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Abstract The ends of human chromosomes are protected from the degradation associated with cell division by 15–
20 kb long segments of hexameric repeats of 50-TTAGGG-30 termed telomeres. In normal cells telomeres lose up to 300 bp
of DNA per cell division that ultimately leads to senescence; however, most cancer cells bypass this lifespan restriction
through the expression of telomerase. hTERT, the catalytic subunit essential for the proper function of telomerase, has been
shown to be expressed in approximately 90% of all cancers. In this study we investigated the hTERT inhibiting effects of
(�)-epigallocatechin-3-gallate (EGCG), the major polyphenol found in green tea catechins, in MCF-7 breast cancers cells
and HL60 promyelocytic leukemia cells. Exposure to EGCG reduced cellular proliferation and induced apoptosis in both
MCF-7 and HL60 cells in vitro, although hTERT mRNA expression was decreased only in MCF-7 cells when treated with
EGCG. Furthermore, down-regulation of hTERT gene expression in MCF-7 cells appeared to be largely due to epigenetic
alterations. Treatment of MCF-7 cells with EGCG resulted in a time-dependent decrease in hTERT promoter methylation
and ablated histone H3 Lys9 acetylation. In conjunction with demethylation, further analysis showed an increase inhTERT
repressor E2F-1 binding at the promoter. From these findings, we propose that EGCG is effective in causing cell death in
both MCF-7 and HL60 cancer cell lines and may work through different pathways involving both anti-oxidant effects and
epigenetic modulation. J. Cell. Biochem. 103: 509–519, 2008. � 2007 Wiley-Liss, Inc.
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Telomeres are specialized structures located
at the ends of chromosomes responsible for
maintaining chromosomal stability by prevent-
ing attrition, end-to-end fusions and chromo-
somal rearrangements. Human telomeric DNA
is usually about 15–20 kb in length and is
composed of repetitive 50-TTAGGG-30 sequenc-

es [Zakian, 1995]. Because the ‘‘end replication
problem of linear chromosomes’’ results in the
incomplete copying of telomeric DNA, 150–
300 bp of DNA is lost with each replication and
once a critical length is reached normal human
cells enter a senescent state and cease to divide.
Telomerase is a ribonucleoprotein enzyme
complex required to preserve the length of
telomeres in rapidly dividing cells. Human
telomerase reverse transcriptase (hTERT) is
the catalytic subunit of telomerase and utilizes
an RNA component containing a sequence
complementary to the telomeric repeat as a
primer to elongate telomeres [Meyerson et al.,
1997]. Although most normal human somatic
cells exhibit very little telomerase activity,
highly proliferative cells such as germline cells,
hematopoetic cells and up to 95% of cancer cells
express telomerase to varying degrees [Ahmed
and Tollefsbol, 2003]. The near exclusivity of
hTERT expression to cancer cells makes this an
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attractive target for chemoprevention and other
alternative therapies.

Among the various aspects of gene control,
epigenetic modulation has been the focus of
many recent studies. DNA methylation of the
promoter region of a gene has been shown to
be an important factor in its ability to bind
different transcription factors [Campanero
et al., 2000; Perini et al., 2005]. In most cases,
hypermethylation of the regulatory region of a
gene can inhibit its expression. For example, the
p16 promoter becomes methylated inhibiting its
expression during tumorogenesis [Lee et al.,
2003]. There are three major DNA methyltrans-
ferases (DNMTs) responsible for the establish-
ment of the patterns of DNA methylation
present in the genome. DNMT3a and DNMT3b
are mainly involved in de novo methylation
while DNMT1 maintains the methylation pat-
tern during cellular replication. Knockout of
each of these is associated with a vast loss of
genomic methylation and is embryonic-lethal in
mice [Okano et al., 1999]. Interestingly, hTERT
regulation by DNA methylation goes against
the paradigm and hypermethylation of its
promoter leads to increased expression in
cancer cells [Guilleret and Benhattar, 2004;
Quante et al., 2005], possibly by inhibition of the
binding of methylation-sensitive transcription
factors such as E2F-1. The full mechanism by
which DNA methylation influences hTERT
gene expression remains to be elucidated.
Another prevalent epigenetic mechanism influ-
encing gene transcription is histone modifi-
cation. Many alterations can be made to the
N-terminal tails of histones that can either
increase or inhibit gene transcription. Histones
and histone-associated proteins are responsible
for maintaining chromatin in either an acces-
sible or inaccessible state. The addition of an
acetyl group to a lysine residue in an N-terminal
tail results in the loss of the positive charge
allowing for loose association to the DNA
[Krajewski, 2002]. This more open conforma-
tion provides access for transcription factors to
DNA, increasing gene transcription in that
region. Methylation of the lysine residues may
also occur and it has been shown that mono- and
di-methylation at histone 3-lysine 9 (H3-lys9) is
associated with an inactive chromatin confor-
mation [Rice et al., 2003]. Similar to changes in
DNA methylation by DNMTs, histone modifica-
tions can be made by certain modifiers such as
histone deacetylases (HDACs), histone methyl-

