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SUMMARY+

The! formation!of!new!blood!vessels!by!angiogenesis! requires! the!precise! coordination!of!

endothelial! cell! differentiation,! proliferation,! migration! and! maturation! to! ensure! that! a!

proper!vasculature!is!formed!to!satisfy!the!metabolic!needs!of!the!surrounding!tissue.!The!

Notch! signaling! pathway! is! a! critical! regulator! of! endothelial! cell! biology,! participating! in!

different!processes!of!blood!vessel! formation! from!tipTcell! specification! to!arterioTvenous!

differentiation!and!blood!vessel!stabilization.!Inhibition!of!this!pathway!during!angiogenesis!

has! been! associated! with! increased! proliferation! of! endothelial! cells.! However,! this!

seemingly!antiproliferative!effect!of!Notch!activation!does!not!adjust!well!to!the!current!tipT

stalk!cell!model!of!molecular!control!of!angiogenesis,! in!which!proliferative!stalk!cells!are!

defined!as!having!higher!Notch!activity.!

In!this!work!we!have!tried!to!resolve!this!apparent!paradox!by!characterizing!in!detail!the!

effects! of! Notch! on! endothelial! cell! proliferation! In# vivo.! We! have! used! different!

pharmacological! and! classical! genetic! approaches! in! combination! with! newly! developed!

mosaic!genetic!tools!to!evaluate,!with!high!spatioTtemporal!resolution,!endothelial!cell!cycle!

dynamics.!

We!have!found!that!physiological!Notch!activation! is!required!for!maintaining!endothelial!

cell! proliferation! by! repressing! excessive! activation! of! proTproliferative! molecular!

mechanism.! Inhibition! of! Notch! activity! induces! and! hyperproliferative! response! that! is!

partially!dependent!on!ERK!activation.!This!response!is,!however,!not!sustained!in!time!and!

leads!to!proliferative!arrest,!partially!mediated!by!ERK!overactivation!and!p21!upregulation.!

This!cellTcycle!arrest!is!associated!with!an!increase!in!the!expression!of!genes!characteristic!

of! sprouting! tip! cells.! Thus,! Notch! can! control! a! mechanism! to! differentiate! between! a!

proliferative!and!migratory!cellular!response.!!

Comparative!trancriptomics!revealed!new!putative!NotchTrepressed!genes!that!promote!cell!

cycle! progression! like! Myc! and! Odc1.! Functional! analysis! of! these! genes! showed! their!

absolute!requirement!for!normal!endothelial!cell!proliferation.! !
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RESUMEN+

La! generación! de! nuevos! vasos! sanguíneos! mediante! angiogénesis! requiere! la! precisa!

coordinación!de!procesos!de!diferenciación,!proliferación,!migración!y!maduración!de!células!

endoteliales! para! asegurar! la! correcta! formación! de! una! red! vascular! que! satisfaga! las!

necesidades! metabólicas! del! tejido! circundante.! La! vía! de! señalización! de! Notch! es! un!

regulador!clave!de! la!biología!endotelial!ya!que!participa!en!distintos!procesos!durante! la!

formación! de! los! vasos! sanguíneos,! incluyendo! la! especificación! de! células! tip! y! stalk,! la!

diferenciación!arterioTvenosa!o!la!estabilización!de!la!vasculatura.!La!inhibición!de!esta!vía!

durante!la!angiogénesis!se!ha!asociado!con!un!incremento!de!la!proliferación!del!endotelio.!

Sin!embargo,!este!efecto!antiproliferativo!no!se!ajusta!completamente!al!modelo!actual!de!

control!molecular!de!la!angiogénesis!basado!en!la!especificación!de!células!tip!y!stalk,!por!el!

cual!se!considera!que!las!células!stalk!proliferativas!tienen!mayor!activación!de!Notch!

En!esta!Tesis!hemos!tratado!de!resolver!esta!aparente!paradoja!mediante!la!caracterización!

de!los!efectos!de!Notch!en!la!proliferación!de!células!endoteliales!In#vivo.#Para!ello!hemos!

empleado!una!combinación!de!métodos!farmacológicos!y!genéticos!clásicos!con!el!desarrollo!

de! nuevas! herramientas! genéticas! para! generar!mosaicos! funcionales! y! evaluar! con! gran!

resolución!espacioTtemporal!la!dinámica!del!ciclo!celular!en!células!endoteliales.!

Hemos! descubierto! que! la! activación! de! Notch! es! necesaria! para! mantener! el! estado!

proliferativo! de! células! endoteliales!mediante! la! represión! de! una! activación! excesiva! de!

señales! ! proTproliferativas.! La! excesiva! proliferación! tras! la! inhibición! de! Notch! depende!

parcialmente!de! la!activación!de!ERK.!Esta! respuesta,! sin!embargo,!no! se!mantiene!en!el!

tiempo!y!conduce!a!una!interrupción!en!la!proliferación,!que!está!parcialmente!controlada!

por!la!sobreactivación!de!ERK!y!la!sobreexpresión!de!la!proteína!p21.!Esta!detención!del!ciclo!

celular!se!asocia!con!la!expresión!de!marcadores!típicos!de!células!tip.!Por!lo!tanto!Notch!

forma! parte! de! un! mecanismo! que! permite! diferenciar! entre! células! endoteliales! con!

actividad! proliferativa! o! migratoria.! Análisis! transcriptómicos! comparativos! también! han!

revelado!nuevos!genes!que!promueven!la!proliferación!y!que!podrían!estar!reprimidos!por!

Notch,!como!Myc!y!Odc1.!El!análisis!genético!funcional!de!estos!genes!ha!mostrado!que!son!

absolutamente!esenciales!para!la!proliferación!normal!de!las!células!endoteliales.! !



!



+

!

11!

TABLE+OF+CONTENTS+

SUMMARY+.......................................................................................................................+7!

RESUMEN+.........................................................................................................................+9!

TABLE+OF+CONTENTS+......................................................................................................+11!

INDEX+OF+FIGURES+AND+TABLES+.....................................................................................+15!

LIST+OF+ABBREVIATIONS+.................................................................................................+17!

1+INTRODUCTION+...........................................................................................................+23!

1.1!The+cardiovascular+system+....................................................................................+23!

1.2+The+development+of+the+vascular+system+..............................................................+25!

1.3+Sprouting+angiogenesis+.........................................................................................+26!

1.4+In#vivo+models+of+sprouting+angiogenesis+..............................................................+27!

1.4.1!Postnatal!vascularization!of!mouse!retina!...........................................................!28!

1.5+Molecular+regulation+of+vascular+development+.....................................................+29!

1.5.1!The!VEGF!signaling!pathway!.................................................................................!29!

1.5.2!The!Notch!signaling!pathway!...............................................................................!31!

1.5.3!Regulation!sprouting!angiogenesis!by!Notch!and!VEGF!.......................................!33!

1.5.4!Regulation!of!endothelial!cell!proliferation!during!angiogenesis!.........................!36!

1.6.+Cell+cycle+regulation+.............................................................................................+37!

1.7+Clonal+analysis+of+genetic+mosaics+in#vivo+..............................................................+39!

2+OBJECTIVES+.................................................................................................................+45!

3+MATERIAL+AND+METHODS+...........................................................................................+49!

3.1!Culture!of!mouse!embryonic!stem!cells!......................................................................!49!

3.2!Embryoid!bodies!and!endothelial!differentiation!.......................................................!49!

3.3+Mouse!lines!.................................................................................................................!49!

3.4!In!vivo!genetic!recombination!.....................................................................................!52!

3.5!In!vivo!pharmacological!inhibition!..............................................................................!52!

3.6!EdU!proliferation!assay!...............................................................................................!52!

3.7!Cell/Tissue!processing!and!immunofluorescence!.......................................................!53!

3.8!Image!acquisition!........................................................................................................!55!



!

!

12!

3.9!Quantitative!image!analysis!........................................................................................!55!

3.10!Flow!cytometry!of!mESCs!or!isolated!ECs!.................................................................!57!

3.11!qRTTPCR!.....................................................................................................................!57!

3.12!RNAseq!......................................................................................................................!58!

3.13!Cell!culture!and!luciferase!assays!..............................................................................!58!

3.14!Statistical!Analysis!.....................................................................................................!59!

4+RESULTS+......................................................................................................................+63!

4.1!Dual!ifgMosaic!strategy!to!induce!high!resolution!!

!!!!!!!functional!genetic!mosaics!in!mice!.............................................................................!63!

4.2!Functional!characterization!of!iChrTNotchT!and!iMbTVegfr2TMosaics!.........................!67!

4.3!SingleTcell!clonal!analysis!of!loss!and!gain!of!Notch!signaling!during!angiogenesis!....!72!

4.4!Excessive!or!insufficient!VEGFR2!activity!impairs!EC!clonal!expansion!.......................!74!

4.5+VEGFR2!signaling!partially!modulates!the!effect!of!Notch!!

!!!!!!!on!the!proliferation!of!single!ECs!................................................................................!75!

4.6!Cells!with!a!permanent!increase!or!decrease!in!Notch!or!VEGF!signaling!expand!less!

!!!!!!!throughout!embryonic!development!.........................................................................!77!

4.7!Inhibition!of!Dll4Tmediated!Notch!signaling!during!retinal!angiogenesis!increases!!

!!!!!!!EC!number!but!decreases!expression!of!cell!cycle!markers!........................................!81!

4.8!Notch!inhibition!causes!an!increase!in!ERK!phosphorylation!.....................................!87!

4.9+VEGFR2!activation!induces!strong!ERK!phosphorylation!and!arrests!angiogenesis.!...!88!

4.10!VEGFR2!signaling!is!not!required!for!the!cell!cycle!entry!of!mature!ECs!after!Notch!!

!!!!!!!signaling!inhibition!......................................................................................................!90!

4.11!Tip!cells!with!endogenous!high!VEGF!signaling!have!!

!!!!!!!reduced!proliferative!capacity!....................................................................................!92!

4.12!The!cell!cycle!inhibitor!p21!is!expressed!in!cells!with!high!ERK!phosphorylation!.....!94!

4.13!Vessels!of!p21!knockout!mice!proliferate!more!after!Notch!inhibition!....................!96!

4.14!Inhibition!of!ERK!phosphorylation!results!in!contextTdependent!effects!in!ECs.!......!97!

4.15!Comparative!transcriptomic!analysis!of!angiogenic!ECs!after!Notch!inhibition!......!102!

4.16+Odc1!expression!is!repressed!by!Notch!and!partially!promoted!by!Myc!in!ECs!during!!

!!!!!!!angiogenesis!..............................................................................................................!104!

+



+

!

13!

4.17+Odc1!down!regulation!phenocopies!Notch!overactivation!in!ECs!!

!!!!!!!during!angiogenesis!..................................................................................................!106!

4.18!Odc1!deletion!blocks!EC!proliferation!and!also!prevents!EC!expansion!after!Notch!!

!!!!!!!inhibition!...................................................................................................................!108!

4.19!Myc!deletion!phenocopies!Odc1!deletion!during!angiogenesis!..............................!111!

4.20!Hypoplastic!vascular!phenotypes!are!associated!with!high!p21!expression.!..........!113!

5+DISCUSSION+...............................................................................................................+117!

5.1!The!Dual!ifgMosaic!strategy!enables!the!generation!of!high!resolution!!

!!!!!!!functional!genetic!mosaics!in!mice!...........................................................................!119!

5.2!Notch!inhibition!in!endothelial!cells!has!opposite!effects!on!EC!proliferation!at!!

!!!!!!!different!temporal!scales!..........................................................................................!120!

5.3+Inhibition!of!Dll4Tdependent!Notch!signaling!during!angiogenesis!induces!rapid!!

!!!!!!!endothelial!cell!cycle!progression!followed!by!arrest!...............................................!121!

5.4!Endothelial!tipTcells!have!limited!proliferative!capacity!in!mouse!postnatal!retinal!!

!!!!!!!angiogenesis.!.............................................................................................................!123!

5.5!Strong!activation!of!the!MAPK!pathway!is!associated!with!cellTcycle!arrest!during!!

!!!!!!!angiogenesis.!.............................................................................................................!124!

5.6+Expression!of!the!cell!cycle!inhibitor!p21!is!regulated!by!Notch!and!VEGF!!

!!!!!!!signaling!....................................................................................................................!126!

5.7+Notch!represses!the!expression!of!several!cell!cycle!regulators!...............................!127!

5.8!Odc1!expression!is!repressed!by!Notch!and!promoted!by!Myc!in!ECs!during!!

!!!!!!!angiogenesis!..............................................................................................................!128!

5.9!The!activities!of!Odc1!and!Myc!are!necessary!for!normal!endothelial!cell!proliferation!!

!!!!!!!during!angiogenesis!..................................................................................................!129!

5.10!Endothelial!cells!defective!for!genes!essential!in!cell!cycle!progression!enter!a!!

!!!!!!!permanent!nonTproliferative!state!...........................................................................!129!

5.11!The!role!of!Notch!on!endothelial!cell!proliferation!during!angiogenesis!................!130!

6+CONCLUSIONS+...........................................................................................................+137!

7+CONCLUSIONES+.........................................................................................................+139!

BIBLIOGRAPHY+.............................................................................................................+143!



!

!

14!

SUPPLEMENTARY+INFORMATION+.................................................................................+159+

ACKNOWLEDGEMENTS+.................................................................................................+161!

!



+

!

15!

INDEX+OF+FIGURES+AND+TABLES+

Figures+

Figure+1.1! Organization!of!the!vascular!system!.................................................................!24!
Figure+1.2! Mechanisms!of!vessel!formation!.......................................................................!25!
Figure+1.3! Sprouting!angiogenesis!.....................................................................................!27!
Figure+1.4! Mouse!retinal!vascularization!...........................................................................!28!
Figure+1.5! VEGF!signaling!pathway!....................................................................................!30!
Figure+1.6! Notch!signaling!Pathway!...................................................................................!32!
Figure+1.7! Molecular!regulators!of!tipTstalk!cell!selection!.................................................!35!
Figure+1.8! Cell!cycle!regulation!by!CKIs!..............................................................................!38!
Figure+1.9! Multicolor!genetic!strategies!for!clonal!analysis!...............................................!42!
Figure+4.1! Dual!Inducible!Fluorescent!Genetic!Mosaic!(ifgMosaic)!strategy+....................+64!
Figure+4.2! Inducible!membrane!and!chromatin!mosaic!constructs!and!mice!...................!66!
Figure+4.3! Characterization!of!Notch!and!VEGFR2!mosaics!in!embryoid!bodies!In#vitro!...!68!
Figure+4.4! Characterization!of!iChrTNotchTMosaic!during!embryonic!neurogenesis!.........!70!
Figure+4.5! Characterization!of!iMbTVegfr2TMosaic!during!retinal!angiogenesis!................!71!
Figure+4.6! ShortTterm!clonal!expansion!of!endothelial!iChrTNotchTMosaic!during!

angiogenesis!.......................................................................................................!73!
Figure+4.7! ShortTterm!clonal!expansion!of!endothelial!iMbTVegfr2TMosaic!
! !during!angiogenesis!..........................................................................................!75+
Figure+4.8! SingleTcell,!epistasis!analysis!of!Notch!and!VEGFR2!signaling!pathways!with!Dual!

ifgMosaic!............................................................................................................!76!
Figure+4.9! LongTterm!clonal!expansion!of!endothelial!iChrTNotchTMosaic!during!vascular!

development!......................................................................................................!79!
Figure+4.10!!LongTterm!clonal!expansion!of!endothelial!iMbTVegfr2TMosaic!during!vascular!

development!......................................................................................................!80!
Figure+4.11!!Pharmacological!inhibition!of!Dll4Tinduced!Notch!signaling!causes!retinal!

vascular!hyperplasia!...........................................................................................!82!
Figure+4.12+!ContextTdependent!alterations!in!EC!number!and!proliferation!in!retinal!

vasculature!after!Notch!inhibition.!.....................................................................!83!
Figure+4.13!!Expanded!temporal!analysis!of!retinal!vascular!phenotypes!produced!after!

Notch!inhibition.!.................................................................................................!84!
Figure+4.14!!Alterations!in!endothelial!cell!expression!of!the!cell!cycle!marker!Ki67!after!

Notch!inhibition!..................................................................................................!85!
Figure+4.15! Effects!of!Notch!on!ERK!phosphorylation!during!angiogenesis.!........................!87!
Figure+4.16!!Mosaic!VEGFR2AcTmediated!increase!in!ERK!phosphorylation!is!associated!with!

defective!angiogenesis!.......................................................................................!89!



!

!

16!

Figure+4.17!!Changes!in!the!expression!of!proliferation!markers!in!iMbTVegfr2TMosaic!
retinas.!................................................................................................................!91!

Figure+4.18! !Analysis!of!cell!cycle!dynamics!in!tip!cells!........................................................!93!
Figure+4.19! !Alterations!of!p21!expression!in!ECs!are!associated!!
! to!changes!in!ERK!phosphorylation!!!!.................................................................!95!
Figure+4.20! Effects!of!Notch!inhibition!in!mice!lacking!p21!.................................................!96!
Figure+4.21!!Effects!of!treatment!with!the!MEK!inhibitor!SL327!in!retinal!endothelial!ERK!

phosphorylation!.................................................................................................!98!
Figure+4.22!!Vascular!alterations!after!MEK!inhibition!alone!or!in!combination!with!Notch!

inhibition!during!retinal!angiogenesis!..............................................................!100!
Figure+4.23! Effects!of!MEK!inhibition!in!the!proliferative!status!of!quiescent!ECs!............!101!
Figure+4.24!!In!vivo!transcriptomic!analysis!of!endothelial!cells!after!Notch!inhibition!during!

angiogenesis!.....................................................................................................!103!
Figure+4.25! !Regulation!of!Odc1!expression!by!Notch!and!Myc!during!angiogenesis+.......+105!
Figure+4.26! !Vascular!defects!in!retinas!with!Odc1!inhibition!or!Notch!overactivation!.....!107!
Figure+4.27! !Functional!interaction!between!Odc1!and!Notch!during!angiogenesis!.........!110!
Figure+4.28! !Functional!interaction!between!Myc!and!Notch!during!angiogenesis!...........!113!
Figure+4.29!!Expression!of!p21!in!ECs!mutant!for!signaling!pathways!controlling!

proliferation.!.....................................................................................................!114!
Figure+5.1! Summary!of!the!data!on!the!control!of!endothelial!proliferation!by!Notch.!..!133!
+
Tables+

Table+1+ Mouse!strains!and!genotyping!primers+.............................................................+51+
Table+2+ List!of!antibodies!used!for!IF+.............................................................................+54+
+

Supplementary+RNAseq+DATA!is!provided!in!the!digital!format!of!the!thesis.!

+ +



+

!

17!

LIST+OF+ABBREVIATIONS+

ADAM+AngiopoietinT1!receptor+

AF+Angiogenic!Front!

AF#!Alexa!Fluor#!

Akt+Protein!kinase!B!(PKB)! !

Angp+Angiopoietin�!!

APC!Allophycocyanin!

b]Gal+betaTgalactosidase!�!

BAC!Bacterial!artificial!chromosomes!

bHLH:!BasicTHelixTLoopTHelix!

BM+Basal!lamina!

BSA+Bovine!Serum!ALbumin!

CBF!CTRepeat!Binding!Factors!!

Cdh5!Cadherin!5!/!VETCadherin!

CDK+Cyclin!dependent!Kinase!

CIp/Kip!CDK!interacting!protein/Kinase!inhibitory!protein!

CKI!CDK!inhibitor!

CXCR4+CTXTC!chemokine!receptor!type!4!

DAPI+4’,6TdiamidinoT2Tphenylindole�!

Dll+DeltaTlike!!

DMSO+Dimethyl!sulfoxide�!

DNA+Deoxyribonucleic!acid!!

E#:!Embryonic!Day!#!

EB:!Embryoid!Body!

EC+Endothelial!cell�!

EdU+5TethynylT2Tdeoxyuridine�!

EGFP+Enhanced!GFP�!

ERG+ETSTrelated!gene�!!

ERK!Extracellular!signal–regulated!kinase!

Esm1!Endothelial!cellTspecific!molecule!1!!



!

!

18!

FBS+fetal!bovine!serum�!

Flk]1!VEGFR2/Kdr!

Flt]1+FmsTlike!tyrosine!kinase!1!(VEGFRT1)�!

Flt]4+Fms!related!tyrosin!kinase!4!(VEGFRT3)�!

FP!Fluorescent!protein!

GFP+Green!fluorescent!protein�!!

H2B!Histone!2B!

HA!Human!Influenza!Hemagglutinin!

HEKs+Human!embryonic!kidney!cells!293,!HEKT293!cells�!

Hes+Hairy/Enhancer!of!split!Hey:!Hairy!Related!genes!!

Hey+Hairy!and!enhancerTofTsplit!related!with!YRPW!motif!protein�!

HUVEC!Human!umbilical!vein!endothelial!cell!!

iChr!inducible!chromatin!!

IF+Immunofluorescence�!�!

Ig!Immunoglobulin!

iMb!inducible!membrane!

Ink4!INhibitors!of!CDK4!

ISV!Intersomitic!Vessel!

Kdr+Kinase!insert!domain!receptor.!In!zebrafish!also!FlkT1b!or!VEGFRT2.!

LSL!LoxTSTOPTLox!

MADM!Mosaic!analysis!with!double!markers!

MAML1!MastermindTlike!protein!1!

MAPK!MitogenTactivated!protein!kinase!

MEF!Mouse!embryonic!fibroblast!

MEK!MitogenTactivated!protein!kinase!kinase!

mESC!mouse!embryonic!stem!cell!

NICD+NOTCH!intracellular!domain�!

NRP+Neuropilin!

O/N+Overnight�!!

Oaz1 Ornithine!decarboxylase!antizyme!

Odc1!Ornithine!decarboxylase!



+

!

19!

P#!Postnatal!day!#)!

PBS+PhosphateTbuffered!saline�!

PCR+Polymerase!chain!reaction�++

PDGFb+PlateletTderived!growth!factorTB!!

PEST:!Proline,!glutamic!acid,!serine!and!treonined!enrichedTdomain!!

PFA+Paraformaldehyde!!

PI3K PhosphatidylinositolT4,5Tbisphosphate!3Tkinase!

PLGF!Placental!Growth!Factor!

PTEN+Phosphatase!and!tensin!homolog�!2�!

qPCR+Quantitative!polymerase!chain!reaction�!

RBPJ!Recombination!SignalTBinding!Protein!1!for!JTKappa!sequence!(CBF1!in!mammals)!!

RT+Room!temperature�!

RTKs+Tyrosine!kinase!receptors�!�!

SEM+Standard!error!of!the!mean�++

SMC:!Smooth!muscle!cell!!

Src+ProtoToncogene!tyrosineTprotein!kinase�++

SV40:!Simian!vacuolating!virus!40!

Tie2 AngiopoietinT1!receptor!

VEGF+Vascular!endothelial!growth!factor�!

VEGFR+Vascular!endothelial!growth!factor!receptor!!

WT:!Wild!type!!
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1+INTRODUCTION+

1.1! The+cardiovascular+system+

The!evolution!of!complex!multicellular!organisms!required!the!presence!of!a!system!devoted!to!

nutrient!and!waste!transport!to!overcome!the!inefficiency!of!a!simple!diffusionTbased!transport!

mechanism,! when! organisms! size! increased! and! surface:volume! ratios! decreased! (MuñozT

Chápuli!and!PérezTPomares,!2010).!In!vertebrates!the!necessity!for!a!transport!system!is!already!

apparent!during!embryonic!development,! as! the! cardiovascular! system! is! the! first! functional!

organ!to!be!formed.!This!allows!for!the!subsequent!normal!development!of!the!remaining!organs!

and! systems! (Chung! and! Ferrara,! 2011).! In! addition! to! its! transport! function! it! is! now!

acknowledged!that!the!cells!that!form!the!cardiovascular!system!have!also!an!essential!paracrine!

regulatory!role!that!influence!the!development!and!homeostasis!of!other!organs!(Udan,!Culver!

and!Dickinson,!2013;!Rafii,!Butler!and!Ding,!2016).!

The! cardiovascular! system! in! vertebrates! is! formed!by! the!heart! and! the!network!of! vessels!

connected!to!it!that!extends!throughout!their!bodies.!The!vasculature!is!functionally!subdivided!

in!three!types!of!blood!vessels!that!exhibit!differences!at!the!structural,!cellular!and!molecular!

levels.!Arteries!are!the!vessels!that!carry!blood!out!from!the!heart!and!progressively!decrease!in!

size!until!they!reach!the!vascular!networks!in!the!tissues.!This!vascular!network!is!formed!by!the!

smallest!vessels,!the!capillaries,!and!is!where!the!nutrient!and!waste!exchange!occur!between!

blood! and! the! tissues.! Finally,! from! capillaries,! blood! is! transported! back! to! the! heart! by!

increasingly!bigger!veins!(Potente!and!Mäkinen,!2017).!The!distinct!functions!of!the!three!types!

of!vessels!are!related!with!their!structural!differences.!Arteries!have!a!thinner!diameter!and!are!

covered!by!a!thick!layer!of!smoot!muscle!cells!(SMC)s!to!provide!and!regulate!vascular!tension,!

whereas!capillaries!have!a!more!permeable!structure!to!diffuse!nutrients!and!waste!products,!

and! veins! tend! to! have! a! larger! diameter! and! valves! to! offer! low! resistance! and! enable!

unidirectional!blood!flow.!

!
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All!three!types!of!vessels!are!formed!by!layer!of!endothelial!cells!(ECs)!arranged!as!a!squamous!

epithelium! (the! endothelium)! forming! the! inner! lining! of! the! vessels.! Surrounding! the!

endothelium!other!cell!types!can!be!associated!to!the!basal!lamina!(BM),!secreted!by!the!ECs,!to!

give! support! and! functionally! differentiate! the! vessels.! In! capillaries,! pericytes! stabilize! the!

endothelium!and!also!contribute!to!its!circulatory!dynamics.!When!compared!with!veins,!arteries!

have!a!thicker!layer!of!SMCs!(Media)!and!a!distinct!extracellular!matrix!(Adventitia),!which!is!in!

accordance!with!their!different!functional!roles!in!the!circulatory!system!(Fig.!1.1).+

+

Figure+ 1.1.!Organization+ of+ the+ vascular+ system.+Hierarchical! organization! of! the! blood! vascular!
system!formed!by!three!main!types!of!blood!vessels:!arteries,!capillaries!and!veins.!Arteries!and!veins!
of!smaller!caliber! that!connect!with!the!capillary!network!are!denominated!arterioles!and!venules!
respectively.!The!three!types!of!vessels!are!internally!lined!by!ECs!and!their!associated!BM.!This!is!
denominated!tunica!intima!in!larger!vessels.!Additional!cells!are!associated!with!the!ECs:!perycites!in!
capillaries!and!SMCs!in!arteries!and!veins.!These!larger!vessels!have!and!additional!layer!of!supportive!
connective! tissue.!Note!bigger! size!of! the!elastic! SMC! layer! in! arteries! (Modified! from!Potente!&!
Mäkinen,!2017).++



+
+

1+INTRODUCTION+

!
25!

1.2+The+development+of+the+vascular+system+

During! development! there! are! two! main! processes! that! give! rise! to! new! blood! vessels:!

vasculogenesis! and! angiogenesis.! Vasculogenesis!mainly! occurs! at! early! stages! in! embryonic!

development! and! involves! de# novo! formation! of! endothelial! cells! from! undifferentiated!

mesodermal!precursors!called!angioblasts!(Risau!and!Flamme,!1995).!In!mice!this!process!occurs!

prominently!in!the!yolk!sac,!associated!to!early!hematopoiesis,!giving!rise!to!primitive!vascular!

plexus! filled!with!blood!precursors!called!blood! islands.!Vasculogenesis!also!occurs! in!several!

places! along! the! anteroTposterior! axis! of! the! embryo! from! lateral! mesoderm! derived! cells,!

generating!several!immature!primary!vascular!plexus!(Drake!and!Fleming,!2000)!(Fig.!1.2!Left).+

Angiogenesis! occurs! later! as! it! involves! the! formation! of! new! vessels! from!preexisting! ones,!

without!additional!endothelial!cell!differentiation!(Fig.!1.2!Right).!Angiogenesis!not!only!occurs!

during! development! but! it! is! also! important! during! normal! physiological! processes! in! adult!

animals,!like!the!female!reproductive!cycle!and!wound!repair.!Moreover,!blood!vessel!formation!

is! involved! in!pathological! process! like! tumor!progression!or! ischemic! cardiovascular! disease!

(Carmeliet!and!Jain,!2011).!

Figure+1.2.!Mechanisms+of+vessel+formation.+Blood!vessel!are!generated!by!two!different!mechanisms:!
vasculogenesis! (left)! and! angiogenesis! (right).! During! vasculogenesis! mesodermal! precursors! called!
angioblast!coalesce!in!different!parts!of!the!embryo!to!form!primitive!vascular!networks!and!the!principal!
blood!vessels!of!the!embryo.!From!the!primitive!capillary!plexus!formed,!sprouting!angiogenesis!occurs!
through!the!selection!of!migratory!sprouts!composed!by!migratory!tip!cells!and!trailing!proliferative!stalk!
cells!(Modified!from!Potente!&!Mäkinen!,2017).++
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Two! mechanistically! different! types! of! angiogenesis! have! been! described:! sprouting! and!

intussusceptive! angiogenesis.!While! sprouting! angiogenesis! is! the!main! type! involved! in! the!

expansion!of!vascular!networks!towards!avascular!areas,!intussusceptive!angiogenesis!has!been!

more!associated!with!posterior!remodeling!and!maturation!of!these!networks! in!response!to!

blood!flow!dynamics!(Burri,!Hlushchuk!and!Djonov,!2004).!

1.3+Sprouting+angiogenesis++

!Sprouting!angiogenesis!is!the!main!mechanism!by!which!blood!vessels!expand!to!tissues!that!

require!vascularization.! It! is! first! initiated!through!paracrine!signaling!from!the!hypoxic!tissue!

that!is!close!to!capillaries.!This!activates!endothelial!cells!in!blood!vessels!and!instructs!them!to!

form!vascular!sprouts!composed!by!a!few!ECs!that!have!been!denominated!tip!cells!(Potente,!

Gerhardt!and!Carmeliet,!2011).!These!sprouts!form!at!variable!intervals!along!the!vascular!front!

and!are!able!to!locally!modify!the!extracellular!matrix!and!to!migrate!towards!the!avascular!areas!

of! the! tissue.!However,! in! order! for! sprouting! angiogenesis! to!be! efficient,! and! result! in! the!

formation!of!a!honeycomb!like!capillary!network,!vascular!loops!and!sideTconnections!need!to!

occur.!These!occur!when!two!sprouts!contact!during!their!migration,!through!a!process!called!as!

anastomosis.!After!this!process,!they!lumenize!to!give!rise!to!a!new!vessel!branch.!At!the!same!

time,!surrounding!endothelial!cells!generally!denominated!stalk!cells!proliferate!to!supply!more!

cells!to!the!newly!forming!immature!vessel!network!that!advances!until!the!initial!proTangiogenic!

signals!disappear!(Fig.!1.3).!
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In!parallel!to!the!formation!of!new!vessels!at!the!angiogenic!front,!the!vessels!already!formed!

start!a!process!of!maturation,!recruiting!perycites!and!SMCs,!and!remodeling!to!achieve!the!final!

blood! flow! dynamics! that! better! suits! the! surrounding! tissue! needs.! This! is! achieved! by! the!

pruning!of!some!branches!of!the!maturing!vascular!network!and!stabilization!of!others!as!well!

as! progressive! specialization! into! arterial! and! venous! endothelial! cells! gives! rise! to! the! final!

hierarchical!organization!of!the!mature!vasculature!(Potente,!Gerhardt,!and!Carmeliet!2011).!

1.4+In#vivo+models+of+sprouting+angiogenesis+

Two!main! systems!have!been!widely!used! to! study! the!molecular!mechanisms! that! regulate!

angiogenesis! In# vivo:! the! vascularization!of! the!mouse!postnatal! retina!and! the! formation!of!

intersomitic! and! brain! vessels! during! zebrafish! embryonic! development.! Each! system! has! a!

different! set! of! advantages! and! caveats! but! in! conjunction! both! have! been! instrumental! to!

identify!and!study!several!molecular!and!cellular!mechanisms!of!angiogenesis.!

