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Haem oxygenase-1 plays a central role in
NNK-mediated lung carcinogenesis

M-Y. Li*, J. Yip*, M.K.Y. Hsin*, T.S.K. Mok*, Y. Wu""*, M.J. Underwood* and G.G. Chen*

ABSTRACT: The tobacco-specific nitrosamine, 4-(N-methyl-N-nitrosoamino)-1-(3-pyridyl)-1-
butanone (NNK), is a potent lung cancer inducer. However, how NNK induces lung cancer is
still largely unknown.

Haem oxygenase (HO)-1 was evaluated in 30 pairs of lung cancer tumour samples and
matched nontumour tissues from patients with a history of cigarette smoking. Expression of HO-1,
p21Cip1/Waf1/Cid1 (551) B-cell ymphoma (Bcl)-2 family members, mitogen-activated protein kinase
and nuclear factor (NF)-xB was also studied in lung cancer cells treated with NNK.

The levels of HO-1 and p21 were significantly increased in lung tumour tissues. There was a
positive relationship between these two proteins in the tumour. NNK stimulated lung cell
proliferation and elevated the levels of HO-1, p21, inhibitor of apoptosis protein (c-IAP)2 and
Bcl-2, but downregulated Bad. These effects of NNK were blocked by zinc protoporphyrin-Xil, an
HO-1 inhibitor. The NNK-mediated expression of HO-1 was governed by NF-kB and extracellular
signal-regulated kinase 1/2, since blocking either of these prevented the stimulatory effect of NNK

on HO-1, as well as molecules downstream of HO-1, such as p21, c-IAP2, Bcl-2 and Bad.
In conclusion, haem oxygenase-1 plays a central role in NNK-mediated cell proliferation by

promoting the expression of p2

1 Cip1/Waf1/Cid1

, inhibitor of apoptosis protein 2 and B-cell

lymphoma-2 but inhibiting the activity of Bad. Nuclear factor-kB and extracellular signal-regulated
kinase 1/2 function upstream of haem oxygenase-1. Therefore, haem oxygenase-1 is likely to be a
potential target in the treatment of smoking-related lung cancer.

KEYWORDS: Extracellular signal-regulated kinase, haem oxygenase-1, lung cancer, NNK, nuclear

factor-xB

moking is the single most extensively
S documented risk factor for all histological

types of lung cancer [1]. Among the
numerous toxic and carcinogenic agents in
tobacco products, nicotine-derived 4-(N-methyl-
N-nitrosoamino)-1-(3-pyridyl)-1-butanone (NNK)
is the most potent carcinogen [2, 3]. The total dose
of NNK that is experienced by a smoker in a
lifetime of smoking is remarkably close to the
lowest dose that is shown to induce lung cancer in
rats [3]. Clearly, NNK is a major contributor to
lung carcinogenesis in smokers and passive
smokers [4, 5].

The kinase activities of a broad range of cyclin/
cyclin-dependent kinase (CDK) complexes in
response to antimitogenic signals or DNA damage
are directly blocked by p21<P!/Waft/Cidl (501 [g].
The cell cycle can be positively or negatively
regulated by p21 and the roe, of p21 role in
carcinogenesis is inconsistent. The level of p21 is
increased in various human cancers, such as
glioma cell, breast, bladder and pancreatic cancers
[7, 8]. The haem oxygenase (HO) system controls
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the rate-limiting step in haem catabolism. Three
isoforms have been described: HO-2 and HO-3 are
primarily constitutive, whereas HO-1 is highly
inducible [9]. HO-1 has been shown to be
associated with cell proliferation and growth and
it participates in the pathogenesis of several types
of cancers. An elevated expression or increased
activity of HO-1 is associated with cellular
proliferation in some tumours, such as prostate
cancer, renal adenocarcinoma, gastric cancer and
papillary thyroid cancer [10-13]. There is currently
no work that describes the relationship between
p21 and HO-1 in lung cancer.

Nuclear factor (NF)-«B is a collective designation
for a family of highly regulated dimeric tran-
scription factors. In resting cells, NF-kB, proto-
typically a heterodimer of p50 and p65 subunits,
resides in the cytoplasm in an inactive form that
is bound to the inhibitory subunit IxkB. Upon
cellular activation, IkB is phosphorylated by an
IxB kinase complex and proteolytically degraded
by proteasomes, leading to the activation of
NF-«B [14]. NF-«kB then translocates into the
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HO-1 IN LUNG CARCINOGENESIS

nucleus, where it binds to the «kB-binding motifs in the
promoters or enhancers of genes. NF-kB can regulate cell
proliferation, apoptosis and cell migration, and it is constitu-
tively activated in several types of cancer cells [15, 16]. The
mitogen-activated protein kinase (MAPK) family of proteins,
including c-Jun NHj-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK) and p38 MAPK, play an
important role in cell survival and apoptosis. The activation
of the MAPK pathway can be either anti-apoptotic or pro-
apoptotic, depending on the cellular context [17-19].
Considering the tumour-promoting effect of NNK in the lung,
the aim of the present study was to investigate the roles of NF-
kB and MAPK in NNK-mediated lung carcinogenesis.

