
Abstract. Background/Aim: Epigallocatechin-3-gallate
(EGCG) is a major polyphenolic component of green tea.
EGCG plays a potential role in radio-sensitizing cancer
cells. The combined effect of EGCG and radiation was
investigated in a colorectal cancer cell line, focusing on
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) autophagy
signalling. Materials and Methods: HCT-116 cells were
treated with 12.5 μM EGCG for different periods of time,
2 Gy radiation, or both. Cell viability was determined with
the WST-8 assay. The number of colonies was determined
with the colony formation assay. mRNA expression of LC3
and caspase-9 was analyzed with quantitative real-time
polymerase chain reaction. Results: Combination treatment
with EGCG and radiation significantly decreased the growth
of HCT-116 cells. The number of colonies was reduced to
34.2% compared to the control group. Immunofluorescence
microscopy images showed that nuclear translocation of
Nrf2 was significantly increased when cells were treated with
the combination of EGCG and radiation compared to the
control and single-treatment groups. Combined treatment
with EGCG and radiation significantly induced LC3 and
caspase-9 mRNA expression. Conclusion: EGCG increased
the sensitivity of colorectal cancer cells to radiation by
inhibiting cell proliferation and inducing Nrf2 nuclear
translocation and autophagy.

Radiotherapy (RT) is commonly used for the effective
treatment of solid tumours, including colorectal cancer  (CRC)
(1). RT induces DNA damage and cytotoxicity by generating
reactive oxygen species inside the tumour cells (2). However,
RT becomes ineffective due to radio-resistance of tumour cells
(3), thus, improvement of the anti-tumour effect of RT on
cancer cells is required in the clinical setting. Green tea, one
of the most widely consumed beverages worldwide, is rich
(30% of dry weight) in non-oxidised components called
catechins (4). Epigallocatechin-3-gallate (EGCG) is a major
polyphenolic substance found in green tea. We have
previously reported the beneficial effects of EGCG (5, 6). This
compound inhibits cancer progression in vitro and in vivo, not
only during carcinogenesis, but also during the progression
and metastatic stages of various types of malignancies (7).
Furthermore, EGCG has a potential role as a radio-sensitizer
of cancer cells and has shown some synergistic effects with
other factors in some preliminary studies (8). However, little
is known about the precise cancer-preventing mechanism of
the combination therapy of EGCG and RT in CRC.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key
transcription factor that regulates antioxidant and
detoxification enzymes (9). The Nrf2/keap1 autophagy
pathway plays a pivotal role in cancer cell death (10). EGCG
is a major inducer of Nrf2 (11). We hypothesised that EGCG
and radiation synergistically induce Nrf2 and autophagy. 
The aim of this study was to investigate the combined effect
of EGCG and radiation on a CRC cell line, focusing in
particular on Nrf2 activity and autophagy. 

Materials and Methods

Cell culture and reagents. The colon cancer cell line HCT-116 was
purchased from the American Type Culture Collection (Manassas,
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VA, USA). HCT-116 cells were maintained as a monolayer in
McCoy’s 5A medium (Gibco, Life Technologies, Tokyo, Japan)
supplemented with 10% foetal bovine serum, penicillin (100 U/ml),
and streptomycin (100 μg/ml) in a humidified atmosphere of 5%
CO2 at 37˚C. EGCG was purchased from Bio Verde (Kyoto, Japan)
and dissolved in 1× phosphate-buffered saline (PBS) (6).

Cell proliferation assays. Cell proliferation was assessed with the
WST-8 assay using Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan). HCT-116 cells (5×103/well) were
seeded in 96-well plates and incubated for 24 h. Cells were
incubated with or without 12.5 μM EGCG for 48 h and
simultaneously exposed to 2 Gy radiation in McCoy’s 5A medium.
Control cells were handled similarly to the cells treated with EGCG
and/or radiation. Each treatment was carried out in triplicate. After
incubation, 10 μl CCK-8 reagent was added to each well, and the
plates were incubated at 37˚C in an atmosphere of 5% CO2 for 4 h.
The optical density was then measured with a microplate reader
(Multiskan JX; MTX Lab Systems, Vienna, VA, USA) at a
wavelength of 450 nm (6). 

