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Tobacco-specific carcinogen nitrosamine
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
induces AKT activation in head and neck epithelia
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Abstract. Exposure to tobacco carcinogens is causally associ-
ated with head and neck squamous cell carcinoma (HNSCC),
but the underlying molecular mechanisms remain unclear.
Here, we reported that AKT is activated at a higher frequency
in both HNSCC tumors and the adjacent mucosa from HNSCC
patients who are smokers than those from HNSCC patients
who are non-smokers. Adding physiologically relevant
concentrations of 4-(methylnitrosamino)-1-(3-pyridyl)-1-
1butanone (NNK), a major tobacco carcinogen, to normal
head and neck epithelial cells and HNSCC cell lines, rapidly
and constitutively activated AKT through phosphorylation in a
dose- and time-dependent manner. AKT phosphorylation was
associated with activation of downstream signaling mediators
BAD, MDM2, GSK-3f3, mTOR. These alterations correlated
with increased proliferation and decreased etoposide-induced
apoptosis in NNK-exposed cells. Finally, NNK exposure to
mouse head and neck epithelia resulted in epithelial hyperp-
roliferation and reduced apoptosis, which is correlated with
AKT activation. Our results suggest that AKT activation is
an early event and plays a pivotal role in mediating tobacco-
induced HNSCC carcinogenesis.
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Introduction

Tobacco use is the leading cause of preventable cancer worldwide
and accounts for atleast 30% of cancer deaths (1). Epidemiological
studies have clearly documented a strong causal link between
tobacco use and an increased risk for head and neck squamous
cell carcinoma (HNSCC) (2), however, the underlying molecular
mechanism is still poorly understood. Patients with HNSCC
who smoke often present with multiple precancerous and
cancerous lesions, so called ‘field cancerization’ throughout the
upper aerodigestive tract, where the head and neck mucosa is
chronically exposed to tobacco carcinogens (3). Tobacco-induced
carcinogenesis is amultiple-step process requiring accumulation
of numerous genetic and epigenetic alterations throughout the
exposed tissue. One major tobacco carcinogen, 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-1butanone (NNK), is a nitrosamine
formed during curing and processing of nicotine and other
tobacco alkaloids. It is well established that NNK directly
damages DNA through the formation of covalently bound
DNA adducts (1). Persistence of DNA adducts that have escaped
cellular repair can result in permanent mutations in a tumor
suppressor gene or an oncogene. These effects on cellular DNA
are generally referred to as the ‘genotoxic effects’ of tobacco
carcinogen (1).

Recent studies have shown that NNK also directly activates
multiple signal transduction pathways (1). For example, NNK
activates AKT, a serine/threonine kinase that regulates cellular
survival in normal and cancer cells in the lung, although the
mechanism remains unclear (4,5). AKT is a major downstream
effecter in the phosphatidylinositol-3-kinase (PI3K) pathway,
and is negatively regulated by the tumor suppressor, phosphatase
and tensin homologue (PTEN). Activated AKT regulates its
multiple downstream targets to decrease apoptosis and increase
proliferation, all of which will synergistically increase the direct
genotoxic effects of NNK to promote carcinogenesis (6).

Unlike lung cancers which are primarily adenocarcinoma,
HNSCC are derived from stratified keratinocytes. Therefore,
molecular mechanisms of HNSCC are distinct from lung
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cancers. For instance, K-ras mutation, which frequently occurs
in lung cancer, occurs at a much lower rate in HNSCC, whereas
overexpression of K-ras at transcriptional level is common in
HNSCC (7). While the genotoxic effects of tobacco carcinogens
in HNSCC carcinogenesis have been described (8), no studies
have explored the signaling pathways related to tobacco-induced
HNSCC carcinogenesis. To investigate the molecular mecha-
nism of tobacco-induced HNSCC carcinogenesis, in the present
study, we first examined AKT activation in human HNSCC
tumors and their adjacent mucosa from smokers and non-
smokers. We then exposed NNK, at concentrations achievable
by smokers, to normal and head and neck cancer cells to study
the status of AKT activation. Finally, we applied NNK to oral
cavity of normal mice to observe the NNK-induced AKT activa-
tion in vivo. Our current study suggests the activation of AKT is
one of the molecular mechanisms in mediating tobacco-induced
HNSCC carcinogenesis.

