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국문초록

T790M 변이를 가진 비소세포폐암에서

gefitinib내성극복에 대한 simvastatin의 영향

황 기 은

지도교수 이승일

조선대학교 대학원 의학과

비소세포폐암에서 epidermalgrowth factorreceptor tyrosine kinase inhibitors

(EGFR-TKIs)의 초기 임상적 성적들은 실망스런 결과들을 보였으나 비흡연자,여자,

선암,아시아의 선택적 환자들에게서 좋은 임상적 결과들을 보여주고 있다.하지만

EGFR-TKIs에 반응이 있었던 환자에서 수개월에서 수년 후 획득내성이 발생하여 이

를 극복하고자 하는 치료제의 개발이 시급한 상황이다.

Statin은 3-hydroxy-3-methylglutarylcoenzymeA (HMG-CoA)reductase의 억제

를 통해 항콜레스테롤 효과를 보이는 약제로 이미 항암효과를 보임이 증명되었다.이

연구는 EGFR의 T790M 획득내성을 가진 비소세포폐암주에서 simvastatin이

mechanism-basedapproach를 통해 EGFR-TKIs의 내성을 극복할 수 있는지 알아보

고자 하였다.

T790M 획득내성을 가진 비소세포폐암주에서 gefitinib과 simvastatin병합요법시

caspase의존적인 세포고사가 유도됨을 확인하였다.또한 병합요법시 AKT/β-catenin

activity와 targetprotein인 cyclinD1과 survivin역시 감소됨을 확인하였으며,insulin

과 AKT overexpression시에는 p-β-catenin,survivin발현이 증가됨을 확인하였다.

그러나 AKT에 대한 siRNA나 LY294002을 통한 AKT 억제시 p-β-catenin,survivin

발현이 감소되어 AKT pathway가 targetgene인 survivin의 발현을 직접적으로 조절
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하고 있음을 알 수 있다.Gefitinb과 simvastain의 병합요법에 의해 유도된 세포고사

에 survivin의 직접적인 영향을 확인하기위해 survivinsiRNA를 처리한 경우 세포고

사가 의미있게 증가하였으며 반대로 survivinup-regulation시 세포고사가 감소함을

확인하였다.

결론적으로 simvastatin이 T790M 획득내성을 가진 비소세포페암에서 AKT/β-catenin

신호전달계에 의존적인 survivin의 down-regulation을 통해 EGFR-TKIs에 의한 내성

을 극복할 수 있음을 확인하였다.
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ABSTRACT

EffectofSimvastatinonGefitinibresistancein

Non-smallCellLungCancerwiththeT790M Mutation

HwangKiEun

Advisor:Prof.LeeSeungIl,Ph.D.

DepartmentofMedicine,

GraduateSchoolofChosunUniversity

Althoughnon-smallcelllungcancer(NSCLC)tumorswithactivatingmutations

intheepidermalgrowthfactorreceptor(EGFR)arehighlyresponsivetoEGFR

tyrosinekinaseinhibitors(TKIs)includinggefitinibanderlotinib,development

ofacquiredresistanceisalmostinevitable.Statinsshow antitumoractivity,but

itisunknown whethertheycanreverseEGFR-TKIsresistancein NSCLC

with the T790M mutation ofEGFR.This study investigated overcoming

resistancetoEGFR-TKIusingsimvastatin.Wedemonstratedthatadditionof

simvastatin to gefitinib enhanced caspase-dependent apoptosis in T790M

mutantNSCLC cells.Simvastatin also strongly inhibited AKT activation,

leadingtosuppressionofβ-cateninactivityandtheexpressionofitstargets,

survivin and cyclin D1.Both insulin treatmentand AKT overexpression

markedlyincreasedp-β-cateninandsurvivinlevels,eveninthepresenceof

gefitinibandsimvastatin.However,inhibitionofAKT bysiRNA orLY294002

treatmentdecreasedp-β-cateninandsurvivinlevels.Todeterminetheroleof
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survivin in simvastatin-induced apoptosis ofgefitinib-resistantNSCLC,we

showedthattheproportionofapoptoticcellsfollowingtreatmentwithsurvivin

siRNAandthegefitinib–simvastatincombinationwasgreaterthanthetheoretical

additiveeffects,whereassurvivinup-regulationcouldconferprotectionagainst

gefitinibandsimvastatin-inducedapoptosis.Similarresultswereobtainedin

erlotinibandsimvastatin-treatedHCC827/ERcells.Thesefindingssuggestthat

survivinisakeymoleculethatrendersT790M mutantNSCLCcellsresistant

toapoptosisinducedbyEGFR-TKIsandsimvastatin.Overall,thesedataindicate

thatsimvastatinmayovercomeEGFR-TKIresistanceinT790M mutantNSCLCs

viaan AKT/β-catenin signaling-dependentdown-regulation ofsurvivin and

apoptosisinduction.
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Ⅰ.Introduction

