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Combination Treatment with Luteolin and Quercetin Enhances
Antiproliferative Effects in Nicotine-Treated MDA-MB-231 Cells
by Down-regulating Nicotinic Acetylcholine Receptors
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Large-scale epidemiological cohort studies performed in the United States indicate that breast
cancer risk is associated with active and passive smoking. As of yet, however, there is no direct
evidence of antitumor effects by agents that block the effect of tobacco compound nicotine (Nic) on
relevant nicotinic receptors (nAChR) involved in breast tumorigenesis. In the present study, the
expression profiles of different NAChR subunits in the human breast cancer cell line (MDA-MB-231)
were characterized by RT-PCR. Nic (>0.1 uM, 6 h) significantly increased a9-nAChR mRNA and
protein expression levels in human breast cancer cells (MDA-MB-231 cells). On the other hand,
combined treatment with luteolin (Lut, 0.5 uM) and quercetin (Que, 0.5 uM) profoundly decreased
MDA-MB-231 proliferation by down-regulating a9-nAChR expression. MDA-MB-231 cells were
cultured in soft agar to evaluate anchorage-independent colony formation; combined treatment of
Lut + Que inhibited Nic-induced MDA-MB-231 colony formation. Interestingly, the number of
colonies formed was profoundly reduced in a9-nAChR knockdown (Si a9) cells in the combined
(Lut + Que)-treated group as compared to the relevant control groups. Such results show that
Lut- or Que-induced antitransforming activities were not limited to specific inhibition of the o9-
nAChR receptor. Both a5- and a9-nAChR appear to be important molecular targets for Lut- and
Que-induced antitumor effects in human breast cancer cells.
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INTRODUCTION

Breast cancer is the second leading cause of cancer death
among women in the United States. Cigarette smoking may
contribute to a woman’s risk of developing breast cancer (7).
Large-scale epidemiological cohort studies indicate that breast
cancer risk is associated with cigarette smoking (2, 3). Cigarette
smoke is a complex mixture of over 4000 chemical constituents.
However, studies focus on the carcinogenic roles of nicotine (Nic)
and its metabolic active carcinogenic compounds, including

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Pre-
vious studies demonstrated that >80% of inhaled Nic is ab-
sorbed after smoking (4). The carcinogenic effects of smoking
carcinogens such as NNK have been examined by previous
studies using soft agar transformation assays and a xenografted
nude mouse animal model that demonstrate transformation of
noncancerous human breast epithelial (MCF-10A) cells to trans-
formed cancerous cells (9, 6). Repeated exposure of normal
MCF-10A cells to smoking carcinogens sensitized cells to growth
factor-promoted cell proliferation and increased their anchorage-
independent colony formation (6).
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The fact that cigarette smoking is a major risk factor in
some human cancers suggests that smoking carcinogens such as
Nic and NNK may act in a specific receptor-dependent manner
to induce carcinogenic transformation of cells (7—10). The
physiological ligand of Nic receptor (nAChR) is acetylcholine;
tobacco carcinogens such as Nic and NNK are agonists of
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nAChRs (11, 12). Therefore, inhibition of nAChR-mediated
signals represents a potential effective strategy for improving
cancer chemotherapy, as well as a potential chemopreventive
agent.

Epidemiological evidence suggests a protective effect of poly-
phenols from fruits and vegetables on the occurrence of human
cancers (/3). Another study demonstrated that tea and tea
polyphenols may be preventive against various cancers, including
breast cancer (14, 15). Flavonoids are polyphenolic compounds
that represent integral components of the human diet. They are
universally present as constituents of flowering plants, particu-
larly those that are used for food. Flavonoids are phenyl-
substituted chromones (benzopyran derivatives) consisting of a
15-carbon basic skeleton (C6—C3—C6) and a chroman (C6—C3)
nucleus (represented by the benzo ring and the heterocyclic ring)
that is also shared by the tocopherols; a phenyl (aromatic ring)
substitution usually exists at the 2-position. Experimental animal
studies indicate that certain dietary flavonoids possess antitumor
activity (16). The hydroxylation pattern of the aromatic ring of
the flavones and flavonols, including that of luteolin (Lut) and
quercetin (Que), critically influences their activities, especially
with respect to inhibition of protein kinase activity and cell
proliferation (/7). The dietary flavonols (Que) and flavones
(Lut) target cell surface signal transduction enzymes, such as
protein tyrosine and focal adhesion kinases and also affect
angiogenesis, making them promising candidates as anticancer
agents (/8).

