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AAAccckkknnnooowwwllleeedddgggeeemmmeeennntttsss

�아무것도염려하지말고오직모든일에기도와간구로너희
구할 것을 감사함으로 하나님께 아뢰라.빌 4:6�부족한 제게
지혜와 용기를 주신 주님께 감사드립니다.2년이란 기간동안
많은 것을 배우고 느끼고 채워갈 수 있도록 도와주신 당신께
감사의마음을전하고자합니다.
�새로운 시작�을 만들어주신 박광균 교수님,학위과정동안
신선한 채찍과 맛있는 당근을 아끼지 않으신 정원윤 교수님,
논문 심사에 많은 관심과 조언을 주신 김진 교수님,비젼과 진
로에 자신감을 부어주신 박영민 교수님,3학기 때 미리 축하해
주신 김설악 교수님께 진심으로 감사를 드립니다.�할 수 없
다�라고포기했을때믿음으로이끌어주셨던황문찬목사님,
기도로 승화를 아껴주시고 사랑해 주신 채성기 목사님,삶의
감사와 주 안의 기쁨을 가르쳐 주셨던 고웅영 목사님께,그리
고 스웨덴에서 승화를 응원하고 있는 David&Eunha에게 감
사의마음을전합니다.
세상에서 제일 사랑하는 가족에게 -승화의 등대이자 정신적
지주이신 멋쟁이 아빠,�앞으로 당신에게 더 큰 기쁨이 되겠
습니다.엄마~아프지말아요.�,�너가없었으면언니도없었



어.알지?더열심히할께.�고마워윤정아-사랑합니다.
2년이라는 시간동안 당신들과 함께 할 수 있어서 즐거웠습니
다.내 웃음과 말투에 중독되버린 짝꿍-김현정 선생님,승자씨
를 좋아라~하는 멋쟁이�결혼해~어서~�-미정언니,기쁨 두
배 +언제나 해피한 큰 언니-창기오빠,나를 두고 가 버린 커리
어우먼-진은,커리어우먼의 단짝이자 실험실의 신호등-선경,
동기사랑 나라사랑 �고맙고 미안해.�-선규,안경 낀 1%수재
�너가 종합병원이야?아프지마!�-기림,아빠와 엄마를 꼭 닮
은 아이 낳으세요-김은정 선생님,나한테 푹 빠진 지희와 앞으
로 엔지오에 푹 빠질 주아에게 �화이팅~�,그리고 박이하 선
생님과황영선선생님께감사의마음을전합니다.
승화를너무나아껴주시는장만석선생님,내가자랑스럽다고
말해준 근영이 엄마-성민,점점 예뻐지는 학구파-선,결혼은 진
정 행복이던가?부럽다-혜영&기현,지금은 함께 있지 못하는
천상 귀염둥이-군하,십장생 후배들-지현,주미,미수,효은,미경,
선희,혜영,혜정,은미,일본에서 힘들게 공부하고 있을 멋진 친
구-상호,건빵에는 별사탕이 필요하다는 걸 가르쳐 준 친구-승
후,선인장 같은 필재오빠와 인생선배 재균오빠에게 고마움을
전합니다.마지막으로 -내 평생의 친구이자 세상에 하나뿐인
동생윤정이에게이논문을바칩니다.
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AAAbbbssstttrrraaacccttt

IIIsssooollliiiqqquuuiiirrriiitttiiigggeeennniiinnniiinnnhhhiiibbbiiitttsssVVVEEEGGGFFF---mmmeeedddiiiaaattteeedddaaannngggiiiooogggeeennneeesssiiisss
bbbyyyrrreeeggguuulllaaatttiiinnngggttthhheeedddiiissstttiiinnnccctttsssiiigggnnnaaalllllliiinnngggooofffVVVEEEGGGFFFRRR---111aaannnddd

VVVEEEGGGFFFRRR---222vvviiiaaaMMMAAAPPPKKKsssaaaccctttiiivvvaaatttiiiooonnniiinnnHHHUUUVVVEEECCCsss

SSSeeeuuunnngggHHHwwwaaaSSSooonnn

DDDeeepppaaarrrtttmmmeeennntttooofffdddeeennntttiiissstttrrryyy
TTThhheeeGGGrrraaaddduuuaaattteeeSSSccchhhoooooolll,,,YYYooonnnssseeeiiiUUUnnniiivvveeerrrsssiiitttyyy

(((DDDiiirrreeecccttteeedddbbbyyyPPPrrrooofffeeessssssooorrrKKKwwwaaannnggg---KKKyyyuuunnnPPPaaarrrkkk)))

During tumorgrowth,angiogenesis-theformation ofnew capillariesfrom
preexistingones-isrequiredforpropernourishmentandremovalofmetabolic
wastesfromtumorsites.Angiogenesisistheresultofanintricatebalancebetween
pro-angiogenicandanti-angiogenicfactorsandisnow verywellrecognizedasa
powerfulcontrolpointintumordevelopment.Anumberofpro-angiogenicfactors
havebeenidentified,themostpotentofwhichisvascularendothelialgrowthfactor
(VEGF)/vascularpermeabilityfactor(VPF).VEGFissecretedbymanytumorsand
initiatesessentialstepsofangiogenesisincludingmatrixdegradationandendothelial
cellproliferationandmigration.VEGFisanintensivelystudiedmoleculethathas
significantpotential,both in stimulating angiogenesis and as a targetfor
antiangiogenicapproaches.VEGFachievesitsmultiplefunctionsbyactivatingtwo
receptortyrosinekinases,VEGFReceptor-1(VEGFR-1/Flt-1)andVEGFReceptor-2
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(VEGFR-2/KDR),bothofwhichareselectivelyexpressedonprimaryvascular
endothelium.Therefore,blockingthebindingofVEGFandthecorresponding
receptorhasbecomecriticalforanti-angiogenesistherapy.
Inthecurrentstudy,wefoundthatisoliquiritigenin(ISL)inhibitedVEGF-induced
cellproliferation,DNA synthesis,cellmigrationandtubeformationinhuman
umbilical vein endothelial cells (HUVECs) in a dose-dependent manner.
AntiangiogenicactivityofISLwasconfirmedbyinvivoMatrigelplugassay.
Moreover,toexplainthemolecularmechanismunderlyingitsantiangiogenicactivity,
weexaminedtheeffectsonthedistinctsignalingofVEGFR-1andVEGFR-2closely
associatedwiththeproliferationandmigrationofVEGF-stimulatedHUVECs.ISL
reducednotonlytheexpressionofVEGFR-1,VEGFR-2,focaladhesionkinase(FAK)
and paxillin butalso thephosphorylation ofMAPKs,FAK and paxillin,in
VEGF-treatedHUVECs.VEGFR-2-mediatedactivationofERK1/2andJNKincreased
cellproliferationandmigrationthroughthephosphorylationofFAKandpaxillinin
VEGF-treatedHUVECs.VEGFR-2alsostimulatedtheactivationofp38MAPkinase
whichisresponsibleforactinreorganizationandsubsequentcellmigration.In
addition,VEGFmayinducecellproliferationandmigrationbyVEGFR-1-mediated
JNK and p38 MAP kinase activation.Taken together,ISL hasthe potent
antiangiogenicactivitybyblockingVEGFRsignalinginVEGF-stimulatedendothelial
cells.

