
JPET #68031 

 1

The Modulating Role of NF-κB in the Action of α7-nAChR and Cross-talk 

between 5-Lipoxygenase and Cyclooxygenase-2 in Colon Cancer Growth 

Induced by NNK  

 

Yi N. Ye, Edgar S.L. Liu, Vivian Y. Shin, William K.K. Wu, and Chi H. Cho. 

 

Department of Pharmacology, Faculty of Medicine, Zhejiang University, China (Y.N. Ye) 

Department of Pharmacology, Faculty of Medicine, The University of Hong Kong, China 

(Y.N. Ye, E.S.L. Liu, V.Y. Shin, W.K.K. Wu and C.H. Cho) 

 JPET Fast Forward. Published on May 25, 2004 as DOI:10.1124/jpet.104.068031

 Copyright 2004 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 25, 2004 as DOI: 10.1124/jpet.104.068031

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #68031 

 2

Running title: NNK and colon cancer 

 

Corresponding author: 

Prof. C.H. Cho 

Department of Pharmacology, Faculty of Medicine 

The University of Hong Kong 

Hong Kong, China 

Tel: (852) 28199252 

Fax: (852) 28170859 

E-mail: chcho@hkusua.hku.hk 

 

Text: 19 pages 

Figure: 9 pages 

References: 5 pages 

Abstract: 195 words 

Introduction: 559 words 

Discussion: 1079 words 

 

Nonstandard abbreviations: NNK: 4-(N-Methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone; 

α7-nAchR: alpha7 nicotinic acetylcholine receptor; 5-LOX: 5-lipoxygenase; COX-

2: cyclooxygenase-2; AA861: 2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-p-

benzoquinone. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 25, 2004 as DOI: 10.1124/jpet.104.068031

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #68031 

 3

Recommended section: Gastrointestinal, Hepatic, Pulmonary & Renal 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 25, 2004 as DOI: 10.1124/jpet.104.068031

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #68031 

 4

Abstract 

 

4-(N-Methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), the tobacco specific 

nitrosamine, induces lung cancer in all animal species tested and is thought to contribute 

significantly to the high lung cancer burden associated with smoking.  However, there is 

no report whether NNK could promote colon cancer growth.  To address this hypothesis 

and the possible signaling pathways involved, we used SW1116 colon cancer cell line to 

study these biological events in vitro.  Results showed that NNK, after 5-hour treatment, 

stimulated cell proliferation, enhanced alpha7 nicotinic acetylcholine receptor (α7-

nAChR) mRNA level and NF-κB DNA binding activity, as well as 5-lipoxygenase and 

cyclooxygenase-2 protein expressions.  α-Bungarotoxin, the specific α7-nAChR 

antagonist, inhibited these biological effects.  However, 5-lipoxygenase inhibition had no 

effect on α7-nAChR mRNA expression, but significantly inhibited cell proliferation and 

activation of NF-κB and cyclooxygenase-2.  While NF-κB specific inhibitor, caffeic acid 

phenethyl ester, reduced both cell proliferation and cyclooxygenase expression induced 

by NNK without affecting α7-nAChR mRNA level and 5-lipoxygenase expression.  

Taken together, the present study demonstrated that NNK promoted colon cancer growth 

in vitro.  NF-κB not only conveys the biological effect of α7-nAChR activation but also 

involved in the cross-talk between 5-lipoxygenase and cyclooxygenase-2 in response to 

NNK in colon cancer cell development. 
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NF-κB is a collective designation for a family of highly regulated dimeric 

transcription factors.  Virtually all vertebral cells express at least one of five Rel/NF-κB 

members: p50/p105 (NF-κB1), p52/100 (NF-κB2), c-Rel, p65 (RelA), and RelB, which 

are assembled into homo- and heterodimers. Most commonly encountered in mammalian 

cells is the p65/p50 dimer (Ghosh et al., 1998; Miyamoto and Verma, 1995; Siebenlist, 

1994).  All these proteins share the Rel homology region, a highly conserved sequence of 

300 amino acids.  The Rel homology region is responsible for dimerization, nuclear 

translocation, DNA binding, and regulation of NF-κB through interaction with its 

inhibitor, IκB.  In resting cells, NF-κB, prototypically a heterodimer of p50 and p65 

subunits,  resides in the cytoplasm in an inactive form bound to the inhibitory  protein 

IκB.  Upon cellular activation, IκB is phosphorylated by an IκB kinase complex and 

proteolytically degraded by proteasomes,  leading to the activation of NF-κB (Chen et al., 

1995).  NF-κB then translocates into the nucleus, where it binds to the κB-binding motifs 

in the promoters or enhancers of the genes. 

