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(-)-Epigallocatechin-3-gallate (EGCG) induces apoptosis in cancer cells without adversely affecting normal
cells. Understanding the cancer-specific cytotoxic activity of EGCG is very important in defining the mech-
anism of tumorigenesis and identifying superb chemotherapeutic agents against cancer. We compara-
tively assayed human telomerase reverse transcriptase (hTERT)-mediated apoptosis by EGCG-induced

Keywords: reactive oxygen species (ROS) in normal cells and cancer cells. EGCG showed differential levels of ROS
EGCG induction between the cell types; ROS, especially hydrogen peroxide, was highly induced in cancer cells,
;:?ESRT while it was not in normal cells. In addition, the higher level of ROS down-regulated hTERT via binding of
CTCF CCCTC binding factor (CTCF) to the core promoter region of hTERT, which repressed hTERT expression. CTCF
DNMT1 binding was epigenetically controlled by the demethylation of the previously hypermethylated site for

CTCF, which was induced by down-regulation of DNA methyltransferase 1 (DNMTT1). In contrast, hTERT
down-regulation was not observed in normal cells. These results suggest that preferential death of cancer
cells by EGCG could be caused by the cancer-specific induction of ROS and epigenetic modulation of
expression of apoptosis-related genes, such as hTERT.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Recently, natural products such as curcumin, piperlongumine
and (-)-epigallocatechin-3-gallate (EGCG) have been suggested as
candidates to ensure selective death of cancer cells with no side ef-
fects in clinical applications [1]. Among these molecules, EGCG,
which is a major component of the polyphenols in green teas,
selectively inhibits the growth of cancer cells without adversely
affecting normal cells [2].

Human telomerase reverse transcriptase (hTERT) is one of the
targets in cancer therapy and cancer diagnostic research because
it is expressed in over 90% of cancers but not in normal cells
[3,4]. It is widely accepted that the down-regulation of hTERT
serves as a brake against malignancy via induction of apoptosis
[5]. EGCG-induced down-regulation of hTERT is epigenetically
controlled by demethylation of sites on the hTERT promoter
region where a cytosine nucleotide occurs next to a guanine
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nucleotide (CpG site), leading to the binding of E2F-1 and/or
CCCTC binding factor (CTCF) to sites within the hTERT promoter
[6,7]. Since the endogenous level of hTERT expression is absent
from most normal human somatic cells, hTERT inhibition by
EGCG should affect only cancer cells with little impact on nor-
mal cells. However, it still remains to be determined whether
EGCG induces cancer-specific cell death through the hTERT-med-
iated pathway.

EGCG is auto-oxidized in both cells and culture media, and the
oxidized EGCG induces apoptosis in cells. However, it is still debat-
able whether reactive oxygen species (ROS) is induced differently
between normal cells and cancer cells. Recent results suggested
that ROS generated by a therapeutic reagent induces cancer-
specific death due to the dysregulation of the redox balance in can-
cer cells [8]. Thus, it is postulated that the cancer-specific activity
of EGCG may be due to the preferential induction of ROS in cancer
cells, not in normal cells.

Collectively considering the available data, it cannot be ex-
cluded that the cancer-specific apoptosis by EGCG might be in-
duced by the down-regulation of hTERT, which could be caused
by the preferential induction of ROS in cancer cells. However, epi-
genetic molecular linkage of ROS with the down-regulation of
hTERT remains to be defined.
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In our previous study, we suggested that hTERT is down-regu-
lated by binding of CTCF to its promoter region, which is modulated
by DNA methyltransferase 1 (DNMT1)-mediated demethylation of
CpGs on a CTCF binding site in trichostatin A (TSA)-treated
HCT116 cells [7]. Considering the previous data, including ours,
we opined that hTERT expression would be epigenetically and
genetically regulated by EGCG, although the molecular linkage from
EGCG-induced ROS to the down-regulation of hTERT was not clearly
defined.

