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A study on DNA methylation modifying natural compounds
identified EGCG for induction of IFI16 gene expression
related to the innate immune response in cancer cells
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Abstract. Innate immune sensor IFN-induced protein 16 (IF116)
exhibits anti-inflammatory effects via IFNP and IFN-stimulated
gene (ISG)15 induction in cancer cells. Epigallocatechin gallate
(EGCQG) is a potent natural DNA methyltransferase inhibitor
(DNMT:). Previous studies revealed that conventional DNMTis,
such as 5-azacytidine (5-aza-dc), induce IFI16 expression and
EGCG decreases DNMT mRNA expression and global methyla-
tion (SmC) level via promoter demethylation of tumor suppressor
genes in cancer cell lines. To the best of our knowledge, however,
EGCG-mediated IFI16 promoter methylation status has been
overlooked. Here, initial screening was performed to determine
IFI16 expression and its correlation with DNMTs in cancer cell
lines from various databases. Following treatment of breast
cancer cell lines with 5-aza-dc, vitamin C and EGCG, expression
levels of IFI16 and its downstream transcription targets IFN{1
and ISG15 were assessed using RT-qPCR, and the SmC level was
assessed using ELISA. In silico molecular docking simulation
was performed for all DNMTs to predict the mode of ligands
binding with proteins. Finally, promoter methylation level in
IFI16 gene was assessed following EGCG treatment. EGCG
treatment induced IFI16 expression, interacted with certain
amino acids residues in DNMT proteins and decreased SmC
level and promoter methylation of IFI116. The present results may
provide a basis for targeting IF116 expression as a therapeutic
option in breast cancer cell lines.

Introduction

IFN-induced protein 16 (IFI16) is a potent innate immune
response evoker that amplifies DNA damage-mediated innate
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immune response in inflammatory disease (1-3). It also
contributes to cell senescence (3). However, previous studies
revealed the IF116, which belongs to the pyrin and HIN domain
family, serves a key role as an innate immune sensor and sensi-
tizes foreign or intracellular double-stranded (ds)DNA (4,5).
Although IFI16 predominantly sensitizes cytosolic DNA,
another study showed that it can also translocate into nucleus
to detect dsDNA (5,6).

The alternate splicing of mRNA yields three structural
isoforms when IFI16 is transcribed: A, B and C (7,8).IFI116 gene
comprises 200-amino acid repeats known as HIN-200 domain,
which is classified as HIN-200-A or HIN-200-B. Both A and
B domains are separated by the serine-threonine-proline-rich
spacer region (9-11). Moreover, the basic region of 1-159
residues binds dsDNA at the N-terminus of the HIN-200-A
subunit as well as the N-terminus of the HIN-200-A subunit to
form a peptide sequence of amino acids with PYRIN domain
that mediates the signal for nuclear localization of IFI16 from
cytosol to nucleus (11).

IF116 exerts its key innate immune responses in diverse
manners. For example, upon recognition of cytosolic dsDNA
by cyclic GMP-AMP synthase, it activates the downstream
STING/TANK-binding kinase 1/IFN regulatory factor 3
pathway to induce transcription of IFNp (12). Moreover, IF116
binds with dsDNA and induces IFNp transcription, which, in
turn, induces IFN-stimulated gene 15 (ISG15) transcription
via the common STING axis (13). Another study showed that
IF116 induces IFNf expression while knockdown of IF116
abrogates the IFNf response (14). Transcriptional cross-talk
between IF116 and IFNf has been proposed in a previous
study (15). In addition to acting as a dsDNA sensor, [F116 also
serves as an ISG (16-18).

Previous studies have reported downregulated expression
of IF116 in cancer cells. For example, a study on the cytoplasm
of prostate cancer cell lines demonstrated that IFI16 gene was
not expressed or expressed in variant forms; the study also
showed that functional overexpression of IFI16 halted colony
formation (19). Another study showed that in certain cancer
cells, loss of IFI16 expression facilitates cell survival even in
the presence of low glucose (20). Moreover, IFI16 acts as a
tumor suppressor gene, inhibits proliferation of hepatocellular
carcinoma and triggers apoptosis (21). However, controversial
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findings have shown an oncogenic role of IF116 in certain types
of cancer cell, such as oral squamous and renal cell carcinoma
and pancreatic adenocarcinoma (22-24).

