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ABSTRACT

Introduction: Topical investigations have demonstrated that oxidative stress and inflammation play key roles in
biological aging and determine incidence and course of age-related diseases. Lifestyle and environmental factors
hugely impact epigenetic regulation and DNA stability with telomere attrition and epigenetic instability providing
a potential record of the cumulative burden of endogenous and exogenous oxidative noxae. Certain
physiologically active plant components exhibit antioxidative activities affecting epigenetic regulation of

inflammation response and DNA repair.

Methods: Against this background, the present study investigated green tea polyphenol epigallocatechin gallate
(EGCQG) in the context of telomere regulation in Caco-2 colorectal adenocarcinoma cells vs. ES-1 primary skin

fibroblasts. Cell lines were treated with 20 and 200 uM EGCG for 36, 72 and 144 hours, respectively. Telomerase
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activity, relative telomere length as well as

PRIMARY CELLS CANCER CELLS

ES-1 Caco-2

methylation status of hTERT and c-Myc from different
culture conditions were assessed. Malondialdehyde
(MDA) served as a surrogate marker of potential pro-
oxidative effects of EGCG in a physiologically relevant

tissue model.

Results: EGCG incubation was associated with
telomere shortening and decreased telomerase

activity in Caco-2 cells, and relatively longer telomeres

along with increased methylation of six 5'—C—

phosphate—G—3' (CpG) sites in the promoter region
of human Telomerase Reverse Transcriptase (hTERT)
in fibroblasts. At low concentrations, EGCG

significantly decreased oxidative damage to lipids in
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Conclusion: These results suggest differential EGCG-
mediated telomeric modulation in cancer vs. primary cells and a specific antioxidant activity of EGCG against

oxidative damage to lipids in abnormal cells.
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INTRODUCTION

Over the past decades, redox research has
demonstrated key roles for oxidative stress and
inflammation in biological aging and associated
diseases. Today it is commonly accepted that lifestyle
and environmental factors hugely impact epigenetic
regulation and DNA stability through telomere
attrition. Further, epigenetic instability provides a
potential record of the cumulative burden of those
endogenous and exogenous oxidative stressors

encountered over time [1,2,3]. Redox homeostasis is

essential for regulating cell growth, senescence and
aging, and antioxidants are key players in maintaining
an appropriate threshold cellular redox state [4].
Hence, unsurprisingly, an overt increase in reactive
oxygen species (ROS) is associated with oxidative
stress in the intracellular redox system, damage to
macromolecules such as lipids, proteins and DNA, and
has been linked to several diseases including
neurodegenerative disorders [5,6]. Due to increased
metabolic demand, ROS producing processes are

typically upregulated in cancer. Concurrently,
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guantitative and qualitative changes in metabolic
pathways and cell cycle control result in
hyperproliferation, aggravating DNA damage,
inflammation and genomic instability [7].

Cell culture studies have repeatedly shown
oxidative stress levels dose-dependently accelerate
telomeric attrition [8,9]. Human telomeres are
comprised of tandem repeats of a hexameric
nucleotide sequence (TTAGGG) that is associated
with the shelterin group of proteins. The telomere
protein complex is crucial for genomic stability and
chromosomal integrity hence why telomere length
has been suggested as a biomarker of biological aging
[10]. Conversely, telomeric dysfunction and
accelerated attrition have been linked to age-related
conditions like cancer, cardiovascular disease, type 2
diabetes and neurodegeneration [11,12]. With its
specialized ribonucleoprotein structure, the enzyme
telomerase is a critical determinant of telomere
length as it synthesizes telomeric repeat DNA,
consequently slowing down telomere attrition.
Human telomerase contains two core components, a
catalytic unit called the human telomerase reverse
transcriptase (hTERT) and an RNA template (hTERC),
along with associated proteins. In adults, most
healthy somatic cells express very low telomerase
activity in contrast to cells with high replicative
demands including fetal epithelial cells, and cells of
the immune system [13]. Telomerase enzyme activity
is regulated by an intricate multi-stage control
machinery including transcriptional, post-
transcriptional and post-translational mechanisms
with the transcriptional regulation of human hTERT
representing a major rate limiting factor. The hTERT
gene is located in chromosome 5p15.33 [14]. The

hTERT core promoter forms three parallel G-
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quadruplexes that play key roles in telomere
homeostasis and gene regulation [15,16].

In a pathophysiological context, telomerase is
essential for tumor progression and indeed, a high
telomerase activity is observed in 80-90 % of invasive
metastatic tumors. This makes telomerase an
important therapeutic target in hyperproliferative
and other age-related conditions [17]. hTERT s
switched off in differentiated cells, whereas hTERC is
ubiquitously expressed in most tissues [18,19]. A vast
number of transcription factors have been assumed
to be involved in hTERT expression, most notably c-
Myc (together with estrogen), stimulating the
expression of hTERT while in contrast Rb, p21 and
CCCTC-binding factor (CTCF) have been implicated in
hTERT suppression [20].

