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Abstract

This study examines the effect of epigallocatechin gallate (EGCG) on signaling pathways, epigenetic modulators and tumour
suppressor genes in cervical cancer cells, HeLa. qRT-PCR, ELISA-based enzymatic assays and in silico studies were used
to catalogue the modulation of these genes by EGCG treatment. qRT-PCR showed transcriptional modulation of several
epigenetic modifiers including DNA methyltransferases and histone modifiers (DNMT1, DNMT3B, DNMT3A, AURKA,
AURKC, AURKB, KDM4A, KDM5C, PRMT7, PRMT6, UBE2B, HDACS, HDAC6, HDAC7 and HDAC1 1. Furthermore,
ELISA-based assays showed that EGCG lowered the activity of DNA methyltransferases, histone deacetylases and histone
methyltransferases (H3K9). Molecular docking results suggests that EGCG may competitively inhibit some epigenetic
enzymes (DNMT1, DNMT3A, HDAC2, HDAC3, HDAC4, HDAC7 and EZH2). A functional outcome of these epigenetic
alterations could be inferred from the reversal of promoter hypermethylation of tumour suppressor genes by quantitative
methylation array and transcriptional re-expression of tumour suppressor genes including 7P73, PTEN, SOCS1, CDH]I,
RARp, and DAPKI by qRT-PCR. Downregulation of key signaling moieties of PI3K, Wnt and MAPK pathways, cell cycle
regulators, metastasis regulators and pro-inflammatory moieties including TERT, CCNB1, CCNB2, MMP2, MMP7. PIK3C2B,
PIK3CA, MAPKS and IL6 was also observed. In silico protein—protein interaction network analysis followed by KEGG analy-
sis discerned the active participation of gene sets towards cancer pathways. This study comprehensively explains EGCG’s
anti-cancer mechanism via the synchronized transcriptional alteration of several molecular targets across different signaling
pathways and reversal of tumour suppressor gene silencing through modulation of epigenetic enzymes.
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Introduction

Carcinogenesis occurs due to aberrations which are genetic
as well as epigenetic in nature. While normal physiology
requires a functional epigenetic mechanism, any aberrant
Electronic supplementary material The online version of this C?anges Cz,m alter transcrlptlf)nal patterns and. prorr}ote car-
article (https://doi.org/10.1007/s13205-020-02473-1) contains cinogenesis. DNA methylation, histone modifications and
supplementary material, which is available to authorized users. microRNA-based regulation are the three important branches
of epigenetic mechanisms. The addition of a methyl group
to CpG islands in promoter regions by DNA methyltrans-
ferases (DNMTs) coupled with histone modifications result
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These alterations also influence the atypical and unsystematic
activation of PI3K, Wnt and MAPK signaling pathways. This
facilitates the proliferation of tumour cells, influences their
migration, and enables the cells to evade apoptosis. However,
epigenetic changes are reversible and therefore much attention
has been focused on targeting them for therapeutic advantage.
Nevertheless, currently identified drugs have been shown to
be toxic with low specificity. Several studies have demon-
strated the anti-cancer effect of dietary bioactive compounds,
resulting in apoptosis, transcriptional modulation of molecular
targets and potentiation of chemotherapeutic drugs (Kedhari
Sundaram et al. 2019b; Sundaram et al. 2019a). Their anti-
carcinogenic ability has also been ascribed to their capacity
to influence the epigenetic machinery and reestablish TSG
transcription (Sundaram et al. 2017; Kedhari Sundaram et al.
2019a). EGCG or (—)-epigallocatechin-3-gallate, a catechin
present abundantly in green tea, has anti-oxidant and anti-
inflammatory properties and can elicit anti-proliferative, anti-
metastatic and pro-apoptotic response (Sharma et al. 2012;
Liu et al. 2013; Cerezo-Guisado et al. 2015)- In this report, the
effect of EGCG on several molecular targets including signal-
ing pathways and epigenetic pathways in cervical cancer cells,
HeLa was explored.

Materials and methods
Cell culture

Human cervical carcinoma cells (HeLa) cells were chosen
for the assay as a model of cervical cancer. HeLa cells were
a kind gift from the lab of Dr. Tahir Rizvi, UAE University
and maintained in Dulbecco’s Modified Eagle’s Medium
(Sigma, MO, USA) fortified with fetal bovine serum (10%)
(Sigma, USA) and Pen-strep (100x) (Sigma, USA). The cells
were placed in an incubator at 37 °C with 5% CO, infusion.

Preparation of EGCG

10 mM EGCG (Catalogue number E4143; Sigma, USA) was
freshly prepared in serum free media and further dilutions
were made using complete medium as required. ECs, was
established as 100 pM EGCG following 24 h treatment using
MTT assay, previously (Sharma et al. 2012). In this study,
50 uM EGCG was employed for analysis. In all assays, in
the untreated control samples the same volume of media was
used without EGCG.

Expression analysis of various genes involved
in tumorigenesis and cancer-related pathways

Total RNA was isolated from 2x 10° cells treated with
50 uM EGCQG for 48 h as well as untreated HeLa cells using
Gen Elute Mammalian Genomic Total RNA Kit (Sigma,
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USA). cDNA was synthesized using RT-PCR Kit (ABI,
USA) using 2 pg of RNA. Selected TSGs and genes from
different signaling pathways where assessed using Taq-man
custom array on QuantStudio3 (Applied Biosystems, USA).
Results were evaluated using the AACT method using Data-
Assist™ software (ThermoFisher, USA). Global normali-
zation was performed and change in gene expression (fold
change) of treated sample in comparison to untreated control
was represented as relative quantity (RQ). Statistical signifi-
cance was calculated as the mean of three experiments using
two-tailed 7 test with p <0.05.

Expression analysis of the genes involved
in chromatin modification

cDNA was prepared as detailed above. The expression of
a panel of epigenetic enzymes involved in DNA methyla-
tion and various histone modifications was assessed using
the Human Epigenetic Chromatin Modification Enzymes
RT? Profiler PCR Array (Catalogue number PAHS-085Z;
Qiagen, USA). Results were evaluated using the AACT
method using DataAssist™ software (ThermoFisher, USA).
Endogenous gene (GAPDH) was used for normalization and
change in gene expression (fold change) of treated sample in
comparison to untreated control was represented as RQ. Sta-
tistical significance was calculated using the mean of three
experiments using two-tailed ¢ test with p <0.05.

