
To the Graduate Council: 

Iam submitting herewith a dissertation written by Brian A.Jull entitled"TheEflFects of4-
(methylnitrosamino)-l-(3-pyridyl)-l-butanone ontheMAPKinase Cascade in Neoplastic 
and Non-neoplasticPulmonaryNeuroendocrine Cells". Ihave examined the final copy of 
this dissertationforform and content and recommend that it be accepted in partial 
fiilfjllment.ofthe requirementsforthe degree ofDoctor ofPhilosophy,with a majorin 
Comparative and ExperimentalMedicine. 

Hildegard M.Schuller 

Wehave read this dissertation 

and recommend its acceptance: 

Accepted forthe Council: 

Associate Vice Chancellor and 

Dean ofThe Graduate School 



TEiEEFFECTS OF4-(METHYLNITROSAMINO)-l-(3-PYiaDYL)-l-BUTANONE 
ONTHEMAPKINASECASCADEINNEOPLASTICANDNON-NEOPLASTIC 

PULMONARYNEUROENDOCRINECELLS. 

ADissertation 

presented forthe 
Doctor ofPhilosophyDegree 
The University ofTennessee, 

Knoxville 

Brian Ashley JuU,DVM 
May,2000 



u 

Copyright@Brian Ashley Jull,2000 
All rights reserved 



m 

Dedication 

This thesis is dedicated to my parentsMr.Kelly JuU and Mrs.Delia JuU as well as 

to mywife Krista who havelovingly provided me with the supportand encouragement 

needed to achieve all oflifes dreams. To my daughter Abigail,whose young existence has 

broughtimmensejoyto mylife. 



IV 

Acknowledgments 

Iwould like tothank my advisorDr.Mdegard SchuUer and the rest ofmy 

committee members,Dr.David Slauson,Dr.Hwa-Chain Wang,and Dr.Jay Wimalasena 

fortheir valuabletime and thoughtful suggestions. In addition,a specialthanksgoes out 

to the labs ofDr.Wimalasena and Dr.Wangfortheir generous supply ofhelp and 

resources. Iwould also liketo recognize the other members ofDr.SchuUerslab,Dr. 

HowardHummer,Mchelle Williams,BrianPorter,Dr.Diaim Weddle,andDr.Barb 

Sheppard,whose daily assistancein matterslarge and smallwas criticalforthe completion 

ofmy dissertation. Iam greatly appreciative ofthe financial support provided bythe 

NationalInstitutes ofHealth(NEEHS GrantT32ES07285)and their investmentin my 

career. 

Finally,Iam gratefulforthetremendous amountofencouragementIhave recieved 

throughoutmylife from my parents. Their confidencein my abilities has given methe 

strength and perseverance to achieve my goals. A specialthanksgoesto myloving wife, 

Krista,whose devotion, patience,and thoughtfulness made this momentpossible. 



Abstract 

Small celllung carcinoma(SCLC)isa highly malignant pulmonary neoplasm 

derived from anormally sparse population ofpulmonary neuroendociine cells(PNEC) 

that proliferate when exposed to tobacco associated carcinogens and hypoxic 

environments. Althoughthe precise mechanism by whichthese mitogensresultin cellular 

proliferation and subsequenttransformationis notknown,there has been abundant 

attention directed toward the mutagenic mechanismsofpulmonary carcinogenesis. 

However,alack ofspecific mutationsin manycases ofSCLCfails to explain the inciting 

cause and the progression ofthis neoplasm. Therefore,areceptor mediated mechanism 

linking the specific tobacco derived nitrosamine,4-(methylnitrosamino)-l-(3-pyridyl)-l-

butanone(NNK),to cellular proliferation via theMAPkinase signaling pathway has been 

proposed. Understandingtheinvolvementofthis pathwayin the development ofSCLC 

provides a unique targetfor potential chemopreventive and chemotherapeutic measures. 

NNK and hypoxia have a profound effect ontheMAP kinase signaltransduction 

pathway and nuclear phospho-protein activation. This intracellular signaling cascade has 

beenshownto play a critical role inthe regulation ofcell cycle events and cell 

proliferation.Exposure ofboth neoplastic and non-neoplasticPNECstoNNKresultsin 

the activation ofthe protein Idnases,Raf-1 and MAPK 1\2,withintheMAP kinase 
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signaling pathway,as demonstrated byimmunoblotting techniques and in vitro kinase 

assays. Additionally,ISHSIK stimulatesthe phosphorylation ofspecific nuclear proteins 

involved in subsequent cell cycle regulation. Theseinduced levels ofactivation can be 

significantly attenuated by various inhibitors that act onthe receptor or on specific protein 

kinase domains. Based onthese findings,thetobacco specific carcinogen,NNK,reliably 

induces an activating signalontheMAP kinase cascade and its downstream early gene 

nuclear transcripts. This,in turn,is believed to resultin the proliferation ofthe neoplastic 

and non-neoplastic pulmonary neuroendocrine cells. Futureinvestigations willbe doneto 

link theseNNKinduced intracellular signaling events with specific cell cycle responses. 
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Chapter 1:Introduction 

Lung canceris the mostjfrequently lethalform ofcancer accountingfor28%ofall 

cancer deathsin the United States,surpassed inincidence butnot mortality only by breast 

cancer and colorectal cancer(American Cancer Society, 1998).Priorto 1930,mortality 

dueto lung cancer waslowerthan any other cancertype in both males and females. 

However,by 1960lung cancer deaths had risen86%to becometheleading cause of 

cancer related deathin men(American Cancer Society, 1998). The sametrend may be 

found in women after 1970.The majorfactor believed to accountfor this dramatic shift in 

lung cancer death rate is theincreased incidence ofsmoking among men and later social 

acceptance ofsmoking amongwomen(Centers of Disease Control and Prevention, 

1997). Although amount and duration ofsmoking are considered the mostsignificant 

influence onlung cancer rate,factors such asrace,gender,environment,genotype,and 

concurrent pulmonary disease are also believed to play a major role in pulmonary cancer 

risk(Alberg, 1998). 

Lung canceris subcategorized intofour major histologictypes; adenocarcinoma, 

small cell carcinoma,large cell carcinoma,and squamous cell carcinoma(Yesner, 1993). 

Ofthefourtypes,small celllung carcinoma(SCLC)accountsfor about25%ofaUlung 

cancer cases and up to 88%ofpulmonary cancer deaths. Additionally,>90%ofthe 



diagnosed cases ofSCLChave been epidemiologicallylinked to smoking(Alberg, 1998). 

This cancertype is highly malignant with rapid growth and high metastatic potential 

(Polack, 1993;Bunn,1997). Although SCLCis sensitiveto combination radiation and 

chemotherapy,mosttumorsrecur and 5 year survival rate after therapyis only2-5% 

(Bunn, 1996). Currently there is no effectivelong term treatmentforSCLC patients. 

SCLC cells are characterized as having small(80-140nm diameter)dense-core 

neurosecretory granules containing a wide variety ofbio-active compoundsincluding 5-

hydroxytryptamine(5-HT,serotonin), bombesin-like peptides,insulin-like growthfactorI, 

transferrin, calcitonin, cholecystokinin, neurotensin,vasopressin,and the multifunctional 

natriuretic peptide(Moody,1998). The putative cell oforiginfor SCLCisthe pulmonary 

neuroendociine cell(PNEC)which shares many phenotypic and ftmctionalfeatures with 

SCLC(Sheppard, 1993). PNECsare presentin large numberslining the bronchioles of 

late gestationalfetal lungs. In thelow oxygen tension environment ofthefetallungs, 

these cells release the bio-active peptides which have potent actions on airway smooth 

muscle,vasomotortone,airway secretions,and fetallung development(Becker, 1985). 

However,by2weeksfollowing birth,the number ofPNECsare greatly reduced within 

the oxygenated lung(Johnson and Georgieff, 1989). Although these cells are inherently 

sensitive to the degree ofoxygenation/pulmonary hypoxia and have been shownto express 

oxygen sensing receptors(Youngson,1993),the mechanisms ofaction ofthese receptors 

remainlargely unknown. Hypoxiclungs ofindividuals with chronic obstructive pulmonary 

disease(COPD)frequently contain small hyperplasticfoci ofPNECswith elevated levels 



of5-Hr,calcitonin, and bombesin-Iike peptide(Tabassian, 1989). Individuals suffering 

from COPD that also smoke arefar morelikely to develop SCLCthan any othertype of 

lung cancer or persons withoutCOPD(Weiss, 1991). Accordingly,COj,which is greatly 

increased in the COPDlung,acts as a potent selective mitogenin SCLC andPNEC 

(Merryman,1997;Schuller 1994);thus identifying elevated COjlevels as a promoting 

factorforthe developmentofSCLC. 

In an effortto link specific compoundsin tobacco smoketo cellular proliferation 

and subsequent cellular transformation ofP!NEC,attention was directed toward nicotine 

and its classic agonistic effect on nicotinic acetylcholine receptors. There are multiple 

subtypes ofneuronal nicotinic receptorsthat are based onthe expression ofvarious a and 

P subunit combinations. Nicotinic receptors are ligand-gated ion channels with a centrally 

located porethrough whichionsflow(Linstrom, 1995). Manyofthe neuronal nicotinic 

ion-channel receptors do not demonstrate preferential passage ofany specificioninto the 

cell. However,nicotinic receptors composed of subunits operate exclusively as Ca^"^ 

charmelreceptors(Goplakrishnan, 1995),and high aflMty binding ofnicotine to the 

Ca^^ charmel receptor results in marked Ca^"^ influx into bothPNECsand SCLC cells 

(Sheppard,2000),where it may play arole in the initiation ofgrowth stimulating 

intracellular signaling processes. Schuller and Orloff(1998)demonstrated the presence of 

a-bungarotoxin(Btx)sensitive, a,neuronal nicotinic acetylcholine receptors(nAChR)in 

SCLC andPNECs. These studies also showed that nicotine and thetobacco-specific 

carcinogen,4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone(NNK),stimulatePNECand 



SCLC proliferation via high afiSnity binding to the a,nACHRwhich actsin concert with 

the yet uncharacterized oxygen sensitive receptors to stimulate 5-HT release(Youngson 

1993;Codignola 1994). 

Nicotine haslong been established as a potent selective agonist ofspecific 

acetylcholine receptors(nAChR),and the physiologic neurotransmitter agonistforthese 

receptors, acetylcholine, has beenshownto stimulatethe synthesis and secretion ofa wide 

variety ofbiogenic compoundsinPNECs(Nylen, 1988). It has been subsequentlyshown 

that nicotine stimulatesPNEC proliferation in hamsters(Tabassian,1989)viathenAChR 

(Schuller, 1989),as well asthe release of5-HT(Youngson,1993),mammalian bombesin 

(Nylen, 1988),and other secretagogues(i.e. calcitonin)(Becker,1984). The nicotine 

derived tobacco-specific n-nitrosamine,NNK,thatisformed during tobacco processing 

and within the mammalian organism,shares structural similarities with nicotine,but has 

beenfound to bind to the nAChR with greater ajBBnity(1300x greater)than nicotine 

(Schuller and Orloff, 1998). Therefore,it is logicalto expectthatNNKmay also initiate a 

signaling event mediated by this nAChRin normal and neoplasticPNECs. 

Previous studies haveshownthat dose dependent exposure toNNKresults in 

increased cell proliferation and increased ̂ H-thymidine incorporationin both neoplastic 

and normalPNECs(Schuller, 1994). It was also observed(Schuller,unpublished)that 

Syrian hamsters exposed toNNK and treated with bronchodilators had 40-70%reduced 

incidence in SCLC development as well as reductionin size ofexisting SCLCcompared to 

groups exposed toNNKbutnot administered the bronchodilator. These bronchodilators 



inhibit phosphodiesterase resulting in elevated levels ofcAMP and protem kinaseA 

(PKA). IncreasedPKA competitively inhibits the activation of Raf-1 by phosphorylation 

ofthe kinase domain;thus down regulating the kinase activity ofRaf-1(Hafiier, 1994). 

Therefore,it was hypothesized that a signaling pathway used byNNKto induce cellular 

proliferation would involveRaf-1. TheMAPkinase cascade is one such pathway. We 

subsequently beganto investigate this intracellular pathway as alink betweentheNNK 

receptor-mediated signal and the resultant proliferative response by examining the 

activation and protein kinase levels ofthe critical components within the cascade, 

specifically Raf-1 and MAPK 1\2. Asa result, weidentified theMAPkinase pathway as a 

receptor-mediated signaling targetforthe orchestrated ligand binding ofNNK,COj,and 

5-HT. Furthermore,since cytosolic signaling pathways are intermediate stepsleading to 

activation ofearly genetranscripts,we demonstrate concurrent phosphorylation ofnuclear 

phospho-proteins. Future studies need to be conducted to determinethe effect ofthese 

signaling changesonthe cell cycle and its protein components. 
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Chapter 1:Abstract 

Pulmonary neuroendocrine cells(PNEC)contain numerous intracellular signaling 

pathwaysthattransmitreceptor mediated mitogenic signalsfromthe cell surface to the 

nucleus where thatinformation is used to regulate cell growth,quiescence,or death. 

Chronic stimulation or alteration ofthese pathways may resultin aberrant cell proliferation 

and transformation. Bystimulating both normaland neoplasticPNECswithlow 

concentrations of4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone(NNK),wewere able 

to demonstrate activation ofkey protein kinases withinthe mitogen activated protein 

(MAP)kinase cascade,specifically Raf-1 and MAPK. A significantincrease in Raf-1 and 

MAPK activation over unstimulated cells was detected by using anin vitro kinase assay 

and phospho-specific antibodies directed againstthetwo protein kinases. ThisNNK 

inducible activation wasblocked by intracellular inhibitors directed against protein kinase 

C(PKC)and MAPK/Erk kinase(MEK). Asa result,these data demonstrate a PKC 

dependent activating effect ofNNKontheMAP kinase pathway. 
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Chapter2:Introduction 

TheMAP kinase cascade is a growth regulatory pathwayfound in most celltypes 

that plays a role in cell proliferation, dififerentiation, or programed cell death(apoptosis). 

This cytosolic signaltransduction is composed ofspecific proteinIdnases which are 

sequentially regulated by a series ofphosphorylation and/or dephosphorylation reactions 

ofhighly conserved amino acid sequences(Heidecker, 1992;Mgnusun,1994,Mischak, 

1996). TheMAP kinase cascade maybeinitiated byligand-receptor binding ofvarious 

tyrosinekinase receptors or via heterotrimeiic guanine nucleotide binding proteins, 

commonly referred to asGprotein coupled receptors(GPCR). GPCRhave been shoAvn 

to activate theMAP kinase pathway via downstream activation ofprotein kinaseC(PKC) 

and subsequently Raf-1(UefSng,1997). Raf-1 phosphorylatestheMAPK/Erk kinase 

(MEK)whichin turn activatesMAPK or otherwise refered to asthe extracellular signal-

regulated protein kinase,Erk. Therefore,the serine-threonine protein kinase Raf-1 and 

the threonine-tyrosine protein kinase MAPK,in part conveyligand-receptor signals fi"om 

the cell membraneto the nucleus where gene transcription and the cell cycle can be 

regulated. It has been suggested that excessive stimulation or aberrant regulation ofthis 

signaling process is liificed to various non-neoplastic and neoplastic conditions,including 

SCLC(Graziano, 1991;Naumarm,1997). 
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Furthermore,signal transduction and subsequent cellular proliferation can result 

from autocrine, paracrine,or endocrine receptor-mediated processesthat are generally cell 

type specific, and responsive tolow concentrations ofa stimulus. Accordingly,exposure 

to mitogenic agents such asthe tobacco-specific nitrosamine,NNK,operating viathe 

nAChRinPNECmayresultin hyperactivation ofdownstream intracellular pathwaysthat 

regulate cell growth or initiate the release ofother biogenic compoundssuch as5-HT. 

The released biogenic amine mayhave an autocrine or paracrine effectthat also stimulates 

intracellular signaling. Therefore,5-HT binding via aseven transihembrane GPCRmay 

resultin activation oftheMAP kinase cascade via aPKCdependent pathway. Inthis way, 

alarge proliferative response could resultfrom a single smallinitiating stimulus. 

Therefore,by exposing neoplastic and non-neoplasticPNECstoNNKand subsequently 

examining the activation oftwo key componentsoftheMAPkinase signaling pathway,a 

link betweenNNKexposure and specific kinase activation was demonstrated. This is of 

vitalimportancein elucidating the intracellular pathwayofNNKinduced mitogensis and 

its role in the developmentofSCLC. 
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Chapter3:Materials and Methods 

Cell Culture:Normalpulmonary neuroendocrine cells were obtained from thelungs of15 

day gestational Syrian golden hamsterfetuses. Priorto obtainingfetallung tissue, all 

hamsters were maintained in a standardized housing environment withadlibitum 

commercialfeed and water. Thelungs were harvested under aseptic conditions,followed 

by cellular dissociation using2%trypsinfor 1 hourin 10%CO2at37°C. The cells were 

subsequently transferred and maintained inRPMI1640medium(Biofluids)supplemented 

with 10%fetal bovine serum(FBS)in a10%COjatmosphere. This environmentinhibits 

the growth offibroblasts and non-neuroendocrinelung cells while selectively promoting 

the growth ofPNECsvia activation oftheir hypoxia-sensitive receptor pathway(SchuUer, 

1994). The resulting primary cultures are>80%PNECs. All cells were grownto60-80% 

confluence in25 or75 cm^vented culture flasks prior to experimental procedures. The 

NCI-H69(small cell carcinoma)cell line was obtained from the American Type Culture 

Collection.NCI-H69 cells grow asfloating cell aggregates and were maintained inRPMI 

1640 medium supplemented with 10%FBSin a5%CO2atmosphere prior to their usein 

experiments. 
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Cell treatment and Ivsate production:NCI-H69(SCLC)cells and fetalPNECswere 

placed into low serumDulbecco's modified eagles media(DMEM)(Biofluids)containing 

0.1% bovine serum albumin(BSA),210mgL-glutamine,500units penicillin, and 500 

meg streptomycinfor 12-24 hours prior to the experiment while maintained in5%COj. 

Cells were washed with Ix Ca^""fi-ee phosphate buffered saline(PBS)and reintroduced to 

low serum media30 minutesto 1 hour prior to the experiment. Competitive receptor 

inhibitors were added to the designated treatment group 10 minutes before the addition of 

NNK. Protein kinase inhibitors were placed onthe designated cells 1 hour preceding the 

addition ofNNK. NNKand chemicalinhibitors were madefi-esh within3 hoursof 

experimentaluse. 

