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SUMMARY

During neud developmenthe generabn of diverse cdl types involves the responseof
preaursor cells to a wide variety of environnental cues, like solulde factas, the
extracellularmatrix and oxygentension.Among these oxygentenson and oxidationstate
in partiaular are important biophydcal paranegers that control neurd precusor
proliferation survival andfate deteminaion, sothe dynamic contol of oxygenavailability
regulatesself renewal and the generéion of cell diversity during devdopment and
throughoutthe life of the organism However, the meclanisns by which oxygenadsin this
mamerarepoorly understod.

CurrenteMdencesuggestghat oxygenlevelsin both developingandmaturebran are muc
lower than the 20% oxygenusedin standardnammaian cell culture (ErecinskaM. et al.
2001).

Previoudy it hasbeenfound thatthe sensitivty to oxygentensim is greder in mousethan
in rat cells. Precursor survival and exparsion is greatly improved at an oxygentensio (2-
5%) closerto that measuredn vivo andfar lower than conditions typically used (20%) in
culture studies.In the lag decademuchresart hasfocusel on the detrimental effed of
anoxia duringischemc episodesandtheseresultsindicae that atmospheic oxygenaion is
incompatiblewith long-term precurses cdl survival. Furthermorepneof themaineffort is
directedto maximize the culture efficiency of neurd prearsas for replacenent therapes
and also in vitro fertilization researchhas focusel on oxygenation in order to optimize
viability of the early postfertilization embryo. It will be very importart to understandhe
signalsthat control survival, proliferation andfatechdce of preaursa cells and it will also
be necessaryto investigatewhat subtypesof precursors are preferentialy sdected under
normal in vitro condition. Indeed the addition of antioxidants and other free radical
scavengersis likely to be no more than a suboptimal surrogatefor culturing in lowered
oxygen



Moreove, it hasbeenrecently shownthat hypoxa is a crudal componentof the brain
tumor niche as it positively correlateswith tumor aggressveness and over-activity of
Hypoxia Inducible Factorla (HIF-1a) reinforcestumor progression.

Thus, the main aim of the project is to undestand the role of oxygen tension in
proliferation and lineagedeterminatiorof HumanCNS (Central NervousSystem)and bran
tumor derived precursorcells We soughtto undersard if a lower oxygen tension(2-5%),
compaed to environmental20% oxygen, promotesthe expansionof a more prematue and
actively proliferating subtypeof precursr cells, affeding cell multipotency, and which
could be the molecularpathwaysnodulatedoy oxygentension.

Our reaults indicatethat dynamic control of oxygen tensio regulate different stepsin fate
and mauration and may be crucial for treaing neurodegrerative diseaes (i.e.
demyelinating diseases)Theyalsosugest that the maintenanceof bran tumorsstemness,
particularly in high Grade Glioma (HGG) tumors is correlded to a hypoxic
microenvironmentin which BMP signaling pahway and the pro-differertiating effects
medatedby BMP aredown-regulaed.



SOMMARIO

Durante lo sviluppo cerebralele cdlule progenitici dei divers sdatotipi cellulad,
rispondonoad un’ampia varieta di stimoli amhkentali, come fattori solubili, la matrice
extracellularee la tensionedi ossigeno Fra questi, la tendone di osspero e lo stato
ossidativo in particolare sono importanti paraméri biofisici per il controllo della
proliferazone dei precursoricerebrali,ddla loro sopravivenza e della deteminazone del
destino cellulare, quindi il controllo dinamim della disponibilita di ossigeno regda
I'autorigenerazionecellularee il differenzamento sia durante lo sviluppo emlrionale che
durantel’intera vita dell’organismo.Ad ogni modo,i meccanismi coni qual la tensione di
ossigenanodua questerispostenon stateancoradel tutto compresi.

Recentiscoperte hanno evidenziatachei livelli di ossigao nel cervello in fasedi sviluppo
ein quello aduto sano inferiori rispettoai livelli ambientali comunemete usatianchenella
colturain vitro di celluledi manmifero. Prececentenenteé stato visto checdlule cerebali
di topo sono molto piu sensibili di quele di ratto alla tensone di osspgeno. La
soprawivenza e la proliferazionedelle cellule progenitrid € ampiamente incrementad da
una tensone di ossigenopiu simile a quella misurda in vivo (2-5%) e dedsamentepiu
bassadi quellacomunement@sataper cature cellulari (20%). Nell’'ul timo decemio malti
studi si sorp focalizzatisudi effetti deletei ddl’anossiaduranteepisod di tipo ischemicoe
i risultati otteruti indicano che lI'ossigeno atmosferico € incompdibile con la
soprawivernza a lungo termine dei precur®ri cellulari.  Inoltre molti tentativi di
miglioramentodellaefficienzadi colturaddle cdlule stamnali utili per terapiedi trapganto
e anche la ricerca sulla fertilizzaziore in vitro si sono conceertrate sulla modulazime
dell'ossigenazione anche per ottimizzarela vitalita dell’lembiione ottenuo in seguitoalla
fertilizzazione. Attualmenteé di grarde importanza capire quali segnali controllano la
soprawivenza, la proliferazione e il differerziamentodei precursai cellulai e sa@a anche
necessariocomprenderequali siano sottdipi di cdlule progenitrici che piu ampiamete
vengono seleionai nelle normal condidoni di coltura in vitro. Inoltre I'aggiunta di
antoossidantisi € rivelata essereuna condizione subottimale rispet ala coltura in vitro

con uninferiorelivello di ossigenq5%).



BN

Inoltre €& stato scoperto che lipossia (0.2%2%) e un componete cruciale del

microambinetedei tumari cerebraliin quanto corrda positivanerte con I'aggressivita del

tumore, e liperattivazione del Hypoxia Inducible Fador-la (HIF-1a) rinforza la
progresgonetumorale.

Quindi, lo scom principale del nosto progdto € stato quello di capre quali effetti la
tensionedi ossigenaesercitassesullaproliferazone e sulla determnazonedel lineagedelle
cellule progenitricidel sistemanervoso centrde e di cellule ottenuteda biopsie di tumori

cerebrali. Si e cercatadi comprenderseunapiu bassatensionedi ossigeno(2-5%), rispetto
aqudla ambentale(20%) promuovesséespansioneli unasottopgolaziae piu immatura
e attivamenteprdliferantedi precur®ri cerebrali, se influisse sula multipotenzialita e sulla
capacta di differenziamentaellularesevi fossroparticolai pathwg molemlari moduati

dall'ossigeno. | risultati ottenuti indicano che il controllo dinamico della tensiore di

ossigano risultaesserecrucialenellaregolazionedellacrescitae dd differenzamento ddle
cellule progenitici neurali,soprattuttcal fine di un miglioramentodelle terapiedi trapiand

per malatie neurodegreraive (es. maldtie demielinizzanti). Inoltre suggerisconoche il

martenimentodella staminalitadei tumori cerebrdi, in particolare de glomi di ato grado
(High Grace Gliomas, HGGSs), € correlda alla presenza di un microambi@te ipossico,
al’ interno del quak i segnaliprodifferenziativi mediati dalle Bone Morhogertic Praeins
(BMPs) vengao downregolati.



INTRODUCTION

| PART: oxygen tension modulation of human postnatal subventricular zone (SVZ)

derived precursors cells proliferation and differentiation.

Oxygen is the certral energysourcein oxidative cell metabdism (Bruick, 2003) and is
tightly regulaed in the metabolicallyactive brain (Hogeand Pike, 2001) Central nervous
system(CNS) tissuePQ; valuesare consened amongmammalianspeciesandrangefrom

as low as 0.55% (4.1 mm Hg) in the midbrain to 8.0% (60 mm Hg) in the pia. The PO, of

cortical grey matte in rodentsis 2.535.33% (19-40 mm Hg) (Erecirska andSilver, 2001)

Measuementan humanbrainshowa mea PO, varyingfrom 3.2%(23.8+ 8.1 mm Hg) at
22-27 mm belowthedurato 4.4% (33.3+ 13.3 mmHg) at 7-12 mm bdow the dura (Dings
et al., 1998) Since normalalveolaroxygentensionis 14% (Guytonard Hall, 2006) these
measuremes suggestthat a steadily decreasng oxygen gradent is formed as blood
reacheghe braintissues Tissueoxygen perfusionis often disrupted in pathdogical states
such asischemiareperfuson (Saitoet al., 2005)andhead injury (Menon et al., 2004), and
may be alteredin hyperbaic therapiegCarsonetal., 2005)

In addtion to its well-desribedactionsin cel metdolism, oxygen alsoreguldes cell fate.

Lowereal oxygen in the 2-5% rangepromdes the generdion of speific neurd lineagesin

rat Culture of rat ventral midbrain precusorsat lowered oxygen promotesthe generaion

of tyrosine hydroxylasepositive (TH") dopaninergic neurors, a cell type that is lost in

Parkinson’s disease(Studeret al., 2000) Culture of rat neurd creststemcdls in lowered
oxygen promotes both survivd and the differertiation of TH* sympathoadrenakells
(Morrison et al., 2000) Additionally, culture of human and mouse ventral midbrain
preaursors at low oxygen lowers cell death and serexen® and aso yields greater
proportions of TH* dopamne neurors (Milosevic et al., 2005; Stordh et al., 2001)

suggesing tha thesemechanisra may be commonto many spedes. While theseprevious

studies showved that low oxygen increass the pererntage of speific neuronaltypes, low

oxygenalso repressesieuonal differentiaton (Gustafsonet al., 2005) This suggets that
oxygen may contol the competenceof prearsorsto generde thesefates in addition to

controlling their dif ferentiationperse.



A relaed parameterintracellularreducton-oxidaion (Redox)bdance hasbeenimplicated
in controlling oligodendrogte progenitor proliferaion and survival. As measurd by a
Redoxsensitivedye, O2A progenitas with a more redwed stae havea greaterlikelihood
of sdf-reneval and a larger clone size compared to cells with a more oxidized state
Pharmacologicallyraising or lowering the RedOx state blocks the actionsof mitogensor
differentiating factors respectively(Smith etal., 2000) This suggeststha RedOx state is a
complex integrator of manyinputs, perhapsincluding O, tendon, which regulatecell fate
during dewelopment. However,the regulation of oligodendrocyteate is difficult to assay
for human CNS precusors since thdr ability to gererate oligodendrog/tes rapidly
diminishes during extendedin vitro expaxdon (Chandranet al., 2004; Kim et a., 2006;
Wright et al., 2006). Furthermorewhile human neurd precusorscan somdimes expand
for extendedperiodsof time (Walton et al., 2006) cdlular senescences often a limiting
factor(Wrightetal., 2006)

In this study we found that 5% oxygen, which is within the physologicdly measured
range, specificaly promotesthe proliferation of nestin® humanpostnatalCNS precursrs
Expansionin 5% oxygenincreaseshe proportion of thesecells with a stam cdl phenotype,
as measuredy CD133/CD24expressiorand the ability of the precursors to gererate all
threeCNSlineagesincluding oligodendrocytesn contrast, 20% oxygen caugsprecursars
to differentiate to astrocyes Subseqertly increasing oxygen tenson during cell
differentiation promotes the maturdion of oligodendrogtes. These novel findings show
that oxygen tersion exetts multiple effects on human CNS cell fate at differert stages
during proliferation anddifferentiation.In additon to defining the physological adions of
oxygen on humanprecursorsthis suggess a systematianethod to enrich for human CNS

stemcells and oligoderdrocytesor clinical purposes.

I PART: oxygen tension modulation of brain tumor derived cells proliferation.

Centrd Nervaus System(CNS) tumorsrepresat the 22% of all pedidaric malignanciesup
to 14 yearsand10% of tumorsin 15-19 yearolds and theyareone of the leadingcausesof
cancer deathin children. Grade lll anglastic adrocytomaand grade IV glioblastoma

multiforme (GBM) makeup the high-grace gliomas(HGG), which arecommonlyrefered
10



to asmdignan gliomato reflect their invasve natureard cgpadty to diseminate (Rood
BR and MacDonald TJ, 2005). Nowadas, outcomefor children and aduks with primary
HGG is still poor, thusunderstandinghe intrinsic propeaties tha charaterize HGG tumor
cells, particulaty the more immatre cells (also cdled cancer stem cells) ard the
identification of the microenvironmentasignalstha reguate tumor cells proliferation and
survival, resut to be critical for the developmert of suces$ul and more selective
chemdherapies.

High grade gliomas are highly vasculaized, with the tendencyto infiltr ate ard they are
characerized by extensiveareasof necrosisand hypoxia Recent literature shows that
hypoxia positively correlatewith tumor aggressiveness(Azumay et al. 2003) (Helczynka
K etal. 2003) (Jogi A et al 2002)andover-activity of Hypoxia Inducible Factorla (HIF-
la) (Smith K et al. 2005) is implicatedin tumor progresson. The correldion betwesn
hypoxia and tumor aggressiverss hasbeen causaly linkedto increasedgenonic instability
(Koshiji M etal. 2005),but it is alsorelatedto increasd sunival of proliferating cells by
suppresson of p53 and its associatedcell growth control (Zhang L, Hill RP. 2004).
Importantly, hypoxia hasbeenshown to promote de-differentiation of neuroblastona cells
(Jog A et al. 2002) (Jogi A et a. 2003) (Jogi A et a. 2004), suggesting that it may
reinforce an environmentfor aggressiveumor growth. It may also prevent a pre-existing
stemcdl population from differentiating,which is important in light of increasng evidence
thatcanceris initiatedby dysfunctionalstemcdls (Al-Hajj M et al. 2003) (Bonnet D et al.
1997)(Singh SK etal. 2004).

Additionaly, it is known the involvement of signalling molealles, swch as bone
morphageretic proteins (BMPs) ascrucial mediaors of stemcedl self reneval andcdl fate
determination, which appeardisruptel in brain cancers Particularly, BMPs have been
shown to be strong inducersof astralial fates (Chen and Parchison, 2007) while the
endogenouslyseceted BMP-antagoni§ noggin (Zimmerman et al., 199%), limits glial
diff erentiation and directs postnatalstem cdls to genemnte neurons (Lim et al.,, 2000)
(Fig.1A).

11
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Figure 1A. BM P Signaling Pathway.

Recenly, Piccirillo et al. showedthat BMP4 (and analogously BMP2) can moduate glial
differentiation through increasein GFAP expresson in primary cultures of glioblastoma
(GBM), in particular in the brain tumor inducing population, thus indicating BMPs as
potentially usdul candidatemoleculesto promde differentigion of the tumar-initiating
cells.
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In the resultsdescribedn the 1% part of this study(partl) we haverelatedBMP2 signding
activaton in normal postnatakubventicular zone(SVZ) derived cells, to oxygentension;
in particular, we found that 5% oxygen, which is in the physiologicé range, inhibits BMP2
signaling and consequentiayl activation of phospo-Smad 1/5/8 ard Id1 expression
(induce of astroglialfate, downstreantarget of BMPs stimulation) are diminished. Thes
results suggestthat oxygen is an important biophysicd paraneterin the regulation of
normalneual precursorproliferationand differentiation.

In light of theseconsiderationsjn the 2" part of our researchwe investgatd the role of
oxygentension by comparinga loweredoxygentension(5% andalso 2% oxygen to testa
much stronger hypoxic condition) versuservironmerial 20%, in the moduation of High
Grade Glioma (HGG) derived cells proliferation and thar responseto BMP in vitro
stimulation Our resultsindicatethat HGG cdls tend to expandin vitro in al the oxygen
temsionstesed, eventhoughfor a highernumber of pasagesunde loweredoxygen but at
20% oxygen expansionof more differertiated GFAP+ cels at the expeng of nestin+
preaursorsincreasesnd mitotic arrestis induced. Importantly, the astrodial commitment
seenunder20% oxygenseemso berelatedto endogenousctivaion of the BMP signaling
pathway,asshown afterrapid 20% oxygenexposure.

