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Abstract. There has been increasing evidence that numerous
bioactive dietary agents can hamper the process of carcinogenesis by targeting epigenetic alterations including DNA
methylation. This therapeutic approach is considered as
a significant goal for cancer therapy due to the reversible
nature of epigenetic-mediated gene silencing and warrants
further attention. One such dietary agent, green tea catechin,
(-)-epigallocatechin-3-gallate (EGCG) has been shown to
modulate many cancer-related pathways. Thus, the present
study was designed to investigate the role of EGCG as an
epigenetic modifier in HeLa cells. DNA methyltransferase
(DNMT) and histone deacetylase (HDAC) inhibition assays
were conducted, and the transcription levels of DNMT3B
and HDAC1 were assessed by enzymatic activity assay and
RT-PCR, respectively. Furthermore, we studied the binding
interaction of EGCG with DNMT3B and HDAC1 by
molecular modeling as well as promoter DNA methylation
and expression of retinoic acid receptor-β (RARβ), cadherin 1
(CDH1) and death-associated protein kinase-1 (DAPK1) in
EGCG-treated HeLa cells by RT-PCR and MS-PCR. In the
present study, time-dependent EGCG-treated HeLa cells
were found to have a significant reduction in the enzymatic
activity of DNMT and HDAC. However, the expression of
DNMT3B was significantly decreased in a time-dependent
manner whereas there was no significant change in HDAC1
expression. Molecular modeling data also supported the
EGCG-mediated DNMT3B and HDAC1 activity inhibition.
Furthermore, time-dependent exposure to EGCG resulted
in reactivation of known tumor-suppressor genes (TSGs) in
HeLa cells due to marked changes in the methylation of the
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promoter regions of these genes. Overall, the present study
suggests that EGCG may have a significant impact on the
development of novel epigenetic-based therapy.
Introduction
Many studies have proven that the process of carcinogenesis
not only depends on genetic alterations but also on abnormal
cellular memory, or epigenetic changes which are associated
with a heritable gene expression profile critical for cancer
development (1-4). An emerging perspective in therapeutic
approaches for various types of cancers is to target epigenetic
alterations due to their reversible nature, and these epigenetic
alterations are manifested in both global changes in nucleosome packaging and in localized gene promoter changes of
various tumor-suppressor genes (TSGs) which influence the
transcription of genes during neoplastic initiation and progression (1,2,4-7). Epigenetic alterations are mainly mediated by
DNA methyltransferases (DNMTs), involved in DNA methylation, and histone deacetylases (HDACs), which play a pivotal
role in histone deacetylation. However, there are several other
classes of enzymes which are involved in post-translational
modifications of histone tails and could be considered to represent an additional facet for the development of new anticancer
therapies (5,8,9).
Available epigenetic targeting modalities which are
currently being investigated include HDAC and DNMT inhibitors. However, certain disadvantages that currently restrict the
general use of these synthetic epigenetic drugs are that they
exhibit a lack of specificity, have a short duration of action
and may cause normal cells to change their functional and
structural patterns with unforeseen effects (8-10). Burgeoning
evidence in the last decade has provided unprecedented clues
that diet and environmental factors directly influence epigenetic mechanisms in humans. Dietary polyphenols from green
tea, turmeric, soybeans, broccoli and others have been shown
to possess multiple cell regulatory activities within cancer
cells. More recently, it has been noted that various dietary
polyphenols may exert their chemopreventive effects in part by
modulating various components of the epigenetic machinery,
and therefore the drugs that target these alterations are being
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Table I. Residues defining the substrate binding pocket of HDAC1 and mDNMT3B.
Protein

Residues lining the substrate binding cavity

mDNMT3B

C-651, E-605, F-581, D-582, G-583, T-586, S-604, E-605, V-606, C-607, V-628,
G-648, S-649, P-650, C-651, N-652, S-655, V-657, 658, N-658, P-659, L-671, E-697,
	V-699, V-700, A-701, R-731, A-732, R-733, R-773, I-774, K-777, S-778, N-779, S-780,
I-781, R-823, G-824, Q-827, K-828, G-831, R-832, S-833, W-834
HDAC1
H-140, H-141, D-176, H-178, D-264, L-271, F-109, W-135, A-136, G-137, L-139, G-149, C-151, F-205
Active site residues are underlined. HDAC, histone deacetylases.