In the present study, HO-1 was found to be constitutively
expressed in human lung tumour tissues and was shown to
play a central role in NNK-mediated cell proliferation. ERK
and NF-xB may function upstream of HO-1, whereas p21 is
downstream of HO-1. The pro-proliferative HO-1 induced by
NNK may finalise its effect via increasing B-cell lymphoma
(Bcl)-2 but decreasing Bad. Blocking HO-1 significantly
prevents the effect of NNK on lung cells.

MATERIALS AND METHODS

Reagents

NNK was purchased from Chemsyn Science Laboratories
(Lenexa, KS, USA). NF-xB SN50 was obtained from CN
Biosciences (La Jolla, CA, USA). The protease inhibitor cocktail
and fluorescein isothiocyanate-conjugated immunoglobulins
were supplied by Sigma-Aldrich Co. (St Louis, MO, USA). The
antibodies against NF-xB p65, phospho-IkB, IxB, HO-1,
inhibitor of apoptosis protein (c-IAP)2, p38 and actin, and
horseradish peroxidase (HRP)-conjugated secondary antibo-
dies were provided by Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). The antibodies against Bad, phospho-Bad
(Ser136, Ser112 and Ser155), phospho-ERK1/2, phospho-stress-
activated protein kinase (SAPK)/JNK, phospho-p38 and
ERK1/2 were from Cell Signaling Technology (Beverly, MA,
USA). The antibodies against Bcl-2, p21 and SAPK/JNK were
supplied from ZYMEDw Laboratories (South San Francisco,
CA, USA). Propidium iodide (PI) and the ProLong Antifade
solution were from Molecular Probes (Eugene, OR, USA). The
colorimetric enzyme immunoassay kit for NF-kB was pur-
chased from Oxford Biomedical Research (Oxford, MI, USA).
Pierce SuperBlock was obtained from Pierce Biotechnology
(Rockford, IL, USA). The VECTOR ImmPRESS universal
antibody kit and biotinylated secondary antibodies were
provided by Vector Laboratories (Burlingame, CA, USA).

Human lung tissue and immunohistochemistry

In total, 30 pairs of human lung tumour and nontumour tissues
were obtained from lung cancer patients who underwent
surgical resection in the Prince of Wales Hospital (Shatin,
Hong Kong). Tumour tissue samples were taken from the
central part of the tumours. Of the 30 patients, 17 were current
cigarette smokers with an average smoking history of 35 yrs
and the other 13 patients were previous cigarette smokers with
an average smoking history of 28 yrs. All tumour and
nontumour tissue specimens were confirmed by histological
examination. The tissue samples were stored in a liquid
nitrogen tank until the experiments were performed. The
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samples included 10 pairs of squamous cell carcinoma tissues,
10 pairs of adenocarcinoma tissues, five pairs of large cell
carcinoma tissues and five pairs of poorly differentiated
carcinoma tissues. The tissues were sectioned and immuno-
histochemical staining was performed as previously described
[20]. Briefly, after the section was blocked with Pierce
SuperBlock supplemented with 0.05% Tween-20 (SBT), it was
incubated with primary antibodies (p21 and HO-1) overnight.
For the p21 antibody, tissue sections were treated with the
ImmPRESS reagent. For the HO-1 antibody, the biotinylated
secondary antibody was used in SBT. The sections were
examined using the Zeiss Spot imaging system (Carl Zeiss,
Jena, Germany).

Cell culture

The human nonsmall cell lung cancer (NSCLC) cells, NCI-H23,
were grown in 100-mm tissue culture disks as previously
described [19].

Assessment of cell proliferation and death

Cell proliferation was measured with dimethylthiazolyl-
diphenyltetrazolium-bromide (MTT) as previously described
[19]. Cell proliferation was further confirmed by bromodeoxy-
uridine labelling of DNA, performed according to the manu-
facturer’s instructions (Roche Applied Science, Penzberg,
Germany). Apoptosis was determined via the flow diagram of
the APO-DIRECT™ apoptosis kit (Chemicon international, San
Diego, CA, USA), as previously described [19].

Fluorescence-immunohistochemical staining and
microscopy

Fluorescence-immunohistochemical staining was performed as
described previously [21]. For p21, the nucleus was counter-
stained with 600 nM 4,6-diamino-2-phenylindole. For NF-«B,
the nucleus was counterstained with 0.5 pg-mL™ propidium
iodide. The stained cells were examined using the Zeiss Spot
imaging system.

