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Résumeé et mots clefs

Le médulloblastome (MB) est une tumeur maligne cérébrale qui touche principalement les enfants. Elle
est rarement retrouvée chez I'adulte. Parmi les quatre groupes de MB définis aujourd'hui selon des
caractéristiques moléculaires, le groupe 3 est le moins favorable avec un taux de survie globale de 50
%. Les traitements actuels, bases sur la chirurgie, la radiothérapie et la chimiothérapie, ne sont pas
suffisamment adaptés aux différentes caractéristiques des quatre groupes de MB.

Dans ce travail de thése, nous avons abordé le probleme du médulloblastome d'un point de vue
métabolique dans un microenvironnement appauvri en oxygene, afin de se rapprocher au plus pres des
conditions physiologiques. L'hypoxie tumorale, et le métabolisme qui en résulte, ont été peu étudiés
dans le MB. Dans ce travail, nous montrons que Hypoxia-Inducible Factor-1 alpha (HIF-1a), sous-unité
du facteur de transcription HIF-1 qui régule la réponse cellulaire. L’hypoxie, du groupe 3 des MB a soit
une possible modification post-traductionnelle, soit des mutations dans le domaine PAS-A de HIF-1a
pouvant bloquer |'association avec HIF-a et entrainant un HIF-1 totalement inactif. Seul HIF-2 est alors
présent pour remplacer HIF-1 dans l'activation des voies de signalisation métaboliques en condition
d’hypoxie. Les données in vitro ont montré que l'inhibiteur pharmacologique de HIF-2a, le PT2385, en
association avec la metformine, un inhibiteur spécifique du complexe | mitochondrial, peut
efficacement bloquer la prolifération et entrainer la mort des cellules du groupe 3 par rapport aux autres
groupes de

MB.

En paralléle, nous avons établi que les cellules du groupe 3 sont aussi plus sensibles a la phenformine,
un autre inhibiteur du complexe | mitochondrial, que les cellules des autres groupes. De plus, nous avons
montré que ce sous-groupe utilise différemment les deux navettes, la glycérophosphate
déshydrogénase mitochondriale (mGPDH) et la navette malate-aspartate (MAS), qui permettent au
NADH de se déplacer du cytoplasme vers les mitochondries, et de régénérer ainsi le NAD+ cytosolique.
L'utilisation en combinaison de la phenformine et de I'iGP1, un inhibiteur spécifique de mGPDH, ainsi
gue l'association des deux inhibiteurs spécifiques des deux navettes, iGP1 et AOAA, ont clairement
montré une plus grande capacité a diminuer la prolifération cellulaire et a induire la mort cellulaire
spécifiqguement pour les cellules du groupe 3 par rapport aux cellules des autres groupes.

Notre étude renforce l'idée d'hétérogénéité non seulement moléculaire mais aussi métabolique dans
les différents groupes qui constituent le médulloblastome et apporte de nouvelles solutions
thérapeutiques potentielles pour les patients du groupe 3 représentant les tumeurs les plus agressives.

Mots clefs : Médulloblastome, Hypoxie, Métabolisme




Abstract

Medulloblastoma is the most common brain cancer in children. Among the subclassification
into four groups, Group 3 is the most metastatic, with a poor prognosis and for which few
treatments are effective. Moreover, the genetics and biology underlying the Group 3 MB
subgroup remain less clear compared to the other groups 1. Any new markers or genetic
abnormalities will allow to consider new therapeutic developments. Tumor hypoxia and
consequent metabolism have been little studied in medulloblastoma (MB). In this study, we
show that Group 3 MB have either a post-translational modification or mutations in the PAS-A
domain of HIF-1a blocking association with HIF-1b, the subsequent entry into the nucleus,
resulting in a completely inactive HIF-1. Only HIF-2 is then present to replace HIF-1 in the
activation of metabolic pathways. In vitro data showed that pharmacological inhibitor of HIF-
2a, PT2385 %2 coupled with Metformin, a specific inhibitor of the mitochondrial complex |, can
efficiently block and kill Group 3 MB compared to Non-Group 3 MB. HIF-2 emerges as the key
HIF isoform that is essential for Group 3 MB to respond to a hypoxic microenvironment. But it
also becomes its Achilles heel, as PT2385, and others, can specifically target HIF-2 without fear
of possible HIF-1 compensation.

We also established that cells in group 3 are more sensitive to Phenformin, a complex 1
inhibitor, than cells in other groups. Furthermore, we showed that this subgroup differentially
utilizes the two shuttles, mitochondrial glycerophosphate dehydrogenase (mGPDH) and
malate-aspartate shuttle (MAS), which allow NADH to move from the cytoplasm to the
mitochondria. The use of phenformin and iGP1, a specific inhibitor of mGPDH, as well as the
combination of the two specific inhibitors of the two shuttles, iGP1 and AOAA, clearly showed
a greater ability to decrease cell proliferation and induce cell death specifically for cells in group
3 compared to cells in other groups. Finally, the addition of GNE-140, a potent inhibitor of
lactate dehydrogenase A, potentiated the effect of the different combinations used. Our study
reinforces the idea of not only molecular but also metabolic heterogeneity in the different
groups that constitute medulloblastoma and provides a potential new therapeutic solution for
patients in group 3 whose tumors are more aggressive.

Keywords: glycolysis; hypoxia; malate-aspartate shuttle; medulloblastoma; mitochondrial
glycerophosphate dehydrogenase; mitochondrial respiration; phenformin
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Chapitre 1 : Le Médulloblastome
I- Définition

En 1925, le neurochirurgien Percival Bailey identifia un nouveau type de gliome survenant
principalement au centre du cervelet des enfants et lui donna le nhom de médulloblastome
(MB)(Bailey. 1925).