Theefficacyofepidermalgrowthfactorreceptortyrosinekinaseinhibitors

(EGFR-TKIs)has been demonstrated in treatmentofnon-smallcelllung

cancers(NSCLCs).Althoughtheysometimesinducearemarkableordurable

response,allpatientsultimately develop acquired resistancetoEGFR-TKIs

aftervarying periods oftime [1].The resistance to the EGFR-TKIs in

EGFR-mutantNSCLCpatientsisacquiredthroughtwodifferentmechanisms:

∼50% havetumorswithasecondaryEGFRmutationinthreonine790(T790M)

and ∼20% havetumorsthatshow an amplification oftheproto-oncogene

MET [2,3].IrreversibleEGFR-TKIs,includingBIBW2992,havebeenfoundto

beeffectiveininhibitingthegrowthofNSCLCcellswiththeT790M mutation

ofEGFR bothinvitroandinvivo[4-6].Todate,however,theefficacyof

suchinhibitorshasnotbeenverifiedinclinicalstudies,anditremainsunclear

whether such inhibitors can overcome T790M-mediated resistance when

administeredatapharmacologicaldose[7].Thus,thereisaneedtoexplore

alternativetherapeuticmethodstoovercometheseresistancemechanisms.

Statinsarewidelyusedaslipid-loweringagentsthatinhibittherate-limiting

stepofthemevalonatepathway,whichiscatalyzedby3-hydroxy-3-methylglutaryl

coenzymeA (HMG-CoA)reductase[8].Statinshavebeenstudiedfortheir

anticarcinogenicandapoptoticproperties,whichincludeimpairmentofprotein

prenylation and interference with the formation of cholesterol-rich lipid

microdomainscalledlipidraftswithinthecellmembrane[9],invariouscancer

celltypes,includingNSCLCsandcarcinomasofthecolon,prostate,breast,and

skin[10,11].BothoftheseprocessesarecriticalforthefunctionofEGFRand

theactivityofnumerousproteinsimportantforEGFR signaling,suchasRas
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[12].Apartfrom these signaltransduction pathways,we have previously

demonstrated thatthe ability ofsimvastatin to retard tumorgrowth and

progressionbyinducingapoptosisisrelatedtoanAKT signaling-dependent

down-regulationofsurvivininA549lungcancercells[13].Somestudieshave

shown thatthecombinationofgefitinibandlovastatin exertsasynergistic

cytotoxicityandenhancesEGFR inhibitioninsquamouscellheadandneck

carcinomas,NSCLCs,andcoloncarcinomacelllines[14-16].

Survivinisthesmallestmemberoftheinhibitorofapoptosisprotein(IAP)

familyandhasbeenshowntoinhibitapoptosisthroughdirectinhibitionof

caspase-3 and caspase-7,which actasterminaleffectorsin theapoptotic

proteasecascade[17-19].Survivinishighlyexpressedintransformedcellsand

in most human cancers, including lung, breast, pancreatic, and colon

carcinomas,softtissuesarcomas,braintumors,andhematologicmalignancies,

amongothers[20-23].Overall,increasedsurvivinexpressionisalsoassociated

withanincreasedriskofrecurrence,lymphnodeinvasion,andmetastasis[24,

25].However,interferencewithsurvivinfunctionreducescancercellgrowth,

inducesapoptosis,and sensitizescancercellstoradiation orchemotherapy

[26,27].Okamotoetal.[28]reportedthatdown-regulationofsurvivinplaysa

pivotalroleingefitinib-inducedapoptosisinEGFR mutation-positiveNSCLC

cells.Persistentsurvivinexpressionmightthereforebeexpectedtoresultin

resistancetogefitinibinNSCLCcelllineswiththeT790M mutationofEGFR.

Inthisstudy,wehypothesizedthatsimvastatinmayovercomeEGFR-TKIs

resistanceinNSCLCswiththeT790M mutationofEGFR bymodulatingthe

AKT-survivin pathway.Weinvestigated whethertheantitumoractivity of

EGFR-TKIscanbepotentiatedbysimvastatininNSCLCswiththeT790M

mutationofEGFR.Functionalandbiochemicalstudieswereperformedinvitro

totesttheeffectofEGFR-TKIs,simvastatin,andEGFR-TKIsplussimvastatin
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oncellproliferationandapoptosis.Wealsoinvestigatedwhethersimvastatin

hasaneffectonAKT signalingandthemodulationofsurvivinactivityin

NSCLCcelllineswiththeT790M mutationofEGFR.
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Ⅱ.MaterialsandMethods

A.Materials

RPMI1640,fetalbovineserum (FBS),andantibioticswereobtainedfrom

GIBCO BRLCo(GrandIsland,NY).Gefitinibwasobtainedfrom Kemprotec,

whilesimvastatin,3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide

(MTT),propidium iodide(PI),bicinchoninicacid,dimethylsulfoxide(DMSO),

insulin,andLY294002werepurchasedfrom Sigma-Aldrich(St.Louis,MO).