NF-xB transcriptional activity assay

An NF-xB ELISA kit (Oxford Biomedical Research) was used.
According to the manufacturer’s protocol, the nuclear protein
samples were diluted at 0.2 pg-uL™" in dilution buffer and
incubated in 96-well plates that were pre-coated with an
immobilised oligonucleotide containing a consensus binding
site for NF-kB (p50 and p105 specific). NF-xB binding to the
target oligonucleotide was detected by incubation with the
primary antibody specific for the activated form of NF-«xB (p50
and pl05 specific) followed by the anti-immunoglobulin-G
HRP conjugate and developing solution. The plate was placed
in a colorimetric plate reader and read at 450 nm after the
colour had developed and the reaction was finished.

Western blotting

The cytosolic and nuclear protein fractions and total protein
were isolated and Western blot analysis was performed as
previously described [21]. Quantification of protein was
carried out by densitometry analysis and the results were
presented as relative intensities, with actin normalisation for
total and cytosolic protein and lamin B normalisation for
nuclear protein.
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Statistical analysis

The Wilcoxon signed ranks test was used to compare the
differences in p21 and HO-1 expression between tumour and
nontumour lung tissues. The Chi-squared test was used to
study the correlation of p21 and HO-1 expression in tumour
tissues. In the cell line study, the data were presented as
mean +SD, with at least three separate determinations for each
group. The differences between the groups were examined for
statistical significance using a one-way ANOVA followed by
unpaired t-test. A value of p<<0.05 was considered to indicate a
statistically significant difference.

RESULTS

HO-1 and p21 expression in lung tumour and nontumour
tissues

HO-1 and p21 expression was evaluated in 30 pairs of lung
tumour and nontumour tissues. The scores of the immunohisto-
chemical staining (table 1) showed that HO-1 and p21 levels
were significantly increased in the tumour tissues compared
with the nontumour tissues (both p<<0.001). There was a
positive relationship between HO-1 and p21 in tumour tissues
(p<<0.01). The expression of HO-1 and p21 was obviously
increased in tumour tissues compared with nontumour tissues
(fig. 1). HO-1 was found in both the nucleus and the cytoplasm
but p21 was mainly detected in the nucleus of the tumour
tissues (fig. 1i-p).

NNK-induced human lung cancer cell proliferation

To investigate the effects of NNK on the proliferation of
human lung cancer cells, cell proliferation was analysed by the
MTT assay. NNK significantly increased the cell proliferation
of the NCI-H23 cells in a time-dependent manner (fig. 2a). It
appeared that the effect of NNK reached a plateau after its
concentration reached a level of >10 pM. Consistent with the
MTT assay results, the DNA synthesis assay also showed the
promoting effect of 10 pM NNK on cell proliferation in a time-
dependent manner (fig. 2b). It was reported that 7 pM of NNK
corresponded to the approximate amount found in one pack of
cigarettes [22]. NNK can reduce the pulmonary cytotoxicity
due to attack or damage [23], which might facilitate the chronic
deposit of a higher amount of NNK or its metabolites locally.
Considering these facts and the dose-response curve of NNK
obtained in the present study, 10 pM NNK was used in all
subsequent experiments.

Upregulation of HO-1, p21 and c-IAP2 by NNK and the effect
of NNK on Bcl-2 and Bad expression

Western blotting revealed that the levels of HO-1, p21 and c-
IAP2 proteins were upregulated in a time-dependent manner by
NNK (fig. 3a and b). The increased level of HO-1 could be
detected as early as 1 h after NNK treatment. A clear increase in
p21 was not observed until 2 h after the treatment. The
upregulated c-IAP2 protein expression appeared to occur much
later (fig. 3a and b) and the increased expression of HO-1 and
p21 proteins occurred at earlier time-points. Western blot results
also clearly showed that NNK upregulated p21 expression in
the nucleus (fig. 3c and d). The accumulation of p21 in the
nucleus, due to NNK treatment, was further supported by the
results of p21 fluorescence immunostaining (fig. 4), which is
consistent with the results of the immunohistochemical staining
of p21 in the tumour tissue (fig. 1i—p).
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Mammalian Bcl-2 and its closest relatives, such as Bcl-Xi,
Bcl-w, Mcl-1 and Al, promote cell survival. In contrast, other
members of the family, such as Bax, Bid, Bak and Bad, induce
cell death [24]. Biologically active Bad is in a dephosphorylated
form and interacts with Bcl-2 and Bcl-X;, to suppress their anti-
apoptotic function, whereas the inactive form of Bad is highly
phosphorylated. The inactive form binds to 14-3-3 scaffold
proteins and, thus, cannot interact with Bcl-2 or Bcl-Xp [25].
Results of the present study showed that NNK downregulated
Bad expression and upregulated Bcl-2 expression in NCI-H23
cells in a time-dependent manner. The decreased Bad expres-
sion was obvious 2 h after NNK treatment but the increased
Bcl-2 was not observed until 4 or 8 h after the treatment (fig. 3a
and b), which indicates that the former occurred much earlier
than the latter in lung cancer cells that were treated by NNK.
NNK enhanced the levels of phospho-Bad (Ser112, Ser136 and
Ser155; fig. 3c and d), which indicates that Bad was inactivated
by NNK.