Collection ofthefetalPNECsinvolved removalofthelow serumDMEMmedia 

containing the designated treatment,washing the cells withice-cold Ix Ca^"^PBS,and 

removalofadherent cells with0.25%trypsin. The cells were washed twice withPBS and 

centrifuged at500rpms(30g's)forming a cell pelletthat waseither lysed or stored intact 

at -80°C.Cells werelysed by600 piREPAsolution(1%NP40,0.5%sodium 

deoxycholate,0.1%SDS)containing protease inhibitors(lOpl/ml phenylmethylsulfonyl 

flouride(PMSF)[10 mg/ml],30ul/ml aprotinin[1.9mg/ml],10ul/mlsodium 

orthovanadate(Na3V04)[100 mM])and phosphatase competitors(p-nitrophenyl 

phosphate(pNPP)[2-4 mM]). The celllysate wasimmediately passed three times 

through a21 gauge needle with subsequent addition of10 piPMSF[10 mg/ml]. 

Following 30 minutesincubation onice,the celllysates were centrifuged at 14000rpms 
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(16000g's)for20minutes at4° C. The protein containing supemate was separated 

fromthe pellet and collected for subsequent assays. 

Followingthe treatment ofNCI-H69 cells,thefloating cells and low serum media 

were placed in conicaltubes,centrifuged at500rpms(30g's)for5 minutes,and washed 

with ice-coldPBS. The cells were subsequently processed in a manner similarto thefetal 

PNEC. 

f 

Raf-1 and MAPKimmunoprecinitation: Celllysates were obtained in a similar technique 

asforthe western blot analysis byusing a non-SDS containing lysis buffer(sodium 

chloride[150 mM],sodium phosphate[50mM],1%NP-40,0.25% sodium 

deoxychloride,pH7.5). Lysates wereincubated for2hours at4°Cin 

immunoprecipitation buffer(Tris-hydroxymethyl-aminomethane[50 mM],EDTA[1 mM], 

Na3V04[0.5 mM],0.1% P-2-mercaptoethanol,1%Triton X-100,sodiumflouride 

[50mM],sodium pyrophosphate[5 mM],sodium glycerophosphate[10 mM],PMSF[0.1 

mM],Ipg/ml aprotinin, 1 pg/mlleupeptin)containing 50%protein Gagarose beads 

(Gibco)coated with anti-Raf-1 sheep polyclonalIgG(2 pg)(Upstate). TheRaf-1 

antibody recognizes a 12residue peptide correspondingto amino-acids627-638 ofthe 

humanRaf-1 kinase. 

Immunoprecipitation ofMAPKfrom celllysates was performed using an anti-

MAPK 1\2 rabbit polyclonalIgG antibodythat recognizes a38 residue peptide that 

correspondsto residues 333-367ofthe ratMAPK domain(Upstate). The amino-acid 

sequences are totally conserved in hamsters and highly conserved in humanMAPK. 
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Raf-1 and MAPK 1\2in vitro kinase assav: Celllysates were assayed in vitro forRaf-1 

and MAPK 1\2 activity using a specific kinase assay(UpstateBiotech.)that measuresthe 

phophotransferase activity ofa kinase cascade reaction initiated bythe specific activated 

protein kinaseimmunoprecipitated fi"om cell lysates. Theimmunoprecipitated Raf-1 kinase 

incites downstream activation ofnon-activeMEK and MAPKwhich results in 

phosphoiylation ofthe final substrate myelin basic protein(MBP). Immunoprecipitated 

MAPKis used to directly transfer ATPto theMBP substrate. TheRaf-1 

immunocomplex waswashed in ice-cold immunoprecipitation buffer containing 80 piice-

cold assay dilution buffer(MOPS(3-[N-marpholino]propanesulfonic acid)[20mM]pH 

7.2,P-glycerol phosphate[25 mM],EGTA[5 mM],Na3V04[1 mM]^ dithiothreitol[1 

mM]). Followingthefirst wash,theimmunocomplex mixture was centrifuged at 14000 

rpms(16000g's)for 15 seconds with subsequentremovalofthe supemate. The agarose 

beads with attached immunocomplexes wereresuspended with20 pi assay dilution buffer, 

10 pi magnesium/ATP cocktail(ATP[500 pM],magnesium chloride[75 mM]in assay 

dilution buffer),0.4 pg recombinant mouse non-activeMEK 1(MEK 1 activates p42 

MAPKto a specific activity of1300U/mg),and 1.0 pg recombinant mouse non-active p42 

MAPK. Recombinant mouseMEK 1 and p42MAPKwere firsed with aGST vector at 

theNterminus(71 IcDa(MEK 1)and62kDa(p42)fusion protein)and expressed inE!. 

coli. MEK 1 and p42MAPKwere purified via glutathione-sepharose chromatographyto 

>75 and90%respectively(Upstate Bio.). Theimmunocomplex-kinase reaction was 

incubated on a shakerfor 15 minutes at30°Cfollowed by centrifiigationfor 15 seconds at 
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14000rpms and subsequent separation oftheimmunocomplex-kinase reaction supemate 

from the agarose beads. Theimmunocomplex-kinase reaction supemate(4 pi)wasadded 

to 10 pi assay dilution buffer,0.02mgMBP,and 100 pCi ATP(Dupont-New 

England Nuclear)that has been diluted 1:10 with magnesium/ATP cocktail. Thereaction 

mixture wasincubated on a shakerfor 10 minutes at30°C. P81 phosphocellulose paper 

wasslowly spotted with25 piofthe reaction mixturefollowed bythree,5 minute washes 

in0.75% phosphoric acid(Fisher)and a5 minute washin acetone(Fisher). The washed 

paper was placed in5 mlBio-Safen™ scintillation cocktail(ResearchProducts 

fritemational)and read for 1 minute on a Tri-Carb 2300TR scintillation counter(Packerd) 

at98% coimting efficiency. Results using the coupled phosphorylation assay demonstrate 

alack ofMBP phophoiylation when activation kinases ortarget kinases are absent and 

when non-specific rabbit-IgG antibodies(Santa Cruz)were coated on agarose beads. 

The coupled phosphotransferase reactionforMAPK 1\2was similarto that ofRaf-

1.Immunoprecipitated MAPK 1\2 wascombined with 10 pi Ix assay dilution buffer,10 pi 

inhibitor cocktail(PKCinhibitor peptide[20 pM],PKAinhibitor peptide[2 pm], 

calmidazolium[20 pM]),and 100 pCi y-^^ ATP ona shakerfor 10 minutes at30°C. 

Subsequent quantification of y-^^MBP substrate was similarto that performed forRaf-1 

activity. 

Westem blot analvsis ofRaf-1 and MAPK 1\2 ohosDhorvlation:The celllysates and 

protein concentration were prepared and determined in the same manner asforthe 

westem blot analysis ofRaf-1 and MAPK expression(PartTV). 20 pg ofproteinfrom 
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each sample was boiled in 2xSDSloading buffer, placed onto a10%PAGEgel,and 

electrophoretically transferred to nitrocellulose as described forthe analysis ofRaf-1 and 

MAPKexpression. The membrane was blocked in5%nonfat dry milkfor 1 hour atroom 

temperature.Following three separate5 minute washesin TBS/0.1%tween-20,the 

membranes were probed with primary polyclonal rabbit antibodies specificfor 

phosphorylated Raf-1 or phosphorylated MAPK(NewEngland Biolabs)ata dilution of 

1:1000in primary antibody dilution buffer(Raf-1:5%bovine serum albuminin TBS/0.1% 

tween-20,MAPK:5%non-fat dry milkin TBS/0.1%tween-20),overnight at4°Cwith 

gentle agitation. The Raf-1 phospho-specific antibody is directed toward the 

phosphorylated serine residue at position 259,whereasthe phospho-MAPK 1\2 antibody 

is directed toward the phosphorylated threonine and tyrosine at positions 202and 204 

respectively. The membrane was subsequently incubated with horse radish peroxidase 

conjugated anti-rabbit secondary antibody(NewEngland Biolabs)at a 1:2000 dilution in 

blocking bufferfor 1 hour atroomtemperature. Band signals were detected byusing 

LumiGLO™ chemiluminescent detection reagent(NewEngland Biolabs). 

Densitometric analvsis:Raf-1 and MAPK protein phosphorylation was quantified using 

SigmaGel™ gel analysis software VI.0(SPSS Inc.). Threshold points were based onthe 

degree ofexposurefor each western blot. 

Statistical analvsis: The results obtained from controlgroups and cells exposed toNNK 

were assessed via the unpaired t-test. 
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Chapter4:Results 

Raf-1 activation:In all experiments examining kinase activation,fetalPNECswere placed 

inlow serum media(0.1%BSA)for24hours and washed 30minutes priorNNK 

treatmentin orderto minimize growthfactor associated stimulation ofsignaltransduction 

pathways.Serum starved fetalPNECswere exposed toNNK(ICQ pM)for 15 minutes 

while maintained in a5%COjenvironment. Control cells were also exposed tolow 

serum media,washed,and maintained in the sameCO2environmentforthe samelength of 

time asthe treated cells. ThePKCinhibitor,sphihgosine(10 was placed on cells in 

low serum media 1 hour prior toNNK exposure. Following,the 15 minuteNNK 

treatment, cell lysates were examined forRaf-1 activation using anin vitro kinase assay 

and western blots probed with phospho-specific antibodies. Raf-1 activation inNNK 

treated cells washigherthan unstimulated control cells(p^sO.Ol)when measuringthe 

phosphotransferase activity within normalPNEC celllysates(Figure 2-1). This assay 

quantifiesthe amountofphosphorylated Raf-1from celllysatesthrough the subsequent 

activation ofdownstream protein kinases and radiolabeling ofthefinal substrate,MBP. 

Controlsfor endogenousphosphorylation ofproteinsinthe sample were performed by 

substituting assay dilution bufferforMBP.The counts per minute(CPM)were 1.6to 1.9 
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FIGURE 2-1. Activation of Raf-1 in non-neoplastic PNECs. The activation is measured
as fold increase over control, and is the compilation of data from phosphotransferase
assays and western blot analyses. Control values are normalized at 1. Cells were exposed
to NNK 1 hour following sphingosine treatment. The levels of Raf-1 activation in cells
pre-treated with sphingosine [10 pM] prior to NNK treatment were not detectable. NNK
[ICQ pM]. (n=6) *(n=2).
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fold higher in cells exposed toNNK ascompared to untreated control cells. Similar 

results were obtained using a phospho-specific antibody directed againstthe 

phosphorylated serine residue within the Raf-1 CR2(conserved region2)domain at 

position 259. InFigure 2-2,there is a 1.9fold increase in band(74kDa)intensityfrom 

cell lysates ofNNKtreated cells(lane2)over control cells(lane 1). The results ofthis 

western blot indicate increased phosphorylation ofthe Raf-I CR2domainin cells exposed 

toNNKcompared to non-treated cells. Furthermore,NNKinduced Raf-1 

phosphorylation wasinhibited by pretreatment ofcells with sphingosine(lane 3), 

indicatingPKC dependent activation ofRaf-1 following stimulation byNNK(Figure 2-1; 

Figure 2-2). ByexamimngFigure 2-2,the protein level ofRaf-1 in sphingosine treated 

cells is similar to those cells exposed toNNKbutnot pretreated with sphingosine. This 

jSnding is consistent with the effect of(trans-D-erythro)sphingosine as a competitive 

inhibitor ofthe second messenger diacylglycerol(DAG),and blocks the subsequent 

activation ofPKCsubstrates with little or no effect on proteinlevels(Bell, 1988). This 

further substantiatesthe effect ofthisPKCinhibitor onNNKinduced activation ofRaf-1. 

For all samples,protein was quantified and actin was probed to insure equal protein 

loading per well. Cells were also treated with sphingosine withoutthe addition ofNNK 

(0.1 fold fractional value ofcontrol). 

TheNNKinduced Raf-1 activationin normalPNECswas also blocked bythe 

nicotinic receptor antagonist, a-bungarotoxin(10 pM),and the 5-HT uptakeinhibitor, 

imipramine(1 pM)(Figure 2-3). Data expressed as a percentage ofNNKinduced 
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FIGURE 2-2. Western blot of Raf-1 phosphorylation in non-neoplastic PNECs. p-
Raf-l (74 kDa) represent phosphorylated Raf-1 in untreated control cells (lane 1),
NNK [100 pM] treated cells (lane 2), and NNK exposed cells pre-treated with
sphingosine [10 pM] (lane 3). Raf-1 bands are composed of both phosphorylated and
non-phosphorylated Raf-1 protein, and the actin bands denote an internal control for
equal loading of protein samples.
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FIGURE 2-3. Receptor-mediated inhibition of Raf-1 activation in non-neoplastic PNECs.
Using CPM from phosphotransferase assays, Raf-1 activation in cells exposed to NNK
[100 pM] are normalized at 100%. Untreated control cells and cells pre-treated with the
S-ETT uptake inhibitor imipramine [1 pM] or the nicotinic receptor antagonist a-
bungarotoxin [10 pM] are expressed as a percentage of total Raf-1 activation. Cells were
pre-treated with receptor antagonists and uptake inhibitor 10 minutes prior to NNK
treatment (n=3).
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activation demonstrates a50%reductioninRaf-1 activationinNNKstimulated cells that 

were pretreated withimipramine(p<0.01)as compared to control cells which represent 

55% oftotalRaf-1 activation. Blocking the a,nAChR with a-bungarotoxin resulted in a 

32%reductionin totalRaf-1 activation and71%oftheNNKinduced Raf-1 activation 

(p<0.05). These data suggestthatNNK binding to the nAChRresults in5-HT uptake 

via the GPCRwhich subsequently results inthe activation ofRaf-1. 

NNKinduced similar kinase activation in the neoplasticPNEC(NCI-H69). 

Measuring phosphotransferase activity and Raf-1 phosphorylation,there wasa 1.9fold 

increase(p<0.01)in Raf-1 activation compared to control cells(Figure 2-4). The band 

intensity ofthe74kDa protein was 1.5 to 2.2fold higherin cells exposed toNNKthanin 

unstimulated control cells(Figure 2-5). Furthermore,pretreatment ofcells withthePKC 

inhibitor, sphingosine,resulted in decreased phosphorylation ofRaf-1 in stimulated cells 

(Figure 2-5). Treatment ofNCI-H69 cells with sphingosine resulted in a 0.6 fold change. 

Similarto the results demonstrated in the normalPNEC,sphingosine had little effect on 

protein levels ofRaf-1. Cells pretreated with the receptor antagonist a-bungarotoxin and 

the 5-HT uptake inhibitorimipramine,also contained reduced levels ofactivated Raf-1 

compared to cells exposed toNNK without pretreatment with areceptor antagonist. With 

data expressed as a percentage ofNNKinduced activation,the inhibition ofRaf-1 

activation via imipramine and a-bungarotoxin(figure 2-6)indicates the effect ofNNKis 

mediated through the a,nAChRand the 5-HT receptor. Blocking the a,receptor with 

a-bungarotoxin resulted in an80%reduction ofthe inducedNNK activation ofRaf-1 and 
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FIGURE 2-4. Activation of Raf-1 in neoplastic PNECs (NCI-H69 ceils). Data represent
a compilation of results from phosphotransferase assays (CPM) and western blot analyses
(pbcel units). Control values are normalized at 1. Cells were treated with the PKC
inhibitor 1 hour prior to NNK exposure. (n=4). NNK [ICQ pM]; sphingosine [10 uM]
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FIGURE 2-5. Western blot of Raf-1 phosphorylation in neoplastic PNECs (NCI-
H69). p-Raf-1 (74 kDa) represents phosphorylated Raf-1 in untreated control cells
(lane 1), NNK [100 pM] treated cells (lane 2), and NNK exposed cells pre-treated
with sphingosine [10 pM] (lane 3). Raf-1 bands are composed of both
phosphorylated and non-phosphorylated Raf-1 protein, and the actin bands denote an
internal control for equal loading of protein samples. Blot is representative of at least
three separate experiments.
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FIGURE 2-6. Receptor-mediated inhibition of Raf-1 activation in neoplastic PNECs
(NCI-H69 cells). Using CPM from phosphotransferase assays, Raf-1 activation in cells
exposed to NNK [100 pM] are normalized at 100%. Untreated control cells and cells pre-
treated with the 5-HT uptake inhibitor imipramine [1 pM] or the nicotinic receptor
antagonist a-bungarotoxin [10 pM] are expressed as a percentage of total Raf-1
activation. The receptor antagonist and uptake inhibitor were applied to cells 10 minutes
prior to NNK treatment. (n=3).
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a40%reductionin totalRaf-1 activation in stimulated cells(p<0.01). Additionally, 

inhibition ofserotonin uptake byimipramine completely prevented the activation ofRaf-1 

kinase byNNK. Therefore,in neoplastic and normalPNECs,NNK appearsto stimulate 

the activation ofRaf-1 protein kinase via a^nAChRligand binding,the uptake of5-HT, 

and aPKC dependent pathway. 

MAPK rErkl activation:In orderto examine the effect ofNNKon downstream 

componentsoftheMAP kinase cascade,serum starved fetalPNECwere treated with 100 

pMNNKfor 15 minutes while maintained in a5%COjenvironment. Celllysates were 

subsequently examined forMAPKp44/42 activity and phosphorylation by wayofanin 

vitro kinase assay and western blot analysis using a phospho-specific antibody. Inhibition 

ofMAPK activity was achieved throughthe use ofthe selectiveMEKinhibitorPD98059 

(50 pM)which was placed onto the cells 1 hour prior toNNKexposure. MEKis a direct 

upstream effector ofMAPKp44/42,and the inhibitor bindsto inactiveMEK 1/2 which 

blocks phosphorylation ofthe kinase domain by upstream effectors such asRaf-1 and 

MEKK(Alessi, 1995;Dudley, 1995). Byusing thein vitro kinase assay,a3.0to 3.4fold 

increase inMAPK activity, as measured in CPM,wasobserved in normalPNECsexposed 

toNNKcompared to untreated control cells(p<0.01). A similar 2.0to 3.0fold increase 

inMAPK phosphorylation was demonstrated when analyzed by western blots probed with 

a phospho-MAPK antibody(Figure 2-7). Examination offigure 2-7 reveals greater 

phosphorylation ofthe42kDaMAPK protein versus the44kOa protein, although the 

antibody is specificfor either phosphorylated isoform. This difference maybethe result of 

https://cells(p<0.01
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FIGURE 2-7. Western blot of MARK phosphorylation in non-neoplastic PNECs.
p-MAPK (44 and 42 kDa) represents phosphorylated MARK in untreated control
cells (lane 1), NNK [100 pM] treated cells (lane 2), and NNK exposed cells pre-
treated with the MEK inhibitor RD98059 [50 uM] (lane 3). MARK bands are
composed of both phosphorylated and non-phosphorylated MARK protein.
+/- controls consist of bacterially expressed active and inactive MARK 2 (42 kDa).
Actin bands denote an internal control for equal loading of protein samples. Blot is
representative of at least three separate experiments.
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preferential phosphorylation ofMAPK2(Erk2)bytheMEK2isoform. Therefore,as 

shownin figure 2-8,MAPKinNNKtreatedPNECswas activated and phosphoiylated 3.0 

fold over untreated cells(p<0.01). Furthermore,theNNKinduced activation and 

phosphorylation ofMAPKcan be completelyinhibited by pretreating cells withPD98059 

(Figure2-7;Figure 2-8)(p<0.01). Ascontrols, cells were treated withPD98059without 

subsequentNNKexposure(0.9fold fractionalvalue ofcontrol). AlthoughMAPKp44/42 

phosphorylation is directly affected bytheMEKinhibitor, protein levels were not 

significantly different betweenNNKexposed cells treated withPD98059and NNK 

exposed cells nottreated with the inhibitor(Figure 2-7). Therefore,as demonstrated in 

figure 2-7,the reduced signal observed by using a phospho-specific antibody on normal 

PNECstreated withNNKandPD98059(lane3)is the result ofinhibition of 

phosphorylation/activation ofMAPKbyMEK,and not specific protein degredation. 

