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Epigallocatechin-3-gallate inhibits growth and induces
apoptosis in esophageal cancer cells through the
demethylation and reactivation of the p16 gene
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Abstract. The present study aimed to investigate the effect
of treatment with epigallocatechin-3-gallate (EGCG) on the
human esophageal cancer cell line ECal09 and elucidate
the associated underlying mechanisms. ECal09 cells were
cultured and treated with increasing concentrations of EGCG
for various durations. Cell viability was evaluated using the
MTT assay and apoptosis was detected using flow cytometry.
The methylation status of the cyclin-dependent kinase inhib-
itor 2A (p16) gene was analyzed using the methylation-specific
polymerase chain reaction (PCR). pl6 mRNA and protein
expression was measured using reverse transcription-quantita-
tive PCR and western blot analysis, respectively. The results of
the present study demonstrated that, following treatment with
EGCQG, ECal09 cell viability was significantly decreased,
while the rate of apoptosis was significantly increased (P<0.01),
in a dose- and time-dependent manner. Following treatment
of ECal09 cells with EGCG, pl16 gene demethylation, and its
mRNA and protein expression, were significantly increased
compared with the untreated cells (P<0.01). EGCG may
induce ECal09 cell apoptosis and inhibit cell growth through
pl6 gene demethylation, which restores its expression.

Introduction

Esophageal cancer is one of the most frequent malignant
tumors of the digestive tract, and China has the highest
incidence of esophageal cancer in the world (1). Currently,
cisplatin-based adjuvant chemotherapy is an important method
used in the treatment of esophageal cancer. However, this
type of chemotherapy has multiple side effects, which certain
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patients are unable to tolerate (2). Therefore, the development
of low-toxicity and efficient chemotherapeutics for the treat-
ment of esophageal cancer is required (3,4).

Tea is a beverage made from the leaves of the Theaceae
family of plants. The annual production and consumption of
tea leaves worldwide surpasses >3 billion kg. The consump-
tion of green tea is popular in Asia, particularly in China. In
recent years, a number of researchers have studied various
green tea extracts (5). It has been demonstrated that green
tea is able to inhibit the occurrence and development of the
majority of human tumor types (6). Between 30 and 42% of
dry green tea by weight is formed of catechins, which include
(-)-epicatechin, (-)-epicatechin-3-gallate, (-)-epigallocatechin
and (-)-epigallocatechin-3-gallate (EGCG) (7). EGCG has
been observed to exhibit significant antitumor effects (8). It
has been demonstrated that EGCG is able to affect a number of
signaling pathways in the body (9-12); however, the underlying
molecular mechanisms remain to be completely elucidated. In
the present study, the effect of treatment with EGCG on the
human esophageal cancer cell line ECal09 was investigated
and the associated mechanisms were discussed. The aim of the
present study was to provide a basis for the further application
of EGCG in the treatment of human esophageal cancer.

Materials and methods

Cell culture. The esophageal carcinoma cell line ECal09 was
obtained from the China Center for Type Culture Collection
(Wuhan, China). Cells were cultured in Dulbecco's modified
Eagle's medium containing 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 IU/ml
penicillin and 100 ug/ml streptomycin at 37°C in an atmo-
sphere containing 5% CO,. EGCG (>98% purity) was obtained
from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany),
solubilized in PBS and stored at -20°C until required.

Cell viability. ECal09 cells were inoculated into 96-well
plates at a density of 5,000 cells/well and incubated at 37°C
overnight. The cells were subsequently treated with 0, 25, 50,
100 and 200 mg/l EGCG and incubated for a further 96 h.
Cell viability was measured using the MTT (5 mg/ml) assay
at 24, 48, 72 and 96 h. The assay was incubated at 37°C for
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4 h and formazan crystals were dissolved by dimethyl sulf-
oxide, then the absorbance (optical density) was measured
at the wavelength of 492 nm. The percentages of viable cells
were calculated using the following formula: Viable cells
(%)=value of absorbance in experimental group/value of
absorbance in control group x 100 (13).

