )514

and +34 region of the ATF3 promoter were deleted using the

QuickChangeII site directed Mutagenesis Kit (Stratagene,

TX). To delete these sites, the following primers were used:

del EGR-1 F, 50-GCTGGTGTGTGTCTCAGTGAGGGAACGCGC-30;

del EGR-1 R, 5 0-GCCAGCCCAGGCGCGTTCCCTCACTGAGAC-3 0;

del Ftz F, 5 0-GTTCGGCCGGTTCTCCCGGGTAGCATTACG-3 0; del

Ftz R, 5 0-CCCAGGCTGACGTAATGCTACCCGGGAGAA-3 0; del

CRE F, 5 0-CGGGAAGCTATTAATAGCATGCCTGGGACT-3 0; and

del CRE R, 5 0-CCGTGTTGCCAGTCCCAGGCATGCTATTAA-3 0.

EGR-1 (pcDNA3.1-EGR-1/NEO) and Sp3 (pCMV4-Sp3flu)

expression vectors were previously described19,20.

2.2. Reverse transcription-polymerase chain reaction
(RT)-PCR

Total RNA was extracted using TRIZOL reagent (Invitrogen,

Carlsbad, CA), and 5 lg of total RNA was reverse transcribed

using an iScript cDNA synthesis kit (Bio-Rad Laboratories,

Hercules, CA). One ll of synthesised cDNA was added to a

25 ll PCR reaction mixture with human ATF3 gene-specific

primers (F: 5 0-GTTTGAGGATTTTGCTAACCTGAC-3 0 and R: 5 0-

AGCTGCAATTCTTATTTCTTTCTCGT-3 0) and human glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH) gene-specific

primers (F: 5 0-TCAACGGATTTGGTCGTATT-3 0 and R: 5 0-

CTGTGGTCATGAGTCCTTCC-3 0). The thermal cycling

conditions were as follows: initial denaturation at 94 �C for

2 min, followed by 30 and 25 cycles (ATF3 and GAPDH,

respectively) of 94 �C for 30 s, 55 �C for 30 s and 72 �C for 1
ACTIN
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) HCT-116 cells were treated with the indicated concentration

-specific primers as described in the Materials and Methods

f EGCG, ECG, EGC and EC, respectively for 24 h. Thirty lg of

med using ATF3 (1:500), NAG-1 (1:1,000) and Actin (1:500)

nd 100 lM of ECG and EGCG for 24 h. Thirty lg of total cell

g ATF3 and Actin antibodies.
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Fig. 2 – The EGR-1 binding site is involved in ECG-induced ATF3 expression. (a) Each indicated construct of the ATF3 promoter

(0.5 lg) was co-transfected with 0.05 lg of pRL-null vector into HCT-116 cells using Lipofectamine and cells were treated with

ECG (50 lM) or EGCG (50 lM) for 24 h. The promoter activity was measured as a ratio of firefly luciferase signal/renilla

luciferase signal. The x-axis shows the relative luciferase unit (RLU) of each construct. The results are the means ± S.D. of

three replicates. (b) The nucleotide sequence of the )514 to )75 regions in the ATF3 promoter. Underlines represent the

binding site of indicated transcription factors and are used for internal deletion clones. (c) Each deletion construct (0.5 lg) of

the ATF3 promoter was co-transfected with 0.05 lg of pRL-null vector into HCT-116 cells using Lipofectamine and cells were

treated with ECG (50 lM) or EGCG (50 lM) for 24 h. The x-axis shows fold induction over vehicle as 1.0. The results are the

means ± S.D. of three replicates. The two-tailed Student’s t-test was used as a statistic. *, P = 0.005; **, P = 0.003 versus vehicle

treated cells. (d) Empty vector (pcDNA3.1/NEO) or EGR-1 expression vector (0.25 lg) was co-transfected with pATF3-514 (0.25 lg)

and pRL-null (0.05 lg) into HCT-116 cells. The y-axis shows fold induction over vehicle as 1.0. The results are the means ± S.D.

of three replicates. Mean values were compared by the two-tailed Student’s t-test. (e) Antisense oligonucleotide

(5 0-ZECGGGGCGCGGGGAACFOT-3 0), and sense oligonuleotide (5 0-AEZGTTCCCCGCGCCCCGOA-3 0) were transfected to HCT-116

cells using TransIT-TKO transfection reagent. After ECG treatment at the indicated time point, 30 lg of total cell lysates were

subjected to Western analysis using EGR-1 (1:500), ATF3 (1:500) and Actin (1:500) antibodies. Z, phosphorothioate-T; E,

phosphorothioate-G; F, phosphorothioate-A; O, phosphorothioate-C; T, Deoxythymidine; A, Deoxyadenine.
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min, and final extension at 72 �C for 10 min. The products

were electrophoresed on 2% agarose gel and photographed

under UV light.