studied in various human towards a better cancer treatment
strategy (11,12).
In green tea, among the most abundant chemical
compounds, catechins which include (-)-epigallocatechin3-gallate (EGCG), have been shown to possess antioxidant,
antiproliferative, anti-inflammatory, anti-angiogenic and
antimetastatic activities, induce differentiation or apoptosis,
arrest the cell cycle, inhibit telomerase activity and inhibit
DNA adduct formation (13-18). Contemplating the potential
role of EGCG as an epigenetic modifier, the present study
was designed to investigate the inhibition of DNMTs and
HDACs by EGCG and its effect on the expression of epigenetically modified TSGs including retinoic acid receptor-β
(RAR β), cadherin 1 (CDH1), death-associated protein
kinase-1 (DAPK1) and MGMT in human cervical cancer cell
line HeLa. To correlate the inhibition of DNMT and HDAC
activity induced by EGCG, in silico molecular modeling and
docking studies on DNMT3B and HDAC1 were performed.
Materials and methods
Cell culture. The human cervical carcinoma cell line HeLa
was generously provided by Dr Tahir A Rizvi, UAE University,
Al-Ain, United Arab Emirates (UAE). It was maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 100X Pen Strep (all
from Sigma, USA) in a humidified atmosphere of 5% CO2 in
air at 37˚C.
Preparation of drugs. EGCG was obtained from Sigma. A
stock solution of EGCG (10 mM) was prepared in water, sterile
filtered with 0.2-µm filters and stored at -20˚C in aliquots.
Fresh EGCG solution was used in each experiment and further
dilutions were made in complete medium to required concentrations of 25 µM for the treatment of HeLa cells. A sub-stock
of 500 µM TSA was prepared from 5 mM stock solution. A
working concentration of 0.025 µM was further used for the
experiments. A stock solution of 219 mM 5-aza-2'-deoxycytidine (5-Aza-dC) (Sigma) was prepared and further working
concentration of 1 µM was made from a 10 mM sub-stock.
DNMT activity assay. HeLa cells were treated with EGCG
(25 µM) and 5-Aza-dC (1 µM) for 3 days. After the treatment
at various time points, the cells were harvested and nuclear
extracts were prepared using the EpiQuik™ nuclear extraction kit (Epigentek, USA) as per the manufacturer's protocol.

Furthermore, the DNMT activity was assayed using the
EpiQuik™ DNMT activity assay kit (Epigentek) as per the
protocol instructions.
HDAC activity assay. The effect of EGCG on HDAC activity
in the HeLa cells was determined using the EpiQuik™HDAC
activity assay kit (Epigentek). Briefly, HeLa cells were treated
with 25 µM EGCG and 0.025 µM TSA for 3 days, harvested
and nuclear extracts were then prepared using the EpiQuik™
nuclear extraction kit following the manufacturer's instructions.
Furthermore, DNMT activity was assayed using the EpiQuik™
DNMT activity assay kit as per protocol instructions.
Molecular modeling studies of DNMT3B and HDAC1 with
EGCG. To address the interaction of EGCG with the epigenetic modulator enzymes HDAC1 and DNMT3B, we required
validated 3D structures of the proteins. These structures were
prepared and validated as detailed in our previous study
[HDAC1 PDB ID: 4BKX (19); mDNMT3B was modeled from
the structure of DNMT3A PDB ID: 2QRV (20)]. The substrate
binding pocket was defined using the CASTp server as
detailed in our previous study (unpublished data). The residues
that constitute the substrate binding cavity of both proteins are
listed in Table I.
The substrate binding pocket of mDNMT3B is fairly large
and houses both the active residue (Cys-651) and the co-factor
binding site (Glu-605). In several studies, the active site of
class I HDACs has been paralleled to a tunnel that ends in a
catalytically vital zinc ion (21). The cavity predicted by CASTp
was similar to this description and includes the catalytic
residue His-141 and Zn ion. Binding of EGCG in the same
cavity where inhibitors 5-Aza-dC/TSA bind suggests that
EGCG produces its inhibitory effects by a similar mechanism.
Docking. 3 Dimensional structures of EGCG, 5-Aza-dC
and TSA in mol2 format were retrieved from the ZINC
database (22). The SwissDock server, which uses EADock
algorithm was used to perform blind docking of ligands (EGCG
and 5-Aza-dC) with protein mDNMT3B and ligand (EGCG)
with protein HDAC1 (23). All the residues of the proteins were
held fixed and a binding pocket was not defined so as not to
bias the docking towards the active site. The parameter selected
for docking on the SwissDock server was ‘accurate’ with no
flexibility of side chain of any amino acid of the target proteins.
After calculating their energies using CHARMM, the different
predicted binding modes of the ligand are ranked according to
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Figure 1. Effect of EGCG and 5-Aza-dC on DNA methyltransferases (DNMTs) in human cervical cancer HeLa cells. (A) HeLa cells treated with EGCG
(25 µM) and 5-Aza-Dc (1.0 µM) exhibited significant inhibition in the activity of DNMTs in a time-dependent manner. Values are means ± SD of 3 independent experiments. Each value for EGCG treatment differs from the control value (P<0.05). (B) HeLa cells treated with EGCG (25 µM) and 5-Aza-Dc (1.0 µM)
exhibited a significant time-dependent reduction in the mRNA expression of DNMT3B in comparison to the untreated cells. Panel a, β-actin expression as an
internal control; panel b, expression of DNMT3B following treatment with EGCG; and panel c, expression of DNMT3B following treatment with 5-Aza-dC.
Lane 1, expression of DNMT3B gene in untreated HeLa cells; lanes 2-4, time-dependent alterations in the expression of DNMT3B upon treatment with
EGCG and 5-Aza-Dc for 24, 48 and 72 h, respectively; lane 5, negative control (NC) for RT-PCR. EGCG, (-)-epigallocatechin-3-gallate; 5-Aza-dC, 5-aza2'-deoxycytidine.

