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Abstract
Nicotine[3-(1-methyl-2-pyrrolidinyl)-pyridi
ne], a major alkaloid in tobacco, has been
implicated as playing a role in
carcinogenesis. Our previous study showed
that cigarette smoking promoted
inflammation-associated lung
adeno-carcinoma formation in vivo and in
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vitro, and MAPK plays an important role in
this process 1. In the present study, we
aimed to investigate whether nicotine and its
specific nicotinic acetylcholine receptor
(nAchRs) could stimulate breast cancer cell
proliferation and tumour growth and the
possible mechanisms involved. We first
demonstrated that the 5 and 9 nAchRs
were detected in both the MCF-7 and
MDA-MB-231 breast cancer cell lines. We
further study the expression of the nAchR
mRNA levels in breast tumor tissues
collected from a hundred and fifty cases of
breast cancer patients in Taiwan. The data
was found that the a9 subunit of the nAchR
expression was more significant higher in
tumor tissue than in normal tissue. Western
blotting analysis demonstrated that the
Akt-regulated proteins were the major signal
pathway that involved in breast cancer cell
proliferation  stimulated by  nicotine
treatment. Constructively express

9-nAchR knock down breast cancer cell
line caused a similar result as treatment with
LY294002, a Akt/protein kinase B (PKB)
inhibitor, it was not only blocked PKB down
stream signal but also reduced the tumor
formation and growth curve in vitro, soft
agar assay and growth curve assay. In vivo,
mude mice tumor formation assay also
proved the knocked-down nAchR 9 breast
cancer cell line had a significant tumor
growth inhibition, whether or not nicotine
treatmrnt. Another important carcinogenic
factor was found to be Estrogen (E2) which
directly bound  9-nAchR promoter binding



site at -44 bp and produced more mRNA
expression in breast can cell line. Thus, this
study provides evidences for a novel signal
route coupling the stimulation of 9
nAChR to the activation of PKB dependent
manner, which implied that the  9-nAchR
may play some important roles involved in
nicotine-mediated breast tumor
carcinogenesis.

Key words: nicotinic receptor, smoking
breast cancer
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Breast cancer is the most frequently
diagnosed in the United States, accounting
for almost 21% of all diagnosed cancers in
women. The link between smoking and
breast cancer has been elusive during pass
two decades 2 3. Even some studies have
suggested that smoking has a little or no
relationship with female breast cancer
incidence, 4 more pervious studies have
been reported to have positive association by
cohort studied or case-control studies 5 6.
Recently, breast cancer risk has been
associated with active and passive smoking
in two large number cohort studies in USA 7
and Japan 8. The two studies both showed
tobacco smoking significantly increases the
risk of female breast cancer. There are many
considerable factors also involved in the
event of smoking caused breast cancer, such
as active or passive smoking, the age of
started smoking, the number of cigarettes
smoked, smoking duration, certain stages of
pregnancy and ethnic group 2 6 9 10 11.
With the enormous epidemiological studies,
Mei and Narayan gave the cell biology
evidences to prove the transformation
possibility of human breast epithelial cells
by either cigarette smoke condensate or
tobacco-specific carcinogen 12 13. However,
detailed mechanism of breast epithelial cell
transformation and development by smoking
still need remained addressed.

Tobacco is one of the most widely examined
environmental exposures for disease risk.
Despite considerable research, however, the
relationship of tobacco exposures to breast
cancer incidence remains controversial.

Tobacco smoke contains at least 2550
known compounds, more than 60 of which
have been found to be carcinogenic in
humans and the metabolites of cigarette
smoke have been found in the breast fluid of
smokers 14 15 16. Nicotine, although
addictive and likely responsible for the
substance  dependence resulting from
tobacco use 17, is considered to be one of
the less dangerous components of tobacco
smoke 18. It has been suggested that the
amount of Nicotine to which one is exposed
as a result of tobacco smoking may not pose
a serious health risk. Low tar cigarettes have
been considered an acceptable solution to
satisfy the smoker’s craving for Nicotine.
Devices for aerosol delivery of Nicotine
without tar-related carcinogens are actively
developed and tested as safe alternatives to
tobacco smoking. Nicotine is highly soluble
in water, and its concentration in the saliva
of tobacco smokers can be very high, since
average steady-state serum concentration of
nicotine have been reported at 200 nM and
acute increases to 10-100 uM in serum or to
ImM at mucosal surface immediately after
smoking have been reported 19 20 21.
Comparable concentrations are likely
present on the bronchial and lung surface.

In human, neuronal acetylcholine receptors
(nAChRs) are expressed in nervous system,
muscle, lymphoid tissue, skin,
neurosecretory and vascular endothelial cells
22 23 24. The neuronal nAChRs comprise a
rather heterogeneous group of different
subtypes that are build from various
combinations of a (a2—al10) and B (B2—p4)

subunits. Each nAchR has specific
pharmacological and physiological
responses to ACH, nicotine or other

nicotinelike agonists or antagonists such as
nicotine-derived nitrosamines N’-
Nitrosonornicotine (NNN)
4(methylnitrosamino-1-(3-pyridyl)-1-butano
ne (NNK), which are potent lung
carcinogens 23 25 26. Nicotine has been
known to promote cell proliferation and
neural angiogenesis through nAchRs by
activate AKT (PKB) and Raf/MAPK
kinase/ERK (RAF/MEK/ERK) signaling
pathway 27 28 29 30 31. While there is no
evidence that nicotine contributes to the



induction of tumors, it has Dbeen
demonstrated that nicotine promotes the
growth of solid tumors in vivo, suggesting
that nicotine might be contributing to the
progression of tumors already initiated 32
33.