Furthernore, treatmentwith BMP2 hasa spedfic anti-proliferative and pro-differentiating
action toward HGGs cells, effectsthat are diversey modulaed by oxygen tension while
not promotingany significative effectin normalcells. Finally, Hypoxia Inducible Fador-a
(Hif1-a), which appearsto be highly expressedn HGG cdls even regardissthe presence
of hypoxic conditon, is downregulatedby BMP2 treatnent in both the oxygentensons
tesed.

Thus, basedon theseresults,we suggestthat a hypoxic microenvironnent in the brain
tumor niche mantains stemnessalso by down-regulathg BMP signding pathway andits
pro-differertiating effect.

Besidesstudying HGG derived cells as desaibed we also invedigated the role of oxygen
tersion in the modulation of medulloblatoma(MDB) cdls proliferaion andtheir respnse
to BMP in vitro stimulationandNotch signding activation andinhibition. It is known that
hypoxia requires notch signalling (Fig. 1B) to maintainthe undfferertiated cell statein a

mouse myogenic cell line C2C12 and mouse enbryonic teratocacinoma cell line P19
13



(Maria V. Gustafssonet al. 2006) and notch pahway inhibition in DAOY cdls, by
pharma®logc inhibitors of y-secretase deplees stemlike cells and blocks engraftment
(FanX etal. 2000.
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FigurelB. Notch Signaling Pathway.

Medulloblastomais the mostcommoncarcerous brain tumor of childhood. It accourts for
20% to 25% of all childhoodtumors,andthey are mdignant, invasive embryonal tumor of
the cerdellum, predominantly displaying neuonal differertiation, and an inherent
tencency to metasasize via cerebrospial fluid pahways. Although it is thought that
medulloblastomasoriginate from immatue or embryonal cells at ther ealiest stag of
development,the exact cell of origin, or "medulloblag’ has yet to be identified. It is
currently thoughtthat medulloblastomarisesfrom cerebelar "stemcells’ that have been

preventa from dividing anddifferentiating into their normd cdl types
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Additionaly, it has been reported that in medulloblagoma cells there is a higher
endogenousNotch activation(Raffel C etal. 1997 (FanX et a 2004)(HallahanAR et al
2004), (Fan X et al 2006) Notch is known to pronote the sunival and proliferation of
nonneopéstic neural stemcells and to inhibit their differentation (Reya T, et al 2001)
(Solecki DJ, et al 2001). Signaling is initiated by ligand binding, followed by
intramembranos proteolytic cleavageof the Notch recepor by the y-secreasecomplex.
Inhibitors of this comgdex dlow the growth of Notch-dependent tumors sud as
medulloblastanaandT-cell leukemia(FanX, etal. 2004) (Hallahan AR, et a. 2004. The
resultswe obtainedindicatethat MDB derived cells can be expanded successfully in vitro
only whencultured at 2-5% oxygen,whil e at 20% oxygen cells differentiateand evertually
die after undergoingmitotic arrest In MDB derived cells BMP2 doesnot seem to induce
any major effect but inhibition of BMP2 with noggin, while doesnot induceany notable
effects underhypoxic conditions,seemsto increasethe already high vulnerallity of these
tumor cdls to high oxygen tension importantly we also found that inhibition of notch
activaton by a y-secetaseinhibitor inducesdifferentiationin different ways compaing
normal and MDB derived cells and DLL4-mediatel notch adivation is differentially

modulaed by oxygentersion.

We also performed graftingin the motor cortex of NOD SCID mice of the tumor derived
cells testedasabove,a routinely usedin vivo modé to testtumor expansionafter cotrtical
engrétment. This set of experimentshasbeen importantto validate tumor-initiating cell
populatiors and assg interactionsbetwesn tumor stem cells and a more physiologically

similar microenvionmert (i.e. murinebraincortex).

Inded, recentevidenceindicakes that tumors consistently arise from a spedfic sulse of
cells definedascarcer stemcells. Two studies (Bonret D etal. 1997) (Blair A etal. 1997)
foundthatcellswith the highestcapacityto re-initiate newtumors exhibit propetties nearly
identica to thoseof stan cells. This has been shownfor acute myeldad leukemiaarnd for
breast carcinomatumorsby usingcell suface selectdle markers.Disscaciated CNS tumor
cells expresgprimitive markers(i.e. CD133 Sax2, Musashil,Bmil and Nestin) andexhibit

multipotency whenplacedin definedserumfree stem cell medium (Singh SK et al. 2003)
15



(Hemmat HD et al. 2003) (IgnatovaTN et a. 2002) (Guzman ML, JordanCT, 2004).
Additionally, CD133" cells showthe highestfrequencyof initiating new glioblastona and
medulloblastomatumors when gratted in NOD/SCID mice (Singh SK et al. 2004).
Althoughmanytumorscontaincells that displaystemcdl like-featurestheidentity of the
stemcdl thatacquiregheinitial geneticmutationleading to tumorformation hasremaired
elusive A normal stem cell is defined by its dud properties of self-renewal and
multilineagedifferentiation potential,and savesto repopuiate the maturecells pool of its
hostorgansystem. A cancerstemcell would function in asimilar way to sustin the growth
and spreal of tumors, however,it would not be subjectedto the same intrindc andextrinsic
controls asnormal stemcells. By usingmagnéic cell sortingand flow cytometry analysis,
basedon expressionof the cell surfaceartigen CD133, we isdated the carcer stemcell
populationreproducibly from primary culturesof both HGG and MDB. This population has
been routinely grafted into NOD/SAD mice bran paenchymaand was able to reliably
recastitute the original tumor phenoty. Interestngly, we aso found that MDB derived
cells, which are normally poorly growing in vitro, were able to acquirea proliferdive
capacity consderablyhighe afterin vivo tranglantdion, with a strongincreasein nestin+

and Ki67+ cellswhencomparedo theirin vitro counterpd.
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MAIN AIMSOF THE STUDY

To addresghe role of oxygenat definedstepsin human neurd precursors anrd human brain

tumor derivedcells expansionanddifferentiation, we utilized a novel systemto contiol gas
compositon duringincubation,microsopy-aidedrecording andexperimentd manipuldion

(Fig. 2B). Our mainaim was understanchg how oxygentersionreguktesproliferationand
fate choiceof normal humanpostnaal subventricdiar zone (SVZ) derived precusor cells

(Partl). In particulr we soughtto elucidatewhich werethe molecularpathwaysinvolved

in oxygen tensio sensitivity and also which speific lineage steps were affected by

oxygen.

Basedon the resuts obtainedin part I, in the secod part of our study (Part1l) we

investgatad the role of oxygentension by comparing an even lowered oxygen (2%)

termsion versts envronmental 20%, in the moduldion of High Grade Glioma (HGG)

derived cells proliferation and their regponseto BMP in vitro stimulation and also of

Medulloblastoma(MDB) derived cells, and their regporse to Notch signaling activaion

and inhibition.

We alsoperfamedin vivo graftingof bran tumar derived cellsand CD133+isolatedbrain

tumor stam cells with the main goalto validatetumar-initiating cdl popuationsandassay
interactons between tumor stem cells and a more phydologcally similar

microenvironmert.

17



RESULTS (PART I)

Theresuts obtairedfor partl andpatrtially for partll havebeencollected during thefirst2
yeas of doctoratein the labomatories of the Center for Neuoscience Resegch, in
Children’s National Medical Center,Washngton, DC, where | worked as a visiting PhD
studentwith Dr. PanchisionPhD. Resultsin patt | havebee published (Pigollato, F., et al.
Mol Cell Neurosci.2007Jul;35(3)424-435.Epub2007 Apr 12).

Human CNS precursor expansion increases at lower ed oxygen tension

Fetal and poshatal human CNS preairsors prdiferate extensvely in the presenceof the
mitogensbFGF and EGF (Caldwell et a., 2001; Caperter et al., 199; Ostenfeld and
Svendsen2004 Walton et al., 2006) We obsrvel a significantincreasein humanCNS
precursornumberswhen cultured at 5% conparel with 20% oxygen Thes differences
were seen upon thefirst passag andbecamegreaterin subseuentpasage (Fig 2C). The
enhancemenof precursorexpansiorin lowered oxygen maybe dueto minimized oxidative
stressor to the secretionof trophicfactors. We tegedthis hypotresisby culturing preairsor
cells at 5% or 20% with standad mediumalore or with [1] erythropaetin (Epo), which is
inducel under low oxygen condtions (Studeret a., 2000) and is required for neusal
precursorsundval and expansionin vivo (Yu et al., 2002) [2] the arti-oxidant ascorlic
acid; or [3] B27 supplementsyhich cortain a numberof artioxidants andsurvival factors,
We usal a variant without retinol, which is known to promoteneuroral differentiation.
None of theseadditivespromotel expan#on as did 5% oxygen(Fig. 2E). Epohadno effect
on SVZ precusorsat 10 ng/ml (Fig. 2E) or 30 ng/ml (not showvn), unlike its effect on
ventrd midbrain cells (Studeret al., 2000) nor did acorbic add. Anather antioxidant, N-
acetylcysteine,alsofailed to promok expansiorin two regdicate expgiment (not shawvn).
While this was not an exhaustivetest of all candidae factors the resuls suggestthat
addition of arti-oxidants or growth factors is subopimal in duplicding the growth-

promotion effectsof 5% oxygen.
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Figure 2. Lowered oxygen promotes expansion of human CNS subventricular precursors over
extended times. (A) Physidogical oxygeration (normoxia, light shaa) of different adult mamnaian bran
regionsrangesfrom 0.5%to 8% oxygen (3.8 to 61 mm Hg), while 21% room oxygentension is hyperoxic
(from ErecirskaandSilver, 2001).(B) Environmentalcontra systemusedfor thesestudes. (C) Expansiorof
humanSVZ cells, platedat equivabntdensitiesandexpanded7-10 d at either5% or 20% oxygen;bar = 100
pm. (D) Quantitationafter successivepassagig, mean+ S.EE.M., n = 3. (E) Human precussor cells were
expandedat 5% or 20% oxygenaloneor with erythropoietin (EPO),ascorlic acid (AscAc) or B27 without (-)
retinoicacid.Noneof thes extracellular factas duplicatesthe erhancenen of expansiorby lowered oxygen;
meant SEM., n=4,*p<0.05;**p <0.01,pairedt-testfor all graphs.
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Interaction of oxygen tension and density in the expansion of nestin® precursors

We obseved an enhawementof humanCNS preaursor exparsion at 5% compaed with

20% oxygenat most plating densitiestestal (Fig. 3A), but particularly at lower densites.

Cells still survived at low density in 20% oxygen, but thee had a more flattened
appeaancethancellsin 5% oxygen. One chaaderistic of extendel culture at 5% oxygen
was an increasdn the numberof smal bipdar or tripolar cells relative to more flattened
cells, which we suspectedwvere neural precusors and glial cdls, repecively. So we
stainedtheseculturesfor nestin a generalmarke of neura precursorcdls (Tohyanaetal.,

1992), and glial fibrillary acidic protein (GFAP), a marker of astrocytesand radial glia
(Casper and McCarthy, 2006; deAzeved et al., 2003). Nestin predomirantly stained
smaller cells while GFAP predominatly staned the flattenedcells. We found that these
cultureswere heteogeneousinderall condtions, but thatboth dengty and oxygentension
affected the ratio of nestii and GFAP" cells. In 5% oxygen low densityculturescontained
46% nesin® cells (Fig. 3B) with lessthan8% GFAFP" cels (Fig. 3C). The majority of the
remaining cells were nestih'Blll-tubulin® with some nestitGFAP® (not shown). With

increasingplating density at almast 100% confluence the perentageof nestn™ cels
droppedto nearzero,while GFAP' cells eventually mack up 80% of the population Thisis
consistent with previous data showing tha high dersities promote GFAP glial

differentiation by a contactdependenmedanism (Rajan et a., 2003; Tsai and McKay,
2000)

In contrast 20% oxygenreducedboth theremvetry of cdls and the percentag of these cells
that were nestii (Fig. 3B). This was most pronouncedat the lowed densites that
otherwisg in 5% oxygenproducechigh perentagef nedin® cells. GFAP" cells werefour
timeshigher at the lowest densitiesand increased further at higher plating densities (Fig
3C). Thus,GFAP" cells areerhancedby both higheroxygentensons (even at low plating
densities)and increasimy density while nesin” precursorsare enrancedat lower oxygen
tensionsln corclusion, higher densitiespromote a glial fate and maskthe enhancemenof

nestin® precursomumbes by 5% oxygen.
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Distinct sensitivity of precursorsto BMP activity at 5% versus 20% oxygen

The interactionbetweenoxygen tensionand dersity in promding GFAP differentiation

ledusto explore whatsignalscould beinvolved.Bonemorphaeneic proteins (BMPs) are
strong inducersof astraglial fates (Chen and Panclsion, 2007); it has been previously

showed that the combnation of high densty and signaling by BMPs promote glial

differentiation by an mTOR-dependenpathway(Rajan et al., 2003; Saler et al., 2005). In

contrast, the endogerously secretedBMP-antagonist,noggin (Zimmerman et al., 1996),

limits glial differentiationanddirectspaostnaté stem cells to geneate neurons(Lim et al.,

2000) We testedwhether similar signak operatein human cells and whether oxygen
interads with this pathway. We plated human SVZ cells at medium-high density (49

cells/mnt) and expanded? days at either 5% or 20% oxygen, with or without BMP2 or

noggn. At 20% oxygen therewassurpisingly little effect of noggn or BMPs on total cell

numbes (Fig. 4A). At 5% oxygen, however noggin strongly promoted precursor
expanson. We then analzed cell pherotype in these cultures (Fig. 4B). Given the
modestly high plating densitythere was no differencein the percentage of Nestin™ and

GFAP" cells comparing the control groupsin the two oxygen tensions(as elucidated in fig

3B-C). Whereas5% oxygen permitted the inhibition of BMP signaling by Noggin

(measuredasan increasedperentageof Nestin® precursorsard decreasedGFAP" glia), it

blocked the gliogenic effect of BMP2 on preaursa cdls. In cortrast 20% oxygenlimited

the effed of Noggin, but strongly enhamed the effed of BMP2 in promotinga glial fate.
Apoptosis measuredscleavedCaspase&xpresson and pyknotic nudei count, wasnot a
prominentrespnseto BMP treatmeninot shown) unlike thatreportedin previous studes
in rodents (Chenand Parchision, 2007 Mabie et al., 1999; Panchsion et a., 2001). We

hypothesized that oxygencouldregulateBMP signalingat multiple steps, including SMAD

activation and tranriptionalinduction of target genedlike Id1 (Lopez-Roviraetal., 2001),

which is invalved in gliogenesigNakaslma et al., 2001; Vinals et al., 2004; Yanagisava
et a., 2001) To control for the possibilty thatdiffering BMP repornseswere dueto long-

term effects of oxygenon cell fate, we startel with cdls tha had been cutured extensvely

in 5% oxygenandonly switchedto 20% oxygen 4 hoursprior to beginning BMP treatment.
By measuring serire phosphoriation of Smads15/8, a key stepin BMP signal transdwtion

(Shi andMassage, 2003) we found that activationoccurs morerapidly, in morecellsand
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for alongerduraton in 20% oxygenthanin 5% oxygen (Fig 4C). Furthermore, expression

of Id1 protein by immunocyochemistrywas increased within 24 hoursof BMP2 treatment

in 20% oxygen but not 5% oxygen (Fig 4D). Thesereaults indicate that lowered oxygen

tersion represes BMP signaling and subgquern glial differentiation of CNS precusor

cells, while a higheroxygentenson promotesBMP signaling.
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20% oxygen promotes differentiation of human CNS precursor cells

