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SUMMARY

Glioblastoma multiforme (GBM) is the highest gragkoma and the most common and
aggressive form of primary adult brain tumors, sifesd as grade IV astrocytoma. The term
"multiforme™ in GBM describes the heterogeneousireabf these tumors, also characterized by
diffuse infiltration into surrounding tissue. Thefmtures prevent complete surgical resection.
Despite the use of surgery, radiation and chemafyerthe median survival for patients with
GBM is only 14.6 months. The poor prognosis for GBatients is due to a high incidence of
recurrence and limited responses to approved tlesrdf]. Treatment-refractory property is
thought to be due to a subpopulation of cells,ecalbrain tumor stem cells or brain tumor
initiating cells [2]. To overcome this problem,atgies combining chemotherapy and drugs that
target different mechanism of action are underesdrresearch [3]. One of the most used oral
alkylating agents for the treatment of GBM is tewlomide (TMZ). However, controversial
data indicate that although TMZ seems to induceosedand time-dependent decline of the
tumor stem cell subpopulation [4], other works cade that TMZ does not seem to affect stem
cells [5], which are considered the most chemotasisell population in the tumor bulk [6-9].
Thus, it is becoming pivotal to identify the pheypt features of the resistant tumor cells and
define their localization in the GBM tumor massarder to distinguish and more effectively
target them.

Structural and functional integrity of brain furari profoundlydepends on a regular oxygen and
glucose supply. Glucose metabolism in tumor ceallsucs mainly through anaerobic glycolysis,
even when tumor-derived cells are cultured undemoaic conditions, indicating that pseudo-
anaerobic glycolysis is constitutively upregulatédough stable genetic changes [10]. This
phenomenon was first reported by Otto Heinrich Wegbin the 1920s [11]. Following
Warburg'’s initial observation, the interest of teeientific community toward the metabolic
property of cancer cells, varied in the coursehef years, especially after the widespread of the
newer molecular techniques. The application of #fmaging technique positron emission
tomography (PET) using the glucose analogue tritieiorodeoxyglucose (fdG) showed that
most primary and metastatic human cancers hadfisgmily increased glucose uptake, which is

largely dependent on the rate of glycolysis, intiigathat it continues to confer a proliferative



advantage for the tumor [12-14]. Control over glyto flux primarily resides at the transporter
and phosphorylation steps [15-17], although it almo be regulated at many downstream steps
in the glycolytic pathway [18, 19]. The prolifenati advantage of the glycolytic phenotype is not
immediately apparent, since anaerobic metabolisgiuafose produces only 2 ATP per glucose,
whereas complete oxidation produces 38 ATP perogei.cMoreover, the metabolic products of
glycolysis, such as hydrogen ions*JHcauses acidification of the extracellular spaghich
might result in cellular toxicity [20]. So why darhor cells undergo glycolysis which is
inefficient and potentially toxic? It has been segtgd that cancer cells up regulated glycolysis is
neither random nor accidental. Rather, it represeah evolved solution to common
environmental growth constraints during carcinogeg10]. Tumors, particularly highly
proliferative glioblastomas, characterized by adxrp microenvironment, modify their vascular
niches in order to maintain the cancer stem ceal j21]. These data provide further evidence
that cancer development is not only a processitivalve epigenetic or genetic events, but that
also depends on the microenvironment. One of tipecks we investigated is the role of the
hypoxic region, a common feature of solid tumonsthe maintenance of the brain tumor mass.
Oxygen is an essential regulator of cellular meiabg survival and proliferation. The
oxygenation level within a tumor is not consistant behaves in a cycling nature [22, 23]. This
phenomenon is a result of several tumor charatitsrisuch as chaotic vasculature, poor oxygen
diffusion across the expanding tumor and irreghlaod flow leading to an enhanced metastatic
potential of the tumor [24]. Under these conditi@nsignaling pathway involving a key oxygen
response regulator termed the hypoxia-inducibléofatn (HIF1a) is switched on. HIFd is a
transcription factor that, in hypoxia, drives theluction or repression of a myriad of genes
controlling multiple cell functions such as angingsis, metabolism, invasion/metastasis and
apoptosis/survival [25]. Thus, the level of oxygena tumor cell dictates their molecular
response through the modulation of gene expression.this research project we sought to
define how microenvironmental and intratumoral hyipoaffects cell metabolism and cancer
stem cell distribution in GBM. Particularly, in tHgst part of this study we investigated the
effects mediated by 2-deoxyglucose (2-DG), a glacasalogue and a very well described
competitive inhibitor of glycolysis on primary GBMerived cells maintained under hypoxia. In
the second part, by exploiting image guided surdergample multiple intratumoral areas, in

collaboration with the neurosurgery department, mentified the presence of a cellular



heterogeneity in correlation to the oxygen tengjcadient within the GBM mass. These results

led us to define a novel concentric model of GBEhstcell niche.



SOMMARIO

Il glioblastoma multiforme (GBM) e il piu alto graddi glioma e la forma piu comune e
aggressiva tra i tumori primari cerebrali nell’adylclassificato come astrocitoma di grado IV. I
termine "multiforme” in GBM descrive la natura etgenea di questi tumori, anche
caratterizzata da diffusa infiltrazione nel tessuoicostante. Queste caratteristiche rendono
'asportazione completa del tumore impossibile. d&iante I'uso della chirurgia, la radioterapia
e la chemioterapia, la sopravvivenza media periegpéi con GBM é di soli 14,6 mesi. La bassa
sopravvivenza dei pazienti colpiti da questo tun®dovuta ad una elevata incidenza di recidiva
e scarsa risposta alle terapie convenzionali [Lpehsa che la refrattarieta al trattamento sia
dovuta ad una sottopopolazione di cellule, chiarnaliele staminali tumorali o cellule iniziatrici
del tumore cerebrale [2]. Per superare questo @nudl attualmente sono in fase di ricerca
diverse strategie che combinano la chemioterapia céarmaci che colpiscono diversi
meccanismi di azione [3]. Uno degli agenti alchilapiu utilizzati nel trattamento del
glioblastoma multiforme e il temozolomide (TMZ). ffavia, a questo riguardo esistono dati
controversi: alcuni studi hanno dimostrato, infattirattamento con TMZ sembra indurre una
diminuzione delle cellule staminali del tumore imaumaniera dose-e tempo-dipendente [4], al
contrario altri lavori hanno dimostrato che il TMidn sembra influenzare le cellule staminali
[5]. Per questa ragione queste cellule vengonoiderae le piu chemio-resistenti all'interno
della massa tumorale [6-9]. Quindi sta diventanddoddamentale importanza identificare le
caratteristiche fenotipiche delle cellule tumoredsistenti e definire la loro localizzazione
all'interno della massa tumorale, al fine di digtierle dalla controparte sana ed eliminarle piu
efficacemente.

L’integrita strutturale e funzionale delle funziargrebrali dipende profondamente da un normale
apporto di ossigeno e glucosio. Il glucosio nellellute tumorali viene metabolizzato
principalmente attraverso la glicolisi anaerobicquesto processo si mantiene anche quando le
cellule tumorali vengono messe in coltura in cormiz normossiche. Questo indica che la
glicolisi pseudo-anaerobica e costitutivamente gplaga attraverso mutazioni genetiche [10].
Tale fenomeno € stato descritto per la prima viétaOtto Heinrich Warburg nel 1920 [11]. A
seqguito di questa iniziale osservazione, l'intexredslla comunita scientifica verso le proprieta

metaboliche delle cellule tumorali € stata varmhiel corso degli anni, soprattutto dopo la



diffusione delle nuove tecniche molecolari. L'apatiione della tecnica PET (Positron Emission
Tomography), che utilizza il tracciante analogo dleicosio**fluorodeossiglucosio (FDG), ha
dimostrato un notevole aumento nell’assorbimentgtieosio, che dipende in larga misura dal
tasso di glicolisi, nella maggior parte dei tumanimari e metastatici umani. Questo risultato sta
ad indicare che la glicolisi continua a conferirewantaggio proliferativo per il tumore [12-14].

Il controllo sul flusso glicolitico risiede princgmente a livello del trasportatore del glucosio e
nei primi passaggi di fosforilazione [15-17], madpanche essere regolato in molte fasi piu a
valle della via glicolitica [18, 19]. Il vantaggiproliferativo del fenotipo glicolitico non e
immediatamente evidente, poiché il metabolismo e del glucosio produce solo 2 ATP
per glucosio, mentre l'ossidazione completa pro28eATP per glucosio. Inoltre, i prodotti
metabolici della glicolisi, come ad esempio gliiigdrogeno (H), provocano l'acidificazione
dello spazio extracellulare, cosa che potrebbe ootage tossicita cellulare [20]. Allora perché
le cellule tumorali utilizzano preferibilmente ldioglisi, che e inefficiente e potenzialmente
tossica? E stato suggerito che I'upregolazioneadédl glicolitica, da parte delle cellule tumorali,
non sia né casuale né accidentale. Piuttosto,rappaesenta una soluzione evolutasi durante lo
sviluppo del tumore in risposta a vincoli microasriali [10]. | tumori altamente proliferativi,
come ad esempio il glioblastomi, sono caratterizdatun microambiente ipossico. Le cellule
tumorali, presenti in questo microambiente ipossieodificano le loro nicchie vascolari al fine
di mantenere il pool delle cellule staminali tumoj2l]. Questi dati indicano che lo sviluppo del
cancro non e solo un processo che coinvolge sol@nesenti epigenetici o genetici, ma dipende
anche dal microambiente.

Uno degli aspetti che stiamo indagando e il rucddi’igossia, una caratteristica comune dei
tumori solidi, nel mantenimento della massa tunermerebrale. L'ossigeno € un regolatore
fondamentale del metabolismo cellulare, la soprsnza e la proliferazione. Il livello di
ossigenazione all'interno del tumore non é costffte 23]. Questo fenomeno e il risultato di
diverse caratteristiche del tumore, come la preseizina rete vascolare aberrante, una povera
diffusione dell'ossigeno attraverso il tumore ipassione e un irregolare flusso di sangue. Tutti
questi fattori aumentano le capacita metastatigheutnore [24]. In queste condizioni ipossiche
viene attivato un pathway che coinvolge un regotathiave della risposta ai livelli di ossigeno
presenti nella cellula, chiamato hypoxia inducibdetor I (HIF1la). HIFla € un fattore di

trascrizione che, in presenza di ipossia, promuaw#uzione o la repressione di una miriade di



geni che controllano funzioni cellulari multiple,oroe I'angiogenesi, il metabolismo,
I'invasione/metastasi e I'apoptosi/sopravvivenf. [Rertanto, il livello di ossigeno nelle cellule
tumorali controlla particolari risposte cellulari ortsequenzialmente alla modulazione
dell'espressione genica.

Durante questo progetto di ricerca abbiamo cerdattefinire come l'ipossia microambientale e
intratumorale influenzasse il metabolismo e larthszione delle cellule staminali tumorali nel
GBM. In particolare, nella prima parte dello studisbiamo analizzato gli effetti mediati dal 2-
deoxyglucosio (2-DG), un analogo del glucosio eonioibitore competitivo della glicolisi su
cellule primarie di GBM mantenute in ipossia. Nelaconda parte, mediante l'uso della
chirurgia guidata per immagini, grazie alla colled@one con la neurochirurgia di Padova,
abbiamo campionato regioni diverse intratumoraliabgthiamo identificato la presenza di una
certa eterogeneita cellulare in correlazione atligrge di ossigeno all'interno della massa dei
GBM. Questi risultati ci hanno permesso di definire nuovo modello concentrico di nicchia

delle cellule staminali del GBM.
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INTRODUCTION

Brain tumors and particularly glioblastoma multifee (GBM) are highly proliferative tumors.
According to their degree of malignancy and morpbwmlal features gliomas have been
classified into four grades by the World Health &rgation (WHO). Low Grade Gliomas (I and
II) are characterized by the presence of well diifdiated cells ; they bear histological similarity
to astrocytes and oligodendrocytes. High Grade m&iqlll and 1IV) (HGG) cells are more
anaplastic, resembling immature astrocytes, orodkgdrocytes, or a mixture of both [26].
Glioblastoma Multiforme (GBM) is a grade IV tumoncathe most invasive and aggressive of
HGGs. Hallmark features of this tumor are: uncdfegb cellular proliferation, diffuse
infiltration, propensity for necrosis, robust amggoesis, intense resistance to apoptosis and
genomic instability. Grade IV tumors are highly ofe and radioresistance leading to tumor
recurrence within few month post surgery, with adrae survival duration after diagnosis that
varies from 6 month to 2 years. This is largely tuéhe inability of current treatment strategies
to hamper the highly invasive nature of this disg@$].

It has been recently shown that solid tumors, arsowyich also GBM, are characterized by the
presence of a hypoxic microenvironment. Oxygen) (© an essential nutrient that serves as a
key substrate in cellular metabolism and bioen@geOxygen tensions present in the adult
tissues are considerably different from the inhaetbient oxygen tensions of 21% (160 mm
Hg). It decreases after it enters the lungs and agvels in the blood throughout the body. By
the time it reaches organs and tissues, the pargsisure oxygen (pPlevels have dropped to
2%—-9% (14-65 mm Hg) [27]. In tumors, insufficiemygen availability or hypoxia is a result of
a disorganized vasculature and inadequate blooglysum order to cope with this stress,
evolutionarily conserved responses are engagedkagdgenes involving cell survival and
angiogenesis are upregulated [28]. Recent litezashiows that this hypoxic microenvironment
correlates with tumor aggressiveness and progreshimugh multiple mechanisms including
modifying angiogenesis, metabolic switch, invasif@®9-31] and over-activity of hypoxia
inducible factor-& (HIF-1a) [32] which is implicated in the maintenance ofiedifferentiated

(i.e. stem) tumor cell phenotype [31].

11



Hypoxia-inducible factors (HIFs) are transcriptitactors that belong to the subfamily of the
basic-helix-loop-helix (bHLH) family of transcrifn factors. HIF-1 is a heterodimer composed
of an alpha and a beta subunit. While the alphaumtilresponds to changes in oxygen
availability in the cellular microenvironment, theta subunit is a constitutively-expressed aryl
hydrocarbon receptor nuclear translocator, known ak ARNT. In the presence of oxygen HIF-
la is hydroxylated on proline 402 and 564 by threecHr oxygen-dependent proline-
hydroxylases (PHD 1-3) and sent to degradationhey droteasome. The presence of iron,
oxygen and 2-oxoglutarate are necessary for futlyematic hydroxylation of HIF-d by the
PHDs [33] (Figurel).

HIF-1a has also been found to contribute to a differéiotiadefect in malignant gliomas [34],
even following exogenous bone morphogenetic prat€dBMP2) treatment, known to induce
glial commitment in GBM [35-37]. These evidencesdhew light on the differentiation therapy
of solid tumors by HIF-d targeting. Hypoxia has a role in normal physiotagiresponses, such
as carotid body growth and generation of new nearast derived glomus cells [38], and
angiogenesis [39]. It is implicated in the reguatiof several developmentally important
signaling pathways, such as Notch [40] and BMP watts [36], as well as glucose metabolism
[41]. Moreover, hypoxia, through HIF1, alters cancells metabolism by increasing tumor

anaerobic glycolysis and reducing mitochondriaivitgt[11] (Figure 2).
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Figure 1. HIF-1a regulation by proline hydroxylation. (a) In normoxia, hypoxia-inducible factor (HIFy1is
hydroxylated by proline hydroxylases (PHD1, 2 andir8the presence of QF&", 2-oxoglutarate (2-OG) and
ascorbate. Hydroxylated HIF#1(OH) is recognised by pVHL (the product of the vblippel-Lindau tumor
suppressor gene), which, together with a multisittwbiquitin ligase complex, tags HiFeith polyubiquitin; this
allows recognition by the proteasome and subseqdegtadation. Acetylation of HIFel(OAc) also promotes
pVHL binding. (b) In response to hypoxia, prolingdhoxylation is inhibited. VHL is no longer able bind and
target HIF-1. for proteasomal degradation, which leads to HiFatcumulation and translocation to the nucleus.
There, HIF-1 dimerises with HIF-f, binds to hypoxia-response elements (HRES) witheanpromoters of target
genes and recruits transcriptional co-activatochsas p300/CBP for full transcriptional activity. rAnge of cell
functions are regulated by the target genes, asdtetl. Abbreviation: CBP, CREB-binding protein;,UWlbiquitin.
(Figure taken from, Veronica A. Carroll and Margareshcroft. HIF-Iu regulation by proline hydroxylation.
Accession information: 2005, Vol. 7; Issue 6; 15iBp
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Figure 2. The characteristics of a hypoxic tumor massBlood capillaries carry oxygen to tissues, butcsin
oxygen has a diffusion limit, its concentration &ses as the distance from capillaries increddasroscopic
examination of solid tumors reveals the presencexpaindingumor cells in proximity to capillaries and a central
region of necrotic cells. This gradient of cell hility parallels that of a decreasing gradient &fgen, which is
accompanied by an increase in Hléd&vels, a decrease in the extracellular pH antherease in the resistance to
radio- and chemo-therapy. (Figure taken from, M.ri€kane Brahimi-Horn & Johanna Chiche & Jacques
Pouysségur. Hypoxia and cancer. 2007, J Mol Med).

Particularly, succinate dehydrogenase (SDH), theyrae complex Il bound to the inner
mitochondrial membrane that converts succinateitasafate via FAD reduction to FADH2, has
been found inactive in some solid tumors [42]. Thas been described as a key event leading to
the accumulation of intra-cytoplasmic succinate sgattive oxygen species (ROS) causative of
the “pseudo-hypoxic” effect, a major tumor-reldtballmark, characterized by the activation of
HIF even under normoxia [43, 44]. As intratumorgbbxia increases glycolytic activity in many
types of cancer, including GBM, limiting glucosetaige or glucose metabolism is a promising
therapeutic approach for cancer treatment [45,m@fder to reduce tumor growth as shown in
animal models [45].

