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Abstract
Breast cancer is the most common type of cancer among women in northern America and northern
Europe; dietary prevention is a cost-efficient strategy to reduce the risk of this disease. To identify
dietary components for the prevention of human breast cancer associated with long-term exposure
to environmental carcinogens, we studied the activity of grape seed proanthocyanidin extract
(GSPE) in suppression of cellular carcinogenesis induced by repeated exposures to low doses of
environmental carcinogens. We used combined carcinogens 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) and benzo[a]pyrene (B[a]P), at picomolar concentrations, to
repeatedly treat noncancerous, human breast epithelial MCF10A cells to induce cellular
acquisition of cancer-related properties of reduced dependence on growth factors, anchorage-
independent growth, and acinar-conformational disruption. Using these properties as biological
target endpoints, we verified the ability of GSPE to suppress combined NNK- and B[a]P-induced
precancerous cellular carcinogenesis and identified the minimal, noncytotoxic concentration of
GSPE required for suppressing precancerous cellular carcinogenesis. We also identified that
hydroxysteroid-11-beta-dehydrogenase 2 (HSD11B2) may play a role in NNK- and B[a]P-induced
precancerous cellular carcinogenesis, and its expression may act as a molecular target endpoint in
GSPE's suppression of precancerous cellular carcinogenesis. And, the ability of GSPE to reduce
gene expression of cytochrome-P450 enzymes CYP1A1 and CYP1B1, which can bioactivate
NNK and B[a]P, possibly contributes to the preventive mechanism for GSPE in suppression of
precancerous cellular carcinogenesis. Our model system with biological and molecular target
endpoints verified the value of GSPE for the prevention of human breast cell carcinogenesis
induced by repeated exposures to low doses of multiple environmental carcinogens.
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INTRODUCTION
Epidemiologic and experimental evidence suggests that dietary polyphenolic compounds,
which are widely found in vegetables, fruits, and tea, possess anticancer, antiproliferative,
apoptotic, and other activities that inhibit bioactivating enzymes and induce detoxifying
enzymes [1]. Within the superfamily of polyphenolic compounds are proanthocyanidins,
which are enriched in grape seeds and are oligomers and polymers of the catechin family
[2]. Grape seed proanthocyanidin extract (GSPE) has been shown to exhibit antioxidant and
anticancer activities in both in vitro and in vivo models [3–6]; for example, it shows some
diet-dependent, chemo-preventive activity in a rat model with mammary cancer induced by
7,12-dimethylbenz[a]anthracene (DMBA) [6]. Whether dietary GSPE is able to prevent the
breast cell carcinogenesis associated with chronic exposures to environmental carcinogens is
not clear.

Growing evidence indicates that exposure to environmental carcinogens may increase the
risk of sporadic human breast cancer [7–11]. Carcinogenesis of human breast cells to
become precancerous and cancerous is a multiyear, multistep, and multipath process with
progressive genetic and epigenetic alterations [7]. Ductal carcinoma in situ (DCIS)
formation predicts the substantial likelihood of developing breast cancer, and breast cells
involved in DCIS are precancerous [12,13]. Thus, it is important to understand the nature of
long-term, accumulative exposure to environmental carcinogens in the development of
DCIS, which can be used as a target endpoint for early, precancerous prevention of human
breast cell carcinogenesis.

We have tested a cellular model that is able to reveal the potency of an environmental
carcinogen to induce chronic carcinogenesis of breast cells to progressively acquire
identifiable cancer-related properties, mimicking long-term exposure of breast cells to low
doses of an environmental carcinogen [14–16]. In the studies, repeated exposure of
immortalized, noncancerous, human breast epithelial MCF10A cells to benzo[a]pyrene
(B[a]P) or 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) at picomolar
concentrations, which can be detected in body fluids and tissues of cancer patients and
tobacco users [17–19], results in induction of increasing acquisition of cancer-related
cellular properties [15,16]. B[a]P, a family member of poly-cyclic aromatic hydrocarbons, is
considered an environmental, tobacco, and dietary carcinogen [7,9,11,20,21], and it is
identified as a mammary carcinogen in rodents [9,22]. B[a]P may contribute to human breast
cancer development by its metabolites forming strong DNA adducts, causing DNA lesions
[9,11,20]. However, B[a]P-derived DNA adducts alone are insufficient for inducing human
breast cancer [7,20,23]. Our model verified the ability of B[a]P at 100 pM to chronically
induce MCF10A cells to progressively acquire cancer-related properties of reduced
dependence on growth factors, anchorage-independent growth, and acinar-conformational
disruption, but not tumorigenicity [15]. NNK is regarded as an environmental and tobacco-
specific carcinogen that causes lung cancer; however, gavage of rodents with NNK also
results in the formation of DNA adducts in the mammary gland [24]. Using our model, we
revealed that accumulated exposures of MCF10A cells to NNK at 100 pM are also able to
induce cancer-related properties of reduced dependence on growth factors, anchorage-
independent growth, and acinar-conformational disruption, but not tumorigenicity [16].
Possibly, NNK is able to act as a “precancerous mammary carcinogen” in the development
of human breast cancer through long-term, accumulated exposure of breast cells to NNK.
Our model reveals the ability of a carcinogen to induce cellular acquisition of cancer-related
properties, which can be used as biological target endpoints for identifying bioactive
components to suppress cellular carcinogenesis for early prevention of human breast cancer
associated with long-term exposure to environmental carcinogens.
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Using carcinogenesis-associated acquisition of cancer-related properties as biological target
endpoints, we revealed the ability of GSPE at a maximal, noncytotoxic concentration to
suppress precancerous carcinogenesis induced by a single carcinogen NNK in MCF10A
cells [16]. In this report, we furthered our investigation to reveal the minimal, noncytotoxic
concentration of GSPE required for suppressing chronic, precancerous cellular carcino-
genesis induced by combined NNK and B[a]P. We also investigated molecular target
endpoints and potential mechanism for GSPE in suppression of cellular carcinogenesis. We
found that hydroxysteroid-11-beta-dehydrogenase 2 (HSD11B2) may play a role in NNK-
and B[a]P-induced cellular acquisition of cancer-related properties and may act as a
molecular target endpoint for GSPE in suppression of cellular carcinogenesis. The
noncytotoxic, preventive mechanism for GSPE in suppression of NNK- and B[a]P-induced
cellular carcinogenesis may involve reduction of bioactivating enzymes cytochrome-P450
1A1 (CYP1A1) and 1B1 (CYP1B1) contents.