In addition to given sequence-based genetic
pre-dispositions for age-related diseases [21,22],
epigenetic regulation of gene expression and DNA
stability and reversible changes therein are known to
impact disease pathogenesis and progression, and
should be increasingly trialed.

In recent decades, research has shown chemo-
preventive and antioxidative properties of a wide
range of physiologically active plant-derived
compounds. Anti-cancer effects have been reported
including signaling pathways that address epigenetic
mechanisms of inflammation, DNA repair and
telomeric regulation [23]. In that respect, several
phytochemicals such as curcumin, genistein or the
polyphenol epigallocatechin-3-gallate (EGCG) studied
here, have been shown to positively influence
telomere length [24,25,26]. These natural bioactive
compounds have the potential to act at multiple
molecular target sites either directly through their
antioxidative capacities or indirectly by affecting

signaling pathways including DNA damage repair,
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epigenetic mechanisms or the mitogen activated
protein (MAP) kinase pathway [27,28].

The present work focused on EGCG as the most
abundant polyphenol in green tea. With its eight
phenolic groups EGCG not only has it been described
for its marked antioxidative potential, but also for its
ability to specifically impair cancer cell progression by
blocking signal transduction pathways, and thereby
suppressing telomerase activity [18,19,29]. These
effects have been strongly connected to the
inhibition of NF-kB activity, affecting a wide array of
processes including MAP kinase-dependent- as well
as growth factor-mediated pathways [30]. Next to
these findings, EGCG has repeatedly demonstrated
anti-proliferative effects by inducing apoptosis and
cell cycle arrest in cancer cell studies [31,32,33].

In this context, our objective was to advance
EGCG-targeted research by exploring the compound’s
effects on telomere regulation in both cancer and
non-cancerous primary cells. We wanted to further
evaluate positive effects in contrast to possible
adverse impacts of high doses of EGCG. As green tea
polyphenols are ingested and therefore have high
relevance to the digestive tract as their first
environment of interaction, this study’s experiments
were performed in colorectal adenocarcinoma Caco-
2 cells alongside ES-1 primary skin fibroblasts to
unravel aspects of the cell type specific telomeric and
redox activity of EGCG in vitro. Cell lines were treated
with 20 and 200 uM EGCG for 36, 72 and 144 hours,
respectively and telomerase activity, relative
telomere length as well as methylation status of
hTERT and c-Myc were assessed to identify EGCG-
dependent alterations in the epigenetic regulation of
telomeres. Malondialdehyde (MDA) served as a

surrogate marker of lipid peroxidation.
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METHODS

Cell culture: In this study, Caco-2 colorectal
adenocarcinoma cells (DSMZ Leibniz Institute,
Braunschweig, Germany) and primary human skin
fibroblasts ES-1 (provided by the Institute of Cancer
Research, Medical University of Vienna, Austria) were
cultured to form monolayers in 25 cm? filter cap
tissue culture flasks (SPL Life Sciences Inc., Austria) in
high glucose (4.5g/l) Dulbecco's modified Eagle
medium (DMEM, PAA Austria) at 37 °Cin a humidified
atmosphere of 95 % ambient air and 5 % CO.. Media
were supplemented with 5 % (w/v)
penicillin/streptomycin, 20 % (v/v) fetal bovine serum
(FBS, PAA, Austria) and 1 ml of 100 mM Na-pyruvate.
In all experimental setups, cells were passaged upon
reaching 70 % confluence, using Accutase® solution (2
ml/flask; Sigma Aldrich Austria). Experiments were
conducted from passage 18 for Caco-2 and passage

17 for ES-1 fibroblasts.

Cell treatments: For treatments, Caco-2 and ES-1 cells
were seeded in 24-well plates. After 24 hours (h)
initial incubation, cells were treated for a further 36,
72 and 144 h, respectively, with different
concentrations of EGCG (20 and 200 pM). For lipid
peroxidation studies, 100 uM EGCG was used. EGCG
of the same grade and purity (> 95 %) was acquired as
water soluble powder isolated from green tea leaves
from Sigma Aldrich Austria and Biosysteme AG Ziirich,
respectively, and dissolved in Dulbecco's Modified
Eagle Medium (DMEM, Sigma Aldrich Austria). DMEM
served as vehicle control. For assessment of telomere
length dynamics over time in Caco-2 cells, untreated
cells were incubated for 36, 72, 96 and 192 h using
the above- mentioned media conditions. Phenol red
free media were used to avoid interference with MDA

detection. For H202 induced oxidation (following 24 h
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of standard culture), cells were treated for 48 h with
250 and 500 pM H:202, together with 20, 100 or
200 uM EGCG. If not indicated elsewhere, cell
treatment was carried out in quadruplicate in at least
3 independent experiments. Cell viability (> 85 % live
cells) was monitored for each time point using the

trypan blue assay.

DNA Isolation: After incubations, cells were washed
with cold PBS (4 °C) and detached using 150 ul
Accutase® per well. After an additional washing step
with PBS, DNA extraction was carried out using the
DNA Mini Kit (Qiagen, Germany) following the
manufacturer’s protocol. DNA concentration was
measured using a Pico100 UV/VIS spectrophotometer

(Picodrop Ltd, Hinxton, UK).