Patients and methods

Patients. Under an Institutional Review Board approved protocol
and following informed consent, HNSCC and case-matched
adjacent mucosa tissues from 35 surgical specimens resected
from 2000 to 2005 at the Department of Otolaryngology, Oregon
Health & Science University, were collected. Patient records
were retrospectively reviewed for smoking exposure as assessed
by trained physicians at diagnosis. A patient was considered as
a smoker if he admitted any active smoking history. Patients
who denied any active smoking exposure were defined as non-
smokers. Among the tissues assayed were 15 tongue SCCs, 9
oral SCCs, 4 pharyngeal SCCs, 7 larynx SCCs and case-matched
adjacent uninvolved tissue. An additional seven normal control
tissue samples were obtained from healthy adults undergoing
surgery for obstructive sleep apnea. All tumor samples were
histologically analyzed to confirm the presence of 80% carci-
noma cells and absence of large necrotic or stromal areas.

Cell lines. Human normal oral epithelial cells OKF6 and normal
esophageal squamous epithelial cells EPC2 were cultured as
described previously (9). Human HNSCC cell lines SCC9, SCC4,
and SCC25 were purchased from the American Type Culture
Collection (Manassas, VA) and maintained under standard
conditions in the suppliers recommend growth medium.

Western blotting. Western blotting was performed as described
previously (7) using an antibody against total AKT, phosphory-
lation-specific antibodies against p-AKT (Ser473, Thr308),
p-GSK3a/p (Ser21/9), p-mTOR (Ser2448), p-BAD (Ser136),
p-MDM2 (Ser166) (Cell Signaling, Danvers, MA), and detected
using the Odyssey infrared detection system (Li-COR Bio-
sciences, Lincoln, NE).

Cell proliferation and apoptosis. Cell proliferation was measured
using a colorimetric MTT (3-(4,5-Dimethylthiazol-2-yl)-2,
5-diphenytetrazolium bromide) assay according to the manu-
faturer's instructions (Chemicon International, Temecula, CA).
To induce apoptosis, OKF6 cells were treated with etoposide
(Calbiochem, Gibbstown, NJ) in the presence or absence of
NNK (Toronto Research Chemicals, North York, ON, Canada).
The apoptotic rate was determined using the annexin V-FITC
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apoptosis detection kit (BioVision, Mountain View, CA) and
quantitated by flow cytometry.

Animal studies. Animals were housed at the Oregon Health &
Science University animal facility under standard conditions
with a 12-h day-night cycle. All protocols were approved by the
Institutional Animal Care and Use Committee. NNK (100 xM)
in 100 ul sesame oil or sesame oil vehicle was applied to the
oral mucosa of 8-weeks old C57BL/6 mice three times/week
for 4 weeks. Animals were then euthanized and head and neck
tissues were harvested. For proliferation studies, bromodeoxy-
uridine (BrdU, 0.125 mg/g, i.p.) was administered 1 h prior to
euthanization.

Immunostaining. Immunohistochemistry (IHC) was performed
on paraffin-embedded sections as previously reported (10)
using rabbit polyclonal phosphor-AKT IHC-specific antibody.
IHC results for phosphorylated AKT were reviewed by two
independent researchers who were blinded for tobacco use,
and were deemed positive for AKT activation if >30% of the
cells stained phospho-AKT positive (Serd73) per field of view.
Immunoflurorescence of BrdU labeling was performed using
FITC-conjugated anti-BrdU antibody (BD Biosciences, San
Jose,CA), and counterstained by keratin 14 antibody (Fitzgerald,
Concord, MA). Immunofluorescence of Tdt-mediated dUTP
nick-end labeling (TUNEL) assays was performed using the
TUNEL assay kit (Promega, Madison, WI), and counterstained
with propidium iodine.