The effect of oxygen on precurso cell numbes could reflect an alteration of either
proliferation statusor cell death.To addess this, we analyzedthes cdls by: [1] Ki67
expresson, marking actively cycling cdls; [2] nestin expresion identifying all neusal
precursorcels; [3] activated proteolyticdly cleavedcaspase to identify apgtosis and [4]
pyknotic nuclei which identify deadcells and canbe easly distinguished by ther round,
intensdy bright DAPI” appeaance We also analyzedexpressiorof the neuronalmarker
PSA-NCAM and the astrocytic marke GFAP, which identify progentor as well as
differentiated cells of theselineages(Bernie et al., 2000; Casperard McCarthy, 2006;
deAzevedoetal., 2003. We observedhighe percentagesof Ki67" and Nestin™ cells at both
5% comparedwith 20% oxygen (Fig. 5A), in cdls plated at reaonable low densty (8.6
cells/mnf). Activated casms@ was not significantly increasd at 20% oxygen and
pyknotic cell numberswere not changd While the neuond lineage was just slightly
promoted as measuredby PSANCAM™ cells, GFAP" glial cells were significatively
increasedat 20% oxygen. Theseresultsindicatethat the principal responseo 20% oxygen

exposures terminaldifferertiation of preaursorstowardan adrocytic fate

To determine how quickly precursorsrespondedo incressed oxygen tersion, we initially
cultured precursorsat 5% oxygenfor 3 days thenacutelyexposdcellsto 20% oxygenand
fixed cels 24 hours or 48 hours later. We saw an increae in the perentageof cells
expreseng totd p53 (not shown)andphosplorylated forms of p53 atthe Ser¥ and Seil5
resdueswithin 24 hoursof exposureo 20% oxygen (Fig. 5B,D). Therewas no charge in
the cell numberor localizationof p53 phoshorylation at the Ser6, Ser9 Sa20 and SeB392
resdues. This is notablesince high oxygen tenson also increases p53 activity via Sell5
and Se37 phosphaylation in lung adenocecinomacells (Dasand Dashnamoothy, 2004)
Since p53 activity canactivateeitherapogosds or terminal diff erentiaion, we looked at the
expresson of p21°*!, a cyclin-dependentkinaseinhibitor that is inducedby p53 and is a
direct effectorof mitotic arrest.We foundthatp21°*** cel numbersverenot changedat 24
hoursbut doubledat 48 hoursafter exposureo 20% oxygen(Fig 5C E). Thus exposue to
20% oxygeninduces a significant activaion of p53 phopho-Serb/Serd within 24 hours
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and p21°P~-mediaed mitotic arres by 48 hoursin human SVZ precusors The principal

resultof this mitotic arrestappeargo beadrocytic diff erentidion.
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Figure5. 20% oxygen promotes differentiation of human precursor cells. (A) Expansionof humanSvZ
prearsorcells, platedatlow density(8.6 cels/mnt) andexpandedfor 10 days is enhancedat 5% oxygenas
measuredy Ki67 and nestinexpresson. In contrast, 20% oxygen decreaseshes markers and seledively
increasesGFAP" cells, suggestingglial differentiation. The neurmal pherotype changes modestly as
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activated cagase3(Casp3)stainingard pyknotic cell number.Mean+ S.EM., n = 4-8. (B-C) After initial
expansionat 5% oxygen, acuteexposue to 20% oxygen increasesserinephosplorylation of p53 (B) ard
expressionof p21°°* (C), an effectorof cell cycle arrest.p53is known to promae either differentiation,via
p21°P* induction, or apoptosis(D-E) Quantitationof p53 phosphorylation at Ser’s and Se37 (D) and p21°°*
indudion (E) after acuteexposireto 20% oxygenfor 0, 24 or 48 hr; meant S.EE.M, n = 4;*p < 0.05,*p <
0.01,***p < 0.001,pairedt-testfor all experiments.

L owered oxygen promotes the generation of multiple lineages

While 20% oxygenpromotesmitotic arres and astrocytedifferentiaton, we wartedto see
if 5% oxygensimply prevened mitotic arrestor if it affected the competee of precursars
to generat neurons, astrocytesand oligodendrocytes We expandedpreaursors with
mitogers for 7-10 days and then differertiated cdls by mitogen withdrawal for 21 days
(Fig. 6A,B). As expectdl, total cell numker was higherat 5% oxygencomparedvith 20%
oxygen, but the percentageof cells expresisg the neuranal marker B-I11-tubulin or the
astrog/te maiker GFAP was not significantly altered. This may reflect the substartial
numbes of precursa cellsthatalrealy expressthese markes (Fig. 5A) and which may be
committed progenitors. However, the number of gdactocerérosideC” (GdC")
oligodendrocyes generatedvas 17-fold highe at 5% oxygenthan at 20% oxygen (Fig.
6A,B,E).

To accountfor theseresults we proposel two alternatve mecdharisms:

(1) 20% oxygentensioninhibits the expansionof all preaursois equally, butaso selectvely
inhibits the maturationof oligodendrocys,or

(2) 20% oxygenis detrimenél to the expansionof multipotert precursors, but not neuronal-

or astrocyterestrictedprecursors.
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Figure 6. Lowered oxygen promotes multi-lineage competence and, after mitogen withdrawal, a
subsequent increase in oxygen promotes oligodendrocyte maturation. Human SVZ precursors were
culturedfor 7 d expansim and 21 d differertiation, entirely at 5% oxygen (5 — 5%, A), entirely at 20%
oxygen (20 — 20%, B), at 5% oxygenduring expansionand 20% oxygenduring differentiation(5 — 20%,
C), or at 20% oxygen during expansionand 5% oxygen during differentiation(20 — 5%, D). Colonies
coniaining neuras (Bl -tubuiin), astraytes (GFAP) and oligodendocytes (GalC) were gereratedat 5%
oxygen(A). In contrast,almostno oligodendrocyteswere generatedat 20% oxygen(B). Switching from 5%
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to 20% (5—20%) oxygenafter mitogenwithdrawal causedh further increaseof GalC' oligodendocytes(C).
Conversely,switching from 20% to 5% (20—5%) after withdrawal still did not restae the generationof
oligodendrocytegD). Thus,5% oxygenmairntains precusa capability to generge oligodendrocyts, while
subsequentexpsue to 20% oxygen enhancesligodendocyte differentiation. (E) Quantitation, mean +
S.E.M., n = 4 for BllI-tubulin and GFAP, n = 3 for GalC.*p < 0.05 **p < 0.01, ***p < 0.001, oneway
ANOVA with Tukey's posthoc test.Barin mainimages= 200 um; barin insets= 50 um. the commentfor
fig 5F is not written: (F) Oligodendocyte progenitas are significatively reducedafter 20% oxygenexposue
for 4d in expansion(i.e. in presenceof mitogens),as shown by PDGFRu stairing. Furthermore the total
expressionof the later marker O4 does not change but the proportion of these cels co-expressingp21°°*
increaseindicatingthattheseoligodendrocyteprogenitos hadundergone mitotic arrest. Quantitation, mean+
SEM,n=3

Higher oxygen promotes oligodendrocyte differentiation

We teskd these hypothesesby including replicate wells in which we switched oxygen
exposure2 daysafter mitogenwithdrawal (Fig. 6C,D,E). Surprisirgly, switching from 5%
to 20% (5—20%) oxygen caused a further increme in the numter of GaC”
oligodendrocyes (Fig. 6C,E). This number was over 2-fold higher than in cultures
differentiated at 5% oxygen and over 40-fold higher than cultures maintaned at 20%
oxygen during both expansionand differertiation. However, switching from 20% to 5%
(20—5%) oxygen during differentiation did not resaue the generaion GalC™ cells (Fig.
6D,E). Thesereslts indicatethatthe failure to generateoligoderdrocytesat 20% oxygen is
primarily due to negative precursor seletion rather than ddayed maturdion of
oligodendrocye progenitors This negaive effect may be on stem cdls and/or
oligodendrocye-committed progenitors. Howeve, onee oligodendrogytes are generéed,
late stagesof differentiationare enhancd by higher oxygen tensons This may be partly

dueto acceleratednitotic arrestasseenby greaer proportionsof Ki67 ™ cells(notshown).

To deermine whetheroligodendrocyteprogenitors were present in culturesat 5% oxygen,
we stained for platelet derived growth factor receptoralpha (PDGFRu), a maker for
immaure oligodendrayte progenitors (Blakemore et al., 20@; Zhang et al., 2000, ard
04, a marker for late oligodendrogte progenitorsandearly postmitotic oligodendocytes
(Zhangetal., 2000). We foundthatPDGFRy" cells werepresenin theseprecursorcultures

(Fig 6F); however,evenin the presencef coninuousbFGF/EGF,exposireto 20% oxygen
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decreagd the proportions of PDGFR:" cells in these cultures within 4 days
Simultaneasly, the total expressiorof the later marker O4 wasunchanged; however, the
proportion of these cells co-expresing p21°P' increasd, indicating that these
oligodendracyte progenitorshadundergo mitotic arrest.

Thus, while 5% oxygen permits the gereraion and mainterance of oligoderdrocyte
progenitors,20% oxygen actually drives mitotic arrest and promotes the differertiation of
oligodendracytes even in the presence of mitogens, therdy depleting the supply of

oligodendracyte progenitors

Enhanced precursor expansion at 5% oxygen involves greater clonogenicity and
higher CD133" cell numbers.

To testthe seconl hypothesisywe measurealoneformationby plating cellsat 0.2 cell/well
in 96-well dishes,which ensuresigh confidencethat no well will havemorethanonecell.
Threeweeksexpansionin 5% oxygenyieldeda 14-fold higherfrequency of clonesthanin
20% oxygen (Fig 7A). Analysis of someof these clonesafter differentiation indicatedthat
they containedcells expressingnarkersfor neurons adrocytes andoligodendraytes (not
shown). This is consistentwith a postive effect of 5% oxygen on self-renewal and
multipotency, two defining propertiesof stem cells We also andyzed precurso cells for
markersthat predct stemcell propertiesof humanCNS cells. This includedthe cell sufface
antigensCD133 and CD24; adult humanCNS subventricular zore cdls that expresshigh
levels of CD133 and low CD24 have high clonogenc capacity and multipotency, while
cells expressig high levelsof CD24 haveli mited clonogeric capacty (Uchida etal., 2000)
and maybeatrarsit-amplifying precursorpopulaion (Dogsd et al., 2002.

Cells grown in massculturewereanalyzedor co-expresionand intensityof thes markers
by flow cytomety.

We sawthatin 5% oxygenthe majority of cells expresedhigh levels of CD24, but thata
distinct population of CD133CD24 cels was present(Fig 7B). This latter expression
patternis corsistent with extensivelyself-renewng, multipotentstemcells (Uchida et al.,
2000). In cells expandedin 20% oxygen,therewas a modeg decreaein the percentageof

CD133'CD24™ and larger decreasén CD133CD24" cells (Fig. 7C, D), consistentwith a
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progressre lossof stemcells andtransitamplifying cells. In contras, 20% oxygencatsed
an increasein thenumberof CD133 CD24 cells.

To deermine whetherthis charge in cell compositionrefleded a change in differentiation
potential, we passagd cells that had been extensively expanded in 5% oxygen,
prospectively isolatedthembasedon CD133 and CD24 expresion (Fig 7E-F) andcultured
them at low density While the percemages of GFAP and B-Ill-tubulin did not
significaively changeafter 5 days in expansion comparng the four sorted groupsin the
two oxygen tensions (data not shown) importanty we found tha CD133°'CD24 cels
expandedn 5% oxygenhadthe highest percentageof cdls expressng PDGFRx. Exposue
of precursorsto 20% oxygen for 5 days of expansim was sufficient to eliminate the
majority of PDGFRx" cells (Fig 7G). After differentiatirg by mitogen withdrawal for 3
weeks, cells were stainedfor markes of neurons (B-l1l -tubulin), astracytes (GFAP) and
oligodendrocyes(Gal-C). In 5% oxygen,the highest percentageof neuronswere gererated
from CD133CD24 cells, the putative transitamplifying population; theseneurons were
preferentiallylost when the precursorswere expandedand differentiged in 20% oxygen
(Fig 7H). GFAP astr@ytes were more frequerlly geneated from CD133 cells,
particularly in 20% oxygen (Fig 71). Enriched CD133°CD24  cells expandedpoorly
compaed with other sortedcdl groups,suggesing tha they areunlikely to be precusas;
thesegeneratedmorphologcally flattenedcellstha only expresedGFAP when exposedto
the differentiating effect of 20% oxygen. These results are consstent with glial
differentiation seenin unsorte culturesat 20% oxygen (Fig 5). The percentageof GarC*
oligodendrocye (Fig 7J), like their PDGFRu" progenibrs (Fig 7G), was higher in
CD133'CD24 precursorga 2.5fold GaFC enrichmentcompaed with unsorted cells in
Fig 6E), dthoughtheywerealsogeneratedn smaler numbers from CD24" cells. Exposue
of precursordo 20% oxygenfor 5 daysof expansionand 3 weeks of diff erentiationwas
sufficient to eliminate the majority of Gal-C* oligodendocytes. Thesecombinedresuts
indicae that the majority of tri-lineage differentiation occus from CD133'CD24
precursorsgconsistentwith previousrepots that theseare sef-rerewing, multipotent stem
cells (Uchida et al., 2000) Exposureto 20% oxygen reduceshe expansionof these cells

and the proportian of PDGFRy" precursorsncludedin or generatedby this cell populaton.
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Figure 7. 5% oxygen promotes clonogenicity and increased numbers of CD133" multipotent cells. (A)

Cloneformation of precusorsplatedat 0.2 cell/well and expandedthreeweels in either 5% or 20% oxygen,
meanz S.E.M., n = 3. (B-C) HumanSVZ precusorswere expandedfor 7 d at 5% (B) or 20% (C) oxygen,
passage@ndlabded with artibodiesagainstCD133 and CD24, then aralyzedby flow cytometry.The dot
plots showthat long-term exposureto 20% oxygendecreasethe numberof CD133 cdls (long arrow) and
strondy increaseghe numberof CD133/CD24 cells (shortarow). (D) Quantitation,mean+ S.EM., n=5.
(E-J) prospectivasolationexpeiment of cells extersively expanded at 5% oxygen; (E) gatingfor intact cells
(main population, polygon) and AnnexinV exclusion(viable cells, rectangle),followed by isotype contrd

antibaly labding to contwol for nonspecific binding and individual CD133 and CD24 antibodybinding to
conpensateoverlappingsignal. (F) Rectangleslende sort gatesoveraid on CD133/CD24expressia profile

of viable cels; exanple of purity aralysis showing cell enrichmen after sorting for CD133CD24,

CD133CD24" and CD133'CD24"; eachplot showsmeanrelative fluorescen intensity of CD24 (X mean)
andCD133 (Y-mean) for eniiched population along with percentageells within gate areabefore (top) and
after (bottom) sorting.(G) Proportionof PDGFRu+ cellsidentified after 5 d expansiorof sortedcells. (H-J)
soited cellsexpandedor 5 d, differentiatedfor 20 d andstainedfor neuions(H, B-111-Tubdin), astrocyteql,

GFAP) andoligodendrocyteqJ, GalC); meant S.EM., n=2for H, |, J,n=3for G; *p < 0.05, **p < 0.0],

pairedt-testfor all experinents.
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RESULTS(PART I1)

The results describedin part Il have been obtaned during part of my experiere in
Children’s National Medical Centre,WashingtonrDC, andduringthethird yea of doctorate
in the laboratoriesof Oncohaenatology,Paedatric Departirert of the University of Padwa

(Prof. Basso).The resultsherereportedare goingto be submittedfor publicaion.