The hyper glycolytic phenotype of cancer cells et described by Otto Heinrich Warburg in
the 1920s. Warburg's work had a significant antingsnput on thinking about the biochemistry
of tumors, awarding him in 1931 with the Nobel Brim Physiology and Medicine for his
discovery of the nature and mode of action of #spiratory enzyme. The concept that cancer
cells switch to glycolysis has become widely acedgiy the scientific community, even if it is
not seen as the cause of cancer. This phenomemawiknown as the Warburg effect, where
cancer cells shift their metabolism from oxidatit@ glycolytic (Figure3). However, the
proliferative advantage of the glycolytic phenotype not immediately apparent. Indeed,
anaerobic metabolism of glucose produces only 2 p&iPglucose, whereas complete oxidation
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produces 38 ATP per glucose. Moreover, the metalpobducts of glycolysis, such as hydrogen
ions (H), causes acidification of the extracellular spagieich might result in cellular toxicity
[20]. So why do tumor cells undergo glycolysis whis inefficient and potentially toxic? One
potential explanation for the use of glycolysis twnor cells and more in general by all
proliferating cells, is that glycolysis facilitattse uptake and incorporation of nutrients into the
biomass (e.g., nucleotides, amino acids, and lijpideded to produce a new cell [47]. Moreover,
many glycolytic enzymes have direct anti-apopto#ictions [48]; lactic acid promotes
angiogenesis and interstitial matrix breakdown,ilifatng metastasis [10]; and decreased

mitochondrial function is associated with inhibitiof mitochondrial apoptosis [49].
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Figure 3. Schematic representation of the differeres between oxidative phosphorylation, anaerobic
glycolysis, and aerobic glycolysis (Warburg effect)in the presence of oxygen, nonproliferating (défeiated)
tissues first metabolize glucose to pyruvate vigglysis and then completely oxidize most of thatupate in the
mitochondria to C@ during the process of oxidative phosphorylatioec&ise oxygen is required as the final
electron acceptor to completely oxidize the glucasg/gen is essential for this process. When oxyigdimiting,
cells can redirect the pyruvate generated by gigielaway from mitochondrial oxidative phosphorgat by
generating lactate (anaerobic glycolysis). Thisegation of lactate during anaerobic glycolysis ahaglycolysis to
continue (by cycling NADH back to NAT, but results in minimal ATP production when comgghwith oxidative
phosphorylation. Warburg observed that cancer ¢elid to convert most glucose to lactate regardiésshether
oxygen is present (aerobic glycolysis). This proper shared by normal proliferative tissues. Mitondria remain
functional and some oxidative phosphorylation awndis in both cancer cells and normal proliferatielis. (Figure
taken from, Matthew G. Vander Heiden, Lewis C. @antCraig B. Thompson. Understanding the WarbufgdE
The Metabolic Requirements of Cell Proliferatiogie®ice 2009, Vol. 324 22 MAY).
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In addition, numerous key enzymes in glycolysisjdative phosphorylation, the pentose
phosphate pathway, and glutamine metabolism aexttyircontrolled by signaling pathways,
involving known oncogenes and tumor suppressor gjeietivation of growth factor receptors
leads to both tyrosine kinase signaling and phosisdide 3-kinase (PI3K) activation [REF?].
PI3K activation stimulates glucose uptake and thuwough the early part of glycolysis. Tyrosine
kinase signaling negatively regulates flux throtigé late steps of glycolysis, making glycolytic
intermediates available for macromolecular synthasiwell as supporting NADPH production.
The oncogene MYC drives glutamine metabolism, whatto supports NADPH production.
Tumor suppressor protein LKB1, AMP-activated pnotéinase (AMPK) signaling and p53
decrease metabolic flux through glycolysis in resmoto cell stress. Decreased glycolytic flux in
response to LKB/AMPK or p53 may be an adaptivewasp to shut off proliferative metabolism
during periods of low energy availability or oxio stress [47].

Glucose can also be used to drive the synthegityobgen. Studies performed in 1925 proved
that tumors presented notable glycogen content }8(), One of the enzymes involved in
glycogen synthesis is glycogen synthase, whichbeamactivated through phosphorylation by
glycogen synthase kinase-3 (GSK3&)multi-functional regulatory enzyme [52]. One biet
characteristics of cancer cells is a reduced GS&idvity through activation of PI3K/Akt
pathway [52] leading to increased glycogen synghé/iis result further supports the hypothesis
that cancer cells may store glycogen in abnormahnties. Interestingly, it was found some
years ago that raising the extracellular concentradf glucose increased the glycogen content
of ascites cancer cells, while their glycogenolysas relatively active [53], and that glycogen
phosphorylase is overexpressed under hypoxia [bdis additional glucose reserve would
therefore constitute a growth advantage to canadls avhen their microenvironment is
impoverished in oxygen and glucose due to deficiastcularisation [55]. Taken together, all
these findings suggest that it is important to adsircancer diagnostics and treatments with an
effective metabolic point of view.

Currently, there are several drugs under developroem clinical trials that are designed to
specifically target the altered metabolic pathwafygimors (Figure 4) [56].
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Figure 4. Metabolic pathways and enzymes against wdh compounds are already in the clinic Dashed lines
indicate possible areas of inhibition for whichtable compounds have not yet been tested. 5-Flloseluracil;
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DCA, dichloroacetate; FASN, fatty acid synthase;PG®lucose-6-phosphate; Glut, glucose transpoki;
hexokinase; IGF1, insulin-like growth factor 1; IG®, IGF1 receptor; LDH, lactate dehydrogenase; Mullate;
MCT, monocarboxylate transporter; NHE1, M4 exchanger 1; OAA, oxaloacetate; PDH, pyruvate
dehydrogenase; PDK, pyruvate dehydrogenase ki€, phosphoenol pyruvate; PK, pyruvate kinase;, R5P
ribose 5-phosphate; TCA, tricarboxylic acid cydlEigure taken from, Daniel A. Tennant, Raul V. Dyr&yal
Gottlieb. Targeting metabolic transformation for cancer aipgrNature Reviews Cance201Q 267-277).

2- Deoxyglucose (2-DG) is a glucose analog, culyantphase /1l of clinical trials, which has
the 2-hydroxyl group replaced by hydrogen (Figuje $0 that it cannot undergo further
glycolysis.

glucose 2DG

Figure 5: 2-Deoxyglucose (2-DG) is a glucose molecule whiels the 2-hydroxyl group replaced by hydrogen.
(Figure modified from, R L Aft, F W Zhang and D Gi&valuation of 2-deoxy-D-glucose as a chemotherapeut
agent: mechanism of cell death. British JournaCaficer 2002, 87, 805-812).

17



Inhibition of glycolysis by phosphorylated 2-DG,0&-6-phosphate, is thought to occur via
inhibition of hexokinase and phosphohexoisomerageq8]. 2-DG is effective in several mouse
tumor models, particularly in combination thera@®f]l Indeed, metformin, a widely used
antidiabetic agent, has been seen to exert antralnamd antiproliferative action in prostate
cancer cells, especially when used in combinatiath ®-DG [59]. Moreover, earlier studies
have shown that 2-DG significantly enhances thetoyic effects of anticancer agents like
topoisomerase inhibitors and a radiomimetic drdgdimycin) in established human tumor cell
lines. Also, it has been shown that 2-DG can bel @asea modulator of radiation response [60,
61]. These studies demonstrate that targeting bsdrate metabolism may be an effective
therapeutic approach for cancer treatment.

2DG-6-phosphate cannot be further metabolised agnceh it accumulates until it is de-
phosphorylated by a specific phosphorylase [58]e @h the phosphorylases that could be
involved in 2-DG dephosphorylation is glucose-6-gpitatase (G6Pase). This enzyme is a
multifunctional system that catalyzes the finalpst&n both the glycogenolytic and the
gluconeogenic pathways, cleaving phosphate frornogler6-phosphate to liberate free glucose
into the circulation. It thus regulates both ciatuig concentrations of glucose and the storage of
excess glucose as glycogen. G6Pase complex is foundcrosomes and is composed by a
catalytic subunit, facing the endoplasmic reticul(lBR) lumen, and 3 transporters (T1-3), one
to move G6P into the lumen and two to allow théugfof glucose and phosphate out into the
cytoplasm. Defects in the enzyme cause glycogeragtodisease type | (von Gierke disease).
Glucose-6-phosphatase-alpha (G6PC) isoform is egpte mainly in liver and kidney [62].
Astrocytes are found to express the ubiquitousdjoisn glucose-6-phosphatase beta (G6PC3),
suggesting a role of astrocytes in providing anogedous source of brain glucose [63].
Additionally, previous studies on U87MG cells, awevell known GBM cell line, have shown
that, targeting the microsomal G6PC with chlorogeacid (CHL) decreased the invasive
phenotype of these cells [64]. CHL has been prameanimal studiesn vitro to inhibit the
hydrolysis of the enzyme glucose-6-phosphatasenifrraversible fashion, thus reducing the
absorption of new glucose.

In this study we investigated how 2-DG affects @iynGBM-derived cells growth, comparing
GBM cells that have been maintained under hypofi (©xygen) and cells that had been

acutely exposed to higher oxygen tension (environted€0% oxygen). We aimed to understand
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whether the presence of a hypoxic niche countedaoteviceversaimproved the metabolic
inhibition mediated by 2-DG. Moreover, gliomas ataracterized by a high capacity to invade
throughout normal brain tissue. This infiltrativatare is the hallmark of poor prognosis and a
major obstacle for the clinical treatment of thasmors [65]. For these reasons, we tested how
2-DG was affecting cell invasion and migration ksing anin vitro model. Considering the
potentially crucial role played by G6Pase in prewvenor mitigating 2-DG effects, we looked at
the expression level of G6Pase in our GBM cellwel and we also tested the effects of a
G6Pase inhibition by using the CHL. Moreover, ideanrto study the effect of 2-DG in a more
physiological microenvironment, we performiadvivo experiments by stereotactically injecting
GBM derived cells into the right striatum of six ekeold male nude mice, which had been
subsequently treated with 2-DG or saline, via pgreoneal daily injection. Both oun vitro
and then vivo data suggest that 2-DG might be used as a suitatllecule to impact GBM cells

growth and migration, particularly when combinedriioibition of G6Pase activity.

Another aspect that has been investigated during Fhp program is GBM stem cells
distribution within the tumor. Indeed, the discovef a stem cell population within the tumor
mass (cancer stem cells, CSCs) has changed thdddgewvof tumor cell biology, leading to the
definition of a cell hierarchy within the tumor [@mportantly, CSCs seem to persist in tumors
as a distinct population and may be responsiblelapse and resistance to treatments following
surgical resection [6]. Thus, there is intra-tunhdreterogeneity that has to be taken into account
for designing effective treatments. CSCs have Ipesitively identified and successfully isolated
from a variety of tumors such as acute/chronic wigelleukemia, breast/lung cancer,
gastrointestinal and brain tumors. As normal stailscCSCs have been defined to have the
capacity to self-renew as well as to undergo dffiéation and give rise to the variety of non-
tumorigenic cells found in the tumor [66]. Howev#rin normal tissues the pathways of self-
renewal and differentiation are tightly controllesh tumors, probably due to continuing
mutagenesis, stem cells display aberrant growth daffierentiation capacity. GBM CSCs are
detected by the expression of normal neural stdl® warkers such as CD133 and nestin found
in human central nervous system (CNS) precursdrey Tan also differentiate into all neuronal

lineages expressing the markers of mature neusstggcytes and oligodendrocytes. The main
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property of the CSCs is to reconstitute the origtnenor upon the transplantation in immuno-
compromised mice. There are different hypothesishenorigin of CSCs: they may arise from
normal tissue-resident stem cells; likewise, thegyrnderive from mature cells that acquired
ability to self-renew as a result of oncogenic rtiates. Defining the regulation of normal stem
cell self-renewal and differentiation mechanismefifundamental importance for understanding
how initial malignant transformation, disease mietsis and progression occur. This knowledge
will help to develop individualized therapeuticagrgies targeting the subsets harboring the CSC
function [6].

GBM are currently treated by surgical removal,daled by radiotherapy and mostly alkylating
agents based chemotherapy. Nevertheless, CSCsan#ibate to therapy resistance, initiation
and the maintenance of GBM [7, 9], which might leadeconsider the traditional therapeutic

approaches.

One of the most used oral alkylating agents forttbatment of GBM is temozolomide (TMZ),
which is currently regarded as a tolerable andceffe drug. TMZ is a monofunctional
methylating agent which is spontaneously activate@queous solution into the dacarbazine

metabolite 5-(3-methyl-1-triazeno) imidazole-4-acathmide (Figure 6).
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Figure 6: Structure of Temozolomide an its mechanism of actio
(http://img.medscape.com/fullsize/migrated/502/8t€602816.fig2.jpg)

In GBMs, TMZ is used in combination with radiothgya It exerts its anticancer property by
adding methyl adducts to DNA, which eventually lkedad apopotosis. Tumor cells can resist
apoptosis by expressing wild-type O6-methylguadNA-methyltransferase (MGMT), a
DNA-repair protein that excises toxic methyl lesidrom the ® position of guanine residues,
allowing DNA repair. Treatment of cells with®®enzylguanine (6-BG) can overcome WT-
MGMT-mediated resistance. This drug binds diretlyW/GMT, inactivating its ability to repair
DNA [4].

Clinical trials have been performed to assess thieity of TMZ, alone or in combination, on
brain metastatic solid tumors and leukaemias. Hewedeveloping concerns regarding the use
of TMZ exist. Indeed, controversial data indicdtattalthough TMZ seems to induce a dose- and
time-dependent decline of the tumor stem cell spbfation [4], other works indicate that TMZ
does not seem to affect stem cells [5], which avaswered the most chemoresistant cell
population in the tumor bulk [6-9]. Thus, it is loesing pivotal to identify the phenotypic
features of the resistant tumor cells and defieg tbcalization in the GBM tumor mass in order

to distinguish and more effectively target theme DNA repair protein MGMT has been found
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expressed in a subgroup of GBM, conferring rescgato TMZ [67, 68], and importantly
MGMT mRNA has been shown to be more highly expresseCD133 cells [5]. Nonetheless,
current studies on MGMT expression are conductecraalyses of promoter methylation and
this does not always correlate with MGMT proteirpeession profile [69]. It has been shown
that hypoxic tumor correlates with resistance tensbtherapics, thus suggesting that a better
understanding of the tumor microenvironment mayebgential to improve current anticancer
strategies [70]. Recent data suggest that HIFshd multiple HIF-regulated genes are
preferentially expressed in glioma stem cells imparison with non stem tumor cells and
normal neural progenitors [71]. Moreover, hypoxiarpotes preferential expansion of CD133
glioma stem cells [72] and it also correlates vitie dedifferentiation state in neuroblastoma
[31]. These findings confirm a potential mutualatedn between tumor immatureness and the
hypoxic gradient within the tumor niche. Currenvestigations on primary cultures of brain
tumors are generally conducted on random portioas (egionally undetermined) of surgically
resected tumor samples. It has recently been expone existence of two types of cancer stem
cells within different regions of the same humanNGB 3]. Moreover, recent works have shown
that within brain tumors CSCs reside in two nicheperivascular location and the surrounding
necrotic and/or less vascularized (i.e. hypoxis3ue [21, 74]. According to our previous data
[36], it has been reported that restricted oxygenddions increase the CSC fraction and
promote acquisition of a stem-like state [22, 36].

We investigated the phenotypic profile of the regi@oncentrically localized within the GBM
tumor mass in relation to the oxygen tension gradi&/e exploited radiological imaging and
image guided surgery to sample multiple intraturha@eeas in order to define potential
phenotypic heterogeneity and differential expressaf molecular signaling pathways in
correlation to the oxygen tension gradient withire tGBM tumor mass. We analyzed the
peripheral, the intermediate area, and the cewmwad of nine GBM biopsies by collecting
multiple histological samples. Our data indicate éxistence of a strong correlation between the
concentric hypoxic gradient of the tumor mass, @BM stem cells distribution, MGMT
expression, and the consequential resistance to, Té&ding us the define a novel concentric
model of tumor stem cell niche. This novel modelyrha useful to define the real localization of

the chemo-resistant GBM tumor cells in order tagtesore effective treatment strategies.
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MAIN AIMS OF THE STUDY

Given the important role played by the hypoxic mémvironment in regulating GBM cell
growth and metabolism, in this study we aimed teestigate whether primary GBM-derived
cells maintained under hypoxia (2%)Qvere less sensitive compared to tumor cells &cute
exposed to higher oxygen tension (environmental 209 to the effects induced by 2-
deoxyglucose (2-DG), a glucose analogue and a wetly described competitive inhibitor of
glycolysis. As GBM stem cells share many propertigth normal neural stem cells, we
performed the analyses in parallel also on normatdn subventricular zone derived stem cells
(SVZ cells).

Additionally, in the effort to define the intra-twral localization of cancer stem cells within the
GBM mass, and given the described correlation betwhypoxia and GBM stem cells
maintenance, we sought to understand whether tregumoral hypoxic gradient affected GBM
stem cell intra-tumoral distribution and their dmegistance property.
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RESULTS

Part of the results obtained for part | have beslected during my third year of doctorate in the
Brain Tumor Stem Cell Laboratory, Department of Msurgery at Johns Hopkins University
School of Medicine, Baltimore, MD, where | workesl @ visiting PhD student with Dr. Alfredo
Quinones-Hinojosa, MD. Part of the results in pdrave been published (Pistollato Ahbadi

S, Rampazzo E, Viola G, Della Puppa A, CavalliniAtasson C, Persano L, Panchision DM,
Basso G. Hypoxia and succinate antagonize 2-deoggge effects on glioblastoma. Biochem
Pharmacol. 2010 Nov 15;80(10):1517-27. Epub 2016 AD). Results described in part Il have
also been published (PistollatoAhbadi S, Rampazzo E, Persano L, Della Puppa A, Frasson C,
Sarto E, Scienza R, D'avella D, Basso G. Intratanbiypoxic gradient drives stem cells
distribution and MGMT expression in Glioblastomé&ei8 Cells. 2010 May;28(5):851-62).

