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Long-term exposure to low doses of environmental carcinogens
contributes to sporadic human breast cancers. Epidemiologic and
experimental studies indicate that green tea catechins (GTCs)
may intervene with breast cancer development. We have been
developing a chronically induced breast cell carcinogenesis model
wherein we repeatedly expose non-cancerous, human breast epi-
thelial MCF10A cells to bioachievable picomolar concentrations
of environmental carcinogens, such as 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) and benzo[a]pyrene (B[a]P), to
progressively induce cellular acquisition of cancer-associated
properties, as measurable end points. The model is then used as
a target to identify non-cytotoxic preventive agents effective in
suppression of cellular carcinogenesis. Here, we demonstrate,
for the first time, a two-step strategy that initially used end points
that were transiently induced by short-term exposure to NNK and
B[a]P as targets to detect GTCs capable of blocking the acquisi-
tion of cancer-associated properties and subsequently used end
points constantly induced by long-term exposure to carcinogens
as targets to verify GTCs capable of suppressing carcinogenesis.
We detected that short-term exposure to NNK and B[a]P resulted
in elevation of reactive oxygen species (ROS), leading to Raf-
independent extracellular signal-regulated kinase (ERK) pathway
activation and subsequent induction of cell proliferation and DNA
damage. These GTCs, at non-cytotoxic levels, were able to sup-
press chronically induced cellular carcinogenesis by blocking
carcinogen-induced ROS elevation, ERK activation, cell prolifera-
tion and DNA damage in each exposure cycle. Our model may help
accelerate the identification of preventive agents to intervene in
carcinogenesis induced by long-term exposure to environmental
carcinogens, thereby safely and effectively reducing the health risk
of sporadic breast cancer.

Introduction

More than 70% of sporadic breast cancers are attributable to long-term
exposure to environmental factors, such as chemical carcinogens, etc.;
this multiyear, multistep and multipath disease process involves
cumulative genetic and epigenetic alterations to induce progressive
carcinogenesis of breast cells from non-cancerous to precancerous and
cancerous stages (1–4). Over 200 chemical mammary carcinogens
have been experimentally detected to acutely induce cancerous cells
in cultures and tumors in animals at high doses of micro- to millimolar
concentrations (1,3,5). A high-dose approach may serve as a proper

way to study occupational exposure; however, considering that
chronic exposure of human tissues to low doses of carcinogens is
responsible for most human cancers, a chronic low-dose approach
might be a more proper way to study the environmental exposure most
often responsible for human breast cancer development. A new ap-
proach is needed to reveal environmental mammary carcinogens, at
low and bioachievable levels, capable of inducing human breast cell
carcinogenesis.

We have been developing a model to mimic breast cell carcinogen-
esis occurring with accumulated exposures to low doses of environ-
mental carcinogens (6–9). We used the environmental carcinogens
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and benzo[a]-
pyrene (B[a]P) at picomolar concentrations, like those detected in
patients (10–13), to repeatedly treat immortalized, non-cancerous,
human breast epithelial MCF10A cells in culture to progressively
induce acquisition of cancer-associated properties (6–9). NNK is con-
sidered one of the most potent lung carcinogens in tobacco products
(14); although gastric administration of NNK into rats results in
DNA–adduct formation in the mammary gland and development of
mammary tumors (14–17), NNK is not currently recognized as
a breast carcinogen. B[a]P, a family member of polycyclic aromatic
hydrocarbons, is considered an environmental, dietary and tobacco
carcinogen, its metabolites forming strong DNA adducts and causing
DNA lesions and it is recognized as a mammary carcinogen in rodents
(3,4,12,13,18–21). Studies using human cell lines for genotoxicity tests
and studies of adduct formation reveal genotoxic activity of NNK and
B[a]P at concentrations as low as 25 mmol/l and 25 lmol/l, respec-
tively (22). Our cellular model reveals the ability of NNK and B[a]P, at
a bioachievable level of 100 pmol/l, to chronically and progressively
induce carcinogenesis of MCF10A cells (6–9). Hence, our model sys-
tem takes a new sensitive approach of validating low doses of envi-
ronmental mammary carcinogens in chronic induction of human breast
cell carcinogenesis.

It has been shown that a short-term exposure of MCF10A cells to
the B[a]P metabolites B[a]P-quinones at 10 lmol/l for 10 min induces
reactive oxygen species (ROS) elevation (23), and exposure of normal
human bronchial epithelial cells to NNK at 1–5 lmol/l for 24 h
induces cell proliferation (24). It has been postulated that ROS ele-
vation and cell proliferation increase cell susceptibility to DNA dam-
age induced by carcinogens, contributing to cellular carcinogenesis
(25,26). The oxidative DNA damage caused by ROS includes strand
breaks and nucleotide modifications, resulting in mutations and con-
tributing to cellular transformation (19). Activation of the extracellu-
lar signal-regulated kinase (ERK) pathway also contributes to cell
proliferation and phosphorylation of histone H2AX (27), the latter
of which (on serine 139) is widely used as an indicator for DNA
damage (28). In addition, B[a]P, at high doses ranging from 0.02 to
1 lmol/l, has been shown to induce cell proliferation and DNA dam-
age in breast adenocarcinoma MCF7 cells (29,30). However, it is not
clear whether picomolar levels of NNK and B[a]P are able to induce
ROS elevation and cell proliferation in breast cells with short-term
exposure, contributing to induction of carcinogenesis associated with
long-term exposure.