Thus, nAChR in human breast cancer cells may be adapted as
a potential molecular target for clinical therapeutic purposes (/9).
In addition, acquisition of drug resistance is a considerable
challenge in breast cancer therapy. Nic protects cells against
apoptosis. Therefore, we suggest that Que and Lut could act as
nAChR antagonists that could be used in combination with
established chemotherapeutic drugs to enhance therapeutic re-
sponses to chemotherapy (19, 20).

In this study, we demonstrate for the first time that Que and
Lut inhibit human breast cancer cell proliferation through
inhibition of cell surface Nic receptors and that inhibition of
09-nAChR subunit expression in human breast cancer cells by
Lut and Que significantly inhibits anchorage-independent colony
formation. To explore the potential anticarcinogenic effects of
Lut and Que on 09-nAChR subunit expression in human breast
cancer cells, we established 09-nAChR siRNA knockdown
MDA-MB-231 cancer cells. Lut- or Que-induced antitransform-
ing activities were not limited to specific inhibition of the a9-
nAChHR receptor. Both the a5- and 09-nAChR may be important
molecular targets for Lut- or Que-induced antitumor effects on
human breast cancer (MDA-MB-231) cells. Despite the consider-
able research performed in this study, the intracellular molecules
directly linked to tobacco carcinogen-induced breast epithelial
cell transformation remain unknown.

MATERIALS AND METHODS

Cell Culture. Human mammary gland epithelial adenocarcinomas
(MCF-7, MDA-MB-231, and BT-483) and human normal mammary
gland epithelial fibrocystic cell lines (MCF-10A) were obtained from the
American Tissue Cell Culture collection (ATCC no. HTB22, HTB26,
HTBI124, and HTBI131). MCF-10A cells were maintained in complete
MCEF-10A culture medium [1:1 mixture of Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s F12 supplemented with 100 ng/mL cholera
enterotoxin, 10 ug/mL insulin, 0.5 ug/mL hydrocortisol, and 20 ng/mL
epidermal growth factor] (Life Technologies, Rockville, MD). MCF-7 and
MDA-MB-231 cells were maintained in DMEM, whereas BT-483 cells
were maintained in RPMI-1640. Cell growth, proliferation, and viability
were determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
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lium (MTT) assay. An aqueous stock solution of 10 mM Nic and NNK
(Chemsyn, Lenexa, KS) was prepared in dimethyl sulfoxide (DMSO).

RNA Isolation and RT-PCR Analysis. Total RNA was isolated
from human cell lines using Trizol (Invitrogen, Carlsbad, CA), according
to the manufacturer’s protocol. nAChR subunit-specific primers were
synthesized by MB Mission BioTech (Taipei, Taiwan) as described in a
previous paper (9) (Supporting Information Table 1). PCR amplicons
were analyzed on a 1.2% agarose gel (Amresco, Inc., Solon, OH) stained
with ethidium bromide. 09-nAChR mRNA intensity was measured and
normalized to S-glucuronidase (GUS) expression (21). Pictures of the
bands were taken using an Infinity-o digital imaging system (Vilber
Lourmat, France), and band intensities were determined using PhotoCapt
version 11.01.

Protein Extraction, Western Blotting, and Antibodies. To prepare
protein samples, the cells were washed once with ice-cold phosphate-
buffered saline and lysed on ice in cell lysis buffer (50 mM Tris-HCI,
pH 8.0, 120 mM NacCl,, 0.5% Nonidet P-40, 100 mM sodium fluoride, and
200 uM sodium orthovanadate) containing protease inhibitors as pre-
viously described (22). Protein (50 ug) from each sample was resolved
by 12% SDS—polyacrylamide gel electrophoresis, transferred, and ana-
lyzed by Western blotting. Antibodies were purchased from the following
vendors: antitotal AKT, anti-ERK, antiphospho ERK, and protein A/G
agarose beads were from Santa Cruz Biotechnology (Santa Cruz, CA);
anti-GAPDH and anti-a9-nAChR antibodies were from ABcam
(Cambridge, U.K.); and antiphospho AKT (Ser*’®) antibody was from
Cell Signaling Technology (Danvers, MA). The secondary antibodies,
alkaline phosphatase-coupled anti-mouse and anti-rabbit IgG, were
purchased from Santa Cruz Biotechnology. Specific protein complexes
were identified by incubation with the colorigenic substrates nitro blue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP)
(KPL, Inc., Gaithersburg, MD). In each experiment, proteins were also
probed with an anti-GAPDH antibody as a protein loading control.