Il s’agit d’une tumeur primitive maligne neuro-ectodermique (PNET) du systeme nerveux
central se développant aux dépens des cellules du cervelet, organe situé au niveau de la fosse
postérieure (Figure 1) et essentiel aux fonctions motrices (coordination et synchronisation des
mouvements) et dans une moindre mesure aux fonctions cognitives telle que 1’attention, le

langage, la régulation de la peur et du plaisir.

@* B
4
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(v 2 A cérébelleuse cérébelleux
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Figure 1 : Anatomie du cervelet. (A) coupe sagittale, (B) vue supérieure. (Adaptee
de Biologie humaine 2009, Cheneliere Education Inc.)

II- Epidémiologie

L’incidence du médulloblastome est de 5 a 10 cas pour 1 000 000 d’enfants correspondant a
environ 150 nouveaux cas par an en France (Packer et al. 1999). Cela représente moins de 2%
de I’ensemble des tumeurs cérébrales primitives. Cependant, le médulloblastome représente
40% de I’ensemble des tumeurs cérébelleuses et reste la premicre cause de tumeur cérébrale
maligne de I’enfant. En effet, plus de 70% des médulloblastomes sont diagnostiqués durant
I’enfance avec deux pics d’incidence (1-4 ans et 5-9 ans), et un &ge médian de diagnostic & 6

ans. Le diagnostic est posé plus rarement a 1’age adulte avec une incidence dans cette population
12



de 0,05 cas pour 100.000. Le médulloblastome survient plus fréquemment chez les garcons
(sexe ratio 1,8 :1) mais cette tendance peut varier en fonction du sous-type de tumeur comme
nous le verrons plus tard (§ Chapitre 11, Classification moléculaire).

En grande majorité, la mise en évidence d’un médulloblastome revét un caractére sporadique,
mais certaines prédispositions genétiques sont associées a la survenue du médulloblastome
comme notamment le syndrome de Gorlin (naevomatose basocellulaire), le syndrome de Li-
Fraumeni ou encore le syndrome de Bean (angiomatose cutanée et digestive). L’analyse d’une
cohorte de 1022 patients atteints de médulloblastome a permis de mettre en évidence la
présence de mutations germinales pathogénes sur les génes APC, BRCA2, SUFU ou encore
PT53 dans 5,9% des cas. Les travaux décrit dans la littérature rapportent la présence d’une
prédisposition génétique, avec une mutation sur le gene SUFU dans 28% et 9,7% des cas de
médulloblastome de forme desmoplasique lorsqu’il s’agit respectivement d’enfants agés de
moins de 3 ans ou de moins de 14 ans au moment du diagnostic (Brugiéres et al. 2010).
Cependant, le risque précis de développer un médulloblastome associé a la présence ou non de

ces mutations germinales reste encore mal compris.

Il - Classification du médulloblastome
A- Classification histologique

En 2007, I'Organisation Mondiale de la Santé (OMS) classe le MB dans les tumeurs neuro-
épithéliales embryonnaires et distingue 4 sous-types histologiques (Siegfried et al. 2021) (Louis
et al. 2007)(Figure 2).

La forme classique (Figure 2A) : il s’agit du type histologique le plus fréquent avec plus de

70% des cas. Caractérisée par des lésions a haute densité cellulaire composée de cellules aux
noyaux arrondis ou ovalaires indifférenciées avec pleomorphisme cellulaire discret et un index
mitotique éleve, hyper chromatiques, et aux cytoplasmes réduits, formant des rosettes de Homer
Wright.
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Figure 2 : Caracteristiques morphologiques et histologiques des différents types de MB apres
coloration a I’hématoxyline/éosine. (A) médulloblastome classique avec des arrangements
palissadiques, (B) médulloblastome a nodularité extensive avec nodules clairs, (C)
médulloblastome desmoplastique/nodulaire, (D) médulloblastome anaplasique caractérisé par
un pléomorphisme nucléaire. (Adapté de [’article de Siegfried A et al, Neurochirurgie, 2018.
(Siegfried et al. 2021)

La forme desmoplasique/nodulaire (Figure 2B) : correspond a 20% des formes de MB, elle est

caractérisée par d'abondantes fibres de collagene ou de réticuline. Les nodules correspondent a
des zones de maturation neuronale. Elle survient surtout chez les trés jeunes enfants avec une
localisation sur la ligne médiane, c'est-a-dire au niveau du vermis (Figure 1B), mais également
chez I'adolescent ou le jeune adulte, alors localisée dans les hémispheres cérébelleux (Figure

1B). Le pronostic est tres bon chez les jeunes enfants (Rutkowski et al. 2005).

La forme & nodularité extensive (Figure 2C) : elle est étroitement liée au MB

desmoplasique/nodulaire, et représente une faible proportion des MB (3,2 & 4,2%). Elle survient
chez les nourrissons et differe de la variante nodulaire desmoplasique en présentant une
architecture lobulaire nettement élargie. La composante inter-nodulaire riche en réticuline, qui
domine dans la variante desmoplasique/nodulaire, est ici nettement réduite. Ce type tumoral
survient chez 1’enfant en bas age, un seul cas ayant été rapporté a ce jour chez ’adulte (PMID
: 26990710). Cette tumeur est surtout localisée dans le vermis (Figure 1B). Une évolution plus
favorable que pour les patients atteints de MB classiques est reconnue a la fois pour la variante

MB desmoplasique/nodulaire et pour le MB avec nodularité extensive.

La forme anaplasique/a grandes cellules (Figure 2D) : cette variante est caractérisée

histologiquement par un pléomorphisme nucléaire marqué, un enveloppement cellule-cellule et
une activité mitotique élevée, souvent avec des formes atypiques. Bien que tous les MB
présentent un certain degré d'atypie, ces changements sont particulierement prononcés et

répandus dans la variante anaplasique, et correspondent a 10% des formes de MB. L’anaplasie

14



cytologique se traduit par une grande variabilité nucléaire, des mitoses et apoptoses fréquentes.
La variante a grandes cellules présente des cellules souvent sphériques avec des noyaux ronds,
une chromatine ouverte et des nucléoles centraux proéminents. Le phénotype anaplasique/a
grandes cellules est associé a une amplification de MYC. Cette forme est plus agressive que les

précédentes avec un pronostic plus péjoratif (Brown et al. 2000).