Flow cytometry. A total of 1x10° ECal09 cells were inoculated
into 6-well plates and treated with increasing concentra-
tions of EGCG for 96 h. Following treatment, the cells were
trypsinized, washed with PBS and labeled with fluorescein
isothiocyanate (FITC)-tagged Annexin V and propidium
iodide (Annexin V-FITC Apoptosis Detection kit; KeyGen
Biotech Co., Ltd., Nanjing, China), according to the manufac-
turer's protocol, and the data was analyzed and quantified by
Windows Multiple Document Interafce for Flow Cytometry
(WinMDI) version 2.9.

Methylation-specific polymerase chain reaction (MSP).
Following treatment with increasing concentrations of EGCG
for 96 h, the cells were harvested and the cell density was
5x10°, subsequent to washing with PBS and DNA was extracted
using the DNeasy Tissue kit (Qiagen, Inc., Valencia, CA,
USA), according to the manufacturer's protocol. The DNA was
subsequently denatured using 0.2 M NaOH, treated with 3.3 M
sodium bisulfite and 0.66 mM hydroquinone, purified using the
Wizard® DNA Clean-Up kit (Promega Corporation, Madison,
WI, USA) and eluted with H,0. The DNA was diluted using the
NaOH to give a final concentration of 0.3 M, prior to desulfona-
tion and purification, and the pH value was 5.0.

The following primers were used to perform the MSP (14):
Cyclin-dependent kinase inhibitor 2A (p16) methylated
DNA forward, 5“TTATTAGAGGGTGGGGCGGATCGC-3'
and reverse, 5'-GACCCCGAACCGCGACCGTAA-3' (final
product, 150 bp); and pl6 unmethylated DNA forward,
5"TTATTAGAGGGTGGGGTGGATTGT-3' and reverse,
5'-CAACCCCAAACCACAACCATAA-3' (final product,
151 bp). The following thermocycling conditions were used:
95°C for 30 sec; 40 cycles of 95°C for 15 min, 56°C for 50 sec
and 72°C for 10 min; and 72°C for 50 sec. All assays were
performed in triplicate. The PCR products were analyzed
using agarose gel (25 mg/ml) electrophoresis with the visu-
alization agent of bromophenol blue, and the relative signal
intensity was quantified using the G:BOX Gel Imaging and
Analysis system F3 (Syngene, Cambridge, UK).

Reverse transcription-quantitative polymerase chain
reaction (RT-gPCR). Total RNA (2 ul) was extracted from
~5x10° ECal09 cells using TRIzol® reagent (Promega Corpo-
ration). RT-PCR was performed by Taq DNA polymerase
(Invitrogen Platinum; Thermo Fisher Scientific, Inc.) using the
AccessQuick™ RT-PCR system (Sangon Biotech Co., Ltd.,
Shanghai, China), according to the manufacturer's protocol.
The following primers were used: pl6 forward, 5'-CCCAAC
GCACCGAATAGTTAC-3' and reverse, 5'-ATTCCAATT
CCCCTGCAAACT-3"; and GAPDH forward, 5'-GAAGGT
GAAGGTCGGAGTC-3' and reverse, 5'-GAAGATGGTGAT
GGGATTTC-3". The conditions of reaction were as follows:
42 cycles of 95°C for 30 sec, 55°C for 45 sec and 72°C for 60 sec.
Following 40 amplification, the Cq value was calculated using
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Figure 1. Treatment with epigallocatechin-3-gallate inhibits ECal09 cell
viability. “P<0.05 vs. the untreated cells at each time point; “P<0.05 vs. any
2 time points (24 vs. 48; 24 vs. 72; 24 vs. 96; 48 vs. 72; 48 vs. 96; and 72 vs.
96 h) at the same concentration (25, 50, 100 and 200 mg/1) groups.

the 2244 method (15) and the pl6 mRNA expression rela-
tive to GAPDH was quantified using the following formulae:
Acqpl6 = qum -CTgappns AACq = Acqpl()'ACqGAPDH'