Soft Agar Cloning Assay. The base layer consisted of 0.9% low-
gelling-point SeaPlaque agarose (Sigma, St. Louis, MO) in culture
medium. Soft agar consisting of 0.4% SeaPlaque agarose in culture
medium was mixed with 1 x 10* MDA-MB-231 cells and plated on top
of the base layer in 60 mm culture dishes. Soft agar cultures were
maintained at 37 °C, and colonies that appeared were counted using a
Leica DMI 4000B Microscope Imaging System (Leica Microsystems,
Wetzlar, Germany).

RNA Interference. a9-nAChR expression was ablated in breast
cancer cells with at least two independent small interfering RNAs
(siRNAs). The target sequences of 09-nAChR mRNA were selected to
suppress a9-nAChR gene expression. Scrambled sequences of each sSiIRNA
were used as controls (Supporting Information Table 1). After BLAST
analysis to verify that there were no significant sequence homologies with
other human genes, the selected sequences were inserted into Bg/Il/
HindIll-cut pSUPER vectors to generate the pSUPER-Si 09-nAChR
and pSUPER-scramble vectors. All constructs were confirmed by DNA
sequence analysis. The transfection protocol has been described pre-
viously (23). Briefly, 1.5 x 107 cells were washed twice with phosphate-
buffered saline and mixed with 0.5 ug of plasmid. One pulse was applied
for 20 ms under a fixed voltage of 1.6 kV on a pipet-type microporator
MP-100 (Digital Bio, Seoul, Korea).

Generation of Stable nAChR-Knockdown Cell Lines. At least
three clones of the MDA-MB-231 cell lines stably expressing the sSiRNA
were generated. All experiments were performed using multiple subclones
of each cell line, with consistent results. The pPSUPER-Si a9-nAChR and
pSUPER-scramble vectors were transfected, and stable integrants were
selected 72 h later with G418 (4 mg/mL). After 30 days in selective
medium, two G4l18-resistant clones, referred to as pSUPER-Si
09-nAChR, were isolated. These clones demonstrated >80% reduction
in mRNA and protein levels as compared to control clones (pSUPER-
scramble).

Plasmid Constructions. All nAChR a9 promoter—Iluciferase gene
fusions were made in the pGL3-Basic vector (Promega), introducing
the suitable 09 promoter fragments in its polylinker upstream of the
luciferase gene. These fragments were generated with restriction enzymes
and cloned directly into pGL3-Basic or subcloned first in pBluescript and
then transferred to pGL3-Basic. Deletion analysis of the most
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promoter-proximal region was performed by generating either appropri-
ate restriction enzyme fragments or PCR fragments with suitable sense
oligonucleotides and an antisense primer (5'-tatagaggctcaggaaaaag-3')
that anneals to the pGL3-Basic vector downstream of the transcription
start site.

Luciferase Activity Assay. MDA-MB-231 cells were plated in 6-well
plates. Cells were transiently cotransfected the next day with 1.5 ug of 09-
nAChR full-length promoter in the pGL3-Basic plasmid and 0.1 ug of
RLTK plasmid (Promega, Madison, WI) using a microporator MP-100
(Digital Bio), according to the manufacturer’s instructions. After incuba-
tion for 24 h, the medium was changed to culture medium containing 10%
FBS or 0.1% FBS with or without Nic. Cells were lysed 24 h later with
Ix Reporter Lysis Buffer (Promega) and stored frozen at —20 °C over-
night. Luciferase activity was determined by testing 50 uL of cell lysate and
50 uL of Luciferase Assay Reagent (Promega) usinga HIDEX Chameleon
microplate reader. Relative luciferase units were normalized to renilla
luciferase from the same cell lysates. Each luciferase assay experiment was
performed three times.