X-ray irradiation. X-ray irradiation was carried out with a
HITACHI MBR-1520R-3 (Hitachi Power Solutions Co., Ltd.,
Shizuoka, Japan), which was operated at 150 kVp and 20 mA at
room temperature. The dose rate was 4.31 Gy/min.

Colony formation assay. HCT-116 cells were treated with or without
12.5 μM EGCG for 24 h followed by 2-Gy irradiation. Cells were
then trypsinised and counted. 50 cells were seeded in 30-mm diameter
Petri dishes. Cells were treated with or without 12.5 μM EGCG for
1 h later, and then cultured for 9-14 days. Cells were fixed with
glutaraldehyde (6.0% v/v) and stained with crystal violet. Colonies
containing more than 50 cells were counted under a stereomicroscope.
Each experiment was performed in triplicate. Error bars represent the
mean±SD of at least three indepedent experiments. 

Quantitative real-time polymerase chain reaction (qRT-PCR). After
treatment with EGCG for 48 h and/or radiation, total RNA was
extracted from cells using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). cDNA was synthesised from 2.5 μg total RNA by
reverse transcription using the Super Script RT kit (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
qRT-PCR was performed using the Applied Biosystems 7500 real-
time PCR system, TaqMan Gene Expression Assays on demand, and
TaqMan Universal Master Mix (gene specific TaqMan probes on a
StepOne Plus; Applied Biosystems, Foster City, CA, USA). Human
CASPASE-9 (Hs00154261_m1) and LC3 (Hs01076567_g1) TaqMan
primers were used. GAPDH was used as an internal control for
normalization. Expression levels of all genes were calculated as a
ratio to GAPDH. Amplification data were analysed with an Applied
Biosystems Prism 7500 Sequence Detection System version 1.3.1
(Applied Biosystems) (6). Error bars represent the mean±SD of at
least three independent experiments.

Immunofluorescence. Colorectal carcinoma cells were plated on
a glass base dish (27 mm ø) at a density of 1×106 cells per dish.
Following the indicated treatments, cells were washed with PBS
and fixed for 30 min with 4% paraformaldehyde in PBS. Next,
cell membranes were permeabilised by treatment with 0.1%
Triton X-100 in PBS for 2 min. After blocking with 3% bovine

serum albumin in PBS for 1 h at room temperature, cells were
treated with primary antibodies (1:200) in blocking buffer for 1
h. Goat anti-rabbit Alexa Fluor 555 was used as the secondary
antibody (1:1000). Cell nuclei were stained with 5 μg/ml DAPI
sc-3598 (Invitrogen Corp, Carlsbad, CA, USA) for 10 min. After
washing, immunofluorescence images were photographed with a
BZ-x700 fluorescence microscope (Keyence, Osaka, Japan). Error
bars represent the mean±SD of at least three independent
experiments.

Statistical analysis. Data are expressed as the mean±standard error
of the mean. Statistical analyses were performed using SPSS for
Windows version 17.0 (SPSS Inc., Chicago, IL, USA). Statistical
significance was determined at p<0.05. 

Results

EGCG increased sensitivity to radiation and reduced cell
proliferation. The CCK-8 cell proliferation assay was used
to evaluate the effects of EGCG, radiation, and their
combination at different time periods on the viability of the
colon cancer cell line HCT-116. Combination treatment with
EGCG and radiation significantly decreased the growth of
HCT-116 cells compared with the control, EGCG only, or
radiation only treated cells (p<0.05; Figure 1). In the colony
formation assay, EGCG only and radiation only decreased
the colony number to 77.1% and 55.2%, respectively,
compared to the control. Combination treatment with EGCG
and radiation significantly decreased the colony number to
34.2% of the control (Figure 2).
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Figure 1. Growth inhibition of the human colon cancer cell line, HCT-
116, treated with 12.5 μM EGCG, 2 Gy radiation, or both. Combination
treatment with EGCG and radiation significantly decreased the growth
of HCT-116 cells compared with control, EGCG only-, or radiation
only-treated cells. Data are the mean±standard error of the mean of
three independent experiments. *p<0.05; **p<0.01; ***p<0.001.



Combination treatment with EGCG and radiation enhanced
expression of proteins and mRNAs related to autophagy and
apoptosis. Immunofluorescence microscopy images showed that
the nuclear translocation of Nrf2 was significantly increased by
combination treatment with EGCG and radiation compared with
the control and single treatment groups (Figure 3).

qRT-PCR analysis showed that combination treatment
with EGCG and radiation significantly induced LC3 (Figure
4A) and caspase-9 mRNA expression (Figure 4B). 