Epidemiologic and experimental studies have shown that various
dietary polyphenolic compounds, which are widely found in vegeta-
bles, fruits and tea, possess anticancer, antiproliferative, antioxidant
and apoptotic activities (1,31). The use of green tea to increase the
body’s antioxidant activity is becoming increasingly popular in the
Western world (32). A typical brewed green tea contains 30–45%
green tea catechins (GTCs), including epicatechin (EC), epicate-
chin-3-gallate (ECG), epigallocatechin (EGC) and epigallocatechin-
3-gallate (EGCG) (31). GTCs have been shown to be more effective
antioxidants than vitamins C and E (33), and their order of effectiveness
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as radical scavengers is ECG . EGCG . EGC . EC (24). Animal
studies show that GTCs are able to suppress rat mammary carcino-
genesis induced by 7,12-dimethylbenz[a]anthracene and N-methyl-N-
nitrosourea (34,35). Laboratory studies also have shown that GTCs
possess inhibitory and apoptotic activity in the growth of human
breast cancer cells in cultures (36,37). Epidemiological studies have
examined the benefits of tea consumption for breast cancer preven-
tion, and some evidence has indicated that green tea consumption may
help prevent breast cancer recurrence in early stage cancers; however,
the results are controversial (31,38,39). In addition, studies show that
EGCG and EGC exhibit higher toxicity than ECG and EC in inducing
cellular DNA damage (40,41). Therefore, additional studies are needed
to clarify the effectivity of individual GTCs, at non-cytotoxic levels,
used in protection of breast cells from carcinogenesis in order to safely
and effectively reduce the health risk of sporadic breast cancer.

Previously, we used our model system to detect the ability of a
dietary GTC extract containing 60% total catechins, at non-cytotoxic
concentrations (,40 lg/ml), to suppress chronically B[a]P-induced
carcinogenesis of breast epithelial cells (8). In this study, we used our
model system to pursue the mechanisms of NNK and B[a]P in in-
ducing breast cell carcinogenesis and identify targeted end points
transiently or constantly induced by short-term and long-term expo-
sure to both carcinogens, respectively. Then, we used NNK- and
B[a]P-induced end points as targets to identify preventive agents
capable of intervening in the cellular carcinogenesis. We identified
the essential role of ROS in modulating the ERK pathway leading
to cell proliferation and chromosomal DNA damage in NNK- and
B[a]P-induced breast cell carcinogenesis. We also revealed the pre-
ventive activity of individual EC, ECG, EGC and EGCG, at non-
cytotoxic levels, in suppression of NNK- and B[a]P-induced breast
cell carcinogenesis.

Materials and methods

Cell cultures, reagents and cellular carcinogenesis

Immortalized, non-cancerous human breast epithelial cell line MCF10A
[American Type Culture Collection (ATCC), Rockville, MD] and derived cell-
lines were maintained in complete MCF10A culture medium (1:1 mixture of
Dulbecco’s modified Eagle’s medium and HAM’s F12, supplemented with
100 ng/ml cholera enterotoxin, 10 lg/ml insulin, 0.5 lg/ml hydrocortisol,
20 ng/ml epidermal growth factor and 5% horse serum) (6–9). Human breast
adenocarcinoma MCF7 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal calf serum. All cultures
were maintained in medium supplemented with 100 U/ml penicillin and 100 lg/ml
streptomycin in 5% CO2 at 37�C. Stock solutions of NNK (Chemsyn, Lenexa,
KS), B[a]P (Aldrich, Milwaukee, WI), U0126 (Cell Signaling, Beverly, MA) and
chloromethyl-dichlorodihydro-fluorescein-diacetate (Invitrogen, Carlsbad, CA)
were prepared in dimethyl sulfoxide and diluted with culture medium for assays.
EC, ECG, EGC, EGCG (Sigma–Aldrich, St. Louis, MO) and N-acetyl-L-cysteine
(NAC) (Alexis, San Diego, CA) were prepared in distilled water and diluted with
culture media for assays.

Protocol for induction and suppression of cell carcinogenesis

To chronically induce cell carcinogenesis for intervention, 24 h after each
subculturing, cultures were exposed to combined NNK and B[a]P each at
100 pmol/l in the absence and presence of individual EC, ECG, EGC and
EGCG for 48 h as one cycle of exposure for 5–20 cycles; cultures were sub-
cultured every 3 days (3 days per cycle) (Figure 1A).

Assay for reduced dependence on growth factors

The low-mitogen (LM) medium contained reduced total serum and mitogenic
additives to 2% of the concentration formulated in CM medium. Cells (5 �
103) were seeded in 100-mm culture dishes and maintained in LM medium.
Growing cell colonies that reached 0.5 mm diameter in 10 days were stained
with Coomassie brilliant blue and identified as cell clones acquiring the cancer-
associated property of reduced dependence on growth factors.

Assay for anchorage-independent cell growth

The base layer consisted of 2% low-melting agarose (Sigma–Aldrich) in CM
medium. Then, soft agar consisting of 0.4% low-melting agarose in a mixture
(1:1) of CM medium with 3 day-conditioned medium prepared from MCF10A
cultures was mixed with 1 � 104 cells and plated on top of the base layer in
60-mm diameter culture dishes. Growing colonies that reached 0.1 mm

diameter by 20 days were identified as cell clones acquiring the cancer-
associated property of anchorage-independent growth.