Western blotting. Following washing with ice-cold PBS, the
cells (1x107) were lysed for 10 min in radioimmunoprecipita-
tion assay buffer (Fuzhou Maixin Biotech Co., Ltd., Fuzhou,
China). Total protein concentration was determined using the
Coomassie Brilliant Blue assay. Total protein was separated
using 10% SDS-PAGE, 30 ug per lane, and subsequently trans-
ferred to a polyvinylidene difluoride membrane (Immobilon-P;
Merck Millipore, Shanghai, China). The membrane was blocked
with 5% skimmed milk powder in TBS at room temperature
for 1 h and subsequently incubated with rabbit anti-human
p16 polyclonal antibody (cat. no. bs-1856R; 1:500; Beijing
Biosynthesis Biotechnology Co., Ltd., Beijing, China) at 4°C
overnight and washed with TBST 3 times prior to use. GAPDH
was blotted as an internal reference using the anti-GAPDH
rabbit polyclonal antibody (cat. no. AB21612-1; 1:5,000; AbSci,
LLC, Portland, OR, USA). The membrane was washed with
TBS containing Tween-20 three times and incubated with goat
anti-rabbit IgG horseradish peroxidase-conjugated secondary
antibody (cat. no. bs-0295G-HRP; 1:5,000; Beijing Biosyn-
thesis Biotechnology Co., Ltd.) for at room temperature for
2 h. Following washing by TBST for 3 times, protein bands
were visualized using the ECL Western Blotting Detection kit
(Zhejiang Tianhang Biological Technology Co., Ltd, Hang-
zhou, China).

Statistical analysis. Values are presented as the mean + stan-
dard deviation. All statistical analysis was performed using
SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA).
Multi-group comparisons of the means were carried out using
one-way analysis of variance and the Student-Newman-Keuls
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Treatment with EGCG inhibits ECal09 cell viability. As
shown in Fig. 1, no significant difference in cell viability
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Figure 2. Treatment with EGCG increases the rate of apoptosis in ECal09 cells. (A) Flow cytometric analysis of ECal09 cell apoptosis. (B) Quantification of the
rate of apoptosis in ECal09 cells. “P<0.01 vs. the untreated cells. EGCG, epigallocatechin-3-gallate; PI, propidium iodide; FITC, fluorescein isothiocyanate.

was observed for the untreated (0 mg/l) cells between the
time points (24, 48, 72 and 96 h). Following treatment with
25, 50, 100 and 200 mg/l EGCG, ECal09 cell viability was
significantly decreased in a time- and concentration-dependent
manner compared with the untreated cells at all time points
(all P<0.05; Fig. 1). These results indicate that treatment with
EGCG significantly inhibits ECal09 cell viability.

Treatment with EGCG increases the rate of apoptosis in
ECal09 cells. Following 96 h of treatment with EGCG,
the rate of ECal09 apoptosis increased significantly at all
concentrations compared with the untreated cells (P<0.01;
Fig. 2). ECal09 apoptosis rates following treatment with 25,
50, 100 and 200 mg/l EGCG were 9.98+0.32, 15.60+1.54,
19.40+2.89 and 27.20+2.01%, respectively. The differences
between each group were P<0.001, with the exception of
50 mg/l vs. 100 mg/l1 (P=0.008). These results suggest that
treatment with EGCG significantly induces ECal09 cell
apoptosis.

Treatment with EGCG increases pl6 gene demethylation.
The results of the MSP analysis indicated that the pl6 gene
was hypermethylated in ECal09 cells prior to treatment with
EGCQG (Fig. 3). Demethylated p16 DNA levels were markedly
increased following treatment with 50, 100 and 200 mg/1
EGCQG in a concentration-dependent manner (Fig. 3).

Treatment with EGCG increases pl6 mRNA expression. As
shown in Fig. 4A and B, treatment with EGCG induced the
expression of the pl6 gene at the mRNA level. pl6 mRNA
levels increased significantly following treatment with 50,
100 and 200 mg/l EGCG compared with the untreated cells
(P<0.01; Fig. 4B). The fold-changes in pl16 expression levels
following treatment with 25, 50, 100 and 200 mg/l EGCG
were 1.18+0.43, 1.29+0.11, 1.52+0.74 and 1.67+0.37, respec-
tively, as compared with the untreated cells.