MAPK p44/42is also activated in neoplasticH69 cells that have been exposed to 

NNK(100pM)for 15 minutesin a5%COjenvironment(p<0.05). Similarto the effect 

observed in normalPNECs,NNKstimulated activation/phosphorylation ofMAPK3.0-6.5 

fold over untreated control cells(Figure 2-9). Additionally,treatment withPD98059 

completely blocked the effect ofNNKonMAPKwithout altering protein levels(Figure2-

10)(p<0.05). Cells treated withPD98059 withoutNNKexposure resulted in a0.14fold 

response compared to controls cells. These data demonstrate a direct effect onMAPK 

p44/42 activation via aPKC/Raf-l/MEK dependent pathway bylow concentrations of 

NNKin both normal and neoplasticPNEC. ThisNNKinduced activation wasinhibited by 

blocking the path ofsignaltransduction atthe level ofMEK 1/2. 
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FIGURE 2-8. Activation of MAPK in non-neoplasticPNECs. Data represent a
compilation of results from phosphotransferase assays (CPM) and western blot analyses
(pixel units). Control values are normalized at 1. Cells were pre-treated with the MEK
inhibitor 1 hour prior to NNK treatment. (n=4). NNK [100 pM]; PD98059 [50 pM].
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FIGURE 2-9. Activation of MAPK in neoplastic PNECs (NCI-H69). The data represent
a compilation of results obtained from phosphotransferase assays (CPM) and western blot
analyses (pixel units) where the control groups are normalized at 1. Cells were treated
with the MEK inhibitor 1 hour prior to NNK treatment. (n=3). NNK [100 pM]; PD98059
[50 gM].
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FIGURE 2-10. Western blot of MAPK phosphorylation in neoplastic PNECs (NCI-
H69 cells). p-MAPK (44 and 42 kDa) represents phosphorylated MAPK in untreated
control cells (lane 1), NNK [100 pM] treated cells (lane 2), and NNK exposed cells
pre-treated with PD98059 [50 uM] (lane 3). MAPK bands are composed of both
phosphorylated and non-phosphorylated MAPK protein.
+/- controls consist of bacterially expressed active and inactive MAPK 2 (42 kDa).
Actin bands denote an internal control for equal loading of protein samples. Blot is
representative of at least three separate experiments.
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Chapter5:Discussion 

Intracellular signaling plays a vital, yet poorly understood role in transmitting an 

extracellular stimulus into a cellular response such as proliferation or apoptosis. The 

initiating signal and the interaction with its complementaryreceptorin a particular cell 

type determinesthe signaling pathwayto be used in eliciting a specific response. 

Experiments were performed to evaluate the eifiect ofthetobacco-derived nitrosamine, 

NNK,onthe activation oftheMAPkinase cascade and its major constituents,Raf-1 and 

MAPK(Erk 1/2). Figure2-11 illustrates a profibsed pathway by whichNNKin 

conjunction with elevated CO2results in the concerted release/re-uptake of5-HT and the 

subsequent activation ofRaf-1 and MAPK. Itis proposed thatNNK acting throughthe 

nAChR Ca^^ channelreceptor stimulatesthe activation ofRaf-1 and MAPK. To test this 

hypothesis,normaland neoplasticPNECswere exposed tolow concentrations ofNNK 

for 15 minutesin alow COjenvironment. The changes observed indicate thatNNK 

stimulates a greaterthan 1.5fold increasein Raf-1 and MAPK activation. Inthe case of 

MAPK,thelevel ofactivation was as high as3 and6fold in normaland neoplasticPNECs 

respectively. In these experiments,serum starved control cells and treated cells were 

thoroughly washed and immediately replaced inlow serum mediato insure thatthe 
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observed activation wasthe result of NNKtreatment and not dueto seruminduced 

growthfactors or secretagogues. Also all cells were maintained before and during the 

experimentin5%COjto reduce the mitogenic effect ofhypoxiaonPNECswhich has 

been demonstrated in previous studies(Merryman,1997;SchuUer, 1994). Ourresults 

were repeatable and consistent using an assayfor phosphotransferase activity and western 

blots analyzing phosphorylation ofspecific kinase amino acid residues. Therefore,there 

appearsto be a correlation betweenthe activation ofthese kinases and the phophorylation 

ofspecific amino acids. Infact, previous studies haveshownthat phosphorylated serine 

259ofRaf-1(Williams, 1994)and phosphorylated Thr202/Tyr204 ofMAPK(Marshall, 

1995)resultin the activation ofthese kinases. Kolch(1993),Morrison(1993),and Sozeri 

(1992)have demonstratedPKCmediated activation ofRaf-1 through the phosphorylation 

ofserine 259. The antibodies used in our experiments are highly specificforthe 

phosphorylation ofthese amino acid residues. 

Itis interesting to notethatMAPKin both normal and neoplastic cells was 

activated to a greater extentthanthe upstream Raf-1 kinase. Thisislikely dueto a 

promoting effect in which a smaller stimulatory signalleadsto sequentially increased 

amountsofactivated substrate. This effect has been readily associated with a variety of 

receptor-mediated signaling events,including GPCRsand theMAP kinase pathway 

(Lamb,1992). Furthermore,this amplification ofa receptor-mediated signalis consistent 

with ourfindings ofsequentially higher levels ofactivated protein kinases within theMAP 

kinase pathway that wereinduced by alow concentration ofNNK(100pM). Preliminary 
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experiments using higher concentrations ofNNKinduced similar activation ofRaf-1 and 

MAPK as did low dose concentrations. SinceNNKis normally presentin tobacco smoke 

at parts-per-million range and within pulmonary airspacesin picomolar concentrations 

(SchuUer, 1991),we decided to use alow(100pM)concentrationin all experiments. 

Thelevel ofMAPK activation in the neoplasticPNECswasshownto be higher 

thanin normal cells. This difference inthe degree ofactivation maybe attributed to higher 

levels ofkinase protein expression or an upregulation of nicotinic receptorsinthe 

tumor cells compared to normalPNECs.Tumor cells expressing higherlevels ofRaf-1 

protein may demonstrate a similar degreeincrease(fold increase)in activation compared 

to normal cells, but have a much higherlevel oftotal activation. This would resultin a 

greater amplification ofthe signal and increased activation ofdownstream effectors such 

asMAPK. Additionally,high levels ofMAPK protein mayfurther contribute to the 

amplification ofthe signal byincreasing the amountofprotein availablefor activation. A 

second possibility pertainsto the upregulation ofthe nicotinic receptor and increased 

receptor numbersin neoplasticPNECs. NNKsaturation oflarger^receptor numbers 

would be expected to initiate a greaterreceptor-mediated response,and subsequent signal 

amplification. However,in considering the latter, one might expect also to see ahigher 

fold increase ofRaf-1 in neoplastic cells compared to normalPNECs. Although 

constitutively high levels ofMAPK protein have been demonstrated in SCLC(lull.Part 

TV),investigation into receptor upregulation isin progress. 

In orderto further characterizethe pathway by whichNNKstimulatestheMAP 
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kinase pathway,various inhibitors were used to block theNNKinduced activation ofRaf-

1 and MAPK. Asdemonstrated in figure2-2and figure 2-5,thePKCinhibitor, 

sphingosine,completelyinhibited theNNKinduced Raf-1 activation in normal and 

neoplasticPNECs. Sphingosine acts as a reversible competitive inhibitor ofdiacylglycerol 

dependent activation ofPKC. Side by side comparison ofRaf-1 activation and expression 

from each type ofPNECshowsthat although there is reductionin activation, protein 

levels remain uneffected bythe inhibitor. Therefore,Raf-1 activation, butnotexpression, 

is aPKC dependent processinNNKstimulated cells. Our data are consistent with 

findings reported by SchuUer(1994)when using thePKCinhibitor(dexniguldipine)on 

neoplasticPNECsto reduceNNKinduced cell proliferation. Further examination ofthese 

western blots(Figure 2-2,Figure2-5)also showed thatthe signalfromNNKexposed cells 

treated with sphingosine(laneS)waslower compared to untreated control cells(lane 1). 

Thisindicates a degree ofdependencythese cells have onPKCin spite ofNNK 

stimulation. AlthoughRasinvolvement cannot be ruled out by our data,stimulation ofa 

Ras mediated pathway would be expected to have resulted inMAP kinase pathway 

stimulation despitePKCinhibition. Previous studies examining non-small celllung 

carcinomas(NSCLC)have reported point mutationsin theRasgene at codons 12, 13, or 

61 asa result ofnitrosamine inducedDNAadductformation with subsequent constitutive 

activation ofthis Gprotein(Richardson, 1993). This constitutiveRas activation in turn 

results in the recruitment and activation ofRaf-1. However,Ras mutations have been 

shownto be absentinSCLC(Sekido,1998),and our data suggestthatNNKinduced 
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Raf-1 activation via aPKC dependent receptor. 

Tofurther characterize theNNKlinduced stimulation oftheMAP kinase pathway, 

aninhibitor targeting a kinase downstream ofRaf-1 wasused. TheMEKinhibitor, 

PD98059,completely abolished theNNKinduced MAPK activation in both normal and 

neoplasticPNECs(Figure 2-7,Figure 2-10). PD98059([2-(2'-amino-3'-methylphenyl)-

oxanaphthalen-4-one]is aflavinoid compoimd that blocksthe phosphorylation of the dual 

specificity kinaseMEK 1\2(Alessi, 1995;Dudley, 1995). This effectively and specifically 

severstheMAP kinase signaling cascade,preventing a signal via Raf-1 fî om activating 

MAPK. As demonstrated in Figures2-7 and 2-10,the reduced band intensity oflane3 

(cells exposed toNNK and treated withPD98059)indicates complete blockage ofNNK 

induced,MEK mediated MAPK 1\2 activation. Additionally,the degree ofinhibition rules 

outNNKstimulated MAPK activation via an alternate pathway since this would be 

expected to resultin no change or at leastless ofa reductionin the band intensity within 

lane3compared to lane 2. Infact,the intensity ofthe band in lane3is slightly lessthan 

the band inlane 1(untreated control cells), suggesting some degree ofsuppression of 

basalMAPK activation. This is not surprising since theMAPkinase cascade serves as a 

universal pathwayfor alarge variety ofinitiating stimuli. Furthermore,the reductionin 

MAPK activation resultingfromPD98059treatment had no effect on protein expression. 

This may be indicative ofanMEKindependent process responsibleforMAPKprotein 

expression which mayinclude anNNKstimulated transcriptional pathway orNNK 

induced relocalization ofthe kinase withinthe cell. 
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Neither ofthese intracellular events would be affected bytreatmentwith theMEK 

inhibitor. Protein levels were examined onthe same membrane and from the same sample 

used to identify kinase activation,and proteinloading wasuniform as demonstrated bythe 

actin internal control(Figure 2-7,Figure 2-10). 

Therefore,inhibition ofNNKinduced activation attwo non-consecutive points 

withinthe signaling cascade demonstratesthe strong predilectionfor use ofthis pathway 

bytheNNKinitiated signal. Itis interesting to notethatin previous studies,NNKin a5% 

CO2environment did notsignificantly increase neoplastic or normalPNEC proliferation 

within a24 hour time period compared to cells exposed toNNKin10%COj(SchuUer, 

1994). This pointsto the potentiating effect ofCOjinPNECsexposed to NNK. 

AlthoughNNKstimulatesthe activation oftheMAP kinase pathwayin a short period of 

time,as demonstrated with our data,anincrease in cell number mayrequire a dramatic 

upregulation ofthe tL^ receptor via elevated COj. This mayserve to magnifythe effect of 

the receptor mediatedNNKstimulus onRaf-1 and MAPK activation resulting in 

quantifiable cell proliferation. Our experiments were conducted inthe absence ofhigh 
r 

CO2so asto diminish its potential mitogenic effect and examinethe responsetoNNK 

alone. Inlight ofour data,it would be reasonableto expectthat upregulation ofthe 

nAChR would resultin an amplification oftheinduced effect. 

In orderto verify the role ofthe a^ receptor in the observed signaling response, 

normal and neoplastic cells were treated withthe site-selective Oy receptor antagonist, a-

bungarotoxin(Gopalakrishnan, 1995;Bertrand, 1997),exposed toNNK,and 
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subsequently analyzed forRaf-1 activation. a-Bungarotoxinis a componentofvenom 

extracted from theBraided Krate snakethat irreversibly bindsto the a subunit ofthe 

nAChR,stabilizing the closed resting state ofthe Ca^^ channel(Atassi, 1988). Asshown 

in figures 2-3 and 2-6,both normaland neoplastic cells treated withthe receptor 

antagonist contained reduced amounts ofactivated Raf-1 kinase as measured by 

phosphotraiisferase activity. This demonstratesthe selective receptor-ligand binding of 

NNKand its downstream effectonthe activation oftheMAPkinase pathway. Although 

the majority oftheNNKinduced activation wasinhibited by a-bungarotoxin(71%and 

83%for normal and neoplasticPNECsrespectively),it did not completelyinhibitthe 

stimulated Raf-1 activation. This maybe duetoNNKbindingto other nicotinic receptors 

not sensitive to a-bungarotoxin. Although other nicotinic receptors may exist,their 

concerted effect on5-HT release and uptake and MAP kinase pathway activation, as 

outlined infigure 2-11,may be similar. To investigate this possibility and the downstream 

role of5-HT,experiments were conducted using the 5-HT uptake inhibitor,imipramine. 

According to our proposed pathwayin whichNNK stimulatestheMAP kinase cascade 

via the release and uptake of5-HT(Figure 2-11),a5-HT uptake inhibitor would be 

expected to resultin broader receptor-mediated inhibition ofNNK. This explanation is 

supported by data presented in figures2-3 and 2-6,whereNNKtreated cells exposed to 

imipramine contained reduced levels ofactivated Raf-1 compared toNNKtreated cells 
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with and without a-bungarotoxin. In manyinstancesRaf-1 activation wasreduced below 

basal levels inimipramine treated cells, supporting the documented role of5-HT as an 

autocrine growthfactorin these neuroendocrine cells(Schuller, 1998). Therefore,5-HT 

not only plays a role in intracellular basal processes,but also playsa central roleinNNK 

induced activation oftheMAP kinase pathway. Additionally,the directinvolvement of5-

HT andPKCin the activation ofRaf-1 points to the role ofthe GPCR;since 5-HT 

receptors are characteristically transmembrane coupled GPCRs(Hoyer,1994),andPKC 

may act asa downstream substrate ofa GPCR mediated signal(Gutkind, 1998). 

Although there are as many as 15 varioussubtypes of5-HT receptors,studies havelinked 

the 5-HT2class ofreceptorsto the activation ofPLCP(phospholipase C)viathe a subunit 

ofthe Gq class(G„q)ofheterotrimeiic GTP binding proteins(Hoyer,1994). PLC 

activation results in phosphatidylinositol hydrolysis which generates 1,4,5-trisphophate 

(TPs)andDAGforthe mobilization ofintracellular Ca^^ and the activation ofPKC. 

has also been shownto ejffecttheMAPkinase pathwaythrough a proline rich t5n'osine 

kinase,Ras dependent mechanism mediated through activatedPLCand IP3(Lev,1995; 

Bourne,1995) However,this is aPKCindependent mechanism notexpected to be 

blocked bythePKCinhibitor sphingosine. Utilization ofthisPKCindependent pathway 

byNNKto induce Raf-1 activation is notsupported by our data. Therefore,it is likely 

thatNNK acting via the a,nicotinic receptor stimulates activation oftheMAP kinase 

cascade to a significant extentthrough a5-HT/PKC dependent pathway. 
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In addition to the G^^GPCR,the G„(,subfamily ofthe Gjclass ofGPCRhas also been 

shownto regulate activation oftheMAP kinase pathwayin aPKC dependent,Ras 

independent manner(vanBiesen, 1996). Although the signaling mechanism is not entirely 

clear,this GPCRis knownto mediate a signalleading to the hydrolysis ofphosphoinositol 

and subsequently effect theMAPkinase cascade(Moriarty, 1990;vanBiesen, 1996). As 

demonstrated in figure 2-12,G„o GPCR mediated activation ofPKCmaybe an alternative 

meansby which Raf-1 and MAPKoftheMAPkinase pathway could be activated byNNK 

mediated release and uptake of5-HT. However,to datethere is no evidence of5-HT 

ligand binding to the G^,subfamily ofGPCRs. 

Ofequalimportance to the stimulatory effects mediated bythe G„q and G„o onthe 

MAP kinase cascade are the inhibitory effects ofother GPCRson this mitogenic pathway. 

Asreported by Cook(1993)and Sevetson(1993), G^gmay have agrowth inhibitory 

effect via negative regulation ofRaf-1 signaling through protein kmaseA(PKA). Upon 

stimulation ofthis GPCR,there is adenylyl cyclase(AC)mediated formation ofcyHc 

adenosine monophosphate(cAMP)which subsequently activatesPKA. Mischak et al. 

(1996)hasshownthatPKA negatively regulatesRaf-1 activation by directly 

phosphorylating ser621 within the catalytic domain. This,in turn, would blockMAP 

kinase signaltransductioninduced by mitogenic stimuli. However,our dataindirectly 

suggestsinapparentPKAinhibition ofRaf-1 in both the neoplastic and non-neoplastic 

PNECsexposed to]NONK. In both cell lines,PKAwould be expected to have attenuated 
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FIGURE 2-12. G-protein coupled receptor-mediated activation and inhibition of the MAP
kinase pathway via 5-HT binding and uptake by GPCR subfamily receptors (Gq, Go, Gs).
Activation of intracellular signaling pathways occurs through the phosphorylation of the
GPCR subunits (a, P, y).
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or blockedNNKinduced,PKCdependent activation ofRaf-1 and subsequent activation 

ofMAPKwhen compared to untreated control cells. This maybe dueto alack ofGoj 

receptor mediated binding to 5-HT,inhibition ofACby Go GPCRinvolvment,orNNK 

induced preferential signaling viaPKCasopposed toPKA(Figure 2-12). Additionally, 

most evidence supporting the inhibitory role ofPKAis in relationto aRas-dependent 

pathway(Cook,1993;Sevetson, 1993)which wasfound notto existin our experiments. 