Malondialdehyde (MDA) as marker of lipid
peroxidation in Caco-2 cells: After harvesting, cell
numbers were determined and MDA levels assessed
using HPLC and fluorescence detection at 533 nm as
previously described by Zappe et al. [34]. Resulting
MDA levels were expressed as MDA concentration
relative to cell number and calculated as ratio to

untreated control.

Assessment of relative telomere length and
telomerase activity: To determine relative telomere
length (rTL), quantitative real-time polymerase chain
reaction (gqPCR) was conducted with primer sets
targeting telomeres (T; ForwardTEL:
5'-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGG
GTT-3"and ReverseTEL:
5'GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT
-3') and the single copy control gene (S), acidic
ribosomal phosphoprotein 36B4 (Forward36B4: 5'-
ACTGGTCTAGGACCCGAGAAG-3' and

Reverse36B4: 5-TCAATGGTGCCTCTGGAGATT-3') as
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previously described by O’Callaghan and Fenech [35].
PCR results and CT mean values were analyzed using
the StepOne Software v2.3™ (Thermo Fisher).
Relative telomere length was calculated based on the
2788¢T algorithm using the normalized (to positive
control) difference in cycle threshold between
telomere-and single copy gene samples. For
calculations to be deemed valid, amplification
efficiency between telomere and single copy gene
samples must be approximately equal. [36]
Telomerase activity was determined by the
Real-Time Quantitative Telomeric Repeat
Amplification Protocol Assay combining a real-time
PCR technique with the conventional TRAP method as
previously described [37]. The assays were performed
using individual protein extracts of both treated and
untreated cells (DMEM + ECGC) after 36, 72 and 144

h. Telomerase activity was expressed as percentage

of the activity of control cell extracts (0 h, 100 %).

Bisulfite sequencing analysis: To assess the
methylation status of nine auspicious CPG sites in the
Telomerase Reverse Transcriptase (TERT) region,
sodium bisulfite pyrosequencing was performed.
Approximately 1 pg of genomic DNA was used for
bisulfite modification using the EpiTect-Bisulfite
modification kit following the manufacturer’s
protocol (Qiagen, Austria). Modified DNA was then
amplified by PCR using the GoTag mix (Promega,
Austria). DNA concentrations and purity were
determined using a Pico100 UV/Vis
spectrophotometer (Picodrop Ltd, Hinxton, UK). For
analysis of nine CpGs in the promoter region of
hTERT, PCR was performed with the following
primers:  Forward: 5'-GAGGGGTTGGGAGGGTT-3',
Reverse: 5-TCCTACCCCTTCACCTTCCAA-3'. Analyzed
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CpGs were located at -184, -175, -173, -171, -164, -
159, -154, -144, -136 bp to the translational start site.
The reverse primer was biotinylated. 30 pl total
volume for each reaction contained 15 pl PyroMark
2xPCR Master Mix (Qiagen), 3 ul CoralLoad (Qiagen),
5 pmol of each primer and 25 ng of template DNA.
The cycling program was performed with an initial
denaturation step for 15 min at 95 °C, followed by 45
cycles of 94 °C for 30's, 56 °C for 30s and 72 °C for
10s each and a final elongation of 10s at 72 °C.
Subsequently, sequencing was performed on a
PyroMark Q24 MDx work station (Qiagen) using a
specific sequencing primer:

5’-CCTTCACCTTCCAACT-3".

High Resolution Melting analysis: CpG methylation
of the c-Myc promoter region was assessed by using
the method of Methylation-Sensitive High-Resolution
Melting (MS-HRM), differentiating sequences based
on their melting behavior that is dependent on GC
content. The reaction mix contained 5
MeltDoctor™ HRM Master Mix 5-10 pmol/ul of each
primer, 10 ng bisulfite converted DNA, 2 mM MgCI2
and RNase-free water. PCR was conducted with the
following primers, previously described by Rahat et
al. [38]: Forward 5'-TGAGGATTTTCGAGTTGTGTTGT-3'
and Reverse
5'-CTTCTCGAAACAAAAAAAAAACCAAAA-3'. For MS-
HRM a Rotor-Gene® Q (Qiagen) including a 72-well
rotor was used, PCR amplification was performed
with one step of 95 °C for 10 min, 40 cycles of 95 °C
for 15 s and 58 °C for 1 min each, followed by 95 °C
for 10 min and 60 °C for 1 min. HRM was conducted
with a continuous acquisition to 90°C with
increments of 0.1°C. Fully methylated and

unmethylated methylation standards were acquired
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commercially (Qiagen) and bisulfite conversion was
conducted as described above. Standards were
prepared to obtain following ratios of methylation:
5.5, 8, 12.5, 25, 50 and 100 %. HRM runs were
analyzed with Rotor Gene Software Q (Qiagen).
Normalized relative fluorescence units were
imported to Prism 6 (Graphpad) and area under the
curve (AUC) was calculated as described previously by
Switzeny et al. [39]. Linear regression of standard AUC
was then used to interpolate methylation of unknown

samples.