Chromatin Immunoprecipitation (ChIP) Assay. ChIP assays of
cultured cells were performed as described previously. Briefly, after
various regimens of nicotine treatment, the cells were fixed by adding a
final concentration of 1% directly to the cell culture medium at 25 °C for
15 min. The cross-linking reaction was terminated by adding glycine (final
concentration = (0.125 M) for 5 min, and the cells were collected into a new
Eppendorf tube. The cell lysate was sonicated three times with 10 s bursts
to yield input DNA enriched for fragments around 1000 bp in size. The
nuclear factor kappa B (NF«B) antibody (Santa Cruz Biotechnology Inc.)
was used for the immunoprecipitation reactions. Specific primers
(Supporting Information Table 1) for the a9-nAChR promoter region
amplified a region from —960 to —1 for 32 cycles. The PCR products were
then separated and analyzed by agarose gel electrophoresis.

Statistics. All data were expressed as the mean value = SEM.
Comparisons were subjected to one-way analysis of variance (ANOVA)
followed by Fisher’s least significant difference test. Significance was
accepted at P < 0.05.

RESULTS

nAChR Expression in a Human Breast Cancer Cell Line. Recent
studies have demonstrated that Nic binds to nAChR subunits and
that this interaction may mediate the carcinogenic effects of
this tobacco component (9, 22). To test whether Nic induced
breast cancer cell proliferation through its relevant receptor
(09-nAChR), MDA-MB-231 cells were treated with Nic, and
the levels of a9-nAChR mRNA were measured (Figure 1A).
RT-PCR analysis indicated that a significant increase in
09-nAChR mRNA level occurred in MDA-MB-231 cells 6 h
after Nic treatment (Figure 1A, upper panel, lane 2). Interestingly,
the a9-nAChR mRNA level returned to the basal level 24 h after
exposure to Nic (Figure 1A, upper panel, lane 4). Accordingly,
the 6 h time point was selected to test the dose dependency of Nic-
induced a9-nAChR mRNA expression in MDA-MB-231 cells.
The results show that a relative 1.62-fold a9-nAChR mRNA level
was induced by Nic (> 0.1 uM) in MDA-MB-231 cells. Similar
results were also seen at the protein level; the amount of
immunoreactive a9-nAChR in MDA-MB-231 cells that were
treated with Nic increased in a dose-dependent manner
(Figure 1B, left, lane 2).

Effects of Lut and Que on Inhibition of Nic-Induced Breast
Cancer Cell Proliferation. To test whether Nic plays a role in
cancer cell proliferation through its relevant receptor (a9-
nAChR), human breast cancer cells (MDA-MB-231) that express
09-nAChR were treated with Nic (1 4M) in the presence or
absence of either Lut or Que, and growth proliferation assays
were performed on the cells (Figure 2A). Our results show that the
higher concentration of Lut and Que (1 M for 24 h) significantly
down-regulated a9-nAChR mRNA expression [Figure 2A, bar
2vs4and 6 (x, P < 0.05)]. We also found that Lut and Que
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Figure 1. Nic-induced nicotinic receptor up-regulation in human breast
cancer cells. (A) Nic-induced a9-nAChR mRNA expression in MDA-MB-
231 cells. MDA-MB-231 cells were treated with Nic (1 «M) for various
intervals of time (upper panel). For dose-dependent experiment, MDA-MB-
231 cells were treated with Nic (0.1—10 uM) for 6 h (lower panel). Total
RNA was isolated from the cells, and RT-PCR analysis was performed for
a9-nAChR mRNA analysis. (B) Nic-induced a9-nAChR protein expres-
sion in MDA-MB-231 cells. MDA-MB-231 cells were treated with Nic for
various intervals of time. The protein expression level of a9-nAChR was
detected by immunoblotting analysis.