HO-1 functions as an upstream molecule to regulate p21
and apoptosis

Among HO-1, p21 and c-IAP2, the increased expression of
HO-1 occurred at the earliest time-point (fig. 3a), suggesting
that the HO-1 signal was upstream of other molecular events.
To confirm this, zinc protoporphyrin (ZnPP)-XII, a specific
inhibitor of HO-1, was applied to block HO-1 expression. The
results showed that ZnPP-XII significantly inhibited not only
HO-1 expression but also p21 and c-IAP2 expression in cells
treated with NNK (fig. 5a and b), indicating that HO-1 is
necessary for the maximal expression of p21 and c-IAP2 in
NNK-treated cells. Furthermore, p21 fluorescence immuno-
staining demonstrated that the effect of NNK on p21
relocalisation and accumulation in the nucleus could be
blocked by ZnPP-XII (fig. 4), which provides another piece of
evidence that HO-1 may function to regulate p2l. The
inhibition of HO-1 by ZnPP-XII significantly blocked NNK-
induced cell proliferation (fig. 5c). In addition, such an
inhibition also significantly promoted cellular apoptosis even
in the presence of NNK (fig. 6). These data clearly support the
hypothesis that HO-1, as well as p21 downstream, play
positive roles in NNK-induced cell proliferation.

Activation of NF-xB and MAPK in NNK-treated NCI-H23 cells
NF-«B is constitutively activated in several types of cancer cells
[15, 16]. In addition, previous studies have shown that NNK
activates NF-xB in macrophages [26] and that NF-«xB is
involved in the growth of colon cancer and oral cancer cells
[27, 28]. However, few studies have addressed the relationship
between NNK and NF-kB in lung cancer. Therefore, the
current authors examined whether NF-xB activation could be
induced by NNK in NCI-H23 lung cancer cells. It was found
that lung cancer cells expressed the p65 subunit of NF-kB
constitutively (fig. 7a-g). NNK not only upregulated the
expression of p65 protein but also increased its translocation
into the nucleus, which was detectable as early as 30 min after
the treatment and peaked 2 h after the treatment (fig. 7a and
b). The translocation of p65 into the nucleus was confirmed by
immunofluorescence assays (fig. 7c—f). The profiles of elevated
p65 protein and its nuclear translocation were further
supported by a time-course study of NF-«xB transcriptional
activity, in which activity peaked 2 h after the treatment

VOLUME 32 NUMBER 4 913
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L\ N p21CPWal/Cidl (n54) and haem oxygenase (HO)-1 expression in lung tissues from patients with lung cancer

Tumour type Patient p21 staining score” HO-1 staining score” p-value'
number
Tumour Nontumour Tumour Nontumour

Squamous cell carcinoma
1 3 1 1 0 <0.01
2 4 2 1 0
3 1 0 0 0
4 4 1 1 0
5 1 0 1 0
6 0 0 0 0
7 1 0 1 0
8 1 0 0 0
9 4 1 0 0
10 3 0 2 0

Adenocarcinoma
11 2 1 2 0
12 2 0 2 0
13 2 2 4 0
14 1 0 1 0
15 1 0 0 0
16 3 1 0 0
17 2 0 1 0
18 2 0 1 0
19 2 1 1 0
20 2 0 1 0

Large cell carcinoma
21 4 2 1 0
22 2 1 0 0
23 5 1 0 0
24 3 1 2 0
25 2 3 2 0

Poorly differentiated

carcinoma

26 3 1 0 0
27 2 4 1 0
28 2 1 1 1
29 2 0 2 0
30 3 1 2 0

p-value® <0.001 <0.001

#: according to distribution of positive staining as follows. 0: no staining; 1: <20% of cells; 2: 21-40% of cells; 3: 41-60% of cells; 4: 61-80% of cells; 5: >81% of cells.
Y: Chi-squared test for p21 expression versus HO-1 expression in tumour tissue. *: Wilcoxon signed ranks test for tumour versus nontumour tissue.

(fig. 7g). Consistent with this, phospho (p)-IkBa also increased
in the cytosol (fig. 7a and b). The increase of p-IkBa in the
cytosol may promote the translocation of NF-«kB into the
nucleus [14].

