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Tobacco is a known cause of oral disease but the
mechanism remains elusive. Nicotine (Nic) is a likely
culprit of pathobiological effects because it displaces
the local cytotransmitter acetylcholine from the nic-
otinic receptors (nAChRs) expressed by oral keratin-
ocytes (KCs). To gain a mechanistic insight into to-
bacco-induced morbidity in the oral cavity, we
studied effects of exposures to environmental tobacco
smoke (ETS) versus equivalent concentration of pure
Nic on human and murine KCs. Both ETS and Nic
up-regulated expression of cell cycle and apoptosis
regulators, differentiation marker filaggrin, and sig-
nal transduction factors at both the mRNA and pro-
tein levels. These changes could be abolished in cul-
tured human oral KCs transfected with anti-�3 small
interfering RNA or treated with the �3�2-preferring
antagonist �-conotoxin MII. Functional inactivation
of �3-mediated signaling in �3�/� mutant KCs pre-
vented most of the ETS/Nic-dependent changes in
gene expression. To determine relevance of the in
vitro findings to the in vivo situation, we studied gene
expression in oral mucosa of neonatal �3�/� and
�3�/� littermates delivered by heterozygous mice
soon after their exposures to ETS or equivalent con-
centration of pure Nic in drinking water. In addition
to reverse transcriptase-polymerase chain reaction
and Western blot, the ETS/Nic-dependent alterations
in gene expression were also detected by semiquan-

titative immunofluorescence assay directly in KCs
comprising murine oral mucosa. Only wild-type mice
consistently developed significant (P < 0.05) changes
in the gene expression. These results identified �3�2
nAChR as a major receptor mediating effects of to-
bacco products on KC gene expression. Real-time
polymerase chain reaction demonstrated that in all
three model systems the common genes targeted by
�3�2-mediated ETS/Nic toxicity were p21, Bcl-2, NF-
�B, and STAT-1. The expression of the nAChR sub-
units �5 and �2 and the muscarinic receptor subtypes
M2 and M3 was also altered. This novel mechanism
offers innovative solutions to ameliorate the tobacco-
related cell damage and intercede in disease path-
ways, and may shed light on general mechanisms
regulating and driving tobacco-related morbidity in
human cells. (Am J Pathol 2005, 166:597–613)

Tobacco is the single most important cause of avoidable
human deaths. The mechanisms contributing to the ill-
nesses that cause these deaths are under extensive in-
vestigation. Several studies have demonstrated a strong
positive correlation between the use of tobacco products
and increased incidence and severity of periodontal dis-
ease.1,2 Both nonkeratinizing and keratinizing oral epithe-
lia may become targeted by tobacco-related morbidity.3

Nevertheless, the nature of the relationship between
smoking and periodontal disease is not clear.4

Approximately 430,000 persons die in the United
States annually of causes related to smoking cigarettes
and �30% of those deaths are because of some form of
cancer.5,6 Oral squamous cell carcinomas comprise 2 to
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3% of all new malignancies diagnosed in the United
States, making it the 10th most common malignancy.7

The complex process of epithelial carcinogenesis is com-
posed of discrete biological events including the early
activation events of initiation and promotion.8 Despite the
identification of possible target genes and their muta-
tions, the initiation events for oral cancer remain poorly
understood. The intracellular signals these factors pro-
vide are ultimately translated into cellular growth via
steps involving nuclear transcription factors. Cigarette
smoke condensate activates nuclear transcription fac-
tor-�B (NF-�B), which is not cell type-specific and can be
seen in T cells (Jurkat), lung cells (H1299), and head and
neck squamous cell lines.9 Exposure of Swiss 3T3 cells to
mainstream cigarette smoke results in the dose-depen-
dent expression of mRNA and protein c-Fos,10 an early
response gene encoding nuclear transcription factors
that are expressed in cancer cells.8

Although tobacco smoke contains at least 4000 chem-
icals, it is generally believed that nicotine (Nic), a major
pharmacologically active component of tobacco smoke,
is one of the factors responsible for the deleterious con-
sequences of cigarette smoking.11–16 Cumulative results
revealed negative effects of Nic on cell function in various
nonneuronal locations, some of which may provide a
mechanism for the development of tobacco-related ill-
nesses. Furthermore, the safety of local applications of
Nic replacement products to mucocutaneous tissues re-
mains to be determined in long-term studies.17,18

The neuronal nicotinic acetylcholine receptors
(nAChRs) subserve a range of Nic effects in both neurons
and nonneuronal cells. These nAChRs are pentamers
variously composed of � (�2 to �10) and � subunits (�2
to �4). The nAChRs are classic representatives of a large
superfamily of ligand-gated ion channel proteins, or iono-
tropic receptors, which mediate the influx of Na� and
Ca2� and efflux of K�.19 Pharmacological and ligand-
binding studies have shown that the different subunits
vary in their distribution and channel properties. Studies
of the mechanisms of Nic action on various types of cells
inhabiting mucocutaneous tissues have identified a num-
ber of biological events mediated by a complex of
genomic and nongenomic effects resulting from down-
stream signaling of nAChRs ligated by Nic on the cell
membrane.20,21

Regulatory genes can be used to study the nicotinic
signals for differential expression of the gene products.5

Nic is known to affect the expression of a number of
genes implicated in the mechanisms of tobacco-related
human diseases. For instance, Nic has been shown
to enhance the AP-1 and ENKCRE-2 DNA binding activ-
ities,22,23 modulate activation of NF-�B,24 and up-regu-
late the mRNA levels of the immediate early genes c-Fos
and c-Jun that function as transcription factors.25,26 Thus,
although it has been shown that both cigarette smoke
and its major constituent, Nic, can alter the expression
of a number of genes in neuronal and nonneuronal cells,
the regulatory pathways involved primarily remain to be
defined.

Because Nic rapidly crosses the plasma membrane, it
could affect gene expression either through a nAChR-

dependent signaling pathway or through nAChR-inde-
pendent pathway. To distinguish between these possibil-
ities, Dunckley and Lukas27 studied the ability of nAChR
antagonist to abolish Nic-dependent modulation of gene
expression. The results revealed a critical role for nAChR
activation. In a separate study, it has been demonstrated
that the nAChR agonist (�/�)-epibatidine increases fi-
broblast growth factor-2 mRNA and protein levels in the
rat brain.28 Taken together, these observations point out
that activation of nAChRs with Nic has a broad role in
affecting cellular physiology through modulating gene
expression.

The epithelial nAChRs in human gingival and esopha-
geal epithelia may contribute to the development of to-
bacco-associated morbidity, because pathobiological
mechanisms of aberrant cell cycle progression leading to
mucosal lesions in chronic tobacco users appear to in-
volve Nic-induced alterations of the keratinocyte (KC)
acetylcholine (ACh) axis. The epithelial cells lining the
upper digestive tract, KCs, have a functional nonneuronal
cholinergic system for signal transduction with ACh as a
single cytotransmitter that may exert a plethora of biolog-
ical effects. The system includes the synthesizing en-
zyme choline acetyltransferase, two molecular forms of
the degrading enzyme acetylcholinesterase, and two
types of cholinergic receptors, the nicotinic and the mus-
carinic receptors. The KC nAChRs can be comprised of
the �3, �5, �7, �9, �2, and �4 subunits,29–31 and KC
muscarinic ACh receptors (mAChRs) are represented by
the M2, M3, M4, and M5 subtypes.32 Hence, the physio-
logical control of KCs by ACh can be mediated by two
distinct types of biochemical events: the ionic events,
generated by opening of ACh-gated ion channels repre-
sented by KC nAChRs; and the metabolic events, elicited
by ACh binding to the G protein-coupled single-subunit
transmembrane glycoproteins, or mAChRs. Simulta-
neous stimulation of KC nAChRs and mAChRs by endo-
genously secreted ACh may be required to synchronize
and balance the development of ionic and metabolic
events in a single KC. In this model, binding of ACh to the
cell membrane simultaneously elicits several diverse bio-
chemical events the biological sum of which, taken to-
gether with cumulative effects of hormonal and environ-
mental stimuli, determines a distinct change in the cell
cycle. Thus, by simultaneously activating both cholin-
ergic receptor classes, ACh can play a role of pace
maker for KC development.

Some pathobiological effects of tobacco products in
oral tissues may stem from Nic-induced alterations of the
structure and function of KC nAChRs.30 We have dem-
onstrated that chronic stimulation of KCs with Nic alters
the genetically determined program of the cell differenti-
ation-dependent expression of nAChR subunits. Expo-
sure of KCs to Nic also changed the mRNA and protein
levels of the cell cycle and cell differentiation markers
Ki-67, proliferating cell nuclear antigen (PCNA), p21, cy-
clin D1, p53, filaggrin, loricrin, and cytokeratin 10. The
nicotinic antagonist mecamylamine prevented these
changes, indicating that the Nic-induced alterations in
the expression of both the nAChR and the cell cycle and
cell differentiation genes resulted from pharmacological
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stimulation of nAChRs.30 To establish the relevance of
these findings to the pathobiological effects of tobacco
products in vivo, we studied the above parameters in the
oral tissue of rats and mice after their exposures for 3
weeks to environmental tobacco smoke (ETS) or drinking
water containing equivalent concentrations of Nic that are
pathophysiologically relevant.30 The changes of the
nAChRs, and the cell cycle and cell differentiation genes
were similar to those found in vitro. Thus, by interfering with
ACh signaling in KCs, Nic can alter the normal balance of
cell growth and differentiation, which accelerates squama-
tization, and increases the risk for malignant transformation.
The type of nAChR(s) mediating pathobiological effects on
KCs, however, remains to be identified.