MATERIALS AND METHODS
Cell Cultures, Reagents, and Cellular Carcinogenesis

MCF10A (American Type Culture Collection [ATCC], Rockville, MD) and derived cell
lines were maintained in complete MCF10A (CM) medium (1:1 mixture of DMEM and
HAM's F12, supplemented with mitogenic additives including 100 ng/mL cholera
enterotoxin, 10 mg/mL insulin, 0.5 mg/mL hydro-cortisol, 20 ng/mL epidermal growth
factor, and 5% horse serum) [14–16,25]. Human breast adenocarcinoma MCF7 cells were
maintained in DMEM supplemented with 10% heat-inactivated fetal bovine serum. All
cultures were maintained in medium supplemented with 100 U/mL penicillin and 100 mg/
mL streptomycin in 5% CO2 at 37°C. Stock aqueous solutions of NNK (Chemsyn, Lenexa,
KS) and B[a]P (Aldrich, Milwaukee, WI) were prepared in dimethyl sulfoxide, which was
used as a vehicle agent, and diluted with culture medium. GSPE (IH636, InterHealth
Nutraceuticals, Benicia, CA), which contains 74% proanthocyanidins, was prepared in H2O
and diluted with culture medium.

Protocol for Inducing Chronic Carcinogenesis
Twenty-four hours after each subculturing, MCF10A cells were treated with combined NNK
and B[a]P each at 100 pM in the absence and presence of 40 mg/mL GSPE for 48 h as one
cycle of exposure for 5, 10, 15, and 20 cycles; cultures were subcultured every 3 d (3 d/
cycle) [15,16]. After exposures to carcinogens and GSPE, cells were assayed to detect
survived cell populations that acquired the cancer-related properties of a reduced
dependence on growth factors, anchorage-independent growth, and acinar-conformational
disruption.

Assay for Acquisition of 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 as described above [15,16]. Cells were
seeded in LM medium and maintained in 5% CO2 at 37°C. Growing cell colonies that
reached 0.5 mm diameter in 10 d were identified as cell clones acquiring the cancer-related
property of a reduced dependence on growth factors.

Assay for Acquisition of Anchorage-Independent Growth
The base layer consisted of 2% low-gelling, SeaPlaque agarose (Sigma–Aldrich, St. Louis,
MO) in CM medium. Then, soft-agar consisting of 0.4% SeaPlaque agarose in a mixture
(1:1) of CM medium with 3-d conditioned medium prepared from MCF10A cultures was
mixed with cells and plated on top of the base layer in 60 mm diameter culture dishes [14–
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16]. Cultures were maintained in 5% CO2 at 37°C. Growing colonies that reached 0.1 mm
diameter by 20 d were identified as cell clones acquiring the cancer-related property of
anchorage-independent growth.

Assay for Acquisition of Acinar-Conformational Disruption
Placed as a Matrigel base of reconstituted basement membrane in each well of 24-well
culture plates were 400 μL of Growth Factor-Reduced Matrigel Matrix (BD Biosciences,
Bedford, MA) [15,16,26]. 2 × 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 at 37°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.

Assay for Cell Growth and Viability
A methyl thiazolyl tetrazolium (MTT) assay kit (ATCC) was used to measure cell growth
and viability in cultures [15,16]. As described by the manufacturer, cells were seeded into
each well of 96-well culture plates for 24 h. After treatments, cells were incubated with
MTT reagent for 4 h, followed by incubation with detergent reagent for 24 h. Quantification
of reduced MTT reagent in cultures was determined with an enzyme-linked immunosorbent
assay (ELISA) reader (Bio-Tek, Winooski, VT) at 570 nm.

Tumorigenic Assay
Cells were prepared with Matrigel basement membrane matrix (13.35 mg/mL; BD
Biosciences), and 1 × 107 cells in 100 μL were injected subcutaneously into flanks of 5-wk-
old, female, athymic NCr-nu/nu mice (NCI, Frederick, MD) [14]. Four mice were used per
group and maintained under pathogen-free conditions, and mice were monitored weekly for
6 mo. All animal procedures were approved by The University of Tennessee Animal Care
and Use Committee and were in accordance with the Public Health Service Policy on
Humane Care and Use of Laboratory Animals (2002).

Study of Gene Expression With cDNA Microarrays
Total RNA was isolated from cultures using the Absolutely RNA kit (Stratagene, La Jolla,
CA). For each sample, 15 μg of RNA was reverse transcribed to cDNA and labeled with
either Cy3 or Cy5 using the CyScribe First-Strand cDNA Labeling Kit (Amersham,
Piscataway, NJ). Cy3- and Cy5-labeled cDNA products were purified with the CyScribe
GFX Purification Kit (Amersham). Reciprocal Cy3- and Cy5-labeled cDNA probes were
prepared from target carcinogen-transformed cultures and reference parent counterpart
cultures. The reverse dye labeling of cDNA probes accounted for dye-gene labeling bias.
The Cy3- and Cy5-labeled cDNA mixture was heated and cohybridized onto a set of human
19K ESTs microarrays containing 19 008 characterized and unknown expressed sequence
tags (Microarray Centre, SS-H19Kv7; University Health Network, Toronto, Ontario,
Canada) at 37°C for 15 h. Microarrays were then washed with 1× SSC, 1× SSC/0.1% SDS,
1× SSC, and 0.1× SSC orderly. Hybridized microarrays were scanned in a GenePix 4000B
scanner (Axon Instruments, Union City, CA). Using GenePix Pro analysis software 5.1 and
Arrayvision 4.0 (Axon Instruments), fluorescence intensities for both channels were
determined with a Cy3/Cy5 hybridization ratio across the arrays of 1. Each gene expression
was determined after median background subtraction. Gene arrays with features that were
either defective or unidentified were flagged and excluded. Gene arrays with features having
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intensity ≥100 with signal over the local background in both channels were included. All
experiments were performed with duplicates. As a technique control, cDNA probes were
prepared from two independent parent cultures and were hybridized against each other on
microarrays to reveal nonspecific changes in gene expression that were excluded from the
final results. The log ratios from microarrays hybridized with reciprocally labeled cDNA
probes were averaged to identify gene expression in target cells that was upor
downregulated over counterpart expression in reference cells (one-way ANOVA at P <
0.05). Data analysis was performed using the GeneSifter system (VizX Labs LLC, Seattle,
WA), a Web-based microarray data analysis system with weekly updated gene annotations,
that is capable of assessing array quality, producing data clustering, and creating pathway
and gene ontology reports.