Characterization and subcatagorization ofthe S-HT receptorinvolved intheNNK 

signaling pathway is the subjectoffuture investigation, as is the mechanism of5-HT 

release and uptake withinNNKand COjstimulatedPNECs. 

By examining the effect ofNNKontheMAP kmase pathway and the activation of 

its major constituentsRaf-1 and MAPK,wehaveshownin conjunction with previous 

workthatNNKligand binding to the ay nicotinic receptor resultsinthe activation ofthe 

MAP kinase cascade which is mediated by5-HT release and uptake via GPCRs. This is 

believed to be a highly relevant processinthe developmentofPNEC hyperplasia and 

subsequent cellular transformationin the lung. 
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Chapter 1:Abstract 

Numeroussignaling pathways withinthe pulmonary neuroendocrine cell(PNEC) 

converge upon specific nuclear proteins that are directly and indirectly responsibleforthe 

regulation ofcell growth,quiescence,and death. Mycis one such protein,that may 

regulate transcription and resultin either growth or apoptosis depending on its interactions 

with other key protein kinases and transcriptionfactors. Weconducted experiments on 

normaland neoplasticPNECsto determinethe effect of4-(methylnitrosamino)-l-(3-

pyridyl)-l-butanone(NNK)onMycexpression and phosphorylation. Our data 

demonstrateNNKinduced phosphorylation ofMycin both neoplastic and non-neoplastic 

cells with no apparentchangesin levels ofexpression. These changes corresponded to 

changesinthe activation ofMAPK 1\2followingNNKexposure,and were subsequently 

mhibited atthe levelofMEK withintheMAP kinase pathway. These results demonstrate 

alink betweenNNKreceptor mediated stimulation,theMAP kinase pathway,and c-myc. 

Itfurther linkstheNNKinduced intracellular signaling eventsto anintramidear 

transcriptional regulatory event. 
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Chapter2:Introduction 

In mostcelltypesthe c-myc nuclear phosphoprotein is a short-lived transcriptional 

regulator that has beenimplicated in growth, diBferentiation, and apoptosis(Ramsey, 

1986;Gross-Mesilaty, 1998;Hershko, 1998). The c-myc protein effects its controlon 

genetranscriptionthrough theformation ofa heterodimer complex with another nuclear 

protein,MAX(Gupta,1993;Sekido, 1998). This heterodimerinturn recognizes a 

specific consensussequence withintheDNAstrand which results in downstream gene 

transcription. The action ofthe Myc/MAXcomplex is partially regulated and antagonized 

by the high afSnity competitive binding ofMAXbya seperate nuclear protein(MAD) 

(Gupta,1993;Sekido, 1998). Although the mechanismssurrounding these interactions 

are not wellunderstood,the phosphorylation ofspecific amino acids withinthe"NT-terminal 

domain ofthe c-myc protein has been suggested to play arole in its transactivating 

capabilities(Gupta,1993). It hasfurther been demonstrated thatthese specific amino acid 

residues are substratesfor mitogenic signaling pathways and their constituentIdnases 

(Lutterbach, 1994). Specifically,MAPK2has beenshovmto phosphorylate serine62in 

vitro and in vivo with resultant in vitro modulation ofc-myctransactivation potential 

(Alverez, 1991;Gupta,1993;Chuang,1994). 
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Having demonstrated the effect ofNNKontheMAP kinase cascade,ourintention 

wasto examinethe effect ofthis tobacco-specific nitrosamine onthe phosphorylation 

status ofthe c-myc protein. The elicited increase in specificMyc phosphorylation link-s the 

receptor mediated stimulation oftheMAP kinase pathway byNNKto a nuclear 

transcriptionfactorthat has been implicated inthe control ofcell growth and 

differentiation. Thesefindings are not onlyimportantin substantiating the effect of 

MAPKonthis nuclear phosphoprotein,butthey arethe firstto demonstrate a direct effect 

ofNNKonMyc,the amplification and overexpression ofwhich has been widely 

associated with SCLC(Kiystal, 1988;Johnson, 1996;Sekido, 1998). This provides 

additional support and a potential mechanism by whichNNK stimulates cell proliferation 

in normal and neoplasticPNECs. 
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Chapter3:Materials and Methods 

Cell Culture: Syrian golden hamsters were used asthe sourcefor normalpulmonary 

neuroendocrine cells,and were obtained fromthe 15 day gestationalfetallungs. General 

maintenance ofhamsters prior to harvestinglung tissue included a standardized housing 

environment withadlibitum commercialfeed and water. Thelungs were asepticaUy 

harvested,followed by cellular dissociation using2%trypsinfor 1 hourin 10%COjat37° 

C. Subsequently cells weretransferred and maintained inRPMI1640medium(Biofluids) 

supplemented with 10%fetal bovine serum(FBS)in a 10%CO2atmosphere. All cells 

were grownto60-80% confluence in25 or75 cm^vented culture flasks priorto 

experimental procedures. TheNCI-H69(small cell carcinoma)ceU line wasobtained from 

the American Type Culture Collection. TheH69cells were cultured inRPMI1640 

medium supplemented with 10%FBS in a5%COjatmosphere prior to their usein 

experiments. 

Celltreatment and Ivsate production: Twelve to 24 hours prior to the experiment, NCI-

H69 cells and fetalPNEC were placed into low serum Dulbecco's modified eagles media 

(DMEM)(Biofiuids)containing 0.1% bovine serum albumin(BSA),210mgL-glutamine, 
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500units penicillin, and 500meg streptomycin and maintained in5%COj. Cells were 

washed with Ix Ca^"*"free phosphate buffered saline(PBS)and reintroduced tolow serum 

media30minutesto 1 hour before the onset ofthe experiment. Protein kinase inhibitors 

were placed onthe designated cells atleast 1 hour precedingNNK exposure. NNKand 

chemicalinhibitors were madefresh within3 hours ofexperimental use. 

Collection ofthe fetalPNECinvolved removalofthelow serumDMEM media 

containing the designated treatment,washingthe cells with ice-cold Ix Ca^^PBS,and 

removalofadherent cells with0.25%trypsin. The cells were washed twice withPBS and 

centrifuged at500rpms(30g's)forming a cell pelletthat was eitherlysed or stored at-

80°C.Cells werelysed by600 piRIPA solution(IxPBS,0.5% sodium deoxycholate,1% 

NP-40,0.1% sodium dodecyl sulfate)containing protease inhibitors(lOpl/ml 

phenylmethylsulfonylflouride(PMSF)[10 mg/ml],30 pl/ml aprotinin[1.9mg/ml], 10 

pl/nol sodium orthovanadate(Na3V04)[100 mM]). A21 guage needle wasused to 

further break up cellular constituents byimmediately passing the lysate threetimesthrough 

the needle with subsequent addition of10 piPMSF[10 mg/ml]. Thelysate wasincubated 

30 minutes on ice,then centrifuged at 14000rpmsfor20minutes at4°C. The supemate 

containing the protein wasseparated from the pellet and collected for subsequent assays. 

Following the treatmentofNCI-H69 cells,the cells and low serum media were 

placed in conicaltubes,centrifuged at500rpms(30g's)for5 minutes,and washed twice 

with ice-coldPBS. The cells were subsequently processed in a manner similar to the fetal 

PNEC. 
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Western blot analysis ofc-mvc protein phosohorvlation:Protein concentration was 

determined inthe same manner asforthe western blot analysis ofRaf-1 and MAPK 

expression. 20 pg ofprotein Jfrom each sample wasboiled in 2xSDSloading buffer, 

placed onto a 10%PAGEgel, and electrophoreticaUy transferred to nitrocellulose as 

described forthe analysis ofRaf-1 and MAPKexpression. For previously probed 

membranes,attached antibodies were removed byincubating the blotin striping buffer 

(350 pi2-2-mercaptoethanol[100mM],8 mlSDS[2%],3.125 mlTris-ClpH6.7[62.5 

mM],38.5 mldeionized water)for30 minutesto 1 hourin a50°Cwater bath with gentle 

agitation. Following antibody removal,membranes were washed twicein TBS/0.1% 

tween-20for20minutes prior to incubation with phospho-c-myc antibody.The membrane 

was blocked in5%nonfat dry milkfor 1 hour atroom temperature.Following three 

separate5 minute washesin TBS/0.1%tween-20,the membrane was probed with primary 

polyclonal rabbit antibodies specificfor phosphorylated c-myc(NewEngland Biolabs)ata 

dilution of1:1000in TBS/0.1%tween-20 containing5%BSA overnight at4°Cwith 

gentle agitation. The c-myc phospho-specific antibody is directed toward the 

phosphorylated threonine and serine residues at positions58and 62respectively. The 

membrane wassubsequently incubated with horse radish peroxidase conjugated anti-rabbit 

secondary antibody(NewEngland Biolabs)at a 1:2000 dilution in blocking bufferfor 1 

hour atroom temperature. The signal was detected by usingLumiGLO™ 

chemiluminescent detection reagent(NewEngland Biolabs). Toinsure equalloading 
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between protein samples,membranes were probed with polyclonal goatIgGantibodyfor 

actin(Santa CruzBiolabs)ata dilution of1:200 using the same protocol asforRaf-1 and 

MAPK(Chapter3 ofParts2and 3). The secondary antibody againstthe actinIgG 

consisted ofanti-goatIgGlabeled with horse radish peroxidase(Santa CruzBiolabs)at a 

dilution of1:20,000. 

Western blot analysis ofc-mvc protein expression: Antibodies attached to previously 

probed membranes were removed byincubating the membranein striping bufferfor30 

minutesto 1 hourin a 50°Cwater bath with gentle agitation. Following antibody 

removal,membranes were washed twice in TBS/0.1%tween-20for20 minutes prior to 

incubation with a c-myc antibody. The membrane wasblocked in5%nonfat dry milkfor 1 

hour atroom temperature.Following three separate5 minute washesin TBS/0.05% 

tween-20,the membrane wasprobed with primary polyclonal rabbit antibodies specificfor 

c-myc(New England Biolabs)at a dilution of1:300in TBS/0.05%tween-20 containing 

5%nonfat dry milkfor 1 hour. The c-myc antibody wasraised against a recombinant 

protein that correspondsto amino acid residues 1-262 ofthe N-terminal c-myc protein of 

human origin. The wash steps were repeated,and the membranewasincubated in 

TBS/0.05%tween-20 containing anti-rabbitIgG-horse radish peroxidaselabeled antibody 

(400 pg/ml)(Santa CruzBiolabs)and streptavidin-horse radish peroxidase conjugate 

(Amersham)at a dilution of1:1000for 1 hour atroom temperature. Signals were 

detected through the use ofa chemiluminescent detection system(Amersham). 

https://TBS/0.05
https://TBS/0.05
https://TBS/0.05
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Chapter4:Results 

c-mvc protein(Mvcl phosphorvlation: Serum starved fetal non-neoplasticPNECswere 

exposed to alow concentration ofiSINK(100pM)for 15 minutesin a5%COj 

environment. Western blots were probed with a phospho-specific antibody that only 

detects c-myc protein containing phosphorylated Thr-58 and/or Ser-62residues withinthe 

N-terminal domain. The western blots revealed increased levels(>1.5fold increase)of 

phosphorylated c-myc(p-Myc)protein in cells exposed toNNK ascompared to untreated 

control cells(Figure 3-1). Furthermore,the level ofMycphosphorylationinNNK 

stimulated cells wasreduced by pre-treating cells withtheMEKinhibitor,PD98059,prior 

toNNK exposure. Thisis apparentinfigure 3-2,wherethere is slightly increased band 

intensityinlane2(NNKtreated cells)compared to lane 1(control cells), while thelane 

representing cells pre-treated wnthPD98059(lane3)contains a band with a markedly 

attenuated signal. The similar intensity amongthe actin protein bandsrepresents equal 

sample loading in each lane. Therefore,PD98059blockstheNNKinduced 

phosphorylation ofthis nuclear transcriptionfactor resulting in levels that are equalto or 

below those in untreated cells. 

Similar changes were observed in neoplasticH69 cells exposed toNNK(100pM) 
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FIGURE 3-2. Western blot of Myc phosphorylation in non-neoplastic PNECs. p-
Myc bands represent phosphorylated c-myc protein in untreated control cells (land 1),
NNK [100 pM] treated cells (lane 2), and NNK exposed cells pre-treated with
PD98059 [50 p M] (lane 3). p-MAPK demonstrates phosphorylated MAPK protein
from the same blot. Actin control bands reveal equal loading of protein sample into
each well.
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for 15 minutesin5%CO2;however,the increase inMycphosphorylation was higher 

(>2.0fold)than those levels previouslyfound in non-neoplasticPNECs(Figure 3-3). As 

shownin figure 3-4,the signalintensity ofthe band inlane2(NNKexposed cells)is 

approximately2fold greater thanthe band inlane 1(untreated cells),indicating elevated 

Myc phosphorylation at Thr-58 and/or Ser-62in cells exposed to the nitrosamine. The 

band in lane 3,representing c-myc protein fi-om cells treated withPD98059 prior toNNK 

exposure,has a signalintensity equalto or slightly lessthan thatofthe untreated control 

cells. Observing this reductionin p-Myc,following the inhibition ofMEK 

phosphorylation,is suggestive ofaMAPK mediated influence onthe c-myc protein. 

These data may also signify thatNNKnot only has aninfluence ontheMAP kinase 

cascade,but also on downstream Mycphosphorylation viaMAPK. 

c-mvc protein(Mvcl expression:In orderto correlate the elevated levels ofp-Mycto the 

levelofMycexpression,the phospho-speciflc antibody wasremoved fl"om previously 

probed membranes and incubated with an antibody specificfor c-myc protein. Thelevels 

ofMycin non-neoplasticPNECsexposed toNNK did not vary significantly fi'om those 

levels in untreated cells. This is demonstrated in figure 3-2,werethe band intensityinlane 

1(untreated cells)and lane2(NNKtreated cells)is similar. Interestingly,the signal 

strength ofthe band inlane 3,representing c-myc proteinfrom cells pre-treated with 

PD98059,waslowerthaninlane 1 and lane 2. Therefore,althoughNNK alone doesnot 
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appearto alter Myclevels, pre-treatmentofthese cells with aMEKinhibitorfollowed by 

NNKexposure does resultin reduced protein levels. 

Levels ofc-myc protein expression were also examined intheH69cells, and not 

unlike its non-neoplastic counterpart,NNKexposure did not alter the e7q)ressionlevels of 

this nuclear transcriptionfactor. Figure 3-4 shows equal signalintensity ofthe band in 

lane2(NNKtreated cells)when compared to lane 1(untreated cells). Furthermore,there 

is little variation in the band intensity oflane3(PD98059treated cells)as compared to 

lanes 1 and 2. Therefore,unlike inthe normalPNECs,pre-treatment withtheMEK 

inhibitor wasineffective at altering the c-myc protein levels inH69 cells. These data 

suggestthattheMAP kinase pathway may contribute to the regulation ofc-myc protein 

expressionin normalPNECs,butnotin neoplasticPNECs. 
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FIGURE 3-4. Western blot of Myc phosphorylation in neoplastic PNECs (NCI-H69
cells). p-Myc bands represent phosphorylated c-myc protein in untreated control cells
(land 1), NNK [100 pM] treated cells (lane 2), and NNK exposed cells pre-treated
with PD98059 [50 pM] (lane 3). c-myc protein levels (lanes labeled Myc) and
phosphorylated MAPK protein (lanes labeled p-MAPK) are shown for the same
blot/experiment. Actin control bands reveal equal loading of protein sample into each
well.
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Chapter5:Discussion 

The regulation ofcell proliferation and diflferentiation is a tightly controlled 

processthatis initiated by areceptor-mediated mitogenic stimulus and sustained by a 

sequential series ofphosphorylation reactions. Ultimately,theinitiating signalis 

transmitted to the nucleus were it activates various nuclear transcriptionfactors and 

proteinsinvolved in cell cycle progression. The c-myc protein(Myc)haslong been 

recognized as a vital componentinthe regulation ofcell growth and death(Cole, 1986; 

Luscher, 1990;Evan, 1992),and is presentinthe cytoplasm and in the nucleus were it 

controlsthe transcription ofother key regulatory proteins(Lutterbach, 1994). Myc 

fimctions viathe heterodimerization with the proteinMAXwhich mediates specific 

complex binding to theDNAE-box sequence,CACGTG,and resultsin subsequent 

transactivation(Blackwell,1990;Blackwood,1991). MAXalso dimerizes withthe 

proteinMAD,forming a similar complex interaction withtheE-box sequence that blocks 

DNAtransactivation(Ayer, 1993;Hurlin, 1995). Therefore,the ratio ofMyctoMAD 

dictates whichMAXheterodimer complex will predominate and whether transcription will 

be activated or repressed(Ayer, 1993). The dynamics ofthis ratio is based onthefact 

thatMAXexpression remains constant while Mycand MAD,with their short half-lives. 
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areinfluenced bythe growth ofthe cell. Previous studies haveshownthatMyclevels 

decline whileMADlevelsinversely increase as cell proliferation ceases(Chin, 1995). 

These findings suggestthatthe role ofMycis heavily dependentonthe levels ofc-myc 

protein available, and that regulation ofthese levels may ultimately effectDNA 

transcription and cell growth. 

It haslong been established thatthe c-myc protein is phosphorylated at multiple 

sites withinthe C-and N-terminal domains(Ramsay,1982;Hann,1984;Lutterbach, 

1997),but its significance onMycfunction and regulation remainsimclear. Although it 

has been demonstrated thatthe C-terminal domain ofMycis adjacentto theDNAE-box 

binding domain,mutational alteration ofthese phosphorylation sites withinthe C-terminus 

had no effect on transcriptional activation viaMyc(Blackwell, 1990;Street, 1990). 

However,alteration ofphosphorylation via mutation withintheN-terminaltransactivation 

domain did alter Mycmediated gene transcription(Chen,1989;Symonds,1989). 

Specifically, mutation ofthe serine amino acid residue at position62within the 

transactivation domain has beenshownto reducethe transcriptional activity ofMycin a 

variety ofcells(Alverez, 1991;Gupta,1993;Lutterbach, 1994;Pulverer, 1994). 

Furthermore,these investigatorslinked the phosphorylation ofSer-62to thein vitro and in 

vivo mitogen stimulation oftheMAP kinase cascade and downstream activation ofMAPK 

2. Therefore,an importantlink was established between a specific receptor-mediated 

signaling pathway and the potential activation ofthe c-myctranscription factor. It was 

ourintention to examinethe effect ofNNK exposure onthe phosphorylation ofMycasa 



73 

downstream ejffect ofpreviously demonstrated MAP kinase pathway activation in normal 

and neoplasticPNECs. 

