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Abstract
Sporadic breast cancers are mainly attributable to long-term exposure to environmental factors, via
a multi-year, multi-step, and multi-path process of tumorigenesis involving cumulative genetic and
epigenetic alterations in the chronic carcinogenesis of breast cells from a non-cancerous stage to
precancerous and cancerous stages. Epidemiologic and experimental studies have suggested that
green tea components may be used as preventive agents for breast cancer control. In our research,
we have developed a cellular model that mimics breast cell carcinogenesis chronically induced by
cumulative exposures to low doses of environmental carcinogens. In this study, we used our
chronic carcinogenesis model as a target system to investigate the activity of green tea catechin
extract (GTC) at non-cytotoxic levels in intervention of cellular carcinogenesis induced by
cumulative exposures to pico-molar 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and
benzo[a]pyrene (B[a]P). We identified that GTC, at a non-cytotoxic, physiologically-achievable
concentration of 2.5μg/mL, was effective in suppressing NNK- and B[a]P-induced cellular
carcinogenesis, as measured by reduction of the acquired cancer-associated properties of reduced
dependence on growth factors, anchorage-independent growth, increased cell mobility, and acinar-
conformational disruption. We also detected that intervention of carcinogen-induced elevation of
reactive oxygen species (ROS), increase of cell proliferation, activation of the ERK pathway,
DNA damage, and changes in gene expression may account for the mechanisms of GTC's
preventive activity. Thus, GTC may be used in dietary and chemoprevention of breast cell
carcinogenesis associated with long-term exposure to low doses of environmental carcinogens.
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INTRODUCTION
More than 70% of sporadic breast cancers are attributable to long-term exposure to
environmental factors, such as chemical carcinogens; this chronic disease process involves
accumulated genetic and epigenetic alterations to induce progressive carcinogenesis of
breast cells from non-cancerous to precancerous and cancerous stages [1–4]. The current
paradigm of experimental studies routinely uses high doses of carcinogens (micro- to milli-
molar concentrations) to induce cancerous cells in cultures and tumors in animals as steps in
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evaluating the potency of carcinogens [1,3,5]. However, considering that long-term, chronic
exposure to low doses of carcinogens is responsible for human breast cancer, a high-dose
approach may not be a proper way to study environmental carcinogens in human breast
cancer development.

We have been developing a cellular model to mimic chronic breast cell carcinogenesis
occurring with accumulated exposures to low doses of environmental carcinogens, such as
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and/or benzo[a]pyrene (B[a]P) [6–
9]. NNK is a tobacco-specific carcinogen [10,11]. Although gastric administration of NNK
into rats results in DNA-adduct formation in the mammary gland [12] and development of
mammary tumors [13], NNK is not currently recognized as a mammary carcinogen. B[a]P is
an environmental, dietary, and tobacco carcinogen [14–18]. Epidemiologic, animal, and
cellular studies indicate that B[a]P may contribute to sporadic breast cancer development
through its metabolites forming DNA-adducts causing DNA lesions [17–20]. However, the
association between smoking and breast cancer is still controversial; some studies have
indicated there is no influence of smoking on breast cancer incidence [21], and some studies
have shown a correlation between them [22]. Recently, a study was conducted by four major
Canadian agencies to address this controversy, and the results indicate that active smoking
and second-hand smoke increase breast cancer risk [23]. Another recent cohort study in the
United States has also shown a connection between smoking and breast cancer in post-
menopausal women [24]. Thus, the role of smoking in increasing the incidence of breast
cancer should be taken seriously. Our model system has successfully revealed that NNK and
B[a]P, at pico-molar ranges, like those detected in patients, are able to induce non-cancerous
breast epithelial MCF10A cells to increasingly acquire cancer-associated properties via
cumulative exposures [6–9].