In this study, we found that either human
breast cancer cell line and breast tissue both
express nAChRs which sensitive to nicotine,
similar to those expressed by ganglionic
neurons, that compose the a3 subunit 34. By
using RT-PCR and realtime PCR with laser
capture microdisection (LCM) on clinical
breast cancer tissues, we found at least three
nAChRs (a5, a9 and al0) exit in human
female breast cells for both normal and
tumor parts in Taiwan. A confirmed data
also demonstrated with several nAChRs
combinations express in human mammary
adenocarcinoma breast cancer cell lines
(MDA MB 231, MCF 7 and MCF 10A).
And furthermore, the tumor stages with its
nAChRs 09 expression seem to have an
interesting positive correction. The human
breast cancer staged at more tumor
malignancy, we observed a significant
increase on the expression of nAchR a9 in
breast cancer cells than in normals. In cell
culture system, breast cancer cell lines
MCF-7 and MDA-MB-231 both express
nAChRs o9 which likely to activate
PI3BK/AKT (PKB) pathway by nicotine
stimulation causing increasing cell growth
curve protein such as cyclin D1. Activation
of nAchR a9 also has ability to promote
tumor formation and malignancy in nude
mice, increase anchorage independent
ability and tumor growth in cell culture by
introducing nicotine. However, these tumor
progressions can be reversed by using
nAChR-specifica9 siRNA and LY 294002,
a PI3K/AKT inhibitor. Luciferase reporter
and Chromatin immunoprecipitation assays
showed both nicotine and estrogen can
specific bind the DNA promoter region of
nAChRs a9 to promote mRNA transcription
and protein expression. This consequence
provides more nicotine could bind with
nAChRs a9 and finally circulating a positive
feeback result in breast cancer cells
progression. This might to explain why
some previous studies indicated that

smoking could increase the risks of getting
breast cancer, especially smoking during
pregnancy period. We believe that nAChRs
a9 i1s not only functions as simply as a
calcium channel but also it might acts as a
nicotine receptor mediate signal transduction
which more likely a novel growth factor
receptor in human breast cell. Therefore,
blocking nAchR o9 expression or
downstream signal pathway such as
PI3K/AKT could be a new strategy to
inhibit breast cancer progression in lab or
clinic.

Neural tissue, so far has been reported to

have most abundant nAchRs subunits
expression which are composed of
heteropentamers derived from subunits

al-a6 or homopentamers subunits o7-010
and [(2-f4 subunits. However, previous
studies have shown some nAchRs have their
tissue specificity and biological function
such as subunits a3-04 in neural cells 35 and
a7 subunit nAchRs in human bronchial
epithelial and endothelial cells 36.
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Identification of the nAChR subunits
expressed in human breast and normal
cancer cells. The profile of nAChR subunits
expressed in human breast normal and
cancer cells were determined in a standard
reversetranscription PCR (RT-PCR) assay
using primer sets for human a2-a7, a9, al0
and b2-b4 nAChR  subunits and
amplification conditions described
elsewhere 27.

Cell cultures and Nitrosamine-induced
transformation of MCF-10A cells.

Human mammary glad epithelial
adenocarcinoma MCF-7, MDA-MB-231,
AU-565, human mammary glad epithelial
fibrocystic cell MCF-10A, and HBL-100
cell lines were obtained from the American
Tissue Cell Culture collection.(ATCC
number HTB 22, HTB 26, CRL-2531, CRL
10317, and HTBI24  respectively).
Non-cancerous human breast epithelial cell
line (MCF-10A) was maintained in



complete MCF-10A culture medium (1:1
mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F12, [DMEM/Ham’s
F12], supplemented with 100 ng/ml cholera
enterotoxin, 10ug/ml insulin, 0.5pg/ml
hydrocortisol, 20 ng/ml epidermal growth
factor, and 5% horse serum) (Life
Technologies, Rockville, MD)12. MCF-7,
MDA-MB-231, and HBL-100 cells were
maintained in DMEM supplemented with
10% heat inactivated fetal calf serum.
AU-565 cells were maintained in
RPMI-1640 supplemented with 10% heat
inactivated fetal calf serum. All cultures
were maintained in medium in the presence
of 100 wunits/ml penicillin and 100pg/ml
streptomycin  in 5% CO2 at 37°C.
Morphological features of cultured cells
were monitored microscopically. A stock
aqueous solution of SmM NNK (Chemsyn,
Lenexa, KS) was prepared in dimethyl
sulfoxide and used diluted with culture
medium to a final concentration of 100 pM.
Sodium orthovanadate was prepared in H20
and used at a final concentration of 4 mM.
Soft-agar cloning assay

The base layer consisted of 2% low gelling
SeaPlaque agarose (Sigma, St. Louis, MO)
in complete MCFI0A culture medium.
Soft-agar consisting of 0.4% SeaPlaque
agarose in complete MCF10A culture
medium was mixed with 1 x 104 cells and
plated on top of the base layer in 60mm
diameter culture dishes. Soft-agar cultures
were maintained at 37°C and observed
microscopically for the appearance of
colonies. Cell colonies were isolated from
soft-agar and incubated with 0.5% trypsin
for 10min. Cells were dispersed into
complete MCFI10A  culture medium,
maintained at 37°C, and developed into cell
lines.

RT-PCR. Total-RNA extraction and PCR
reaction mixtures were as described
previously 27. Subunit-specific primers for
nAchRs were synthesized by
Sigma-Genosys (The Woodlands, Texas,
USA) with the following sequences: al:
5'-CGTCTGGTGGCAAAGCT-3" (sense),
5'-CCGCTCTCCATGAAGTT-3'

(antisense); a2:

5'-CCGGTGGCTTCTGATGA-3" (sense),
5'-CAGATCATTCCAGCTAGG-3'(antisens
e) ; a3: 5-CCATGTCTCAGCTGGTG-3'
(sense), 5-GTCCTTGAGGTTCATGGA-3’
(antisense); 04:

5'-CTCTCGAACACCCACTC-3"  (sense),
5'-AGCAGGCTCCCG-GTCCCT-3'
(antisense); as:
5'-TCATGTAGACAGGTACTTC-3'
(sense),
5'-ATTTGCCCATTTATAAATAA-3'(antis
ense); ab:

5'-GGCCTCTGGACAAGACAA-3' (sense),
5'-AAGATTTTCCTGTGTTCCC-3'
(antisense); a7:
5'-CACAGTGGCCCTGCAGACCGATGG
TACGGA-3' (sense),
5'-CTCAGTGGCCCTGCTGACCGATGGT
ACGGA-3' (antisense); 09:
5'-GTCCAGGGTCTTGTTTGT-3" (sense),
5'-ATCCGCTCTTGCTATGAT-3’
(antisense);
5'-CTGTTCCGTGACCTCTTT-3’
5'-GGAAGGCTGCTACATCCA-3'
(antisense); B2:
5'-CAGCTCATCAGTGTGCA-3" (sense),
5'-GTGCGGTCGTAGGTCCA-3’
(antisense); B3:
5'-AGAGGCTCTTTCTGCAGA-3" (sense),
5'-GCCACATCTTCAAAGCAG-3’
(antisense); B4:
5'-CTGAAACAGGAATGGACT-3' (sense),
5'-CCATGTCTATCTCCGTGT-3'
(antisense); and [-actin primers
5'-GTGGGGCGCCCCAGGCACCA-3’
(sense) and
5'-CTCCTTAAGTCACGCACGATTTC-3’
(antisense) (Sigma-Genosys). nAchR
primers generated predicted products of 505
bp (al), 466 bp (a2), 401 bp (a3), 371 bp
(0d), 265 bp (a5), 413 bp (a6), 598 bp (a7),
403 bp (a9), 388 bp (a10), 347 bp (B2), 354
bp (B3), and 310 bp (p4).