RESULTS (PART I)

1.1. Characterization of phenotypic profile and differertiation properties of three
GBM-derived cell cultures.

In this study we used primary cultures of adult GBIMhors to study the interaction between
oxygen levels and the effects elicited by 2-DGrebg inducing a block of glycolysis. We first
characterized the phenotypic identity of our GBM celtures maintained under hypoxia (2%
Oy) in order to establish their multipotency propettydeed, a characteristic of GBMs is the
presence of a subset of cells with a multilineagpenotype. These cells have remarkable
phenotypic similarities to neural progenitors angress neural and mesenchymal markers
before differentiation [75]. Thus, multipotencyasvery important characteristic of tumor stem-
like cells. Our primary cultures were established glating GBM-derived cells on either
fibronectin (not shown) or laminin- coated flasksg( 7A left) or by briefly maintaining cells in
suspension and then plating on laminin-coated $lgBkgy. 7A right). To verify the multipotency

of our cell lines we investigated whether threeoaf primary-cultured gliomas (denominated
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GBM612, GBM626 and GBM651) expressed the neurah stell marker nestin, an intermediate
filament protein expressed in undifferentiat€S cells during development and cancer.
Moreover, a defining property of stem cells is thahility to generate differentiated progeny. To
test whether our GBM cells were capable to undesfooglial or neuronal differentiation, we
looked at the expression of glial fibrillary acigicotein (GFAP) and neuron-specific classpHI
tubulin  (Tujl) upon growth factor withdrawal [76]Our results showed that, in the
undifferentiated groups, all three cell lines exsed high levels of nestin and only few cells
expressed GFAP (Fig. 7B). Upon differentiation, G& and GBM612 had a strong increase
in the expression of GFAP, and the morphology afséhcells was more characteristic of
astrocytes with several cytoplasmic projections.MBB1 had only a slight increase of GFAP
(Fig. 7B). All three cell lines expressed high lisvef Tujl after differentiation (Fig. 8). Together
these data indicate that GBM undifferentiated cétisstir), despite some varibailities, are

generally able to differentiate toward both gliaaheuronal lineage.
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GBM626

GBM651

GBM612

Figure 7. GBM-derived cells express neural stem daharker and are multipotent. (A) Representative pictures
of primary cultures (GBM626) established by platitg GBM cells on a laminin- coated flask (left) lmiefly
maintained in suspension and then plated on a lamated flask (right).(B). Immuocytochemistry Q@ of
undifferentiated and differentiated GBM612, 626 aill. In the undifferentiated groups, all threel digles
expressed high levels of nestin and only few ceMge expressing GFAP. Upon differentiation, GBM6&2&
GBM612, had a strong increase in the expressidaF#P, and the morphology of these cells is moreatttaristic
of astrocytes with several cytoplasmic projecticBBM651 had a slight increase of GFAP (arrowhea@§AP —
green, Nestin - red, DAPI — blue. n=3. Scale Baruh.
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GBME26

GBME51

GBM612

Figure 8. GBM-derived cell differentiation. Immuocytochemistry of differentiated cells. Immustaining for
GFAP and Tujl in the three different glioma cetlds (GBM626, 651 and 612). All cell lines expreskiggh levels
of Tujl after differentiation. GFAP — green, Tujied, DAPI — blue. n=3. Scale Bar: jth.

1.2.2-DG induces loss of GBM cell adhesive propertied decreases cell
proliferation.
It has been suggested that hypoxia is one of thermegulatory factors in the brain tumor niche,
since it positively correlates with brain tumor egggiveness, supporting the idea that hypoxia
may confer a growth advantage to brain tumor stelts {30, 31, 34, 36]. Under hypoxia cancer
cell metabolism is pushed toward increased anaerglycolysis, which has been extensively
described as a hallmark of tumor cell biology [1Wje evaluated cells grown in 2% oxygen,
which represents the condition typically found igpbxic solid tumors [77], versus cells that
were acutely exposed to higher oxygen tension (88Ygen). We found that addition of 25mM

2-DG for 18 h, under the two oxygen tensions, imdlioss of cell adhesive properties compared



to GBM cells grown without 2-DG (Fig. 9A, 10A and).BSimply decreasing the glucose
medium concentration from 25mMto 2.5mM, without mdd2-DG (Fig. 10C) did not cause
change of cell morphology. By adding both 2-DG ghetose in the medium (i.e. 25mM 2-DG
+ 25mM glucose, Fig. 10C, or 12.5mM 2-DG + 12.5mMcgse, not shown), we found that loss
of cell adherence was prevented and cells showdiat gphenotype with more extensions
compared to cells grown in the absence of 2-DGGB#/ stem cells share many properties with
normal neural stem cells, we performed the analyseparallel also on normal human
subventricular zone derived stem cells (SVZ celldgasurement of extracellular lactate was
generally high in tumor cell culture medium (Fid®®)ompared to non-tumor SVZ-derived cells
(Fig. 9C), consistent with GBM cell metabolic degence on anaerobic glycolysis. Addition of
2-DG under both oxygen tensions led to a strongpegtlular lactate decrease in both GBM and
SVZ-derived cells (Fig. 9B and C). Moreover, 2-D@vered GBM cells growth (Fig. 9D),
especially in cells acutely exposed to high oxygerile SVZ cells did not undergo
morphological changes (Fig. 11) and underwent fen@iion reduction only when acutely
exposed to high oxygen tension (Fig. 9E). AnalysisGBM cell viability by trypan blue
revealed no significant differences among condgignot shown), while methyltetrazolium
reduction (MTT) (Fig. 9F), indicative of extra-mdieondrial NADH and NADPH [78] occurred.
Also, intracellular ATP content in GBM cells, whietas found higher at 20% oxygen tension
consequentially to stimulated mitochondrial activivas decreased following addition of 2-DG
(Fig. 9G).
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Figure 9A. Glycolysis block by 2-DG reduces extradielar lactate and lowers proliferation in GBM derived
cells (A) Representative pictures of GBM-derived célaiTuP01), plated at medium density (49 cells/mi)
expanded 1 day (18 h) in 2% or 20% oxygen in tlesgmce of 25 mM glucose or of 25 mM 2-DG (in lowagise
medium, containing 2.5 mM glucose). Pictures aeguiwith an IX50 Olympus inverted microscope; 10x
magnification. Bar = 100 mm.
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Figure 9B. Glycolysis block by 2-DG reduces extradielar lactate and lowers proliferation in GBM derived
cells (B and C) Extracellular lactate measurement Yalhg 2-DG addition, comparing 2 different GBM cell
cultures (B) and 3 SVZ-derived cell cultures (Cyjtered under 2% oxygen or 20% oxygen at the irtdita
times.***p < 0.001 above O h time point bars indesa statistically significant differences with #lle other time
points. (D and E) Cell growth kinetics: GBM celB)(and SVZ cells (E) were plated at medium den§ity = 49
cells/mmz2); cells were either maintained in gluc@sdid line) or in 2-DG (dashed line) for 4, 8 abdl h at either
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2% (light gray) or transferred to 20% oxygen (dgray). Final cell counts/mm2 were normalized taiptadensity
at TO. Mean of 4 different tumors +S.E.M., n = 8 éach tumor. Mean of 3 different SVZ cell cultutsE.M., n =
3 for each cell culture. (F) Analysis of metabdictivity by MTT assay; cells were cultured under 28%gen or
20% oxygen and 2-DG was added for 18 or 24 h, saluere normalized to cells cultured with glucos@%it O2.

(G) Intracellular ATP content in GBM cells cultured described in (F), values normalized to celltuoed with
glucose at 2% O2.
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Figure 10. Reducing glucose concentration in the rdéa does not affect cell morphologyAddition of 25mM2-
DG for 18 h, under the two oxygen tensions, induosd of cell adhesive properties compared to GBNs grown
without 2-DG (A).Simply decreasing the glucose medium concentrdtimm25mMto 2.5mM, with out adding 2-
DG did not cause change of cell morphology (C).a8ging both 2-DG and glucose in the medium (i.enlg52-
DG + 25mM glucose),we found that loss of cell aghee was prevented and cells showed a flat pheaatyt
more extensions compared to cells grown in theratesef 2- DG (C). S.E.M., n = 3. Values normalizectells

cultured with glucose at 2% O2. Pictures acquiréti an 1X50 Olympus inverted microscope; 10X maigaifion.
Bar = 100 mm.
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Figure 11.2-DG treatment does not affect SVZ derived cellsSVZ cells did not undergo morphological changes
Pictures acquired with an IX50 Olympus inverted nmscope; 10X magnification. Bar = 100 mm.

1.3.2-DG increases succinate dehydrogenase and pyruvatehydrogenase activity.

We sought to investigate if 2-DG, besides detemgra glycolytic block, was able to perturb
mitochondrial metabolism. Thus, we analyzed sudeirgehydrogenase (SDH) activity. It is
known that SDH activation is impaired in severaidseumors, inducing the accumulation of
succinate and ROS into the cytoplasm and causimngstHIF-Io stabilization even in the
absence of hypoxia [42]. Surprisingly, we found thddition of 2-DG increased SDH activity in
GBM-derived cells, especially at 20% oxygen (FIQA and B). Addition of cell permeable
succinate either in presence or absence of 2-DGalidnodify SDH activation state (data not
shown). Notably, in SVZ-derived cells SDH activdid not change after addition of 2-DG (data
not shown), confirming differences in metabolicp@sse between non-tumor and tumor cells.
Additionally, we analyzed the phosphorylation sw@it@yruvate dehydrogenase Ela (pPDH Ela)
in order to test if addition of 2-DG induced anrgase of mitochondrial metabolism. The PDH
complex contributes to transforming pyruvate intetsl-CoA, which is used in the citric acid
cycle to carry out cellular respiration. The adiiva state of PDH is controlled by the enzyme
pyruvate dehydrogenase kinase (PDK), which inhiBE#H activity by phosphorylating it using
ATP [79]. We found that GBM cells maintained at 2%ygen had a higher level of pPDH
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compared to cells acutely exposed to 20% oxyges T€eat 2% and TO at 20% oxygen in Fig.
12C), indicating inactivation of the complex and eased lactate production level under
hypoxia, as confirmed in Fi§@B. After the addition of 2-DG, a transient increasePDH level
occurred, which decreased after 18 h (Fig. 12C) zhdh (data not shown). Importantly, total
PDH level did not significantly change followingdition of 2-DG (Fig. 12C). These results,
together with the observation of an increase in SigHvation after the addition of 2-DG (Fig.
12A and B) indicate a transient recovery of mitaulreal activity following addition of 2-DG.
As intracellular succinate level and ROS productoa associated to SDH activity and defects
of electron transfer in the respiratory chain aceiril to enhanced ROS production [80], we
evaluated the possible effects of 2-DG on ROS ool We found that hypoxic GBM-derived
cells, which resulted to contain a variable butegatly high percentage of ROS, underwent
transient superoxide anion {preduction after the addition of 2-DG for 18 h Fil2D).
Importantly, by adding succinate to GBM cells RGSels were higher under both oxygen
tensions and this effect was repressed by theiaddif 2-DG (Fig. 12E).
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Figure 12.Block of glycolysis with 2-DG increases SDH and PDHctivity. (A) Representative citochemical
analysis (HuTuP13) of SDH activity by using NBT wetion methodology. Cells were incubated for 48nh i
presence of glucose, 2-DGor 3-NPA known to irrefdysinactivate SDH (negative control). (B) Bar gha
showing mean percentage of SDH+ cells (blue-vigéds) counted from 40 _ magnification pictures {pie area =
0.02 cm2), bar = 20 mm. 3 different tumors havenhgsed, n = 2 for each tumor. (C and D) Represgat#{estern
blot analyses (HuTuP36) of pPDHE1a and total PDdha@lwith B-actin to control for protein loading. (C) Cells
were cultured for 0.5,2,80r18 hwith2-DG, eithett latf 2% oxygen or acutely exposed to 20% oxygem;attalysis
was confirmed using3 different tumors, n = 3 fockeaumor. (Dand E) Histograms showing percentadeseis
with intracellular superoxide anion (€2measured by using hydroethidine (HE), mean £S.Hrb 3 different
tumors, n = 2 for each tumor.

33



Conversely, significant variations of ROS contentler the same conditions were not observed
in SVZ-derived cells (Fig. 13).
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Figure 13: 2-DG treatment does not affect ROS reles in SVZ derived cellsNo significant variations of ROS
content was observed in SVZ-derived cells treatgd 2+DG. Two different SVZ cell cultures have besmmalyzed,
n = 3 for each culture.

The decrease in ROS may also relate to higher esblggutathione (GSH) level. GSH is
maintained in cells by reduced nicotinamide adeninecleotide phosphate (NADPH), which is
primarily generated when glucose is metabolizeghérytose phosphate pathway. By measuring
total GSH level we could not find any significartange following addition of 2-DG (Fig.14).
This suggests that ROS level reduction is primardginected to higher SDH activity (i.e. lower
succinate level) rather than improved cytoplasradiaal scavenging.
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Figure 14. Total GSH levels are not affected by 2-®G. Addition of 2-DG did not induce any significant cigge in
the total GSH levels compared to the control groups

1.4.2-DG promotes HIF-1o degradation in GBM cells and addition of succinate
prevents this effect

It has been previously reported in a fibrosarcoglblime that the hypoxic accumulation of HIF-
la, an endogenous hypoxia marker, strongly dependglocose availability, as shown by
modulation with 2-DG [81]. Nevertheless, the molacunechanism causing this phenomenon
has not been elucidated. Hll-is known to be chemically stabilized by hypoxiaependent
factors, such as mitochondrial ROS [82], COEE" and cytoplasmic succinate [42], all known
to be cofactors and inhibitors of proline hydroxga (PHDs) [83], which target HIFel
degradation through proteasome. Importantly, wendothat HIF-Iu protein level was reduced
by 2-DG under hypoxia, in some cases below detedawel (Fig. 15A). Higher-molecular-
weight isoform of HIF- &, indicative of poly-ubiquitylated isoform [43], emtually occurred
(Fig. 15A). In SVZ-derived cells HIFelwas rapidly reduced following addition of 2-DG hist

recovery was visible after 18 h (Fig. 16).
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HIF-20. has been described as a promising target forGiBkt therapies as it has been found
highly expressed in glioma stem cells [71]. We fduhat, oppositely to HIF, HIF-2ua level
was not significantly decreased by addition of 2-B€ther in GBM cells (Fig. 15A), nor in
SVZ derived cells (not shown).

To explain HIF-Ir degradation, we tested expression of proline hydase-2 (PHD2), the best
described proline hydroxylase involved in HIE-protein hydroxylation. We found that after
addition of 2-DG, PHD2 protein increased under lypdgFig. 15A) reaching the level observed
in cells exposed to 20% oxygen. We hypothesizetl 2HaG-mediated PHD2 protein increase
was dependent ode novoprotein synthesis. Analyses of QRT-PCR revealeat thiF-1o
transcript did not change after addition of 2-D@&(R.5B), while expression of PHD2 transcript
was decreased by 2-DG (Fig. 15C), leading to exafiednovoPHD2 synthesis. Importantly, this
is related to the observed degradation of HifF-&s HIF-1r is known to control PHD2
transcription [58].

Importantly, by silencing HIFd with lentiviral vectors we previously showed th@aBM
derived cells acquired a more differentiated phgpet with increased endogenous BMP
signaling, and eventually underwent cell deathrafte7 days, as already reported [36, 37].
Importantly, further addition of 2-DG did not proteoany difference in HIF<l silenced cells

(data not shown).
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Figure 15.2-DG promotes HIF-1a degradation, while succinate promotes recovery dfllF-1a protein level
and transcriptional activity in GBM-derived cells. (A) Representative Western blot analyses (HuTuRL3B)IF-
la, HIF-20. and PHD2, along witB-actin to control for protein loading. GBM-derivedlls were initially expanded
in 2%, then 2-DG was added for 0, 1, 2, 4, 8, 18nhintaining cells at 2% or exposing them to 20% Di2e
analyses were confirmed using 3 different tumors,for each tumor. (B and C) QRTPCR analyses|Bf1 and
PHD2 normalized to GUSB and then calibrated to 22400 (DDCt method), mean +S.E.M. comparing 3 déffé
GBM, n = 3 for each tumor. (D) Representative Wesldot analyses (HuTuP13) of HIFfeland HIF-2 along with
B-actin to control for protein loading, in GBM-deei cells cultured for 18 h with glucose, 2-DG oethyl-
succinate (5 mM), combined as indicated; to confihm data 3 different tumors have been used, nfer 2ach
tumor. (E) HRE-luciferase assay: GBM cells werengiantly transfected either with a HRE-firefly lteriase
reporter construct or with a mutated HRE versiorthaf same construct to evaluate aspecific effédtsng with
these vectors, also a Renilla luciferase vector heen transfected in order to normalize luciferdséection.
Normalization of the data, expressed in RLU (rekafight unit), to the mutated HRE vector was damel then
values were calibrated to untreated cells (Contiioko different GBM have been analyzed, n = 3 facketumor.
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Figure 16. Addition of 2-DG affects HIF-Jo stability also in SVZ derived cells In SVZ-derived cells HIF-d
was rapidly reduced following addition of 2-DG hLtg recovery was visible after 18 h. Two differe&8¥Z cell
cultures have been analyzed, n = 3 for each culture

As HIF-1ua stability is related to accumulation of intracyi@gmic succinate consequential to
impaired SDH activity [42], we hypothesized thaD& dependent HIFd degradation may be
caused by the observed increase of SDH activity. (E2A and B). To prove this hypothesis we
evaluated if addition of succinate in combinationhw2-DG, promoted a recovery of Hifl
protein level in GBM-derived cells. We found thatiFHLo stability was recovered in 2-
DG/succinate cultured cells (Fig. 15D). AnalysidHiF-2a did not reveal any significant change
among conditions (Fig. 15D). We investigated if &Dbesides modulating HIFelprotein
stability, promoted also inhibition of HIFeltranscriptional activity, by using a hypoxia
responsive element (HRE)-luciferase reporter caostiVe found a modest reduction of HIg-1
transcriptional activity under hypoxia following 8 of 2-DG treatment compared to untreated
GBM cells (Fig. 15E). Notably, by adding succin&dgether with 2-DG this reduction did not
occur, and addition of succinate alone doubled Rifranscriptional activity (Fig. 15E).