Weobserved that exposing both normal and neoplasticPNECsto alow 

concentration ofNNKresulted in theincreased binding ofantibody that specifically 

recognizes phosphorylated Ser-62 ofthe c-myc protein. This phosphorylationtook place 

underthe same conditions(15 minute exposure in5%COj)asthose that resulted in the 

activation oftheMAP kinase pathway. Althoughthe phospho-specific antibody detects 

phosphorylation at both Thr-58 and Ser-62residues,it should be noted that 

phosphorylation ofThr-58 is beUeved to require prior phosphorylation ofSer-62 

(Lutterbach, 1994). A proposed mechanismforthe observed increasein p-Myclikely 

involvestheNNKinduced activation oftheMAP kinase pathway. Our previous data has 

demonstrated the activation ofboth Raf-1 and MAPK 1\2inH69and fetalPNECs 

followingNNK exposure;and furthermore,as illustrated infigure 3-2and 3-4,MAPK2 

(p42)appeared to bethe isoform preferentially activated. This suggests thatMycis either 

directly phosphorylated byMAPK2or may receive the signalfi-om a yetunknownMAPK 

2substrate. Nevertheless,these findings correlateMAPK2activation withMyc 

phosphorylation. Our data are substantiated by other studies showing thein vitro and in 

vivo phosphorylation ofc-myc protein at Ser-62 by activated MAPK2(Gupta,1993; 

Lutterbach, 1994;Pulverer, 1994). In addition to these investigations,Chuang(1994) 

demonstrated selective phosphorylation and activation ofMycbytheMAPK2(p42),but 

nottheMAPK 1(p44) isoform inNIH/3T3 fibroblasts. Subsequent mutation ofthe Myc 
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phosphorylation site, Ser-62,prevented MAPK2activation ofthe c-myc protein. 

Therefore,the observed increase in p-MycfollowingNNK exposure is believed to bethe 

result ofintracellular signaling via theMAP kinase pathway and specificallyMAPK2 

activation. 

Tofurtherinvestigate the role ofNNKinduced MAPK activation onMyc, 

experiments using normaland neoplastic cells pre-treated with theMEKinhibitor, 

PD98059,were conducted. By specifically inhibiting theNNKinduced phosphorylation 

ofMEKand the activation ofMAPK 1\2,wewere also ableto demonstrate concurrent 

inhibition ofMycphosphorylation. InH69cells,the levels ofp-MycinPD98059treated 

cells are similar to thosein untreated control cells which likely indicates phosphorylation 

ofMycby one or moreMAPKindependent pathways under basal conditions. However, 

the degree ofinhibition in normalfetalPNECstreated withPD98059achieved levels 

lowerthan in untreated control cells. Therefore,it appears that normalPNECsrely 

heavily ontheMAP kinase cascadefor downstream phosphorylation ofMycand 

subsequentMyc associated transactivation. These data strongly supportthe hypothesis 

thattheMAP kinase pathway,underthe influence ofNNK,exerts its effect onMycat 

Ser-62. 

Levels ofc-myc protein expression were examined fi-om the same experiments as 

those conducted for p-Mycby re-probing western blots with a non-phospho-specificMyc 

antibody. AlthoughNNK directly or indirectly induced the phosphorylation ofMycin 

both normal and neoplastic cells, it did not effect expression ofthis protein. Thisindicates 
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thatNNK does notinfluence the expression ofthis protein during the sametime interval 

that it effects the Mycphosphorylation state. Furthermore,intheH69cells, pre-treatment 

withPD98059had no influence onMyclevels. In neoplasticPNECs,these data are likely 

to reflect constitutive overexpression ofthis protein,as has been reported in a significant 

proportion ofSCLC(Sekido,1998). The overexpression ofthis proteinin SCLCis 

believed to bethe result ofmarked c-mycgene amplification or transcriptional 

dysregulation(Krystal, 1988;Spencer, 1991),and occurs mostfî equently in cell lines 

derived fî om metastaticlesions rather than primarytumors(Johnson, 1996). Therefore, 

theH69cells would contain higherlevels ofMycnotfurther augmented byNNK 

stimulation norinhibited by blocking MAP kinase pathway activation. However,this 

explanation does notaccountfor the lack ofresponse in the non-neoplastic cells, since 

these cells have notbeenshownto overexpress this protein. Therefore,another 

explanation may be thatNNK does notfurtherincrease levels ofc-myc protein abovethe 

basally stimulated levels observed in untreated cells, but rather stabilizes protein levels. 

Interestingly,unlike in theH69 cells,Myclevels are reduced in non-neoplasticPNECs 

treated withPD98059prior toNNKexposure as compared toimtreated cells or cells 

treated withjustNNK. Since no elevation inMycwasobserved inNNKtreated cells,this 

reduction in Myclikely reflects the degradation and reduced stability ofexisting protein. 

The c-myc protein has a very short half-life that is regulated by ubiquitin-mediated 

targeting and 26S proteasome destruction(Ramsey,1986;Gross-Mesilaty, 1998; 

Hershko, 1998). As previously stated, it is believed that the level ofc-myc protein 
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strongly influences its effect onDNAtranscription as it relatesto heterocomplex 

formation withMAX. Thus,it has been proposed thatMyclevels and subsequent 

transcriptional activation are controlled atleastin part by post-translationalturnover and 

protein stability(Sears, 1999). Although there wasno changeinMyclevels in response to 

NNK,couldNNKexposure and subsequentMAPkinase cascade activation affectMyc 

protein stability? Ifthis is the case,NNKas well as other endogenousgrowthfactors 

could increase the half-life ofMycwhich results in elevated protein levels and enhanced 

transcriptional activation. Our data demonstrating the reduced levels ofMycinPD98059 

pre-treated normalPNECssupports this proposed hypothesis. Reduced levels ofMyc 

following the inhibition ofMEK phosphorylation strongly suggests aMAPKdependent 

pathway responsible for maintaining c-myc protein stability and increasing its half-life in 

these cells. Sears(1999)hasshownthat activation oftheMAP kinase pathway resulted in 

a5fold increase in Myc half-life. Infact,thesefindings more specifically demonstrated 

thatRaf-1 and MAPK activation increased the stability and half-life ofMycwhichinturn 

resulted inMycaccumulation withinthe cell. Theincreased stability and elevated protein 

levels were subsequently inhibited byPD98059. These investigations are consistent with 

our data,and supporttheidea thatNNK may contribute to the stability ofMycand 

increase or maintain its levels within thePNEC. Additionally,it is reasonableto suspect 

thatNNKexposure,resulting in Mycaccumulation,could increase transcriptional 

activation and ultimately lead to cell cycle progression. In support ofthis,the stabilization 

ofMycbythe activated MAP kinase pathway has been reported to correlate withE2F 
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activation and progression through the S phase ofthe cell cycle(Sears, 1999). 

Furthermore,it has beenshownthat accumulation ofMycresults inthe activation of 

cyclinE/cdk2(Leone,1997)and S phase progression(Steiner, 1995). The proposed 

mechanismfor thisis notMyunderstood,butis believed to bethe resultofcdkinhibitor 

(p27)suppression(Vlach, 1996;Perez-Roger,1997). In considering the mechanism by 

whichRaf-l/MAPK activation may stabilize Myc,a possible explanation addressesthe 

phosphorylation state ofMyc.MAPK phosphorylation ofSer-62may block the ubiquitin-

mediated targeting ofthis protein that results in its degradation(Sears, 1999). Thisis 

highly consistent with our data showing marked reductionin both p-Myc and Mycin non-

neoplasticPNECspre-treated withPD98059prior toNNKexposure. Accordingto the 

stated mechanism,blocking MAPK activation would resultin reduced Ser-62 

phosphorylation which would decrease Myc half-life. This maysubsequently lead to a 

lowerMyc:MAD ratio and reduced transcriptional activation. 

Theomyc protein and its overexpression has been previously associated with 

oncogenesisinvolving various celltypes(Blackwood,1992)includingPNECs(Sekido, 

1998). Our data suggestthat aMycdependent mechanism is involved in the cell.signaling 

process ofNNK stimulated PNECs. Furtherinvestigation isfocusing on whetherNNK 

stimulation ofMAPK/Mycis sufficientto resultinDNAtransactivation orifother 

signaling events also play a role. Additionally,experiments will examinethe possible role 

ofNNKinduced Myc stability as it relates to cell cycle reflation andPNEC proliferation. 
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Chapter 1:Abstract 

Pulmonaiy neuroendocrine cells(PNEC)contain numerousintracellular signaling 

pathwayscomposed ofvarioustypes ofsignaling mediatorsthat are responsiblefor 

transmitting mitogenic signalsfrom the cell surfaceto the nucleus where thatinformation 

is used to regulate cell growth,quiescence, or death. Alteration ofthese signaling 

mediators may resultin aberrant cell proliferation ortransformation. Exposing normal 

PNECstolow concentrations of4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone(NNEC) 

resulted in anincrease in the levels ofkey protein kinases withinthe mitogen activated 

protein(MAP)kinase cascade,specifically Raf-1 and MAPK 1\2(Erk). ThisNNK 

induced elevation ofthese kinases was altered byinhibition ofthe receptor mediated 

signal. Similarfindings were not evident withinthe neoplasticPNECswhich already 

demonstrate high levels ofprotein kinase prior toNNKtreatment. Asaresult,these data 

show the responsiveness ofRaf-1 and MAPK protein levels within normaland neoplastic 

PNECstoNNK exposure. 
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Chapter2:Introduction 

TheMAPIdnase cascade is agrowth regulatory pathwayin a wide variety ofcells 

thatis composed ofspecific signaling mediators responsiblefortransmitting a message 

fi'om the cell surface to the nucleus(Guan,1994). Thisin turn regulates cell growth or 

triggers cell death,depending onthe initiating signal. Uponreceiving a signal,these 

mediators are involved in a sequential series ofhighly specific phosphorylation and 

dephosphorylation reactions that-transmitthe signalto the nucleus wherethe cell cycle is 

regulated. Raf-1 and MAPK 1\2 aretwo critical, non-consecutive protein kinasesthat 

function within theMAP kinase pathway(Anderson,1990;Ullrich, 1990;Cobb,1991). 

Raf-1 is a648 amino acid protein composed ofthree highly conserved regions(CRl,CR2, 

CR3)that are responsibleforthe regulatory and catalyticfunctions associated with this 

Idnase(Williams, 1994). Although Raf-1 is located predominantly withinthe C540S0I,it 

has also beenfound in association withthe plasma membrane,the outer mitochondrial 

membrane,and less fi-equently withinthe perinuclear space(Prouty, 1998;Wang,1996). 

Intracellular localization is highly dependentuponthe specific initiating signal,and in part 

dictatesthe cellular response resulting firom the signal(Wartmann,1997;Fanger,1999). 

It has beenthoroughly demonstrated that activated Ras serves to recruitRaf-1 to the cell 

membranefor subsequent activation by autophosphorylated receptor tyrosine kinases 
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(RTKs)(Van Aelst, 1993;Wame,1993;Zhang,1993;Campbell, 1998). Additionally, 

Raf-1 relocalization to the outer mitochondrial membrane byBcl-2 has beenshownto be 

importantin the regulation ofapoptosis(Wang,1996). 

Until recently,Raf-1 was believed to be constitutively expressed in most celltypes 

with little need for tighttranscriptional regulation(Storm,1990). However,it has since 

been demonstrated that extracellular growthfactors, mediators,and chemicals alter Raf-1 

transcription, stability, and movementwhichinturn alters Raf-1 protein levels(Schulte, 

1995). The mechanism by which this occurs is not clear,butmaybethe result ofone or 

moreintracellular events. Possible mechanismsinclude: 1. stabilization/destabilization of 

Raf-1 complexes which alter protein half-life, 2. alteration ofintracellular and membrane 

localiztion ofRaf-1,3.induced Raf-1 gene expression and protein synthesis. Likewise, 

these mechanisms could also accountfor receptor mediated variations in protein levels of 

MAPK 1\2,a highly conserved C5^oplasmic kinase downstream ofRaf-1. Similarto Raf-

1, activation of MAPK mayresultin its translocationfrom the cytosolto the nucleus 

where it has beenshownto phosphorylate a variety ofnucleartranscriptionfactors(Guan, 

1994;Gupta,1993;Gille, 1992). 

Although various extracellular mitogens have been used to elicit a change inRaf-1 

and MAPK protein levels,the results have been variable depending onthe specific 

mitogen examined(Storm,1990;Zmuidzinas, 1991;Hu,2000). Thetobacco-specific 

nitrosamine,NNK,has been shownto be a potent mitogenin normal and neoplastic 

PlSECs(Schuller, 1994)via receptor mediated processesinvolving the a,nAChRand 
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serotonin secretion and uptake(SchuUer, 1998;Codignola, 1994). Additionally, data 

indicate thatNNOEC results in the stimulation ofthe mitogenicMAP kinase pathway via 

Raf-1 and MAPK 1\2 activation(lull,PartU,Chapter4). Therefore,it wasourintention 

to examinethe effect ofNNKonRaf-1 and MAPK protein levels in both normal and 

neoplasticPNECs. Herewe demonstratethat exposureto low concentrations ofNNK 

resultsin the elevation ofRaf-1 and MAPKlevels in normalPNECs,butnotthe neoplastic 

cells. These findingsfurther substantiate the mitogenic potential ofNNKinthese 

specialized cells, and pointto the importance oftheMAPkinase cascade asthe pathway 

used by such a stimulus. 
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Chapter3:Materialand Methods 

Cell Culture:Normal pulmonary neuroendocrine cells were obtained from thelungs of15 

day gestational Syrian golden hamsterfetuses. Thelungs were harvested and cultured as 

described in the materials and methods(Chapter3)ofPartsHand m. All cells were 

grownto60-80% confluencein25 or75cm^vented cultureflasks priorto experimental 

procedures. All hamsters were maintained in a standardized housing environment withad 

libitum commercialfeed and water. TheNCI-H69(small cell carcinoma)cell lina was 

obtained from the American Tj^pe Culture Collection. TheH69cells were maintained in 

RPMI1640medium supplemented with 10%PBSin a5%COjatmosphere priorto their 

use in experiments. 

Cell treatment and Ivsate production:TheNCI-H69 cells and fetalPNECwere placed into 

low serumDMEMmedia(Biofluids)containing 0.1%BSA,210mgL-glutamine,500 

umts penicillin, and 500 meg streptomycinfor 12-24 hours prior to the experiment while 

maintained in5%CO2. Cells were washed with Ix Ca^"^ freePBS and reintroduced tolow 

serum media30 minutes to 1 hour prior to the experiment. Competitive receptor 

inhibitors were added to the designated treatmentgroup 10 minutes beforethe addition of 

NNK. Protein kinase inhibitors were placed onthe designated cells 1 hour preceding the 
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addition ofNNK. NISK and chemicalinhibitors were madefresh within3 hours of 

experimental use. 

Collection ofthe fetalPNECinvolved removalofthelow serumDMEM media 

containing the designated treatment,washing the cells with ice-cold Ix Ca^^PBS,and 

removalofadherent cells with0.25% trypsin. The cells were washed twice withPBS and 

centrifuged at500rpms(30g's)forming a cell pellet that was either immediately lysed or 

stored at-80°C.Cells werelysed by600 piRIPAsolution(IxPBS,0.5% sodium 

deojq^cholate,1%NP-40,0.1% sodium dodecyl sulfate)containing protease inhibitors 

(lOpl/ml phenylmethylsulfonylflouride(PMSF)[10 mg/ml],30ul/ml aprotinin 

[1.9mg/ml],10 pl/ml sodium orthovanadate(Na3V04)[100mM]). The celllysate was 

immediately passed three timesthrough a21 gaUge needle with subsequent addition of10 

piPMSF[10 mg/ml]. Following a 30minuteincubation on ice,the cell lysates were 

centrifuged at 14000rpms(16000 g's)for20 minutes at4°C,and the protein containing 

supemate wasseparated from the pellet and collected for subsequent assays. 

Following treatment ofNCI-H69 cells, the cells inlow serum media were placed in 

conicaltubes,centrifuged at500rpms(30g's)for5 minutes,and washed twice with ice-

coldPBS. The cells were subsequently processed in a manner similar to thefetalPFJEC. 

Western blot analvsis ofRaf-1 and Erk expression: The proteinfromthe cells lysate was 

concentrated using Centricon™ 10 concentration columns(Milipore)centrifuged at6000 

rpms(4350g's)for approximately45 minutesto 1 hour. The protein concentration was 
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determined by placing 10 pi protein sample and 200 pi bicinchoninic acid(BCA™) 

reagent(Pierce)into individual microplate wells and incubatingfor30 minutes at37° C. 

The samples were quantified using anEL312microplate reader(Bio-TekInstruments)at 

a550nm wavelength,and absorbance values were converted to pg/mlby plotting linear 

regression x firom y values viaPrism 2.01(GrraphPad Inc.). 20 pg protein firom each 

sample wasboiled in2x sodium dodecyl sulfate(SDS)loading buffer(0.1M Tris-ClpH 

6.8,4%SDS,0.2% bromophenol blue,20%glycerol)for4minutes and loaded onto a 

10% Tris-HClPAGEgel(Biorad)which wasran a200 voltsfor approximately30 

minutes. The gel containing the protein was electrophoretically transferred to a 

nitrocellulose membrane(Midwest)using a standard transfer buffer(5.8 g Tris-

hydroxymethyl-aminomethane,2.9g glycine,3.7 ml10%SDS,200 mlmethanol,800 ml 

deionized water),and ran at 100voltsfor 1 hour. The membranes were blocked with5% 

nonfat dry milk in TBS containing 0.05%tween-20(blocking solution)for 1 hour atroom 

temperature. Following three separate5 minute washesin TBS containing0.05%tween-

20,the membranes wereincubated for 1 hour,atroom temperature,in blocking solution 
j 

containing polyclonal rabbitIgGforRaf-1(200 pg/ml)orMAPK 1\2(200 pg/ml)(Santa 

CruzBiolabs)at a dilution of1;2000. The wash steps were repeated,and the membranes 

wereincubated in TBS/0.05%tween-20 containing anti-rabbitIgG-horse radish 

peroxidase labeled antibody(400 pg/ml)(Santa CruzBiolabs)and streptavidin-horse 

radish peroxidase conjugate(Amersham),both at a dilution of1:1000for 1 hour atroom 

temperature. The resulting band signals were detected bythe use ofa chemiluminescent 

https://TBS/0.05
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detection system(Amersham). Film exposure time varied according to the strength ofthe 

signal. To insure equalloading between protein sample,membraneswere probed with 

polyclonal goatIgG actin antibody(Santa CruzBiolabs)ata dilution of1:200 using the 

same protocol asforRaf-1 and MAPK. The secondary antibody againstthe actinIgG 

consisted ofanti-goatIgGlabeled with horse radish peroxidase(Santa CruzBiolabs)ata 

dilution of1:20,000. 