their FullFitness scores. A more favorable binding mode is indicated by a more negative FullFitness score. UCSF-Chimaera,
a molecular visualization software was used to perform the
analyses of all docked poses (24).
Bisulfite modification and methylation-specific PCR
(MS-PCR). DNA was extracted from the EGCG-treated HeLa
cells at various time points (0, 24, 48 and 72 h) using the
GenElute™ Mammalian Genomic DNA Miniprep kit (Sigma)
as per the manufacturer's instructions. After the DNA isolation, bisulphite modification and purification of modified DNA
samples were carried out by the Imprint DNA Modification
kit (Sigma) protocol. These modified DNA samples were
used as a template for methylation-specific PCR (MSP), to
distinguish between methylated and unmethylated promoter
regions of the RARβ, CDH1 and DAPK1 genes using specific
primer sets as previously described (methylated and unmethylated respectively) (25-27). MSP was performed on 50 ng of
bisulfite-treated DNA under the following conditions: initial
denaturation at 95˚C for 5 min, followed by 35 amplification
cycles (denaturation at 94˚C for 30 sec, annealing Tm for
RARβ, 56˚C; CDH1, 56˚C; DAPK1, 57˚C; MGMT, 55˚C; for
30 sec, and extension at 72˚C for 45 sec) with a final extension
at 72˚C for 7 min.
Reverse transcription-PCR. Total RNA isolation was carried
out as per the manufacturer's protocol using the GenElute™
Mammalian Genomic Total RNA kit (Sigma) from 25 µM
EGCG-treated HeLa cells at various time points (24, 48
and 72 h) including the untreated control. Reverse transcription of RNA to synthesize cDNA was performed using the
ProtoScript M-MuLV Taq RT-PCR kit (New England Biolabs,
USA) from 5 mg of total RNA (at 42˚C for 60 min) followed
by RT-PCR using gene-specific primers for β-actin, RARβ,
CDH1, DAPK1, DNMTB and HDAC1. The PCR cycle was
as follows: initial denaturation at 95˚C for 5 min, followed
by 35 amplification cycles (denaturation at 94˚C for 30 sec;
annealing Tm for β-actin, 56˚C; RARβ, 56˚C; CDH1, 55.5˚C;