1.5. Hypoxia inhibits the pro-apoptotic effect caused by2-DG in GBM derived cells.

We sought to investigate whether these changesBd @&etabolic profile and the observed
reduction of HIF-& protein level correlated to block of cell cycledanduction of apoptosis. It
has already been reported that downregulation BfIdIsuppresses tumorigenicity of renal cell
carcinoma through induction of apoptosis [8&#]d attenuates glioma growth in vivo [85].
Analysis of cell cycle revealed that addition oD% in GBM cells acutely exposed to high
oxygen tension induced a modest but not significetrease of S phase and a slight increase of
apoptotic cells (sub G1 fraction), but these effesere not observed in hypoxia (Fig. 17A).

Analysis of apoptosis by using annexin-V/propidiumdide staining (annexin-V/PI) indicated
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that addition of 2-DG significantly induced earlpagtosis (annexin-VPI cells) especially
when GBM cells were exposed for 24 and 48 h to lgygen tension (Fig. 17B). Oppositely,
addition of 2-DG on SVZ-derived cells did not pramaignificant cell cycle changes and/or
induction of apoptosis (not shown). Apoptosis ofiemplicates disruption of mitochondrial
membrane potentiah¥mt). We found that addition of 2-DG for 24 and 48dused reduction
of A¥mt especially when cells were exposed to 20% oxy@em 17C). Moreover, we found
that anti-apoptotic proteins (Bcl-2 and Bcl-XL)yvoived in mitochondria controlled apoptosis,
were down-regulated more rapidly by addition of 2D@der 20% oxygen, while PARP
cleavage, which is a marker of cells undergoingpégesis [86], occurred earlier under the same
conditions (Fig. 17D). Importantly, even though ease of Bcl-2 and Bcel-XL proteins occurred
even after 18 h after addition of 2-DG, percentafyearly apoptotic cells (annexin-kPI cells)
increased significantly only after 48 h (Fig. 17B).normal SVZ-derived cells these apoptosis-
related proteins were not affected at early timmtgo but only after prolonged 2-DG stimulus
(Fig. 18). Analysis of pZ¥*, which is related to cell cycle arrest and indorctof differentiation

or to cell death [87], revealed that GBM cells esgmb to 20% oxygen, independently from
addition of 2-DG, had a higher p21cipl level conegato cells maintained under hypoxia,
confirming our previous report [36] (Fig. 17D). Wrdhypoxia addition of 2-DG slowly up-
regulated p29°* (Fig. 17D) to level comparable to the one obserae@0% oxygen. In SVZ
derived cells p24"* did not change following addition of 2-DG (Fig.)18
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1.6.2-DG induces neuronal commitment and addition of stcinate antagonizes this
effect by reducing GBM differentiation.

HIF-1a expression has been related to the maintenanaemafre immature phenotype in ductal
breast carcinoma and neuroblastoma [30, 31], agrhenon that has been recently described
also in malignant gliomas [34, 36]. As we foundtthddition of 2-DG within the first 18 h
induced increase of p2A, with apoptosis significantly occurring after 48(kig. 17B-D),
together with HIF-& poly-ubiquitylation and degradation even underdwa (Fig. 15A), we
evaluated if these events correlated to the adopnsof a more differentiated phenotype in live
remaining GBM cells. Flow cytometric analysis ofllcgurface marker CD133, revealed that
addition of 2-DG promoted a decrease of CD188lls percentage, especially at 20% oxygen
(Fig. 19A). Normal SVZ-derived cells contained avéw percentage of CD132ells compared
to GBM-derived cells, and addition of 2-DG analogjguinduced a slight decrease of CD133
cells (Fig. 20). Importantly, we found that additiof succinate under hypoxia increased CD133
cells in GBM (Fig. 19A), and this did not occur@vZ-derived cells (Fig. 18). Addition of both
2-DG and succinate slightly prevented 2-DG-mediatecrease of tumor CD138ells exposed
to 20% oxygen (Fig. 19A). Another described GBMnsteell marker is CD90 [88], which we
found to be highly expressed in all our GBM celltares. Nevertheless, only a slight decrease of
CD90" cells was observed after addition of 2-DG and imate did not reverse this effect (Fig.
21). Immunocytochemical analysis on adherent remgicells of nestin (Fig. 19B and E),
indicative of undifferentiated precursors, glidrfllary acidic protein (GFAP) (Fig. 19C and E),
a marker of astroglia and their progenitors, @tid-tubulin (Fig. 19D and F), expressed in
neurons and their committed progenitors, revealest tddition of 2-DG under hypoxia
promoted specifically neuronal differentiation (irégherplli-tubulin® cells percentage), rather
than glial commitment, with decrease in nestiells. In GBM cells acutely exposed to 20%
oxygen a higher basal neuronal and glial commitmead visible and under this condition the
addition of 2-DG did not further increase differiatibn. Opposite to 2-DG effects, addition of
succinate raised fraction of nestirells (Fig. 19B and E), lowering the percentag&BAP and
Blll-tubulin™ cells (Fig. 19C—F). Finally, addition of succinatgether with 2-DG prevented 2-
DG mediated differentiation of GBM-derived cellagF19B-D). Altogether these data suggest

that addition of 2-DG promotes induction of GBMIagifferentiation and lately cell death under
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20% oxygen, while maintaining cells at 2% oxygemtipfly inhibits these effects, preserving

tumor stem cells survival, despite Hlk-degradation occurs.
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Figure 19. 2-DG induces neuronal commitment and atition of succinate antagonizes this effect by reaing
GBM differentiation. (A) Histogram showing percentages of CD133+, mafa# tumors £S.E.M., n = 3 for each
tumor. (B-D) Histograms showing, respectively, mesGFAP and b-lll-tubulin quantitations relative total
DAPI+ cells. Mean of 3 tumors £S.E.M., n = 2 forckaumor. (E and F) Representative immunocytochaimic
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magnification, bar = 40 mm.
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Figure 20. Addition of 2-DG induced a significant decreasethie expression levels of CD133 only when SVZ
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Figure 21.0nly a slight decrease of CD9€ells was observed after addition of 2-DG and isate did not reverse
this effect. Three different GBM cell cultures haheen analyzed, n = 3 for each culture.

1.7. GBM-derived cells recovered from 2-DG treatment diplay a higher proliferating
phenotype .
We sought to investigate whether GBM cells weree &bl recover and proliferate following
addition of 2-DG. Thus, after 18 hr in presenceddG, GBM cells were left to recover for
additional 72 hr in presence of glucose supplententedium and constantly maintained under
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hypoxia. Comparing three GBM cultures we found thdiile 2-DG promoted reduction of
proliferation, according to figure 9, surprisinglyhen cells were allowed to recover from 2-DG
exposure, they were more proliferative comparedht control group, suggesting a possible
mechanism of survival that has been activatedesahesistant cells (Fig. 22).
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Figure 22.GBM-derived cells recovered from 2-DG tratment display a higher proliferating phenotype.(A-
C). Cells were cultured at 2% for 18h. Glucose @@ was added at 25mM for control or experimentaiditions
respectively. Cells from the recovery group wemaaeed from 2-DG exposure (by changing the media @+DG
to glucose supplemented media for 72hr). Resuteapressed as mean + SEM. *< p 0.05 respecticeritol at
2%.
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1.8.2-DG decreases GBM cells invasiveness but the cektsovered from 2-DG
treatment display a stronger invasive ability.

GBM tumors rarely metastasize outside of the CNfSsibly due to a combination of the blood—
brain barrier's (BBB) resistance to extravasatiod a lack of suitable cell adhesion molecules
on the surface of GBM cells to facilitate homingtémget tissues [89]. However, GBM tumors
are characterized by diffuse local invasion, whieholves processes shared with metastasis,
including increased motility, altered adhesion, aechodeling of extracellular matrix (ECM).
Invasive tumor cells are probably one of the m&ators in GBM recurrence following surgery,
radiotherapy and chemotherapy. It is found thathlgigmigratory and invasive GBMs
overexpress certain members of the matrix metalteprases (MMPs), a family of proteolytic
enzymes implicated in tumor cell metastasis, legdnincreased invasiveness [90]. Our results
showed that all three cell lines have a slight éng to invade more at 2% oxygen tension than
at 20% oxygen, which is indicative of a more aggines phenotype. Importantly, addition of 2-
DG strongly reduced the ability of the cells to ade in both oxygen tension (Fig. 23). As
observed in cell proliferation experiments, the G&M cell line appeared to be more sensitive
to the effects of 2-DG than GBM651 and 626 celééinCells that were cultured in the absence
of both, 2-DG and glucose, were still able to pdgmssugh the boyden chamber, suggesting a
specific role of 2-DG in decreasing cells ability invade (Fig. 23). Cells allowed to recover
from 2-DG exposure showed also an increase in iorashen compared to the control group,
suggesting the acquisition of a more aggressivaqgpe acquired by these surviving cells (Fig.
24).
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invasive behavior of the three cell lines (GBM6GBM651 and GBM626). n=3. Results are expressedessnt
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Figure 24. GBM cells recovered from 2-DG treatmentisplay a stronger invasivenessCells cultured at 2%
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oxygen. (B) Bar graphs showing the migration GBM@h2l GBM626 at 2% oxygen. Results are expressattas
+ SEM. n=3. *< p 0.05 respective to control at 2%.

1.9. Addition of 2-DG does not affect GBM cell ability b uptake glucose.
In the brain, the principal glucose transporteestae GLUT1 and GLUT3 isoforms, which have
high affinities for glucose and thus influence tfage of glucose uptake by their membrane
concentration [91]. In cancer cells, the primarytabelic characteristic is an increased uptake of
glucose and its anaerobic metabolism. Therefotgogle is a vital energy source of tumors [92].
To determine whether glucose uptake is influenced24DG treatment, glucose uptake was
measured using the fluorescent deoxyglucose anal@g(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-6-deoxyglucose (6-NBDG). The uptake afajise was inhibited by cytochalasin-B, a
competitive inhibitor of the glucose transport. &es showed that our GBM-derived cell

cultures had a high glucose uptake rate. Intemglgtineducing glycolysis through the addition of
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2-DG did not affect the glucose transporter andchethe cells ability to uptake glucose (Fig.
25).
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Figure 25. 2-DG does not affect GBM cell ability tauptake glucose.(A). Representative images of histograms
obtained from unlabeled GBM612 and treated witloclytlasin-B. (B). Percentage of cells uptaking 6EXEBin the
three cell lines GBM612, GBM651 and GBM626. Inthllee cell lines the addition of 2-DG for 18 hr diot affect
the ability of the cell to uptake glucose. In thenttol condition cells were cultured in the presemd 25mM
glucose. n=3.
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1.10. 2-DG treatment promotes an increase in the expressi level of Glucose-6-
phosphatase.

Both glucose and 2-DG are phosphorylated by hexsi@nhowever, in contrast to glucose 6-
phosphate, 2DG-6-phosphate cannot be further miegadcand hence it accumulates until it is
de-phosphorylated by a specific phosphorylase [68le of the phosphorylases that could be
involved in 2-DG dephosphorylation is glucose-6-gpitatase (G6Pase). This enzyme is a
multifunctional system that catalyzes the finalpsten both the glycogenolytic and the
gluconeogenic pathways, cleaving phosphate frornogler6-phosphate to liberate free glucose
into the circulation. It thus regulates both ciatulg concentrations of glucose and the storage of
excess glucose as glycogen. G6Pase complex is fioundcrosomes, and is composed by a
catalytic subunit, facing the endoplasmic reticul(8R) lumen, and 3 transporters (T1-3), one
to move G6P into the lumen and two to allow théugfbf glucose and inorganic phosphate (Pi)
out into the cytoplasm. Defects in the enzyme calgmogen storage disease type | (von Gierke
disease). Glucose-6-phosphatase-alpha (G6PC) isafoexpressed mainly in liver and kidney
[62]. Astocytes are found to express the ubiquitousoform glucose-6-phosphatase beta
(G6PC3), suggesting a role of astrocytes in proggdan endogenous source of brain glucose
[63]. Silencing the microsomal glucose-6-phospliaesporter (G6PT) in U87 cell line, induced
necrosis and late apoptosis [64]. Moreover, theegexpression of G6PT in glioma cells was
reduced after treatment with concavalin A, a cyetston disrupting agent, or the silencing of
membrane type 1 MMP (MT1-MMP) [93-95]. G6PT hasoalseen linked to metabolic
adaptation to hypoxia in cancer cells, through #doévation of HIF-1 [96]. These results
suggest a role for glucose-6-phosphatase in impodglular processes different from glucose
metabolism i,e, cell death and cell invasion.
In order to elucidate the role of this enzyme i oall cultures we decided to evaluate the
expression level of both G6PC and G6PC3 in theemas and absence of 2-DG. G6PC and
G6PC3 expression levels in GBM derived cells (GMB6626 and 651) were compared to
normal adult brain (NAB) and fetal brain tissue JFBVe found a generally higher G6PC3
expression level in cells simply exposed to 20%gexy (Fig. 26A-C, control). This might be
explained considering that mature astrocytes arewknto express G6PC3 [63] and we
previously reported that increase in astrogliafedé@ntiation occurs in GBM cells exposed to

higher oxygen tension [Pistollato F. Stem cells%08lIso, addition of 2-DG promoted a modest
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increase in the expression level of G6PC3 in GBMbBabnot in GBM612 and 651 (Fig. 26A-
C). There were no differences in the expressioelle¥ G6PC3 between GBM612 and normal

adult brain, while fetal brain had a lower expressievel compared to these two groups (Fig.

26D).
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Figure 26. Quantitative RT-PCR analysis for Glucosé-Phosphatasep (G6PC3). (A-C) mRNA expression of
G6Pase beta, measured by real-time RT-PCR in GBM&P and 626. Data are represented as fold cliarggne
expression normalized to GAPDH and then calibratec¢ontrol 2% oxygen. (D) mRNA expression level, of
G6Pase beta in Normal adult brain, fetal brain@siM612. Data are represented as fold change in gemession
normalized to GAPDH and then calibrated to norntallebrain. Results are expressed as mean + SEM.G95

When we looked at the expression level of G6PC,igborm which is found predominant in
tissues like liver and kidney, alike G6PC3, we fduhat GBM cells exposed to 20% oxygen
were characterized by a higher G6PC expressionl lgug. 27A-C, control). Moreover, a
significant increase in G6PC expression level ithb@BM612 and 626 occurred following
addition of 2-DG (Fig. 27A-C). G6PC isoform had ary high expression level when we
compared GBM612 to normal adult brain and fetairb(&ig. 27E). Surprisingly, when cells
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were allowed to recover for 72hr, after the additmf 2-DG, G6PC expression level did not
decrease, eventually becoming even higher thartdh&ol level (Fig. 27D). This suggests a
possible role of this enzyme in promoting a mecsanof survival from the glycolytic inhibition

induced by 2-DG. Simply withdrawing glucose frone tmedium did not induce a significant
increase of G6PC (Fig. 27F), suggesting a spewfeof 2-DG in modulating G6PC expression.
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Figure 27. Quantitative RT-PCR Analysis for Glucoses-Phosphatasar. (A-C) mMRNA expression of G6Pase
alpha, measured by real-time RT-PCR in GBM612, 6Bd 626. Data are represented as fold change i@ gen
expression normalized to GAPDH and then calibrétecbntrol 2% oxygen. (D) mRNA expression leveGfPase
alpha in control, 2-DG treated cells and 72hr recg¥rom 2-DG in GBM612. Data are represented &k dbange

in gene expression normalized to GAPDH and theibredéd to control 2% oxygen. (E) mRNA expressievel of
G6Pase alpha in normal adult brain, fetal brain &®M612. Data are represented as fold change ire gen
expression normalized to GAPDH and then calibrébedormal adult brain. Results are expressed as m&EM.

*< p 0.05

We hypothesized that glucose-6-phosphatase might al pivotal role in the pro-survival
mechanism activated by GBM cells following additioh2-DG and later recovery. In order to
investigate the role of this enzyme, we treated GB&s with Chlorogenic acid (CHL), a
natural polyphenol found in tea which have beenbafted possible cancer chemopreventive
properties [97]. CHL inhibits endoplasmic reticul {BR) glucose-6-phosphate (G6P) transport,
and hence microsomal glucose-6-phosphatase (G6&esaly both in isolated microsomes [98]
andin vivo [99]. Moreover, CHL reduces the invasion and demmeof proMMP-2 in GBM cells
[64]. Our preliminary results on GBM612 showed ttiegt addition of CHL to the recovery group
decreased proliferation rate of these cells whenpawed to the recovery group without CHL
(Fig. 28A). This result supports our hypothesist tias enzyme might be involved in the
observed increase proliferation and pro-survivatima@ism activated by GBM cells recovered
after addition of 2-DG.