Cell mobility-healing assay

Cells were seeded in six-well plates and grown to confluence in CM medium.
Cells were rinsed with phosphate-buffered saline (PBS) and starved for 15 h in
Dulbecco’s modified Eagle’s medium/Ham’s F12 media containing 2% serum
(42). The monolayer was then scratched with a 23 gauge needle (BD Sciences,
Franklin Lakes, NJ) 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 and 24 h after scratches to detect healing

Fig. 1. NNK- and B[a]P-induced cellular carcinogenesis. (A) MCF10A
cultures were repeatedly exposed to individual (N, B) or combined NNK and
B[a]P (NB) each at 100 pmol/l for 5, 10, 15, and 20 cycles. (B) To determine
cellular acquisition of the cancer-associated property of reduced dependence
on growth factors (RDGF), cells were maintained in LM medium for 10 days.
Cell colonies (�0.5 mm diameter) were counted. (C) To determine cellular
acquisition of the cancer-associated property of anchorage-independent
growth (AIG), cells were seeded in soft agar for 20 days. Cell colonies (�0.1
mm diameter) were counted. Relative degrees of the cancer-associated
properties of RDGF and AIG acquired by carcinogen-exposed cells were
determined by normalizing with the colony numbers of vehicle-treated
counterpart MCF10A cells, set as 1 (X, arbitrary unit), in each exposure
cycle. Columns, mean of triplicates; bars, SD. All results are representative
of at least three independent experiments. Mean colony numbers in each
treatment group were analyzed by one-way analysis of variance at P , 0.05
to indicate significant difference in number of colonies in various groups. To
further determine the significant difference between individual groups,
a pairwise analysis of variables was performed using the Duncan multiple
range test. Columns with different superscript letters (a, b, c, d, e, f and g)
indicate significant difference at P , 0.05 between groups; no significant
difference was seen between groups with the same superscript.
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of wounded areas. Wound healing area was calculated by using Total Lab
TL100 software (Total Lab, Newcastle, NE).

Cell viability assay

A methyl thiazolyl tetrazolium Assay Kit (ATCC) was used to measure cell
growth and viability in cultures. As described by the manufacturer, 3 � 104

cells were seeded into each well of 96-well culture plates for 24 h. After
treatments, cells were incubated with methyl thiazolyl tetrazolium reagent
for 4 h, followed by incubation with detergent reagent for 24 h. Quantification
of reduced methyl thiazolyl tetrazolium reagent in cultures was determined
with an enzyme-linked immunosorbent assay reader (Bio-Tek, Winooski, VT)
at 570 nm.

Cell proliferation assay

Cell proliferation was determined using the 5-bromo-2-deoxyuridine (BrdU)
cell proliferation ELISA Kit (Roche, Indianapolis, IN). Cells (5 � 104) were
seeded into each well of 96-well culture plates. After the indicated treatments,
the cells 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) at 370 nm.

Apoptotic cell death assay

An annexin-V-fluorescein isothiocyanate apoptosis detection kit with propidi-
um iodide (BD Sciences) was used to detect apoptotic cell death by flow
cytometry (43). In brief, cells were collected after trypsinization and washed
with PBS. Cells were then incubated with annexin-V-fluorescein isothiocya-
nate and propidium iodide in a binding buffer (10 mmol/l HEPES–KOH, pH
7.4, 150 mmol/l NaCl, 1.8 mmol/l CaCl2) for 20 min at ambient temperature in
the dark. 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 fluorescein isothiocyanate measurements, and at 488
and 645 nm for propidium iodide measurements, respectively. The percentage
of cells undergoing apoptotic death was determined using Multicycle software
(Phoenix, San Diego, CA).

Measurement of ROS

To measure intracellular ROS levels, cells were incubated with 5 lmol/l chloro-
methyl-dichlorodihydro-fluorescein-diacetate for 1 h (44). Cells were rinsed with
Caþþ- and Mgþþ-free PBS, trypsinized from cultures and resuspended in PBS for
analysis of ROS by flow cytometry, as described above, using a 15 mW air-cooled
argon laser to produce 488 nm light. Dichlorodihydrofluorescein fluorescence
emission was collected with a 529 nm band pass filter. The mean fluorescence
intensity of 2 � 104 cells was quantified using Multicycle software (Phoneix).

DNA damage assay

DNA damage was detected with a comet assay. Cells were trypsinized and
collected in PBS at a density of 2 � 104 cells/ml. Cell suspension was mixed
with an equal volume of 1% low-melting agarose (Fisher, Fair Lawn, NJ) and
placed on agarose-coated slides. Slides were then immersed in lysis solution
(1.2 M NaCl, 100 mM Na2EDTA, 1% Triton X-100 and 0.3 nM NaOH, pH 13)
at 25�C for 1 h. Slides were rinsed three times with alkaline buffer (2 mM
Na2EDTA and 300 mM NaOH) for 20 min each. After electrophoresis in the
same alkaline buffer at 20V for 30 min (45), slides were rinsed with distilled
water, stained with 2.5 lg/ml of propidium iodide for 20 min and examined
with a Zeiss fluorescence microscope (Thornwood, NY) equipped with an
excitation filter of 546 nm and barrier filter of 590 nm. Fifty nuclei per slide
were scored for tail moment as a parameter using CometScore software (Tritek).

