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(-)-Epigallocatechin gallate inhibits the expression of
indoleamine 2,3-dioxygenase in human colorectal cancer cells
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Abstract. Immune escape, the ability of tumor cells to
avoid tumor-specific immune responses, occurs during the
development and progression of several types of human
malignancies, including colorectal cancer (CRC). Indoleamine
2,3-dioxygenase (IDO), the tryptophan catabolic enzyme,
plays a significant role in regulating the immune response and
provides tumor cells with a potent tool to evade the immune
system. In the present study, we examined the effects of
(-)-epigallocatechin gallate (EGCG), the major catechin in
green tea, on the inhibition of IDO expression induced by
interferon (IFN)-y in human CRC cells. We found that IFN-y
increased the expression levels of IDO protein and mRNA in
HT29 and SW837 CRC cell lines. Treatment of SW837 cells
with EGCG significantly decreased IFN-y-induced expres-
sion of IDO protein and mRNA in a dose-dependent manner.
Enzymatic activity of IDO, determined by the concentration
of L-kynurenine in the culture medium, was also significantly
inhibited by EGCG treatment. Phosphorylation of signal
transducer and activator of transcription 1 (STAT1) induced
by IFN-y was also significantly inhibited by EGCG. Reporter
assays indicated that EGCG inhibited the transcriptional activ-
ities of IDO promoters, IFN-stimulated response element and
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IFN-y activation sequence, activated by STAT1 phosphoryla-
tion. These findings suggest that EGCG may exert antitumor
effects on CRC, at least in part, by inhibiting the expression
and function of IDO through the suppression of STAT1 activa-
tion. EGCG may, thus, serve as a potential agent for antitumor
immunotherapy and be useful in the chemoprevention and/or
treatment of CRC.

Introduction

Numerous immune effector cells and molecules recognize
and destroy preneoplastic cells (1). The escape of such cells
from the immune system is involved in the development and
progression of several types of tumors (2). Recent studies
have suggested that tryptophan catabolism, via indoleamine
2,3-dioxygenase (IDO), may be a critical mechanism of
immune escape (3). IDO, an intracellular enzyme that degrades
the essential amino acid tryptophan along the kynurenine
pathway, is constitutively expressed by tumor cells and dendritic
cells in tumor-draining lymph nodes (4). L-kynurenine and
certain other metabolites derived from tryptophan by IDO
may inhibit proliferation and induce apoptosis in T cells and
natural killer cells (5). IDO overexpression correlates with
poor clinical outcomes in patients with several types of malig-
nancies, including colorectal cancer (CRC) (6-8). We have
recently demonstrated that increased levels of IDO expression
in tumor cells and serum concentration of L-kynurenine,
which reflects the enzymatic activity of IDO, are associated
with poor prognosis in patients with diffuse large B-cell
lymphoma (9-11). Alternatively, 1-methyl-tryptophan, an IDO
inhibitor, effectively suppresses chemically induced colorectal
carcinogenesis in rats (12). These studies suggest that targeting
IDO and regulating tryptophan catabolism may be effective
strategies for the treatment of certain types of human malig-
nancies, including CRC (6).

Several immune factors are regarded as mediators in
the regulation of IDO expression. Among these factors,
interferon (IFN)-vy, which is released by activated T cells and
natural killer cells within the tumor microenvironment (13), is
considered to be a major inducer of IDO in numerous human
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cell types (14). IFN-y binding to its receptor results in the
phosphorylation of janus kinase (JAK), which phosphorylates
the downstream protein signal transducer and activator of tran-
scription 1 (STATI) (13). The IDO promoter contains multiple
sequence elements that confer responsiveness to IFN-vy,
including the interferon-stimulated response element (ISRE)
and the IFN-vy activation sequence (GAS) (14). IFN-y induces
IDO by promoting ISRE and GAS sequence elements through
the activation of the JAK/STATI signaling pathway (15),
indicating that the inhibition of STAT1 phosphorylation and
its downstream promoter activity may be effective for the
downregulation of IDO (16).

(-)-Epigallocatechin gallate (EGCG), the major biologically
active component of green tea, exerts its anticancer and cancer
chemopreventive effects in various organs. These effects are
partially attributed to their antioxidative, antiangiogenic and
antimutagenic effects, as well as their anti-inflammatory
activities (17,18). We previously demonstrated that EGCG
is able to suppress cell proliferation and induce apoptosis in
human CRC cells (19-21). The inhibitory effects of EGCG on
inflammation- and obesity-related colon carcinogenesis have
also been demonstrated in rodent models (22,23). In addition,
recent studies revealed that EGCG treatment suppresses the
expression of IDO stimulated by IFN-y in murine dendritic
cells (24) as well as in various human cancer-derived cell
lines (25,26). These studies suggest that the inhibitory effect
of EGCG on IDO expression may contribute to the chemopre-
ventive and anticancer properties of EGCG; however, whether
EGCG is able to inhibit expression of IDO in human CRC cells
has not yet been examined. The present study investigated the
effects of EGCG on the induction of IDO in human CRC cells
stimulated with IFN-y.