Une progression histologique des MB classiques aux MB anaplasiques peut étre observée, au
sein d'une méme biopsie. Et méme, si plus de 70% des cas sont considérés comme des MB
classiques, la réponse aux traitements est hautement variable d’un patient a 1'autre, suggérant
que la forme classique est probablement trés hétérogene et que la classification histologique a
probablement des limites pour prédire le pronostic des patients. La difficulté a définir, dans
certains cas particuliers, le sous-type histologique (hétérogénéité tumorale, matériel non
représentatif, notion de desmoplasie ou de signes d’anaplasie focaux) entraine une grande
variabilité inter-observateur. L’émergence de groupes génétiquement bien déterminés a conduit
a combiner la classification histologique a la classification moléculaire afin d’affiner la

classification des patients atteints de MB.

B- Classification moléculaire

Depuis le début des années 2000, de multiples travaux ont permis de mettre en évidence
différents profils génomiques au sein des MB (M. C. Thompson et al. 2006)(Kool et al.
2008)(Taylor et al. 2012).En 2016, I’OMS a donc réactualisé la classification des MB en y
intégrant des données moléculaires en plus des données histologiques, et décrit 4 sous-groupes
de MB (Tableau 1) (Louis et al. 2016).

- Le groupe WNT, qui est le plus rare, correspond a seulement 10% des cas et touche
préférentiellement les enfants et les jeunes adultes. La suppression d’une copie du
chromosome 6 ainsi qu’une mutation sur le gene CTNNB1 codant pour la Béta-caténine
sont les anomalies les plus communément retrouvees. Le groupe WNT présente le plus
souvent une forme histologique de type classique, se situant au contact du quatriéme
ventricule et s'infiltrant typiguement au niveau du tronc cérébral. Le sexe ratio est de 1
pour ce groupe.

- Legroupe SHH représente approximativement 30% de 1’ensemble des MB et présente

une distribution d’age bimodale. En effet, le groupe SHH est retrouvé principalement
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chez les nourrissons (0 a 3 ans) ainsi que chez les adultes (> 16 ans). Ce groupe SHH,
comme son nom 1’indique, est caractérisé par des anomalies au niveau de la voie de
signalisation Sonic Hedgehog. La plupart des nourrissons atteints de MB du groupe
SHH sont porteurs de mutations sur les génes PTCH1 ou SUFU au niveau des lignées
germinales, alors que les adultes présentent des mutations de PTCH1 et SMO (Figure
3). Le groupe SHH présente le plus souvent une forme histologique de type classique
ou desmoplasique/nodulaire, se situant le plus souvent au niveau des hémisphéres

cérébelleux chez le jeune adulte. Le sexe ratio est également de 1 pour ce groupe.

< Activation de Gli2 g&

A ctivation de Gli2 g

< Gli2-A %m» r
Activation

des genes cibles des genes cibles

Figure 3 : Voie de signalisation SHH. (4) En [’absence de son ligand SHH, le récepteur
transmembranaire Patched 1 (Ptcl) réprime [’accumulation de la protéine Smoothemed (Smo),
dans le cil des progéniteurs neuraux. La protéine Gli3 subit des modifications post-
traductionnelles et un clivage protéolytique qui potentialise son activité de répresseur
transcriptionel (Gli3-R). (B) En présence de son ligand SHH fixé a son récepteur Ptcl, Smo
peut s accumuler dans le cil et activer la translocation des facteurs Gli2 jusqu’au noyau, ou il
active son programme transcriptionnel. (Adaptée de [’article de Laclef C et al, Med Sci, 2014.
(Laclef, 2014)

- représente environ 20% de D’ensemble des MB et touche
préférentiellement les hommes avec un sexe ratio de 2:1. Ce groupe est particulierement
présent chez les nourrissons ainsi que chez les enfants, mais ne se retrouve presque
jamais chez 1’adulte. Il est associé & une grande instabilité génomique et a une forte
amplification du géne MYC. Le se présente le plus souvent sous une forme

histologique classique, mais englobe la majorité des MB anaplasiques a cellules larges
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(LCA). La détection de Natriuretic peptide receptor 3 (NRP3) en immunohistochimie

est considerée comme un excellent marqueur pour identifier ce groupe.

- Legroupe 4, quant a lui, est le plus fréquent (environ 40%). 1l est caractérisé par la

présence d’un isochromosome 17q (c’est-a-dire un chromosome anormal, formé de

deux bras longs d'un méme chromosome avec perte de I’autre bras) dans 66% des cas,

et une amplification du géne MYCN. Il touche le plus souvent les enfants et adultes de

sexe masculin avec un sexe ratio de 3:1. Le groupe 4 est représenté le plus souvent par

une forme histologique classique mais parfois par une forme anaplasique a cellules

larges.