The!formation!of!intersomitic!vessels!(ISV)!in!zebrafish!is!a!process!that!can!be!easily!genetically!

targeted!with!morpholinos!and!liveTimaged!at!high!resolution!with!confocal!microscopes.!While!

the! analysis! of! the! development! of! these! vessels! has! provided! important! insights! into! the!

regulatory! signals! and! dynamics! of! angiogenesis! they! constitute! a! particular! system! of!

angiogenesis!as!sprouts!form!directly!from!arteries!or!veins,!and!the!single!sprouts!follow!a!very!

defined!path!of!migration!and!proliferate!minimally.! These!differences! call! for! caution!when!

interpreting!and!extrapolating!results!obtained!using!this!system!to!other!vascular!beds!like!the!

mouse!retinal!or!tumor!vasculature!(Ellertsdóttir!et#al.,!2010).!

+

+

Figure+ 1.3.+ Sprouting+ angiogenesis.+ Sprouting! angiogenesis! starts! when! proangiogenic! signals,! mainly!
VEGF,!secreted!by!hypoxic!tissues!are!detected!by!the!endothelial!cells.!This!induces!to!the!selection!of!tip!
cell!along!the!vascular! front! that!start! to!migrate! (Green)!and!are! followed!by!proliferating!cells! (Blue).!
When! tip! cells! from! adjacent! sprouts! contact! they! form! a! new! vessel! branch.! This! process! occurs!
recursively!until!the!tissue!is!fully!vascularized!(Modified!from!Potente,!Gerhardt!and!Carmeliet,!2011).++
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1.4.1+Postnatal+vascularization+of+mouse+retina+

Two! different! vascular! networks! provide! vascular! supply! to! the! eye! at! different! stages! of!

development.!During!embryonic!development,!the!hyaloid!vasculature!is!composed!of!vessels!

that!transverse!the!vitreous!from!the!optic!nerve!towards!the!anterior!part!of!the!eye.!These!

vessels!however!start!regressing!after!birth!to!allow!for!normal!vision!(Stahl!et#al.,!2010).!

After! birth,! intraretinal! vascularization! commences,! to! substitute! for! the! regressing! hyaloid!

vasculature.!Angiogenic!endothelial!cells!enter!the!retina!through!the!optic!nerve!area!at!the!

center!of!the!retina.!During!the!first!postnatal!week,!expansion!of!the!vasculature!occurs!in!a!

twoTdimensional! and! superficial! plane! towards! the! retinal! periphery.! ECs! migrate! over! an!

Figure+ 1.4.+Mouse+ retinal+ vascularization.+Endothelial! cells! enter! the! retina! through! the! optic! nerve!
opening! and! expand! radially! during! the! first! postnatal! week.!Migration! to! deeper! layer! of! the! retina!
occurs! from! P7! and! progress! until! the! end! of! the! second! postnatal!week.! During! the! first!week! the!
stereotyped! patterning! of! the! expanding! vascular! plexus! allows! the! analysis! of! different! aspects! of!
angiogenesis!(Adapted!from!Milde!et#al.,!2013!and!Oellerich!and!Potente,!2012).++
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underlying!astrocyte!network!through!the!process!of!sprouting!angiogenesis,!and!proliferate!to!

expand!the!vasculature!(Fig.!1.4).!As!angiogenesis!progresses,!the!vascular!network!closer!to!the!

center!starts!to!mature!and!remodel,!forming!differentiated!arterial,!venous!and!capillary!areas.!

From!postnatal!day!(P)!7,!in!the!maturing!areas!closer!to!the!center,!additional!sprouting!occurs!

towards! the! deeper! layers! of! the! retina.! This! leads! to! the! formation! of! two! additional!

interconnected!parallel!plexus.!Remodeling!and!differentiation!of!these!two!networks!proceeds!

until!the!retinal!vasculature!reaches!full!maturity!around!6!weeks!of!age!(Milde!et#al.,!2013).!!

The!fundamental!advantage!in!using!this!system!is!that!during!the!first!postnatal!week,!the!two!

dimensional!expansion!of!the!vasculature!allows!for!the!straightforward!global!analysis!of!the!

full!developing!vascular!network!in!a!relatively!thin!confocal!optical!section.!The!relatively!fixed!

and!stereotyped!vascular!patterning!of!this!network!also!facilitates!the!phenotypic!analysis!after!

genetic!and!pharmacological!interventions.!Moreover,!it!is!possible!to!study!different!aspects!of!

angiogenesis! at! the! same! time! as! remodeling! and!maturation! can! be! analyzed! in! parallel! to!

sprouting!and!proliferation!in!the!same!retina!(Milde!et#al.,!2013).!

1.5+Molecular+regulation+of+vascular+development+

Several! signaling! pathways! have! been! involved! in! the! regulation! of! vascular! development,!

however!due!to!limitations!of!space,!I!will!mention!only!the!ones!directly!studied!in!this!thesis.!

Particularly! the! VEGF! and! Notch! signaling! pathways! have! been! found! to! strongly! influence!

different!aspects!of!endothelial!cell!biology.!

1.5.1+The+VEGF+signaling+pathway+

Vascular! Endothelial!Growth! Factor! (VEGFs)! compose! a! family! of! five! secreted! glycoproteins!

(VEGF!ATD!and!placental!growth!factor,!PLGF)!that!participate!in!numerous!aspects!of!vascular!

and!endothelial!biology.!They!act!by!binding!to!three!possible!VEGF!tyrosine!kinase!receptors!

(RTKs),!VEGFR1!(Flt1),!VEGFR2!(Flk1/Kdr)!and!VEGFR3!(Flt4)!(Olsson!et#al.,!2006)!(Fig.!1.5).!
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Ligand!binding!promotes!the!dimerization!of!the!receptors!and!autoT!or!crossT!phosphorylation!

in!tyrosine!residues.!This!in!turn!leads!to!the!recruitment!of!different!adapter!proteins!harboring!

SH2!domains!and! the!activation!of! several!downstream!cascades! including! the!PI3K/AKT!and!

MAPK!signaling!pathways!(ClaessonTWelsh,!2016).!VEGFRs!can!also!bind!to!other!coTreceptors!

like!neuropilins!(NRP1!and!2)!that!can!modulate!their!signaling!output.+VEGF!signaling!can!be!

regulated!at!different!levels:!differential!expression!of!ligands!and!receptors,!ligand!availability!

in! the! extracellular! space,! differential! affinity! between! ligands! and! receptors! and! receptor!

membrane!trafficking!among!others!(Vempati,!Popel!and!Mac!Gabhann,!2014;!Simons,!Gordon!

and!ClaessonTWelsh,!2016).++

Genetic! elimination!of! the!different!members!of! the! family!has! revealed!differential! roles! in!

regulating!vascular!development.!VEGFA!signaling!through!VEGFR2!has!been!proposed!as!the!

main!regulator!of!vascular!development.!VEGFR2!is!highly!expressed!in!ECs,!particularly!at!stages!

of!vessel!formation!and!expansion.!VEGFA!can!be!expressed!by!a!variety!of!cells,!generally! in!

response!to!conditions!of!hypoxia!or!lack!of!nutrients!(Coultas,!Chawengsaksophak,!and!Rossant,!

Figure+ 1.5.+ VEGF+ signaling+ pathway.+ The! VEGF! signaling! family+ of! ligands! and! receptors! is!
composed! of! five! secreted! glycoproteins! (VEGF! ATD! and! placental! growth! factor,! PLGF)! with!
different! specificities! for! three! types! of! RTKs! (VEGFR1T3)! that! can! form! homoT! or!
heterodimers.! Downstream! signaling! pathways! that! can! be! activated! by! VEGFR2! include! the!
MAPK! and! PI3K/Akt! pathways! among! others+ (Adapted! from! Olsson! et# al.,! 2006! and! ClaessonT
Welsh,!2016).++
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2005).!Animals!with!homozygous!deletion!of!the!VEGFR2!gene!die!very!early!during!development!

due!to!severe!defects!in!the!initial!stages!of!vasculogenesis!and!hematopoiesis!(Shalaby!et#al.,!

1995).+Heterozygous!VEGFA!mutants!die!of!similar!defects!slightly!later,!also!because!of!defects!

on!EC!differentiation!and!blood!island!formation+(Carmeliet!et#al.,!1996;!Ferrara!et#al.,!1996),+

showing!how!the!VEGF!signaling!dose!must!be!tightly!controlled.!

In!contrast,!VEGFR1!elimination!leads!to!hypervascularization!due!to!increased!EC!proliferation!

and!sprouting!(Fong!et#al.,!1995).!These!animals!also!die!during!development!but!it!seems!that!

VEGFR1!acts!as!a!negative!regulator!of!angiogenesis.!This!appears!to!be!due!to!two!aspects!of!

the!biology!of!VEGFR1.!One!is!that!its!affinity!towards!VEGFA!is!much!higher!than!that!of!VEGFR2!

but! its! kinase!activity! is!much!weaker! (Papadopoulos!et#al.,!2012).!The!other! is! that!VEGFR1!

presents! an! alternative! splicing! form! that! lack! the! transmembrane! domain! and! is! secreted!

(Kearney!et#al.,!2004).!Due!to!this,!both!soluble!and!membrane!VEGFR1!can!act!as!a!VEGF!sink,!

blocking!its!binding!to!VEGFR2!and!modulating!in!this!way!vascular!VEGF!signaling.!

The!other!receptor,!VEGFR3,!is!mainly!activated!by!the!ligands!VEGFC!and!VEGFD!(Olsson!et#al.,#

2006)! and! is! expressed! in! lymphatic! vessels! being! the! most! important! receptor! for!

lymphangiogenesis.! However,! it! is! also! expressed! in! blood! ECs,! and! important! for! vascular!

development!as!its!deletion!its!embryonic!or!postnatal!deletion!results!in!severe!vascular!defects!

(Dumont!et#al.,!1998).!

1.5.2+The+Notch+signaling+pathway+

Notch!signaling!is+a!conserved!pathway,!essential!in!the!regulation!of!a!wide!range!of!biological!

processes,! from! developmental! morphogenesis! and! stem! cell! maintenance! to! tissue!

homeostasis!and!disease.!

In!mammals!it!is!formed!by!four!Notch!receptors!(Notch!1T4)!and!five!ligands!named!Delta!Like!

(Dll)1,! Dll3,! Dll4,! Jagged1! and! Jagged2! (Fig! 1.6).! Ligands! and! receptors! are! transmembrane!

proteins,!thus!constituting!a!juxtacrine!signaling!system!that!requires!close!physical!interaction!

between!sender!and!receiver!cells!(Bray,!2006).+
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Upon!ligand!binding,!a!series!of!proteolytic!reactions!occurs!near!the!membrane!of!the!receiving!

cell!that!lead!to!the!processing!of!the!receptor.!The!last!of!these!cleavages!is!mediated!by!a!!T

secretase!complex!that!releases!the!Notch!Intra!Cellular!Domain,!NICD.!This!protein!translocates!

to! the! nucleus! and! forms! a! complex! with! a! DNA! binding! protein! called! CSL/RBPJk! and! the!

transcriptional! coactivator! MAML1! (Kopan! and! Ilagan,! 2009).+ This! complex! regulates! the!

transcription! of! different! targets! genes! including! the! family! of! basic! helixTloopThelix! (bHLH)!

transcriptional! repressors!Hes/Hey! and! the!Notch! ligand!Dll4! among! others+ (Iso,! Kedes,! and!

Hamamori,!2003).+!

In!the!vasculature!all!four!receptors!are!expressed,!as!well!as!the!ligands!Dll1,!Dll4!and!Jagged1!

(Gridley,! 2010),! and!many! studies! have! revealed! an! indispensable! function! of! this! pathways!

during!blood!vessel!development!and!homeostasis.!Similar!to!the!loss!of!VEGFR2!or!VEGF,!mouse!

Figure+ 1.6.+ Notch+ signaling+ pathway.+ The! Notch+ signaling! pathways! is! composed! by! transmembrane!
ligands!(Dll1,34!and!Jag1,2)!and!receptors!(Notch!1T4).!Binding!of!Dll4/Jagged!ligands!to!Notch!receptors!
triggers!two!proteolytic!reactions!in!the!receptor,!the!first!one!mediated!by!ADAM!and!the!second!by!!T
secretase,!that!release!the!NICD!portion!of!the!receptor.!NICD!interacts!with!the!transcriptional!regulators!
CSL/RBPJk!and!MAM!to!control!the!expression!of!its!target!genes!(Adapted!from!Bray,!2016).++
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embryos!with!endothelial!specific!deletion!of!Notch1!(!Limbourg!et#al.,!2005)!or!heterozygous!

for!Dll4!(Duarte!et#al.,!2004!and!Krebs!et#al.,!2004)!die!during!development!with!severe!vascular!

defects.!Mutants!for!Dll1!(Sörensen,!Adams,!and!Gossler,!2009),!Notch4!(Krebs!et#al.,!2000)!and!

Jagged1! (Xue! et# al.,! 1999)! also! showed! varied! defects! during! vascular! development.! Notch!

receptors!and!ligands!are!highly!expressed!by!arterial!endothelial!cells,!and!some!of!the!Notch!

receptor! or! ligand!mutants! lack! arterial! differentiation,! which! is! one! of! the!main! processes!

controlled!by!Notch!in!developing!vessels!(Lawson!et#al.,!2001;!Quillien!et#al.,!2014;!Limbourg!et#

al.,#2007;!Duarte!et#al.,!2004;!Krebs!et#al.,!2000;!Krebs!et#al.,!2004).!

1.5.3+Regulation+sprouting+angiogenesis+by+Notch+and+VEGF+

Multiple!studies!in!mice!and!zebrafish!have!explored!in!more!detail!how!these!two!pathways!

control! different! aspects! of! endothelial! sprouting!during! angiogenesis.! Particularly!VEGF! and!

Notch!has!been!placed!as!central!regulators!in!the!process!of!tipTstalk!cell!specification+and!a!

basic!model!for!this!process!has!been!proposed!to!explain!the!phenotypes!observed!after!genetic!

or!pharmacological!alterations!of!these!pathways!(Siekmann,!Affolter,!and!Belting,!2013).!

Angiogenesis!is!initiated!by!the!expression!of!proangiogenic!factors!in!avascular!tissues.!VEGFA!

is!the!most!important!factor!that!promotes!angiogenesis.!Hypoxia!and!lack!of!nutrients!(Krock,!

Skuli,! and! Simon,! 2011)! are! the!main! situations! that! induce! VEGFA! expression! in! cells! from!

avascular! tissues,! like! the! astrocyte! network! in! the! retina! (Stone! et# al.,! 1995)! or! somites! in!

zebrafish!ISV!sprouting!(Liang!et#al.,!1998).!Pharmacological!or!genetic!alterations!of!VEGF!levels!

during!angiogenesis!have!been!show!to!significantly!alter!angiogenic!dynamics!(Scott!et#al.,!2010;!

Okabe!et#al.,!2014)!demonstrating! its!role!as!one!of!the!main!proTangiogenic!factors.!Several!

isoforms!of!VEGFA!can!be!secreted,!with!different!affinities!for!the!extracellular!matrix!(Zhao#et#

al.,! 2012)! .! Studies! in!animals!expressing!only!one!of! the!possible! isoforms!have! shown! that!

proper! balance!between! soluble! and!matrix! bound!VEGFA! forms! is! also! required! for! normal!

angiogenesis!(Ruhrberg!et#al.,!2002;!Gerhardt!et#al.,#2003).!

!



+
+

Regulation+of+endothelial+cell+cycle+dynamics+by+Notch+during+angiogenesis+

!
34!

Vascular! endothelial! cells! express! VEGFR2,! that! it! is! activated! upon! VEGFA! binding.! VEGFR2!

activation!is!essential!for!the!specification!of!tip!cells!in!the!vessels!closest!to!the!avascular!tissue!

(Blanco!and!Gerhardt,!2013)!(Fig.!1.7).!Deletion!of!VEGFR2!in!ECs!during!angiogenesis!lead!to!a!

highly!underdeveloped!vasculature!(Benedito!et#al.,!2012;!Zarkada!et#al,.!2015),!similar!to!the!

ones! formed! under! VEGFA! inhibition.! This! has! been! mainly! attributed! to! the! insufficient!

specification!of!tipTcells!and!sprout!formation.!However,!during!normal!angiogenesis!not!all!cells!

at!the!angiogenic!front!are!activated!by!VEGF,!only!a!few!endothelial!cells!are!selected!as!tip!

cells.!

Notch!signaling!has!been!placed!as!a!central!player!in!inhibiting!tip!cell!specification,!as!inhibition!

of!this!pathway!in!ECs!during!angiogenesis!leads!to!hypersprouting!phenotypes!with!increased!

tip!cell!specification!(Hellström!et#al.,#2007;!Leslie!et#al.,!2007;!Lobov!et#al.,!2007;!Siekmann!and!

Lawson,!2007;!Suchting!et#al.,#2007).!These!studies!proposed!that!high!Dll4!expression!in!tip!cells,!

mediated!in!part!by!high!VEGF!signaling!through!VEGFR2,!activate!notch!receptors!in!adjacent!

ECs,!denominated!stalk!cells.!This!constitutes!a!mechanism!of!lateral!inhibition!to!specify!two!

functionally!different!population!of!ECs,!tip!and!stalk!cells.!The!effect!of!Notch!in!blocking!tip!cell!

selection!was!initially!attributed!to!the!differential!regulation!of!VEGF!signaling!responsiveness!

in!tip!versus!stalk!cells.!Several!mechanisms!were!proposed!that!would!suppress!VEGF!signaling,!

involving!the!regulation!of!the!expression!levels!of!VEGF!receptors!and!VEGF!availability.!

Initial!studies!based!on!In#vitro!experiments!in!HUVECs!(Shawber!et#al.,#2007;!Harrington!et#al.,#

2008;!Taylor,!Henderson,!and!Hughes,!2002;!Ridgway!et#al.,!2006;!Williams!et#al.,!2006)!and!In#

vivo!analyses!of!retinal!vasculature!from!heterozygous!mice!(Suchting!et#al.,!2007)!suggested!

that!Notch!could!be!inhibiting!tip!cell!formation!by!repressing!VEGFR2!expression.!However!this!

type! of! regulation! was! not! found! in! other! studies! blocking! Dll4/Notch! signaling! either!

pharmacologically!or!genetically!(Lobov!et#al.,!2007;!Benedito!et#al.,!2012).!Furthermore,!two!

studies!that!performed!microarray!transcriptional!comparison!between!micro!dissected!tip!or!

stalk!cells!(Strasser,!Kaminker,!and!TessierTLavigne,!2010)!or!between!endothelial!cells!from!Wt!

or!Dll4!heterozygous!animals!(del!Toro!et#al.,!2010)!also!failed!to!see!any!enrichment!of!VEGFR2!

in!tip!cells!or!in!Dll4!heterozygous!endothelial!cells.!
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VEGFR3!levels!have!been!found!to!be!regulated!by!Notch!in!different!studies!(Benedito!et#al.,#

2012;!Tammela!et#al.,!2008)!but!not!specifically!enriched! in!tip!cells! (Strasser,!Kaminker,!and!

TessierTLavigne,!2010).!This!suggested!that!the!hypersprouting!phenotype!after!Notch!inhibition!

could! be! due! to! VEGFR3! upregulation! and! overactivation! of! the! VEGF! signaling! pathway,!

however!elimination!of!VEGFR3!was!not!able!to!revert!the!hypersprouting!phenotypes!in!mice!

retinal!vasculature!after!Notch!inhibition!(Zarkada!et#al.,!2015).++

As!previously!mentioned!VEGFR1!can!acts!as!a!VEGF!sink,!reducing!VEGFR2!signaling.!As!stalk!

cells!express!both!membrane!and!soluble!isoforms!of!the!receptor!VEGF!signaling!is!reduced!in!

stalk!cells!at!the!base!of!sprouts!(Chappell!et#al.,!2009;!Krueger!et#al.,!2011).!However!VEGFR1!

Figure+1.7.+Molecular+ regulators+of+ tip]stalk+cell+ selection.+VEGF!expressed!by!hypoxic! tissues!binds! to!
VEGFR2!in!the!endothelium.!VEGFR2!downstream!signaling!promotes!tipTcell!differentiation!and!increases!
Dll4! expression!which!activates!Notch! in!adjacent!cells.!Notch!activity! controls!VEGFR3!expression!and!
blocks!the!tip!cell!fate.!VEGFR1!is!expressed!in!stalk!cells!reducing!their!response!to!VEGFA!from!the!tissue.!
Tip!cells!express!other!characteristic!markers!as!Esm1!or!CXCR4.+!
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has!been!found!to!be!upregulated!by!Notch!signaling!activation!only!in!vitro!(Harrington!et#al.,#

2008;!Funahashi!et#al.,!2010).!

Additional!genes!have!been!found!to!be!differentially!expressed!and!enriched!in!tip!cells!that!

could!be!either!modulators!or!being!modulated!by!the!VEGF!and!Notch!signaling!pathways.!Tip!

cells! express! PDGFb,! Angpt2,! CXCR4! and! Esm1! while! stalks! cells! express! the! Notch! ligands!

Jagged1!and!2!as!well!as!other!Notch!target!genes!like!Hes!and!Hey!proteins!(Strasser,!Kaminker,!

and!TessierTLavigne,!2010)!(Fig.!1.7).!

To! permit! the! recurrent! sprouting! and! branching! necessary! for! the! proper! expansion! of! the!

vasculature,! tip! cell! specification! has! been! found! to! be! transient.! During! angiogenesis!

endothelial!cells!at!the!tip!cell!position!are!switching!depending!of!their!response!levels!to!VEGF!

and!other!proTangiogenic!stimuli!(Jakobsson!et#al.,!2010).!Hence!this!competition!is!controlled!

by! the!dynamic!activation!of!VEGF!and!Notch!pathways!and! It! is!generally!assumed!that! the!

endothelial! cells! with! the! combination! of! High! VEGF! signaling! and! Low! Notch! activation!

preferentially!occupy!the!tip!cell!position!(Hellström!et#al.,!2007;!Benedito!et#al.,!2009).!However!

a!recent!study!in!zebrafish!has!shown!that!the!effects!of!Notch!in!sprouting!and!tip!cell!selection!

depended!on!the!specific!sprouting!mode!of!different!kind!vasculatures.(Hasan!et#al.,!2017)!

1.5.4+Regulation+of+endothelial+cell+proliferation+during+angiogenesis+

Endothelial!cell!proliferation!is!one!of!the!most!important!processes!of!angiogenesis!and!has!to!

be! very! tightly! controlled,! as! the! formation! a! proper! vascular! network! require! the! precise!

generation! of! just! the! right! amount! of! endothelial! cells.! Previous! studies! have! associated!

different!proliferative!capacities!to!tip!and!stalk!cells!(Gerhardt!et#al.,!2003),!and!to!cells!with!

different! VEGF! and! Notch! signaling! levels,! which! demonstrates! their! requirement! for! the!

regulation!of!endothelial!proliferation.!

VEGF!and!Notch!mutant!phenotypes!showed!that,!similarly!to!tipTstalk!cell!selection,!they!have!

opposing!effects!on!endothelial!cell!proliferation.!VEGF!suppression!by!blockade!of!VEGFA!or!

VEGFR2!signaling!leads!to!a!less!dense!vascular!network!(Benedito!et#al.,!2012;!Zarkada!et#al.,!
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2015).,!while!genetic!deletion!or!inhibition!of!different!members!of!the!Notch!signaling!pathway!

cause!an!increase!in!vascular!density!(Hellström!et#al.,!2007;!Lobov!et#al.,!2007;!Suchting!et#al.#

,2007;!Benedito!et#al.,!2012).!Thus,!according!to!the!model,!tip!cells!should!be!more!proliferative,!

as!higher!tip!cell!specification!after!Notch!inhibition!leads!to!increased!endothelial!cell!number,!

and! lower! tip! cell! specification! after! VEGF! inhibition! generate! vascular! networks! with! less!

endothelial!cells.!

This!effects!would!correspond!to!the!proTangiogenic!and!proTmitogenic!activity!of!VEGF!while!

Notch!would! act! as! an! antiTangiogenic! signal.! However! studies! of! retinal! angiogenesis! have!

shown!that!proliferation!of!tip!cells!is!very!limited!and!is!actually!high!in!stalk!cell!(Gerhardt#et#

al.,!2003;!Lobov!et#al.,!2007;!Benedito!et#al.,!2009).!In!contrast,!live!imaging!in!Zebrafish!have!

shown!that!tip!cells!can!divide!at!least!as!well!as!stalk!cell!while!also!sprouting!and!migrating!

(Siekmann!and!Lawson,!2007).!

1.6.+Cell+cycle+regulation+

The!cell!cycle!is!defined!as!the!ordered!sequence!of!events!a!cell!undergoes!to!replicate!its!DNA!

and! divide,! giving! rise! to! two! daughter! cells.! The! two! main! events! during! cell! cycle,! DNA!

replication! and! cell! division,! constitute! two! separated! phases:! interphase! and!

mitosis/cytokinesis! respectively.! Interphase! can! be! further! divided! into!G1! (Gap1),! S! and!G2!

(Gap2)!phases.(Harashima,!Dissmeyer,!and!Schnittger,!2013)!

When!an!actively!proliferating!new!cell!is!produced,!it!enters!G1!phase.!During!this!phase!the!

cell! integrates!internal!and!external!cues,!like!cell!size,!protein!levels!and!mitogenic!signaling.!

Once!the!cell!reaches!the!minimal!conditions!to!divide!it!commits!to!cell!division.!After!the!cell!

is!committed!to!divide!it!enters!STphase!and!starts!the!process!of!DNA!synthesis!and!replication.!!

After!all!chromosomes!are!properly!replicated!the!cell!transverse!another!Gap!phase,!G2,!before!

entering! mitosis.! During! mitosis! condensed! chromosomes! separate! and! the! cytoplasm! is!

physically! divided!during! cytokinesis! producing! the! two!daughter! cells.! This! process! is! highly!

regulated!at!several!stages!of!the!cycle!denominated!checkpoints.!Progression!through!these!
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checkpoints!depends!on!the!expression!and!activation!of!CyclinTCDK!(Cyclin!Dependent!Kinase)!

complexes.!These!complexes!phosphorylate!and!regulate!the!activity!of!a!multitude!of!effector!

proteins!required!for!cell!cycle!progression.!

Regulation!of!their!activity!mainly!depends!on!the!oscillatory!expression!of!Cyclins!during!cell!

cycle!and!on!the!expression!of!several!cell!cycle!inhibitors!belonging!to!two!main!families:!the!

Cip/Kip! family! comprising! p21Cip1,! p27Kip1! and! p57Kip2;! and! the! Ink4! family! including!

p16Ink4a,! p15Ink4b,! p18Ink4c! and! p19Ink4d! (Besson,! Dowdy,! and! Roberts,! 2008).! These!

proteins! block! the! activity! of! different! CyclinTCDK! complexes! during! different! cell! cycle!

checkpoints! halting! cell! cycle! progression! until! the! cell! is! in! the! optimal! condition! for! going!

through!the!checkpoints!(Fig.!1.8).++

Although! the! cell! cycle! has! been! widely! studied! in! pathological! process! of! deregulated!

proliferation!like!in!cancer,!one!of!its!most!important!function!is!to!control!the!number!of!cells!

generated!in!a!multicellular!organism!during!development.!In!this!context!is!where!a!new!level!

Figure+1.8.+ Cell+ cycle+ regulation+by+CKIs.+The+cell! cycle! is! divided! in!4!main!phases,!G1,! S,!G2!and!M.!
Progression! through! these! phases! is! controlled! through! the! phosphorylation! of! effector! proteins! by!
different! CDK/Cyclin! complexes.! The! activity! of! this! complexes! is! regulated! by! several! CDK! inhibitory!
proteins!(CKIs)!belonging!to!two!families!(Cip/Kip!and!Ink).!Members!of!the!ink!family!control!progression!
through!G1!while!members!of!the!Cip/Kip!family!have!been!shown!to!have!a!wider!inhibitory!capacity.!+
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of!complexity!arises,!as!any!cell!not!only!has!to!ensure!that!it!replicates!and!divide!properly,!but!

also!that!it!does!it!only!when!is!required!for!the!correct!formation!of!the!tissue!it!belongs!and!in!

a! coordinated! fashion! with! the! surrounding! cells.! Moreover,! cell! cycle! progression! during!

development! has! to! be! tightly! coupled!with! other! cellular! processes! like! differentiation! and!

migration!further!increasing!the!regulatory!burden!on!this!process.!

CyclinTCDK!complexes,!as!the!main!drivers!of!cell!cycle!progression,!constitute!central!regulatory!

hubs!in!which!both!internal!and!external!information!about!DNA!replication,!metabolic!needs,!

morphogenetic!trajectories!or!cellular!differentiation!converge!to!induce!division!only!when!it!is!

needed! (Rhind!and!Russell,!2012).Coupling!of!cellular!differentiation! to!changes!on!cell! cycle!

dynamics!have!been!shown!in!different!developmental!processes! like!neurogenesis! (Ohnuma!

and!Harris,!2003)!or!cardiogenesis!(Kaldis!and!Richardson,!2012).!Alterations!in!the!length!of!cell!

cycle! phases,! particularly! of! G1! (Boward,!Wu,! and! Dalton,! 2016),! is! essential! and! can! drive!

differentiation!processes.!In!this!context!the!cell!cycle!inhibitors!p21!and!p27!have!been!shown!

to!play!a!role! in!coordinating!cell!cycle!dynamics!with!differentiation!signals!(Ruijtenberg!and!

van!den!Heuvel,!2016;!Tarui!et#al.,#2005).!

1.7+Clonal+analysis+of+genetic+mosaics+in#vivo+

Clonal!analysis!refers!to!the!ability!to!track!and!follow!the!progeny!of!a!single!cell!in!time!and!

space.!It!constitutes!a!very!powerful!tool!to!study!the!proliferation!and!differentiation!of!single!

cells!during!development!(Blanpain!and!Simons,!2013).!

Different!approaches!have!been!used!to!perform!clonal!analysis!in!various!biological!systems.!

Chemical!dyes!or!radioactive!tracers!constitute!the!first!attempts!at!labelling!cells!to!perform!

clonal!analysis!(Buckingham!and!Meilhac,!2011).!However,!it!was!the!use!of!genetic!markers!that!

unraveled! its! true! potential,! as! they! offered! a! permanent! heritable! reporter! of! the! whole!

progeny!of! the! labeled!cell.!These!genetic!mosaics!can!be!generated! in!several!ways! like!cell!

transplantation,! viral! transduction! or! in! situ! genetic! recombination.! (Kretzschmar! and!Watt,!

2012).! Currently! the!most! used!markers! to! differentially! label! cells! are! genetically! encoded!

fluorescent!proteins!and!the!preferred!strategy!to!induce!their!expression!is!the!use!of!genetic!
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recombination.!The!CreTLoxP!system!is!widely!used!in!mice!as!it!allows!for!cell!or!tissue!specific,!

inducible!and!permanent!expression!of!fluorescent!reporters!encoded!downstream!of!a!LoxPT

STOPTLoxP!(LSL)!sequences!(Srinivas!et#al.,!2001;!Madisen!et#al.,#2010).!

In! mice! it! is! generally! not! possible! to! follow! clonal! dynamics! in! real! time! in! most! tissues.!

However,!it!still!possible!to!perform!retrospective!clonal!analysis!by!inducing!recombination!in!

some!cells!within!the!tissue!and!analyzing!the!clonally!labeled!progeny!at!later!time!points.!The!

most! important!parameter!when!performing!retrospective!clonal!analysis! is!clonal! resolution!

(Blanpain!and!Simons,!2013).!As!it!is!not!possible!to!directly!control!how!many!cells!recombine!

and!where!they!recombine!at!a!given! induction!point,!a!seemingly! isolated!clone!could!have!

been! originated! by! the! progeny! of!more! than! one! independently! labeled! cell.! To! avoid! this!

situation!two!main!strategies!have!been!used!to!increase!clonal!resolution.!

By!titrating!down!the!tamoxifen!induction!it!is!possible!to!induce!very!few!recombination!events!

within! a! tissue! thus! increasing! the! confidence! that! detected! clones! arise! from! a! single! cell.!

However,!this!strategy!requires!the!analysis!of!a!high!number!of!mice!to!analyze!a!large!enough!

number!of!clones.!

High!clonal!resolution!can!still!be!achieved!at!higher!recombination!regimes,!by!using!systems!

where! is! possible! to! induce! the! expression!of!multiple! fluorescent! proteins! in! different! cells!

(Weissman! and! Pan,! 2015).! One! way! this! has! been! achieved! is! by! taken! advantage! of! the!

existence!of!mutually!exclusive! lox!pairs! that! recombine! independently! and!after!enable! the!

permanent!expression!of!different!fluorescent!proteins!in!distinct!cells!of!the!same!animal,!as!in!

the!Brainbow!or!Confetti!(Brainbow!2.1)!mosaic!labeling!strategies!(Livet!et#al.,!2007;!Snippert!

et#al.,#2010),!(Fig.!1.9).!