The net biological effect produced by Nic depends on
the type of nAChRs predominantly binding this ligand at
the cell membrane because the signal transduction path-
way downstream from different nAChR subtypes are dif-
ferent, which may reflect differences in the ionic perme-
ability of the ACh-gated channels formed.33 Identification
of a nAChR subtype-selective control of the gene expres-
sion responsible for acquisition of a particular cell phe-
notype will provide a mechanistic insight into a general
regulatory mechanism subserving the deleterious effects
of Nic in the oral epithelium. Immature basal KCs provide
the main target for Nic-dependent pathology in the upper
digestive tract.34 These cells predominantly express �3
and �2 nAChR subunits29 that can form a functional
channel.35 The crucial role of ion channels, such as
nAChRs, in maintenance of cell viability has been previ-
ously demonstrated.36 Under pathological conditions,
such as chronic tobacco usage, aberrant signaling
through �3-containing nAChRs was shown to play a role
in atherosclerotic plaque development and tumor
growth.37 In a previous study, we investigated functional
coupling of fibroblast �3 nAChR to regulation of cell
development and function.38 A 24-hour exposure to Nic
up-regulated expression of p21, cyclin D1, PCNA, Ki-67,
Bcl-2, and caspase 3 in human dermal fibroblasts. Trans-
fection with �3 anti-sense oligonucleotide practically
eliminated the responsiveness of cells to Nic. The �3
deletion in knockout (KO) mice was associated with a
decrease of fibroblast p21, cyclin D1, PCNA, Ki-67, and
Bcl-2.38 Thus, �3 nAChR is a likely candidate for medi-
ating effects of Nic on mucocutaneous cells.

To gain a mechanistic insight into the mode of patho-
physiological action of Nic in the epithelium lining the
upper portion of the digestive tract, we in this study
investigated effects of exposures to ETS versus equiva-
lent concentration of pure Nic on human and murine oral
KCs. Both ETS and Nic up-regulated expression of sev-
eral cell cycles, signal transduction, apoptosis, and dif-
ferentiation genes that could be abolished because of
pharmacological or functional inactivation of �3 nAChR-
mediated signaling. The similarity of the effects observed
with Nic and ETS exposures argued that Nic was the
major component of smoke responsible for the cellular
effects observed. Results of pharmacological experi-
ments identified �3�2 nAChR as the major receptor me-
diating tobacco effects on KC gene expression, and
suggested that a switch in nAChR subtypes expressed

by KCs can, at least in part, mediate pathobiological
effects of tobacco products in oral mucosa.

Materials and Methods

Human KC Cultures

Normal human KCs were obtained from attached gingiva
(this study has been approved by the University of Cali-
fornia Davis Human Subjects Review Committee), as de-
tailed elsewhere.29 Briefly, attached gingival samples
were freed of clotted blood and rinsed in Ca2�- and
Mg2�-free phosphate-buffered saline (Life Technologies,
Inc., Gaithersburg, MD). Samples were then cut into 3- to
4-mm pieces, placed epithelium up into a sterile cell
culture dish containing 2.5 ml of 0.125% trypsin (Sigma-
Aldrich, Inc., St. Louis, MO) and 2.5 ml of minimum es-
sential medium (Life Technologies, Inc.) supplemented
with 50 �g/ml gentamicin, 50 �g/ml kanamycin sulfate,
10 U/ml penicillin G, 10 �g/ml streptomycin, and 5 �g/ml
amphotericin (all from Life Technologies, Inc.). Tissue
was incubated overnight at 37°C in a humidified atmo-
sphere with 5% CO2. The epithelial sheets were then
separated from the lamina propria in minimum essential
medium containing 20% heat-inactivated newborn calf
serum (Life Technologies, Inc.), and individual KCs were
isolated by gentle pipetting followed by centrifugation.
The KCs were grown at 37°C and 5% CO2 in 25-cm2 or
75-cm2 Falcon culture flasks (Corning Glass Works,
Corning, NY) in serum-free keratinocyte growth medium
(KGM; Life Technologies, Inc.) containing 0.09 mmol/L
Ca2�. Cell culture medium was changed every 3 days,
and cultures were passaged at �80% confluence. Cell
number was computed using a hemocytometer, and the
percentage of dead cells was determined based on
trypan blue dye positivity. The KCs undergoing apoptosis
were visualized using the DeadEnd Fluorometric TUNEL
system purchased from Promega (Madison, WI). The
enzymatic activities of proapoptotic caspase 3 and
caspase 8 were determined using the respective fluoromet-
ric assay kits purchased from Calbiochem (San Diego, CA),
following the protocols provided by the manufacturer.

�3 nAChR KO Mice and Murine KCs

The generation of �3 nAChR-deficient mice (�3�/�) by
deletion of exon 5 in the �3 gene was described previ-
ously.39 All experiments were conducted by an experi-
menter who was blind to the genotype of the mice. The
genotyping of the �3 mutant mice was performed by PCR
analysis of mouse tail DNA, as detailed elsewhere.38 The
�3�/� littermates of �3�/� mice were used as controls.
Genomic DNA extracted from neonatal mice was used in
reverse transcriptase (RT)-PCR assay using the following
primers: 5�-GTGGATCCCTCCGGCCATCTTTAAGAG-3�
(wild-type forward), 5�-GACTGTGATGACAATGGACAA-
GGTGAC-3� (wild-type reverse), and 5�-GAGACTAGT-
GAGACGTGCTACTTCCATTTG-3� (mutant reverse). After
30 cycles, the PCR analysis identified the �3 homozy-
gous null (�/�), heterozygous (�/�), and wild-type
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(�/�) phenotypes. Murine KCs were obtained from oral
mucosa of 2- to 4-day-old mice as reported else-
where,38,40 and grown at 37°C and 5% CO2 in 25-cm2

Falcon culture flasks using the cell culture techniques
optimized for mouse KCs.41,42

ETS/Nic Exposure Experiments

The heterozygous �3�/� mice in their last week of preg-
nancy were exposed to ETS (see below) or to an equiv-
alent concentration of Nic in drinking water. This study
was approved by University of California Davis Commit-
tee on the Use of Animals in Research. We used a side-
stream smoke exposure system that provides for whole
body exposure.43 Briefly, a TE-10 smoking machine
(Teague Enterprises, Davis, CA) burned 2RF4 reference
cigarettes (Tobacco and Health Research Institute, Uni-
versity of Kentucky, Louisville, KY) that had been temper-
ature- and humidity-conditioned to generate aged and
diluted sidestream cigarette smoke as a surrogate to
ETS. Each 2RF4 cigarette delivers �0.8 mg of Nic.43

Each cigarette was smoked under rigid conditions of one
puff (35 ml volume for 2 seconds duration)/minute
throughout a period of 8 minutes. A portion of the air and
smoke from the conditioning chamber was further mixed
with fresh filtered air before introducing the cigarette
smoke into the 0.44-m3 animal exposure chambers. Daily
measurements of total suspended particulates of Nic and
carbon monoxide were performed. Mean concentrations
throughout the course of the study were 1 � 0.07 mg/m3

of total suspended particulates, 344 � 85 �g/m3 of Nic,
and 4.9 � 0.7 parts/million of carbon monoxide. Past
experiments in our laboratory using identical conditions
of exposure to ETS have found plasma Nic levels in rats
to range from 2 to 17 ng/ml with an average concentration
of 12 ng/ml (ie, in the �m range).44,45 This concentration
of sidestream cigarette smoke was selected because it
represents a high ambient level that individuals could
encounter at home or in other settings where smoking
occurs.46 In another series of exposure experiments,
pregnant �3�/�mice drank water containing 10 �mol/L
of pure Nic. The nonexposed control mice were housed
in a chamber and received pure water and filtered clean
air only. The pups delivered by exposed and nonex-
posed mice were euthanized, and oral tissue samples
were collected. The fresh oral tissue was immediately
used for RNA and protein extractions or embedded in the
O.C.T. Tissue Tek compound (Sakura, Tokyo, Japan) for
use in indirect immunofluorescence (IF) experiments.

In in vitro ETS/Nic exposure experiments, the monolay-
ers of murine �3�/� and �3�/� KCs from the littermates
of the same progeny were exposed for 6 hours per day
for 5 consecutive days to ETS, as described above, or to
10 �mol/L of pure Nic dissolved in KGM. To block KC
nAChR, some cells were exposed to ETS/Nic in the ab-
sence or presence of 100 nmol/L of the �3�2 selective
antagonist �-conotoxin MII (�CtxMII Advanced ChemTech,
Louisville, KY) targeting �3�2 nAChRs with the IC50 of 0.5
nmol/L, and other nAChR subunit combinations with 2 to 4
orders of magnitude less potent.47 The experiments were

done in triplicates for both exposed and control, nonex-
posed cultures, and the cells from each culture were har-
vested and used in experiments separately. In each indi-
vidual culture, 2.5 � 106 viable KCs were used to extract
total RNA and proteins.