The use of green tea to increase the body’s antioxidant activity is becoming increasingly
popular in the Western world [25]. Animal studies show that green tea catechin extract
(GTC) is able to suppress rat mammary carcinogenesis induced by 7,12-
dimethylbenz[a]anthracene and N-methyl-N-nitrosourea [26,27]. Laboratory studies also
have shown that GTC possesses inhibitory and apoptotic activity in human breast cancer
cells in cultures [28,29]. Although the are controversial, epidemiological studies have
examined the benefits of tea consumption for breast cancer prevention, and some evidence
has indicated that green tea consumption may help prevent breast cancer recurrence in early
stage cancers [30–32]. Thus, it is important to identify carcinogens whose induction of
breast cell carcinogenesis can be intervened by green tea components to reveal targets for
dietary prevention. Using our cellular model as a target, we have tested the ability of GTC at
a non-cytotoxic concentration of 40 μg/mL to suppress, by more than 50%, the acquisition
of cancer-associated properties induced by cumulative exposures to 100 pmol/L of B[a]P
[7]. Hence, it is important to pursue an extended study to reveal the effectiveness and
mechanisms of GTC in intervention of chronic breast cell carcinogenesis caused by NNK
and B[a]P for developing targeted intervention of breast cell carcinogenesis.

In this study, we used our cellular model as a target and investigated the minimal
concentration of GTC required for intervention of NNK- and B[a]P-induced cellular
carcinogenesis. We also investigated the mechanisms for GTC in counteracting the activity
of NNK and B[a]P in inducing cellular, biochemical, and molecular changes on initiation of
cellular carcinogenesis.
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MATERIALS AND METHODS
Cell Cultures and Reagents

MCF10A (American Type Culture Collection [ATCC], Rockville, MD) and derived cells
were maintained in complete (CM) medium (1:1 mixture of DMEM and Ham’s F12,
supplemented with mitogenic additives including 100 ng/ml cholera enterotoxin, 10 μg/ml
insulin, 0.5 μg/ml hydrocortisol, 20 ng/ml epidermal growth factor, and 5% horse serum)
and supplemented with 100 units/ml penicillin and 100 μg/ml streptomycin [6–9]. All the
cultures were maintained in 5% CO2 at 37°C. Stock aqueous solutions of NNK (Chemsyn,
Lenexa, KS), B[a]P (Aldrich, Milwaukee, WI), and chloromethyl-dichlorodihydro-
fluorescein-diacetate (CM-H2DCF-DA) (Invitrogen, Carlsbad, CA) were prepared in DMSO
and diluted with culture medium for assays. GTC (Polyphenon-60, a mixture of
polyphenolic compounds containing 60% total catechins, Sigma, St. Louis, MO) was
prepared in distilled water and diluted with medium.

Induction and Suppression of Cell Carcinogenesis
Twenty-four hours after each subculturing, MCF10A cells were treated with combined NNK
and B[a]P each at 100 pmol/L in the absence and presence of GTC for 48 h as one cycle of
exposure for 10 cycles; cultures were subcultured every 3 d.

Cell Viability Assay
A Methyl Thiazolyl Tetrazolium (MTT) assay kit (ATCC) was used to measure cell growth
and viability in cultures. Five × 103 cells were seeded into each well of 96-well culture
plates. After treatments, cultures were incubated with MTT reagent for 4 h, followed by
incubation with detergent reagent for 24 h. Reduced MTT reagent in cultures was quantified
with an ELISA reader (Bio-Tek, Winooski, VT).

Cell Proliferation Assay
Five × 103 cells were seeded into each well of 96-well culture plates. After treatments, using
the 5-bromo-2-deoxyuridine (BrdU) cell proliferation ELISA kit (Roche, Indianapolis, IN),
cultures were labeled with BrdU for 12 h, fixed, incubated with peroxidase-conjugated
BrdU-specific antibodies, and stained with the peroxidase substrate. Quantification of BrdU-
labeled cells was determined with an ELISA reader (Bio-Tek).

Apoptosis Assay
An annexin-V-fluorescein isothiocyanate (FITC) apoptosis detection kit with propidium
iodide (BD Biosciences, San Jose, CA) was used to detect apoptotic cell death by flow
cytometry, as described previously [33]. Flow cytometric analysis was performed on the
Coulter EPICS Elite Cytometer (Hialeah, FL) at the excitation and emission wavelengths of
488 and 550 nm, respectively, for FITC measurements, and at 488 and 645 nm for
propidium iodide measurements. Percentage of cells undergoing apoptosis was determined
using Multicycle software (Phoenix Flow System, San Diego, CA).