significantly inhibited Nic-induced cell proliferation in a time-
dependent manner [Figure 2B, upper panel (x,P < 0.05)].
Interestingly, we found that combined treatment with both
agents at half the concentration (0.5 uM) synergistically down-
regulated a9-nAChR mRNA expression [Figure 2A, bar 8§ vs 4
and 6, respectively (#, P < 0.05)]; a corresponding decrease in cell
proliferation was also observed (Figure 2B). To test whether the
cytotoxic effect was cancer cell-specific, normal human breast
epithelial (MCF-10A) cells were treated in the same manner, and
cell proliferation assays were performed (Figure 2B). Our results
show that the antiproliferative effects induced by the combined
treatment of Lut and Que occurred preferentially in human breast
cancer (MDA-MB-231, MCF-10A, and BT-483) cells. All of
these results indicate that the cytotoxic effect Lut and Que in
human breast cancer cells correlated with 09-nAChR inhibition.
Effects of Lut and Que on the Inhibition of Nic-Induced Breast
Cancer Cell Colony Formation in Soft Agar. We further tested the
effects of Lut and Que on the inhibition of Nic-induced breast
cancer cell colony formation. Nic-treated MDA-MB-231 cells
were cultured in soft agar for 21 days (Figure 3A) (5, 24). Soft
agar assays were conducted, and the number of transformed
colonies was determined in MDA-MB-231, 09-nAChR knock-
down (Si a9), and scrambled vector control (Sc) cells (Figure 3B).
After treatment with Nic, more transformed colonies were
observed in wild-type MDA-MB-231 and scrambled vector
control (Sc) cells compared with the 09-nAChR knockdown (Si
09) MDA-MB-231 cells [Figure 3A, bar 1 vs 2 (x, P < 0.05)]. To
test whether Nic-induced colony formation occurred through
activation of its cognate receptor (09-nAChR), human breast
cancer cells (MDA-MB-231) that expressed a9-nAChR, a9-
nAChR knockdown (Si 09), and scrambled vector control (Sc)
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Figure 2. Effects of Lut and Que on the inhibition of Nic-induced breast
cancer cell proliferation. (A) MDA-MB-231 cells were treated with Nic
(1 uM) in the presence or absence of Lut (1 «M) and Que (1 uM) for 24 h.
After treatment, total RNA was isolated and RT-PCR analysis was
performed for the determination of a9-nAChR mRNA level. In the
combination-treated group, half the concentration of Lut (0.5 M) and
Que (0.5 uM) was added to MDA-MB-231 cells, and the .9-nAChR mRNA
level was subsequently detected by RT-PCR analysis. (B) Human
cancerous (MDA-MB-231, MCF-7, and BT483) and normal (MCF-10A)
breast cell lines were treated with either Nic (1 «M) or vehicle alone with or
without Lut (1 «M) and Que (1 M) for 24 h. In the combination-treated
group, half the concentration of Lut (0.5 M) and Que (0.5 M) was added
to both cells, and cell growth was measured by the MTT assay with an
OD (540 nm) at the indicated time points.

cells were treated with Nic in the presence or absence of Lut
(1 uM) or Que (1 uM), and soft agar colony formation assays
were performed (Figure 3B). Both Lut (1 uM) and Que (1 uM)
significantly inhibited the formation of transformed colonies
when compared to Nic-treated cells that did not receive flavonoid
treatment [Figure 3B, bar 2 vs 4 and 6 (%, P < 0.05)]. We further
demonstrated that combined treatment with lower concentra-
tions of both agents (0.5 uM) synergistically inhibited colony
formation [Figure 3B, bar 8 vs 4 and 6 (#, P < 0.05)]. Interest-
ingly, we also found that colony formation was profoundly
inhibited in a9-nAChR knockdown cells (Figure 3B, middle
panel) compared to control cells (Figure 3B, upper and lower
panels).