Primaryantibodiesagainstthefollowingtargetswereused:caspase-3,-8,and

-9;poly(ADP-ribose)polymerase(PARP)(SantaCruzBiotechnology,Santa

Cruz,CA);andEGFR;phospho-EGFR;serine/threonineproteinkinase(AKT);

phospho-AKT; extracellular signal-regulated protein kinase (ERK1/2);

phospho-ERK1/2;JNK;phospho-JNK;survivin;phospho-b-catenin;cyclinD1;

GAPDH (CellSignalingTechnology,Beverly,MA).Anti-rabbitIgG-conjugated

horseradishperoxidase(HRP)antibodiesandtheenhancedchemiluminescent

(ECL)kitwerepurchasedfrom Amersham PharmaciaBiotech(Buckinghamshire,

UK).

B.CellCultureandViabilityTest

TheNSCLC celllinesHCC827[EGFR exon19deletion]andH1975[EGFR

exon21mutation(L858R)andexon20mutation(T790M)]wereobtainedfrom

theAmericanTypeCultureCollectionandgrowninRPMI1640containing100

units/mlpenicillin,0.1mg/mlstreptomycin,and10% FBS,andweremaintained

inthelogphaseinahumidifiedatmosphereof5% CO2 andat37°C.Cell

viabilitywasdeterminedbymeasuringthemitochondrialconversionofMTT
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toacoloredproduct.Followingtreatmentwiththespecifieddrugs,cellviability

wasdeterminedbyaddingMTT tothecellsuspensionfor4h.Afterthree

washeswithphosphate-bufferedsaline(PBS;pH 7.4),theinsolubleformazan

productwasdissolvedinDMSO.Theopticaldensity(OD)ofeachwellwas

thenmeasuredusingamicroplatereader(TitertekMultiskan;Flow Laboratories,

NorthRyde,Australia)at590nm.TheODresultingfrom formazanproduction

incontrolcellswasconsideredas100% cellviability,andallothermeasurements

wereexpressedasapercentageofthecontrolcellvalue.

C.AnnexinV AssayfortheAssessmentofApoptosis

TheNSCLC celllines undergoing early/lateapoptosiswere analyzed by

annexinV-FITC andPIstaining.Inall,2.5× 105 cellsintheexponential

growth phasewereseededin 60-mm
2
dishes.Cellswereleftuntreatedor

incubatedwithspecifieddrugsfortheindicatedtimesat37°C.Bothadherent

and floating cells were collected and analyzed by the Annexin V assay,

accordingtothemanufacturer’sinstructions.Pelletedcellswerebrieflywashed

withPBS andresuspendedinanAnnexin-bindingbuffer(BD Pharmingen).

CellswerethenincubatedwithAnnexinV-phycoerythrinandpropidium iodide

for15 min atroom temperature.Afterincubation,thestained cells were

analyzedusingaFACScansystem equippedwithCellQuestsoftware(Becton

Dickinson,SanJose,CA).Cellswithnodrugtreatmentwereusedascontrols.

D.WesternBlotting

Cellswereharvestedandlysedusingradioimmunoprecipitationassaybuffer

(50mM Tris-Cl[pH,7.4],1% NP40,150mM NaCl,1mM EDTA,1mM
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phenylmethylsulfonylfluoride,1µg/mLeachofaprotininandleupeptin,and1

mM Na3VO4).Aftercentrifugationat12,000×gfor30min,thesupernatant

wascollected,andtheproteinconcentrationwasdeterminedwiththeuseof

theBradfordreagent(Bio-Rad).Equalamountsofproteinwereseparatedby

12% sodium dodecylsulfate-polyacrylamidegelelectrophoresis(SDS-PAGE)

under reducing conditions and subsequently transferred to nitrocellulose

membranes.Membraneswereblockedwith5% skim milkinTBS-T (25mM

Tris[pH,7.6],138mM NaCl,and0.05% Tween-20)for1handprobedwith

primaryantibodies(at1:1000–1:5000).Afteraseriesofwashes,membranes

werefurtherincubatedwithsecondaryantibody(at1:2000–1:10,000)conjugated

withHRP.Detectionoftheimmunoreactivesignalswascarriedoutusingan

ECLdetectionsystem (Amersham Co.,England).