Results and Discussion

AKT activation has been reported in several types of cancer,
including HNSCC (11). To evaluate whether AKT activation
correlates with tobacco exposure in HNSCC, we examined
smoking histories of HNSCC patients and the status of AKT
activation. A total of 35 pairs of HNSCC samples and case-
matched adjacent mucosa samples were analyzed. Seven normal
oropharyngeal samples from sleep apnea patients were used as
normal controls. Among 35 pairs of tissue samples examined,
23 pairs were from HNSCC patients who are smokers and
12 pairs are from HNSCC patients who are non-smokers as
defined in Materials and methods. Immunohistochemistry
(IHC) using a phosphorylation-specific antibody revealed
that AKT activation was detected more frequently in both the
adjacent mucosa (61 vs. 17%, p<0.05) and HNSCC arising
from smokers (91 vs. 58%, p<0.05) than those from HNSCC
patients who are non-smokers (Fig. 1). None of the normal
controls exhibited positive staining for activated AKT (Fig. 1).
We cannot exclude the possibility that the lower percentage of
AKT activation detected in the adjacent mucosa and HNSCC
tumors of non-smokers is due to second-hand smoking or
exposure to other environmental carcinogens. Baseline activa-
tion in HNSCC tumors is not surprising, since AKT activation
is common in multiple cancer types (12).

In order to explore whether the correlation between tobacco
smoking and AKT activation represent a causal role of tobacco
carcinogens in AKT activation, we exposed human normal oral
epithelial cells (OKF6), normal esophageal squamous epithelial
cells (EPC2) and HNSCC cell lines (SCC9, SCC4, and SCC25)
to NNK. As shown in Fig. 2, NNK rapidly induced phos-
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Non-smoker

adjacent mucosa

AKT activation
Sample type (total #)
Normal control (7) 0 (0%)
Non-smoker mucosa 2(17%)
(12)
Non-smoker HNSCC 7 (58%)**
{12)

14 (61%)*
21(91 %]p.l: cd

Smoker mucosa (23)
Smoker HNSCC (23)

Figure 1. AKT activation occurs more frequently in the adjacent mucosa and
HNSCC tumors from smokers than non-smokers. (A) Representative IHC
sections of adjacent mucosa obtained from a smoker (left panel) and non-
smoker (right panel) stained for active AKT (phosphorylated at Ser473). The
bar in the first panel represents 40 ym. (B) Summary of AKT activation in
human HNSCC samples. The %’ test (p<0.05) was used for comparisons with
(a) normal controls, (b) non-smoker adjacent mucosa, (c) non-smoker HNSCC,
(d) smoker adjacent mucosa.
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phorylation of AKT at both Ser473 and Thr308 in a dose- and
time-dependent manner in all cell lines. AKT phosphorylation at
both sites was evident as early as 15 min after 10* M NNK expo-
sure, reached to a maximum level between the 30- and 60-min
time-points (Fig. 2, left panel), and the increased phosphoryla-
tion status was maintained for 24 h (Fig. 3A). To determine
dose-dependent response to NNK, AKT was activated in each
cell type with NNK doses as low as 10-8-107 M, but maximum
phosphorylation was observed at 10* M (Fig. 2, right panel).
These concentrations are physiologically relevant, as average
steady-state serum concentration of NNK in active smokers has
been reported at 2x107 M, and acute increases to 10#-10° M
in serum or to 10° M at the mucosal surface immediately after
smoking have also been reported (13-15).

To determine whether AKT phosphorylation triggered down-
stream signaling within normal head and neck epithelial cells,
we assessed the phosphorylation status of several known AKT
downstream signaling mediators, Bad, Mdm2, GSK3a/p and
mTOR, which play a role in regulating apoptosis and/or proli-
feration. Bad is inactivated through phosphorylation, which in
turn frees the survival factor BCL-X to exert its anti-apoptotic
effects (16). Phosphorylation of Mdm?2 results in increased
p53 degradation, which blunts the apoptotic-inducing role of
p53 (17). In addition, AKT activation also phosphorylates and
inactivates GSK3[, which can prevent its degradation of cyclin
D1 and c-myc by GSK3p phosphorylation. Finally, the mTOR
pathway is well known for protein translational control and cell
growth, and is a direct downstream target of AKT by phospho-
rylation. We observed increased phosphorylation of each of
these downstream targets following NNK exposure (Fig. 3).
To assess the requirement of AKT activation for NNK-induced
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Figure 2. AKT activation upon NNK exposure in normal head and neck epithelial cells and an HNSCC cell line. Left panels, time-dependent induction of AKT
phosphorylation by NNK. Cells were plated and cultured in 6-well plates. The next day, the medium was changed to DMEM with or without NNK (10 M) and
cells were incubated for the indicated time. Right panels, dose-dependent induction of AKT phosphorylation by NNK. Cells were processed as described above
and were exposed to the indicated doses of NNK for 1 h. Cells were harvested and processed for Western blotting using phospho-specific antibodies against