alO:
(sense),

WwEre

Human a9 nAchR ¢cDNA (1440 and 1890
bp), cloned into an expression vector driven
by a minimal cytomegalovirus promoter
fused to the tet operator sequence, was
transfected into an normal human breast
epithelial (MCF 10A) cells expressing tTA,
a tetracycline-controled transactivator.



Results:

nAChR expression in human breast tumor
tissues and breast cell lines

Previous studies demonstrated that nicotine
and it’s metabolic activate compounds such
as
4-(methylnitrosamino)-1-(3-pyridyl)-1-butan
one (NNK) were bound to nAchRs subunits
which mediate the carcinogenic effects of
these tobacco components 1,27,37,38. For
these reasons, we characterized the
expression of nAchR subunits in human
breast normal (MCF-10A and HBL-100) and
cancer (MDAMB-231, AU545, and MCF-7)
cells. nAchRs belong to the superfamily of
ligandgated ion channels that are primarily
identified in neural tissue, but they have
recently been reported to be expressed in
other human tissues 27,39,40. Functional
nAchRs are composed of homopentamers
derived from  subunits o7-al0 or
heteropentamers derived from six o subunits
(al-a6) and three B subunits (B2—p4) 27.
nAchRs containing a3 or a4 are most
abundant in neural tissue35, and
a7-containing nAchRs have been described
in  human bronchial epithelial and
endothelial cells27,36. We  performed
nAchR subunit—specific RT-PCR analysis of
subunits al-a10 and f2—p4 in human breast
cancer and normal cell lines and were
summarized in Fig. 1A (see supplement
data). Our results demonstrated that nAchRs
subunits are expressed with different profiles
in MCF-7 (al, a3, a5, a7, a9, al0 and p4),
MDA MB-231 (a5 and a9), AU565 (a7 and
a9), MCF-10A (a5, 09 and al0), and
HBL-100 (a3, a4, a5, a9 and a10) cells. Our
results imply that all these cells express
similar homopentamer nAchR because they
containing a7-09 subunits but likely express
some heteropentamers: such as alf4 in
MCEF-7 cells 27. Interestingly, the a9 subunit
was detected in all of these cells (Fig. 1A).
To ascertain the profiles of nAchRs
occurrences in breast cancer, human breast
tumor with surrounding normal tissues were
dissected separately as a paired sample from
Taiwanese patients (n = 150). The
phenotypes of the nAchRs subunits in
human tumor and normal tissues were
detected by RT-PCR analysis (Fig. 1B,

n=50). Our results shown that the a5, a9,
and 10 were the major nAchRs subunits
detected in human tissues (Fig. 1B).
However, the mRNA level of 09 nAchR
were higher in tumor tissues than in normal
tissues (n=50, data not show). The mRNA
level of a9 nAchR subunits in 250 paired
tissues were then detected by quantitative
real-time PCR (Q-PCR) analysis (Fig. 1C).
As shown in Fig. 1C, the PCR profiles of a9
nAchR in tumor tissues (red lines) were
significantly “left-shifted” than in normal
tissues (green lines) that indicates the higher
expression level of a9 nAchR mRNA in
tumor tissues. The results of Q-PCR were
calculated and divided into two groups
according to the level of a9 nAchR
expression (Fig. 1D). In the first group, of
which the average level of a9 nAchR
expression was detected with a high level (>
8 folds) containing 2/3 (96/150) tumor
tissues (Fig. 1D, bars 1 and 2). In these
populations (T>N), more than 40% (42/96)
of the tumor tissues which expressed higher
a9 (> 6 folds) nAchR subunits were detected
(Fig. 1E, bars 3 and 4). However, in another
group (N>T, n=54), the expression level of
a9 nAchR in normal tissues was detected as
merely as less than 1-5 folds (Fig. 1E, bars 5
and 6).

9 nAchR expression in differentiation
stage of breast tumor tissues
As shown in Fig. 2A, 09 nAchR mRNA
levels in different differentiation stages of
tumor tissues were detected. Our results
demonstrated that the mRNA expression
level of a9 nAchR was detected higher in
the terminal-differentiated stage tumors (Fig.
2A, bars 3 and 4). To confirm such
observations, laser-capture-microdissected
(LCM) tumor and normal cells were
harvested separately from 4 differentiation
stages of tumor samples (one case for each
stage, Fig. 2B). The 9 nAchR mRNA
expression levels in the LCM-captured cells
were detected by Q-PCR analysis (Fig. 2C).
Our results demonstrated that the 9
nAchR mRNA expression levels were
increased in a stage-dependent manner (Fig.
2C). The protein localization of 9 nAchR
were detected by immunohistochemical
(IHC) staining method in frozen tumor



sections (Fig. 2D). The results shown here
demonstrated that no significant expression
of 9 nAchR was detected in normal
tissues (Fig. 2D, green square, arrow head).
In contrast, significant increased of 9
nAchR protein level was detected in tumor
tissues (Fig. 2D, red and blue squares,

brown-stained cells indicated as arrowheads).