Western immunoblotting

Cells were lysed in a 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); cell lysates were isolated from the supernatants
after centrifugation of crude lysates at 20 000g for 20 min (7,8). Protein con-
centration in cell lysates was measured using the BCA assay (Pierce, Rockford,
IL). Equal amounts of cellular proteins were resolved by electrophoresis in 10
or 14% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose filters for western immunoblotting as described pre-
viously (9). Antibodies specific to Erk1/2 and b-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies specific to phosphor-
ylated Erk1/2 (p-Erk1/2), phosphorylated H2AX (p-H2AX), H2AX, phosphor-
ylated Mek1/2 (p-Mek1/2) and Mek1/2 were purchased from Cell Signaling
Technology. Antigen–antibody complexes on filters were detected by the
Supersignal Chemiluminescence Kit (Pierce).

Statistical analysis

To statistically verify the cytotoxicity of EC, ECG, EGC and EGCG, the
Shapiro–Wilk test (46) was used to assess normality of cell viability, cell

proliferation and apoptosis. None of the variables showed evidence of lack
of normality (P . 0.05). Therefore, the Student’s t-test was used to compare
each of the catechins at each of the concentrations (10, 40 and 100 lg/ml) with
the control. Adjustments for multiple comparisons were performed using the
Simes method (47).

To statistically verify the suppression of NNK- and B[a]P-induced carcino-
genesis by individual catechins, a one-way analysis of variance test was used to
establish significant difference between various treatment groups; a P value of
�0.05 was considered significant. Then, a pairwise analysis of dependent
variables was performed with the Duncan multiple range test to verify the
significance of differences between groups.

Statistical significance of all the other studies was analyzed by the Student’s
t-test; a levels were adjusted by the Simes method (47). A P value of �0.05
was considered significant.

Results

NNK- and B[a]P-induced cellular carcinogenesis

Growth factors are required for normal cells to grow and survive, and
cell adhesion to extracellular matrixes is important for cell survival
in a multicell environment; aberrantly increased cell survivability
acquired to reduce dependence on growth factors and to promote
anchorage-independent growth can lead cells to tumorigenic trans-
formation (48,49). We used these two important cancer-associated
properties as long-term-targeted end points for measuring the ability
of NNK and B[a]P to induce carcinogenesis of human breast cells. As
shown in Figure 1A, we repeatedly exposed MCF10A cells, for 5, 10,
15 and 20 cycles, to individual or combined NNK and B[a]P each at
a bioachievable concentration of 100 pmol/l, which can be detected in
body fluids and tissues of cancer patients and tobacco users (11–13).
We detected that accumulated exposures to individual or combined
NNK and B[a]P resulted in increasing acquisition of the cancer-
associated properties of reduced dependence on growth factors
(Figure 1B) and anchorage-independent growth (Figure 1C) in an
exposure-dependent manner, particularly for 5 and 10 cycles. Al-
though accumulated exposures to carcinogens for 20 cycles resulted
in higher levels of acquired cancer-associated properties than 10 and
15 exposure cycles, the increased levels appeared to be modest. NNK
and B[a]P exhibited comparable abilities to progressively induce
breast cell carcinogenesis, and the combination of NNK and B[a]P
additively increased degrees of acquired cancer-associated properties.
Because cumulative exposures to combined NNK and B[a]P for
10 cycles efficiently and additively induced cellular carcinogenesis
versus individual carcinogens, we combined carcinogens each at
100 pmol/l in our extended studies.

Short-term-targeted end points: ROS elevation, the ERK pathway, cell
proliferation and DNA damage transiently induced by short-term
exposure to NNK and B[a]P

To pursue the mechanisms of NNK and B[a]P in inducing breast cell
carcinogenesis, we studied the activity of combined NNK and B[a]P
each at 100 pmol/l to induce ROS elevation, cell proliferation, DNA
damage and the cell proliferation-related ERK pathway in each short-
term exposure. As shown in Figure 2A, combined NNK and B[a]P at
100 pmol/l induced ROS elevation and cell proliferation. A transient
elevation of ROS after NNK and B[a]P treatment was followed by
a transient induction of the ERK pathway indexed by phosphorylation
of Erk1/2 (Figure 2B); carcinogen-induced ROS reached its maximal
level by 16 h, but Erk1/2 phosphorylation did not reach its maximal
level until 24 h. ROS elevation appeared to be induced prior to acti-
vation of the ERK pathway during short-term exposure to NNK and
B[a]P. To address whether ROS elevation cross-talked with the ERK
pathway, we used the antioxidant NAC (28) to block ROS and the
Mek1/2 inhibitor U0126 to block the ERK pathway (50). We detected
that NAC treatment significantly reduced NNK- and B[a]P-induced
ROS elevation, cell proliferation and phosphorylation of Mek1/2
and Erk1/2 (Figure 2C). However, blockage of the ERK pathway
did not affect NNK- and B[a]P-induced ROS elevation but reduced
cell proliferation (Figure 2D). These results indicate that NNK- and
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B[a]P-induced ROS elevation played a role in modulating the ERK
pathway for cell proliferation.