 

Although NF-κB target genes have been most intensely studied for their 

involvement in immunity and inflammation, this transcription factor also regulates cell 

proliferation, apoptosis and cell migration.  Therefore, it is not surprising that NF-κB has 

been shown to be constitutively activated in several types of cancer cell (Cavin et al., 

2003; Hideshima et al., 2003).  Multiple cellular receptors and signaling pathways 

promote NF-κB activation.  Membrane receptors relay signals emanating from cytokines 

(e.g. TNF and IL-1) or pathogenic particles (e.g. LPS and CpG DNA––Toll and TLRs) 

(Mercurio and Manning, 1999).  Some of the upstream pathways (like those involving the 
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TRAF protein family), conveying TNF and IL-1 signaling, are beginning to unfold (Arch 

et al., 1998), but most others are still obscure. 

 

Smoking is the single most extensively documented risk factor for all histological 

types of lung cancer, including adenocarcinoma.  Among the numerous toxic and 

carcinogenic agents contained in tobacco products, the nicotine-derived NNK [4-(N-

Methyl-N-nitrosoamino)-1-(3-pyridyl)-1-butanone] is the most potent carcinogen in 

laboratory animals and has, therefore, been implicated as a major cause of tobacco-

associated lung cancer (Hecht and Hoffmann, 1988).  NNK reproducibly induces a high 

incidence of adenocarcinoma in laboratory rodents both locally and systematically 

(Hoffmann et al., 1991).  However, whether NNK could induce or promote colon cancer 

formation in vitro or in vivo has not been elucidated so far.  

 

NNK bioactivation leads to the production of reactive oxygen species (ROS) (Kim 

and Wells, 1996).  ROS are known to activate the nuclear factor-κB (NF-κB), which acts 

as a positive regulatory element of cyclooxygenase-2 (COX-2) expression (Kosaka et al., 

1994; Sen and Packe, 1996).  Schuller et al. reported that NNK stimulated the growth of 

pulmonary adenocarcinoma in vitro and in vivo via the release of arachidonic acid, 

whereas inhibitors of COX-2 or 5-lipoxygenase (5-LOX) had an inhibitory effect 

(Schuller et al., 1999; Schuller et al., 2000).  And Anthonsen et al. reported that 5-LOX 

mediates NF-kB activation induced by histamine, TNF-α and IL-1β (Anthonsen et al., 

2001; Bonizzi et al., 1999; van Puijenbroek et al., 1999).  
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Therefore, the present study aimed to investigate whether NNK could promote 

colon cancer growth and also the possible cellular and molecular mechanisms involved.  

To address these issues, we used a human colon cancer cell line and exposed it to NNK to 

assess the interrelationships among NF-κB, 5-LOX and COX-2 in the pathogenic 

processes. 
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Materials and Methods 

 

Cell Culture and Chemicals 

SW1116 cells, a cell line derived from human colon adenocarcinoma, were 

obtained from American Type Culture Collection (ATCC; Manassas, VA) and cultured in 

Leibovitz’s L-15 medium containing 10% (v/v) heat-inactivated FBS, 100 U/mL of 

penicillin, and 100 µg/mL of streptomycin.  Chemicals were purchased from Sigma 

Chemical Co. unless otherwise stated.  Caffeic acid phenethyl ester (CAPE) was 

purchased from Calbiochem Co. and celecoxib was a kind gift from SEARLE. 

 

Estimation of cell viability 

Cell viability was assayed by routine 3-(4,5-dimethyl-thiazol-2yl)-2,5-

diphenyltetrazolium bromide (MTT) reduction method.  Briefly, SW1116 cells were 

seeded into a 96-well plate and incubated for 24 hours for attachment.  They were then 

incubated with different drugs for different times at 37°C.  At the end of incubation, the 

medium was aspirated.  The remaining cells were further incubated with 0.25mg/ml of 

MTT for 3 hours.  MTT was extracted with isopropanol in 0.04 M hydrochloric acid, and 

the color change in the extract was measured at 595 nm. 

 

Cell proliferation assay 

Cell proliferation was assessed as DNA synthesis.  To evaluate DNA synthesis in 

cells, the incorporation of [3H]-thymidine into DNA was determined.  Briefly, cells were 

seeded into a 24-well plate and cultured for 24 hours for attachment.  They were then 
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washed twice with 0.01M PBS, followed by incubation with 1 mL/well of the medium 

containing various substances for different times.  In the next step, 0.5 µCi of [3H]-

thymidine was added to each well, and the cells were further incubated for 5 hours.  