Western blotting showed that NNK significantly increased
phospho-ERK1/2 protein as early as 30 min after NNK
treatment and the level peaked 60 min after treatment (fig. 7h),
which suggests that the increase in ERK1/2 activation is an
early event in the NNK-mediated signal pathway in lung
cancer cells. However, p38 and SAPK/JNK activation were not
altered by NNK in the cells that were tested.

914 VOLUME 32 NUMBER 4

Regulation of HO-1, p21, c-IAP2, Bad and Bcl-2 expression
by the ERK and NF-xB inhibitors and ERK activation
upstream of NF-xB in NNK-treated cells

As the results in figure 3 show, the levels of HO-1, p21, c-IAP2
and Bcl-2 proteins were enhanced by NNK. However, such a
promoting effect was prevented by U0126, a specific inhibitor of
ERK activation, or SN50, a specific inhibitor of NF-kB activation
(fig. 8a and b). In contrast, the level of Bad was reduced by NNK
(fig. 3). This reduction effect was inhibited by either U0126 or
SN50 (fig. 8a and b). Hence, the present data suggest that the
regulation of these proteins by NNK may require the activation of
ERK and NF-kB. To further assess the roles of NF-xB and ERK in

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 1. Haem oxygenase (HO)-1 (a—h) and p21CPYWal/Cidl (551 i_p) expression in human lung tumour (a, ¢, €, g, i, k, m and o) and nontumour (b, d, f, h, j, I, n and

p) tissues. Representative immunohistochemical stainings showed a significant increase in HO-1 levels in both the nucleus and the cytoplasm in the tumour tissues of all four
types of lung cancers, compared with the matched nontumour tissues. The positive staining of p21 was mainly in the nucleus of the tumour tissues. a, b, i and j) Squamous
cell carcinoma; ¢, d, k and ) adenocarcinoma; e, f, m and n) large cell carcinoma; g, h, o and p) poorly differentiated carcinoma. Scale bars=5 um.

NNK-treated cells, U0126 and SN50 were employed to study the
relationship between the activity of NF-kB and ERK activation. It
was found that both U0126 and SN50 significantly blocked NNK-
mediated NF-«xB transcriptional activity, which resulted in the
reduction of this activity to the control level (fig. 8c). NNK-
mediated ERK activation was prevented by U0126 but not by

EUROPEAN RESPIRATORY JOURNAL

SN50 (fig. 8d). Therefore, ERK activation probably functions
upstream of NF-xB in the NNK-mediated pathway. This
suggestion is in line with the time-course studies of ERK and
NF-«B (fig. 7), which showed that the maximal activity of NF-xB
that was induced by NNK occurred 2 h after NNK treatment,
whereas the peak level of phospho-ERK was observed 1 h earlier.

VOLUME 32 NUMBER 4 915
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FIGURE 2. 4-(N-methyl-N-nitrosoamino)-1-(3-pyridyl)-1-butanone (NNK)
induced the proliferation of lung cancer cells. @) Human nonsmall cell lung cancer
cells, NCI-H23, were treated with NNK (0-500 uM) for 24 h (@), 48 h (O) and 72 h
(m). Cell proliferation was measured by the dimethylthiazolyl-diphenyltetrazolium-
bromide assay and the data are expressed as percentages of the control culture
conditions (0 uM NNK). b) NCI-H23 cells were treated with 10 uM NNK for 0-72 h.
Cell proliferation was determined by bromodeoxyuridine cell proliferation assay and
the data are presented as percentages of the 0 h control conditions. All data are
represented as the mean + sp for four replicates of each treatment. The experiments
were repeated twice with similar results. Compared with untreated cells, there was a
significant increase in cells after 24, 48 and 72 h of treatment with 10 uM NNK.
*: p<0.05; **: p<0.01.

DISCUSSION

HO-1 participates in the development of some malignant
tumours, such as gastric cancer and thyroid carcinoma [12, 13].
The inhibition of HO-1 reduces the growth of lung tumours in
mice [29]. The present study found that HO-1 was significantly
increased in the lung tumour tissue of smokers and that the
cigarette carcinogen NNK was able to stimulate the expression
of HO-1 protein. This result suggests that an increase in HO-1
may be key in the development of cigarette smoking-related
lung cancer, and this conclusion is reinforced by the findings
that blocking HO-1 prevented NNK-induced cell proliferation
and reduced the growth of lung cancer. In the current study, a
variety of molecules upstream and downstream of HO-1 have
been found to be associated with NNK treatment and this

916 VOLUME 32 NUMBER 4

M-Y. LI ET AL.

supports the hypothesis of a central role for HO-1 in NNK-
mediated lung carcinogenesis.