Real-Time Quantitative Polymerase Chain Reaction (RTqPCR)
As described previously [15,16], the primers were designed with PrimerExpress software
(Applied Bio-systems, Foster City, CA) to have amplicons of approximate 70–100 bp for
each gene. The TATA box-binding protein (TBP) gene was used as an internal reference
[27]. Primers of the target and reference genes were designated HSD11B2 (forward: 5′-
GTCTCTTGACTGGCTCAAGAATTAGG-3′; reverse: 5′-
GTGGCAATTGGGAAGTACAGTACAT-3′) and TBP (forward: 5′-
GCCCGAAACGCCGAATAT-3′; reverse: 5′-CCGTGGTTCGTGGCTCTCT-3′). Total
RNAs were isolated by the Absolutely RNA kit (Stratagene), and cDNAs were prepared
using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Reactions were performed
with a cDNA template of serially diluted concentrations on an ABI7000 Sequence Detection
System (Applied Biosystems) using an iTaq SYBR Green Supermix with Rox (Bio-Rad) to
evaluate the amount of double-stranded DNA. The Ct numbers were extracted with ABI
Prism 7000 SDS software with an auto baseline and appropriate manual Ct. The 2–ΔΔCt and
standard curve method were used to calculate the relative abundance of gene expression
[28]. Statistical analysis was performed with a multiple regression model to initially
normalize the Ct number for each target gene with the TBP gene, and subsequently to
compare the target and reference normalized Ct [29]. The model estimated the intercept of
the multiple standard curves to render a P-value and standard error for the ΔΔCt, which in
turn was used to determine the ratio for relative gene expression with the formula of 2–ΔΔCt.

RNA Interference
Validated HSD11B2-specific siRNAs (sc-41379) and control siRNAs (sc-37007) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA); HSD11B2-specific siRNAs
are a pool of three target-specific 19–25 nt siRNAs designed to knock down gene
expression. Cells in 35-mm culture dishes were transfected with 1 μg of validated,
HSD11B2-specific siRNAs and control siRNAs using siRNA transfection reagent (Santa
Cruz Biotechnology).

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 [15,16]. 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% SDS–polyacrylamide gels for Western immunoblotting with specific
antibodies to HSD11B2 and β-actin (Cell Signaling, Beverly, MA). Antigen–antibody
complexes on filters were detected by the Supersignal chemiluminescence kit (Pierce).
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Reverse Transcription PCR
One microgram of total RNA isolated from cultures using the Absolutely RNA kit
(Stratagene) was reverse transcribed to cDNA using a Verso cDNA Kit (Thermo Scientific,
Waltham, MA). The resulting cDNAs were subjected to PCR for CYP1A1 (forward: 5′-
CCTGCTAGGGTTAGGAGGTC-3′; reverse: 5′-GCTCAGCCTAGTTCAAGCAG-3′),
CYP1B1 (forward: 5′-CTAAGCTGTGTCTGCCCAAT-3′; reverse: 5′-
CTTTTCCAAACAGCTTCCAA-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, 30 cycles at 95°C for 30 s, and
55°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.

RESULTS
GSPE Suppression of Carcinogen-Induced Acquisition of Reduced Dependence on
Growth Factors

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 [30–32]. We
have shown that repeated exposures of noncancerous breast epithelial MCF10A cells to a
low dose of individual NNK and B[a]P at 100 pM resulted in progressive acquisition of the
cancer-related ability of reduced dependence on growth factors [15,16]. To detect whether
repeated exposures of cells to combined NNK and B[a]P will synergistically or additively
induce cellular acquisition of cancer-related properties, MCF10A cells were exposed to
individual or combined NNK and B[a]P each at 100 pM for 5, 10, 15, and 20 cycles.
Exposures of MCF10A cells to combined NNK and B[a]P for 5, 10, 15, and 20 cycles
resulted in cell lines NB-P5, -P10, -P15, and -P20, respectively. As shown in Figure 1A,
repeated exposures of MCF10A cells to combined NNK and B[a]P for 5 cycles resulted in
detectable increases of cell clones acquiring cancer-related ability of reduced dependence on
growth factors, and 10 and 15 cycles of exposure resulted in significant and progressive
increases of cell clones acquiring the reduced dependence on growth factors; however,
additional exposures to combined NNK and B[a]P for a total of 20 cycles did not result in
any additional increases of cell clones acquiring the ability of reduced dependence on
growth factors. Similarly, exposures of cells to NNK solely for 5 cycles resulted in a
detectable increase of cell clones acquiring the ability of reduced dependence on growth
factors, and 10 and 15 cycles of exposure resulted in significant and progressive, but
additional exposures to NNK for a total of 20 cycles did not result in any significant
additional increases of cell clones acquiring the ability of reduced dependence on growth
factors. Exposures of cells to B[a]P solely for 5 cycles also resulted in a detectable increase
of cell clones acquiring the ability of reduced dependence on growth factors, and additional
exposures to B[a]P for a total of 10, 15, and 20 cycles resulted in significant and progressive
increases. Comparing the increases of cell clones acquiring the cancer-related ability of
reduced dependence on growth factors induced by repeated exposures to individual and
combined NNK and B[a]P, we did not detect any synergistic or additive effect of NNK and
B[a]P on inducing cells to acquire the ability of reduced dependence on growth factors,
though these two distinctive carcinogens were able to induce cellular acquisition of this
ability by themselves alone.

To determine whether increased proliferation or increased cell survivability contributed to
the increase of survived cell clones acquiring the ability of reduced dependence on growth
factors, NB-P10 and -P20 cells were maintained in CM and LM medium for 2, 4, and 6 d.
As shown in Figure 1B-1, cell proliferation of NB-P10 and -P20 cells was not higher in
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parental MCF10A cells, indicating that cells exposed to NNK and B[a]P did not result in
acquisition of increased proliferation. Thus, the increases of cell clones that acquired
reduced dependence on growth factors did not result from clone expansion due to increased
proliferation. In contrast, NB-P10 and -P20 cells showed higher proliferation rates than
parental counterpart cells (Figure 1B-2); in fact, parental MCF10A cells were detectably
growth-inhibited. Accordingly, repeated exposures of cells to NNK and B[a]P resulted in
acquisition of the cancer-related ability of reduced dependence on growth factors for cell
survival and growth.

To determine the tumorigenic ability of NNK- and B[a]P-exposed cells, NB-P10 and -P20
cells were inoculated into nude mice. In contrast to the control breast cancer MCF7 cells,
neither NB-P10 nor NB-P20 cells developed any detectable xenograft tumors in 6 mo.
Tumorigenicity of these multiclonal cell lines was not detectable; NNK and B[a]P appeared
to induce nontumorigenic, precancerous cellular carcinogenesis.

Using the carcinogen-induced progressive acquisition of reduced dependence on growth
factors as a biological target endpoint, we have shown the ability of GSPE to suppress
NNK-induced precancerous cellular carcinogenesis [16]. Investigating whether GSPE is
able to suppress combined NNK- and B[a]P-induced acquisition of reduced dependence on
growth factors, we detected that exposure of MCF10A cells to combined NNK and B[a]P in
the presence of GSPE, at the maximal noncytotoxic concentration of 40 μg/mL [16], for 10,
15, and 20 cycles, but not 5 cycles, showed significant reduction of colonies acquiring the
ability of reduced dependence on growth factors by 40–50% (Figure 1C), indicating that
GSPE was able to suppress the ability of combined NNK and B[a]P in inducing
precancerous cellular carcinogenesis with acquisition of reduced dependence on growth
factors.