transferases (HMTases), and histone acetyl-
transferases (HATs) [Berger, 2002]. Despite our
knowledge of histone modifications, hTERT
gene regulation by changes in chromatin struc-
ture has yet to be fully elucidated.

Tea is one of the most widely consumed
beverages worldwide and has recently been
the focus of many studies aimed at discovering
the purported health benefits of the polypheno-
lic compounds prevalent in green tea [Nakachi
et al., 2003; Lee et al., 2006]. The major
polyphenols found in green tea include (�)-
epigallatecatechin (EGC), (�)-epicatechin-3-
gallate (ECG), (�)-epicatechin (EC), and (�)-
epigallocatechin-3-gallate (EGCG). Of these,
EGCG accounts for more than 50% of the total
polyphenol content in green tea [Lin and Liang,
2000]. Several studies show that EGCG exhibits
the ability to suppress cancer cell growth,
induce apoptosis, and inhibit tumor angiogen-
esis. Therefore, it is likely that EGCG imparts
its anticancer effects through many different
mechanisms [Fassina et al., 2004; Huh et al.,
2004]. One mechanism includes the inhibition
of DNMT1 leading to demethylation and reacti-
vation of methylation-silenced genes. Treat-
ment of human esophageal KYSE 510 and
150 cells with EGCG has been shown to lower
DNMT1 activity and lead to hypomethylation
and re-expression of genes including RARb and
hMLH1 [Fang et al., 2003]. More recently, it
has been observed that EGCG can specifically
inhibit both SssI and DNMT1 methylation
in vitro [Jon et al., 2005]. Taken together, these
findings indicate that EGCG may have an
effect on gene regulation through an epigenetic
pathway.

MATERIALS AND METHODS

Cell Culture Conditions, Kinetics of
Cell Growth, and Morphological

Studies Following EGCG Treatment

MCF-7 breast cancer and HL60 leukemia
cells were obtained from the American Type
Culture Collection (ATCC, Rockville, MD).
Briefly, MCF-7 cells were routinely cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS), 25 mM L-glutamine, and 10 mg/ml anti-
biotics (amphotericin B, penicillin, and strepto-
mycin; APS). HL60 cells were grown in Iscove’s
DMEM supplemented with 10% FBS, 25 mM
L-glutamine, 10 mg/ml APS, and 1% sodium
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pyruvate (all products from Mediatech, Inc.,
Herndon, VA). EGCG (Sigma, St. Louis, MO)
was added to the media for a final concentration
of 100 mM for treatment of MCF-7 cells and
50 mM for treatment of HL60 cells based on
optimal dose-response analyses (data not
shown). Treated and untreated control cells
were grown at 378C in a humidified atmosphere
containing 5% CO2. EGCG solutions were made
fresh and cells were re-treated and fed each day
for the duration of the exposure. All treatments
included experimental as well as non-treated
controls without EGCG for each assayed time
point as we have done previously [Mittal et al.,
2004]. Cells were counted using a Neubauer
hemocytometer and trypan blue (0.25%). Stan-
dard error was measured from counts taken
in three separate experiments. Morphological
changes were recorded using a Nikon Coolpix
990 (Nikon, Tokyo, Japan).

