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ABSTRACTS
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ProgenitorCellsandTheroleofHedgehogInteracting

ProteininRegulatingAngiogenesisandApoptosis
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Thelateendothelialprogenitorcells(LEPCs)arederived from mononuclear

cells (MNCs) and thought to directly incorporate into blood vessels and

differentiate into mature EndothelialCells (ECs). By transcriptome and

proteome analysis, I identified distinctive LEPC profiles and found that

Hedgehog-interactingprotein(HIP)isstronglyexpressedinLEPC.Inhibitionof

HIP bylentiviralknockdownactivatedcanonicalhedgehogsignalinginLEPC,

while itactivated non-canonicalhedgehog signaling in ECs.In LEPC,HIP

knockdowninducedmuchenhancedtubeformationandresistanttoapoptosisin

oxidativestresscondition.WhileHIP is markedly expressed in proliferating

LEPC,HIP expression is downregulated.during angiogenesis.MoreoverHIP

expressionisreducedwhenangiogenictriggerssuchasVEGF andFGF2are

treatedonLEPCs,MyfindingsuggestthatHIPregulateLEPCangiogenesisand

survivalviablockingcanonicalhedgehogsignalingwhenthereisnoangiogenic

stimulation.
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LISTSOFABBREVIATIONS

HIP:HedgehogInteractingProtein

LEPC:LateEndothelialProgenitorCell

eEPC:EarlyEndothelialProgenitorCell

Hh:Hedgehog

Shh:SonicHedgehog

EC:EndothelialCell

MNC:MononuclearCell

HUVEC:HumanUmbilicalVeinEndothelialCell

UCB:UmbilicalCordBlood

SCR:Scrambled



1

INTRODUCTION

Endothelialprogenitorcells(EPCs)arecirculatingbloodcellsthatarecapableto

promote vascularrepair.[1]EPCs are derived from blood mononuclearcells

(MNCs)[2]andplayanessentialpartincoordinatedpostnatalvasculogenesis.

Followinginjurytoatissuevasculature,hemostasisisinitiatedanditprovide

signalformobilization and homing ofcirculating EPCs.EPCs migrated to

damagedareadivide,secretecytokinesthatsupportangiogenesisandincorporate

into vascular network to promote endothelial remodeling and

neovasculogenesis.[1-3]Inthepresenceofastimulussuchasatumor,EPCs

alsoplayamajorroleinpromotingtumorvasculatureandsupportingtumor

growth.[4,5]

EPCs are heterogeneous population;two subtype have been identified –

early-EPCs (eEPCs)and late-EPCs (LEPCs).Various groups reported that

LEPCs are proliferative subtype thatform tube-like structure and directly

incorporatedintovasculature.Ontheotherhand,eEPCsdonotdifferentiateinto

matureendothelialcells(EC)andpromoteangiogenesisindirectlyviaparacrine

manners.[6,7]Basedonthesephysiologicdifferences,onlyLEPCsarethought

to give rise to mature endothelialcells followed by differentiation from

Mononuclearcells (MNCs).Although the contribution ofEPCs to ischemia

induced or tumor angiogenesis is under intensive investigation, detailed

molecularanalysisofdifferentiationfocusingonLEPCsislacking.

Hedgehog (Hh)signaling has been gained attention as a key player in

postnatalneovasculogenesis.[8,9]In adultheartand skeletalmuscle,sonic

hedgehog(Shh)hasbeensuggestedtodirectlypromoteneovascularizationand

inducesecretionofthepro-angiogenicgrowthfactors.Intumorangiogenesis,

HhinhibitionreducedtumoralVEGF secretion,reducedtumorvasculatureand

therebyrenownedforanti-tumoreffect.[10,11]MoreoverHhligandsaugments

bonemarrow-derived eEPC proliferation,migration and VEGF production by
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Gli-1dependentcanonicalHhsignaling.[12,13]HoweverinECs,Hhproteins

increase angiogenesis and migration through RhoA dependentnon-canonical

signalingpathways.[14,15]EmergingevidencesuggeststhatHhsignalinghas

centralroleinhomeostasisandrepairprocessbytightlyregulatingangiogenesis.

In this study, using high throughout RNA sequencing and mass

spectrometry-basedproteomeanalysis,Iprovidecomprehensiveapproach into

thecharacterizationofendotheliallineagecells.Thisstudyisthefirstreportof

usingbothtranscriptomicandproteomicapproachestoclarifyandcharacterize

LEPCsinthecontextofphysiologicdifferentiationstages.Unbiasedexpression

profilinguncoversforthefirsttimethatHedgehogInteractingProtein(HIP)is

stronglyexpressedbyLEPCs.HIPisamembraneglycoproteinthatisknownto

inhibitHedgehog signaling.Due to thestriking roleofHedgehog signaling

duringdevelopmentalangiogenesis, IhypothesizedthatHIPplayanimportant

role in tight regulation of LEPC functions.Therefore,in this study,I

investigatedtheroleofHIPinregulationofLEPCangiogenesis.
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MATERIALSAND METHODS

Cellculture

Lateendothelialprogenitorcells(LEPCs)andEarlyendothelialprogenitorcells

(eEPCs) were isolated from human umbilical cord blood as previously

described[19].TheEPC isolation procedurewasapproved by Daegu Fatima

Hospitaland SeoulNationalUniversity (IRB No.E1403/001-010).Human

umbilicalveinendothelialcells(HUVECs)wereprovidedbybyDr.SM Kwon

inCollegeofMedicine,PusanNationalUniversity.LEPCs,eEPCsandHUVECs

were maintained undera 5% CO2 atmosphere in Endothelialcellgrowth

medium (EGM-2notincludinghydrocortisone)(Lonza)supplementedwith2%

fetalbovineserum (FBS)on1% gelatincoateddishes.