Natural compounds, such as like vitamin C and green tea
extract polyphenol Epigallocatechin gallate (EGCG), exert
multiple effects on lipid antioxidation (25) and transcrip-
tional machinery to modulate gene expression by targeting
signaling pathways or transcription factors or epigenetically
modulating gene expression (26). Moreover, EGCG has
been shown to block DNA methyltransferase (DNMT)
activity and reactivates methylation-mediated silenced genes,
such as pl6, in cancer cell lines (27). Additionally, EGCG
and vitamin C increase DNA demethylation by inhibiting
DNMTI1/DNMT3b and modulating ten-eleven translocation
enzymes, respectively (28). EGCG exhibits modulatory effects
on innate and adaptive immune response stimuli in murine
and human models (29,30). In addition, vitamin C also showed
innate immune response booster through viral mimicry
(pseudo-infection) in breast, colon, leukemia and hepatocel-
lular cancer cell lines (31).

To the best of our knowledge, few studies have been
conducted on epigenetic drug-mediated IFI16 expression.
For example, IFI16 is acetylated in herpes simplex virus-1
(HSV-1) (32). Acetylation and deacetylation regulate nuclear
and cytoplasmic localization of IFI16 (32). Another study
showed that histone deacetylase inhibitor trichostatin A and
CGK1026 induce IFI16 gene expression in prostate cancer
cells (33). In addition, at a single-cell level, low dose treat-
ment with DNA demethylating agents induces IFI16 gene
expression (34). On the other hand, EGCG is a promoter
demethylation-mediated epigenetic drug that induces expres-
sion of tumor suppressor genes in colon cancer cells (35). To
the best of our knowledge, no previous study has investigated
whether EGCG induces IF116 expression by decreasing meth-
ylation of the IFI16 promoter. Therefore, the present study
aimed to investigate this hypothesis.

Materials and methods

Preliminary screening of mRNA correlation, expression and
immune responsiveness of targeted protein. IF116 and DNMTs
gene (Database of Genotypes and Phenotypes accession no.
phs000424.v8.p2) expression was screened out using The
Cancer Genome Atlas (TCGA) datasets through the UALCAN
web server (ualcan.path.uab.edu/). The correlation between
IFI16 and DNMTs (accession no. ENSG00000163565.17)
were screened from the web server and validated by data
retrieved from xenabrowser.net/. The immune responsive-
ness study of IFI16 was assessed by TIMER2.0 web server
(timer.cistrome.org/). Finally, cell lines were screened from
the Human Protein Atlas database where the targeted protein
IFI116 gene expression was absent or downregulated. Based
on the mRNA expression, SHSYSY (neuroblastoma), T47D
(ductal breast carcinoma), HepG2 (hepatocellular carcinoma),
MCEF-7 (breast cancer cell) and HeLa (cervical cancer cell)
cell lines were identified.

Cell culture and treatment. MCF-7 cell line was procured
from American Type Culture Collection and sub-cultured in
DMEM supplemented with 10% FBS (both UFC Biotech) and

1% penicillin and incubated at 37°C in a 5% CO, incubator.
Upon 60-80% confluence, cells were trypsinized, seeded
(3,000 cells/well) in 6-well plates and incubated at 37°C overnight
to ensure that cells were healthy without any contamination.
Based on previous studies, half maximal inhibitory concentration
doses for EGCG were added to MCF-7 and T47D cell lines at 40
and 20 uM for 48 h, respectively and incubated at 37°C (36,37).
At the same time, 5-azacytadine (5-aza-dc) and vitamin C were
added at 60 and 240 uM, respectively, and incubated at 37°C for
48 h.

cDNA synthesis and quantitative (q)PCR. Total RNA was
extracted using PureLink™ RNA Mini kit (cat. no. 1944999;
Thermo Fisher Scientific, Inc.). A total of 100 ng/ul RNA
from untreated and treated MCF-7 and T47D cell lines was
transcribed into cDNA using High Capacity cDNA Synthesis
kit (cat. no. 00656567; Applied Biosystems; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
IF116, IFNB, ISGI15 primer sequences were used as previously
described (31,38,39) (Table I). DNMTs primers were designed
using the UCSC genome browser (genome.ucsc.edu/; Table I).
Reverse transcription (RT)-qPCR was performed using
PowerUp SYBR Green Master Mix (cat. no. 1805029; Applied
Biosystems; Thermo Fisher Scientific, Inc.). Thermocycling
conditions were as follows: 50°C for 2 min, 95°C for 2 min,
95°C for 15 sec and 60°C for 1 min. RT-qPCR was performed
using ABI 7300 Prism. The numbers of transcripts were
normalized to RPLPO (forward Primer; SATGTGGGCTTTG
TGTTCACC3' and Reverse Primer; STCCAGTCTTGAT
CAGCTGCA3") and calculated via the 2224 method (40).