DAPK1, 56˚C; GSTP1, 55˚C; DNMTB, 56˚C; HDAC1, 56˚C for
30 sec and extension at 72˚C for 45 sec), with a final extension
at 72˚C for 7 min. The primer sequences used were described
previously (28-32). Amplified products were visualized on a
2% agarose gel containing ethidium bromide.
Results
EGCG inhibits the activity of DNMTs and reduces the mRNA
transcription level of DNMT3B in HeLa cells. EGCG treatment
(2.5 µM) at various time points (24, 48 and 72 h) was found to
exert significant inhibitory action on the activity of DNMTs in
HeLa cells treated in time-dependent manner and inhibited the
enzyme activity by 5% (24 h), 12% (48 h) and 20% (72 h) in
HeLa cells compared with the untreated control (Fig. 1A). In
contrast, time-dependent (24, 48 and 72 h) exposure of HeLa
cells to 1 µM 5-Aza-dC resulted in 8, 19 and 29% inhibition
of DNMT activity in comparison to the untreated control.
Furthermore, to decipher the probable reason for inhibition of
enzyme activity, the findings were correlated with the changes
in the expression of DNMT3B at the mRNA transcription
level induced by EGCG in the HeLa cells. Untreated HeLa
cells showed increased levels of DNMT3B mRNA whereas
the cells treated with 25 µM EGCG showed a significant
decrease in the expression of DNMT3B in a time-dependent
manner (24, 48 and 72 h) (Fig. 1B). In addition, an almost
similar effect was observed in the 5-Aza-dC-treated HeLa
cells and showed a time-dependent decrease in the expression of DNMT3B. β-actin was used as an internal control for
sample comparison (Fig. 1B).
Effect of EGCG on HDAC activity and the expression of
HDAC1 in HeLa cells. Chromatin modification is primarily
regulated by HDAC enzymes and their high activity is linked
with epigenetically silenced genes. The activity of HDACs in
HeLa cells was determined by treating the cells with EGCG
(25 µM) for 24, 48 and 72 h, respectively. It was observed that
HeLa cells treated with 25 µM EGCG showed a time-dependent
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Figure 2. Effect of EGCG and TSA on histone deacetylases (HDACs) in human cervical cancer HeLa cells. (A) HeLa cells treated with EGCG (25 µM) and
TSA (0.025 µM) exhibited significant inhibition in the activity of HDAC in a time-dependent manner. Values are means ± SD of 3 independent experiments.
Each value for EGCG treatment differs from the control value (P<0.05). (B) HeLa cells treated with EGCG (25 µM) did not show any detectable changes in
regards to the expression of HDAC1 whereas treatment with 0.025 µM TSA decreased the expression of HDAC1 in the HeLa cells in a time-dependent manner
in comparison to the untreated cells. Panel a, β-actin expression as an internal control; panel b, expression of HDAC1 following treatment with EGCG; and
panel c, expression of HDAC1 following treatment with TSA. Lane 1, expression of HDAC gene in untreated HeLa cells; lanes 2-4, time-dependent modulation
in the expression of HDAC1 upon treatment for 24, 48 and 72 h, respectively; lane 5, negative control (NC) for RT-PCR. EGCG, (-)-epigallocatechin-3-gallate.

Figure 3. Predicted interaction between ligands (EGCG and 5-Aza-dC) with mDNMT3B. The mDNMT3B is depicted in a ribbon representation showing
docking models of EGCG in red and 5-Aza-dC in blue and the residues defining the pocket as light blue. The inset focuses on the binding pocket shown in
orange. Active site C-651 and cofactor binding E-605 are shown in purple solid bonds. EGCG, (-)-epigallocatechin-3-gallate; 5-Aza-dC, 5-aza-2'-deoxycytidine.

decrease of 5, 14 and 24% in HDAC activity (Fig. 2A). It was
also observed that exposure to the HDAC inhibitor (0.025 µM
TSA) caused a time-dependent (24, 48 and 72 h) decrease in
the activity of HDACs in the HeLa cells and caused 8, 18 and
29% inhibition, respectively (Fig. 2A). Furthermore, it was also
examined whether HDAC activity may or may not be correlated with a decrease in HDAC1 expression. It was found that
EGCG (25 µM)-treated HeLa cells did not show any significant changes in the expression of HDAC1 in comparison to
the untreated cells (Fig. 2B). However, TSA-treated HeLa cells
showed a significant reduction in the expression of HDAC1 at
24, 48 and 72 h, respectively (Fig. 2B).
EGCG interacts with DNMT3B and HDAC1: An in silico
molecular model. In order to investigate the possible mechanism by which EGCG inhibits HDAC1 and DNMT3B, an
in silico theoretical molecular modeling approach was used.
The cavity predicted by CASTp which included the HDAC1

residues expected to interact with ligand TSA as well as the
active site His-141 and Zn ion was taken to be the substrate
binding site of HDAC1. The CASTp predicted cavity that
included the active site residue Cys-651 and co-factor binding
residue Glu-605 was defined as the substrate-binding cavity
for DNMT3B. Previously, we evaluated the structure and
the predicted cavity of DNMT3B by docking its well-known
inhibitor 5-Aza-dC, using the SwissDock server. The same
methodology was used to dock EGCG on HDAC1 and
mDNMT3B. FullFitness and Gibbs free energy (ΔG) of each
run (256 runs) of the docking experiment were evaluated.
Favorable binding modes were scored based on FullFitness
and cluster formation. The value of FullFitness was used to
rank clusters for further analysis.
Interaction of EGCG with mDNMT3B. The docking of
5-Aza‑dC, a well-known inhibitor of DNMT3B, was
performed first to define the substrate binding site of the
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Table II. Docking results of ligands (EGCG, TSA and 5-Aza-dC) on receptors (HDAC1 and mDNMT3B).
				