Statistical Analysis: Treatment effects were tested by
a two-way ANOVA followed by Sidak's multiple
comparisons test, or a two-samples t-Test using the
GraphPad Prism6 software. Statistical significance (*)
was based on a 95 % level of confidence (p-value <

0.05).

RESULTS

Associations of EGCG-treatment and telomeric
modulation are inverted between cancerous and
normal cells: Relative telomere length was assessed
in ES-1 and Caco-2 cells at 36, 72 and 144 h,
respectively, following treatment with 20 or 200 uM
EGCG or DMEM only for controls. After 72 and 144 h
incubation with EGCG a higher rTL was found in ES-1
cells compared to the untreated control, with an
significant increase after the 144 h incubation time
(p=0.01) (Table 1, Fig. 1).

In Caco-2 cells, significant differences were
found after 36 (p=0.03) and 72 h (p=0.02) incubation.
High-dose EGCG (200 uM) was associated with a
significant decrease in rTL compared to untreated
controls. For incubation with 20 uM EGCG no

significant changes in rTL were seen in both cell lines.
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Table 1. Relative telomere length in ES-1 human fibroblasts and Caco-2 adenocarcinoma cells after 36, 72 and 144 h
treatment with 200 uM EGCG over untreated control (DMEM).

Incubation hours (h) rTL SD N rTL SD N
36h 0.91 0.14 6 0.79 0.20 6
;' 72h 1.20 0.13 6 1.29 0.27 6
- 144h 0.92 0.13 6 2.29 0.88 6
36h 1.11 0.18 4 0.78 0.05 4
Né 72h 0.74 0.08 4 0.58 0.06 4
S 144h 0.80 0.09 4 0.91 0.05 4

Values of rTL are expressed as means.
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Figure 1. Relative telomere length in 2 different human cell lines with and without treatment with epigallocatechin
gallate (EGCG). (A) and (B): Bar graphs show relative telomere length from human fibroblasts ES-1 and Caco-2 colorectal
adenocarcinoma cells after 36, 72, and 144 h incubation with 200 uM EGCG compared to vehicle (DMEM) control. Relative
telomere length was analyzed by gPCR and calculated based on the 2-2ACT algorithm using the difference in cycle threshold
between telomere- and single copy gene 36B4, normalized to an untreated positive control. Cell treatment with EGCG was carried
out in quadruplicate in at least 3 independent experiments. Statistical significance was checked by two-way ANOVA followed by
Sidak's test for multiple comparisons as well as two-samples t-Test using GraphPad Prism6 software. P-values of smaller than

0.05 are indicated by one asterisk.
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Relative telomerase activity is affected after EGCG
treatment in Caco-2 cells: Telomerase activity was
assessed using the Real-Time Quantitative Telomeric
Repeat Amplification Protocol Assay and expressed as
percentage of telomerase activity of control cells (0 h,
100 %). Fibroblasts and other healthy somatic cells
are reported to have undetectable or very
low telomerase activity [40,41]. In agreement, we too
observed minute levels of telomerase activity in ES-1
fibroblasts of just above detection limit. In untreated
Caco-2 cancer cells telomerase activity decreased
over time from 15.28 % + 5.45 after 36 h, to 13.36 %
+ 0.22 after 72 h and to 2.52 % + 0.08 after 144 h
incubation. Compared with untreated controls, we
found a significant response to 200 uM EGCG in Caco-
2 cells resulting in reduced telomerase activity values

of 1.04 % + 0.05 (36 h, p<0.0001), 0.86 % + 0.03 (72 h,
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p<0.0001) as well as 0.551% + 0.06 (144 h, p<0.01)
(Fig. 2).

The methylation status of hTERT varies between test
conditions and cell type: Sodium bisulfite
pyrosequencing was performed to assess the
methylation status of nine auspicious CpG sites in the
hTERT-region. Calculated mean percental (%)
methylation levels of the hTERT promoter of Caco-2
untreated controls at 36, 72 and 144 h were 49.66 +
2.21,48.13 £ 1.86, and 48.73 + 1.73, respectively (Fig.
3A and 3B). The hTERT methylation status of those
Caco-2 cells receiving treatment remained unaffected
irrespective of the duration or dosage of treatment
with values (%) of 49.98 + 2.63 or 47.82 + 1.16 after
36 h or 72 h incubation with 200 uM EGCG (Fig. 3A).
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Figure 2. Effects of EGCG treatment on telomerase activity in Caco-2 colorectal cancer cells. Columns display telomerase

activity in Caco-2 cancer cells after 36, 72, and 144 h incubation with 200 UM EGCG compared to an untreated control. Telomerase

activity was measured using the Real-Time Quantitative Telomeric Repeat Amplification Protocol Assay combining a real-time

PCR technique with a conventional TRAP method. Activity is expressed as percentage of the activity in the control cells (Oh, 100%).