Gene Expression Assays

Cells were harvested every 3 days and total
cellular RNA was purified using the RNeasy
Mini Kit (Qiagen, Valencia, CA). Two micro-
grams of RNA was reverse-transcribed using
the Superscript First Strand synthesis system
for conversion to cDNA (Invitrogen, Carlsbad,
CA). An aliquot from this reaction (3 ml) was
used as the template for a PCR amplification
with a primer set specific to a 509 bp region of
the hTERT gene: sense, 50-AGAACGTTCCG-
CAGAGAAAA-30 and anti-sense, 50-AAGC-
GTAGGAAGACGTCGAA-30. Amplification of
b-actin mRNA was performed as a positive/
loading control using primers specific to a 649 bp
region: sense, 50-AGAAAATCTGGCACCACA-
CC-30 and anti-sense, 50-AGCACTGTGTTGG-
CGTACAG-30. Amplification was performed in
a standard thermocycler beginning with an
initial heating at 948C for 1 min followed by
30 cycles of 948C for 15 s, 528C for 30 s and 728C
for 2 min. PCR products were resolved on a 1%
agarose gel visualized with ethidium bromide
staining exposed to UV light. Gel quantifica-
tions were made using Kodak 1D image analysis
software (Eastman Kodak, Rochester, NY).

Detection of Apoptosis by In Situ Fluorescein
Labeling and Fluorescence-Activated Cell Sorting

Apoptosis in EGCG treated and non-treated
control cells was assayed using the ApopTag1

fluorescein direct in situ apoptosis detection kit
(Chemicon International, Inc., Temecula, CA).

Briefly, cells were fixed using 1% paraformal-
dehyde and post-fixed in ethanol/acetic acid
and cytospun using a technique developed in
this lab: Post-fixed cells were spread on an
18 mm� 18 mm coverslip placed inside a 50 ml
centrifuge tube and supported by a small piece
of Styrofoam. The tubes were then spun in a
Beckman TJ-6 centrifuge for �2 min at 400g.
Following cytospining, cells were washed in 1�
phosphate buffered saline and labeled with
digoxigenin-dNTPs using the terminal deoxy-
nucleotidyl transferase (TdT) enzyme at 378C
for 1 h to stain for apoptosis. Cells were counter
stained using Vectashield containing anti-fade
and DAPI (Vector Laboratories, Burlingame,
CA). Stained cells were visualized using a Leitz
fluorescence microscope (Leitz Wetzler, Ger-
many) and photographed with a CoolSNAP-Pro
camera (Media Cybernetics, Silver Springs,
MD) at 100� magnification. Further examina-
tion of apoptosis in response to EGCG treatment
was measured using the VybrantTM Apoptosis
Assay Kit No. 2 (Molecular Probes, Carlsbad,
CA) as we have done previously [Mittal et al.,
2004]. Briefly, cells were washed with cold
phosphate buffered saline and stained with
both Alexa Fluor1 488 annexin V and propi-
dium iodide according to the manufacturer’s
protocol. Cells were sorted using a FACSCali-
bur cell sorter and results were analyzed using
CELLQuest software (Becton, Dickinson,
Franklin Lakes, NJ).

Sodium Bisulphite Analysis

Methylation of the hTERT promoter was
analyzed using the MethylEasyTM DNA bisul-
phite modification kit (Human Genetic Signa-
tures, Macquarie Park, Australia) as performed
regularly. In brief, DNA from EGCG-treated
and non-treated controls was extracted using
the DNeasy Tissue Kit (Qiagen). Up to 4 mg
of DNA were treated with 3 M NaOH and
incubated at 378C for 15 min. Bisulphite
modification was carried out at 558C overnight
to ensure complete conversion of non-methy-
lated cytosines [Liu et al., 2004]. Samples were
subjected to nested PCR for two rounds using
the following primers specific for a 646 bp region
of the hTERT promoter: First round sense, 50-
ATTTGGAGGTAGTTTTGGGTT-30; first round
anti-sense, 50-AACCACCAACTCCTTCAAA-30;
for second round PCR amplification sense,
50-GTTTTTAGGGTTTTTATATTATGG-30 and
second round anti-sense, 50-CACACCAAACAC-
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TAAACCACCA-30. PCR was performed under
the following conditions: 958C for 3 min followed
by 30 cycles of 958C for 15 s, 508C for 2 min, and
728C for 2 min with a hold at 728C for 10 min.
Amplified DNA was purified using the QIA-
quick PCR purification kit (Qiagen). Amplified
segments were sequenced using the 3730 DNA
Sequencer (Applied Biosystems, Foster City,
CA).