WNTa | WNTB

Proportion des sous-types

Gr3a Gr3p Gr3xY Grd a Gr4p Gr4 ¥
Y a
& Y
e 8

Prévalence 10% 30% 20-25% 35-40%
Age - Nourrissons Nourrissons -
Enfants - Enfants Enfants
Adolescents - - -
Adultes Adultes
Sexe ( M:F) 1:1 1:1 2:1 3:1
Histologie Classique Desmoplasique/ nodulaire, Classique, Anaplasique | Classique, Anaplasique
Classique
Métastases Rare Peu fréquent Trés fréquent Fréquent
Survie a 5 ans 95% 75% 50% 75%
Pronostic Trés bon Bon/Intermédiaire Mauvais Intermédiaire
CTNNB1 SUFU mutation Gain OTX2 CDK6 amplification (Gr 4
mutation PTCH1 mutation Y
Mono C”g’"“’“””" GLI2 amplification MYC +++ (Gr3 ) i17q
MYCN+
MYC + MYCN + (Gr 4 a)

Tableau 1 : Caractéristiques de chaque sous-groupe de médulloblastome. (ddapté de I’article
de Kijima N et al, Neurol Med Chir, 2016. (Kijma et al., 2016)

C- Hétérogénéité intra-tumorale

Malgre les progres sur la classification des MB et la caractérisation en sous-groupes distincts,

cette affiliation n’est pas toujours corrélée a la réponse aux traitements. Des données

reconnaissent aujourd’hui l'existence d'une sous-structure supplémentaire au sein des quatre
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sous-groupes moléculaires, en particulier au sein des et/ (Choetal. 2011). Ces sous-

structures sont définies comme des sous-types et étiquetées a, B, etc... (Taylor et al. 2012).

Au sein de chaque sous-groupe primaire, des marqueurs moléculaires supplémentaires ont
commencé a émerger, conduisant a des stratifications de risque plus affinées (Ramaswamy et
al. 2016). Récemment, des méthodes d’analyses regroupant plusieurs types de données
(expression génique, données de méthylation etc...) ont été développées (J. Wang and
Wechsler-Reya 2014), permettant de fournir une analyse plus fine des différents groupes de
MB par rapport a I'analyse de données uniques. En 2017, Cavalli et al. ont utilisé ces méthodes
de regroupement d’analyses afin de mieux identifier I'nétérogénéité intra-tumorale, et ont mis
en évidence 12 sous-types (2 pour le groupe WNT, 4 pour le groupe SHH, 3 pour le :
et 3 pour le ) (Cavalli et al. 2017). Ces sous-types ont des caractéristiques cliniques et
génetiques particulieres (amplifications/gains de MYC, MYCN, OTX2, CDKG6, SNCAIP et
ACVR1), qui permettent aujourd'hui d'affiner la compréhension du paysage génomique du MB
(Tableau 1). Plusieurs sous-types, en particulier dans le groupe SHH et le , présentent
des différences cliniques et pronostiques claires et drastiques, ce qui permet une stratification
du risque plus robuste pour les futurs essais cliniques. Parmi les 3 sous-types du I'un
est composé de tumeurs a forte expression de MYC nommées G3y. Ce sous-type a le plus
mauvais pronostic. Le deuxiéme sous-type, G3p, est surreprésenté par des tumeurs avec des
altérations GFI1, et le dernier G3a, par des tumeurs exprimant des génes photorécepteurs dans
lesquels on retrouve peu d'amplifications de médiateurs de la voie TGFp/Activine. En 2017,
Northcott et al. ont démontré, sur une grande cohorte de patients atteints de MB, que les
amplifications MYC étaient bien limitées aux patients atteints de MB du (17%), tandis
que les amplifications MYCN été trouvées a une fréquence comparable chez les patients atteints
de MB du (5%) ou du (6%) (Northcott et al. 2017). Une surreprésentation
significative des génes impliqués dans les voies de signalisation Notch et TGFf a été également
retrouvée dans le comparativement aux autres sous-groupes. Ces études soulignent la
nature hétérogene et complexe des différents sous-groupes de MB et la nécessité de continuer
les efforts pour appréhender I'éventail complet des mécanismes moléculaires sous-jacents au

développement du médulloblastome.

18



IV- Impact clinique de la classification moléculaire

A- Localisation des différents sous-groupes de médulloblastome

Etant donné que les sous-groupes de médulloblastomes (MB) sont enrichis par des altérations
génétiques specifiques et présentent des profils épigénétiques et transcriptionnels différents, on
a longtemps soupconné qu'ils provenaient de populations cellulaires ou de lignées de
développement distinctes (Gilbertson et al. 2008). Des études récentes ont cherché a identifier
les cellules d'origine pour chaque sous-groupe de médulloblastome. Le groupe WNT se
développerait a partir de cellules progénitrices de la levre rhombique inférieure, le groupe SHH
a partir de précurseurs de neurones des granules cérébelleuses, et le proviendrait de
cellules souches neurales (Gibson et al. 2010). Les cellules d'origine du médulloblastome du

sont restées inconnues pendant longtemps, mais une étude récente suggére qu'elles
sont des progeéniteurs de la levre rhombique supérieure (Hovestadt et al. 2019)(Lin et al. 2016).
L’origine des cellules de chaque sous-groupe joue probablement un role dans la localisation du

médulloblastome qui est la encore différente selon le sous-groupe (Figure 4).

La plupart des tumeurs des et 4 se développent dans le vermis et infiltrent le
quatrieme ventricule (Figure 3). Les tumeurs du groupe WNT entrent en contact avec le tronc
cérébral et se développent dans le quatrieme ventricule. Inversement, les médulloblastomes du

groupe SHH se développent principalement dans les hémisphéres cérébelleux.

Ncl.
cochlearis

Ncl. cuneatus

WNT Groupe 3 Groupe 4
0O 1-24% g . rostrl 0O 1-249 0O 1-24%
0 25-49% 7 R [ 25-49% J 25-49% TT/\
@ 50-74% —) [ 50-74% B 50-74%
W 7599% L . m 75-99% M 75-99%
M 100% = o M 100% = 100%
cauadal
. Tostra P
4 4 o

Figure 4 : Localisation preférentielle, des différents sous-groupes de MB. (Adapte de

l"article de Gibson P et al, Nature, 2010. (Gilbertson et al. 2008)
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B- Stratification du risque

Les patients atteints de MB ont été classiquement stratifiés en deux groupes selon leur niveau
de risque sur la base des critéres suivants : 1’étendue de la résection, 1’dge au moment du
diagnostic ainsi que le statut meétastatique. Les patients présentant des reliquats tumoraux >
1,5cm?, 4gés de moins de 3 ans au moment du diagnostic et/ou présentant une maladie
métastatique étaient classés comme patients a haut risque, tandis que les autres étaient classés
comme patients a risque standard. Certains sous-types histologiques, tels que les tumeurs
anaplasiques et a grandes cellules, ont également été associés a un mauvais pronostic.