Incorporation of [3H]-thymidine into cells was measured with a liquid scintillation 

counter (LS-6500; Beckman Instruments, Inc.) 

 

Detection of α7-nAChR and GAPDH mRNA expression  

Total RNA was isolated from SW1116 cells by using TRIZOL Reagent (Gibco 

BRL, Gaithersburg, MD).  Five micrograms of the total RNA was used to generate the 

first strand of α7-nAChR and GAPDH cDNA by reverse transcription (Gibco BRL, 

Gaithersburg, MD) in accordance to the manufacturer’s instructions.  Then PCR was 

performed for α7-nAChR and GAPDH by using the following primer pairs, (Gibco BRL, 

Gaithersburg, MD), i.e., α7-nAChR sense primer 5’-CTCCTGCACGTGTCCCTGCAA-

3’, antisense primer 5’- TAGAGTGTCCTGCGGCGCAT-3’ (product size 649 bp); and 

GAPDH, sense primer 5’- ACGGATTTGGTCGTATTGGG-3’, antisense primer 5’-

TGATTTGGAGGGATCTCGC-3’ (product size 226 bp), respectively.  The PCR 

products were then visualized by ultraviolet illumination after electrophoresis through 1% 

agarose gels containing 0.5 µg/ml ethidium bromide. Gel photographs were then analysed 

semiquantitatively for α7-nAChR mRNA in a multianalyser (Bio-Rad, Hercules, CA). 

 

Preparation of cytoplasmic and nuclear extract 

Nuclear and cytoplasmic extracts were prepared as described by Dignam et al. 

(Dignam et al., 1983).  Confluent cells in 10-cm dishes were treated for various times 
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with the indicated effectors.  Cells were then washed two times with ice-cold phosphate-

buffered saline and resuspended in 400 µl of buffer A (containing 10 mM HEPES at pH 

7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF, 1 µg/ml leupeptin, 1 

µg/ml aprotinin, and 1 µg/ml pepstatin A).  The cells were allowed to swell on ice for 15 

minutes, lysed gently with 12.5 µl of 10% Nonidet P-40, and centrifuged at 2000 g for 10 

minutes at 4°C.  The supernatant was collected and used as the cytoplasmic extracts.  The 

nuclei pellet was re-suspended in 40 µl of buffer C (20 mM HEPES, pH 7.9, containing 

1.5 mM MgCl2, 450 mM NaCl, 25% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM 

PMSF, 1 µg/ml leupeptin, 1 µg/ml aprotinin, 1 µg/ml pepstatin A), agitated for 30 

minutes at 4°C, and the nuclear debris was spun down at 20 000 g for 15 minutes.  The 

supernatant (nuclear extract) was collected, frozen in liquid nitrogen and stored at -80°C 

until ready for analysis.  Protein concentration was determined using Bradford reagent. 

 

Western-blot analysis 

The cells were harvested at 4ºC with RIPA buffer (50mM Tris-HCl, pH 7.5, 

150mM sodium chloride, 0.5% α-cholate, 0.1% SDS, 2mM EDTA, 1% Triton X-100 and 

10% glycerol) containing 1.0mM phenylmethylsulfonyl fluoride and 1µg/mL aprotinin.  

After sonicated on ice, the samples were then centrifuged at 17,968g for 20 minutes at 

4ºC and the supernatant containing 70µg of the protein was denatured and separated by 

electrophoresis on a sodium dodecyl polyacrylamide-gel.  The protein was then 

transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA.) that was probed 

with respective primary antibody.  Membranes were developed by the ECL 
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chemiluminescence and exposed on X-ray film.  Quantification of the bands on the film 

was carried out by video densitometry (Gel Doc 1000, Bio Rad). 

 

Immunofluorescence  

Cells grown on glass coverslips were fixed with methanol: acetone (1:1) at –20°C 

for 10 minutes and then permeabilised with methanol at –20°C for 10 minutes.  The cells 

were then covered with blocking buffer (1% BSA in 1 X PBS) for 1 hour at room 

temperature to minimize non-specific adsorption of antibodies to the cells.  After 

blocking, cells were incubated with primary antibody against p65 (SC-372, Santa Cruz 

Biotechnology, Santa Cruz, CA) at 4°C over night.  Cells were visualized with a 

fluorescence-labeled secondary antibody (FITC-Goat anti-rabbit IgG for p65) and 

incubated at room temperature for 2 hours.  The cells were viewed using a confocal 

microscope (Bio-rad MRC 1024, Bio-rad Laboratories, Hercules, USA) 

 

Measurement of ROS by confocal laser scanning microscopy  

For visualization and analysis of intracellular ROS, the oxidation-sensitive probe 

H2DCF-DA was used, as described by Herrera et al. (Herrera et al., 2001) with 

modification.  Simply, cells were loaded with 20µM H2DCF-DA in a Hepes-buffered salt 

solution (HBSS) supplemented with 5mg/ml BSA for 15min at 37°C.  After being rinsed 

twice with HBSS, cells were imaged with a Bio-Rad MRC 1024MP laser scanning 

confocal microscope, with excitation at 488nm and emission at 510nm. 