Clonal! analysis! can! also! be! performed! in! cells! that! constitute! a! functional! genetic! mosaic.!

Functional!mosaics!combine!the!genetic!alteration!of!a!gene!of!interest!with!the!expression!of!

the!fluorescent!reporter! (Srinivas!et#al.,!2001).!They!are!a!particularly!powerful!research!tool!

because!they!allow!the!study!of!cellTautonomous!effects!when!distinct!mutant!and!wild!type!

cells!confront!the!same!environment!in!the!same!tissue!or!organism.!The!analysis!of!functional!



+
+

1+INTRODUCTION+

!
41!

mosaics!can!be!more!precise!and! informative!than!the!use!of!classical!genetics,! in!which!the!

comparison!is!made!between!distinct!wild!type!and!mutant!animals!that!may!develop!secondary!

and!nonTcellTautonomous!phenotypes!over!time,!distorting!interpretation!of!the!process!under!

study.! However,! the! generation! of! functional! genetic!mosaics! in!mice!was! so! far! technically!

challenging.!Two!different!approaches!have!been!used!to!induce!functional!genetic!mosaics!in!

mice,!each!with!their!own!caveats.+
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The!more!widely!used!method!to!generate! functional!genetic!mosaics! in! the!mouse! involves!

controlled!mosaic!induction!of!CreTLoxP#recombination,!resulting!in!deletion!of!floxed!genes!and!

the!expression!of!a!genetically!independent!fluorescent!reporter.!However,!several!studies!have!

shown!that!these!cannot!be!used!to!reliably!report!another!given!gene!deletion!or!activation!(J.!

Liu!et# al.,! 2013;! Long! and! Rossi,! 2009).! This! lack! of! correlation! between! recombination! of! a!

reporter! allele,! and! alteration! of! the! gene! of! interest,! means! that! the! majority! of! current!

conditional!and!mosaic!genetic!modifications!and!function!analysis!in!the!mouse!are!conducted!

without!a!reliable!readout.!+

An!alternative!method!that!ensures!total!correspondence!between!functional!genetic!lossTofT

function!and!fluorescent!mosaics!in!mice!is!MADM!(mosaic!analysis!with!double!markers)!(Zong!

et#al.,!2005).!However,!this!system!relies!on!very!rare!interTchromosomal!recombination!events,!

leading!to!the!generation!of!only!a!few!clones!of!labeled!control!and!mutant!cells!in!the!tissue.!

The!generation!of!these!genetic!mosaics!also!cannot!be!accurately!controlled!in!time,!since!these!

rare! events! can! only! occur! with! constitutively! active! Cre! lines! and! not! tamoxifenTinducible!

CreERT2! lines,!which!are!weaker!and!only!transiently!active.! In!addition,!the!requirement!for!

genetic! linkage!between!the!engineered!MADM!elements!and!another!gene!mutation!means!

that! currently! this!method!can!only!be!performed!with!genes! located!on!4!of! the!20!mouse!

chromosomes!(Zong,!2014).!

!

Figure+1.9.+Multicolor+genetic+strategies+for+clonal+analysis.+A,!Labelling!progenitors!cells!with!genetically!
encoded!fluorescent!proteins! is!used! to!perform!clonal! analysis!and!study! cell!cycle!dynamics.!B,! Basic!
mechanism!of!CreTinduced!recombination!between!Lox!sites!(Triangles)!that!are!in!the!same!orientation!
(Excision)!or!in!opposite!orientation!(Inversion).!Sequence!diversity!of!Lox!site!sequence!permits!mutually!
exclusive! recombination! events.! C,D,F! Brainbow1.0! strategy! combines!mutually! exclusive! Lox! sites! to!
generate! a! random! mosaic! of! cells! expressing! three! different! fluorescent! proteins.! In! F,! additional!
independent!recombination!outcomes!can!be!generated!by!introduction!of!several!copies!of!the!Brainbow!
transgene.!E,!Brainbow!2.1!strategy!based!on!the!combination!of!inversion!and!excision!events!to!generate!
a!mosaic!of!four!different!cells.!(Modified!from!Weissman!and!Pan,!2015).+!
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The!Notch!signaling!pathway!has!been!shown!to!be!fundamental!in!regulating!endothelial!cell!

behavior!and!generally!in!vascular!biology.!Alterations!in!the!function!of!several!of!the!proteins!

that!are!part!of!the!pathway!lead!to!imbalances!in!endothelial!cell!number!during!angiogenesis.!

This!imbalance!has!been!attributed!to!changes!in!the!proliferative!capacity!of!endothelial!cells.!

Current!models!also!couple!proliferative!changes!to!the!process!of!tipTstalk!cell!differentiation!

through! interactions! with! the! VEGF! signaling! pathway.! However,! a! detailed! description! of!

endothelial!cell!cycle!dynamics!and!its!regulation!by!these!pathways!is!still!lacking.!

The!objectives!of!this!thesis!were:!

•! To!develop!new!genetic!strategies!to!conditionally!induce!functional!genetic!mosaicism!

for!genes!of!the!Notch!and!VEGF!pathway,!follow!their!clonal!dynamics!and!analyze!at!

singleTcell! level! the! possible! interaction! of! Notch! and! VEGF! pathways! in! regulating!

endothelial!cell!proliferation.!

!

•! To!evaluate!with! cellular! and! temporal! resolution! the! effects! of!Notch! alterations!on!

endothelial!cell!cycle!dynamic!during!angiogenesis.!

!

•! To!discover,!through!next!generation!transcriptomics!of!angiogenic!endothelial!cells,!new!

Notch! target! genes! possibly! involved! in! endothelial! cell! cycle! regulation! and! to!

functionally!assess!their!roles!during!angiogenesis.!

!

! !
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3+MATERIAL+AND+METHODS+

3.1+Culture+of+mouse+embryonic+stem+cells+

Mouse! embryonic! stem! cells! (mESCs)! with! the! G4! background! (George! et# al,.! 2007)! were!

cultured! in! standard!mESC!media! (DMEM!containing!Glutamax! (31966T047,!Gibco),! 15%!FBS!

(tested! for!germline!transmission),!1!x!NEAA!(Hyclone,!SH3023801),!0.1%!ßTmercaptoethanol!

(Sigma,!M7522),!1!x!Pen/Strep!(Lonza,!DE17T602E)!and!LIF)!in!dishes!covered!with!a!feeder!layer!

of!mouse!embryonic! fibroblasts! (MEFs).!For! induction!of!recombination!mESCs!harboring!the!

iChrTNotchTMosaic!or!iMbTVegfr2TMosaic!were!transfected!with!a!Cre!expressing!plasmid!with!

lipofetamine!(Thermo!Fisher,!11668030).!

3.2+Embryoid+bodies+and+endothelial+differentiation++

To!generate!embryoid!bodies!(EBs)!from!mESCs!we!used!the!standard!hanging!drop!method.!

Briefly! recombined! mESCs! were! for! 2! days! on! gelatinized! plates! and! after,! tripsinized! and!

ressuspended!at!a!density!of!60.000!cells!per!ml!in!embryoid!bodies!media!(DMEM!Glutamax!

(Gibco,! 31966T047),! 15%! FBS,! HEPES! (Biowhittaker! EE17T737)! and! Monotyoglycerol! (Sigma,!

M6145).!For!each!EB,!20ul!drops!of!this!solution!were!pipetted!onto!the!lid!of!a!petri!dish.!This!

lid!was! inverted,! to! form! the!hanging! drops,! and! the! dish! further! filled!with! PBS! to! prevent!

evaporation.!Four!days!after!differentiation!the!embryoid!bodies!were!plated!on!an!OP9!cells!

monolayer!and!differentiated! in!basal!media! (MEM!alpha! (Gibco,!11900T016),! supplemented!

with!20%!FBS!and!7.5%!Sodium!bicarbonate!(Gibco,!25080T060)!containing!30ng/ml!of!VEGF!to!

further!induce!endothelial!differentiation!and!proliferation!for!5!days.!!

3.3+Mouse+lines++

Experiments!involving!animals!were!conducted!in!accordance!with!institutional!guidelines!and!

laws,!following!protocols!approved!by!local!animal!ethics!committees!and!authorities.!Male!and!

female!mice!were!used!for!the!analysis!and!maintained!under!specific!pathogenTfree!conditions.!!
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To!express!Cre!for!recombination!of!Mosaic,!reporter!or!floxed!alleles! in!endothelial!cells!we!

used!either!Tie2TCre!line!(Kisanuki!et#al.,!2001)!for!constitutive!recombination,!or!the!Cdh5(PAC)?

CreERT2#mouse!line!(Wang!et#al.,!2010)!for!inducible!recombination.!For!recombination!during!

neurogenesis! we! used! the! Polr2a?CreERT2# mouse! line! (Guerra! et# al.,# 2003).! For! specific!

recombination!in!tip!cells!we!generated!the!Esm1tm(HATH2BTCeruleanT2ATiCreERT2)!mouse!line.!By!using!

CRISPR/Cas9Tassisted! homologousTdependent! recombination! in! mESCs,! we! inserted! the! HAT

H2BTCeruleanT2ATiCreERT2! cassette! inTframe!with! the! endogenous!Esm1#gene!ATG! initiation!

codon.!These!geneTtargeted!mESCs!were!validated!by!Southern!blot!and!later!used!to!produce!

mice!as!in!(PontesTQuero#et#al.,!2017).!

The!transgenic!ifgMosaic!lines!(PontesTQuero!et#al.,!2017)!used!to!generate!functional!mosaics!

were:! iChr?Notch?Mosaic:(Gt(Rosa)26Sortm1(iChr?Notch# Mosaic)),# iChr?Notch?V2?Mosaic:# (Tg(BAC#

Rosa26)(iChr?Notch?Mosaic?v2))#or#iMb?Vegfr2?Mosaic:#(Tg(BAC#Rosa26)(iMb?Vegfr2#Mosaic)).#Control!mosaic!

lines!used!in!clonal!analysis!experiments!and!for!labelling!of!endothelial!cells!were:!iMb?Control?

Mosaic:# (Gt(Rosa)26Sortm1(iMb?Control?Mosaic))! or! the! iChr?Control?Mosaic:# (Gt(Rosa)26Sortm1(iChr?Control?

Mosaic))!and!Cerulean/Gfp#Mosaic:#(Gt(Rosa)26Sortm1(iChr?Cerulean/GFP/Kate2#Mosaic#mouse!lines!(PontesT

Quero!et#al.,#2017)!!

To! perform! clonal! analysis! of! tip! cell! progeny! we! used! the! Gt(Rosa)26Sortm14(CAG?LSL?tdTomato)Hze#

(Madisen!et#al.,!2010)!reporter!mouse!line!(abbreviated!as!Rosa26?LSL?#TdTomato).To!evaluate!

the! role!of!p21!during!angiogenesis!we!used!Cdkn1a! (p21)! knockout!mice! (Brugarolas!et#al.,!

1995).!#

To! moderately! activate! Notch! signaling! in! the! endothelium,! we! generated! the!

Gt(Rosa)26Sortm(LSL?MbTomato?2A?H2B?GFP?NICD?PEST)#mouse!line,!abbreviated!here!as#NICD?PESTGOF.!!To!

reduce!Odc1! function!with! singleTcell! resolution,!we! generated! the!Tg(BAC# Rosa26)(LSL?HA?H2B?

Cerulean?2A?Oaz1?Ac.)! mouse! line,! abbreviated! here! as# Oaz1GOF.! Oaz1! is! the! endogenous! negative!

regulator!of!Odc1,!targeting!it!for!degradation.!Oaz1?Ac!is!the!point!mutated!and!constitutively!

active! form! of! Oaz1! that! is! not! sensitive! to! the! translational! frameshift! induced! by! the! cell!

polyamines!levels.!
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To! monitor! the! expression! of! Odc1! in# vivo! we! used! the! Odc1?lacZ! mouse! line!

(Odc1tm1a(EUCOMM)Hmgu/J!T! Jax!Stock!No:!024246,!unpublished).!To!conditionally!delete!Odc1,!we!

interbred!the!Odc1TlacZ!mouse!line!with!the!FlpO!(Kranz!et#al.,!2010)!mice.!This!generated!the!

Odc1floxed#mice.#To!conditionally!delete!Myc!we!used!the!Mycfloxed#mice!(de!Alboran!et#al.,!2001).!

A!summary!of!the!lines!and!genotyping!primers!is!provided!in!Table!1.!

Table+1:+Mouse+strains+and+genotyping+primers+
NAME+ OFFICIAL+STRAIN+SYMBOL+ OLIGONUCLEOTIDES+
iChr]Notch]v2]Mosaic+ TgBAC(Rosa)26Sor(iChrTNotchTv2TMosaic)! 5'!ACGTGAAGCTGAGCAAGGAT!3'!

5'!CTTAGTCACCGCCTTCTTGG!3'!

iMb]Vegfr2]Mosaic+ TgBAC(Rosa)26Sor(iMbTVegfr2TMosaic)! 5'!GCGGCACGAAATATCCTCT!3'!
5'!ATTTCCCACAGCAAAACACC!3'!

Polr2a]CreERT2+ Polr2atm1(cre/ERT2)Bbd!
!

5'!GTCAGTACACATACAGACTT!3'!
5'!TGAGCGAACAGGGCGAA!3'!

Cdh5(PAC)]CreERT2+ Tg(Cdh5Tcre/ERT2)1Rha!
!

5'!GGAGGCTGGAAAGTAGAGCA!3'!
5'!TCCCTGAACATGTCCATCAG!3'!

Tie2]Cre+ Tg(TekTcre)1Ywa!
!

5'!GGGAAGTCGCAAAGTTGTGAGTT!3'!
5'!CTAGAGCCTGTTTTGCACGTTC!3'!

Oaz1GOF+ TgBAC(Rosa26)(LSLTHATH2BTCeruleanT2ATOaz1T
Ac.)!

5'!CGACCACTACCAGCAGAACA!3'!
5'!CTTCTCTCTGGCGAAGCAGT!3'!

p21+KO+ Cdkn1atm1Tyj!
!

5'!ACCCAGCAAAGCCTTGATTCT!3'!
5'!CCTTCTATCGCCTTCTTGACGA!3'!
5'!CAGGTCGGACATCACCAGGAT!!3'!

Odc1]LacZ+
Odc1flox/flox+

Odc1tm1a(EUCOMM)Hmgu/J! 5'!ATCCGGGGGTACCGCGTCGAG!3'!
5'!GCAATCCCATTGACTGGTGT!3'!
5'!TTCCCCTCTCAATTGTTCCA!3'!

Mycflox/flox+ Myctm2Fwa!
!

5'!TTTTCTTTCCGATTGCTGAC!3'!
5'!TAAGAAGTTGCTATTTTTGGC!3'!

Esm1]Cerulean]
CreERT2+

Esm1tm(HATH2BTCeruleanT2ATiCreERT2)! 5'!CTCCGTGCTAAGGGACTCTG!3'!
5'!CCTTAGTCACCGCCTTCTTG!3'!
5'!AACAAGAGAGGCTGGCAAGA!3'!
5'!TCCATGCCTGAGACTGTACG!3'!

R26]LSL]Tomato+ Gt(ROSA)26Sortm14(CAGTtdTomato)Hze!
!

5'!CGGGGTCATTAGTTCATAGCC!3'!
5'!CACCTCGACCATGGTAATAGC!3'!

iMb]Control]Mosaic+
iChr]Control]Mosaic+
iChr]Notch]Mosaic+
Cerulean/Gfp+Mosaic+
+
NICD]PESTGOF+

Gt(Rosa)26Sortm1(iMbTControlTMosaic)!
Gt(Rosa)26Sortm1(iChrTControlTMosaic)!
Gt(Rosa)26Sortm1(iChrTNotchTMosaic)!
Gt(Rosa)26Sortm1(iChrTCerulean/GFP/Kate2!

Mosaic!
Gt(Rosa)26Sortm(LSLTMbTomatoT2ATH2BTGFPT

NICDTPEST)!

5'!CGGGGTCATTAGTTCATAGCC!3'!
5'!CACCTCGACCATGGTAATAGC!3'!

!
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3.4+In+vivo+genetic+recombination+

To! activate! recombination! during! neurogenesis,! tamoxifen! diluted! in! EtOH:corn! oil! 1:7! was!

injected!in!combination!with!progesterone!in!pregnant!adult!females!(2mg!tamoxifen!and!1mg!

progesterone!per!female!at!embryonic!day!(E)8.5).!

To!activate!CreERT2!in!pups!we!administered!tamoxifen!(SigmaTT5648)!diluted!in!a!1:1:2!solution!

of!EtOH:Cremophor:PBS! (Chevalier,!Nicolas,!and!Petit,!2014)!To! induce! the! recombination!of!

iChrTNotchTMosaic,!iMb?Vegfr2#Mosaic#and!Rosa26?LSL?TdTomato!in!the!neonatal!endothelium,!

we!injected!a!single!dose!of!250!microgram!Tamoxifen!per!pup!at!P3!and!collected!eyes!at!P6!or!

at!P7(when!combined!with!antiTDll4!treatment).!To!induce!recombination!of!the!alleles#NICD?

PESTGOF,!Oaz1GOF,#Odc1floxed,!Myc#floxed!we!injected!tamoxifen!at!50mg/kg!at!P1,!P2!and!P3!and!

eyes!were!collected!at!P6!or!at!P7!(when!combined!with!antiTDll4!treatment).!

3.5+In+vivo+pharmacological+inhibition+

Inhibition!of!Dll4/Notch!signaling!in!ECs!was!achieved!by!using!the!humanized!phage!antibody!

YW152F,!developed!by!Genentech!(Ridgway!et#al.,#2006).!Human!IgG!(Sigma,!I4506)!was!used!in!

littermates!as!a!control!treatment.!A!single!subcutaneous!injection!of!40ul!of!IgG!or!antiTDll4!(0.5!

mg/ml! in!PBS)!was!administered!at!P5.! Eyes!were! collected!12,! 24,! 48!or!72h!after!blocking!

antibody!administration.!

To!inhibit!ERK!phosphorylation!we!injected!two!doses!of!the!MEK!inhibitor!SL3278!(Selleckchem,!

S1066)! the! first! at! 24h! and! the! second! at! 8h! before! eye! collection! at! P6.! The! inhibitor!was!

prepared!in!2%!DMSO+30%!PEG!300+5%!Tween!80!in!ddH2O!and!injected!intraperitoneally!at!

450ug/pup.!

3.6+EdU+proliferation+assay+

To! detect! proliferating! cells! actively! synthesizing! DNA,!we! injected! EdU! (Invitrogen! A10044)!

intraperitoneally!4h!before!sacrifice!and!developed!the!signal!with!the!ClickTit!EdU!Alexa!Fluor!

647!Imaging!Kit.!!
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3.7+Cell/Tissue+processing+and+immunofluorescence+

For!immunostaining!of!mESCs!or!ECs!derived!from!EBs,!cells!were!fixed!for!10!minutes!in!PBS!

containing!PFA4%!and!Sucrose!4%.!After!a!brief!rinse!in!PBS,!cells!were!permeabilized!in!0.1%!

Triton!for!10!minutes!and!then!immersed!in!a!blocking!solution!(10%!Fetal!bovine!serum!in!PBS).!

Primary! antibodies! were! diluted! in! blocking! solution! and! incubated! for! 2! hours! at! room!

temperature!or!overnight,!followed!by!three!washes!in!PBS!of!10!minutes!each!and!incubation!

for!1!to!2!hours!with!conjugated!secondary!antibodies!at!room!temperature.!After!three!washes!

in!PBS,!cells!were!mounted!with!FluoromountTG!(SouthernBiotech).!!

For! immunostainings!of!mouse! retinas,!eyes!were!collected!at! the! indicated! time!points!and!

fixed! in!PFA4%! in!PBS! for!1h!at!RT.!After! two!PBS!washes,! retinas!were!microTdissected!and!

stained!with!modifications!of!previously!described!methods!(Benedito!et!al.!2009;!Pitulescu!et!

al.!2010).!Briefly,!retinas!were!blocked!and!permeabilized!in!PBS!with!0,3%!Triton,!3%!FBS!and!3%!

Donkey!Serum;!washed!twice!in!PBLEC!buffer!(1!mM!CaCl2,!1!mM!MgCl2,!1!mM!MnCl2!and!1%!

Triton! XT100! in! PBS).! Biotinylated! isolectinB4! (Vector! Labs,! BT1205,! diluted! 1:50)! or! primary!

antibodies!(see!below)!were!diluted!in!PBLEC!buffer!and!tissues!with!this!solution!incubated!for!

2h! room!temperature!or!overnight!at!4ºC.!After! five!washes! in!blocking!solution!diluted!1:2,!

AlexaTconjugated!secondary!antibodies!were!incubated!for!1h!at!RT.!After!two!washes!in!PBS,!

retinas!were!mounted!with!FluoromountTG!(SouthernBiotech).!For!EdU!DNA!labeling!detection,!

an!additional!step!before!mounting!was!performed!following!the!ClickTIt!EdU!kit!(Thermo!Fisher,!

C10340)!manufacturer!instructions.!!

For!immunostaining!of!organ!sections,!mouse!organs!were!collected!and!fixed!1h!in!PFA4%!on!

ice.!Following!a!wash!in!PBS,!organs!were!dehydrated!in!30%!sucrose!for!a!minimum!of!8h!and!

embedded!in!O.C.T.!(TissueTTek;!Sakura!Finetek!USA)!for!cryosectioning.!Sections!were!washed!

in!PBS!0,025%!Triton!and!blocked!in!PBS!0,025%!Triton,!10%!Donkey!Serum,!0,5%!BSA!for!2h!at!

RT.! Primary! antibodies! were! incubated! overnight! at! 4ºC.! After! three! washes,! secondary!

antibodies!were! incubated! for! 2h! at! RT.! After! three! additional!washes! in! PBS! sections!were!

mounted!in!FluoromountTG!(SouthernBiotech).!The!list!of!used!antibodies!is!included!in!Table!2.!
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Table+2:+List+of+antibodies+used+for+IF!
ANTICUERPO! COMPANY+ REFERENCE+
Rabbit+Anti]GFP+ Clontech! Cat#!632592;!RRID:!AB_2336883!

Goat+Anti]GFP+ Acris!Antibodies! Cat#!R1091P;!RRID:!AB_1002036!
Rabbit+anti]Dsred+ Clontech! Cat#!632496;!RRID:!

AB_10013483!
Rabbit+Anti]tRFP]CF594+ Biotium! Cat#!20422;!RRID:!AB_2686890!
Mouse+Anti]HA]594+ Thermo!Fisher! Cat#!AT21288;!RRID:!

AB_2535830!
Mouse+Anti]HA+]647+ Cell!Signaling! Cat#!3444S;!RRID:!AB_10693329!
Mouse+Anti]V5+]488+ AbDSerotec! Cat#!MCA1360A488;!RRID:!

AB_770155!
Guinea+Pig+anti]mKate2+ Dawen!Cai!T!University!Michigan! N/A!
Rabbit+anti+tRFP/Kate2+ Evrogen! Cat#!AB233;!RRID:!AB_2571743!
Biotinilated+Isolectin+B4+ Vector! Cat#!BT1205;!RRID:!AB_2314661!
Rabbit+anti]ERG+ Abcam! Cat#!ab110639;!RRID:!

AB_10864794!
Rat+anti]mouse+VE]cadherin+ BD!Biosciences! Cat#!555289;!RRID:!AB_395707!
Rabbit+Anti]PhiYFP+ Evrogen! Cat#!AB602!
Rabbit+anti]Phospho]p44/42+
MAPK+(ERK)+

Cell!Signaling! Cat#!4370;!RRID:!AB_2315112!

Goat+Anti]p21+ Santa!Cruz! Cat#!scT397TG!RRID:!AB_632127!
Rabbit+Anti]ERG]AF]647+ Abcam! Cat#!ab196149!
Rabbit+Anti]Ki67+ Thermo!Fisher! Cat#!RMT9106TS0!RRID:!

AB_2341197!
Rabbit+Anti]pERK++ Cell!Signaling! Cat#!4370S!RRID:!AB_2315112!
Rat]Anti+CD31+ BD!Biosciences! Cat#!553370!RRID:!AB_394816!
Donkey+Anti]Rabbit]AF488+ Molecular!Probes! Cat#!AT21206,!RRID:AB_141708!
Donkey+Anti]Rabbit]AF680+ Thermo!Fisher! Cat#!A10043,!RRID:AB_2534018!
Donkey+Anti]Rabbit+Fab]Cy3+ Jackson!ImmunoResearch!Labs! Cat#!711T167T003,!

RRID:AB_2340606!
Donkey+Anti]Rabbit+Fab]AF647+ Jackson!ImmunoResearch!Labs! Cat#!711T607T003,!

RRID:AB_2340626!
Donkey+Anti]Goat]AF]488+ Thermo!Fisher! Cat#!AT11055,!

RRID:AB_2534102!
Donkey+Anti]Goat]AF]633+ Molecular!Probes! Cat#!AT21082,!RRID:AB_141493!
Donkey+Anti]Goat]AF]647+ Molecular!Probes! Cat#!AT21447,!RRID:AB_141844!
Donkey+Anti]Goat]AF]680+ Molecular!Probes! Cat#!AT21084,!RRID:AB_141494!
Streptavidin+405+ ! Cat#!ST32351!
!

!
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3.8+Image+acquisition+

Depending!on!the!complexity!of!the!immunostainings!and!the!combination!of!FPs!to!detect,!we!

used!different! laserTscanning!confocal!microscopes.!For!up! to!4!channels!acquisition!of! large!

fields!we!used!the!ZEISS!LSM700!inverted!microscope!with!laser!lines!405,!488,!546!and!633nm.!

For!multiTcolor!detection!of!up!to!7!different!signals!we!used!the!inverted!Leica!SP5!confocal!

(405,!488,!514,!546,!594,!633nm)!or!the!Leica!SP8!confocal!with!a!405nm!laser!and!a!white!laser!

that!allows!excitation!at!any!wavelength!from!470nm!to!670nm.!Occasionally,!a!ZEISS!LSM780!

with!a!GaAsP!spectral!detector!was!used.!Individual!fields!or!tiles!of!large!areas!were!acquired!

with!a!10x,!20x!or!40x!lens.!All!of!the!representative!images!shown!represent!the!average!of!the!

results! obtained! for! each! group! and! experiment.! Littermate! animals! were! dissected! and!

processed!with!exactly!the!same!conditions.!Comparisons!of!phenotypes!or!signal!intensity!are!

made!with!pictures!obtained!using! the! same! laser!excitation!and!confocal! scanner!detection!

settings.!!

3.9+Quantitative+image+analysis++

Image!processing!was!done!using!Fiji/!ImageJ!(Schindelin!et#al.,#2012),!Photoshop!(Adobe)!and!

Adobe!Illustrator!(Adobe)!software.!All!quantifications!were!performed!in!Fiji/!ImageJ.!

For!images!of!mESCs!and!EBs,!signal!thresholds!were!manually!defined!before!quantification!of!

the!number!of!cells/nuclei!having!a!specific!color.!In!the!case!of!mosaics!of!cells!expressing!only!

membrane! localized!FPs,!relative!areas!were!quantified!and!correlate!with!cell!number,!after!

quantifying! the! average! cell! number! per! area! based! on! Hoechst! staining! or! nuclei! marker!

proteins.!

For!clonal!analysis!of!neural!progenitor!clones!were!scored!based!on!their!nuclei!color,!number!

and!distribution.!Sections!with!too!many!clones!having!the!same!color!were!not!quantified.!Cells!

within!clones!were!assigned!as!being!progenitors!or!differentiated!cells!based!on!their!location!

relative!to!the!limit!between!the!ventricular!(VZ)!and!marginal!(MZ)!zone!
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For!quantification!of!endothelial!clonal!dynamics!in!the!retina,!clones!were!identified!on!large!

3D!tile!confocal! scanning!volumes! (2T4!Z!slices).!For! the!selection!of!clones! in! these!volumes!

different!parameters!were!considered:!the!clone!single!or!dual!colorTcode,!its!relative!intensity!

(which! varies! between! clones! derived! from! different! cells),! its! size! and! dispersion,! and! its!

proximity! to! other! clones.! To! calculate! the! average! clone! dispersion,! relative! to! its! size,!we!

measured!the!shortest!path!linking!the!center!of!the!identified!clone!nuclei.!For!the!accurate!

quantification! and! delimitation! of! the! most! frequent! dual! clones,! in! areas! with! higher!

frequencies!of!recombination,!the!average!clone!dispersion!value!was!used!to!define!areas!that!

are!very! likely!to!contain!all!cells!of!an! individual!clone!and!no!cells! from!adjacent!singleTcell!

derived!dual!clones.!!

For! quantification! of! vascular! parameters! 387.5! x! 387.5! µm! fields! were! selected! at! the!

angiogenic!fronts!or!at!the!mature!are!and!considered!as!individual!samples.!Fields!from!at!least!

4!different!retinas!from!2!or!more!different!animals!were!analyzed.!Vascular!IsolectinB4+!area!

and! Erg+! cells! were! quantified! semiTautomatically! using! custom! Fiji!macros.! Endothelial! cell!

density!(EC!number/100!µm2)!was!measured!as!the!number!of!Erg+!cells!relative!to!the!total!

vascular!area!included!in!each!field.!The!frequencies!of!EdU+,!Ki67+!and!p21+!ECs!were!manually!

determined!as!the!ratio!of!doubleTpositive!cells!to!the!total!number!of!Erg+!cells!per!field.!!

For!the!quantification!of!pERK!signal!in!iMbTVegfr2TMosaic,!Individual!IsolectinB4+/MbTomato+!

and! adjacent! IsolectinB4+/!MbTomatoT! ECs!were!manually! scored! and! assigned! a! regionTofT

interest!(ROI)!area!based!on!the!antiTdsred!immunofluorescent!signal.!Within!the!MbTomatoT!

endothelial!population,!tip!cells!were!manually!selected!according!to!their!position!at!the!edge!

of!the!angiogenic!front,!and!stalkTcells!were!selected!as!nonTtip!cells!adjacent!to!MbTomato+!

cells.!The!average!absolute!pixel!pERK!signal!intensity!was!quantified!in!each!ROI.!The!average!

background!level!of!PTERK!immunofluorescence!signal!per!field!was!subtracted!to!the!average!

intensity!signal!of!each!ROI!defined!in!that!specific!field.!For!quantification!of!pERK!signaling!in!

tip!and!front!areas,!single!fields!at!the!angiogenic!front!were!automatically!divided!in!tip!areas!

included!within! the! first! 150!µm! from! the! tip! of! the! longest! sprout,!while! front! areas!were!

defined! from! that! limit! to! the! lowermost! limit! of! the! field.! The! average! pERK! intensity!was!
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calculated!over!the!IsolectinB4+!area!while!the!average!background!intensity!was!measure!in!

the!IsolectinB4T!negative!area!for!each!field.!After!background!subtraction,!average!intensities!

were! normalized! to! the! total! IsolectinB4+! area! for! each! field! part.! Global! pERK! intensity!

quantification!for!the!validation!of!MEK!inhibition!was!performed!similarly!in!randomly!selected!

fields!from!the!angiogenic!front!and!mature!areas.!

3.10+Flow+cytometry+of+mESCs+or+isolated+ECs+

For!quantification!of!fluorescent!protein!ratios!in!mESCs,!cells!were!collected!3!days!after!Cre!

transfection!and!analyzed!FACSAria!cell!sorter.!Endothelial!cells!from!EBs!were!collected!after!

trypsinization!and!also!analyzed!in!a!FACSAria.!

Embryos! or! organs! were! collected! in! PBS,! minced,! and! digested! with! 2.5! mg/ml! type! I!

collagenase!(Thermo!Fisher,!17100017),!2.5!mg/ml!dispase!II!(Thermo!Fisher,!17105041),!and!50!

ng/ml!DNAseI! (Roche)! at! 37C! for! 20!minutes! to! create! a! homogeneous! cell! suspension.! Cell!

suspensions!were!passed!through!a!70!μm!filter!to!remove!any!undigested!tissue.!To!remove!

erythroid!cells,!cell!suspensions!and!blood!samples!were!incubated!for!10!minutes!on!ice!in!blood!

lysis! buffer! (0.15!M!NH4Cl,! 0.01M!KHCO3! and! 0.01!M! EDTA! in! ddH20).! Before! analysis,! cell!

suspensions!were!incubated!at!4ºC!for!30!minutes!with!APC!rat!antiTmouse!CD31!(BD!Pharmigen)!