Keywords:isoliquiritigenin,angiogenesis,VEGF,VEGFR-1,VEGFR-2,HUVEC
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ⅠⅠⅠ...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Angiogenesis,theformationofnew vesselsfrom preexistingones,isastrictly
regulated and self-restricted physiological process.A growing numberof
diseases,includingrheumaticarthritis,psoriasis,anddiabeticretinopathy,derive
from excessive and deregulated angiogenesis.However,themostimportant
manifestationofpathologicalangiogenesisisthatseeninthevicinityofsolid
tumors1.Oneofthemostimportantfactorsregulatingangiogenesisisvascular
endothelialgrowthfactor(VEGF).Indeed,mosttumorsexpresshighlevelsofVEGF.
VEGFexpressioninbreastcanceriswelldocumentedandVEGFisproduced
by both macrophages and cancercells in breastcarcinoma23,62.VEGF,the
angiogenicfactormostcommonlyproducedbytumors,isoverexpressedafter
hypoxia3,4and/orasaconsequenceofthegeneticchangesofcancer,suchas
mutationsofoncogenesandtumorsuppressorgenes5.TheadjacentECsexpress
VEGFreceptor1and26,establishinganangiogenicloop(Fig.1).VEGFregulateskey
angiogenicresponsesofendothelialcells(ECs),forinstanceproliferation,migration,
anddifferentiation,aswellasprotectionfromapoptosis2.
VEGFbindstotworeceptor-typetyrosinekinases,VEGFreceptor-1(Flt-1)andVEGF
receptor-2(KDR/Flk-1),andtomembraneproteinneuropilin-1,whichdoesnot
contain a tyrosine kinase domain. VEGFR-1 and VEGFR-2 have seven
immunoglobulin-likerepeatsintheextracellulardomain,asingletrans-membrane
region,andatyrosinekinasedomainintheintracellulardomainthatisinterrupted
byakinase-insertdomain.VEGFR-2appearstoplayacriticalroleintheregulationof
angiogenesis7,whereas VEGFR-1 also seems to participate in pathological
angiogenesis8.VEGFR-2hastyrosinekinaseactivityandphosphorylatessecondary
messengers,whichappeartoregulateECproliferationviaactivationofextracellular
signal-regulated kinase(ERK1/2)mitogenactivated protein kinases(MAPKs)9,
migrationofECsviathestress-activatedproteinkinase2/p38pathway10,and
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FFFiiiggguuurrreee 111...Angiogenesisisdriven by the tumor'srelease ofpro-angiogenic
signals,suchasVEGF,whichbindtoreceptorsonnearbyvesselendothelial
cells.(GenentechBioOncology™ "SignalingPathways"poster) 
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survivalofECsviaAktactivation11.ActivationoftheVEGFR-2 byVEGFincells
devoidofVEGFR-1resultsinamitogenicresponse,whiletheactivationofVEGFR-1
byVEGFincellslackingVEGFR-2doesnotinducecellproliferation12,13.However,
activationofVEGFR-1byVEGFdoesinducecellmigration,aresponsethatisalso
inducedasaresultofVEGFR-2activationbyVEGF14,15.Theseresultsindicatethatthe
signaltransductioncascadesinducedbyVEGFR-1andVEGFR-2aresomewhat
different.Inspiteoftheseobservations,propertiesofVEGFR-1andVEGFR-2in
normallydifferentiatedECsarecontroversial.
Focaladhesionkinase(FAK)isacriticalmediatorofsignaltransductionbyintegrins
andgrowthfactorreceptorsinavarietyofcellsincludingECs.FAKbindingtoSrc
family kinasescontributesto theactivation ofboth kinases,which leadsto
phosphorylationofseveralothersitesonFAKandanumberofothersubstrates
includingpaxillin,andShc.FAKanditsinteractionswiththesesignalingmolecules
havebeenshowntotriggerseveraldownstreamsignalingpathwaysthatregulatecell
spreadingandmigration,cellsurvival,andcellcycleprogression.Inaddition,
increasedECmigrationintoawoundedmonolayerwascorrelatedwithincreased
tyrosinephosphorylationandkinaseactivityofFAK22.
VEGFinducestyrosinephosphorylationofFAKandpaxillin24andrequiresFAKto
promotenew focaladhesionformationinhumanumbilicalveinendothelialcells
(HUVECs)25.FAKactivationismediatedviatheC-terminaltailofVEGFR-2andloss
ofVEGF-inducedFAKactivationincellsexpressingmutantVEGFR-2correlateswith
alossofmigratoryactivityregulatedthroughPI3kinase24.Viaanotherindependent
pathway,VEGF activatesp38MAP kinasein HUVECs.VEGF-induced actin
reorganizationandcellmigrationisinhibitedusingaspecificp38kinaseinhibitor,
whereasanERK1/2MAPkinaseinhibitorhasnoeffectonthiscellularresponse10,27.
Inaddition,anovelrapidcross-activationofc-JunN-terminalkinase(JNK)byERK
iscrucialtotheabilityofVEGFandprobablyotherECgrowthfactorstoenactcell
proliferation,contributingtoangiogenesis28.VEGFR-2mediatesthesignalsforDNA
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synthesis,phosphorylationofFAKandpaxillin,andvinculinassembly.Thesignals
forDNA synthesisaremediated viaPKC-dependentand ERK1/2-dependent
pathway,whereasthoseforphosphorylationofFAK andpaxillinandvinculin
assemblyarepreferentiallymediatedviaPKC-dependentandERK1/2-independent
pathway.VEGFR-1activatesp38MAPkinase,andtheactivatedp38regulatescell
migrationviaactinreorganization29.
Isoliquiritigenin(ISL),aflavonoidwithachalconestructure,hasbeenfoundin
licorice,shallotandbeansproutsandoftenusedinChinesemedicine.Ithasvarious
biochemicalactivitiessuchasantioxidativeandsuperoxidescavengingactivities33,
antiplateletaggregationeffect34,inhibitoryeffectonaldosereductaseactivity35,and
estrogenicproperties32.Inaddition,ISLwasreportedtohaveantitumorpromoting
activity31,inhibitoryeffectonmurinecolonictumorigenesis38,andapoptosis-inducing
activity30eventhoughstimulatoryeffectsonT-47Dbreastcancercellshavebeen
documented32.
Inthepresentstudy,weassessedtheinhibitoryeffectofISLonVEGF-induced
angiogenesisinHUVECs.Moreover,weinvestigatedtheeffectofISLonseveral
signalingpathwaysemanatingfrom VEGFR-1and/orVEGFR-2leadingtoMAP
kinaseactivationinresponsetoVEGFinHUVECs.



7

ⅡⅡⅡ...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDD MMMEEETTTHHHOOODDDSSS

1.Materialsandantibodies
Isoliquiritigenin (ISL)[(E)-1-(2,4-Dihydroxyphenyl)-3-(4-hydroxyphenyl)-2-propen-
1-one;4,2′4′-trihydroxychalcone](Fig.2)waspurchasedfromSigma(St.Louis,
MO,USA)andwasusedafterdilutioninDMSO.MTT[3-(4,5-dimethylthiazol-2-
yl)2,5-diphenyl tetrazolium bromide] and DMSO (dimethylsulfoxide) were
purchased from Sigma(St.Louis,MO,USA).Recombinanthuman vascular
endothelialcellgrowthfactor(VEGF;10㎍/50㎕)waspurchasedfrom Upstate
Biotechnology (Lake Placid, NY, USA). SB203580 [4-(4-Fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole], PD98059 [2′-Amino-3′-
methoxyflavone], SP600125 [Anthra[1,9-cd]pyrazol-6(2H)-one;
1,9-pyrazoloanthrone] and ZM323881 [5-((7-(Benzyloxy)quinazolin-4-yl)amino)-4
-fluoro-2-methylphenol;KDR/Flk-1inhibitor]werepurchasedfrom Calbiochem
(LaJolla,CA,USA).Affinity-purifiedpolyclonalantibidiesofpaxillin,p-paxillin
andFlt-1werepurchasedfrom SantaCruzBiotechnology(SantaCruz,CA,USA).
ThefollowingantibodieswereusedforWesternblotting:SAPK/JNK,p-SAPK/JNK
Thr183/Tyr185andERK1/2(CellSignalingTechnology,Danvers,MA,USA)and
FAKandFAKpY397(BDBiosciences,SanDiego,CA,USA).Monoclonalantibodies
(MAbs)ofp38,p-p38andp-ERK1/2werepurchasedfromSantaCruzBiotechnology
(SantaCruz,CA,USA).Anti-Flt-1waspurchasedfrom R&D Systems(Minneapolis,
MN,USA),andanti-KDRwasobtainedfrom R&D Systems(Minneapolis,MN,
USA)and Abcam Ltd.(Cambridge,United Kingdom).Rabbitanti-actin asa
standardcontrolandheparinwereobtainedfrom Sigma(St.Louis,MO,USA).
Horseradish peroxides-conjugated secondary antibodies were obtained from
SantaCruzBiotechnology(SantaCruz,CA,USA).

2.Cellculture
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           Licorice root             Isoliquiritigenin (4, 2', 4'-trihydroxychalcone) 

FFFiiiggguuurrreee222...Licoricerootandthestructureofisoliquiritigenin
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HUVECs were isolated by collagenase digestion ofumbilicalveins from
undamaged sections offresh cords.The cells were maintained in EBM-2
medium (CambrexBioScience,Walkersville,MD,USA)containing20% FBS.
Sub-cultureswereobtainedbytrypsinationandwereusedatpassages>6in
this study.Cultures were incubated at37 ˚C inahumidifiedatmosphere
containing5%CO2.