DNA methyltransferase activity assay

Nuclear extract from untreated HeLa cells was obtained
using the EpiQuikTM nuclear extraction kit (Catalogue
number OP-0002; Epigentek, USA) following the manufac-
turer’s protocol. The change in activity of DNA methyltrans-
ferase (DNMT) enzymes following incubation with EGCG
(50 uM) was assessed using the ELISA-based Epiquik
DNMT activity assay kit (Catalogue number OP-0002; Epi-
gentek, USA). The percentage of inhibition in comparison
to the untreated control was then calculated and plotted as
a graph.

Histone deacetylase activity assay

Nuclear extract from untreated HeLa cells was obtained
using the EpiQuik™ nuclear extraction kit (Catalogue num-
ber OP-0002; Epigentek, USA) following the manufactur-
er’s protocol. The change in activity of histone deacetylase
(HDAC) enzymes following incubation with EGCG (50 uM)
was assessed using the ELISA based Epiquik HDAC activity
assay kit (Catalogue number P-4002; Epigentek, USA). The
percentage of inhibition compared to the untreated control
was then calculated and plotted as a graph.
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Histone methyltransferase—H3K9 activity assay

Nuclear extract from untreated HeLa cells was obtained
using the EpiQuikTM nuclear extraction kit (Catalogue
number OP-0002; Epigentek, USA) following the manu-
facturer’s protocol. The change in activity of histone meth-
yltransferase (HMT) enzymes following incubation with
EGCG (50 uM) was assessed by using the ELISA based
Epiquik Histone methyltransferase (HMT)-H3K9 activity
assay kit (Catalogue number P-4001; Epigentek, USA). The
percentage of inhibition in comparison to the untreated con-
trol was then calculated and plotted as a graph.

Molecular modelling studies of DNMT, HDAC
and EZH2 proteins

Docking of EGCG with DNMT1, DNMT3A, HDAC?2,
HDAC3, HDAC4, HDAC7, HDACS8 and EZH2 was per-
formed and analyzed as described by the author’s earlier
publication (Kedhari Sundaram et al. 2019a; Sundaram et al.
2019b). Full fitness values were used to rank the docked
structures and the one with least energy was accepted as the
best docked pose.

Global DNA methylation assay

DNA was extracted from 2x 10° HeLa cells treated with
50 pM EGCG (24 and 48 h) using GenElute Mammalian
Genomic DNA Miniprep Kit (Catalogue number GIN70;
Sigma, USA). The quantum of methylated DNA in the
treated and untreated samples was measured using Meth-
ylFlash™ Methylation DNA Quantification kit (Catalogue
number: P-1034; Epigentek, USA) which utilizes a 5-mC
antibody in an ELISA based assay. The optical density read-
ings obtained were relative to the quantity of methylated
DNA. Methylation level was expressed as percentage of
control and represented in a graph.

Detection of promoter methylation using
methylation array

DNA was isolated using GenElute Mammalian Genomic
DNA Miniprep Kit (Catalogue number GIN70; Sigma,
USA), following treatment of HeLa cells with 50 uM EGCG
for 48 h and restriction digestion was carried out using Epi-
Tect I DNA Methylation Enzyme Kit (Catalogue number:
335452; Qiagen, USA). The assay uses two restriction
enzymes with differential action on methylated cytosine in
the recognition sequence. The digest was set up without any
enzyme, each enzyme separately and both together. These
four digestion products were utilized separately to perform
gPCR using Human Tumor Suppressor Genes EpiTect

Methyl II Signature PCR Array (Catalogue number EAHS-
5517Z; Qiagen, USA). Methylation level of each gene was
calculated using the Ct values from all four digests according
to the manufacturer’s protocol and formula.

In silico network analysis

STRING Cytoscape app (https://apps.cytoscape.org/apps/
stringapilized) was used for in silico network analysis of
differentially expressed genes. The application was based
on the identification of protein—protein interaction (PPIN)
among input genes. It provides high level information about
input genes, interacting genes, types of interactions (viz.
co-occurrence, co-functional, expression, etc.), network
and functional enrichment statistics and detailed evidences
of the interaction. Based on gene expression data (logFC),
K-means clustering of the input genes was performed. This
mode of clustering allows sub-structuring of data into groups
that behave in similar manner. Differentially expressed genes
were categorized into clusters sharing similar biological
function (co-functional) and are under similar control logic
(co-regulated). Furthermore, NetworkAnalyzer (https://apps.
cytoscape.org/apps/analyzer) computes topological charac-
teristic of the complete network. The topological analysis
identifies the hubs (essential nodes) for the maintenance of
network robustness and stability. The topological param-
eters of a network provide a useful insight to the biological
process. (1) Degree distributions—node degree of a node
n is the number of edges linked to n. A node with a high
degree is referred to as hub. (2) Betweeness—fraction of the
number of shortest path that pass through each node, which
measure how often nodes occur on the shortest path between
other nodes. The shortest past is calculated by measuring the
length of all the edges from or the vertices in the network.

Gene enrichment and KEGG pathway analysis

FunRich, user friendly bioinformatics software for func-
tional enrichment and interaction analysis was utilized for
Gene set enrichment analysis of input query genes. Itis a
customized platform supporting proteomics, genomics,
transcriptomics, lipidomics and metabolomics datasets. It
provides interactive visualization of enrichment analysis in
terms of biological processes, molecular function, protein
domains, site of expression and cellular component. KAAS-
KEGG (Kyoto Encyclopedia of Genes and Genomes) auto-
matic annotation server ensures pathway analysis of input
genes to explore the underlying systematic biological path-
way connectivity to the expressed genes on treatment with
a catechin, epigallocatechin-3-gallate (EGCG).
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Statistical analysis

All the statistical data have been expressed as mean + SD
of three experiments. One-way ANOVA followed by two-
tailed ¢ test was performed (* represents p <0.05) during
the analysis.