To investigate whether NNK- and B[a]P-induced ROS and the ERK
pathway were involved in DNA damage, we used a comet assay (51)
to detect the extent of nuclear DNA damage by quantifying the DNA
damage-produced comet tail moment in agarose gel electrophoresis.
We detected that exposure of cells to NNK and B[a]P induced signif-
icant DNA damage and H2AX phosphorylation, and blockage of ROS
elevation or the ERK pathway reduced carcinogen-induced DNA
damage and H2AX phosphorylation (Figure 2E), indicating that
ROS elevation and ERK pathway activation led to DNA damage
during cell exposure to NNK and B[a]P. Thus, cell proliferation,
ROS elevation, ERK pathway activation and DNA damage should

be considered as short-term biological-, biochemical- and molecular-
targeted end points for measuring the activity of NNK and B[a]P in
inducing cellular carcinogenesis.

Cytotoxicity of EC, ECG, EGC and EGCG

Studies showed that EGCG and EGC are more toxic than ECG and EC
in inducing cellular DNA damage (40,41). Whether the cytotoxicity
of EC, ECG, EGC and EGCG contributes to their preventive activity
in intervention of cellular carcinogenesis needs to be clarified. To
determine the cytotoxicity of individual GTCs to breast cells, we in-
vestigated the effects of EC, ECG, EGC and EGCG at various con-
centrations on viability, proliferation and apoptotic death of MCF10A
cells. As shown in Figure 3, we detected that none of these catechins

Fig. 2. Short-term-targeted end points: ROS elevation, the ERK pathway, cell proliferation and DNA damage transiently induced by short-term exposure to NNK
and B[a]P. (A) MCF10A cells were exposed to combined NNK and B[a]P (NB) each at 100 pmol/l for 24 h. (B) MCF10A cells were exposed to NB for 0, 4, 8, 16,
24 and 48 h. (C, D and E) MCF10A cells were exposed to NB in the presence or absence of 5 mmol/l NAC or 10 lmol/l U0126 (U0) for 24 h. (A–D) ROS levels
were measured with chloromethyl-dichlorodihydro-fluorescein-diacetate labeling; relative level of ROS as fold induction was normalized by the level determined
in untreated counterpart cells, set as 1 (X, arbitrary unit). (A, C and D) Cell proliferation was determined; relative cell growth rate was normalized by the value of
BrdU detected in untreated counterpart cells, set as 1 (X, arbitrary unit). (B–E) 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 and H2AX, with b-actin as a control, and these levels were quantified by densitometry.
The levels of specific phosphorylation of Mek1/2 (p-Mek), Erk1/2 (p-Erk) and H2AX (p-H2AX) were calculated by normalizing the levels of p-Mek1/2, p-Erk1/2
and p-H2AX with the levels of Mek1/2, Erk1/2 and H2AX, respectively, and then further normalizing with the b-actin level and the level set in untreated cells
(lane1) as 1 (X, arbitrary unit). (E) DNA damage was measured by a comet assay in 50 cells per treatment; relative DNA damage was normalized by the value
determined in untreated counterpart cells, set as 1 (X, arbitrary unit). Representative images of cells treated in the comet assay are shown. Columns, mean of
triplicates; bars, SD. All results are representative of at least three independent experiments. The Student’s t-test was used to analyze statistical significance,
indicated by �P , 0.05, ��P , 0.01, ���P , 0.001; a levels were adjusted by the Simes method.
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at 10 lg/ml showed any detectable effects on reducing cell viability
(Figure 3A), inhibiting cell proliferation (Figure 3B) or inducing
apoptosis (Figure 3C). EC at 40 lg/ml also failed to induce any de-
tectable cytotoxic effects on MCF10A cells, but EC at 100 lg/ml
induced a modest inhibition of cell proliferation and modest apopto-
sis. ECG, EGC and EGCG at 40 and 100 lg/ml induced reduction of
cell viability (Figure 3A), inhibition of cell proliferation (Figure 3B)
and apoptosis (Figure 3C), in a dose-dependent manner. Analysis of
these data indicated distinct cytotoxicities of these catechins to
MCF10A cells: EC , ECG , EGC , EGCG. At 10 lg/ml, these
catechins were non-cytotoxic to MCF10A cells.

Catechin suppression of NNK- and B[a]P-induced short-term-
targeted end points in MCF10A cells

To detect whether individual catechins EC, ECG, EGC and EGCG were
able to counteract against NNK and B[a]P, we studied the activity of
these catechins to block NNK- and B[a]P-increased short-term-targeted
end points. We exposed MCF10A cells to NNK and B[a]P in the
presence and absence of individual catechins at 10 lg/ml for 24 h.
As shown in Figure 4, cotreatment with EC, ECG, EGC and EGCG
reduced the NNK- and B[a]P-induced ROS elevation (Figure 4A),
Erk1/2 phosphorylation (Figure 4B), cell proliferation (Figure 4C)
and DNA damage (Figure 4D) as well as H2AX phosphorylation
(Figure 4E). Apparently, these catechins, at non-cytotoxic concentra-
tions, were able to suppress ROS elevation, the ERK pathway, cell
proliferation and DNA damage in non-cancerous breast MCF10A cells.
ECG appeared to be more effective than other catechins in reducing
these NNK- and B[a]P-induced short-term biological, biochemical and
molecular-targeted end points.