Statistical significance was indicated by two-way ANOVA followed by Sidak's test for multiple comparisons as well as the two-
samples t-Test using GraphPad Prism6 software. P-values: < 0.05 (*), < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****),
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Figure 3. Mean promoter methylation of hATERT in Caco-2 cancer cells and ES-1 primary fibroblasts after incubation
with different doses of EGCG. (A) and (C) show mean methylation percentages + SD of hTERT, (B) and (D) depict mean values
for each group after 36, 72 and 144 h incubation with 20 or 200 pM EGCG compared to untreated DMEM control. Methylation
status was assessed by sodium bisulfite pyrosequencing. Statistical significance was indicated by the two-samples t-Test using
GraphPad Prism6 software. P-values less than 0.05 are indicated by one asterisk; (n=6 per group).

The findings were somewhat different for ES-1
fibroblasts. Mean percental promoter methylation of
hTERT in ES-1 cells after 36, 72 and 144 h incubation
were found to be 20.36 + 6.45, 28.31 + 5.82 and 26.49
+ 13.99. After incubation with 200 uM EGCG, a
significantly higher methylation was found after 36
and 144 h compared to untreated controls with
values of 32.64 + 8.00 and 39.86 * 4.75, respectively
(p <0.01) (Fig. 3C and 3D).

Analyzing the methylation status of 9 CpG sites
within the hTERT promoter region, revealed a
significant result in fibroblasts concerning CpG 1-6
after 36 h incubation with 200 uM EGCG (Fig. 4B). This
effect was also evident after 144 h, with significantly
lower methylation values in the 200 uM EGCG
treatment group in CpG 1, 2, 3, 4 and 6. While mean

hTERT methylation in Caco-2 cells was significantly
higher than in ES-1 fibroblasts (p < 0.001), and all CpG
sites in ES-1 cells analyzed showed lower methylation
than in Caco-2 cells (p < 0.001), no significant changes
in the methylation status upon EGCG treatment were
found in Caco-2 cells (Fig. 4A).

Methylation status of c-Myc in Caco-2 cells changes
after with EGCG: The

methylation status of the c-Myc promoter region was

incubation percental
analyzed by MS-HRM in Caco-2 cancer cells and ES-1
primary fibroblasts after 36, 72, or 144 hours
incubation with 20 and 200 uM EGCG, respectively,
and compared to untreated controls. Significantly
higher c-Myc promoter methylation was found in

Caco-2 cells after 36 h treatment with EGCG at both


http://www.ffhdj.com/

Functional Foods in Health and Disease 2021; 11(3): 73-91

concentrations compared to untreated control (p <
0.01) (Fig. 5A). In contrast, EGCG incubation hardly
affected the c-Myc methylation status of ES-1
fibroblasts (Fig. 5B): had
methylation levels (%) ranging from 6.89 + 1.15 (at 36
h), over 7.52 £ 0.23 (at 72 h) to 3.45 £ 0.99 (at 144 h).

Control fibroblasts
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After incubation, values reached 7.99 + 0.86 (20 uM
EGCG), 8.31 £ 1.53 (200 uM EGCG) after 36 hours,
7.56 £ 0.94 (20 uM EGCG), 6.35 + 1.2 (200 uM EGCG)
after 72 hours and 5.29 + 0.82 (20 uM EGCG) as well
as 3.6 £ 0.33 (200 uM EGCG) after 144 hours.

B ES-1 36h
70
Control
601 # EGCG 20 yM

» [ £ o
(=} (=] (=1 L=}

hTERT CpG Methylation (%)
>

=)
o
-
(X
w
rs
o
@
~
@
w

Figure 4. Effect of EGCG treatment on CpG promoter methylation of ATERT in Caco-2 cells and ES-1 fibroblasts.
The line charts display the methylation status of 9 CpG sites within the hTERT promoter region analyzed by sodium bisulfite
pyrosequencing in Caco-2 cells (A) and ES-1 fibroblasts (B) after 36 h incubation in 3 groups (non treatment control, 20
and 200 uM EGCG). Significant effects of EGCG treatment with at CpG 1-6 are labeled with asterisks. Statistical significance
was indicated by two-way ANOVA followed by Sidak's test for multiple comparisons as well as the two-samples t-Test
using GraphPad Prism6 software. P-values: < 0.05 (*), < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****); (n=6 per group).
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Figure 5. Changes in mean promoter methylation of c-Myc in Caco-2 cancer cells and ES-1 primary fibroblasts after
incubation with EGCG. Methylation status of c-Myc promoter region in Caco-2 cells (A) and ES-1 fibroblasts (B) after 36h and
72 hiincubation in 3 groups (non treatment control, 20 uM and 200 uM EGCG) analyzed by Methylation-Sensitive High Resolution

Melting (MS-HRM). Statistical significance compared to untreated control was observed in Caco-2 cells after 36 h treatment with

EGCG in both concentrations. Significance was assessed by the two-samples t-Test using GraphPad Prism6 software. P-values of

less than 0.05 are indicated by one asterisk (n=8 per group).