Receptor
Ligand
Clusters
Cluster ranks

Total
elements

mDNMT3B 5-Aza-dC
15/43
mDNMT3B EGCG
21/44
			
HDAC1
EGCG
3/31

73/256
120/256

-2071.4
-1866.53

-9.5
-6.94

23/256

-2042.02

-7.48

0-1, 3-5, 7, 17, 19, 24, 34, 36-37, 39, 42, 43
8, 10, 11, 14-16, 18, 19, 24-26, 29-30, 35-37,
39, 40, 41, 43, 44
0, 2, 9

FullFitness Estimated ΔG
(kcal/mol)
(kcal/mol)

Column 3 represents clusters within substrate binding cavity/total clusters. EGCG, (-)-epigallocatechin-3-gallate; 5-Aza-dC, 5-aza-2'-deoxycytidine; HDAC, histone deacetylases; ΔG, Gibbs free energy.

Table III. Residues of HDAC1 and mDNMT3B within 5 Å of EGCG.
Protein
mDNMT3B
HDAC1

Residues within 5 Å of EGCG
C-651, E-605, V-606, C-607 F-581, D-582, G-583, S-610, D-627, V-628, R-629, G-648, S-649, P-650,
N-652, T-668, L-671, K-828, R-832, S-833
H-141, G-27, H-28, P-29, D-99, G-149, S-148, F-150, H-178, E-203, Y-204, F-205, R-270, L271, Y-303

Catalytically active residues are underlined. HDAC, histone deacetylases; EGCG, (-)-epigallocatechin-3-gallate; 5-Aza-dC, 5-aza-2'-deoxycytidine.

protein. The docking results produced 43 clusters of ligand
around the modeled catalytic domain of DNMT3B. Fifteen
clusters were found to bind in the CASTp predicted cavity of
which the ligand models in the top 2 clusters (0 and 1) were
found to be in close proximity to the active site Cys-651 and
cofactor (S-adenosyl methionine) binding residue Glu-605.
The distance of the closest atoms of Cys-651 and Glu-605
from the most favorable docking model of 5-Aza-dC was
found to be 1.86 and 2.34 Å, respectively. The docking result
of 5-Aza-dC on mDNMT3B established the validity of the
substrate binding cavity predicted by CASTp. Following this,
the binding of the ligand EGCG on mDNMT3B was probed
by performing their docking using the SwissDock server.
The docking results produced 34 clusters of ligand EGCG
around the modeled catalytic domain of DNMT3B. When
the clusters were analyzed it was found that 15 of them could
bind in the substrate binding cavity constituting a total of 120
predicted binding elements out of a total of 256. It is striking
that almost half of the total predicted elements are docked in
the substrate binding cavity. The predicted clusters include
top ranked cluster 1 with 16 elements as well as several other
clusters. While cluster rank 0 is energetically lower it was not
considered as the predicted binding of EGCG was on the outer
edge of the catalytic domain, a region which may not represent a pocket or be accessible to the ligand in the complete
protein. Notably, it was observed that the gallate moiety of
EGCG was consistently positioned in close proximity to the
important residues in the substrate binding cavity. This may be
interpreted as an indication of its important role in the binding
of EGCG to the protein. The amino acids, Arg 832, Arg 823,
Ser 778 and Asn 652, were repeatedly observed to be involved
in hydrogen bond formation with EGCG. Table II shows the
summary result of SwissDock docking and the FullFittness