The morphology of the tumor cells were
confirmed by H.E. staining method
according to the clinical criteria (Fig. 2D,
black square). The intracellular location of
9 nAchR was detected as a membranous
protein in human MCF-7 breast cancer cells
by confocal microscopic immunostaining
methods (Fig. 2E, arrowhead).
a9 nAchR affect the cell growth
breast cancer cells
To investigate whether the endogenous a5
and 09 nAchR subunits affect on tumor cells
growth, the MDAMB 231 cells which
merely expressed a5 and a9 nAchRs were
selected as a research model (Fig. 1A). It
was found that a5- or a9-nAchR protein
expression was depleted at 24 h after
treatment with small-interfering (si) RNA
(data not ready). The mRNA level in the a5-
and a9-nAchR knock-downed cells was
down regulated by 77 and 89% respectively
(Fig. 3A, right). The a5- and a9-nAchR
double knock-downed cells can not be
established due to its requisite role for cell
survival. Furthermore, it was found that the
cell  proliferation in  wild-type or
scrambled-vector transfected cells was
significantly increased by treated with NNK
or nicotine (Fig. 3B). Such effects were
significantly inhibited in the o9 nAchR
SiRNA cells (Fig. 3B). This result implied
that the endogenous a9 nAchR was essential
for the NNK or nicotine-induced breast
cancer cell proliferation. To test these
suggestions, the MDAMB 231 cells were
treated with 3H-nicotine for determination
of ligand-receptor binding activity. Our
results demonstrated that the dissociation
constants (Kd) of 3H-nicotine binding was 3
nM (Fig. 3C, left panel) and reached a
maximum binding activity at 30 minutes
(Fig. 3C, right panel) in MDAMB 231 cell.
The 3H-nicotine binding activity were
inhibited drastically in the 09 nAchR SiRNA

in human

cells (Fig. 3C, right panel).
a9 nAchR-mediated PI3K/Akt
pathway activation
Previous  studies  demonstrated  that
nicotine-mediated  lung  cancer  cell
proliferation was induced through activation
of AKT-signaling pathway. As shown in Fig.
4A, phosphorylation of Akt (Ser 473) was
induced in human breast cancer cells
(MDAMB231) treated with NNK or
nicotine (1-100 M, for 30 min). The
phosphorylated Akt (Ser 473) was detected
initially at 10 minutes and reached the
maximum level at 30-60 minutes after 1
M nicotine treatment. In order to confirm
the PI3K-regulated signals involved in Akt
phosphorylations, MDAMB231 cells were
pretreated with Ly294002 (PI3K inhibitor,
10 M for 30 minutes) and then exposed to
nicotine (I M) for an additional 30-60
minutes. Our results revealed that the p85
but not p110 subunit of the PI3K kinase was
phosphorylated at 30-60 minutes after
exposed to nicotine. Similarly, the maximum
effects of nicotine on Akt (Ser 473)
phosphorylation and cyclin D1 induction
were detected at 30-60 minutes. All these
effects described above were attenuated by
LY294002 (Fig. 4C). Such results postulated
that the nicotine-induced PI3K/Akt signaling
pathway was involved in cyclin DI
induction in human breast cancer cells.
However, the role of 09 nAchR involved in
nicotine-mediated ~ PI3K/Akt  signaling
pathways activation was still uncertain. The
established 09 nAchR SiRNA, vector
control, and wild type MDAMB231 cells
lines were treated with nicotine (1 M) for
60 minutes and immunoblotting was then
performed (Fig. 4D, lanes 1-6). The cells
pretreated with LY294002 in the presence or
absence of nicotine was also adapted as a
positive control group (Fig. 4D, lanes 7-8).
Our results demonstrated that the
nicotine-induced Akt (Ser 473)
phosphorylation and cyclin D1 induction
were blocked in the a9 nAchR SiRNA cells
(Fig. 4D, lane 6). Our results suggested that
the 09 nAchR subunit was act as an
important receptor which participate the
signaling pathways of nicotine-mediated

signal



carcinogenic effects in human breast cancer
cells.

Estrogen
nicotine-induced a9
pathway

Steroid hormone such as estrogen has been
reported by playing important roles in breast
cancer formation through estrogen receptors

receptor was involved in
nAchR signaling

(ER a and ). Accordingly, human breast
cancer cell lines MCF7 (ER+) or
MDAMB231 (ER-) were selected to

investigate the role of estrogen and its
receptor (ER)  which involved in
nicotine-induced PI3K/Akt activation. The
MDAMB 231 cells were treated with
nicotine (1 M) in a time-dependent
manner (Fig. 5A, lanes 1-9). Our results
demonstrated that significant 09 nAchR
mRNA induction was detected initially at 2
hrs and reached the maximum level at 72 hrs
after nicotine treatment whereas the 5
nAchR remained unchanged. The protein
level of the a9 nAchR was induced in
MDAMB231 cells by treated with nicotine
(0.1-10 M) for 24 hrs (Fig. 5B).
Previous studies demonstrated that ER
was a transcriptional factor which regulates
genes expression through its specific
binding sequences. To test whether the
estrodiol (E2) could affect on nAchRs
mRNA expression, human MCF-7 (ER+)
cells treated with E2 (10 nM), nicotine (1
M), or combination treatment for 12 hrs
were harvested for determination of the a5
and 09 nAchR mRNA expression level (Fig.
5C). Our results revealed that 9 nAchR
mRNA expression was significantly induced
by E2 (Fig. 5C, lane 3). Combine treatment
of nicotine enhance the E2-induced 9
nAchR mRNA induction was less profound
(Fig. 5C, lane 4). However, the direct
transcriptional binding activity of ER  on
09 nAchR promoter was demonstrated by
ChIP analysis by using ER  specific
antibody in two ER+ (MCF-7 and
MCF-10A) cells (Fig. 5D). Our results
demonstrated that increase binding of ER
to 9 nAchR promoter was detected in
cells treated either with nicotine (> 1 M),
E2 (> 10 nM), or both (Fig. 5E). All these
results postulated that ER ~ was involved in

nicotine- and E2-mediated
activation.