3.MTTassay
The effects ofISL orMAPKs inhibitorson the viability ofVEGF-treated
HUVECswereevaluatedbyMTTassay,acolorimetricassaybasedontheability
ofviablecellstoreduceasolubleyellowtetrazoliumsalt(MTT)toablueformazan
crystalbymitochondrialsuccinatedehydrogenaseactivityofviablecells.HUVECs
wereplatedatadensityof5X103cells/wellintoa96-wellcultureplate(NUNC,
Roskilde,Denmark)andleftovernighttoadhere.Then,ISLatvariousconcentrations
orMAPKsinhibitors(10μM)wasaddedtothemediuminthepresenceorabsenceof
VEGF(20ng/ml)andthecellswereincubatedfor24and72hr.AftertheMTT
addition(5mg/ml),theplateswereincubatedfor4hrat37˚Cin5%CO2incubator.
Thesupernatantwascarefullyremovedfrom thewells,formazanproductwas
dissolvedin200㎕ DMSO,andabsorbancewasmeasuredat570nminamicroplate
reader(BIO-RAD,Hercules,CA,USA).TheOD570oftheDMSOsolutionineachwell
wasconsideredtobeproportionaltothenumberofcells.

4.5-bromo-2'-deoxyuridine(BrdU)incorporationassay
DNA synthesiswasmeasured by BrdU labeling method with commercially
availablekits(RocheDiagnostics,Mannheim,Germany).Briefly,HUVECs(5X103

cells/well)were seeded in EBM-2 medium containing 20% FBS in 96-well
cultureplateandincubatedovernightat37˚C,5%CO2.VariousconcentrationsofISL
orMAPKsinhibitors(10μM)inserum-freemedium containingVEGF(20ng/ml)
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wereaddedtotheeachwell.Cellswereincubatedfor24and72hrandBrdU(final
concentration:10μM/well)wasadded.After4hrincubationat37˚C,mediumwas
removedandcellswerefixedwithethanol(70%)inHCl(finalconcentration:0.5M)
for30minat-20˚C.Cellswereincubatedwithnucleasesworkingsolutionfor30min
at37 ˚C intheabsenceofCO2andincubatedwithasolutioncontainingan
anti-BrdU-POD,Fabfragments,for30minat37˚C.After30minunboundantibody
was removed by 3 times washings. POD substrate solution
(3,3'-5,5'-tetramethylbenzidine,100㎕ perwell)wasaddedandincubatedatroom
temperatureuntilpositivesamplesshowagreencolor,andisclearlydistinguishable
fromthecolorofpurePODsubstrate.Absorbanceofthesampleswasimmediately
measuredinamicroplatereaderat405nm (referencewave-lengthatapprox.490
nm).

5.Cellmigrationassay
Thechemotacticmotility ofHUVECswasassayed using Transwell(Corning
Costar,Cambridge,MA,USA)with6.5mm-diameterpolycarbonatefilters(8㎛
poresize)and10㎍ ofgelatinmatrixintheupperchamber.Inthepresent
study,100㎕ ofcellsuspension(1X106cells/ml)inEBM-2medium (FBS2%)
wasadded to upperchamber,while thelowerchambercontained 600 ㎕
EBM-2medium with2% FBSorEBM-2with20ng/mlVEGFsupplemented
with5-40 μMISLorvehicle.Theapparatuswasincubatedfor7hrat37˚C,andthen
theupperchambersweredisassembledandfixedwith70%methanolfor5min.The
membraneswerestainedwithhematoxylin/eosin(H.E)for5min.Cellsremaining
ontheuppersurfaceofthefiltermembrane(nonmigrant)werescrapedoffgently
withacottonswabandthenmountedonslideglasses.Cellmigrationwasquantified
bycountingthewholecellnumbersonasinglefilterusinganopticalmicroscopeatx
200magnification.Assaysweredoneintriplicateandrepeatedatleasttwice.
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6.Tubeformationassay
A tube formation assay was used to investigate the effect of ISL on
angiogenesisinvitro.TheHUVECsatsubconfluencewereswitchedtoserum-free
EBM-2medium overnight.250㎕ ofgrowthfactor-reducedMatrigel(Collaborative
BiomedicalProducts,Bedford,MA,USA)wasplacedina24-wellcultureplateand
polymerizedfor30minat37 ˚C.ThestarvedHUVECsweretrypsinizedand
suspended inEBM-2containing2% FBS.Thecellsweremixed withvarious
concentrationsofISLandVEGF(20ng/ml)andseededtotheMatrigelpretreated
24-wellcultureplateatadensityof1×105cells/well.After8hrincubationat37˚C,
themorphologicalchangesinthecellswereobservedunderamicroscopeand
photographedat×40magnification.

7.Animals
7-weekoldmaleC57/BL6micewereobtainedfrom OrientCo.(Seoul,Korea)that
weremaintainedat20-22˚Cwith12hrlightanddarkcycles.

8.Matrigelplugassayinvivo
Matrigelplugassaywasperformedaspreviouslydescribed40.Angiogenesiswas
consideredbythegrowthofbloodvesselsfromsubcutaneoustissueintoasolidgel
ofMatrigelextracellularmatrix.TheMatrigel(BD Biosciences,PaloAlto,USA)was
thawedovernightat4˚C.VariousconcentrationsofISLweregentlymixedwithcold
liquidMatrigelcontainingthe20unitsofheparinwithorwithout100ng/mlVEGF.
TheMatrigelsolution(0.6ml)wasinjectedsubcutaneouslyintoflankofmice.To
investigatethebioavailabilityofISL,ISL(0.25-0.5mg/kg/day)wasorallygiven
onceeverydayafterC57/BL6miceweregivensubcutaneousinjectionsof0.6mlof
MatrigelwithVEGF(100ng/ml).7dayslater,themicewerekilledbyethylether
inhalationandtheskinofthemousewaseasilypulledawaytoexposethe
Matrigel plug. After the Matrigel plugs were surgically removed and
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photographed,the amountofhemoglobin (Hb)inside the Matrigelwere
measured asan indication ofblood vesselformation using the Drabkin's
reagentkit525(Sigma,St.Louis,MO,USA).Theconcentration ofHbwas
calculatedbasedonHbstandardmeasuredsimultaneously.

9.Westernblotanalysis
Proteinlysateswereprepared usinglysisbuffercontaining5mM EDTA,50
mM Tris-HCl,0.1% SDS,10% glycerol,0.2% TritonX-100,5㎍/mlaprotinin,1
mM PMSFandproteaseinhibitorcocktailtablet(Roche,Penzberg,Germany).
ProteinconcentrationsweredeterminedusingaBCA kit(Pierce,Rockford,IL,
USA).Equalamounts ofprotein (30 ㎍)were loaded in each lane and
separated by Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The electrophoresed proteins were transferred onto a
polyvinylidene difluoride (PVDF)membrane (Millipore,Billerica,MA,USA).
Afterblockingwith5% skim milkinTBS-T,themembraneswereincubated
with primary antibodies(1:1000)in 3% skim milk overnightat4 ˚C.The
membraneswereincubatedwithanappropriateperoxidase-conjugatedsecondary
antibody(1:2000)in3% skim milkfor1hratroom temperature and then
developed with an enhanced chemiluminescence(ECL)mixture(Santa Cruz
Biotechnology,SantaCruz,CA,USA).

10.Statisticalanalysis
Datafrom theinvitroandinvivoexperimentsareexpressedasthemean±
standard error (SE).Comparisons between groups were carried out by
Student'st-testformultiplecomparisonswhereappropriate.Differenceswere
consideredsignificantatthelevelofP≤ 0.05.
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ⅢⅢⅢ...RRREEESSSUUULLLTTTSSS

IIISSSLLLsssuuupppppprrreeesssssseeesssVVVEEEGGGFFF---iiinnnddduuuccceeedddccceeellllllvvviiiaaabbbiiillliiitttyyyiiinnnHHHUUUVVVEEECCCsss

Vascularendothelialcellproliferationisanessentialcomponentoftheangiogenic
responses.TheeffectsofISLonHUVECswereinvestigatedbytheMTTassayatthe
concentrationsofISLrangingfrom 0to40μM for24and72hr,respectively.ISL
inhibitedHUVECproliferationintheabsence(Fig.3A)orpresence(Fig.3B)ofVEGF
(20ng/ml).ToexaminewhetherISLwastoxictoHUVECs,wetreatedwithISLinthe
absenceofVEGF.TheviabilityofHUVECswasreducedto83%and81%at20μMof
ISLandremarkedlyinhibitedto71%and63%at40μM,respectively,whentreated
for24and72hr.AdditionofVEGF(20ng/ml)causedasignificantincreaseinthe
viabilityofHUVECsandISLtreatmentdecreasedVEGF-inducedcellviabilityin
HUVECsinadose-treatedmanner.