2.3. Western blot analysis

Cells were grown to 60–80% confluency in 60-mm plates fol-

lowed by serum-starvation for 24 h. The indicated com-

pounds were treated for 24 h and total cell lysates were

isolated using RIPA buffer (1 · PBS, 1% NP-40, 0.5% sodium

deoxycholate, 0.1% SDS) containing 1 mM PMSF, 1 lg/mL

aprotinin, and 1 lg/mL leupeptin. Proteins (30 lg) were sepa-

rated by SDS-PAGE and transferred for 1 h on nitrocellulose

membrane (Pall Co., Deland, FL). The blots were blocked for

1 h with 5% skim milk in TBS/0.05% Tween 20 (TBS-T), and

probed with specific antibodies at 4 �C overnight. After wash-

ing with TBS-T, the blots were treated with horseradish perox-

idase-conjugated secondary antibody for 1 h and washed four

times. Proteins were detected by the Enhanced Chemi-Lumi-

nescence system (Pierce, Rockford, IL).

2.4. Transfection using luciferase reporter system

HCT-116 cells were plated in 12-well plates at 2 · 105 cells/well

in McCoy’s 5A media. For the co-transfection, 0.25 lg of repor-

ter vector and 0.25 lg of expression vector were transfected
NE     - +       +       +      +       +       +
Cold     - - 10x    50x  100x  10x  50x 

wild              mutant      

a b

NE     - +      +      +       + 
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wild      : GTGAGCGAGGGCGGGGGA
mutant : ------------------AAA-----------------

*
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Fig. 3 – EGR-1 and Sp3 bind to the EGR-1 site in the ATF3 promo

sequences between )249 and )233 of the ATF3 promoter region

nuclear extract from HCT-116 cells were incubated with 32P-labe

EGR-1 site ()245 � )237) ranging from the )249 to )233 regions

100 or 10, 50 molar excess of non-radiolabelled wild or mutant

resolved by 5% non-denaturing acrylamide electrophoresis. NS

performed by 10 min preincubation of the reaction mixture with

probe. Arrow indicates supershifted band. (c) Supershift assays

ECG treated HCT-116 cells. Arrow indicates supershift band.
with 0.05 lg of pRL-null vector using the Lipofectamine Re-

agent (Invitrogen, Carlsbad, CA). After transfection, cells were

incubated without serum for 24 h, and treated with indicated

compounds for 24 h. Cells were then harvested in 1 · lucifer-

ase lysis buffer, and luciferase activity was determined and

normalized to the pRL-null luciferase activity using the Dual

Luciferase Assay Kit (Promega, Madison, WI).

2.5. Transfection of antisense oligonucleotides

Antisense oligo (5 0-ZECGGGGCGCGGGGAACFOT-3 0), and sense

EGR-1 oligo (5 0-AEZGTTCCCCGCGCCCCGOA-3 0) were synthes-

ised by Invitrogen (Carlsbad, CA). HCT-116 cells were transfec-

ted with each antisense oligo at a concentration of 100 nM

using TransIT-TKO transfection reagent (Mirus, Madison,

WI). After transfection for 24 h, the medium was replaced

with serum-free medium for 24 h. The cells were incubated

for 1 and 24 h with 50 lM of ECG, and total protein was sub-

jected to Western blot analysis.