Looking at G6PC protein level , we observed thadittewh of 2-DG under hypoxia, while
increasing G6PC mRNA level (Fig. 27A-C), , did mtluce an increase also of protein level
(Fig. 28B), which was slightly reduced. After 72ifrrecovery, even in the presence of CHL, the
protein level of G6PC was comparable to the corgroup (Fig. 28B). This is just a preliminary
data, but it suggests that post-transcriptional ifftadions of G6PC mRNA might occur,
whereas mRNA to protein translation is a tightlyniwolled process that involves different
phases, each of which require a particular seboftlitions and factors [100]. The identification

of the involved factors will require future expegntation.
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Figure 28. Inhibition of Glucose-6-Phosphatase-by CHL inhibits pro-survival mechanism activated duing

the recovery phase(A) GBM612 cells were cultured at 2% oxygen. After &uglition of 2-DG for 18h cells were
allowed to recover for 72hr by changing the medith\2-DG to 25mM glucose supplemented media or 25mM
glucose plus 100uM CHL respectively. Results apressed as mean + SEM. *< p 0.05 respective taaloatt 2%.

(B) Representative western blot images showing Gk cultured as described in A. Addition of 2-D@der
hypoxia, induced a decrease in G6PC protein |é&M&dr 72hr of recovery, even in the presence of Ctie protein
level of G6BPC was comparable to the control group.

1.11.  Addition of 2-DG decreases GBM cell migration.
A hallmark of malignant tumor cells is an increasecell migration and invasion, promoting
metastasis. These features are a result of a redrede-cell adhesion and an increase in the
turnover of ECM. Multiple mechanisms could play andamental role in promoting cell
migration and invasion, such as, redistributioriozfal adhesion component proteins [101, 102],
altered regulation of integrin signaling and deseshdeposition of ECM proteins [103, 104].
To test the role that 2-DG could play in cell migya, the migratory behavior of our GBM cells
was analyzed through a novel assay utilizing naloo\ges of 350 nm in width, 500 nm in depth,
and evenly-spaced 350 nm apart. Prior to platitig,agano-patterned substrata were coated with
poly-D-lysine (5 pg/crf) for 15 minutes, followed by laminin (5 pg/@mnfor 1 hour. The
topography of the nano-patterned substrata cawdkdtc align and migrate parallel to the nano-
grooves (Fig. 29A). Long-term observation of celgration was performed using time-lapse
microscopy, provided with a temperature/gas-regdl@nvironmental chamber to maintain cells
at 37°C and 5% COfor the duration of the experiment. Phase-contiasages were
automatically recorded every 20 minutes, for 15repunder a 10X objective. Our preliminary

results showed that the addition of 2-DG stronglgrdased the ability of cells to migrate (Fig.
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29B). Moreover, the recovery group had a higheactyp to migrate compared to 2DG group. In
GBM®626, the recovery group speed was even signifigahigher than the control group.
Interestingly, in all cell lines the addition of CHiecreased the speed of the recovery group (Fig.
29B).

Altogether these results suggest that the microbghneose-6-phosphatase (G6Pase) might play
a crucial role in controlling the survival and cegsentially also the migratory behavior of GBM
cells following exposure to 2-DG.
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Figure 29. Addition of 2-DG decreases GBM cell migation. (A) Representative image of GBM626 cells aligned
on the nano-pattern. (B) Bar graphs showing theratigy behavior of GBM626, GBM651 and GBM612. Résul
are expressed as mean + SEM. *< p 0.05.
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1.12.  2-DG reduces proliferative capacity of xeno-transgted GBM cells.
We next sought to investigate the migratory andasmve capacity of tumor cells in @m vivo
model, since such abilities are critical for theh& outcome of GBMs. We also evaluated the
effects of glycolysis inhibition by 2-DG, on theogrth of brain tumor cellsn vivo, thus a
survival experiment was performed. Briefly, 1.5 xt@lls of GBM612 were stereotactically
injected into the right striatum of 20 male athymiale micenu/ny approximately 5—6 weeks of

age and weighing approximately 30g. Mice were ramded into four groups (5 animals/group).
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Two groups received 2-DG pretreated cells and trooigs received control cells. The next day

we started daily intraperitoneal injection of 2-@Gsaline solution (Table 1).

Animals Intraperitoneal injection
> 5 animals received saline solution.
Control 10 _ _
> 5 animals received 2-DG.
» 5 animals received saline solution.
2-DG 10

> 5 animals received 2-DG.

Tablel. Experimental design

At week nine, one animal of each group was saedfi@and coronal brain sections were stained
for human specific nestin and proliferation-spectiuman Ki-67 (Fig. 30). All four xenograft
tumor groups were associated with a big numberigiilf infiltrating nestin positive cells, a
characteristic feature of GBM tumomgjggesting that the GBM612 cell line contains shié&m-
cells with a self-renewing abilitgFig. 30A).

In the adult brain, new neurons are produced in 3W& of the lateral ventricles and the
subgranular zone (SGZ) in the hippocampal [1059nFthe SVZ newly generated neuroblasts
migrate through a complex network of chains thatgaento the rostral migratory stream (RMS)
that leads into the olfactory bulb (OB). There thigferentiate giving rise to a multiple types of
interneurons [105]. The self-renewal, fate-chom®liferation, migration, and differentiation of
neural stem cells in the neurogenic niches arelagpl by many factors such as, cell -cell
interaction, diffusible signals and intimate asation with endothelia cells [106, 107]. Staining
for human nestin and Ki-67 revealed a large nundfemestii/Ki-67" cells surrounding the
neurogenic niche of the right SVZ in the salineereing mice (Fig. 30B,C). Importantly, the 2-
DG receiving mice had a decrease in the numbeesiinVKi-67" cells when compared to the

mice receiving saline (Fig. 30D,E).
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Figure 30.2-DG reduces proliferative capacity of xeno-transgted GBM cells found both in corpus callosum
and in the right ventricle. (A) Representative image of xenotransplantatio®BM612 cell line showing a large
number of nestin positive cells with a highly itritive behavior (arrow). (B) Highly proliferativ€éBM cells,
detected by Ki-67, were found surrounding the riggnitricle of mice receiving saline via ip. (C) Hierative GBM
cells migrating through the corpus callosum of mieeeiving saline via ip. (D) Decreased prolifevatiof GBM
cells, in the right ventricle, of mice receivingX via ip. (E) Proliferative GBM cells migratingrttugh the corpus
callosum of mice receiving 2-DG via ip. Scale barl& um. Original magnification, 4x (A), 20x for (B)-
Abbreviations: (CC) Corpus callosum, (RV) Right traate, (LV) Left ventricle.

Moreover, nestifiKi-67" cells were also found surrounding the right RMStle saline
receiving mice (Fig.31A,C). The 2-DG receiving mibad a decrease in the number of
nestin/Ki-67" cells when compared to the mice receiving salfig.81B,D).

The presence of GBM cells contiguous to the neuriegeiche of the SVZ and surrounding the
RMS suggest that these tumor cell may utilizes irgoa diffusible factors such as, Notch, Wnt
and bone morphogenetic protein (BMP) signaling, veel as classical neurotransmitters
glutamate, GABA, dopamine, and serotonin involvedupporting the lifelong self-renewal of
stem cells and their production of differentiatedl[106] for their own advantage and for the
maintenance of the CSC population.
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Figure 31.2-DG reduces proliferative capacity of xeno-transgted GBM cells found the right RMS. (A)

Representative image of a coronal section of xansplantation of GBM612 cell line showing a largenber of
nestin positive cells surrounding the right RMSniice receiving saline via ip. (B). Representatieage of a
coronal section of xenotransplantation of GBM61R liee showing a decrease in the number of negtsitive
cells surrounding the right RMS in mice receiviidp@ via ip. (C) Insert showing a high number of |gevative

GBM cells, detected by Ki-67 surrounding the rigdS of mice receiving saline via ip. (D) Insert sliog

decreased proliferation of GBM cells, in the rigf¥lS, of mice receiving 2-DG via ip. Scale bar ={®. Original
magnification, 4x (for A, B). Insert magnificati@®x (for C and D).

We next looked at the expression of the microtuliheling protein doublecortin (DCX) which
is associated with migration of neuroblasts [10&uronal precursor cells begin to express DCX
while actively dividing, and their neuronal daughtells continue to express DCX for 2-3
weeks as the cells mature into neurons [108]. énatthult brain, the expression of DCX remains

high within certain areas. These areas are madydentate gyrus and the lateral ventricle wall
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in conjunction with the rostral migratory streandanifactory bulb [108]. Moreover, it has been
shown that endogenous neural precursors haveraystapism for GBMn vitro andin vivo and
this is associated with improved survival [109].r@ueliminary results showed that GBM cells
were indeed in close contact with DCXouse neuronal precursor cells , surrounding dugh t
right ventricle and the right RMS (Fig. 32). We alund the presence of few GBM cells,
migrating through the corpus callosum, which resiito be nestidDCX" (Fig. 33).

These preliminary results suggest a possible rbl2-BG in decreasing cell proliferation and
hence tumor growttn vivo. Furtherin vivo experiments will be performed to confirm these
results and to confirm the role of G6P-ase in primgoGBM cell proliferation following 2-DG

treatment and consequentially grafted animals gatvi

Figure 32. Xenotrasplnated GBM nestiri cells closely interact with murine DCX cells. (A) Representative
image of a coronal section of xenotransplantatibiGBM612 cell line showing a large number of neSiiells
surrounding the right SVZ in mice receiving salivia ip. (B) Insert showing a high number of neStaells
surrounding the right SVZ and in close relatiorttte mouse DCXcells of mice receiving saline via ip. (C) Insert
showing a few number of nestin positive cells réaghthe left SVZ of mice receiving saline via ipD)(
Representative image of a coronal section of xansplantation of GBM612 cell line showing a largember of
nestin cells surrounding the right RMS in mice receiviaine via ip. (E) Insert showing a high numbenestiri
cells surrounding the right RMS and in close relatio the mouse DCX+ cells of mice receiving sahm ip. (F)
Insert showing the mouse DCX+ cells surroundinglé&ieRMS with no nestin+ cells of mice receivinglise via
ip. Scale bar = 10 um. Original magnification, for (A, D). Insert magnification 20x (for B, C, E ).
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Figure 33. Some xenotranplanted GBM cells are nestin+/DCXHnsert GBM cell migrating through the corpus
callosum double positive for nestin+/DCX+. Magréfion 20x.
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RESULTS (PART II)

2.1.GBM Stem Cells Are Mainly Localized in the Inner Cae and in the Intermediate
Layer of the Tumor Mass.
We previously reported that primary GBM-derivedi€@re maintained in a less committed state
by hypoxia [36, 37], which preserves tumor cellsleman uncommitted phenotype by inhibiting
the activation of pro-differentiation signalling thevays, such as BMP and Stat3. Previous
studies on primary cultures of tumor-derived cbbse been performed on brain tumor samples
randomly derived from tumor biopsies. To evaluateetler in the GBM tumor mass there were
regional specific features, we collected specif@nples from nine tumor biopsies defined
through radiological imaging and image guided swyrd&ig. 34A-34C). We identified three
layers, the internal core, intermediate and perglhkayers, based on the distance from the
anoxic central core, to define their molecular gitnotypic features in correlation to the
hypoxic concentric gradient. The intermediate portis a thin transition area between the
partially necrotic core and the peripheral areajctwhis defined by the presence of tumor

angiogenesis (Fig. 34C).
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Figure 34. MRI findings and intraoperative featuresof a glioblastoma multiforme affected patient.(A): MRI
(after gadolinium administration T1-weighted imagépws the characteristic ring enhancing lesionT{HRb1): a
hypointensive core (in black) surrounded by a hypensive contrast enhancing peripheral area (iriteyh
characterized by neoangiogenesis. Below: rectasigtaving a schematic representation of the threersayB):
Surgical intraoperative image in which the threacemtric layers are detectable: ¢, core; i, inteliate zone; p,
peripheral and hypervascularized tumor layer. ninNd brain parenchyma (HuTuP51). (C): H&E stainofgthe
three tumor layers; v, vessels are visible in thepgheral layer. Original magnification, x20; ba#& pum.

Immunohistological analyses revealed that both ¢bee and the intermediate layer were
characterized by high level of HIFelexpression (Fig. 35A) which is coexpressed withGFE
(Fig. 36A). Nevertheless, VEGF highly expressindisgecharacterized by poor HIF-&
expression, were found in the peripheral and mascwlarized area of the tumor mass (Fig.
35A). To confirm the existence of a hypoxic gradialong the three tumor layers, we analyzed
the expression of two well-known HIFrldownstream target genes, the glucose transporter
Glutl [110] and the CAIX [111]. The expression ot Glutl and CAIX was higher in the core,
progressively undetectable at the periphery ofttmeor (Fig. 35B,C). Also HIF-2 has been
described as a major proto-oncogene in CSCs [EMentheless we did not find differences in
HIF-20. expression among the three GBM layers (data novsh To evaluate vascularization
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distribution, we analyzed the expression of CD3#figen constitutively expressed on
endothelial cells, and we found that the peripharah was highly enriched in CD34+ vessels
(Fig. 35D), which were surrounded by GFAP+ astresy{fig. 36B).
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Figure 35. Presence of a hypoxic gradient within t# glioblastoma multiforme (GBM) tumor mass.
Representative immunohistochemical images (HuTuP5%f (A) HIF-1a (red)/VEGF (green), (B) CAIX (green),
(C) Glutl (green), and (D) CD34 (red) staining bf tthree GBM layers and bar graphs reporting re&lati
guantification based on percentage of DAPI+ céllse graphs report mean of six tumors 6 SEM, n srlehch
tumor. Original magnification, x20; bar = 40 umséts magnification, x60; bar = 20 um. AbbreviatioG#IX,
carbonic anhydrase IX; DAPI, 40,6-diamidino-2-phiémdole; HIF-a hypoxia inducible factord; PI, propidium
iodide; VEGF, vascular endothelial growth factor.

62



Core

i )
9 &
— IS
[} ~
©
-
@
N = ~
- g
e
[J]
a 2,

s . \
n ¥ " o

Figure 36. (A) Representative immunohistochemicahiages (HuTuP55) of HIF-%: (red) and VEGF (green) in

GBM core tissue. Co-localization of both the proteins are shownX2fagnification, bar = 4Qum; insets, 60X
magnification, bar = 20um. (B) Representative immunohistochemical imagesC@f34+ vessels (v) (red)
surrounded by GFAP+ astrocytes (green) in the pergd layer (HuTuP53). Left panel, 20X magnificatibar =

40 um; right panel, 60X magnification, bar = gfn.

Indeed, committed astrocytes (GFAP+; Fig. 37A) atmb neurons (B3-IlI-Tubulin+; Fig. 37B)
were mainly distributed along the peripheral layehas been shown that GFAP+ astrocytes,
which are highly present at the tumor/normal braaterface [112], are characterized by
upregulation of VEGF [113]. As we found VEGF higléxpressed along the peripheral layer
(Fig. 35A), we hypothesize that GFAP+ cells maynmme differentiated tumor cells expressing
also VEGF, especially considering VEGF distributipattern, which mirrors GFAP+ cells
morphology. Analysis of cell cycle marker Ki67 indted that the inner core and, particularly,
the intermediate-hypoxic area had the highest feraliion rate, whereas in the peripheral area,
Ki67 expression was very low (Fig. 37B). Opposieastrocytes and neurons distribution, we
found that both the core and the intermediate awedained the highest level of immature
nestin+ cells (Fig. 37C). These results indicatd the tumor GBM mass is characterized by a
phenotypically immature anoxic core surrounded hyraiferating hypoxic layer, whereas the
more vascularized and more oxygenated periphegal iarcharacterized by the presence of more

differentiated cell types, with astroglial cellspegssing pro-angiogenic signalling.
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Figure 37. The three glioblastoma multiforme (GBM)layers bear phenotypic differencesRepresentative
immunohistochemical images (HuTuP53) of (A) GFARm), (B) b-lll-tubulin (red)/Ki67 (green), and)(@estin
(red) staining of the three GBM layers and bar bgsapeporting relative quantification based on petage of
DAPI+ cells. Mean of five tumors 6 SEM, n = 1 foach tumor. Original magnification, x20; bar=40um.
Abbreviations: DAPI, 4’,6-diamidino-2-phenylindol&FAP, glial fibrillary acidic protein; PI, propidim iodide.

2.2.BMP and Akt/mTOR Signaling Result More Activated in the Peripheral Region
of the Tumor.
We recently showed that pro-gliogenic BMP signaliag seen by Smad1/5/8 activation, results
to be less activated in GBM-derived cells maintdinender hypoxia [36]. We also recently
reported that Akt/mTOR pathway and the mTOR doveastr molecule Stat3, which is
correlated to BMP in promoting astrogliogenesis4]llare down-modulated in GBM cells
maintained under hypoxia, and we showed that Hifedpression is directly implicated in this
hypoxic pro-inhibitory effect [37]. Histochemicahalyses of phosphorylated Smadl/ 5/8 (Fig.
38A), Akt (Fig. 38B), mTOR (Fig. 38C), and Stat3igF38D) showed that all these pro-
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differentiating signaling molecules were strongtyieated mainly in the peripheral layer of the
tumor mass, being barely detectable in the coreiatgdmediate area. This confirms specific

molecular signaling differences among the threecentric layers which may be causative of the

observed differential phenotypic identities.
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Figure 38. The three glioblastoma multiforme (GBM) layers bear differences in molecular signaling
activation. Representative immunohistochemical imags (HuTuP53) of(A) Phospho-Smadl (S463/465)/Smad5
(S463/465)/Smad8 (S426/428), (B) Phospho-Akt (T3@8) Phospho-mTOR (S2448), and (D) Phospho-Stat3
(S727) staining of the three GBM layers and baplgsareporting relative quantification based on eetage of
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DAPI* cells. Mean of five tumors + SEM) = 1 for each tumor. Original magnification, x60garb= 20 um.
Abbreviations: DAPI, 46-diamidino-2-phenylindole; PI, propidium iodide.