 

DNA fragmentation analysis 
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Briefly, cell pellets were lysed in 10 mM Tris-HCl (pH 7.4) buffer containing 25 

mM EDTA, 0.5% SDS and 0.1 mg/ml proteinase K (Sigma) and incubated at 50°C for 18 

hours.  DNA was extracted with an equal volume of phenol/chloroform/isoamyl alcohol 

(25:24:1) and precipitated with two volumes of ice-cold absolute ethanol and 1/10 

volume 3M sodium acetate.  Equal amounts (10 µg per well) of DNA were 

electrophoresed in 1.8% agarose gels impregnated with ethidium bromide (0.1 µg/ml) for 

2 hours at 80 V.  DNA fragments in the form of laddering pattern were visualized by 

ultraviolet transillumination. 

 

Electrophoretic mobility shift assay (EMSA) 

Six µg of nuclear proteins were incubated with 1 µg each of poly (dI.dC) and poly 

(dG.dC) in the presence of 10 fmol of [g-32P] ATP end-labeled double-stranded NF-κB 

probe (5'-AGT TGA GGG GAC TTT CCC AGG C-3' Santa Cruz) for 30 minutes at 

room temperature in a total volume of 20 µl.  Oligonucleotide competition experiments 

were performed in the presence of 50-fold excess of cold NF-κB oligos.  Supershift 

experiments were done by preincubating nuclear extract proteins with 2 µl antibody for 1 

hour at 4°C before the addition of labeled DNA probe.  DNA complexes were resolved 

from free probe with 4% nondenaturing polyacrylamide gels in 0.5´ Tris-borate-EDTA 

(pH 8.3) and visualized by fluorography.  Polyclonal antibody NF-κB p65 (c-20) for NF-

κB from Santa Cruz Biotechnology (Santa Cruz, CA, USA) was used for supershift 

experiments. 
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Flow Cytometry 

Cells were collected and fixed with ice-cold 70% ethanol in PBS and stored at -4°C 

until use.  After resuspension, cells were incubated with 100 µl of RNase I (1 mg/ml) and 

100 µl of PI (400 µg/ml) at 37°C and analyzed by flow cytometry (Coulter, Luton, United 

Kingdom).  The cell cycle phase distribution was calculated from the resultant DNA 

histogram using Multicycle AV software (Phoenix Flow Systems, San Diego, CA). Cells 

with a subdiploid DNA content were considered apoptotic cells.  

 

Statistical Analysis 

Results are expressed as the mean ± SE of at least triplicate determinations, and 

statistical comparisons are based on Student’s t test or ANOVA. P < 0.05 was considered 

to be significant. 
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Results 

 

Effect of NNK on SW1116 cell proliferation 

To study the effect of NNK on the proliferation of colon cancer cells, we examined 

changes in [3H]-thymidine incorporation in response to NNK in cultured SW1116 cells.  

As illustrated in Figure 1, NNK significantly enhanced [3H]-thymidine incorporation into 

SW1116 cells.  This stimulation was dose-dependent, and it occurred as low as 10 nM.  

After incubation with 1000nM NNK for 5 hours, the cell proliferation in SW1116 cells 

was significantly increased about 239% when compared to the control group. 

We confirmed this stimulation effect of NNK by flow cytometry.  Result shows 

that, in the control group, there was a significant accumulation of cells at the G0/G1 phase 

of the cell cycle (Figure 2A).  However, in the 1000nM NNK treated group, a less 

proportion (~31.5%) of cells were in G0/G1 while cells in S and G2/M together amounted 

to 68.5% (Figure 2B).  These results suggest that a major proportion of cells had 

proceeded to S phase and subsequently to G2/M by NNK treatment.  

 

NNK treatment resulted in enhanced levels of α7-nAChR, 5-LOX, COX-2 and 

NF-κB  

RT-PCR was performed to assess mRNA expressions of GAPDH and alpha7 

nicotinic acetylcholine receptor (α7-nAChR) during the process of SW1116 cell 

proliferation induced by NNK.  Our preliminary study showed that there was α7-nAChR 

mRNA expression in SW1116 colon cancer cells.  This was significantly enhanced by 
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NNK after incubation for 5 hours, whereas the GAPDH level was not affected (Figure 

3A). 