Nic-Induced Cancer Cell Proliferation Occurs through Activation
of AKT and ERK Signaling Pathways in MDA-MB-231 Cells. To
determine whether the activation of upstream stimulatory factors
such as AKT (25) plays a role in Nic-induced cell proliferation,
MDA-MB-231 cells were treated with Nic (1 uM) for various
times, and Western blot analysis was performed. The results show
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Figure 3. Effects of Lut and Que on the inhibition of Nic-induced breast
cancer cell colony formation in soft agar. (A) Anchorage-independent
growth of Lut- and Que-treated MDA-MB-231 cells in soft agar. The MDA-
MB-231 cells were treated with Nic (1 «M) or vehicle alone with or without
Lut (1 M) and Que (1 uM) using methods described previously (5). In the
combination-treated group, half the concentration of Lut (0.5 «M) and Que
(0.5 uM) was added to MDA-MB-231 cells. The gross morphology of
MDA-MB-231 cell colonies on culture plates is shown. These colonies
exhibit subtle changes in their morphology, which include a slight disag-
gregation compared to the untreated MDA-MB-231 cells. Bar = 200 um.
(B) The number of colonies scored from the soft agar plates. The wild-type
MDA-MB-231, a9-nAChR Si RNA knockdown (Si-09), and scrambled
sequence control (Sc-09) cells were seeded in soft agar and treated with
Nic in the presence or absence of Lut and Que. The colonies were counted
ina 1 x 3 cm area on each plate. Data are the mean + SE of three
independent experiments. Significance was accepted at P < 0.05. %, the
combination Lut4-Nic- and Que+Nic-treated groups were significantly
different from the Nic-treated group. #, the combined Lut+Que+-Nic-
treated groups were significantly different from the Lut+Nic- and
Que-+Nic-treated groups.

that Nic treatment significantly increased the levels of p-AKT
(Ser*”?) and p-ERK in MDA-MB-231 cells within 6 h and
maintained this up-regulation for the duration of the experiment
(24 h) (Figure 4A). Time-dependent increases in 09-nAChR and
cyclin D1 protein levels were also detected in MDA-MB-231 cells
(Figure 4A). These results are of clinical importance because a
previous study demonstrated that the steady state serum con-
centration of Nic in smokers was 200 nM and acutely reached the
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Figure 4. Effect of Lut and Que on Nic-induced cell survival signal
proteins. (A) MDA-MB-231 cells were treated with Nic (1 uM) for
6—24 h. Protein extracts (100 ug/lane) were separated by SDS-PAGE,
probed with specific antibodies, and detected using the nitro blue tetra-
zolium and 5-bromo-4-chloro-3-indolyl-phosphate systems. Membranes
were also probed with an anti-GAPDH antibody to correct for differences in
protein loading. (B) The MDA-MB-231 cells were treated with Nic (1 M) or
vehicle alone with or without Lut (1 «M) and Que (1 «M), and the samples
were processed using the immunoblotting methods described above.
In the combination-treated group, half the concentration of Lut (0.5 x«M)
and Que (0.5 «M) was added to MDA-MB-231 cells.

range of 10—100 M in serum and 1 mM in saliva immediately
after smoking (9).

We next examined the combined inhibitory effects of Lut and
Que on AKT and ERK activation in MDA-MB-231 cells. MDA-
MB-231 cells were treated for 24 h with Nic (1 «M) in the presence
of either Lut (1 uM) or Que (1 uM) or a combination (0.5 uM
each) of both agents (Figure 4B). The levels of p-AK T (Ser*”?) and
p-ERK were detected by Western blotting. The results demon-
strate that combined treatment with Lut and Que synergistically
inhibited Nic-induced AKT (Ser*”® phosphorylation) (Figure 4B,
lane 2 vs 5). Interestingly, Nic-induced ERK phosphoryla-
tion was inhibited in Lut-treated but not in Que-treated cells
(Figure 4B, lane 3 vs 4). These results indicate that an upstream
kinase (such as PI3K), acting through AKT, plays a significant
role in Nic-induced cell proliferation.