IIISSSLLLiiinnnhhhiiibbbiiitttsssVVVEEEGGGFFF---iiinnnddduuuccceeedddDDDNNNAAAsssyyynnnttthhheeesssiiisssooofffHHHUUUVVVEEECCCsss

ThecellproliferationwasmeasuredbyquantitatingBrdU incorporatedintothe
newlysynthesizedDNAofreplicatingcells.WhenculturedHUVECswithISLinthe
absenceofVEGFfor24and72hr,butnoeffectontheirDNAsynthesiswasfound
(Fig.4A).AdditionofVEGF(20ng/ml)causedasignificantlyincreasedDNA
synthesisinHUVECsandISLtreatmentat40 μM for24hrresultedin70-75%
(P<0.002)inhibitionofVEGF-inducedDNAsynthesis(Fig.4B).Theseresultssuggest
thatreductionofVEGF-inducedcellviabilitybyISLinHUVECsisduetothe
inhibitionofcellproliferationbyblockingDNAsynthesis.

IIISSSLLLiiinnnhhhiiibbbiiitttsssVVVEEEGGGFFF---iiinnnddduuuccceeedddccceeellllllmmmiiigggrrraaatttiiiooonnnaaannndddtttuuubbbeeefffooorrrmmmaaatttiiiooonnniiinnnHHHUUUVVVEEECCCsss
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FFFiiiggguuurrreee333...ISLsuppressesVEGF-inducedviabilityofHUVECs.Cellsweretreated
withorwithoutISL(5-40μM)andVEGF(20ng/ml)for24and72hr,respectively,
andtheproliferationwasmeasuredusingMTTassay.Eachexperimentwasdone
independentlyintriplicatetwice.Dataareexpressedasthemeans±S.E.*,P<0.05;**,
P<0.001versusVEGF-treated(oruntreated)groupfor24hr;+,P<0.05;++,P<0.001
versusVEGF-treated(oruntreated)groupfor72hr.
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FFFiiiggguuurrreee 444...ISL inhibitsVEGF-induced DNA synthesisofHUVECs.In BrdU
incorporationassay,5X103cells/wellwereplatedin96-wellcultureplateinculture
conditionsasdescribedinMaterialandMethod,andtreatedwithorwithoutISL(5-
40μM)andVEGF(20ng/ml)for24and72hr,respectively.Attheendoftreatment,
cellswereincubatedwithBrdUlabelingsolutionfollowedbyfixationandincubation
withanti-BrdUperoxidaseconjugate.Finally,aftersubstratereaction,colorintensity
wasmeasuredwithmicroplatereaderat405nm.Datarepresentthemean±S.E.of
twoindependentexperiments.*,P<0.05;**,P<0.002versusVEGF-treated (or
untreated)groupfor24hr;+,P<0.01;++,P<0.001versusVEGF-treated(oruntreated)
groupfor72hr.
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Angiogenesis is a complex process involving endothelialcellproliferation,
migrationanddifferentiationaswellastubeformation.TheeffectofISLon
thechemotacticmotilityofHUVECswasmeasured usingaTranswellplate.
Whenaddedfor8hrinthelowerwell,VEGF(20ng/ml)inducedastrong
activationofcellmigration,butVEGF-stimulatedcellmigrationwascompletely
blockedbyISLtreatment(Fig.5).
Next,theeffectofISL onthemorphologicaldifferentiationofHUVECswas
investigatedontwo-dimensionalMatrigel.WhenHUVECswereplacedongrowth
factor-reducedMatrigelintheabsenceofVEGF,HUVECsformedincompleteand
narrow tube-likestructures.Thetreatmentof20ng/mlVEGFledtothetube
formationofelongatedandrobusttube-likestructures,whichwereorganizedby
muchlargernumberofcellscomparedwiththecontrol.However,ISLeffectively
abrogatedthewidthandthelengthofendothelialtubesinducedbyVEGFina
dose-dependentmanner(Fig.6).TubeformationintheVEGF-treatedHUVECs
inhibitedincompletelybytreatmentwith1μMofISLbutremarkablyinhibitedby10
μMofISL.TheseresultsindicatethatISLinhibitsVEGF-inducedmigrationandtube
formationinHUVECs.

IIISSSLLLiiinnnhhhiiibbbiiitttsssVVVEEEGGGFFF---iiinnnddduuuccceeedddaaannngggiiiooogggeeennneeesssiiisssiiinnnvvviiivvvoooMMMaaatttrrriiigggeeelllpppllluuugggaaassssssaaayyy

ToexaminewhetherVEGF-inducedangiogenesiscouldbeinhibitedbyISLinvivo,
weconductedMatrigelplugassaysinmice.Subcutaneousinjectionofcoldliquid
MatrigelcontainingVEGF(100ng/ml)permittedtheformationofnewbloodvessels.
7dayslater,MatrigelwithVEGFmarkedlyinducedangiogenesisthe5-foldincreases
incomparisonwithcontrolMatrigelalone.Incontrast,bloodvesselformation
significantlyinhibitedinISL-treatedMatrigelwithVEGFby68%(Fig.7A).Wealso
evaluatedtheeffectoftheoraladministrationofISLonVEGF-inducedangiogenesis.
Asexpected,oraladministration ofISL significantly inhibited VEGF-induced
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FFFiiiggguuurrreee555...ISL inhibitsVEGF-induced migration in HUVECs.HUVECs(1X106

cells/ml)wereseededontopoftheTranswellmembraneandallowedtomigrate
through8㎛ poresfor8hr.MigrationofHUVECsexposedtoEBM-2medium
containing2% FBSwithandwithoutISL(5-40μM)plusVEGF(20ng/ml)was
analyzedbyTranswellassayasdetailedinMaterialsandmethods.Migratedcell(%)
representsthemeannumberofmigratingcells/field±SEcalculatedinthreedifferent
wells.Experimentwasrepeatedatleasttwice.*,P<0.05versusVEGF-treatedgroup.
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     CCCooonnntttrrrooolll VVVEEEGGGFFF222000nnnggg///mmmlll

VVVEEEGGGFFF+++IIISSSLLL111μμμμMMM VVVEEEGGGFFF+++IIISSSLLL555μμμμMMM VVVEEEGGGFFF+++IIISSSLLL111000μμμμMMM

FFFiiiggguuurrreee666...ISLinhibitsVEGF-inducedtubeformationinHUVECs.HUVECs(1X105

cells/well)wereseededinto24-wellplatewhichhadbeenprecoatedwithgrowth
factor-reducedMatrigelinEBM-2mediumcontaining2%FBS.Thecellsweretreated
withvariousconcentrationsofISL(1-10μM)intheabsenceorpresenceofVEGF(20
ng/ml)for7hr.PhotomicrographsdepictthealignmentofHUVECunderdefined
treatmentconditions.



21

angiogenesisasshowninFig.7B.Furthermore,wefoundthatsubcutaneousinjection
ofMatrigelwithISL20μM (5㎍/ml)decreasedVEGF-inducedangiogenesismore
significantlythanitsoraladministrationof0.25mg/kg/dayeverydayfor7days(the
totalamountoforallyadministrated ISL :5㎍/ml)(Fig.7C).Theseresults
demonstratethatISLeffectivelyinhibitsVEGF-inducedangiogenesisinvivosystem.

IIISSSLLL dddooowwwnnnrrreeeggguuulllaaattteeesssVVVEEEGGGFFF---ssstttiiimmmuuulllaaattteeeddd VVVEEEGGGFFFRRR---111aaannnddd VVVEEEGGGFFFRRR---222eeexxxppprrreeessssssiiiooonnn iiinnn
HHHUUUVVVEEECCCsss

VEGFbindswithdifferentaffinitiesto3relatedreceptortyrosinekinases:VEGFR-1
(fms-liketyrosinekinase-1),VEGFR-2(homologtomurinefetalliverkinase-1),and
VEGFR-3.VEGFmediatesitsactivitymainlyviatwohigh-affinityreceptortyrosine
kinases(RTKs),VEGFR-1andVEGFR-2.WeinvestigatedtheexpressionoftwoVEGF
receptorsinHUVECsexposedtoISLfor24hr.VEGF-stimulatedexpressionof
VEGFR-1andVEGFR-2wasreducedbyISLtreatment(Fig.8).