9 nAchR gene

Nicotine or E2-induced ER was a
transcription factor involved in 09 nAchR
gene activation through different binding
sites

As described above (Fig. 5E), ER  could
be act as a transcriptional factor that regulate
the nicotine- and E2-induced 9 nAChR
promoter activation. To clearly define the
ER transcriptional binding sites, serially

deleted 9 nAchR gene promoter
constructs were transient-transfected in
MDAMB 231 and MCF-7 cells and

luciferase activity was then determined (Fig.
5F). In this study, luciferase activity in the
full-length  PGL3Luc (-1000) transfected
cells MCF-7 without nicotine or E2
treatment was defined as 100% (supplement
results, Figs. SF, G, lane 1). Transfect of 2

g RLTK plasmid DNA into MCF-7
produce more than 10 folds of luciferase
activity (supplement results, Fig. 5F, lane 4).
The transient transfected MCF-7 cells were
then treated either with nicotine or E2
dose-dependently (supplement results, Fig.
SF and G). Accordingly, the PGL3
plasmids-transfected = MDAMB231  and
MCEF-7 cells were treated with nicotine (10

M) for 24 hrs for determination of
luciferase activities (Fig. 5F). As seen in
both cell lines, the nicotine-induced
luciferase activity was preserved when the
promoter construct was deleted from -1000
to -44. In contrast, the responsiveness was
abolished when the promoter was deleted
from -44 to basic (Fig. 5F). Accordingly,
we postulated that the nicotine-induced ER
responsive element was located at the SP-1
site (-30 to -39, sequenced as ggggagtttt). To
determine whether the SP-1 binding activity
is correlated with its transactivation
potential, cells were transfected with
pGL3(SP1)5, a luciferase reporter plasmid
with a SP1 DNA binding site from the 9
nAChR gene promoter (-30 to -39) that is
repeated 5 times. Our results showed that
nicotine dose-dependently increased
SP1-linked luciferase activity (Fig. SH), and
this effect could be significantly abrogated
in the MDAMB231 cells transfected with



PGL3(mut SP1)5 with mutated SP1 DNA
binding sequences (Fig. SH). As shown in

Fig. 5H, the nicotine-induced SP-1
transcriptional ~ activity was  reduced
for 777% in the 9 nAChR SiRNA cells
(data not ready).

On the other hand, the E2 (5 nM, for 24
hrs)-induced ER responsive element seen in
MCF-7 cells was postulated at the region
between -250 and -125. Accordingly, we
postulated that the E2-induced ER
responsive element was located at the xxx
site (-xxx to -xxx, sequenced as xxxx). To
determine whether the xxx binding activity
is correlated with its transactivation
potential, the promoter sequence containing
a mutated version of the xxxx site (-xxx
mutLuc) were constructed. As shown in Fig.
SH, the xxx transcriptional activity was
reduced approximately ???% in the mutated
construct as compared with the wild-type
PGL3Luc (data not ready). The results
demonstrated that nicotine- or E2-induced
ER was involved in the transcriptional
regulation of  9-nAchR promoter through
different binding sites. Such observations
explained the results shown in Fig. 5C
indicated that combine treatment of E2 does
not enhance the nicotine-induced 9
nAchR mRNA expression.

Inhibition of a9 nAchR expression in
MDAMB231-xenografted tumor cells

In this study, the MDAMB231 9 nAchR
Si RNA cells were established as a stable

cell line by G418 selection method (Fig. 3A).

Soft-agar assay was performed and the
transformed  colonies numbers  were
significantly reduced in the 9 nAchR
knock-downed cells (Fig. 6A, bars 7-9).
Increased of the transformed colonies
numbers were seen in the NNK- or
nicotine-treated  control  cells  when
compared to the SIRNA knock-downed cells
(Fig. 6A, bars 8-9). We next examined the
cell growth cessation effects of 9 nAchR
knock-downed cells in vivo by treating
SCID mice bearing MDAMB231 tumor
xenografts, using concentrations of either
nicotine (50 mg/ml) or NNK (5 mg/ml) in
drinking water. After 6 weeks, the 9
nAchR SiRNA knock-downed MDAMB231
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tumor volumes in mice treated ether with
nicotine or NNK was significant inhibited in
comparison with wild type and scrambled
controls (Figs. 6B-D). No gross signs of
toxicity were observed in mice receiving
these treatment regimens (body weight,
visible inspection of general appearance and
microscopic examination of individual
organs). The tumor tissues were dissected
from mice at 6th weeks after tumor cells
transplantation. RT-PCR analysis was
performed and found significant inhibit of
the 9 nAchR mRNA level in the SIRNA
knock-downed tumors. In contrast, the
mRNA expression level of 5 nAchR was
not changed in the same tumors.

Overexpression of 09 nAchR expression in
MCF-10A-xenografted tumor cells

In order to investigate whether a9 nAchR is
involved in the smoking-induced
transformation process of normal human
breast epithelial cells, we established
MCF-10A (DOX) cells in which a9 nAchR
expression is  inducible under the
doxycycline (Dox+), a tetracycline analogue,
control (BD Adeno-X Tet-off system).
Real-time PCR  quantitative  methods
revealed that the 9 nAchR mRNA
expression level in the MCF-10A (DOX+)
cells was maximally induced 9-12 hr (> 200
folds) after remove of doxycycline (Fig. 7A).
The a9 nAchR protein level in the
MCF-10A (DOX-) cells was greatly
increased as compared to MCF-10A (DOX+)
control cells (Fig. 7B, lanes 1-4). In the
MCF-10A (DOX-) cells, the a9 nAchR
protein expression level in 1440 and 1890
clones was similar (Fig. 7B, lanes 1-4).
Induction of a9 nAchR expression
consistently results in a marked increase in
intracellular phosphorylation of AKT and
cyclin D1 expression (Fig. 7B). The 9
nAchR overexpressed MCF-10A (DOX-)
cells upon doxycycline removal significantly
enhance the cell proliferation when
compared to the control (DOX+) cells (Fig.
7C, solid v.s. empty symbol). Nicotine or
NNK treatment increased the cell
proliferation in the MCF-10A (DOX+) but
not in the MCF-10A (DOX+) cells. Previous
studies revealed that normal human breast