Reduced Dependence on Growth Factors Assay
The low-mitogen (LM) medium contained total serum and mitogenic additives reduced to
2% of the concentration formulated in CM medium as described above [7–9]. Three × 103

cells were seeded in LM medium; growing colonies that reached 0.5 mm diameter in 10 d
were counted.
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Anchorage-independent Cell Growth Assay
The base layer consisted of 2% low-melting agarose (Sigma) in CM medium. Then, soft
agar consisting of 0.4% low-melting agarose in a mixture (1:1) of CM medium with 3-d
conditioned medium prepared from MCF10A cultures was mixed with 5 × 103 cells and
plated on top of the base layer in 60-mm diameter culture dishes [7–9]; growing colonies
that reached 0.1 mm diameter in 20 d were counted.

Acinar-Conformational Disruption Assay
Placed as a Matrigel base of reconstituted basement membrane in each well of 24-well
culture plates was 400 mL of growth factor-reduced Matrigel Matrix (BD Biosciences) [7, 8,
34]. Two × 103 cells were mixed with CM medium containing 4% Matrigel and plated on
top of the base layer of Matrigel. Cultures were maintained in 5% CO2 at37°C and were
replaced with fresh CM medium containing 2% Matrigel every 3 d for 14 d. Spheroids in
Matrigel were collected and overlaid with 5% agarose; then blocks of agarose-packed
Matrigel spheroids were fixed in neutral-buffered formalin and embedded in paraffin for
histological examination of 5-mm H&E-stained sections.

Cell Motility Assay
Cells were grown to confluence in CM medium, rinsed with PBS, and maintained in
DMEM/Ham’s F12 media supplemented with 2% serum for 15 h [35]. The monolayer was
scratched with a 23-gauge needle (BD Biosciences) to generate wounded areas and rinsed
with CM medium to remove floating cells. Cultures were maintained in CM medium, and
the wounded areas were examined 6 h and 24 h after scratches. Wound healing area was
calculated by using Total Lab TL100 software (Total Lab, Newcastle, NE).

Intracellular ROS Measurement
Cultures were labeled with 5 μmol/L CM-H2DCF-DA for 1 h [36]. Cells were trypsinized
from cultures and resuspended in PBS for analysis of ROS by flow cytometry, using a 15
mW, air-cooled argon laser to produce 488 nm light. DCF fluorescence emission was
collected with a 529 nm band pass filter. The mean fluorescence intensity of 2 × 104 cells
was quantified using Multicycle software (Phoenix Flow System).

Western Immunoblotting
Cell lysates were prepared in buffer (10 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 5
mM EDTA, 10 mM sodium pyrophosphate, 10% glycerol, 0.1% Na3VO4, 50 mM NaF, pH
7.4) [8,9]. Protein concentration in cell lysates was measured using the BCA assay (Pierce,
Rockford, IL). Equal amounts of cellular proteins were resolved by electrophoresis in 10 or
12% SDS-polyacrylamide gels for Western immunoblotting with antibodies specific to
phosphorylated Mek1/2 (p-Mek1/2), Mek1/2, p-Erk1/2, p-H2AX, H2AX (Cell Signaling,
Beverly, MA), Erk1/2, and β-Actin (Santa Cruz, Santa Cruz, CA). Antigen-antibody
complexes on filters were detected by the Supersignal chemiluminescence kit (Pierce).

Gene Expression Study with Microarrays
MCF10A cells were treated with combined NNK and B[a]P each at 100 pmol/L in the
absence or presence of 40 μg/mL of GTC for 24 h. Total RNA was isolated from cultures
using the Absolutely RNA kit (Stratagene, La Jolla, CA). RNA quality and integrity were
determined using an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA). High-quality RNA,
with an RNA Integrity Number of >7.0 and an A260/280 absorbance ratio of >1.8, was used
for studies. Detection of gene expression was completed through a purchased service using
the Human OneArray, which contains 29,187 human genome probes and 1088 experimental
control probes formed as 60-mer sense-strand DNA elements (PhalanxBio, Palo Alto, CA).
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All experiments were performed in duplicate; RNA was prepared from two independent
cultures for each experiment. The data was analyzed using Array Studio Online (OmicSoft,
Morrisville, NC). The relative gene expression levels in carcinogen- and GTC-treated
cultures were normalized with levels in their counterpart, parental MCF10A cells and then
were reciprocally compared to detect differentially expressed genes in GTC- and carcinogen
(only)-treated cultures versus carcinogen-treated cultures.