Small Interfering RNA (siRNA) Preparation and
KC Transfection

The siRNA experiments were performed in accordance to
the standard procedure detailed elsewhere.48 To design
target-specific siRNA duplexes, we selected sequences
of the type AA (N19) UU (N, any nucleotide) from the open
reading frame of the target mRNAs, to obtain a 21-nucle-
otide sense and 21-nucleotide anti-sense strand with
symmetric 2-nucleotide 3� overhangs of identical se-
quence.49–51 We used 2�-deoxythymidines instead of uri-
dine residues in the 3� overhangs to enhance nuclease
resistance. The 2�-protection ensures that the RNA is not
degraded before use. The siRNA-�3 was custom synthe-
sized by Dharmacon (Lafayette, CO) and used for trans-
fection according to the protocol provided by the manu-
facturer. The target sequence for the human CHRNA3
gene (NM_000743) was: 5�-AACUGCCAGUGGC-
CAGGGCCU-3� (mRNA target region, 262 to 280). Before
use in experiments, the pair of RNA oligonucleotides was
simultaneously 2�-deprotected and annealed in the same
reaction as a further precaution against degradation. The
siRNA duplex was then desalted via ethanol precipitation
directly from the aqueous 2�-deprotection/annealing re-
action.52 After deprotection and annealing, the RNA pel-
let was dissolved in 400 �l of 2�-deprotection buffer, and
40 �l of 10 mol/L ammonium acetate was added to adjust
the ammonium concentration to 1.0 mol/L. After addition
of 1.5 ml of 100% ethanol, the solution was vortexed,
incubated for 5 hours at 70°C, and RNA was pelleted by
centrifugation and dissolved in 1.0 ml of 1� buffer (20
mmol/L KCl, 6 mmol/L HEPES-KOH, pH 7.5, 0.2 mmol/L
MgCl2). To prepare the transfection solution, the TransIT-
TKO transfection reagent (Mirus, Madison, WI) was
mixed with Opti-MEM medium (Life Technologies, Inc.) at
the ratio of 1:12.5, incubated for 20 minutes at room
temperature, after which time the siRNA duplex was
added and incubated for additional 20 minutes. For
transfection, human KCs were seeded at a density of 5 �
104 cells per well of a 24-well plate, and incubated for 16
to 24 hours to achieve �70% confluence. To each well,
60 pmol of siRNA duplex (3 �l of 20 �mol/L annealed
duplex) in the transfection solution was added, and the
transfection was continued for 16 hours at 37°C in a
humid, 5% CO2 incubator. On the next day, the transfec-
tion medium was replaced by KGM, and the cells were
incubated for 72 hours to achieve maximum inhibition of
�3 protein expression, as was experimentally determined
by Western blot (WB) and IF assays with anti-�3 antibody
at different time points after transfection. After 72 hours of
incubation, the cells were harvested, and the proteins
were extracted and used in WB assays of KC gene expres-
sion (see Results). The siRNA transfection efficiency in KCs
was also assayed using fluorescein isothiocyanate (FITC)-
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labeled Luciferase GL2 duplex (Dharmacon) with the
target sequence 5�-CGTACGCGGAATACTTCGA-3�
(data not shown). The fluorescein-labeled Luciferase du-
plex was used as a negative control for all RNA inhibition
experiments.

RT-PCR Assay

Total RNA was extracted from cultured KCs and oral
tissue samples using the guanidinium-thiocyanate-phe-
nol-chloroform extraction procedure as described else-
where.53 One �g of dried, DNase-treated, RNA was re-
verse transcribed in 20 �l of RT-PCR mix [50 mmol/L Tris
(pH 8.3), 6 mmol/L MgCl2, 40 mmol/L KCl, 25 mmol/L
dNTPs, 1 �g Oligo-dt (Life Technologies, Inc.), 1 mmol/L
dithiothreitol, 1 U RNase inhibitor (Boehringer Mannheim,
Mannheim, Germany) and 10 U SuperScript II (Life Tech-
nologies, Inc.)] at 42°C for 2 hours. The PCR was per-
formed in a final volume of 50 �l containing 1 �l of the
single-strand cDNA product, 10 mmol/L Tris-HCl (pH
9.0), 5 mmol/L KCl, 5 mmol/L MgCl2, 0.2 mmol/L dATP,
0.2 mmol/L dCTP, 0.2 mmol/L dGTP, 0.2 mmol/L dTTP,
and 2.5 U TaqDNA polymerase (Perkin Elmer, San Jose,
CA) and 20 pmol for each forward (5�) and reverse (3�)
primers. To allow a quantitative determination of relative
gene expression levels,30 the cDNA content of the sam-
ples was normalized, and the linear range of amplification
was determined for each primer set. For each experiment
the housekeeping gene glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was amplified with 20 to 30 cy-
cles to normalize the cDNA content of the samples. The
amplification was performed at 94°C (1 minute), 60°C (2
minutes), and 72°C (3 minutes) for 24 to 30 cycles. The
studied human and murine genes are listed in Tables 1
and 2, respectively. For quantitative determination of the

relative gene expression levels, the 20-�l samples were
collected during PCR after the completion of three differ-
ent cycle numbers in a linear range. The amplicons were
analyzed on a 2% Sea Kem LE agarose gel (FMC, Rice-
land, ME) stained with SYBRGreen I (Molecular Probes,
Eugene, OR). Pictures of the bands were taken using a
digital imaging system (� Imager 2000, San Leandro,
CA). Band intensities were determined by area integra-
tion. The experimental samples were always run in par-
allel with control samples. In each experiment, the rela-
tive gene expression level was determined after at least
two different cycle numbers in a linear range, and then
averaged. To standardize the analysis, the results were
expressed as ratio of the gene expression level in exper-
imental sample compared to that in control sample. To
obtain this ratio, the intensity of the band in experimental
sample was divided by the value obtained in the control
sample, and the results from three independent experi-
ments were averaged. Therefore, the gene expression
ratio in the control samples was always set equal to 1.
The images shown represent typical results from three
independent experiments (n � 3).

Real-Time PCR

Primers for the genes encoding p53, p21, Bcl-2,
caspase-3, NF-�B, JAK-1, STAT-1, and GATA-3 are
shown in Table 3. The nucleotide databases were
searched to confirm gene specificity. To avoid amplifica-
tion of contaminating genomic DNA, when possible one
of the two primers was placed at the junction between
two exons. Primer pairs were chosen to minimize primer
dimerization and to generate an amplicon between 75
and 150 bp. For each primer pair, we used no-template
control and no-reverse transcriptase controls, which pro-

Table 1. Human Genes Studied by RT-PCR

Name Abbreviation Gene name Accession no. cDNA size (bp)

Cell cycle regulators
p53, transition from G0 to G1 p53 p53 NM_019845 1496
Cdk, inhibitor p21 binding

protein 1A
p21 CDK1A BC000312 2265

Apoptosis markers
Bcl-2, apoptosis inhibitor Bcl2 BCL2 NM_000633 6030
Caspase-3, cysteine protease CASP3 CASP3 BC016926 2640

Keratinocyte differentiation marker
Filaggrin Flgn Flg M24355 1248

Signal transduction factors
GATA-3, promoter enhancer GATA3 GATA3 NM_002051 3067
NF-�B, transcription enhancer NF-�B NF-�B NM_003998 4104
STAT-1, transcription activator STAT1 STAT-1 NM_139266 2762
JAK-1, tyrosine kinase JAK1 JAK1 M64174 3541

nAChR subunits
�5 �5 CHRNA5 M83712 1679
�2 �2 CHRNB2 U62437 2448

mAChR subtypes
M2 M2 CHRM2 XM_004724 1401
M3 M3 CHRM3 NM_000740 2757

Glyceraldehyde-3 phosphate
dehydrogenase

GAPDH GAPD NM_002046 1283
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duced no signals, suggesting that primer-dimer forma-
tion and genomic DNA contamination effects were neg-
ligible.54,55 All PCR reactions were performed using an
ABI Prism 7500 sequence detection system (Applied
Biosystems) and the SYBR Green PCR Core Reagents kit
(Applied Biosystems) in accordance to the manufactur-
er’s protocol. Briefly, 22.5 �l of diluted cDNA sample
produced from 1 �g of total RNA was added to 25 �l of
the PCR master-mix. The amplification included a
2-minute 50°C step required for optimal AmpErase UNG
activity, an initial denaturation step for 10 minutes at
95°C, followed by 40 cycles consisting of 15 seconds at
95°C and 1 minute at 60°C. Obtained gene expression
values were normalized using the housekeeping gene
GAPDH to correct minor variations in mRNA extraction
and reverse transcription. The threshold cycle (Ct value),
ie, the point at which target-derived fluorescence can be
distinguished against background fluorescence, was de-

termined. By constructing a standard curve, the Ct value
was translated into a quantitative result.56 The data from
triplicate samples were analyzed with sequence detector
software (Applied Biosystems) and expressed as
mean � SD of mRNA in question relative to that of control.
Relative expression was determined using the Ct meth-
od57 that calculates relative expression through the
equation: -fold induction � 2[��Ct], where ��Ct � Ct

gene of interest � Ct GAPDH.