2.6. Electrophoretic mobility shift assay

Nuclear extracts were prepared using a Nuclear Extract kit

(Active Motif, Carlsbad, CA). For the electrophoretic mobility

shift assay, double-stranded oligonucleotides corresponding

to the EGR-1 binding site (Top strand, 5 0-GTGAGC-
c

     +       +       +
3  Sp1 Sp3   Sp4

NE     0       1hr     24hr             0       1hr    24hr
Egr1 Ab    +        +        +        Sp3 Ab   +        +       +

ter. (a) Top panel, comparison of wild type and mutant

. Asterisk indicates mutated bases. Bottom panel, 10 lg of

lled double-stranded oligonucleotides corresponding to the

of the ATF3 promoter. Competitions were done in the 10, 50,

oligonucleotides, respectively. The binding reactions were

indicates non specific binding. (b) Supershift assays were

0.6 lg of each antibody prior to the addition of radiolabelled

were performed using three different nuclear extracts from
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Fig. 4 – Sp3 regulates basal ATF3 promoter activity. The pATF3 -514 construct (0.25 lg) was co-transfected with empty, EGR-1,

or Sp3 expression vector into HCT-116 cells in the presence of pRL-null vector (0.05 lg). The promoter activity was measured

as a ratio of firefly luciferase signal/renilla luciferase signal. (a) The y-axis shows fold induction over pcDNA3.1 empty vector

as 1.0. (b) The y-axis is fold induction over vehicle as 1.0. The results are the means ±S.D. of three replicates.
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Fig. 5 – ECG-induced ATF3 expression is associated with

oxidative stress. (a) Effect of antioxidant on ECG-induced

ATF3 expression. HCT-116 cells were plated at 1 · 106 cells in

a 60-mm plate. Reduced GSH (5 mM) was added into the

media for 1 h before 50 lM ECG treatment. After 24 h, total

cell lysates were harvested for Western blot. (b) Role of H2O2

in ECG-induced oxidative stress. Three thousand U/ml of

catalase were added into the media for 30 min before 50 lM

ECG or 500 lM H2O2 treatment. Thirty lg of total cell lysates

were loaded and Western analysis was performed using

ATF3, NAG-1 and Actin antibodies.
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GAGGGCGGGGGGTGAGCGAGGGCGGGGG-3 0; bottom strand,

5 0-CCCCCGCCCTCGCTCACCCCCCGCCCTCGCTCAC-3 0) and

mutant EGR-1 binding site (top strand, 5 0-GTGAGC-

GAAAACGGGGGGTGAGCGAAAACGGGGG-30; bottom strand,

5 0-CCCCCGTTTTCGCTCACCCCCCGTTTTCGCTCAC-3 0) were

synthesised, and the wild type oligonucleotide was end-

labelled with [c ) 32P]ATP by the T4 polynucleotide kinase

(Promega, Madison, WI). Assays were done by incubating 10

lg of nuclear extracts in binding buffer (Promega, Madison,

WI) containing 1 · 105 cpm of labelled probe for 20 min at

room temperature. To assure the specific binding of transcrip-

tion factors to the probe, the probe was competed by 10-, 50-,

and 100-fold molar excesses of cold wild type or mutant oligo-

nucleotides. For the supershift experiments, antibodies (0.6 lg

each) were incubated with nuclear extracts at room tempera-

ture for 10 min before adding to the binding reaction. The

samples were then electrophoresed on 5% nondenaturing

polyacrylamide gels with 0.5 · Tris borate/EDTA, and gels

were dried and subjected to autoradiography.

3. Results

3.1. ECG and EGCG increase ATF3 expression in
human colorectal cancer cells

Green tea contains various types of catechins, and each cate-

chin has its own biological effect. During the study of ECG’s

effect on anti-tumourigenic activity, we have identified that

ATF3 is a highly induced gene in the presence of 50 lM ECG

treatment in HCT-116 cells, as assessed by microarray (data

not shown). We confirmed ECG-induced ATF3 transcript

expression in dose- and time-dependent manners using RT-

PCR (Fig. 1a). We also investigated whether other catechins af-

fect ATF3 expression at the protein level. As shown in Fig. 1b,

both EGCG and ECG increased ATF3 expression in human

colorectal cancer cells, HCT-116 (p53 wildtype) and SW480
(p53 mutated), indicating that p53 expression may not be in-

volved in the catechin-induced ATF3 expression. It has been

reported that NAG-1 is also induced by ECG and EGCG in

HCT-116 cells,7 and we confirmed ECG increased NAG-1

expression in HCT-116 cells. Finally, both ECG and EGCG at

50 lM began to increase ATF-3 expression with the highest in-

crease at 100 lM (Fig. 1c).
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3.2. EGR-1 is involved in ECG- and EGCG-induced
ATF3 expression