Extraction of genomic DNA. Genomic DNA was extracted
from untreated and treated MCF-7 and T47D cell lines using
a DNADbler kit (havensci.com/; cat. no. DE95050). A total of
200 pl digestion buffer was added per sample followed by
20 ul Proteinase K and RNase A. The sample was vortexed
and centrifuged at 1,000 x g for 10 min in 25°C followed by
5 min incubation in a heat block (55-60°C). A total of 200 ul
lysis buffer was added, vortexed and centrifuged at 10,000 x g
for 5 min in 25°C. Then, 99% ethanol was added, followed
by short vortex and centrifugation at 10,000 x g for 15 sec in
25°C The ethanol-lysis buffer content was transferred into the
nuclease-free spin column and centrifuged at 10,000 x g for
1 min in 25°C. Then, 500 ul wash buffer was added according
to the manufacturer's instructions and, 50 ul elution buffer
was added to the spin column and centrifuged at 8,000 x g for
2 min at 25°C to elute genomic DNA.

Determination of global methylation (5mC) levels.
MethylFlash™ 5mC ELISA Easy kit (cat. no. P-1030,
EpiGentek) was used to assess SmC level in MCF-7 and T47D
cell lines in untreated and treated conditions. According
to manufacturer's protocol, binding solution was added to
200 ng genomic DNA/sample in 8 wells followed by addition
of 5 mC antibody and developer and stop solution. Finally,
optical density was measured at 450 nm using BioTek ELISA
microplate reader.

Protein, ligand retrieval and molecular docking simulation.
The crystallographic protein structure of DNMT1, DNMT3a
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Table I. Reverse transcription-quantitative PCR primers.

Gene Forward primer, 5'-3' Reverse primer, 5'-3'

IF116 CTCGGAGAGCTCGGACAG TACCTATGACGACGCTGCTG

ISGI5 GCCTCAGCTCTGACACC CGAACTCATCTTTGCCAGTACA

IFNBI1 TCTGGCACAACAGGTAGTAGGC GAGAAGCACAACAGGAGAGCAA
DNMTI CAGCAACGGGCAGATGTTTC CGGAGGGTGCTTTGTAGATG

DNMT3a CTACGCACCACCTCCACCAG CAATGTTCCGGCACTTCTGC

DNMT3b GAGTCCATTGCTGTTGGAACCG ATGTCCCTTTGTCGCCAACCT
Methylated IF116 TTCGAGTAGTTGGGATTATAGGC TAATACAAAATTAACTAAACGCGAT
Unmethylated IF116 TTTTTTGAGTAGTTGGGATTATAGGT AAATAATACAAAATTAACTAAACACAAT

IFI, IFN-induced protein; ISG, IFN-stimulated gene; DNMT, DNA methyltransferase.

and DNMT?3b (ID nos. 4wxx, 6brr, 6kdl) was retrieved from
the Protein Database Bank web database (rcsb.org/). The
2D structure of 5-aza-dc (PubChem ID 9444), vitamin C
(PubChem ID 54670067), EGCG PubChem ID 65064),
S-adenosyl methionine (SAM) (PubChem ID 34755) and
S-adenosyl homocysteine (SAH) (PubChem ID 439155) were
retrieved from the PubChem (https://pubchem.ncbi.nlm.nih.
gov/) database as sdf format. The 5-aza-dc was selected as
a positive control for DNMT proteins. The proteins were
preprocessed using Biovia Discovery Studio visualizer
(3ds.com/products-services/biovia/products/molecular-modeling-
simulation/biovia-discovery-studio/visualization/) version
(16.1.0) (41). For molecular docking, PyRX software version 0.8
(https:/pyrx.sourceforge.io/) (42) was used via integrated Open
Bable to optimize ligands. Autodock wizards were used to
create maximum grid box dimensions. After running docking
via Run Autodock in Vina wizard, the ligand in a complex with
the protein was visualized using Biovia Discovery Studio visu-
alizer version (16.1.0) (41).