and estimated ΔG values for the most favorable interaction.
Observation of the majority of clusters, including the top
ranked ones, in the cavity strongly suggests that the preferred
binding of EGCG on mDNMT3B is within the substrate
binding cavity. Fig. 3 shows a representative image of the
binding of EGCG and 5-Aza-dC on the protein mDNMT3B.
Table III lists all of the mDNMT3B residues within 5 Å of the
most energetically favorable docking model of EGCG.
Interaction of EGCG with HDAC1. The docking results
produced 31 clusters of ligand EGCG around the complete
protein HDAC1. Analysis of these clusters showed that 3 of
these clusters were able to bind in the substrate binding cavity.
These clusters together contained a total of 23 elements out of
256 predicted binding modes. Notably, these clusters included
the top ranked clusters 0 and 2 in addition to cluster 9. Table II
shows the SwissDock docking results as well as the FullFittness
and estimated ΔG values for the most favorable interaction.
The lowest energy model of cluster rank zero was considered
to be the most favorable interaction. The presence of two high
ranking clusters strongly suggests that the preferred binding of
EGCG on HDAC1 is within the substrate binding cavity. The
gallate moiety of EGCG seems to play an important role as it
is oriented towards the active residue in the least energy model.
Fig. 4 shows the most energetically favorable binding of EGCG
on HDAC1 as well as TSA on HDAC1 which was achieved
by superimposing the crystal structure of HDAC8 bound to
TSA on HDAC1. The image visibly records that the predicted
binding orientation of EGCG and transposed TSA overlap the
same region on HDAC1. It is noteworthy that the key catalytic
residues such as the active site His-141 and Zn ion are within 5 Å
of the ligands. Table III lists all the HDAC1 residues within 5 Å
of the most energetically favorable docking model of EGCG.
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Figure 4. Predicted interaction between ligands (EGCG and TSA) with HDAC1. The HDAC1 protein is depicted in a ribbon representation showing the
docking model of EGCG in red and TSA in blue and the residues defining the pocket as light blue. The TSA structure was transformed from HDAC8 by
superimposition on HDAC1. The inset focuses on the binding pocket shown in orange. The active site H-141 and Zn ion are highlighted in purple. EGCG,
(-)-epigallocatechin-3-gallate; HDAC, histone deacetylases.

Figure 5. Alterations in the methylation status and mRNA expression levels of
RARβ, CDH1 and DAPK1 genes after treatment with EGCG. Panels M and U
show the methylation-specific bands (M) and unmethylation-specific bands (U):
lane 1, methylation status of these genes in untreated HeLa cells; lane 2-4, timedependent modulation in the methylation status of RARβ, CDH1 and DAPK1
genes for 24, 48 and 72 h, respectively. Panel mRNA shows the expression of
these genes after treatment with EGCG: lane 2-4, time-dependent modulation
in the expression of HDAC1 upon treatment for 24, 48 and 72 h, respectively,
whereas lane 1 shows the expression of these genes in untreated HeLa cells.

EGCG reactivates RARβ, CDH1 and DAPK1 genes through
reversal of hypermethylation in HeLa cells. Many TSGs are
inactivated via aberrant epigenetic changes at their promoter
region during cancer development, and due to the reversible
nature of these changes epigenetic-based cancer treatment
strategy is attracting more research interest. To determine
whether EGCG-induced inhibition of DNMT3B and HDAC1
results in epigenetic changes leading to reactivation of various
TSGs such as RARβ, CDH1 and DAPK1, expression of these
genes was further correlated with the changes in the methylation of their promoter regions. It was observed that HeLa cells
treated with 25 µM EGCG exhibited a time-dependent (24,
48 and 72 h) significant increase in the expression of RARβ,