The present study was undertaken to define the molecular link-
age. We first determined if EGCG, as a pro-oxidant, induced ROS
and then assessed whether the induced ROS was capable of regu-
lating genes that might directly regulate hTERT expression or indi-
rectly regulate hTERT expression via a DNMT1-mediated pathway.
In addition, we investigated whether apoptosis due to the down-
regulation of hTERT was cancer-specific and by which mechanism
EGCG-induced preferential death of cancer cells was induced. The
presented findings could spur new anticancer therapeutic ap-
proaches by unveiling the molecular basis of the pro-apoptotic
and pro-oxidant properties of EGCG.

2. Materials and methods
2.1. Cell culture and drug treatments

HCT116, HEK293 and MRCS5 cells were obtained from the Kor-
ean Cell Line Bank (Seoul, Korea). The HCT116 human colon cancer
cell line was cultured in RPMI 1640 (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Wel-
GENE, Deagu, Korea) at 37 °C under a 5% CO, atmosphere. Cells
of a normal human embryonal kidney cell line (HEK293) and a nor-
mal human lung cell line (MRC5), were grown at 37 °C in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) FBS (WelGENE) in a humidified atmosphere containing
5% CO,. EGCG (Sigma-Aldrich) was dissolved in dimethylsulfoxide
and added to the medium at final concentrations of 50 uM and
100 pM.

2.2. WST-1 cell viability assay

Cytotoxic effects of drugs on cells were determined by the WST-
1 assay. Cells (1 x 10%) were added to wells of a 96-well plate and
incubated with 180 pl of culture medium for 24 h, prior to expo-
sure to the indicated concentrations of EGCG and ROS scavengers.
A total of 20 pl of WST-1 solution was added. After 4 h of incuba-
tion, the absorbance was measured at 432 nm using an ELISA plate
reader.

2.3. Quantitative mRNA analysis of genes using real time-polymerase
chain reaction (PCR)

Total RNA was extracted from cultured cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Real-time PCR was performed using a LightCycler
faststart DNA master SYBR Green I kit (Roche, Penzberg, Germany)
with a LightCycler 2.0 (Roche). Reactions were performed in tripli-
cate using 4 pg of cDNA per reaction. For real time-PCR, primers
(forward 5-GTGGGGGACTGTGTCTCTGT-3') and (reverse 5-TGAAA
GCTGCATGTCCTCAC-3') were used for amplification of DNMT1. The
primers used for p53 RT-PCR were forward, 5-GGACAGCCAA
GTCTGTGACTTGC-3' and reverse, 5'-CAGGTCTTGGCCAG TTGGC-3'.
For RT-PCR of p21, forward, 5-CTGGAGACTCTCAGGGTCGAA-3'
and reverse, 5'-CGGCGTTTGGAGTGGTAGAA-3' were used. For
RT-PCR of the gene encoding glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), forward, 5'-TGTGGTCATGAGTCCTTCCA-3' and

reverse, 5'-CGAGATCCCTCCAAAATCAA-3' primers were used. Prim-
ers for hTERT were designed as previously proposed [9]. The relative
expression ratio of each of the genes to GAPDH was calculated.

2.4. Bisulfite modification and PCR-directed sequencing

To analyze the methylation status of the hTERT promoter, a pre-
vious methodology for bisulfite modification and PCR was used [7].
Following PCR amplification, the purified products were cloned
using a TA cloning kit according to the manufacturer’s instruction
(Real Biotech Corp., Taipei, Taiwan). Plasmid DNAs were isolated
using a plasmid mini-prep kit according to the manufacturer’s
instruction (Real Biotech Corp.) and were sequenced using the
M13 universal reverse primer (Macrogen, Seoul, Korea).

2.5. Western blot

Cells were suspended in RIPA buffer (iNtRON Biotechnology,
Seongnam, Korea). Protein was quantified using the Bradford as-
say. The primary antibodies used were anti-p53 mouse polyclonal
IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p21 rab-
bit polyclonal IgG (Santa Cruz Biotechnology), anti-DNMT1 rabbit
IgG (Bethyl, Montgomery, AL, USA) and anti-tubulin mouse mono-
clonal IgG (Sigma-Aldrich). All antibodies were diluted in Tris-buf-
fered saline (TBS) (1:500-1:1000 dilution) and individually
incubated with the membrane overnight at 4 °C. Secondary anti-
body was diluted in TBS-Tween (TBST) at a dilution of 1/10,000
and incubated with the membrane for 1 h at room temperature.
Signals were visualized using enhanced chemiluminescence (Santa
Cruz Biotechnology).