WB Assay

Proteins were isolated from the phenol-ethanol superna-
tant of homogenized human or murine KCs, or murine
oral tissues, by adding 1.5 ml of isopropyl alcohol per 1
ml of TRIzol reagent (Life Technologies, Inc.) and ana-
lyzed via quantitative immunoblotting as described.30

Table 2. Murine Genes Studied by RT-PCR

Name Abbreviation Gene name Accession no. cDNA size (bp)

Cell cycle regulators
p53, transition from G0 to G1 p53 p53 AB043586 1305
Cdk, inhibitor p21 binding

protein 1A
p21 Cdk1a NM_007669 1909

Apoptosis markers
Bcl-2, apoptosis Inhibitor Bcl2 Bcl2 NM_177410 1897
Caspase 3, cysteine protease Casp3 Casp3 NM_009810 1466

Keratinocyte differentiation marker
Filaggrin Flgn Flg J03458 1488

Signal transduction factors
GATA-3, promoter enhancer GATA3 Gata3 NM_008091 2853
NF-�B, transcription enhancer NF-�B Nf-�B NM_008689 3892
STAT-1, transcription activator STAT1 Stat-1 NM_009283 4248
JAK-1 tyrosine kinase JAK1 Jak1 NM_146145 4191

nAChR subunits
�5 �5 Chrna5 NM_176844 1317
�2 �2 Chrnb2 AF299083 1548

mAChR subtypes
M2 M2 Chrm2 XM_145245 1872
M3 M3 Chrm3 NM_033269 3171

Glyceraldehyde-3 phosphate
dehydrogenase

Gapdh Gapd XM_132897 1231

Table 3. Primers Used in Real-Time PCR Assays

Name Human primers (forward/reverse) Product size (bp) Murine primers (forward/reverse) Product size (bp)

p53 5�-GGAGGGGCGATAAATACC-3� 5�-TCTCGCTCACTGTGGTTTTTGG-3�
5�-AACTGTAACTCCTCAGGCAGGC-3� (131) 5�-TCCACCTCTTTAGACGGC-3� (111)

p21 5�-GATTTCTACCACTCCAAACGCC-3� 5�-AATCCTGGTGATGTCCGACC-3�
5-AGAAGATGTAGAGCGGGC-3� (115) 5-TCAAAGTTCCACCGTTCTCGGG-3� (145)

Bcl-2 5�-TTTTTCTCCTTCGGCGGG-3� 5�-GGAAGGTAGTGTGTGTGG-3�
5-GGTGGTCATTCAGGTAAGTGGC-3� (105) 5-ACTCCACTCTCTGGGTTCTTGG-3� (103)

Cs-3 5�-GTGGCATTGAGACAGACAGTGG-3� 5�-GTGGCATTGAGACAGACAGTGG-3�
5-GCCAAGAATAATAACCAGGTGC-3� (110) 5-TCCAGGAATAGTAACCAGGTGC-3� (110)

NF-�B 5�-TCCGTTATGTATGTGAAGGC-3� 5�-ATTTGAAACACTGGAAGCACGG-3�
5-TTTGCTGGTCCCACATAGTTGC-3� (111) 5-CCGCCTTCTGCTTGTAGATAGG-3� (101)

JAK-1 5�-TACCTCTATGGCGTCTGTGTCC-3� 5�-TGGCACGGAACCAATGACAACG-3�
5-TGGTAAGGACATCACTTTTCCG-3� (108) 5-ATCAAGGAGTGGGGTTGC-3� (107)

STAT-1 5�-GAACCCAGGAATCTGTCC-3� 5�-ATAGAGCAGGAAATCAAGACCC-3�
5-TCCACATTGAGACCTCTTTTGG-3� (112) 5-CTGTTTTTGGTCGCTCTTCGCC-3� (116)

GATA-3 5�-GGGCTCTATCACAAAATGAACG-3� 5�-ATGGGTTAGAGAGGCAGAGC-3�
5-TTGTGGTGGTCTGACAGTTCGC-3� (111) 5-ATACTGCTCCTGCGAAAAACGC-3� (103)
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The specificities and working concentrations of the pri-
mary antibodies used are listed in Table 4. The mem-
branes were developed using the ECL � Plus chemilu-
minescent detection system (Amersham Pharmacia
Biotech, Inc.). To visualize antibody binding, the mem-
branes were scanned with Storm/FluorImager (Molecular
Dynamics, Mountain View, CA), and band intensities
were determined by area integration using ImageQuant
software (Molecular Dynamics). To normalize data for
protein content, the housekeeping protein actin was vi-
sualized in each sample with anti-�-actin antibody (Table
4). The results were standardized by expressing the den-
sity of each protein band under investigation in the ex-
perimental sample relative to the value determined in the
control sample. The ratios obtained in three independent
experiments were averaged to obtain the mean value.
The protein content ratio in each control sample was
always set equal to 1. The images shown represent typ-
ical appearances of protein band in the gels.

IF Assay

The IF experiments with oral tissues from experimental
and control mice were performed as detailed previous-
ly,58,59 using a computer-assisted image analysis with a
software package purchased from Scanalytics (Fairfax,
VA). The intensity of fluorescence was calculated pixel by
pixel by dividing the summation of the fluorescence in-
tensity of all pixels by the area occupied by the pixels (ie,
segment), and then subtracting the mean intensity of
fluorescence of a tissue-free segment (ie, background).
For each tissue specimen, a minimum of three different
segments in at least three different microscopic fields
was analyzed, and the results compared. To visualize
membrane-associated molecules, such as nAChR sub-
units, the specimens were fixed for 3 minutes with 3%
fresh depolymerized paraformaldehyde that contained
7% sucrose, so as to avoid cell permeabilization. To

visualize molecules located intracellularly, such as signal
transduction factors, oral tissue sections were permeabil-
ized with 100% acetone for 10 minutes. The fixed spec-
imens were washed and incubated overnight at 4°C with
a primary antibody (Table 4). Binding of primary antibody
was visualized by incubating the specimens for 1 hour at
room temperature with the appropriate secondary, FITC-
conjugated antibody purchased from Pierce (Rockford,
IL). The specimens were examined with an Axiovert 135
fluorescence microscope (Carl Zeiss Inc., Thornwood,
NY). The specificity of antibody binding in IF experiments
was demonstrated by omitting the primary antibody or by
replacing primary antibody with an irrelevant antibody of
the same isotype and species as the primary antibody. In
the cell state assays, we used FITC-labeled polyclonal
antibody to the marker of undifferentiated KCs cytokera-
tin 5, purchased from BAbCO (Richmond, CA), and
monoclonal antibody to the marker of differentiated KCs
cytokeratin 10 (Novocastra Laboratories Ltd., Newcastle
on Tyne, UK), and FITC-labeled secondary antibody pur-
chased from Sigma-Aldrich, Inc.

Statistical Analysis

All experiments were performed in triplicates, or quadru-
plicates, and the results were expressed as mean � SD.
Statistical significance was determined using Student’s
t-test. Differences were deemed significant if the calcu-
lated P value was 	0.05.

Results

The Role of �3 nAChR in Mediating ETS and
Nic Effects on Gene Expression in Human KCs

Previous studies have demonstrated profound effects of
ETS and pure Nic on KCs and pointed out that KC

Table 4. Primary Antibodies Used in Western Blot Assays

Antibody Isotype MW
Dilution
(�g/ml) Epitope Reactivity

�3 nAChR* IgG 60 1 PLMAREDA Human and rodents
�5 nAChR* IgG 60 1 PVHIGNANK Human and rodents
�2 nAChR* IgG 60 1 HSDDHSAPSSK Human and rodents
M2 mAChR* IgG 65 1 PVHIGNANK Human and rodents
M3 mAChR* IgG 70 1 FVEAVSKDFA Human and rodents
p21† IgG 21 1 TSMTDFYHSKRR Human and rodents
p53† IgG 53 5 RHSVV Human and rodents
Bcl-2† IgG 24 0.5 20–30 a.a. Human and rodents
Caspase-3† IgG 32 5 Whole protein Human and rodents
Filaggrin‡ IgG 38 0.5 DSQVHSGVQVEGRRGH Human and rodents
GATA-3§ IgG 50 1 167–214 a.a Human and rodents
NF-�B§ IgG 50 1 120–239 a.a Human and rodents
STAT-1§ IgG 91 1 Carboxy terminus Human and rodents
JAK-1§ IgG 130 1 270–375 a.a Human and rodents
�-Actin¶ IgG1 42 0.2 PPIAALVIPSGSGL Human and rodents

*Research & Diagnostic Antibodies, Benicia, CA.
†Oncogene Research Products, Boston, MA.
‡BabCO, Richmond, CA.
§Santa Cruz Biotechnology, Santa Cruz, CA.
¶Sigma Chemical Co., St. Louis, MO.
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nAChRs mediate most of these effects.30 Because �3-
containing ACh-gated ion channels are the most abun-
dant subtype of nAChRs expressed by basal KCs,29 they
might play a role in mediating deleterious effects of ETS/
Nic in oral mucosa. To test this hypothesis, we sought
to determine the role for �3-containing nAChRs in medi-
ating changes produced by both ETS and Nic in oral KCs
in in vitro and in vivo experiments. We therefore studied
the effects of pharmacological or functional (ie, gene
silencing) inactivation of �3 nAChR on KC response to
ETS and Nic. The candidate genes were identified based
on the published results of cDNA microarray studies with
Nic-stimulated cells,27,60,61 and our own previously re-
ported30 and unpublished observations of ETS/Nic ef-
fects on oral KCs. The genes that responded solely to
ETS, eg, GATA-1, JAK-2, and STAT-4, were excluded
from this study. In a series of in vitro experiments using
monolayers of normal human KCs and RT-PCR and WB,
we measured effects of ETS and equivalent concentra-
tion of pure Nic on transcription and translation of the
genes encoding the cell cycle and apoptosis regulators
p53, p21, Bcl-2, and caspase 3, the differentiation marker
filaggrin, transcription transduction factors NF-�B, JAK-1,
STAT-1, and GATA-3, as well as the nAChR subunits �5
and �2, and the mAChR subtypes M2 and M3 mediating
effects of the local cytotransmitter ACh on KCs. We used
RT-PCR primers and antibodies listed in Tables 1 and 2,
respectively.