To investigate the molecular mechanism by which catechins

induced ATF3 transcriptional regulation, ATF3 promoter clones

were used.16 Both ECG and EGCG increased ATF3 promoter

activity more than 3-fold using the ATF3 promoter construct

containing regions between )1850 and )514, but did not in-

crease luciferase activity using a construct containing the

)84 region (Fig. 2a), suggesting that ECG and EGCG-responsible

elements might be between the )514 and )85 region of the

ATF3 promoter. We then searched for the transcription factor

binding sites within this region using programmes (Gene Reg-

ulation, TFSEARCH, and Transcription Element Search Sys-

tem). As shown in Fig. 2b, we found three cis-acting

elements, EGR-1, CRE, and Ftz, in this region. We have previ-

ously reported that EGR-1 phosphorylation enhances ATF3

expression in colorectal cancer cells.16 Tamura and colleagues

reported that the c-myc complex at the CRE site of the ATF3

gene promoter plays a role in mediating the serum response.21

The Fushi tarazu (Ftz) site, a factor that defines Drosophila’s

segmental regions,22 was also identified in this region

(Fig. 2b). To identify the role of each cis-acting element, each

site was deleted from the pATF3 -514/+34 construct and trans-

fected into HCT-116 cells. When the EGR-1 site was deleted at

positions )245 to )237, ATF3 promoter activity was signifi-

cantly decreased. However, the deletion of Ftz and CRE sites

did not affect ATF3 transcription (Fig. 2c). This result indi-

cated that the EGR-1 site at positions )245 to )237 is an

important region in ECG- and EGCG-induced ATF3 expression.

To elucidate EGR-1’s role in catechin-induced ATF3 expres-

sion, EGR-1 expression vector and antisense EGR-1 oligo were

applied to further experiments. When EGR-1 expression vec-

tor was co-transfected with pATF3 -514/+34, the promoter

activity by ECG or EGCG was increased (Fig. 2d). Furthermore,

the suppression of endogenous EGR-1 mRNA by antisense oli-

go decreased ECG-induced ATF3 expression (Fig. 2e). These re-

sults demonstrated that EGR-1 is a responsible element in

ATF3 gene expression after ECG and EGCG treatment.

3.3. EGR-1 and Sp3 bind to the ATF3 promoter

To determine whether EGR-1 can interact with the ATF3 pro-

moter, an electrophoretic mobility shift assay (EMSA) was per-

formed using the oligonucleotides containing two copies of

the EGR-1 binding sequence at positions )245 to )237 in the

ATF3 promoter (Fig. 3a, top panel). Nuclear extracts were iso-

lated from vehicle- or ECG-treated HCT-116 cells for 1 and 24

h. When nuclear extracts from 1 h ECG-treated cells mixed

with oligonucleotide, a shift band was observed (Fig. 3a). This

specific band was decreased by the addition of 10-, 50-, and

100-fold cold wild type oligonucleotides. However, when the

mutant oligonucleotides were added, the band intensity did

not decrease, indicating that this site is able to bind with a

specific protein. Next, to confirm whether EGR-1 indeed binds

to this site, we carried out a supershift assay. Since the Sp

transcription factors could bind to this GC-rich site as well,

we also used Sp family antibodies. As shown in Fig. 3b, Sp3

clearly binds to this site, and EGR-1 binding was also observed

in the long exposed film (data not shown and Fig. 3c). Interest-
ingly, the supershifted EGR-1 band was seen only in the sam-

ple from the 1 h treated nuclear extract, but the density was

decreased in the 24 h treated nuclear extract (Fig. 3c, left pa-

nel). On the other hand, supershifted Sp3 bands were seen in

all the nuclear extracts tested here. These results suggested

EGR-1 interplay with Sp3 proteins in the presence of ECG at

the ATF3 promoter.

3.4. Catechins alter ATF3 expression mediated by EGR-1

To examine whether Sp3 and EGR-1 coordinate or compete

for ATF3 gene expression, we co-transfected with Sp3 and

EGR-1 expression vectors with pATF3–514/ + 34 construct.