RNA-sequencinganalysis

TotalRNA wasextractedfrom MNCs,MACssortedLEPCs(CD146+cellsand

CD117+cells),andHUVECsusingTRIzolReagent(Lifetechnology).Thetotal

RNA wastreatedwithDNaseIandthenwaspurifiedwithamiRNeasyMini

Kit(Qiagen).Thequality oftheRNA waschecked with theAgilent2100

Bioanalyzer(Agilent)priortosequencing.Illuminaplatform fortranscriptome

witha90-bppaired-endlibrary(Illumina).Librarieswereconstructedfollowing

theIlluminaPaired-EndSequencingLibraryPreparationProtocol.Libraryquality

andconcentrationweredeterminedusinganAgilent2100BioAnalyzer(Agilent).

Eachsamplewaspaired-endsequencedwithIlluminaHiSeq2000usingHiSeq

Sequencingkits.

Proteomics

Proteinswasextractedfrom MNCs,MACssortedLEPCs,andHUVECsusing

RIPA reagent(Thermo)according to the manufacturer’s instruction.Quick

Start™ Bradford1xDyeReagent(Bio-RadLaboratories)wasusedtomeasure
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proteinconcentration.Then,120ugofproteinswereloadedandeachsamplewas

prepared for 30 fractions (SDS-PAGE) that were further analyzed on

LTQ-Orbitrap (Thermo Fisher) as previously described[20]. The datasets

generated by LTQ-orbitrap were analyzed using Scaffold (version 4.4.1,

Proteome Software Inc) Peptide identifications were accepted with 90.0%

probabilityandFDRlessthan1.0% byaScaffoldlocalFDRalgorithm withat

least2identifieduniquepeptides.

shRNA TransfectionandHIP overexpressionvectorconstruct

HumanLEPCsweretransfectedwithaspecificHIPshRNA (sc-43835-SH)or

controlscrambled(SCR)shRNA (sc-108060),usedastransfectioncontrolfor24

hoursinEGM2media.LEPCswereincubated48hrsafterthetransfectionand

Puromycin(50ng/ml)wasaddedtoselecttransfectedLEPCs.

HIP ExpressionVectorContruction

TocreateHedgehoginteractingprotein(HIP)expressionpcDNA3.1,HIPDNA

was purchased from Korea Human Gene Bank (KRIBB).Human HIP was

amplified using forward primer 5’-CGACTAGTTCTAGAATGCTGA

AGATGCTCTCCTTTA and reverse primer 5’-GAGGGGCGGGATCCC

TATACAATGTAACTTGTTAC.The amplified HIP gene was inserted into

pcDNA3.1.eEPCsweretransfected atday 6ofcellculturewith pcDNA3.1

encodingfullHIPgeneorpcDNA3.1withoutHIPfor24hoursinEGM2media.

RT-PCR andQuantitativeRT-PCR Analysis

TotalRNA wereextractedusingTrizolreagent(Invitrogen)accordingtothe

manufacture’sinstruction.OneµgoftotalRNA wasusedforcDNA synthesis

with random hexamersusing OmniscriptRT kit(Qiagen)Primerandprobe

sequences are listed in the SupplementalTable.PCR was performed in a

thermocycler(Biorad)withGoTaq® DNA polymerase(Promega).Therelative

expressionofeachmRNA wascalculatedbythecomparativethresholdcycle
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(CT)method.One-wayANOVA wasperformed,andgenelistswerecreated

usingaPvaluewithafalsediscoveryrate<0.05

Tubeformationassay

Tube formation assay on Matrigelwas performed as described previously

reported [21]In brief,culture plates were coated with 100 μlofgrowth

factor-reduced Matrigel(BD Biosciences)perwell.LEPCsseeded on coated

platesatadensity of2.5×104 cellsperIllin EGM-2plus2% FBS in the

presenceof20ng/mlVEGF(R&D),folloIdbyanincubationat37°Cfor24h.

Tubeformationwasexaminedbylightmicroscopy12hlater.

AorticSproutingAssay

Mousethoracicaortasweredissectedfrom 6-to8-week-oldmaleC57BL/6

mice,Aspreviouslyreported.TheaortaswereimmediatelytransferredtoPetri

dishesandtheadventitiaandsmallvesselsaroundtheaortawerecarefully

removed.Aortas incubatedinEGM2containinglentivirusandpolybrene

(8ug/ml)forovernight.Theresultingvirustransfectedaorticringswere

embeddedin150μLmatrigelinEGM2mediawith20ng/mlVEGFin96well

plate.Theplateswereincubatedat37°Cinahumidified10% CO2atmosphere.