2.3. The Majority of CD133+ Cells in the Tumor Core Expresses MGMT.
CD133 (prominin-1) expression is correlated to GBfdmness and CD133+ cells are known to
recapitulate GBM tumor formation in vivo [6, 11516]. Moreover, CSCs seem to be the cell
fraction inside the tumor bulk which is less taggeby standard treatments [5, 117, 118]. We
sought to investigate CD133+ cells distributionthie three tumor areas. According to nestin+
cells localization, we found that CD133+ cells warere highly present in the inner core of the
GBM mass (Fig. 39A,D). Costaining of nestin and GB1Indicate that nestin+ cells generally
do not coexpress CD133 (Fig. 40). Alike CD133+ allstribution, MGMT, a protein that
confers resistance to alkylating agents, such aZ T, 68], was more expressed in the inner
tumor mass being barely detectable in the periptayar (Fig. 39B,E), where more committed
cells were found (Fig. 37A,B). A recent work showttht CD133+ CSCs display strong
capability on tumor’s resistance to chemotherapysl@own by the high level of MGMT and
BCRP1 mRNA expression [5]. Accordingly, we foundttkhe majority of CD133+ cells express
MGMT (Fig. 39C,F). This suggests that the tumordwip niche may preserve GBM stem cell
identity and may regulate GBM stem cell chemorasist.
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Figure 39. CD133" cells, present mainly in the inner tumor mass, expss MGMT. (A—C): Representative
immunohistochemical images (HuTuP55) ofA) CD133,(B) MGMT of the three glioblastoma multiforme layers,
and(C) CD133 (green)/MGMT (red) staining in the cof@—F): Bar graphs reporting relative quantification based
on percentage of DAPkells. Mean of three tumors + SENM = 2 for each tumor. Original magnification, x2@yrb

= 40 um (for A,B,C), inset inC, original magnification, x60; bar = 320m. Abbreviations: DAPI, 46-diamidino-2-
phenylindole; MGMT, O6-methylguanine-DNA-methyltsdarase; Pl, propidium iodide.
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Figure 40. Representative immunohistochemical images (HuTuP6®f CD133 (green)/nestin (red) staining of
the three GBM layers The analysis has been confirmed on 2 additiamabts. 20X magnification, bar = 40n.

2.4.The Three GBM Layers Retain Phenotypic Identity and Molecular Signaling
Activation Even After Single Cell Dissociation.

We sought to investigate whether GBM cells, obtaifrem the dissociation of the three tissue
types, maintained their specific phenotypic andeauolar features in our hypoxic (1.5% 02) in
vitro culturing conditions. Tumor cells derived finothe intermediate area tended to form
neurospheres (Fig. 41A) and displayed the highesifgration rate (Fig. 41B), confirmed also
by Ki67 expression (Fig. 3B), compared with celignfi the core and from the peripheral area
(Fig. 41B). Conversely, cells from the peripherakaa appeared more morphologically
differentiated (Fig. 41A). Moreover, cells recoveéfeom the intermediate layer resulted to form
the highest number of big size neurospheres, whas from the inner core formed small size
neurospheres; oppositely, cells derived from thepperal area did not generate neurospheres
but rapidly differentiated (Fig. 41A,C). These réswsupport the assumption that stem cells,
which we found to be mainly located within the inrere, are characterized by a lower
proliferation rate compared with committed precwsg®]. Flow cytometric analyses of CD133
and CD24, the latter indicative of neuronal comneitin [119], and immunocytochemistry
analyses of nestin, GFAP, and 3-1ll-tubulin revdaleat GBM cells derived from the core and
from the intermediate layer retained an immaturenpllype, whereas the peripheral area
contained the highest percentage of committed,gedigticularly, CD133CD24+ and GFAP+
cells (Fig. 41D,E). Moreover, total protein anakysbowed that cells derived from the peripheral
area had the highest level of activated Smad1A48,mTOR, and Stat3 (Fig. 41F). Conversely,
total Akt, total mTOR, total Stat3, and total Sm&d18 resulted to be stable when expressed
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comparing the three layers (Fig. 42), suggestirqg tie differences among the three cell types
were more related to diverse protein activatiotestBhese molecular signalling activations are
indicative of cell commitment, as confirmed alsodyigher expression of p?%, involved in
cell cycle arrest and induction of differentiati@hfig. 41F). Conversely, cells from the inner core,
similar to the original tumor tissue, retained thighest MGMT protein level (Fig. 41F)
compared to the other cell types. Together theselteeindicate that the three tumor cell areas
maintain their phenotypic and molecular identitge\after cell dissociation and appropriate in

vitro culturing.
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Figure 41. Phenotypic identity and molecular signaling activabn state of tumor cells derived from the
dissociation of the three glioblastoma multiforme GBM) layers. (A): Representative pictures of GBM cells
(HuTuP56) derived from the dissociation of the ¢dhe intermediate, and the peripheral area. GBN& eeere
plated at medium density (TO = 47 cells per millieresquared) at 1.5%,0Pictures were taken after seven days in
expanding culture conditions. Original magnificatio<20; bar = 4Qum. (B): Cell growth kinetics: GBM cells
plated at medium density (TO = 47 cells per millieresquared) and after 7 days the cells were delieand
counted by using trypan blue staining. Mean ofmidts + SEM,n = 3 for each tumor(C): Neurospheres forming
assay: cells were plated a clonal density (35 ce#ls centimeter squared) and let grow for 7 daylrbe
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neurospheres counting; neurospheres were classifiennall and big sizéD): Histogram showing percentages of
CD133/CD24, CD133/CD24", and CD133CD24 subpopulations, based on expression of cell sarfetigens
CD133 and CD24 in live gated cells (based on playsiarameters, side scatter, and forward scalran of seven
tumors = SEM,n = 2 for each tumor(E): Immunocytochemistry: histogram showing respecyivastin, f-111-
tubulin, and GFAP quantitations relative to totaéIDAPI cells. Cells were plated at medium density (4Tsqatr
millimeter squared), expanded 3-day in 1.5% ®ean of seven tumors + SEM, = 2 for each tumor(F):
Representative western blot analyses (HuTuP56) GIVNI, Pi-Smad1/5/8, Pi-Akt, Pi-mTOR, Pi-Stat3, 21
along withp-actin to control for protein loading, in GBM cetigrived from two samples (one and two) of the same
tumor representative of each tumor layers (coterinediate, and peripheral). The analysis has beefirmed on
five additional tumors. Abbreviations: GFAP, gliibrillary acidic protein; MGMT, O6-methylguanineNA-
methyltransferase.
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Figure 42. Total Akt, mTOR, Stat3 and Smad do not change amonghe three tumor layers. Representative
western blot analyses (HuTuP56) of total Smadl/&i&al Akt, total mMTOR, total Stat3, along wiflractin to

control for protein loading, in GBM cells derivetbin two samples (1 and 2) representative of eactoituayers

(core, intermediate, peripheral). The analysisbd®en confirmed on 3 additional tumors.

2.5.GBM Cells Derived From the Inner Core and From thelntermediate Layer Are
Resistant to TMZ.

Given the differential expression of MGMT withinethumor mass and retained even after tumor
tissue dissociation, we sought to evaluate whelivZ treatment (48 hours) was differentially
affecting GBM cells derived from the three layevge found that cells recovered from the
peripheral area were the most responsive to TMg. @3A,B), undergoing a significant increase
of apoptosis, as shown by the higher percentagmméxin V+/Pt cells, representative of early
apoptotic cells. Oppositely, cells derived from tbere and the intermediate layers poorly
responded to treatment (Fig. 43A,B). By extending time of TMZ treatment (72 hours), the
differences in TMZ resistance among the three kyare unchanged (data not shown).
Induction of apoptosis is often followed by distiopt of mitochondrial membrane potential
(Dymt), which can be analyzed by using the fluoresepeobe JC-1. We found thatyint
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reduction was occurring specifically in cells obtd from the peripheral layer (Fig. 43C; Fig.
44), confirming the specific TMZ effect on thesdl tgpes.

To confirm the role of MGMT in determining resistanto TMZ, we treated GBM cells from the
core and from the intermediate layer with 6-BG (80) for 48 hours, used alone and combined
with TMZ. 6-BG concentration has been based onipusvreport [4]. 6-BG is a nontoxic
pseudosubstrate inhibitor of MGMT, already usedsé@veral studies and clinical trials either
alone [120] or in combination with the maximum-talied dose of chemotherapy [121]. 6-BG
used alone did not affect cell viability (Fig. 48);, by using 6-BG combined with TMZ, the
sensibility to TMZ in cells derived from both cofieig. 43D,E and Fig. 44B) and intermediate
area (not shown) was significantly improved. Moreg\articularly CD133+ cells from the core
(Fig. 43F), which are the ones characterized byhighest expression of MGMT, and CD133+
cells from the intermediate layer (not shown) umart apoptosis following co-treatment with
6-BG and TMZ, being insensitive to TMZ alone (M@F). Together these data confirm the role
of MGMT in determining unresponsiveness to TMZ, esally in GBM stem cells from the

inner portions of the tumor mass.
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Figure 43. GBM cells derived from the inner core and from theintermediate layer are insensitive to TMZ.
(A): Representative analysis of Annexin-V/PI stainiktuTuP52) comparing cells derived from the three GBM
areas that have been treated with TMZ (R®0Q 48 hours) or left untreate@B): Bar graph showing quantification
of early apoptotic cells (Annexin-YPI") and late apoptotic cells (Annexin¥?I1"). (C): Bar graph showing
percentage of GBM cells containing JC-1 monomenrdicative of reducedwymt (i.e., apoptotic cells). For both
analyses, mean of three tumors + SEM, 3 for each tumoiD): Representative analysis of Annexin-V/PI staining
(HuTuP64) comparing cells derived from the cord tieve been left untreated, treated with 6-BG &) alone,
TMZ alone, or both TMZ and 6-BGE): Bar graph showing quantification of early apomtotells and late
apoptotic cells comparing the four conditions dibgat in D. (F): Bar graph showing percentage of Annexin-
V*/CD133 and Annexin-V/CD133 in cells derived from the core that have beentétas described i (6-BG
alone not shown). For these analyses, mean of threers £+ SEMn = 3 for each tumor. Abbreviations: 6-BG, (6)-
benzylguanine; c, core; DAPI,’,@-diamidino-2-phenylindole; GFAP, glial fibrillaryacidic protein; HIF-1L,
hypoxia inducible factori; i, intermediate layer; MGMT, O6-methylguanine-DN#ethyltransferase; p,
peripheral-vascularized area; Pl, propidium ioditlglZ, temozolomide; VEGF, vascular endothelial gtioactor.
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Figure 44. (A) Representative citofluorimetic analysis (HPE2) of Aymt by using the fluorescent probe JC-1. (B)
Representative pictures of GBM cells (HuTuP64) da=tifrom the dissociation of the core, cells welatqu at
medium density (TO = 47 cells/mm2) at 1.5% O2. s were taken after 48 hr treatment with 6-BGald MZ
alone and both TMZ and 6-BG, compared to untrea¢did. 20X magnification, bar = 40m.

To evaluate whether TMZ treatment affected nornmain(tumor) cells, we tested TMZ on
normal postnatal SVZ-derived cells, already usegetdorm comparison experiments with GBM
[37]. We found that SVZ cells were not significandiffected by TMZ, and addition of 6-BG did
not raise TMZ sensitivity (Fig. 45A-C).
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Figure 45. SVZ derived cells do not respond to TMZreatment. (A) Dose response analysis of TMZ treatment
on SVZ cells. Percentage of viable cells has bemmted by trypan blue exclusion. The same dosesMi
described in Suppl. Fig. 3A have been tested. Mé&2mnormal cell cultures + S.E.M., n = 1. (B) Baaph showing
qguantification of early apoptotic cells and lateoptic cells comparing SVZ-derived cells that hdeen left
untreated or treated with TMZ (5Q0/, 48 hr), 6-BG (5QuM, 48 hr) or a combination of both. Mean of 2 diéfat
normal cell cultures (HuSC23 and HuSC30) = S.Envk, 2. (C) Representative analysis of Annexin-\8Rlining
(HuSC23) comparing the four conditions describeB.in

In conclusion, our data show that intratumoral hypanaintains a reservoir of CD133+ stem
cells in an anatomically well-defined GBM tumor ar@ig. 46). Importantly, cells derived from

the inner GBM core are resistant to TMZ; this turfraction is enriched in CSCs, characterized
by a high MGMT expression, which is causative oérmoresistance. Oppositely, GBM cells
obtained from the more vascularized and differéatiaregion of the tumor mass result to be
highly affected by TMZ.
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DISCUSSION

There have been increasing efforts to characteaheesolid tumor microenvironment and to
define which signaling molecules and metabolic oasps may be disrupted in tumor cells. As
the most primitive tumor cells share characterstwith non tumor stem cells [122], the
microenvironment that regulates stem cell selfwaleand differentiation may also play a role
in the proliferation and fate of tumor cells. Inrfieular, there is evidence that hypoxia plays a
key role in normal homeostasis of stem cells [38H an the initiation, development and
aggressiveness of gliomas [123]. Accordingly, oecent report confirmed that intratumoral
hypoxia drives GBM stem cells distribution [124]ypbxia could be crucial to recruit cancer
stem-like cells, deregulating their differentiatif80, 31, 36] and altering their metabolism, by
increasing tumor glycolytic response and reducinigochondrial metabolism. Particularly,
among mitochondrial dehydrogenases, SDH has beerdfmactive in some solid tumors, and
this has been described as a key event leadirigetadcumulation of intra-cytoplasmic succinate
and ROS causative of the “pseudo-hypoxic” effe€his is a major tumor-related hallmark,
characterized by the activation of HIF even indbsence of hypoxia [42, 43]. Moreover, recent
reports indicate that the gene encoding isocitlateydrogenase-1 (IDH1), one of the enzyme of
citric acid cycle which is related to HIF-1 pathway mutated in 80% of certain types of GBM
[125-127], thus linking mitochondrial dysfunctioa tumorigenesis. 2-DG, a glucose analogue
that reduces intracellular utilization of glucosmhibits glycolysis, through competitive
inhibition of some glycolytic enzymes. 2-DG caneatfthe growth of some tumors in vivo and it
has been shown to be cytotoxic in vitro [128]. Imegent work HIF-& has been shown to
mediate resistance specifically to glycolytic intobs [129], however, the molecular
mechanisms by which hypoxia may counteract 2-D@ctsfin brain tumor has not been so far
fully elucidated. A decrease in provision of gluedggom 25 mM to 2,5 mM) and also of oxygen
(2%) can be found in the internal perinecrotic/lgipaegion of the solid tumor mass compared
to peripheral, relatively well nourished regionstloé tumor [130]. Thus, in our study we set our
control maintaining GBM-derived cells at 2% oxygamd in presence of high glucose
concentration. In the first part of this study vilwed that inhibiting glycolysis by addition of 2-

DG, induces a decrease in cell proliferation arid Epoptosis in primary GBM-derived cells
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acutely exposed to 20% oxygen, while these effaaartially inhibited by hypoxia, condition
in which 2-DG addition causes GBM cell differentat and HIF- level reduction.
Importantly, normal SVZ-derived cells are not afézt by addition of 2-DG. Degradation of
HIF-1a by 2-DG has been described in a previous repdt, [Bevertheless a molecular
explanation for this effect has not been so fdyfptovided. Here we show that 2-DG increases
SDH activity, reducing ROS levels and these arabbl causative of the observed HIk-1
degradation, consequentially to increased PHD2viactiIndeed, HIF-& is known to be
chemically stabilized also by hypoxia independextdrs, such as ROS [82], CeCFe" [83]
and cytoplasmic succinate [42]. Earlier studies ehauggested that ROS produced by
mitochondria are required for proper induction dFHa under hypoxic conditions [131, 132].
It has been well established, that?Feis an important cofactor for PHDs [83],
andimportantlyHO,, produced by mitochondria, is known to destabiR+Ds activity, either by
converting F&" in F€* or by induction of post-transcriptional modificats of PHD2 [131].
Besides ROS acting as second messengers, impaitdd &ctivity and consequential
intracytoplasmic succinate accumulation are assatign HIF-1 stabilization in several cancer
types [42].We found that addition of succinate rey@-DG effects, promoting recovery of HIF-
la protein level and transcriptional activity (ildRE-luciferase), as well as increase of ROS
levels. Besides succinate, PHDs have been shove tegulated also by other glycolytic and
citric acid cycle metabolites, such as pyruvate ardloacetate, which could independently
modify the oxygen-sensing abilities of cells [138}hile we found that PHD2 protein level is
raised by addition of 2- DG, PHD2 transcriptiordecreased, and this is related to the observed
degradation of HIF-d, known to control PHD2 transcription [134]. Addmially, HIF-2a has
been found highly expressed in glioma stem celB, [But we did not find change of HIF-2a
protein level following neither stimulus with 2-D@or addition of succinate. Importantly, HIF-
la is related to maintenance of an undifferentiatelti state and inhibition of cell differentiation
[36, 40]. Particularly, HIF-& contributes to a differentiation defect in malighgliomas [34],
even following exogenous BMP2 treatment [36, 3figdling new light on the differentiation
therapy of solid tumors by HIFel targeting. Therefore, HIFelhas become in recent years an
attractive, although challenging, therapeutic taf$85]. Here, we found that after addition of 2-
DG, a decrease of CD13and nestihcells and induction of neuronal differentiatiorcocunder

hypoxia, condition in which GBM cells are maintaingn a less committed state [36, 124].
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Oppositely, addition of succinate increases GBM celdifferentiated state, preventing the
prodifferentiating effects evoked by 2-DG. Previoeports describe that highly de-differentiated
and fast growing tumors compared to slow-growingdts or non-tumor cells are characterized
by faster glycolysis and slower oxidative phosplairgn [136-139]. Here we found that diverse
mechanisms may control GBM cell phenotype: on ade addition of 2-DG and raised oxygen
tension induce GBM cell commitment and eventua#il death; oppositely to these, succinate
and hypoxia promote GBM immature cells maintengieg. 47). In conclusion, we show that

reducing glycolysis in GBM tumor cells destabilizesl functional and metabolic status, forcing
cancer cells into a mitochondrial metabolism, amagestrated by the activation of PDH and
SDH, and promoting GBM cell differentiation. Thessdings improve the knowledge of GBM

tumor intra and extracellular microenvironment ah& mechanisms by which GBM cells

respond to an alteration of their metabolic state.