At the basal level of expression, only Sp3 transfection in-

creased the ATF3 promoter activity 4-fold, whereas EGR-1

expression suppressed Sp3-induced ATF3 expression

(Fig. 4a). Interestingly, in the ECG-treated condition, Sp3

did not affect the activity of the ATF3 promoter, indicating

that Sp3 might play an important role in the ATF3 expres-

sion at the basal level. Furthermore, EGR-1 expression

caused the induction of ECG-induced ATF-3 expression

(Fig. 4b), indicating that EGR-1 plays an important role in

ECG-induced ATF3 expression. Co-transfection of EGR-1 with

Sp1 construct produced similar results as the Sp3 co-trans-

fection experiment (data not shown). This result showed

that Sp3 contributed to the basal expression of the ATF3

gene, whereas EGR-1 contributed to the ECG-induced ATF3

expression.

3.5. ECG-induced ATF3 expression is associated
with oxidative stress

Catechins can function not only as antioxidants, but also as

pro-oxidants.23 To test whether ATF3 expression is related to

oxidative stress after ECG treatment in the cell culture sys-

tem, HCT-116 cells were pre-treated with GSH, an intracellu-

lar antioxidant, followed by ECG treatment. ATF3 induction

was not seen in the GSH pre-treated sample (Fig. 5a), indicat-

ing that oxidative stress is involved in ECG-induced ATF3

expression. ECG is also an inducer of NAG-1 in HCT-116 cells

(Fig. 1b), but the oxidative stress by ECG does not contribute

to NAG-1 expression (Fig. 5a). Because EGCG treatment

causes a production of H2O2 in human bronchial cells,24 we

sought to identify whether the H2O2 acts as an oxidative

stress source in ECG-induced ATF3 expression in the HCT-

116 cells. Catalase, which catalyses H2O2 to water and oxy-

gen, was added to the media before ECG-treatment. The

pre-treatment of catalase did not block the activation of

either ATF3 or NAG-1, but had a clear inhibitory effect on

H2O2 (Fig. 5b). Taken together, these results suggest that

ECG-induced ATF3 expression is mediated by ECG-generated

oxidative stress, but not by H2O2-generated oxidative stress,

in the media.
4. Discussion

Catechins are a group of compounds that naturally occur in

some plants. These compounds are characterised as containing

two or more aromatic rings, each bearing at least one aromatic
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hydroxyl, and are found abundantly in green tea. EGCG is the