GSPE Suppression of Carcinogen-Induced Acquisition of Anchorage-Independent Growth
Cell adhesion to extracellular matrixes is important for cell survival in a multicell
environment; aberrantly increased cell survivability acquired to promote anchorage-
independent growth can render cells into tumorigenic transformation [33,34]. As shown in
Figure 2A, the acquired ability of anchorage-independent growth was not detectable in
NBP5 cells but was detected in NB-P10, -P15, and -P20 cells. Carcinogen exposures for 10
cycles appeared to be required for inducing the acquired ability of anchorage-independent
growth; increasing exposures to carcinogens for a total of 15 and 20 cycles progressively
increased acquisition of this cancer-related ability, and 15 cycles of exposure to combined
NNK and B[a]P appeared to fully induce cells to acquire this ability. Accordingly,
acquisition of the ability of anchorage-independent growth appeared to require additional
carcinogen exposures (10 cycles) beyond the exposures needed (5 cycles) for acquiring
reduced dependence on growth factors.

To measure whether GSPE was able to suppress NNK- and B[a]P-induced acquisition of
anchorage-independent growth, we detected that exposure of MCF10A cells to NNK and
B[a]P in the presence of GSPE for 10, 15, and 20 cycles, but not 5 cycles, showed
significant reduction of colony formation in soft-agar by 35–60% (Figure 2B), indicating the
ability of GSPE to suppress cellular acquisition of anchorage-independent growth induced
by repeated exposures to combined NNK and B[a]P.

GSPE Suppression of Carcinogen-Induced Acquisition of Acinar-Conformational
Disruption

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
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structure is a hallmark of epithelial cancer, even at its earliest precancerous stages, such as
DCIS [26,35,36]. MCF10A cells are able to form acinar structures with a hollow lumen, and
apicobasally polarized cells make up these acini on Matrigel [26]. Investigating the potency
of combined NNK and B[a]P to induce the precancerous property of acinar-conformational
disruption, NB-P5, -P10, -P15, and -P20 cells were seeded on Matrigel for 12 d. As shown
in Figure 3A-1, parental MCF10A cells mainly formed regular, round spheroids on Matrigel
cultures; NNK- and B[a]P-exposed cells formed both regular and irregular spheroids, and
MCF7 cells mainly formed irregular spheroids. Counting the regular and irregular spheroids
in these cultures showed significant increases of irregular spheroids associated with the
increased exposures to carcinogens for 5 and 10 cycles (Figure 3A-2). Accumulated
exposures to NNK and B[a]P for 5 cycles appeared to sufficiently induce MCF10A cells to
acquire the precancerous property of acinarconformational disruption, and 10 cycles of
exposures appeared to fully induce cells to acquire this precancerous property. Histological
examination revealed a hollow lumen and apicobasal polarization in regular spheroids of
MCF10A cells, filling of the luminal space in the irregular spheroids of NNK- and B[a]P-
exposed cells (NB-P20), and the loss of apico-basal polarity and filling of the luminal space
in the irregular spheroids of MCF7 cells on Matrigel (Figure 3A-3). Although we observed
both regular and irregular spheroids of NNK-and B[a]P-exposed cells, we did not detect any
spheroids with a hollow lumen by histological examination.

To determine the ability of GSPE to suppress NNK-and B[a]P-induced acquisition of acinar-
conformational disruption, exposure of MCF10A cells to NNK and B[a]P in the presence of
GSPE for 10, 15, and 20 cycles, but not 5 cycles, showed significant reduction of irregular
spheroids on Matrigel by 5–25% (Figure 3B), verifying the ability of GSPE to suppress
chronic acquisition of acinar-conformational disruption induced by repeated exposures to
combined NNK and B[a]P.

Minimal Effective Doses of GSPE for Suppression of Carcinogenesis
To understand the minimal, effective dose of GSPE required for suppression of NNK- and
B[a]P-induced precancerous carcinogenesis, MCF10A cells were exposed to combined
NNK and B[a]P in the presence of 40, 10, 2.5, and 0.5 μg/mL GSPE for 20 cycles. We
detected that GSPE at 40, 10, and 2.5 μg/mL, but not at 0.5 μg/mL, significantly suppressed
NNK- and B[a]P-increased colony formation in LM medium (Figure 4A), colony formation
in soft-agar (Figure 4B), and formation of irregular spheroids on Matrigel (Figure 4C).
These data taken together indicated that GSPE suppressed NNK- and B[a]P-induced
acquisition of reduced dependence on growth factors, anchorage-independent growth, and
acinar-conformational disruption in a dose-dependent manner. GSPE at 2.5 μg/mL was the
minimal, effective dose for suppression of NNK- and B[a]P-induced precancerous
carcinogenesis of MCF10A cells.

In addition, GSPE at 40, 10, or 2.5 μg/mL was not cytotoxic to any of the parental MCF10A
and derived NB-P5 to -P20 cells (data not shown). Thus, the mechanism for GSPE to
suppress precancerous cellular carcinogenesis induced by NNK and B[a]P was not via
induction of cell death or growth inhibition.

Molecular Target Endpoint for GSPE in Suppression of Carcinogenesis
In investigating the molecular target endpoints of GSPE in suppression of precancerous
cellular carcinogenesis induced by combined NNK and B[a]P, we used cDNA microarrays
and real-time quantitative PCR to detect differentially regulated genes that were changed in
carcinogen-exposed cells but whose changes were suppressed in GSPE-protected,
carcinogen-exposed cells. Initially, we used cDNA microarrays to study genes whose
expressions were consistently changed in target carcinogen-exposed, NB-P10 and NB-P20
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cells compared to their counterpart expression levels in reference parent MCF10A cells.
After normalization, more than 16 690 genes were detectably expressed in both target and
reference cells using SS-H19Kv7 cDNA microarrays. More than 1300 genes were either
upregulated or down-regulated in target NB-P10 and -P20 cells more than 1.5-fold over
counterpart expression in reference parental MCF10A cells. Filtering with the t-test (P <
0.05) revealed 68 differentially expressed genes, and subsequent filtering with the Benjamini
and Hochberg correction method [37,38] revealed 33 differentially expressed genes. Further
filtering revealed eight and two genes were up- and down-regulated, respectively, in NB-
P10 and -P20 cells more than twofold over counterpart expression in parental MCF10A cells
(Figure 5 and Table 1). Among these 10 genes, 3 genes (FXYD3, HBA2, and HSD11B2)
were reportedly related to breast cancer (www.breastcancerdatabase.org [39–42]).
Subsequently, we used cDNA microarrays to determine genes whose expressions were
changed in NB-P20 cells but whose changes were suppressed in GSPE-protected, NB/
GSPE-P20 cells. We detected that the HSD11B2 gene was upregulated in NB-P20 cells, and
its gene expression was protected in NB/GSPE-P20 cells (Table 1).