The!flow!cytometry!analyses!were!performed!either!with!a!FACS!Aria!Cell!Sorter!(BD!Biosciences)!

or!a!Synergy4L!Sorter.!Viable!(DAPIT)!endothelial!cells!(APCTCD31+)!were!sorted!and!analyzed!

according!to!their!endogenous!fluorescence!(GFP,!Cherry!or!Cerulean).!!

3.11+qRT]PCR++

For!quantitative!real!time!PCR!(qRTTPCR),!ECs!from!E10.5!mouse!embryos!or!postnatal!day!20!

mouse!hearts!were!sorted!directly!to!RNeasy!Mini!Kit!RLT!buffer!(Qiagen).!RNA!was!extracted!

according!to!the!Qiagen!protocol.!RNA!was!retrotranscribed!with!a!High!Capacity!cDNA!Reverse!

Transcription!Kit!with!RNase!Inhibitor!(Thermo!fisher,!4368814).!cDNA!was!preamplified!with!

Taqman!PreAmp!Master!Mix!containing!a!Taqman!Assay!based!preT!amplification!pool!which!

contained!the!following!assays:!!Hey1,!Hey2,!EphrinB2,!PECAMT1,!Cdh5,!Odc1!(Thermo!Fisher).!
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Preamplified!cDNA!was!used!to!perform!a!standard!qRTTPCR!with!geneTspecific!Taqman!Assays!

(Thermo!fisher)!in!a!AB7900!machine!(Applied!Biosystems).!!

3.12+RNAseq+

To!isolate!endothelial!cells!specifically!from!the!newborn!mouse!retina!angiogenic!front,!we!first!

used!a!stereomicroscope!to!visualize!and!microdissect/separate!the!mature!from!the!angiogenic!

front!vascular!area.!Tissues!from!these!two!distinct!areas!were!cut!and!processed!for!dissociation!

with!the!Neural!Tissue!Dissociation!Kit!(Mylteny!130T092T628).!The!resulting!cell!suspension!was!

incubated!with!conjugated!APCTantiTCD31!antibody!(BD!Pharmingen,!551262),!followed!by!DAPI!

to! exclude! dead! cells.! Viable! (DAPIT)! endothelial! cells! (APCTCD31+)! were! FACS! sorted! and!

processed!for!total!RNA!extraction!with!RNAeasy!Micro!kit!(Qiagen).!A!total!of!200!to!800!ECs!

per! sample!was! collected.! Four! retinas! of! two! animals! per! group! and! litter!were! processed!

independently.!In!total,!three!independent!litters,!and!12!retinas!per!group!were!dissected!for!

this!analysis!

RNA! library! was! prepared! using! the! Ovation! RNATseq! system! (NuGEN)! and! sequenced! in! a!

HiSeq2500!Illumina!sequencer!using!a!60 bp!single!end!elongation!protocol.!Sequenced!reads!

were! QC! and! preTprocessed! using! cutadapt! v1.6! and! fastxTtrimmer! to! remove! adaptor!

contaminants.!Quality!control!at!each!step!was!performed!with!FastQC.!Resulting!reads!were!

aligned! and! gene! expression! quantified! using! RSEM! v1.17! over! mouse! reference! GRCm38.!

Differential! gene! expression! was! analyzed! using! the! EdgeR! package! and! ComBat.! Gene!

Expression!Heatmaps!were!performed!using!Genesis!software.!

3.13+Cell+culture+and+luciferase+assays+

HEK293! cells! were! cultured! in! DMEM! (Thermo! Fisher,! 41965039)! 10%! FBS! 2mM! and! 1! x!

Pen/Strep!(Lonza,!DE17T602E)!in!gelatinized!plates.!For!Dual!Luciferase!experiments!the!DualT

Luciferase®! Reporter! Assay! System! (Promega,! Cat.#! E1910)! was! used.! Briefly! cells! were!

transfected!with!lipofetamine!(Thermo!Fisher,!11668030)!following!manufacturer!instructions!

with!150!ng!of!pGL3!or!pGL3TOdc1Tpromoter!luciferase!plasmid!and!50!ng!of!the!control!pGL4!
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plasmid.!For!analysis!of!Hey1/Hey2!modulation!of!Odc1Tpromoter!luciferase!activity,!200!ng!of!

a!mix!of!pCS2THey1!and!pCS2THey2!plasmids!(a!gift!from!Manfred!Gessler)!were!coTtransfected.!

Control!experiments!were!performed!by!coTtransfecting!200!ng!of!empty!plasmids.!24h!after!

transfection,! cells! were! lysed! and! Firefly/Renilla! Luciferase! activity! measured! according! to!

manufacturer!instructions!in!a!Promega!GloMax®!Luminometer.!Firefly!activity!was!normalized!

to!Renilla!activity!for!each!well,!and!pGL3TOdc1TPromoterTluciferase!normalized!to!control!pGL3T

only! luciferase! activity.! Data! shown! is! the! average! of! three! independent! experiments! with!

internal!triplicates!

3.14+Statistical+Analysis+

Statistical!analyses!were!performed!in!Graph!Pad!(Prism!7.0).!For!comparisons!of!two!samples!

with!a!Normal!distribution!we!used!the!unpaired!twoTtailed!Student!tTtest!or!the!Welch!unequal!

variances!tTtest!unless!otherwise!specified.!For!nonTNormal!two!sample!comparisons,!the!nonT

parametric!Mann–Whitney# test!was! used.! Comparisons! among!more! than! two! groups!were!

performed! by! ANOVA! followed! by! the! Turkey! pairwise! comparison! for! Normally! distributed!

groups!and!by!the!Kruskal–Wallis!test!followed!by!the!Dunn!pairwise!comparisons!test!for!nonT

Normal!groups.!Data!is!presented!as!means!±!SEM.,!unless!otherwise!indicated.!Differences!were!

considered! statistically! significant! at! P! <! 0.05.! No! randomization! or! blinding! was! used,! and!

animals/tissues!were!selected!for!analysis!based!on!their!genotype,!the!detected!CreTdependent!

recombination!frequency,!and!quality!of!multiplex!immunostaining.!The!sample!size!was!chosen!

according!to!the!observed!statistical!variation!and!published!protocols.!!
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4+RESULTS+

4.1+Dual+ifgMosaic+strategy+to+induce+high+resolution+functional+genetic+mosaics+

in+mice+

Of! the! current! methods! outlined! in! the! introduction! section! to! induce! CreTdependent,!

fluorescent!and!cellular!mosaicism!in!mice,!the!Brainbow!strategy!(Weissman!and!Pan,!2015)!is!

the! one! that! provides! higher! number! of! possible! outcomes,! and! thus,! the! higher! clonal!

resolution.!MADM!can!induce!only!two!different!types!of!fluorescent!proteins!and!cells!(control!

and!mutant),!whereas!the!Brainbow!can!generate!dozens!or!up!to!90!different!cell!types!in!the!

same! tissue.! However,! the! Brainbow! strategy! requires! the! stochastic! recombination! and!

expression!of!several!copies!of!the!Brainbow!transgene,!to!generate!distinct!combinations!of!

fluorescent!protein!(FP)!expression!and!in!this!way!increase!clonal!resolution!(Livet!et#al.,!2007).!

This!stochastic!recombination!events!and!combinatorial!FP!expression!cannot!be!combined!with!

functional!genetic!modifications,!as!the!relative!expression!levels!of!the!gene!of!interest!would!

be! too! complex! and! unknown.! Hans! Clever! and! colleagues! generated! the! unicopy! Confetti!

system,!by!targeting!one!of!the!Brainbow!constructs!to!the!Rosa26!locus!(Snippert!et#al.,!2010).!

This!system!can!be!used!to!induce!4!distinct!cells!in!a!tissue!expressing!Cre,!however,!it!relies!on!

reversible!genetic!inversions,!which!are!harder!to!induce!than!genetic!deletions,!and!cannot!be!

used!for!direct!functional!genetic!alterations!mediated!by!Cre.!

For!these!reasons,!my!lab!coTworkers!adapted!and!modified!the!Brainbow!strategy!to!associate!

to!each!FP!expression!a!given!gene!expression,!and!generate!in!this!way!multispectral!functional!

genetic!mosaics.!To!ensure! full!equimolecular!expression!of! the! fluorescent!reporter!and!the!

gene!of!interest!they!used!the!viral!2A!peptide!(Trichas,!Begbie,!and!Srinivas,#2008;!Sharma#et#

al.,!2012).!They!first!developed!iMbTMosaic!constructs,!where!is!possible!to!induce!three!distinct!

cells!expressing!three!different!membrane!localized!FPs,!and!after!inserted!them!into!the!Rosa26!

locus! or! Rosa26! Bacterial! Artificial! Chromosomes! (BACs)! (Fig.! 4.1! A).! However,! in! order! to!

perform! statistically! robust! retrospective! clonal! analysis! or! lineage! tracing! and! be! able! to!

faithfully!resolve!clonal!identity!in!the!induced!mosaic,!three!possible!outcomes!are!not!enough,!
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unless! used! in! very! low! recombination! regimes.! Consequently,! they! also! developed! Rosa26T

targeted!or!Rosa26!BACs!containing!iChrTMosaic!constructs!that!enable!the!expression!in!distinct!

cells!of!three!different!chromatin/nuclei!localized!FPs!(Fig.!4.1!B).!

!

Figure+4.1.+Dual+Inducible+Fluorescent+Genetic+Mosaic+(ifgMosaic)+strategy.!A,+B!Diagrams!showing!the!
basic! structure! of! iMbTMosaic! (A)! and! iChrTMosaic! (B)! constructs.! Cre! activity! induces! random!
recombination!between!pairs!of! identical!Lox! (L)!sites! (L1,!L2,! L3)! generating!one!out!of! three!possible!
outcomes!(A,!B,!C!or!D,!E,!F)!in!a!singleTcell.!The!DNA!elements!are!as!follows:!Rosa26,!flanking!regions!of!
the! Rosa26! locus! in! which! the! construct! are! integrated.! CAG,! Strong! and! ubiquitous! promoter;! Neo,!
resistance!marker!for!ES!cell!selection;!L1,!LoxN;!L2,!Lox2272;!L3,!LoxP;!2A,!viral!peptide!allowing!equimolar!
expression!of!multiple!independent!proteins!from!a!single!ORF;!Mb,!membrane!tag;!HA,!V5!and!His!(small!
epitopes!that!can!be!used!for!specific!antibody!detection);!H2B,!histone!tag!that!targets!proteins!to!the!
chromatin/nucleus;!BghpA,!bovine!growth!hormone!polyadenylation!signal!to!stop!transcription;!NTPhiM,!
nonTfluorescent!protein!that!is!used!as!a!reporter!of!promoter!expression.!Restrictions!sites!are!indicated.!
C!When!one!mouse!or!cell!line!contains!the!two!inducible!mosaic!alleles!(iMbTMosaic!and!iChrTMosaic),!up!
to!15!different!cell!clones!can!be! induced!by!tamoxifen! in!a! tissue!expressing!the!CreRT2!recombinase,!
allowing!combinatorial!epistasis!analysis!at!singleTcell!resolution.!A–F!indicate!the!single!or!dual!color!code!
for!each!clone.!D!Live!imaging!snapshot!of!mESCs!cells!expressing!the!Dual!ifgMosaic.!Indicated!are!the!
laser!lines!used!to!detect!each!fluorescent!protein.+!
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Thus!by!combining!in!the!same!mouse!the!expression!of!these!two!mosaic!alleles!(the!Mb!and!

Chr)!we!are!able!to!generate!Dual!ifgMosaic!mice.!In!these!mice,!is!possible!to!induce!after!Cre!

recombination,!a!cellular!mosaic!of!up!to!fifteen!distinguishable!clones!of!cells,!of!which!nine!

result! from!a!dual! recombination!event.! Six!of! these! fifteen!will! express! a! single! fluorescent!

protein!(and!gene),!while!the!other!nine!will!have!expression!of!a!combination!of!two!FPs,!one!

localized! in! the! membrane! and! one! in! the! chromatin,! with! the! correspondent! equimolar!

expression!of!the!proteins!coded!by!the!genes!inserted!downstream!(Fig.!4.1!C,!D)!!
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To!facilitate!the!correct!identification!of!each!clone!my!lab!coworkers!selected!proteins!that!have!

easily!distinguishable!fluorescent!spectra!and!included!short!tags!in!the!nuclear!proteins!that!are!

easily!detectable!by!immunostaining.!They!also!coupled!this!genetic!design!to!a!modular!DNA!

engineering! strategy! that! allows! for! the! rapid! generation!of! several! different! transgenic! and!

geneTtargeted!mESC! and!mouse! lines.! Thus,! they!were! able! to! generate! a! variety! of!mosaic!

mouse! lines! that! I! screened!and!used! in!my!studies.!The! iChrT!and! iMbTControlTMosaics!only!

express!fluorescent!proteins!and!can!be!used!as!experimental!controls!or!to!combine!with!the!

functional!mosaics!to!increase!clonal!resolution!(Fig.!4.2!ATD).!!

In!the!iChrTNotchTMosaic!allele!(Fig.!4.2!F)!there!is!the!expression!of!a!Dominant!Negative!(DN)T

Maml1!sequence!to!block!Notch!function!(Maillard!et#al.,!2004)!and!a!NICDTPEST!to!activate!it!

(Kopan!and!Ilagan,!2009)!In!the!iMbTVegfr2TMosaic!allele!(Fig.!4.2!E)!we!used!the!expression!of!

a! constitutively!active!VEGFR2! (Dosch!and!BallmerTHofer,!2010)! to!activate!VEGFR2!signaling!

(VEGFR2Ac.)!and!a!tyrosine!kinase!mutant!(Y1173)!form!of!VEGFR2!(Sakurai!et#al.,!2005)!that!can!

sequester!VEGF!and!dimerize!with!the!endogenous!VEGFR2,!thus!decreasing!VEGFR2!signaling!

(VEGFR2TKT)!in!a!cell!autonomous!manner.!In!each!of!these!functional!genetic!mosaics,!one!of!

the!three!fluorescent!proteins!is!expressed!alone!and!will!label!the!“normal/control”!cells.!The!

activation!or!inhibition!of!the!Notch!and!VEGFR2!signaling!pathways!by!these!genetic!sequences!

was! determined! by!measuring! the! expression! or! activity! of! Notch! or! VEGF! signaling! targets!

(PontesTQuero!et#al.,#2017).+ !

Figure+4.2.+Inducible+membrane+and+chromatin+mosaic+constructs+and+mice.+A,+B!Diagrams!showing!the!
specific!control!constructs!of!iMbTControlTMosaic!(A)!and!iChrTControlTMosaic!(B).!!To!facilitate!detection!
and! quantification,! we! associated! a! nuclear! localized! tag! to! the! expression! of! membrane! fluorescent!
proteins!in!the!iMbTControlTMosaic!in!A.!C,+D!Retinal!vasculature!of!P6!mouse!containing!the!iMb?Mosaic,!
iChr?Mosaic,!and!Cdh5(PAC)?CreERT2#alleles,!3!days!after!induction!of!recombination!with!tamoxifen.!The!
genetic!mosaic!is!detected!within!the!IsolectinB4+!vascular!tissue!by!confocal!scanning!of!a!combination!
of! endogenous! fluorescence! (Cherry)!and! immunostainings! (aTGFP! to!detect!GFP,!YFP!and!Cerulean;!aT
dsRed!to!detect!Cherry!and!Tomato;!aTHA!for!HATCerulean)!SingleT!and!dualTlabeled!clones!are!visible!at!
low! (C)! and! higher! (D)! magnification.! E,+ F+Diagrams! showing! the! functional! mosaic! constructs! of! iMbT
VEGFR2TMosaic! (E)!and! iChrTNotchTMosaic! (F).!DNTMAML1! is!dominantTnegative!protein! that!sequester!
the!endogenous!NICD!and!reduce!Notch!receptor!signaling!in!a!cellTautonomous!manner.!NICD!Ac.!is!the!
active!form!of!NICD,!containing!the!native!PEST!domain!that!results!in!a!relatively!moderate!increase!of!
ligand! independent! Notch! activity.! VEGFR2AC.! is! the! constitutively! active! form! of! VEGFR2! without! the!
extracellular!domain.!VEGFR2TK?#a!tyrosine!kinaseTdomain!mutant!version!of!murine!VEGFR2#that!strongly!
reduces!VEGF!signaling!in!a!cellTautonomous!manner.+!
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4.2+Functional+characterization+of+iChr]Notch]+and+iMb]Vegfr2]Mosaics+

In!order! to! test! the! function!of! these!new!constructs,!we!analyzed! their! effects!on!different!

cellular! aspects! during! biological! processes! known! to! be! regulated! by! the! Notch! and! VEGF!

signaling!pathways.!!
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As! an! initial! approach,! we! studied! In# vitro! how! the! induction! of! the! two!mosaics! in!mouse!

Embryonic! Stem! Cells! (mESCs)! influence! their! capacity! to! differentiate! to! ECs! and! their!

subsequent! expansion! using! and! embryoid! body! (EB)! differentiation! assay! on! OP9! cells!

(Hirashima!et#al.,!1999;!Feraud,!Cao,!and!Vittet,!2001)!(Fig.!4.3!A).!

mESCs! expressing! the! iChrTNotchTMosaic! and! transfected! with! CreTexpressing! plasmids!

displayed!relatively!balanced!recombination!rates!for!each!of!the!three!cassettes,!with!some!bias!

for!the!recombination!of!closer!Lox!sites!(Fig.!4.3!B,!C).!However,!after!differentiation!to!ECs,!

these! proportions!were! considerably! altered.! ECs! expressing!DNTMAML1! In# vitro!were!more!

frequent!compared!with!ECs!only!expressing!the!reporter!protein!(control),!while!very!few!ECs!

expressing! the! NICDTPEST! gene!were! detected! (Fig.! 4.3! D),! suggesting! that! Notch! activation!

blocks! EC! differentiation,! proliferation! or! survival.! In! the! case! of!mESCs! expressing! the! iMbT

Vegfr2TMosaic,! initial! recombination!biases!were!more!apparent,!probably!due! to! the!bigger!

distance!between!Lox!sites!(Fig.!4.3!E,!F).!Moreover,!VEGF!alterations!produced!a!much!more!

striking!effect!on!EC!mosaic!frequencies.!Not!a!single!EC!expressing!the!VEGFR2TKT!was!detected,!

probably!due!to!its!essential!requirement!during!EC!differentiation!(Marcelo,!Goldie,!and!Hirschi,!

2013).! Furthermore,! very! few! endothelial! cells! expressing! VEGFR2Ac.! were! found! and! most!

differentiated!EC!were!the!ones!expressing!the!fluorescent!protein!only!(Fig.!4.3!G),!which!could!

also!indicate!that!excessive!VEGFR2!signaling!might!also!be!detrimental!for!mESC!differentiation!

to!EC,!or!their!proliferation,!as!it!will!be!mentioned!later.!

Figure+4.3.+Characterization+of+Notch+and+VEGFR2+mosaics+in+embryoid+bodies+In#vitro.+A,!Experimental!
protocol!for!in!vitro!differentiation!of!ECs!from!EBs.!Embryoid!bodies!derived!from!mESCs!were!plated!
on!a!OP9!monolayer!to!induce!EC!differentiation!and!sprouting.+An!example!of!a!typical!endothelial!cell!
network!is!shown.!B,!iChr?Notch?Mosaic#DNA!construct!inserted!in!the!Rosa26#locus.!Below!the!genetic!
distance! (kb)! between! different! LoxP# sites! and! the! relative! recombination! ratios! obtained! after! CreT
expressing! plasmid! transfection! in! mESCs.+ C,! Representative! picture! of! iChrTNotchTMosaic# mESCs!
expressing!the!different!fluorescent!proteins!immunostained!with!aTGFP,!aTdsRed!and!aTHA!antibodies.!+
D,! Ratios!of! the! recombined! cells! observed! in!mESCs! and!after!differentiation! to! ECs.! Right! shows!a!
representative! picture! of! an! EBTderived! endothelial! monolayer! expressing! the! iChrTNotchTMosaic.+ E,!
iMbTVegfr2TMosaic#DNA!construct.!Below!the!genetic!distance!(kb)!between!different!LoxP#sites!and!the!
relative!recombination!ratios!obtained!after!Cre!transfection.�F,!Representative!picture!of!iMbTVegfr2T
Mosaic#ES!cells!expressing!the!different!fluorescent!proteins!immunostained!with!aTGFP,!aTdsRed!and!aT
Kate!antibodies.+G,!Ratios!of!the!recombined!cells!observed!in!mESCs!and!after!differentiation!to!ECs.!
Right!shows!a!representative!picture!of!an!EBTderived!endothelial!monolayer!expressing!the!iMb?Vegfr2?
Mosaic.!!
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To!evaluate!their!performance!In#vivo,#we!examined!how!they!influence!cellular!differentiation!

and! proliferation! during! embryonic! neurogenesis! in! the! neural! tube! (iChrTNotchTMosaic)! or!

during!retinal!angiogenesis!(iMbTVegfr2TMosaic).!

#
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!

During!neurogenesis,!progenitor!cells! located! in! the!Ventricular!Zone! (VZ)!of! the!neural! tube!

proliferate! and! progressively! differentiate! to! neurons! that!migrate! to! the!Mantle! Zone! (MZ)!

(Briscoe!and!Small,!2015)!(Fig.!4.4!B).!During!this!process!Notch!activity!regulates!the!balance!

between! proliferation! and! differentiation! for! optimal! production! of! neurons! (Louvi! and!

ArtavanisTTsakonas,!2006).!!

We!crossed!the!iChrTNotchTMosaic!with!the!ubiquitously!expressed!Polr2a?CreERT2#mouse!line!

(Guerra! et# al.,! 2003)! and! induced! recombination! with! a! single! injection! of! Tamoxifen! at!

embryonic!day!E8.5.!Embryos!collected!at!E12.5!were!immunostained!for!the!three!fluorescent!

proteins!(Fig.!4.4!A,!B).!

Within! this! time! period,! neural! progenitors! (Tuj1T,! Sox2+)! with! normal! Notch! activity! (H2BT

Cherry+)!formed!clones!that!preferentially!located!in!the!VZ!and!only!partially!differentiated!to!

Tuj1+,!Sox2T!neurons!that!migrated!to!the!MZ.!In!contrast,!progenitor!cell!expressing!the!NICDT

PEST! (H2BTCerulean+)! mostly! remained! as! undifferentiated! cells! in! the! VZ,! while! the! ones!

expressing! DNTMAML1# (H2BTGFPTV5+)! seemed! to! preferentially! commit! to! terminal!

differentiation,!and!their!progeny!was!mainly!located!in!the!MZ!(Fig.!4.4!B,!C,!E).!

Moreover,!both!of!these!populations!showed!reduced!clone!size!(Fig.!4.4!B,!D,!E).!indicating!that,!

although! Notch! has! opposing! effects! on! their! differentiation,! it! similarly! reduced! their!

proliferative!capacity,!impairing!neurogenesis.!

! !

Figure+4.4.!Characterization+of+iChr]Notch]Mosaic+during+embryonic+neurogenesis.+A,!iChrTNotchTMosaic#
DNA!construct!inserted!in!the!Rosa26!locus.+B,!Confocal!micrographs!of!20Tmicron!thick!cryosections!of!
E12.5! embryos! immunostained! for! the! indicated!markers.! The!border!between! the!marginal! (MZ)! and!
ventricular!(VZ)!zones!is!indicated!by!a!yellow!line.�+C,!Quantification!of!the!ratio!of!Ventricular!to!Marginal!
localization! of! the! cells! for! each! clone! analyzed.!D,! Quantification! of! clone! size! for! each! of! the! three!
possible!fluorescent!clones.+E,!Additional!confocal!micrographs!of!20Tmicron!thick!cryosections!of!E12.5!
embryos! immunostained! for! the! indicated! markers! showing! the! isolated! clones! analyzed.! Error! bars!
indicate!SEM.!Statistical!analysis!was!performed!by!ANOVA!with!P˂0.05!considered!statistically!significant.+!
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During!retinal!angiogenesis!VEGF!signaling!is!involved!in!endothelial!cell!proliferation!and!tipTcell!

selection! (Blanco! and! Gerhardt,! 2013).! We! crossed! the! iMbTVegfr2TMosaic! line! with! the!

endothelial!specific!inducible!Cre!driver!line#Cdh5T(PAC)TCreERT2#and!analyzed!immunostained!

retinas!at!P6,!three!days!after!a!single!tamoxifen!injection.!

!

!

Figure+4.5.+Characterization+of+iMb]Vegfr2]Mosaic+during+retinal+angiogenesis.+A,+iMbTVegfr2TMosaic#DNA!
construct.� B,! Confocal!micrographs!of! the! retinal! vasculature! from!a!P6!animal! carrying! the! iMbTVegfr2T
Mosaic! and! Cdh5TCreERT2! transgenes,! 3! days! after! tamoxifen! injection,! immunostained! to! detect! the!
different!mosaic!markers,!MbYFP!in!green,!MbTomato!in!red!and!MbKate!in!blue(right).!IsolectinB4!labels!
the!surface!and!ERG!the!nuclei!of!all!ECs.!C,!Quantification!of!the!relative!proportion!of!MbTomato!to!MbYFP!
occupied!vascular!surface!per!field.!D,!Retinal!vessels!from!P6!animals!carrying!the!iMbTVegfr2TMosaic!and!
Cdh5TCreERT2!transgenes,!3!days!after!tamoxifen!injection,!immunostained!of!MbTomato(Red),!pERK(Green)!
and!IsolectinB4!(Blue).!Arrowhead!indicates!a!tip!cell;!arrows!indicate!MbTomato+!cells.!E,+Quantification!of!
relative!intensity!of!pERK!immunostaining!in!three!different!EC!population!of!these!retinas:!stalk!cell,!tip!cells!
and!MbTomato+!cells.!Error!bars!indicate!SEM.!Statistical!analysis!was!performed!by!ANOVA.!****!P˂0.0001.+!
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These! retinas! showed! a! strong! disparity! in! the! proportions! of! each! fluorescent! cell;! cells!

expressing! VEGFR2Ac.! (MbTomato+)! were! much! more! frequent! than! the! ones! expressing!

VEGFR2TKT! (MbYFP+)! (Fig.! 4.5! ATC),! and! control! cell! (Kate2+)!were! practically! absent,!maybe!

reflecting!similar!recombination!biases!to!the!ones!found!in!mESC!in!this!short!time!experiment.!

Further!analysis!of!cells!expressing!VEGFR2Ac.!(MbTomato+)!showed!an!increase!in!the!levels!of!

ERK!phosphorylation,!a!downstream!target!of!VEGFR2!activation!(Gille!et#al.,!2001).!These!levels!

were!even!higher!than!in!tip!cells,!which!are!the!cells!that!have!higher!physiological!activation!

of!VEGFR2!during!angiogenesis!(Fig.!4.5!D,!E).!We!also!found!these!MbTomato+!cells!frequently!

at!the!angiogenic!front,!as!tip!cells,!and!the!MbYFP+!cells!more!in!the!stalk!region,!but!we!could!

not!safely!distinguish!it!from!the!strong!initial!recombination!bias.!A!higher!clonal!resolution!and!

stronger!quantitative!analysis!is!required!to!determine!precisely!the!effect!of!these!singleTcell!

VEGFR2!signaling!genetic!manipulations!on!sprouting!behavior.!

4.3+ Single]cell+ clonal+ analysis+ of+ loss+ and+ gain+ of+ Notch+ signaling+ during+

angiogenesis+

By! using! the! Dual! ifgMosaic! strategy!we!were! able! to! perform! a! detailed! clonal! analysis! of!

endothelial! cells! during! retinal! angiogenesis! and! determine! how! Notch! signaling! alterations!

affect! the! proliferation! of! singleTcells! in! a! short! time! interval.! To! maximize! the! number! of!

analyzed!clones!while!maintaining!enough!resolution!to!identify!them,!we!combined!in!the!same!

mouse!the!iChrTNotchTMosaic!and!iMbTControlTMosaic!alleles!(DualTifgMosaic)!with!the!Cdh5T

(PAC)TCreERT2!allele!and!induced!recombination!with!a!single!Tamoxifen!dose!at!P3!(Fig.!4.6!A,!

B).!

After!three!days!of!clonal!expansion!we!analyzed!only!clones!with!expression!of!both!nuclear!

and!membrane!fluorescent!proteins.!The!low!frequency!of!double!recombination!events!enables!

a! more! precise! discrimination! of! clonal! identity.! To! further! improve! clone! discrimination,!

especially! in! areas! with! higher! frequency! of! double! recombined! clones,! we! defined! a! sizeT

dependent,!average!clone!dispersion!area!in!highly!isolated!clones!(Fig.!4.6!C).!We!then!identified!

as!individual!clones!the!ones!enclosed!within!the!defined!dispersion!area!(Fig.!4.6!E).!
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Figure+4.6.+Short]term+clonal+expansion+of+endothelial+iChr]Notch]Mosaic+during+angiogenesis.+A,+iMbT
ControlTMosaic!and!iChrTNotchTMosaic!were!intercrossed!in!animals!carrying!the!Cdh5?CreERT2!transgene.!
B,!Diagram!of! the!experimental!setting.!Tamoxifen!was! injected!at! P3,! labelled!endothelial!clones!were!
allowed!to!expand!in!the!for!3!days!and!were!analyzed!at!P6.!C,!Representative!picture!of!a!dual!clone!with!
5!cells!and!a!cumulative!distance!between!all!nuclei!of!256!µm.!Quantification!of!the!average!cumulative!
cell!distance!within!clones!of!different!sized!used!to!define!the!clone!dispersion!area.!Error!bars!indicate!
SEM.+D,!Histogram!showing!the!frequency!distribution!of!clone!size!for!dual!clones!only,!grouped!according!
to!their!nuclear!marker! (NotchTsignaling! level).!Vertical! lines! indicate!median!values.!Statistical!analysis!
was! performed! with! a! KruskalTWallis! test.! *p! <! 0.05! ***p<0.001.! E,! Left,! Representative! confocal!
micrograph!of!a!retina!3!days!after!tamoxifen!induction,!showing!the!four!different!acquisition!channels!
used,!Green!for!the!immunostaining!of!three!GFP!related!proteins,!Blue!for!HATCerulean,!Red!for!the!dsred!
related!proteins!and!pink!for!endogenous!Cherry!fluorescence.!White!boxed!areas!delimitate!some!double!
fluorescent!clones.!E,+Right,!Higher!magnification!pictures!of!the!boxed!areas!allow!visualization!of!the!cell!
shape!and!nuclei!for!quantification!of!clone!size!and!distribution.!Letter!codes!were!assigned!to!double!
recombined!clones!according!to!their!membrane!(A–C)!or!nuclear!(D–F)!color.+!
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We! found! that! endothelial! cells! without! modifications! in! Notch! activity! present! a! Gaussian!

distribution!of!clone!sizes!centered!around!a!size!of!four!cells!and!with!a!maximum!of!six!cells!

(Fig.!4.6!E,!Red).!This!indicates!that!EC!cycling!dynamics!greatly!vary!in!normal!conditions,!with!

some!cell!not!dividing!at!all!and!others!undergoing!more!than!two!rounds!of!division!within!a!

threeTday!period,!with!a!median!of!two!rounds!of!divisions!per!labeled!cell.!

We!also!found!that!cells!expressing!the!DNTMAML1!gene!had!a!similar!distribution!of!clone!sized,!

but!displaced!towards!slightly!bigger!clones!with!a!maximum!of!seven!cells!and!a!median!clone!

size! of! four! and! a! half! (Fig.! 4.6! E,! Green).! This! could! indicate! that! blocking! Notch! could! be!

promoting!or!accelerating!endothelial!cell!cycle!progression!during!this!short!time!window.!In!

contrast,!cell!expressing!the!NICDTPEST!showed!a!clear!impairment!in!proliferation!as!most!of!

the!clones!were!formed!by!a!single!cell!(Fig.!4.6!E,!Blue).!The!few!that!showed!endothelial!cell!

division!were!limited!to!a!maximum!of!three!cells!per!clone!indicating!either!an!earlier!cell!cycle!

exit!or!a!very!slow!cell!cycle!progression.!

4.4+Excessive+or+insufficient+VEGFR2+activity+impairs+EC+clonal+expansion+

We!similarly!evaluated!the!effects!that!VEGFR2!signaling!alterations!on!short!term!endothelial!

single! cell! clonal! expansion!during! angiogenesis.!We! combined! in! the! same!mouse! the! iMbT

Vegfr2TMosaic!and! iChrTControlTMosaic!alleles! (Dual! ifgMosaic)!with! the!Cdh5T(PAC)TCreERT2!

allele,!and!induced!recombination!with!a!single!Tamoxifen!dose!at!P3,!and!analyzed!the!clone!

size!after!three!days!of!clonal!expansion!(Fig.!4.7!A,!B).!