Chromatin Immunoprecipitation Analysis

In order to assess the histone acetylation
status at the hTERT promoter, the EZ Chro-
matin Immunoprecipitation (EZ ChIPTM) assay
was used (Upstate Biotech, Charlottesville, VA)
as we have done previously. Briefly, treated and
non-treated controls were crosslinked using
fresh 1% paraformaldehyde, harvested and
lysed in 20% SDS lysis buffer. Crosslinked
DNA was sheared using model 150 V/T Ultra-
sonic Homogenizer (Biologics, Inc., Manassas,
VA) to �200–1000 bp in length. Sheared lysate
was pre-cleared with a 50% Protein G agarose
slurry and 10% of the supernatant was removed
to serve as the input control. The pre-cleared
lysate was incubated with antibodies specific for
acetylated histone H3 at lysine 9 or E2F-1
(Upstate Biotech) overnight at 48C with rota-
tion. Antibody/antigen/DNA complex was col-
lected using the Protein G agarose slurry and
washed with salt buffers included in the kit.
Protein/DNA complexes were eluted in elution
buffer containing 1 M NaHCO3, 20% SDS lysis
buffer, and distilled water [Liu et al., 2004].
Protein/DNA crosslinks were reversed in 5 M
NaCl at 658C for 4 h. DNA was purified
according to the protocol using spin columns
provided in the kit (Upstate Biotech). Purified
DNA was amplified by standard PCR with
primers specific for a 553 bp fragment in the
hTERT promoter: sense, 50-CTCCGTCCTCC-
CCTTCAC-30 and anti-sense, 50-CAGCGC-
TGCCTGAAACTC-30. PCR was performed
under the following conditions: 948C for 1 min
followed by 30 cycles of 948C for 15 s, 528C for
30 s, and 728C for 2 min.

RESULTS

Morphological Effects and
Reduction in Proliferation

We investigated both cellular proliferation
kinetics and morphological alterations in cells
exposed to EGCG. As shown in Figure 1, EGCG

treatment inhibited cell growth in both MCF-7
breast cancer cells and HL60 promyelocytic
leukemia cells (Fig. 1A,B, respectively), as well
as inducing morphological changes indicative of
an increase in apoptosis (Fig. 1C,D). By day 6
MCF-7 cells showed a severe reduction in cell
growth (�88%) and an enhanced amount of
membrane blebbing associated with apoptosis
(Fig. 1C). As illustrated in Figure 1B, HL60 cells
also underwent a decline in cell proliferation in
a time-dependent manner (�33% by day 6 and
�60% by day 9). Morphologically, HL60 cells
exhibited signs of apoptosis and necrosis as
evidenced by the swelling of the cells in both
day 6 and 12 (Fig. 1D). The morphological
evidence for necrosis and apoptosis in HL60
cells and the lack of morphological evidence
for necrotic cells in MCF-7 cells indicate that
induction of cell death by EGCG may occur
through different pathways for the two cell
types.