Results

EGCG modulates various signaling pathways
and cellular regulators

EGCG modulated the gene expression of crucial cell cycle
regulators and genes involved in proliferation, migration,
inflammation and signal transduction pathways as evidenced
by qRT-PCR. EGCG downregulated the transcriptional
expression of genes promoting the cell cycle namely CCNB1
(RQ=0.51, p=0.0261), CCNB2 (RQ=0.45, p=0.0365),
CCND1 (RQ=0.50, p=0.046), CCND2 (RQ=0.54,
p=0.036), and CDKNI1A (RQ=0.54, p=0.0488). TERT
(RQ=0.41, p=0.0501) expression which is important for
telomere increase was found to be reduced alongwith the
expression of VCAM (RQ=0.54, p=0.0367) (Fig. 1a).
The expression of CDHI1 (RQ=9.76, p=0.034) which
restricts migration was found to be increased by EGCG,
while simultaneously expression of pro-migration genes
COL1Al (RQ=0.44, p=0.05), MMP1 (RQ=0.54,
p=0.0363), MMP10 (RQ=0.54, p=0.0363), MMP2
(RQ=0.46, p=0.05) and MMP7 (RQ=0.54, p=0.0363)
was decreased. PIK3C2B (RQ=0.56, p=0.0402), PIK3CB
(RQ=0.53, p=0.044) and PIK3CA (RQ=0.53, p=0.0382)
which are critical genes in the PI3K pathway were found to
be downregulated by EGCG possibly, initiating an inhibition
of the PI3K pathway. Amongst the MAPK pathway genes,
two key genes ELK1 (RQ=0.54, p=0.0344) and MAPKS
(RQ=0.50, p=0.047) were found to be downregulated by
EGCG. An inhibitor of the pathway, PTPRR (RQ=1.56,
p=0.05), was observed to have increased expression. EGCG
lowered the expression of WNT2 (RQ=0.50, p=0.0204)
gene, a key moiety of the Wnt pathway as well the expres-
sion of three pro-inflammatory genes, IL1A (RQ=0.16,
p=0.0307), IL2 (RQ=0.54, p=0.0363) and IL6 (RQ=0.38,
p=0.0467).

EGCG modulates the expression of various enzymes
and chromatin modifiers involved in the epigenetic
pathway

To assess the effect of EGCG on epigenetic enzymes and
to assess their role in the anti-cancer activity of EGCG,
gRT-PCR analysis of various epigenetic enzymes was per-
formed. 50 pM EGCG treatment for 48 h decreased the

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

expression of AURKC (RQ=0.25, p=0.0502), AURKB
(RQ=0.37, p=0.0516), KDM5C (RQ=0.41, p=0.0543),
AURKA (RQ=0.42, p=0.0541), DNMT3B (RQ=0.48,
p=0.054), DNMTI1 (RQ=0.49, p=0.0302), PRMT7
(RQ=0.49, p=0.052), DNMT3A (RQ=0.50, p=0.05),
PRMT6 (RQ=0.50, p=0.0376), HDACI11 (RQ =0.54,
p=0.054), HDAC5 (RQ=0.54, p=0.0510), UBE2A
(RQ=0.54, p=0.0487), UBE2B (RQ=0.56, p=0.0331),
HDAC7 (RQ=0.58, p=0.0542), KDM4A(RQ =0.59,
p=0.05) and HDAC6 (RQ=0.70, p=0.0517). EGCG
elevated the expression of SETD7 (RQ=1.61, p=0.0063).
Taken together, it appears that these genes could alter the
expression profile of the cells and may explain the anti-
cancer effect of EGCG on HeLa cells. The fold changes in
comparison to untreated control is shown in Fig. 1b.

EGCG decreases the activity of DNMT, HDAC
and HMT H3K9 enzymes

Relative to the untreated control, incubation of HeLa cell
nuclear extract with 50 pM EGCG for 1.5 h reduced the
activity of DNMTs by 50.42% (p =0.0221) and HMT
H3K9 enzymes by 72.61% (p =0.0023). Whereas, in com-
parison to the untreated control incubation of HeLa cell
nuclear extract with 50 pM EGCG for 1 h reduced the
activity of HDACs by 55.31% (p =0.0029) (Fig. 2).

EGCG interacts with DNMT family and could
function as a competitive inhibitor

To assess the molecular interaction of EGCG with DNMT
enzymes and to explain the results of the biochemical
assay detailed above, molecular docking studies were per-
formed. Molecular docking results suggest that EGCG may
competitively inhibit DNMT1 and DNMT3A enzymes by
binding within the catalytic cavity. The docked pose of
EGCQG in the catalytic cavity of these proteins are shown
in Fig. 2 and the residues within 5 A of EGCG are listed
in Table 1.

Interaction of EGCG with HDAC proteins indicate
inhibition of activity

To assess the molecular interaction of EGCG with HDAC
enzymes and to explain the results of the biochemical assay
detailed above, molecular docking studies were performed.
Molecular docking studies shows that HDAC2, HDAC3,
HDAC4 and HDAC7 may be competitively inhibited by
EGCG. The docked poses of EGCG in the catalytic cavity of
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these proteins are shown in Fig. 2 and the residues of these
protein within 5 A of EGCG are listed in Table 1.

Interaction of EGCG with EZH2 protein indicates
inhibition of activity

To assess the molecular interaction of EGCG with HMT-
H3K9 enzymes and to explain the results of the biochem-
ical assay detailed above, molecular docking was per-
formed. The predicted interaction of EGCG with EZH2 is
shown in Fig. 2 and was found to be similar to the interac-
tion of the known inhibitor. is the co-crystallized inhibitor

of EZH2 as observed in the structure. This is suggestive
of an inhibitory effect of EGCG interaction with EZH2 as
well. the residues of these protein within 5 °A of EGCG
are listed in Table 1.