To investigate whether HSD11B2 gene expression was a molecular target for GSPE in
suppression of NNK- and B[a]P-induced precancerous cellular carcinogenesis, we then used
RTqPCR measurement and Western immunoblotting with specific antibodies to
quantitatively determine whether HSD11B2 gene expression was upregulated in cells
exposed to combined NNK and B[a]P and was protected by GSPE. We detected that
HSD11B2 gene expression (Figure 6A-1) and protein level (Figure 6A-2) were highly
increased up to 154- and 48-fold, respectively, in NNK- and B[a]P-exposed, NB-P20 cells.
The increases of gene expression (Figure 6A-1) and protein level (Figure 6A-2) were
significantly reduced to fourfold in GSPE-protected, NNK- and B[a]P-exposed, NB/GSPE-
P20 cells. These results indicated that increased HSD11B2 expression was likely to be a
molecular target endpoint for GSPE in suppression of precancerous cellular carcinogenesis
induced by repeated exposure of cells to NNK and B[a]P.

To determine whether increased HSD11B2 expression played an important role in NNK-
and B[a]P-induced precancerous cellular carcinogenesis, we used validated siRNAs to
knock down the increased HSD11B2 gene expression in NB-P20 cells and studied the effect
of the reduced HSD11B2 gene expression on the acquired ability of reduced dependence on
growth factors. Transfection of NBP20 cells with validated HSD11B2-specific siRNAs (lane
3), but not control siRNAs (lane 2), resulted in a reduced HSD11B2 protein level (Figure
6B-1) and a significant suppression of the acquired ability of reduced dependence on growth
factors (Figure 6B-2). Increased HSD11B2 expression apparently played a contributing role
in NNK- and B[a]P-induced cellular acquisition of reduced dependence on growth factors
and may serve as a molecular target endpoint for GSPE in suppression of NNK- and B[a]P-
induced precancerous cellular carcinogenesis. However, whether increased HSD11B2
expression contributed to cellular acquisition of the cancer-related abilities of anchorage-
independent growth and acinar-conformational disruption remains to be determined.

Regulation of Phase I Bioactivating Enzymes in GSPE Suppression of Carcinogenesis
To understand the preventive, noncytotoxic mechanisms for GSPE in suppressing the
carcinogenic activity of NNK and B[a]P, we studied gene expression of CYP enzymes in
GSPE-induced suppression of NNK- and B[a]P-induced precancerous cellular
carcinogenesis. Phase I bio-activating enzymes CYP1A1 and CYP1B1 are postulated to play
important roles in activating the carcinogenic activity of NNK and B[a]P [43–53]. We
detected that gene expression of CYP1A1 was induced by combined NNK and B[a]P in
MCF10A cells in a dose-dependent manner (Figure 7A-1); combined NNK and B[a]P each
at 100 pM and 100 nM induced a modest and a high level of CYP1A1, respectively. In
contrast, constant gene expression of CYP1B1 was not affected by treatment with NNK and
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B[a]P (Figure 7A-1). The increased expression of CYP1A1 was actually induced by B[a]P,
but not NNK; treatments of cells with combined or individual NNK and B[a]P at 100 nM
showed that gene expression of CYP1A1 was increased up to threefold (Figure 7A-2, lane
2), and the threefold increase was actually induced by B[a]P (lane 4) but not NNK (lane 3).

To understand whether gene expression of CYP1A1 and/or CYP1B1 was modulated by
GSPE, we treated cells with GSPE and detected a reduction of both CYP1A1 and CYP1B1
gene expression (Figure 7B). GSPE treatment reduced CYP1A1 gene expression from 1-
fold down to 0.5-fold in MCF10A cells (Figure 7B, lanes 1 and 2), from 3-fold down to 2-
fold in cells treated with combined NNK and B[a]P (lanes 3 and 4), from 1-fold down to
0.5-fold in NNK-treated cells (lanes 5 and 6), and from 3-fold down to 2-fold in B[a]P-
treated cells (lanes 7 and 8). GSPE treatment reduced CYP1B1 gene expression down to
0.5-fold in cells regardless of the treatment with either or both carcinogens at 100 nM
(Figure 7B, even lanes). Apparently, gene expression of both CYP1A1 and CYP1B1 was
reduced by GSPE treatment.

To further our understanding of the regulation of CYP1A1 in GSPE-induced suppression of
cellular carcinogenesis, MCF10A cells were treated with 100 pM B[a]P, which was used to
induce chronic precancerous carcinogenesis, in the absence and presence of GSPE. We
detected that B[a]P treatment induced an approximately 1.4-fold increase of CYP1A1 gene
expression (Figure 7C-1) and protein level (Figure 7C-2, lane 3 vs. lane 1). GSPE treatment
induced reduction of CYP1A1 gene expression (Figure 7C-1) and protein level (Figure
7C-2) from 1-fold down to 0.5- and 0.3-fold, respectively, in MCF10A cells (lanes 1 and 2),
and reduced CYP1A1 gene expression from 1.4-fold down to 0.8-fold (Figure 7C-1) and
protein level from 1.4-fold down to 0.4-fold (Figure 7C-2) in cells cotreated with B[a]P
(lanes 3 and 4). Reduction of Phase I bioactivating enzymes CYP1A1 and CYP1B1 was
possibly involved in GSPE's ability to suppress NNK- and B[a]P-induced precancerous
carcinogenesis via reduction in bio-activation of carcinogens.

In addition, we investigated whether Phase II detoxifying enzymes were involved in GSPE's
ability to suppress NNK- and B[a]P-induced precancerous carcinogenesis; however, we did
not detect any changes in gene expression of GSTA4, GSTM2, GSTP1, NQO1, and NQO2
[54] induced by GSPE, NNK, or B[a]P (data not shown).