To dissect the role of �3�2 nAChR in mediating ETS/
Nic effects on KCs, the cells were exposed to ETS/Nic in

the presence of the �3�2-selective antagonist �CtxMII62

at the concentration of 100 nmol/L, which is ordinarily
used in cell culture experiments.63,64 High-affinity bind-
ing of �CtxMII to �6-containing nAChRs65 was not con-
cerning to us, because the RT-PCR experiments using a
set of forward (5�-atgatggcattgagactcttcg-3�) and re-
verse (5�-ttcaccacagtccgaaggaagg-3�) primers and hu-
man genomic DNA as a positive control revealed no
expression of this subunit in human oral KCs used for
ETS/Nic exposures (data not shown). To functionally in-
activate all �3-containing AChRs, some cells were trans-
fected with siRNA-�3 before exposures. The uptake of
siRNA by KCs was determined in IF experiments using
FITC-conjugated siRNA (data not shown). The efficacy of
�3 gene knock-down was measured in WB assays wherein
the relative amount of �3 nAChR subunit protein was esti-
mated using �3-specific antibody characterized in the
past.29 Transfection with anti-�3 siRNA decreased the rel-
ative amount of subunit protein by �80% (Figure 1A).

The RT-PCR assays yielded products of expected
sizes (Figure 1B). Overall, the KCs exposed to ETS or
pure Nic produced similar alterations of gene expression.
ETS and Nic elevated the message of p53, 1.6- and
1.7-fold; p21, 1.4- and 1.2-fold; Bcl-2, 3.7- and 1.9-fold;
caspase-3, 1.4- and 1.2-fold; filaggrin, 1.6- and 1.2-fold;
and signal transduction factors (NK-�B, JAK-1, STAT-1,
and GATA-3) in the range of 1.2- to 1.5-fold and 1.4- to
1.6-fold, respectively. �CtxMII abolished or attenuated
these effects (Figure 1B), indicating that ETS/Nic-in-
duced alterations resulted from the intracellular events

Figure 1. Gene expression changes in human KCs exposed to ETS or pure Nic. Total RNA and proteins were isolated from intact or siRNA-�3-transfected human
KCs exposed for 6 hours per day for 5 consecutive days to ETS or 10 �mol/L Nic. The relative amounts of mRNA transcripts and protein levels of the regulatory
molecules p53, p21, Bcl-2, caspase-3 (Cs-3), NF-�B, JAK-1, STAT-1, GATA-3, the differentiation markers filaggrin (Flgn), the �5 and �2 nAChR subunits, and the
M2 and M3 mAChR subtypes were measured, and the results expressed as described in the Materials and Methods section. Asterisks indicate significant (P 	 0.05)
differences from control. A: Representative results of WB analysis of the effect of siRNA-�3 on �3 nAChR subunit expression in human KCs. The numbers
underneath the bands are ratios of the densitometry value of �3 subunit to that of �-actin, compared to the values obtained in control KCs (taken as 1). B and
D: RT-PCR analysis of ETS and Nic effects on gene expression in human KCs. Gene-specific RT-PCR primers were designed to amplify the human p53, p21, Bcl-2,
Cs-3, Flgn, NF-�B, JAK-1, STAT-1, and GATA-3 (B), or �3 and �2 nAChR subunit, or M2 and M3 mAChR subtype (D) genes (Table 1). To standardize the analysis,
the gene expression ratios in the control cells, ie, intact KCs in experiments with �CtxMII (shown on the gels) and KCs transfected with a nonspecific siRNA in
experiments with siRNA-�3 (not shown), were taken as 1. The ratio data underneath the bands are the means � SD of the values obtained in at least three
independent experiments. The images show representative bands in gels. C and E: WB analysis of ETS and Nic effects on gene expression in human KCs. After
the exposure experiments described in the B and D, the protein levels of KC p53, p21, Bcl-2, Cs-3, Flgn, NF-�B, JAK-1, STAT-1, and GATA-3 (C), or �3 and �2
nAChR subunits, or M2 and M3 mAChR subtypes (E) were analyzed by WB. The gene expression ratio of 1 was assigned to control KCs, as explained above. The
ratio data are the means � SD of the values obtained in at least three independent experiments. The images show typical bands appearing at the expected
molecular weights (Table 4). Specific staining was absent in the negative control experiments in which the membranes were treated without primary antibody
or with irrelevant primary antibody of the same isotype and host (not shown).
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downstream from activation of the �3�2 nAChR type. The
�3-containing nAChR comprising other subunits, ie, �4
and/or �5, could have mediated effects of ETS and Nic
on the transcription of those genes that remained up-
regulated in the presence of �CtxMII, such as p53, Bcl-2,
and NF-�B. Functional inactivation of all �3-containing
nAChRs with siRNA-�3 totally blocked the ETS/Nic ef-
fects, compared to control cells transfected with a non-
specific siRNA (Figure 1B). The GAPDH gene amplification
remained constant in each experiment. The negative con-
trol experiments failed to produce any amplified product.

The ETS/Nic-dependent changes in the expression of
the KC genes under consideration detectable by WB
were consistent with those determined by RT-PCR (Fig-
ure 1C). Each protein band was visualized at the ex-
pected molecular weight (Table 4). In addition, we also
found that �3 knock-down resulted in significant (P 	
0.05) decrease of the relative amounts of the regulatory
proteins p53 and p21, and the signal transduction factors
NF-�B and STAT, indicating that �3 nAChR are coupled
to regulation of these molecules in human KCs.

To determine the biological endpoint of the gene ex-
pression changes induced by ETS and pure Nic in KCs,
we performed a series of functional assays measuring
cell number and viability, expression of the cell state,
apoptosis and differentiation markers, and activities of
caspase 3 and 8 using the preferential blocker of KC
�3�2 receptor �CtxMII (Table 5). We identified functional
alterations of the proapoptotic enzymes, and the cell
state and viability that are consistent with the gene ex-
pression changes found through the RT-PCR and WB
approaches.

As a result of exposures to ETS and Nic, the relative
amounts of mRNA (Figure 1D) and protein (Figure 1E) of
KC nAChR subunits and mAChR subtypes also changed.
Both ETS and Nic up-regulated expression of the �2
gene, detectable by both RT-PCR and WB. Nic also
up-regulated �5 (P 	 0.05). In marked contrast, the
expression of the mAChR subtypes M2 and M3 was sig-
nificantly (P 	 0.05) down-regulated at the mRNA level.
However, changes in the protein levels of these receptors
did not reach significance (P 	 0.05). The ETS/Nic-de-

pendent alterations were attenuated or completely
blocked by �CtxMII, and siRNA-�3. Taken together,
these experimental results suggested strongly that the
nAChR channels comprised with contribution of �3 sub-
unit, �3�2 in particular, play a central role in mediating
effects of tobacco smoke on the expression of the genes
that regulate vital function of KCs as well as major types
of ACh receptors operating in these cells.

In Vivo Studies of the Effects of Functional
Inactivation of Murine KC �3 nAChR on ETS/
Nic-Dependent Changes in the Regulatory, and
the ACh Receptor Gene Expression

To determine the role of �3-containing nAChRs in medi-
ating in vivo effects of tobacco exposures on oral mucosa,
we studied alterations in the expression of the aforemen-
tioned KC genes in neonates delivered by the exposed
�3�/� mice, followed by genotyping. This approach was
justified by the fact that homozygous �3�/� mutant mice
have impaired growth and increased mortality before and
after weaning.39 In addition to RT-PCR and WB analysis
of the oral tissue, we also used semiquantitative IF assay
to measure the relative amounts of protein molecules
under consideration directly in KCs residing in the oral
mucosa of �3�/� versus �3�/� mice.