2.6. Chromatin immunoprecipitation (ChIP)

Cells (1 x 10°) were harvested by centrifugation for 3 min at
2000 g and washed in phosphate buffered saline (PBS) with a pro-
tease inhibitor cocktail (Roche). ChIP analysis was performed using
a ChIP assay kit (Millipore, Billerica, MA, USA) according to the
manufacturer’s instructions. For PCR amplification of the hTERT
promoter region, recommended the primers were used [10]. H19
and dihydrofolate reductase (DHFR) were used as positive controls
for CTCF and SP1 binding, respectively, and PCR amplification was
performed using previously described primers [11,12].

2.7. Measurement of intracellular ROS

The cells were seeded on poly-p-lysine coated cover-slips and
grown for 1 day to achieve 70% confluence prior to drug treatment.
The cells were then treated with 100 pM EGCG in the absence or
presence of superoxide dismutase; (SOD; 5 U/ml), catalase (30 U/
ml) and N-acetyl-cysteine (NAC; 5 mM) for 6 and 12 h at 37 °C. To
measure intracellular ROS, cells were incubated with 5 uM of 2/,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA; Molecular Probes,
Eugene, OR, USA) for 15 min at 37 °C. Signals were detected using a
fluorescence microscopy examination at 100 x magnification.

3. Results
3.1. Selective death of cancer cells by EGCG treatment

We assayed the endogenous level of hTERT expression in human
normal (HEK293 and MRC5) and cancer (HCT116) cell lines. As ex-
pected, HCT116 highly expressed hTERT, whereas MRC5 did not
(Fig. 1A). Interestingly, HEK293 also expressed hTERT, although
the level of its expression was one-third of the level observed in
HCT116. Using these three cell lines, which showed different levels
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Fig. 1. Assessment of cell viability and hTERT expression after EGCG treatment in HCT116, MRC5 and HEK293 cells. A, Real-time PCR showing the relative level of endogenous
expression of hTERT. B, WST-1 assay to examine cell viability after EGCG treatment. Viable HCT116 cells were markedly decreased up to 17% by EGCG treatment at 100 uM for
24 h, whereas the viability of the MRC5 and HEK293 was 78% and 72%, respectively. C, Real-time PCR showing the relative level of hTERT expression after EGCG treatment.
HCT116 inhibited hTERT expression by up to 88%, whereas inhibition in HEK293 was only 20%.

of hTERT expression, we tested the cancer-specific cytotoxic effect
of EGCG at concentrations of 50 pM and 100 M using the WST-1
assay. As shown in Fig. 1B, proliferation of HCT116 cells declined in
time-and dose-dependent manners, with about 17% viability evi-
dent following 24 h exposure to 100 pM EGCG. In contrast to
HCT116 cells, HEK293 and MRC5 cells exhibited less sensitivity to-
wards EGCG, displaying 78% and 72% viability following a 24 h
treatment with 100 uM EGCG, respectively (Fig. 1B). These results
implied that the inhibitory effect of EGCG on cell proliferation
would be restricted to cancer cells, irrespective of the endogenous
level of hTERT expression.

3.2. Preferential inhibition of hTERT by EGCG in cancer cells

To determine whether EGCG could induce cancer-specific cell
death through the down-regulation of hTERT expression, we mea-
sured hTERT expression level after EGCG treatment in HCT116
and HEK293 cells. MRC5 cells were not used for this experiment
because they did not express hTERT (Fig. 1A). Treatment of
HCT116 cells with EGCG markedly decreased hTERT mRNA levels
from 12 h after EGCG treatment (Fig. 1C). However, no difference
in hTERT mRNA levels was observed in EGCG-treated HEK293 cells.
These results demonstrated down-regulation of hTERT only in can-
cer cells, not in normal cells. HEK293 cells showed no inhibition in
the level of hTERT expression, whereas a considerable reduction

was evident for HCT116 cells, suggesting that EGCG-induced cell
death was involved in the reduction of hTERT expression, although
hTERT would not be a direct target of EGCG for cell death.