NF-kB appears to be an upstream molecule in NNK-mediated
HO-1 expression. As in many other types of cells [15, 16], there
was constitutive NF-xB activity in the NCI-H23 lung cancer
cells. Despite the well-known pro-survival/growth effect of
NF-«kB, there is very limited information on the relationship
between NF-kB and the tobacco-specific carcinogenic agent
NNK in human lung cancer. The present study demonstrated
that NNK increased the activity of NF-«kB significantly, as
evidenced by the increased levels of its p65 subunit, the
nuclear translocation of p65 and the elevated transcriptional
activity in NCI-H23 NSCLC cells. The elevated activity of NF-
kB was accompanied by an increased proliferation and growth
of lung cancer cells treated by NNK. This elevation of NF-kB
activity was observed as early as 15 min after NNK treatment
and the maximal effect was recorded 2 h after NNK treatment,
which indicates that the increase in NF-kB activity was a
relatively early event in the NNK-mediated signal transduc-
tion pathway. The nuclear NF-«B transactivates a large body of
genes that are involved in diverse cellular functions, such as
cell proliferation, apoptosis inhibition, cell adhesion and cell
migration [30]. These diverse cellular functions can be
regulated by MAPK, the activity of which is closely associated
with NF-«B [12, 13]. In the present study, it was demonstrated
that NNK significantly stimulated ERK activation in lung
cancer cells. Furthermore, the time-course study demonstrated
that the change in ERK preceded the increased NF-«B activity.
This observation was further supported by the experiment that
employed an ERK inhibitor (U0126) and an NF-kB inhibitor
(SN50). Both U0126 and SN50 effectively blocked most of the
NF-«xB transcriptional activity that was induced by NNK.
However, NNK-mediated increased ERK activation was
prevented only by U0126 and not by SN50. Therefore, ERK
appears to function upstream of NF-«kB in NNK-treated NCI-
H23 cells. In fact, NNK has been documented to promote the
activity of NF-xB in human bronchial epithelial cells [31],
although it has not been shown which subunit of NF-kB
contributes to the increased activity. The present study has
indicated that NNK affects multiple steps related to the activity
of NF-kB. It increases the levels of the p65 subunit of NF-«B,
promotes p65 nuclear translocation and stimulates NF-«B
transcriptional activity. The increased p65 subunit levels
observed are supported by the fact that p65 protein is
overexpressed in lung tissue samples of NSCLC [32]. A
previous study failed to show that NNK can stimulate the
activity of NF-xB in NSCLC cells [33]. However, the
concentration of NNK that was used was 100 nM, which is
much lower than the 10 uM that was employed in the present
study. The difference in the NNK concentration used is
probably the factor that is responsible for the different results
obtained. The concentration of 10 pM NNK used in the present
study is in line with a study that shows that the same
concentration of NNK also promotes the activity of NF-kB [31].
More importantly, NNK at a concentration of 10 pM is
achievable in smokers [22, 23]. Concentrations of nicotine have
been reported in the range of 10-100 uM in serum [34] and
even higher on the local mucosal surface [35].

The present study demonstrated that the level of HO-1 was
governed by ERK and NF-kB, as both U0126 and SN50, potent

EUROPEAN RESPIRATORY JOURNAL
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were obtained. [J: 0 h;

:1h;z:2h; m:4h; B:8 h; B: 24 h. c) Cells were treated with 10 pM NNK for 24 h. Cells without treatment were set up as control. p21 expression

in the cytosol and nucleus, three kinds of phospho-Bad (Ser112, Ser136 and Ser155; 23 kD) and total Bad expression were determined by Western blot. Equal loading was

confirmed by probing with antibodies against actin in the cytosol and total protein and against lamin B (67 kD) in the nucleus. d) Summary of the relative intensity of protein

bands. The experiments were repeated twice and similar results were obtained. O: control;

inhibitors of ERK and NF-«B respectively, prevented the
expression of HO-1 that was induced by NNK. These results
strongly indicate that NF-xB and ERK activation is necessary
for NNK to stimulate the expression of HO-1 in the NSCLC
cells tested. The current findings are supported by the
observations that the MAPK pathway and NF-«kB appear to
be involved in HO-1 expression in response to diverse stimuli
[12, 36], and that the inhibition of the ERK/MAPK pathway
attenuates HO-1 expression [37].

The first molecule downstream of HO-1 in the NNK-mediated
pathway is p21, which is defined as a negative cell cycle
regulator because it binds CDKs and regulates the activity of
these molecules in early G1 phase. In normal cells, the function
of p21 is to ensure appropriate CDK inhibition during cell cycle
progression. However, recent studies have demonstrated that
p21 may also have an anti-apoptotic function, which enables the
cells to proliferate under conditions that otherwise lead to
apoptosis or arrest [8, 38]. There has been no report of the
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- NNK.