E.GeneSilencing

Transcriptionalexpressionwasspecificallysuppressedbytheintroductionof

21-nucleotideduplexsiRNA,whichtargetsnucleotidesoftheAKT orsurvivin

mRNA coding sequence [29].Briefly,cells (10
5
cells/well)were plated in

6-wellplates and transiently transfected with 2 µg perwellofAKT or

survivin siRNA (CellSignaling Technology)mixedwith theX-tremeGENE

siRNAtransfectionreagent(RocheAppliedScience,Penzberg,Germany)according

to the manufacturer’s directions.Silencer Negative ControlsiRNA (Roche

AppliedScience)wasusedasanegativecontrolandintroducedintothecells

usingthesameprotocol.
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F.EstablishmentofCellsStablyOverexpressingAKT

orSurvivin

A human survivin cDNA wasobtained by reversetranscription–PCR of

RNA derivedfrom A549cellswiththefollowingprimersbasedonGenBank

accessionnumberU75285[30].A humanAKT cDNA wasobtainedbyreverse

transcription–PCRofRNA derivedfrom A549cellswiththefollowingprimers

based on GenBank accession number NM-001014431.1 (Forward, 5′

-CGGAATTCATGAGCGACGTGGCTATTG-3′ : Reverse, 5′

-CCGCTCGAGGGCCGTGCCGCTGGCCGAG-3′).PCRproductsweredigested

withEcoRIandXhoIandligatedintopcDNA3-myr-myc.

G.StatisticalAnalysis

Each experimentwasperformed atleastthreetimes,and allvaluesare

representedasthemeans±SDoftriplicatesamples.TheStudent’st-testwas

usedtodeterminethestatisticalsignificanceoftheresults.P-values< 0.05

wereconsideredstatisticallysignificant.
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Ⅲ.Results

A.EffectofGefitinibonEGFRSignalingPathwaysin

EGFRMutation-positiveNSCLCCellLines

Toestablishaninvitrocelllinemodelsystem foracquiredresistancetothe

first-linemoleculartargettherapyinvolvinggefitinibtreatment,wechoseto

useNSCLCHCC827cellsthatcontainedanEGFR exon19in-framedeletion

(delE746-A750).ProlongedtreatmentofHCC827cellswithgefitinibeventually

led to theemergenceofclonesharboring theT790M secondary mutation,

whichconfersacquiredresistancetogefitinib.HCC827cellswerecontinuously

exposedtoescalatingconcentrationsofgefitinib.Thestarting gefitinibdose

was20nM,whichwasthedosecausingtheinhibitionof50% ofcancercell

growth(IC50).Afterexposuretogefitinib,theywerewashedandculturedin

drug-freemedium untilthepopulation ofcellsreached approximately 80%

confluence.Theviablecellswerecontinuouslyexposedtoincreasingdosages

andthesedosagesweresequentiallyincreasedtoafinalconcentrationof2µM

gefitinib.Theviablecellsexhibiteda100-foldincreaseinresistancetothe

growth-inhibitoryeffectofgefitinibasdeterminedbytheMTTassay,andthe

resistantphenotyperemainedstableforatleastsixmonthsunderdrug-free

conditions.Figure1A showsthatHCC827/GR cellshavesimilarviabilityto

H1975cells,NSCLCcellsthatareresistanttogefitinib.Wenextexaminedthe

effects ofgefitinib on EGFR signaling pathways in a subsetofEGFR

mutation-positive NSCLC celllines (HCC827,HCC827/GR,and H1975)by

immunoblotanalysis (Figure 1B).In HCC827 cells,gefitinib induced the

dephosphorylationofEGFR aswellasthatofAKT andERK.Inaddition,

gefitinibinduceddownregulation ofsurvivin expression inadose-dependent
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fashion.However,inHCC827/GR andH1975cells,gefitinibhadnoeffecton

EGFR,AKT,andERK phosphorylation,oronsurvivinexpression.Thesedata

indicate that the resistance of some EGFR mutation-positive cells to

gefitinib-inducedapoptosismaybeassociatedwithpersistentactivationofthe

AKT-survivinpathway.
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Figure1.EffectofgefitinibonEGFR downstream pathwaysin EGFR

mutation-positiveNSCLC celllines.(A)Effectofgefitinibon

thegrowthofNSCLC celllines.HCC827,HCC827/GR,orH1975

cellsweretreatedwithincreasing concentrationsofgefitiniband

the viable cellnumbers were analyzed using the MTT assay.

Pointsshow themeanoftriplicatesfrom experimentsthatwere

repeatedatotalofthreetimeswithsimilarresults;bars,SD.(B)
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Cellswereincubatedinthepresenceoftheindicatedconcentrations

ofgefitinibfor48h.Celllysateswerethenpreparedandsubjected

toimmunoblotanalysiswith antibodiestophosphorylated (p)or

totalformsofEGFR,AKT,orERK,tosurvivin,ortoGAPDH

(loadingcontrol).Immunoblotsarerepresentativeofatleastthree

independentexperiments.
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B.TheCombinationofGefitinibandSimvastatinEnhances