Bisulfite modification and methylation-specific gPCR. Using
EpiJET DNA Bisulfite Conversion kit (cat. no. 00596381; Thermo
Fisher Scientific, Inc.), bisulfite conversion of genomic DNA was
performed according to the manufacturer's protocol. The bisul-
fite-modified DNA template was used for qPCR using kit (Hi-Tech
Green 2X qPCR Universal Mix, cat. no. GQM-M-001-10,
Molequle-On). Whole gene sequences were selected for
IFI16 and submitted to Metprimer online software (urogene.
org/methprimer/) vl.1 beta for methylated and unmethylated
primer design (Table I). During primer design, CpG islands were
selected. Bisulfite-converted DNA was used for qPCR using
Methylation specific PCR primers and thermocycling conditions
as follows: 50°C for 2 min, 95°C for 2 min, 95°C for 15 sec and
60°C for 1 min. For gel electrophoresis, 1.7% (w/v) agarose gel
was prepared in 1X Tris acetate EDTA with ethidium bromide
staining. JPCR product was mixed with 6X DNA gel loading
dye for separation via electrophoresis. Amplified products were
visualized using GelDoc Biorad imaging system.

Statistical analysis. Unpaired t-test was used to compare two
groups; >2 groups were compared using one-way ANOVA
followed by post hoc Tukey's post hoc test. Data were analyzed
using GraphPad Prism software (version 9; GraphPad Software,

Inc.). P<0.05 was considered to indicate a statistically signifi-
cant difference. The data are presented as the mean + SD of
one independent experiment performed in triplicate.

Results

IFI116 is differentially expressed in different tumor cell
lines, inversely correlated with differential DNMT mRNA
expression and correlated with immune responsiveness.
IF116 expression was screened in various tumor and normal
cell lines. IFI16 expression was not found in MCF-7, T4D,
SHSYS5, HepG2 cell lines but was observed in HeLa (Fig. 1A).
DNMT mRNA expression was inversely associated with IFI16
mRNA expression in most cell lines, except HeLa (Fig. 1A-D).
Moreover, TGCA omics data showed that the breast cancer
(BRCA) has a significantly lower expression of IFI116 (Fig. 1E)
but higher expression of DNMT]1 (Fig. 1F), DNMT3 (Fig. 1G)
and DNMT3B (Fig. 1H). An inverse correlation between
expression of IFI16 and DNMTs was observed in the breast
cancer cell line however this was not statistically significant
(Fig. S1A). The immune responsiveness study of IF116 showed
a moderate correlation with different immune infiltrating cells
such as CD8+/4+ T cells, macrophages, dendritic cells and
neutrophils (Fig. S1B). Hence, the screening results indicated
IFI16 had impact on immune infiltrating cells.

DNMTi analog EGCG induces IFI16 and IFN-associated gene
expression in breast cancer cell lines. The extracted RNAs
from EGCG-treated cell lines were used to investigate IFI16
expression. The results showed that 40 xM EGCG induced
expression of IFI16 in the MCF-7 cell line and 20 uM EGCG
treatment induced expression in the T47D cell line (Fig. 2A
and B). As IFI16 acts as an upstream target for transcribing
IFNB1 and ISGI15 (43), expression of IFNB1 and ISG15 was
assessed in both cell lines. In MCF-7 cells, 40 M treatment
induced IFNp1 expression but did not affect ISG15 gene expres-
sion (Fig. 2A). By contrast, 20 uM EGCG induced IFNf1 and
ISGI15 gene expression in the T47D cell line (Fig. 2B). These
data suggested that EGCG treatment induced expression of
IF116 and its downstream targeted genes expression.

Gene expression levels in both cell lines were also assessed
following treatment with conventional DNMTis, such as 5-aza-dc
and vitamin C. IFI16, IFNB1 and ISG15 gene expression in
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Figure 1. Differential expression of IFI16 and DNMTs in cancer cell lines and immune response of IFI16. (A) Different cancer cell lines showing IFI16
gene expression. (B) Different cancer cell lines showing (B) DNMT1, (C) DNMT3a and (D) DNMT3b gene expression. (E) TCGA samples data showing
IF116 gene expression (P=1.8x10"?) in breast cancer cell line. (F) TCGA samples data showing DNMT1 gene expression (P<107'?) in breast cancer cell line.
(G) TCGA samples data showing DNMT3A gene expression (P=1.6x10"?) in breast cancer cell line. and (H) TCGA samples data showing DNMT3B gene
expression (P=1.6x10"2) in breast cancer cell line. IFI, IFN-induced protein; DNMT, DNA methyltransferase; TPM, transcripts per million; TCGA, The