Reverse Transcription PCR
One μg of total RNA isolated from cultures using the Absolutely RNA kit (Stratagene) was
reverse transcribed to cDNA using a Versoc DNA Kit (Thermo Scientific, Waltham, MA).
The resulting cDNAs were subjected to PCR for COX17 (forward: 5’-
TCTAATTGAGGCCCACAAGG-3’; reverse: 5’-ATTCACACAGCAGACCACCA-3’),
TNFRSF8 (forward: 5’-AAACCGCTCAGATGTTTTGG-3’; reverse: 5’-
TGATGCAGAGACACCCACTC-3’), S100P (forward: 5’-
TCCTGCAGAGTGGAAAAGAC-3’; reverse: 5’-TAGGGGAATAATTGCCAACA-3’),
ATM (forward: 5’-ACTGCCAAGGACAAATGAGG-3’; reverse: 5’-
TGAGCAACTGAGTGGCAAAC-3’), and β-Actin (forward: 5’-
GGACTTCGAGCAAGAGATGG-3’; reverse: 5’-AGCACTGTGTTGGCGTACAG-3’).
PCR was carried out as follows: 1 cycle at 95°C for 2 min, 45 cycles at 95°C for 30 s and
58°C for 45 s, and the final extension of 1 cycle at 72°C for 30 s. PCR products were
electrophoresed on 2% agarose gel and visualized after ethidium bromide staining.

Statistical Analysis
To statistically verify the suppression of NNK- and B[a]P-induced carcinogenesis by GTC,
one-way analysis of variance (ANOVA) test was used to establish significant difference
among the various treatment groups at P < 0.01, followed by Duncan’s Multiple Range Test.
Statistical significance of all the other studies was analyzed by Student t test (P ≤ 0.05) and
α levels were adjusted by the Simes method [37].

RESULTS AND DISCUSSION
Determination of GTC Cytotoxicity

Considering the side-effects resulting from long-term use of anticancer agents in
intervention of cellular carcinogenesis, use of non-cytotoxic levels of dietary components
has to be adopted into strategies for cancer prevention. To determine the cytotoxicity of
GTC to non-cancerous breast epithelial cells, we investigated the biological effects of GTC
at various concentrations on viability, proliferation, and cell death of MCF10A cells. We
detected cytotoxic activity of GTC at 100 μg/mL, but not at 0.5, 2.5, 10, and 40 μg/mL, in
reducing cell viability (Figure 1A), inhibiting cell proliferation (1B), or inducing apoptotic
cell death (1C). Accordingly, GTC at 0.5, 2.5, 10, and 40 μg/mL was non-cytotoxic to
MCF10A cells.

GTC Suppression of NNK- and B[a]P-induced Carcinogenesis
In our chronic carcinogenesis model, cumulative exposures of MCF10A cells to pico-molar
NNK and B[a]P result in progressive acquisition of various cancer-associated properties [7–
9]. Using cancer-associated properties as target endpoints, we investigated the activity of
GTC in suppression of NNK- and B[a]P-induced cellular carcinogenesis. A lack of growth
factors causes normal cells to become growth-arrested in the cell cycle and to commit
apoptosis; however, aberrantly-increased cell survivability acquired to reduce dependence
on growth factors can lead cells to tumorigenic transformation [38–40]. Cell adhesion to
extracellular matrixes is important for cell survival in a multi-cell environment; aberrantly-
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increased cell survivability acquired to promote anchorage-independent growth can render
cells into tumorigenic transformation [41,42]. Cancerous cells acquire an increased mobility
compared with their normal counterpart cells [43]. MCF10A cells were exposed to NNK
combined with B[a]P in the presence of GTC at 0, 0.5, 2.5, 10, and 40 μg/mL for 10 cycles,
resulting in NB, NB/G-0.5, NB/G-2.5, NB/G-10, and NB/G-40 cell lines, respectively. We
detected that GTC at 2.5, 10, and 40 μg/mL significantly suppressed NNK- and B[a]P-
induced acquisition of the cancer-associated property of reduced dependence on growth
factors to approximately 20, 40, and 75%, respectively (Figure 2A-1), as well as anchorage-
independent growth to approximately 20, 50, and 80%, respectively (2B-1). Not only the
numbers but also sizes of cell colonies were suppressed by GTC (Figure 2A-2 and 2B-2).
Using the scratch/wound assay [35], we detected that NB cells acquired high mobility to
heal the wounded area in 24 h; in contrast, parental MCF10A cells did not heal the wounded
area; and NB/G-0.5, NB/G-2.5, NB/G-10, and NB/G-40 cells showed various abilities to
heal the wounded areas (Figure 2C-1). Thus, co-exposure to GTC significantly reduced
NNK- and B[a]P-induced acquisition of the cancer-associated property of increased cell
mobility in a dose-dependent manner (Figure 2C-2).