Caspase-dependentApoptosisinNSCLC Cellswith

theT790M Mutation

Wefirstexaminedtheeffectofthecombinationofsimvastatinwithgefitinib

ontheviability ofNSCLC (HCC827/GR andH1975)cellswiththeT790M

mutation.AsshowninFigure2A,thecombinationofgefitinibandsimvastatin

producedasynergisticinhibitoryeffectonthegrowthofbothHCC827/GRand

H1975cellsinadose-dependentfashion.Toexaminewhethertheobserved

growthinhibitionwasduetoenhancedapoptosis,theproportionofapoptotic

cellswasdeterminedusingannexinV-propidium iodide(PI)staining.Annexin

V staining showed that the combination of gefitinib and simvastatin

significantlyenhancedapoptosiscomparedwithindividualtreatmentwitheither

drug.AsshowninFigure2B,thecombinationofgefitinibandsimvastatin

inducedapoptosistoasignificantly greaterextentin bothHCC827/GR and

H1975 cells compared with either monotherapy.To further elucidate the

mechanism ofapoptosisinducedbygefitinibandsimvastatin,celllysateswere

evaluated by immunoblotting (Figure 2C).Our results showed that the

combination ofgefitinib and simvastatin enhanced the expression ofthe

processed85-kDaisoform ofPARP,whichisknowntoplayamajorrolein

apoptosisevasion.Moreover,combinationofgefitinibandsimvastatinledtoa

markedincreasein theexpressionofcaspase-3,-8,and-9.Theseresults

indicate that gefitinib and simvastatin play a major role in enhancing

caspase-dependentapoptosisinNSCLCcellswiththeT790M mutation.
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Figure2.Effectofcombinationtreatmentwithgefitinibandsimvastatin

on apoptosisofNSCLC cellswith theT790M mutation.(A)

HCC827/GRandH1975cellsweretreatedwithdifferentconcentrations

ofgefitinibintheabsenceorpresenceofsimvastatinfor48h,and

viabilitywasthenmeasuredusingtheMTT assay.Theviabilityof

controlcellswassetat100%,andcellsurvivalrelativetocontrols

ispresented.Thedatarepresentthemean±S.D.ofthreeindependent

experiments.
*
P < 0.05compared tothecontrol.(B)Cellswere

incubatedwith3-µM gefitiniband/or5-µM simvastatinfor48h,

andapoptosiswasevaluatedbygreenfluorescentprotein-annexinV

+propidium iodide.Columnsrepresentingtheflow cytometrydata

arepresentedontheright.Barsrepresentthemean±S.D.ofthree

independentexperiments.
*
P <0.05,forthecombinationofgefitinib

andsimvastatinversuseithercontroloronedrugalone.(C)Cells

weretreatedwithgefitinibandsimvastatin,aloneandincombination,

for 48 h,after which the celllysate was subjected to 12%

SDS-PAGEtomeasuretheexpressionofPARPandcaspase-3,-8,

and-9.
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C.CombinationofGefitinibandSimvastatinInhibited

theExpression ofAKT/β-catenin and itsTarget

GenesinNSCLCCellswiththeT790M Mutation

Tobetterunderstandtheincreasedsensitivityoflungcancercellstotreatment

withthecombinationofgefitinibandsimvastatin,wenextexaminedtherole

ofAKT/β-cateninsignaltransductionpathwaysinthemodulationofapoptosis.

ThestatusofAKT,β-catenin,cyclinD1,andsurvivinwereevaluatedinboth

HCC827/GRandH1975cellstreatedwithgefitiniband/orsimvastatinfor48h

(Figure3A).Ourresultsshowedthatthecombinationofgefitinibandsimvastatin

resultedin asignificantattenuation ofAKT and β-catenin phosphorylation

withoutaffecting the phosphorylation ofGSK-3β atSer9.Moreover,the

combinationofgefitinibandsimvastatininhibitedproteinlevelsofitsdownstream

targets,includingsurvivinandcyclinD1,comparedtocellstreatedwitheither

gefitiniborsimvastatinalone.IthasbeenshownthatAKT canphosphorylate

β-cateninatSer552,andenhancesitstranscriptionalactivity[31].Asshown

inFigures3B and3C,inhibitionofAKT bysiRNA-mediatedknockdownor

treatmentwith the phosphatidylinositol3-kinase (PI3K)inhibitorLY294002

decreasedthelevelsofp-AKT andp-β-catenin.Inaddition,theexpression

patternsofsurvivinandcyclinD1changedinlinewiththesephosphorylated

signaling molecules.In contrast,we pharmacologically activated AKT by

stimulatingcellswithinsulinorintroductionofconstitutivelyactivatedAKT

constructsintocells.AsshowninFigures3D and3F,bothinsulintreatment

andAKT overexpressionmarkedlyincreasedp-AKT andp-β-cateninlevels,

eveninthepresenceofgefitinibandsimvastatin.Inaddition,expressionof

survivin and cyclin D1 were also markedly elevated compared with the

combinationtreatment.
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Figure 3.Gefitinib and simvastatin-induced inhibition of β-catenin

throughAKT.(A)EffectofgefitinibandsimvastatinonAKT/β

-cateninpathway.HCC827/GRandH1975cellsweretreatedwith

gefitinibandsimvastatin,aloneandincombination,for48h,after

which the celllysate was subjected to 12% SDS-PAGE to

measuretheexpressionofp-AKT,p-GSK 3β,p-β-catenin,cyclin

D1,andsurvivin.(BandC)EffectofAKTinhibitiononβ-catenin
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signaling.HCC827/GRandH1975cellsweretransfectedwithAKT

siRNA orpretreatedwiththePI3-kinaseinhibitorLY294002,and

thenfurtherincubatedinthepresenceofgefitiniband/orsimvastatin

for48 h.The celllysates ofeach group wereprepared and

probedforp-β-catenin,cyclinD1,andsurvivinbywesternblot.