Cancer Genome Atlas.
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Figure 2. Differential expression of IFI16 and IFN-associated genes following EGCG and DNMTi treatment. IFI16 and IFN-associated gene expression
in EGCG-treated (A) MCF-7 and (B) T47D cell lines. IFI16 and IFN-associated gene expression in DNMTi-treated (C) MCF-7 and (D) T47D cell lines.
The data are presented as the mean + SD. "P<0.05, “P<0.01 and "*P<0.001. IFI, IFN-induced protein; DNMTi, DNA methyltransferase inhibitor; EGCG,
Epigallocatechin gallate; Ctl, control; ISG, IFN-stimulated gene; 5-aza-dc, 5-Azacytadine; VC, vitamin C; ns, not significant.

MCEF-7 cell line was induced following treatment with 60 yM
5-aza-dc or 240 uM vitamin C (Fig. 2C) although the slight
induction of ISG15 gene expression results were not statistically
significant. Similar results were also observed in the T47D cell
line in which IFI16 gene expression was induced following treat-
ment with 5-aza-dc and vitamin C but this was not statistically
significant (Fig. 2D). Moreover, both treatments significantly
induced the IFNf1 gene expression in T47D cell line, while
ISG15 gene expression was significantly induced with 5-aza-dc
treatment (Fig. 2D). Hence, DNMTi or vitamin C may induce the
IFI16 gene and its downstream targeted genes IFNP1 and ISGIS5.

DNMTi analog EGCG decreases DNMT expression in
breast cancer cell lines. 5-aza-dc and vitamin C are potent
DNMTis that modify the epigenome (31,44). Hence, DNMT
gene expression was assessed following treatment with EGCG,
5-aza-dc or vitamin C in MCF-7 and T47D cell lines. DNMT1,
DNMT3a and DNMT3b gene expression levels were notably
decreased following treatment with 60 xM 5-aza-dc or 240 uM
vitamin C in both cell lines (Fig. 3A and B). Additionally,
40 and 20 pM EGCQG treatment decreased expression of all
DNMTs in both MCF-7 and T47D cell lines (Fig. 3A and B).
These data indicated that DNMTi, vitamin C and EGCG may
affect DNMT gene expression.

Receptor grid box generation and molecular docking simulation:
In silico interaction of EGCG with DNMT. Molecular

docking-based computational techniques have been considered as
a mechanistic tool (45) for in silico drug design. For DNMT1_A,
grid box comprised X=205.34, Y=88.76 and Z=145.45 points
and spaced dimension was centered on DNMT1_A protein at
X=-23.06, Y=47.81 and Z=-23.78. The binding energy of SAM,
SAH, vitamin C, EGCG and 5-aza-dc with DNMT1_A was
-8.5,-7.6,-5.8, -10.4 and -6.9 kJ/mol, respectively (Fig. 4). For
DNMT1_B, grid box comprised X=120.97, Y=89.06 and Z=95.42
points and spaced dimension was centered on the DNMT1_B
protein at X=17.63, Y=21.36 and Z=-51.18. The binding energy
of SAM, SAH, vitamin C, EGCG and 5-aza-dc with DNMT1_B
was -7.7, -14,-6.4, -10.0 and -7.1 kJ/mol, respectively (Fig. 4).
For DNMT?3a, grid box comprised of X=83.85, Y=87.88 and
7=60.33 points and spaced dimension was centered on X=-20.31,
Y=-56.03 and Z=20.19. The binding energy of SAM, SAH,
vitamin C, EGCG and 5-aza-dc with DNMT3a was -7.2, -6.6,
-5.8, -9.5 and -7.2 kJ/mol, respectively (Fig. 4). For DNMT3b,
the grid box comprised X=83.85, Y=87.88 and Z=60.33 points
and spaced dimension was centered on the DNMT3b protein at
X=-20.31, Y=-9.01 and Z=-3.88. The binding energy of SAM,
SAH, vitamin C, EGCG and 5-aza-dc with DNMT?3b was -8.7,
-8.4,-5.8,-9.6 and -7.3 kJ/mol, respectively (Fig. 4).