Parce qu'il est maintenant reconnu que le MB se compose d'au moins quatre sous-groupes
moléculaires avec des caractéristiques démographiques, transcriptomiques et génomiques
différents, il a été proposé de nouveaux systemes de stratification du risque basés sur des
variables cliniques, histologiques et moléculaires (Pietsch et al. 2014)(Gottardo et al. 2014). Un
groupe d'experts a édité une conférence en 2015 incorporant des marqueurs moléculaires
pronostiques et a suggéré une stratification du risque plus affinée pour les tumeurs touchant les
enfants agés de 3 a 17 ans (Ramaswamy et al. 2016). Les quatre catégories proposées

comprennent les MB a risque faible, standard, élevé et trés élevé (Tableau 2).

Niveau de Faible Standard Elevé Trés élevé Inconnu
risque ( Survie > 90%) (Survie 75-90%) | (Survie 50-75%) | ( Survie < 50%)

* Non métastatique
* Age<1l6ans

+ Métastatique

* Non métastatique |+ Amplificationde

+ TP53 non muté MYCN
« Pasdamplification |+ Meétastatique
de MYCN

* Non
métastatique
avec
amplificationde
MycC

. 117q

* Anaplasique/a

grandes cellules

Non métastatique
+ Pas d'amplification
de MYC

Anaplasique/a
grandes cellules

* Non métastatique + Non métastatique |+ Métastatique
* Pertedu sans perte du
chromosome 11 chromosome 11
* Gain du chromosome
17

Tableau 2 : Stratification du risque en fonction du sous-groupe de MB. (Adapté de [’article
de Ramaswamy V et al, Acta Neuropathol, 2016. (Ramaswamy et al. 2016)
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1- Potentiel métastatique

La fréquence de présence de metastases lors du diagnostic difféere selon le sous-groupe
moléculaire des médulloblastomes, avec un haut potentiel métastatique pour les et

comparativement aux groupes WNT et SHH (Tableau 1). La plupart des métastases (95%) se
situent au niveau du systéme nerveux central sous la forme de nodules au niveau de I'encéphale
et/ou du névraxe ou d'une méningite tumorale (Aref and Croul. 2013). Plus rarement (moins de
5% des cas) les métastases peuvent apparaitre au niveau d’autres organes comme le foie, le

poumon ou les os puis la moelle osseuse (Kleihues et al. 2002).

2- Récidive et pronostic

La encore, la fréguence de récidive apreés traitements est différente selon le sous-groupe avec
un risque de récidive plus important dans les et 4 comparativement aux autres
groupes. Le mode de récidive différe également. En effet, les médulloblastomes du groupe SHH
présentent principalement une récidive locale, tandis que les et 4 présentent des
récidives de type métastatique.

De facon assez attendue, le groupe WNT présente donc le meilleur pronostic avec une survie
globale a 5 ans de 95%. Les patients du groupe SHH ont, quant a eux, globalement un pronostic
intermédiaire avec une survie a 5 ans de 75% mais un risque tres faible de métastases.

Les patients des et 4 présentent le plus haut potentiel métastatique, avec un pronostic
intermédiaire, voire pauvre, et une survie a 5 ans pouvant atteindre les 50%. Une amplification
de MYC, dans les conférent une survie particulierement courte avec seulement 20%
des patients survivant 5 ans apres le diagnostic (Tamayo et al. 2011) (Tableau 2). Le sous-type
histologique est également corrélé a la survie sans événement a 5 ans avec une survie plus faible

(57%) pour les tumeurs anaplasiques a grandes cellules (Gajjar et al. 2006a).
V- Stratégies thérapeutiques actuelles

Les approches thérapeutiques actuelles tiennent compte de deux facteurs principaux pour le
choix du traitement post-opératoire : le risque de toxicité du traitement et le risque de récidive.
Le risque de toxicité du traitement est particulierement important pour les nourrissons et les
enfants de moins de 3 ans. Le risque de récidive est considéré comme éleve en cas de maladie

métastatique ou de résection sous-optimale, avec un résidu tumoral > 1,5cm?. Trois groupes de
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traitements peuvent étre définis en fonction de ces critéres : (i) les enfants de plus de 3 ans
atteints d'une maladie a risque standard, (ii) les enfants de plus de 3 ans atteints d'une maladie

a haut risque et (iii) les nourrissons et enfants de moins de 3 ans.

A- La chirurgie

La chirurgie est la premiére étape thérapeutique, avec une résection qui se veut la plus totale
mais sans vouloir étre trop ambitieuse car le risque de Iésion cérébelleuse est non négligeable
(Puget et al. 2009). La résection totale chez les patients atteints de MB du permet un
bénéfice en termes de survie sans progression par rapport a une résection subtotale, en
particulier en présence d’une maladie a un stade métastatique. Cependant 1'é¢tendue de la
résection n'est pas liée a la survie globale du MB (E. M. Thompson et al. 2016). Les objectifs
primordiaux et actuels de la chirurgie restent donc I'approvisionnement en tissus pour l'analyse
histopathologique et le diagnostic moléculaire, ainsi qu’une cytoréduction maximale sire,

garantissant le moins d’effets secondaires.

B- La radio-chimiothérapie concomitante

Apres la chirurgie, les patients sont traités par radiothérapie sur l'axe cranio-spinal avec une
irradiation supplémentaire sur le site de la tumeur, avec des doses de rayonnement variables
selon les groupes a risque. Les patients atteints de MB a risque standard sont traités avec une
irradiation cranio-spinale (CSI) de 23,4Gy sur I'ensemble du cerveau et de la colonne vertébrale,
et une irradiation supplémentaire de la fosse postérieure pour une dose totale de 54 a 55,8Gy
(R J Packer et al. 1999)(Wahba et al., 2013). En revanche, les patients a haut risque recoivent
une CSI de 36 a 39,6Gy avec une irradiation supplémentaire au site tumoral, pour une dose
totale de 54 a 55,8Gy (Gajjar et al., 2006).