In addition, both acinar structures with a hollow lumen and apicobasally polarized cells are
important characteristics found in glandular epithelia in vivo; the disruption of an intact
glandular structure is a hallmark of epithelial cancer even at precancerous stages [44,45]. As
shown in our previous studies [7–9], parental MCF10A cells mainly formed regular, round
spheroids on Matrigel cultures, and NNK-and B[a]P-exposed cells formed both regular and
irregular spheroids. Counting the regular and irregular spheroids in these cultures verified
the ability of GTC at 2.5, 10, and 40 μg/mL to significantly suppress NNK- and B[a]P-
induced development of irregular spheroids to approximately 10, 45, and 65%, respectively
(Figure 2D-1). Histological examination revealed a hollow lumen and apicobasal
polarization in regular spheroids of MCF10A cells and GTC-protected, carcinogen-exposed
cells (NB/G-40) as well as the loss of apicobasal polarity and filling of the luminal space in
irregular spheroids of NNK- and B[a]P-exposed cells (NB) and NB/G-40 cells on Matrigel
(Figure 2D-2). These results indicated that GTC was able to protect MCF10A cells from
acquiring the cancer-associated property of acinar-conformational disruption induced by
NNK and B[a]P in a dose-dependent manner.

Analysis of all these results together indicated that GTC at 2.5, 10, and 40 μg/mL was
effective to significantly suppress NNK- and B[a]P-induced cellular carcinogenesis
quantitatively and qualitatively. Clinical and animal studies showed an achievable plasma
level of GTC at 4 μg/mL [46–49]. Therefore, GTC at 2.5 μg/mL can be bio-availably
achieved for dietary intervention and chemoprevention of breast cell carcinogenesis
associated with long-term exposure to environmental carcinogens.

MCF10A cells repeatedly treated with combined NNK and B[a]P each at 100 pmol/L for 10
cycles acquired various cancer-associated properties but did not acquire tumorigenicity to
develop any detectable xenograft tumors in immunodeficient nude mice (data not shown). It
has been shown that NNK is able to induce mammary tumors in rats [13], and it is
recognized that exposure to B[a]P contributes to sporadic breast cancer development [17–
20]. Although NNK and B[a]P are recognized as precancerous breast carcinogens in our
model, whether additional exposures to NNK and B[a]P may induce cellular tumorigenicity
remains to be determined. Thus, our model is able to detect precancerous carcinogenesis of
breast cells and identify preventive agents to intervene in precancerous breast cell
carcinogenesis for early prevention of breast cancer associated with long-term exposure to
low doses of environmental and tobacco carcinogens.
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GTC Suppression of Carcinogen-induced ROS, Cell Proliferation, the ERK Pathway, and
H2AX Phosphorylation