Gene-specific primers for murine p53, p21, Bcl-2,
caspase-3, filaggrin, NK-�B, JAK-1, STAT-1, and GATA-3
(Table 2) amplified products of the expected sizes, and
the GAPDH gene amplification remained constant in
each experiment (Figure 2A). As was expected from the
results with human KCs (Figure 1), both ETS exposure
and drinking water containing equivalent concentration of
pure Nic up-regulated expression of most of studied
genes in wild-type mice. The changes in gene expression
were detectable by both RT-PCR (Figure 2A) and WB
(Figure 2B). In marked contrast, no up-regulation could
be seen in the exposed �3�/� KO mice, except for an
increased protein level of GATA-3 (Figure 2B). Also in
agreement with the results obtained with human KCs

Table 5. Functional Analysis of the Endpoint Effects of ETS and Nic on Human Oral KCs

Studied parameters

Experimental conditions

Control
(no treatment) ETS ETS��CtxMII Nic Nic��CtxMII

Cell number (1 � 104/well) 20.4 � 2.2 24.6 � 2.4 18.9 � 2.1 22 � 2.2 20.8 � 2.4
Number of TBD� cells

(% of total cells)
3.7 � 2.1 24.2 � 4.5* 5.4 � 2.1 15.3 � 4.2* 3.1 � 1.3

Number of TUNEL� cells
(% of total cells)

3.3 � 1.8 29.1 � 4.7* 6.9 � 2.3 21.1 � 3.7* 4.7 � 1.2

Number of CK 5� cells
(% of total cells)

79.1 � 5.7 49.8 � 4.7* 80.7 � 5 60.2 � 4.7* 90.4 � 6

Number of CK 10� cells
(% of total cells)

11.1 � 3.7 45.8 � 4.7* 10.9 � 4.3 35.3 � 5* 7.6 � 3

Caspase 3 activity (RFU) 304 � 50 1220 � 78* 634 � 55 962 � 36* 512 � 58
Caspase 8 activity (RFU) 372 � 63 1413 � 125* 556 � 55 1084 � 87* 484 � 70

Data shown are means � SD.
�CtxMII, �-conotoxin MII; CK, cytokeratin; ETS, environmental tobacco smoke; KCs, keratinocytes; Nic, nicotine; RFU, relative signal; TBD, Trypan

Blue dye.
*P 	 0.05, the rest are P 
 0.05, compared to control.
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were the changes in the relative amounts of KC nAChR
subunits and mAChR subtypes induced by exposures to
ETS or Nic. Both by RT-PCR (Figure 2C) and WB (Figure
2D), the levels of �5 and �2 mRNA transcripts and pro-
teins, respectively, were increased in wild type, but not in
�3�/� KO mice, whereas those of M2 and M3 were
somewhat decreased.

To assure that the changes in the gene expression
detected by the RT-PCR and WB analysis of the oral
epithelium from �3�/� and �3�/� mice adequately re-
flected alterations induced by ETS and Nic in KCs, we
used IF assay to measure relative amounts of the protein
molecules in question directly in the cells comprising oral
mucosa of the exposed animals. As seen in Table 6,
functional deletion of �3 nAChR dramatically modified
cell response to ETS and Nic exposures. Most of the
changes in the expression of the study genes were sim-
ilar to those detected by RT-PCR and WB. We observed
from �150 to 300% increase of the protein levels of p53,
p21, Bcl-2, filaggrin, NF-�B, STAT-1, GATA-3, �5, and
�2, and �50% decrease of M2 and M3. In �3�/� mice,
most of these changes could not be detected. The ex-
posed �3�/� mice showed an increased level of
GATA-3, indicating that in vivo this signal transduction
molecule is regulated through an additional or an alter-
native ETS/Nic-sensitive pathway. The relative amounts
of caspase-3 and JAK-1 remained within the normal
range in exposed �3�/� and �3�/� mice (P 
 0.05).
Thus, our observation that the ETS/Nic-dependent

changes with p53, p21, Bcl-2, filaggrin, NF-�B, and
STAT-1 were either completely or partially blocked in
�3�/� mice suggested that KC �3 nAChRs mediated, at
least in part, the effects of ETS and Nic on the expression
of these genes.

In Vitro Studies of the Effects of Functional
Inactivation of Murine KC �3 nAChR on ETS/
Nic-Dependent Changes in the Regulatory, and
ACh Receptor Gene Expression

To ultimately establish the role of �3 deletion in the pre-
vention of ETS/Nic-dependent alterations in KC gene ex-
pression, we performed a series of exposure experiments
using single cell-type cultures of murine KCs grown from
�3�/� versus �3�/� mice. The �3�/� KCs exposed to
either ETS or Nic in both cases featured increased
amounts of p21, Bcl-2, caspase-3, filaggrin, NF-�B,
STAT-1, and GATA-3 at both mRNA (Figure 3A) and
protein (Figure 3B) levels, ranging from 1.3- to 3.5-fold.
ETS/Nic-dependent alterations of p53 and JAK-1 at the
mRNA and protein levels were inconsistent. In the ex-
posed �3�/� KCs, no up-regulation of the studied genes
could be detected, except for slightly increased protein
level of GATA-3.

Alterations in the expression of �5 and �2 nAChR
subunits, and M2 and M3 mAChR subtypes in ETS/Nic-

Figure 2. Null mutation of �3 nAChR subunit abolishes ETS- and Nic-dependent changes in KC gene expression in in vivo experiments. To determine the role
of �3 nAChRs in mediating effects of ETS and pure Nic on KCs, the gene expression at the mRNA and protein levels was analyzed using RT-PCR and WB assays,
respectively. Asterisks indicate significant (P 	 0.05) differences from control. A and C: RT-PCR analysis of ETS and Nic effects on gene expression in oral mucosa
of exposed �3�/� mice. Gene-specific RT-PCR primers were designed to amplify the murine p53, p21, Bcl-2, Cs-3, Flgn, NF-�B, JAK-1, STAT-1, and GATA-3 (A),
or �3 and �2 nAChR subunit, or M2 and M3 mAChR subtype (C) genes (Table 2). The ratio data underneath the bands are the means � SD of the values obtained
in at least three independent experiments. The images show representative bands in gels. B and D: WB analysis of ETS and Nic effects on gene expression in oral
mucosa of exposed �3�/� mice. The proteins levels of p53, p21, Bcl-2, Cs-3, Flgn, NF-�B, JAK-1, STAT-1, and GATA-3 (B), or �3 and �2 nAChR subunits, or
M2 and M3 mAChR subtypes (D) were analyzed by WB of total protein isolated from the same �3�/� and �3�/� mice described in B and D, and analyzed by
WB as detailed in the legend to Figure 1, C and E, using primary antibodies listed in Table 4. The gene expression ratio of 1 was assigned to oral tissue samples
from �3�/� mice. The ratio data underneath the bands are the means � SD of the values obtained in at least three independent experiments. The images show
typical bands in gels.
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exposed wild-type KCs were found to be very similar to
those observed in exposed wild-type mice. The relative
amounts of mRNA transcripts (Figure 3C) and protein
molecules (Figure 3D) of both nAChR subunits were in-
creased, whereas those of mAChR subtypes were de-
creased, except for the normal level of M3 in ETS-ex-
posed KCs, as judged from the WB results. To further
elucidate the role of KC �3 nAChR in mediating ETS/Nic-
induced shift in mucosal ACh receptors, we asked if
functional inactivation of �3 nAChR in receptor knockout
KCs prevents ETS/Nic-dependent alterations in the ex-
pression of ACh receptors under consideration. The
�3�/� KCs failed to respond to ETS/Nic with up-regula-
tion of �5 and �2 and down-regulation of M2 and M3

mRNA transcripts (Figure 3C) and proteins (Figure 3D).
These results provided additional evidence that the �3
nAChR-coupled pathway of ACh signaling in KCs could
mediate nicotinic effects on the expression of the cell
cycle, apoptosis, differentiation, signal transduction fac-
tor, and ACh receptor genes detected in in vivo experi-
ments. As one can see from the schematic presentation
of summarizing results obtained in human and murine
KCs via different experimental approaches (Table 7),
both ETS and pure Nic significantly up-regulated the
expression of predominantly those genes that were
down-regulated because of functional inactivation of the

�3-containing nAChRs. This correlation links KC �3
nAChR activity with specific gene expression changes.