EGCG decrease global DNA methylation in Hela cells

Treatment of HeLa cells with 50 uM EGCG significantly
decreased global DNA methylation in a time-dependent
manner to 40% after 24 h (p=0.0053) and to 21.16%
after 48 h (p=0.0145), in comparison to untreated control
(Fig. 3).
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Enzyme Inhibition, %

DNMT

Fig.2 Molecular docking analysis of sulforaphane with epigenetic
enzymes and biochemical inhibition of enzyme activity EGCG was
docked with the crystal structures of various enzymes using the dock-
ing server, Swiss Dock and analyzed using UCSF Chimaera. The
substrate binding site of the enzymes was identified using literature
resources and cavity predicting software. The substrate-binding cav-
ity is shown in hydrophobic representation in cyan colour with the
catalytic residue coloured green. The predicted interaction of EGCG
(blue) with the active site residues (cyan) in the substrate binding
cavity of a DNMT1, b DNMT3A, ¢ HDAC2, d HDAC3, e HDAC4,

EGCG treatment reduces the promoter methylation
of tested TSGs

A functional outcome of reduction in the gene expression as
well as enzyme activity of DNMTSs can be expected as alter-
ation in methylation levels of promoter 5'CpGs. To measure
alterations in promoter methylation, the methyl II PCR array
was carried out following differential digestion of DNA with
methylation-sensitive and methylation-dependent restriction
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HDAC HMT H3K9

f HDAC7 g EZH? is shown. The bound results were then compared
to known crystal structures of inhibitors for validation. h Effect
of EGCG on activity of DNMT, HDAC and HMT-H3K9 in HeLa
cells. Nuclear extract of HeLa cells was treated with 50 uM EGCG
to observe the direct inhibition of enzymatic activity of DNMTs,
HDACSs and HMT-H3K9s using an ELISA-based assay. EGCG dem-
onstrated significant inhibition of the activity of all enzyme families.
Values are represented in comparison to untreated control and are
means + SD of three independent experiments. (*p <0.05)

enzymes. EGCG reduced the promoter 5'CpG methylation
of several TSGs namely APC (1.81%, p=0.0006), CDH1
(57.16%, p=0.036), CDH13 (7.06%, p=0.007), DAPK1
(32.46%, p=0.033), FHIT (15.62%, p=0.034), GSTP1
(75.16%, p=0.05), MGMT (3.21%, p=0.0012), MLH1
(6.47%, p=0.030), PTEN (8.68%, p=0.0007), RARB
(39.31%, p=0.007), RASSF1 (16.68%, p=0.05), SOC51
(49.41%, p=0.004), TIMP3 (16.49%, p=0.0006) and VHL
(11.30%, p=0.012) (Fig. 3).
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Table 1 The full fittness value of the docked pose of EGCG with the epigenetic modulators as well as the residues of the protein that interact

with EGCG

Protein Full fitness value Interacting residues

DNMT1  —-5476.32

2.29'A H-bond with ASN693;2.20 A H-bond with SER1418,CYS 656,GLU 657,VAL 658, ARG 690, PRO 692,

ASN 693, GLY 1380, CYS 1414, LYS 1415, ASP 1416, MET 1417, SER 1418, VAL 1421, ASN 1529, GLU

1531, PRO 1532, ILE 1569, LEU 1570
PHE 636, ASP 637, GLY 638, ILE 639, SER 659, GLU 660, VAL 661, CYS 662, SER 665, ASP 682, VAL 683,

DNMT3A - 1544.02

GLY 703, SER 704, PRO 705, CYS 706, ASN 707, THR 723, LEU 726, ARG 883, LEU 884, LEU 885, ARG

887, SER 888, TRP 889

GLY32, HSE33, PRO34, GLU103, ASP104, HSD145, GLY 154, PHE155, HIS183, TYR209, PHE210, ASP269,

HIS17, PRO23, ASP93, HSD135, GLY 143, PHE144, LYS194, ASN197, TYR198, PHE199, PHE200, ARG265,

SER674, PRO676, GLU677, ARG681, ASP759, PRO800, HSD802, HSD803, GLYS811, PHE812, ASP840,

SER539, ARG540, HSD541, PRO542, ASP626, HIS669, HSD670, PHE679, HSE709, ASN736, PHE737,

HDAC2  -1885.93
ARG275, LEU276, GLY277, CYS278, TYR308, ZN
HDAC3  -1624.41
LEU266, TYR298
HDAC4  -1611.89
ASP934, PRO940, PRO942, LEU943, GLY974, GLY975, HSD976
HDAC7  -1684.25
PHE738, ASP801, PRO809, LEU810, HIS843
EZH2 —4030.3115

PRO 108, ILE 109, MET 110, TYR 111, ALA 622, GLY 623, TRP 624, GLY 625, TYR 658, TYR 661, CYS

663, PHE 665, THR 678, ARG 685, PHE 686, ALA 687, ASN 688, HSE 689, TYR 726

EGCG restores the expression of tumour suppressor
genes

To correlate changes in gene expression following alteration
of promoter methylation, qRT-PCR of several TSGs was
performed. It was observed that transcription levels of TSGs
namely, TP53 (RQ=1.62, p=0.0322), PTEN (RQ=2.04,
p=0.05), SOCS1 (RQ=2.16, p=0.05), CDH1 (RQ=9.76,
p=0.034), RARP (RQ=1.532, p=0.052) and DAPKI1
(RQ=1.521, p=0.051) were upregulated following EGCG
treatment (Fig. 1). This finding correlated with the decrease
in promoter methylation levels.

Network analysis

Clustering of differentially expressed genes enables sub-
structuring of data into groups of functionally similar input
genes (Fig. 4a). STRING Cytoscape App enables visualiza-
tion of clusters into different colours sharing either similar
functions or regulated by similar control mechanism. Prior
to partitioning of the data, scaling of gene expression data
was performed based on mean expression (low drop counts)
and logFC. Mean variance of the expression values com-
puted optimal number of clusters as 7 for the data categori-
zation. Evaluation of the identified clusters was performed
by estimating an average silhouette width as 9. Silhouette
value describes the accountability of gene relatedness to a
particular cluster as compared to other clusters. If average
silhouette width is high, then numbers of clusters is valid.
Furthermore, topological parameters computed by Networ-
kAnalyzer are enlisted in Table 2.

Gene ontology and KEGG pathway analysis

Gene ontology-based analysis calculates p value and false
discovery rate (FDR) of each GO term using a modified
Fisher’s exact test and Benjamini—-Hochberg (BH) method.
Enriched terms with p value <0.05 represent enrichment
analysis in terms of (1) biological process (2) cellular com-
ponent and (3) molecular functions. Automated organiza-
tion functionality of the differentially expressed genes was
explored by GO enrichment analysis (Table 2). KAAS-
KEGG (Kyoto Encyclopedia of Genes and Genomes)
annotation server predicts relationship between biological
response variable and metabolic pathway based on linear
model computing p-statistic score (Fig. 4b).