DISCUSSION
Early prevention of human breast cancer associated with chronic exposure to environmental
carcinogens by dietary bioactive components is an underinvestigated area. The current
challenge in identification of environmental carcinogens in breast cancer development is the
low doses of carcinogens involved in transformation of breast cells from noncancerous to
precancerous and cancerous stages through a multiyear disease process. Our precancerous
carcinogenesis-cellular model mimics chronic carcinogenesis of human breast cells induced
by accumulated exposures to environmental carcinogens, and our model is able to reveal the
potency of environmental carcinogens at low doses of picomolar ranges to induce cells to
acquire cancer-related properties. Although accumulated exposures of noncancerous breast
epithelial MCF10A cells to individual [15,16] or combined NNK and B[a]P did not result in
transforming cells to acquire the cancerous ability of tumorigenicity, NNK- and B[a]P-
exposed cells acquired the cancer-related abilities of reduced dependence on growth factors,
anchorage-independent growth, and acinar-conformational disruption. Aberrantly increased
cell survivability acquired to reduce a dependence on growth factors and to promote
anchorage-independent growth can render cells into tumorigenic transformation [30–34].
Cellular acquisition of acinar-conformational disruption is highly related to breast cells at
precancerous stages, such as DCIS, in breast cancer development [26,35,36]. Long-term
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exposure to low doses of NNK and B[a]P is conceivable to induce cells entering into a
precancerous, but not cancerous, stage in chronic development of human breast cancer.
Using the acquired cancer-related properties of reduced dependence on growth factors,
anchorage-independent growth, and acinar-conformational disruption as biological target
endpoints, we were able to verify the ability of GSPE to suppress precancerous
carcinogenesis induced by repeated exposures of cells to NNK and B[a]P in an exposure-and
dose-dependent manner. GSPE alone was able to suppress approximately 50% of NNK- and
B[a]P-induced precancerous carcinogenic properties as measured by cellular acquisition of
cancer-related properties of reduced dependence on growth factors, anchorage-independent
growth, and acinar-conformational disruption. Such findings demonstrate that multiple,
complementary preventive agents are required to enhance the blockage of NNK- and B[a]P-
induced precancerous carcinogenesis. Our working system will continue to provide access to
the finding of bioactive components for suppression of precancerous carcinogenesis, leading
to identification of agents providing benefits for prevention of breast cancer.

Investigating molecular targets for GSPE in suppression of cellular carcinogenesis, we
identified that increased HSD11B2 gene expression served as a molecular target endpoint
for GSPE in suppression of NNK- and B[a]P-induced precancerous carcino-genesis. In our
previous reports, upregulated gene expression of HSD11B2 was detected in MCF10A cells
exposed to either B[a]P [15] or NNK [16]. The upregulated HSD11B2 gene expression in
NNK-exposed cells was significantly reduced in cells protected by GSPE [16]. The
HSD11B2 gene expression appears to be a common molecular target endpoint of NNK and
B[a]P and may also serve as a molecular target endpoint for GSPE in suppression of
carcinogen-exposed cells. In this study, we showed that HSD11B2 gene expression and
protein level were highly elevated in carcinogen-exposed MCF10A cells acquiring cancer-
related properties induced by repeated exposures to both NNK and B[a]P, but the
upregulated HSD11B2 levels were significantly reduced in GSPE-protected, carcinogen-
exposed cells, as were the acquired cancer-related abilities of reduced dependence on growth
factors, anchorage-independent growth, and acinar-conformational disruption. In addition,
we furthered our investigation to show that knocking down the upregulated expression in
NB-P20 cells with validated HSD11B2-specific siRNAs not only reduced the elevated
HSD11B2 protein level but also suppressed the acquired cancer-related ability of reduced
dependence on growth factors. Apparently, upregulated HSD11B2 expression played a
contributing role in NNK- and B[a]P-induced precancerous cellular carcinogenesis; thus,
protection of HSD11B2 gene expression from induction by NNK and B[a]P was important
in GSPE suppression of NNK- and B[a]P-induced precancerous carcinogenesis. The human
HSD11B2 gene encodes a 45 kDa protein exhibiting dehydrogenase activity, which is able
to deactivate glucocorticoids; expression of HSD11B2 results in inhibition of
antiproliferative activity of glucocorticoids [40,41]. Upregulation of HSD11B2 is detected in
breast cancer cell lines and breast tumors [40,42], and inhibition of HSD11B2 by
glycyrrhetinic acid reduces cell proliferation of breast cancer PMC42 cells [42]. Thus,
upregulation of HSD11B2 is postulated to play a pro-proliferative role in breast cancer cell
growth through suppression of the antiproliferative activity of glucocorticoids [40–42].
However, although HSD11B2 was increased in carcinogen-exposed cells, we did not detect
any increased cell proliferation acquired by carcinogen-exposed cells maintained in medium
containing hydrocortisol (Figure 1B-1). Accordingly, upregulated HSD11B2 expression
may play a novel role in cellular acquisition of cancer-related properties induced by chronic
exposure to low doses of environmental carcinogens. Protection of HSD11B2 expression
from upregulation may contribute to GSPE's ability to suppress cellular carcinogenesis.
However, the mechanisms for HSD11B2 involvement in NNK- and B[a]P-induced
precancerous cellular carcinogenesis and in GSPE-induced suppression of cellular carcino-
genesis remain to be elucidated.
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Studies showed that GSPE inhibits the growth of human breast cancer cells in culture [3–5].
In contrast, we did not detect any activity of GSPE at 40 μg/mL to inhibit cell growth or to
induce cell death of either parental MCF10A [16] or NNK- and B[a]P-exposed cells;
instead, GSPE at noncytotoxic concentrations of 2.5–40 μg/mL was able to reduce NNK-
and B[a]P-induced cellular acquisition of cancer-related properties. Studying the preventive,
noncytotoxic mechanisms for GSPE in counteracting the carcinogenic activity of NNK and
B[a]P, we detected the ability of GSPE to reduce the levels of CYP1A1 and CYP1B1 in
MCF10A cells. CYP1A1 and CYP1B1 have been shown to act as bioactivating enzymes for
activation of NNK and B[a]P [43–53]. Our finding revealed, for the first time, that GSPE
was able to reduce CYP1A1 and CYP1B1 contents in breast cells exposed to NNK and
B[a]P. It is possible that reduction of CYP1A1 and CYP1B1 contents may contribute to the
ability of GSPE to suppress cellular acquisition of cancer-related properties induced by
NNK and B[a]P. However, whether reduction of CYP1A1 and CYP1B1 contents is the
noncytotoxic, preventive mechanism for GSPE in suppression of NNK- and B[a]P-induced
precancerous cellular carcinogenesis remains to be determined.

Several cell systems have been developed to study cellular carcinogenesis induced by high
concentrations of environmental carcinogens. For example, Russo's group used DMBA,
B[a]P, methyl-N-nitro-nitrosoguanidine, and N-methyl-N-nitrosourea at micromolar
concentrations to induce cellular carcinogenesis of MCF10 cells for studying gene mutations
[55,56]. Caruso's group used B[a]P at 1 μM to induce acquisition of anchorage-independent
growth and chromosomal alterations, but not tumorigenicity, in MCF10A [23]. Narayan et
al. [57] reported that a single-dose treatment of MCF10A cells with cigarette smoke
condensate at 1 μg/mL concentration results in acquired anchorage-independent growth. Liu
and Lin [58] showed that repeated treatment of MCF10A cells with estrogenic zeranol
induces cellular acquisition of anchorage-independent growth and estrogen receptor β gene
expression. All these model systems can be used in a preclinical assessment of a potential
preventive agent of carcinogenesis associated with occupational exposure to high doses of
carcinogens. Our working system presents unique features of low-dose, exposure-dependent
chronic carcinogenesis and distinct biological and molecular target endpoints for identifying
dietary bioactive components, such as GSPE, and understanding their mechanisms for early
prevention of precancerous carcinogenesis in breast cancer induced by repeated exposures to
carcinogens at low doses as in environmental exposure. Using this model, we detected that
GSPE at concentrations of 2.5–40 μg/mL was able to reduce NNK- and B[a]P-induced
cellular acquisition of cancer-related abilities. Applying this cellular model will accelerate
the identification of dietary bioactive 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. On the other hand, our model
revealed no synergistic nor additive effects of combined use of NNK and B[a]P together on
the chronic induction of cellular acquisition of cancer-related properties. Whether long-term
exposure of cells to these carcinogens together increases the qualitative complexity, but not
the quantitative enhancement, in alterations of genetic and epigenetic machineries in cellular
carcinogenesis remains to be studied.
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Abbreviations