In addition, NNK also significantly stimulated the protein expressions of COX-2 

and 5-LOX (Figure 3B) during the process of cell proliferation, and the amount of p65 

subunit of NF-κB in the nuclei of the NNK treated group markedly exceeded that of the 

control group (Figure 4A).  Furthermore, we also examined the effect of NNK on NF-κB 

DNA binding activity by EMSA.  As a result, NNK induced binding activity of NF-κB in 

SW1116 cells, and antibodies to p65 (Rel A) supershifted the complex demonstrating that 

p65 are part of the NF-κB complex induced by NNK (Figure 4B).  As high NF-kB 

activity is usually associated with a concomitant decreased expression of IkBα.  

Therefore, we measured the protein level of IκB-α.  Western-blot analysis revealed a 

significant decrease in IκB-α expression at 5 hours after NNK stimulation (Figure 4C). 

 

Cell proliferation promoted by NNK was associated with NF-κB 

To address the role of NF-κB in the cell proliferation induced by NNK, SW1116 

cells were pre-treated with CAPE, a specific inhibitor of the activation of NF-κB, for 1 

hour and then co-treated with NNK for further 5 hours.  Results showed that CAPE, at 

the dose of 50µM, reduced [3H]-thymidine incorporation promoted by NNK about 180% 

when compared to the control group.  Further reduction was not found even at a higher 

dose (Figure 5A).  Interestingly, CAPE alone had no effect on the basal level of cell 

proliferation (data not shown).  Analysis of DNA from SW1116 cells demonstrated that 

CAPE at the concentration of 50µM caused a generation of nucleosomal sized ladders of 

DNA fragments in the NNK-treated group, but not in the control group (Figure 5B). 
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To further investigate CAPE-mediated differential growth inhibition, we studied the 

effect of CAPE treatment on the cell cycle kinetics in the presence of NNK.  Flow 

cytometry of three independent analysis showed that SW1116 cells were arrested in the 

G0/G1 phase after CAPE treatment at the dose of 50µM (from 31.5% to 64.2%), and cells 

had a typical subdiploid peak (from 1.8% to 38.1%) on the DNA histogram (Figure 2B & 

2C). 

 

Effect of NF-κB inhibitor on the levels of α7-nAChR, 5-LOX and COX-2  

In the next step, we also wanted to see whether there exists a relationship between 

NF-κB and other parameters that had also been significantly enhanced during the process 

of SW1116 cell proliferation.  Results showed that CAPE had no effect on the 

stimulatory action of NNK on α7-nAChR mRNA and 5-LOX protein expression.  

However, the increased COX-2 protein expression by NNK was significantly and almost 

completely blocked by CAPE (Figure 6) 

 

Effect of 5-LOX inhibitor or COX-2 inhibitor on cell proliferation, α7-nAChR 

mRNA expression and NF-κB activity 

Treated SW1116 cells with 2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-p-

benzoquinone (AA861), a specific 5-LOX inhibitor, had no direct effect on α7-nAChR 

mRNA expression at the doses of 10 and 20µM (data not shown), but significantly 

reduced cell proliferation induced by NNK about 150% of the control group (Figure 7A).  

In addition, AA861 blocked NF-κB DNA binding activity and COX-2 protein expression 

by about 172% and 64%, respectively, of the control group (Figure 7B).  While the COX-
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2 specific inhibitor, celecoxib (25µM and 50µM), did not modify α7-nAChR mRNA and 

5-LOX protein expression and also NF-κB activity (data not shown), but it significantly 

decreased cell proliferation induced by NNK by 175% (Figure 7A) at the dose of 25µM.  

Further reduction was not found at the higher dose of 50µM.  MTT assay showed that the 

concentrations of AA861 and celecoxib used in the present study had no toxic effect on 

SW1116 cell (data not shown). 

 

α7-nAChR antagonist suppressed NNK-induced cell growth, NF-kB DNA 

binding activity and protein expressions of 5-LOX and COX-2 

α-Bungarotoxin, the α7-nAChR specific antagonist, significantly inhibited NNK-

induced SW1116 cell proliferation by about 155% of the control group at the doses of 

100nM and 1µM (Figure 8A), although there was no significant difference between the 

two doses.  This was accompanied by the down-regulation of NF-κB DNA binding 

activity and protein expressions of 5-LOX and COX-2 (Figure 8B).  α-Bungarotoxin had 

no cytotoxic effect in the present study (data not shown). 