Medium containingVEGFwasreplaced3timesaweek.After14days,

micrographsofrepresentativeringsweretakenandtotalnumberofvascular

sproutsandbranchpointswerecalculated.

MigrationAssay

BoydenchambermigrationofLEPCswasperformedaspreviouslydescribed

[21].In brief,LEPCs perwellin 300 ulmedium were added to the top

chambersof24-welltranswellplates(5.0mm,poresize;Costar).EGM-2plus2

% FBSinthepresence20ng/mlofVEGFwasaddedtothelowerchambers.

After24hoursofincubationat37℃ with5% CO2,theimageswereacquired

onthebottom wells.
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WesternBlotting

Westernblottingwasperformedaspreviouslydescribed[22],cellswerelysed

in a RIPA buffer (thermor)with protease inhibitor cocktail(Roche).The

supernatantofthelysateswascollectedanddenaturedbythesamevolumeof

SDS sample buffer (0.5 M Tris-HClpH 6.8,10% SDS,50% glycerin,

2-mercaptoethanol).The protein samples were resolved in SDS-PAGE and

blottedontothePVDFmembrane(Bio-Rad),whichwasthenblockedwith5%

bovineserum albumin foronehour.Next,Membraneswereincubated with

antibodies againstAnti-HIP antibody (Abcam,ab39208),Anti-Gli-1 antibody

(Biolegend, Cat642401), Anti-Cleaved Caspase-3 antibody (Cell signaling,

Cat9661),Anti-VEGF antibody (Biolegend,627501)at4°C fortwelvehours.

Membranes were washed three times and incubated with horseradish

peroxidase-conjugatedanti-mouseoranti-rabbitantibodiesforonehour.Blots

werewashed with TBST threetimesand developed with theECL system

(Thermo)accordingtothemanufacturer’sprotocols..

Cellviabilityassayafteroxidativestress

LEPCsweretreatedwithH2O2 (100mM)forthreehours.Thencellswere

incubatedforonenightandmorphologywasobservedunderalightmicroscope.

Cellviability wasmeasuredby MTT assay (Sigma)todeterminedlivecell

growthafteraday.Onehundredsμlof0.2mg/mlMTTwasaddedtothemedia

forfivehoursincubationat37℃.Followingremovaloftheculturemedium,the

remainingcrystalsweredissolvedin500μlDMSO (Duksan)andabsorbanceat

470nm wasmeasured.

StatisticalAnalyses

Dataarepresentedasmeans±SD,andstatisticalcomparisonsbetweengroups

wereperformedbyone-wayanalysisofANOVAtest.*symbolindicatesp<0.05

vs.controlgroupand+symbolindeicatesp<0.1vs.controlgroupinone-way

anova.
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RESULTS

HumanLEPCsHaveDistinctTranscriptomicandProteomicProfile

MNCs were isolated from human umbilical cord blood as previously

described[23].LEPCswereobtainedbylongterm culture(14-21days)ofMNCs.

Ithen furtherisolated CD146-positiveLEPCsand CD117-positiveLEPCsto

further purify LEPC population by magnetic cell sort analysis (MACS)

separation.MaturevascularendothelialcellsHUVEC wereseparatedfrom the

humanumbilicalveinofidenticaldonorfrom whichIcollectedcordblood.To

investigate the molecular basis of stage specific differences, the four

progenitor/mature cellpopulations were used as a source for both high

throughout RNA-sequencing (RNA-seq) and semi-quantitative proteomics

analysis(Fig.1A).Robustandreproducibledatawerecollected,withmorethan

42millionreadingsperpopulation.Intotal,transcriptscorrespondingto23,363

genes were identified (Fig.1B).By performing proteome analysis using

LC-ms/msmassspectrometry,Iidentifiedatotalof2,127proteinsfrom allfour

samples(Fig.1D).

A Pearsoncorrelationanalysisusinggenesdifferentiallyexpressedamongthe

fourpopulationsareconsistentwith differentiation hierarchy (Fig.1C).PCA

analysis revealed thatMNCs are relatively heterogeneous celltypes,while

CD146-positiveLEPCs,CD117-positiveLEPCsandHUVECsaremoremature

andhomogenouscelltypes.IfoundCD146positiveLEPCsandCD117positive

LEPCsare99% alike,whichindicatethatECandcardiomyocytemarkerCD117

doesnotsubdivideLEPCsatthisinitialdifferentiationstage.Dataindicatesthat

CD146positiveLEPCsandHUVECsshareabout91% geneexpressionprofiles.