As!in!this!line!the!recombination!is!strongly!biased!to!the!first!cassette,!and!the!generation!of!

Kate+!control!cells!is!rare,!we!were!not!able!to!quantify!clone!size!of!control!cells!with!normal!

VEGFR2!signaling!in!the!same!retinas.!We!restricted!the!quantifications!in!these!mice!to!only!to!

double! fluorescent! clones! expressing! either! membrane! YFP! or! membrane! tomato! in!

combination!with!GFP!or!Cerulean!only,!excluding!clones!with!expression!of!the!more!frequently!

recombined!nuclear!Cherry,!to!ensure!clonality!

!



+
+

4+RESULTS+

!
75!

We!show!that,!in!contrast!to!Notch!mosaics,!for!VEGFR2,!both!increased!and!decreased!activity!

lead!to!a!reduction!clone!size!(Fig.!4.7!C,!D)!with!VEGFR2Ac.!clones!having!a!median!size!of!1!cell!

and!a!maximum!of!3!and!VEGFR2TKT!also!a!median!size!of!1!and!a!maximum!of!2!indicating!that!

VEGFR2!activity!must!be!within!strictly!regulated!levels!to!allow!ECs!to!undergo!normal!cell!cycle!

progression.!

!

4.5+VEGFR2+signaling+partially+modulates+the+effect+of+Notch+on+the+proliferation+

of+single+ECs+

The!dual!ifgMosaic!strategy!enabled!us!to!study!at!the!single!cell!level!how!the!Notch!and!VEGF!

signaling!pathways!interact!to!control!endothelial!cell!cycle!dynamics.!To!this!end!we!performed!

similar! clonal! analysis! in!mice! carrying! the! iChrTNotchTMosaic,! iMbTVegfr2TMosaic! and!Cdh5T

(PAC)TCreERT2!alleles.!Retinas!were!analyzed!at!P6,!three!days!after!a!single!tamoxifen!injection.!

Figure+4.7.+Short]term+clonal+expansion+of+endothelial+iMb]Vegfr2]Mosaic+during+angiogenesis.!A,+
iChrTControlTMosaic!and!iMbTVegfr2TMosaic!were!intercrossed!in!animals!carrying!the!Cdh5?CreERT2!
transgene.!B,!Diagram!of!the!experimental!setting.!Tamoxifen!was!injected!at!P3,!labelled!endothelial!
clones!were!allowed!to!expand!in!the!for!3!days!and!were!analyzed!at!P6.+C,!Representative!confocal!
micrograph! of! a! retina! 3! days! after! tamoxifen! induction,! showing! the! three! different! acquisition!
channels!used,!Green!for! the!immunostaining!of!three!GFP!related!proteins,!Blue!for!HATCerulean,!
Red!for!the!dsred!related!proteins.!Individual!double!fluorescent!clones!are!indicated,!as!well!as!their!
size.!D,! Histogram! showing! the! frequency! distribution! of! clone! size! for! dual! clones! only,! grouped!
according!to!their!membrane!marker!(Vegfr2Tsignaling!level).!Statistical!analysis!was!performed!with!
a!Mann–Whitney#test.!N.S,!not!significant.+!
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Unlike!in!previous!analysis,!here!the!dual!recombined/labelled!clones!will!have!a!combinatorial!

modification! of! both! the! Notch! and! VEGF! signaling! pathways! in! single! cells,! which! enables!

epistasis! analysis! at! single! cell! resolution.! For! technical! reasons! related! with! the! very! low!

frequency!of!Kate2+!clones!and!the!need!of!using!an!additional!Ab!(channel)!to!detect! it,!we!

compared!the!data!obtained!with!this!Dual!functional!mosaic!approach!with!the!single!functional!

mosaic!analysis!showed!in!Figs.!4.6!and!4.7!(Fig.!4.8!A,!B).!

!

Figure+4.8.+Single]cell,+epistasis+analysis+of+Notch+and+VEGFR2+signaling+pathways+with+Dual+ifgMosaic.+A,+
iMbTVegfr2TMosaic! and! iChrTNotchTMosaic! were! intercrossed! in! animals! carrying! the! Cdh5?CreERT2!
transgene! and! processed! as! before!B,+ Left! Representative! confocal! micrograph! of! a! retina! 3! days! after!
tamoxifen!induction,!showing!the!three!different!acquisition!channels!used,!Green!for!the!immunostaining!
of!three!GFP!related!proteins,!Blue!for!HATCerulean,!Red!for!the!dsred!related!proteins.!White!boxed!areas!
delimitate!some!double!fluorescent!clones.!!B,+Right,!Higher!magnification!pictures!of!the!boxed!areas!allow!
visualization!of!the!cell!shape!and!nuclei!for!quantification!of!clone!size!and!distribution.!Letter!codes!were!
assigned! to! double! recombined! clones! according! to! their! membrane! (A–C)! or! nuclear! (D–F)! color.! C,!
Histogram!showing!the!frequency!distribution!of!clone!size!for!dual!clones!only,!according!to!their!nuclear!
(NotchTsignaling! level)! and! membrane! (Vegfr2Tsignaling! level)! markers.! Vertical! lines! indicate! median!
values.!No!significant!differences!were!found!with!a!KruskalTWallis!test.++
!



+
+

4+RESULTS+

!
77!

In! contrast! with! the! previous! analysis,! single! cells! expressing! DNTMAML1! produced! smaller!

clones!when!VEGFR2!signaling!was!also!altered.!Both!VEGFR2!activation!or!inhibition!(Fig.!4.8!C).!

reduced!the!expansion!of!DNTMAMLl1!expressing!clones,!but!these!cells!still!proliferated!more!

than!cells!with!single!activation!or!inhibition!of!VEGFR2!signaling!(Compare!with!Fig.!4.6!F).!The!

clone!size!of!cells!with!High!Notch!was!however!small,!regardless!of!the!additional!activation!of!

inhibition!of!VEGFR2!signaling!(Fig.!4.8!C).!

Importantly,!single!cells!expressing!the!VEGFR2TKT!protein!were!able!to!expand!more!when!DNT

MAML1! was! also! expressed! (Fig.! 4.8,! C),! suggesting! that! inhibition! of! Notch! can! result! in!

additional!cellTcycle!progression! in!cells!with!VEGFR2!signaling! impairment.!Although!VEGFR2!

function!is!still!partially!required!for!the!effective!proliferation!of!cells!with!lower!Notch!signaling!

(DnTMAML1+).!

4.6+ Cells+ with+ a+ permanent+ increase+ or+ decrease+ in+ Notch+ or+ VEGF+ signaling+

expand+less+throughout+embryonic+development+

The!previous!shortTterm!experiments!show!that!alterations!in!VEGFR2!and!Notch!activity!in!ECs!

during!angiogenesis!significantly!alter!their!proliferative!capacities.!In!the!field!it!is!assumed!that!

ECs!with! lower!Notch! signaling! or! higher!VEGF! signaling! always! sprout! and!proliferate!more!

(Benedito!and!Hellström,!2013;!Siekmann,!Affolter,!and!Belting,!2013),!however!this!was!mostly!

evaluated!in!relatively!shortTterm!angiogenesis!assays!due!to!the!severity!of!classical!full!Notch!

and!VEGF!signaling!mutants.!We!set!out! to!evaluate! the!consequences! that! the! induction!of!

these!mosaics!in!all!ECs,!early!during!development,!could!have!in!the!development!of!vessels!

and!formation!of!the!postnatal!vasculature.!We!separately!bred!iChrTNotchTMosaic!(Fig.!4.9)!or!

iMbTVegfr2TMosaics!(Fig.!4.10)!mouse!lines!with!animals!carrying!the!Tie2TCre!allele!(Kisanuki#et#

al.,!2001),!in!which!Cre!is!expressed!from!E8.5!in!all!ECs.!

In!iChrTNotchTMosaic!animals!we!analyzed!the!cellular!mosaic!distribution!in!vascular!networks!

of!several!tissues!at!P20!(Fig.!4.9!A,!B).!We!found!that!all!vascular!networks!were!normal!and!

predominantly!formed!by!control!(Cherry+)!cells,!with!very!small!contribution!of!cells!with!low!
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Notch!signaling!(DNTMAML1/GFP+)!and!no!contribution!by!cells!with!high!Notch!signaling!(NICDT

PEST/Cerulean+)!(Fig.!4.9!B).!!

In! order! to! have! an! independent! confirmation! of! this! data! with! another! mouse! line,! we!

performed!similar!experiments!with!a!second!Notch!mosaic!line,!iChrTNotchTV2TMosaic!(Fig.!4.9!

CTF).! This! line! express! DNTRBPJ! instead! of! DNTMAML1! and! the! functional! cassette! order! is!

inverted,!with!the!control!cassette!in!the!last!position,!and!the!NICD!in!the!first!one.!Analysis!of!

ECs! from! dissociated! tissues! showed! a! similar! situation,! with! a! preferential! contribution! of!

control!(Cerulean)!ECs!to!the!mature!vasculature!of!different!organs!(Fig!4.9!CTF).+!

+
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The!results!obtained!for!cells!with!higher!Notch!signaling!are!in!agreement!with!previous!results!

and! suggest! that! these! ECs,! apart! from! not! proliferating,! may! also! die! during! vascular!

development,!since!they!are!found!initially!at!E9.5/E10.5!but!not!at!P20.!However,!the!results!

obtained! for! the!cells!with!a!decrease! in!Notch!signaling!are!surprising!and! indicate! that! the!

apparent!shortTterm!proliferative!advantage!of!cells!with!low!Notch!(Fig.!4.6),!is!lost!with!time,!

during!embryonic!development.!

In!the!case!of!VEGFR2!mosaics,!defects!in!proliferation!in!both!kinds!of!modified!cells,!and!the!

low!recombination!of!control!Kate2!cells!lead!us!to!expect!a!patent!defect!in!the!vasculature.!

However!retinal!vasculature!at!P6!was!normal.!We!found!that!this!was!due!to!a!predominant!

expansion!of!a!population!of!recombined!cells!with!weaker!expression!of!the!Tomato+!VEGFR2Ac.!

gene! (Fig.! 4.10! B).! This! population,! in! combination! with! the! expanded! Kate2+! control! cells,!

constituted!the!majority!of!the!vasculature.!

We!detected!few!cells!with!normal!,!strong!expression!of!the!!TomatoTVEGFR2Ac.!cassette!and!

even!fewer!expressing!the!MbYFPT2ATVEGFR2TKT!cassette,!indicating!once!again!that!cells!with!

high!or!low!VEGF!signaling!do!not!expand!well!during!vascular!development,!even!though!ECs!

with!weaker,!but!constitutive,!VEGFR2!signaling!activation!proliferate!well!and!form!apparently!

normal!and!mature!vessels.!

!

Figure+4.9.+Long]term+clonal+expansion+of+endothelial+iChr]Notch]Mosaic+during+vascular+development.+
A,+iChrTNotchTMosaic!mice!were!bred!with!Tie2TCre!animals,!inducing!the!formation!of!mosaics!around!E8.5,!
and!analyzed!at!P20.!B,!Micrographs!of!the!vasculature!from!different!tissues!immunostained!for!the!three!
fluorescent! markers.! Below! is! indicated! the! proportion! of! each! fluorescent! marker! detected! in! the!
endothelial! population.! An! image! of! the! recombination! frequencies! in! mESCs! is! also! included! for!
comparison.!C,! iChrTNotchTv2TMosaic!was!similarly!bred!with!Tie2TCre!animals,! inducing!the!formation!of!
mosaics!around!E8.5,!and!analyzed!at!P20.!Indicated!below!the!construct!are!the!distances!between!LoxP!
sites! and! the! recombination! ration! in!mESCs.!Note! the! reversed! cassette!orientation! compared! to!A.!D,+
Representative!image!of!the!retinal!vasculature!at!P20!immunostained!for!the!indicated!proteins.!ERG!only!
cells!were!considered!H2BTCerulean.!Indicated!below!are!the!frequencies!of!each!population!of!ECs.!E,+F,!
Flow! cytometry! dot! plots! of! cells! from! the! indicated! dissociated! tissue,! gated! for! the! immunostained!
endothelial!marker!PECAM!and!analyzed!for!the!endogenous!fluorescence!of!the!three!proteins!markers.+!
Indicated!below!are!the!frequencies!of!each!population!of!ECs.!
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Figure+4.10.+Long]term+clonal+expansion+of+endothelial+iMb]Vegfr2]Mosaic+during+vascular+development.+
A,+iMbTVegfr2TMosaic!mice!were!bred!with!Tie2TCre!animals,!inducing!the!formation!of!mosaics!around!E8.5,!
and! retinas!were!analyzed!at! P6.! Indicated!below! the!diagrams!are! the! ratios!of! recombined!mESCs! and!
retinal!ECs.!B,!Micrographs!of!a!retinal!vasculature!immunostained!for!Isolectin!B4!(left),!Tomato!and!Kate2!
(center).!Right,!Single!channel!image!of!the!tomato!signal!showing!the!two!differentiated!populations!based!
on!fluorescence!intensity.!!
+
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4.7+ Inhibition+ of+ Dll4]mediated+ Notch+ signaling+ during+ retinal+ angiogenesis+

increases+EC+number+but+decreases+expression+of+cell+cycle+markers+

As!mentioned! in! the! introduction,! several! studies! have! shown! before! that! Notch! inhibition!

increases! EC! proliferation.! Our! own! In# vitro! results! and! In# vivo! shortTterm! single! cell! clonal!

expansion!data!also!support!this!(Fig.!4.6).!However,!the!long!term!clonal!analysis!suggests!the!

opposite!(Fig.!4.9).!To!further!understand!these!discrepancies,!we!decided!to!perform!a!global!

and!detailed!analysis!of!endothelial!cell!proliferation!during!retinal!angiogenesis!in!conditions!of!

low!Notch!signaling.!

However! classical! genetic! experiments!mediated! by! the! Cre/Lox! system,! previously! used! to!

understand!the!Notch!function!during!angiogenesis!(deletions!of!Dll4,!Notch1!or!RBPJ),!do!not!

allow!for!timeTcontrolled!lossTofTfunction!studies,!since!the!turnover!of!these!proteins!may!vary!

after!the!gene!deletion!is!induced,!some!of!these!proteins!cannot!be!immunostained,!and!3!days!

of!genetic!deletion!induction!are!required!to!achieve!a!significant!gene!lossTofTfunction.!For!this!

reasons,!and!because!we!wanted!to!study!what!happens!at!12h!to!72h!after!endothelial!Notch!

signaling!is!compromised,!we!used!a!specific!and!potent!Dll4!blocking!antibody!(aTDll4)!to!block!

endothelial! Notch! signaling,! as! Notch! is! mainly! activated! by! the! ligand! Dll4! during! retinal!

angiogenesis! (Ridgway! et# al.,! 2006).! The! proliferative! status! of! ECs! was! analyzed! by!

immunofluorescent!detection!of!several!cellTcycle!markers!in!combination!with!the!endothelial!

specific!nuclear!protein!ERG!at!different!time!points!after!a!single!injection!of!aTDll4.!!

Retinas!from!animals!treated!with!aTDll4!showed!the!expected!hyperplasic!phenotype!already!

after!24h!of! aTDll4! (Fig.! 4.11!A,!B).! This!effect!was!much!more!prominent!at!48h,!expanding!

towards!mature!areas,!and!with!a!much!denser!angiogenic!front!(Fig!.4.11!C,!D).!

Hyperplasic!phenotypes!were!associated!with!an!almost! twoTfold! increase! in!endothelial! cell!

number!at!the!angiogenic!front!(Fig!4.12!ATE).!

!

!
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STphase! labelling!with!EdU! is!generally!used!as!a!marker!of! the!number!of!proliferating!cells,!

increasing!when!more!cells!are!undergoing!DNA!synthesis.!However,!we!did!not!see!an!increase!

in!the!STphase!ratio!of!ECs!at!the!angiogenic!front!after!24h!of!Notch!inhibition!(Fig.!4.12!ATB,!F).!

More!interestingly,!we!saw!that!almost!no!ECs!was!labeled!by!EdU!after!48h!of!Dll4/Notch!LOF!

(Fig.!4.12!CTD,!F).!Mature!vascular!areas!also!showed!an!increase!in!EC!number,!although!more!

modest! and! only! after! 48h! (Fig! 4.12! G).! However,! these! areas! did! show! an! increase! in! the!

frequency!of!endothelial!cells!in!STphase!(Fig.!4.12!H).!

Figure+ 4.11.+ Pharmacological+ inhibition+ of+ Dll4]induced+ Notch+ signaling+ causes+ retinal+ vascular+
hyperplasia.+ A]D,! Immunofluorescent! detection! of! the! vascular! glycoprotein! Isolectin! B4! in! the!
postnatal!retinal!vasculature!of!animals!treated!at!P5!with!control!IgG!or!antiTDll4!and!imaged!after!24h!
(A,+ B)! or! 48h! (C,+ D).! Global! retinal! vasculature! (left)! as! well! as! higher! magnification! images! from!
angiogenic!front!and!mature!areas!(right)!are!shown!
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Figure+4.12.+Context]dependent+alterations+ in+EC+number+and+proliferation+ in+ retinal+vasculature+after+
Notch+inhibition.+A]D,+Confocal!micrographs!of!the!postnatal!retinal!vasculature!from!animals!treated!at!P5!
with!Control!IgG!or!antiTDll4!for!24h!(A]B)!or!48h!(C]D).!AntiTErg!(red)!labels!EC!nuclei.!EdU!(blue!or!green)!
labels!nuclei!of!all!cells!that!underwent!DNA!synthesis!in!the!4!hours!previous!to!sacrifice.!Blue!nuclei!mark!
nonTendothelial!replicating!cells,!and!double!positive!(Erg+/EdU+)!cell!nuclei!are!pseudocolored!green!to!
better!highlight!ECs!in!STphase.!Global!retinal!vasculature!(left)!as!well!as!higher!magnification!images!from!
angiogenic!front!and!mature!areas!(right)!are!shown.!E]H,!Quantification!of!endothelial!nuclei!density!(ERG+!
nuclei!per!vascular!area)!and!STphase!ratio!(%!of!EdU+ERG+!among!all!ERG+!EC!nuclei!per!field)!in!angiogenic!
front!(E,+F)!or!mature!areas!(G,+H)!after!24h!or!48h!of!Notch!inhibition.!Error!bars!indicate!SEM;!NS,!nonT
significant;!***!p<0.0005!with!an!unpaired!tTtest.++
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Figure+4.13.+Expanded+temporal+analysis+of+retinal+vascular+phenotypes+produced+after+Notch+inhibition.+
A,+B,!Confocal!micrographs!of!the!postnatal!retinal!vasculature!from!animals!treated!at!P5!with!Control!IgG!
or! antiTDll4! for! 72h.! AntiTErg! (red)! labels! EC! nuclei.! EdU! (blue! or! green)! labels! nuclei! of! all! cells! that!
underwent!DNA!synthesis!in!the!previous!4!hours.!Blue!nuclei!mark!nonTendothelial!replicating!cells,!and!
double!positive!(Erg+/EdU+)!cell!nuclei!are!pseudocolored!green!to!better!highlight!ECs!in!STphase.!Global!
retinal!vasculature!(left)!as!well!as!higher!magnification!images!from!angiogenic!front!and!mature!areas!
(right)!are!shown.!C]F,!Quantification!of!endothelial!nuclei!density!(ERG+!nuclei!per!vascular!area)!and!ST
phase!ratio!(%!of!EdU+ERG+!among!all!ERG+!EC!nuclei!per!field)!in!angiogenic!front!(C,+D)!or!mature!areas!
(E,+F)!after!72h!of!Notch! inhibition.! !Error!bars! indicate!SEM;!NS,!nonTsignificant;!***!p<0.0005!with!an!
unpaired! tTtest.!G,! Confocal!micrographs!of! angiogenic! fronts! from! the!postnatal! retinal! vasculature!of!
animals!treated!at!P5!with!control!IgG!or!antiTDll4!for!12h!similarly!immunostained!for!ERG!and!EdU.!H,+I,!
Quantification! of! endothelial! nuclei! density! (ERG+! nuclei! per! vascular! area)! and! STphase! ratio! (%! of!
EdU+ERG+!among!all!ERG+!EC!nuclei!per!field)!in!angiogenic!the!front!after!12h!of!Notch!inhibition.!Error!
bars!indicate!SEM;!NS,!nonTsignificant;!***!p<0.0005!with!an!unpaired!tTtest.++
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The!increase!in!cell!number!after!24h!of!Dll4/Notch!inhibition!at!the!angiogenic!front!without!an!

increase!in!the!frequency!of!ECs!in!STphase!was!not!due!to!higher!proliferation!at!earlier!time!

points! after! Notch! inhibition,! as! retinas! analyzed! 12h! after! aTDll4! injection! showed! no! clear!

differences!in!the!frequency!of!ECs!in!sTphase!(Fig.!4.13!GTI).!Analysis!at!a!later!time!point!(72h)!

revealed!that!the!absence!of!STphase!labelling!at!the!angiogenic!front!was!permanent,!although!

the!angiogenic!front!started!to!reorganize,!and!had!less!ECs!(ERG+!nuclei)!per!vascular!surface!

(Fig.!4.13!ATF).!Moreover,!the!mature!area!still!presented!a!higher!number!of!EdUTlabeled!ECs,!

which!indicate!a!sustained!EC!proliferation!in!this!area.!

Figure+ 4.14.+ Alterations+ in+ endothelial+ cell+ expression+ of+ the+ cell+ cycle+ marker+ Ki67+ after+ Notch+
inhibition.+ A,! Diagram! illustrating! the! mouse! transgene! used! to! specifically! label! the! nuclei! of! the!
endothelium! with! GFP! and! Cerulean! proteins,! in! order! to! perform! GFP/cerulean! and! Ki67!
immunostaining.! (Rabbit! antiTERG!and! rabbit! antiTKi67! antibodies! cannot!be!distinguished! in!double!
immunostainings)!B]E,!Confocal!micrographs!of!retinal!vessels!from!animals!carrying!the!Tie2?Cre#and!
iChr?Cerulean/GFP#Mosaic! reporter! alleles,! treated!with! aDll4! and! immunostained! for! GFP/Cerulean!
(Green)!and!Ki67!(red)!after!24!or!48!hours.!Yellow!nuclei!correspond!to!Ki67Texpressing!ECs!and!green!
nuclei!to!ECs!that!don’t!express!Ki67.+F,+G,!Quantification!of!the!proportion!of!EC!expressing!Ki67!per!
field!in!the!angiogenic!front!(F)!or!mature!(G)!areas,!after!24!or!48!hours!of!Notch!inhibition.!Error!bars!
indicate!SEM;!NS,!nonTsignificant;!*!p<!0.05;!**!p<0.005;!***!p<0.0005.!with!an!unpaired!tTtest.++
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As!singleTinjection!EdU!labelling!experiments!cannot!really! identify!the!complete!proliferative!

population!in!a!tissue,!we!analyzed!the!expression!of!the!protein!Ki67.!This!protein!is!a!generally!

accepted!marker!for!cells!undergoing!cell!cycle!progression!(Zambon,!2010).!However,!due!to!

antibody! speciesTspecificity! incompatibilities,! we! could! not! perform! double! ERG! and! Ki67!

staining! in! the! same! samples.! For! this! reason,! we! performed! similar! Notch! inhibition!

experiments!in!mice!carrying!the!Tie2?Cre#driver#and!iChr?Cerulean/GFP?Mosaic!reporter!allele!

(Fig.!4.14!A).!In!these!mice,!most!endothelial!cells!express!either!GFP!or!cerulean!in!their!nuclei,!

allowing!for!their!identification!without!using!ERG.!

We!found!that,!at!the!angiogenic!front,!most!ECs!are!Ki67+,!probably!indicating!that!all!ECs!are!

already! actively! undergoing! cell! cycle! during! normal! angiogenesis! (Fig.! 4.14! B,! D).! Thus,! the!

increase!in!EC!numbers!after!Notch!inhibition!could!not!be!due!to!more!cells!entering!cell!cycle.!

Ki67+!ECs!were!reduced!at!the!angiogenic!front!after!Notch!inhibition!(Fig.!4.14!C,!E,!F),!similar!

to!the!results!obtained!with!EdU!labelling.!However,!Ki67!reduction!was!stronger!both!24!and!

48!hours!after!Notch!inhibition.!In!mature!areas!we!saw!the!opposite!effect!(Fig.!4.14!BTE,!G),!

similar!to!our!observations!in!EdU!labelling!experiments.!During!normal!angiogenesis!most!of!

these!ECs!do!not!cycle!and!are!considered!quiescent.!After!Notch!inhibition!a!higher!proportion!

of!EC!are!labeled!with!Ki67!indicating!that!they!have!entered!cell!cycle.!

Altogether!these!results!suggest!that!the!effect!of!Dll4/Notch!inhibition!in!vessels!varies!in!time!

and!space.!In!angiogenic!ECs,!it!initially!induces!an!increase!in!EC!proliferation,!followed!by!cellT

cycle!arrest!whereas!in!more!mature!vessels!it!reactivates!quiescent!ECs,!to!enter!the!cellTcycle,!

and!these!remain!in!cycle!for!long!periods!of!time.!

!

! !
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4.8+Notch+inhibition+causes+an+increase+in+ERK+phosphorylation+

Previous! studies! have! shown! that! Notch! could! control! endothelial! cell! proliferation! through!

modulation!of!the!MAPK!pathway!among!others!(Sundaram,!2005).!In!the!retina!we!could!detect!

strong! PTERK! signals! in! sprouting! tip! cells! (Fig.! 4.15!ATD)! and!weaker! signals! in! stalk! cells! or!

mature!vessels.!

!

Figure+4.15.+Effects+of+Notch+on+ERK+phosphorylation+during+angiogenesis.!A,!B,!Confocal!micrographs!of!
retinal!vasculatures!coTimmunostained!with!IsolectinB4!(Blue)!and!antiTpERK!(Red)!in!angiogenic!fronts!(A)!
and!mature!areas! (B)!24h!hours!after!control!IgG!or!aDll4!injection.!Single!channel!images!for!pERK!are!
shown!below.!Note! the!higher! levels!of!ERK!phosphorylation! in!sprouting!cells!and!the! increased! levels!
after!Notch! inhibition.!C,+Quantification!of! the!relative! intensity!of!pERK!signal! in!different!areas!of! the!
retina! in! control! or! aDll4Ttreated!animals.! Error!bars! indicate! SEM.!D,! OneTway!ANOVA! results! for! the!
comparison!between!vascular!areas!and!antiTDll4!treatment.!ns,!not!significant.+!
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Notch! activity! was! previously! proposed! to! be! higher! in! stalk! cells,! the! cells! with! low! or!

undetectable! PTERK! signals.! To! investigate! if! ERK! activity! was! indeed! modulated! by! Notch!

signaling!In#vivo!we!evaluated!PTERK!signals!in!vessels!treated!with!aTDll4!for!24h.!After!Notch!

inhibition,! we! found! the! pERK! levels! increased! throughout! the! angiogenic! front! and! also!

noticeably!increased!in!mature!areas!of!the!retina,!however!not!as!pronounced!(Fig.!4.15!ATD).!

These! results! suggest! that! the! increase! in!MAPK! signaling! could! be! involved! in! the! contextT

dependent!proliferative!responses!observed!after!Notch!inhibition,!a!topic!that!will!be!further!

analyzed!in!section!4.14.!

4.9+ VEGFR2+ activation+ induces+ strong+ ERK+ phosphorylation+ and+ arrests+

angiogenesis+

As!shown!before,!phosphorylation!of!ERK!is!prominent!in!cells!with!high!activation!of!VEGFR2,!

either! forced! (VEGFR2Ac.! mosaic,! Fig.! 4.5)! or! physiological! (TipTcells,! Figs.! 4.5! and! 4.15).! In!

previous! experiments! we! have! shown! that! cells! with! high! expression! of! VEFGR2! and! ERK!

signaling! are!outcompeted,!whereas! cells!with! a!weak! increase! in!VEGFR2! signaling! seem! to!

proliferate!better.!

To! address! the! shortTterm!phenotype!of! ECs!with! strong!VEGFR2!GOF,!we! crossed! the! iMbT

Vegfr2TMosaic!line!with!the!endothelial!specific!Cre!driver!line#Cdh5T(PAC)TCreERT2#and!analyzed!

retinas!at!postnatal!day!6,!three!days!after!a!single!Tamoxifen!injection.!

As!shown!before,!due!to!the!recombination!bias,! the!MbtomatoT2ATVEGFR2Ac.!cells!were!the!

most! abundant! shortly! after! tamoxifen! injection! (Fig.! 4.16! A,! B).! Only! three! days! after!

recombination!we!already!were!able!to!detect!the!two!tomato+!populations,!weak!and!strong,!

although! the!weak!population!was! still! relatively!minor! (Fig.!4.16!C).!Retinas! in!which!a!high!

percentage! of! EC! expressed! the! VEGFR2Ac.! showed! decreased! vascular! density! (Fig.! 4.16! D),!

normally!associated!with!decreased!EC!proliferation.!
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Detection!of!incorporated!EdU!during!the!4h!prior!to!analysis!showed!that!a!smaller!percentage!

of!VEGFR2Ac.Texpressing!ECs!were!synthesizing!DNA!compared!to!control!cells!(Fig.!4.17!A,!C),!

further!suggesting!a!reduction!in!the!proliferative!activity!of!cells!with!high!VEGFR2!activity!and!

high!ERK!phosphorylation.!As!expected,!the!reduction!in!proliferation!was!even!stronger!in!cells!

Figure+4.16.+Mosaic+VEGFR2Ac]mediated+increase+in+ERK+phosphorylation+is+associated+with+defective+
angiogenesis.+A,+Diagram!of!the!iMbTVEGFR2Tmosaic+B,!Confocal!micrograph!of!a!P6!retina!from!iMbT
Vegfr2TMosaic!animals!in!which!recombination!was!induced!with!tamoxifen!at!P3.!Immunostaining!for!
tomato!(Red)!and!YFP!(Green)!show!cells!expressing!VEGFR2Ac.!or!VEGFR2TKT!respectively.!Vascular!area!
is!shown!in!blue!stained!with!IsolectinB4!C,!Confocal!micrograph!of!a!P6!retina!showing!two!different!
populations!of! Tomato!expressing!ECs,! one!with!high!and! the!other!with! low! tomato! expression.!D,!
Confocal!micrograph!of!P6!retinas!from!animals!carrying!either!the!iMbTVegfr2TMosaic#only!(left)!or!in!
combination! with# Cdh5?CreERT2# (right)! showing! the! vasculature! labeled! with! IsolectinB4.! E,!
Quantification!of!vascular!density!measured!as!the!percentage!of!vascular!area!covered!by!IsolectinB4!
per!field!at!the!angiogenic!front.!Error!bars!indicate!SEM.!***!p<0.0005!with!an!unpaired!tTtest.++
+
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expressing!VEGFR2TKT,!due!to!the!cellTautonomous!suppression!of!VEGFR2!signaling!activation!

(Fig.!4.17!B,C).!

Thus,!these!results!support!the!hypothesis!that!balanced!VEGFR2!and!MAPK!signaling!is!required!

for! normal! EC! proliferation,! while! too! high! or! too! low! levels! negatively! affects! cell! cycle!

progression.!

4.10+VEGFR2+signaling+is+not+required+for+the+cell+cycle+entry+of+mature+ECs+after+

Notch+signaling+inhibition+

Notch!inhibition!had!a!distinct!proliferation!effect!on!angiogenic!and!mature!ECs.!The!mature!

vascular!areas!have! less!VEGF!and!ERK!signaling!and!are!quiescent,!but!enter!cell! cycle!after!

Notch!inhibition,!associated!with!a!more!moderate!increase!in!ERK!phosphorylation!(Figs.!4.12T

14).!Therefore,!we!wondered!if!ECs!with!low!VEGFR2!signaling!could!also!proliferate!and!enter!

cellTcycle!in!the!absence!of!Notch!signaling.!To!test!this!hypothesis,!we!injected!control!IgG!or!

aDll4!at!P5,!in!animals!carrying!the!iMbTVegfr2TMosaic!and!Cdh5T(PAC)TCreERT2!alleles!that!were!

previously!injected!with!tamoxifen!at!P3!to!induce!mosaic!recombination,!and!analyzed!retinas!

48h!later,!at!P7.!