Short-term exposure of MCF10A cells to the B[a]P metabolites B[a]P-quinones at 10 μmol/
L induces ROS [50]. Short-term exposure of normal human bronchial epithelial cells to
NNK at 1–5 μmol/L induces cell proliferation [51]. It has been postulated that ROS
elevation and increased proliferation may promote cell susceptibility to DNA damage
induced by carcinogens, contributing to cellular carcinogenesis [52,53]. However, it is not
clear whether MCF10A cell carcinogenesis induced by cumulative exposures to NNK and
B[a]P at 100 pmol/L is contributed by ROS elevation, proliferation, and DNA damage
during each exposure. To address this question and to pursue the mechanisms for GTC in
counteracting the activity of NNK and B[a]P in initiation of cellular carcinogenesis, we
studied the activity of GTC in modulation of NNK- and B[a]P-induced ROS elevation, cell
proliferation, proliferation-associated signaling pathways, and DNA damage. As shown in
Figure 3, treatment with NNK and B[a]P for 24 h induced ROS elevation (A), cell
proliferation (B), activation of the ERK pathway (indexed by phosphorylation of Mek1/2
and Erk1/2) [54] (C), and DNA damage (indexed by phosphorylation of H2AX on
serine-139) [55] (C). Co-treatment with GTC at 2.5, 10, and 40 μg/mL resulted in a dose-
dependent reduction of these carcinogen-induced biological and biochemical outcomes.
Accordingly, suppression of carcinogen-induced ROS elevation, cell proliferation, ERK
activation, and DNA damage may account for the mechanism of GTC in intervention of
cellular carcinogenesis. However, the targets involved in ROS elevation, cell proliferation,
ERK activation, and DNA damage for GTC suppression of NNK- and B[a]P-initiated
carcinogenesis are to be identified.

GTC Intervention of Carcinogen-induced Gene Expression
To further our investigation of GTC activity in intervention of NNK- and B[a]P-initiated
carcinogenesis, we used cDNA microarrays to detect differentially regulated genes that were
changed in carcinogen-treated cells but whose changes were suppressed by GTC. Initially,
we identified genes whose expressions were changed in carcinogen-treated cells compared
to their counterpart expression levels in untreated cells. After normalization, more than
11,000 genes were detectably expressed in these cells. Filtering with the t test (P < 0.05)
revealed 479 differentially expressed genes in carcinogen-treated cells, more than 2-fold
over counterpart expression in untreated, counterpart cells. Subsequently, we identified
genes whose expressions were associated with ROS elevation, cell proliferation, the ERK
pathway activation, and DNA damage, but were not induced in GTC- and carcinogen-
treated cells. As listed in Table 1, we detected that three genes (BAX, COX17, and
MRPL41) associated with ROS elevation, four genes (B4GALT1, BARHL1, BOLA3, and
MT1E) associated with cell proliferation, two genes (S100P and SPRR1B) associated with
ERK pathway activation, and two genes (ATM and PER1) associated with DNA damage
were up-regulated in carcinogen-treated cells but their up-regulations were suppressed in
GTC- and carcinogen-treated cells; in addition, one gene (TNFRSF8) associated with
negative regulation of cell proliferation was down-regulated in carcinogen-treated cells but
not down-regulated in GTC- and carcinogen-treated cells. To further validate microarray
results with an independent method, we arbitrarily chose a gene from each category for
reverse transcription PCR semi-quantification to measure relative gene expression levels in
cells treated with carcinogens and/or GTC. As shown in Figure 4, gene expression of
COX17, S100P and ATM, which were associated with ROS elevation, ERK pathway
activation, and DNA damage, respectively, were increased by NNK and B[a]P treatment;
but NNK- and B[a]P-increased expression of these genes was significantly reduced by co-
treatment with GTC. In contrast, TNFRSF8 gene expression associated with cell
proliferation was reduced in cells treated with NNK and B[a]P and up-regulated in cultures
treated with GTC alone or GTC and carcinogens. The PCR results were consistent with
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microarray data. Accordingly, expression of these genes may be considered as a molecular
target endpoint for GTC intervention of NNK- and B[a]P-initiated cellular carcinogenesis.
However, their roles in carcinogen-induced ROS elevation, cell proliferation, ERK
activation, and DNA damage and GTC-induced suppression of carcinogenesis are to be
identified.