Ser473 or Thr308 and antibody against total AKT.
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Figure 3. Effects of AKT activation on downstream targets, cell proliferation, and apoptosis. (A) Effects of AKT activity on downstream targets. OFKG6 cells were
exposed to 10 M NNK with and without addition of 10 xM LY294002 for 24 h. Cells were harvested and processed for Western blotting using the indicated
phospho-specific antibodies and an antibody against total AKT. (B) Effects of NNK exposure on OKF6 cell proliferation. Cells were plated in 96-well plates, and
were exposed to 10® M NNK for 24, 48 and 72 h with or without 10 #M LY294002 (LY). The cells were then added to MTT solution, and the absorbance was
measured at 570 and 630 nm (reference) using a microplate reader. Values are averaged from triplicates. ‘p<0.05 (Student's t-test) in comparison with untreated
cells. (C) Effects of NNK on OKF6 cell apoptosis. OKF cells were plated in 6-well plates in triplicates and were treated with 20 uM etoposide for 24 h with or
without addition of 10* M NNK. The data shown in the far right panel represent cells treated with etoposide and 10 xM LY294002 for 24 h. The apoptosis rate
was determined using Annexin V-FITC apoptosis detection kit and quantified by flow cytometry. M2 represents the apoptotic cell population. Values were average
from triplicates with standard deviation.

Figure 4. Mice exposed to NNK exhibit AKT activation, increased cell proliferation, and epithelial hyperplasia with no head and neck tumor formation. (A) NNK
exposure induced AKT activation. Buccal mucosa, were harvested from 10-week old C57B6 mice exposed orally to 100 xM NNK/mouse 3 times per week for
4 weeks. IHC staining was performed using the phosphorylation specific AKTSer473 antibody. (B) NNK exposure increases cell proliferation. Mice were injected
with BrdU (0.125 mg/g) 1 h before harvesting head and neck tissues. Immunofluorescence staining to detect BrdU revealed increased proliferation in epithelial
cells (green) of NNK-exposed buccal mucosa in comparison with control (oil-exposed) tissues. The epithelial compartment in the tissues is highlighted using a
K14 (red) antibody. (C) NNK exposure decreases cell apoptosis. A TUNEL assay (Promega) revealed obvious apoptotic cells (yellow) in the buccal mucosa from
control mice (left panel), whereas almost no apoptotic cells were detected in the same tissues from mice exposed to NNK (right panel). The countertstain in red
is propidium iodide (PI). The dotted lines delineate the epithelium-stromal boundary. The bar in the first panel represents 30 ym in (A), 40 gm in (B), and 20 ym
in (C).
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phosphorylation of these downstream mediators, we pre-treated
cells with a PI3K/AKT inhibitor, LY294002. As shown in
Fig. 3A, LY294002 pre-treatment significantly blocked
NNK-induced AKT phosphorylation at Ser473 without altering
total AKT levels, thus LY294002 is able to block AKT activation.
Furthermore, blocking AKT activity resulted in decreased
phosphorylation of these key downstream mediators, indicating
NNK-induced activation of these molecules depends on activated
AKT (Fig. 3A).