Catechin suppression of NNK- and B[a]P-induced short-term-
targeted end points in MCF7 cells

To investigate whether catechin suppression of the NNK- and B[a]P-
induced short-term-targeted end points of ROS elevation, ERK pathway

activation, cell proliferation and DNA damage was or was not limited to
MCF10A cells, we treated human breast cancer MCF7 cells to NNK
and B[a]P in the absence and presence of individual catechins for 24 h.
We detected that cotreatment with EC, ECG, EGC and EGCG reduced
the NNK- and B[a]P-induced ROS elevation (Figure 5A), ERK1/2
phosphorylation (Figure 5B), cell proliferation (Figure 5C) and
H2AX phosphorylation (Figure 5D). These results indicated that expo-
sure to NNK and B[a]P also induced short-term-targeted end points in
breast cancer cells. Catechins, at non-cytotoxic levels, were also able to
suppress NNK- and B[a]P-induced short-term-targeted end points in
cancer MCF7 cells; ECG appeared to be more effective than other
catechins. The results indicate that the ability of NNK and B[a]P to
induce short-term-targeted end points and the activity of catechin in
suppression of the NNK- and B[a]P-induced short-term-targeted end
points were not limited to MCF10A cells.

Catechin suppression of chronically NNK- and B[a]P-induced
carcinogenesis

To investigate the preventive activity of individual catechins in in-
tervention of breast cell carcinogenesis chronically induced by cumu-
lative exposures to NNK and B[a]P, we repeatedly exposed MCF10A
cells to NNK and B[a]P in the absence and presence of individual EC,
ECG, EGC and EGCG at 10 lg/ml for 10 cycles, resulting in the NB,
NB/EC, NB/ECG, NB/EGC and NB/EGCG cell lines, respectively. In
addition to the cancer-associated properties of reduced dependence on
growth factors and anchorage-independent growth, we also investi-
gated the cancer-associated property of increased cell mobility (52) as
the third long-term-targeted end point to measure carcinogen-induced
and catechin-suppressed cellular carcinogenesis. We detected that EC,
ECG, EGC and EGCG effectively suppressed NNK- and B[a]P-in-
duced cellular acquisition of reduced dependence on growth factors
(Figure 6A) as well as anchorage-independent growth (Figure 6B).
Not only the numbers but also sizes of colonies were suppressed by
catechins (Figure 6A and B, tables). The results also revealed that

Fig. 3. Cytotoxicity of EC, ECG, EGC and EGCG. MCF10A cells were treated with 0, 10, 40 and 100 lg/ml of EC, ECG, EGC and EGCG individually for 48 h.
(A) Quantification of cell viability was determined with an MTT (methyl thiazolyl tetrazolium) 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. All results are representative of at least three independent experiments. The Student’s t-test was used to analyze statistical
significance, indicated by �P , 0.05, ��P , 0.01, ���P , 0.001; a levels were adjusted by the Simes method.
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ECG exhibited higher activity than other catechins in suppression
of carcinogen-induced cellular acquisition of these two cancer-
associated properties. Using the scratch/wound assay (42), we de-
tected that NB cells acquired higher mobility than parental MCF10A
cells to heal the wounded areas, and NB/EC and NB/EGCG cells
exhibited higher mobility than NB/ECG and NB/EGC cells to heal
the wounded areas (Figure 6C). Analysis of healing rates revealed that
NB/ECG cells exhibited a lower mobility than NB, NB/EGC, NB/EC
and NB/EGCG cells (Figure 6D), indicating that ECG possessed high-
er activity than other catechins in suppression of carcinogen-induced
cellular acquisition of increased mobility. The high effectivity of ECG
in suppressing cellular carcinogenesis was correlated with its activity
in blocking ROS elevation and ERK pathway activation, which were
transiently induced by short-term exposure to NNK and B[a]P.

To validate the contributing roles of ROS elevation and the ERK
pathway in cellular carcinogenesis induced by cumulative exposures
to NNK and B[a]P, we repeatedly exposed MCF10A cells to NNK and
B[a]P in the presence of NAC to block ROS or U0126 to block the
ERK pathway for 10 cycles. We detected that blockage of ROS ele-
vation or ERK pathway activation during each cycle of exposure
resulted in significant suppression of NNK- and B[a]P-induced cellu-
lar acquisition of reduced dependence on growth factors and anchor-
age-independent growth (Figure 6E), verifying the contributing roles
of ROS elevation and ERK pathway activation in NNK- and B[a]P-
induced cellular carcinogenesis.

Discussion

Our model system addresses breast cell carcinogenesis induced by
chronic exposure to carcinogens at bioachievable levels and identifies
preventive agents, at non-cytotoxic levels, capable of suppressing
chronically induced breast cell carcinogenesis. We demonstrated,
for the first time, a two-step strategy. The first step initially uses
short-term biological-, biochemical- and molecular-targeted carcino-
genic end points transiently induced by short-term exposure to carci-
nogens for detecting preventive agents capable of blocking cellular
carcinogenesis. The second step subsequently uses long-term biolog-
ical, biochemical and molecular targeted carcinogenic end points
induced by chronic exposure to carcinogens to verify preventive
agents effective in suppression of cellular carcinogenesis.