IIISSSLLLrrreeeddduuuccceeesssVVVEEEGGGFFF---iiinnnddduuuccceeedddppphhhooosssppphhhooorrryyylllaaatttiiiooonnnooofffppp333888,,,EEERRRKKK111///222aaannndddJJJNNNKKKiiinnnHHHUUUVVVEEECCCsss

VEGFinducestheexpressionofvariousangiogenesis-relatedproteinsinECs.
PreviousdatahavedemonstratedthatERK,JNK,andp38membersoftheMAP
kinasefamilyplayimportantrolesforVEGF-inducedangiogenesis27.Westernblot
analysisinthisstudyshowedthatVEGFinducedphosphorylationofp38,ERK1/2
andJNKandISLsignificantlysuppressedtheactivationofthesethreeMAPKs(Fig.
9).Especially,ISL20μMcompletelyreducedVEGF-inducedphosphorylationofJNK.
Theproteinlevelsofp38,ERK1/2andJNK remained unchanged with ISL
treatment.
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FFFiiiggguuurrreee777...ISLinhibitsVEGF-inducedangiogenesisinvivoMatrigelplugassay.(A)
C57/BL6micewereinjectedwith0.6mlofMatrigelcontainingVEGF(100ng/ml)
andISL(5-20 μM).*,P<0.001versusVEGF-treatedgroup.(B)ISLwasorally
administratedfor7dayswith20-40μM afterinjectionofMatrigelwithVEGF.*,
P<0.01 ;**,P<0.005 versusVEGF-treated group.(C)The effectofISL on
VEGF-inducedangiogenesiswascomparedinmicewithsubcutaneousinjectionof
VEGFandISL(20μM)andinorally-treatedmicewithISLafterMatrigelinjection
withVEGF.*,P<0.001versusVEGF-treatedgroup.After7days,miceweresacrificed
andMatrigelplugswereexcised.Matrigelplugswerephotographed.Toquantifythe
formationofnewbloodvesselsinMatrigel,theamountofhemoglobinineachplug
wasassayedwithDrabkin'sreagentkitaccordingtothemanufacturer’sprotocol.
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- +        +            +    +        +             +         VEGF(20ng/ml)

- - 10          20          40          60     80         ISL(µµµµM)

VEGFR-1
(180KDa)

VEGFR-2
(230KDa)

0.501      0.547      0.400  0.414   0.403        0.384     0.266

ß-actin
(42KDa)

VEGFR-1/ß-actin

VEGFR-2/ß-actin0.279         0.327        0.242        0.250        0.251    0.178       0.098

FFFiiiggguuurrreee888...ISLdown-regulatesVEGF-stimulatedVEGFR-1andVEGFR-2expression
inHUVECs.Serum-starvedHUVECswerestimulatedwithVEGF(20ng/ml)and
thenincubatedwithvehicle(DMSO0.1%)orISL(10-80μM)for24hr.Thecellswere
scrapedfromtheculturedishesandtheresultinglysatesclarifiedbycentrifugation.
Western blotting wasthen performed using anti-VEGFR-1and anti-VEGFR-2
antibodies.Membraneswerereprobedfor β-actin.ThelevelofVEGFR-1and
VEGFR-2wasquantifiedbydensitometryandexpressedastheratioofVEGFR-1or
VEGFR-2/β-actin.
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- - 20           40     80  ISL(μμμμM)

- +     +       +   +  VEGF(20ng/ml)

p-p38
(38KDa)

p38
(38KDa)

pERK1/2
(44/42KDa)

ERK1/2
(44/42KDa)

0.939       1.175 0.929        0.846 0.810

0.701 0.698     0.733  0.748 0.716

2.507      2.663      1.740       1.294          0

1.797 1.825       1.805 1.864 1.833 ERK1/2/ß-actin

pERK1/2/ß-actin

p38/ß-actin

p-p38/ß-actin

ß-actin
(42K D a)

pJN K 2/1
(54/46K D a)

JN K 2/1
(54/46K D a)

6.582     7 .602 0 0           0

2.554    2 .570 2.616 2.644      2 .598

pJN K 2/1/ß-actin

JN K 2/1/ß-actin
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FFFiiiggguuurrreee999...ISLreducesVEGF-inducedphosphorylationofp38,ERK1/2andJNKin
HUVECs.Serum-starvedHUVECsweretreatedwithVEGF(20ng/mL)inthe
presenceorabsenceofISL(20-80μM)for24hr.Equalamountsofproteinextract
from celllysateswereanalyzedbyWesternblotanalysisforphospho-p38,p38,
phospho-ERK1/2,ERK1/2,phospho-JNK,JNKandβ-actin.Therelativeintensitiesof
proteinbandweremeasuredbydensitometricanalysisandnormalizedwiththatofβ

-actin.
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IIISSSLLLdddeeecccrrreeeaaassseeesssVVVEEEGGGFFF---iiinnnddduuuccceeedddaaaccctttiiivvvaaatttiiiooonnnooofffFFFAAAKKKaaannndddpppaaaxxxiiilllllliiinnniiinnnHHHUUUVVVEEECCCsss

Endothelialcellmigrationisanearlykeystepintheinitiationofangiogenesis42,43.
FAKisakeytransducerofsignalsconverging fromintegrinsandRTKsimportant
forbothsurvivalandmigration44.Paxillinisknowntobeimportantinconnectingthe
integrinswithactinfibersviainteractionwithvariousmoleculessuchasvinculinand
FAK47,48.VEGF induces tyrosine phosphorylation of FAK and the focal
adhesion-associatedproteinpaxillintopromoterecruitmentofFAKtonew focal
adhesioninHUVECs25,46.WeanalyzedtheactivationofFAKandpaxillinwhen
HUVECswereexposedtoISLwithVEGF(20ng/ml)for24hr.VEGFstimulation
significantlyincreasedbothFAK andpaxillinphosphorylation.Exposuretothe
indicatedconcentrationofISLledtoadose-dependentreductionofthelevelsof
phospho-FAK(pY397)(Fig.10A)andphospho-paxillin(Tyr31)(Fig.10B)aswellas
theexpressionlevelsofFAKandpaxillin.DensitometricanalysisshowedthatISL
inhibitsphosphorylationofFAK andpaxillindespiteofreductionoftheirtotal
proteinlevel.TheseresultsindicateISLdecreasesVEGF-inducedactivationofFAK
andpaxillininHUVECs.

EEERRRKKK111///222aaannndddJJJNNNKKKaaarrreeecccrrriiitttiiicccaaallliiinnnVVVEEEGGGFFF---iiinnnddduuuccceeedddppprrrooollliiifffeeerrraaatttiiiooonnnaaannndddDDDNNNAAAsssyyynnnttthhheeesssiiisssooofff
HHHUUUVVVEEECCCsss

TheproliferationofendothelialcellsinresponsetoVEGFisofcentralimportanceto
theangiogenesisprocess.ToexaminetherolesofthreeMAPkinase,p38,ERK1/2
andJNKinVEGF-inducedproliferationofHUVECs,wedeterminedwhetherMAPK
inhibitorssuppressedcellviabilityandDNAsynthesisinVEGF-treatedHUVECs.As
showninFig.11A,theenhancedcellviabilitybyVEGF(20ng/ml)treatmentwas
markedlyinhibitedbytreatmentwithPD98059(aselectiveandcell-permeable
inhibitoroftheERK1/2),SP600125(apotentandselectiveinhibitorofJNK)and
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pFAK
(125KDa)

- +     +       +      +        +         + VEGF(20ng/ml)

- - 10     20     40   60     80  ISL(µµµµM)

FAK
(125KDa)

0.370     0.385  0.422   0.309     0.411  0.284     0.193
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ß-actin
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p-paxillin
(68KDa)

paxillin
(68KDa)

- +      +       +      +       +       +    VEGF(20ng/ml)

- - 10         20    40  60    80     ISL(µµµµM)
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ß-actin
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FFFiiiggguuurrreee111000...ISLdecreasesVEGF-inducedactivatedofFAKandpaxillininHUVECs.
Serum-starvedHUVECsweretreatedwithVEGF(20ng/mL)inthepresenceor
absenceofISL(10-80μM)for24hr.Equalamountsofproteinextractweresubjected
toSDS-PAGE,transferredtoPVDF,andsequentiallyprobedwiththeantibodiesof
phospho-FAKandFAK(A),andphospho-paxillinandpaxillin(B).β-actinexpression
wasreprobedtoindicateevennessofloadingofproteinextractfromeachtreatment.
Afternormalizationwiththeintensityofβ-actin,theratioofphosphorylatedprotein
tototalproteinwasdeterminedbycomparingtherelativeintensitiesofproteinband.
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SB203580(ahighlyspecificandcell-permeableinhibitorofp38MAPkinase).
Moreover,PD98059andSP600125,notSB203580,blockedVEGF-stimulatedDNA
synthesisinHUVECs(Fig.11B).OurresultsdemonstratethatERK1/2andJNK,not
p38MAPkinase,playanimportantroleforVEGF-inducedproliferationofHUVECs.