GSPE grape seed proanthocyanidin extract

DCIS ductal carcinoma in situ

B[a]P benzo[a]pyrene

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

HSD11B2 hydroxysteroid (11-beta) dehydrogenase 2

CYP1A1 cytochrome P450 1A1

CYP1B1 cytochrome P450 1B1

CM complete MCF10A medium

LM lowmitogen

MTT methyl thiazolyl tetrazolium

RTqPCR real-time quantitative polymerase chain reaction

TBP TATA box-binding protein
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Figure 1.
GSPE-induced suppression of reduced dependence of growth factors (RDG). (A) MCF10A
cultures were exposed to individual (N, B) or combined (NB) NNK and B[a]P each at 100
pM for 5, 10, 15, and 20 cycles. 5 × 103 cells were placed in 100 mm culture dishes and
maintained in LM medium for 10 d. Cell colonies (≥0.5 mm diameter) were stained with
Coomassie brilliant blue and counted. Each value represents a mean of triplicates, and error
bars represent standard deviation. Cells exposed to combined NNK and B[a]P each at 100
pM for 5, 10, 15, and 20 cycles resulted in cell lines NB-P5, -P10, -P15, and -P20,
respectively. (B-1 and B-2) 5 × 103 cells of parental MCF10A, NB-P10, and NB-P20 were
seeded in each well of 96-well plates. After 16 h, cultures were replaced with either (B-1)
CM medium or (B-2) LM medium for 2, 4, and 6 d. Quantification of cell viability was
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determined by using the MTT assay and measured with an ELISA reader at OD 570 nm.
Each value represents a mean of tetraplicates, and error bars represent standard deviation.
(C) MCF10A cultures were exposed to combined NNK and B[a]P (NB) each at 100 pM in
the presence of 40 μg/mL of GSPE (NB/GSPE) for 5, 10, 15, and 20 cycles. Cells were then
seeded and maintained in LM medium for 10 d. Cell colonies (≥0.5 mm diameter) were
stained with Coomassie brilliant blue and counted. The value of the suppression effectivity
of GSPE on carcinogenesis was calculated by {1 – (# of NB/GSPE-induced cell colonies) –
(# of MCF10A cell clones)] ÷ [(# of NB-induced cell clones) – (# of MCF10A cell
colonies)]} × 100 (%). Each value represents a mean of triplicates, and error bars represent
standard deviation. The Student's t-test was used to analyze statistical significance, indicated
by ***P < 0.001. All results are representative of at least two independent experiments.
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Figure 2.
GSPE-induced suppression of anchorage-independent growth (AIG). (A) 1 × 104 parental
MCF10A, NB-P5, NB-P10, NB-P15, and NB-P20 cells were seeded in soft-agar for 20 d,
and cell colonies (≥0.1 mm diameter) were counted. (B) MCF10A cultures were exposed to
combined NNK and B[a]P (NB) each at 100 pM in the presence of 40 μg/mL of GSPE for 5,
10, 15, and 20 cycles. 1 × 104 cells were seeded in soft-agar for 20 d, and cell colonies (≥0.1
mm diameter) were counted. The value of the suppression effectivity of GSPE on
carcinogenesis was calculated by {1 – [(# of NB/GSPE-induced cell colonies) – (# of
MCF10A cell clones)] ÷ [(# of NB-induced cell clones) – (# of MCF10A cell colonies)]} ×
100 (%). Each value represents a mean of triplicates, and error bars represent standard
deviation. The Student's t-test was used to analyze statistical significance, indicated by *P <
0.05, **P < 0.01, ***P < 0.001. All results are representative of at least two independent
experiments.
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Figure 3.
GSPE-induced suppression of acinar-conformational disruption (ACD). 2 × 103 parental
MCF10A, NB-P5, NB-P10, NB-P15, NB-P20, and breast cancer MCF7 cells were seeded
on Matrigel in wells of a 24-well culture plate and maintained for 12 d. (A-1) Regular, round
spheroids (white arrow) and irregular spheroids (black arrow) were developed in cultures of
parental MCF10A, NB-P20, and MCF7 cells. (A-2) Regular and irregular spheroids in each
culture were counted, and the percentage of irregular spheroids in each culture was
calculated. Each value represents a mean of triplicates, and error bars represent standard
deviation; the Student's t-test was used to analyze statistical significance, indicated by **P <
0.01, ***P < 0.001. (A-3) Typical spheroids on Matrigel were isolated for histological
examination to reveal a hollow lumen and apicobasal polarization in a regular spheroid of
MCF10A cells, filling of the luminal space in a spheroid of NB-P20 cells, and the loss of
apicobasal polarity and filling of the luminal space in an irregular spheroid of MCF7 cells.
Bars indicate 100 μm. All results are representative of at least three independent experiments
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(A-1 to A-3). (B) MCF10A cultures were exposed to combined NNK and B[a]P (NB) each
at 100 pM in the presence of 40 μg/mL of GSPE for 5, 10, 15, and 20 cycles. Cells were
then seeded on Matrigel. Numbers of regular and irregular spheroids in each Matrigel
culture were counted; then, the percentage of irregular spheroids in each culture was
calculated. The value of the suppression effectivity of GSPE on carcinogen-induced
formation of irregular spheroids was calculated by {[(% of NB-induced irregular spheroid
population) – (% of NB/GSPE-induced irregular spheroid population)] ÷ [(% of NB-induced
irregular spheroid population) – (% of irregular spheroid population in MCF10A cultures)]}
× 100 (%). Each value represents a mean of triplicates, and error bars represent standard
deviation; the Student's t-test was used to analyze statistical significance, indicated by *P <
0.05, **P < 0.01, ***P < 0.001. The result is representative of two independent
experiments.
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Figure 4.
Minimal effective doses of GSPE for suppression of NNK-and B[a]P-induced carcinogenic
properties. MCF10A cultures were repeatedly exposed to combined NNK and B[a]P (NB)
each at 100 pM in the presence of 40, 10, 2.5, and 0.5 μg/mL of GSPE (NB/GSPE) for 10
and 20 cycles. (A) To detect suppression effectivity of GSPE on cellular acquisition of
reduced dependence on growth factors (RDG), cells were seeded and maintained in LM
medium for 10 d. Cell colonies (≥0.5 mm diameter) were stained with Coomassie brilliant
blue and counted. (B) To detect suppression effectivity of GSPE on cellular acquisition of