In!animals!treated!with!control! IgG,!mYFPTVEGFR2TKT!expressing!cells!were!not!very!frequent,!

and! were! sparsely! distributed! throughout! the! vasculature.! In! contrast! retinas! from! animals!

treated!with!aDll4!showed!an!expanded!population!of!VEGFR2TKT!cells,!most!of!them!in!very!close!

proximity,!forming!clusters!(Fig.!4.17!D).!Analysis!of!Ki67!expression!in!these!cells!also!showed!

that!a!higher!percentage!of!VEGFRTKT!cells!were!undergoing!active!cell!cycle!(Fig.!4.17!E,!F).!!

These! results! show!that!both!mature!and!VEGFR2TKT!expressing!cells,! that!normally!have! low!

levels!of!ERK!phosphorylation!and!are!out!of!cycle!or!arrested,!can!enter!cell!cycle!in!the!absence!

of!Notch!signaling.!
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Figure+4.17.+Changes+ in+the+expression+of+proliferation+markers+ in+ iMb]Vegfr2]Mosaic+ retinas.+A,+B,!
Confocal! micrographs! of! P6! retinas! from! iMbTVegfr2TMosaic! animals! in! which! recombination! was!
induced!with!tamoxifen!at!P3!and!coTstained!for!ERG(Red)!and!either!Tomato!(Blue,!A)!or!YFP!(Green,!
B).!EdU!positive!cells!are!indicated!in!green!(A)!or!blue!(B).!Indicated!in!white!with!arrowheads!are!triple!
positive!ECs.!C.!Quantification!of!STphase!ratio!in!the!angiogenic!front!for!the!three!populations!3!days!
after!recombination:!non!recombined,!expressing!Tomato!or!expressing!YFP!(%!of!EdU+ERG+!among!all!
ERG+!nuclei!of!each!population!per!field).!Error!bars!indicate!SEM;!NS,!nonTsignificant;!***!p<0.001!with!
ANOVA.+ D,! Confocal! micrographs! of! P7! retinas! from! iMbTVEGFR2TMosaic! animals! in! which!
recombination!was! induced!with! tamoxifen!at! P3!and! injected!at!P5!with!either! control! IgG!(Left)!or!
aDll4!(Right).!Retinas!were!immunostained!for!ERG!(red)!and!YFP!(Green)!48h!later!at!P7.!E,+Confocal!
micrographs! of! mature! areas! from! retinas! of! the! same! animals! immunostained! for! Ki67! (Red)! and!
YFP(Green)!F,!Quantification!of!the!proportion!of!YFP+!EC!expressing!Ki67!per!field!in!the!mature!areas!
after!48!hours!of!Notch!inhibition.!Error!bars!indicate!SEM;!NS,!nonTsignificant;!***!p<0.0005!with!an!
unpaired!tTtest.++
!
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4.11+Tip+cells+with+endogenous+high+VEGF+signaling+have+reduced+proliferative+

capacity+

So!far!we!analyzed!how!ECs!with! induced!high!amounts!of!VEGFR2/ERK!signaling!behave.!To!

analyze!how!physiological!MAPK!activation!could!be!affecting!EC!proliferation!during!normal!

angiogenesis!we!focused!our!analysis!on!tip!cells,!as!we!have!seen!that!they!have!the!highest!

levels! of! pERK! and! are! thought! to! receive! the!highest! combined!mitogenic! input,! since! they!

experience!both!high!VEGFR2!activation!and!low!Notch!signaling!(Fig.!4.15).!

However,!we!could!not!detect!tip!cells!experiencing!high!VEGF!and!low!Notch!signaling,!just!by!

looking!at!their!location,!since!tip!cell!specification!is!a!very!dynamic!process!and!tip!cell!position!

alone! could! not! be! reflecting! the! true! VEGFR2! and! Notch! activation! status! of! ECs! at! the!

angiogenic!front.!

To!label!with!high!resolution!only!those!ECs!that!received!a!high!VEGF!signaling!input!(or!have!

low!Notch!signaling)!at!the!angiogenic!front,!and!fateTmap!their!progeny,!we!generated!Esm1T

CerulenTCreERT2#mice! that! express!HATlabelled!nuclear! cerulean! and! a!CreERT2!only! in! cells!

highly!expressing!the!Esm1!gene!(Fig.!4.18!A).!

Unlike!most!genes!expressed!by!angiogenic!vessels,!Esm1#is!strongly!and!exclusively!expressed!

in!endothelial!tip!cells!(Rocha!et#al.,!2014),!probably!reflecting!a!high!threshold!for!transcriptional!

activation!by!VEGFR2!signaling.!!

Analysis!of!postnatal!retinal!vasculatures!from!these!mice!revealed!that,!at!any!given!moment,!

only!a!subset!of!tip!cells!showed!detectable!HATH2BTCerulean!expression!(Fig.!4.18!B).!Consistent!

with!our!previous!results,!a!small!percentage!(31!%)!of!HATH2BTCerulean+!cells!were!also!coT

labeled! with! Ki67,! indicating! limited! cycling! of! these! tip! cells,! particularly! compared! with!

surrounding!non!tip!cells!(96%),!(Fig.!4.18!B,!compare!to!Fig.!4.14).!
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As!Esm1!expression!is!correlated!with!VEGFR2!activation,!like!ERK!phosphorylation,!we!tested!if!

its! expression! was! also! expanded! after! Notch! inhibition.! Injection! of! aDll4! in! these! animals!

induced!a!marked!increase!in!the!number!of!Esm1Texpressing!stalk!cells!(Fig.!4.18!C,!D)!similar!

to!our!findings!with!pERK.!!

Figure+4.18.+Analysis+of+cell+cycle+dynamics+in+tip+cells.++A+Left,+Diagram!of!the!DNA!construct!inserted!in!the!
Esm1!locus,!in!which!the!nuclear!expression!of!cerulean!is!associated!with!CreERT2!expression.!Right,+Diagram!
of! the! R26TLSLTTdTomato! in! which! expression! of! the! fluorescent! protein! tomato! is! induced! after! Cre!
recombination.!B,!Confocal!micrographs!of!a!Esm1THATH2BTCeruleanT2ATiCreERT2!mouse!retinal!vasculature!
at!P6,!immunostained!for!IsolectinB4!(Blue),!HA!(Green)!and!Ki67!(Red).!Indicated!on!top!is!the!fraction!of!HA!
positive!cells!that!express!Ki67.!C,+Micrographs!of!retinal!vasculatures!from!these!mice!48h!after!Control!(Left)!
or! aDll4! (Right)! treatment,+ immunostained! for! IsolectinB4! (Blue),! ERG! (Red)! and! Cerulean! (Green).! D,!
Quantification!of! the! frequency!of!Cerulean+!ECs! after! Notch! inhibition.! Error!bars! indicate! SEM;!NS,! nonT
significant;! **!p<0.005!with! an!unpaired! tTtest.!E,+Clonal! analysis! of! the!progeny!of! Esm1!expressing! cells.!
Animals!harboring!both!Esm1THATH2BTCeruleanT2ATiCreERT2!and!LSLTTomato!transgenes!were!injected!with!
tamoxifen!at!P3!and!either!control!IgG!or!aDll4!at!P5!and!retinas!were!analyzed!at!P7.!Left,+Representative!
image!of!a!control!retina!immunostained!for!IsolectinB4!and!Tomato!showing!an!isolated!2Tcell!tomato!clone!
(arrowhead).!Center.+Micrographs!of!P7!retinas! from!control!and!aDll4! treated!animals! immunostained! for!
Isolectin! B4,! Tomato! and! cerulean.!Right,+Histogram! showing! the! frequency! distribution! of! clone! size! for!
tomato!clones!in!retinas!from!control!or!aDll4!treated!animals.!Vertical!lines!indicate!median!values.++
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To! further! characterize! single! tipTcell! proliferation! dynamics! during! normal! angiogenesis! we!

performed! clonal! analysis! of! the! tip! cells! expressing! high! Esm1.!We! crossed! Esm1TCerulenT

CreERT2#with!Rosa26TLSLTTdTomato# (Madisen!et#al.,!2010)! reporter!mice! (Fig.!4.18!A,!E)!and!

induced!recombination!with!tamoxifen!at!P3.!To!additionally!characterize!the!effect!of!Notch!

signaling!on!their!proliferation!dynamics!we!also!blocked!Notch!activity!by!injecting!aDll4!two!

days!after!recombination!at!P5!and!analyzed!clone!size!48h!later,!at!P7.!

We!found!very!few!recombined!clones!per!retina!arising!from!a!few!Esm1+!tip!cells!(Fig.!4.18!E!

Left),!enabling!us!to!score!and!assign!single,!tipTcellTderived!clonal!identity.!Individual!Esm1+!tip!

cells!produced!on!average!fewer!progeny!than!nonTtip!cells!as!quantified!before!(Fig.!4.6).! In!

most!cases,!Esm1+!tip!cells!generated!2Tcell!clones!after!4!days!(Fig.!4.18!E,!blue),!whereas!nonT

tip! cells! tended! to! generate! 4Tcell! clones! after! only! 3! days! (Fig.! 4.6).! Interestingly,! when!

Dll4/Notch!signaling!was!blocked,!Esm1+!tip!cells!proliferated!even!less!and!most!clones!were!

formed!by!only!one,!instead!of!two!cells!(Fig.!4.18!E,!Red).!This!shows!that,!similarly!to!mosaic!

cell!expressing!VEGFR2Ac.,!tip!cells!proliferate!less!and!the!progeny!of!these!cells!form!smaller!

clones!that!those!formed!by!angiogenic!nonTtip!cells.!!

4.12+ The+ cell+ cycle+ inhibitor+ p21+ is+ expressed+ in+ cells+ with+ high+ ERK+

phosphorylation+

Our!results!showed!that!high!and!sustained!ERK!phosphorylation!were!correlated!with!reduced!

proliferation!and!cell!cycle!exit.!Strong!ERK!activation!causes!cell!cycle!arrest!and!upregulation!

of!the!cell!cycle!inhibitor!p21!in!established!cell!lines!In#vitro#(Pumiglia!and!Decker,!1997;!Sewing!

et# al.,! 1997).! However,! previous! studies! with! EC! lines! suggested! that! p21! might! positively!

regulate! EC! proliferation! (Dou! et# al.,! 2008;! Noseda! et# al.,# 2004).! Therefore,! we! decided! to!

evaluate!the!expression!of!p21!in!cells!with!distinct!levels!of!pERK,!VEGFR2!and!Notch!signaling.!!

To! evaluate! if! p21! is! associated! with! high! ERK! phosphorylation! in! tip! cells,! during! normal!

angiogenesis,!and!if!its!expression!was!changed!after!Notch!inhibition,!P6!retinas!from!animals!

treated!with!Control!IgG!or!aDll4!for!24h!(from!P5!to!P6),!were!coTimmunostained!for!ERG!and!

p21!(Fig.!4.19!A,!B).!
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We!found!that!very!high!p21!protein!levels!were!normally!restricted!to!tip!cells!(Fig.!4.19!A,!C)!

during!normal!angiogenesis,!the!cells!with!highest!pERK!levels.!Moreover,!only!24h!after!Notch!

inhibition,!which!as!we!have!shown!before!induces!an!increase!in!pERK!levels,!p21!protein!levels!

increased!significantly!in!ECs!throughout!the!angiogenic!front!(Fig.!4.19!B,!C).!As!shown!in!Figure!

4.14,!24h!after!Notch!inhibition,!most!ECs!were!still!expressing!Ki67!and!a!large!fraction!was!in!

STphase!(EdU+).!This!could!indicate!that!the!p21!upregulation!precedes!and!might!be!one!of!the!

inducers!of!the!cell!cycle!exit!process!seen!48h!after!Notch!inhibition.!To!analyze!if!p21!was!also!

expressed! in! VEGFR2Ac.! cells! we! analyzed! P6! retinas! from! animals! carrying! the! iMbTVegfr2T

Mosaic! and! Cdh5T(PAC)TCreERT2! alleles! that! received! a! single! tamoxifen! injection! at! P3.! CoT

immunostaining!for!ERG,!Tomato!and!p21!showed!that!most!cells!with!activated!VEGFR2!and!

high!ERK!phosphorylation!also!strongly!upregulated!p21!(Fig.!4.19!D).!

Figure+4.19.+Alterations+of+p21+expression+in+ECs+are+associated+to+changes+in+ERK+phosphorylation.+A,+B,+
Micrographs!of!P6!retinal!vasculatures!from!Control!or!aDll4!treated!mice!immunostained!for!ERG!and!p21.!
Single!channel!image!for!the!p21!signal!is!shown!in!the!right.!C,!Quantification!of!the!frequency!of!p21T
expressing!ECs!in!two!different!retinal!populations:!tip!and!nonTtip!cells,!at!the!angiogenic!front.!Error!bars!
indicate!SEM;!**p<0.001;!***!p<0.001!with!ANOVA.!The!comparisons!not!shown!are!all!nonTsignificant.!D,!
Confocal!micrograph!of! P6! retinas! from!animals! carrying!either! the! iMbTVegfr2TMosaic#only! (top)!or! in!
combination! with# Cdh5?CreERT2# (bottom)! injected! with! tamoxifen! at! P3! and! immunostained! for!
Isolectin(Blue)!p21!(Green,!single!channel!in!the!center)!and!ERG!(Red,!left)!or!tomato!(Red,!right).+!
+
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Our!results!thus!show!that!EC!p21!expression!In#vivo#is!correlated!with!elevated!pERK!levels,!that!

can!be!either! induced!by!high!VEGFR2!signaling!or!Notch! inhibition,!suggesting!that!p21!may!

mediate!the!cell!cycle!exit!process!observed!in!these!cells.!

4.13+Vessels+of+p21+knockout+mice+proliferate+more+after+Notch+inhibition+

To!evaluate!if!p21!might!have!a!causal!relationship!with!the!observed!cell!cycle!exit!observed!

after!Notch!inhibition!we!analyzed!postnatal!retinal!angiogenesis!in!p21!Knock!Out!mice.!These!

animals!develop!normally!but!are!more!sensitive!to!tumor!formation!(Brugarolas!et#al.,#1995).!

We! injected! p21! KO! animals!with! control! IgG! or! aDll4! at! P5! and! analyzed! retinas! 48h! after!

injection.!Analysis!of!EC!number!and!DNA!synthesis!was!performed!as!before.!

Figure+4.20.+Effects+of+Notch+inhibition+in+mice+lacking+p21.!A,+B,!Confocal!micrographs!of!P7!retinal!
vasculature!fronts!from!WT!or!p21!homozygous!knockout!animals!treated!with!Control!IgG!(A)!or!aDll4!
(B)!at!P5,!48!hours!before!dissection.!ERG!in!red,!EdU!in!blue!and!Double!positive!cell! in!Green.!C,+D,!
Quantification! of! endothelial! nuclei! density! (ERG+! nuclei! per! vascular! area)! and! STphase! ratio! (%! of!
EdU+ERG+! among! all! ERG+! EC! nuclei! per! field)! in! the! angiogenic! front! of! these! animals.! Error! bars!
indicate!SEM;!NS,!nonTsignificant;!**p<0.01!****!p<0.0001!with!ANOVA.+#
+
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Interestingly,!the!absence!of!p21!did!not!significantly!affect!retinal!angiogenesis!or!the!STphase!

ratios! in!ECs!at!the!angiogenic!front!with!physiological!Notch!signaling!(Fig.!4.20)!presumably!

because!p21!expression!is!low!and!undetectable!in!most!of!these!cells!as!we!have!shown!before.!

However,!after!inhibition!of!Notch!signaling,!p21!expression!increases!significantly,!and!in!this!

context!we!observed!that!p21!loss!leads!to!a!greater!increase!in!EC!number!compared!to!animals!

with!normal! p21!expression! (Fig.! 4.20!BTC).! This!was! also! associated!with! an! increase! in! the!

frequency!of!ECs!in!STphase!after!Notch!inhibition!(Fig.!4.20!D).!These!results!indicate!that!p21!

is!partially!responsible!for!the!reduction!in!EC!proliferation!and!cell!cycle!arrest!of!ECs!after!Notch!

inhibition.!

4.14+ Inhibition+of+ERK+phosphorylation+results+ in+context]dependent+effects+ in+

ECs+

Our!previous!experiments!suggest!that!ERK!could!be!a!fundamental!regulator!of!endothelial!cell!

cycle! during! angiogenesis! and! a! central! driver! of! endothelial! cell! expansion! after! Notch!

inhibition.!!

In!order!to!evaluate!this!hypothesis,!we!performed!similar!Notch!inhibition!experiments!during!

retinal!angiogenesis!in!combination!with!inhibition!of!MEK,!the!main!kinase!that!mediates!ERK!

phosphorylation!(Ussar!and!Voss,!2004).!To!this!end!we!injected!either!the!MEK!inhibitor!SL327!

or!control!vehicle!in!combination!with!control!IgG!or!aDll4!at!P5!and!analyzed!retinas!24h!later!

at! P6.! The!MEK! inhibitor!was! injected! twice,! at! 24h! (P5)! and! 8h! time!points! to! guarantee! a!

pronounced!MEK!activity!inhibition.!Immunostaining!of!these!retinas!for!pERK!revealed!that!the!

treatment!resulted!in!a!complete!loss!of!detectable!ERK!phosphorylation!(Fig.!4.21!A,!B).!Retinas!

from! animals! treated! with! SL327! showed! a! slight! increase! in! vascular! surface! density!

(IsolectinB4),!although!we!could!not!detect!a!parallel!increase!in!EC!number!(Fig.!4.22!A,!B,!D,!E).!
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However,!the!EC!population!at!the!AF!of!the!animals!treated!for!24h!with!the!MEK!inhibitor,!

showed!a!considerable!reduction!in!the!frequency!of!stalk!ECs!in!STphase!(EdU+).!Regarding!the!

expression!of!p21,!we!only!detected!a!slight!reduction!in!p21!immunostaining!frequencies!at!the!

angiogenic!front!of!these!retinas!(Fig.!4.22!C,!G).!This!data!suggests!that!p21!expression!does!not!

seem! to! be! fully! controlled! by! the! MAPK! pathway! in! tip! cells,! or! alternatively,! once! p21!

expression!is!induced!in!tip!cells,!it!lasts!for!more!than!24h,!and!its!levels!cannot!be!significantly!

reversed!by!the!acute!loss!of!ERK!signaling.!This!data!also!suggests!that!inhibition!of!ERK!activity!

for!24!hours!only!seem!to!decrease!the!frequency!of!EC!proliferation!at!the!24h!time!point,!but!

before!ECs!seem!to!proceed!and!complete!their!cycle!normally,!since!the!inhibitor!treatment!

does!not!significantly!change!the!number!of!ECs!generated!until!the!24h!time!point.!

Figure+ 4.21.+ Effects+ of+ treatment+ with+ the+ MEK+ inhibitor+ SL327+ in+ retinal+ endothelial+ ERK+
phosphorylation.+A,+B+Micrographs!of!P6!retinas!from!animals!treated!with!control,!SL327,!aDll4!or!SL327!
and!aDll4!at! P5,!24h!before!analysis.! Retinas!were! immunostained!for! IsolectinB4!and!pERK.!The!single!
channel!images!for!the!pERK!signal!is!show!at!below.!C,!Quantification!of!relative!pERK!intensity!per!field!
in!randomly!selected!fields!over!all! the!retinal!vasculature.!Error!bars!indicate!SEM;!NS,!nonTsignificant;!
*p<0.05!****!p<0.0001!with!KruskalTWallis!test.+!
!
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Retinas! from!animals! treated!with!aDll4!and! the!MEK! inhibitor!also! showed!a! slightly!higher!

vascular!surface!density,!but!no!significant!changes!in!endothelial!cell!number!when!compared!

with!animals!treated!with!aDll4!alone!(Fig.!4.22!A,!D,!B,!E).!However,!these!SL327+aDll4!treated!

vessels!showed!a!considerably!reduction!in!the!frequency!of!ECs!in!STphase!(EdU+)!and!a!strong!

decrease!in!the!frequency!of!p21+!stalk!cells!24h!after!the!start!of!the!inhibition!(Fig.!4.22).!These!

results!suggest!that!after!Notch!LOF,!the!increase!in!ERK!activation!is!required!for!the!observed!

p21!upregulation!and!likely!the!associated!cell!cycle!arrest!process!observed!after!Notch!LOF.!

However,! if! ERK! phosphorylation! is! inhibited! completely,! both! EC! STphase! entry! and! p21!

expression!are!strongly!reduced!at!24h.!This!data!also!suggest!that!ERK!activity!is!not!required!

initially!in!AF!ECs!in!order!for!these!to!accelerate!their!proliferation!shortly!after!Notch!inhibition,!

suggesting!that!other!molecular!mechanisms!may!be!involved!in!this!process.!!

Importantly,!and! in!contrast!to!the!results!obtained!in!angiogenic!vessels,!we!found!that!ERK!

activity!is!absolutely!required!for!the!cell!cycle!entry!of!more!mature!and!previously!quiescent!

ECs,!that!upon!loss!of!Notch!signaling!become!reactivated!and!EdU+!(Fig.!4.23).!When!these!ECs!

are!treated!with!the!SL327!inhibitor,!they!cannot!enter!cell!cycle.!This!data!suggests!that!there!

is!a!contextTdependent!effect!of!ERK!signaling!on!EC!proliferation,!that!is!more!pronounced!in!

vessels!with!low!Notch!signaling!and!increased!ERK!activity.!

!

!

Figure+4.22.+Vascular+alterations+after+MEK+inhibition+alone+or+in+combination+with+Notch+inhibition+during+
retinal+angiogenesis.+A,+Micrographs!of!P6!retinas!from!animals!treated!with!control,!aDll4,!SL327!or!SL327!
and!aDll4!at!P5,!24h!before!analysis.!Retinas!were!immunostained!for!IsolectinB4.!B,+Confocal!micrographs!
of!the!P6!retinal!vasculatures!from!animals!treated!24h!before,!at!P5,!with!control,!aDll4,!SL327!or!SL327!
and!aDll4!immunostained!for!ERG!in!red,!EdU!in!blue!and!pseudocolored!double!positive!cell! in!green.!C+
Confocal!micrographs!of!the!P6!retinal!vasculatures!from!animals!treated!24h!before,!at!P5,!with!control,!
aDll4,!SL327!or!SL327!and!aDll4!immunostained!for!ERG!in!red!and!p21!in!Green.!Single!channel!image!for!
p21!is!shown!below!D]G,!Quantification!of!vascular!density,!D+(%!of!IsolectinB4!covered!vascular!area!per!
field),!endothelial!nuclei!density,!E+(ERG+!nuclei!per!vascular!area),!STphase!ratio,!F!(%!of!EdU+ERG+!among!
all!ERG+!EC!nuclei!per!field)!and!the!frequency!of!p21Texpressing!ECs!(G)!at!the!angiogenic!front!in!these!
retinas.!Error!bars!indicate!SEM;!NS,!nonTsignificant;!*p<0.05;!**!p<0.01;!***!p<0.001;!****!p<0.0001!with!
ANOVA.+!
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Figure+4.23.+Effects+of+MEK+inhibition+in+the+proliferative+status+of+quiescent+ECs.+A,+Confocal!micrographs!
of!mature!areas!from!P6!retinal!vasculatures!of!animals!treated!24h!before,!at!P5,!with!control,!aDll4,!SL327!
or!SL327!and!aDll4!immunostained!for!ERG!in!red,!EdU!in!blue!and!pseudocolored!double!positive!cell! in!
green.!B,+C,!Quantification!of!endothelial!nuclei!density,!B+(ERG+!nuclei!per!vascular!area)!and!STphase!ratio,!
C!(%!of!EdU+ERG+!among!all!ERG+!EC!nuclei!per!field)!in!the!mature!areas!from!these!retinas.!Error!bars!
indicate!SEM;!NS,!nonTsignificant;!*p<0.05;!**!p<0.01;!***!p<0.001;!with!ANOVA.+!
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4.15+Comparative+transcriptomic+analysis+of+angiogenic+EC+after+Notch+inhibition+

Notch/RBPJ! complexes! directly! regulate! the! transcription! of! a!multitude! of! genes,! including!

several! Hey/Hes! basic! helixTloopThelix! (bHLH)! transcription! factors,! which! in! turn! repress!

transcription!of!numerous!genes,!resulting!in!an!altered!cell!status!!

To! identify! genes! specifically! regulated!by!Notch! in! proliferating! ECs! In# vivo,! and!most! likely!

responsible!for!its!effect!on!EC!proliferation,!we!dissected!and!FACS!sorted!proliferating!ECs!from!

the!retinal!angiogenic!front!(Fig!4.24!A)!of!animals!receiving!control!IgG!or!AntiTDll4!antibodies!

for!24!hours,!and!performed!preTamplification!and!RNAseq!from!a!few!hundreds!of!ECs!collected!

per! animal.! This! allowed! us! to! identify! genes! strongly! regulated! by! Notch,! specifically! in!

angiogenic!vessels.+!
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Due!to!the!low!input!and!variability!among!triplicates,!we!found!relatively!few!deregulated!genes!

that!passed!the!established!significance!threshold!with!adjusted!pTvalues!(Fig.!4.24!B).!However!

canonical! Notch! target! genes! showed! the! expected! pattern! of! downregulation! (Fig.! 4.24! C).!

Moreover,! several! tipTcell! enriched! genes! also! appeared! upregulated! in! line! with! previous!

results.! However,! several! genes! previously! implicated! in! NotchTregulated! EC! proliferation!

(Benedito!and!Hellstrom,!2013;!Dou!et#al.,!2008;!Nicoli!et#al.,!2012;!Noseda!et#al.,!2004;!Potente!

et#al.,!2011;!Serra!et#al.,!2015)!were!only!slightly!altered!(Fig.!4.24!C).!

One!of!the!most!significantly!upregulated!genes!was!Odc1,!which!is!highly!expressed!in!normal!

angiogenic! ECs,! and! is! upregulated! 7Tfold! after! Notch! inhibition.! Odc1! expression! has! been!

shown!to!be!controlled!by!Myc!genes!(BelloTFernandez,!Packham,!and!Cleveland,!1993).!Recent!

publications! have! shown! that! the! Myc! gene! can! also! regulate! EC! proliferation! during!

angiogenesis!(Wilhelm!et#al.,!2016)!and!we!found!additional!upregulated!genes!that!have!been!

previously!included!in!a!MycTcontrolled!transcriptional!signature!(Zeller!et#al.,!2003)!that!would!

further!implicate!that!Notch!could!be!controlling!EC!proliferation!during!angiogenesis!through!

Myc!and!Odc1!regulation,!even!though!Myc!mRNA!levels!were!not!significantly!deregulated.!

For! this! reason,! we! further! analyzed! the! role! of! these! two! genes! in! angiogenesis! and! their!

functional!interaction!with!Notch.!Particularly!Odc1,!as!its!function!during!angiogenesis!has!not!

been!studied!in!detail.!

! !

Figure+ 4.24.+ In# vivo# transcriptomic+ analysis+ of+ endothelial+ cells+ after+ Notch+ inhibition+ during+
angiogenesis.+A,+Representative!confocal!micrograph!of! the!P6! retinal! vasculature! (IsolectinB4+,!blue),!
showing!the!location!of!EdU+!endothelial!cells!(pink!nuclei)!at!the!angiogenic!front!and!in!the!mature!area.!
White! boxes! indicate! the! two! areas! that! were! microdissected! before! FACS! of! EC! populations! for!
downstream!RNAseq!analysis.!B,+C,+Heatmaps!of!three!independent!experiments!showing!the!individual!
and!average!geneTexpression!foldTchange!in!control!vs!antiTDll4!treated!ECs!from!the!angiogenic!front!B,!
List!of!all!upregulated!(Left)!or!downregulated!(Right)!genes!that!passed!the!BenjaminiTHochberg!FDR!with!
p<0.05.!!C!List!of!Canonical!Notch!target!genes,!tip!cell!enriched!genes,!several!genes!previously!associated!
with!the!Notch!function!in!EC!proliferation,!and!previously!reported!MycTcontrolled!genes.++
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4.16+Odc1+expression+is+repressed+by+Notch+and+partially+promoted+by+Myc+in+ECs+

during+angiogenesis+

Odc1!is!the!rateTlimiting!enzyme!in!polyamine!biosynthesis,!and!is!one!of!the!most!rapidly!turned!

over!proteins!in!cells,!being!critically!controlled!during!phases!of!cellular!expansion!(Auvinen#et#

al.,!1992).!Its!expression!and!activity!is!tightly!regulated!during!the!cellTcycle,!peaking!at!the!G1/S!

and! G2/M! transitions,! and! markedly! decreasing! in! quiescent! cells.! Polyamines! are! small!

positively! charged! amines! required! for! proper! DNA! replication,! and! are! thus! particularly!

important!for!G1/S!phase!transition!and!STphase!(Alm!and!Oredsson,!2009).!

To!validate!that!Odc1!expression!is!indeed!increased!after!Notch!inhibition!we!used!the!Odc1?

LacZ# mouse! line.! These! mice! have! a! LacZ! gene! encoding! "Tgalactosidase! (bTGal)! inserted!

between!exons!6!and!7!of!the!Odc1!gene,!that!is!splicedTin!after!Exon!6.!Thus!bTGal!expression!

in!these!animals!recapitulates!the!endogenous!expression!and!regulation!of!the!Odc1!gene.!

We! treated! these! animals!with! control! IgG!or! aDll4! at! P5! and!48h! later,! at! P7,! retinas!were!

immunostained!for!IsolectinB4!and!bTGal.!

We!saw!that!the!pattern!of!expression!of!Odc1!was!very!similar!to!that!of!pERK.!During!normal!

angiogenesis!in!control!animals!bTGal!was!strongly!express!in!tipTcells!but!not!in!other!vascular!

areas!of!the!retina.!After!Notch!inhibition!the!expression!pattern!expanded!to!occupy!most!of!

the!vasculature!at!the!angiogenic!front,!further!indicating!that!Notch!repress!Odc1!expression,!

particularly!in!stalk!cells!In#vivo!(Fig.!4.25!A).!

Analysis!of!the!Odc1!promoter!region!showed!that!the!Odc1#CpG!island!contains!two!binding!

sites!for!the!canonical!endothelial!Notch!targets!and!downstream!effectors!Hey1!and!Hey2#(Fig.!

4.25! B).! These! sites! were! conserved! both! in! mouse! and! humans.! Hey1! and! Hey2! are! two!

transcription!factors! (TFs)! that!execute!a!great!part!of! the!Notch!downstream!transcriptional!

program! and! activity! since! Hey1/Hey2! double! KO! embryos! have! vascular! defects! similar! to!

endothelialTspecific!Notch!mutants!(Krebs!et#al.,!2000;!Duarte!et#al.,!2004).!
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To!evaluate!if!the!Odc1!gene!could!be!repressed!by!these!TFs,!we!performed!a!luciferase!assay!

using!the!mouse!Odc1!minimal!promoter!containing!these!regions.!This!minimal!promoter!was!

cloned!upstream!of!the!of!the!firefly!luciferase!gene,!and!after!luciferase!assays!were!performed!

in!human!HEK293!cells,!with!or!without!overexpression!of!the!Hey1!and!Hey2!genes.!

We!found!that!forced!expression!of!Hey!transcription!factors!in!HEK293!cells!decreases!luciferase!

activity! from!Odc1!minimal! promoter! (Fig.! 4.25! B),! indicating! that,! consistent! with! previous!

reports!(Heisig!et#al.,!2012),!Notch!could!be!repressing!Odc1!activity!through!the!upregulation!

of!Hey1!and!Hey2.!

Figure+4.25.+Regulation+of+Odc1+expression+by+Notch+and+Myc+during+angiogenesis.+A,+Immunostaining!of!
IsolectinB4!and!bTGal,! encoded!by! the! lacZ! gene! knockedTin!downstream!of! the!Odc1!promoter! in! the!
Odc1tm1a(EUCOMM)Hmgu#transgene,!in!P7!retinas!from!animals!treated!with!Control!IgG!or!aDLl4!at!P5,!48!h!
before!dissection.+B,!Mouse!and!human!Odc1!promoters!have! two!conserved!binding!sites! for! the!Hey!
transcriptional!repressors!in!the!CpG!island.!Quantification!of!Relative!Luciferase!activity!from!HEK293!cells!
transfected!with!control!or!Hey1!and!Hey2!expressing!plasmids.+Errors!bars!indicate!SEM.!*p=0.0288!with!
a!one!tailed!tTtest.!C,! Immunostaining!of!IsolectinB4!and!bTGal! in!P7!retinas!from!MycFloxed/floxed!animals!
injected!with!tamoxifen!once!a!day!from!P1!to!P3!and!treated!with!Control!IgG!or!aDLl4!at!P5,!48!h!before!
dissection.+D,!qRTTPCR!analysis!of!isolated!retinal!ECs!overexpressing!NICD.!Errors!bars!indicate!SEM.++
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Myc!has!been!described!as!one!of!the!most!important!activators!of!Odc1!expression!in!different!

tumor!models!(Nilsson!et#al.!2005;!Annibali!et#al.#2014).!As!we!saw!that!Notch!inhibition!induces!

the!overexpression!of! several! other!MycTrelated! genes,!we! analyzed! if!Odc1!expression! also!

depends!on!Myc!activity!in!ECs!during!angiogenesis.!