3.3. EGCG-induced up-regulation of p53 and p21, and concomitant
down-regulation of DNMTT1 in cancer cells

The increased level of p53 expression leads to a concomitant in-
crease in the protein level of p21, a down-stream transcriptional
target of p53 [13]. Results of a recent study supported the sugges-
tion that DNMT1 is down-regulated by p53 via the formation of a
complex with specificity protein 1 (SP1) and chromatin modifiers
on the DNMT1 promoter [14]. In addition, another study demon-
strated that ectopic expression of p21 inhibits DNMT1 at the tran-
scriptional level, implying that p21 is an upstream regulator of
DNMT1 expression [15]. The collective results support the conten-
tion that EGCG is able to indirectly down-regulate DNMT1 expres-
sion through the up-regulation of p53 and p21 in cancer cells.

We confirmed the up-regulation of p53 and p21 in HCT116 cells
treated with EGCG (Fig. 2A). However, HEK293 and MRC5 cells
showed no difference in the level of p53 and p21 expression before
and after treatment with EGCG (Fig. 2A). Moreover, DNMT1 expres-
sion was decreased in HCT116 cells (cancer cells) but not in
HEK293 and MRC5 cells (normal cells), as expected from the differ-
ent pattern of p53 and p21 expression (Fig. 2A and B).
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Fig. 2. Expression of p21, p53 and DNMT1 and DNMT1-mediated binding of CTCF and SP1 to the promoter of hTERT. A, Western blot assay to assess the expression of p21, p53
and DNMTT1 after EGCG treatment. B, Real-time PCR to assess the expression of DNMT1 after EGCG treatment. C, Bisulfite sequencing assay to define the site-specific CpG
methylation pattern in the promoter region of hTERT. D, ChIP assay to test binding of CTCF and SP1 to the promoter region of hTERT. H19 and DHFR, which were expected to be
bound to their binding sites irrespective of the methylation state, were used as controls to certify the assay. Dotted lines in the square indicate the CpG sites, where

methylation states were changed after EGCG treatment.

3.4. Negative regulation of hTERT by CTCF

We next assayed the change of DNMT1-mediated methylation
status on the promoter region of hTERT after EGCG treatment. As
shown in Fig. 2C, bisulfite modification sequencing assay on the
core promoter region of hTERT demonstrated that the site-specific
methylation patterns were quite different between cancer cells
and normal cells. More specifically, several genomic sites including
CTCF and SP1 binding sites, which are important regulatory ele-
ments of hTERT expression, were demethylated after the treatment
of EGCG in HCT116. By comparison, there was no considerable dif-
ference in the methylation pattern of the entire core promoter re-
gion before and after EGCG treatment of HEK293 and MRC5 cells
(Fig. 2C). These results implied that demethylation of certain sites
of the hTERT promoter by EGCG could induce the binding of regu-
latory proteins to the demethylated sites to regulate hTERT expres-
sion in HCT116. The ChIP assay indicated that CTCF was bound to
the site (CpGs 31st-33rd) demethylated by the treatment of EGCG,
which had previously been highly methylated, whereas SP1 was
detached from the site (19th CpG) after the EGCG treatment
(Fig. 2D). These findings suggested that the difference in the levels
of EGCG-induced hTERT expression between cancer cells and nor-
mal cells would be derived from the preferential binding of CTCF
to the hTERT promoter in cancer cells, resulting from the reduction
of DNMT1 expression.

3.5. Differential level of inducible ROS by EGCG between cancer cells
and normal cells

We regarded ROS as the upstream regulator of p53. To deter-
mine if this explanation was suitable to describe the cancer-spe-
cific up-regulation of p53 and p21, we measured the intracellular
ROS level in cells treated with DCFH-DA (Fig. 3A and B). Endoge-
nous levels of ROS were too low to measure the intracellular ROS
level in all cells examined by DCFH-DA staining. However, the
ROS level was considerably increased in HCT116 cells treated with
EGCG, but not in normal counterparts, HEK293 and MRC5 cells
(Fig. 3A). These results reflected the considerable difference in
the level of inducible ROS between cancer cells and normal cells
when they are treated with EGCG.