Next,tosystematicallyanalyzethetranscriptomeandproteomeatthetransition

from MNCs to CD146 positive LEPCs to HUVECs, I correlated the

transcriptomedata with proteomedata.Ifound 1,947 proteinsoutof2,127

proteinsfrom proteomedatawerecorrelatedtothetranscriptomedata.
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To identify a stage-selective LEPC markers and endothelialmarkers,I

compared2-foldupregulatedgenesfoundbothintranscriptomeandproteome

dataset.Ifound244geneswereupregulatedinLEPCscomparedtoMNC in

bothRNA andproteinlevels.Next,IcomparedHUVECsandMNCs.Ifound

164 genes were upregulated in HUVECs compared to MNCs in both

transcriptomeandproteomedataset.FinallyIfound101genescommonin244

and164genesenrichedinendotheliallineagecomparedtoMNCs.ECsignature

genes are provided in supplementary data1.These genes could serve as

endotheliallineagesignaturegenesinvolvedinendothelialcommitmentprocess

(Fig.1E).

Togaininsightintothecommitmentprocess,Iperformedgeneontology(GO)

analysis.Geneontology(GO)analysisindicatedthatupregulatedgenesinMNCs

mainlyrelatedinimmuneresponseandcellactivationincludingTcell,leukocyte

andlymphocyteactivation(Fig.1G).The101upregulatedgenesinendothelial

commitmentmainlyparticipatedincelladhesion,cytoskeletonorganizationand

cellmotion(Fig.1F).Thisispartlyduetothenatureofendothelialcommitment

anddifferentiationfrom thecirculatingbloodMNCsinceitrequirescoordinated

multistep processes including mobilization, adhesion, transmigration and

incorporation.UniquelyenrichedgenesofCD146positiveLEPCscomparedto

HUVECparticipatedinchromosomeorganization,DNA replicationandchromatin

assembly(Fig.1H).
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Figure 1.Transcriptome and proteome analysis ofMNCs,CD146 positive

LEPCs,CD117positiveLEPCsandHUVECs.(A)Experimentaldesignusedto

identify endothelial lineage selective molecular signatures.(B) Heat map

demonstrating differentialgeneexpression.SinceCD146 positiveLEPCs and

CD117positiveLEPCsare99% alike.CD117resultsarenotshown.Thefigure

wascreatedusingtheMevsoftware.Redandgreencolorsindicateupregulated

and downregulated genes respectively.Genes were further grouped using

hierarchicalclustering (distance metrics was Euclidean distance and linkage

method wasaverage).(C)Transcriptomedifferencesbetween MNCs,CD146,

CD117-positiveLEPCs,andHUVECsindistance.(D)Pearsoncorrelationtest

forthefourcells,MNCs,CD146,CD117-positiveLEPCsandHUVECs.(E)Heat

map demonstrating differentialprotein expression.(F)Overlapped 244 genes

shownaretheonesupregulatedattheRNA andproteinlevelinCD146+LEPC

comparedtoMNCs.Overlapped164genesareupregulatedinHUVECcompared

toMNCS.101genesoverlappedinthelowerdataindicatedendothelialsignature

geneswhichareupregulatedinbothCD146+LEPCsandHUVECscomparedto

MNCs.(G) The top 10 overrepresented biologicalprocesses ofendothelial

signaturegenes in GO analysis.(H)The top 10 overrepresented biological
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processofMNC signaturegenesin GO analysis.MNC signaturegenesare

upregulatedgenesinMNCscomparedtobothLEPCsandHUVECs.(I)Thetop

10overrepresentedbiologicalprocessofCD146+LEPC stagesignaturegenes

comparedtoHUVEC.

HIP isSelectivelyExpressedinLEPCsandECs

Among101enrichedgenesinendotheliallineagecomparedtoMNCs,Ifocused

onHIP basedonHh(Hedgehog)signaling’simportanceduringdevelopmental

angiogenesis.HIP transcripts have been confirmed by quantitative real-time

RT-PCRandwesternblot.InMNCandeEPCs,HIPwasverylow intranscript

andnotdetectedinproteinlevel(Fig.2A & 2E).AsbothHhantagonistHIP

andHhreceptorPtc-1aretranscriptionaltargetsofHhsignalingIexaminedthe

expression levelsofSonichedgehog (Shh)and Ptch-1.Interestingly Ptch-1

expression was similarin MNCs,eEPCs,LEPCs and HUVEC,while HIP

expressionpatternswerereverselycorrelatedtoShhexpressionpatternamong

eEPC,LEPCandHUVEC(Fig.2C& 2D).

Previously, it was shown that HIP is downregulated during active

angiogenesis.ItestedtheexpressionofHIPduringtube-formation. Indeed,the

expressionofHIPmRNA extractedfrom thecellsoftubeformedonMatrigel

was2.8-foldlower.MoreovercanonicalHhtargetGli1expressionwas48fold

upregulatedinthetubeforming,HIP-lowercells(Fig.2F& 2G).Asitiswell

described that various cytokines actively promote angiogenesis and tube

formation,itisconceivablethatHIPisdown-regulatedbygrowthfactorsthat

promoteangiogenesis.ThusImeasuredHIP mRNA aftertreating angiogenic

growth factors in LEPCs.Iobserved thatVEGF and FGF2 downregulated

significantlyHIPmRNA expressions(Fig.2H & 2I).Thedownregulationeffect

wasmoreprominentaftertreatingFGF2thanVEGFwithsameconcentrations.