epithelial (MCF-10A) cells can be
transformed by NNK in an in vivo animal
model 12. In order to mimic the long-term
carcinogenic effect of nicotine/receptor
binding on normal human breast epithelial
cell transformation, the MCF-10A (DOX+
or DOX -) cells were treated with NNK (1
M) or nicotine (10 M) and replaced
medium every 2 days for at least 60 days.
The NNK- or nicotine-treated MCF-10A
(DOX+ or DOX-) cells were cultured in
soft-agar for additional 21 days and colony
formation was counted microscopically. The
colony numbers were significantly higher in
the NNK-treated MCF-10A (DOX-, n = 127)
cells when compared to the relevant control
MCF-10A (DOX+, n =46) cells (Fig. 7D,
bars 3 versus 6). Interestingly, 6 colonies
were also formed in the nicotine treated
MCF-10A (DOX-) cells (Fig. 7D, bar 5)
indicated that long-term exposure of lower
concentration  nicotine  could induce
transformation of normal breast epithelial
cells in which the over expressed 9
nAchR play some important role.
Two cell lines were developed from colonies
and designated as MCF-10A-Nic (Fig. 7E,
lower middle) and MCF-10A-NNK (Fig. 7E,
lower right). As shown in Fig. 7E, both cells
in culture exhibited subtle changes in their
morphology including slightly increased
rounded morphology and aggregation in
comparison with parental MCF-10A culture.
To investigate the role of acquired 9
nAchR over expression associate with
colony formation effects, the MCF-10A-Nic
and MCF-10A-NNK transformed cells were
seeded in soft-agar with or without DOX
(Fig. 7F). The colony formation efficiency
of MCF-10A-NNK cells was 2 fold higher
than MCF10A-Nic cells after NNK or
nicotine treatment (Fig. 7F). The colony
numbers were significantly increased in
MCF-10A-NNK (DOX-) when compared to
the relevant MCF-10A-NNK (DOX+) cells
(Fig. 7F, bars 5-6). The parental MCF-10A
cells which transiently transfected with 9
nAchR adenovirus were not transformed
into colonies in soft-agar (Fig. 7F, bars 1-2).
These results demonstrated that over
expression of 9 nAchR in MCF-10A cells
without NNK or nicotine treatment can not
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induced malignant cells transformation.

We thought to determine whether induction
of 9 nAchR in vivo in the presence or
absence of nicotine stimulation would
effectively promote tumor growth. Nude
mice were injected subcutaneously with
MCF-10A-Nic (DOX) and vector control
cells. Mice with established tumors were
treated with doxycycline in the drinking
water. The MCF-10A-Nic
(DOX)-xenografted tumor growth was
significantly increased in response to
nicotine treatment (p < 0.01) (Fig. 7G). The
tumor  growth  induction in  the
nicotine-treated mice was potentiated upon
withdraw of doxycycline (p < 0.01) (Fig.
7G). Doxycycline treatment had no
significant effects on tumor growth in vector
control mice (p>0.05). The results
recapitulate the tissue culture data and show
that 9 nAchR over expression in human
normal breast epithelial cells sensitize cells
to transformation in response to nicotine
exposure.

Discussion:

The activation of Akt and the promotion of
breast cancer cell proliferation by tobacco
components recapitulate biologic processes
that may underlie the aggressive clinical
outcomes for patients with tobacco-related
cancers who continue to smoke. Moreover,
these studies advance prior studies of
nicotine and NNK by identifying nAchR o9
as the key cellular target of these tobacco
components in established breast cancer
cells. Activation of AKT through nAchRs by
tobacco components has been observed in
many bronchial or small airway epithelial
cell systems relevant to lung cancer. The
dose- and time-dependent activation of Akt
by nicotine or NNK in breast cancer cells is
similar to that observed in human lung
epithelia cells. Likewise, activation of Akt
by nicotine or NNK has also been observed
with human breast cells at intermediate steps
in the transformation process. Taken
together, human breast cells throughout the
phenotypic spectrum activate Akt in
response to tobacco components in vitro.
Inhibiting the ligand binding with nAchR a9
by tobacco components might therefore be a



valuable approach to mitigate the effects of
smoking in smokers at risk for the
development of breast cancer, and/or in
breast cancer patients who continue to
smoke.

Such approaches would need to consider the
consequences of inhibiting nicotinic
induction of nAchRs in other cell types,
especially in neuronal tissues. In neuronal
tissues, activation nAchRs by tobacco
components might ironically confer health
benefits, which could hypothetically
complicate interventions suggested above.
Many epidemiologic studies have shown
that smokers are at decreased risk for the
development of neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s
disease. In vitro model systems of
Alzheimer’s disease have shown that
nicotine-mediated protection of neuronal

cells against -amyloid-induced
cytotoxicity is dependent wupon Akt
activation. Thus, would a therapeutic

strategy against Akt tailored for breast
cancer increase neuronal degeneration? Or
down-regulation nAchRa9 can be an
alternative treatment for breast cancer
therapy? Animal models may be useful to
address this question. Activation of Akt by
nicotine or NNK clearly propagated the Akt
pathway in breast mammary cells because
increased phosphorylation of multiple
identified and unidentified downstream
substrates of Akt was observed in a
time-dependent manner. Which substrate(s)
might be most important for determining
cellular responses to tobacco components?
The patterns of phosphorylation of
downstream substrates were mostly similar
for nicotine or NNK, but two potentially
important differences were that nicotine, but
not NNK, increased phosphorylation of
MDM?2 and mTOR. Phosphorylation of
MDM2 by Akt can promote nuclear
translocation of MDM2 and degradation of
p53, which can clearly affect apoptosis.
mTOR can also promote cellular
proliferation and cellular survival, especially
in cells with high levels of Akt activity. Thus,
propagation of the Akt signal to MDM?2 or
mTOR  might be responsible for
nicotine-induced survival.
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The identification of nAchR subunits in
breast mammary cell lines and human breast
tissues provides a mechanistic basis for Akt
activation in response to tobacco
components, and fills a gap in the analysis
of nAchR subunit expression in cells derived
from breast tissues. Once thought to be
restricted to neuronal cells, nAchR subunit
expression has now been demonstrated in
human breast cells, MCF 7 cells and MDA
MB 231 cells. In addition, nAchR have been
described in keratinocytes and endothelial
cells. This wide distribution of nAchR may
underlie  the systemic  physiological
responses to smoking.

Although other studies have shown that
nicotine or other agonists of nAchR such as
acetylcholine can promote the growth of
SCLC cells, our study is the first to
demonstrate that nicotine or NNK stimulates
breast proliferation that is dependent upon
nAchR a9. The fact that expression of
siRNA to nAchR a9 inhibited nicotine- or
NNK-induced proliferation of MDA MB
231 cells, suggests that other signaling
pathways that might be increased by
nicotine stimulation such as the AKT
pathway. In  addition to  nAchR,
Nicotine-induced Akt activation and
proliferation of breast cells is probably due
to stimulation of nAchR rather than
b-adrenergic receptors. Regardless of the
relative roles of different receptors at the cell
surface, nicotine- or NNK-induced signaling
converged on Akt, and proliferation was
dependent upon Akt activation.

In addition to the neuronal cell systems
discussed above, nicotine can promote
survival of many cell types including breast
cancer cells.