Brain tumor-derived precursorsrequirealower oxygen tension for optimal expansion
than normal precursors

Basedon the previousresultsdescrited in part I, (Pistollao et al. 2007), it has been
demonstratedthat human postnatalSVZ derived precurso cels proliferate better under
loweral physiologcal oxygentensias(i.e. 5% oxygen), tensbn thatis in the physiological
range. Looking at thein vitro effectsmediated by a lowered PO, in humancentralnervous
system (CNS) tumor derived precursorcdls, in paticular 7 paediatricand 2 adult High
GradeGliomas(especiallyglioblastanas, 5 out of 9) we found that the expangon of tumar-
derived precursorancreasedas a function of decreaing oxygentension but only at 2%
oxygen it was significantly higher than at 20% oxygen. By comparison, normal SVZ-
derived precusas showeda significantly greaer exparsion at 5% oxygen but did not
increasefurther at 2% oxygen (Fig 1). This suggeded that tuma precusors may require

lower oxygentensionghannormalprecusorsfor maximal expanson.
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From Washington, DC | Studiedby Immuoncitochemistry
TUMOR TYPE Age Sex
HuTul0 Ependynoma 15 Femde
HuTul4 Glioblastoma 3 months | Femde
HuTu21 Glioblastoma 12 Male
HuTu24 Ependynoma 4 Femde
HuTu29 Astrocytoma 13 Male
HuTu30 Ependynoma 5 Femde
From Padova Studiedby Immunocitahenistry, Flow cytometry, Wesem
blotting, RQ-PCR
HuTuP01 Glioblastoma 64 Male
HuTuP02 Glioblastoma 42 Male
HuTuP05 Glioblastoma 9 Male

Tablel. High Grade Gliomas Samples

C Normal SVZ cells

2%0, 5%0D, 20%0,

....................

200+

cellsfmm?

1004

2%0, 5%0, 20%0,

Figure 8. Brain tumor-derived precursorsrequirealower oxygen tension for optimal expansion than
normal precursors. Humanhigh gradeglioma(HGG) derivedcells (A-B) at passaje 3, were plated at
medium density(49 cells/mnf) andexpanded daysat either2% (notshavn in the picture), 5% or 20%
oxygenin presene of mitogensbFGF and EGF (20 ng/ml bath). Lowered oxygentensionincreases
expansionof HGG detived cellscells, alike in normal SVZ derived cells.(C-F) Quantitationafter succesive
passagingndcomparingseveralHGG delivedcels, meant S.E.M.,n= 6 for norma cdls n = 7 (for
HGG).10Xpictures, bar= 0.1 mm.
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Higher oxygen tension promotes differentiation in HGG derived cdlls.

We chaacterzed HGG cells for the expresson of several markes, sud as nestin (for
multipotert precursors)(Tohyamaet a. 1992, GFAP (for astrocytes ard radial glia)
(Casper and McCarthy 2006; deAzevelo et al. 2003), B-IIl -tubulin (for committedand
immaure neuraal cells) (Memberg SP, Hal AK 1995) ad O4 (for ealy
oligodendrocyes) (Zhang SC et a. 2000). We generdly found tha HGGs were
characterizedfor the mostpartby nestint, GFAP+, nestif GFAP double postive cdls and
nestin/B-Ill -tubulin double positive cells. O4+ oligoderdrocytes were only poaly
repregnted(0.9-1% of the totd DAPI pasitive cdls, not shown). The percentagesf the
several subpopltations slightly differed comparing the colleded tumor biopses (tabe 1),
but they were considerablysimilar congdering tumor types. Comparingthe percentagesof
the different subpgulationsin HGGs culturedat 2-5% or 20% oxygentenson, we found
thatat higheroxygen cells were more differertiated, in paticular they were chaacteized
by higher level of expressin of GFAP+ cells (Fig JK)). In condusion, higher oxygen
tensiongenerallypromotedifferentigion of HGG tumor cells toward an astrocyticfate, as

previouslyreportedfor normalSVZ derivedcdls.

Higher oxygen tension induces mitotic arrest and activation of BMP signalling
pathway in HGG derived cells.

In order to elucidatethe molecularmedansms by which this differentigion occurred, we
stainedcells by using Ki67, markerfor mitoticdly active cels, phosplorylated forms of
p53 and panp53 antibady, and p21°ip1, a cyclin-dependent kinaseinhibitor and a direct
effector of mitotic arrest. We found that the percenage of Ki67+ cells resulted to be
dightly higher in 2% oxygen; p21°** protein level increasedin cells cultured at 20%
oxygen, especilly after 48 hours of higher oxygen exposue. To test phogphorylation
dependentactivaton of p53 protein which is implicated also in cdl cycle arreg by
medating activaion of p21, we exposedcells that had beengrown at 2% oxygen to 20%
oxygen tension for 24 hoursandfor 48 hours. P53is phogphorylaed at multiple sitesin

vivo and by severaldifferent protein kinasesin vitro. We found that raising of oxygen



tension inducedpatrticularlyphosporylation of Se0, 37 and392, anda geneal increaseof
pan-p53wasdeteced.

To see if underhigheroxygentenson therewasalso activaion of apoptosis we analyzed
HGG cells using the antibody specific for the proteolitically adive cleaved-caspas-3
(which waslowly expressedaround 5.5% of total cells in both oxygentensons), but we
could not detecta significative difference thus indicaing that the decreaseof totd cell

numberunder20% oxygenwasnotrelatel to increaseof casp&e 3 depencert apgtosis.

48 hrsin 20% Oy —

PAp-p53

24 hrs in 209 0 e
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Figure 9. Higher oxygen tension induces p53 activation and p21°"* mitotic arrest in HGG derived cells.
Expansionof human HGG derived precusas is enhancedat 2% oxygen, as shown by Ki67 expresson.
Under 20% oxygen,a slightincreasdn apoptosisoccus, asmeasued by activaed caspag3, (A-B) andaso
p21is moreexpressedinder20% oxygen (D-E), indicativeof a more differentiatedcell state P53adivation,
as measuved by phosplorylated serine20,-37, and -392 staining, occurs after 24 hrs of higher oxygen
exposure(G-H). Expanson HGG (J-K) nestin+derived precusas expanded for 5-7 daysis enhanced at 2%
oxygen.In contras, 20% oxygenselectivelyincrease$-lll -tubulin+ cels andparticulaly GFAP+cells. (C-
F-I1-H) Quartitation after conparing 6 HGGs,mean+ S.E.M, n = 3 for p21, 4 for Ki67, and 4 for Caspas 3.
n = 6 for negin, 3 for GFAP, and4 for Tuj1. 20X pictures(for A-B-D-E-J-K), bar= 50 um and 60X pictures
(for G-H), bar=15pum.

We hypothesizedha BMP signaling pathwgy, known to be important in reguation of
astrogial fate (Chenand Pandision, 2007), could be involved in induction of the glial
commitment observed after 20% oxygen exposure thus, we analyzed expresson of
PiSmadl1/38 and Id1 at different times of high oxygen expasure. We found that
phogphorylationof Smad1/5/8andexpresson of 1d1 ocaurredin a time depadent fashion
after increasein oxygentension.Furthernore, we peformed geneexpressionanalyses of
endogenais BMP2 and BMP receptor§BMPRI1A, BMPR1B andBMPRII), using SYBR
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green methodology,andwe found tha all these genes were up-regdated in cells cultured

underhigheroxygentension(Table 2).
Thes results suggestthatthe mitotic arrest obsewvedin HGGsderived cells after culturing

at high oxygentensionis consequencef p53 and p21°P* activaton, and that the occurring

astro-glial commitments relatedto activationof the BMP signaling pathway.

2% oxygen | 20% oxygen P Value
BM P2 1 2.80(x 0.19 ok
BMPRI1A | 1 | 2.64(0.522 | *
BMPRIB] 1 | 277(x069 | *
BMPRI| | 1 [ 1.69(x0.18 | *

Table2. RQ-PCR Analysis of BMP2 and BMPR-IA, -IB, -Il on HGG samples.
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Figure 10. Higher oxygen tension induces activation of BM P signalling pathway in HGG derived cells.
Quick high oxygenexposue at different time points promates phosplorylation of Smad1/5/8 and increases
Id1 protein level, indicative of BMP signaling pathway activation. Also enrdogerous BMP2 level increses
after higher oxygen exposure(mature form, while the immatue form remainsunchanged). Densitometric
guanttation by usingScion Softwareafter comparing?2 different HGGs, The mean intensityvalueshavebeen
normalizedto B-actin.

Differential Response of tumor cells to in vitro Mitogenic Treatments depending on
oxygen tension.

BMP2 inhibits HGG cells but not normal SVZ cells proliferation and this effect is
partially inhibited by hypoxia.

We souwght to understandf the presencef a hypoxic microenvronment could prevent the
gliogenic effects promotedby BMP2 treament. This is importart as the presacein the
tumornicheof a hypoxic condiion, which seemsto maintainHGG in alesscommitted cell
state, may prevent the pro-differentiating effeds modulatel by physiologicd solulde
factors. Indeed, tumor cells incapability to undergo differentiation is one of the key
properties of tumorcells.

BMPsareknownto be stronginducess of agroglial fates(Chenand Panchign, 2007) and
it has beenrecenly reportedthat BMP4 (and andogoudy BMP2 can modulae glial
differentiationthroughincreasan GFAP expresionin primary culturesof glioblastoma, in
particular in the brain tumor inducing populdion, thus indicating BMPs as potentially
useful candicate molecules to promote differentiation of the tumorinitiating cells
(Piccirillo et al. 2006). Additionally, asrepated in pat I, humanSVZ derived precursor

cells culturedunder loweredoxygentenson showed an inhibition of BMP signalingandof

38



subsequentglial differentiation (i.e. GFAP expressior), while a higha oxygen tension
promoes BMP signaling, thus suggstingtha moduladion of the BMP responsvenessis
medated by oxygenin neuralprecursorcells (Pistollatoetal. 2007).

We foundthat 48 hourstreatmat in presece of BMP2 (R&D, 10 ng/ml) in HGG derived
cells was suficient to induce a drastic reduction of total cels numbe unde normd
environmental 20% oxygentenson, particulaly at POard at early passagenumbes, while
not affecting normalcells. Interestingy, this effea was partidly inhibited at lower oxygen
tension, conditionin which thereductio in total cell numbereven after 3-5 daysof BMP2
treatmet was really modest,thus suggsting a pratedive effect medided by hypoxa
towardtumar cells. Noggin (R&D, 100-200 ng/ml), the physiologi@l BMP inhibitor, did
not affect tumor cels proliferation, while in normal cells there was increasein total cells
numberonly at 2-5% oxygen(seeresuts in partl). Thus HGG derived precursos seemto
respor more dramatcally to BMP2 in vitro treament dependingon the oxygentension
state, while normal SVZ derivedcellsarenat affededby this treatment.

To ched the prolif erationstateof BMP2 treded cells we analyzedKi67 expressian. While
in normal SVZ derived cells, under both oxygen tensdons we could not detect a
significative differenceafter 3-5 days treament in preeene of BMP2 (with an absolde
percentageof Ki67 equalto 50-55 on totd DAPI for cultures maintained at 2% oxygen,
data not shown), conversely,n HGG derivedcells, maintaned underlower oxygen,BMP2
exposuredecreasedi67 expressiorby hdf and this reducton was similar at 20% oxygen.
Interesingly, BMP2inhibition with Noggin, while did not promoteary particula effectin
cells cultured at 2% oxygen, which are probally already highly proliferating, at 20%
oxygenimprovedcell proliferationto ratescompaable to the onesfound at lower oxygen
in normal SVZ cells, after noggintreatment, we coud find a slightincreasan Ki67+ cells
only unde lower oxygen,no difference at higheroxygen.

Thus, exogenais BMP2 has an effectve anti-prdiferative adion toward HGG cels at
lower and particularly at higher oxygen while in normal cells a reducion of the
proliferationrateis notalle only at higheroxygentensiors; inhibiting BMP2 signding with
Noggin rescuesHGG cell proliferationat 20% oxygen,thus suggesing that activaion of
BMP signaling occurs dependentlyon oxygen tension increag. As Ki67 is a gereral

marker for cell proliferation (stainingall cells in G1, S, G2 or M phase) which doesnot
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permit to discriminateat which phasethe inhibitory effeds promoted by BMP2 occur, we
stainedHGG cells with propidiumiodideto performacell cycle aralysis

The mgor effect promotedby BMP2 wasa GO-G1 phasesblock, andthis block waseven
stronger under20% oxygen;in normal SVZ cdls therewas no significative effect at 2%
and under20% oxygenonly a modestG0-G1 block was visible. Thus,BMP2 treatment has
a much strongerinhibitory effect on HGG cells than in normal SVZ cdls and this

proliferative rediction is associatedvith ablock of thecell cyde in GO-GL
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Figure 11. BM P2 inhibits HGG cells but not normal SVZ cells proliferation and this effect is partially
inhibited by hypoxia. Human HGG derived cels, previausly exparded at 2% oxygen, were replated at
medium density (49 cells/mnf) and expaned for 3-5 days at either 2% or 20% oxygen,ard in presege of
eithee BMP2 (R&D, 10 ng/ml) (B-C) or Noggin (R&D, 200 ng/ml) (D-E). HGG derived cells, at POandvery
earlypassagesyereselectivelykilled by BMP2 treatmemh and this effectwaspartially inhibited by culturing
the cells underhypoxic condition. Inhibition of BMP2 by noggin doesnot promote any significative effect at
either 2% or 20% oxygen (seeF for quantificatior). Conversely,nomal SVZ derived cdls, at any pasage,
were not affected by BMP2 treatmentunder both oxygen tersiors, while noggin treagment promotes
expaisiononly at lower oxygen(pictures not showvn, seeG for quantitation). (H-I) Andysis of proliferation
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by usingKi67 expressionKi67 in normalSVZ derivedcells, underbath oxygentensions,does nat difference
after 3-5 days treatmentin preeenceof BMP2 (with an absolutepercentagef Ki67 equal to 50-55 on totd

DAPI for culturesmaintainedat 2-5% oxygen,datanot shown); conversely,in HGG derived cells, maintained
unde lower oxygen,BMP2 exposue decreasedKi67 expressia by half and this rediction was similar at

20% oxygen.BMP2 inhibition with Noggn at 20% oxygenimproved cell proliferationto rates conparableto

the onesfound at 2% oxygen;in normal SVZ cells, afternoggn treatmentwe coud find a slight increase in

Ki67+ cellsonly underlower oxygen,no differenceat higheroxygen.

Cell cycleanalysiswith propgdium iodide (J-K-L). The major effect promotedby BMP2in HGG derived cdls
isa G0-G1 phasedlock, andthis block wasevenstrorgerunder 20% oxygen;in normd SVZ cdls therewas
no signficative effect at 2% and under 20% oxygen. Mean = S.E.M., for normad SVZ cdls, 2% oxygen
control/BMP2/Noggin n = 8, 20% oxygencontra n =3 /BMP2/Nogdn, n = 7. For HGG cells, 2% oxygen
control n = 9 /BMP2 n = 11/MNoggin n = 16, 20% oxygen contol/BMP2/Noggin,n = 6. Ki67 in all the
conditions, n = 3-4. For cell cycle analysis,n=2, analyzedwo differenttumar biospies. 20X pictures, Bar =
50 um.