Apoptotic Effects of EGCG on
Cancer Cells

To further investigate apoptosis in EGCG-
treated cells, apoptosis-associated cleaved DNA
was labeled using the enzyme TdT. During
apoptosis, cellular DNA is cleaved leaving 30-
OH groups exposed. These ends were labeled
with digoxigenin-dNTPs using the TdT enzyme
and visualized through fluorescent microscopy.
Apoptosis associated with EGCG treatment
increased progressively in both cell lines
(Fig. 2). As illustrated in Figure 2B, by day 9
there was a marked induction of apoptosis in
HL60 cells treated with EGCG when compared
to untreated controls. At day 9 MCF-7 cells also
show high apoptosis levels when compared to
untreated controls (Fig. 2D). In addition to
fluorescent labeling, apoptosis was measured
using fluorescence activated cell sorting (FACS)
as described above. At 9 days of treatment there
is an increase of apoptotic HL60 cells (>2-fold)
when compared to untreated control cells grown
for the same time period (Fig. 2E). Similarly, in
Figure 2E, MCF-7 cells show an even greater
increase in apoptosis by day 9 (>11-fold). The
difference in the levels of apoptosis in MCF-7
cells and HL60 cells may indicate that the
mechanism by which EGCG induces apoptosis
in HL60 cells is more direct, perhaps through an
oxidant pathway or up-regulation of pro-apop-
totic genes [Mittal et al., 2004] and that EGCG
may utilize both an antioxidant pathway and
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one involving telomerase inhibition in MCF-7
cells. These results collectively indicate that
EGCG induces programmed cell death in cancer
cells with dissimilar origins. Since it has been
shown that cancer cells often have shortened
telomeres despite the presence of high levels
of telomerase expression [Liu et al., 2004], we
further tested whether the induction of apopto-
sis could be attributed to the down-regulation
of hTERT in these cell lines.

Reduction in hTERT mRNA Production
in Breast Cancer Cells

In previous reports, apoptosis has been shown
to be associated with hTERT mRNA down-

regulation and follows siRNA knockdown of the
telomerase gene [Roy et al., 2005; Shammas
et al., 2005; Lin et al., 2006]. We investigated
whether the apoptosis described above is corre-
lated with the reduction in hTERT mRNA
levels. Side-by-side comparison with untreated
control cultures reveals a clear time-dependent
inhibition ofhTERTmRNA production in MCF-
7 cells (Fig. 3A). At day 6 of exposure hTERT
gene expression is reduced by �23% when
compared to the untreated control grown in
the absence of EGCG for the same time period.
Further exposure led to greater reductions at
day 9 and day 12 (�40%, �64%, respectively)
(Fig. 3A). However, HL60 cells grown in
the presence of EGCG exhibited no hTERT

Fig. 1. Growth analysis and morphological studies of MCF-7 breast cancer cells and HL60 promylocytic
leukemia cells in response to EGCG treatment. Based on dose response analyses (data not shown), MCF-7
cells (A) were grown either in the presence or absence of 100mM EGCG and HL60 cells (B) were grown in the
presence or absence of 50 mM EGCG. Cells were counted using trypan blue staining. Morphological data
were recorded at 3-day intervals for both MCF-7 (C) and HL60 cells (D). Cells were visualized at 100�
magnification. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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gene down-regulation when compared to time-
matched untreated control cells (Fig. 3B). The
differing expression patterns in response to
EGCG treatment may indicate that the poly-
phenol works through multiple pathways that
differ in varying cell types. Regulation of gene
expression is not only controlled by changes
within the nucleotide sequence, but it is also
influenced by epigenetic changes. Since a
reduction in hTERT mRNA was shown in

MCF-7 cells, we next investigated if this change
was due to epigenetic mechanisms.

Epigenetic Modifications by EGCG
in Cancer Cells

It has been established that hypermethyla-
tion of the hTERT promoter region paradoxi-
cally induces gene transcription and that
demethylation results in lowered expression in

Fig. 2. Time-dependent apoptosis induction in HL60 and
MCF-7 cells by EGCG. HL60 and MCF-7 cells were treated with
50 and 100 mM EGCG, respectively for 9 days. Apoptosis was
assayed by the Apoptag1 Fluorescein Direct In Situ Apoptosis
Detection Kit. A: HL60 nuclear DAPI stains (blue) and (B) HL60
TdT apoptosis stains (green) for untreated controls and cells
treated through day 9. C: MCF-7 nuclear DAPI stains (blue) and