CDH1 and DAPK1 at the mRNA level in comparison to the
untreated cells (Fig. 5). Furthermore, it was observed that
the changes in the expression of these genes were associated with the reversal of 5' CpG island methylation of their
promoter regions. Treated HeLa cells were subjected to MSP
with methylation-specific and unmethylation-specific sets of
primers. EGCG treated HeLa cells showing amplification only
after using methylated and unmethylated primer set, were
considered as hypermethylated and unmethylated respectively.
From the MSP results, it was observed that RARβ, CDH1
and DAPK1 genes were found to be hypermethylated in the
untreated HeLa cells. However, after treatment with EGCG,
the 5' CpG island methylation of the promoters of the these
genes was reversed as evident by the decreased level of
amplimer intensity with methylation-specific primers whereas
it was significantly increased with the unmethylated set of
primers in a time-dependent manner (Fig. 5B). These results
confirm that EGCG restores the expression of RARβ, CDH1
and DAPK1 genes via the reversal of 5' CpG island methylation and inhibition of epigenetic modulators such as DNMTs
and HDACs in HeLa cells.
Discussion
In recent years, researchers in the field of epigenetics have made
great strides in understanding the many molecular sequences
and patterns that determine which genes can be turned on and
off. The present study has made it increasingly clear that in
addition to genetic changes, epigenetic alterations are also
very critical for cancer development (1,2). Unlike genetic
alterations, certain epigenetic alterations i.e. aberrant DNA
methylation and histone acetylation which lead to gene inactivation of various tumor-suppressor genes (TSGs) in cancer
cells, can be reversed using epigenetic drugs, making them
valuable therapeutic targets for cancer therapy. The drugs that
target these epigenetic alterations are termed epigenetic drugs.
Currently, two classes of synthetic epigenetic drugs based on
nucleoside and non-nucleoside nature are being investigated
as DNA methyltransferase (DNMT) and histone deacetylase
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(HDAC) inhibitors (33,34). However, there are many drawbacks of these drugs such as lack of specificity, short duration
of action and cytotoxicity towards normal cells that currently
restrict the general use of these drugs (8-10).
More importantly, a wide gamut of reports indicates that
dietary phytochemicals can modulate epigenetic alterations
and alter susceptibility to various diseases including cancer. In
the development of epigenetic drugs as inhibitors of DNMTs
and HDACs, dietary phytochemicals are gaining more interest
due to their safe therapeutic profile (11,12,35). One such
promising agent is (-)-epigallocatechin-3-gallate (EGCG). Its
anticarcinogenic effects via various molecular pathways have
been established in previous studies (13-18). Previous studies
in our laboratory also found that EGCG was selectively cytotoxic towards cancer cells and inhibited the growth of cancer
cells in a dose- and time-dependent manner and the EC50 was
found to be 100 µM for a duration of 24 h and 50 µM for
48 h (13). From these results, we selected a sublethal dose
(25 µM EGCG) for the present study.
DNA methylation and histone acetylation and de-acetylation are most commonly occurring epigenetic events taking
place in the mammalian genome and control the expression
of various genes including TSGs (36-38). A critical step in
DNA methylation involves DNMTs, the enzymes that catalyze the methylation process. It has been established that
inactivation of many TSGs via DNA methylation and histone
modification is due to the high enzymatic activity of DNMTs
and HDACs. Various studies have indicated the importance
of DNMTs and HDACs as epigenetic targets leading to the
development of many synthetic drugs that function as their
inhibitors (7,39‑41). During our screening study to determine
whether EGCG affects epigenetic modulation via DNMT and
HDAC enzymes, it was demonstrated that EGCG-treated HeLa
cells showed significant inhibition in the enzymatic activity of
these enzymes in a time-dependent manner (Figs. 1A and 2A).
Almost similar effects were observed in HeLa cells after
treatment with their respective well characterized inhibitors (Figs. 1A and 2A). These results are consistent with other
studies in which many dietary agents along with EGCG have
shown their inhibitory action on the enzymatic activity of
DNMT and HDAC enzymes.
Several scientific studies have demonstrated that
DNMT3B, one of the important enzymes of the DNMT
family and HDAC1, one of the members of the HDAC enzyme
family, are overexpressed in various types of cancers (42-48).
To determine whether EGCG has any effect on the mRNA
transcription level of these enzymes, the mRNA expression
level was studied in EGCG-treated HeLa cells. It was found
that treated Hela cells showed a time-dependent decrease in
the expression of DNMT3B whereas no significant changes
in the expression of HDAC1 in the EGCG-treated HeLa cells
were observed (Figs. 1B and 2B). However, time-dependent
exposure of 5-Aza-dC and TSA decreased the expression of
DNMT3B and HDAC1, respectively, in the HeLa cells. The
present study is in line with various studies in which various
dietary agents act as epigenetic modifiers and modulate the
epigenetic changes via targeting DNMTs and HDACs (49-52).
Furthermore, in silico molecular modeling studies were
performed to ascertain whether the direct interaction of EGCG
with modeled DNMT3B and HDAC1 explains the EGCG-