BM P2 induces differentiation into astroglia in HGG live remaining cells cultured at
2% oxygen and even moreif cultured at 20% oxygen.
To further investigatethe effectsmedided by BMP2 on HGG subpoplations we staired
tumor cells comparing level of expresson of nestinn GFAP and -lll-tubulin.
Morpholagically the live remaining cells after BMP2 treatmat appeard more
differentiated and flattened,while they were more elongatedand tri-quadripolar in control
(untreated)groups and in presene of noggin. The percentage of the flattenedcells was
higherin cells culturedunder20% oxygenand in preenceof BMP2.
We foundthatin presencef BMP2, HGG cdls underventglial differertiation under both
oxygen tersions (2.5 times more GFAP+ cells in 2% oxygen), but particularly at 20%
oxygen (4.5 times more GFAP+ cells than 2% oxygen control group),condtion in which
the percentageof nestin+cellsfurtherdeaeased.
We peaformedthe sameanalysis on normal precurers andasreportel in part!| thesecells
regpondeal to BMP2 by increasingGFAP expresson only when cultured in 20% oxygen
(4.5 times more in 20% oxygencomparedo 2% oxygen cortrol grou).
We alsochededif therewereeffectson the neuron&dcommitted populaion andwe found
aslight increasan B-111 -tubulint cell numberafter BMP2 treatmentandunde both oxygen
tensionswhile the percentagef this subppuation wasconparableto control in presence
of noggin (not shown), even though it has been reported that noggn modulates
neurogenesisin thenormaladultsubventicular zone(Lim DA eta 2000).
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The results indicate that in nomal cells respons/eness to BMP trough gliogeric

commitmentis repressedt lower oxygentenson, while in HGG tumor cdls this effectis

presentin both oxygentengons, but it is partidly inhibited at 2% oxygen. Furthermore,
while in normal cells BMP2 inhibition by noggin was able to modulate neurmal

commitment in 2% oxygen cultured cdls, in HGG derived cdls this treatmemn did not

produe a similar effect, thus suggestingan aberrant ahlity of the HGG tumor cells to

properly respand to the neurogenieffectsmodulated by noggin.

Analyss of cell sufface antigensCD133, which marks human CNS precursors with high

clonogenic capacity and multipotency, and CD24, which identifies cells with limited

clonogenic capacity in adult humanCNS tissue (Uchidaet al. 2000) was also peformed.
CD133 hasbeenrecentlyproposedasa marker also for cancerstemcells, asCD133+cells
isolatd from glioblagomacells wereableto recepitulate original tumor formaion in nude

mice(Singhetal. 2004).

HGG live cells were analyzedfor co-expresson and intensiy of thee makers by flow

cytomety. We sawthatin 2-5% oxygenuntreatel cdls the majority of cells expressed high

levelsof CD133+ CD24+cells,in HGG thatlooked moredif ferentiatedand did not present
eviderce of CD133 only+ cells, subpopulationwhich very likely represents the maost
immatureandclonogenicone.Othertumorsanples which lookedveryimmature giventhe

high percentag®f nestin+cells, were chaaderizedby a high proportion of CD133 only+

cells which was higher under hypoxic conditions After BMP2 tregment, a decreag of

thesetwo cel typesocaurred, concomitanty with anincreasein the CD133-CD24 cells

consideredbona fide as the more committed and/ordifferentiated cdls (also consdering

what observedin part | for normal SVZ cells). In normal SVZ cells a reductionin the
CD133+ CD24+ populationanda decreaein the CD133-CD24- onewas presntbut not at
asignificativelevel.

Importantly, these effects elicited by BMP2 treatmeét on HGG cells were strongly

promoedwhencellswerecultured at higher oxygentenson.
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Figure 12. BMP2 induces differentiation into astroglia in HGG live remaining cells cultured at 2%
oxygen and even more if cultured at 20% oxygen. After few pasagesin vitro (at P3, P4, P5) of HGG
derived cells,the major effect mediatedby BMP2 wasinduction of glial differentiation(B-C), effect thatwas
evenstronger in cells cultured at 20% oxygen (C). Noggin mairtained cells undifferentiated (i.e. nestint)
when cultured at 2% oxygen (pictures not shown) Quaritation (D-E), meant S.E.M., at 2% and 20%
oxygen all the conditions:for negin/GFAP n = 3-4. Bar = 50 um. (F-G-H) Flow cytometric analysisof the
cell suface markersCD133/CD24.In 2% oxygen, HGG untreatedcells expressal high levds of CD133+
CD24+ cdls (seetumor HUuTuP01) and CD133 only+ cells (seetumor sanple HUTuUPO05), subpopulations
which very likely repregntsthe more immatule and clonogenic ones.BMP2 treatmentdecreasesthes two
cell types, concomitantly with an increasein the CD133-CD24 cells, corsidered bona fide the more
committed and/ordifferentiatedcells. In normal SVZ cellsaredtction in the CD133+ CD24+popuation and
adeceasen theCD133CD24 oneis presenbut not at a significative level.

Pi-Smad1/5/8 activation and 1d1l expression after BMP2 treatment are reduced by
hypoxia.

We hypothesizedhat oxygencould regulateBMP signdling at multiple steps, including
SMAD activation and transcriptionalindudion of target gereslike Id1 (LopezRovira et
al., 2001), which is involved in gliogenssis (Nakashma et al., 2001; Vinals et al., 2004
Yanagsava et al., 2001). We startedwith cells that had been culturedpreviously in 2-5%
oxygenandonly switchedto 20% oxygenprior to beginningBMP treament.By measuing
serine phosghorylation of Smads1/5/8a key step in BMP signd trarsdudion (Shi and
Massgue,2003), we found that activation occursin morecellsand for alongerduration in
20% oxygen thanin 2-5% oxygen similarly to SVZ cdls (pat 1). Also Id1 expressim
resultedhigherin cellsthathadbeencutured at 20% oxygen for 24 hrs,in accordane with
the shorter time course of fig 10, and this expressian was further promoted by BMP2
treatmet, effect not visible at lowered oxygen tension even in presece of BMP2
treatment.

The= resultsindicatetha loweredoxygen tenson inhibits BMP in vitro stimulation ard
subsequentglial differentiation of HGG derived cells, while a higher oxygen tensiom

promoesBMP signalling
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Figure 13. Pi-Smad1/5/8 activation and 1d1 expression after BM P2 treatment are reduced by hypoxia.
HGG cells had beenculturedin 2% oxygen and then switchedto 20% oxygen prior to begiming BMP
treatmentPhosphorylatiorof Smads1/5/8a key stepin BMP signal trarsdiction occursin morecells and for
alongerdurationin 20% oxygenthanin 2-5% oxygen (A). Also Id1 expression reaulted higher in cells that
had been cultured at 20% oxygenfor 24 hrs andthis expresion was further promotedby BMP2 treatmert,
effect not visible at lowered oxygen temsion evenin presenceof BMP2 treatmat (B). (C-D) Quantitation,
experimentshavebeen performedon 2 different tumor sampes. 60X pictures,Bar=15um.
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BM P2 treatment downregulates Hif1a expression in HGG cells.
The key medator of hypoxia responses Hif 1o, a memberof the hypoxiainduciblefactor
(Hif) family of proteins.Over-expressia of Hiflo and its downstreamtargetgenessuchas
VEGF, GLUT-1, and CAIX, in highergradegliomassuwpat the hypothesis tha hypoxia
may allow the progressionof lower-gradetumars to glioblasomamultiforme (Ragel,B. T.
et a. 2007).
Our previousfindingsindicatethata hypoxic envronment inhibits BMP signding pathway
in HGG derived cells and, less strorgly, in normal SVZ derived cdls. We soudt to
investgate if BMP2 treatmentcould affect also Hiflo proten expression.Hifla protein
level wasin some tumor sampleshigh regardlessthe oxygentensiontestedin culture, while
in normal SVZ cells Hif1a protein stability wasdependem exclusivey on hypoxiaandwas
degraded under 20% oxygen. We found tha after BMP2 treament in both HGG and
normal SVZ derived cells Hifla protein level resuted to be downregulatedeven under
hypoxic cordition. In particulararedudion of 30% in the proteinlevd wasobsewedunder
hypoxic cordition after 10 ng/ml BMP2 treatnentandof 40% compaedto untreatedHGG
cells cultured at 20% oxygen tension. We also performedgere expresion analyses of
Hifla, which was expressedt a comparabldevel under2% and 20% oxygen We found
that there was a slight downregulation of HifLa mRNA in HGG cells that had been
cultured in presece of BMP2 treatmentin boththe oxygentensionsteded (Table 3).
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Figure 14. BMP2 treatment downregulates Hifle expression in HGG cells. Total protein extracts of
different HGG delived cells have beencollected after 3-5 daysin vitro in the following conditions: (1)
Untreatedcells, a 2% O,, (2) Untreatedcells, at 20% O,, (3) +BMP2 10ngml, at 2% O, and (4) +BMP2
10ng/ml, at 20% O, Westerrblot andyses of Hif1la and p-acin havebeenpeiformed,alsocomparingnormal
SVZ cellsand U87MG cell line. Hifla proteinlevel wasin sometumor sampleshigh regadlessthe oxygen
tensiontestedin culture, while in nomal SVZ cellsandU87MG glioma cell line Hifla protein stability was
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dependenexclusvely on hypoxia andwasdegadedunder20% oxygen After BMP2 treament in bothHGG
and normal SVZ derivedcellsHif1a protein level reaultedto be downregulatedvenunderhypoxic condition.
Densitometricquantitationby using Scion Software after comparing 2 different HGGs, the mean intensity
valueshawe beennormalizedo p-actin.

*p <0.05,**p <0.01, ***p < 0.001,pairedt-testfor all experiments.

Hifla 2% oxygen 20% oxygen
Control 1 0,94(+/- 0,04) (ns)
+ BMP2 10ng/ml | 0,88(+/-0,04) (*) | 0,82(+/- 0,03) (**)

Table3. RQ-PCR Analysis of Hifla on HGG samples.

Results Obtained for MDB derived cdls

Lowered oxygen tension guarantees expansion of human MDB (medulloblastoma)
derived cells.

MDB derivedtotal cell numberwas significatively reduaed by high oxygen tension,in
some cases the cells could not survive for more than two conseaitive passagesWe
characterized MDB cells for the expres®on of several markers, such as nestin (for
multipotert precursors)(Tohyamaet al. 1992), GFAP (for astrocytes and radial glia)
(Casper and McCarthy 2006; deAzevelo et al. 2003), B-Ill-tubulin (for committed and
immaure neuroral cells) (MembergSP, Hall AK 1995). We geneally found that brain
tumor cellsin our cell culture conditionswere pasitive for all these markers in particdar,
MDBs were nestn+, p-lll -tubulin + and nestn/ -1l -tubulin doulde positive cells. The
proportion of GFAP+ cells in MDBs was very low, in some cass unddectable and
generdly the few GFAP+ cells were also nestin+. We al found tha, alike normd SVZ
cells andHGG derivedcells, at higher oxygen cells weremore differentiated,in particular
they were chaacterizedby higher level of expresion of B-111-Tubulin in MDBs, at the
expen® of nestint precursor cells. In conclusian, higher oxygen tersion gererally

promotesdifferentiationof MDB cellstoward a neuronalfate
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Figure 15. Lowered oxygen tension promotes proliferation of M DB derived nestin+ precursor cells, by
preventing mitotic arrest and caspase-3-mediated-apoptosisin M DB. Humanmedulloblastoma (MDB) at
passagd (A-B) derivedcells,wereplated at mediumdersity (49 celldmn?) andexpanced 7 daysat either
2% or 20% oxygen in preenceof mitogers bFGF and EGF (20 ng/ml both). Lowered oxygen tension
increasegxpansiorof MDB derivedcells. Expansiorof humanMDB (A-B) derived precursors expandel for
7 daysis enhancedat 2% oxygen. Under 20% oxygen, cell deathis significantly affected in MDB cells as
measuredy activatedcapase3staining(E-F) andalsop21 is moreexpressedunde 20% oxygen, indicative
of a more differentiatedstate. (G-H) Expansionof humanMDB nestin+derivedpreairsors expandd for 7
days is enhancd at 2% oxygen. In contrast,20% oxygen selectiely increass p-Ill -tubulin (Tuj-1)+ cells,
paricularly in MDB cells suggestingglial and neuranal comnitments. (I-J-K) Quantigtion after successive
passaging@ndcompaing seweral MDB derived cells,meant S.E.M.,n= 9 (for MDB). 10X pictures(A-B),
barin 10X picture=0.1 mm. Quantitationafter compaing 3 MDB derivedcells, mean + S.E.M., n= 6 for
nestin,4 for GFAP,and3 for Tujl. n = 3 for p21, 4 for Ki67, and3 for Caspas-3, 20X pictures(for C-D-E-
F), and40X pictures(for G-H). Barin 40X picture= 25 um.
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Higher oxygen tension induces mitotic arrest and caspase-3-mediated-apoptosis in
MDB derived cells.

In orderto elucidat the mechanism®y which this differentiationand cell death occurred,
we stainedcells for Ki67 and p21°P*ard we found that p21°"* |evel was higherin MDB
cells culturedat 20% oxygen,indicativeof mitotic arrest. Furthermore, MDB deiived cells,
cultured underloweredoxygen,expresse more consisently the maker Ki67, indicative of
a more pronourted mitotic activity in this condtion. We also amalyzedthe cells using for
proteolitically active cleavedcaspase, to see if the massve redudion in cdl number
observedat 20% oxygenwasdeterminedy anactivation of this apoptdic pathway, andwe
found that MDB cdls expresseda higher percentageof this apgtotic marker at 20%
oxygen (seefig 15).

In MDB derived cells, inhibition of BMP2 with noggin seems to increase the already

high vulnerability of thesetumor cellsto high oxygen tension.

We tested thein vitro effectsmediatedoy BMP2andnoggin also on this tumortype. While

apreviouswork (lantoscavViR etal 1999)showedtha BMP2 and -4 attenuatedapoposisin

a cerebellaMDB cell line (DAQY), it hasalso been shovn that BMP2 mediate retinad-

induce apoposisin medulloblastomaell linesthrougha paracrine effect (Hallaha AR et

a 2003). It is importantto considerthat all theseworks hawe been conducted using
medulloblastomacell lines and not primary cultures In MDB derived cdls we found that
after BMP2 treatmentconverselyto what obsevedin HGG derived cdls, in both 2% and

20% oxygentherewasa slightimprovemenin total cell number, but therewas no effectin

the propations of nestin or B-1ll-tubulin+ cells interestingly, we found tha noggin
treatmentat 2% oxygen did notimprovetotal cdl numbersandnestin+ cells only modestly
increasedwhile B-IIl -tubulin+ cells reduced Notably, at high oxygen, condtion in which

medulloblastomacdls are particularlyvulnerable (with a very low viability andan almost
completecel lossaftervery few passags),noggn in vitro treatment strongly blockedcell

proliferation, with a concomitant decrease of nedin+ precursas and Ki67 expression.
Theseeffectsare consistentwith the fact that medulloblastona derived cells notoriously

difficult to culture (HattonB.A. etal. 2006), if expcsedto antidifferentiating agents, such

as noggin,are evenmore vulnerablethanuntreaed cdls to the ddeteriouseffeds of high
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oxygen. Indeed noggin has beenshown to block extraembryonic cell fate transiently
sustainingOct4 geneexpressionthusreaulting in productionof neural progenitors (Gerrard
L etal. 2005. Cornversely,if exposedo pro-survival and pro-differentiating factors (such
as BMP2) (lantoscaMR et al. 1999) MDB cdls areableto better survive in both oxygen
tersionstested.
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Figure 16. In MDB derived cells, inhibition of BM P2 with noggin seems to increase the already high
vulnerability of these tumor cells to high oxygen tension. Human MDB deiived cdls were plated at
medium densty (49 cells/rm? and expandedfor 3-5 daysat either 2% (A-B) or 20% oxygen (C), andin
presege of eithe Noggin (R&D, 200 ng/ml (B-C) or BMP2 (R&D, 10 ng/ml) (picturesnat shown). MDB
cells, cultured at 20% oxygen, after noggn treatmen are even more vulnerablethan untreatedcells to the
deleterous effectsof high oxygen,asshown by total cell numbersredudion (seeD for quantitdion) and Ki67
expression(seeF for quantitaton). Noggin treatmentat 2% oxygen did not improve total cell numbersand
nestin+cells only modestlyincreasedwhile B-IIl -tubulin+ cellsreduced After BMP2 treatmentjn both 2%
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and 20% oxygenthere wasa slightimprovemenin total cell number(D), but therewasno effect in nestin (E)
or B-lll -tubulin (G) expression.Quantitaton (D-E-F-G), mean+ S.E.M., at 2% and 20% oxygen, all the
condiions:for nestin/Ty-1/Ki67 n = 4, total cellsn=5. Bar= 0.1 mm.