Discussion

In this study, the effects of combination treatment with
EGCG and radiation in CRC cell growth and underlying
mechanisms were investigated. Combination treatment with
EGCG and radiation inhibited CRC cell growth, and induced
nuclear translocation of Nrf2 and the expression of
autophagy-related genes.

EGCG is a well-known scavenger of reactive oxygen
species and acts as an antioxidant through modulation of
transcription factors and enzyme activity (5). We previously
reported that EGCG stimulates liver regeneration and
improves liver damage after massive hepatectomy via anti-
oxidative and anti-inflammatory effects (5). EGCG also has
an anti-tumour effect as it inhibits cancer cell proliferation,
induces cell death and cell cycle arrest, inhibits invasion and

metastasis, and suppresses angiogenesis and self-renewal in
hepatoma and colon cancer stem cells (6, 12-14).

Some reports have suggested beneficial effects of EGCG and
RT in cancer treatment (15-16). Combination treatment with
EGCG and radiation induced apoptosis in a leukaemia cell line
(15). Zhang demonstrated that EGCG administration and RT
reduced serum vascular endothelial growth factor, hepatocyte
growth factor, and the activation of metalloproteinase-9 and
metalloproteinase-2 in breast cancer patients (16). Clinical trials
testing the efficacy of the combination therapy are now ongoing
(17, 18). However, to the best of our knowledge, the precise
mechanism of action of EGCG is unknown, but may involve
the Nrf2 autophagy pathway.

Nrf2 is a transcription factor with multiple roles, that was
described as a paradoxical protein with controversial
suppressing and promoting roles in cancer cells, depending
on its intracellular location (19, 20). As a tumour suppressor,
Nrf2 is important in chemoprevention by activating the main
cellular defence mechanism against metabolic, xenobiotic,
and oxidative stress. Nrf2 loss is related to enhanced
metastasis. On the other hand, Nrf2 functions as an
oncogene. Nrf2 constitutive activation is present in many
tumour types and Nrf2 hyperactivation favours cancer cell
survival and promotes cell growth (20).

The Nrf2-keap1-P62 pathway promotes autophagy (10),
which is a fundamental cellular degradation mechanism that
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Figure 2. Combination treatment with 12.5 μM EGCG and 2-Gy radiation significantly decreased the number of colonies of HCT-116 cells.
Quantified data (A) and representative images (B) of the clonogenic growth experiment of HCT-116 cells. Colonies were counted after 2 weeks.
*Indicates a significant difference compared to control; #Indicates a significant difference compared to EGCG only; &Indicates a significant
difference compared to radiation only (p<0.05).
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Figure 3. Combination treatment with EGCG and radiation significantly increased the translocation of Nrf2 protein into the nuclei. Cells were
treated with 12.5 μM EGCG and/or 2 Gy radiation for 48 h (A, B). *Indicates a significant difference compared to control; #Indicates a significant
difference compared to EGCG only; &Indicates a significant difference compared to radiation only (p<0.05).



maintains tissue homeostasis. Autophagy is classified into three
types: 1. macro-autophagy, 2. micro-autophagy, and 3.
mitophagy. Mitophagy is a selective type of macro-autophagy
in which mitochondria are selectively targeted for degradation.
Mitophagy can have the beneficial effect of eliminating old
and/or damaged mitochondria. In the tumour microenvironment,
induced mitophagy could exert anti-tumour effects via clearance
of dysfunctional mitochondria in cancer cells (21, 22). 

EGCG is a major Nrf2 inducer (11). Another Nrf2 inducer,
sulforaphene, stimulates nuclear retention of Nrf2 and
activates AMP kinase to induce mammalian target of
rapamycin signalling, leading to mitophagic cell death in
lymphoma cells (23). In our experiment, combination
treatment with EGCG and radiation significantly induced
nuclear translocation of Nrf2 and up-regulated LC3 and
caspase-9 mRNA expression. These findings suggested that
combination treatment with EGCG and radiation may induce
mitophagic cell death.

In conclusion, EGCG increased the sensitivity of CRC cells
to radiation by inhibiting cell survival, inducing Nrf2 nuclear
translocation and up-regulating autophagy-related genes.
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