Lut Inhibits Nic-Induced AKT Phosphorylation through Activation
of MAPK Kinase in MDA-MB-231 Cells. A recent study demon-
strated that pretreatment of cells with the PI3-kinase (PI3K)/
AKT inhibitor LY294002 markedly inhibited Nic-stimulated
non-small-cell lung carcinoma cell proliferation through a7-
nAChR-mediated signals (26). As described above, our study
shows that Nic-induced up-regulation of a9-nAChR was inhib-
ited by Lut and Que through inactivation of pAKT but not
pERK (Figure 4B, lanes 3—5). To study the transcriptional
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Figure 5. Effect of Lut and Que on the Nic-induced o9-nAChR promoter
activity in MDA-MB-231 cells. (A) MDA-MB-231 cells were transfected with
a construct containing the full-length fragment of the o9-nAChR promoter
for 6 h in combination with Nic (1 .M) treatment. Cells were also pretreated
with 10 M LY294002 for 60 min and subsequently exposed to Nic (1 «M)
with or without Lut (0.5 «M) for an additional 6 h. The luciferase reporter
was measured and normalized to renilla luciferase activity as a transfection
efficiency control. (B) MDA-MB-231 cells were treated with Nic (1 «M) or
vehicle alone with or without Lut (1 M) for 24 h. To test whether PI3K was
involved in the 09-nAChR promoter activation, cells were pretreated with
LY294002 (10 M, PI3K inhibitor) for 60 min and subsequently treated with
Nic and Lut for an additional 24 h. Anti-NF«B was used to perform the ChIP
assay. DNA extracts were analyzed with primers for the a9-nAChR
promoter PCR. Total cell input is labeled as “input”, and a nonspecific
IgG antibody was used as a negative control and is labeled “Neg”.

regulation of 09-nAChR in response to Nic and its antagonist
compounds (such as Lut), a 1.1 kb genomic fragment encom-
passing the human a9-nAChR promoter was inserted upstream
of the luciferase reporter gene. Luciferase activity obtained with
the vector alone without the a9-nAChR promoter was defined as
1-fold (basal level). Experiments utilizing the full-length construct
show that 09-nAChR promoter activity was significantly induced
(> 3-fold) in MDA-MB-231 cells by Nic (1 uM) treatment for 6 h
[Figure SA, bar 1 vs 2 (x, P < 0.05)]. MDA-MB-231 cells were
also pretreated with the PI3K inhibitor (Ly294002, 10 uM) for 60
min in the presence or absence of either Lut (1 #M) or Nic (1 uM)
for an additional 6 h. Pretreatment with Ly294002 abrogated
most of the Nic-induced a9-nAChR promoter luciferase activity
[Figure SA, bar 2 vs 6 (x, P < 0.05)]. Similar results were also seen
in Nic+Lut-treated cells [Figure 5A, bar 2 vs 4 (x, P < 0.05)].

To test whether Lut-mediated inhibition of the PI3K/AKT
pathway was critical for transcriptional regulation of a9-nAChR
in response to Nic treatment, MDA-MB-231 cells were pretreated
with Ly294002 and then treated with Lut (0.5 uM) plus Nic
(1 uM) for an additional 6 h. The results showed that combined
treatment with both Ly294002 and Lut synergistically inhibited
the Nic-induced a9-nAChR promoter-driven luciferase activity
[Figure 5A, bar 4 vs 8 (#, P < 0.05)]. These results suggest that the
PI3BK/AKT pathway may control 09-nAChR transcriptional
regulation.

Nic-Induced Transcriptional Activation of 09-nAChR Gene
Expression by NFkB. Our previous study demonstrated that
NF«B plays an important role in the up-regulation of cyclin
D1, a cellular regulatory protein that confers increased prolif-
erative capacity to Nic-stimulated normal human bronchial
epithelial cells and small airway epithelial cells (22). To determine
whether NF«B is a transcription factor that directly binds to the
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09-nAChR promoter in response to Nic treatment, ChIP assays
were performed in MDA-MB-231 cells. Results demonstrate that
binding of NF«B to the 09-nAChR promoter is increased 6 h
after Nic (1 uM) treatment in MDA-MB-231 cells (Figure 5B,
lane 2). Combined treatment with Lut or Ly294002 attenuated
Nic-induced NFxB binding to the o9-nAChR promoter
(Figure 5B, lane 2 vs 6).