VVVEEEGGGFFFRRR---111aaannnddd///ooorrrVVVEEEGGGFFFRRR---222rrreeeggguuulllaaattteeeVVVEEEGGGFFF---iiinnnddduuuccceeedddppphhhooosssppphhhooorrryyylllaaatttiiiooonnnooofffppp333888,,,EEERRRKKK111///222
aaannndddJJJNNNKKKiiinnnHHHUUUVVVEEECCCsss

InHUVECs,VEGF-inducedactivationofERKandp38MAPK,closelyassociated
withcellproliferationandmigration,ismostlymediatedbyVEGFR-213,50,51.To
determineVEGFreceptorsinducingtheactivationofrespectiveMAPKs,thecells
wereexposedtoindicatedconcentrationsofanti-VEGFR-1mAboranti-VEGFR-2
mAb2hrbeforetheadditionofVEGF(20ng/ml).24hrlater,totalproteinwas
extracted.WesternblotanalysisshowedthatVEGF-inducedphosphorylationofp38,
ERK1/2andJNK wassignificantlyinhibitedbyanti-VEGFR-2mAb(Fig.12).
Anti-VEGFR-1mAbdidnotaffectthephosphorylationofERK1/2,butpartially
inhibitedVEGF-inducedphosphorylationofp38andalmostcompletelyabrogated
VEGF-inducedphosphorylationofJNK,at10㎍/ml.TheseresultsVEGFR-2wasa
keyreceptorforphosphorylationofp38,ERK1/2andJNKinHUVECsstimulated
withVEGF.

VVVEEEGGGFFF---iiinnnddduuuccceeedddFFFAAAKKKaaannndddpppaaaxxxiiilllllliiinnnppphhhooosssppphhhooorrryyylllaaatttiiiooonnnaaarrreeedddeeepppeeennndddeeennntttooonnnEEERRRKKK111///222aaannnddd
JJJNNNKKKpppaaattthhhwwwaaayyyvvviiiaaaVVVEEEGGGFFFRRR---222iiinnnHHHUUUVVVEEECCCsss

VEGFinducestyrosinephosphorylationofFAKandpaxillin24andrequiresFAKto
promotenew focaladhesion formation in HUVECs25.Weexamined whether
VEGF-induced phosphorylationofFAK andpaxillindependonVEGFR-1or
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FFFiiiggguuurrreee111111...ERK1/2andJNKarecriticalinVEGF-inducedproliferationofHUVECs.
CellsweretreatedwithSB203580(10μM),PD98059(10μM),andSP600125(10μM)in
thepresenceofVEGF(20ng/ml)for24hr.A,TheviabilitywasmeasuredusingMTT
assay.*,P<0.005;**,P<0.001versusVEGF-treatedgroup.B,DNAsynthesiswas
assessedbyBrdUincorporationassay.*,P<0.01;**,P<0.001versusVEGF-treated
group.
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p-p38
(38KDa)

p38
(38KDa)

pERK1/2
(44/42KDa)

ERK1/2
(44/42KDa)

ß-actin
(42KDa)

pJNK2/1
(54/46KDa)

JNK2/1
(54/46KDa)

- +       +       +   +    +  VEGF(20ng/ml)

ααααFlt mAb(μμμμg/ml) ααααKDR mAb(μμμμg/ml)

1          10 1     10

0.345 0.401         0.374 0.363        0.317        0.290

1.091 1.095         1.105       1.144        1.142        1.138

0.776        0.887    0.870 0.869 0.869         0.785

2.157       2.141 2.158 2.191         2.211        2.183

0.333       0.441      0.414        0       0     0

2.489       2.506      2.412       2.550 2.574       2.640

pJNK2/1/ß-actin

ERK1/2/ß-actin

pERK1/2/ß-actin

p38/ß-actin

p-p38/ß-actin

JNK2/1/ß-actin
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FFFiiiggguuurrreee111222...VEGFR-1and/orVEGFR-2regulateVEGF-inducedphosphorylationof
p38,ERK1/2 and JNK in HUVECs.HUVECs were exposed to indicated
concentrationsofαFltmAb(monoclonalantibodyagainstVEGFR-1)orαKDRmAb
(monoclonalantibodyagainstVEGFR-2)2hrbeforetheadditionofVEGF.Afterthe
cultureswereincubatedwithorwithoutVEGF(20ng/ml)for24h,equalamountsof
proteinextractweresubjectedtoSDS-PAGE,transferredtoPVDF,andsequentially
probedwithantibodiesofphospho-p38andp38,phospho-ERK1/2andERK1/2,and
phospho-JNKandJNK.β-actinexpressionwasreprobedtoindicateevennessof
loadingofproteinextractfromeachtreatment.Theintensityofproteinwasmeasured
bydensitometricanalysisandnormalizedwiththatofβ-actin.
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VEGFR-2.VEGF-inducedphosphorylationofFAK andpaxillinwascompletely
inhibitedbyanti-VEGFR-2mAb(Fig.13),indicatingthatVEGFR-2wasresponsible
forphosphorylationofFAKandpaxillininHUVECsstimulatedwithVEGF.
Becausethephosphorylationofp38,ERK1/2andJNKaswellasthatofFAKand
paxillinwasinhibitedbyblockingVEGFR-2,wenextexaminedtheroleofthesethree
MAPKsinmediatingactivationofFAKandpaxillinbyVEGF.WhenHUVECsin
serum-freemediumweretreatedwith10μMofSB203580,PD98059orSP600125and
20ng/mlVEGFfor24hr,VEGF-inducedphosphorylationofFAK andpaxillin
wascompletely decreased by PD98059,ERK1/2inhibitor,and SP600125,JNK
inhibitor,inHUVECs(Fig.14).Incontrast,SB203580didnotaffectphosphorylation
ofFAKandpaxillininducedbyVEGF.
Moreover,weexamined theeffectofZM323881,acell-permeableand potent
inhibitorofVEGFR-2tyrosinekinaseactivity,onFAK andpaxillinactivation.
FAKandpaxillinphosphorylationinducedbyVEGFwerestronglyinhibitedby
ZM323881 treatment for 24 hr (Fig. 14). These results indicate that
VEGF-inducedFAKandpaxillinphosphorylationinHUVECsinducesby(orisdue
to)VEGFR-2-mediatedactivationofERK1/2andJNK.
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pFAK
(125KDa)

p-paxillin
(68KDa)

FAK
(125KDa)

paxillin
(68KDa)

ß-actin
(42KDa)

- +        +       +   +    +   VEGF(20ng/ml)

ααααFlt mAb( μμμμg/ml)ααααKDR mAb(μμμμg/ml)

1           10 1            10

0.754        0.822     0.815      0.797   0.799 0

1.033        1.025   1.031        1.020       1.015         1.019

0.504        0.559         0.541        0.507    0.367      0.289

0.661        0.662       0.662      0.660     0.669        0.667

FAK/ß-actin

pFAK/ß-actin

p-paxillin/ß-actin

paxillin/ß-actin

FFFiiiggguuurrreee111333...VEGFR-2isresponsibleforVEGF-inducedphosphorylationofFAKand
paxillininHUVECs.HUVECswereexposedtoindicatedconcentrationsofαFltmAb
(monoclonalantibodyagainstVEGFR-1)orαKDRmAb(monoclonalantibodyagainst
VEGFR-2)2hrpriortotheadditionofVEGF.Thenthecultureswereincubatedwith
orwithoutVEGF(20ng/ml)for24hrandtheexpressionphospho-FAKandFAK,
andphospho-paxillinandpaxillinwereanalysedbyWesternblot.β-actinexpression
wasreprobedtoindicateevennessofloadingofproteinextractfromeachtreatment.
Theintensityofproteinwasmeasuredbydensitometricanalysisandnormalized
withthatofβ-actin.
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pFAK
(125KDa)

p-paxillin
(68KDa)

FAK
(125KDa)

paxillin
(68KDa)

ß-actin
(42KDa)

- +        +       +   +       +   +     +    + VEGF(20ng/ml)
20  40    80     10    10       10  100

ISL(μμμμM) SB(μμμμM) PD(μμμμM) SP(μμμμM) ZM(nM)