In silico molecular docking simulation predicted that SAM
and EGCG compounds bind in similar positions. SAM was bound
at Glu:1168, Phe:1145, Glu:1266, Arg:1310, Thr:1526, Thr:1528 and
Asn:1578 residue (Fig. S2), whereas EGCG bound at Met:1169,
Pro:1225, Glu:1168, Glu:1266 and Arg:1310 residue (Fig. S2).
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Figure 4. In silico docking simulation of different DNMTs with SAM, SAH, 5-aza-dc, VC and EGCG. Docking score as binding energy of all compounds
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Though more conventional H bond interactions were found in
the case of SAM, other molecular bonding interactions, such as
m-anion and m-alkyl, in addition to four conventional H bonds,
were also observed in the EGCG-DNMT1_A complex (Fig. S2).
Furthermore, 5-aza-dc was found to interact with DNMT1_A by
interacting with Glu:562, Glu:566, Asp:565, Ser:570 and GIn:687
residue with 3 conventional H bonds (Fig. S2). Vitamin C bound at
GIn:369, Cys:409, Ser:436 and Glu:494 residue with 4 conventional
H bonds (Fig. S2). SAH bound at Glu:562, ASP:565, Glu:566,
Pro:574 and Arg:690 with conventional H bond and alkyl interac-
tions (Fig. S2). The predicted site of SAM and EGCG interaction
is presented in Fig. SA.

For DNMT1_B, 5-aza-dc interacted with Phe:1145, Ser:1146,
Leu:1151 and Asn:1578 with four conventional H bonds and three
C-H bonds. SAM interacted with Phe:1145, Glu:1168, Glu:1266,
Arg:1310, GIn:1536, Arg:1574 and Asn:1578 with eight conven-
tional H bonds. EGCG interacted with DNMT1_B at Ser:1146,
Glu:1168, Pro:1224/1225, Glu:1266 and Ala:1579 with four
conventional H bonds, and one each of m-anion, r-alkyl and C-H
bonds (Fig.S3). SAH and vitamin C interacted with DNMT1_B

at Glu:562, Asp:565, Ser:570, Asp:571, Glu:572, GIn:594,
Arg:595 Val:658 and Met:1232, Arg:1276, Ser:1277, Val:1344
residues, respectively. Nine conventional H and one alkyl bond
were found in the case of SAH, while vitamin C exhibited four
conventional H bonds (Fig. S3). The predicted site of 5-aza-dc,
SAM and EGCG interaction is presented in Fig. 5B.

Docking study of DNMT?3a showed that SAM, SAH, EGCG
and vitamin C interacted with DNMT3a as follows: SAM, Gly:707,
Cys:710, Arg:792, Arg:891 with four conventional H bonds; SAH,
Phe:640, Pro:709, Glu:765, Arg:891 with four conventional H
bonds and one each m-sulfur and alkyl bond; EGCG, Phe:640,
Gly:642, Val:665, Ser:663, Gly:685, Asp:686, Gly:707, Pro:709,
Asn:711, Arg:891 with five H, one C-H, one 7t-0, one m-alkyl, one
mi-cation, two -1t T-shaped bond and vitamin C, Phe:640, Pro:709,
Glu:765 and Arg:891 (Fig. S4). 5-aza-dc interacted with Phe:640,
Gly:707, Glu:765, Arg:891, Trp:893 residues with five H and one
ni-o bond (Fig. S4). The predicted site of SAM SAH, EGCG and
vitamin C interaction is presented in Fig. 5C.

Docking study of DNMT3b showed that 5-aza-dc, SAM,
SAH and EGCG interacted with DNMT3b as follows:
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Figure 5. In silico interaction of EGCG, SAM, SAH, 5-aza-dc and vitamin C with DNMTs. (A) Predicted binding sites for SAM (yellow) and EGCG (green)
in DNMTI1_A chain. (B) Predicted binding sites for 5-aza-dc (orange), SAM (blue) and EGCG (green) in DNMT1_B chain. (C) Predicted binding sites for
SAM (blue), SAH (pink), EGCG (green) and vitamin C (white) in DNMT?3a. (D) Predicted binding sites for SAM (blue), SAH (pink), EGCG (green) and
5-aza-dc (orange) in DNMT3b. DNMT, DNA methyltransferase; 5-aza-dc, 5-Azacytadine; VC, vitamin C; EGCG, Epigallocatechin gallate; SAM, S-adenosyl

methionine; SAH, S-adenosyl homocysteine.
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Figure 6. 5SmC level following treatment with DNA methyltransferase inhibi-
tors. SmC following 5-aza-dc, vitamin C and EGCG treatment in (A) MCF-7
and (B) T47D cell lines. The data are presented as the mean = SD. "P<0.05,
“P<0.01 and "*P<0.0001. 5mC, global methylation; EGCG, Epigallocatechin
gallate; ns, not significant; Ctl, control.