Finally, these studies highlight the complex
biology of nicotine and tobacco. Nicotine,
originally thought only to be responsible for
tobacco addiction, is now recognized for
modulation of key cellular proteins, such as
Akt, cyclin D1, NFkB and bcl-2, and key
cellular processes, such as increased
proliferation and survival, two components
of the transformed phenotype. If the
conditions used in these studies were to be
replicated in vivo, it is hypothetically
possible that increased growth of nascent,



undiagnosed cancers and/or increased
resistance to cytotoxic therapy could occur
with exposure to nicotine. Because of the
widespread availability and use of nicotine
supplements in current or former smokers,
further investigation on the sustained
biological activities of nicotine is warranted.
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Figure 4.
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Figure 5.
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Figure 1:

(A) Agarose gel electrophoresis of the
productsfrom 2 ug from MDA MB-231,
MCF-7 and MCF-10A RNA obtained by
RT-PCR procedure designed to amplify
nAchR al-a7, a9-al0 and B2-B4. (B) 50
clinical breast cancer tissues were collected
with their normal and tumor regions and
analysis their nAchR a5 and nAchR a9
expression, respectively. © The
distribution of nAchR subunits in 50 breast
cancer cases. (D) The breast cancer tissues
were analyzed their nAchR a9 gene
expression by using Real time PCR. The
green curves represent normal region of
nAchR a9 expression, red color curves
represent tumor parts. n=150. (E) A further
analysis of nAchR a9 expression by dividing
total cases into two groups, tumor over
normal and normal over tumor. (F) More
detailed analysis was using nAchR a9
expression folds between tumor and normal
regions. Almost half of cases have at least 6
folds nAchR a9 expression in tumor parts
than in normal parts. However, in the section
of normal over tumor, none of a single case
has found with over 6 folds nAchR a9
expression in normals than in tumors.

Figure 2:

Overexpression of nAchR a9 is presented on
breast cancer tissue LCM and IHC.
Increasing nAchR a9 mRNA expression in
both total tissue region (A) and LCM (C)
section assessed by real-time PCR. Clinical
Breast cancer tissues were staged by
American Journal of Critical Care (AJCC).
(B) A breast adenocarcinoma section (upper
panel represents normal selection, lower
section was selected for tumor cells) photos
are taken from HE staining, before, selected
and after laser capture. Captured normal and
cancer cells are in the last line and represent
in green arrows. (D) NAchR a9 is over
expressed in breast cancer cells than in
normal cells. 10X nAchR a9 IHC (top
corner on the left) has strong expression
around cancer cells. Higher power field 20X
(top middle) and 40X (second column in the
middle) have more significant comparison
then in 40X normal cells (second column on
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the left). Confocal immunolabeling of
MCEF-7 cells. nAchR a9 antibody is labeled
with FITC (lowest on the left- green color),
and the caveolin-1 is labeled with
Rhodamine (lowest in the middle- red color).
Overlapping distribution yields the yellow
color (lowest on the right).

Figure 3

Si scrambled, si nAchR a5 and si nAchR a9
was constructed into silencer vector and
transfected into MB-231 cells. Confirm
experiment was performed with RT-PCR
(right panel). Stabled expression siRNA cell
lines were treated with medium, nicotine or
NNK for 11 days and counted with MTT
substrate (B). Saturation binding of
[*H]-Nicotine to MB-231 cells(C, left panel).
Non-specific binding activity added 10uM
nicotine before [*H]-Nicotine was adding.
Specific-binding Total  binding
Non-specific binding. Wild type MB 231, si
scrambled, and si nAchR a9 stable express
cells were also confirmed by nicotine
binding activities(C, right panel).

Figure 4:

Phosphorylation of Akt by nicotine or NNK
in breast cancer cells and  effect on
downstream substrates. (A) We measured
Akt kinase activity in MCF7 by
immunoblotting active Akt and assessing
phosphorylation of an exogenous peptide,
after administration of nicotine for 0, 1, 10,
100 uM (left panels) or NNK for 0, 1, 10,
100uM(right panels). (B) Nicotine increased
Akt phosphorylation was also in a
time-dependent manner in MCF-7 cells,as
assessed by immunoblotting ~ with
anti—phospho-S473 and anti-Akt antibodies.
(C) Phosphorylation of substrates upstream
and downstream of Akt was increased after
administration of nicotine with time
dependently increasing. LY294002
significantly inhibited nicotinic induction of
Akt kinase activity. (D) Wildtype MDA
MB-231, scrambled, nAchR a9 siRNA and
LY294002 treatment cells were also
examined with Akt kinase activity for
nicotine treatment or not.



Figure 5:
NachR a9 is induced by Nicotine and E2 via
promoter  derived  regulation.(A)MDA

MB-231 cells were treated with 10uM
nicotine and performed RT-PCR to observe
nAchR a5, a9 and GAPDH mRNA
change.(B) nAchR a9 is induced by both
nicotine and E2 after 24 hours incubation,
whereas nAchR a5 remain unchanged. Both
MCF-10A and MCF-7 can detect ER bond
nAchR a9 promoter with 250, 500, 750, and
1000bps via CHIP assay (C). Treatment with
nicotine (upper panel) and E2 ( middle panel)
dos dependent found increasing ER bond
nAchR a9 promoter. Western Blotting also
observed the same result with nicotine
increasing nAchR a9 protein expression at
24 hours (lower panel). A full length of
nAchR a9 (1000 bps) in PGL3 plasmid had
the highest transfection efficiency with 2 ug
in a 30mm well (E). Both nicotine (F) and
E2 (G) induced nAchR a9 promoter binding
activities with peak at 10uM and 5nM. (H)
Serials deletion of 1000bps nAchR a9
promoter into 500, 250, 44 and basic in
PGL3 plasmid were transected into MB 231
(the middle panel) or MCF-7 cells(the right
panel) with nicotine or E2. The firefly
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luciferase was counted and normalized with
renilla luciferase activity.

Figure 6:

Tumorigenicity and histological study of
nicotine or NNK treatment on nAchR a9
knowndown MDA MB 231 cells. (A)
Medium, nicotine or NNK were treated on
wild type MDA MB 231, scrambled and
nAchR a9 siRNA MDA MB 231 cells in
colony formation assay. After two weeks,
the colony number was counted with crystal
violet staining under 10X microscopy
observation. (B) Mice were injected with
1x107 cells of wild type MDA MB 231,
scrambled and nAchR a9 siRNA MDA MB
231 cells mixed with Matrigel. Photograph
of the animals bearing tumors 100 days after
implantation of cells. During 100 days,
every mice was measured with tumor
volume every week (C). Xenografts
removed from mice implanted with
mentioned cells were placed on quadrille
paper. The mice and tumors were weighted,
respectively(D) (E) (F). (G) The tumors
were finally examined nAchR a9 mRNA
expression to ensure siRNA effects still
remaining in the cells.