Materials and methods

Chemicals. EGCG was obtained from Mitsui Norin Co.
(Tokyo, Japan) and recombinant human IFN-y was purchased
from PeproTech (Rocky Hill, NJ, USA).

Cell lines and cell culture. The Caco2, HCT116, HT29, SW480
and SW837 human CRC cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA).
All cell lines were maintained in DF10 medium containing
Dulbecco's modified Eagle's medium (DMEM; Life
Technologies, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS). Cells were then cultured in a
humidified incubator with 5% CO, at 37°C. The experimental
protocol of this study was approved by the Ethics Committee
of Gifu University.

RNA extraction and quantitative real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analysis. Total
RNA was extracted using the RNeasy Mini kit (Qiagen,
Valencia, CA, USA). Quantitative real-time RT-PCR was
performed on 1 pg total RNA using specific primer/probe
sets that amplify IDO and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) genes (TagMan Gene Expression
Assays; Life Technologies) and Toyobo Real-time PCR Master
mix (Toyobo, Osaka, Japan). Each sample was analyzed on
a LightCycler 1.0 (Roche Diagnostics GmbH, Mannheim,
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Germany) (27). Gene expression levels were normalized to
GAPDH expression levels using a standard curve.

Protein extraction and western blot analysis. Total
cellular protein was extracted and equivalent amounts of
protein (20 ug/lane) were examined by western blot anal-
ysis (21,28). The primary antibody for IDO was purchased
from Abcam (Cambridge, UK). The primary antibodies for
STATI, phospho-STAT1 (tyr701) and GAPDH were purchased
from Cell Signaling Technology (Danvers, MA, USA). An
antibody to GAPDH was used as a loading control.

Determination of L-kynurenine concentration. Culture
medium was deproteinized with 2 volumes of 3% perchloric
acid. Following centrifugation, the concentration of
L-kynurenine in the supernatants was measured by
high-performance liquid chromatography (29).

ISRE and GAS reporter assays. Reporter assays were
performed (20). ISRE and GAS luciferase reporter plasmids
were purchased from Qiagen. Plasmid DNA (0.1 pg) was
transfected into SW837 cells (3x10* cells/6.35 mm diam-
eter dish) using Lipofectin reagent (Life Technologies) in
Opti-MEM I medium (Life Technologies). After 22 h, cells
were preincubated in the absence or presence of various EGCG
concentrations (10, 50 or 100 xM) for 2 h and then stimulated
with IFN-y (10 ng/ml) for 24 h. Cell extracts were prepared
and luciferase activity was measured using a luciferase assay
system (Promega, Madison, WI, USA). Cells were cotrans-
fected with a CMV-[3-galactosidase reporter in all reporter
assays and differences in transfection efficacy were corrected
by normalizing the luciferase activities to the -galactosidase
activities (20).

Statistical analysis. All data were expressed as the
mean + standard deviation (SD). Statistical significance was
evaluated using the Tukey-Kramer multiple comparison test
and P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Expression levels of IDO in human CRC cells in the presence
and absence of IFN-y stimulation. We initially examined the
expression levels of IDO in the presence and absence of IFN-y
in Caco2, HCT116, HT29, SW480 and SW&837 human CRC
cells. Quantitative real-time RT-PCR analysis revealed that
IDO mRNA was not expressed in any of the CRC cell lines
without IFN-vy stimulation. However, when the cell lines were
stimulated with 10 ng/ml IFN-vy for 24 h, IDO mRNA levels
were significantly increased in all cell lines, particularly SW837
and HT29 cells (Fig. 1A). Furthermore, in accordance with the
expression levels of mRNA, the cellular levels of IDO protein in
the SW837 and HT29 cells were markedly increased by IFN-y
stimulation (Fig. 1B), indicating that CRC cells may induce IDO
expression following IFN-vy stimulation. Based on these results,
SW837 cells were selected for the following experiments.