0.529  0.842 0.705 0.817 0.679  0.830 0.492 0.554 0.626

0.423   0.419  0.413  0.398  0.387    0.407  0.348 0.345  0.385

0.513  0.653 0.616 0.650  0.378   0.622   0.555  0.588    0.605

0.718  0.708    0.714    0.659 0.558  0.659  0.697   0.711 0.712

FAK/ß-actin

pFAK/ß-actin

p-paxillin/ß-actin

paxillin/ß-actin

FFFiiiggguuurrreee111444...VEGF-inducedFAK andpaxillinphosphorylationaredependenton
VEGFR-2,ERK1/2andJNKpathwayinHUVECs.Serum-starvedHUVECswere
incubatedwithvehicle(DMSO0.1%),ISL(20-80μM),SB203580(10μM),PD98059(10
μM),SP600125(10 μM),andZM323881(100nM)andstimulatedwithVEGF(20
ng/ml)for24hr.Thecellswerescrapedfrom theculturedishesandtheresulting
lysatesclarifiedbycentrifugation.Westernblottingusinganti-pFAK,anti-FAK,
anti-p-paxillin and anti-paxillin antibodieswasperformed.Membraneswere
reprobedforβ-actin.
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ⅣⅣⅣ...DDDIIISSSCCCUUUSSSSSSIIIOOONNN

Inanattempttoidentifyphytochemicalscontributingtothewelldocumented
preventiveeffectofplant-baseddietsoncancerincidenceandmortality55,56,ithas
beenshownpreviouslythatcertainisoflavonoidsandflavonoidsinhibitproliferation
ofculturedtumorcellsandinvitroangiogenesis57.Ithasbeenalsoreportedthat
endothelialcellproliferationandmigrationinresponsetoVEGFplayanimportant
roleinangiogenesis,whichisessentialforthetumorstoenlargeandmetastasize.
Recently,asignificantreductionintheVEGF-inducedangiogenesis,neovascular
survival,andgrowthofhumantumorxenografts,wasobsevedafteronce-dailyoral
administrationofAZD2171,ahighlypotentinhibitorofVEGFR-2tyrosinekinase,at
comparativelylowdoses58.Inthepresentstudy,weshowedthatisoflavonoidISL
inhibitedVEGF-inducedproliferation,DNAsynthesis,migrationandtubeformation
inHUVECs.Inagreementwiththeinhibitonofangiogenesisinvitro,ISLinhibited
VEGF-inducedangiogenesisinadose-dependentmannerinvivoMatrigelplug
assay.Moreover,oraldailyadministrationofISLinhibitedangiogenesisinducedby
VEGF in mice.These results suggest that ISL is capable of inhibiting
VEGF-dependentangiogenesisandthatitisalsoeffectiveasanorallybioavailable
agent.
ThemodulationofVEGF-inducedangiogenesishasgreattherapeuticpotentialto
inducewoundhealingorimpedetumor-relatedgrowth59andproliferativediabetic
retinopathy60.VEGFisanimportant,multifunctionalangiogeniccytokinethatexerts
avarietyofbiologicalactivitiesonvascularendothelium.Theseincludeinductionof
microvascularhyper-permeability,stimulation ofproliferation and migration,
significantreprogramming ofgeneexpression,endothelialcellsurvival,and
preventionofsenescence22,61.Allofthesefunctionsarethoughttobemediatedbytwo
receptortyrosinekinases,VEGFR-1andVEGFR-2,thatareselectivelyexpressedon
vascularendotheliumandup-regulatedatsitesofVEGFoverexpressionasintumors,
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healingwounds,chronicinflammation,etc.42.Becausebothreceptorsareexpressed
onvascularendothelium,ithasbeendifficulttodefinetherespectiverolein
mediatingthevarioussignalingeventsandbiologicalactivitiesinducedbyVEGFin
endothelium.Therefore,wefirstobserved thatISL reduced VEGF-stimulated
expressionofVEGFR-1andVEGFR-2inHUVECs.Furthermore,thefindingthatISL
significantlyinhibitedVEGF-inducedphosphorylationofp38,ERK1/2andJNKina
dose-dependentmanner.Ourresultsprovidetheanti-angiogenicpotentialofISL
suppressingVEGF-inducedangiogenesisbydownregulatingoftheexpressionoftwo
VEGFRsandblockingMAPKsactivationinVEGF-stimulatedHUVECs.So,two
possibilitiespresentthemselves:(a)ISLbindstomultiplesitesonthecellsurface
and,consequently,resultsindarkenVEGFreceptorsexpressionthroughblocks
VEGFfrombindingtoVEGFRs;or(b)ISLbindsdirectlytotheVEGFbindingsiteof
VEGFR,blockingthebindingofVEGF.
Toexplainthemolecularmechanism underlyingantiangiogenicactivityofISL,we
firstdeterminedtheintracellularsignalofVEGFR-1andVEGFR-2coupledto
MAPKs.Thecurrentinformationhasbeengleanedlargelyfromstudieswithseveral
celllinesthatVEGFR-2activationissufficienttostimulateSAPK2/p3853.InHUVECs,
aVEGFR-2neutralizingantibodyinhibitedtheactivationofSAPK2/p38.Moreover,
PlGF,aspecificligandforVEGFR-1thatdoesnotactivateVEGFR-221,didnot
stimulatetheSAPK2/p38pathway.InPAEcellsthatexpressonlyVEGFR-2or
VEGFR-1,SAPK2/p38wasactivatedinthePAE/VEGFR-2transfectantsbutnotin
thePAE/VEGFR-1cells.Incontrast,arecentstudydemonstratedthatVEGFR-1
activatesp38MAPkinase,regulatingactinreorganization29.Ithasbeenmorerecently
appreciatedthatvariousgrowthfactorreceptorsincludingVEGFRsstimulateboth
ERK andJNK37,17-19,leadingtotheproposalthatbothmaycontributetocell
proliferation.VEGFR-2,notVEGFR-1,wasinvolvedinERKactivationbyVEGF20.
ActivationofJNK1/2isrequiredforaVEGFR-3-dependentprosurvivalsignaling16.
However,therolesofVEGFR-1andVEGFR-2forJNKactivationinVEGF-stimulated
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HUVECsremaintobeelucidated.Inourstudy,VEGF-inducedphosphorylationof
p38 waspartially orcompletely abolished by the anti-VEGFR-1 mAb and
anti-VEGFR-2mAb,respectively,indicatingthatVEGF-inducedphosphorylationof
p38inHUVECsiscriticallydependentonVEGFR-2andisslightlyrelianton
VEGFR-1.VEGF-inducedphosphorylationofERK1/2andJNKwasabolishedbythe
anti-VEGFR-2mAb,whereasVEGF-inducedphosphorylationofJNKwascompletely
inhibitedbytheanti-VEGFR-1mAb(10㎍/ml)andanti-VEGFR-2mAb,suggesting
thatVEGF-inducedphosphorylationofERK1/2inHUVECsiscriticallydependent
onVEGFR-2,whereasVEGF-inducedphosphorylationofJNKisdependentonboth
VEGFR-1andVEGFR-2.OurdatademonstratesthattheVEGFR-2isamajorreceptor
mediatingVEGF-inducedphosphorylationofp38,ERK1/2andJNKinresponseto
VEGF,althoughVEGF-inducedphosphorylationofp38andJNKisdelicatelyreliant
onVEGFR-1.OurresultsshowedthattreatmentofHUVECswithPD98059or
SP600125inhibitedVEGF-inducedproliferationandDNAsynthesis,whileSB203580
didn'tsignificantlyaffectnotonlyHUVECproliferationbutalsoDNAsynthesis.
ThesefindingssuggestthatVEGF-inducedHUVECproliferationandDNAsynthesis
takesplacethroughVEGFR-2-mediatedERK1/2andJNKactivationandVEGFR-1
mayinducecellproliferationbyactivatingJNKinresponsetoVEGF.ISLinhibits
VEGF-inducedangiogenesisbyreducingVEGFR-1andVEGFR-2expressionand
ERK1/2andJNKactivation,suppressingtheproliferationofHUVECs.
Inrecentyears,numerousstudieshavereportedonthetyrosinephosphorylationof
cellularcomponentsasakeytransducerofintegrin-generatedsignalingpathways54.
ConsistentwitharecentreportusingNIH3T3cells49,celladhesionandgrowthfactor
stimulationtriggereddistinctinitialtyrosinephosphorylationeventsinendothelial
cells.TyrosinephosphorylationofFAKandpaxillinrequiresanchoragetoamatrix
substratum.Ithasbeenreportedthatwhenendothelialcellsmigrateintoawounded
areaontissuecultureplastic,FAKtyrosinephosphorylationisinduced22,suggesting
animportantroleforFAKinendothelialcellmigration.Thisfindingisconsistent
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with reportthatstimulation oftheFAK/paxillin pathway in HUVECswas
accompaniedbyamarkedVEGF-inducedincreaseinthelocalizationofbothFAK
andpaxillintofocaladhesionsandfilamentousstructures25.Here,wefoundthatISL
wasmarkedlyinhibitedphosphorylationofFAKandpaxillininHUVECsbyISL
despite reduction in their protein levels.FAK is a substrate for the
calcium-activated neutral protease calpain41. FAK also degrades during
apoptosisbyactivatedcaspase39.Inourstudy,althoughthemechanism ofFAK
andpaxillindegradationisnotdetermined,anactivatedcaspasesorprotease
calpainmaycausedegradationofFAKandpaxillininHUVECs.
VEGFelicitedactinreorganizationandvinculinassemblyinfocaladhesionplaqueof
HUVECs.Anti-VEGFR-1mAbcompletelyabrogatedactinreorganization,butfailed
toaffectvinculinassembly45.Onthecontrary,anti-VEGFR-2mAbinhibitedvinculin
assembly,butfailedtoaffectactinreorganization45.VEGFinducedphosphorylation
ofFAKandpaxillin29.Anti-VEGFR-1mAbexhibitednoeffectonphosphorylationof
FAKorpaxillin,whereasanti-VEGFR-2mAbcompletelyinhibitedphosphorylation
ofFAKandpaxillin29.Therefore,previousstudiesindicatethatVEGFR-1-mediated
signalregulatesactinreorganization,whereasVEGFR-2-mediatedsignalregulates
vinculinassemblyandVEGF-inducedphosphorylationofFAKandpaxillin,bothof
whicharerequiredforcellmigration.Consistentwiththesefindings,ourresults
showedthatVEGF-inducedphosphorylationofFAKandpaxillinonendothelialcell
iscriticallydependentonVEGFR-2.Furthermore,pretreatmentofHUVECswith
SB203580inhibitedVEGF-inducedproliferation52.
RecentstudiesinHUVECsindicatethatVEGFR-2wasupstream ofFAKactivation
wasmainlysupportedbytheobservationthattheVEGFR-2neutralizingantibody
inhibitedtyrosinephosphorylationofFAK.ActivationofFAKbyVEGFR-2was
independentofp38andERK1/2activation10.Ourpresentstudyclearlyindicatesthat
VEGF-inducedphosphorylationofFAKandpaxillinwasregulatedpreferentiallyvia
anERK1/2andJNK-dependentandp38-independentpathway.Especially,the
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presentstudyisfirstreportdemonstratingthatJNKplaysanimportantrolein
VEGF-inducedcellproliferationandmigrationofHUVECs.
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ⅤⅤⅤ...CCCOOONNNCCCLLLUUUSSSIIIOOONNN