=+ EGCG 200 M
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EGCG counteracts cellular oxidative stress: In Caco-2
cells sole treatment with 250 and 500 pM H20.,
respectively, significantly increased MDA levels
versus the untreated control (Fig. 6, left panel).
Similarly, two separately tested high EGCG
concentrations (100 and 200 uM) increased MDA
levels, but only by trend (Fig. 6, middle panel).
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Conversely, a low concentration of EGCG (20 uM)
alone significantly decreased MDA levels versus the
untreated control (Fig. 6, middle panel). The same
was true for EGCG (20, 100 and 200 uM) in
simultaneous combination with H202, attenuating
lipid peroxidation, and resulting in decreased MDA

levels (Fig. 6, right panel).

*

MDA ratio to control

Figure 6. Pro- and antioxidative effects of EGCG in Caco-2 cells assessed by MDA levels as marker for lipid
peroxidation. MDA levels in Caco-2 cells after incubation with 20, 100 and 200 uM EGCG analyzed by HPLC and fluorescence
detection at 533 nm. For H,0; induced oxidation 250 and 500 uM H,0,, respectively were used. Bar charts display mean MDA
+ SD over respective untreated controls. Significance was assessed by the two-samples t-Test using GraphPad Prism6 software.
Experiments were independently repeated. P-values of less than 0.05 are indicated by one asterisk.

DISCUSSION research has increasingly focused on the compound’s

Predicated on EGCG’s reported in vitro antioxidant potential molecular role in cancer treatment. While

and chemo-preventive activities, recent topical EGCG has been reported to interact with over 300
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proteins at a molecular level, stoichiometric
information remains scarce [42]. However, studies
suggest EGCG exerts its proposed anti-proliferative
(i.e. “anti-cancer”) effects in a highly targeted manner
exclusively on cancer cells, while omitting their
healthy counterparts, by selectively regulating
carcinogenic signaling pathways [19,29,43,44]. These
include a plethora of targets, as recently reviewed by
Negri et al. [45]. Indeed, other mechanistic studies
observed a dose-dependent association between
EGCG and telomere length in normal cells and
conversely, decreased telomerase levels and hTERT
gene expression in cancer cells [24,29], supporting
EGCG’s proposed selective anti-proliferative effects.
It is well accepted, that telomere shortening
occurs in most human somatic cells with each DNA
replication cycle, ultimately leading to cellular
senescence or apoptosis. Cell division also increases
the likelihood of replication mistakes to occur that
might or might not be relevant in the pathogenesis of
age-related diseases such as cancer. Indeed, a loss of
telomeric integrity affects the replicative capacity of
all cells of the body and triggers global epigenetic
alterations impacting chromatin and transcriptional
properties, accelerating cellular senescence and aging
along with age-related health conditions. Conversely,
cancer cells maintain their telomeres by expressing
telomerase or activating the alternative lengthening
of telomeres pathway [46], and moreover, recent
studies have shown a strong correlation of long
telomeres with different types of cancer, e.g. caused
by mutations in the shelterin complex [47,48].
However, research has indicated that the mean
telomere length of telomerase-positive cancer cells
such as Caco-2 is stable [49]. Intriguingly, this finding
supports and complements the phenomena of
telomere shortening and decrease in telomerase

activity encountered upon EGCG treatment of Caco-2
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cells in this study. To identify EGCG-dependent
alterations in the epigenetic control of telomeres, we
analyzed methylation of hTERT and the proto-
oncogene c-Myc, due to its close link to hTERT gene
expression. As the hTERT promoter is highly enriched
in CpG dinucleotides, in the context of methylation
analyses, different regions have been described.
Though DNA methylation studies of hTERT have
generated inconsistent data, hypermethylation of the
upstream of the transcription start site (UTSS) region
has been strongly associated with TERT expression in
cancers [50]. At -165 and +44 E-boxes are found,
which are binding sites for c-Myc and Mad1l [51],
therefore CpG methylation analysis was conducted in
this area to target possible interactions with c-Myc.
Through its demonstrated ability to inhibit 5-
cytosine DNA methyltransferase (DNMT) [18] and
histone deacetylases (HDAC) [30], a regulatory
epigenetic role for EGCG has been revealed. Topical
research found EGCG suppresses telomerase activity
in cancer cells, ultimately halting tumor proliferation
[29,52]. In that respect, hypomethylation of genomic
DNA alongside gene-specific hypermethylation in
methylation-sensitive CpG islands of promoter
regions of relevant genes have been reported
[53,54,55]. CpG hypermethylation in the CTCF binding
region of the promotor region of hTERT results in a
decreased binding affinity of the repressor CCCTC-
binding factor (CTCF) and increased expression of the
catalytic subunit of hTERT [20]. Interestingly,
hypermethylation of the hTERT gene has been
correlated with telomerase activity in both healthy
and tumor tissues, while conversely, demethylation
was not associated with increased hTERT expression
[56]. Although a series of transcription factors and
pathways have been implicated in the regulation of
hTERT expression, CTCF appears to be a correlated