La radiothérapie est généralement initiée 30 jours apres la chirurgie, car I'administration tardive
est associée a une survie plus faible (Schwalbe et al. 2017). Une étude a cependant identifié une
diminution de la survie globale a 5 ans chez les patients bénéficiant d’une radiothérapie initi¢e
précocement dans les 3 semaines apres la chirurgie, indiquant qu'un temps suffisant pour la
cicatrisation post-chirurgicale est également primordial (Chin et al. 2018). La radiothérapie est
associee a de nombreux effets secondaires, en particulier chez les enfants de moins 5 ans
(handicap neurocognitif permanent, dysfonctionnement neuro-endocrinien, troubles de la
croissance, infertilité, malformations de croissance et une possible malignité secondaire)

((Silber et al. 1992)). Cependant, le report de la radiothérapie post-opératoire, méme a l'ere
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moderne de la chimiothérapie, est associé a une survie globale moins bonne et n'est donc pas
recommandé pour les enfants de plus de 3 ans (Kann et al. 2016).

La plupart des essais cliniques les plus récents menés sur le MB a incorporé 1’évaluation du
risque basé lui-méme sur des critéeres moléculaires, dans le choix de la stratégie thérapeutique
permettant, dans certains cas (ex : groupe WNT a risque standard), une modification du
protocole de radiothérapie avec notamment une diminution de la dose regue par le patient
(Thomas et al. 2000)(Shen et al., 2021)(Ashley et al. 2012). Des techniques récentes, comme
la radiothérapie protonique semble permettre de limiter l'irradiation des tissus normaux avec
une survie similaire a la radiothérapie conventionnelle (Yock et al. 2016). Néanmoins, des
études supplémentaires sont nécessaires pour déterminer si la radiothérapie protonique offre un
gain cognitif a long terme cliniquement significatif par rapport aux protocoles de radiothérapie
par faisceau de photons (Kahalley et al. 2016).

Concernant la chimiothérapie, elle a été initialement ajoutée a la gestion du MB dans les années
1970 comme moyen d'augmenter la survie, puis dans les années 1990 comme moyen de
compenser les résultats de survie inférieurs provoqués par la réduction de la dose de
radiothérapie chez les patients atteints de MB non métastatique de 36,0Gy a 23,4Gy (Thomas
et al. 2000). Au cours des années suivantes, la chimiothérapie s'est avérée étre un complément
précieux a la chirurgie et a la radiothérapie et a considérablement contribué a I'augmentation de
la survie chez les personnes métastatiques et non métastatiques.

L'approche thérapeutique actuelle comprend une radiothérapie adaptée au risque et quatre
cycles de chimiothérapie a dose intensive a base de Cyclophosphamide (incorporant du
Cisplatine ou de la Vincristine). Ce schéma thérapeutique entraine 85% de survie a 5 ans (IC a
95% 75-94) dans la population de MB a risque standard et 70% de survie a 5 ans (IC a 95% 54-
84) dans la population a haut risque (Gajjar et al. 2006). Un autre schéma thérapeutique
envisageable pour les patients a haut risque comprend une radiothérapie a dose réduite (30,6 a
23,4Gy) complétée par une chimiothérapie en tandem a haute dose (2 cycles avant et 4 cycles
apres radiothérapie) suivie d’une autogreffe de cellules souches. Ce schéma entraine des taux
de survie sans événement a 5 ans de 70% et une survie globale de 74% (Sung et al. 2013). Ces
derniéres anneées, les recherches sur I’optimisation des schémas thérapeutiques n’ont cessé de
progresser. Une étude récente a confirmer que la combinaison de Gemcitabine et d'Axitinib,
hautement cytotoxique, ne nécessitant que de faibles concentrations pico molaires lorsqu'elle
est utilisée en combinaison, avait une efficacité en termes de contrdle tumoral et de survie dans

un modéle de MB du groupe 3 (Schwinn et al. 2021). Dans cette étude, la Gemcitabine et
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I'Axitinib ont été mieux tolérés que le régime standard comprenant du Cisplatine et du
Phosphate d'Etoposide. Un autre travail récent s’intéressant a 1’ Axitinib (inhibiteur de tyrosine
kinase puissant et sélectif des recepteurs du facteur de croissance de I'endothélium vasculaire),
amontré un indice de sélectivité éleve pour les cellules de MB par rapport aux cellules normales
du cervelet, en réduisant efficacement le taux de croissance des tumeurs expérimentales

(Pagnuzzi-Boncompagni et al. 2021).

Un obstacle majeur a la mise en place de stratégies thérapeutiques encore plus efficaces avec
le moins de toxicité possible a été jusqu’ici la gestion du MB en tant que maladie uniforme. Il
est aujourd’hui indispensable d’attribuer une thérapie différentielle aux différents groupes a
risque sur la base de caractéristiques moléculaires et cliniques, offrant ainsi une opportunité de
personnaliser la thérapie et d'éviter un traitement excessif ou insuffisant. Par exemple, dans
I’essai HIT'2000, comprenant une chimiothérapie d'induction renforcée avec une CSI hyper-
fractionnée et quatre cycles de chimiothérapie d'entretien (composeés de cisplatine, et
vincristine), la survie des patients était associée a la présence d'amplifications MYC/MYCN,
suggerant que celles-ci pourraient étre utiles dans les futures schémas thérapeutiques (von
Bueren et al. 2016).