 

The relationship between the reactive oxygen species (ROS) and α7-nAChR 

It was reported that NNK-induced carcinogenesis required bioactivation by p450 

metabolism and it was this pathway led to generation of ROS (Rioux and Castonguay, 

2000).  We studied further whether ROS production could stimulate cell proliferation 

through the α7-nAChR.  Indeed, NNK incubation for 5 hours significantly enhanced the 

intracellular ROS level in SW1116 cells.  α-Bungarotoxin, at the dose of 100nM or 1µM, 

had no inhibitory action on ROS production induced by NNK (Figure 9).  ROS 
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scavenger, N-acetyl-cysteine (10mM or 20mM), did not modify the α7-nAChR mRNA 

expression, either (data not shown).  However, at the same dose, N-acetyl-cysteine 

reduced cell proliferation induced by NNK by about 21% when compared to the control 

group. 

 

α-Bungarotoxin inhibited the cell proliferation induced by nicotine  

To elucidate further whether other nicotinic receptor agonist produces similar 

stimulatory effect on cell proliferation via α7-nAChR, we pretreated SW1116 cells with 

α-bungarotoxin for 1 hour before the addition of nicotine for a further 5-hour incubation.  

Figure 8A shows that nicotine significantly increased cell proliferation and this was 

partially inhibited by the same doses of α-bungarotoxin as used in the NNK experiment. 
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Discussion 

 

Nicotine is a tertiary amine consisting of a pyridine and a pyrrolidine ring.  NNK, 

the tabacco-specific nitrosamine, is derived from nicotine by nitrosation under ring 

opening of the pyrrolidine ring during the processing of tobacco (Fischer et al., 1990; 

Hecht et al., 1993).  It is presented in tobacco smoke at a substantial level and can be 

stored in the mammalian organism.  Importantly, it has also been shown that the amount 

of NNK in tobacco smoke is high enough such that the total estimated doses to smokers 

and long-term snuff-dippers are similar in magnitude to the total doses required to 

produce cancer in laboratory animals (Chepiga et al., 2000; Harris, 2001).  These 

exposures thus represent an unacceptable risk to cigarette smokers and nonsmokers 

exposed to years of environmental tobacco smoke. 

 

In the present study, we explored the effect of NNK on colon cancer cell growth.  

Our results showed that NNK stimulated [3H]-thymidine incorporation in SW1116 colon 

cancer cells after incubation for 5 hours.  This was in accordance with the result obtained 

by flow-cytometry analysis which indicated that a major proportion of cells had 

proceeded to S phase and subsequently to G2/M by NNK treatment when compared to the 

control group (Figure 2A & 2B).  

 

NNK has recently been identified as a high affinity ligand for neuronal nicotinic 

acetylcholine receptors comprised of alpha7 subunits, i.e. α7-nAChR, and expressed in 

human small cell lung carcinoma (Song et al., 2003).  In the present study, we 
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demonstrated that the cell line derived from human colon adenocarcinoma, SW1116, 

expressed α7-nAChR and NNK further induced mRNA expression of this receptor after 

incubation for 5 hours (Figure 3A).  The specific antagonist for this receptor, α-

bungarotoxin, inhibited cell proliferation (Figure 8), protein expressions of COX-2 and 5-

LOX, and NF-κB DNA binding activity induced by NNK (Figure 9).  

 

During the process of cell proliferation, the NF-κB nuclear translocation and DNA 

binding activity were significantly enhanced by NNK.  This was accompanied by the 

decreased protein expression of IκBα (Figure 4C).  These results suggest that NNK can 

stimulate the activation of NF-κB by sequestration of IκBα. NF-κB specific inhibitor, 

CAPE, markedly blocked the colon cancer cell proliferation induced by NNK (Figure 5).  

Flow cytometry analysis and DNA fragmentation results suggested that the inhibition of 

NNK induced cell growth by CAPE was due to an increase of apoptosis and cell cycle 

arrest at G0/G1 phase (Figures 2 & 5).  Interestingly, NF-κB inhibitor also affected the 

COX-2, a key enzyme in the metabolism of arachidonic acid, protein expression 

enhanced by NNK.  This was in accordance with the result of that obtained by Jung et al. 

(Jung et al., 2003).  However, inhibition of NF-κB had no significant effect on NNK 

induced α7-nAChR mRNA and 5-LOX protein expression in SW1116 cells.  These 

findings demonstrate that NF-κB is an intermediate mediator connecting α7-nAChR and 

5-LOX with COX-2 expression in colon cancer cell growth. 