Inhibition of Notch activation by a y-secretase inhibitor has different effects
comparing normal and MDB derived cells and DLL4-mediated notch activation is
differentially modulated by oxygen tension.

It hasrecentlybeenshownthatnotchpathwayinhibition in DAQOY cdls, by phamacologic
inhibitors of y-secretase,depletesstemlike cells and blocks engraftment (Fan X et al
2006). Additionally, hypoxia requres notch signalling to maintain the undifferertiatedcell
statein a mouse myogerc cell line C2C12 andmouseemnmbryonicteraocarcinomacell line
P19 (Gustdssa MV et al. 2005). We treatel our MDB cells to seeif the proportion of
nestin+ precusorswas reducedby inhibiting notch signdling and if oxygen played a role
also in the modulation of thesepossibleeffects. To block notch adivation we used y-
secretasanhibitor-X (Calbiochem,cat#565771) that by binding presnilin blocks notch
intracdlular domainproduction(Schroete EH etal. 2003) (Ikeuchi T andSisodiaSS2002)
(MartysZage JL et al. 2000). Interestirgly, we found tha percemage of nestin+ cells
decreasé in both 2% and 20% oxygen tensiors, and the same effects were seenalso by
treaing normd SVZ derivedcells. We found a compamlable deaease of totd cell numbers
in both normaland MDB derivedcels after 3 days of in vitro treamentwith y-secretase
inhibitor-X, comparing with untreateccells while Ki67 expressiondecreasd analogously
in normalcells and in MDB treatedcells, andthese effectswere seen in both the oxygen
tensionstestal. Importanty, neuronal conmitted cdls (i.e. B-Ill-tubulin-only+ cells)
percenta@ increasedafter notchinhibition particdarly in MDB derived cels and,notally,
also in MDB cells culturedunder lower oxygen, while in normalcels there wasincrea®
only in nestin+/ B-lll -tubulin+ doulde postive cells (not shown); additionally, the
percentag@ of nestinonly+ cells did deaease in both normal and tumor cells. All thes
reaults suggestthat blocking notchsignaling induces mainly redudion in cell numberand
strong neuraal commitmert in MDB cells and also under lower oxygen tensia (tension
that normally maintainsMDB cells in undifferertiated state) while in normal cells the

major effect is inhibition of cell proliferatian (i.e. reducton of Ki67+ and nestin+cellsand
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decreag of total cel number)thatis not followed by increa® in neurond differentidion
and thatdoesnot seemto be modulatedby oxygen. Thesereaults pertapscan be explained
consicering that Notch signalling pathway has been seen to be dergyulated in
medulloblastana cells (Hallahan AR et al. 2004) (Dakubo GD et al. 2006), and
consequatially, inhibition of this signalling in a normal cdl type may drive to block of
proliferation, while in tumor cels it could induce neurona differertiation, but not
characerized by a block of cell cycle (i.e. Ki67 reduction) egpedaly unde hypoxc
conditions.

To testendogenos Notch activation conparing normd and MDB derivedcell type, we
usedDLL4 (R&D), solublenotd ligand, activatar of the notch signdling. Notch activaion
is known to maintainthe undifferentiatedstate, by contributing to humanmedulloblastana
proliferation and survival (HallahanAR et al. 2004). We found that DLL4 (40 ng/ml) in
SVZ normal derived cells did not have any effect looking at total cell numbe, Ki67
expressionand percentagef nestin+preaursors, it only slightly reducedthe proportion of
immature committed neurons,and increaed the perentageof CD133+ cdls (data not
shown). Conwersely,in medulloblastomalerived cells, DLL4, while in cells cultured at
lower oxygen did induce a modestincrease in nedin+ precusor perantage in cells
maintainedat high oxygenit stronglypromotedcell deah only after 2 or 3 daysof in vitro
treatmet. Also in this case analogouslyto noggin medided effects, treatng MDB delived
cells with ananti-differentiatingfactor, suchasDLL4, promotesa stronge sensitizationof

MDB precursa celsto high oxygentenson deleterios effects

+DLL4 40 ng/ml
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Figure 17. Inhibition of Notch activation by a y-secretase inhibitor has different effects comparing
normal and MDB derived cells and DLL4-mediated notch activation is differentially modulated by
oxygen tension. Human MDB derivedcells were platedat mediun density(49 cdls/mnr) andexpandedor
3-5 days at either2% (A-B-D) or 20% oxygen(C-E), andin presencef eitherDLL4 (R&D, 40 ng/ml (B-C)
or y-secetaseinhibitor-X (Calbiochem 1uM) (D-E). After DLL4 treatment,nestint cells were more
expressedt 2% oxygen(seeH for quantitation) total cell numberswereunchange (F) and Ki67 eventually
reduced(G); at 20% oxygen,evenafter 24 hrs,DLL4 treatedcells did not survive,and this effect wasmore
dramaticthanin untreated cells underthe sameoxygen tension.Blocking notch adivation with y-secetase
inhibitor-X, percetage of nestin+cellsdecreasain both 2% and 20% oxygentensions and the same effects
were seenalso by treating normal SVZ derived cells (pictures nat shown), Ki67 expresson decreased
analogouslyin normalcellsandin MDB treatedcells,and theseeffectswere seenin boththe oxygentensions
tesed (see G for quarnitation). B-1ll-tubulinonly+ cells percentageincreasedafter notch inhibition
particularlyin MDB derivedcellsard, importantly,alsoin MDB cells cultured under lower oxygen, while in
normal cels therewasincreaseonly in nestin+ p-Ill -tubulint+ doublepositivecells (not shawvn); alsonestin+
cells did decreasén bath normal andMDB cells (H). Quantitation(F-G-H-I), mean+ S.E.M.,at 2% and20%

oxygen,all the corditions for nestin/Tuj1/Ki67 n = 4, total cells n= 5. Bar = 50 um. Nestin(green)/Tuj-1
(red).

In vivo experiments:

Brain tumor derived cells grafting into the motor cortex of NOD-SCID mice.
Validation of tumor-initiating (cancer stem cell) sub-population. Prdiminary daa
supportCD133+ cells asthe tumor-initiating populaton. Thuswe validated this dataalso
for the brain tumor derivedcells we collected with the additional effort to perpetuatethe

original tumor cells characteristicsacrossserid transpantaton by providing a more
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physioogically compatiblecellular environmat. First of all we confirmed that CD133+
cells werethe oneresponsibldor braintumor hetero@reity recaitulation, (Singh,S. K. et
a. 2004) in particular giving rise to nestin® and GFAF" glial cells for GBM, and a
consistentamaunt of nestiri Rllitubulin® cellsin MDB.

Interesingly, we alsofoundthatMDB derived cells, which were normally poolly growing
in vitro, were able to acquirea proliferative capaity consiceraldy higher after in vivo
tramsplantation, with a strongincreasean negin andKi67+ cdls expresionwhen compaed
to their in original vitro cell cultures This could be dueto the presere of growth factors
(suwch as noggin andnotchligandg andenvironmetd conditions (such as the presenceof a
physiological hypoxic microenwronmert in the mouse bran), which are critical promotes
of in vivo proliferation of thesecells and tha are missing once transfered the tumor

derived cellsin vitro.
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Figure 18. Grafting and expansion of CD133+ cellsin NOD/SCID mice. Grafting of sortedCD133+ cells
from high gradeglioma into NOD/SCD mouseproducesa humantumor (measured by Human Nuclear
antigen)thatgeneratelargenumbersof GFAP+glia (left) but maintainsa populationof CD133+CD2- cells
(right, arrows).Bar = 400 um (right), 100 um (left). Below, model of in vivo graftingin NOD/SCID mice.
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Figure 19. Immunocytochemical analyses of brain tumor transplanted cells after recovery. MDB tumor
derivedunsortel cells were recoveed 4 weeks post grafting and analyzedfor expresion of negin and Ki67
markers.The proportion of cells positive for both thesemarkes strongly increasel when compara to the
orginaltumor cellsat pasagel in vitro. Averageof 3 indepen@ntexperiments 10X pictures, Bar = 100 um
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DISCUSSION

Recentstudiesimplicate oxygentersion and RedOx state as regulatos of neual preaursor
metaboism, suvival and fate. Lowered oxygen in the range of 2-5% promotes the

generaton of dopaminergicneuronalfatesfrom rat and humanprecusors(Morrisonetal.,

2000; Storchet al., 2001; Studeret al., 2000) increasesthe exparsion of neural creststem
cells and promdesadrenergicdifferentiation (Morrison et al., 2000). Lowered oxygenor a
redued RedOxstae alsoprevens neuonal differentiation of rat preairsors (Gustafssn et

al., 2005) and O2A oligodendocyte progenitos (Smith et al., 2000), suggestingthat
oxygenhasdiffering effectsdependimg on precursortype. In this study we showed for the
first time that multi-lineage compeénce of humar CNS precursorsand the sdective

diff erentiaticn of oligodendrocytess regulatedby dynamic changes in oxygen tension.
Lower oxygentersionsmairtain andexpand negin® precursorghat exhibit enhancedstem
cell propertes while higher oxygen tensions promote p53 phosghorylaton, p21°7

inductionand astrocyticdifferentiation. Furthermore a novel interaction betweenoxygen
tension and BMP signding is involvedin the contrd of neual precur®r differentiation

A critical processn devdopmentis the interadion of proliferating embryanic tissues with

oxygenand nutrientssuppliedby growing vasculature first maernally by the placentaand
continuing with the developingvascularplexus of the enmbryo. There is evidene that
dynamic regulaton of oxygentensioncontributeso thenorma proces of sdf-renewaland
fate choice during the developmentof nonCNS tissues Andysis of Hifla, ARNT and
VEGFRd€ficient miceindicatedthatthe geneation of henmangiobasts from embryonic stem
(ES) cells is promated by loweredoxygenand that oxygen sensingis required for proper
hemabpoieticdevelopmen{Adelmanet al., 2000; RamrezBergeron et al., 2004). Recent
analysis of the Hif2a-overexpressig and null mouseindicatesthat this oxygensensitive

signaling moleculeinducesOc#, a positive regulatorof pluripotency, and is requited to

maintain germcell numberg(Covello et al., 2006) An intriguing possibility is that similar
mechanismsnaywork in the developmet of the CNS. In sugport of this, loweredoxygen

represes neuronal differentiationof rat precurers by the combined activity of Hif 1o ard
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Notch, while 20% oxygen downregulats these signals and can lead to neuronal
differentiation (Gustafssonet al., 2005) Likewise, we found that diff erentation is the
principal respase of human SVZ precusors to 20% oxygen. It is also possible that
serescéce occursafter 20% oxygenexposure, ashas bean shown in long-term cultures of
humanfetal corticd precursorgWright etal., 2006) Unlike tha study, our culturesdo not
growth-arrest after extendedculture in 20% oxygen, but the proportion of GFAP™ glia
increases.Thus, we cannot rule out that seres@rce is ocaurring selectively in the
nestin'GFAP™ precursorpopulation,but our restts cleaty show that longterm expansbn

of nestin” cellsis enrancedn loweredoxygen.

In this study we alsoshowed higher proportins of oligodendrocytegeneatedfrom human
CNS precursorculturesgrown in loweredoxygenandan enhared differentiation of these
cells after switching to 20% oxygen. Oligodendrocyte can be generatd at 20% oxygen
from fresHy isolatedhumanbrain with shortterm exparsion (Windrem et al., 2004), or
from human embryonic stem (ES) cells (Keirsteal et a., 2005; Nistor et al., 2005)
However,extensivelyexpandedchumancortical precursorsgenerae few oligodendocytes
(Kim et al., 2006; Wright et al., 2006) in standard expansion conditions The use of
suspensin cultuing may have reduced oxygen tenson in the dense core of the
neurogpheees (Tokudaet al., 2000) or exeted a protective antroxidart effect that limits
apoptoss or senescere of thesecells (Itahanaet al., 2004;Limoli et al., 2004; Madhavan
et al., 2006) However,any shortterm benefit may be lost with repeded passagig and
expanson. Addition of factorsthat promotethe oligodendocyte lineage sud as platelet
derived growth factor (PDGF) or tri-iodothyranine (T3) (Keirstead et al., 2005; Nistor et
al., 2005), mayaso providepro-suvival effectsandeven induce hypoxiaregponseprotans
like Hif 1o (Schultz et al., 2006) This is in contrast to our morolayer cultures, in which
each cell hadmoreequivalentexposurgo ambiert oxygen tensions.This erhaned oxygen
sersitivity of the oligodendrogte lineageis consisent with previousreportsshowingthat
anoxia (Bad etal., 2002) oxidative stres (Backet a., 1998; Fem and Moll er, 2000) and
hyperoxia (Gerstrer et al., 2006) preferentially damagemmatureoligodendrocytedut not
their more differentiatedderivatives Indeed, we found thatthe numbe of O4" cdls is not

decreasé by acute exposureto 20% oxygen but in that condition oligodendrocyte
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preaursors increasetheir expressionof p21°"*, indicating that raising oxygen tensbn
depletes oligodendrocte progeritors primarily throughtemrminal dif ferentiation

Surprisingly, we also found that oxygen also moduates BMP signaling. Noggin leadsto
even greater expansionof nestiri precursors at 5% oxygen but not 20% oxygen, while
BMP2 promoes Smadl/% acivation, Id1 expresson andgliogeresisat 20% but not 5%
oxygen Theseresults are notable since BMPs are strong gliogenic factors (Chen and
Panchision,2007 Grosset al., 1996; Rajan et a., 2003; Saile et al., 2005) Human
preaursor cultures are often highly enrichedin nestn"GFAP cels (Walton et al., 2006)
which may be multipotentradial glia (Zecevic, 2004) or glial committed progenitas. Our
results indicate that the synergistic actions of low oxygen and noggin reduce BMP
signaling below the gliogenic thredold, sugyesting that endognais BMP activity may be
generatig both nestifGFAP® and GFAP" cells while inhibiting the generéion of
oligodendracytes (Mekki-Dauriacet al., 2002; Samantaand Kessler, 2004) Although an
interacton betweenoxygenandBMPshasnot previousy beenreported in CNS precussors,
hypoxia acts through a C-terminatbinding protein (Ctbpl)-dependent mechanisms to
repressBMP-responsivegenesn pulmonary cells (Wu et al., 2006) Unlike that study,we
found that in CNS precusors oxygen actsin a novel mannerto diredly repressSmad
activation (fig 4C). Our future studies andthe resultsobtainedin partll of this study are
going towardthatdirecton, will determire if oxygentersionusesa Hif-dependen or novel

mechanisnto regulateBMP-mediatedate choicein humanCNS preaursors.