Il est urgent de découvrir de nouvelles voies médicamenteuses pour les sous-groupes présentant
des taux des métastases fréquents et un faible niveau d'altérations moléculaires, tels que les MB
du etdu . Pour cela, le développement de modeles pré-cliniques in vivo et in

vitro est indispensable.

C- Les modeles pré-cliniques pour I’étude du MB

1- Modeéles cellulaires

Plusieurs lignées cellulaires de médulloblastome humain ont été établies in vitro au fil des
années et ont été bien décrites (Y. Lee et al. 2003)(lvanov et al. 2016). Sans surprise, la plupart
ont étée genérés a l'aide de MB agressifs du avec amplification de MYC. Bien que ces
lignées tumorales humaines établies soient faciles a cultiver, sous forme de monocouches ou
de spheéres, et soient couramment utilisées pour évaluer I'effet de certaines thérapeutiques
médicamenteuses dans les essais précliniques, une analyse moléculaire récente par séquencage

de nouvelle génération a révélé que dans certains cas, ces lignees peuvent acquérir des

24


https://doi.org/10.3390/cancers14010070

mutations supplémentaires et/ou perdre du matériel génétique. Actuellement, il existe environ
44 lignées cellulaires de médulloblastome établies sur une période de quatre décennies (J. Xu
et al. 2015). En raison de la diversité des méthodes de caractérisation utilisées au fil des années,
il peut étre tres difficile d'avoir une vue d'ensemble du paysage des lignées cellulaires du MB.
De plus, avec la classification moléculaire actuelle du MB, il est essentiel de connaitre le sous-
groupe auquel appartient chaque lignée cellulaire. Par exemple, toutes les lignées cellulaires du

hébergent une amplification MYC et 50% des lignées cellulaires SHH classées (UW-
228 et DAQY) ont une mutation dans TP53 (Ivanov et al. 2016). Alors que les tumeurs du
groupe SHH et du sont largement représentées parmi les lignées cellulaires, il existe
une pénurie de modéles in vitro pour les tumeurs du et du groupe WNT. Il n'y a qu'une
seule paire de lignées cellulaires (CHLA-01-MED et CHLA-01R-MED), toutes deux dérivées
du méme patient, qui ont été classées dans le , alors que plus de 40% des tumeurs du
MB appartiennent a ce sous-groupe. Enfin, plus de la moitié des lignées cellulaires disponibles
n'a  pas été sous-typée  ou caractérisee  selon les normes de la classification moléculaire
du MB. Il semble indispensable pour toutes les expériences futures qu’une caractérisation plus
compléte notamment des sous-types de MB a l'aide de la méthylation ou de I'expression génique

soit réalisée.
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Sous-groupe Lignées cellulaires Mutations Sources

MEDSR B-catenine

DAOY CDKN2A ATCC
NF1
TP53

ONS-76 JCRB

uUw228 TP53

uwa4ze

D341MED Amplification de myc ATCC

D384MED Amplification de myc

D425MED Amplification de myc Millipor Sigma
P53

D458 Amplification de myc

D283MED Amplification de myc ATCC

MED8A Amplification de myc

HD-MBO03 Amplification de myc DSMZ

MB002 Amplification de myc

Med-114FHTC Amplification de myc BTRL

Med-411FHTC Amplification de myc BTRL
Isochromosome 17

Med-2112FHTC Amplification de myc BTRL

Isochromosome 17

CHLA-01-MED Amplification de myc ATCC
CHLA-01R-MED Amplification de myc ATCC

Tableau 3 : Différentes lignées cellulaires de MB existantes (listes non exhaustives). Les
lignées utilisées dans ce travail de thése sont celles soulignées dans le tableau. (Adapté de
l'article de Jingying X et al, J cell biochem, 2015. (J. Xu et al. 2015)

Les modeéles d’organoides sont également une technologie émergente pour étudier les tumeurs
cérébrales pédiatriques. Les organoides sont généralement générés avec des cellules souches
embryonnaires (ESC) ou des cellules souches pluripotentes induites (iPSC) et ont le potentiel
de se développer en une architecture 3D d'une maniére similaire au développement tissulaire in
vivo en raison de leur capacité a s'auto-renouveler et a se différencier. (Ballabio et al. 2020a)

Un modele d’organoides cancéreux humains dérivés d'iPSC imitant l'altération génétique
humaine du groupe 3 du MB a récemment été décrit (Ballabio et al. 2020a). Cette étude met en
avant I’utilité de créer des organoides de MB spécifiques de certains sous-groupes afin d’étudier
les mécanismes moléculaires qui sous-tendent leur développement. Bien que particuliérement
intéressant, le modeéle des organoides de tumeurs cérébrales n’est pas sans limites. L'acquisition
optimale du tissu tumoral repose sur une étroite coordination avec le neurochirurgien pendant
I'opération pour s'assurer que le tissu viable est réséqué en bloc sans cautérisation. Une

coordination étroite avec les anatomopathologistes est également importante pour confirmer le
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diagnostic et limiter le laps de temps entre la résection et le traitement des tissus, ce qui est
essentiel pour une fiabilité maximale de la génération des organoides. Dans des modeles
d’organoides de glioblastomes, il a été rapporté la préservation partielle de la micro-
vascularisation et des cellules immunitaires, ce qui peut savéerer utile pour mieux comprendre
le microenvironnement tumoral, mais avec, au fil du temps, une diminution de I'abondance des
populations de systémes vasculaires et de macrophages/microglies et une expression plus faible
des génes liés au systeme immunitaire (Jacob et al. 2020). En effet, les conditions de culture
des organoides sont optimisées pour préserver la viabilité et la croissance des cellules
tumorales, et les cellules immunitaires résidentes ont une durée de vie limitée et se diluent sans
expansion, nécessitant une exploitation rapide des organoides aprés leur conception. Des
travaux récents sur un modele préclinique d’organoides cérébelleux humains démontrent que
I’expression concomitante de Otx2/c-MYC donne naissance a des organoides de type MB
hébergeant une signature de méthylation de I'ADN qui se rapproche des tumeurs humaines du