5-aza-dc, Asp:582, Ser:610, Arg:832, Trp:834 with two H and
one 1t-0 bond; SAM, Glu:605, Val:606/628, Ser:649, Glu:697
residues with eight H bonds and one attractive charge inter-
action; SAH, Phe:581, Gly:583, Thr:586, Glu:605, Cys:607,
Asp:627, Val:628, Arg:832, Trp:834 with seven H and one
each C-H and alkyl bond and EGCG, Phe:581, Ser:610,
Val:606/628, Pro:650, Cys:651, Arg:832 with four H and
one each -0, m-sulfur, w-cation, m-alkyl and m-rt T-shaped
interactions (Fig. S5). DNMT3b and vitamin C interacted
with Asp:582, Ile:584, Thr:586, Gly:648, Arg:832 with five
H and one m-donor H bond (Fig. S5). The predicted site of
SAM SAH, 5-aza-dc and EGCG interaction is presented in
Fig. 5D.
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Figure 7. EGCG treatment demethylates /F116 promoter. IFI16 gene promoter
demethylation in (A) MCF-7 and (B) T47D cell lines following EGCG
treatment. L, ladder; IntDen, Integrated density; Ctl, control; M, methylated;
U, unmethylated; IFI, IFN-induced protein; EGCG, Epigallocatechin gallate.

EGCG, but not vitamin C, decreases 5SmC level. As EGCG
is a potent DNMTi (46), its effect on SmC level in both cell
lines. In both cell lines, 60 uM 5-aza-dc decreased SmC level
but this was only significant in MCF-7 cells (Fig. 6A and B).
Additionally, 40 uM EGCG significantly decreased SmC level
in MCF-7 cell line (Fig. 6A). Furthermore, 20 uM EGCG
induced a greater SmC decrease in the T47D cell line (Fig. 6B).
Vitamin C treatment significantly increased Smc level in both
cell lines (Fig. 6A and B). These data suggested that EGCG
decreased SmC level in breast cancer cell lines.

EGCG induces IFI16 gene expression by decreasing DNA
methylation. Since EGCG decreased SmC level in both cell
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Figure 8. EGCG effect on IFI16 gene promoter. The proposed model showed IFI16 gene promoter is methylated by DNMT-mediated catalysis of methyl
group incorporation. EGCG treatment can block the DNMT activity and in turn decrease methylation level in IF116 gene promoter, leading to transcriptional
activation of IFI16 gene. IFI, IFN-induced protein; EGCG, Epigallocatechin gallate; DNMT, DNA methyltransferase.

lines, promoter methylation status was assessed in IFI16
promoter. EGCG treatment decreased methylation signaling
in the promoter of the IFI16 gene in MCF-7 cell line (Fig. 7A).
The decrease in methylation signaling in IFI16 was greater
in the T47D cell line than the MCF-7 cell line (Fig. 7B). The
present data suggesting that EGCG decreases methylation
level in the IFI16 gene promoter.

Discussion

Nucleic acid sensors, such as IFI16 DNA sensor, generate an
innate immune response in tumor cells (47). IF116 senses ds
nucleic acid ligands and relays molecular signaling to induce
inflammatory innate immune response via IFN stimulation.
Previous epigenetic studies of these sensors in various cancer
cell lines have shown that DNMTi and vitamin C induce their
expression (31,38,48). EGCG-mediated epi-transcriptomic
based regulation of IFI16 sensor is still not well studied.
Hence, the aim of the present study was to investigate this in
breast cancer lines.

IF116 gene expression was screened in cancer cell lines,
including MCF-7, T47D, SHSYS5, HepG2 and HeLa, from the
Human Protein Atlas. The present study aimed to investigate
epigenetic mechanisms, such as DNA methylation-mediated
epigenetic transcriptional regulation of IFI16 gene; therefore,
DNMT mRNA expression was assessed in cancer cell lines.
The TCGA dataset for IFI16 and DNMT genes was validated
in breast cancer cell line from online data sources (UALCAN