3.6. Regulation of p53, p21 and DNMT1 by EGCG-induced ROS and
subsequent selective death of cancer cells

We found that the elevated level of ROS by EGCG was almost
completely abolished by the treatment of various ROS scavengers,
including SOD for decomposition of O, ~, catalase for hydrogen per-
oxide (H,0,) and NAC for both O,~ and H,0,. Especially, catalase
was more effective in scavenging ROS induced by EGCG than
SOD, indicating that ROS induced by EGCG was mainly H,0,. When
HCT116 cells were treated simultaneously with catalase and NAC,
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Fig. 3. EGCG-induced anti-proliferation and regulation of genes, including p21, p53 and DNMT1I. A, Assessment of the level of endogenous and EGCG-induced ROS in cells
using DCFH-DA. B, Scavenging effects of anti-oxidants, SOD, catalase and NAC, on EGCG-induced ROS. C, Inhibition of EGCG-induced anti-proliferation by anti-oxidants.
D, Effects of antioxidants on regulation of p21, p53 and DNMT1 expression. E, Western blot assay to assess the effect of anti-oxidants on p21, p53 and DNMT1 expression
induced by EGCG. E, EGCG; S, SOD; C, catalase; N, NAC. *p < 0.05 in pairwise t-test between control and EGCG-treated cells; **p < 0.05 in pairwise t-test between cells treated
EGCG alone and cells treated with EGCG/one of scavengers. Values of the relative expression level of genes in RT-PCR are indicated as the mean + S.D. of three independent

experiments.

no ROS were observed (Fig. 3B). The cell viability assay also dem-
onstrated that EGCG-induced cytotoxicity was reduced when
HCT116 cells were treated with SOD, catalase or NAC, or a combi-
nation of two of the three scavengers, showing the highest rate of
cell survival in the presence of both catalase and NAC (Fig. 3C). In
addition, expression of p53 and p21 was also reduced by treatment
of catalase or catalase/NAC, suggesting that EGCG-induced ROS
was responsible for the increase in the level of p53 and p21 expres-
sion (Fig. 3D and E). Moreover, DNMT1 expression, which was de-
creased in the presence of EGCG, was returned to almost the same
expression level as untreated cells when treated with the
scavengers, catalase or catalase/NAC. These findings indicated that
EGCG-induced ROS could induce the down-regulation of DNMT1
expression with the up-regulation of p53 and p21, resulting in
hTERT-mediated cancer cell death.

4. Discussion

Recent studies have attempted to identify clinically available
target molecules for cancer chemoprevention and chemotherapy,
and to define the mechanism to induce selective death of cancer
cells by them without any apparent effect on normal cells. In these
studies, the cancer-specific killing capacity of EGCG was examined.
The cellular activity of EGCG is selective for cancer cells by virtue of
the modulation of the expression of genes related with apoptosis
and cell proliferation, including p21, p53 and hTERT [6,13]. In addi-
tion, EGCG epigenetically altered the expression of tumor suppres-
sion genes (TSGs) and apoptosis-related genes by exerting an
inhibitory effect on genome-wide DNA methylation by reducing

DNMT1 expression. The results of many clinical studies support
the possibility of EGCG that is a potent drug that is capable of
inhibiting the initiation, promotion and progression of cancers.
However, further studies at the molecular level are needed to fully
understand how EGCG promotes cancer prevention and inhibition,
and exerts its cancer-specific activity.

EGCG is readily auto-oxidized in cell culture medium to pro-
duce ROS, including O, and H,0; [16]. EGCG-induced ROS, mainly
H,0,, and oxidative stress are involved in DNA oxidative damages,
which results in transformation of cells through the subsequent
mutation of oncogenes or TSGs [16]. EGCG induces the up-
regulation of p53 and p21, which are TSGs and major regulator of
apoptosis. The up-regulation of p21 is achieved through the super-
activation of SP1, an ubiquitous transcription factor, by c-jun on the
promoter region of p21 and induces the down-regulation of DNMT1
[15]. In addition, EGCG induces the down-regulation of DNMT1 via
its direct binding to the catalytic site of DNMT1 [17]. Presently,
EGCG at the high concentration of 200 uM induced apoptosis in
various cancer cells through up-regulation of p21 in a p53 indepen-
dent manner (data not shown). As well, EGCG induced up-regula-
tion of p53 and p21, and down-regulation of DNMT1 in HCT116
cells, whereas there was no difference in the level of expression
of two genes in MRC5 cells and HEK293 cells after EGCG treatment
(Fig. 2A). These results implied that DNMT1 could be down-regu-
lated either by direct inhibition of DNMT1 or by up-regulation of
p53 and p21 preferentially in cancer cells treated with EGCG.