(D) TdT apoptosis stains (green) for treated and untreated MCF-7
cells through day 9. Fluorescence activated cell sorting was
used to further study apoptosis induced by EGCG (E). Levels of
apoptosis were calculated using values for early apoptosis (lower
right quadrant) and late apoptosis (upper right quadrant). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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most cancers cells [Guilleret and Benhattar,
2003]. In a previous study, we have shown that
decreased acetylation on H3 at lysine 9 within
the hTERT promoter negatively influences
hTERT transcription during retinoid induced
differentiation [Liu et al., 2004]. We therefore
investigated whether the reduction in hTERT
mRNA production seen during EGCG treat-
ment is caused by demethylation of the promo-
ter or deacetylation of histones on the hTERT
gene. Figure 4A illustrates a marked reduction
in histone acetylation in a time-dependent
fashion. Upon treatment, H3 becomes increas-
ingly hypoacetylated when compared to
untreated controls, which appear to maintain
a steady state of acetylation throughout treat-
ment. At day 6 the amount of acetylated H3 was
approximately half as much as its respective
untreated control and by day 9 H3 was com-
pletely hypoacetylated. There is a marked
correlation between the epigenetic mechanisms
affected by EGCG treatment and hTERT
expression. As both DNA methylation at the
hTERT promoter and H3 lys9 acetylation
decrease, so does hTERT expression (Fig. 4C).

Demethylation of Key E2F-1 Binding Sites
in the hTERT Promoter

It has been previously shown that the cell
cycle regulator E2F-1 can act as a tumor
suppressor by directly influencing the hTERT
promoter [Won et al., 2002], and that E2F-1
binding is inhibited by CpG methylation. There-
fore, we analyzed both the methylation status at
two putative E2F-1 binding sites within the
hTERT core promoter and the binding of E2F-1
to the hTERT promoter. Figure 5A illustrates
time-dependent demethylation of the hTERT
promoter in MCF-7 cells at key E2F-1 binding
sites, with the highest amount of demethylation
occurring at day 12.

Increased Binding of E2F-1 at Sites Within the
hTERT Promoter and a Proposed Mechanism

for hTERT Down-Regulation by EGCG

We next studied the binding ability of E2F-1
during EGCG treatment. Using ChIP, we
showed that as treatment time increased, so
did the binding of E2F-1 (Fig. 5B). From day 6 to
9, E2F-1 binding increased by �42%, and from

Fig. 3. EGCG down-regulates hTERT mRNA expression in
MCF-7 cells but not in HL60 cells. Both untreated and cells
treated for specific time intervals were assayed for hTERT
expression. A: hTERT mRNA expression in treated MCF-7
compared side-by-side with untreated controls and (B) treated
HL60 cells presented in a similar fashion. Lane 1 contains 100 bp
marker. (þ) Denotes cells treated with either 50 mM (for HL60
cells) or 100 mM EGCG (for MCF-7 cells) based on dose response

analysis (data not shown) and (�) indicates untreated controls.
b-Actin was used as a loading control. For PCR amplification of
hTERT, primers used were as follows: 50-AGAACGTTCCGCA-
GAGAAAA-30, sense and 50-AAGCGTAGGAAGACGTCGAA-
30, anti-sense. Amplification of b-actin was accomplished using
primers as follows: 50-AGAAAATCTGGCACCACACC-30, sense
and 50-AGCACTGTGTTGGCGTACAG-30, antisense.
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day 6 to 12 increased by �62% (Fig. 5B) and is
graphically represented in Figure 5C. To serve
as an input control, 10% of the sample was
removed before immunoprecipitation (Figs. 4
and 5). Figure 6 proposes a model for the
correlation between hTERT down-regulation
and epigenetic alterations in MCF-7 cells
exposed to EGCG. Taken together, these data
indicate a possible mechanism by which EGCG
down-regulates hTERT gene expression which
includes both epigenetic regulation of chroma-
tin and transcription factor binding.

DISCUSSION

Molecular mechanisms for the inhibitory
effects of tea polyphenols on many types of