and UCSC Xena browser). The present study found a negative
association between IF116 and DNMT gene expression. Hence,
MCF-7 and T47D cell lines were treated with DNMTis, like
EGCQG, 5-aza-dc and vitamin C and expression of IFI16 and
DNMTs was assessed. EGCG treatment induced IFI16 gene
expression in both cell lines and this was greater in the MCF-7
cell line. As IFI16 stimulates IFN and ISG response, IFNS1 and
ISG1S5 expression was assessed; EGCG upregulated IFNP1 gene
expression in both cell lines and this was greatest in MCF-7 cell
line. To the best of our knowledge, the effect of EGCG on expres-
sion of these genes has not been reported previously. Expression
of these genes was measured following treatment with 60 yM
5-aza-dc or 240 M vitamin C, which resulted in significant
upregulation of mRNA expression for these genes. Previously,
it has been shown that IFI16 and ISG15 gene expression is
upregulated following treatment with vitamin C and 5-aza-dc
alone or combination in HCT116, SNU398 and HL60 cancer
cell lines (31). Additionally, 5-aza-dc treatment induces IFI16,
ISG15 and IFNI expression in ovarian cancer cell lines (48).
In addition, 5-aza-dc, vitamin C and EGCG treatment
decreased DNMT1, DNMT3a and DNMT3b mRNA expression.
A previous study showed that 20 xM EGCG and 5yM 5-aza-dc
treatment decrease DNMTs mRNA expression and DNMT
activity and reactivates tumor suppressor genes by decreasing
promoter methylation levels in various breast cancer lines (49).
As 5-aza-dc, vitamin C and EGCG decreased DNMTs mRNA
expression, SmC levels were assessed post-treatment. In both
MCF-7 and T47D cell lines, 5-aza-dc slightly decreased SmC%



ONCOLOGY LETTERS 24: 218, 2022 9

level. Moreover, EGCG decreased SmC levels in MCF-7 cells and
a significant decrease in SmC level in T47D cells was observed.
A previous study on skin cancer cells revealed EGCG mediated
declination of SmC level and suggested that EGCG-mediated
methylation is slow and might be more effective as a treatment
when used for long periods (>72 h) (50). In the present study,
no effect of vitamin C on the SmC level was observed in any
cell line. Binding of vitamin C outside of the binding pocket for
DNMT1 and DNMT3b might be the reasons or any other factors
that might be involved in the regulation of vitamin C-mediated
5mC regulation. A previous study showed the effect of vitamin C
on methylation is reversible (51). DNMT3A activity regulation
is governed by SmC-binding protein MeCP2 and histone 3 tail
modification (52). Ubiquitin-like With PHD and Ring Finger
Domains 1 can regulate DNMT1 (53). Vitamin C may not func-
tionally affect all these factors.

In silico molecular docking simulation showed that EGCG
exhibited the greatest binding energy with DNMT proteins.
5-aza-dc showed the second highest binding energy with DNMTs.
SAM and SAH were used as a control for docking simulation.
The lowest binding energy was observed with vitamin C for all
DNMTs. Additionally, docking interaction and predicted binding
sites for all compounds showed that SAM and EGCG bound in a
similar position across all DNMTs. Binding pocket was not speci-
fied during docking simulation to avoid bias docking; docking
simulation demonstrated that compounds bind with certain
amino acid residues in the binding pocket site. Similar amino
acid residues interactions were also found in several previous
molecular docking simulations of EGCG and DNMT (27,54,55).

As EGCG mediated a decrease in 5SmC level and induction of
IFI16 gene expression, the effect of EGCG on status of IFI16 gene
promoter was assessed. Following EGCG treatment, methylation
signaling was decreased in both cell lines. MCF-7 cell lines showed
low decrease in methylation signaling following EGCG treatment,
whereas T47D showed a greater decrease in methylation signaling
following EGCG treatment. This may be due to low decrease in
5mC level in EGCG-treated MCF-7 cell line and greater SmC
decrease in EGCG-treated T47D cell line. However, a recent study
revealed that IF116 is hypomethylated in glioblastoma (56). To the
best of our knowledge, EGCG-mediated reactivation of the IFI16
gene by decreasing promoter methylation has not previously been
reported. IFI16 gene promoter methylation is DNMT-mediated,
whereas EGCG treatment can block the DNMTs activity and
reduce the methylation of IF116 gene promoter, thus activating
transcription of IFI16 gene (Fig. 8).

As a potent natural DNMTi, EGCG induces expression of
innate immune sensor IF116 by decreasing promoter methyla-
tion in breast cancer cells. The present findings provide a basis
to investigate whether natural DNMTis (such as EGCG) exert
beneficial effects by inducing immune response.
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