Effects of EGCG on the expression levels of IDO in SW837
CRC cells. We next examined the effects of EGCG on the
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Figure 1. Expression of IDO in human CRC cell lines. Caco2, HCT116, HT29,
SW480 and SW837 cells were treated with or without IFN-y (10 ng/ml) for
24 h. (A) Total RNA was extracted from each cell line and IDO mRNA
expression was measured by quantitative real-time RT-PCR. Gene expres-
sion levels were normalized to GAPDH. Columns and bars indicate the mean
and SD. (B) IDO protein expression levels were detected by western blot
analysis. Total cellular protein was extracted and equivalent amounts of pro-
tein were examined. Equal protein loading was confirmed by the detection
of GAPDH. Repeated western blots gave similar results. IDO, indoleamine
2,3-dioxygenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
IFN, interferon; RT-PCR, reverse transcription-polymerase chain reaction;
SD, standard deviation.

expression of IDO mRNA and protein in SW837 cells. As
demonstrated in Fig. 2A, expression levels of IDO mRNA
induced by IFN-y (P<0.001) were significantly suppressed
when the cells were pretreated with 50 and 100 xM EGCG
for 2 h prior to IFN-vy stimulation for 24 h (P<0.001 for each
comparison). Similarly, increasing levels of EGCG treatment,
particularly 100 uM, caused a marked decrease in the levels
of IDO protein induced by IFN-y in SW837 cells (Fig. 2B).
These findings suggest that EGCG inhibits the expression of
IDO mRNA and protein levels.

Effects of EGCG on the enzymatic activity of IDO induced
by IFN-y in SW837 cells. We examined whether EGCG
inhibits the enzymatic activity of IDO induced by IFN-y in
SW837 cells. IDO activity was determined by measuring
the concentration of L-kynurenine in culture medium (29).
As demonstrated in Fig. 2C, the L-kynurenine concentra-
tion was markedly increased in the culture medium of
IFN-vy-stimulated SW837 cells compared to that of the
untreated cells (P<0.001). This increase was significantly
inhibited by treatment with 100 xM EGCG (P<0.001),
suggesting that, in addition to the expression levels, EGCG
also suppresses the enzymatic activity of IFN-y-induced
IDO in CRC cells.

Effects of EGCG on the phosphorylation of STATI protein
in SW837 cells. To determine the molecular mechanisms
involved in the EGCG suppression of IDO expression in
CRC cells, we examined whether EGCG inhibits STAT1
protein phosphorylation as the JAK/STAT1 pathway is medi-
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Figure 2. Effects of EGCG on the expression levels and enzymatic activity
of IDO in SW837 cells. Cells were pretreated with various concentrations
(0, 10, 50 or 100 uM) of EGCG for 2 h and were then stimulated with IFN-y
for 24 h. (A) Total RNA was extracted and the IDO mRNA expression levels
were measured by quantitative real-time RT-PCR. (B) Total cellular protein
was extracted and the levels of IDO protein expression were determined by
western blot analysis. (C) Functional IDO enzymatic activity was determined
by measuring the concentrations of L-kynurenine in culture medium under
the same conditions. Columns and bars indicate the mean and SD. Repeated
western blots gave similar results. IDO, indoleamine 2,3-dioxygenase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon;
EGCQG, (-)-epigallocatechin gallate; RT-PCR, reverse transcription-poly-
merase chain reaction; SD, standard deviation.

ated by IFN-vy to induce IDO expression (14). Western blot
analysis revealed that stimulation with IFN-y for 30 min
markedly increased the expression of phosphorylated STAT1
protein in SW837 cells. However, this induction was signifi-
cantly decreased by EGCG treatment in a dose-dependent
manner (Fig. 3A), suggesting that at least part of the EGCG
inhibition of the IFN-y-induced IDO expression was due to
the suppressed activation of STAT].

Effects of EGCG on the transcriptional activity of IDO
promoters in SW837 cells. To elucidate whether transcription
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Figure 3. Effects of EGCG on the phosphorylation of STAT1 protein and
transcriptional activity of IDO promoter in SW837 cells. (A) Cells were
pretreated with various concentrations of EGCG for 2 h and were then
stimulated with IFN-y for 30 min. Total cellular protein was extracted
and the expression of phosphorylated STAT1 protein was determined by
western blot analysis. (B) Transient transfection reporter assays using
ISRE and GAS luciferase reporter plasmids were performed using cell
extracts pretreated with various concentrations of EGCG for 2 h and then
stimulated with IFN-y for 24 h. Columns and bars indicate the mean and SD.
IFN, interferon; EGCG, (-)-epigallocatechin gallate; STAT1 signal trans-
ducer and activator of transcription 1; ISRE, interferon-stimulated response
element; GAS, IFN-vy activation sequence; IDO, indoleamine 2,3-dioxy-
genase; SD, standard deviation.

of IDO is inhibited by EGCG, we next examined the effects of
EGCG on the transcriptional activity of ISRE and GAS, two
sequence elements of the IDO promoter, which are activated
by the binding of STAT1 and associated with IFN-y-induced
IDO gene transcription (15). Transient transfection lucif-
erase reporter assays demonstrated that IFN-y stimulation
upregulated the transcriptional activity of ISRE (P<0.05)
and GAS (P<0.001) in SW837 cells. However, treatment with
50 and 100 uM EGCG significantly inhibited the promoter
activities of ISRE (P<0.05) and GAS (P<0.001) induced
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by IFN-v (Fig. 3B). These results provide evidence that the
inhibitory effects of EGCG on IDO expression occur at the
gene transcription level.