Oxygen may be an important regulatorof cell function during developmaent, but there is
currently littl e data on how tissue oxygenationchange during gegation and postnatally.
While microdialysis cathetershave beenusedfor more than a decale to determne local
concentraions of neurotransmitterggrowth factorsand metabdites in a variety of disease
states (Goodman et al., 1996; Hlatky et al., 2004; Ungersedt 1997, Vespaet al., 2003),
brain tissueoxygen monitorshavebeendevebpedonly recently to accuatdy asessthe
brain oxygencontentin eitherdamagedr atrisktissue At preset, thedesiredandoptimal
concentraion of oxygenwithin both damagel and non-damagd tissue is widely delated

(Menm et al., 2004, Stiefel et al., 2005) but PO, measuremestin humansare consistent
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with the 0.55% (4.1 mm Hg) to 8.0% (60 mm Hg) ranges measuredin other manmals
(ErecinskaandSilver,2001)

In contrast, preparationandandysesof isolated precursor cells are typically performed in a
near-room atmosplere of 20% oxygenbdancedwith 5% carbondioxide, condtions which
far exceed oxygentensionsmeasuredn vivo (Eredanskaand Silver, 2001) The principal
exception hasbeenin vitro fertilization studies. Experiments on both humanand mouse
pre-implartation embryosindicatethat survival ard proliferation is maximized in lowered
oxygen (Adametal., 2004;CattandHenman, 2000; Kilani etal., 2003) Moreover, in vitro
analysisof CD34" cells from human cord blood revealedthat culturein 3% oxygenhas a
minimal effecton the exparsion of colony-forming cells (a transitanyplifying popuation),
but promotesthe expansionand mainienanceof the longterm remnstituting stem cell
population ascomparedto 20% oxygenculture (Ivanovic et al., 2004) It wasnotedin this
study that 3% oxygenis similar to the oxygentensonsmeasiredin bonemarrow.

Recentprogressin stem cell biology has improved the possbility of treding patients by
trarspanting new cells that can replace thoselost through trauma or diseae. We showed
that oxygen tension regulateshumar CNS precursrs and the oligodendocyte fate at
multiple stagessuggestinghat regulatingoxygen may be critical to cell replacemat for
demyelinating disorders. Additionally, recent studies suppot an endgenousoxygen-
sersitive regeneative capacityin the CNS (Arvidssonet al., 2002; Nakatom et al., 2002),
suggesting that clinical modulation of oxygenaion in stroke paients may affect stemcell

recruitment,neurogenesiandgliogenesis (Androutsellis-Theobkis et al., 2006).

Furthermae, in the last yeas a big effort has been devotedto understandtumor
microenvionmentcharacteristicsthe tumor niche andto elucidate tumor inducing cells
charactersticsthat distinguishthemfrom thar normd counterpat, also looking at possble
disruptedresmpnsesof the tumor cell popuation to signding moleculesinvolved in the
reguldion of cell proliferation, cell fate and apoptosis In particdar, it has beenreported
that hypoxia plays a key role in normd homeostass of stem cdls and in the initiation,
developmentand aggressivenessf gliomas devdoping the corncept of a tumor special

microenvionmentsurroundingthe glioma, the neanicheconeept, in which hypoxia could
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be crucial to recuuit andderegilate diff erent stem cdls for gliogenesisproces (Diabira, S.
and Moramdi, X. 2007). Indeed, it is known that lowered oxygen tensons positively
correlate with tumor aggressiveess(Azuma Y et al. 2003) (HelczynskaK et al. 2003)
(Jog A etal 2002)andoveractivity of Hypoxia Inducible Fador-1a (HIF-1a) (Smith K et
al. 2005)is implicatedin tumor progresion. The correlation betwesn hypoxia and tumor
aggressvenesshas beencausallylinked to increasedgenonic instability (Koshiji M et al.
2005),butit is alsorelatedto increasedurvival of proliferatingcells by suppressiorof p53
and its associatectell growth control (ZhangL, Hill RP.2004). Importantly, hypoxia has
been shownto promotede-differentiationof neuroblastomacels (Jog A et al. 2002) (Jogi
A et al. 2003) (Jogi A et al. 2004), suggesng that it may reinforce an environmen for
aggressve tumor growth. It may also preventa pre-exiging stem cell populationfrom
diff erentiatingwhich is importantin light of increasng evidencethatcarcer is initiatedby
dysfunctional stemcells (Al-Hajj M et a. 2003) (BonnetD et al. 1997) (Singh SK et al.
2004).

Basedon theseevidencest is reasonabléo think either that paracrinecdl signaling could
be disruptedin this tumor necniche or thattumor cell regporseto mitogeric stimuli could
be not correctly modulated (i.e. insensiivity or ovesendtivity of tumor cells to
extracellularfactors). In this regard, it seemsthat hypoxia moduldes somecell signding
pathways.In particularit hasrecentlybeen repoted that hypoxia is an induce of Notch
signaling and hypoxa-inducedNotch signalling may detemine enddhelial identity (Diez
H et a. 2007). A recentpublication by Gustadsson and colleaguesdemonstratedthat
hypoxia blocks cell differentiationthroudh the reguldion of Notch signdling in myogenc
and neural precursorcells. This study showedtha hypoxiainducible facta (Hif)-1la
interacs and actsin synegy with the Notch intracdlular domain (NIC) and subsequently
activates transcrigion of Notch targets.All theseworks strongly indicate that oxygen
tension is a crucial modulatorof normaland tumor cdl respong to mitogensstimuli, but
this hasnaot been shown in braintumorspeémens’derived cells.

In the experimentsdescribedn partll we showed thatbrain tumor cells, specifically HGG
derived cells, expand betterat lowered oxygen, while at 20% oxygen expanson of more

diff erentiatedGFAP+ cells, at the expense of nestin+ precursorsincreasesfurthermoe
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mitotic amest through p53 and p21 activation and caspae3 mediated apoptcsis are
inducel.

We obtaned similar results also for MDB derived cells, which reailted to be much
sersitive to a non physiological oxygen tension (i.e. 20%), with a stronginductian of
neurond differentiation(i.e. B-Ill -tubuin+ cells)activationof caspas& mediatel apoptotic
pathway.

Moreove, 20% oxygen exposureactivates BMP signalng pahway also in HGG derived
cells (alike normal SVZ cells, part I), as shownby Smad1/5/8 phosphoryléon and Id1
expresson, after quick high oxygen exposuwe, and also endogeous BMP2 and BMP
receptordBMPR-IA,-IB and—II) mRNA expression resut to be up-regulatel under 20%
oxygen. TheseresultscorrelateBMP signaling pathway adivation, and the consequential
astrogial commiiment,to high oxygentension.

Recently other works showeda correlation between hypoxia anrd BMP signaling. For
example in pulmonary endotheliakcells BMPR signalingis altered during the pattogenesis
of pulmonaryhypertensin (PH), suchas hypoxia-inducedPH (Takahasi K et al. 2007)
Thereis alsoreportthathypoxiasuppresssthe expresson of 1d1, downstreamtargetof the
BMPR2 pathway, in humanpulmorary artay smodh muscle cells (HPASMC) (Wu X et
al. 2006). In part I, we showedin normd humanSVZ derived precursor cells a novel
repressiveeffect of low oxygen on BMP signaling, through inhibition of Smal 1/5/8
phoghorylationand Id1 activation (Pistollab F. etal. 2007).

The importanceof investigatingthe pro-differentiaing effectsmedated by BMPs on glial
tumorshasbeenreportedby Piccirillo et al. who showed thatbonemorphogeneticproteins
(BMPs), amorgst which BMP4, and anal@ously BMP2, trigger a signifi cant reductionin
the stemlike, tumourinitiating precursorsof humanglioblatomas (GBMs). While in a
previous work (lantos@ MR et al. 1999) it has been shown tha bone morphogendic
proteins2 ard -4 attenwatedapoptosisin a cerelellar MDB cdl line (DAQY), it has alo
been reportedthat BMP-2 mediatesretinoidinduced apoptoss in medulloblagoma cell
linesthrougha paracrineeffect (Hallahan AR et al. 2003). It is importantto considerthat
al these works have beenconductedusingbraintuma cell linesand not primary cultures,
notoriously diffi cult to expandunderconventionalin vitro conditions,andimportantlythe

potentialeffectsmediatedby differentoxygentensionson primary braintumor cdls growth
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in vitro had not beenpreviouslydescribé. In this regad, we sought to invedigate BMP,
particularly BMP2, and Noggn (BMP2 inhibitor) effectson tumor cells also consdering
oxygentensionasa variable.What we found is that BMP2 in vitro exposureinduced cell
deathandglial differentiationonly on HGG derivedcells, ard not normal cells, in both the
oxygentensimstested but theseeffectswere partidly inhibited by loweredoxygen.

The results observedby treatingwith BMP2 or Noggn medullobbsbma derived cdls
indicatethat BMP2 doesseento promotea slight increa® in total cdl numbe especiallyat
20% oxygen unlike what observedby Hallahan et al. where BMP2 promoted retinad-
inducedapoposis in medulloblastomadls (wherethey useda very high concertration of
BMP2, 100 ngml), but analogusly to lantosca et a. work in which they found an
atteruation of apoptosis after 10-20 ng/m BMP2 treatment in MDB cel lines
Interesingly, Noggin, while not improving nestin+ cels numbe at lower oxygen, seemed
to increasecel senescence/cetleathat high oxygentension,as if, by blocking a pro-
diff erentiatingsigna (i.e. BMP pathway cdls may be morevulnerableto the detrimental
effectsof high oxygenexposure.

In corclusion oxygentensionseems to moduate tumor cells proliferation andcdl resporse
to extracellularfactorssuchasBMP2.

In MDB derived cells we also found that adivation of notch signding through DLL4
(notch ligand) only at 2% oxygen pronoted proliferation and expanson of nestin+ cells,
while increasingMDB cell death at 20% oxygen These effects can be explained by
consicdering that in thesetumor cell type there is a higher endogenous Notch activaion
(Raffel C et al. 1997) (Fan X et al 2004) (Hallahan AR et al 2004),(Fan X et al 2005);
indeed exogerous in vitro stimulationof notch with DLL4 doesnat pronote any further
effect rather thanan improvementin nestn+ cells mantainedat lowered oxygen but the
same treatmen at 20% oxygen by mantaining the undifferentiated cell state through
activaton of Notch pathway, increasedhe already high vulnerability of MDB cells to
oxygen tension similarly to what obseved with Noggin treatment Interestingly, Notch
inhibition with a y-seegetase inhibitor, while decreasingnegin+ cells by improving
commitment toward a neuronal fate (i.e. higher proportion of B-lll-tubulin+ cels),
preserve 20% oxygencultured cells from cell death effect prabaldy dueto exparsion of

more differentatedcellswith this treatment.
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Additionally, overexpressiorof Hif-1a andits downstreamtargetgenessuchasVEGF and

GLUT-1 in highergrade gliomas support the hypothess that hypoxia may allow the

progresson of lower-gradetumars to glioblastomamultiforme (Ragé et al. 2007). High

grade gliomas and glioblastomain partcular are highly migrating tumors and this
characterstic may explain the reasemm why we could find high level of Hifla protein
expresson in the tumor samples we analyzel, evenregardless the presenceof hypoxic

condition, as Hifla promotes metastat seedhg and increase invasive and migrating

properties of tumorcellsinto theextracdlular matrix (Elstner et al. 2007).

In this studywe found that Hifla proteinlevel and mRNA are downregulatel by BMP2

treatmentin both the oxygen tensionstesta. In conclusion, we suggestthat a hypoxic

microenvionmentin the brain tumor niche maintins sten-nes also by down-regulating
BMP signding and its pro-differentiating effects We also corclude tha BMP molecules
may be usedas pro-differentiatirg factors,in accordance with Piccirillo et al., espe@lly

given their ability to downregulateHiflo, crucial mediatar of hypoxiaresmnsein the solid

tumorniche.

In a recent publication (Fujiwara et a. 2007) introdudion of Hiflo-targeted small
interferingRNA (Hifla SIRNA) into glioma cell linesresultedin downreguation of Hifla

expresson, and significantly suppessionof glioma cell migrationin vitro. Furthermaoe, it

has also beenreportedthat inhibition of Hifla decreagsVEGF secretiorandtumor growth

in malignantgliomas (Jenseretal. 2006).

Thus,targeting Hif1La molecule may be a novel therapeuticstraegy for malignrantgliomas,
and our novel finding of a Hif1la downregulaton dependenbn BMP2 in vitro stimulation

may opennew peispectiveclinical applicaionsfor maignant gliomatreatment.

We still needto further elucidateif alsoin MDB derived cdls, thereis an andogousBMP2

dependentHiflo downregilation and alsoif y-secetaseinhibitor-X can potentially elicit

similar effects.Additionally, we will furtherinvestigde if a physical molecularinteraction
betweenHif1o andany of the BMP sigraling pathwaymolecues (such asSmadprotans 1,

5 or 8) occurs.



Finally, our in vivo data confirmed the theory of a hierarchic origin of brain tumors.
Indeal, recentevidenceindicaes that tumors consigently arise from a spedfic sulsd of
cells defined as cancerstem cells and it has been shown that CD133" cells can be
considered bona fide the cancer stan cel subpgulaion in glioblastoma and
medulloblastanaasthey havethe highes frequencyof initiating new tumorswhengrated
in NOD/SCD mice (Singh SK et al. 2004). Our in vivo dataconfirmed the CD133+
population as the cancer stan cdls subpopuldion resporsible for brain tumor
recapitulation.Notably, cells that had been grafted and then recoveredfrom the murine
brain for cortinuous serial passaging,exhibited an increae in proliferatng cancer
preaursors(i.e. nestinKi67+ cells)andthis maybe explained considerirg thatthe presence
in the murine brain of determinedsolublefactors (sud asnoggn and notch-delta ligand)
and of a hypaxic niche could regulatebran tumor cdls proliferaion and mantain a stem
cells pool in the tumor. Indeed,whencdls derived from a tumor biopsy aretranderredin
vitro theonly wayto keepthecellsfor coninuouspassgingis providing such parameers.
In condusion, oxygentensionseemgo modulatenontumor andtumor cdls behavour and
cell regponseto extracellularfactorssuch as BMP2 ard Notch adivating molecules (i.e.
DLLA4).

Thus, it will be important,in light of recent prods, to condder the pivotal role of oxygen
and its elicited effects on tumor cells growth in orderto improve current cancertheraies,
espeaally consideringthatthe outcomefor childrenwith primary CNS tumorsis still poar

and for mosttumorshasbee unchangedover the pastdecac.
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MATERIALSAND METHODS

Atmosphere-Controlled Incubation

For culturein 20% oxygen,cells wereincubaedin a FormaSeries II| CO, incubdor; CO,
was addedto maintaina 20% O,, 5% CO, 75% N, balance.For 2-5% oxygen culturing,
cells were incubatedin a customized,computercontrolled sygem (Biogherix, Ltd.,
SyracuseNY). This controlstemperatue andgaslevds during all phass of culturing and
experimentatior(5% O,, 5% CO,, 90% N, balancein this study; for 2% oxygen2% O, 5%
CO,, 93% N, balancé and eliminatesartifactsintrodued by periodic oxygen reperfusion.
The sydem consistsof (1) amoduar remotechamberfor mantaining cultures (2) a glove
box for cell marpulation, and(3) an attachedchambe contaning a microscope (Axovert
10, Zeiss),with a mounteddigital camera(QColor3, Olympus) for cell visualization and

recading (Fig. 1C).

Expansion and differentiation of human CNS SVZ precursors

Institutional Review Board approval was obtaned at both Childreris National Medical
CenterandChildren’s Hospitalof Orange Countyfor the acqusition of human braintissue.

Normal neuralprecursorcells were derivedfrom brain subventricular zone(SVZ) tissueof

a prematureneonatethat died shortly after birth from pulmonay failure; the contiruous
culture from this tisste is denoted SC30 (Schwartz et al., 2003) For the present
experiments, cells were cultured on fibronectin-coatel dishesin DMEM/F12 (Irvine

Scientific, Irvine, CA) sumplementedwith BIT9500 (1% Bovine Serum Albumin, 10

pg/mL rh Insulin, 200 pg/mL HumanTransferrin StemCell Technologies,CA), 20 ng/ml

basic fibroblast growth factor, (bFGF) and 10 ng/ml epgdermal growth factor (EGF, both
from R&D Systems,Minneapolis, MN). For continuais expansion onehalf of this

medum was replacedeveryday and cultureswere passged every seventh day using Cell

Dissociaton Buffer (Invitrogen).In sone experiments, cultures were supplenentedwith

erythropaetin (10 ng/ml, R&D Sydems, Minnegolis, MN), ascabic add (200 puM,
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Sigma, St.Lauis, MO), B27 without retinoic acid (2% v/v, Invitrogen Calsbad, CA), bone
morphageretic protein 2 (BMP2, 10 ng/ml, R&D Sydens) or noggn (200 ng/m, R&D
Systems.