 

In the present study, we also found that CAPE had no effect on the basal level of 

colon cancer cell proliferation, but significantly blocked the cell proliferation and induced 
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apoptosis in NNK treated group (Figure 5).  This maybe explained by that NNK 

stimulated the cell growth and shorted the cell cycle that makes the cells sensitive to 

environmental conditions including chemicals, such as CAPE. 

 

5-LOX is another key enzyme in the metabolism of arachidonic acid to 

leukotrienes.  Recent studies suggest that 5-LOX and its metabolites have a close 

relationship with cancer development (Shureiqi and Lippman, 2001).  The preventive 

efficacy of 5-LOX inhibitors against lung tumorigenesis was obtained in A/J mice given 

the tobacco-specific carcinogen NNK in drinking water (Rioux and Castonguay, 1998).  

In the present study, we found that 5-LOX protein expression was significantly enhanced 

during the process of cell proliferation induced by NNK.  5-LOX inhibition leads to a 

block of NF-κB DNA binding activity and COX-2 protein expression as well as the 

reduction of cell proliferation promoted by NNK (Figure 7).  However, the α7-nAChR 

mRNA level was not affected by 5-LOX inhibitor.  Interestingly, we also found that α7-

nAChR specific blocker significantly reduced 5-LOX protein expression induced by 

NNK (Figure 9), although the NF-κB inhibitor had no effect on this enzyme (Figure 6).  

Furthermore, the COX-2 specific inhibitor, celecoxib, decreased the cell proliferation 

induced by NNK independent of the fact that the drug had no effect on α7-nAChR 

mRNA expression, NF-κB DNA binding activity and protein expressions of 5-LOX and 

COX-2.  All these results indicate that COX-2 is at the lower end of the signaling 

pathway in the induction of cell proliferation by NNK in colon cancer cells.  In addition, 

we found that 5-LOX inhibition did not completely block the NF-κB DNA binding 

activity, COX-2 protein expression and cell proliferation induced by NNK.  This might 
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be explained by the report showing that nAChR are linked to various lipoxygenases in 

addition to 5-LOX activation (Tieman et al, 2001).  

 

Furthermore, in this study, we also observed that the intracellular ROS level was 

significantly enhanced in SW1116 cells after incubation with NNK for 5 hours.  α-

Bungarotoxin had no direct effect on the induction of ROS by NNK (Figure 9).  

However, at the same doses, α-bungarotoxin significantly inhibited the stimulatory action 

of NNK on cell proliferation, NF-κB activation, 5-LOX and COX-2 protein expression 

(Figure 8).  Although the ROS scavenger, n-acetyl-cysteine, partially inhibited the cell 

proliferation induced by NNK, it did not modify the α7-nAChR mRNA level in SW1116 

cells.  These results indicate that α7-nAChR and ROS are involved in the promotion of 

colonic tumorigenesis by NNK.  They could contribute independently in the course of 

carcinogenesis in the colon. 

 

The analysis of α7-nAChR expression and the use of α-bungarotoxin suggest that 

the stimulatory effect of NNK on colon cancer cells is in part receptor mediated.  

Nicotine, the precursor of NNK, also promoted α7-nAChR mRNA expression (Ye et al., 

2004) and cell proliferation of SW1116 cells (Figure 8A).  α7-nAChR specific antagonist 

partially inhibited the cell proliferation induced by nicotine (Figure 8A).  These results 

strongly suggest that the promotion of nicotine on colon cancer growth is also partially 

receptor mediated.  However, it would be interesting to further compare the exact 

mechanisms of how nicotine and NNK stimulate colon cancer growth and identify any 
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specific lipid products closely related to proliferation of colon cancer cells described in 

this study.  

 

Taken together, the present study demonstrated that NNK promoted colon cancer 

growth in vitro.  NF-κB not only conveys the biological effect of α7-nAChR activation 

but also involves in the cross-talk between 5-LOX and COX-2 in response to NNK in 

colon cancer cell development. 
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Figure legends: 

 

Fig. 1 Effect of 4-(N-Methyl-N-nitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) on [3H]-

thymidine incorporation in SW1116 cells after incubation for 5 hours.  Data are 

expressed as mean ± SEM of 6 separate experiments.  *p <0.05 when compared to 

the control group. 

 

Fig. 2 Effect of NNK on cell growth in SW1116 cells by flow cytometry analysis.  

SW1116 cells were treated with 1000nM NNK for 5 hours and their DNA 

contents were determined by FACS.  (A) SW1116 control; (B) SW1116 treated 

with NNK; (C) SW1116 pre-treated with 50µM CAPE for 1 hour and then co-

treated with NNK for further 5 hours.  There were 6 independent samples in each 

group. 