cancers have been proposed. Our results sug-
gest that treatment of cells with polyphenols
can lead to differential cytotoxic effects, and
that EGCG-induced cancer cell death may be
accomplished through both a telomerase-inde-
pendent mechanism and a telomerase-depen-
dent mechanism in varying cell types. Despite
the differences in genetic mechanisms, our
observations indicate that EGCG is capable of
inhibiting cell growth and inducing apoptosis in
cancers of dissimilar origins. Our results also
suggest that the growth inhibiting effects seen
in HL60 cells are not due to hTERT down-
regulation. It is possible that the induction of
apoptosis in this case is the result of an
alteration in another apoptotic pathway such
as a disturbance in the ratio of Bax to Bcl-2 [Roy
et al., 2005] or a direct cytotoxic effect caused by
the formation of H2O2 from EGCG in the
medium [Weisberg et al., 2004]. It is important
to mention that our data establishes a strong
correlation between hTERT mRNA reduction
and the induction of apoptosis in MCF-7 cells.
Loss of hTERT expression may not be the only
cause of apoptosis as indicated by the lack of
reduction of hTERT mRNA in HL60 cells
demonstrating apoptosis. Since the focus of this
study is to analyze hTERT down-regulation
seen with EGCG treatment, only MCF-7 cells
were used to study epigenetic changes caused by
the polyphenol. Cells of different origins were
chosen to illustrate EGCG’s effects in differ-
entiated and non-differentiated cancers, how-
ever further experimentation as to how the
origin of the cancer cell relates to the differ-
ential effects illustrated by our results is
needed. Carcinoma cells of embryonic origin
have been shown to follow the traditional
paradigm and contain hypomethylated hTERT
promoters that are transcriptionally active and
become silenced when methylated [Guilleret
and Benhattar, 2003]. This would help to
explain why hTERT mRNA production is not
affected by EGCG in HL60 cells of embryonic
origin, since it is the inhibition of the activity of
the maintenance methyltransferase DNMT1
that is thought to be the major cause of EGCG-
induced promoter hypomethylation [Fang et al.,
2003; Jon et al., 2005]. MCF-7 cells are a
differentiated cell line which has been shown
to contain hypermethylated hTERT promoter
CpG sites [Guilleret and Benhattar, 2004] and
responds to EGCG treatment [Mittal et al.,
2004]. It has been shown recently that hyper-

Fig. 4. EGCG deacetylates histones at the hTERT promoter and
the down-regulation of hTERT expression correlates with
associated epigenetic modulation. ChIP analysis of histone
H3 acetylation in EGCG treated and untreated MCF-7 cells.
A: PCR amplification of ChIP-purified DNA using a rabbit anti-
acetylated histone H3 antibody. One sample was incubated with
only rabbit IgG to serve as a negative contamination control (Ø)
and (B) 1% of the supernatant was removed prior to immuno-
precipitation to serve as an input DNA control. Primers specific
for the hTERT gene were used for PCR amplification: 50-
CTCCGTCCTCCCCTTCAC-30, sense and 50-CAGCGCTGCCT-
GAAACTC-30, anti-sense. C: Graph representing the correlation
between the epigenetic changes at the hTERT promoter and
expression in MCF-7 cells. Percent methylation was obtained by
dividing the number of methylated sites by the total number of
sites (37) being assayed (see Fig. 5A for site-specific methylation
of the hTERT promoter in response to EGCG). Relative hTERT
expression was determined by the Kodak photo-imaging system
after assigning the most intense band to be 100%.
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methylation of CpG sites within a 150 bp region
around the transcription start site decreases
hTERT transcription, following the normal
paradigm of methylation induced gene silencing
[Zinn et al., 2007]. It is possible that EGCG
treatment decreased capacity of DNMT1 to

maintain methylation, leading to demethyla-
tion of the key E2F-1 sites, thus allowing the
repressor to bind and block transcription as we
have shown. Another possibility is that EGCG-
induced demethylation facilitates the loss of
methylation at CTCF-binding regions within
the first exon, allowing for repression of hTERT
as illustrated by a recent study [Renaud et al.,
2007]. However the specific effects of EGCG on
CTCF-binding requires further elucidation.
The findings presented here strongly suggest
that EGCG may play an important role in the
epigenetic control of hTERT through hypo-
methylation at specific sites within the hTERT
promoter. Not all the CpGs of the hTERT
promoter are affected which may be due to

Fig. 5. EGCG induces demethylation at E2F-1 binding sites in
the hTERT promoter and increases E2F-1 binding capacity. MCF-
7 treated cells were assayed for hTERT promoter methylation.
Sodium bisulfite conversion was used to study 37 CpG sites
within the hTERT promoter (indicated by boxes). Nested PCR
using primers specific for converted hTERT DNA were used:
first round sense, 50-ATTTGGAGGTAGTTTTGGGTT-30; first
round anti-sense, 50-AACCACCAACTCCTTCAAA-30. For second
round sense, 50-GTTTTTAGGGTTTTTATATTATGG-30; second

round anti-sense, 50-CACACCAAACACTAAACCACCA-30. A: As
shown, EGCG caused hypomethylation at both the distal and
proximal E2F-1 binding sites containing two and three CpG sites,
respectively. The gray shaded boxes represent undetermined
methylation status and possibly result from partial methylation at
these sites. B: Gel electrophoresis showing an increase in E2F-1
binding at the hTERT promoter. C: Histogram illustrating the %
binding of E2F-1.