Discussion

Carcinogenesis is the outcome of atypical alterations in sign-
aling pathways driven by both genetic and epigenetic altera-
tions. Epigenetic alterations are increasingly being acknowl-
edged as an early and ongoing alteration that aids in cancer
initiation and progression (Sundaram et al. 2020). The anti-
carcinogenic property of EGCG has been established earlier
in our laboratory and the ECy, in 24 h in HeLa cells for
EGCG was found to be 100 pM (Sharma et al. 2012). In this
study, further exploration into their modulation of various
molecular targets was conducted using the sub-lethal dose of
50 pM EGCG which reduced cell viability to approximately
25% in 24 h and 50% in 48 h.

pisllase ol ay .
e e O) Springer



484 Page8of15

3 Biotech (2020) 10:484

&

m24h m48h

Methylation with respect to control, %

50 uM EGCG

120 u Untreated control mEGCG

-
o
o

[e ]
o

S
o

5'CpG Promoter Methylation, %
N (2]
o o

o

Fig.3 Effect of EGCG on global DNA methylation in HeLa cells
a The global methylation level of DNA in HeLa cells treated with
50 uM EGCG for 24 h and 48 h was assessed using an ELISA-based
assay. DNA from untreated HeLa cells were used as control. EGCG
significantly decreased the levels of global DNA methylation in HeLa
cells in a time-dependent manner. The decrease is methylation level
is represented as a percentage of the untreated control. Values are
means +SD of three independent experiments. (¥*p <0.05). b Effect
of EGCG on gene specific DNA methylation in DNA extracted from
HelLa cells treated with 50 pM EGCG for 48 h was subjected to meth-
ylation-dependent restriction digestion. The products of the digest
were used as template for a PCR reaction using Human Tumor Sup-
pressor Genes EpiTect Methyl II Signature PCR Array, to determine
the 5" CpG island promoter methylation level of tumour suppres-
sor genes. EGCG significantly decreased the promoter methylation
levels in HeLa cells in comparison to untreated control. Values are
means + SD of three independent experiments (¥p <0.05)

The observation of cell cycle dysregulation is supported
by changes in the expression of the genes that govern it
(Fig. 1). CCNB1 and CCNB?2 are required for the cell to
cross G2-M checkpoint (Huang et al. 2013). EGCG showed
overall disturbances in the cell cycle and downregulated
CCNB1, CCNB2 which monitor G2-M cell cycle checkpoint
as well as CCND1 and CCND2. CDKNI1A is downregu-
lated facilitating the onset of apoptosis. VCAM helps in cell
adhesion and also influences proliferation; HDAC inhibi-
tors like TSA are known to suppress its expression (Heb-
bel et al. 2010). Its decrease should facilitate reduction in
both cancer hallmarks. Replicative immortality is achieved
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by the overexpression of telomerase reverse transcriptase
(TERT), which limits telomere length and enables continued
proliferation and evasion of apoptosis (Wang et al. 2015b).
EGCG is known to restrict migration as evidenced through
the scratch wound assay (Sharma et al. 2012). To understand
the molecular changes behind these observations, various
genes involved in this hallmark were tested for transcrip-
tional alterations (Fig. 1). Migration is initiated and aided
by the activity of the matrix metalloproteases MMPs. Sev-
eral MMPs were downregulated by EGCG namely, MMP1,
MMP10, MMP2 and MMP7. Transcriptional elevation of
CDHI1 is mediated by EGCG; EGCG decreased the expres-
sion of COLIA1, which are further likely to suppress migra-
tion. The key properties acquired by cancer cells such as
proliferation, invasion and migration, evasion of apoptosis is
mediated by dysregulation of signaling network. Therefore,
the PI3K pathway is considered therapeutically important in
alleviating cancer with PI3KCA, PI3KCB, and the pathway
inhibitor, PTEN being crucial entities. PIK3C2B, PIK3CA,
PIK3CB are downregulated by EGCG with concurrent
upregulation of the PI3K pathway inhibitor PTEN suggest-
ing a therapeutic inhibition of this pathway. EGCG inhibited
the proliferation and induced apoptosis in PANC-1 cells, by
upregulating PTEN and downregulating mTOR and AKT
(Liu et al. 2013). The MAPK pathway has been associated
with promoting tumour proliferation. It is noteworthy that
two key genes of this pathway ELK1, MAPKS were found
to be downregulated by EGCG. Furthermore, EGCG was
found to restore the expression of PTPRR. In cervical can-
cer cells, PTPRR a MAP kinase pathway inhibitor, is often
hypermethylated. EGCG has been documented to involve
the ERK1/2 and MAPK signaling pathway to induce apop-
tosis in human colon cancer cells (Cerezo-Guisado et al.
2015). Progression of cervical carcinogenesis and metas-
tasis is aided by the Wnt signaling pathway; wherein the
WNT?2 gene is usually overexpressed EGCG downregulated
the expression of WNT?2 gene (Fig. 1). A similar inhibition
of growth via blocking of the Wnt pathway by EGCG was
reported in lung cancer stem cells (Zhu et al. 2017). The
influence of inflammatory molecules in the development and
progression of cancer is well documented marking it as a
possible therapeutic target. They are also responsible for the
reduced efficacy of therapeutic agents. Three inflammatory
genes, IL1A, IL2, IL6 are steeply downregulated by treat-
ment with EGCG (Fig. 1).

DNA methyltransferases (DNMTs), histone deacetylases
(HDACS), histone acetylases (HATS), histone methyltrans-
ferases (HMTs) and ubiquitinases are key enzymes that mod-
ulate the epigenetic responses and govern gene expression.
Aberrant epigenetic processes affect all stages of carcinogen-
esis by silencing the expression of TSGs (Soto et al. 2017).