Discussion

The IDO-mediated escape of cancer cells from the immune
system plays a critical role in tumor development and progres-
sion. Therefore, inhibition of inappropriate IDO activity in
tumors may attenuate the ability of malignant cells to evade
immune surveillance and promote their clearance (2). Several
preclinical studies have demonstrated that IDO inhibitors,
including 1-methyl-tryptophan, have a therapeutic effect in
rodent cancer models (30,31). The results of this study in human
CRC cells provide the first evidence that a naturally occurring
compound, EGCG, effectively inhibits the IFN-y-induced
expression and activity of IDO (Fig. 2). These findings suggest
that EGCG may exert its chemopreventive and anticancer
properties, at least in part, by improving potential antitumor
immune responses. These findings are significant in the
context of chemoprevention and therapy using EGCG since
clinical trials have demonstrated that high expression levels of
IDO in cancer tissues are associated with disease progression
and poor overall survival rates of patients with CRC (7,8).

Efficient EGCG inhibition of IFN-y-induced IDO expres-
sion in CRC cells may be explained by the inhibition of STAT1
phosphorylation as IFN-y/JAK/STATI signaling plays a
critical role in IDO induction (14). Tyrosine phosphorylation
of STAT1 by IFN-y-induced reactions promotes the binding of
STAT1 to two regulatory elements of the IDO gene promoter
region, ISRE and GAS (14,15). In the present study, STAT1
phosphorylation (Fig. 3A) and transcriptional activities of ISRE
and GAS (Fig. 3B) induced by IFN-y stimulation were mark-
edly suppressed by EGCG treatment. Our findings suggest that
EGCG may prevent IFN-y-induced expression of IDO at the
gene transcription level through suppressing STAT1 activation.
These results are consistent with previous studies demonstrating
that EGCG efficiently inhibited IFN-y-elicited phosphorylation
and/or DNA-binding activity of STATI in several types of
human cancer-derived cell lines (25,26). In addition to cancer
cells, EGCG also inhibits IDO expression induced by IFN-y in
dendritic cells through the inhibition of STAT1 phosphoryla-
tion (24). Therefore, these studies (24-26), together with our
findings, indicate that IFN-y/JAK/STAT1 signaling is a critical
target of EGCG in the suppression of IDO induction.

In the present study, the expression levels of IDO mRNA
were significantly increased by IFN-y stimulation in all
CRC cell lines (Fig. 1A). Additionally, the concentration of
L-kynurenine, which reflects the enzymatic activity of IDO in
culture medium was also increased by SW837 CRC cells that
overexpress IDO (Fig. 2C). These findings may be associated
with the immune escape of malignant cells that occurs within
the tumor and its surrounding microenvironment since trypto-
phan depletion and production of toxic tryptophan catabolites
resulting from IDO activity may inhibit T cell and natural killer
cell proliferation (5). The serum kynurenine/tryptophan ratio
is significantly increased, while the serum tryptophan level is
significantly decreased, in CRC patients when compared to
control noncancerous patients (32). Conversely, IDO inhibitors
can impede the growth of IDO-expressing tumors through
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the reduction of kynurenine in the microenvironment and
enhancement of T cell functions (33). Therefore, the effects
of EGCG on the suppression of L-kynurenine levels increased
by IFN-vy-stimulated human CRC cells (Fig. 2C) may also
contribute to the inhibition of growth of IDO-expressing CRC
cells and improve immune tolerance caused by IDO.

In this study, we demonstrate that EGCG downregulates
the expression and enzymatic activity of IFN-y-induced IDO
in CRC cells through the inhibition of STATI1 activation.
Our findings suggest the possibility that EGCG may exert
its anticancer and chemopreventive effects by inhibiting
the expression and function of IDO. A recent experiment in
rats has demonstrated that upregulation of IDO activity is
possibly involved in colon carcinogenesis, and EGCG treat-
ment effectively suppresses the development of chemically
induced colonic preneoplastic lesions by inhibiting the expres-
sion levels and enzymatic activity of IDO (12). In conclusion,
targeting IDO and improving IDO-mediated immune escape
of premalignant and cancer cells with EGCG may be an effec-
tive strategy for the prevention and treatment of CRC.
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