key determinant of mortality [20]. While in the
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present study merely non-consistent changes in the
methylation status of nine auspicious CpG sites were
found following EGCG incubation of Caco-2 cells, we
located six significantly hypermethylated CpG sites in
normal fibroblasts, as well as a significantly higher
overall mean methylation status of hTERT after
treatment with 200 uM EGCG, both after 36 h and 144
h. These findings emphasize a role for EGCG in
regulating telomeres and ultimately cellular aging.
Unexpectedly, at 72 h incubation, significant
methylation differences of control and treated cells
were not apparent in fibroblasts. We hypothesize,
this finding might be ascribed to the proposition that
the overall methylation status in cell lines is dynamic
(i.e. changes over time) depending on cell line and
environmental factors [57,58].

c-Myc, for which the hTERT promoter contains a
binding site, is considered a “master regulator” of
tumorigenesis controlling many aspects of cell
proliferation, differentiation and cellular
metabolism [59]. Reportedly, activation of c-Myc is
observed in more than half of human cancers and its
dysregulation is a proposed marker for genomic
instability [59,60,61]. The critical connection of c-Myc
expression and EGCG was recently established [62],
demonstrating a significant decrease of c-Myc
expression along with reduced hTERT protein levels
after treatment with EGCG in an immortal cell line.
Signaling through NF-kB has been proposed as a
possible underlying mechanism. Thus, we adopted
methylation of c-Myc with regard to its indirect ability
to regulate telomerase through hTERT. We found
that, versus respective controls, c-Myc methylation
was hardly affected in fibroblasts whereas
significantly higher methylation, likely resulting in
decreased c-Myc mRNA expression, was found in
Caco-2 cells after 36 h treatment with EGCG. These

results underline the multifaceted molecular effects
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of EGCG reported, emphasizing the compound’s
highly specific possible chemotherapeutic relevance.

As mentioned above, interestingly, the
methylation status of hTERT in Caco-2 cells was but
little affected, neither by time nor treatment with
EGCG. However, similar to an earlier report on Hela
cervical cancer cells [19], a significant decrease in
relative telomere length and a decline in telomerase
activity was observed after EGCG treatment.
Therefore, we suggest that telomere shortening
might be indirectly further enhanced by EGCG-
mediated inhibition of telomerase, through
generation of ROS. While the exact effects of ROS on
telomerase are not well understood to date,
oxidative-stress-induced functional inhibition of
telomerase in cancer cells has been reported recently
[63]. Telomeric DNA itself is thought to be particularly
susceptible to ROS-mediated damage along with
telomeric attrition, both of which are exacerbated by
treatment with EGCG which furthermore has been
shown to exhibit genotoxicity in a telomere-
independent fashion [64].

Regardless of the exact underlying mechanisms,
reportedly the biological effects of EGCG follow a
concentration-dependent pattern [65]. Overall,
concentrations of 10-200 uM EGCG exerted anti-
proliferative effects in human cancer cell cultures
from different tissues [33,66,67,68,69]. In our study,
dose-dependency was confirmed in that 200 uM
EGCG proved to be more efficacious than 20 uM
regarding telomeric regulation in Caco-2 cells.

While physiological concentrations of EGCG (<
10 uM) have been reported to stabilize metabolic
function and assist in the management of oxidative
stress [65,70,71], experimental evidence suggests
cancer inhibition might require higher doses [69,72].
Despite this proposition, inversely, other studies have

raised concern over possible adverse effects of EGCG
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when used at high concentrations [73,74,75].
Therefore, potential future clinical applications must
include strategies and techniques that effectively and
safely deliver EGCG exclusively to target sites while
limiting unwanted (systemic) side effects. Recently,
research groups have successfully explored
nanotechnology-inspired methods using
encapsulated EGCG, which demonstrated increased
bioavailability and functional selectivity at the target
site, and ultimately a reduction in tumor growth
[76,77]. Albeit, before EGCG as a compound with
possible therapeutic effects can find its way into the
clinic, several issues need to be resolved. For
instance, EGCG has been shown to undergo a whole
range of complex structural changes in vivo and
oxidatively polymerize in cell culture. This results in
cell-specific oxidative environments in hyper-
proliferative versus normal cells [78,79]. Auto-
oxidation of EGCG is reported to produce ROS in a
dose-dependent manner [80]. Low concentrations (<
5 uUM) have been associated with the promotion of
cell growth, whereas abundance of ROS resulting
from the use of high EGCG concentrations (> 50 uM)
provoked apoptotic and inhibitory effects including a
reduction of telomerase activity [79,80,81], as was
also demonstrated in the present study, and
emphasized by the additional finding of telomere
shortening. However, it remains to be fully clarified
whether suchlike auto-oxidative properties of EGCG
can also occur at organ sites in vivo [80], and which
potential risk this might pose to macromolecules such
as proteins or lipids.