DNA methylation is strongly correlated to transcriptional
silencing gene specific methylation is found to be increased
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Fig.4 a Protein—protein interaction network protein—protein interac-
tion network of genes which are differentially modulated following
EGCG treatment of HeLa cells is shown using k-means clustering.
STRING Cytoscape App was used after scaling of gene expression
data; evaluation of the clusters was performed by estimating an aver-

and abnormal hypermethylation results in transcriptional
silencing of tumour suppressor genes. All three DNMTs
(DNMT1, DNMT3A and DNMT3B) are overexpressed in
cervical cancer cells and its expression levels are correlated
to disease progression (Piyathilake et al. 2017). EGCG
downregulated the transcript levels of all three DNA meth-
yltransferases DNMT1, DNMT3A and DNMT3B (Fig. 1b).
Additionally, EGCG was able to exert an inhibitory effect
and lowered DNMT activity by approximately 50% of

age silhouette width as nine. b KEGG pathway enrichment analysis
KEGG pathway enrichment analysis of genes differentially modu-
lated following EGCG treatment of HeLa cells predicts relationship
between biological response variable and metabolic pathway based
on linear model computing p-statistic score

untreated control (Fig. 2). Further, in silico docking results
suggests that EGCG may inhibit DNMT1 and DNMT3A
competitively by binding within the catalytic cavity of the
enzymes (Fig. 3). DNMT1 and DNMT3A structures co-
crystalized with their natural ligand, DNA was retrieved and
was found to occupy the region defined as the catalytic cav-
ity (Song et al. 2011; Zhang et al. 2018). The binding zone
of EGCG on DNMT1 overlaps with the well-known co-
crystallized inhibitor sinefungin (PDB ID 3SWR) (Valente
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Table 2 Gene set enrichment analysis of target genes based on GO categories (1) cellular component, (2) molecular function and (3) biological

processes
Cellular component Total annotated No of genes Percentage of genes Fold value p value
genes in this class (Bonferroni
method)
Plasma membrane 3479 13 27.08333333 1.133555377 1
Cytosol 1178 13 27.08333333 3.347722423 0.062047052
Nucleoplasm 449 8 16.66666667 5.407513651 0.077139073
Cytoplasm 5684 32 66.66666667 1.707072486 0.07662906
Nucleus 5847 29 60.41666667 1.503955596 1
Extracellular 1825 15 31.25 2.493082014 0.420115356
Condensed nuclear chromosome 3 1 2.083333333 101.7128913 1
Chromosome passenger complex 3 1 2.083333333 101.7128913 1
Dynein complex 2 1 2.083333333 152.3163199 1
Molecular functions
Cytokine activity 107 3 6.25 10.61912371 0.638960909
Methyltransferase activity 59 3 6.25 19.25694677 0.114380528
Lipid kinase activity 35 3 6.25 32.45793855 0.024077901
Protein serine/threonine kinase activity 301 5 10.41666667 6.283525053 0.261224937
Metallopeptidase activity 101 4 8.333333333 14.9874087 0.032794018
Transcription factor activity 842 3 6.25 1.349571179 1
Oxidoreductase activity 161 1 2.083333333 2.368181983 1
Deacetylase activity 14 1 2.083333333 27.21634411 1
Receptor signalling protein tyrosine phos- 16 1 2.083333333 23.81642605 1
phatase activity
Biological processes
Protein metabolism 1323 14.58333333 2.000218678 1
Immune response 576 3 6.25 1.972690983 1
Regulation of cell cycle 57 4.166666667 13.30967968 1
Signal transduction 3934 18 37.5 1.728227217 1
Cell communication 3713 17 35.41666667 1.729421214 1
Nucleobase metabolism 2828 15 31.25 2.003652205 0.887230111
Apoptosis 220 1 2.083333333 1.73301188 1
Cell growth 1125 1 2.083333333 0.338912493 1
Cell cycle 22 1 2.083333333 17.32303243 1

et al. 2014). Dhe-Paganon et al. opine that DNMT1 activity
could be impaired by drugs that target this region (Dhe-
Paganon et al. 2011). This strengthens the suggestion that
EGCG could function as a DNMT inhibitor.

Furthermore, the polycomb repressor protein, EZH2
recruits DNMT to target sites (Chen et al. 2016). It is
interesting, therefore, that the current study predicts that
EGCG may bind to EZH2 at the DNMT1 recruitment
site and potentially inhibit it (Fig. 2). EGCG occupies
the same cavity as the EZH2 inhibitors 74D (PDB ID:
5LS6), A9G (PDB ID: 5WG6) as well as the byproduct
of methylation, S-adenosyl homocysteine (SAH) (Vaswani
et al. 2016; Bratkowski et al. 2018). Furthermore, PI3K-
AKT and Wnt pathways stabilize DNMT1 protein thereby,
contributing to its activity (Feinberg 2015). EGCG may
inhibit the activity of these pathway (Fig. 1) and further
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indirectly contribute to reduced DNMT activity. Decreased
DNMT expression and activity promotes restoration of
TSG expression and lowered cell proliferation and cell
death.

Nucleosomal histone proteins undergo several chemical
modifications including methylation, acetylation, ubiquitina-
tion, and phosphorylation. Histone modifications influences
transcription of various genes (both activation and repres-
sion) involved in various cell regulatory pathways such as
proliferation, migration and differentiation.

Amongst the histone modifications known to influence
carcinogenesis, histone deacetylation is of central impor-
tance. Addition of lysine residues causes de-condensation
of chromatin and promotes transcription, while removal of
acetyl groups causes chromatin condensation and transcrip-
tional repression. In addition to silencing of TSGs, HDACs
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also deacetylate non-histone proteins such as TP53, ren-
dering them non-functional. Over-expression of HDACI,
HDAC2, HDAC3 and HDACS®6 in cancer cells have been
reported earlier (Movafagh and Munson 2019). EGCG
downregulated HDAC5, HDAC6, HDAC7 and HDACI11
(Fig. 1). Additionally, EGCG was also found to lower the
biochemical activity of HDAC (Fig. 2). Furthermore, in
silico docking studies showed that EGCG may also com-
petitively inhibit HDAC2, HDAC3, HDAC4 and HDAC7.
The docking pose of EGCG on HDAC2 was found to overlap
that of the co-crystallized inhibitors, IWX (PDB ID:5IWG),
SAHA (PDB ID: 4L.XZ) LLX, (PDB ID: 3MAX) and 20Y
(PDB ID: 4LY1). Similarly, binding of EGCG to HDAC4
was found to overlap well with the co-crystallized inhibitors
EBE (PDB ID: 6FYZ), TFG (PDB ID: 2VQIJ), 9F4 (PDB
ID: 4CBT) and HA3 (PDB ID: 2VQM). Suppression of
HDAC:S reverses TSG silencing, lessens growth and induces
apoptosis (Sundaram et al. 2019a).