tHiF-1a HIF-1a
§ PDH activity 1 PDH activity

;SDH activity “u 2-DG, 20%0, AtSDH activity

1succinate ¢succinate

1ROS succinate, 2%0, u[I ;ROS
GBM stem cells GBM commitment
maintenance late apoptosis

Figure 47. Summary of the principal effects elicitd by 2-DG, succinate and oxygen tension in GBM cell
(Left part) Under hypoxia GBM cells display highaamobicglycolysis, low PDH (i.e. phosphorylated PDH) and
low SDH activity, the lattecausative of intra-cytoplasmic accumulation of & and consequentially als
ROS. Both ROS and succinate have been describathikitors of PHDsactivation, causing the stabilization of
HIF-1a . Addition of succinate elicitanalogous effects, as shown by Hi&-$tabilization and increased number of
GBM stem cells. (Right part) Addition of 2-DG associsteexposure to 20% O2 increaBBH activity (i.e. de-
phosphorylated PDH) and consequentially SDH agtivitusintracellular succinate and mitochondrial ROS re¢ea
are reduced, according literature. As a consequence PHD2 activity increabiF-lo is poly-ubiquitylatedand
consequentially degraded, which correlates with dhquisition of a moreommitted phenotype, according to
previous works. Under these circumstan@BM cells undergo more rapidly apoptosis. Impottgnall these
effects aremitigated by the hypoxia and by addition of sucténavhich prevent SDH activitend tumor cell
differentiation induced by 2-DG.
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GBM are currently treated by surgical removal, doled by radiotherapy and frequently
alkylating agents based chemotherapy, althouglsuhaval rate for GBM patients remains low.
Indeed, the genetic instability of GBM tumor durirtgne, after surgery and current
chemotherapy, or eventually consequential to chieemapy, could potentially prevent a
complete control of the disease. Recent findinggstt novel biological hypotheses [6, 7, 9, 29,
31] that might lead to reconsider the traditionBeraipeutic approaches. Particularly, the
discovery of a stem cell population within the tummass (CSCs) has changed the knowledge of
tumor cell biology, leading to the definition of ell hierarchy within the tumor [6, 7].
Importantly, CSCs seem to persist in tumors asstindt population and may be responsible of
relapse and resistance to treatments followingisalrgesection [70]. Thus, there is intratumoral
heterogeneity that has to be taken into accountlésigning effective treatments. Moreover, the
role of the tumor niche has been extensively ingastd in the last years, and the oxygen
tension gradient within the tumor mass may playracial role in the definition of cell
phenotype. Indeed, we recently reported that piferéntiating signaling pathways, such as
BMP and Akt/ mTOR/Stat3, are inhibited in GBM-davcells cultured under lowered oxygen
tension, becoming progressively activated followamgite high oxygen exposure [36, 37]. In the
second part of this study we aimed to investigateether these findings had physiological
relevance and correlation with the stem cells ihstion throughout the GBM mass. By
sampling multiple intratumoral areas through rasfyidal imaging and image guided surgery, we
unravel a GBM phenotypic correlation to the hypogmadient, defining a tumor stem cell
concentric model niche (Fig. 46). Here we descabmodel that is constituted by three layers:
the inner, highly hypoxic/anoxic core, charactedizyy stem cells with low proliferation index,
an intermediate, mildly hypoxic layer, lining thacxic core, with immature and proliferating
tumor precursor cells, and the peripheral, morecwasized and more oxygenated area
containing predominantly committed/ differentiateells. Particularly, we found a high VEGF
expression along the peripheral area of the tumassmAs Perrin et al. described that VEGF
upregulation occurs in astrocytes [113], which lbagn found along the tumor/normal tissue
interface [112], we hypothesize that the GFARIIs, present mainly in the peripheral layer of
the tumor, may actually be tumor cells expressiigG¥. Moreover, we speculate that the
hypoxic signature is crucial in determining the ggpietic activation (HIF-d, Glutl, CAIX)
and/or inhibition (BMP, Akt/mTOR/Stat3) of signagipathways involved in the maintenance of

79



the tumor stem cells pool, which seems to be theemesistant to therapies. In this regard, we
found that the majority of CD133ells are characterized by high expression of MGEIizyme
related to resistance to alkylating chemotherapéds 68]. This indicates that intratumoral
hypoxia preserves a pool of tumor stem cells wiviety likely represent the tumor population
resistant to treatments. Analogously, recent wdrikge shown that within brain tumors CSCs
reside in two niches, a perivascular location ahé surrounding necrotic and/or less
vascularized (i.e., hypoxic) tissue [21, 22, 730]1According to our data, it has been reported
that restricted oxygen conditions increase the @&€ion and promote acquisition of a stem-
like state [22, 140]. Current studies on MGMT exgsien are conducted on analysis of promoter
methylation, but we did not find correlation betwdabe methylation state of MGMT promoter
(not shown) and MGMT protein expression profile,aocordance with previous report [69].
Importantly, the differences in MGMT expression etye&d among the three layers are causative
of a strong diverse sensitivity to TMZ, the mosedi®ral alkylating agent for the treatment of
GBM. Indeed, GBM cells derived from the periphelafer respond to TMZ by undergoing
apoptosis, whereas GBM cells and, particularly, @®Xells derived from the inner portions of
the tumor mass are more resistant to this chenmagieerControversial data indicate that TMZ
seems to induce a dose- and time-dependent dedli@®133 stem cell subpopulation in vitro,
substantially reducing tumorigenicity in vivo [4}jhereas other works indicate that TMZ does
not seem to affect CD133ells [5], generally considered the most chemetast tumor cell
fraction [6-9]. In accordance with these latters, faund that CD133cells particularly from the
inner core are not sensitive to TMZ, and their gty is increased by 6-BG, inhibitor of
MGMT, which has already been used in some clirticals either alone [120] or in combination
with the maximum-tolerated dose of chemotherapyl[1® improve sensibility to TMZ. We
hypothesize that the resistance to TMZ displayedthlytumor cells derived from the inner core
and determined also by MGMT upregulation may beeairiby the hypoxic microenvironment
characteristic of the internal portions of the tumtass. Indeed, hypoxia induces either directly
or indirectly (through the activation of transcrgut factors) changes in the biology of tumor and
its microenvironment leading to increased chemod aadio-therapy resistance [70, 141].
Considering that hypoxia, through Hik-controls the expressions of several downstreagets
[140], MGMT is probably not the only molecule respible of GBM resistance to
chemotherapy. The concentric distribution of GBMiscvithin the tumor mass here described
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may have important implications in the managementG8M since both diagnostic and
therapeutic methods could be improved. In factyisal needle biopsy should take into account
the stem cell niche distribution to define a moceusate diagnosis. Current surgery normally
aims to perform a gross total or a subtotal remo¥#he tumor, however, relapse occurs. As we
found that cells derived from the inner portiortttd GBM mass, which is enriched in stem cells,
are insensitive to TMZ, we hypothesize that irdiling and resistant GBM stem cells
intraoperatively may escape from the surgical esisréhus causing relapse. Importantly, we
found a small percentage of CDI8@GMT " cells also in the peripheral layer of the tumdg(F
39F) suggesting that these might be GBM stem ceitgating from the inner core toward the

periphery of the tumor in the effort to get nutteeand oxygen from the tumor vasculature.
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MATERIALS AND METHODS

Under institutional-approved protocols, tissue s@smmere collected from patients and neonates
after written informed consent. Neonatal brain sutikicular zone (SVZ) tissue was obtained at
the Children’s Hospital of Orange County, USA, untlee auspices of the protocol for the
National Human Neural Stem Cell Resource (NHNS@RulIt GBM samples were obtained at
the Padova Academic Hospital, under the auspiceseoprotocol for the acquisition of human
brain tissues obtained from the Ethical Committeartd of the University of Padova. Tumor and
non tumor patient characteristics are describélchile 2.

Brain tumors were acquired directly from surgewo samples from each of the three concentric
layers were obtained and part of the tissues wagneattically dissociated. Single cells were
cultured at 1.5% @ Patient ages listed in years (y). Non tumor gsstas from premature
infants, listed in gestational weeks (gw), whicleddishortly after birth; periventricular zone
tissue from the head of the caudate nucleus wéstesband initially characterized by [142]; no

gross or microscopic abnormalities were observéhisitime.
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Code

HuTuPO1

HuTuP10

HuTuP13

HuTuP15

HuTuP36

HuTuP51

HuTuP52

HuTuP53

HuTuP55

HuTuP56

HuTuP60

HuTuP61

HuTuP64

HuTuP67

GBM612

GBM626

GBM651

Post-mortem review of non-tumor tissue source

HuSC23

HuSC30

Tumor Type
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma
Glioblastoma

Glioblastoma

Premature polycythemic twin (of 23 gw

a twin-to-twin transfusion) who

died on the day after birth

Premature fraternal twin who

died on the day after birth,

product of in vitro fertilization
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Age
64
75
67
76
49
57
53
70
58
46
58
70
61
49
56
53

49

25 gw

Gender

Male

Female

Male

Female

Female

Male

Male

Male

Male

Male

Male

Female

Male

Male

Male

Male

Male

Male

Male



Atmosphere-Controlled Incubation

For culture in 20% oxygen, cells were incubatea ileraeus BBD 6220 incubator; €@as
added to maintain a 20%,06% CQ 75% N balance. For 2% oxygen culturing, cells were
incubated in a customized system (Ruskinn C300kiRasTechnology Ltd., Bridgend, UK).
The system maintains a constant 2% %% CQ, 93% N balance [36].

Expansion of human CNS SVZ precursors

Normal neural precursor cells were derived fromirbisubventricular zone (SVZ) tissue of a
premature neonate that died shortly after birtimfroulmonary failure; the continuous culture
from this tissue is denoted SC30 [142]. For thesgné experiments, cells were cultured on
fibronectin-coated dishes in DMEM/F12 (Irvine Sdiéq, Irvine, CA) supplemented with
BIT9500 (1% Bovine Serum Albumin, 10g/mL rh Insulin, 200ug/mL Human Transferrin,
Stem Cell Technologies, CA), 20 ng/ml basic fibestl growth factor, (bFGF) and 10 ng/ml
epidermal growth factor (EGF, both from R&D Systervinneapolis, MN). For continuous
expansion, one-half of this medium was replacedyeday and cultures were passaged every

seventh day using TrypLE (Invitrogen, Gibco).

Isolation Expansion and Differentiation of human CNs Tumor Cells from Biopsies

In the present study, we dissociated and cultueld as previously described [36]. Briefly, cells
were cultured in control medium consisted of HAMIZF DME with 25 mM glucose, (Irvine
Scientific, Santa Ana, CA, USA), BIT9500, 10%, asusn substitute (Stem Cell Technologies,
Milano, Italy). For continuous expansion, one-haflfthe medium was replaced every day and
cells were passaged every 7-10 days using Trypliitdgen, Carlsbad, CA, USA) to
dissociate them. Cells were not cultured for mbent8 passages in vitro in order to avoid long-
term culture-related effects. Cell viability wasaiwated by trypan blue exclusion. For low
glucose experiments, cells were cultured in DMEN2Fglucose-free, (Gibco BRL, Milano,
Italy) with BIT9500 (10%), for a final glucose camdration of 2.5 mM. Two different glucose
concentrations were established by adding D-glu¢b2é and 25 mM final concentration). In
experimental that required the addition of 2-deduggse (2-DG) (Sigma, Milano, Italy) it was
added to a final concentration of 12.5 or 25 mMrggorted in literature [24,25]. In some

experiments, esterificated diethyl-succinate (5 n8iyma— Aldrich, Milano, Italy) or pyruvate
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(2 mM, Sigma-Aldrich, Milano, Italy) was added fb8 h. Pyruvate, the physiological substrate
of pyruvate dehydrogenase (PDH), was used to cordpecificity of antibody specific for PDH
Ela. Precursor cell differentiation was induceccblfuring cells in DMEM/F12/BIT9500 in the
absence of mitogens. After 2 weeks post-mitogerdkawal, cells were fixed in cold 4%

paraformaldehyde for 15 min, rinsed and storedrpa@nalysis.

Immunocytochemistry (ICC)

Cells were fixed in cold 4% paraformaldehyde forrib, rinsed and stored prior to analysis.
Primary antibody staining was performed for negtimouse, 1:200, Millipore, Billerica, MA,
USA), glial fibrillary acidic protein (GFAP, mousg;1000, Sigma—Aldrich, Milano, Italy), R-III-
tubulin (mouse, monoclonal Tuj-1, 1:1000, CovarM#ano, Italy). After incubation, cells were
washed and incubated with species-specific secgndatibodies conjugated to Alexa dyes
(2:2000, Invitrogen, Milano, Italy). Cells were cuarstained with DAPI (1:10,000, Sigma—
Aldrich, Milano, Italy) to measure total cell numb&taining was visualized by epifluorescence
(Nikon Eclipse 80i, Melville, NY, USA) and imagesrapiled for figures using Adobe Illustrator
(Adobe, San Jose, CA, USA).

Immunohistochemestry (IHC)

Tumor biopsies were paraffin-embedded and cut Imthick sections. Part of the sections have
been used for H&E staining, others for immunohistouical analyses. For this purpose,
sections were rehydrated and then antigen retrieraal performed by incubation with citrate
buffer 0.01 M pH 6 at 9& for 200. After saturation with 5% bovine serurbuahin (BSA),
slides were incubated with anti-Pi-Smad1/5/8 (rgkhil00), anti-Pi-Stat3 (rabbit; 1:100), anti-
Pi-Akt (rabbit; 1:50), anti-Pi-mTOR (rabbit; 1:108lj from Cell Signaling Technology, Beverly,
MA, http://www.cellsignal.com), anti-glial fibrilley acidic protein (GFAP; rabbit; 1:500; Dako,
Glostrup, Denmark, http://www.dako.com), anti-nesfmouse; 1:200; Chemicon, Temecula,
CA, http://www.chemicon. com), anti-3-1ll-tubulifTmpuse; 1:500; Covance, Princeton, NJ,
http://www.covance.com), anti-Ki67 (mouse; 1:100; akb, Glostrup, Denmark,
http://www.dako.com), anti-HIFd (mouse; 1:50; BD Biosciences, San Diego,
http://www.bdbiosciences. com), anti-CD34 (mousg&i01 Novocastra Ltd., Newcastle upon

Tyne, U.K., http://www.novocastra.co.uk), anti-valsec endothelial growth factor (VEGF;
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rabbit; 1:50; Santa Cruz Biotechnology Inc., Sabtaz, CA, http://www.scbt.com), anti-CD133
(rabbit; 1:100; Abcam, Cambridge, U.K., http:/mwvalycam. com), ant-MGMT (mouse;
1:2,000; Novus Biologicals, Milano, Italy, http:Mm.novusbio.com), anti-Glutl (rabbit; 1:100;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, :Hitpvw.scbt.com), anti-CAIX (rabbit;
1:1,000; Novus Biologicals, Milano, Italy, http:AMw.novusbio.com) and anti-doublecortin
(DCX) (rabbit, 1:1,000, Millipore, Billerica, MA, BA). After incubation, sections were washed
and incubated with species-specific secondary adit#s conjugated to Alexa dyes (Invitrogen,
Carlsbad, CA, http:// www.invitrogen.com). Tissugere counterstained with 40,6-diamidino-
2-phenylindole (DAPI) (1:1,0000; Sigma-Aldrich, Mo, Italy, http://www.sigmaaldrich.com)
to measure total cell number. Staining was visedlizy epifluorescence (Vico, Nikon
Instruments, Inc., Melville, NY, http://www.microgpyu. com) and images compiled for figures
using Adobe lllustrator (Adobe Systems Inc., SaseJoCA, http://www.adobe.com). The
specificity of each staining procedure was confuniby replacing the primary antibodies with
phosphate buffered saline (PBS).