In addition, we previously suggested that down-regulation of
DNMT1 by TSA treatment was involved in down-regulation of
hTERT via recruitment of CTCF to the promoter region of hTERT in
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Fig. 4. Schematic presentation showing the preferential increase of ROS and induction of apoptosis by EGCG treatment in cancer cells.

HCT116 [7]. Presently, the site-specific demethylation of the CTCF
binding site in the promoter region of hTERT recruited CTCF, a neg-
ative regulator of hTERT, to the site, resulting in down-regulation of
hTERT (Fig. 2C and D). In contrast to the binding of CTCF for the
down-regulation of hTERT after EGCG treatment, SP1 was detached
from the promoter of hTERT by EGCG treatment (Fig. 2D). In the
hTERT promoter, there are three SP1 sites as well as a CTCF binding
site, which are expected to positively regulate hTERT expression
(Fig. 2C). CpG sites 7th and 11th-12th showed no change in their
methylation state after EGCG treatment, but the CpG 19th site
was demethylated after EGCG treatment, implying the binding of
SP1 to the demethylated site. However, the ChIP result using the
SP1 antibody revealed the dissociation of SP1 from the promoter
region of hTERT rather than the recruitment of SP1 to the site
(Fig. 2D). It is possible that the SP1 site of CpG 19th might be va-
cant since most SP1 proteins were consumed to form p53-SP1
complexes with EGCG-induced p53. Rather, it seemed that CpGs
11th-12th, which was unmethylated before EGCG treatment,
might have been bound to SP1, but became vacant due to the for-
mation of the p53-SP1 complex. These findings support the sugges-
tion that hTERT was epigenetically down-regulated through the
combined effect of entire consumption of SP1, which could cause
up-regulation of p21 and/or hTERT, and the negative regulation of
CTCF for hTERT.

Although a great deal of data on the cancer preventive effects of
EGCG have accumulated, the molecular nature of different response
to EGCG between cancer cells and normal cells still remains to be
defined. It has been demonstrated that piperlongumine, a natural
product isolated from the plant species Piper longum L., increases
the level of ROS and apoptotic cell death in cancer cells but shows
no apparent cytotoxicity in normal cells, reflecting its cancer-spe-
cific capacity in response to transformation-induced oxidative

stress [1]. The latter authors suggested that normal cells have low
basal levels of ROS and, therefore, a diminished reliance on the
ROS stress-response pathway, whereas cancer cells have high levels
of ROS and might, therefore, be expected to have a strong reliance
on the ROS stress-response pathway. In contrast to the results of
the piperlongumine, our data demonstrated that the differential re-
sponse to EGCG between cancer cells and normal cells was derived
from the differential inducibility of ROS between cancer cells and
normal cells, rather than the different basal level of ROS between
them. Thus, the difference in the level of inducible ROS between
cancer cells and normal cells forms the basis of cancer-specific
anti-proliferative and pro-apoptotic property of EGCG. In support
of this hypothesis, the basal level of ROS in cancer cells was almost
the same as that in normal cells, but EGCG-induced ROS was
markedly increased in cancer cells whereas not in normal cells
(Fig. 3A).

In conclusion, the cancer-specific pro-apoptotic property of
EGCG might be explained by inducing the preferential genetic
and epigenetic regulation of apoptosis-related genes, including
p21, p53 and hTERT, in cancer cells (Fig. 4). In addition, it seemed
that the preferential expression of those genes would be due to
the differential inducibility of ROS, especially H,0,, by EGCG be-
tween cancer cells and normal cells (Fig. 4). That is, increased per-
turbation of redox and ROS homeostasis by EGCG-induced ROS in
cancer cells would be the base for the selectivity of EGCG-induced
apoptosis in cancer cells.
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