Histone methyltransferases (HMTs) catalyze the addi-
tion of up to three methyl groups onto specific lysine moi-
eties in histone proteins. Depending on the lysine residue
involved, these marks may be transcriptionally permissive
or repressive. H3K4me3 marks the trimethylation of lysine
4 on histone H3 at promoter regions and is associated with
transcriptional activation. Promoter region trimethylation of
lysine 9 and 27 of histone 3 (H3K9 and H3K27) is found to
be high in cervical cancer and are associated with repressive
signaling of TSG expression. EGCG significantly reduced
H3K9 methyltransferase activity (Fig. 3), which may aid in
the re-expression of silenced TSGs. Expression of SETD7
was upregulated following EGCG treatment (Fig. 1). In cer-
vical cancer, Human Papilloma Virus (HPV) downregulates
the expression of the TSG, SETD7 which can activate TP53
(Hsu et al. 2012). Further, SETD7 inactivates DNMT 1; this
contributes to reduced protein levels of DNMT1 and conse-
quently lowered DNA methylation levels (Wang et al. 2008).
Protein arginine methyltransferases (PRMTs) methylate the
arginine residue of histone and some non-histone proteins
impacting several cellular functions. PRMTs are known to
be upregulated in cancer and silence TSGs, making them an
important therapeutic target. PRMT7 expression is downreg-
ulated by EGCG (Fig. 1). PRMT7 is involved in regulating
cellular resistance to chemotherapeutics, supports the Wnt
pathway and in breast cancer, augments metastasis (Baldwin
et al. 2015).

EGCG decreases the expression of KDM4A and KDM5C
which may limit oncogenic activation (Fig. 1). Overexpres-
sion of the oncogene, H3K9/36me3 lysine demethylase
KDMA4A causes copy number gains and promotes chromo-
somal instability (Luo et al. 2016). KDMS5C is oncogenic,
is overexpressed in cervical cancer, with its expression
increasing with disease severity (Ianca et al. 2015). Tran-
script of AURKA, AURKB and AURKC were significantly

reduced following EGCG treatment (Fig. 1).The expression
of AURKA, AURKB and AURKC in cervical cancer is very
high and aids in tumour progression (Burk et al. 2017). They
contribute to cell proliferation, migration, ability to cross
checkpoint at G2-M, and alongside HDAC regulate the AKT
pathway (Burk et al. 2017).

Histone ubiquitination involves the addition of ubiquitin
to histone proteins and regulates multiple cell functions
and aids cancer development. The expression of the ubiq-
uitinases, UBE2A and UBE2B was decreased by EGCG.
Malignant transformation as well instability of chromo-
somes in cervical cancer may be attributed to increased
expression of UBE2A (Wang et al. 2015a). UBE2B, tar-
gets the Wnt pathway as well as the tumour suppressor
gene, TP53.

DNA methylation is affected by DNMT activity and
expression; with reduced DNMT activity commensurate
with lowered DNA methylation. EGCG reduced both
DNMT expression and activity (Figs. 1, 2). EGCG medi-
ated time-dependent decrease in global DNA methylation
levels (Fig. 3). EGCG lowers global methylation in skin
cancer cells (Nandakumar et al. 2011). A significant thera-
peutic milestone in the management of cancer is the rever-
sal of gene specific 5’ promoter CpG methylation. Key
tumour suppressor genes commonly methylated in cervical
cancer were chosen and the quantum of their promoter
methylation was compared before and after treatment with
EGCG. EGCG was able to alter the methylation status of
the promoter region of tumour suppressor genes namely
APC, CDH1, CDH13, DAPKI1, FHIT, GSTP1, MGMT,
MLHI, PTEN, RARB, RASSF1, SOC51, TIMP3 and VHL
(Fig. 3). In cervical cancer patient samples, high levels of
promoter methylation correlating with disease severity has
been reported in several TSGs including DAPK, PTEN,
RARp, RASSF1A, CDH13, MLH1, SOCS1, MGMT,
VHL and FHIT (Bhat et al. 2016). Reduced methylation
and re-expression of FHIT, DAPK, MGMT, APC, CDHI,
PTEN in cervical cancer cells has been achieved resulting
in cancer regression by using demethylating and deacety-
lating agents. The role of the TSGs whose methylation
levels were lowered by EGCG are detailed below. Taken
together their re-expression can contribute greatly to the
overall anti-carcinogenic outcome following EGCG treat-
ment. APC encodes a tumor suppressor protein that acts as
an antagonist of the Wnt signaling pathway and takes part
in processes including cell migration and adhesion, tran-
scriptional activation and apoptosis (Ayala-Calvillo et al.
2017). It is methylated in cervical cancer with its status
linked to delocalization of B-catenin in HPV 16 infected
cervical cancer cells and higher methylation index with
disease (Ayala-Calvillo et al. 2017).

CDHI1 (e-cadherin) is instrumental in preventing migra-
tion and metastasis and its methylation in cervical cancer
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also increases with disease progression (Li et al. 2017).
In further support of the observations of this study, it has
been reported that reduced expression of EZH2 lowers
H3K27me3 levels in the promoter region of CDHI1 gene and
contributes to restoration of its expression (Lin et al. 2013).
Another regulator of cell migration, CDH13 (H cadherin) is
also frequently hypermethylated in cervical cancer (Henken
et al. 2007). Reduction in methylation of CDH13 by EGCG
was also evidenced in this study.