We!bred!Myc!floxed!animals!(de!Alboran!et#al.,!2001)!carrying!the!Cdh5T(PAC)TCreERT2!allele!

with!Odc1?LacZ#mice!and!induced!recombination!from!P1!to!P3!to!delete!the!Myc!gene.#At!P5!

these! animals! were! injected! with! Control! IgG! or! aDll4! and! retinas! were! analyzed! for! bTGal!

expression!at!P7,!48h!after!Notch!inhibition.#

We!found!reduced!levels!of!bTGal!expression!in!MyciECTKO!retinal!vasculatures!(Fig.!4.25!C!left),!

suggesting!that!Myc!also!regulates!Odc1!during!angiogenesis.!However,!Odc1TlacZ!expression!

was!not!completely!abrogated,!indicating!that!basal!Odc1!expression!can!occur!in!the!absence!

of!Myc.!

Notch!inhibition!did!not!increase!bTGal!expression!as!strongly!in!MyciECTKO!animals!as!in!wildtype!

animals!(Fig.!4.25!C!right),!suggesting!that,!although!Odc1!expression!could!be!directly!regulated!

by!Hey!proteins,!Myc!is!still!required!to!reach!high!Odc1!expression!levels!after!Notch!LOF.!

To! evaluate! In# vivo! the! repression! of! Odc1! by! Notch! in! ECs! we! analyzed! by! qRTTPCR! the!

expression!of!the!Odc1!gene!in!retinal!ECs!with!increased!Notch!activity.!We!found!that!these!

cells,!which!show!increased!expression!of!Hey1!and!Hey2,!also!downregulate!Odc1!(Fig.!4.25!D),!

further!indicating!that!Notch!activity!repress!Odc1!expression.!

4.17+ Odc1+ down+ regulation+ phenocopies+ Notch+ overactivation+ in+ ECs+ during+

angiogenesis+

To!evaluate!the!role!of!Odc1!during!angiogenesis!we!first!generated!a!new!mouse!line,!Oaz1GOF,!

with!which!is!possible!to!induce!the!simultaneous!expression!of!H2BTCerulean!and!the!gene!Oaz1!

(Fig.!4.26!A).!Oaz1!is!a!very!specific!negative!regulator!of!Odc1!function,!inducing!its!degradation!

(Kahana,! 2009).! Thus! in! these! mice,! by! overexpressing! Oaz1,! we! can! evaluate! how! Odc1!

degradation!in!ECs!affects!angiogenesis.!
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We!bred!these!mice!with!the!Cdh5T(PAC)TCreERT2!line,!induced!recombination!from!P1!to!P3!

and!evaluated!retinal!vascular!phenotypes!and!STphase!ratios!as!before!at!P6.!

We!saw!that!retinas!with!a!high!number!of!recombined!cells,!expressing!H2BTCerulean,!have!a!

considerably!altered!vascular!network,!with!a!reduced!number!of!ERG+!endothelial!cells!and!ST

phase!ratios,!presumably!indicating!a!defect!in!proliferation!(Fig.!4.26!B,!E,!F).!!

!

Figure+4.26.+Vascular+defects+in+retinas+with+Odc1+inhibition+or+Notch+overactivation.+A,+Diagram!of!the!DNA!
construct! generated! to! decrease! Odc1! activity! by! overexpressing! the! Odc1! inhibitor! Oaz1! after! Cre!
recombination.! Recombined! cells! also! express! H2BTCerulean.! For! endothelial! specific! recombination! these!
animals!were!bred!with!Cdh5TCreERT2!line!(Oaz1iECTGOF).+B,+Confocal!micrographs!of!retinal!vasculature!from!
P6!control!or!Oaz1iECTGOF!animals!injected!with!tamoxifen!once!a!day!from!P1TP3.!Retinas!were!immunostained!
for!IsolectinB4,!ERG!and!Cerulean.+C,+Diagram!of!the!DNA!construct!generated!to!increase!Notch!activity!by!
overexpressing!a!NICDTPEST!after!Cre!recombination.!Recombined!cells!also!express!H2BTGFP.!For!endothelial!
specific! recombination! these! animals! were! bred! with! Cdh5TCreERT2! line! (NICDTPESTiECTGOF).! D+ Confocal!
micrographs!of!retinal!vasculature!from!P6!control!or!NICDTPESTiECTGOF!animals!injected!with!tamoxifen!once!a!
day! from! P1TP3.! Retinas! were! immunostained! for! IsolectinB4,! ERG! and! GFP.! E,! Higher! magnification! of!
angiogenic!fronts!from!control,!Oaz1iECTGOF!and!NICDTPESTiECTGOF!retinas!immunostained!for!IsolectinB4,!ERG,!
GFP!and!EdU.+F,+Quantification!of!endothelial!nuclei!density!(ERG+!nuclei!per!vascular!area)!and!STphase!ratio!
(%!of!EdU+ERG+!among!all!ERG+!EC!nuclei!per!field)!in!the!angiogenic!front!of!these!animals.!Error!bars!indicate!
SEM;!***!p<0.0005!with!a!tTtest.++
+
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Because!we!have!seen!that!Odc1!expression! is!negatively!correlated!with!Notch!signaling!we!

evaluated!if!overactivation!of!Notch!signaling!could!also!lead!to!a!similar!phenotype,!as!it!would!

reduce! Odc1! expression.! Although! there! are! available! mouse! lines! to! overactivate! Notch!

signaling! in! a! specific! and! inducible! manner,! they! are! based! in! a! very! high! expression! of! a!

constitutively!active!NICD!without!its!native!PEST!domain!(Murtaugh!et#al.,!2003),!which!leads!

to!a!very!strong!and!nonTphysiological!upregulation!of!Notch!signaling!

To!evaluate!the!role!of!a!more!physiological!Notch!activation!we!generated!a!new!mouse!line,!

NICDTPESTGOF,#in!which!the!NICD!includes!the!native!PEST!degradation!domain!that!allows!for!a!

more! moderate! overactivation! of! Notch! signaling.! Furthermore,! in! this! line! NICDTPEST!

overexpression! is!also!directly!associated!with!expression!at!equimolar! levels! (due! to! the!2A!

peptide)!of!the!fluorescent!reporters!H2BTGFP!and!MbTtomato!(Fig.!4.26!C).+!

We!bred!these!mice!with!the!Cdh5T(PAC)TCreERT2!line,!induced!recombination!from!P1!to!P3!

and!evaluated!retinal!vascular!phenotypes!and!STphase!ratios!as!before!at!P6.!

Retinas!from!these!mice!showed!very!similar!phenotypes!to!those!resulting!from!the!inhibition!

of!Odc1,!with!reduced!ERG+!endothelial!cell!number!and!STphase!ratio,!(Fig.!4.26!DTF),!further!

suggesting!a!functional!relationship!between!Notch!signaling!and!Odc1!and!a!requirement!of!

moderate!Notch!signaling!activation!and!Odc1!activity! in!ECs!to!undergo!normal!proliferation!

during!angiogenesis.!

4.18+Odc1+deletion+blocks+EC+proliferation+and+also+prevents+EC+expansion+after+

Notch+inhibition+

To!further!evaluate!the!relationship!between!Notch!and!Odc1during!angiogenesis!we!decided!

to!inhibit!Notch!in!mice!that!have!induced!alterations!in!Odc1!expression!in!endothelial!cells.!We!

crossed!the!Odc1flox/flox!or!the!Oaz1GOF!lines!with!the#Cdh5T(PAC)TCreERT2!line!to!induce!deletion!

of!the!Odc1!gene!(Odc1iEC?KO)!or!induce!its!degradation!(Oaz1iEC?GOF).#At!P5!these!animals!were!

injected!with!Control!IgG!or!aDll4!and!retinas!were!analyzed!at!P7,!48h!after!Notch!inhibition.!!
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Similarly!to!what!we!saw!in!Oaz1iEC?GOF!animals,!retinas!with!Odc1!deletion!showed!a!very!strong!

vascular!phenotype,!with!reduced!number!of!ECs!and!very!low!STphase!ratios!(Fig.!4.27!A,!C,!D).!

However,! this! phenotype! was! even! stronger! than! the! one! observed! in!Oaz1iEC?GOF! animals,!

probably!due!to!the!total!absence!of!endogenous!functional!protein.!

More! importantly,! both! Odc1! deletion! or! functional! reduction! partially! prevented! the!

characteristic!vascular!hyperplastic!phenotypes!induced!after!Notch!inhibition!(Fig.!4.27!A,!B).!

Still,! patches! of! vasculature! at! the! angiogenic! front! had! more! vascular! and! cellular! density!

compared!with! animals!with!Odc1! deletion! only.! These! areas! had,! in! the!Oaz1iEC?GOF!+# aDll4!

retinas,!a!higher!number!of!nonTrecombined,!H2BTCerulean!negative!ECs!(Fig.!4.27!B),!in!which!

Odc1!function!could!still!be!normally!regulated!by!Notch.!

Nevertheless,!retinas!with!both!Notch!inhibition!and!Odc1!deletion!showed!a!decreased!number!

of!ECs!at! the!angiogenic! front!compared!with! retinas!only! treated!with!aDll4! (Fig.!4.27!C,!D)!

indicating! that! Odc1! deletion! precludes! excessive! EC! proliferation! after! the! loss! of! Notch!

signaling.! These! findings! could! indicate! that! Odc1! is! a! protein! essential! for! normal! EC!

proliferation! during! angiogenesis! and! cells! without! Odc1! activity! cannot! respond! to! further!

Notch!regulation.!

!

!

Figure+ 4.27.+ Functional+ interaction+ between+ Odc1+ and+ Notch+ during+ angiogenesis.+ A,! Confocal!
micrographs!of!retinas!from!P7!control!or!Odc1iECTKO!animals!injected!with!tamoxifen!once!a!day!from!P1!
to!P3!and! treated!with!Control! IgG!or!aDll4!at! P5,!48h!before!dissection.!Odc1iECTKO!animals!harbor! the!
Cdh5TCreERT2!transgene.!Retinas!were!immunostained!for!IsolectinB4!and!ERG.+B,!Confocal!micrographs!
of!retinas!from!P7!control!or!Oaz1iECTGOF!animals!injected!with!tamoxifen!once!a!day!from!P1!to!P3!and!
treated!with!Control!IgG!or!aDll4!at!P5,!48h!before!dissection.!Oaz1iECTGOF!animals!harbor!the!Cdh5TCreERT2!
transgene.!Retinas!were!immunostained!for!IsolectinB4,!ERG!and!GFP.C,!Confocal!micrographs!of!P7!retinal!
vasculature! fronts! from!control! or!Odc1iECTKO! animals! treated!with!Control! IgG!or! aDll4! at! P5,! 48!hours!
before! dissection.! ERG! in! red,! EdU! in! blue! and! Double! positive! cell! in! Green.! D,+ E,! Quantification! of!
endothelial!nuclei!density! (ERG+!nuclei!per!vascular!area)!and!STphase!ratio! (%!of!EdU+ERG+!among!all!
ERG+! EC! nuclei! per! field)! in! the! angiogenic! front! of! these! animals.! Error! bars! indicate! SEM;! NS,! nonT
significant;!**!p<0.01;!***!p<0.001;!with!ANOVA.+!
!



+
+

4+RESULTS+

!
111!

4.19+Myc+deletion+phenocopies+Odc1+deletion+during+angiogenesis+

As!previously!mentioned,!Odc1!is!a!canonical!target!of!Myc.!Myc!is!a!TF!that!is!important!for!the!

control!of!cell!cycle!progression!and!metabolism!(Dang,!2012).!Previous!studies!have!shown!that!

Odc1!is!a!fundamental!driver!of!MycTinduced!cell!cycle!regulation!in!tumors!(Nilsson!et#al.,!2005;!

Annibali!et#al.,#2014)!Moreover,!Myc!has!also!been! implicated! in!proliferation!and!metabolic!

regulation! during! angiogenesis! (Wilhelm! et# al.,# 2016)! and! is! essential! for! normal! vascular!

development!(Baudino!et#al.,#2002).!

As! we! detected! an! increase! in!Myc! regulated! genes! in! the! RNAseq! analysis,! we! decided! to!

evaluate!the!functional!relationship!between!Myc!and!Notch!in!EC!cell!cycle!regulation!during!

angiogenesis.! We! crossed! the! Mycfloxed! line! with! the# Cdh5T(PAC)TCreERT2! line! and! induced!

recombination!from!P1!to!P3.#At!P5!these!animals!were!injected!with!Control!IgG!or!aDll4!and!

retinas!were!analyzed!at!P7,!48h!after!Notch!inhibition.!

Retinal! vascular! phenotypes! in! MyciECTKO! were! very! similar! to! those! observed! in! Odc1iECTKO!

animals,!with!a!dramatic!decrease!in!EC!number!and!a!reduction!in!the!STphase!ratio!of!these!

cells!(Fig.!4.28)!indicating!an!essential!role!of!Myc!for!normal!cell!cycle!progression!in!ECs.!Notch!

inhibition!in!MyciECTKO!animals!could!not!elicit!the!same!proliferative!response!seen!in!wild!type!

animals! treated! with! aDll4,! which! is! similar! to! the! functional! interaction! observed! in! Odc1!

mutants.!

The!MyciECTKO!retinas!seem!to!have!even!lower!number!of!ECs!and!a!stronger!reduction!in!the!ST

phase!ratio!than!Odc1iECTKO!retinas,!suggesting!a!more!important!role!for!Myc!in!the!control!of!

EC! proliferation,! as! it! could! be! expected! considering! that!Odc1!would! not! be! the! only!MycT

regulated!gene!controlling!cell!cycle.!These!data!suggest!that!Myc!is!also!required!for!ECs!to!be!

responsive!to!Notch!inhibition.!

+

+
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4.20+Hypoplastic+vascular+phenotypes+are+associated+with+high+p21+expression+

The!previous!results!showed!that!either!genetic!deletion!of!proTproliferative!genes!(Myc,!Odc1)!

or!genetic!overexpression!of!antiTproliferative!genes!(Notch)!in!ECs!during!angiogenesis!lead!to!

similar!retinal!vascular!phenotypes!characterized!by!a!strong!decrease!in!EC!number!and!a!strong!

reduction!in!the!STphase!ratio!in!ECs,!indicative!of!an!absence!of!proliferation!in!mutant!cells.!As!

we!have!seen!before,!p21!can!be!induced!by!excessive!mitogenic!stimuli!and!mediate!cellTcycle!

arrest!during!angiogenesis.!!

We!decided!to!evaluate!if!the!defects!in!EC!proliferation!observed!in!Odc1iECTKO,!MyciECTKO!and!

NICDiECTGOF!were!also!associated!with!p21!expression.!We!found!that!a!very!high!percentage!of!

ECs!throughout!the!whole!retina!vasculature!of!these!mutant!animals!were!expressing!p21!(Fig.!

4.29).!The!intensity!in!p21!protein!immunostaining!levels!in!these!mutants!were!much!higher!

than!the!one!seen! in!tipTcells!during!normal!angiogenesis!or!after!Notch! inhibition!(Compare!

with!Fig.!4.19),!suggesting!a!stronger!cell!cycle!arrest!after!these!genetic!manipulations.!These!

results!suggest!that!Odc1iECTKO,!MyciECTKO!and!NICDiECTGOF!ECs!may!be!or!irreversibly!arrested.!More!

studies!will!be!required!to!answer!this!question!properly.!!

+

Figure+ 4.28.+ Functional+ interaction+ between+ Myc+ and+ Notch+ during+ angiogenesis.+ A,! Confocal!
micrographs!of!retinas!from!P7!control!or!MyciECTKO!animals!injected!with!tamoxifen!once!a!day!from!P1!to!
P3!and!treated!with!Control!IgG!or!aDll4!at!P5,!48h!before!dissection.!MyciECTKO!animals!harbor!the!Cdh5T
CreERT2!transgene.!Retinas!were!immunostained!for!IsolectinB4!and!ERG.!B,!Confocal!micrographs!of!P7!
retinal!vasculature!fronts!from!control!or!MyciECTKO!animals!treated!with!Control!IgG!or!aDll4!at!P5,!48!hours!
before!dissection! immunostained! for!Myc! in! red!and! IsolectinB4! in!blue.!C,!Confocal!micrographs!of!P7!
retinal!vasculature!fronts!from!control!or!MyciECTKO!animals!treated!with!Control!IgG!or!aDll4!at!P5,!48!hours!
before!dissection!immunostained!for!ERG!in!red,!EdU!in!blue!showing!double!positive!cell!in!Green.!D,+E,!
Quantification! of! endothelial! nuclei! density! (ERG+! nuclei! per! vascular! area)! and! STphase! ratio! (%! of!
EdU+ERG+!among!all!ERG+!EC!nuclei!per!field)!in!the!angiogenic!front!of!these!animals.!Error!bars!indicate!
SEM;!NS,!nonTsignificant;!*p<0.05;!***!p<0.001;!with!ANOVA.!!
+
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!

Figure+4.29.+Expression+of+p21+in+ECs+mutant+for+signaling+pathways+controlling+proliferation.+A,!Confocal!
micrographs! of! P7! retinal! vasculature! fronts! of! control,! NICDTPESTiECTGOF,! Odc1iECTKO! and!MyciECTKO! from!
different! independent! experiments.! Retinas!were! immunostained! for! ERG! in! red! and! p21! in! Green.!B,+
Quantification! of! the! frequency! of! p21Texpressing! ECs! at! the! angiogenic! front! of! these! retinas.! Errors!
indicate!SEM.+!
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5+DISCUSSION++

Angiogenesis! is!a!complex!morphogenetic!process! in!which!endothelial!cells!have!to!carefully!

orchestrate! different! cellular! behaviors.! These! include! responsiveness! to! angiogenic! signals,!

migration,!proliferation,!differentiation,!maturation!and!stabilization!within!the!vasculature.!The!

proper!coordination!of!each!of!these!processes,!among!each!other!and!among!different!ECs,!is!

essential!to!generate!a!functional!vascular!network.!For!this!reason,!specific!mechanisms!must!

exist!that!precisely!regulate!the!temporal!and!spatial!transitions!between!different!endothelial!

cell!states!during!angiogenesis.!

One!of!the!current!models!describing!endothelial!cell!behavior!during!angiogenic!sprouting!is!

based!on!the!transient!and!dynamic!specification!of!two!endothelial!cell!states!denominated!tip!

and! stalk! cells! (Gerhardt! et# al.,! 2003).! These! two! types! of! endothelial! cells! have! distinct!

morphological!and!molecular!characteristics! that!are!thought!to!give!rise!to!different!cellular!

behaviors.!These!characteristics!are!normally!said!to!be!highly!conserved,!but!differences!may!

exist!between!different!vascular!beds!and!modes!of!sprouting.!Indeed,!in!zebrafish!it!seems!that!

different!types!of!vessels!use!different!modulations!of!the!Notch!and!VEGF!receptors!to!regulate!

EC!sprouting!(Siekmann,!Affolter,!and!Belting,!2013)!

In! this! work,! I! will! discuss! models! proposed! based! on! data! obtained! mainly! on! the! retina!

angiogenesis! system,! that! has! been! extensively! studied! by! different! research! groups,! and!

considered! to! represent! how! angiogenesis! is! generally! regulated! also! in! other! organs,! even!

though!there!might!exist!tissue!or!organ!specific!signals!that!may!change!the!characteristics!of!

this! regulation.! In! general,! tip! cells! appear! closest! to! hypoxic! avascular! areas,! receiving! and!

responding!to!proangiogenic!signals!and!are!characterized!for!having!a!migratory!phenotype,!

extending! filopodia! and! expressing! genes! involved! in! ECM! remodeling! and! cell! migration!

(Gerhardt!et#al.,!2003;!Strasser,!Kaminker,!and!TessierTLavigne,!2010).!An! initial!analysis!with!

relatively!low!cellular/nuclei!resolution,!suggested!that!tip!cells!do!not!proliferate!or!proliferate!

weakly!(Hellström!et#al.,!2007),!however!several!groups!demonstrated!after!that!tip!cells!can!

proliferate!during!vascular!development!in!zebrafish!(Siekmann!and!Lawson,!2007).!Stalk!cells!
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constitute!a!population!of!endothelial!cells!forming!an!immature!vasculature!just!behind!tip!cells!

and!in!the!case!of!the!retina,!they!are!actively!proliferating!to!generate!new!ECs!for!the!growing!

vascular!network!(Gerhardt!et#al.,#2003;!Fruttiger,!2007).!

VEGF!and!Notch!signaling!pathways!have!been!shown!to!be!central! in!controlling!angiogenic!

progression! and! the! stalkTtip! cell! switch! (Blanco! and! Gerhardt,! 2013).! Based! on! endothelial!

specific!loss!of!function!studies!for!components!of!these!pathways!a!model!has!been!proposed!

in!which!VEGF!will! induce!the!specification!of!tip!cells!and!the!expression!of!the!Notch!ligand!

Dll4!in!vivo!(Suchting!et#al.,!2007;!Lobov!et#al.,!2007)!and!in!vitro!(Liu#et#al.,#2003;!Williams#et#al.,!

2006).!Notch!activation! in!adjacent! cells!would! repress! tip! cell! specification.! The!way!how! it!

transcriptionally! controls! the! repression! of! tip! cell! specification! is! still! under! debate! and!

controversy.! Some!groups! suggested! that!Notch! represses! the! tip! cell! fate!by! repressing! the!

expression!of!VEGF!receptors,!mainly!VEGFR2!(Taylor,!Henderson,!and!Hughes,!2002;!Liu!et#al.,!

2003;!Gerhardt!et#al.,!2003;!Siekmann,!Covassin,!and!Lawson,!2008),!whereas!more!recent!data!

and!our!own!data!shows!that!the!transcription!of!VEGFRs!is!not!significantly!deregulated!after!

Notch!LOF!during!angiogenesis!in#vivo!(Benedito!et#al.,!2012;!del!Toro!et#al.,!2010;!Lobov!et#al.,!

2007).!Nonetheless,!it!is!generally!considered!that!the!regulation!of!the!number!of!sprouting!tip!

cells! is!achieved! through!Notch!dependent! lateral! inhibition!of! tip! cell! specification! (Bentley,!

Gerhardt,!and!Bates,!2008).!However,!Notch!is!also!known!to!block!EC!proliferation!(Noseda#et#

al.,!2004),!which!is!a!characteristic!of!actively!migrating!and!sprouting!tip!cells.!

The!interdependence!of!EC!sprouting!and!proliferation!dynamics!by!VEGF!and!Notch!have!been!

difficult!to!adjust!to!a!model!where!sprouting!ECs!do!not!proliferate,!and!proliferating!ECs!do!

not!sprout.!The!phenotype!caused!by!Notch!inhibition,!or!increase!in!VEGF!signaling,!has!been!

described!as!a!result!of!simultaneous!hypersprouting!and!hyperproliferation! (Gerhardt!et#al.,!

2003;!Suchting!et#al.,!2007)which!is!not!compatible!with!a!model!where!sprouting!tip!cells!do!

not!proliferate!well.!!!

In!this!work!we!have!explored!in!more!detail!this!issue,!specifically!how!Notch!signaling!controls!

endothelial!proliferation!during!angiogenesis,!with!high! temporal!and!cellular! resolution.!We!

have!developed!new!genetic!tools!to!perform!inducible!multispectral!clonal!analysis!of!cells!with!
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different! Notch! and! VEGF! signaling! levels! and! determine! its! effect! on! endothelial! cell!

proliferation.!We! have! also! functionally! characterized! new! putative!Notch! target! genes! that!

control!EC!proliferation!during!angiogenesis.!

5.1+ The+ Dual+ ifgMosaic+ strategy+ enables+ the+ generation+ of+ high+ resolution+

functional+genetic+mosaics+in+mice+

All! previous! studies! that! have! evaluated! the! effect! of! different! genes! on! endothelial! cell!

proliferation!are!based!on!global,! tissueTlevel!deletion!of!Dll4,!RBPJ,!VEGFR2!(Benedito!et#al.,!

2012)!and!3!(Tammela!et#al.,!2008),!Jagged!(Benedito!et#al.,!2009)!or!pharmacological!inhibition!

(Suchting!et#al.,!2007;!Hellström!et#al.,!2007;!Lobov!et#al.,!2007).!However,!the!available!genetic!

strategies!to!generate!and!perform!functional!genetic!mosaics!in!mice!were!limited.!!

With!our!Dual!ifgMosaic!strategy,!we!were!able!to!generate!a!high!resolution!fluorescent!mosaic!

with! the! combination!of! independent,!nuclear!and!membrane! localized,! fluorescent!markers!

(Fig.!4.1).!Moreover,! this! strategy!allows! for! the!coTexpression!of!a!gene!of! interest!with! the!

fluorescent!marker!in!equimolar!proportions,!and!we!have!produced!several!mESCs!and!mouse!

lines!where! is!possible!to! induce!Notch!(iChrTNotchTmosaic)!and!VEGF!signaling!activity!(iMbT

Vegfr2Tmosaic)!mosaics! (Fig.! 4.2).!With! this! strategy! we! could! compare! cellular! phenotypes!

induced!by!different!genetic!modifications!within!the!same!tissue,!and!compare!it!with!labelled!

control!cells!in!the!same!tissue.!

The!induction!of!these!mosaics!during!in#vitro!endothelial!cell!differentiation!revealed!changes!

in!the!dynamics!of!differentiation,!proliferation!or!survival!of!the!recombined!EC!with!alterations!

of!Notch!or!VEGF!signaling! (Fig.!4.3),! confirming! that! the! functional!genetic!cassettes!modify!

Notch!and!VEGF!signaling!when!expressed.!

In!addition,!we!saw!in#vivo!that!these!functional!modifications!induce!the!downstream!molecular!

alterations!anticipated!from!modifications!of!the!Notch!and!VEGF!signaling!pathways.!However,!

they!also!produced!some!unexpected!singleTcell!derived!clonal!phenotypes.!

!
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Induction!of!the!Notch!mosaics!during!embryonic!neurogenesis!showed!the!expected!alterations!

in!the!neuronal!differentiation!dynamics!(Louvi!and!ArtavanisTTsakonas,!2006),!with!Notch!LossT

ofTFunction! cells! preferentially! committing! to! differentiation,! while! GainTofTfunction! cells!

remained!undifferentiated!(Fig.!4.4).!Endothelial!cells!having!more!Vegfr2!activity!in!iMbTVegfr2T!

Mosaic!mice,!had!more!pERK!activity!(Fig.!4.5),!as!expected,!but!showed!defects!in!proliferation!

during!retinal!angiogenesis!(Fig.!4.16!and!4.17).!

Importantly,! since! the! mutant! mice! are! mosaic,! they! do! not! have! severe! developmental!

problems,!which!enables!longTterm!phenotypic!analysis!of!cells!with!different!signaling!status.!

With!these!new!mouse!lines,!we!were!able!to!evaluate!the!effects!of!Notch!and!VEGF!alterations!

on!endothelial!cell!proliferation!at!the!single!cell!level!in!shortTterm!or!longTterm!in#vivo!assays.!

Moreover,!we!have!used!this!strategy!to!perform!combinatorial!and!multiple!single!cell!epistasis!

analysis!by!inducing!cells!with!different!combinations!of!Notch!and!VEGF!signaling!impairments,!

as!will!be!further!discussed!below.!!

5.2+Notch+inhibition+in+endothelial+cells+has+opposite+effects+on+EC+proliferation+

at+different+temporal+scales.+

Based! on! previous! studies! and! the! current!model! of! Notch! function! in! angiogenesis,! Notch!

inhibition!increases!the!proliferative!capacity!of!endothelial!cells!during!angiogenesis!(Lobov!et#

al.,#2007;!Hellström!et#al.#,2007;!Benedito!et#al.,!2012;!Ridgway!et#al.,!2006;!NogueraTTroise!et#

al.,!2006)!leading!to!an!increase!in!endothelial!cell!number.!This!led!us!to!expect!that!mosaic!

induction!of!cells!with!a!decrease!in!Notch!signaling!during!early!vascular!development!would!

produce! phenotypes! associated! with! the! expansion! of! these! cells,! that! would! presumably!

outcompete!the!adjacent!control!ECs.!

However,!the!induction!of!the!iChrTNotchTmosaic!in!endothelial!cells!early!during!development,!

with!the!Tie2TCre!driver,!was!not!embryonically!lethal.!This!allowed!us!to!evaluate!the!longTterm!

contribution!of!cells!with!different!Notch!activities!to!the!adult!vasculature.!

!
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We!found!that!the!vasculatures!of!different!organs!were!composed!mostly!of!cells!that!did!not!

have! any!Notch! functional! alteration.! (Fig.! 4.9)! Compared!with! the! predicted! recombination!

ratios,!cells!with!reduced!Notch!activity!were!underrepresented!suggesting!that!they!had!a!longT

term! competitive! disadvantage! with! respect! to! unmodified! cells,! in! contrast! with! previous!

models!proposed!with!data!obtained!mainly!after!shortTterm!Notch!LOF!experiments!(Benedito!

et# al.,! 2012).! In! agreement! with! published! studies,! shortTterm! clonal! analysis! of! retinal!

endothelial!cells!expressing!the!iChrTNotchTmosaic!showed!that!singleTcell!derived!clones!of!ECs!

with!reduced!Notch!activity!expanded!slightly!more!than!wild!type!clones!over!a!period!of!three!

days.!(Fig!4.6).!Cells!with!Notch!overactivation!were!clearly!unable!to!proliferate!in!both!shortT

term! (Fig.! 4.6)! and! longTterm! (Fig.4.9)! mosaic! experiments! being! completely! absent! of! the!

vasculature!of!adult!mice.!

Thus,! this! data! indicates! that! Notch! inhibition! can! initially! and! transiently! increase! the!

proliferation! rate! of! endothelial! cells! during! angiogenesis,! but! later! these! cells! lose! their!

proliferative!capacity!when!compared!to!wild!type!endothelial!cells.!

5.3+ Inhibition+ of+ Dll4]dependent+ Notch+ signaling+ during+ angiogenesis+ induces+

rapid+endothelial+cell+cycle+progression+followed+by+arrest+

The! evaluation! of! global! and! acute! inhibition! of! Dll4Tinduced! Notch! signaling! during! retinal!

angiogenesis!revealed!similar!temporalTdependent!effects!on!endothelial!cell!proliferation.!

Notch!inhibition!induced!the!expansion!of!the!vascular!area!after!just!24h.!This!expansion!was!

associated!with!an!increase!in!endothelial!cell!number!after!24!and!48!hours!of!Notch!inhibition!

(Figs.!4.11T4.12).!

However,! this! increase! in! EC! number! was! not! associated! to! a! concomitant! increase! in! the!

frequency!of!Ki67+!or!EdU+!proliferating!ECs!(Figs.!4.12;!4.13!and!4.14).!On!the!contrary,!48h!

after! Notch! inhibition! very! few! ECs! were! proliferating! (Fig.! 4.12! and! 4.14).! This! halt! in! EC!

proliferation!was!maintained!at!later!time!points!(72h)!(Fig.!4.13).!

!
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The!cellTcycle!marker!Ki67,!was!already!expressed!by!96%!of!ECs!at!the!angiogenic!front!(Fig.!

4.14),!and! that! frequency!could!not!obviously! significantly! increase!after!Notch!LOF.!We!and!

other!groups!never!detected!apoptotic!ECs!at!the!angiogenic!front!of!control!retinas.!The!fact!

that!we!observed!an!increase!in!EC!number,!without!an!increase!in!the!frequency!of!proliferation!

or!a!change!in!apoptosis!rates,!suggest!that!the!increase!in!cell!number!could!only!be!due!to!a!

faster! progression! through! the! cell! cycle.! This!may! be! due! to! faster!G1/S! or! other! cellTcycle!

checkpoints!transitions,!or!a!shorter!sTphase,!since!the!EdU!labeling!index!never!changed!at!12h!

and!24h,!even!though!more!ECs!were!being!generated.!

After!this!initial!increase!in!the!speed!of!cell!cycle,!at!48h!after!Notch!inhibition,!96%!of!ECs!at!

the!angiogenic!front!had!Ki67+!staining,!whereas!normally!10%!of!angiogenic!front!ECs!are!KI67+,!

indicating!that!there!was!a!pronounced!cell!cycle!arrest!of!these!ECs!(Fig.!4.14).!