Our studies revealed that cumulative exposures to NNK and/or
B[a]P at a bioachievable concentration of 100 pmol/l resulted in pro-
gression of human breast cells to increasingly acquire cancer-associ-
ated properties in an exposure-dependent manner, without acquiring
tumorigenicity. Although cellular acquisition of tumorigenicity is re-
garded as the gold standard for validating cell malignancy, many
human cancer cells are not tumorigenic, such as MDA-MB-453
(53) and urinary bladder cancer J82 cells (54). Previously, we showed
that cumulative exposures of MCF10A cells to NNK and B[a]P at

Fig. 4. Catechin suppression of NNK- and B[a]P-induced short-term-
targeted end points in MCF10A cells. MCF10A cells were exposed to
combined NNK and B[a]P (NB) each at 100 pmol/l in the absence or

presence of 10 lg/ml of EC, ECG, EGC and EGCG for 24 h. (A) ROS levels
were measured with chloromethyl-dichlorodihydro-fluorescein-diacetate
labeling; relative level of ROS as fold induction was normalized by the level
determined in untreated counterpart cells, set as 1 (X, arbitrary unit). (B and E)
Cell lysates were prepared and analyzed by western immunoblotting to detect
levels of p-Erk1/2, Erk1/2, p-H2AX and H2AX, with b-actin as a control, and
these levels were quantified by densitometry. The levels of specific
phosphorylation of Erk1/2 (p-Erk) and H2AX (p-H2AX) were calculated by
normalizing the levels of p-Erk1/2 and p-H2AX with the levels of Erk1/2 and
H2AX, respectively, and then further normalizing with b-actin level and the
level set in untreated cells (lane1) as 1 (X, arbitrary unit). (C) Cell proliferation
was determined; relative cell growth rate was normalized by the value of BrdU
detected in untreated counterpart cells, set as 1 (X, arbitrary unit). (D) DNA
damage was measured by comet assay; relative DNA damage was normalized
by the value determined in untreated counterpart cells, set as 1 (X, arbitrary
unit). Columns, mean of triplicates; bars, SD. All results are representative of
at least three independent experiments. The Student’s t-test was used to analyze
statistical significance, indicated by ��P , 0.01, ���P , 0.001; a levels were
adjusted by the Simes method.
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100 pmol/l for 20 cycles induce the cancer-associated property of
acinar-conformational description with irregular spheroids developed
on Matrigel (9). Acinar structures with a hollow lumen and apicoba-
sally 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 its earliest premalignant
stages, such as ductal carcinoma-in-situ (55–57). Clinically, breast
cells involved in ductal carcinoma-in-situ are not malignant and have
not acquired the ability to invade adjacent tissues through the ductal or
lobular wall but often premalignant cells can either develop into ma-
lignant cells or increase the risk of becoming malignant (4,58,59).
Thus, in addition to tumorigenicity, using various cancer-associated
properties as measurable targeted end points should be seriously con-
sidered in studying cellular carcinogenesis and intervention of cellular
carcinogenesis.

Short-term exposure to NNK and B[a]P at 100 pmol/l induced
transient ROS elevation leading to ERK pathway activation, cell pro-
liferation and chromosomal DNA damage. However, these short-term
targeted end points were transient; they were not permanent in cells
acquiring cancer-associated properties induced by cumulative expo-
sures to NNK and B[a]P. In our previous studies, we detected that the
ERK pathway is downregulated in two individual cell clones isolated
from cultures after long-term exposure to NNK (6), and cell prolifer-
ation is not increased in cultures after long-term exposure to NNK
and/or B[a]P (7–9). Aiming at these transiently induced short-term
targeted end points, we detected GTCs EC, ECG, EGC and EGCG, at
a non-cytotoxic concentration of 10 lg/ml, were capable of blocking
NNK- and B[a]P-induced ROS elevation, ERK pathway activation,
cell proliferation and DNA damage to various extents in not only non-
cancerous MCF10A but also in adenocarcinoma MCF7 cells. Com-
paring these catechins at 10 lg/ml revealed that ECG (22.6 lmol/l)
was more effective than EC (34.5 lmol/l), EGC (32.7 lmol/l) and
EGCG (21.8 lmol/l) to block these short-term-targeted carcinogenic
end points. Interestingly, ECG was also more effective than EC, EGC
and EGCG in suppression of cellular carcinogenesis, measured by
degrees of acquired cancer-associated properties in long-term-tar-
geted carcinogenic end points, permanently induced by cumulative
exposures to NNK and B[a]P; however, whether the activity of in-
dividual catechins may vary in suppression of cellular carcinogenesis
induced by other carcinogens remains to be addressed. In addition,
ECG was less cytotoxic to MCF10A cells than EGCG and EGC.
Studies of the hepatotoxicity of GTCs in rats showed that EGCG is
the most toxic of all four catechins, for example, the LD50 for EGCG
(200 lM) was 10 times lower than that for ECG (2000 lM), indicating
that ECG is much less toxic than EGCG (60). Thus, the cytotoxicity-
independent ability of these catechins to block NNK- and B[a]P-in-
duced, ROS elevation, ERK pathway activation, cell proliferation and
DNA damage in each short-term exposure accounted for their effec-
tiveness in suppression of breast cell carcinogenesis induced by long-
term accumulated exposures to NNK and B[a]P. In addition, in our
previous studies, we detected that the NNK- and B[a]P-bioactivating
cytochrome P-450 enzymes CYP1A1 and CYP1B1 are elevated in
cells exposed to NNK and B[a]P, and grape seed proanthocyanidin
extract is able to reduce these activating enzymes (9). However, we
did not detect any activity of GTCs in suppressing NNK- and B[a]P-
induced CYP1A1 or CYP1B1 (data not shown).