mediated enzymatic inhibition of DNMTs and HDACs. Our
analyses of the predicted docking results emphatically indicate
that EGCG directly binds in the substrate binding pocket of
these two enzymes.
The substrate binding pocket of DNMT3B was delineated using computational and knowledge-based approaches.
Docking of 5-Aza-dC in concurrence with knowledge
concerning the active sites and cofactor binding sites helped
us to identify with certainty the substrate binding pocket
for DNMT3B. Table III lists the residues lining the pocket
including active site C-651 and E-605 essential for binding
to SAM, which is responsible for methyltransferase activity.
Fig. 4 illustrates the docking of EGCG and 5-Aza-dC on
mDNMT3B. Notably, a very high proportion (15 out of 34,
containing 120 out of 256 independent docking runs) of
predicted top ranked clusters for EGCG was observed in the
defined substrate binding pocket of mDNMT3B. These results
show that EGCG and 5-Aza-dC dock within the substrate
binding cavity of the protein and therefore may have a similar
mechanism of protein inhibition by preventing the entry of the
natural ligand into the active site. Remarkably, we observed
that the gallate moiety frequently binds in close proximity to
the active residue or the other key residues such as Arg 832,
Arg 823, Ser 778 and Asn 652. Docking studies on DNMT1
have proposed that the D ring/gallate moiety of EGCG
occupies a binding pocket analogous to the pyrimidyl ring of
cytosine and could be significant for its direct inhibition of the
enzyme (53,54). The recurrent involvement of the amino acids
Arg 832, Arg 823, Ser 778 and Asn 652, in hydrogen bond
formation with EGCG underscores their importance in the
catalytic pocket. Further emphasis supporting this hypothesis
is lent by a report on the inhibition of DNMT3B by nanomycin
following key interactions with Arg 731, Arg 733, Arg  832
and Asn 652 (55,56). These residues have been reported to
be involved in the DNA methylation mechanism (56). Our
docking study also reinforces the role of this residue. Hence,
we can expect that the residue Arg 832 is important for inhibitor binding and stability and when involved in binding to the
inhibitor will result in enzyme inactivity. In Table III we list
those residues of DNMT3B which may be involved in interactions with EGCG.
In Fig. 3, the best energetically favored model of EGCG
docking on HDAC1 overlaps with the binding site of TSA. As
a result of the binding of EGCG to HDAC1, we can expect that
it would impede the entry and catalysis of the actual substrate.
This leads us to propose that EGCG may be functionally
similar to TSA, as an HDAC inhibitor. The residues of HDAC1
that interact with the most energetically favorable docking
model of EGCG are listed in Table III.
These indications are strong enough for us to recommend
that given the better safety profile of EGCG in comparison to
5-Aza-dC and TSA, EGCG is a better candidate as a similarly
functioning epigenetic modulator. Our molecular modeling and
docking studies not only successfully explain the mechanism of
action of EGCG in inhibiting epigenetic modulating enzymes
but also paves the way to embark upon further possibilities such
as structure-guided optimization studies and pharmacophore
modeling.
Many reports have shown that inactivation of tumorsuppressor genes is associated with promoter hypermethylation
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in various types of cancers (57-59). It is now well established
that methylation of DNA and modifications of histones are
intimately interconnected. For example, DNMTs can bind to
HDACs, thereby repressing gene transcription through histone
deacetylase activity. There is a family of proteins collectively
referred to as methyl CpG binding proteins (MBDs) that
share a methyl-CpG binding domain. These proteins are
thought to recruit HDACs to methyl-CpG-enriched regions
of the genome to repress transcription (4-7). In the present
study, the possible epigenetic modulatory effects of EGCG
on various epigenetically silenced TSGs including RARβ,
CDH1 and DAPK1 in HeLa cells were studied and were also
correlated with its ability to inhibit DNMTB and HDAC1
activity. Possibly, EGCG-mediated inhibition of DNMTs and
HDACs favors to change the DNA methylation and histone
de-acetylation status which results in the reactivation of these
genes. Extensive studies have found that the RARβ, CDH1 and
DAPK1 genes are transcriptionally silenced due to promoter
hypermethylation during the development of various human
cancers (60-64). In the present study, it was observed that the
RARβ, CDH1 and DAPK1 genes were hypermethylated and
this was correlated with their respective expression which was
found to be undetectable in the untreated HeLa cells (Fig. 5).
However, after treatment with EGCG, HeLa cells showed timedependent changes in the methylation status as the bands in the
methylated panel were reduced and significantly detectable in
the unmethylated panel which was further linked with restoration of the expression of RARβ, CDH1 and DAPK1 genes
during the time exposure (Fig. 5). The present study is similar
to several other studies which have shown that various dietary
agents including EGCG reactivate many TSGs via modulation
of various epigenetic pathways (49,51,52,59,65,66).
The present study demonstrated that EGCG functions as a
potential epigenetic modifier and acts via inhibitory action on
the activity of DNMTs and HDACs and reactivates epigenetically silenced TSGs by altering the methylation status of the
promoters of these genes. EGCG can be used as an effective
inhibitor of DNMTs and HDACs to prevent cancer. However,
further mechanistic studies as well as in vivo studies and
clinical trials are needed to determine the efficacy of EGCG
for therapeutic purposes as an epigenetic drug.
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