most abundant catechin, and we believe that EGCG plays an

important role in green tea’s effect on biological functions. Re-

cently, we and others reported that ECG, another catechin in

green tea, also showed strong biological activity including

apoptosis, cell growth inhibition, and membrane trans-

porter.7,25,26However, molecular targets of ECG have not been

studied in detail, compared to EGCG. To find a potential target

of ECG at the transcriptional level, we performed a microarray

analysis using ECG-treated HCT-116 cells, and we found ATF3

is the second most highly expressed gene by ECG (9-fold induc-

tion, data not shown). This is consistent with our previous re-

sult, showing ECG induces ATF3 expression at the protein level.7

The ATF3 promoter contains a variety of response ele-

ments, including the activating protein-1, ATF/CRE, NF-jB,

E2F, and Myc/Max binding sites,27 and is regulated by a variety

of transcription factors, including NF-jB,28 EGR-114 and ATF/

CRE.21 Although two EGR-1 binding sites in the ATF3 promoter

are involved in ATF3 expression by sulindac sulfide and trog-

litazone, the detailed molecular mechanisms were not previ-

ously presented. In this paper, we examined the green tea

catechins’ activation of EGR-1 expression as well as the

EGR-1 binding affinity to the )245 to )237 regions of the

ATF3 promoter (Fig. 3c). Expression of EGR-1 and its role in

cancer is complicated and may either inhibit or stimulate

growth depending on the cellular context in which it takes

place.29 EGR-1 has been reported to inhibit apoptosis and en-

hance tumour growth30,31 in addition to inducing metastasis-

related factors in vitro, such as the vascular endothelial

growth factor (VEGF) receptor Flt-1 and matrix metallopro-

teinase (MMP),32,33 indicating that EGR-1 might act as a mas-

ter protein in directing invasion and metastasis during cancer

progression. On the other hand, a number of reports also indi-

cated that EGR-1 acts as a tumour suppressor gene. EGR-1 is

down-regulated in several types of neoplasia as well as in

an array of tumour cell lines. It induces cell growth arrest

and apoptosis,29,34–37 and is an important factor involved in

neuronal apoptosis.37 EGR-1 acts as a pro-apoptotic protein

by directly binding to p53,36 NAG-119 and PTEN promoters.38

These reports suggested that EGR-1 might act as a tumour

suppressor protein. While these results indicated that EGR-1

plays a significant role in growth suppression, the conse-

quences of EGR-1 over or under expression might be different,

depending on cell context. These varieties may be dependent

on expression of other members of the EGR-1 family; Sp tran-

scription factors, EGR-1 binding repressors, or factors yet to

be identified.

The Sp family members contain three zinc fingers (DNA

binding) close to the C-terminus, and glutamine-rich do-

mains adjacent to the serine/threonine stretch in the N-ter-

minal region. They bind to and act through the GC-boxes

(GGGGCGGGG), to which transcription factors containing

the zinc finger domain are able to bind. Sp1 has been de-

scribed as a positive regulator of transcription, whereas Sp3

has been shown to either activate or repress transcription

in different cell types.39,40We found that Sp3 specifically

binds to the GC box in the ATF3 promoter (Fig. 3c), as a posi-

tive regulator. This is another example of Sp and EGR-1 com-

petition in the same binding site. Indeed, we have shown

that Sp and EGR-1 compete in sulindac sulfide-induced
NAG-1 expression.19 Thus, the mechanisms involved in the

competition of two different transcription factors in the

same site need to be considered as a novel mechanism to

control the genes that are involved in compound-induced

transactivation. However, further experiments may be

needed.

Hydrogen peroxide, hydroxyl radicals, peroxide anions,

and superoxide anion are collectively known as reactive oxy-

gen species (ROS), which accelerate membrane damage, DNA

base oxidation, DNA strand breaks and chromosome aberra-

tion involved in the carcinogenesis process.41 These ROS are

removed by superoxide dismutase, catalase and glutathione

peroxidase. Catechins act as antioxidants in vitro by scaveng-

ing ROS and nitrogen species, and chelating redox-active

transition metal ions. For example, EGCG inhibits xanthine

oxidase (XO), the major source of ROS, to produce uric acid

and acts as a scavenger of superoxide in human leukemia

cells.42 On the contrary, recent studies have demonstrated

catechins contribute pro-oxidative activity in cell cultures.

Nakagawa and colleagues reported that EGCG produces

H2O2 in human Jurkat cells, and this hydrogen peroxide re-

duces Fe(II) to Fe(III). This reduction produces highly toxic hy-

droxyl radicals such as .OH and OH–, which in turn induce

apoptotic cell death.43 Our data also indicated that ROS con-

tributes to ECG-induced ATF3 expression, but that ROS does

not result from H2O2 (Fig. 5). Although further mechanisms

are required, our data clearly showed that pro-oxidative activ-

ity of ECG contributed to the ECG-induced ATF3 expression

but not ECG-induced NAG-1 expression. It is also necessary

to take into consideration the dose of ECG used for our study.

50 lM of ECG is likely to be the highest dose that can be at-

tained physiologically in the body. The concentration of green

tea catechins reach no higher than 1 lM in human plasma

even after consumption of larger amounts of beverage.44

However, if we assume complete extraction, with gastric fluid

volume of 100 to 500 ml, the ECG concentration in lumen may

range between 75 and 300 lM.26 It is also reported that the

efficacy of 50% inhibition in cell culture varied, but was gen-

erally between 22 to 130 lM.45 Taken together with our study,

a 50 lM catechin in cell culture reflects a higher range of plas-

ma concentration; however, to know the exact effective con-

centration in the cell culture, it should be considering the

bioability, degradation, as well as metabolite effects of cate-

chins in in vitro system.

In summary, we have found that catechins may produce oxi-

dative stress in the cell culture media, followed by the increased

expression of EGR-1. This results in the induction of ATF3 pro-

tein to protect cells from the extracellular stress signal.
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