Our!data!shows! that!sustained! inhibition!of!Notch!during!angiogenesis!does! indeed! induce!a!

global!blockade!of!cell!cycle!progression,!however!it!is!associated!with!a!faster!completion!of!the!

ongoing! cell! cycle,!which! initially! increases! the! EC!number.! This! also! explains! the! effects!we!

observed!in!ECs!with!Notch!inhibition!in!the!longTterm!genetic!mosaics.!!

Remarkably!the!effects!of!Notch!inhibition!were!also!contextTdependent,!as!mature!areas!of!the!

retinas,! in!which!ECs!are!normally!nonTproliferative,!showed!an! increase! in!the!population!of!

endothelial!cells!positive!for!Ki67!and!EdU,!as!well!as!an!increase!in!EC!number!(Figs.!4.12;!4.13!

and!4.14).!

This!suggest!that!quiescent!endothelial!cells!in!mature!vasculatures!respond!differently!to!Notch!

inhibition!and!enter!cell!cycle,!in!line!with!previous!studies!showing!the!formation!of!vascular!

neoplasms!in!adult!mice!after!aDll4!treatment!(Yan!et#al.,!2010;!Cuervo!et#al.,!2016).!It!has!been!

published! that! VEGFR2! and! VEGFR3! levels! are! downregulated! during!maturation! in! a! Notch!

dependent!manner! (Ehling! et# al.,! 2013)! thus! cell! cycle! entry! in! this! cells! could! be! cause! by!

increase!activation!of!VEGF!signaling.!

!
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5.4+Endothelial+ tip]cells+have+ limited+proliferative+capacity+ in+mouse+postnatal+

retinal+angiogenesis+

As!said!before,!endothelial!tip!cells!have!been!shown!to!have!low!expression!of!Notch!target!

genes!and!are!believed!to!constitute!a!population!with!low!Notch!activation!(Hellström!et#al.,!

2007;!Phng!et#al.,!2009).!

Ki67! staining! in! Esm1THATH2BTCerulean+! tip! cells,! the! cells! with! highest! VEGF! signaling!

activation,! showed! that! these! cells!were!more! frequently!out!of! cycle,!when!compared!with!

surrounding! stalk! cells,! further! indicating! that! physiological! Notch! activation! is! important! to!

maintain!the!proliferation!of!angiogenic!endothelial!stalk!cells!(Fig.!4.18).!

Previous! studies!have!characterized! the!phenotype!of!Notch! inhibition!as!having!an! increase!

number!of!tip!cells.!We!similarly!saw!that!Notch!inhibition!causes!and!increase!in!the!expression!

of!Esm1!(Fig.!4.18).,!Angpt2!and!Apln!(Fig.!4.24),!which!are!tip!cell!enriched!genes!(del!Toro!et#

al.,#2010;!Strasser,!Kaminker,!and!TessierTLavigne,!2010).!

This! data! indicates! that! Notch! activation! maintains! endothelial! cells! in! a! proliferative,!

undifferentiated! state!at! the!angiogenic! front.!Reduction! in!Notch!activation!would! induce!a!

differentiation!switch!to!tip!cell!that!is!associated!with!rapid!completion!of!the!ongoing!cell!cycle!

and!cell!cycle!arrest.!

However,!clonal!analysis!of!tip!cell!progeny!showed!that!most!cells!(almost!80%,!Fig.!4.18!E)!that!

expressed!Esm1!can!divide!at!least!once!in!a!fourTday!period.!Because!tip!cell!specification!is!a!

dynamic!process!(Jakobsson!et#al.,!2010)!this!results!could!mean!that!when!tip!cells!leave!the!tip!

cell! position,! and!maybe! increase! their! Notch! activation,! they! can! reenter! cell! cycle.! Esm1T

derived!clone!size!distribution!was!smaller!than!stalk!cells!(Compare!Red!distribution!in!figures!

4.6!F!with!Blue!in!Figure!4.18!E),!which!indicates!that!tip!cells!have!limited!proliferation!capacity,!

but!they!can!divide,!or!can!reenter!cellTcycle!after!being!arrested,!for!example!when!moving!to!

a!stalk!position,!more!distant!from!the!VEGF!source.!

!
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This!hypothesis!can!be!further!supported!by!the!reduction!in!the!Esm1+Tderived!clone!size!after!

Dll4/Notch!blockade!(Fig!4.18!E),!where!most!Esm1Tderived!clones!are!formed!by!only!1!cell,!

which!means!that!these!cells!were!prevented!from!entering!cell!cycle!after!Notch/Dll4!inhibition,!

presumably! because! they! are! blocked! from! switching! to! a! more! proliferative! stalk! cell!

phenotype.!

5.5+Strong+activation+of+the+MAPK+pathway+ is+associated+with+cell]cycle+arrest+

during+angiogenesis+

Tip!cells!have!high!activation!of!VEGFR2!which!is!associated!with!downstream!activation!of!the!

MAPK!pathway!through!phosphorylation!of!ERK!(Fig.!4.5)!(Gille!et#al.,!2001).Activation!of!this!

receptor!is!associated!with!positive!angiogenic!responses!thus!it!is!widely!accepted!that!VEGFR2!

activation!promotes!proliferation! and!migration!of! endothelial! cells,! processes! that! are!both!

required!for!angiogenesis.!

Moreover,!endothelial!deletion!of!the!two!main!effectors!of!the!MAPK!pathway,!ERK1!and!ERK2,!

in!mice!causes!embryonic!lethality!associated!with!defective!vascular!organization!(Srinivasan!et#

al.,!2009)!and!reduction!in!the!proliferation!and!migration!of!ECs.!However,!studies!in!zebrafish!

suggest!that!the!activation!of!the!ERK!pathway!is!not!necessary!for!endothelial!cells!to!proliferate!

(Shin!et#al.!2016),!and!that!ERK!activation!may!only!have!a!role!in!sprouting!or!migration!during!

angiogenesis.!

Our!data!shows!that!ERK!activation!is!prominent!in!the!migratory!endothelial!cells!at!the!tip!of!

the!sprouts!during!normal!retinal!angiogenesis!and!is!strongly!upregulated!in!stalk!endothelial!

cells!after!Notch! inhibition! (Fig.!4.15).! In!both! these!endothelial!populations!with!strong!ERK!

activation!we!have!seen!a! lower! frequency!of! cells! in! sTphase!or!KI67+! (FIgs.!4.14!and!4.18).!

Forced!activation!of!VEGFR2!(VEGFR2Ac.)!signaling!in!the!iMbTVEGFR2TMosaic!line!also!results!in!

strong!phosphorylation!of!ERK!proteins!(Fig.!4.5).!The!vascular!defects!observed!in!retinas!with!

a! high! number! of! VEGFR2ACT! cells! (Fig.! 4.16)! and! the! decrease! in! proliferation! and! clonal!

expansion!of!these!cells!(Figs.!4.7;!4.10!and!4.17)!further!imply!an!inhibitory!effect!of!strong!ERK!

activation!on!endothelial!cell!proliferation.!
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Yet,!our!data!on!cells!with!reduced!VEGFR2!activation!(VEGFR2TKT)!also!suggest!that!physiological!

VEGFR2!activation!is!required!for!EC!proliferation!(Figs.!4.7;!4.10!and!4.17).!We!have!also!seen!

that!the!reduced!proliferation!of!VEGFR2TKT!cells!is!partially!reversed!by!Notch!inhibition!(Figs.!

4.8!and!4.17).!and!we!also!showed!that!Notch!inhibition!has!different!effects!in!the!proliferation!

of! angiogenic! or! quiescent! endothelial! cells,!which! also! have! low! expression! of! VEGFR2! and!

VEGFR3!(Ehling!et#al.,!2013)(Figs.!4.12!and!4.14).!

Both,!VEGFR2!activation!and!Notch!inhibition!promote!ERK!phosphorylation,!thus!endothelial!

cell!proliferation!could!be!controlled!by!the!integration!of!these!two!signals!at!the!level!of!ERK!

activation.! During! angiogenesis,! the! activation! levels! of! the! proTmitogenic! MAPK! pathway,!

independently!controlled!by!Notch!and!VEGFR2,!seem!to!promote!proliferation!only!within!a!

specified!range!of!signaling!activity,!and!both!very!low!or!very!high!ERK!activation!prevents!cell!

cycle!progression.!

To! test! the! requirement!of!ERK!activation! for!endothelial! cell!proliferation,!we! inhibited!ERK!

phosphorylation!during!angiogenesis!using!a!MEK!inhibitor.!We!indeed!saw!a!reduction!in!DNA!

synthesis!after!24h!of!MEK!inhibition!in!the!angiogenic!EC!population.!However,!we!did!not!see!

differences!in!endothelial!cell!density!or!number!(Fig!4.22)!

As!ERK!activity!has!been!shown!to!be!required!for!the!transition!through!G1!to!STphase!(For!a!

review!of!different!mechanisms!of!ERKTcontrolled!G1/S!transition!see!Chambard!et#al.,!2007)!

these!results!could!indicate!that!the!cells!that!were!already!past!the!G1/S!transition!were!able!

to!divide!normally.!Cells!that!were!in!G1!before!MEK!inhibition!and!the!newly!formed!cells!after!

24h!would!not!be!able!to!progress!through!cell!cycle!thus!reducing!STphase!labelling.!Accordingly,!

a!significant!effect!in!endothelial!cell!number!might!not!be!detected!until!later!stages,!in!which!

the!population! that!was! in!G1,! and! it! is! blocked!by!MEK! inhibition,!would!have!had! time! to!

progress!and!divide.!

Our!data!also!reflected!the!role!of!ERK!in!promoting!cell!cycle!entry!(Rodríguez!et#al.,!2010),!as!

the!increase!in!proliferation!in!quiescent!endothelial!cells!after!Notch!inhibition!was!completely!

lost!in!the!absence!of!normal!ERK!phosphorylation(Fig.!4.23).!
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Interestingly,!the!angiogenic!front!after!MEK!inhibition!is!blunt!and!devoid!of!sprouts!(Figs.!4.21!

and!4.22),! indicating! that!high!ERK!phosphorylation! is! required! to!activate! the!sprouting!and!

migratory!behavior!in!tip!cells!as!shown!before!(Shin!et#al.,!2016;!Mavria!et#al.,!2006).!

Therefore,!ERK!seems!to!be,!at!relatively!low!levels,!a!proTmitogenic!signal!that!is!required!for!

transitioning!through!the!different!cellTcycle!phases!in!stalk!cells,!whereas!at!high!levels! is!an!

antiTmitogenic!and!proTsprouting!signal!that! is!required!for!tip!cell!migration.!This!could!be!a!

simple!mechanism!to!establish!differences!among!proliferative!stalk!cells!and!migratory!tip!cell!

populations!during!angiogenesis.!!

5.6+ Expression+ of+ the+ cell+ cycle+ inhibitor+ p21+ is+ regulated+ by+Notch+ and+VEGF+

signaling+

The!cell!cycle! inhibitor!p21!has!been!described!to!be!activated!in!response!to!high!mitogenic!

signaling,!particularly!through!the!MAPK!pathway!(Pumiglia!and!Decker,!1997;!Balmanno!and!

Cook,!1999).!This!has!been!described!as!a!mechanism!to!avoid!excessive!proliferation!that!could!

lead!to!tumorigenesis.!!

We!detected!high!p21!expression! in!tip!cells,!VEGFR2AC+!cells!and!cells!with!Notch!LOF!(Fig.!

4.19).!All!these!ECs!have!high!pERK!levels,!suggesting!that!the!cell!cycle!arrest!seen!in!these!EC!

populations!could!be!mediated!by!a!pERK!dependent!induction!of!p21!expression.!However,!our!

experiments! indicate! that! blocking! ERK! activity! for! 24h! does! not! reverse/downregulate! the!

expression!of!existing!p21!in!tip!cells,!even!though!it!is!required!for!the!full!de#novo!stalkTcell!

upregulation! of! p21! after! NotchTinhibition! (Fig.! 4.22)! These! results! indicate! that! both! VEGF!

activation!and!Notch!inhibition!induce!the!expression!of!p21,!and!at!least!partially!through!pERK!

dependent!mechanisms.! The! fact! that! p21! protein! does! not! decrease! in! tip! cells! after! pERK!

inhibition,!and!that!is!still!partially!induced!in!the!absence!of!Notch!and!pERK!signaling!suggest!

that!there!may!exist!alternative!mechanisms!to!regulate!maximal!expression!of!p21!in!tip!cells!

and!stalk!cells!with!Notch!LOF.!

!
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Furthermore,!analysis!of!normal!angiogenesis! in!p21!full!knockout!animals!(Fig.!4.20)!suggest!

(Fig!4.20)!that!p21!has!a!minor!role!on!stalkTcell!EC!proliferation,!which!is!consistent!with!the!

fact!that!is!mainly!expressed!by!tip!cells.!However,!it!is!a!significant!modulator!of!EC!proliferation!

in!vessels!with!low!Notch!signaling,!which!upregulate!p21,!and!become!more!sensitive!to!the!

loss! of! this! cellTcycle! inhibitor.! However,! p21! loss! only! partially! reversed! the! cell! cycle! exit!

induced!by!loss!of!Notch!signaling,!arguing!for!additional!molecular!regulators!controlling!cell!

cycle!speed!and!exit!after!Notch!downregulation.!Other!cellTcycle!inhibitors,!such!as!p27,!may!

also!compensate!for!the!loss!of!p21.!Indeed,!p27!loss!was!already!shown!to!be!able!to!partially!

modulate!the!Notch!response!in!zebrafish!ECs!(Nicoli!et#al.,!2012).!!

5.7+Notch+represses+the+expression+of+several+cell+cycle+regulators+

To!identify!and!characterize!other!molecular!mechanisms!that!may!be!regulated!by!Notch!during!

angiogenesis,!we!performed!comparative!RNAseq!analyses!of!angiogenic!endothelial! cells!24!

hours!after!Notch!inhibition.!This!analysis!showed!the!expected!increase!in!previously!described!

tipTcell!enriched!genes!(Strasser,!Kaminker,!and!TessierTLavigne,!2010)(Fig.!4.24).!

In!contrast! to!previous!studies! indicating!that!Notch!effects!on!angiogenesis!could!be!due!to!

regulation!of!the!VEGF!receptors!(Gerhardt!et#al.,!2003;!Suchting!et#al.,!2007;!Ridgway!et#al.,!

2006),!we!did!not!observe!clear!changes! in!their!mRNA!expression! in!our#RNAseq!analysis!of!

angiogenic! vessels.! This! supports! the! notion! that! the! proliferative! effects! seen! after! Notch!

inhibition!would!be!independent!of!VEGFRs!transcriptional!regulation,!as!has!been!previously!

published!(Benedito!et#al.,!2012).!Our!epistasis!analysis!with!Notch!and!VEGFR2!combinatorial!

mosaics!also!reveal!that!VEGFR2!is!only!partially!required!for!the!proliferation!of!ECs!with!lower!

Notch! signaling.!The!PI3K/Akt!pathway!has!also!been!previously! connected! to! the! control!of!

proliferation!exerted!by!Notch!through!the!upregulation!of!PTEN!(Serra!et#al.,!2015).!However,!

we! could! not! find! clear! differences! in! the!mRNA! levels! of! PTEN! arguing! for! and! alternative!

regulation!mechanism.!

!
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Instead,!the!RNAseq!analysis!revealed!that!Notch!activation!is!associated!with!the!repression!of!

several!Myc!downstream!target!genes!and!in!particular!Odc1,!which!are!strongly!associated!with!

cell!cycle!progression!and!proliferation!(Auvinen!et#al.,!1992;!Bretones,!Delgado,!and!León!2015).!!

These!results!argue! for!an!antiTproliferative!effect!of!Notch!activity,! required! for!maintaining!

controlled! and! sustained! proliferation! and! avoid! a!mitogenTinduced! cell! cycle! exit! response!

during! angiogenesis.! This! effect! does! not! seem! to! be!mediated! by! transcriptional! control! of!

upstream!regulators!of!proTmitogenic!signaling!like!VEGFRs!or!PTEN!but!could!instead!be!realized!

through! the! regulation! of! downstream! effectors! of! those! pathways! like! ERK,! directly! at! the!

transcriptional!(through!Myc)!or!further!down!at!the!direct!regulatory!(Odc1!and!polyamines)!

levels!of!cell!cycle!regulation!

5.8+Odc1+expression+is+repressed+by+Notch+and+promoted+by+Myc+in+ECs+during+

angiogenesis+

Synthesis! of! polyamines! by! Odc1! is! absolutely! required! for! normal! cell! cycle! progression!

(Oredsson,!2003).!Moreover,!alterations!of!polyamine!levels!are!associated!with!changes!in!cell!

cycle!speed!(Nasizadeh!et#al.,!2005).!Thus,!polyamineTdependent!increase!in!the!speed!of!cell!

cycle!after!Notch!inhibition!could!explain!the!rapid!increase!in!endothelial!cell!numbers!we!have!

observed.!!

Our! data! indicates! that!Notch! can! control! the! expression! of! the!Odc1! gene! through!Hey1/2!

repression!suggesting!direct!control!of!Odc1!and!polyamine!synthesis!by!the!Notch!pathway!(Fig.!

4.25),! which! has! been! already! reported! before! In# vitro# (Heisig# et# al.,# 2012).#However! Odc1!

expression!and!polyamine!regulation!has!been!strongly!associated!with!Myc!activity!(Auvinen!et#

al.,!2003;!Wagner!et#al.,!1993)!and!our!data!show!that!Notch!inhibition!is!associated!with!the!

upregulation!of!several!Myc!controlled!genes!suggesting!that!Notch!could!be!controlling!Odc1!

through!Myc.!Odc1!expression!is!indeed!promoted!by!Myc!during!angiogenesis,!although!it!does!

not!seem!to!be!fully!necessary!for!Odc1!expression!in!ECs!(Fig!4.25!C).!Overall!our!data!suggest!

that!Notch!could!be!controlling!both!Odc1!expression!directly!and!indirectly!through!alterations!

of!Myc!function.!Even!though!we!could!not!detect!changes!in!Myc!expression!in!our!RNAseq!our!
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this!does!not!reject!that!myc!activity!could!be!controlled!by!Notch!post!transcriptionally.!

5.9+ The+ activities+ of+ Odc1+ and+Myc+ are+ necessary+ for+ normal+ endothelial+ cell+

proliferation+during+angiogenesis+

Suppression!of!Odc1!activity,!either!by!inhibition!or!deletion!of!Odc1,!as!well!as!Myc!deletion,!

lead! to! very! similar! vascular! phenotypes,! characterized! by! strong! reduction! in! vascular! and!

cellular! densities! and!EC!was! very! reduced! in! these! retinas! strongly! suggesting! that!minimal!

activity!of!Myc!and!Odc1!is!required!for!normal!cell!cycle!progression!(Figs.4.26T4.28).!!

As! we! have! shown! ERK! activation! seem! to! be! essential! for! normal! endothelial! cell! cycle!

progression.!ERK!has!been!shown!to!promote!Myc!activity!to!induce!the!G1/S!transition!through!

the!regulation!of!cyclin!D!(Seth!et#al.,!1991;!Daksis!et#al.,!1994).!Thus,!the!strong!effect!of!Notch!

inhibition! on! ERK! phosphorylation! could! be! the! driver! of! Myc! and! Odc1! upregulation! in!

combination!with!the!reduction!of!the!direct!HeyTmediated!inhibition.!!

Moreover!a!recent!study!have!shown!that!notch!effects!during!angiogenesis!could!be!mediated!

by!direct!regulation!of!endothelial!VEGF!expression!(Pitulescu!et#al.,#2017),!which!in!turn!would!

increase!MAPK!signaling!and!Myc!activity.!Further!analysis!of!the!effect!of!Notch!on!cell!cycle!

dynamics! would! require! the! evaluation! of! the! relative! weight! of! ERKTMyc!mediated! or! Hey!

mediated!control!of!Odc1!expression!!

5.10+Endothelial+cells+defective+for+genes+essential+in+cell+cycle+progression+enter+

a+permanent+non]proliferative+state+

The!similar!phenotypes!obtained!after!Odc1!and!Myc!deletion!or!Notch!overactivation!suggest!

a!common!effect!of!cell!cycle!arrest!due!to!the!reduction!of!the!signals!required!for!cell!cycle!

progression.!

This!arrest!was!associated!with!strong!p21!expression!in!all!cases!(Fig.!4.29)!indicating!that!this!

cell! cycle! inhibitor! could! be! a! general! mediator! of! endothelial! cell! cycle! arrest! in! the!

endothelium.! A! recent! study! (MuñozTEspín! et# al.,! 2013)! have! shown! that! p21!mediates! the!
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induction! developmentally! programed! senescence.! These! effects! could! be! explained! by! a!

reduction!in!polyamines!levels!as!it!has!been!previously!shown!that!their!absence!can!induce!

senescenceTlike!phenotypes!(Kramer!et#al.,!2001).!

These!arrested!ECs,!with!Myc!or!Odc1!deletion,!were!unable!to!respond!to!the!hyperproliferative!

signal!caused!by!inhibition!of!Notch,!while!surrounding,!nonTrecombined!cells!(in!the!case!of!Odc!

downregulation!in!the!OaziECTGOF)!present!the!typical!hyperplasic!response.!

This!data!indicates!that!the!proTmitogenic!signals!increased!after!Notch!inhibition!cannot!reverse!

the!state!of!permanent!cell!cycle!arrest!associated!with!strong!p21!expression,!in!contrast!with!

the!temporal!cell!cycle!exit!in!tip!cells!associated!with!transient!p21!upregulation!

5.11+The+role+of+Notch+on+endothelial+cell+proliferation+during+angiogenesis.+

The!data!presented!in!this!thesis!contributes!to!clarify!the!dynamics!and!regulation!of!endothelial!

cell!cycle!progression!during!angiogenesis.!Endothelial!cell!proliferation!is!essential!to!produce!

the!cells!required!to!form!new!blood!vessel.!However,!proliferation!has!to!be!coordinated!with!

the!directed!migration!of!endothelial!cells!towards!avascular!areas.!

VEGF! is! the! most! important! molecule! that! induces! angiogenesis.! This! is! achieved! by! the!

activation!of!endothelial!cells!in!existing!vessels.!!

However,!this!activation!is!restricted!to!only!a!few!cells!along!the!vessels!receiving!the!angiogenic!

stimuli.!This!restriction!seems!to!be!necessary!for!the!formation!of!new!functional!vessels.!Our!

data! shows! that! the!activation!of! tip! cell! is!mediated!by! strong!phosphorylation!of!ERK.!The!

activation!of!the!MAPK!pathway!seems!to!be!necessary!to!confer!migratory!properties!to!tip!

cells.! Yet,! we! have! seen! that! this! strong! MAPK! activation! in! tip! cells! also! blocks! cell! cycle!

progression!and!proliferation.!This!seems!to!be!mediated!by!p21! in!a!characteristic!mitogenT

induced!cell!cycle!arrest.!

Notch!activation!would!constitute!a!mechanism!to!reduce!MAPK!signaling!to!levels!that!permit!

endothelial!cell!proliferation.!This!inhibition!is!associated!with!a!reduction!in!Myc!transcriptional!
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responses,! including!the!Odc1!gene.!WellTadjusted!levels!of!these!molecules!are!necessary!to!

establish!a!cellular!state!that!is!capable!of!normal!and!continuous!proliferation.!

When! Notch! is! inhibited! this! repression! is! released,! leading! to! an! increase! in! ERK!

phosphorylation,!and!the!expression!of!Odc1!and!other!Myc!related!genes.!This!induces!a!fast!

completion!of!cell!cycle!due!to!the!increase!of!proTproliferative!signals.!However,!it!also!leads!to!

a!blockade!of!cell!proliferation!as!al!ECs!at!the!angiogenic!front!acquire!the!tip!cell!phenotype.!

Nonetheless,!our!data!shows!that!the!effect!of!Notch! is!context!dependent.! In!mature!areas,!

which!do!not!receive!the!same!VEGF!stimuli!as!angiogenic!areas,!Notch!completely!blocks!cell!

cycle,!not!allowing!the!proTmitogenic!signals!to!reach!the!threshold!required!for!cell!cycle!entry.!

When!Notch!is!inhibited!in!these!quiescent!cells!they!reenter!cell!cycle,!maybe!permanently!!

On!the!other!hand,!excessive!Notch!activation!or!elimination!of!genes!essential! for!cell!cycle!

progression,! like! Myc! and! Odc1,! induce! the! entry! in! a! permanent! nonTproliferative! state!

associated!with! high! p21! expression.! Cells! in! this! state! are! not! responsive! to! proTmitogenic!

signals!and!are!not!able!to!proliferate!even!after!Notch!inhibition.!
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!

Figure+5.1.+Summary+of+the+data+on+the+control+of+endothelial+proliferation+by+Notch.+Illustration!showing!
the!distinct!angiogenic!and!mature!vascular!areas.!Intensity!of!color!and!size!of!letter!indicates!strength!of!
signal!or!expression.!(A)+At!the!angiogenic!front,!endothelial!tip!cells!receive!a!higher!stimulus!provided!by!
VEGF.! This! induces! the!high! expression!of! Dll4! and! ERK!phosphorylation.! Dll4! strongly! activates!Notch!
receptors!on!adjacent!stalk!endothelial!cells.!These!cells!also!express!Dll4!ligands,!but!at!lower!level,!which!
leads!to!relatively!weaker!activation!of!Notch!receptors!in!adjacent!tip!cells!or!other!cells!with!higher!Dll4.!
Higher!Notch!signaling!in!stalkTcells!represses!the!transcription!of!Odc1,!and!attenuates!the!activation!of!
ERK.!This! leads!to!a!relatively!slower,!but! longerTlived!cellTcycle!of!stalkTcells,!when!compared!with!the!
adjacent! tip!cells,! that!have! lower!Notch!signaling!and!cycle! faster!when! they!commit! for!proliferation.!
However,!at!the!same!time,!many!of!these!fastTcycling!endothelial!tip!cells!also!have!higher!levels!of!p21,!
a!cell!senescence!marker!that!can!induce!premature!cellTcycle!arrest!of!these!highly!angiogenic!cells.!Unlike!
stalkTcells,!the!majority!of!tip!cells!that!experience!high!VEGF!signaling!exit!cellTcycle!(KI67T).!Most!ECs!in!
the!more!mature!vascular!area!already!exited!cellTcycle!(KI67/EdUT),!but!still!have!active!Notch!signaling!
that!is!important!to!keep!them!quiescent.!Compared!with!angiogenic!ECs,!these!cells!are!exposed!to!less!
VEGF!and!have!lower!Odc1!expression,!lower!PTERK!levels!and!the!p21!protein!is!undetectable.!The!large!
majority!of!these!cells!are!in!G0,!but!show!no!signs!of!senescence.!(B)+The!blockade!of!Dll4/Notch!signaling!
releases!endothelial!stalkTcells!from!the!cellTtoTcell!lateral!inhibition.!After!this!pharmacological!treatment,!
stalkTcells!display!a! tipTcell! like!profile!and!upregulate!the!expression!of!Odc1!and!pERK.!This!leads!to!a!
significant!increase!in!the!speed!of!EC!proliferation,!however,!it!also!leads!to!upregulation!of!the!cell!cycle!
inhibitor!p21!and!premature!cellTcycle!exit.!Impairment!of!Dll4/Notch!in!more!mature!and!quiescent!ECs!
produces!a!distinct!effect.!Here,!the!increase!in!PTERK!and!Odc1!levels!after!Dll4/Notch!inhibition!induces!
cellTcycle!reentry.!C)+Overactivation!of!Notch,!or!impairment!of!Odc1!or!Myc!function,!in!angiogenic!ECs,!
induces!a!very!strong!cellTcycle!arrest! (KI67/EdUT),!and!most!cells!strongly!and!permanently!upregulate!
p21.!!
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6+CONCLUSIONS+

1.! The!dual! ifgMosaic!genetic!strategy!used!to!induce!functional!genetic!mosaics!allowed!

high!resolution!singleTcell!clonal!analysis!of!EC!proliferation!during!angiogenesis.!!

2.! Physiological!Notch!activity!during!angiogenesis!maintains!angiogenic!endothelial!cells!in!

a!balanced!proliferative!state.!

3.! Angiogenic!tip!cells!have!a!low!proliferative!capacity!associated!with!high!p21!expression!

and!ERK!phosphorylation.!

4.! Inhibition! of! Notch! activity! induces! tip! cell! specification! that! is! associated! with!

accelerated!cell!cycle!progression!and!premature!cell!cycle!exit.!

5.! High!VEGF!signaling!drives!excessive!ERK!activation!and!arrests!angiogenesis.!

6.! Balanced!ERK!activation!during!angiogenesis!is!required!for!normal!cell!cycle!progression.!

7.! Physiological! Notch! activity! represses! the! expression! of! genes! involved! in! cell! cycle!

progression!during!angiogenesis.!

8.! Odc1,! an! enzyme! involved! in! polyamine! metabolism,! is! regulated! by! Notch! during!

angiogenesis!and!it!is!essential!for!normal!EC!proliferation!and!angiogenesis.!

9.! Myc!is!a!strong!regulator!of!Odc1!expression!and!required!for!the!expansion!of!ECs!!

10.!The! cell! cycle! inhibitor! p21! is! induced! by! excessive! mitogenic! stimuli! and! arrests!

angiogenesis.!

11.!Activation!of!Notch!or!ablation!of!genes!essential!for!cellTcycle!progression!induces!strong!

p21!upregulation,!which!may!lead!to!developmental!cellular!senescence.!
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+
7+CONCLUSIONES+

1.! La!estrategia!de!modificación!genética!ifgMosaic!dual!para!generar!mosaicos!funcionales!

permite! realizar! análisis! clonal! de! la! proliferación! de! células! endoteliales! durante!

angiogénesis!con!gran!resolución.!

2.! La! activación! de!Notch! en! niveles! fisiológicos! durante! la! angiogénesis!mantiene! a! las!

células!endoteliales!en!un!estado!proliferativo!estable.!

3.! Las! células! tip! angiogénicas! tiene! una! capacidad! proliferativa! limitada! asociada! con!

elevados!niveles!de!fosforilación!de!ERK!y!elevada!expresión!de!p21..!

4.! La!inhibición!de!la!actividad!de!Notch!promueve!la!especificación!a!células!tip,!que!está!

asociada!con!una!aceleración!y!posterior!detención!del!ciclo!celular.!

5.! Una!alta!activación!de!la!vía!de!VEGF!promueve!la!excesiva!activación!de!ERK,!bloqueando!

la!angiogénesis.!

6.! El!correcto!avance!a!través!del!ciclo!celular!requiere!de!una!activación!controlada!de!ERK.!

7.! La!activación!de!Notch!reprime!la!expresión!de!genes!que!están!implicados!en!el!en!el!

avance!a!través!del!ciclo!celular.!

8.! La!expresión!de!Odc1,!una!enzima!relacionada!con!el!metabolismo!de!poliaminas,!está!

regulada!por!la!activación!de!Notch!y!es!esencial!para!mantener!una!proliferación!normal!

durante!la!angiogénesis.!

9.! La!proteína!Myc!es!un!potente!regulador!de!Odc1!y!es!necesaria!para!la!proliferación!de!

células!endoteliales!

10.!El!inhibidor!del!ciclo!celular!p21!interviene!en!la!detención!de!la!angiogénesis!inducida!

por!un!exceso!de!señales!mitogénicas.!!

11.!La!activación!de!Notch!o!la!eliminación!de!genes!esenciales!para!la!proliferación!produce!

una! fuerte! sobreexpresión! de! p21,! que! podría! conducir! a! un! estado! de! senescencia!

celular.!
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Supplementary+Table+1+
+
Excel! file! containing! the! list! of! deregulated! genes! identified! by! RNATseq! analysis! of! retinal!
endothelial! cells! from! 3! control! and! 3! aDll4! treated! animals.! All! genes! analyzed! (Sheet! 1),!
downregulated!genes! (Sheet!2)!and!upregulated!genes! (Sheet!3).! In! sheet!1!genes!are! listed!
according!to!their!adjusted!pTvalue.!In!sheets!2!and!3!genes!are!listed!according!to!their!LogFC.!
!
!!
!



+
+
+

!

+ +



+
+

ACKNOWLEDGEMENTS+

!
161!

ACKNOWLEDGEMENTS+

This!thesis!would!have!not!been!possible!without!the!contributions!of!all!the!members,!past!and!
present,!of!the!Molecular!Genetics!of!Angiogenesis!laboratory!as!well!as!every!member!of!the!
different!CNIC!laboratories!and!technical!units!that!has!assisted,!in!any!way,!to!the!generation!
of!the!data!presented!in!this!work.!
!
!
!



!

!

+ +



+

!

+ +



!

!

+