DISCUSSION

Cigarette smoking is the chief risk factor in many types
of human cancers, suggesting that smoking carcinogens such as
Nic and NNK may act in a specific receptor-dependent
manner (7—10). Our previous study demonstrated that Nic
induces normal human bronchial epithelial and small airway
epithelial cell proliferation by activating o3/a4 nAChR subu-
nits (22). The nAchRs have recently emerged as candidate
pathogenic factors in tobacco-related morbidity because they
exert regulatory roles in various biological processes including cell
growth, motility, and differentiation (27—29). A recent study
from our group further demonstrated that inhibition of a7-
nAChR attenuated NNK-induced colon cancer cell migra-
tion (30). On the basis of these results, we hypothesized that
inhibiting nAChR-mediated signals may represent an effective
strategy for improving cancer chemotherapeutic or chemopre-
ventive therapies. In this study, Lut and Que each inhibited the
Nic-induced 09-nAChR mRNA expression level in MDA-MB-
231 cells. A combined treatment with lower concentrations of
both agents (0.5 uM) synergistically enhanced inhibition of
cancer cell growth and soft agar transformation activity. Notably,
we further demonstrated that colony formation in soft agar
(anchorage-independent) experiments is profoundly inhibited
by Lut and Que in a9-nAChR knockdown cells. These results
suggest that the observed Lut- or Que-induced antitransforming
activities are not a9-nAChR receptor-specific. Another nicotinic
receptor (a5-nAChR) that has been detected in MDA-MB-231
cells may be involved.

Although Nic-induced signaling pathways have been reported
in various types of human cancer cells, the molecular mechanism
underlying the effects of Nic in breast cancer cells remains
unclear. In the present study, Nic-induced AKT and ERK protein
activation was detected in MDA-MB-231 cells. Combined treat-
ment with Lut and Que synergistically inhibited the AKT activa-
tion. However, Nic-induced ERK activation was blocked solely
by Lut. Such results demonstrate that AKT survival signals play
an important role in the Nic-mediated carcinogenic process in
human breast cancer cells. Results from CHIP assays also showed
that Lut blocks the NFxB-mediated transcriptional activation of
the a9-nAChR promoter. Inhibiting AKT by LY294002 (PI3K
inhibitor) attenuated the NFxB/a9-nAChR promoter binding
activity. This result suggests that PI3K kinase is involved in IxBot
phosphorylation, which then promotes the nuclear translocation
of NF«B (22).

Flavonoids may protect against cancer development through
several biological mechanisms (/3). However, epidemiologic
studies on dietary flavonoids and cancer risk have yielded
disparate results (37). Recently, the natural flavone diosmetin
was shown to inhibit proliferation of the breast adenocarcinoma
cell line MDA-MB 468 and the normal breast cell line MCF-10A
cells; diosmetin was found to be selective for the cancer cells with
slight toxicity against the normal breast cells. Diosmetin was
metabolized to the structurally similar flavone Lut in MDA-MB
468 cells, whereas no metabolism was seen in MCF-10A cells (32).
These authors also showed that diosmetin is metabolized to
the more active molecule Lut by the CYPI family of enzymes
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in estrogen receptor-positive MCF-7 cells (33). Such results
could explain our observation that combined treatment with
Lut and Que inhibited MDA-MB-231 cell proliferation more
profoundly than normal breast epithelial cell (MCF-10A) pro-
liferation. Lut exhibits a wide spectrum of antitumor activities.
Another study demonstrated that Lut can sensitize human breast
cancer cells to doxorubicin (34). In contrast, Que inhibits tumor
invasion by suppressing PKC 6/ERK/AP-1-dependent matrix
metalloproteinase-9 activation in breast carcinoma cells (35).
In a previous study, we evaluated the antitumor potential of
Lut (30 mg/kg, po) and cyclophosphamide (Lut+CYC) when
orally administered for 20 days as well as CYC when administered
for 10 days against induced mammary carcinogenesis in Wistar
rats. Combination treatment of Lut+CYC (10 mg/kg, ip) sig-
nificantly reduced the incidence rate of breast tumors induced by
7,12-dimethylbenz(a)anthracene and decreased tumor volume
without changing the total body weight of the experimental
animals (36).

ABBREVIATIONS USED

ChIP, chromatin immunoprecipitation; DMSO, dimethyl sulf-
oxide; GUS, p-glucuronidase; Lut, luteolin; MTT, 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium; nAChR, nicotinic
receptor; NF«B, nuclear factor kappa B; Nic, nicotine; NNK,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; Que, querce-
tin; Si 09, 09-nAChR knock down; siRNAs, small interfering
RNAs; Sc, scrambled vector control.

Supporting Information Available: siRNAs and primers
utilized for the experiments and their sequences. This material is
available free of charge via the Internet at http://pubs.acs.org.
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