CD133, CD90, cell cycle and annexin-V/propidium iode analyses

Cells (2 x 16 cells per milliliter) were incubated with antihum&D133 (clone AC133/2-PE, as
directed; Miltenyi Biotec, Bergisch Gladbach, Genyahttp://www.miltenyibiotec. com), anti-
human CD24 (mouse; PC5 conjugated; 1:25; Immunotach, Praha, Czech Republic,
http://www. immunotech.cz), and anti-human CD9®1el 5E10, FITC conjugated, BioLegend,
Milano, Italy) as previously described [36, 37, LMiability was assessed by adding 7-amino-
actinomycin-D (7-AAD, 50 ng/ml; BD Biosciences, SRiego, http://www.bdbiosciences. com)
before analysis. Cells were analyzed on a CytofR{€S00 flow cytometer (Beckman Coulter,
Fullerton, CA, http://www.beckmancoulter.com). Rela percentages of different
subpopulations were calculated based on live ge#dld (as indicated by physical parameters,
side scatter, and forward scatter). Unlabeled @eil$ cells incubated with appropriate isotypic
control antibodies were first acquired to ensuleliag specificity. Analysis of apoptosis was
performed as recommended by using the Annexin Rito(Roche Diagnostics, Basel,
Switzerland, http://www.rocheapplied- science.cofgr cell cycle phase analysis, cells were
incubated with BrdU (1 mM, BD, Milano, Italy) for54min then washed and prepared for
analysis as directed (BrdU Flow Kit Staining Pratio&D, Milano, Italy).
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Western blot and densitometric analyses

After culturing cells under lower or atmosphericyggn tension total protein extracts were
rapidly collected in order to minimize Hiilprotein degradation. As Hiflturnover is rapid,
with a progressive decrease in protein levels aowyrafter only 4-16 min of re-oxygenation
[143], total protein extraction was performed byapering the cells from the culture dishes and
cellular protein extracts were isolated by usingpacific protein lyses buffer, containing TPER
Reagent (Pierce), 300 mM NaCl, 1 mM orthovanad#i®,mM PEFABLOC (AEBSF) (Roche),

1 ug/mL Aprotinin (Sigma), 5ug/mL Pepstatin A (Sigma), fg/mL Leupeptin (Sigma). This
buffer is particularly indicated to preserve prot@hosphorylated residues. Equal amounts of
protein (10-20 pg) were resolved using a SDS-PAEIE @t different percentage of acrylamide
depending on the protein analyzed) and transfeteed®VDF Hybond-p membrane (GE
Healthcare). Membranes were blocked with I-blockBMcking (Tropix, Applied Biosystem,
Monza, Italy) for at least 2 h under rotation abmo temperature. Membranes were then
incubated with primary antibodies against Hik-(mouse, 1:250, BD Biosciences, Milano,
Italy), HIF-20. (mouse, 1:250, Novus Biologicals, Milano, ItalpD2 (goat, 1:300, Santa Cruz,
Santa Cruz, CA, USA), p21cipl (mouse, 1:1000, Sightdrich, Milano, Italy), Bcl-2, Bcl-XL,
PARP, (all rabbit, 1:1000, Cell Signaling, Milanitaly), phosphorylated PDH Ela serine 293
(rabbit, 1:5000, Novus Biologicals, Milano, ltalyptal PDH Ela subunit (1:1000, Invitrogen,
Carlsbad, CA, USA), MGMT (mouse; 1:1,000; Novus IBgicals), G6PC (rabbit, 1:1000,
Abcam, Cambridge, MA, USA), Akt, mTOR, Stat3, Pim&I1/5/8 (S463/465; S463/465;
S426/428), Pi-Stat3 (S727), Pi-Akt (T308), Pi-mT(82448; all rabbit; 1:1,000; Cell Signaling
Technology, Beverly, MA, http:// www.cellsignal.copSmad1/5/8 (rabbit; 1:300; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, http://www.scbn), or 3-actin (mouse, 1:10,000, Sigma—
Aldrich, Milano, Italy) for 2 h. Membranes were riercubated with peroxidase-labeled goat
anti-rabbit 1gG (1:100,000, Sigma-Aldrich, Milankaly), peroxidase-labeled goat anti-mouse
IgG (1:100,000, Sigma—Aldrich, Milano, Italy) or no&idase-labeled donkey anti-goat IgG
(1:100,000, Santa Cruz, Santa Cruz, CA, USA) fomi®. All membranes were visualized using
ECL Advance (GE Healthcare, Catania, Italy) andoseg to Hyperfilm MP (GE Healthcare,
Catania, Italy).
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Mitochondrial membrane potential, reactive oxygen pecies (ROS) and GSH analyses

The mitochondrial membrane potential was measurét the lipophilic cation 5,5',6,6',-
tetrachlo-1,1’,3,3'-tetraethylbenzimidazol- carbaniyne (JC-1, Invitrogen, Milano, ltaly), as
described in [144], a fluorescent probe known te&/ely enter into the mitochondria and used
to measure changes in mitochondrial membrane patgpty.;). JC-1 forms aggregates (red
color) at higher potential and monomers (greenrg@blow membrane potential. To ensure JC-
1 effectiveness GBM-derived cells have been pretceavith valinomycin (1uM, Sigma—
Aldrich, Milano, Italy), facilitating mitochondrialmembrane potential depolarization (not
shown). The production of ROS was measured by figtemetry using hydrohethidine (HE)
(Invitrogen, Milano, Italy) [144]. Analysis of tdtaGSH level was measured by using
monobromobimane (mBrB), (Invitrogen, Milano, Ital§§0 uM) [145, 146] and chloromethyl-
dichlorofluorescein diacetate (CMDCFDA) (1, Invitrogen, Milano Italy), preincubating cells

for 15 and 30 min, respectively, at’87prior to analysis.

Lactate assay
Extracellular lactate measurement was performedgusiie Lactate Assay Kit, (BioVision,
Torino, Italy) kindly provided by Dr. Alberto Burla (University of Padova), following the

manufacturer instructions.

Succinate dehydrogenase activity

To evaluate aerobic metabolism succinate dehydasgeilSDH) activity has been measured,
since enzyme activity is considered an indicatotricrboxylic acid (TCA) cycle activity. To
measure SDH activity, we used the methods deschlgdcevine et al. with little modifications
[147]. Briefly, cell monolayers (not fixed) wereamfrozen at -8GC for at least 1 h and were
incubated for 20 min in the dark at 8 in a reaction buffer containing 12.3 mM diethyl-
succinate (Sigma, Milano, Italy), 0.2 mM 1-methd¢nethylphenazine methyl sulphate
(Sigma— Aldrich, Milano, Italy), 1.2 mM nitro bluetrazolium (NBT, Sigma-Aldrich, Milano,
Italy) in 50 mM Tris—HCI, pH 7.6. We used 12.3 mMalonate (Sigma, Milano, Italy) to test
aspecific reactions, and 3-nitropropionic acid (B4 500uM, Sigma—Aldrich, Milano, ltaly),
to irreversibly inactivate SDH, as negative contrbhe enzyme activity is determined by

measuring the formation of nitro blue diformazaB{Ndfz) due to NBT reduction and the end

88



product (i.e. blue cells) is visible by bright filelmicroscopy or measured at 570 nm, by

absorption spectroscopy.

ATP assay

Cells were cultured with 2-DG for 18 or 24 h ateit 2% or 20% oxygen, collected and counted.
The ATP content per 100,000 cells was determingaguhe CellTiter-Glo luminescent assay
(Promega, Milano, Italy) according to manufactunstruction, using a Victor3TM luminometer
(PerkinElmer, Milano, Italy). Data were normalizéal ATP content in cells cultured with

glucose at 2% O2.

MTT assay

Individual wells of a 96-well tissue culture miatet plate (Falcon, BD, Milano, Italy) were

inoculated with 10Qul of medium containing 5 x £0of GBM cells. The plates were incubated
overnight prior to the analyses. After medium realp\2-DG was added and cells were
incubated for 18 or 24 h at either 2% or 20% oxyd@exl viability was assayed by the MTT [(3-
(4,5- dimethylthiazol-2-yl)-2,5 diphenyl tetrazaliu bromide)] test as previously described
[148].

Real-time PCR analysis

RNA was isolated from cells using Trizol (InvitrageMilano, Italy) and 1 mg of total RNA
reverse-transcribed using SuperScript RNAse H-Reveélranscriptase (Invitrogen, Milano,
Italy). Quantitative RT-PCR reactions were run riplicate using Brilliantl SYBR1 Green
QPCR Core Reagent Kit (Stratagene, La Jolla, CAA)JSEluorescent emission was recorded in
real-time (Sequence Detection System 7900HT, AdpBeosystems, Foster City, CA, USA).
Gene expression profiling was completed using tohenparative Ct method of relative
guantification. PCR amplification conditions conet of 50 cycles with primers annealing at
60°C. These set of primers were used: PHD2, F: 5-GGB&ARTCATTGCCTCACT- 3’, R: 5-
ACACATGTGGTGCTTGCTGT-3’; HIF-&, F: 5-CGTTCCTTCGATCAGTTGTC-3’, R: 5'-
TCAGTGGTGGCAGTGGTAGT- 3'; G6Pask-F: 5-ATAGCCGAGGCGCTACAGAA-3', R:
5'- GGCCTGTCTCCAAAAAGAAACC-3', G6Pase; F: 5'- GTGTCCGTGATCGCAGACC-
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3, R:5- GACGAGGTTGAGCCAGTCTC-3, beta-glucuronidase (GUSB)F: 5'-
GAAAATACGTGGTTGGAGAGCTCATT- 3, R: 5-CCGAGTGAAGATECCCTTTTTA-3".
Primers have been designed by using the softwareimePr 3  (http://
frodo.wi.mit.edu/primer3/input.htm) and the speuti of the primers for GUSB, HIFeland
PHD2 sequences has been evaluated by using theasefitiluman BLAT Search (http:/genome.
ucsc.edu/cgi-bin/hgBlat?command=start). PCR amp$ichad been previously evaluated on
agarose gel, and during SYBR green analyses prichessciation curves have been checked in
each run to ensure primers specificity. RelativeARiNiantities were normalized to GUSB as a
housekeeping gene and 2% oxygen TO was used aalibeating condition AACt Method).

Hypoxia responsive element (HRE)-luciferase reporteassay

GBM cells were transfected using a Promega CorporgiMadison WI, USA) protocol for
transient transfection of adherent cells using &éee reagent (Qiagen, Milano, Italy). HRE-
luciferase reporter construct used (WHRE) was kinglfovided by Dr. Stefano Indraccolo
(Istituto Oncologico Veneto—IRCCS, Padova, Italy). consists of a trimerized 24-mer
containing 18 bp of sequence from the PGK promotecluding the HRE (5'-
TGTCACGTCCTGCACGACTCTAGT, HRE) and an 8-bp linkexgsience followed by a 50- bp
minimal tyrosine kinase promoter in a pGL2-firefliciferase basic Vector backbone (Promega,
Madison, WI, USA) [149]. The mutant HRE (mHRE) ctost, used to evaluate aspecific
effects, has the ACG of the HIF-1 binding site nedato CAT, abolishing binding, as well as a
point mutation that abolished a Bsgl restrictiote $or diagnostic purposes. GBM cells were
transfected either with a wHRE or with a mHRE. Ajowith these vectors, also a Renilla
luciferase vector has been transfected in ordendwmalize luciferase detection (Promega,
Madison, WI, USA). 12 h after transfection, totakaium change was done and cells were
treated with 25 mM 2-DG, succinate 5 mM or a corabon of both for 8 h. Finally, cells were
processed and analysis of HREluciferase activity performed as described (Dual-Luciferase
Reporter Assay System, Promega, Madison, WI, USAuding a plate-reading luminometer
(Victor®™, PerkinElmer, Milano, Italy).
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In vitro invasion assay

For assessing tumor cell invasion we utilized theyden transwell chamber system (BD
Biosciences Clontech, Palo Alto, CA, USA) followirthe manufacturer's protocol. Each
condition was done in triplicate. Briefly, the matas allowed to thaw for 20 minutes at room
temperature. Prior to plating the membrane wasdetgd by adding 500ul of media to the
upper well and 750 pl to the lower well and incelolaat 37C for 60 minutes. Next, 50,000 cells
were plated on the top well and allowed to invaole f8hr. After incubation, the noninvasive
cells were removed with a cotton swab. The celld bad migrated through the membrane and
stuck to the lower surface of the membrane weredfixvith methanol and stained with
hematoxylin. For quantification, the cells were otad under a microscope in ten predetermined
fields.

Cell migration assay

Migratory behavior of GBM cells was analyzed thrbugnovel assay utilizing nano-grooves of
350 nm in width, 500 nm in depth, and evenly-spa86@ nm apart. This ‘nano-patterned’
substratum was constructed of transparent polyfanet acrylate) (PUA), and fabricated by UV-
assisted capillary lithography [150]. Tissue cudtuglass was covered with anano-patterned
substratum, and subsequently attached to the bottoface of a custom-made Mattek dish
(P35G-20-C). Prior to plating cells, nano-patterrsedbstrata were coated with poly-D-lysine
(5pg/ent) for 15 minutes, followed by laminin (5pg/érnfor 1 hour. The topography of the
nano-patterned substrat caused cells to align agchta parallel to the nano-grooves. Long-term
observation of cell migration was performed usimgetlapse microscopy. A custom Mattek
dish, modified with the attached nano-patternedssatum, was mounted onto the stage of a
motorized inverted microscope (Olympus 1X81), epeip with a Cascade 512B Il CCD camera.
A temperature/gas-regulated environmental chamiasr wged to maintain cells at 37°C and 5%
CO, for the duration of the experiment. Phase-contimastges were automatically recorded
every 20 minutes, for 15 hours, under a 10X objectNA = 0.30) using the Slidebook 4.1
(Intelligent Imaging Innovations, Denver, CO). Qtitive analysis of cell migration. A
custom-designed MATLAB (Mathworks) program was ugedlentify cell boundaries, centroid,
and nucleus positions from phase-contrast imagesvelients of cell centroid and nucleus

positions were manually tracked through each frafmegme-lapse videos. Average cell speeds
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were calculated from individual cell trajectoriasdahe duration of image acquisition. To avoid
the effects of cell-cell contact on migration, selere plated at low density (~40k cells/mL),
allowing isolated movements. For each conditiorerokb cells were quantified in total. Mann-
Whitney rank-sum test was used to evaluate theststal significance where indicated.

Statistical analysis

Graphs and statistical analyses were prepared &sisgn 3.03 (Graph Pad, La Jolla, CA, USA).
All values were presented as mean xstandard efritveanean (S.E.M.). Statistical significance
was measured by one-way ANOVA with post hoc Newnkaauwt's test, *p < 0.05, **p < 0.01,
***p < 0.001. For all graphs, an asterisk over adiet indicates a significant difference with a
variable as indicated, an asterisk over a bar atdga significant difference between the 2% and
20% oxygen at either a particular time point otund condition.

In Vivo Grafting of brain tumor derived cells for survival experiment

Recapitulation of tumor has been obtained by ooyhot grafting of GBM cells into the right
striatum of 6 weeks male athymic nude mice. Miceenanesthetized by intraperitoneal injection
(i.p.) of ketamine/xylazine (300 mg ketamine condoirwith 20 mg xylazine in a 4 ml volume of
HBSS vehicle; 0.2 ml per 20 g mouse) as previodsiycribed [151]. 1.5 x2Gumor derived
cells were stereotactically injected in the rigiiasum. The mouse head was maintained within a
stereotactic frame, allowing a precise and reprifdeianjection site, using the intersection of the
coronal and sagittal sutures (bregma) [152]. Therdioates used were 0.5 mm anterior and 2.5
mm lateral from the bregma and at a depth of 3 kdamg a Hamilton syringe, 2 ul of the cell
suspension was injected at a rate of 1 pl/minutierAurgery, the skin was closed with Nexaban
Liquid (a surgical glue). After injection, mice veen.p injected with a recovery solution
(Yohimbine (0.02 mg/ml final, 0.2 ml per 20 g moysalowed to recover on a warm heating
pad and then returned to the cage. The next dag started receiving 2-DG or saline, via i.p.
injection, 500 mg/kg/day of 2-DG (75 mg/ml, dissadvin saline, for the duration of the
experiment as previously described [3, 59]. Miceensacrificed when they became lethargic,
hunched or manifested any sign of distress, indheatf illness or discomfort. Cardiac perfusion
of saline solution followed by 15 min of 4% paraf@midehyde perfusion was performed and the

whole mouse grafted brain was recovered, overrfigatl at 4C in 4% paraformaldehyde, then
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frozen in OCT liquid and immunohistochemically amzad. Human grafted cells were

distinguished from murine brain cells by using harspecific antibodies.
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PERSONAL SCIENTIFIC EDUCATION DURING THE THREE YEARS OF
DOCTORATE

POSTERS PRESENTED AT NATIONAL AND INTERNATIONAL CON GRESSES
2008. Poster presented at the National Congress XXXV ARAE@Ancona, 26-28 october 2008.
Francesca Pistollat®@ara Abbadi; Elena Rampazzo; David M. Panchision; Giuseppes®as

Hypoxia represses the differentiative effects of ®Mn high grade glioma.

2008. Poster presented at the 3rd European ConferencelTwmnor Angiogenesis and
Antiangiogenic Therapy, ECTA 2008, Padova, Noven@&r8 2008. Francesca Pistollaggra
Abbadi, Elena Rampazzo, Alessandro Della Puppa, Gius&asso. Hypoxia confers High
Grade Glioma cells protection from glycolysis inkigm.

2009 Poster presented dhe International Congress ISSCR. 7Th ISSCR Annual Mget
Barcelona, Spain, July 8-11, 2008ara Abbadi, Francesca Pistollato, Elena Rampazzo,
Alessandro Della Puppa, Giampietro Viola and GipseBasso. Hypoxia confers Glioblastoma
cells resistance to glycolysis inhibition.
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Barcelona, Spain, July 8-11, 2009. Francesca RitiplSara Abbadi, Elena Rampazzo,
Alessandro Della Puppa, Giampietro Viola Lucia Qlavia David M. Panchision and Giuseppe
Basso. Glioblastoma derived cells, under hypoxiagengo HIF-i degradation and cell
commitment following glycolysis block.

2009.0ral presentation at tHelth National Congress A.I.N.O, Padova, 4-7 oct@o€o.
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2008. Attended thelnternational Congress ISSCR. 6Th ISSCR Annual MgetPhiladelphia,
USA, June 11-14, 2008.
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