For terminal fate and oxygen switching expeaiments, cdls were expaned for 7-10 d and
thenprecursa cell differentiationwasinducedby culturing cdls in DMEM/F12/BIT9500
in the absencef mitogens After 2 dayspost-mitogenwithdrawal, cdls weresupplemented
with 2% B27 (Invitrogen, Carlsbad,CA), 10 ng/ml neurotrophir3 and 10 ng/ml ciliary
neurotrophc factor (bothfrom R&D Sysemns, Minneapolis,MN) to promotematuration of
pog-mitotic cells. After an additional 19 days (21 days differentiation total), cdls were
fixedin cold 4% paraformaldehgefor 15 min, rinsedand stored prior to aralysis.

For the secondpart of the study, normal SVZ derived cdls were sypplementedwith Bone
morphageretic protein 2 (BMP2, 10 ng/m, R&D Systems), Noggin (200 ng/ml, R&D
System3, DLL4 (40ng/mIR&D Systems)or y-secetaseinhibitor-X (2 uM, Calbiccham).
After 3-5 daysexpansionn presence of BMP2, Noggin, DLL4 or y-secretas inhibitor-X,
cells were fixed in cold 4% parafomaldehyde for 15 min, rinsed and stored prior to
analysis. Alternatively, total RNA extraction (usng Tryzol mehodology) or totd protein

extractions(usinga specificlyses buffer) wereperformed

I solation and Expansion of Human Tumor Cells

Human pedidric tumor tissue was acquirel with parentd consentusing an approved
protocolin accordancevith Institutiond Review Boardguidelines. Threemedulloblastana
(MDB) and nine high grade gliomas (HGG) have been consicered as suitable for the
purpose of the study. Tumortissueswere gertly mincedwith a scalpé thenincubaed in
1X Hank’s Buffered Saline Solution (HBSS C&*/Mg**-free, plus Hepesand 1.55 g/L
glucose without bicarlonate, pH 7.2, Invitrogen, Calsbad CA) contaning 200 U/ml
DNasel (Roche), 1 mM MgCl; and 200 pg/ml Liberasel (0.62 WU/mI collageras and
66.7 U/ml dispaseRoche,IndianapolisIN) for 1 hr at 37°C. Sanpleswerespunat 200x g
for 5 min, resuspeded in freshHBSS/DNa&&MgCl, without enzyme andtrituratedwith 3
roundsof 8 passeghroughan ART 10E pipet tip. After ead round of trituration, the

tissuewasallowedto settle5 min andthe top 800 ul of suspeded cells weretransferred
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into a newtube to avoidfurtherdisturbanceThe combinedcell suspensionsfor eachgroup
were spundown againandresuspendedh mediumappropriatefor further use. Cells were
cultured on fibronectincoated dishes in DMEM/F12 (Irvine Scientific, Irvine, CA)
supplenentedwith BIT9500 (1% Bovine SerumAlbumin, 10 pg/mL rh Insulin, 200 pg/mL
Human Transerrin, Stem Cell Techndogies, CA), 20 ng/ml basc Fibroblast Growth
Facor, (bFGF) and 20 ngml EpidermalGrowth Factor (EGF, both from R&D Systens,
Minnegolis, MN). For continuousexpansia, one-half of this medium wasreplacel every
day and cultures were passagecevery sewenth day or when confluent using TrypLE
(Invitrogen).In someexperimentscultureswere suplemented with Bone morphogendic
protein 2 (BMP2,10ng/ml,R&D Systens), Noggin(200ng/ml, R&D Systems),DLL4 (40
ng/ml R&D System$ or y-secretaeinhibitor-X (2 uM, Cdbiochem).

After 3-5 days expansionin presenceof BMP2, Noggin, DLL4 or y-secgetaseinhibitor-X,
cells were fixed in cold 4% parafornaldehydefor 15 min, rinsed and stored prior to
analysis Alternatively,total RNA extraction (usng Tryzd methoddogy) or total protein

extradions (usinga specificlysesbuffer) were performed.

I mmunocytochemistry

Immunofuorescenceavas performedusing primay antibodesagaing Ki67 (mouse 1:100,
Dako), nestin (rabbit, 1:100,McKay lab), adivated casme3 (CM-1, rabht, 1:4000, Idun),
glial fibrillary acidic protein (GFAP, mous, 1:1000, Sigma, St. Louis, MO), polysialated
neural cell achesiom molecule (PSANCAM, mouse 1:40Q Chemcm), B-1lI-tubulin
(rablit, 1:200Q Covance), galactocesbrosia-C (GalC, moug, 1:300, Chemicon)
PDGFRa (rabbit, 1:100, Sanf Cruz), p21°"* (mouse,1:800, LabVision), phosphep53
Sampkr Kit (as directed,Cell Signaling), Phogpho-Smal1/5/8 (rabbit, as direded, Cells
Signaling) or Id1 (rabbit, 1:50, SantaCruz). After incubaion, cells were washedand
incubated with speciesspecific fluorescemn secondaryantibodies(Alexa dyes Invitrogen,
Carlsbal, CA). Cells were nuclearcountestained with 4’,6-diamdino-2-phyenylindde
(DAPI) to measuretotal cell number.Staning was visualized by epifluoresence(BX60

upright microscope,Olympus, or VICO microscope, Nikon) and images compled for
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figures using lllustrator 7 (Adobe). Data was quantified astotd cell numbe or marker

expressimg cellsasa percentagef total (huclearDAPI staned)cells

Flow cytometry and Fluor escence-activated cell sorting (FACS)

After culture a 2%, 5% or 20% oxygen, cells were passagd and resupended in flow
cytomety buffer, consistirg of 1X HBSS, pH 7.2, containing1.55 g/L glucoseand0.1%
fractionV of bovine serumalbumin (BSA, Sigma). Cdls were counted and diluted to a
density of 4 x 10° cells/mi buffer; analysiswas performedwith 25 pl aliquotscontaining 1
x 10° cells. For surface markeranalysis,| usel antibodies againg human CD133 (clone
AC133/2-PE, asdirected Miltenyi) andhumanCD24 (FITC-conjugated mous 1gG,,, BD
Biosciencespr PC5conjugatednouselgG1, Immunotech, a Couter company). Cells were
incubate at 4°C for 30 min, washedin buffer and resuspendd in 400 pl buffer. For
viability aralysis, we added 7-amirmo-actinomycinD (7-AAD, 50 ng/ml final, BD
Biosciences)or AnnexinV-APC (1:200, as directed, BD Biosciences) prior to analysis.
Cells were aralyzedon a FACSCalibu flow cytomeer (BD Biosciences) as previously
described (Panclision et al., 2007) or by using a Cytomics FC 500 flow cytometer
(BeckmanCouter). Fluorescentntensities for cdls in the populationwere point-plotted on
2-axis graphsor histogramusingCellQuestsoftwae (BD Biosciences, or Expo32software
(BeckmanCaulter). For cell cycle aralysisby usng propidiumiodide at least1 x 10° cells
per groupwereresuspendeth PBS1X and fixedin cold ethand 70%, then stored at-20°C
for atleast 2 hrs prior analysis.Cellswere washedin PBS 1X ard prencubated for 30 min
in 1 ml of Pl/Triton X-100/RNaseA (contaning 0.1% Triton X-100 in PBS 1X, 2 mg
RNAseA, and200 pul of Img/mlpropidiumiodide).After incubation cdls wereanalyzed.
For FACS, cells werelabeledas describedabove,then run on fluorescence activatedcell-
sorter (FACS), either a FACSAria (BD Biosciences) or Influx (Cytopda) sater as
previously descibed (Panchisionet al., 2007). Single viable cells were gatedbase on
AnnexinV exclusion and pulsewidth, then phydcally sated into 96-well plates or into
collection tubesfor plating. Pog-sort purity andysis was performed on aliquds from each

sort group. FACSDivaor FlowJosoftwae was usedfor analyss.
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Western blot and densitometric analyses

After culturing cells under lower or atmophericoxygen tenson total proten extrads were
rapidly collectedin orderto minimize Hifla protein degadation. As Hifla turnove is
rapid, with a progressie decreasan protein levels occurring after only 4-16 min of re-
oxygendion (JewellUR. etal. 2001),l performed total proteinextracton by saapering the
cells from the culturedishesandcellular proteinextrads were isolated by usinga specifc
protein lyses buffer, containing TPER Reagnt (Pierce), 300 mM NaCl, 1 mM
orthovenadate,200 mM PEFABLOC (AEBSF) (Rode), 1 ng/mL Aprotinin (Sigm3g, 5
pg/mL Pepstatin A (Sigma), 1 ug/mL Leupeptin (Sigma). This buffer is particulaly
indicaedto preseve proteinphosphorylatéd resdues. Equalamauntsof proten (10-20 ug)
were resolvedusing a SDSPAGE gels(at differentpercemage of acrylamice dependng on
the proteinanalyzd)andtransferredo PVDF Hybond-p membrae (GE Healthcarg.
Membraes were blocked with ECL Advance Blocking (Amershan Phamacia 2%)
overnight, under rotationat 4°C. Membranesvere thenincubatedwith primary antibodies
monodonal antrHifla (BD, Murine, 1:250), or polyclonal Id1 (Sarta Cruz, Rabbit,
1:1000), polyclonal Pi-Smad1/5/8(Cell signding, Rabbit, 1:1000) or monoclonal -actin
(Sigma, Murine, 1:10.000)for 2 hrs. Membrares were next incubatedwith peroidase
labeledgoatantirabbitIgG (Sigma,1:100000) or peroxidaelabded goatantr-murine IgG
(Sigma, 1:10Q000) for 60 min. All menbraneswere visudized using ECL Advance(GE
Healthcae) andexposedo Hyperfilm MP (GE Healthcae). Dersitometric analysisof the

films was perfamedusingScionimage denstometer sdtware.

Real-Time PCR analyses.

RNA from HGG cells wereisolatedby the Tryzol method (GIBCO BRL) ard 1 ug of total
RNA reversetrarscribed using SupeBaipt RNAse H- Revease Trangriptase (Life
Technologeg. Quantitative RT-PCR readions were run in duplicate using Brilliant®
SYBR® GreenQPCRCore ReagenkKit (Stratagenel.a Jolla, CA). Fluoresentemissian
was rewrded in reattime (SequenceDetection Sydgem 7900HT, Applied Biosystems,
FosterCity, CA, USA). Geneexpressiorprofiling wasconpleted using the comparativeCt

methodof relaive quantification.RelativeRNA quantities werenormalizedto GAPDH as
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endogenouscontrol and 2% oxygenuntreded (control group) has been consdered asthe

calibrating cordition.

Primers Sequences.

For realtime-PCR, thefollowing primerswereused
BMP2

Forward: ATGTGGACGCTCTTTCAATGG

Reverse: ACGCTAGAAGACAGCGGGTC

BMPR1A

Forward: TAAAGGTGACAGTACACAGGAACA
Revere: TCTATGATGGCAAAGCAATGTCC
BMPR1B

Forward: TACAAGCCTGCCATAAGTGAAGAAGC
Revere: ATCATCGTGAAACAATATCCGTCTG
BMPR2
Forward:5'-GCTAAAATTTGGCAGCAAGC-3
Revere:5'-CTTGGGCCCTATGTGTCACT-3

Hifla

Forward:5'- CGTTCCTTCGATCAGTTGTC-3
Revere:5-TCAGTGGTGGCAGTGGTAGT-3
GAPDH
Forward:5'-ACGGATTGGTCGTATTGGG3'
Revers: 5'-CAGAGTTAAAAGCAGCCCTGGT-3
The spedficity of the primerswas confirmed for every PCR run by dissocidion curve
analysis.RT-PCR amplificationconditionsconssted of 50 cycles with primers annealingat
61°C.

Statistical analysis
Graphs and statistcal analyseswvere prepared using Prism 3.03 (Grgph Pad)or Excel All
vauesarepresated asmeant standarderror of the mean (S.E.M.). Statisticd significance

wasmeasuredy simple pairedt-testsor oneway ANOVA with pod-hoc Tukey’s test,*p
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<0.05,**p <0.01,***p <0.001.Forall grapls, anasteisk diredly aboveaba indicatesa
significant difference with its 2-5% oxygencouwnterpart;an asteisk over a bracketindicates

asignificantdifferencewith anothewarialle asindicated.

In Vivo Grafting of brain tumor derived cells and CD133+ isolated brain tumor stem
cells.

Recapitulationof tumor hasbeenobtaned by orthotopc grafting in Motor Cortex using
NOD/SCID mice. Thesemice exhibit nearly complee immune deficiency and have been
usedsuccessfuy in otherstudiesinvolving stemard tumor cell grafting (Al-Hajj, M. etal.
2003). Steeaaxic Injectionsof 1-5 x10° cels tumor derived cells and CD133+ isdated
tumor cells have been performed. A period of incubaton of about 4-12 weeks was
necessary before intracardiacperfusionw/PFA 4% and brain immundhistochemistry or
brain tumorresectiorfor continuousserid passaing.

Cells for grafting were taken (a) from acutdy dissociatal tumors (b) from aautely
dissaciated tumor cells after sortingby flow cytometry, or (c) from in vitro expandedcells
following sortingby flow cytometry.For serid pasaging,contaminatingnousecells were
selectively removedusing an antibodyagainst mouse histocompatibility clas | (H2kd, BD
Pharmingen). Eight week old NOD/SCID mice were anegshetized by i.p. injection of
ketamne/xylazire (300 mg ketamire combinedwith 20 mg xylazine in a 4 ml volume of
HBSS vehicle; 0.2 ml per 20 g mouse)as previausly described (Al-Hajj, M. et a. 2003).
For brain grafts, dissociatedtumor cells were steedaxically grafted into the brain
parenclyma (motor cortex).For this procedure a mid-line salp incision was made andthe
corond sutureexposedA burr holewasmade 1.5 mm to the right of midlineand 0.5 mm
anterior to the coronalsuture.Using a Hamilton syringe 2 ul of the cell suspesion was
injectad to a depthof 2.5 mm andat a rate of 1 pl/minute. Bonewax wasappliedon the
injection site and the skin closedwith NexabanLiquid (a surgical glue). After injection,
mice were i.p injectedwith a recoverysolution (Yohimbine (0.02 mg/ml final, 0.2 ml per
20 g mouse) allowedto reamver on a wam heding padandthenreturnel to the cage. The
procedurewas performedusing stereotaic coordinaés to ensure reproducibde site of
grafting.
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As a negative control we performednormal SVZ derived cells grafting. Whenthe tumor
cell-grafted mouse generateda new tumor, the mousewas sacrificed by CO2 inhalation
followed by cervical dislocationandthetumormass,geneally clearly visible wasdissected
out from the mousebrainanddissaiatedfor immunocyt@hemcal analyses.Alternatively,
cardac perfusionof salinesolutionfollowed by 15 min of 4% paraformalcehyde pefusion
was performedandthe whole mousegrafted brain wasrecovered, overnight fixed at 4C in
4% pardormaldehyde,then frozenin OCT liquid and immunohigochemially aralyzed.
Human grafted cells were distinguishedrom murinebrain cdls by usng an antibody anti

human nuclei(Murine,Chemicm).
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