11

Figure. 2 Hedgehog interacting protein is selectively expressed in late

endothelialprogenitorcells.

Humanmononuclearcellsandearlyendothelialprogenitorcellswereisolatedand

culturedonfibronectinfor7days.(A)ExpressionlevelsofHIPinMNC,eEPC,

LEPCandHUVECassessedbyQ-RT-PCR.*P<0.05vs.MNC(B)Expression

levelsofHIP in LEPC,CD146positiveLEPC andCD117positiveLEPC (E)

ExpressionlevelofHIPproteininMNC,eEPC,LEPCandHUVEC.(C)– (D)

Ptc-1and Shh mRNA expression levelin MNC,eEPC,LEPC and HUVEC

*P<0.05vs.MNC,#P<0.05vs.eEPC (F)-(G)HIPandGli1mRNA expression

underinvitroangiogenicconditionsonMatrigelwasmeasuredbyQ-RT-PCR.

*P<0.05vs.LEPC(H)-(I)LEPCsweretreatedwithFGF2orVEGFfor16hrs

and HIP mRNA expression wasmeasuredby qRT-PCR.*P<0.05vs.LEPC

unstimulated

HIP knockdown Enhanced LEPC Angiogenesis and Mouse Aortic

Sprouting

TodeterminetheroleofHIP in LEPC,IgeneratedlentiviralbasedHIP

shRNA (shHIP).HIPknockdownwasconfirmedinRNA andproteinlevel(Fig
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.3A & 3B).The effects ofHIP knockdown was investigated in capillary

morphogenesis assay. Capillary morphogenesis assay indicated that HIP

knockdownincreasedthenumberoftubeformedonMatrigel(Fig.3C).Ifound

thatHIP inhibitedLEPC formedmoredurabletubesthatexistedlonger(Fig.

3D).Next,toinvestigatethefunctionalsignificanceofHIPinhibitioninvivo,I

assessedaorticsproutingcapacityinmice.Thoracicarterywasdissectedand

transfectedwithshHIPlentivirusandseededonMatrigel.Fig3Fdemonstrated

thatknockdown ofHIP enhancedaorticsprouting Totalnumberofvascular

sproutingandbranchingpointswasincreasedmorethan50% ascomparedwith

scrambled lentivirus transfected aorta (Fig.3E & F).These finding cleary

indicate the functionl relevance of HIP knockdown for enhanced LEPC

angiogenesisandnewlysproutingaorta.

Figure3.InhibitionofHIPinLEPCsenhancesangiogenesis(A)-(B)Lentiviral

shHIP knockdown vector and scramble vector were treated to LEPC for

overnightandafter48hrsincubationdownregulatedHIPlevelwasconfirmedby

qRT-PCR andWesternblot.*P<0.05vs.LEPC shSCR (C)-(E)LEPCswere

suspendedandculturedonMatrigelwith20ng/mlVEGF.After12hrsand24
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hrslater,(C)tubenumberwascountedand(D,E)tubeformationwasassessed

under light microscopy (F)-(H) Mouse thoracic aortas are dissected and

transfectedwithshipknockdownvectorandscramblevector.Aortasarethen

seeded on Matrigelcontaining 20ng/mlVEGF.After10days,(F)sprouting

aortasweremeasuredonmicroscopeand(G)vascularsproutsnumberand(H)

branchpointswerecalculated.

HIP KnockdownDecreasedApoptosisinOxidativeStressedLEPCs.

SinceLEPCsarefacedwithoxygendeprivationinischemicsiteswhereLEPCs

areactively involvedinangiogenesis,IhypothesizedthatHIP inhibition will

increaseresistancetoapoptosisandexhibitdecreasedproteolyticactivationof

caspase-3.Afterthetreatmentof100mM H2O2toLEPCfor3hours,cellswere

washedout,incubatedovernightandviablecellsweremeasured,detectedvia

DAPIstainingandMTT assay(Fig.4A-C).LEPCswithlow HIPwereless

susceptibleto oxidativestressthan normalLEPCsupon treatmentofH2O2.

Moreover,LEPCswithlow HIPshoweddecreasedcaspase-3cleavageactivity

thannormalLEPCsafterthetreatmentofH2O2 (Fig.4G).Withoutoxidative

stressImeasured LEPC proliferation.Interestingly inhibition ofHIP didnot

affect LEPC’s proliferation and cell cycle regulators, cyclin D and E

(SupplementaryFig.1).Next,IhypnotizedthatHIP knockdownaffectLEPC

migrationandinvasion,sincetheseareimportantcharacterofLEPCinischemic

injury.HowevermigrationandwoundclosureremainedunchangedwithHIP

inhibition.
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Figure4.KnockdownofHIP enhancessurvivalandviabilityofLEPC upon

oxidativestress

LEPCsweretreated with 50 mM Hydrogen peroxidefor3 hoursand cell

survivalandviabilitywasassessedAfterhydrogenperoxideinducedoxidative

injuryinLEPC,(A)cellswereincubatedovernightandstainedwithDAPI,

(B) totalnumber of cells/mlwas calculated and (C) MTT assay was

performed.+P<0.1vs.LEPCshSCR(D)Cleavedcaspase3levelwasmeasured

byWesternblot.