GAPDH wasusedasaloadingcontrol.(DandE)EffectofAKT

reactivationongefitinibandsimvastatin-inducedinhibitionof

β-cateninpathway.Cellswerepretreatedwithinsulinsolutionfor

2hortransientlytransfectedwithconstitutivelyactivatedAKT

constructs,followedbyincubationwithgefitiniband/orsimvastatin

for48h.Thecelllysateswereroutinelyprepared,andalterations

inp-β-cateninaswellasitsdownstream targetsinthesecells

weredeterminedbywesternblot.
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D.Down-regulation ofSurvivin Enhanced Apoptosis

InducedbyGefitinibandSimvastatin

Todeterminetheroleofsurvivin in apoptosisinduced by gefitinib and

simvastatin,weknockeddownthesurvivinlevelbyintroducing siRNA for

survivin.Figure4A showsthattheintroductionofsurvivinsiRNA abrogated

survivinproteinexpressionat48haftertransfection.Noreductioninsurvivin

protein wasobserved in cellstransfected with thescrambled RNA,which

containedthesamenumberofindividualnucleotidesasthesurvivinsiRNA.

We then examined the sensitivity ofsurvivin siRNA-transfected cells to

apoptosisinducedbygefitinibandsimvastatin.Wespreadanequalnumberof

viablesurvivinsiRNA-transfectedandnon-silencingsiRNA-transfectedcellsat

48haftersiRNA transfection.Afteranadditional48hofincubation,thecells

weretreatedwithgefitinibandsimvastatinfor36h,andthecelllysatewas

usedtocarryoutwesternblotting.BothsurvivinsiRNA andthegefitinib–

simvastatin combination enhanced the expression ofthe processed 85-kDa

isoform ofPARP,caspase-3,-8,and-9.Inaddition,theproportionofapoptotic

cellswasdeterminedusingannexinV-PIstaining.AsshowninFigure4B,

introductionofsurvivinsiRNAinducedapoptosiswithoutgefitinibandsimvastatin

treatment.However,the proportion ofapoptotic cells induced by survivin

siRNAandthegefitinib–simvastatincombinationwasgreaterthanthetheoretical

additiveeffects.Together,thesedataindicatethatdown-regulationofsurvivin

couldenhanceapoptosisinducedbygefitinibandsimvastatin.
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Figure4.Effectofsurvivindepletiononapoptosisinducedbygefitinib

andsimvastatin.(A)HCC827R andH1975cellsweretransfected

withsiRNA specificforsurvivin,andsurvivinproteinexpression

wasassessedby immunoblotanalysisat48h aftertransfection.

ScrambledRNA containingthesamenumberofeachnucleotideas

thesurvivinsiRNAwasusedasthetransfectioncontrol.Transfected

cellsincubatedincompletemedium withorwithoutgefitiniband

simvastatinfor36h.Celllysateswerethenpreparedandsubjected

toimmunoblotanalysiswithantibodiestoPARP,tocaspase-3and
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-8,ortosurvivin.Bandscorresponding tothecleavedformsof

PARP and caspase-3 and -8 are indicated.(B)Apoptosis was

evaluatedbygreenfluorescentprotein-annexinV+propidium iodide.

Columnsrepresentingtheflow cytometrydataarepresentedinthe

upperpart.Barsrepresentthemean± S.D.ofthreeindependent

experiments.
*
P < 0.05,forsurvivin siRNA and combination of

gefitinibandsimvastatinversuseitherscrambledsiRNAandcombined

drugsorcombineddrugsalone.
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E.Up-regulation of Survivin Attenuated Apoptosis