Antibodies attached to previously blotted membraneswereremoved byincubating 

the membranein striping buffer(350 pi P-2-mercaptoethanol[100 mM],8mlSDS[2%], 

3.125 ml Tris-Cl pH6.7[62.5 mM],38.5 ml deionized water)for30 minutesto 1 hourin 

a50°Cwater bath with gentle agitation. Following antibody removal,membranes were 

washed twice in TBS/0.05%tween-20for20ihinutes and stored in cellophane wrap at 

4°C. 

Densitometric analvsis:Raf-1 and MAPK protein expression wasquantified using 

SigmaGel™ gel analysis soflware VI.0(SPSS Inc.). Threshold points were based onthe 

degree ofexposurefor each film. 

Statistical analvsis: The results obtained from controlgroups and cells exposed toNNK 

were assessed via the unpaired t-test. 

https://TBS/0.05


94 

Chapter4:Results 

Raf-1 protein levels:FetalPNEC cells were exposed to alow dose(100pM)ofNNKfor 

short and long time intervals(5,15,and 120 minutes). Western blots ofcell lysates were 

probed forRaf-1 protein kinase and subsequently quantified by densitometric analysis with 

measurementofthe entire width ofeach band to insure uniform quantification. Raf-1 

protein has a molecular weightof74Idlodaltons(kDa). These experiments revealed 

inducible changes in Raf-1 protein levels within fetalPNECswhen exposed to a 100pM 

dose ofNNECin a 10%COjenvironment(p<0.05). Depending onthelevel ofbasal 

expression inthePNEC,NNKexposure induced a mean2.7to 3.4fold increase inRaf-1 

within 15 minutes post-exposure and 2.5 fold over basallevels at 120 minutes(Figure4-

1). Upon examining figure4-1,levels ofRaf-1 increase to 3.4fold by5 minutes overthe 

time0control(basallevels). This elevation declines slightly to a2.7fold increase by 15 

minutesfollowingNNKtreatment,and remains at approximately thislevelup to the last 

time interval examined(120 minutes). Thisis represented infigure4-2wherelane2,3, 

and4(5,15,and 120 minutes postNNKexposure respectively)are increased compared 

to the time0control(lane 1). The less intense doublet band aboveRaf-1 is believed to 
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FIGURE 4-1. Raf-1 protein levels in non-neoplastic PNECs. Cells were exposed to NNK
[100 pM] for 0, 5, 15, and 120 minutes in 10% COj. Western blot analysis of cellular
Raf-1 protein is expressed as a fold increase in band intensity. Data are representative of
two independent experiments with single samples per treatment group giving similar
results.
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FIGURE4-2.Representative western blot ofRaf-1 protein levels in non-neoplastic 
PNECsfollowingtimedNNKexposure.The bands representRaf-1 protein levels 
following0minutes(lane 1),5 minutes(lane 2),15 minutes(lane 3),and 120 minutes 
(lane4)ofNNK[100pM]exposure. Actin controls demonstrate equal sample 
loading. 
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represent the slower migrating phosphorylated form ofthe protein kinase, and actin 

controls demonstrate equalloading betweenlanes. To examinethe ejffects ofextended(6 

day/subchronic)NNK exposure,non-neoplasticPNECwere maintained inRPMT,fiill 

serum media,and treated twice a day with 100pMfireshNNK. Priorto eachtreatment, 

the cells were washed inPBS. The last day ofthe experiment,thePNECswere placed in 

low serum media and harvested2hours after the lastNNKtreatment. Atthe end ofthe6 

day period,there wasa5fold increase inRaf-1 protein levels over6day untreated 

controls(Figure 4-3). These results are demonstrated bythe increased band intensity of 

Raf-1 inlane2compared to the untreated controlband inlane 1(Figure 4-4). 

Additionally,normalPNECexposure toNNKfor alongertime interval(6 days)resulted 

in greater elevation inRaf-1 protein levels compared to the earlier time periods examined. 

Therefore, NNK consistently induces both immediate(within 15 minutes)and long term 

(120 minutes and6days)Raf-1 protein kinase elevation in the non-neoplasticPNEC. 

An additional experimentwas conducted in5%COjto examinethe effect ofNNK 

onRaf-1 protein in the absence ofa hypoxic environment. NormalPNECswere exposed 

toNNK and placed in a5%COjchamberfor5 minutes. In a manner similar to previous 

experiments,NNKinduced a rapid 2.5 fold increaseinRaf-1 levels over basal levels 

(Figure 4-5 and Figure 4-6). Theincrease in protein kinase was similar to the level 

observed in cells treated with5-HT(1 pM)as a positive control. This concentration of5-

HTis similar to levels shown to exist in the lungs ofpatients with SCLC. 



PNEC Raf-1 protein levels

»

« w

<D

^2

£

EDinnD Control

1—16 dsys

Control 6 days

Time of NNK (100 pM) exposure

FIGURE 4-3. Raf-1 protein levels in non-neoplastic PNECs following subchronic (6 days)
NNK exposure. (n=3).
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FIGURE4-4. Western blotofRaf-1 protein levels following subchronicNNK 
exposure.Untreated control cells(lane 1)were maintained in same environment as 
Nl^treated cells(lane 2). 



PNEC Raf-1 protein levels in 5%
CO2

tf)
0) 2.5

■2 w
C S 20
® o
O c 1.5
L. —

°-2
T £ 1-0

EMM Control
BMgM K.IK.11^

I'U^ix

IH Serotonin

FIGURE 4-5. Raf-1 protein levels in non-neoplastic PNBCs following NNK and 5% COj
exposure. Results demonstrate a change in Raf-1 protein levels following NNK [100 pM]
treatment and introduction into a 5% C02 environment for 5 minutes. Serotonin [1 pM]
was used as a positive control. Data are representative of two independent experiments
with single samples per treatment group giving similar results.
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FIGURE4-6. Representative western blotofRaf-1 protein levels in non-neoplastic 
PNECsexposed toNNK[100pM]and5%CO2. The untreated control cells(lane 1), 
NNKtreated cells(lane 2),and the positive control serotonin[IpM]treated cells 
(lane 3)were maintained in5%CO2for5 minutesfollowing treatment.Bands 
representing the actin internal control demonstrate equal loading ofsample. 
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In orderto link this elevation ofRaf-1 to the upstream ct^ nAChRand the 5-HT 

receptor,cells in a 10%COjenvironment were exposed to either a5-HT uptake inhibitor 

(imipramine[1 pM]),a broad spectrum nicotinic receptor antagonist(hexamethonium[1 

pM]),ora site-selective a,nAChR antagonist(a-bungarotbxin[10 pM])prior to ISDSIK 

(100pM)treatment. Theimipramine had the most profound effect, completely blocking 

theNNKinduced elevation ofRaf-1 protein,and in some experimentsfurther reducing the 

levels ofbasalRaf-1 by42%(Figure 4-7). Blocking all nicotinic receptors with 

hexamethonium results in an88%to 100%reduction inthe amountofelevated Raf-1 

protein duetoNNK exposure. The amountofRaf-1 proteininthese cells is similarto the 

levels within untreated control cells(Figure 4-7). Figure4-7 also shows partial(30%) 

reduction ofRaf-1 in cells treated with the specific antagonist a-bungarotoxin. Neither 

nicotinic receptor antagonist reduced kinase levels below controllevels as did the5-HT 

uptake inhibitor. Arepresentative western blot(Figure 4-8)demonstratesthe specific 

inhibition oftheNNKinduced receptor mediated Raf-1 protein kinase elevations refered 

to previously. Theincreased band intensity inlane2representsRaf-1 proteinfi-om cells 

exposed to NNKfor a2hourtime period. Cells pretreated with receptor antagonist were 

also exposed toNNKforthe sametime interval asthe treated and untreated controls. 

The effect of NNK(100pM)onRaf-1 protein levels was subsequently examined 

in neoplastic pulmonary neuroendocrine cells,NCI-H69. Experiments using theH69 cells 

were conducted similar to those using the normalPNECs. Asshownin figure4-9,the 

amountofRaf-1 in cells exposed toNNK wasnot significantly elevated(lessthan a 1.6 

fold increase)for any ofthetime intervals examined(p<0.01).In figure4-10this is clearly 
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FIGURE 4-7. Raf-1 protein levels in non-neoplastic PNECs following receptor-mediated
inhibition. NNK [100 pM] induced Raf-1 protein levels were normalized at 100%. Basal
levels of Raf-1 and inhibition of NNK induced Raf-1 protein levels are expressed as a
percentage of the total amount of Raf-1 protein in NNK treated cells. The 5-HT uptake
inhibitor imipramine [1 pM], the broad-spectrum nicotinic receptor antagonist
hexamethonium chloride [1 pM], and the site-selective antagonist for the cc, nicotinic
receptor, alpha-bungarotoxin [10 pM] were used to inhibit the effects of NNK. Data
represent two independent experiments with single samples per treatment group giving
similar results.
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FIGURE4-8.Representative western blotofRaf-1 protein levels in non-neoplastic 
PNECsfollowing receptor-meditated inhibition. Raf-1 bands represent untreated 
control cells(lane 1),cells exposed toNNK[ICQ pM]alone(lane 2),and cells pre-
treated with imipramine[1 pM](lane 3),hexamethonium chloride[1 pM](lane 4),or 
alpha-bungarotoxin[10 pM](lane 5)prior toNNKexposure. Actin control bands 
demonstrate equal loading ofprotein sample. 
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FIGURE 4-9. Raf-1 protein levels in neoplastic PNECs (NCI-H69 cells). Cells were
exposed to NNK [100 pM] for 0, 5, 15, and 120 minutes. Western blot analysis of cellular
Raf-1 protein is expressed as a fold increase in band intensity. Data are representative of
two independent experiments with single samples per treatment group giving similar
results.
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FIGURE 4-10. Western blot of Raf-1 protein levels in neoplastic PNECs (NCI-H69
cells) following timed NNK exposure. The bands represent Raf-1 protein levels
following 0 minutes (lane 1 and lane 4), 5 minutes (lane 2), 15 minutes (lane 3), and
120 minutes (lane 5) of NNK [100 pM] exposure. Actin controls demonstrate equal
sample loading.
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evident via western blot analysis where there is equal band intensity betweenNNKtreated 

cells atthe 5,15,and 120 minute time intervals(lanes2,3,and 5)and the time0control 

group(lane 1 and 4). H69 cells were also pre-treated withimipramine,hexamethonium, 

or a-bungarotoxin prior toNNKexposurein orderto substantiate thelack ofNNK 

control over intracellularRaf-1 protein levels in these neoplastic cells. Blocking and 

non-cc,nicotinic receptors as well as5-HT uptake did notchangeRaf-1 protein levels 

subsequentto NNECtreatment(Figure 4-11). Furthermore,there wasno dififerencein the 

Raf-1 protein levels ofNNKtreated cells compared to untreated cells which supportsthe 

previous data. Figure4-12representsthe western blotfor this experiment,in whichit 

showsequal band intensity among all treatmentgroups and the untreated control. 

Therefore,it appearsthatthe amountofRaf-1 protein withinH69 cells is unaffected by 

NNKreceptor mediated stimulation,unlike its non-neoplastic coimterpart. 

MARK 1\2 flSRK)protein levels: To accessthe effect ofNNKdownstream ofRaf-1, 

MARK 1\2levels were examined byway ofwestern blot analysis using lysatesfrom 

normalPNECstreated with 100pMNNKfor short and longtime intervals(5,15,and 

120 minutes)in a 10%CO2environment. Western blots were probed with aMARK 

polyclonal antibody which binds to the phosphorylated and non-phosphorylated MARK 1 

and2isoforms at44and42kDa respectively. The bands were subsequently quantified by 

densitometric analysis with measurementofits entire width to insure uniform 

quantification. In most cases,obtaining separate densitometric valuesfor eachisoform 
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FIGURE 4-11. Raf-1 protein levels in neoplastic PNECs (NCI-H69) following receptor-
mediated inhibition. NNK [100 pM] induced Raf-1 protein levels were normalized at
100%. Basal levels (control) of Raf-1 and inhibition of NNK induced Raf-1 protein levels
are expressed as a percentage of the total amount of Raf-1 protein in NNK treated cells.
Imipramine [1 pM], hexamethonium chloride [1 pM], and dpha-bungarotoxin [10 pM]
were used to inhibit the effects of NNK. Data represent two independent experiments with
single samples per treatment group that gave similar results.
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FIGURE4-12.Representative western blotofRaf-1 protein levels in neoplastic 
PNECs(NCI-H69 cells)following receptor-mediated inhibition. Raf-1 bands 
representimtreated control cells(lane 1),cells exposed to NNK[100pM]alone(lane 
2),and cells pre-treated with imipramine[1 pM](lane 3),hexamethonium chloride[1 
pM](lane 4),or alpha-bungarotoxin[10 pM](lane5)prior to NNK exposure.Actin 
control bands demonstrate equalloading ofprotein sample. 



110 

wasnotpossible dueto proximity ofthe bands. Therefore,these data represent 

densitometry readingstaken togetherfor both isoforms,unless otherwise stated. In 

non-transformed fetalPNECs,exposure toNNKinduced a rapid change(greaterthan 1.6 

fold increase) in the level ofMAPK(p<0.01)similar to the change describing Raf-1. 

There wasa2fold increase inthe amountofMAPK protein within the cell by5 minutes 

that was sustained beyond 15 minutes(Figure 4-13). At 120 minutes,levels remain 

elevated,although slightlylower(1.7fold),compared to thetime0control. MAPKat 

time0is considered to be basal level expression. These changes are represented bythe 

increased band intensity in lanes2,3,and4offigure4-14 as compared to time0control 

cells inlane 1 ofthe samefigure. To examine the effect ofNNKover an extended time 

interval, cells were exposed toNNK(100pM)for6days(subchronic)in an experimental 

protocol similar to thatused for evaluation ofRaf-1 protein levels. Asshownin figure4-

15 and figure 4-16,MLAPKin normalPNECswasnot significantly elevated over basal 

levelsfollowing this subchronic exposure. This extended exposure toNNKwas 

conducted in a 10%CO2environmentto insurePNECviability during the course ofthe 

experiment. Therefore,to investigate theNNK effect onMAPKinthe absence ofhigh 

CO2,cells were placed in a5%CO2environmentfor5 minutes subsequenttoNNK 

treatment. This experimentresulted in attenuated elevation ofMAPKcompared to those 

levels observed atthe sametime intervalin a hypoxic environment.A 1.5 fold increase in 

MAPK occurred in cells exposed toNNK,while underthe same conditions,5-HT resulted 

in a 1.6-1.7fold increase in the protein level(Figure4-17and Figure 4-18). Therefore, 

the solitary effect ofNNK appearsto be diminished farther downstream within theMAP 
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FIGURE 4-13. MAPK 1\2 protein levels in non-neoplastic PNECs. Cells were exposed to
NNK [100 pM] for 0, 5, 15, and 120 minutes. Western blot analysis of cellular Raf-1
protein is expressed as a fold increase in band intensity. Data are representative of two
independent experiments with single samples per treatment group giving similar results.
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FIGURE4-14. Western blotofMAPK 1\2 protein levels in non-neoplasticPNECs 
following timedNNK exposure. The bands representMAPK 1 and MAPK2protein 
levels following0 minutes(lane 1),5 minutes(lane 2),15 minutes(lane 3),and 120 
minutes(lane4)ofNNK[100pM]exposure. Actin controls demonstrate equal 
sample loading. 
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FIGURE 4-15. MAPK 1\2 protein levels in non-neoplastic PNECs following subchronic
(6 days) NNK [100 pM] exposure. (n=3).
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FIGURE4-16. Western blot ofMARK protein levels following subchronicNNK[100 
pM]exposure. Untreated control cells(lane 1)were maintained in same environment 
as NNfv treated cells(lane 2). 
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FIGURE 4-17. MAPK 1\2 protein levels in non-neoplastic PNECs following NNK [100
pM] and 5% CO2 exposure. Results demonstrate a change in MAPK protein levels
following NNK treatment and introduction into a 5% C02 environment for 5 minutes.
Serotonin [1 pM] was used as a positive control. Data are representative of two
independent experiments with single samples per treatment group giving similar results.
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FIGURE4-18. Western blotofMAPK 1\2 protein levels in non-neoplasticPNECs 
exposed toNNKand5%CO2. The untreated control cells(lane 1),NNK[100pM] 
treated cells(lane 2),and the positive control serotonin[1 pM]treated cells(lane 3) 
were maintained in5%CO2for5 minutes following treatment.Bandsrepresenting 
the actin internal control demonstrate equal loading ofsample. 



117 

kinase pathway when comparing these results with those representing Raf-1 protein levels. 

Tofurther examine and substantiate theinfluence of NNKonthe protein levels ofthe 

downstream kinase MAPK,receptor antagonists were used to block the initiation ofthe 

signal bythe nitrosamine. Hexamethonium[1 pM] and a-bimgarotoxin[10 pM]were 

used to directly blockNNKbinding to nicotinic receptors,and imipramine[1 pM]to 

prevent5-HT uptake duetoNNKinduced 5-HT release. These data show thatby 

blocking 5-HT uptake,imipramine reduced theNNKinduced elevation ofMAPKby60% 

(p<0.01)(Figure 4-19). Furthermore,directly blocking all nicotinic receptors or 

specifically a,receptors by hexamethonium(p<0.01)and a-bungarotoxin(p<0.01) 

respectively,reduced the increase inMAPKlevels by approximately44%. Although 

complete inhibition oftheNNKinduced protein elevations did not occur as wasthe case 

forRaf-1,these dataindicate a direct and indirect downstream response toNNKand 5-' 

HTreceptor-ligand binding. Additionally,these results are consistent with previous data 

demonstrating a 1.6fold increase inMAPKlevels after 120 minuteNNKexposure. These 

changes are reflected inthe western blot offigure 4-20. 