15

SupplementaryFigure1.InhibitionofHIPdoesnotaffectLEPCmigrationand

proliferation.

(A)LEPC withlow HIPmigrationwasassessedbyscratch(woundhealing)

assay.(B) LEPC with low HIP migration was visualized by trans-well

migrationassay.(C)Transwellinvasioncellnumberper/fieldwascalculated

(D)LEPC withlow HIP proliferationwasassessedbyMTT assay.(E)-(F)

Cyclin D and Cyclin E expression was measured by Q-RT-PCR after

knockdownofHIP.

HedgehogProteinActivatesCanonicalHhSignalinginLEPCs

IthasbeenknownthatcanonicalHhsignalingisactivatedineEPC while

non-canonicalsignaling is activated in EC when treated with Hh ligands.

However,exactHhresponseinLEPC hasnotbeenstudied.Moreoversinceit

hasbeenthoughtthatLEPCsmightbejustadetachedcellsfrom vesselwall,
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moleculardifferencesbetweenLEPCsandHUVEChavenotbeenstudiedwell.I

originallyhypothesizedthat,likeHUVEC,non-canonicalHhsignalingmediates

the Ptc-1 activation in LEPCs.Since there has been no study on this,I

examinedtheeffectofHhligandsonLEPC.LEPCsweretreatedwithShhand

examinedtheexpressionofcanonicalandnon-canonicalHhtargetgenesby

qRT-PCR.Interestingly,Ifound thatcanonicalHh targets including Gli-1,

VEGFA,Ang1,PTC-1andHIPwereupregulatedupontreatedwithShh,while

OPN and MMP2,non-canonicaltargetgenes,showed relatively unchanged

expression (Fig.5A-F).On thecontrary,asreported,HUVECsshowed the

induction ofnon-canonicalHh targetsOPN and MMP2upon Shh treatment

withoutGli-1increase(Fig.5G-3J).westernblotresultsconfirmedthatGli-1

expression was enhanced upon after Shh treatment in LEPC while Shh

treatmentyielded no change in HUVEC (Fig.5K).Togetherthese results

suggeststhatLEPCsandECsresponddifferentlytoHhligandsandcanonical

Hhsignaling playsan importantrolein LEPCs. In figure.5L,LEPCsand

HUVECsshowedbothenhancedtubeformationwith200ng/mlSonichedgehog

protein.Weobserved thatLEPCstreated with Shh showed moreenhanced

angiogenesisthanHUVECtreatedwithShh.Thiscouldbeduetothedifferent

signalingmechanism althoughnon-canonicalHhsignalingseemsalsoplayarole

inangiogenesis,canonicalHhsignalingisknowntoinducestrongangiogenesis.
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Figure5.Shhsignificantly activatesHedgehog signaling viacanonicalGli-1

dependentpathwayinLEPCs.

(A)-(F)LEPCswereculturedwith100ng/mlShhfor0,4,8,12hoursand

thencanonicalHhtargetgenesincludingGli-1,Ptc-1,VEGFA,andANG1,and

non-canonicalHhsignaltargetgenesincludingOPN andMMP2wereanalyzed

byqRT-PCR.*P<0.05vs.LEPC unstmulated.(G)-(J)HUVECswerecultured

with100ng/mlShhfor 0,4,8,12hoursandthenGli-1,OPN andMMP2

wereanalyzed.*P<0.05vs.HUVEC unstimulated (K)LEPCsand HUVECs

wereculturedwith0,50,100ng/mlShhfor12hrsandthenGli-1expression

wasassessedbywesternblotanalysis.(L)LEPCsandHUVECswereinduced

tubeformationwith0(control)or200ng/mlShhfor12hoursandtubenumbers

weremeasured.(M)TubeformationofLEPCscontrol(unstimulated)andLEPC

treated with 200ng/ml Shh (N) Tube formation of HUVECs control

(unstimulated)andLEPCtreatedwith200ng/mlShh
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HIP OverexpressionineEPCReducedParacrineEffectsonECs

It has been reported that different roles of early and late EPC in

vasculogenesiscontributed equally to neovasculogenesisin vivo.The eEPCs

contribute angiogenesis mainly by secreting cytokines thatsupportresident

matureEC’sangiogenicfunction.Therefore,ItestedtheroleofHIPineEPCsin

regardstoangiogenesis.eEPCsusedfortheexperimentswerefirstcharacterized

via FACs staining (Supplementary Fig.2).Since Idemonstrated thatHIP

knockdownactivatescanonicalHhsignalingandVEGFA expressioninLEPCs,I

tested the hypothesis thatincreased HIP expression in eEPC reduces the

VEGFA expression and release into the extracellularspace would lead to

subsequentregulation ofmature EC function (Fig.6).First,Itreated HIP

overexpressinglentiviralvectortoeEPCsandconfirmedtheoverexpressionlevel

in eEPCs.More than 15-fold of HIP overexpression was detected and

subsequentlow expressionofGli-1wasdetectedineEPCbyqRT-PCR.Second,

IverifiedtheeffectofconditionedmediaofeEPCsonHUVEC;HUVECstreated

withtheconditionedmediaof eEPC whichhasHIPoverexpression showed

reducedtubeformation.Third,IextractedRNA from theHUVECstreatedwith

theconditionedmediaof eEPC whichhasHIPoverexpressionfortwodays.