InducedbyGefitinibandSimvastatin

Wenextexaminedwhethersurvivin up-regulationcouldconferprotection

againstapoptosis induced by gefitinib and simvastatin.We introduced the

survivingeneexpressionvectorpcDNA3-myc-survivinintoHCC827/GR and

H1975cells.Thesurvivingenetransfectantsexpressedmyc-taggedsurvivin

protectioninadditiontoendogenoussurvivinprotection.From thewesternblot

results,itcould be observed thatsurvivin overexpression decreased the

expression ofthe cleavageofPARP,caspase-3,-8,and -9,even in the

presenceofgefitinib and simvastatin (Figure5A).We then evaluated the

proportion ofapoptotic cells in the survivin gene transfectants by using

annexinV-PIstainingaftertreatingthecellswithgefitinibandsimvastatin

for48h.AsshowninFigure5B,treatmentofcontrolvectortransfectants

withgefitinibandsimvastatinfor48hresultedin35.2% moreapoptoticcells

than in the untreated HCC827/GR cells.However,in the survivin gene

transfectants,gefitinibandsimvastatindecreasedthenumberofapoptoticcells

byonly18.7% inHCC827/GR cells.Theseresultssuggestthatsurvivinisa

keymoleculethatrenderstheNSCLCcellswiththeT790M mutationresistant

toapoptosisinducedbygefitinibandsimvastatin.
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Figure 5.Effectofsurvivin overexpression on apoptosis induced by

gefitinibandsimvastatininHCC827/GR cells.(A)Cellswere

transfected with the survivin gene expression vector

pcDNA3-myc-survivin,andsurvivinproteinexpressionwasassessed

by immunoblotanalysisat48 h aftertransfection.Transfected



- 23 -

cellswereincubatedincompletemedium withorwithoutgefitinib

andsimvastatinfor36h,afterwhichcelllysatewassubjectedto

12% SDS-PAGEtomeasuretheexpressionofPARPandcaspase-3,

-8,and -9.(B)Apoptosis was evaluated by green fluorescent

protein-annexinV+propidium iodide.Columnsrepresentingtheflow

cytometrydataarepresentedintheupperpart.Thedatarepresent

themean±S.D.ofthreeindependentexperiments.
*
P < 0.05for

theindicatedcomparisons.
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F.CombinationofErlotinibandSimvastatinAugmented

their Apoptotic Potential via AKT/β-catenin

Signaling-dependentDown-regulation of Survivin

inNSCLCCellswiththeT790M Mutation

Toexaminewhetherresultssimilartothoseobservedforthegefitinib–

simvastatincombinationwouldbeobservedforerlotinib,anotherEGFR-TKI,

weobtainedHCC827/ERcells.AsshowninFigures6Aand6B,thecombination

oferlotinibandsimvastatininducedapoptosistoasignificantlygreaterextent

inHCC827/ER cellscomparedwitheithermonotherapy.InhibitionofAKT by

LY294002treatmentcaused inhibition ofp-AKT and survivin.However,it

couldbeobservedthatAKT overexpressionincreasedp-AKT andsurvivin

levelseveninthepresenceoferlotinibandsimvastatin(Figures6Cand6D).

To determine the role ofsurvivin in apoptosis induced by erlotinib and

simvastatin,weknockeddownsurvivinusingsurvivinsiRNA oroverexpressed

itwithsurvivingenetransfectants.AsshowninFigure6E,theproportionof

apoptoticcellsinducedbysurvivinsiRNA andcombinationoferlotiniband

simvastatin was greater than the theoretical additive effects. However,

treatmentwith erlotinib and simvastatin for48h resulted in 37.8% more

apoptoticcellsthan in theuntreated cells.Moreover,in thesurvivin gene

transfectants,erlotinibandsimvastatinsignificantlydecreasedthenumberof

apoptoticcellsbyonly24.9% (Figure6F).
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Figure6.Effectofcombinationtreatmentwitherlotinibandsimvastatin

on apoptosisin HCC827/ER cells.(A)Cellsweretreatedwith

erlotinibandsimvastatin,aloneandincombination,for48h,after

whichthecelllysatewassubjectedto12% SDS-PAGE.(B)Apoptosis

wasevaluatedbygreenfluorescentprotein-annexinV +propidium

iodide.Columnsrepresentingtheflow cytometrydataarepresented

intheupperpart.Barsrepresentthemean±S.D.ofthreeindependent

experiments.
*
P<0.05,forthecombinationoferlotinibandsimvastatin

versuseithercontroloronedrugalone.(C)HCC827/ERcellswere

pretreatedwiththePI3-kinaseinhibitorLY294002,andthenfurther

incubatedinthepresenceoferlotiniband/orsimvastatinfor48h.

(D)HCC827/ERcellsweretransientlytransfectedwithconstitutively

activated AKT constructs,followed by incubation with erlotinib

and/orsimvastatinfor48h.(EandF)Apoptosiswasevaluatedby

green fluorescentprotein-annexin V + propidium iodide.Columns

representing theflow cytometry dataarepresentedin theupper

part.Thedata representthemean ± S.D.ofthreeindependent

experiments.
*
P<0.05fortheindicatedcomparisons.