Evaluation of the Effects of ETS/Nic on the KC
Gene Expression by Real-Time PCR

Because the changes in the mRNA and protein levels as
measured by RT-PCR and WB were, in most cases, mar-
ginal, a more sensitive quantitative approach such as
real-time PCR was used to raise confidence in the ob-
tained results. Among various regulatory gene studies,
the statistically significant (P 	 0.05) up-regulations be-
cause of exposures to ETS and Nic that could be abol-
ished by the �3�2 selective antagonist �CtxMII (Figure
4A), or because of �3 gene KO in vivo (Figure 4B) and in
vitro (Figure 4C) was observed with p53, p21, Bcl-2,
caspase-3, NF-�B, JAK-1, STAT-1, and GATA-3. In all
three model systems used in this study, similar degrees
of transcription elevation because of exposure to either
ETS or Nic was found only for the p21, Bcl-2, NF-�B, and
STAT-1 genes. The level of up-regulation of the p21 gene
ranged from 2.2- to 12.7-fold, that of Bcl-2 from 3.9- to
23.7-fold, NF-�B from 2.2- to 8.7-fold and that of STAT-1
from 2.4- to 7.6-fold. The obtained results indicated that
these cell regulators represent the most sensitive targets

Table 6. Semiquantitative IF Analysis of KC Gene Expression in the Oral Mucosa of Wild-Type and �3�/� Mutant Mice Exposed
to ETS or Pure Nic

�3�/� mice �3�/� mice

Control ETS Nic Control ETS Nic

p53 1.0 1.63 � 0.22 1.48 � 0.24 1.0 1.1 � 0.11 1.12 � 0.12
P 0.01 0.03 0.18 0.15

p21 1.0 1.62 � 0.28 1.54 � 0.25 1.0 0.97 � 0.09 1.13 � 0.19
P 0.02 0.02 0.62 0.31

Bcl-2 1.0 1.78 � 0.22 1.74 � 0.24 1.0 1.15 � 0.17 0.99 � 0.16
P 	0.01 0.01 0.2 0.89

Caspase-3 1.0 1.17 � 0.12 1.19 � 0.28 1.0 1.06 � 0.32 0.87 � 0.18
P 0.08 0.31 0.75 0.28

Filaggrin 1.0 2.05 � 0.28 2.1 � 0.29 1.0 1.07 � 0.15 1.15 � 0.21
P 	0.01 	0.01 0.45 0.27

NF-�B 1.0 2.6 � 0.31 2.67 � 0.11 1.0 1.16 � 0.27 1.22 � 0.32
P 	0.01 	0.01 0.35 0.31

JAK-1 1.0 1.12 � 0.22 1.06 � 0.26 1.0 1.03 � 0.22 1.23 � 0.23
P 0.4 0.73 0.81 0.17

STAT-1 1.0 3.06 � 0.54 2.98 � 0.38 1.0 1.15 � 0.33 1.08 � 0.21
P 	0.01 	0.01 0.48 0.58

GATA-3 1.0 1.79 � 0.35 2.11 � 0.25 1.0 2.12 � 0.4 1.62 � 0.2
P 0.02 	0.01 0.01 0.01

�5 1.0 2.04 � 0.46 2.25 � 0.16 1.0 1.06 � 0.34 0.99 � 0.41
P 0.02 	0.01 0.78 0.98

�2 1.0 2.14 � 0.25 2.07 � 0.45 1.0 1.1 � 0.24 1.23 � 0.49
P 	0.01 0.02 0.54 0.46

M2 1.0 0.39 � 0.16 0.42 � 0.22 1.0 1.05 � 0.19 1.09 � 0.53
P 	0.01 0.01 0.69 0.79

M3 1.0 0.36 � 0.13 0.48 � 0.04 1.0 1.11 � 0.2 0.87 � 0.39
P 	0.01 	0.01 0.4 0.6

Cryostat sections of oral mucosa were stained with the indicated antibodies (Table 4). The intensities of fluorescence produced by antibody binding
to KCs in the samples from experimental mice are expressed relative to levels determined in KCs residing on the oral mucosa of intact wild-type mice
(taken as 1). Data are means � SD of at least two independent experiments. No specific staining could be seen in cryostat sections of murine oral
mucosa in negative control experiments in which the primary antibody was either omitted or replaced with an irrelevant, isotype-matching antibody (not
shown).
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for the �3�2-mediated toxicity of tobacco products in
gingival KCs.

Discussion

The use of tobacco products is associated with in-
creased incidence of periodontal disease and poor re-
sponse to periodontal therapy.66 Previous studies have
shown the detrimental effects of tobacco usage on peri-
odontal tissue.67–70 The purpose of this study was to gain
a mechanistic insight into nAChR-mediated morbidity of
tobacco products in the oral cavity. We studied effects of
exposures to ETS versus equivalent concentration of pure
Nic on human and murine oral KCs. We demonstrated for
the first time that both ETS and Nic up-regulate expres-

sion of KC genes encoding several cell cycle, signal
transduction, apoptosis, and differentiation markers at
both the mRNA and protein levels, and that these alter-
ations can be abolished because of pharmacological or
functional inactivation of �3 nAChR. The obtained results
identified KC �3�2 nAChR as a major candidate for me-
diating deleterious effects of tobacco products in the
epithelium lining the upper digestive tract, and sug-
gested that a switch in the subtype of nAChR expressed
by KC may play a mechanistic role.

Both cigarette smoke and pure Nic have been shown
to affect proliferation and differentiation of various types
of nonneuronal cells.71,72 The classical studies showed
direct effects of Nic on oral epithelial cells,73,74 but the
types of cellular alterations and the nAChR type(s) medi-

Figure 3. Null mutation of �3 nAChR subunit abolishes ETS- and Nic-dependent changes in KC gene expression in in vitro experiments. Monolayers of murine
KCs were established from the oral mucosa of neonatal �3�/� and �3�/� mice and grown to �70% confluence in KGM, after which the monolayers were
exposed to ETS or Nic as detailed in Materials and Methods. Asterisks indicate significant (P 	 0.05) differences from control. A and C: RT-PCR analysis of ETS
and Nic effects on gene expression in exposed �3�/� murine KCs. Gene-specific RT-PCR primers were designed to amplify the murine p53, p21, Bcl-2, Cs-3,
Flgn, NF-�B, JAK-1, STAT-1, and GATA-3 (A), or �3 and �2 nAChR subunit, or M2 and M3 mAChR subtype (C) genes (Table 2). To standardize analysis, the gene
expression ratio in �3�/� KCs was taken as 1. The ratio data underneath the bands are the means � SD of the values obtained in at least three independent
experiments. The images show representative bands in gels. B and D: WB analysis of ETS and Nic effects on gene expression in exposed �3�/� murine KCs.
The KC proteins under consideration were visualized by primary antibodies (Table 4) using the WB procedure described in detail in the legend to Figure 1, C
and E. The gene expression ratio of 1 was assigned to �3�/� KCs. The ratio data underneath the bands are the means � SD of the values obtained in at least
three independent experiments.

Table 7. Summary of Changes of the KC Regulatory Gene Expression

Experimental
conditions

Regulatory genes

p53 p21 Bcl-2
Caspase

3 Filaggrin NF-�B JAK-1 STAT-1 GATA-3

PCR WB PCR WB PCR WB PCR WB PCR WB PCR WB PCR WB PCR WB PCR WB

ETS �
HKC 1* 1 1* 1 1* 1 1* 1 1* 1 1* 1* 1 1 1* 1* 1 1*
�/�mice 1* 1* 1* 1* 1* 1* 1 1 1* 1* 1 1 1* 1 1
�/�MKC 1 1 1 1* 1* 1* 1* 1* 1* 1* 1* 1* 1* 1* 1* 1*

Nic �
HKC 1* 1* 1* 1* 1* 1 1 1* 1* 1* 1* 1* 1 1 1* 1* 1 1
�/�mice 1* 1* 1* 1* 1* 1 1* 1 1* 1* 1 1 1* 1* 1* 1*
�/�MKC 1* 1* 1* 1* 1* 1* 1 1* 1* 1* 1* 1* 1 2* 1* 1* 1* 1

siRNA-�3 2* 2 2* 2 2 2 2* 2* 2

ETS, environmental tobacco smoke; HKC, human keratinocytes; MKC, murine keratinocytes; Nic, nicotine; WB, Western blot.
*P 	 0.05, the rest are P 
 0.05, compared to appropriate controls.

608 Arredondo et al
AJP February 2005, Vol. 166, No. 2



ating Nic effects remained unclear. More recently, after
the nonneuronal cholinergic system had been character-
ized in oral epithelium,29 it became clear that Nic can
exhibit its pathobiological effects by displacing the local
cytotransmitter ACh from the nAChR expressed on the
cell-surface of KCs.30 The cytotransmitter ACh is re-
leased locally by nonneuronal cells and can regulate
tissue homeostasis in an autocrine and paracrine manner
by exhibiting a plethora of biological effects on different
cell types inhabiting mucocutaneous tissues.20 ACh, Nic,
and cholinergic compounds elicit biological effects on
KCs through binding to two different classes of cholin-
ergic receptors, nAChRs and mAChRs. Acting via its
nAChRs, ACh has been shown to affect KC apoptosis,
differentiation, and cell cycle progression.30,75 The down-
stream coupling of oral KC mAChRs to regulation of cell
cycle progression was demonstrated by the ability of the
muscarinic agonist muscarine to increase relative amounts
of Ki-67, PCNA, and p53 mRNAs and PCNA, cyclin D1,

p21, and p53 proteins in KCs. Thus, the downstream sig-
naling from mAChRs expressed in oral mucosa proceeds
via a pathway that up-regulates the expression of cell-cycle
progression regulators at both transcriptional and transla-
tional levels. Nic, too, may use these signaling pathways to
produce its pathobiological effect on oral mucosa.