PreviousstudieshavedemonstratedthatoraladministrationofISLsuppressesthe
inductionofpreneoplasticaberrantcryptfoci(ACF)inthemaleF344ratcolonwhen
givenintheinitiationand/orpost-initiationstages,withthemostpronouncedeffects
beingobservedinthecaseofadministrationinbothstages36.Moreover,animaland
cellculture modelstudies indicated thatISL inhibited tumour formation,
carcinogenesisandmetastasis26,38.Consideringthatangiogenesisisessentialfor
tumorgrowth,theanti-tumoreffectofISLmaybecorrelatedwithitsanti-angiogenic
activity.Usinginvivoangiogenesismodel,theanti-angiogenicactivitiesofISLwere
evaluated.ISLororaladministrationofISLremarkablysuppressedinductionofnew
bloodformationinMatrigelplugimplantedinC57BL/6miceinresponsetoVEGF.
Theseanti-angiogenicactivitiesofISLmaybeexplainedbyitsinhibitoryactionon
proliferation,migration,andtubeformationofHUVECsinresponsetoVEGF.
Inconclusion,wedemonstratethatISLactsasapotentangiogenesisinhibitor.As
illustratedinFig.15,ISLinhibitsVEGF-mediatedangiogenesisbyregulatingthe
distinctsignallingofVEGFR-1andVEGFR-2viaMAPKsandFAK/paxillinin
HUVECs.



45

Endothelial cell
(HUVEC)

VEGF

VEGFR-1

VEGFR-2

p38

ERK1/2 JNK2/1

actin reorganization

cell migration

Phosphorylation of
FAK and paxillin

cell migration
cell proliferation

DNA synthesisDNA synthesis

x ZM323881

x SP6001215x PD98059

x SB203580

ISL

ISL

ISL

ISL
ISL

ISL
ISL

FFFiiiggguuurrreee111555...ISLinhibitsVEGF-mediatedangiogenesisbydown-regulatingthedistinct
signallingofVEGFR-1andVEGFR-2viaMAPKsandFAK/paxillininHUVECs.
VEGFR-2 mediates the signals forDNA synthesis and phosphorylation of
FAK/paxillinviaERK1/2-dependentandJNK2/1-dependentpathway.VEGFR-1
mediatesp38activationtoregulatecellmigrationviaactinreorganizationandJNK
activation.
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국국국 문문문 초초초 록록록

이소리퀴리티제닌은인간혈관내피세포에서 MAPKs를통해
혈관내피성장인자수용체들의신호전달체계를조절함으로써
혈관내피성장인자로유도한신생혈관생성을억제한다

<지도교수박광균>

연세대학교대학원치의학과

손승화

종양이 성장하기 위해서는,종양으로부터 생성된 신진대사 노폐물의 제거와 적
절한 영양공급원이 필요한데 이를 위해서 종양세포는 기존의 혈관으로부터 새
로운 혈관을 형성하는 신생혈관생성을 유도한다. 신생혈관생성은
pro-angiogenicfactor와 anti-angiogenicfactor에 의해 조절되는데,종양 성장
에 있어서 강력한 조절 포인트로써 인식되어지고 있다.많은 pro-angiogenic
factor중에 가장 유력한 인자는 혈관내피성장인자/혈관투과성인자 (vascular
endothelialgrowthfactor,VEGF)이다.혈관내피성장인자는 여러 종양세포에
의해분비되며 분비된혈관내피성장인자에의해기질 분해 및 내피세포의 증식
과 이동이 촉진되어 새로운 혈관이 형성된다.따라서 혈관내피성장인자는 신생
혈관생성억제를 위한 좋은 표적으로 많은 연구가 진행되었다.혈관내피성장인
자는 일차 배양한 혈관내피에서 선택적으로 발현되는 혈관내피성장인자 수용
체 1과 2에 의해 다양한 기능을 수행한다.그러므로,혈관내피성장인자와 그 수
용체간의 결합을 막는 것이 anti-angiogenesis치료를 통해 암세포의 성장과 신
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생혈관생성을억제하는데매우중요하다.
본 연구에서 이소리퀴리티제닌이 인간 혈관내피세포에서 혈관내피성장인자
로 유도한 세포의 증식,DAN합성,세포의 이동 그리고 튜브 형성을 농도 의존
적으로억제하였다.생체내에서이소리퀴리티제닌의신생혈관생성억제활성은
Matrigelplugassay를 수행하여 확인하였다.이소리퀴리티제닌이 신생혈관생
성 억제효능을 나타내는 작용기작을 규명하기 위해,혈관내피성장인자로 촉진
된 인간 혈관내피세포의 증식과 이동을 조절하는 혈관내피성장인자 수용체 1
및 수용체 2매개 신호전달체계에 대한 영향을 조사하였다.이소리퀴리티제닌
은혈관내피성장인자를처리한인간혈관내피세포에서혈관내피성장인자수용
체 1,수용체 2,FAK그리고 paxillin의 발현뿐만 아니라 MAPKs,FAK그리고
paxillin의 인산화도 억제하였다.먼저 혈관내피성장인자가 수용체를 통해 세
포의 증식과 이동을 촉진하는 세포신호전달체계를 조사한 결과,혈관내피성장
인자 수용체 2가 매개된 ERK1/2와 JNK의 활성화는 혈관내피성장인자가 처리
된인간제대정맥내피세포에서세포의증식과,FAK과paxillin의인산화를통한
세포의 이동을 증가시켰다.또한 혈관내피성장인자 수용체 2는 actin
reorganization과세포이동의원인이되는p38MAPkinase의활성화를촉진시
켰다.뿐만 아니라,혈관내피성장인자는 혈관내피성장인자 수용체 1을 통해서
도JNK와p38MAPkinase활성화증가시켜세포증식과이동을유도하는것으
로 보였다.종합해보면,이소리퀴리티제닌은 혈관내피성장인자로 유도된 혈관
내피세포에서 혈관내피성장인자 수용체 2매개 MAPKs활성을 억제시킴으로
써 세포의 증식과 이동을 억제하며,또한 혈관내피성장인자 수용체 1을 통한
p38MAPKs활성을억제함으로써세포의이동을억제하는것으로생각된다.
------------------------------------------------------------------------------------------------------------------
핵심어 :이소리퀴리티제닌,신생혈관형성,혈관내피성장인자,혈관내피성장인
자수용체,인간혈관내피세포
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