Fig. 6. Proposed mechanism of epigenetic gene control
alterations by EGCG. A: Under normal growth conditions
DNMT1 methylation capacity is not inhibited allowing methyla-
tion of the hTERT promoter in cancer cells which may block the
binding of the Rb/E2F-1/DNMT1/HDAC1 repressor complex, the
results of which include a hypermethylated promoter, acetylated
histones and active gene transcription. B: Treatment of EGCG
inhibits DNMT1 methylating ability leading to hypomethylation
of the hTERT promoter [Fang et al., 2003] including key E2F-1
sites. This may allow the Rb/E2F-1/HDAC1 repressor complex
to bind leading to hypoacetylation and reduced hTERT tran-
scription. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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competitive binding of transcription factors in
those regions. One other explanation may be
that DNMT1 preferentially methylates the
CpGs contained in the E2F-1 sites and that
disruption of DNMT1 activity initially causes a
loss of methylation in that area.

The regulation of hTERT gene activity
involves mechanisms utilizing both epigenetic
and transcriptional control points. Mad1 has
been shown to bind to the hTERT promoter at
locations termed E-boxes and suppress tran-
scription [Zou et al., 2006] while specific altera-
tions in chromatin structure can influence
expression of telomerase [Atkinson et al.,
2005]. Our results illustrating progressive
hypoacetylation at the hTERT promoter in
MCF-7 cells treated with EGCG may be an
important factor in the epigenetic mechanisms
that lead to decreased hTERT transcription. A
proposed mechanism for the down-regulation of
hTERT transcription in response to EGCG is
illustrated in Figure 6. Under normal condi-
tions, in cancer cells, hypermethylation of the
hTERT promoter is maintained by DNMT1
throughout division allowing for continued
hTERT transcription (Fig. 6A). However, the
down-stream effects of DNMT1 activity inhibi-
tion by EGCG may be twofold (Fig. 6B). First,
DNMT1 cannot associate with the Rb/E2F-1/
HDAC1 complex thought to be formed [Robert-
son et al., 2000], and second, the absence of
DNMT1 in that complex in EGCG-treated cells
may allow for the binding of E2F-1 to sites
within the hTERT promoter resulting in a
decrease in hTERT expression through the
deacetylation of nearby histones by HDAC1.
Support for the putative mechanism is evi-
denced by the time-dependent hypoacetylation
and elevation in E2F-1 binding seen in this
study.

In conclusion, the findings presented in this
study help illustrate the diversity of mechan-
isms by which EGCG can work in cells of
varying origin. We have shown that EGCG can
inhibit cell growth by inducing apoptosis and
that this induction in MCF-7 cells is due to
decreased hTERT transcription. These findings
show for the first time that EGCG leads to
progressive demethylation of the hTERT pro-
moter including E2F-1 binding sites resulting
in an increase in binding of this repressor.
We have also shown for the first time that
EGCG treatment leads to hypoacetylation at
H3 lys9, further contributing to hTERT down-

regulation. It is important to point out that
hTERT gene control is unique and involved and
this proposed method of action is not the only
way EGCG inhibits cancer cell growth. The
concentrations used in this study were 50 and
100 mM and may be high when compared to
physiologically achievable amounts in mam-
mary tissue, however, Naasani et al. (1998)
illustrated that EGCG can inhibit telomerase
and induce apoptosis at doses achievable by
drinking a only a few cups of green tea. While
this work is aimed at elucidating the mechan-
ism by which EGCG can down-regulate hTERT
expression, further confirmation with the con-
centrations used in this study in vivo is needed.
However, the anticancer effects of EGCG seen
in this and other studies make it an attractive
target for chemoprevention in varying cancer
cell types.
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