- 27 -

Ⅳ.Discussion

Although,basedonpreliminaryresultsofongoingclinicaltrials,BIBW2992

has shown a remarkableability to controldisease progression in NSCLC

patientswithEGFRmutations,itseffectinpatientsshowingT790M-mediated

resistance has been disappointing [32],indicating that these irreversible

inhibitorsmaynotbesuitableforclinicalapplicationtomanagepatientswith

asecondaryT790M mutation.Inthepresentstudy,wedemonstratedthatthe

additionofsimvastatintoEGFR-TKIssignificantlyenhancedapoptoticpotential

inNSCLCcellswiththeT790M mutationofEGFR.Simvastatincouldovercome

EGFR-TKIresistance,whichmayprovideanalternativetherapeuticstrategy

inpatientswithacquiredresistancetoEGFR-TKIsthroughsecondarymutation.

To date,severalstudieshaveshown thatthecombination ofstatin with

gefitinib inducesapotentialsynergisticcytotoxicity in avariety oftumors

withoutEGFR mutations[14,15].Hanetal.[33]showedthattreatmentwith

gefitinibplussimvastatinwasnotsuperiortotreatmentwithgefitinibalonein

anunselectedNSCLCpopulation.Toourknowledge,thisisthefirstreportto

show thepotentialroleofsimvastatinasananticancerdrugthatmayovercome

EGFR-TKIresistanceinNSCLCcellswiththeT790M mutationofEGFR.

TheAKT signaling pathwayplaysacrucialroleincellgrowthandcell

survival.Itisactivatedbyinsulinorgrowthfactorsandpromotescellsurvival

by inactivating multiple targets including Bad,caspase-9,and forkhead

transcriptionfactors.IncreasedAKT activityhasbeennotedinlungcancer,

andishighlycorrelatedwithtumorprogression[34].Theeffectofsimvastatin

onthephosphorylationofAKT hasalsobeenreportedinendothelialcellsin

vitro [35].There is evidence to suggestthatthe AKT-mediated survival
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pathway may inhibitapoptosisby stimulating survivin synthesisin various

cancercelllines [36,37].To determine the role ofAKT in gefitinib and

simvastatin-inducedapoptosisofNSCLC cellswiththeT790M mutation of

EGFR,wepharmacologicallyactivatedAKT bystimulatingcellswithinsulin

ortheintroducingconstitutivelyactivatedAKTconstructsintocells.Incontrast,

weinhibitedAKTbysiRNA-mediatedknockdownoruseofthephosphatidylinositol

3-kinase(PI3K)inhibitorLY294002.Inthiswork,wediscoveredthatgefitinib

andsimvastatin-causedinhibitionofβ-cateninwasdirectlyregulatedbyAKT

inNSCLCcellswiththeT790M mutationofEGFR.Moreover,phosphorylation

ofβ-cateninbyAKT promotesitsnuclearaccumulationandtranscriptionof

itstargets.

Ourresultsshowedthattheactivationofcaspaseplaysanimportantrolein

gefitinib- and simvastatin-induced apoptosis. Caspase-3 is the ultimate

executionercaspaseandisprimarily responsibleforthecleavageofPARP

duringapoptosis.Disruptionofsurvivin–microtubleinteractionsresultsinthe

lossofthesurvivinanti-apoptosisfunction,anincreaseincaspase-3activity,

andcleavageofPARP[38].Wedemonstratedthatdown-regulationofsurvivin

byintroductionofsurvivinsiRNA intoNSCLCcellswiththeT790M mutation

of EGFR resulted in enhanced apoptosis induced by EGFR-TKIs and

simvastatin.Therefore,wehypothesizedthattheup-regulationoftheanti-apoptotic

protein survivin,which inhibitscaspase-3,may beamechanism by which

NSCLC cells with the T790M mutation ofEGFR acquired resistance to

EGFR-TKIsandsimvastatin-inducedapoptosis.Asweexpected,thenumber

ofapoptoticcellsinducedbycombinationofEGFR-TKIsandsimvastatinwas

clearlydecreasedbytheup-regulationofsurvivin.Thisobservationindicated

thatsurvivinfunctionsasafactorconferringresistanceagainstEGFR-TKIs

and simvastatin-induced apoptosis.Based on ourexperiments,simvastatin
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modulatedAKT/β-cateninsignalinginNSCLCcellswiththeT790M mutation

ofEGFRandreducedsurvivinproteinlevels,thusimplicatingtheAKT-survivin

axisintheactivityofsimvastatin.

Inconclusion,ourresultsindicatethatcombinationtreatmentwithEGFR-TKIs

andsimvastatinaugmentstheirapoptoticpotentialinNSCLC cellswiththe

T790M mutation of EGFR through AKT/β-catenin signaling-dependent

down-regulation of survivin.This combination treatment leads to more

completeinhibitionofAKT/β-cateninsignaling,andmaynotbeachievableby

treatmentwith EGFR-TKIs alone in NSCLC cells harboring the T790M

mutation.Taken together,theseresultsindicatethatcombination treatment

withEGFR-TKIsandsimvastatinisaclinicallypromisingstrategyfortreating

patientswithT790-mediatedacquiredresistancetoEGFR-TKIs.
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