relationship between p21 and lung cancer patients with
cigarette-smoking history. In the present study, it has been
demonstrated that nuclear p21 significantly increased in the
lung tumour tissues from smokers, suggesting that p21 may
play a role in lung cancer. This finding is in line with a recent
study showing a positive role of p21 in lung cancer cell
proliferation [39]. The current study has further revealed that
there is a positive relationship between the expression of p21
and HO-1 in lung cancer. The time-course study showed that
the increase in HO-1 occurred earlier than the elevated
expression of p21 in NNK-treated cells. ZnPP-XII, an HO-1-
specific inhibitor, not only decreased HO-1 expression but also
downregulated p21 expression in NNK-treated cells, which
suggests that HO-1 functions upstream of p21. Previous studies
of solid tumours have indicated that the overexpression of HO-1
results in a significant increase in the level of p21 and that
subsequently it renders tumour cells resistant to cell death
stimulation [12, 13]. Similar to HO-1, the increased level of p21
in the NNK-treated cells could also be inhibited by either ERK
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FIGURE 4. The nuclear distribution of p21CP1Wai/Cidl 551y in cells treated
with 4-(N-methyl-N-nitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) was blocked by
the haem oxygenase (HO)-1 inhibitor, zinc protoporphyrin (ZnPP)-XIl. a—c) Control
with no treatment. d—f) Cells were treated with 10 uM NNK for 24 h, or g-i) pre-
treated with 20 pM ZnPP-XIlI for 30 min, followed by 10 uM NNK treatment for 24 h.
i) Cells treated with 20 uM ZnPP-XIl alone. An anti-p21 antibody was used in
connection with a fluorescein isothiocyanate-conjugated secondary antibody (a, d,
g and j). For the counterstaining of the nucleus (b, e, h and k), 4,6-diamino-2-
phenylindole was used. The images are representative of three experiments. Scale
bars=2 um.

inhibitor U0126 or NF-«B inhibitor SN50. The tumour-promot-
ing effect of p21 is MAPK-dependent [8, 40]. Collectively, the
current results demonstrate that p21 is a downstream molecule
of HO-1 and both HO-1 and p21 are governed by ERK and NF-
kB in the NNK-mediated HO-1 pathway.

Another molecule that is possibly downstream of HO-1 in
NNK-treated lung cancer cells is Bcl-2. NNK can stimulate the
expression of Bcl-2 protein in NSCLC cells. Similar to the
regulation of p21 by NNK, an increased level of Bcl-2 can be
prevented by the ERK inhibitor U0126 and the NF-«B inhibitor
SN50, which indicates that the increased level of Bcl-2 is
controlled by ERK and NF-kB, both of which function
upstream of HO-1. Therefore, ERK and NF-«kB may influence
the level of Bcl-2 via the promotion of HO-1 in NSCLC cells.
The role of HO-1 in the regulation of Bcl-2 is supported by the
finding that the level of Bcl-2 can be upregulated by the
exogenous transfer of HO-1 into cells [41]. In addition to HO-1,
the production of Bcl-2 may also be regulated by NF-«xB
because the promoter region of Bcl-2 contains binding sites for
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FIGURE 5. Blocking haem oxygenase (HO)-1 with the inhibitor zinc
protoporphyrin (ZnPP)-XII prevented the effect of 4-(N-methyl-N-nitrosoamino)-1-
(8-pyridyl)-1-butanone (NNK) and stimulated apoptosis. a) Cells were treated with
10 uM NNK for 24 h, or pre-treated with 20 pM ZnPP-XII for 30 min, followed by
10 pM NNK treatment for 24 h. Cells without treatment were set up as control.
Levels of HO-1, p21CP1Wall/Cidl (554) and inhibitor of apoptosis protein (c-IAP)2
were determined by Western blot. Equal loading was confirmed by probing with
antibodies against actin. b) Summary of the relative intensity of protein bands. The
experiments were repeated twice and similar results were obtained. OI: control;
NNK alone; M: ZnPP-XII alone; B: ZnPP-XII and NNK. c) Cell proliferation was
measured after 24 or 48 h by the dimethylthiazolyl-diphenyltetrazolium-bromide
assay and the data are expressed as percentages of the control culture conditions
(no treatment). The data are represented as the mean+sp for four replicates of
each treatment. The experiments were repeated twice with similar results. There was
a significant difference between control and NNK-treated cells and between NNK-
treated cells and ZnPP-Xll-treated cells. *: p<<0.05; **: p<<0.01.
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'g methyl-N-nitrosoamino)-1-(3-pyridyl)-1-butanone (NNK). a) Control after 24 h
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NF-kB. The stimulation of the binding site may induce the
generation of Bcl-2 [42].