NNK- and B[a]P-induced ROS elevation played a key role in the
activation of the ERK pathway, leading to cell proliferation and
DNA damage. Studies have shown that ROS is able to induce the
ERK pathway via activation of membrane-associated growth factor
receptors or via Raf-independent Mek1/2 activation (61, 62). In our
studies, exposure of MCF10A cells to NNK and B[a]P did not induce
any detectable upregulation of Ras or Raf, both of which are up-
stream from Mek1/2 and Erk1/2 (data not shown). Thus, NNK- and
B[a]P-elevated ROS induced the ERK pathway in a Raf-independent
manner. However, how ROS was induced by NNK and B[a]P
in MCF10A and MCF7 cells, and how ROS was able to induce
Raf-independent activation of Mek1/2 and Erk1/2 remains to be
determined.

Fig. 5. Catechin suppression of NNK- and B[a]P-induced short-term-
targeted end points in MCF7 cells. MCF7 cells were exposed to combined
NNK and B[a]P (NB) each at 100 pmol/l in the absence or presence of 10 lg/
ml of EC, ECG, EGC and EGCG for 24 h. (A) ROS levels were measured
with chloromethyl-dichlorodihydro-fluorescein-diacetate labeling; relative
level of ROS as fold induction was normalized by the level determined in
untreated counterpart cells, set as 1 (X, arbitrary unit). (B and D) Cell lysates
were prepared and analyzed by western immunoblotting to detect levels of
phosphorylated Erk1/2 (p-Erk1/2), Erk1/2, p-H2AX and H2AX, with b-actin
as a control, and these levels were quantified by densitometry. The levels of
specific phosphorylation Erk1/2 (p-Erk) and H2AX (p-H2AX) were
calculated by normalizing the levels of p-Erk1/2 and p-H2AX with the levels
of Erk1/2 and H2AX, respectively, and then further normalizing with b-actin
level and the level set in untreated cells (lane 1) as 1 (X, arbitrary unit).
(C) Cell proliferation was determined; relative cell growth rate was
normalized by the value of BrdU detected in untreated counterpart cells, set
as 1 (X, arbitrary unit). Columns, mean of triplicates; bars, SD. All results are
representative of at least three independent experiments. The Student’s t-test
was used to analyze statistical significance, indicated by ��P , 0.01,
���P , 0.001; a levels were adjusted by the Simes method.
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Fig. 6. Catechin suppression of chronically NNK- and B[a]P-induced carcinogenesis. (A–D) MCF10A cultures were repeatedly exposed to combined NNK and
B[a]P (NB) each at 100 pmol/l in the presence of 10 lg/ml of EC, ECG, EGC and EGCG (NB/catechin) for 10 cycles. (E) MCF10A cultures were repeatedly
exposed to NB in the presence of 5 mmol/l NAC or 10 lmol/l U0126 (U0) for 10 cycles. (A and E) To detect effectivity of individual catechins, NAC and U0 on
suppression of cellular acquisition of reduced dependence on growth factors (RDGF), 5 � 103 cells were seeded and maintained in LM medium for 10 days. (B and
E) To detect effectivity of individual catechins, NAC or U0 on suppression of cellular acquisition of anchorage-independent growth (AIG), 1 � 104 cells were
seeded in soft agar for 20 days. The value of the suppression effectivity of individual catechins on NB-induced RDGF (A and E) and AIG (B and E) was calculated
by: {1 � [(# of NB/catechin-induced cell colonies) � (# of MCF10A cell colonies)] / [(# of NB-induced cell colonies) � (# of MCF10A cell colonies)]} �
100 (%). The Student’s t-test was used to analyze statistical significance, indicated by ���P , 0.001; a levels were adjusted by the Simes method. Tables show
colony numbers, average colony size and range of colony size. Mean colony numbers in each treatment group were analyzed by one-way analysis of variance at
P , 0.001 to indicate significant difference in number of colonies in various groups. To further determine the significant difference between individual groups,
a pairwise analysis of variables was performed using the Duncan multiple range test. Means with different superscript letters (a, b, c, d and e) indicate significant
difference at P , 0.001 between groups; no significant difference was seen between groups with the same superscript. (C) To detect effectivity of individual
catechins in suppressing carcinogen-induced cellular acquisition of increased 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 cultures, and the wounded areas were examined (�100 magnification)
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Prevention of human breast cell carcinogenesis associated with
chronic exposure to low doses of environmental carcinogens is an un-
der-investigated area. Our model system presents unique features of
mimicking chronically induced carcinogenesis of human breast cells to
increasingly acquire cancer-associated properties induced by chronic
cumulative exposures to carcinogens at low concentrations in the pico-
molar range, as in environmental exposure. In contrast, many cell sys-
tems have been developed to study the activity of carcinogens at high
concentrations in the micromolar range, as in occupational exposure, in
acute induction of cellular carcinogenesis (2–5,18–21). Using our cel-
lular model as a target system, we are able to verify the preventive
activity of individual GTCs at non-cytotoxic levels in suppression of
chronic cellular carcinogenesis and identify the mechanisms for cate-
chins in counteracting the biological, biochemical and molecular ef-
fects of NNK and B[a]P. Use of non-cytotoxic catechin components
should be seriously considered in prevention of cellular carcinogenesis
induced by chronic exposure to environmental carcinogens. Using our
model system will conceivably accelerate the identification of addi-
tional preventive agents that are effective in reducing the health risk
of sporadic breast cancer associated with chronic exposure to carcino-
gens present in environmental pollution.
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