Compared to theHUVECstreated with theconditioned media from normal

eEPC,HUVECstreatedwiththemediaofeEPCwithhighHIPshowedreduced

expression ofVEGFR2 which is a directdownstream pathway ofVEGFA

signaling.
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SupplementaryFigure2.Flow cytometryanalysisofLEPCandeEPC

Theoverlaidhistogramsofanalyzedmarkerswiththeirunstainedcontrol.

(A)-(F)ExpressionofmarkersinLEPC.

(G)-(L)ExpressionofmarkersineEPCs.
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Figure6.OverexpressionofHIP ineEPCsimpedesitsparacrineangiogenic

effectonEC.TheeEPCswereculturedfor6daysandtransfectedwithHIP

overexpressionvectorfor24hrs.AftertransfectioneEPCswereincubatedin

Endothelialbasalmediawithoutgrowthfactorandwith2% FBS.(A)-(C)HIP,

Gli-1andVEGFA expressionwasmeasuredbyqRT-PCR.*P<0.05vs.eEPC,

+P<0.1vs.eEPC (D)Conditionedmedium from eEPC HIP overexpressedor

eEPC were treated to HUVEC suspended on Matrigelfor 12 hrs.Tube

formation was visualized.(E)VEGFR2 levelofconditioned medium treated

HUVECwasassessed.+P<0.1vs.eEPCCM treatedHUVEC

HIP KnockdownEnhancedAngiogenesisandApoptosisEvasionofLEPC

ThroughActivationoftheCanonicalHhsignaling

Since Idemonstrated thatcanonicalHh signaling is activated upon Shh

stimulationinLEPCs,IhypothesizedthatHIPfunctiontoblockcanonicalHh

signaling in LEPCs.Indeed,Ifound thatinhibition ofHIP enhanced Gli-1

proteinexpression(Fig.7A).UponShhtreatment,Gli-1mRNA isexpressedat

ahighlevelineEPCswhileitislow inLEPCs.Thisresultsuggeststhathigh
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expression ofHIP may inhibitHh signaling in LEPCs since theirPtch-1

expressionwassimilar.Thus,whenItreatedLEPC withShhafterknocking

down the HIP,the Gli-1 expression was as high as the eEPC with Shh

simulation,suggestingthatinhibitionofHIPenhancedHhsignalresponsiveness

toShhtreatment(Fig.7B).TheseresultssuggesthighlevelofHIPinLEPC

even with high levelof Ptc-1receptorefficiently block thecanonicalHh

signalinguponShhstimulation.TofurthertestthecasualrelationsbetweenHIP

andcanonicalHhtargetgenes,IusedspecificpharmacologicalHhinhibitors,

CyclopamineandGANT61.IfoundthattheenhancedGli-1expressionbyof

HIP knockdown was abolished by both Smo inhibitorCyclopamineand Gli

inhibitor GANT61 (Fig.7C & 7D).As results,I found that enhanced

angiogenesis and the reduced apoptosis after oxidative stress with HIP

knockdownwerecompletelyabolishedbyGANT61inLEPC(Fig.7E& 7F).

Figure7.HIPknockdownactivatescanonicalHhtargetgenesandenhancesHh

responsiveness. (A)InhibitionofHIPincreasedGli-1andVEGFA expressions.

(B)Shh100ng/mlweretreatedfor12hrsineEPC,LEPCandLEPCwithlow

HIPexpressionandthenGli-1activationwasassessedbyqRT-PCR.*P<0.05

vs.eEPC(C)-(D)LEPCsandLEPCswithlow HIPweretreatedwithvehicle
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(DMSO),HhinhibitorCyclopamine(20uM)orGli1specificinhibitorGANT61

(20uM)for12hrsandGli1expressionwasmeasured.*P<0.05vs.VehshSCR

(E)Aftertreatmentof20uM GANT61for24hours,LEPCswithscrambleand

LEPC with HIP knockdown weredetached andseeded on Matrigelwith 10

ng/mlVEGF.After12hrs,tubenumberwasmeasured.(F)Aftertreatmentof

20 uM GANT61 for24 hours,LEPCswith scramble and LEPC with HIP

knockdown weretreated with 50 uM H2O2 for3hrs and MTT assay was

performed.
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DISCUSSION

Inthepresentstudy,wedemonstratedHIPisanimportantregulatorof

earlyandlateEPCsfunctioninangiogenesis.Weshowed,forthefirst

timetoourknowledge,thatHIPisexpressedinLEPCs.InhibitionofHIP

increases LEPC tube formation and resistant to oxidative stress.