Our model presents unique features of chronic induction of breast cell carcinogenesis by
cumulative exposures to carcinogens, high sensitivity to detect low levels of carcinogens,
and measurable target endpoints. Applying this cellular model as a target will accelerate the
identification of dietary components for the formulation of combined supplements that can
effectively reduce the health risk of human cancers from long-term exposure to carcinogens
present in environmental pollution.
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Figure 1.
Determination of GTC cytotoxicity. MCF10A cells were treated with 0, 0.5, 2.5, 10, 40, and
100 μg/mL of GTC for 48 h. (A) Quantification of cell viability was determined with an
MTT assay kit, and relative cell viability was normalized by the value determined in
untreated counterpart cells, set as 100%. (B) Cell proliferation was determined; relative cell
growth rate was normalized by the value of BrdU detected in untreated cells, set as 100%.
(C) Apoptotic cell population (%) was measured by flow cytometry with an Annexin-V-
FITC Apoptosis Detection Kit. Columns, mean of triplicates; bars, SD. The Student t test
was used to compare the control with each of the treatments to analyze statistical
significance and P values adjusted for multiple comparisons using the Simes method,
indicated by ** P < 0.01. All results are representative of three independent experiments.
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Figure 2.
GTC suppression of cellular carcinogenesis. MCF10A cells were exposed to NNK
combined with B[a]P each at 100 pmol/L in the presence of GTC at 0, 0.5, 2.5, 10, and
40μg/mL for 10 cycles, resulting in NB, NB/G-0.5, NB/G-2.5, NB/G-10, and NB/G-40 cell
lines, respectively. (A-1 and A-2) To detect suppression effectivity of GTC on cellular
acquisition of reduced dependence on growth factors (RDGF), cells were then seeded and
maintained in LM medium for 10 d. Cell colonies (≥ 0.5 mm diameter) were stained and
counted. (B-1 and B-2) To detect suppression effectivity of GTC on cellular acquisition of
anchorage-independent growth (AIG), cells were seeded in soft-agar for 20 d. Colonies (≥
0.1 mm diameter) were counted. The percentage of suppression effectivity of GTC at
various concentrations on NB-induced RDGF (A-1) and AIG (B-1) were calculated by: {1
[(# of NB/G-induced cell colonies) (# of MCF10A cell colonies)] ÷ [(# of NB-induced cell
colonies) (# of MCF10A cell colonies)]} × 100. Columns, mean of triplicates; bars, SD. The
Student t test was used to compare the control with each treatment to analyze statistical
significance and P values adjusted for multiple comparisons using the Simes method,
indicated by * P < 0.05, ** P < 0.01, *** P < 0.001. (A-2 and B-2) colony numbers, average
colony size, and range of colony size were determined in A-1 and B-1, respectively. Mean
colony numbers in each treatment were analyzed by one-way ANOVA at P < 0.01 to
indicate significant difference in number of colonies in various treatments. To further
determine significant difference between individual treatments, a pairwise analysis of
variables was performed using the Duncan multiple range test. Significant differences at P <
0.01 between treatments are labeled with different superscript letters (a, b, c, d, and e);
treatments labeled with the same superscript letters indicate no significant difference. (C-1
and C-2) To detect suppression effectivity of GTC on cellular acquisition of increased cell
mobility, cells were seeded in CM medium and grown to confluence (a). A linear area of
cell layer was removed from each culture with a 23-gauge needle to produce wounded
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cultures, and the wounded areas were examined (×100 magnification) 6 h (b) and 24 h (c)
after wounding. Arrows indicate width of wounded areas. Results are representative of three
independent experiments. (C-2) To calculate the wound healing area, the area not healed by
the cells was subtracted from total area of initial wound to calculate the wound healing area
at time intervals of 6 h (white columns) and 24 h (hatched columns). (D-1 and D-2) To
detect suppression effectivity of GTC on cellular acquisition of acinar-conformation
disruption (ACD), cells were seeded on Matrigel for 12 d. Regular and irregular spheroids in
each Matrigel culture were counted; and then the percentage of irregular spheroids in each
culture was calculated. The value of the suppression effectivity of GTC on carcinogen-
induced formation of irregular spheroids was calculated by: {[(% of NB-induced irregular
spheroid population) (% of NB/G-induced irregular spheroid population)] ÷ [(% of NB-
induced irregular spheroid population) (% of irregular spheroid population in MCF10A
cultures)]} × 100 (%). Columns, mean of triplicates; bars, SD. The Student t test was used to
compare the control with each treatment to analyze statistical significance. P values were
adjusted for multiple comparisons using the Simes method, indicated by * P < 0.05, ** P <
0.01, *** P < 0.001. All results are representative of three independent experiments. (D-2)
Histological examination revealed acinar features of typical regular spheroids of MCF10A,
regular spheroids of NB/G-40, and irregular spheroids of NB and NB/G-40 cells on
Matrigel. Bars indicate 50 μm.
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Figure 3.
GTC suppression of carcinogen-induced ROS elevation, cell proliferation, the ERK
pathway, and phosphorylation of H2AX. MCF10A cells were treated with combined NNK
and B[a]P (NB) each at 100 pmol/L in the presence of 0, 0.5, 2.5, 10, and 40 μg/mL of GTC
for 24 h. (A) ROS levels were measured with CM-H2DCF-DA labeling; relative level of
ROS, as fold induction (X, arbitrary unit), was normalized by the level determined in
untreated counterpart cells, set as 1. (B) Cell proliferation was determined; relative cell
growth rate was normalized by the value of BrdU detected in untreated counterpart cells, set
as 1. Columns, mean of triplicates; bars, SD. The Student t test was used to compare the
control with each treatment to analyze statistical significance and P values adjusted for
multiple comparisons using the Simes method, indicated by * P < 0.05, ** P < 0.01, *** P <
0.001. (C) Cell lysates were prepared and analyzed by Western immunoblotting to detect
levels of phosphorylated Mek1/2 (p-Mek1/2), Mek1/2, p-Erk1/2, Erk1/2, p-H2AX, H2AX,
with β-Actin as a control. Levels of p-Mek1/2, Mek1/2, p-Erk1/2, Erk1/2, p-H2AX, H2AX,
and β-Actin were quantified by densitometry. Levels of specific phosphorylation of Mek1/2
(p-Mek1/2/Mek1/2), Erk1/2 (p-Erk1/2/Erk1/2), and H2AX (p-H2AX/H2AX) were
calculated by normalizing levels of p-Mek1/2, p-Erk1/2, and p-H2AX with levels of
Mek1/2, Erk1/2, and H2AX, respectively, and then further normalizing with β-Actin level
and the level set in untreated cells (lane1) as 1 (X, arbitrary unit). All results are
representative of three independent experiments.
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Figure 4.
GTC intervention of carcinogen-induced gene expression. MCF10A cells were treated with
combined NNK and B[a]P (NB) each at 100 pmol/L in the presence of 40 μg/mL of GTC
for 24 h. Total RNAs were isolated and analyzed by reverse transcription PCR with specific
primers to determine relative gene expression levels of COX17, S100P, ATM, and TNFRS8,
with β-Actin as a control. Total gene expression levels of COX17, S100P, ATM, TNFRS8,
and β-Actin were quantified by densitometry. Relative gene expression levels were
calculated by normalizing the levels of COX17, S100P, ATM, and TNFRS8 gene expression
with β-Actin level and the level set in untreated cells (lane1) as 1 (X, arbitrary unit). All
results are representative of three independent experiments.
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Table 1