Finally,MAPKlevels were examined inH69cells treated withNNK(100pM)for 

5, 15,and 120 minutetime intervals. NeitherNNKtreatment or duration ofexposure 

resulted in a significant elevation(p<0.01)ofMAPK protein whencompared to time0 

control cells(Figure 4-21). Western blots showed similar band intensity at44and42kDa 

among alltime intervals and the time0controls(Figure 4-22). Also,figure4-23 shows 

thatthe receptor inhibitors,imipramine,hexamethonium,and a-bungarotoxin,failed to 
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FIGURE 4-19. MAPK 1\2 protein levels in non-neoplastic PNECs following receptor-
mediated inhibition. NNK [100 pM] induced MAPK protein levels were normalized at
100%. Basal levels of MAPK and inhibition of NNK induced MAPK protein levels are
expressed as a percentage of the total amount of MAPK protein in NNK treated cells.
Imipramme [1 pM], hexamethonium chloride [1 pM], and alpha-bungarotoxin [10 pM]
were used to inhibit the effects of NNK. (n=3).
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FIGURE4-20.Representative western blotofMAPK 1\2 protein levels in non-
neoplasticPNECsfollowing receptor-meditated inhibition. MAPK 1 and MAPK2 
bands represent untreated control cells(lane 1),cells exposed toNNK[ICQ pM]alone 
(lane 2),and cells pre-treated with imipramine[1 pM](lane 3),hexamethonium 
chloride[1 pM](lane 4),or alpha-bungarotoxin[10 pM](lane 5)prior to NNK 
exposure. Actin control bands demonstrate equalloading ofprotein sample. 
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FIGURE 4-21. MARK 1\2 protein levels in neoplastic PNECs (NCI-H69 cells). Cells
were exposed to NNK [100 pM] for 0, 5,15, and 120 minutes. Western blot analysis of
cellular MAPK protein is expressed as a fold increase in band intensity. Data are
representative of two independent experiments with single samples per treatment group
giving similar results.
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FIGURE4-22. Western blotofMAPK 1\2 protein levels in neoplasticPNECs(NCI-
H69 cells)followingtimedNNKexposure.The bands representMAPK protein levels 
following0minutes(lane 1 and lane 4),5 minutes(lane 2),15 minutes(lane 3),and 
120 minutes(lane 5)ofNNK[ICQ pM]exposure. Actin controls demonstrate equal 
sample loading. 
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FIGURE 4-23. MAPK 1\2 protein levels in neoplastic PNECs (NCI-H69) following
receptor-mediated inhibition. NNK [100 pM] induced MAPK protein levels were
normalized at 100%. Basal levels (control) of MAPK and inhibition of NNK induced
MAPK protein levels are expressed as a percentage of the total amount of MAPK protein
in NNK treated cells. Imipramine [1 pM], hexamethonium chloride [1 pM], and alpha-
bungarotoxin [10 pM] were used to inhibit the effects ofNNK. Data represent two
independent experiments with single samples per treatment group giving similar results.
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consistently alterMAPKlevels. Therefore,these findings are much alikethose describing 

Raf-1 protein levelsin neoplasticPNECs,were protein levels remained the same despite 

NNKexposure orreceptor-mediated inhibition. 

It should be noted thatthe Raf-1 protein levelinNNKexposed fetalPNECsand 

H69cells, and theMAPKlevelinH69cells were not significantly altered following a30 

minute pre-treatment with the protein synthesisinhibitor cycloheximide[10ug/ml]. 

However,western blots offetalPNECstreated with cycloheximidefollowed byNNK 

exposurelacked any distinguishable44kDa(MAPK 1)band(data not shown). This 

change did not existin the neoplasticPNECs. 
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Chapter5:Discussion 

There are a wide variety ofintracellular signaling pathways madeup ofspecific 

proteinIdnasesthat are responsiblefor growth,differentiation, and cell death. These 

proteins serve to transmita signal,initiated through receptorligand binding,firom the cell 

surface to the nucleus where,among otherfunctions,they regulate transcriptional and cell 

cycle activity. Subsequentto ligand binding,these signaling mediators are sequentially 

activated bythe phosphorylation ofhighly conserved amino acid residuesthatresultin a 

changein protein conformation. The altered protein conformation opensthe catalytic 

domainfor specific amino acid phosphorylation thatin turn phosphorylates/activates other 

downstream protein kinases. The growthregulatoryMAP kinase pathwayis composed of 

sequentially activated kinases(Raf-l/MEK/MAPK)that maybe stimulated vialigand 

bindingto G-protein coupled receptors(GPCRs)(Porter,1998)or autophosphorylated 

receptor tyrosine kinases(RTKs)(Gutkind,1998)(Figure 4-24). These kinases are 

synthesized in the cytoplasm butlocated in various subceUular compartments depending 

onthe mitogenic stimulus,their state ofphosphorylation,and their stability/half-life 

(Wartman,1997;Fanger, 1999). 

We observed,by using western blot analysis,that exposure ofPNECsto the 

mitogenNNK not only stimulated activation ofMAP kinase cascade proteins(Raf-1 and 
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FIGURE 4-24. G-protein coupled and tyrosine kinase receptor mediated initiation of the
MAP kinase pathway. GPCR activation of the signaling cascade occurs via
phosphorylation of receptor subunits (a, P, y) that subsequently activate Raf-1 through a
PKC or Ras dependent mechanism.
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MAPK),but also increased protein levels. Raf-1 and MAPK protein in normalPNECs 

were both rapidly elevated followingNNKtreatment,which wassustained aslong as 120 
I. 

minutes post-exposure. This suggests thatNNK plays a direct rolein regulating protein 

kinase levelsin non-neoplasticPNECs. Relocalization oftheseIdnases within the cell is 

one possible explanationfor thisNNKinduced increase in cytoplasmic protein levels.Raf-

1 exists predominantly as a cytoplasmic phosphoprotein that maybe bound to various 

regulatory adaptor proteins such as 14-3-3 and heatshock proteins(Hsp90)(Wartman, 

1994;Schulte, 1995;Vincenz,1996). The ubiquitously expressed 14-3-3 protein serves 

as a regulatory protein via dimerization at multiple binding sites onRaf-1(Campbell, 

1998),and is knowntoform complexes with other proteins such asPKC(Vincenz, 1996). 

Disruption ofthis binding in Raf-1 mutants has beenshownto alter the activation ofthis 

kinase depending onthe specific 14-3-3 binding site inhibited(Rommel,1997;Clark, 

1997). Although allfunctional roles ofthis protein and the mechanismsby which these 

functions are carried out are notknown,it is believed thatthe interaction of14-3-3 with 

Raf-1 serves as a scaffolding mechanism which results in the recruitment/localization and 

subsequentinteractions with other signaling components(Reuther, 1996;Fanger 1998). 

Recently,Prezeau(1999)reported data supporting an interaction betweenthe 14-3-3/Raf-

1 complex and GPCRsthat wasinhibited by phosphorylated Raf-1,butnotnon-

phosphorylated Raf-1. Therefore,it is conceivable thatinactive Raf-1 bound to 14-3-3 

maybe localized to the 5-HT GPCR and is subsequently released into the cytoplasm upon 

activation. Thistype ofmembrane localization may serve to bring Raf-1 into close 
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proximityto its immediate effectorPKC. Asimilarfunctionalrole has beenshownto exist 

as it relates to Rasrecruiting ofRaf-1 to the membrane where it is activated by 

autophosphorylatedRTKs(Rommel,1996). Interestingly,the.signaling mediators 

generated by the GPCRinduced hydrolysis ofphospholipaseC(PLC),diacylglycerol 

(DAG)and inositol 1,4,5-triphosphate(IP3), alterthe localization ofPKCto the 

subcellular membrane compartmentwhere it is subsequently activated(Bell, 1988). 

Therefore,it is possible that activatedPKC viaDAG,IP3,and 14-3-3 is complexed with 

orlocalized near non-phosphorylated Raf-1,which is in turn phosphoiylated byPKCand 

released into the cytoplasm to activate downstream substrate kinases. Thisidea supports 

the emerging beliefthat signaltransduction isin part achieved through complexformation 

rather than a simple linear signaling pathway(Campbell, 1998).Furthermore,Wartman 

(1997)demonstrated a decreased affinity ofhyperphosphoiylated Raf-1 forthe plasma 

membrane with a corresponding increase in the cytoplasmicfraction ofthe kinase. Plasma 

membrane affinity wasrestored in this case by blocking this hyperphosphorylation ofRaf-

1. In addition to 14-3-3,other adaptor proteins have been implicated in the redistribution 

and trafficking ofRaf-1 withinthe cells. Hsp90 has beenshownto play a role inthe 

formation ofRas-Raf-1 membrane bound complexes,which are disrupted whenHsp90-

Raf-1 heterocomplexformation is blocked(Schulte, 1995). Although no link has been 

made between this chaperone protein and GPCRs,perhapsitfunctionsin a manner similar 

to that ofthe 14-3-3 protein asit relates to membrane localization ofRaf-1. Therefore,as 

illustrated infigure 4-25,it is reasonable to believe that inactive Raf-1 localized to GPCRs 
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FIGURE 4-25. Proposed subcellular redistribution and relocalization of Raf-1 following 
NNK stimulated 5-HT receptor-ligand binding to G-protein coupled receptors. In the 
resting state, Raf-1 forms a complex with the G-protein coupled receptor via adaptor 
proteins. Following 5-HT receptor-ligand binding, Raf-1 is phosphorylated via a PKC 
dependent pathway. Continued phosphorylation of Raf-1 results in the release of the 
kinase from the membrane bound fraction into the cytosol. 
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via adaptor proteins(14-3-3 and Hsp90)is activated via phosphorylation byits complexed 

effectorPKC,and subsequently propagates the signalthroughthe activation of 

downstream substrates. Continued phosphorylation ofRaf-1 mayresultin its dissociation 

fromthe plasma membrane associated complex;thus effectively preventing further 

activation and signal transduction. The hyperphosphorylation and resultant dissociation 

would serve as a negative self regulatory mechanism. 

This proposed mechanism may explainthe rapid increaseinRaf-1 protein levels 

withinthe non-neoplasticPNECsfollowingNNKstimulation via 5-HT release and 

uptake. Celllysates collected from each experiment are likely to contain a predominant 

proportion ofcytoplasmicRaf-1,whilethe remaining membraneis complexed with a 

smaller amountofthe kinase. Nonsoluable cell components,particularly membrane 

fragments,are subsequently seperated and discarded awayfromthe soluable cytoplasmic 

components.Asa result, each sample examined is composed inlarge part ofcytoplasmic 

protein. Therefore,according to the above proposed mechanism,Raf-1 redistributed 

awayfrom the membranefollowingNNKinduced activation could result inthe elevation 

ofcytoplasmicRaf-1 protein levels compared to either unstimulated ortime0controls. 

This may accountforthis increase in the protein level which occurred in a similar ammmt 

oftime as did the activation ofthis kinase. 

Another explanationforthis rise in cytoplasmicRaf-1 stimulated byNNK,maybe 

related to the half-life ofthe kinase. It has been shownthatthe disruption or the 

stabilization ofRaf-1 interactions with other adaptor proteins mayresultin a decrease or 
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increasein its half-life(Schulte, 1995). Specifically,inhibiting the interaction between 

Hsp90and Raf-1 reduced the half-life ofthe kinase. Therefore,is it possible thatNNK 

might actually stabalize such aninteraction,increase the half-life ofRaf-1inPNECs,and 

subsequently increase the levels ofcytoplasmicRaf-1 as demonstrated by our data? 

Although this potential mechanism accountingforthe increasein kinaselevelcan notbe 

ruled outby our experimental data,it is believed to bealess likely explanationforthe 

rapidly occurring observed response. Detectable changesin kinase half-life would notbe 

expected to occurinthe short period oftime examined in our experiments. However,this 

mechanism mayin part accountforthe higher protein levels observed after subchronic 

exposure to NNK. Itis also likely thatthe accentuated increasein proteinlevelsfollowing 

6daysofcontinuousNNKexposure is the end result ofmorethan one mechanism. In 

addition to theincreased half-life and the subcellular redistribution ofRaf-1,the possibility 

ofincreased Raf-1 protein synthesis mustbe addressed. 

Traditionally,Raf-1 wasbelieved to be constitutively expressed in many cells with 

little need for tighttranscriptional regulation(Storm,1990). However,Schulte(1995) 

performed experimentsin non-PNECsthat demonstrated a chemicallyinduced increase in 

the synthesis ofRaf-1. Although the exact mechanism responsiblefortheincreased 

protein expression is notknown,these studies do establish an example ofexogenous 

chemicallyinduced transcriptional regulation. Therefore,Raf-1 synthesis may,in 

conjunction with other processes,increasethe levels ofRaf-1 kinase inPNECs 

subchronically treated withNNK. However,can increased protein synthesis accountfor 
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the rapid elevation ofRaf-1 levels withinthePlSlECs ofoure^eriments? Studies using 

mouse hepatocytes treated withthe mitogen l,4-bis[2(3,5-dichloropyridylo5qr)]benzene 

revealed markedly accelerated rates ofprotein synthesis compared to untreated 

hepatectomized stimulated cells(Ledda-Columbano,2000). An 18fold increaseinthe 

rate ofcyclin dependentkinase(CDK2)protein synthesis was observed in treated cells 

with the highestlevelofexpression occurring within2hours. Unfortunately,no time 

points less than 120 minutes were examined. Therefore,it is reasonable to believe that 

protein s5mthesis can occurin a very short amountoftimefollowing stimulation,and that 

NNKmay stimulate this synthesis. This rapid synthesis may require constitutively 

expressed Raf-1 mRNAor maybethe result ofpost-translational modification that 

unmasksthe Raf-1 protein. However,in our studies, pre-treatmentofnormaland 

neoplasticPNECswith cycloheximidefailed to inhibit theNNKinduced elevation ofRaf-1 

and MAPK as measured by western blot analysis;thuslending supportto the proposed 

theories ofrelocalization and/or protein stabilization. Interestingly in normalPNECs 

exposed to cycloheximide,there wasno band atthe44IcDa(MAPK 1)position inrtinating 

alack ofthisMAPKisoform. Itis unclear whetherthis represents protein synthesis 

inhibition ofthis specificisoform or ifthe cycloheximide treatment altered the protein and 

its subsequent migration. Nevertheless,these plausible explanations relating to Raf-1 

protein synthesis can neither be confirmed nor completely ruled out based on our 

experimental data. Investigation into the unique signaling pathways and specific signaling 

mediators responsibleforNNKinduced protein kinase S5mthesis are thefocus offiature 

experiments. 
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MAPK 1\2 was also mildly elevated in normalPNECsexposed toNNKfor 

periodsless than 120 minutes. Certainly the rapid rise in protein levels is consistent with 

intracellular protein redistribution as is the likely case with Raf-1. Althoughthe 

relocalization ofMAPKinto the nucleus has been well documented in many celltypes 

(Chen,1992;Lenormand,1993),other areas ofsubcellular localization and redistribution 

ofthis protein are less well understood.MAPKhas been shownto phosphorylate and 

regulate a variety ofother extranuclear substrates such as cell surface proteins, 

cytoskeletal components,and cytoplasmic kinases(Guan,1994). This suggestsinteraction 

and possibly subcellular compartmentalization ofMAPK. Amitogeninduced 

conformational change ofMAPKor bound adaptor proteins,could alter these interactions 

and resultin shifts in subcellular location. Tins could also accovmtforthe multiple effect 

phenomenonMAPK hason either cell growth,differentiation, or death as reported in 

some studies(Pumiglia, 1997). Interestingly, althoughMAPKin the normalPNECwas 

rapidly elevated within 120 minutes, protein levels evaluated following6daysof 

continuousNNKexposure did notshow a significantincrease over cells nottreated with 

NNK. Thisis believed to be due to maintenance ofthe cells in 10%COjforthe6day 

time period in orderto insure cellular viability. When comparing these results with the 

shorter time intervals and those obtained for Raf-1,there is suggestion that elevated CO2 

also resulted in increased protein kinase levels. Reintroduction ofbasally suppressed cells 

into a hypoxic environmentin conjunction withNNKexposure likely leadsto a 
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cumulativelyinduced increasein Raf-1 and MAPKlevels. Theselevels appeared to 

decline slightly over 120 minutes which maysuggestthe reductionintheinfluence and 

acclimation to eitherNNKorthe elevated CO2.Itis unlikely thatthere is acclimationto 

NNK since there is elevation in Raf-1 compared to untreated controls after6daysof 

continuousNNKtreatment while being maintained in 10% COj. Therefore,thelack of 

MAPK protein elevation after subchronicNNKexposure is suggestive ofincreased basal 

protein levels which maybethe result ofother growthfactors and the integration ofother 

non-NNK associated pathways atthe point ofMEK. 

In orderto circumventtheinfluence ofthe elevated COj,normalPNECswere 

exposed toNNKin a5%CO2environment(similarto thatfound inthe healthy lung). 

Levels ofboth Raf-1 and MAPKwere increased,butto a lesser extentthan whenin 

combination with 10% CO2.These results are consistent with our previous data and the 

proposed hypothesis explaining the data, and demonstrate aninducible effect on protein 

kinase levels byNNKwithoutthe influence ofhypoxia. 

To comparethe effect ofNNKon protein levels in neoplasticPNECs,similar 

experiments asthose performed in non-neoplasticfetalPNECswere conducted in human 

SCLC cells(H69cells). Itwas discovered that neither Raf-1 norMAPK protein levels 

were increased significantly byNNKtreatment irregardless ofexposure time. Thelack of 

difference between basallevels attime0and treated cells likely reflects constitutively high 

levels ofexpressionin these cells that cannot be altered byNNK. These results are 

consistent with previous findingsin which SCLC were shownto express very high levels 
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ofnormal size Raf-1 mRNAand protein(Pfeifer, 1989). This preferential overexpression 

wasfound to exist apartfrom the sporadic constitutive activation dueto deletions in 

chromosome3p25 which leads to the loss oftheN-terminalregulatory region ofthe 

protein,as described byNaumann(1997). Our data are supported bytheseindependent 

findings,as we also observed constitutive expression ofbothRaf-1andMAPKwithout 

concurrent constitutive activation. This change likely refiects amplification ofeach 

respective proto-oncogene,since thesetumor cells rely in large part ontheMAPK 

pathway as well astranscriptionaland translational componentsfor sustained growth. 

Using in vitro models,Pfeifer(1998)provides evidence thatRaf-1 overexpression is 

required forthe developmentofSCLC,and chemicalinduced gastric carcinomas have also 

beenlinked to amplification ofribosomal genes early in the course ofcarcinogenesis in 

tumors containing constitutively elevated levels ofRaf-1(Khanson,1991). Nevertheless, 

an inciting cause ofprobable proto-oncogene amplification in SCLC has notbeen 

defimtively determined. Some evidence eludesto profound upregulation ofmitogenic 

receptors resulting in chronicallyintense stimulation ofmitogenic pathways(Bencherif, 

1995),while othersimplicate possible genetic deletions in non-codingDNAsequences 

(Patel, 1993). However,no specific evidence has beenfound in relation to SCLC,and 

previous work hasfailed to demonstrate specific mutationsin SCLCproto-oncogenesthat 

are responsibleforRaf-1 and MAPK overexpression. 