= % p i

Z & P ApB & 2 B £ (2005~2008)

INLEIE

2008
1.

2007
3.

2006

Ching-Shyang Chen, Chih-Hsiung Wu, Yen-Chun Lai, Wen-Sen Lee, Hsiu-Min
Chen, Rong-Jane Chen, Li-Ching Chen, Yuan-Soon Ho(corresponder), and
Ying-Jan Wang. NF-kB-activated tissue transglutaminase is involved in
ethanol-induced hepatic injury and the possible role of propolis in preventing

fibrogenesis Toxicology (in pressed). (SCI - impact factor 2.584, Toxicology field -

15/76; 19.74% )

Ching-Shui Huang, Wei-Lu Ho, Wen-Sen Lee, Ming-Thau Sheu, Ying-Jan Wang,
Shih-Hsin Tu, Rong-Jane Chen, Jan-Show Chu, Li-Ching Chen, Chia-Hwa Lee,
How Tseng, Yuan-Soon Ho and Chih-Hsiung Wu (corresponder)SP1-regulated
p27/Kipl gene expression is involved in terbinafine-induced human A431 cancer

cell differentiation: an in vitro and in vivo study ( SCI : impact factor

3.581,Pharmacology and pharmacy field : 45/199; 22.61% )

Jiunn-Chang Lin, Yuan-Soon Ho, Jie-Jen Lee, Chien-Liang Liu, Tsen-Long Yang,
Chih-Hsiung Wu(Correspondence) Induction of apoptosis and cell-cycle arrest in
human colon cancer cells by meclizine. Food and Chemical Toxicology
45:935-944,2007

Yean-Hwei Chou, Yuan-Soon Ho, Chi-Chen Wu, Chiah-Yang Chai, Soul-Chin
Chen, Chia-Hwa Lee, Pei-Shan Tsai, Chih- Hsiung Wu(Correspondence)
Tubulozole-induced G2/M cell cycle arrest in human colon cancer cells through

formation of microtubule polymerization mediated by ERK1/2 and Chk1 kinase

activation Food and Chemical Toxicology 45:1356- 1367,2007 ( SCI:impact factor
2.393, Food Science and Technology field : 7/96; 7.29% )

5. Yang Kuo-Ching, Chi-Chen Wu, Chih-Hsiung Wu, Chen Jur-Hao, Chien-Hwa Chu,

Chien-Ho Chen, Chou Yean-Hwei, Ying-Jan Wang, Wen-Sen Lee, How Tseng,
Shyr-Yi Lin, Chia-Hwa Lee, and Yuan-Soon Ho (2006) Involvement of

proapoptotic Bcl-2 family members in terbinafine-induced mitochondrial

dysfunction and apoptosis in HL60 cells Food and Chemical Toxicology.

25



44:214-226 (SCI : impact factor 2.393, Food Science and Technology field : 7/96;
7.29% )

Ho YS, Wu CH, Chen CH, Wang YJ, Pestell RG,, Albanese C, Chen RJ, Chang MC,
Jeng JH, Lin SY, Liang YC, Tseng How, Lee WS, Lin JK, Chu JS, Chen LC, Lee
CH, Tso WL, Lai YC: Tobacco specific carcinogen
4-(methylinitrosamino)-1-(3-pyridyl)-1-butanone(NNK) induces cell proliferation
in normal human bronchial epithelian cells through NFkB activation and cyclin D1
upregulation. Toxicology 581(1 Applied Pharmacology 2005,205:133-148

Liang YC, Wu CH, Chu JS, Wang CK, Hung LF, Wang YJ, Ho YS, Chang JG, Lin
SY: Involvement of fatty acid-coa ligase 4 in hepatocellular carcinoma
growth:roles of cyclic amp and p38 mitogen-activated protein kinase. World
Journal of Gastroenterology 2005, 11(17):2557-2563

Chen RM, Chen TL, Lin YL, Chang CC, Chen TG, Ho WP, ChiuWT, Wu
CH(Correspondence) : Anti-inflammatory and antioxidative effects of propofol on
lipopolysaccharide-activated macrophages. Annals of the New York Academy of
Sciences 2005,1042:262-271

Chia CF, Chen SC, Chen CS, Shih CM, Lee HM, Wu CH(Correspondence):
Thallium Acetate Induces C6 Glioma Cell Apoptosis. Annals of the New York
Academy of Sciences 2005, 1042:523-530

KC Yang, CC Wu, CH Wu, JH Chen, CH Chu,, YH Chou, YJ Wang, WS Lee, H
Tseng, SY Lin, CH Lee YS Ho: Involvement of proapoptotic Bel-2 family
members in terbinafine-induced mitochondrial dysfunction and apoptosis in HL60
cells. Food Chem Toxicol 2005

Ho YS, Wu CH, Chou HM, Wang YJ, Tseng H, Chen CH, Chen LC, Lee CH, Lin
SY: Molecular mechanisms of econazole-induced toxicity on human colon cancer
cells:GO/G1 cell cycle arrest and caspase 8-independent apoptotic signaling

pathways. Food and Chemical Toxicology 2005(Accept)

Deng WP, Chao MW, Lai WF, Sun Chi Chung CY, Wu CC, Lin IH, Hwang JJ, Wu

CH, Chiu WT, Chen CY, Redpath JL. Correction of Malignant Behavior of Tumor
Cells by Traditional Chinese Herb Medicine Through a Restoration of p53. Cancer
Letters 2005(in press)

26



R A4 DS %

AR RS e BEEREL YO B ALY S E LA N RE ] &
G4 P LR RFE(S A TRF L) SE (S
BL23) R0 FRAFAELL) MBAWHP A FH g d gL 4),
Y G TR PV EN T NI EYERS PR L PR LA
BLL)y et (G FESFIPEETAU LR G aF T U o8 FRPER
2T RS S SR ERR L R N AL Lk

S gl fa s iR I LA

27