GCG concentration
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Figure 3. Treatment with EGCG increases cyclin-dependent kinase inhibitor
2A gene demethylation. L, DNA ladder; M, methylated fragment; U, unmeth-
ylated fragment; EGCG, epigallocatechin-3-gallate.
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Figure 4. Treatment with EGCG leads to increased pl6 mRNA expression.
(A) Results of the agarose gel electrophoresis. (B) Quantitated pl6 mRNA
expression levels relative to GAPDH. “P<0.01 vs. the untreated cells. EGCG,
epigallocatechin-3-gallate; p16, cyclin-dependent kinase inhibitor 2A.

Treatment with EGCG increases pl6 protein expression. As
shown in Fig. SA and B, pl6 protein expression was increased
following treatment with EGCG in a concentration-dependent
manner. P16 protein expression was markedly increased
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Figure 5. Treatment with EGCG increases pl6 protein expression following
the results of the western blot analysis. EGCG, epigallocatechin-3-gallate;
pl6, cyclin-dependent kinase inhibitor 2A.

following treatment with 50, 100 and 200 mg/ml EGCG
compared with the untreated cells (Fig. 5).

Discussion

Epidemiological surveys (16,17) and in vivo studies (18-20)
have confirmed that green tea and its extracts have antitumor
effects, although the underlying molecular mechanisms
remain unclear. A previous study observed that EGCG, the
primary component of polyphenols in green tea, increased
the methylation of the estrogen receptor-a (ERa) gene, which
promoted ERa protein expression and improved the sensitivity
of ERa-negative breast cancer cells to chemotherapeutic
drugs (13). Furthermore, EGCG was able to induce the demeth-
ylation of the WNT inhibitory factor 1 and reversion-inducing
cysteine-rich protein with kazal motifs genes, and restore their
expression in pulmonary and oral squamous cell carcinoma,
thus inhibiting the growth of tumor cells (21,22).

An epigenetic study demonstrated that abnormal DNA
methylation may lead to unstable gene expression, and is
involved in the occurrence and development of tumors (23).
The pl6 protein, encoded for by the pl6 gene, leads to G,
phase cell cycle arrest, and thus inhibits cell proliferation
and malignant transformation (24). Dysregulation of the pl16
gene leads to unregulated cell proliferation and subsequent
tumorigenesis. p16 protein inactivation has a high incidence in
esophageal cancer and is caused by increased methylation of
the p16 gene promoter region (21).

The results of the present study indicate that treatment
with EGCG had a significant inhibitory effect on ECal09 cell
viability, and significantly induced apoptosis in a concentra-
tion-dependent manner. In addition, EGCG induced marked
demethylation of the p16 gene, and significantly increased pl6
mRNA and protein expression. Therefore, EGCG may inhibit
ECal09 cell viability and induce apoptosis through the reversal
of pl6 gene methylation, thus increasing its protein expression.

DNA methylation is a procedure mediated by DNA meth-
yltransferase (DNMT). During this process, the methyl group
of an S-adenosylmethionine molecule is transferred to the fifth
carbon atom in cytosine. The methylation and demethylation
of DNA are a series of reversible enzymatic reactions. An
abnormal methylation status exists, to varying extents, in the
majority of tumors, which makes it a candidate strategy in
the prevention and treatment of tumors (25) Fang ef al (26)
reported that EGCG was able to inhibit the activity of DNMT
in the esophageal cancer cell line KYSES510, and subsequently
reverse the methylation status of O-6-methylguanine DNMT,
retinoic acid receptor-f3 and other tumor-associated genes. This
led to increased protein expression and induced tumor cell
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apoptosis. Therefore, EGCG may be a competitive inhibitor
of DNMT. However, it remains unclear whether the reversal
of pl6 gene methylation following treatment with EGCG is
due to the inhibition of DNMT. In addition, it remains unclear
whether this phenomenon occurs in other tumor cell lines and
tumor-associated genes, and whether there are synergistic or
antagonistic mechanisms for pl6 gene demethylation and its
induction of tumor cell apoptosis. Therefore, further investiga-
tions are warranted.

In conclusion, the present study determined that treatment
with EGCG was able to induce apoptosis in esophageal cancer
ECal09 cells and reverse the methylation status of the tumor
suppressor gene, pl6. Furthermore, the present study identified
the antitumor effects of EGCG and provided a basis for further
application of EGCG to the treatment of esophageal cancer.
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