To determine whether NNK-induced AKT activation and
subsequent downstream molecular changes are able to affect
cell growth and survival, we analyzed cell proliferation using a
colorimetric MTT assay. As shown in Fig. 3B, when OKF6 cells
were exposed to NNK, cell proliferation was significantly higher
after 72 h of NNK exposure in comparison with non-NNK
exposed OKF6 cells. Further, this effect was completely blocked
by LY294002 treatment confirming the requirement for PI3K/
AKT signaling. We then assessed the effect of NNK-induced
AKT activation on cell apoptosis. OKF6 cells were treated
using a topoisomerase II inhibitor, etoposide, to induce cell
apoptosis with or without NNK exposure. As shown in Fig. 3C,
in cells that were not exposed to NNK, etoposide increased cell
apoptosis from 5.7 to 33.4%, as measured by annexin V-FITC
staining. In the presence of NNK, etoposide-induced apoptosis
was significantly decreased to 24.2% (p<0.05). Furthermore,
this NNK-induced attenuation of apoptosis was completely
abolished by LY294002 treatment (36.8%).

To investigate whether NNK exposure activates AKT in vivo,
C57BL/6 mice were orally treated with 100 xM NNK dissolved
in sesame oil three times per week. Four weeks of NNK exposure
produced a hyperplastic and thickened epithelium. AKT activa-
tion was detected in murine buccal mucosa (Fig. 4A), tongue
and esophagus (data not shown) following exposure to NNK
but not sesame oil control. To determine whether epithelial
hyperplasia was, at least in part, due to cell proliferation and/
or increased survival, a bromodeoxyuridine (BrdU) labeling
experiment was performed. NNK exposure resulted in 5.3-fold
increase in BrdU labeling index in mouse head and neck tissues
(17.5+2 .4 nuclei/mm basement membrane, n=5, Fig. 4B) in
comparison with oil-exposed control mice (3.3+1.2 nuclei/
mm basement membrane, n=5, Fig. 4B). Additionally, terminal
deoxynucleotidyltransferase-dUTP nick-end labeling (TUNEL)
assay revealed a nearly complete blockade of apoptosis in head
and neck tissues from mice with NNK exposure as compared
with control tissues (Fig. 4C).

Given what has been previously demonstrated with regard to
the ‘genotoxic’ effects of tobacco carcinogens, our data showing
NNK-induced AKT activation in head and neck epithelium and
HNSCC provide a novel mechanism of tobacco-induced HNSCC
carcinogenesis. The decreased apoptosis and increased prolifera-
tion of cell damaged by NNK will synergistically augment the
‘genotoxic’ effects of NNK, which would greatly enhance the
potency of tobacco carcinogens. Thus, our data indicate that
AKT activation may resent a key molecular pathway involved in
tobacco-induced carcinogenesis.

AKT activation is observed in adjacent mucosa of smokers
at nearly four-times more than in non-smokers, suggesting
that AKT activation by tobacco carcinogen occurs early in the
development of HNSCC. Thus, AKT activation upon tobacco
exposure could be a potential target for chemopreventive
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approach of HNSCC. In fact, there are several recent reports
that deguelin, a naturally occurring rotenoid, possesses chemo-
preventative role on lung cancer through inhibiting PI3K-AKT
signaling (18,19). In addition, HNSCC patients have a 10% risk
of developing a second primary malignancy within 5 years after
primary surgical treatment (20) and these patients require close
follow-up for recurrence. Tobacco use is an important risk factor
for the HNSCC recurrence (20). Thus, AKT activation upon
tobacco exposure could have a dramatic impact on the HNSCC
recurrence. Therefore, further investigation of various inhibitors
of PI3K/AKT pathway in both in vitro and in animal models of
HNSCC will provide valuable information for developing new
strategy of chemoprevention and/or treatment for HNSCC.

In conclusion, our studies show that AKT activation is an
early event in human HNSCC development, and is associated
with smoking history. In addition, application of physiologi-
cally relevant concentrations of NNK to normal head and neck
epithelial and HNSCC cells activates AKT, with subsequently
increased cell proliferation and survival. Furthermore, NNK
exposure in vivo results in AKT activation in mouse head
and neck epithelia. Thus, our studies here represent the first
report that AKT activation upon NNK exposure is one of the
molecular mechanisms of tobacco-induced HNSCC carcino-
genesis.
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