To shed some light on this issue, we assessed
malondialdehyde (MDA) levels [73,74] in Caco-2 cells
to obtain a first indication of potential pro-oxidative
effects of EGCG in a physiologically relevant tissue
model. MDA is a well-accepted and widely used

surrogate marker of tissue lipid peroxidation (i.e.
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oxidative stress) [24,34,82,83,84]. Measuring MDA
formation in our cell culture systems enabled us to
assess possible adverse effects of high doses of EGCG
on the one hand, but also identify the compound’s
potential to inhibit peroxidation induced by H202 on
the other hand. In accordance with earlier literature
[85], EGCG alone at low concentration (20 uM)
significantly decreased MDA levels, while high
concentrations (100 and 200 uM, respectively) were
non-significantly associated with increased MDA
levels. When combined with H202, EGCG quenched
H202-induced lipid peroxidation. Similar findings had
been reported earlier for human dermal fibroblasts
where EGCG decreased MDA levels [86].
Measurement of basal and H:0:-induced ROS
production, glutathione (GSH/GSSH) or other related
oxidative stress biomarkers could help evaluate the
cellular antioxidant response and the extent and
quality of EGCG’s antioxidant potential in future
research. However, there is consensus, that the
antioxidant property of EGCG is mediated by many
different mechanisms including the activation or
inhibition of enzymes involved in the modulation of
ROS levels.

As regards the latter, the sirtuins enzyme family
(SIRTs) has been intensively studied because of their
increasing significance in cancer biology and other
age-associated diseases [3]. SIRTs (SIRT1-SIRT7), are
nicotinamide adenine dinucleotide (NAD+)
dependent histone deacetylases, which modulate the
regulation of a variety of inflammatory and metabolic
pathways, including those associated with redox
signaling [87,88,89]. Though both sirtuins and
telomeres are heavily implicated in ageing related
processes, their molecular interplay is not fully
understood. However, recent studies support tightly
intertwined mechanisms for different sirtuin

subgroups in telomeric regulation in part because of
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their nuclear localization [88,90,91,92]. Furthermore,
SIRT1is reported to interact with transcription factors
related to the hTERT promoter [93] and deacetylates
the C-terminus of c-Myc, additionally affecting hTERT
promoter activity [94]. As regards the activation of
sirtuins, there could be a role for polyphenols [87,95],
as also demonstrated recently by us using 3T3-L1
preadipocytes [96].

Recently, rapidly emerging scientific findings
about the interplay of microRNAs (miRNAs) with
hTERT have shed new light on the regulation of
telomeres [97]. Also in this context, polyphenols such
as EGCG constitute potential modulators especially in
cancer cells, as they have been shown to regulate

miRNA expression [98,99].

CONCLUSIONS

Telomere regulating effects of EGCG are on account
of several related mechanisms that include
antioxidant properties, activation of sirtuins, miRNAs
and the modulation of signaling pathways, such as
NF-kB.

Our study confirms EGCG’s proposed
antioxidative properties in vitro by exerting a
protective effect against H202-induced lipid
peroxidation, demonstrated by decreased MDA levels
in Caco-2 cells. At the same time, pro-oxidant effects
of high doses of EGCG could constitute a possible
mechanism for the opposed modulation of telomeres
by EGCG in cancer versus normal cells. As EGCG is
known to play an active role in modulating cell
metabolism and apoptosis, selectively targeting the
telomerase gene and telomeres in cancer cells, our
observations are in line with earlier reports and
emphasize a potential role for EGCG in reinforced
novel anti-cancer drugs [100]. Despite those
promising results it must be considered that effects

are strongly affected by cell type characteristics, cell
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systems and culture conditions. Cell lines reflect their
respective tissue origin in their different potential of
DNA repair capacity and clearance of H.0. and
intracellular ROS generation, also resulting in a
specific susceptibility to phyto-/chemicals such as
dietary compounds [80,101,102].

Future research including but not limited to an
in-depth characterization of active enzymes that are
selectively expressed in EGCG treated cells will assist
in understanding EGCG’s mode of action in
physiological and pathological conditions. Plant-
derived compounds like EGCG may eventually offer
promising new treatment options for degenerative
and hyperproliferative diseases. For this to happen, in
vivo models are a crucial prerequisite to clarify
EGCG’s pharmacological potential, assess its
bioavailability, ideal route/dosage of administration

and safety.

List of Abbreviations: bp, base pairs; CTCF, CCCTC-
binding factor; DMEM, Dulbecco's modified Eagle
medium; DNMT, 5-cytosine DNA methyltransferase;
EGCG, Epigallocatechin gallate; FBS, fetal bovine
serum; GSH, glutathione (GSH/GSSH); HDAC, histone
deacetylases; HPLC, High Performance Liquid
Chromatography; hTERT, human Telomerase Reverse
Transcriptase; MAP, mitogen activated protein; MDA,
malondialdehyde; miRNAs, microRNAs; MS-HRM,
methylation-sensitive high-resolution melting; NF-kB,
Nuclear factor kappa B; NAD+, nicotinamide adenine
dinucleotide; ROS, reactive oxygen species; rTL,
relative telomere length; SIRT, sirtuin; UTSS,
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