Genes Up- and Down-regulated by NNK and B[a]P and Protected by GTC

Gene name Function
Changes induced by

NNK & B[a]P

Expression associated with ROS elevation

BAX (BCL2-associated X protein) Regulated by ROS via increasing promoter activity [56] ↑

COX17 (Cytochrome c oxidase assembly homolog-17) Regulate ROS elevation by increasing activity of
cytochrome coxidase [57]

↑

MRPL41 (Mitochondrial ribosomal protein L41) Induced by ROS to help stabilize p53 [58] ↑

Expression associated with cell proliferation

B4GALT1 (BetaGlcNAc beta 1,4-galactosyltransferase-1) Increase proliferation by enhancing estrogen expression
[59]

↑

BARHL1 (BarH-like homeobox-1) Induce migration and survival of neural cells [60] ↑

BOLA3 (BolA homolog-3) Increase proliferation by regulating cell cycle [61] ↑

MT1E (Metallothionein 1E) Induce proliferation and migration of bladder cancer
cells [62]

↑

TNFRSF8 (Tumor necrosis factor receptor superfamily-8) Decrease proliferation and increase apoptosis [63] ↓

Expression associated with ERK pathway activation

S100P (S100 calcium binding protein P) Regulate Erk phosphorylation in colon cancer cells [64] ↑

SPRR1B (Small proline-rich protein 1B) Regulated by ERK pathway in epithelial cells [65] ↑

Expression associated with DNA damage

ATM (Ataxia telangiectasia mutated) Induced by double strand DNA damage [55] ↑

PER1 (Period homolog-1) Induce DNA damage in human cancer cells [66] ↑

↑ up-regulation; ↓ down-regulation
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