Promoter hypermethylation of DAPKI, a pro-apoptotic,
serine/threonine protein kinase is correlated with disease
grade (Banzai et al. 2014). FHIT is hypermethylated in
cervical cancer samples and cell lines (Banzai et al. 2014).
Likewise, GSTP1 is involved in xenobiotic metabolism
and methylated in certain cancers (Zambrano et al. 2005).
MGMT is a DNA repair enzyme that is commonly hyper-
methylated in cervical cancer and shows linear increase
with disease severity (Banzai et al. 2014). Phosphatase and
tensin-homologue (PTEN) is commonly methylated and
silenced in cervical cancer patients which restricts its ability
to inhibit the PI3K pathway, thereby, causing increased cell
division and survival (Song et al. 2012). RARP is involved
in cell proliferation and is usually methylated in several can-
cers including cervical cancer which is positively correlated
with disease severity (Sun et al. 2015). RASSFIA func-
tions as cell cycle and apoptosis regulator and is silenced by
promoter methylation in cervical cancer (Donninger et al.
2007). Suppressor of cytokine signaling-1 (SOCS1), another
frequently silenced TSG is associated with cytokine sup-
pression, degradation of HPV E7, increase in expression of
the TSG, Rb and reduces metastatic potential (Henken et al.
2007). MLH1 regulates several processes including DNA
repair and controls cell cycle through the action of both p21
and p73. Its methylation in cervical cancer correlates with
higher evidence of metastasis and cancer recurrence (Spathis
et al. 2011). Thus, in this study it was observed that EGCG
is able to reduce the promoter methylation of several impor-
tant TSGs which are normally hypermethylated in cervical
cancer cells.

It has been shown that DNA methylation determines
transcriptional status of genes and inhibition of this process
by any agent achieves restoration of transcription (Kedhari
Sundaram et al. 2019a; Sundaram et al. 2019b). To corre-
late the changes in promoter methylation with alterations
at the transcript level, qRT-PCR was performed, and fold
changes were calculated (Fig. 1). 50 pM EGCG treatment
restored the expression of PTEN, SOCS1, RARJ, DAPK1
and CDHI1. This shows the correlation between lowered
promoter methylation and enhanced transcription levels.
A few TSGs which exhibited decreased methylation levels
did not demonstrate a commensurate increase in expression,
this may be attributed to other routes of epigenetic silencing
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which are unaffected by EGCG and hence not according
transcriptional permissiveness.

In silico network analysis of differentially expressed
genes was performed to identify functionally similar genes.
Partitioning of genes was also performed by performing
k-means clustering based on similar functional annotation
and regulation mechanism. The complete list of input genes
was sub-structured into seven clusters (depicted as different
colours viz. red, green, blue, yellow, light green, cyan, and
indigo). This clustering enables delineation of downstream
biological processes associated with expressed genes after
treatment with EGCG. The network generated was subjected
to topological analysis deciphering nodes (genes) essential
for maintaining its robustness. Computation of degree of
each node identifies histone deacetylases (HDAC2, HDAC3,
HDAC4 and HDAC7), DNMT enzymes (DNMT1 and
DNMT3A) as hubs (essential genes). HDACs participation
in several biological processes and transcriptional machinery
proves its specificity towards controlling global or specific
programs of gene expression and disease states. Further-
more, GO ontology analysis identifies active participation
of highly expressed genes towards major mechanism of tran-
scription, replication, and regulation. Furthermore, enrich-
ment analysis based on (1) cellular component identifies
major presence in plasma membrane, cytosol, nucleoplasm
and cytoplasm. (2) Enrichment analysis based on molecular
functions prioritized cytokine activity, methyltransferase
activity, lipid kinase, protein serine/threonine kinase activ-
ity, metallopeptidase activity, etc. (iii) Biological processes
enrichment analysis predicts participation in protein metab-
olism, immune response, regulation of cell cycle; signal
transduction, chromatin modification, etc. Furthermore,
KEGG pathway analysis depicts the active participation
of highly expressed genes in viral carcinogenesis, prostate
cancer, chronic myeloid leukemia, thyroid hormone signal-
ing pathway, transcriptional regulation in cancer, colorectal
cancer, pathways in cancer, thyroid cancer. On treatment
with EGCG, highly expressed genes affects underlying char-
acterised KEGG cancer pathways (Fig. 4).

Conclusion

This study shows the transcriptional alteration of several
key genes involved in different cell-signaling pathways
and genes that govern proliferation, apoptosis and migra-
tion in cervical cancer cells, HeLa following treatment with
the phytochemical, EGCG. Reversal of TSG silencing and
alteration in their methylation status has been mediated by
EGCG through modulation of the expression and activity of
epigenetic enzymes, such as DNMTs, HDACs and HMTs.
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Fig.5 Overview of EGCG mechanism of action EGCG was observed to bring about transcriptional modulation of several genes. A connection
between the modulated genes has been represented in this figure to illustrate the mechanism behind the anti-carcinogenic effect of EGCG

Table 3 Table shows the list of genes influencing various molecular targets that are modulated by EGCG

Molecular targets

Expression status

Modulated genes

Cell cycle regulation Downregulated
Proliferation Upregulated
Downregulated
Metastasis Upregulated
Downregulated
PI3K pathway Downregulated
Whnt pathway Downregulated
MAPK pathway Upregulated
Downregulated
Inflammation markers Downregulated
DNA methyltransferases Downregulated
Histone deacetylases Downregulated
Histone methylases Upregulated
Downregulated
Demethylases Downregulated
Histone phosphorylases Downregulated
Histone ubiquitinases Downregulated

Tumour suppressor genes

TSGs which showed decreased promoter methyla-
tion

TSGs whose expression was restored

CCNBI, CCNB2, CCND1, CCND2, CDKNIA
TP53, TP73, PTEN, TP53I3

TERT

CDHI, SOCS1

COLIAI, MMP1, MMP10, MMP2, MMP7
PIK3C2B, PIK3CA, PIK3CB

WNT2

PTPRR

ELKI, MAPKS8

IL6, ILIA, IL2

DNMT3B DNMTI, DNMT3A

HDAC11, HDAC5, HDAC7, HDAC6
SETD7

PRMT7, PRMTEG,

KDM5C, KDM4A

AURKC, AURKB, AURKA

UBE2A, UBE2B

APC, CDHI, CDH13, DAPKI, FHIT, GSTPI,
MGMT, PTEN, RARB, RASSF1, SOC51,
TIMP3

TP73, PTEN, SOCS1, CDHI, RARS, DAPKI

This study comprehensively catalogues the EGCG-induced
altered transcriptional status of numerous genes including
epigenetic genes that have not been reported previously and

attempts to delineate the anti-cancer mechanism of action

of EGCG on HeLa cells (Fig. 5 and Table 3). On the basis

of the results of this study, EGCG may be considered a
/
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potential epigenetic-based anti-cancer agent that warrants
further mechanistic studies.
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