 

Fig. 3 Effect of 1000nM NNK on α7-nAChR mRNA level, and protein expressions of 

COX-2 and 5-LOX in SW1116 cells after incubation for 5 hours.  (A) Gel 

photograph of PCR amplified α7-nAChR and GAPDH derived from their 

respective mRNA.  Product size of α7-nAChR is 649bp and product size of 

GAPDH is 226bp.  Lane 1: marker (phix174/HaeШ); Lane 2: SW1116 control; 

Lane 3: SW1116 treated with NNK.  (B) Effect of NNK on protein expressions of 

COX-2 and 5-LOX.  There were 6 independent samples in each group. 
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Fig. 4 Effect of NNK (1000 nM) on NF-κB translocation and NF-κB DNA binding 

activity.  (A) Immunofluorescent labeling of the p65 subunit of NF-κB in 

SW1116 cells stimulated with NNK for 5 hours, showing intracellular 

localization.  (B) SW1116 cells were incubated in the absence or presence of 

NNK for 5 hours.  An electrophoretic mobility shift assay (EMSA) was performed 

to determine NF-κB/DNA-binding activity.  The autoradiograph is a 

representative EMSA from 3 separate experiments.  (C) Effect of NNK on IκBα 

protein expression in SW1116 cells after incubation for 5 hours.  

 

Fig. 5 Effect of NF-κB inhibitor on cell growth induced by 1000 nM NNK.  (A) Dose-

response of Caffeic acid phenethyl ester (CAPE) on cell growth inhibition by 

[3H]-thymidine incorporation assay.  *p <0.05 when compared to the control 

group, #p <0.05 when compared to the NNK group, †p <0.05 when compared to 

the NNK+10µM CAPE group.  (B) DNA ladder pattern formation.  SW1116 cells 

were pre-treated with 50µM CAPE for 1 hour and then co-treated with NNK for 

further 5 hours. The formation of oligonucleosomal fragments was visualized by 

1.8% agarose gel electrophoresis.  Sd, standard for DNA fragmentation (SW1116 

cells were treated with staurosporine for 5 hours as a positive control); Lanes 1-4, 

SW1116 cells treated with or without CAPE in the presence of NNK or not. 

 

Fig. 6 Effect of NF-κB inhibitor on the levels of α7-nAChR, 5-LOX and COX-2.  

SW1116 cells were pretreated with 50µM CAPE for 1 hour and then co-treated 

with 1000nM NNK for further 5 hours.  The results are expressed as mean ± SEM 
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of 3 separate experiments.  #p <0.05 when compared to the respective control, *p 

<0.05 when compared to the NNK group. 

 

Fig. 7 (A) Effect of AA861 or celecoxib on cell proliferation and (B) Effect of AA861 on 

NF-κB DNA binding activity and COX-2 protein expression induced by NNK 

(1000nM).  SW1116 cells were pretreated with AA861 (10 or 20µM) or celecoxib 

(25µM or 50µM) for 1 hour and then co-treated with NNK for further 5 hours.  

The results are expressed as mean ± SEM of 3 separate experiments.  *p <0.05 

when compared to the respective control group, #p <0.05 when compared to the 

NNK group.  

 

Fig. 8 (A) Effect of α7-nAChR antagonist on cell growth promoted by 1000nM NNK or 

1000nM nicotine (Nic).  SW1116 cells were pretreated with 100nM or 1µM α-

bungarotoxin (BTX) for 1 hour before addition of NNK or nicotine for a further 

5-hour incubation.  The results are expressed as mean ± SEM of 3 separate 

experiments.  *p <0.05 when compared to the control group, #p <0.05 when 

compared to the NNK group, †p <0.05 when compared to the nicotine group.  (B) 

Effect of α7-nAChR antagonist on NF-κB DNA binding activity, and the protein 

expressions of 5-LOX and COX-2.  SW1116 cells were pretreated with 100nM α-

bungarotoxin (BTX) for 1 hour before addition of 1000nM NNK for a further 5-

hour incubation.  The pictures represent 3 separate experiments. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 25, 2004 as DOI: 10.1124/jpet.104.068031

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #68031 

 33

Fig. 9 ROS production by confocal laser scanning microscopy.  (A) Effect of NNK on 

ROS production in SW1116 cells.  Cells were treated with or without NNK for 5 

hours.  The pictures represent 3 separate experiments.  (B) Effect of α-

bungarotoxin on ROS production induced by NNK.  SW1116 cells were 

pretreated with 100nM or 1µM α-bungarotoxin for 1 hour before addition of 

1000nM NNK for a further 5-hour incubation. 
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