In this study, we demonstrated profound nicotinic ef-
fects of the gene expression in KCs that may provide a
mechanism for smoking-related alterations in mucosal
cell growth and function. We compared effects of ETS
and pure Nic to determine the role for chronic nicotinic
stimulation of KCs in tobacco-related oral morbidity. Both
in vitro and in vivo ETS exposure experiments used an
established system that distributes smoke to each animal
and tissue culture plate.43 Previous studies showed that
tobacco smokers have saliva concentrations of Nic as
high as 1.3 �g/ml, which is more than 100,000 times
higher than the level in the blood.76–78 In keeping with the
concentration of Nic encountered by tobacco users,
we30,75 and others37,44,45,79,80 have reported that in in
vitro and in vivo experiments the maximal effects of Nic on
nonneuronal cells occur at the dose ranging from 10�8 to
10�6 mol/L. Therefore, the dosing of Nic in this study was
chosen to correlate well with the levels found in mucous
secretions of smokers and snuffers.

As revealed by real-time PCR assays, among the stud-
ied genes the most consistent changes were observed
with p21, Bcl-2, NF-�B, and STAT-1, which effectively
identified them as the most sensitive targets for Nic tox-
icity in KCs. The multifold up-regulations of these genes
because of ETS/Nic exposures were abolished in the
absence of �3 in receptor KO KCs, and completely
blocked by the �3�2-selective antagonist �CtxMII, indi-
cating that the downstream signaling from this receptor
played a pivotal role. Some inconsistent findings of rela-
tive changes of the mRNA and protein levels of the same
molecule between human and murine cells may be at-
tributed to posttranslational modifications and/or protein
degradation as well as known differences in mRNA half
lives, stability, and so forth.81

In the past, using the neuronal SH-SY5Y cell line, it has
been demonstrated that binding of Nic to the cell mem-
brane modulates the expression of a diverse set of genes
that may be broadly categorized into four groups: tran-
scription factors, protein processing factors, RNA-binding
proteins, and plasma membrane-associated proteins.27

Cumulative results of experiments with nonneuronal cells
showed that Nic-induced effects on cell growth and differ-
entiation can be mediated through growth factors, such as
�-fibroblast growth factor, insulin-like growth factor-1, vas-
cular endothelial growth factor, and transforming growth
factor-�1, and their receptors;28,82,83 signal transduction
effectors, such as transcription factor NF-�B, CREB, and
various AP-1 proteins;22–24,84 oncogenes, such as c-Fos,
c-Jun, c-Myc, and H-Ras;5,10,25,26,85,86 cell cycle regulator
and tumor suppressor genes, such as p53, TOP2A,
CCNB1, CCNA, and CDKN3;87,88 local hormones, growth
factors or cytokines, and/or their synthesizing enzymes and
receptors, such as the catecholamine biosynthetic en-
zymes tyrosine hydroxylase, dopamine �-hydroxylase, and
phenylethanolamine N-methyltransferase, prolactin, nerve

Figure 4. Real-time PCR analysis of the effects of ETS and Nic on KC gene
expression revealing the most sensitive targets of the tobacco toxicity. The
real-time PCR analysis of the gene expression was performed using RNA
isolated from ETS- or Nic-exposed human gingival KCs in the absence of
presence of �CtxMII (A), oral mucosa of �3�/�, and �3�/� littermates (B),
and �3�/� and �3�/� murine oral KCs (C) in experiments described
above in the legend to Figures 1, 2, and 3, respectively. The real-time PCR
was performed exactly as described in the Materials and Methods section
using the primers listed in Table 3. The alterations in the gene expression
levels are presented relative to the rates of expression of corresponding
genes in control samples, taken as the baseline.
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growth factor, neuropeptide Y, nitric oxide synthase, en-
dothelin-1, 5-HT(1A) receptor;89–95 various inflammatory
mediators, such as COX-2, macrophage inflammatory
protein-1�, tissue-type plasminogen activator, plasmino-
gen activator inhibitor-1, and vascular cell adhesion mol-
ecule-1,93,96,97 and a variety of oxidative stress-respon-
sive and xenobiotic enzymes.88,98

Elevation of the early KC differentiation marker filag-
grin99 simultaneously with stimulation of the cyclin-de-
pendent kinase inhibitor p21, anti-apoptotic regulator
Bcl-2, and the signal transduction effectors NF-�B and
STAT-1 observed by us in this study suggest that KCs
exposed to cigarette smoke go through dramatic alter-
ations in their growth and function, which may decrease
a threshold for malignant transformation. Previously, it
was opined that in tobacco users such changes could
disrupt the critical balance between cell death and pro-
liferation, resulting in the unregulated growth of cells.100

Pronounced effects of ETS/Nic on KC Bcl-2 levels are
in keeping with previous reports that signaling pathways
mediating nicotinic regulation of apoptosis predominately
involve changes in the expression/activity of the Bcl-2
protein,101 occurring through Bcl-2 phosphorylation by
the mitogen-activated protein kinases ERK1 and
ERK2.102 In other cell types, treatment with Nic also has
been reported to attenuate apoptosis caused by etopo-
side, ultraviolet irradiation, or hydrogen peroxide.103,104

The central role of nAChRs in mediating tobacco effects
on apoptosis is illustrated by the ability of Nic and nico-
tinic agonists to suppress apoptosis in human neutro-
phils,105 rat cardiac myocytes,106 murine immune
cells,107 chick ciliary ganglion neurons,108 and cultured
spinal cord neurons,89 as well as human lung cancer
cells.109 Nic inhibition of apoptosis suggested a role in
tumor promotion.110 Additionally, Nic has been shown to
rapidly activate the serine/threonine kinase Akt,104 a well-
known inhibitor of apoptosis.111

Although it has been shown that cigarette smoke pre-
vents apoptosis through inhibition of caspase-3 activa-
tion and induces necrosis,112 in this study both ETS and
Nic elevated caspase 3. This is in keeping with reports
that cigarette smoke can activate caspase-3 to induce
apoptosis of human umbilical venous endothelial
cells.113 Cigarette smoke also increases apoptosis of
alveolar macrophages,114 and in the gastric mucosa115

and rat testis.116 Peripheral blood lymphocytes of chronic
cigarette smokers exhibit enhanced expression of FasL
protein without in vitro mitogen stimulation.117 The pre-
sumable controversy of the results on ETS/Nic effects on
caspase-3 can be easily explained by differences in the
duration of the exposures, concentrations of Nic used, as
well as the presence of other biologically active sub-
stances in tobacco smoke. For instance, exposure to
cigarette smoke increased apoptosis in the rat gastric
mucosa through a reactive oxygen species-mediated
and p53-independent pathway.118 Therefore, the
nAChR-mediated effects of ETS/Nic that involve regula-
tion of p53 and other apoptosis-related genes may be
predominantly anti-apoptotic, whereas the nonreceptor
effects of ETS/Nic that induce oxidative stress, may be
mainly proapoptotic.117,119

The ETS/Nic-induced morbidity in the upper digestive
tract may stem from genomic and nongenomic events
resulting from overstimulation of the nicotinic pathways of
physiological control of KCs by ACh. Results of this study
indicate that this novel pathophysiological mechanism
includes Nic-induced changes in the repertoire of �3-
made nAChRs, favoring overexpression of �5-containing
�3�2 nAChR channels, as well as down-regulation of M2

and M3 mAChRs in KCs. For instance, a switch in the
nAChR subunit composition from predominantly �3�2
channels to �3�2�5 channels can alter Ca2� permeabil-
ity of the cell membrane,120 leading to altered cell regu-
lation and function. It is well known that overstimulation of
nAChRs with agonists can modify ACh metabolism, se-
cretion, and signaling through both the nicotinic and the
muscarinic pathways with toxicological implications.121–124

Nic-induced alterations in the structure and function of
the cellular cholinergic system, caused by its chronic
pharmacological stimulation, occur in the neural sys-
tem125–127 as well as various types of nonneuronal cells,
including both epithelial cells, such as KCs30,128 and
bronchial epithelial cells,58 and nonepithelial cells, such
as blood polymorphonuclear cells,129 human leukemic
T-cell line,130 and dermal fibroblasts.38 Thus, binding of
Nic to �3-nAChRs can cause an imbalance in the entire
cholinergic network. Alterations in the structure and func-
tion of the KC cholinergic system, resulting from chronic
stimulation of the nicotinic pathway, may provide a novel
mechanism of tobacco-related morbidity.

In conclusion, this study was designed to identify the
role of the �3 nAChR type in mediating the effects of both
ETS and pure Nic on oral KCs. This study demonstrates
for the first time that abnormalities in the KC gene expres-
sion caused by tobacco exposure result from receptor-
mediated action of Nic, and identify the type of KC
nAChR involved. The results convincingly showed an
involvement of �3-containing nAChRs in mediating ETS/
Nic effects. In future studies, we plan to address the role
for �3 nAChR subtypes, ie, �3�2(�4)��5. The mecha-
nism of pathobiological effects encompasses alterations
of the expression of genes encoding regulatory mole-
cules affecting apoptosis, cell cycle progression, and
differentiation. The �3�2 nAChR is apparently a major
mediator of nicotinic effects on oral KCs. The expression
of the nAChR subunits �5 and �2 and the muscarinic
receptor subtypes M2 and M3 was also altered, suggest-
ing that a switch in KC cholinergic receptors mediates, at
least in part, pathobiological effects of tobacco products
in oral mucosa. This novel mechanism offers innovative
solutions to ameliorate the tobacco-related cell damage
and intercede in disease pathways, and may shed light
on general mechanisms regulating and driving tobacco-
related morbidity in human cells.
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