NNK has been shown to downregulate the expression of Bad
but to upregulate the level of c-IAP2 in NSCLC cells. This is in
agreement with the cell growth-promoting feature of NNK, as
Bad can function to induce cell death whereas c-IAP2 can
function to inhibit it. Biologically active Bad is in a dephosph-
orylated form and it interacts with Bcl-2 and Bcl-X|, to suppress
their anti-apoptotic function. In contrast, the inactive form of
Bad is highly phosphorylated. It binds to 14-3-3 scaffold
proteins and cannot interact with Bcl-2 or Bel-Xp [25].
Interestingly, NNK has been shown to strongly induce the
phosphorylation of Bad at multiple sites, including Ser112,
Ser136 and Serl55, and the phosphorylation of Bad is
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associated with the increased survival of human lung cancer
cells [43]. The present study indicated that U0126 and SNG50,
potent inhibitors of ERK and NF-«kB respectively, prevented
the effect of NNK on Bad and c-IAP2 expression. c-IAP2
appears to be a downstream molecule of HO-1 and p21, as the
expression of HO-1 and p21 precedes the increase in c-IAP2.
Although the way in which HO-1 and p21 interact with c-IAP2
is not clear, the c-IAP molecule is known to participate in the
anti-apoptotic pathway of ERK [12, 44].

In conclusion, the present study shows increased levels of haem
oxygenase-1 in lung tumour tissues of smokers and NNK-
treated cells, which suggests a positive role for this protein in
smoking-mediated lung carcinogenesis. The NNK-mediated
expression of haem oxygenase-1 requires extracellular
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FIGURE 7. 4-(N-methyl-N-nitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) activated nuclear factor (NF)-kB and extracellular signal-regulated kinase (ERK)1/2. a) Cells
were treated with 10 M NNK for 0-240 min. Western blotting was performed, in order to analyse levels of the NF-kB p65 subunit (65 kD) in the cytosol and the nucleus, and
levels of phospho (p)-lkBa and kBa: (37 kD) in the cytosol. Equal loading was confirmed by probing with antibodies against actin in the cytosol and lamin B in the nucleus. b)
Summary of the relative intensity of protein bands. The experiments were repeated twice and similar results were obtained. [J: 0 min; = : 15 min; Z: 30 min; M: 60 min; W:
120 min; B: 240 min. c—e) Control with no treatment. f-h) Cells were treated with 10 uM NNK for 30 min. An anti-p65 antibody was used in connection with a fluorescein
isothiocyanate-conjugated secondary antibody (c and f). Propidium iodide was used for the counterstaining of the nucleus (d and g). e and h) The overlap of p65 and nuclear
staining. The images are representative of three experiments. Scale bars=10 um. i) Cells were treated with 10 pM NNK for 0-24 h. The nuclear proteins were extracted and
NF-kB transcriptional activity assays were performed. The data are represented as the mean + sp for four replicates of each treatment. The experiments were repeated twice
with similar results. j) Cells were treated with 10 pM NNK for 0-120 min. Levels of the phosphorylated (p) and dephosphorylated forms of ERK1/2 (42/44 kD), c-Jun NHo-
terminal kinase (JNK; 46/54 kD) and p38 (38 kD) were determined by Western blot. Equal loading was confirmed by probing with antibiotics against actin. All experiments
were repeated twice and similar results were obtained.
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FIGURE 8. Regulation of haem oxygenase (HO)-1, p21CPWaft/Cidt (554) "B_cell lymphoma (Bcl)-2, Bad and inhibitor of apoptosis protein (c-IAP)2 expression by
extracellular signal-regulated kinase (ERK)1/2 and nuclear factor (NF)-kB. a) Human nonsmall cell lung cancer cells, NCI-H23, were pre-treated with 10 pM of the ERK1/2
inhibitor U0126 (A.G. Scientific Inc., San Diego, CA, USA) or 9 uM of the NF-«kB inhibitor SN50 for 30 min. This was followed by 10 uM 4-(N-methyl-N-nitrosoamino)-1-(3-
pyridyl)-1-butanone (NNK) treatment for 8 h and 24 h. Bcl-2 and Bad expression was measured in the cells treated for 8 h and HO-1, p21 and clAP-2 expression was
measured in the cells treated for 24 h. Cells without treatment were set up as control. Equal loading was confirmed by probing with antibodies against actin. b) Summary of
the relative intensity of protein bands. The experiments were repeated twice and similar results were obtained. O: control; = : NNK alone; Z: SN50 and NNK; B: U0126 and
NNK. c) Similar pre-treatment with U0126 or SN50 was followed by 10 uM NNK treatment for 1 h. Cells without treatment were set up as control. The nuclear protein was
extracted for NF-kB DNA-binding activity assays. Data are expressed as the mean + sb fold induction compared with the control (n=3). *: p<0.05; **: p<<0.01. d) Similar pre-
treatment with U0126 or SN50 was followed by 10 uM NNK treatment for 30 min. Cells without treatment were set up as control. The total protein was extracted for Western
blot for phospho (p)-ERK1/2 and ERK1/2. Equal loading was confirmed by probing with antibodies against actin. The experiments were repeated twice and similar results
were obtained.
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