anchorage-independent growth (AIG), cells were seeded in soft-agar for 20 d. Cell colonies
(≥0.1 mm diameter) were counted. (A and B) The value of the suppression effectivity of
GSPE on carcinogenesis was calculated by {1 – [(# of NB/GSPE-induced cell colonies) – (#
of MCF10A cell clones)] ÷ [(# of NB-induced cell clones) – (# of MCF10A cell colonies)]}
× 100 (%). (C) To detect suppression effectivity of GSPE on cellular acquisition of acinar-
conformational disruption (ACD), cells were seeded on Matrigel. Numbers of regular and
irregular spheroids in each Matrigel culture were counted; then, the percentage of irregular
spheroids in each culture was calculated. The value of the suppression effectivity of GSPE
on carcinogen-induced formation of irregular spheroids was calculated by {[(% of NB-
induced irregular spheroid population) – (% of NB/GSPE-induced irregular spheroid
population)] ÷ [(% of NB-induced irregular spheroid population) – (% of irregular spheroid
population in MCF10A cultures)]} × 100 (%). Each value represents a mean of triplicates,
and error bars represent standard deviation. The Student's t-test was used to analyze
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statistical significance, indicated by **P < 0.01, ***P < 0.001. All results are representative
of at least two independent experiments.
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Figure 5.
Hierarchical cluster of differentially expressed genes associated with carcinogenesis induced
by combined NNK and B[a]P. Total RNAs were isolated from reference vector-treated
MCF10A (–) and target NB-P10 (P10) and NB-P20 (P20) cells to detect differentially
expressed genes in target cells using human 19K-EST microarrays. Differentially regulated
genes were manifested by hierarchical clustering. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 6.
HSD11B2 as a molecular target for GSPE in suppression of cellular carcinogenesis. (A-1)
Total RNAs were isolated from parental MCF10A, NB-P20, and NB/GSPE-P20 (NB/G-
P20) cells. Gene expression of HSD11B2 was measured with RTqPCR to determine the
relative gene expression levels in NB-P20 and NB/GSPE-P20 cells versus their counterpart
gene expression in parental MCF10A cells. (A-2) Whole cell lysates were prepared from
parental MCF10A, NB-P20, and NB/GSPE-P20 cells and analyzed by Western
immunoblotting using specific antibodies to detect levels of HSD11B2, with β-actin as a
control. Levels of HSD11B2 and β-actin were quantified by densitometry. The relative
protein levels of HSD11B2 (HSD/actin) were calculated by normalizing the levels of
HSD11B2 with the levels of β-actin and then normalized by the level in parental MCF10A
cells (lane 1), set as 1 (X, arbitrary unit). (B-1 and B-2) NB-P20 cells were transfected with
control siRNAs (c-RNA) or validated, HSD11B2-specific siRNAs (siRNA) for 64 h. (B-1)
Whole cell lysates of parental MCF10A (10A) and transfected NB-P20 cells were prepared
and analyzed by Western immunoblotting using specific antibodies to detect levels of
HSD11B2, with β-actin as a control. (B-2) 5 × 103 parental MCF10A (10A) and transfected
NB-P20 cells were seeded in 100 mm culture dishes and maintained in LM medium for 10
d. Cell colonies grown in LM medium (≥0.5 mm diameter) were stained with Coomassie
brilliant blue and counted. Each value represents a mean of triplicates, and error bars
represent standard deviation. The Student's t-test was used to analyze statistical significance,
indicated by *P < 0.05. All results are representative of two independent experiments.
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Figure 7.
Regulation of bioactivating enzymes by carcinogens and GSPE. (A-1) MCF10A cultures
were treated with combined NNK and B[a]P (NB) each at 0, 0.1, and 100 nM for 48 h. (A-2)
MCF10A cultures were treated with combined NNK and B[a]P (NB), NNK (N), or B[a]P
(B) each at 100 nM for 48 h. (B) MCF10A cultures were treated with combined NNK and
B[a]P (NB), NNK (N), or B[a]P (B) each at 100 nM in the absence and presence of 40 μg/
mL GPSE for 48 h. (C-1 and C-2) MCF10A cultures were treated with 100 pM B[a]P (B) in
the absence and presence of 40 μg/mL GPSE for 48 h. (A-1, A-2, B, and C-1) Total RNAs
were isolated and analyzed by PCR with specific primers to determine relative gene
expression levels of CYP1A1 (1A1) and CYP1B1 (1B1), with β-actin as a control. (A-2, B,
and C-1) Total gene expression levels of CYP1A1, CYP1B1, and β-actin were quantified by
densitometry. The relative gene expression levels of CYP1A1 (1A1/Act) and CYP1B1 (1B1/
Act) were calculated by normalizing the expression levels of CYP1A1 and CYP1B1 with the
cognate expression levels of β-actin and then normalized by the level in untreated MCF10A
cells, set as 1 (X, arbitrary unit). (C-2) Whole cell lysates were prepared and analyzed by
Western immunoblotting using specific antibodies to detect levels of CYP1A1, with β-actin
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as a control. Levels of CYP1A1 and β-actin were quantified by densitometry, and the
relative protein levels of CYP1A1 (1A1/Act) were calculated by normalizing the levels of
CYP1A1 with the levels of β-actin and then normalizing by the level in untreated MCF10A
cells (lane 1), set as 1 (X, arbitrary unit). All results are representative of two (A-1, A-2, and
B) or three (C-1 and C-2) independent experiments.
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Table 1

Differentially Regulated Genes and Molecular Target Endpoints

Genes differentially regulated commonly in NB-P10 and -P20 cells Molecular target endpoints for GSPE

Eight upregulated genes

    ACSL1: acyl-CoA synthetase long-chain family member 1 —

    AGPAT1: 1-acylglycerol-3-phosphate-O-acyltransferase 1 —

    FTH1: ferritin, heavy polypeptide 1 —

    FXYD3: FXYD domain containing ion transport regulator 3 —

    HBA2: hemoglobin alpha 2 —

    HSD11B2: hydroxysteroid (11-beta) dehydrogenase 2 ↓

    KRT15: keratin 15 —

    RGMB: RGM domain family member B —

Two downregulated genes

    ARID4B: similar to bovine IgA regulator —

    PCSK2: proprotein convertase subuti —

↓, downregulated by GSPE; —, no change.
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