Upon demonstrating increased levels ofRaf-1 and MAPKin non-neoplastic 

PNECstreated withNNK,wesubsequently attempted to inhibit thisinduced response by 
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blocking suspected receptorsinvolved,and therefore establishing areceptor-mediated link 

to the rise in protein kinase levels. The levels ofRaf-1 protein observed in cells 

pre-treated with the5-HT receptor uptake inhibitor,imipramine,were markedlyreduced 

compared to all other treatment groups and the untreated controls. Asillustrated infigure 

2-11,5-HT release and uptake are believed to bethe result ofconcerted stimulation by 

NNK and COj. Blocking this centrally located receptor-mediated autocrine and paracrine 

effect would be expected to inhibit downstream signaling stimulated by numerous 

mitogensincludingNNK. Asproposed in figure4-24,blocking 5-HT GPCRswould be 

expected to prevent phosphorylation ofRaf-1and may preventsubsequentrelocalization 

into the c3rtoplasm. HigherRaf-1 levelsin untreated control cells compared to imipramine 

treated cells are believed to reflect the basallevels of5-HT release and uptake after 120 

minutesin a hypoxic environment. Although theinfluence ofthe high CO2may have 

diminished slightly throughoutthistime period,other growthfactors would likely have 

been elaborated over 120 minutes and subsequently caused 5-HT release and uptake. 

However,blocking all nicotinic receptors with hexamethonium should only eliminate the 

NNKinduced 5-HT effect whileleaving the 5-HT receptorsintactfor other mitogen 

induced 5-HT stimuli. Infact,our data supports this hypothesis, asRaf-1 levelsin 

hexamethonium treated cells are similar to those in untreated cells. Furthermore,by 

blocking only the a-,nAChRsubtype via a-bungarotoxin,theNNKinduced Raf-1 protein 

increase is partially inhibited when compared to cells treated with hexamethonium which 

totally blocked the effect ofNNK. The differencein Raf-1 protein levels between these 
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twotreatmentgroupsis likely the result ofNNK binding to unblocked non-ay nAChR. 

These latter results are consistent with the findings by SchuUer(1998)concerning the 

specific high afBnity binding ofNNKto the a,nAChR. MAPK protein levels werefound 

to be inhibited by these receptor antagonistin a similar manner asthat ofRaf-1. However, 

neither the receptor antagonist northe 5-HT uptake inhibitor prevented theinduced 

protein increase to the same degree asthey prevented Raf-1 elevation. MAPKlevels in 

imipramine pre-treated cells are similarto levelsin untreated control cells, while the 

receptor antagonists,hexamethonium and a-bungarotoxin,only partially inhibited the 

induced protein elevation. Although the reasonfor thisless pronounced inhibition of 

protein levels is not certain,it is highly possible thatthe infiuence ofother signaling 

pathwaysonMAPKvia other receptor-mediated processes attenuates such a dramatic 

shift in protein levels. The similar amountsofMAPKinimipramine treated cells and 

untreated control cells also likely pointsto theinfiuence ofothernon-5-HT associated 

pathways that ejffect MAPK. SinceMAPK serves as a morecommonintegration point 

among multiple cell signaling pathways,itis reasonable thatthis protein beless responsive 

to a single inhibitor. Therefore,alink may be established betweenNNKligand binding to 

specific receptors and increases in proteinIdnase levels. These data not only supportthe 

hypothesis ofanNNKlinked receptor mediated signaling pathway,but also exhibitthe 

vital role of5-HT in affecting the levels ofRaf-1 and to alesser extentMAPK. 

Additionally,these results are consistent withthe proposed mechanismsofRaf-1 and 
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MAPK protein kinase relocalization, stabilization,or synthesis followingNNK stimulation 

in non-neoplasticPNECs. 

Pre-treatment oftheH69cells with the receptor antagonists and the5-HT uptake 

inhibitor failed to change the the Raf-1 and MAPKlevels when compared to cells treated 

withNNK alone or untreated controls. These protein kinases appearto be at 

constitutively high levelsinthe neoplasticPNECsand may notbe influenced byreceptor 

mediated inhibition. This certainly appearsto bethe case withRaf-1,and could implicate 

DNAamplification as a potential mechanismfor this constitutively high kinase level. 

However,these levels may also be consistent with the upregulation ofunidentified non-

nicotinic and non-5-HT mitogenic receptors. Finally,the inability ofNNKto stimulate a 

protein kinase increase in neoplasticPNECsis compatible with the earlier data described. 

These data demonstrate afunctional relationship betweenNNKreceptor mediated 

binding and Raf-l/MAPK protein levels. The ability ofthis tobacco-derived mtrosamine 

to stimulate increases in the mitogenic pathway protein kinase levels ofnon-neoplastic 

cells lendsfurther supportforthe mitogenic effect ofthis compound which could 

subsequently resultin SCLC development.Future experiments shouldfocusonthe 

mechanismsby which these proteins are elevated followingNNKtreatment and the point 

at which protein levels withinPNECsbecome unresponsive toNNKdueto either gene 

amplification or receptor upregulation. These results in conjunction with our data will help 

elucidate the importance ofkinase expression in SCLC carcinogenesis. 
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Chapter 1:Summary 

Lung cancerremainsto bethe mostfrequently encoimtered lethal malignancyin 

the United States with over a quarter ofall cancer deaths associated with this group of 

neoplasms(American Cancer Society, 1998).Oftheselung cancer related deaths,SCLC 

accountsfor almost90%,making it the mostlethalform ofpulmonary cancer(Alberg, 

1998). Furthermore,ofthe diagnosed cases ofSCLC,90%have been epidemiologically 

linked to the actofsmoking and COPD(Alberg, 1998). Infact,individuals thatsmoke 

and concurrently sufferfrom COPD,whether smoking related or not, are at higher risk to 

develop SCLC(Weiss, 1991), This haslead to a variety ofinvestigations examiningthe 

mechanism by which individuals thatsmoke develop SCLC,particularly ifthey are 

diagnosed with COPD. It has beenshownthatSCLC cells and their non-neoplastic 

pulmonary neuroendocrine cell(PNEC)oforigin proliferate when exposed totobacco-

specific carcinogens and/or 10%COj(hypoxia)(Merryman,1997;SchuUer,1994). 

Nicotine is one such carcinogen thatin addition to stimulating cell proliferation wasfound 

to also result in the production ofvarious bioamines,thusimitating the effects of 

acetylcholine(Tabassian, 1988). It has been well documented that nicotine exertsthis 

effect via high afSnity binding to the cholinergic receptors(Taylor, 1990;Schuller, 1998). 

Inturn,it has been proposed thatthese released bioamines may actin an autocrine and 
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paracrine mannerto facilitate a cellular response(i.e. proliferation). Although nicotine is 

the most abundantcarcinogen present withintobacco smoke,4-(methylnitrosamino)-l-(3-

pyridyl)-l-butanone(NNK)is knownto be a highly potent derivative ofnicotine that binds 

with much greater affinity to the a-bungarotoxin sensitive subtype(a^)ofthe nicotinic 

acetylcholine receptor(nAChR)as compared to nicotine(Schuller, 1998). Ofthe many 

secretagogues stimulated by nicotine,NNK,or other mitogenic receptor-ligand binding, 

specifically 5-hydroxytryptamine(5-HT,serotonin)has beenshownto be rapidly released 

and influencethe proliferation ofPNECs(Youngson,1993;Merryman,1997;Schuller, 

1994). 

In orderto link theNNKinduced receptor-mediated serotonergic signal to the 

proliferative response observed inPNECs,we examined the effect ofNNKona major cell 

regulatory signaling pathway,theMAPIdnase cascade. This was achieved through the 

analysis ofnormaland neoplasticPNECkinase activation and protein levels, specifically 

those ofRaf-1 and MAPK 1\2,followingNNK exposure. 

TheMAPKcascadeis a growth regulatory pathwaythat is initiated byligand 

binding to a variety ofreceptors, and is composed ofspecific protein kinasesregulated by 

a series ofphosphorylation and dephosphorylation reactions(Heidecker, 1992;Mgnusun, 

1994;Mschak,1996). A broad range ofextracellular stimuli such as chemical 

compounds,growth factors,photons,and inflammatory mediators may bind to either 

tyrosine-kinase receptors(RTK)or heterotrimeric GTP-binding proteins that are coupled 

to receptors(GPCRs). Theformer,RTK,is composed ofthree major components which 



150 

include an extracellular ligand binding domain,atransmembrane domain,and an 

intracellular tyrosine kinase domain(Porter, 1998). Uponligand binding,there is trans-

autophosphorylation ofthe kinase binding domain which subsequently activatesthe G-

proteinRasviathe SH2(src homology2)containing adaptor protein Grb2. AlthoughRas 

acts on a wide variety ofeffector targets,it has beenshownthat activated Rasformsa 

high aflBnity complex with the serine/threonine kinase Raf-1(Van Aelst, 1993;Moodie, 

1993;Zhang,1993;Wame,1993). This complexformation results in the membrane 

localization ofRaf-1 and subsequent activation ofMAPK 1/2. Alternatively,ligand 

binding to GPCRscan resultinRaf-l/MAPK activation. GPGRsare composed ofa seven 

transmembrane receptorlinked to a heterotrimeric(cc,P,y subunits)Gprotein(Dohlman, 

1987). Ligand binding resultsin the conversion ofGDP to GTP onthe a subunit whichin 

turns dissociatesfrom the py subunits. The activated a subunit has beenshownto 

activate phospholipase C-p(PLC)(Wu,1992;Conklin, 1992),and subsequently 

hydrolyzes phosphatidylinositolinto inositol 1,4,5-triphosphate(IP3)and diacylglycerol 

(DAG)(Dhanasekaran, 1998). The generated diacylglycerolin conjunction withIP3 

results in the membrane localization and activaton ofprotein kinaseC(PKC)via a Ca^"^ 

dependent mechanism(Dhanasekaran,1998). Animportant effector ofPKCisthe 

protein kinase Raf-1. 

Raf-1(74kDa)is a ubiquitously expressed 648 amino acid protein thatis 

composed ofthree highly conserved regions within the N-terminal regulatory domain and 

the C-terminal kinase domain(Boimer,1986). It has been demonstrated that 
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phosphorylation ofspecific serine residues(Ser259)results inthe activation ofthis kinase 

(Isumi, 1991),while phosphorylation ofother amino acid residues(Ser621)resultsinthe 

inhibition ofRaf-1(Morrison, 1993). Phosphorylation ofthe appropriate amino add is 

believed to conformationally alter the protein and expose the cataljdic domainfor 

subsequent substrate activation(Campbell, 1998). MEK(43-46kDa)isthe onlyknown 

substrate ofRaf-1(Williams, 1994)which has been showntoform a relatively stable 

interaction attheRaf-1 C-terminus kinase domain(Alessi, 1994;Van Aelst, 1993). MEK 

activation is a result ofphosphorylation at serine217and 221 ofa highly conserved 

consensussequence(Alessi, 1994),and acts as a dual specifidty kinase which 

phosphorylates specific threonine and tryrosine residues within a characteristic TXYmotif 

ofMAPK 1\2(Dhanasekaran, 1998). Activated/phosphorylated MAPK 1\2may 

translocateto the nucleus wherethey in turn activate nuclear proteinsinvolved in cell 

cycle regulation and cell death.The c-myc protein is atightly regulated nuclear 

phosphoprotein that maybe phosphorylated at specific amino add residues(Thr-58 and 

Ser-62)byMAPK withinthe cytoplasm as well as within the nucleus(Lutterbach, 1994). 

In this way,a mitogenic signal,such asNNEC,sendsinformation firomthe cell surfaceto 

the nucleus where it mayregulatethe cell cycle. 

From our experimentswe were ableto demonstrate the activation ofbothRaf-1 

and MAPKin normal and neoplastic cells resulting fi-om exposuretolow concentrations 

ofNNKthat are consistent with those levelsfound in tobacco smoke. Therole of5-HT 
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was made evident by blocking its uptake which resulted in the reduction ofNNKinduced 

kinase activation. These findings supported theideathat5-HT acts as a mitogen(NNK) 

induced secretagogue that subsequently acts in an autocrine mannerto stimulatethe 

activation ofRaf-1 oftheMAPkinase pathway. Since5-HT receptors are 

characteristicallytransmembrane GPCRs(Hoyer,1994),it is likely thatthey stimulateRaf-

1 activation via aPKCdependent,non-RTK pathway. Furthermore,byinhibitingPKC 

activation with sphingosine our results demonstrated a profound reductionin Raf-1 

activation. Therefore, alternative pathwaysinvolving GPCRsand Ras,that would 

normally circumventPKCinvolvement,do notappearto play a major roleintheNNK 

induced serotonergic activation ofRaf-1. NNKmay also contribute more directlyto the 

activation ofRaf-1 and augmentthe ejGFect ofserotonin. Since nicotinic receptors are 

calcium ion channels(Linstrom, 1995)andNNKbinding to these receptorsincreasesthe 

Ca^^influx intoPNECs(Sheppard,unpublished),then elevated cytoplasmic calcium levels 

may enhance the localization and activation ofPKC. The actual mechanism ofNNK 

induced 5-Err release and the receptorsinvolved in its uptake intoPNECsare thefocus of 

future experiments,butthe role of5-HT uptake inthe activation of MAP kinase pathway 

componentsis evident. 

The activation ofdownstream kinases within this cascade was also shownto be 

effected byNNK,as blocking theMAPkinase pathway atthe level ofMEKresulted in 

reduced MAPK 1\2 activation. This reduced activation ofMAPKalso resulted in a 

reductionin theNNKinduced phosphorylation ofMycatthe Ser-62residue,an eventthat 
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has beenfound to beimportantinthe stabilization ofthis protein and its abilityto regulate 

the cell cycle(Sears, 1999). Our data representsthe firstto show an effectofNNKon 

Myc,and also opensthe doorforinvestigationsinto the effectofNNKonthe cell cycle 

itself. These changesin activation/phosphorylation provide an explanation and an 

intracellular mechanismforthe increased cell proliferation ofboth normal and neoplastic 

PNECsexposed to NNK. Although other mitogenic signals,such as elevated COjand 

serum,have beenshownto stimulatePNEC proliferation(Menyman,1997;Schuller, 

1994),measuresweretakenin our experimentsto reducethe effect ofthese influences as 

much as reasonablyfeasible. Therefore,the activation oftheMAPkinase cascadeleading 

to the activation/phosphorylation ofMycis believed to predominately representthe effect 

ofNNK. Nevertheless,elevated CO2may also effecttheMAPkinase pathwayin a similar 

fashion asthe result ofconcurrent stimulation of5-HT release and uptake. Increased CO2 

isthe hallmark ofCOPD,and as previously mentioned is animportantriskfactor along 

with smokingthatis associated with SCLC. Theeffect ofCO2ontheMAPkinase 

pathway,Myc,and 5-HT as well asthe characterization ofthe oxygen sensitive receptor is 

thefocus offuture investigations. 

ThefactthatNNKstimulates activation oftheMAPkinase cascade and cell 

proliferation in both normally"dormant",non-neoplasticPNECsofadultlungs and 

neoplasticPNECsstrongly suggeststhatthis carcinogen is involved inthe initiation 

(PNEC hyperplasia)and progression(tumorgrowth)ofSCLC. The point at which 

transformation takes place and the eventsthat constitute this change remainsunclear. 
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Although various genetic alterations have beenfound to existin some SCLCs,there 

incidence is sporadic and non-specific. Furthermore,the concentrations 

required to experimentally produce either bulky adducts(i.e. pyridyl oxobutanone)or 

smaller alkylating adducts(i.e. methyl diazoate)firomNNK metabolites is much higher 

than those concentrations present within tobacco smoke. Therefore,it is believed to be 

unlikelythatSCLCis a result ofNNKinducedDNA adductformation with subsequent 

cellular transfonnation. Instead,our data suggests thatthe growth and proliferation of 

normal and neoplasticPNECsis responsive toNNKthrough a cell signaling mediated 

processthat mayresultinthe regulation ofthe cell cycle. Although cell cyclefimctionin 

neoplasticPNECsmaybecome dysregulated atsome pointintime,itis apparentthrough 

ourfindings and those demonstratingNNKinduced proliferation ofSCLC(Schuller, 

1994)thatthese cells remainresponsive to receptor-mediated signaling events initiated via 

NNK. 

Our eqjeriments produced an interesting finding when examining concurrent 

e3q)ression ofRaf-1 and MAPK 1\2in non-neoplasticPNECsfollowingNNKexposure. 

NNKresulted inthe rapid elevation ofRaf-1 and MAPK 1\2 protein levels that was 

inhibited by blocking eitherthe nicotinic AChRsor blocking 5-HT uptake. Theincrease in 

protein levels maybethe result ofRaf-1 and MAPKlocalization and redistribution within 

the cell which has beenshownto stabilize and promote interactions with effector and 

substrate molecules(Reuther, 1996;Fanger, 1998;Guan,1994). Although poorly 

understood,the redistribution and interaction ofRaf-1 and MAPK may play a highly 
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orchestrated role infacilitating the activation ofthese kinases and may also be relocalized 

as a result ofthe activation. Therefore,the Raf-1 and MAPK protein levels observed in 

our ejqperiments maybe afunction ofthere activation ratherthan a separate molecular 

eventinduced byNNK. However,increase protein synthesis can notbe ruled out as a 

contributingfactor also resulting in the elevation ofprotein levels, particularly those levels 

observed following subchronic exposure toNNK. 

These changes were not apparent withinthe SCLCline,wherelevels ofRaf-1 and 

MAPK 1\2 appeared to beindependentofNNKreceptor-ligand binding. The protein 

levelsremained similar among all treatmentgroups examined,and likely represents 

constitutive expression, possibly overexpression,ofthese kinasesinPNECtumor cells. 

These data were consistent with previous findings documentingthe overexpression of 

these kinasesin SCLC(Pfeifer, 1989). The mechanism by which this constitutive 

overexpression occurs has notbeen completely elucidated. It can be proposed thatthe 

highlevels ofRaf-1 and MAPKmaybethe result ofa primed growth pathwayin which 

protein synthesisis accentuated(Pfeifer, 1998),and these high levels mayovershadow 

more subtle changesin subcellular redistributionfollowing kinase activation. Future 

experiments should be directed at clarifying the mechanism by whichthese protein levels 

areincreased in mitogen stimulated cells. Nevertheless,NNKnotonly resultsinthe 

activation oftheMAP kinase pathway,but also increasesthe cytoplasmic proteinlevels of 

its major constituentkinases. 
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This study has demonstrated animportantlink betweenthetobacco associated 

carcinogen,NNK,and the proliferative cellularresponse it has been observed to cause. 

WehaveshownthattheMAPIdnase cascade serves as animportant pathwayforthe 

NNKreceptor-mediated signalin traveling to the nuclear cell cycling apparatus. Future 

investigations should focus on:a)the effect ofNNKexposure onthe cell cycle and its 

major regulatory components,b)the characterization ofthe S-HT receptor and the 

mechanism by which5-HT release and uptake is stimulated byNNK,c)the effectof 

COPD(elevated CO2)ontheMAPkinase pathway asit relatestoNNKstimulation,5-HT 

release and uptake,c-myc protein activation,and characterization ofthe oxygen sensitive 

receptors. These studies will help further explainthe pathogenesis ofsmoking related 

SCLC,and advancethe causeforthe developmentofeffective chemotherapeutic and 

chemopreventive measures. 
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