Moreoversincetherehavebeennoprecisemolecularmechanism how Hh

pathwaycouldcontributeLEPCfunction.Inthisregard,wedemonstrated

ShhactivatetheGli-1dependentcanonicalHhpathwayinLEPCsand

thus,InhibitionofHipaffectLEPCsfunctionviacanonicalHhsignaling.

Inaddition,overexpressionofHIPregulatesparacrinefunctionofeEPCs,

which leadstodecreasedEC tubeformation.Finally wedemonstrated

thatHIP expression isdecreased in LEPC upon treated with VEGF,

FGF2orseededonMatrigel.ReducedHIPexpressioninsuchangiogenic

triggersuggeststhatEPC functionmediatedbyHhsignalingistightly

regulatedandinitiatedbyangiogenicstimulus.

PreviousinvestigationsindicatethatHIP ishighlyexpressedinadult

heart,lung,brain,kidney andtestis. HIP expressionisdecreasedin

severalhumantumorsofthelung,stomach,colorectaltract,andliver

comparedwiththecorrespondingnormaltissues.ItwasreportedthatHIP

isepigeneticallyinactivatedbyhypermethylation.[41,42]Asitssilencing

enhancedHhsignalingactivelyinvolvedintumorgrowthandsurvival,it

wassuggestedthatstromalcellsexpressingHIPregulatetheproliferation

of several tumor and various tumor actively downregulated HIP

expression.[40]
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However,thepreciseregulationmechanism ofHIPinadulttissuehas

beenpoorlyunderstood.Sekiguchietal.describedthatestradioltriggers

Shh induced angiogenesis during peripheral nerve regeneration by

downregulatingHIP.[43]JCoulombeetal.suggestedthesolubleform of

HIP existin rodentbrain.[44]Holtzetal.reportedthatHIP non-cell

autonomously inhibits Hh dependentneuralprogenitorpatterning and

proliferation.[45]TheseemergingevidencessuggestthatHIPfunctionsas

importantinhibitorthattimely regulatesadultstem cellfunction and

differentiation.Inthisregard,wefoundthatHIPisupregulatedduring

bloodmonocytedifferentiationintoendotheliallineageanditissilenced

withangiogenetictriggers.PreviousinvestigationindicatethatShh,VEGF

andFGF2areupregulatedin ischemictissueandinjury.[2]WhileHh

receptorPtch-1remainedrelativelyunchanged,itsuggeststhatHIPisan

important regulator that tightly regulate EPC differentiation and

angiogenesiswhenitisrequestedbyangiogenictrigger.

The vascular endothelium line the entire circulatory system and

endothelialcells turn oververy slowly to remain homeostasis.Only

followingischemicdiseaseorinjury,rapidproliferationandangiogenesis

initiated.Inthisregard,wesuggestthatHIPfunctionstorestrainEPCat

steadystate.Onlywithproperangiogenictrigger,Hipexpressionwas

reduced and inhibition ofHIP greatly affectLEPC angiogenesis and

resistanttooxidativestress.
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ABSTRACT IN KOREAN

후기내피전구세포는 내피전구세포의 일종으로 단핵구로부터 유래하며 혈관을 신생하는

성체줄기세포의 일종이다.순환중인 후기내피전구세포는 혈관에 상처나 허혈이 생겼을 떄

직접적으로 혈관에 부착하여 혈관형성을 돕고 내피세포로 분화된다.이번 연구에서는

단핵구,후기내피전구세포,내피세포간의 전사체분석과 프로테오믹스 분석을 통해 줄기세포

치료에 응용할 수 있는 후기내피전구세포의 특징적인 마커를 찾고자 하였다.그 결과

Hedgehog Interacting Protein (HIP) 이 후기내피전구세포에 특징적으로 발현함을

확인하였다.HedgehogInteractingProtein(HIP)은 세포 표면 단백질로 Hedgehogsignal을

제한하는 유일한 표면 길항 단백질이다.Lentivirus를 이용해 HIP 발현을 억제시켜

후기내피전구세포에서의 역할을 살펴본 결과,HIP은 후기내피전구세포에서 혈관신생과

세포사멸 억제 효과를 저해하고 있음을 확인하였다.또한 내피전구세포의 다른 일종인

초기내피전구세포에서 HIP의 발현을 유도시켰을 때는 초기내피전구세포의 특징적인

간접적인 혈관신생 촉진 기능이 사라짐을 확인하였다. 이러한 효과들은 성숙한

혈관세포에서와 다르게 canonicalHedgehogsignal을 저해함으로써 나타남을 확인하였다.

또한 HIP의 발현은 Matrigel위해서 후기내피전구세포의 혈관신생이 유도되었을 때나,

VEGF,FGF2와 같은 혈관신생을 촉진하는 cytokine을 주입했을 때 확연히 떨어짐을

확인하였다.따라서 HIP의 기능은 혈관신생이 직접적인 cytokine과 같은 촉발제가 없는

일반적인 생리 상황에서 혈관신생이 시작되지 않도록 억제하는 역할을 하고 있는 것으로

기대된다.
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