(Ballabio et al. 2020a). Dans ces organoides, la surexpression de SMARCA4
(chromatin remodeling ATPase) est capable de réduire I'activité tumorigene d'Otx2/c-MYC.
Enfin, le traitement par Tazemetostat (inhibiteur compétitif de 1’histone méthyltransférase)
réduit la tumorigenése engendrée par I’expression d'Otx2/c-MYC dans les organoides
cérébelleux humains. Ces études démontrent que les organoides cérébelleux humains peuvent
étre utilisés efficacement pour comprendre le réle des genes altérés chez les patients atteints de
MB et représentent un outil fiable pour développer des thérapies personnalisées (Yamazaki et
al. 2021)

2- Modeéles animaux

La plupart des animaux développent rarement des tumeurs cérébrales spontanées et peuvent
étre utilisés pour générer des modeles expérimentaux (Huszthy et al. 2012). En 2018, une étude
sur la biologie des tumeurs cérébrales parrainée par le Children's Oncology Group a conduit a
la génération de 30 modéles de patient-derived xenograft (PDX) de tumeurs cérébrales
orthotopiques pédiatriques, y compris le MB (Figure 5). Ces derniéres années, les modeéles de
souris génétiqguement modifiés (GEMM) ont gagné en popularité dans la recherche sur les
tumeurs cerébrales (Tableau 4). Contrairement aux PDX, les GEMM peuvent reconstruire
I'initiation et le développement de tumeurs chez des animaux dotés d'un systéeme immunitaire
natif, d'une barriére hémato-encéphalique intacte et d'un microenvironnement non perturbé. A

ce jour, la majorité des GEMM de MB sont du groupe SHH, générés en modifiant les genes de
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signalisation SHH, tels que PTCH, SMO ou SUFU ((Neumann, Swartling, and Schiller 2017),
(Dobson and Gopalakrishnan 2018).

Orthotopic Implants In utero electroporation

= - RS

Established Cell Lines GEMM

[ e

Figure 5: Résumé des méthodes et approches techniques de la modélisation du
médulloblastome. (Adapté de [’article de Roussel M.F et al, Brain Pathol, 2020.(Roussel et al.
2020)

L’utilisation de ces mod¢les pré-cliniques a permis de mettre en évidence des voies
thérapeutiques intéressantes. Une étude récente a montré que la combinaison de Gemcitabine
(anti-métabolite pyrimidique) et d’Axitinib (inhibiteur de protéine tyrosine kinase) présente des
effets favorables sur la progression tumorale dans un modele de xénogreffe orthotopique de
MB du , tout en présentant un profil de faible toxicité (Schwinn et al. 2021). D’autres
travaux ont mis en évidence 1’activation de la voie TGFR-Activine dans les MB du
(Morabito et al. 2019). Une stimulation autocrine d'Activinel serait responsable de I'activation
de la voie dans un sous-ensemble de MB du caractérise par une expression élevée du
géne prostate transmembrane protein-androgene induced 1 (PMEPAL). Cette voie pourrait étre
alors une nouvelle cible thérapeutique, avec des effets prometteurs du Galunisertib (molécule
utilisee en recherche clinique sur des patients atteints de glioblastome, (Brandes et al. 2016) sur
un modéle de xénogreffe orthotopique de MB.
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Sous-type de MB Modele de souris

Blbp-Cre*’": Ctnnb1 /@< Tp53%™

pr _Cmo/-: m,Wl; Tm‘m: WWW
Ptcht*"

Pteh1*~; Matht-Cre

Ptch1*"; hGFAP-Cre

Ptcht*"; Matht-CreER

Ptet*; p537

Ptot*; Inkdc™

Ptet*; Kip1 ™~

Pteh1*; Hic1*~

Pteh1*; Pteh2”

NeuroD2-SmoAT (W539L)

Smo/smo (homozygous SmoA1)

NeuroD2-SmoA2 (S537N)

CAGGS-CreR; R26-SmoM2

P53 Suu”

Trp537; PTEN

Ts3™"; Pap™

Nestin-tv-a mice infected with RCAS-Shh + N-Myc
Nestin-tv-a mice infected with RCAS-Shh + N-Myc (T504)
Nestin-tv-a mice infected with RCAS-Shh + Bel2

Gtif-{TA : TRE-MYCN/uciferase (GTML)

GTML; Trps3”

Mid™; Nestin-Cre

Nestin-tv-; Trp53”" mice infected with RCAS-Myc
Nestin-tv-a. mice infected with RCAS-Myc + Bc2
Co-electroporation of Myc and trp53DN into embryonic cerebellar progenitor cells
Co-electroporation of SRC-CA and DNo53 into E13.5 developing cerebela

Tableau 4 : Différents modéles existant de souris génétiqguement modifiées. (GEMM)(Adapté
de l'article de Zhiqin L et al ; Front Oncol; 2021. (Li et al. 2021)

En conclusion, bien que les travaux récents nous permettent aujourd’hui de mieux appréhender
la diversité moléculaire des sous-groupes de MB, la morbi-mortalité de cette pathologie
tumorale pédiatrique reste tres élevée. 1l semble important de continuer a comprendre les
mécanismes spécifiques des différents sous-groupes pouvant expliquer leur différence de
pronostic, afin d’adapter et de personnaliser les stratégies thérapeutiques. Pour cela, les études
expérimentales doivent pouvoir étre menées dans des conditions les plus physiologiques
possibles, reproduisant I’environnement dans lequel se développe la tumeur. Dans ce contexte,
prendre en considération les variations d’oxygénation tissulaire semble étre un aspect

fondamental du processus cancéreux.
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Chapitre 2 : L’hypoxie tissulaire

L’oxygene est une molécule essentielle a notre survie, son role premier est I’apport d'énergie a
I’ensemble des cellules de I’organisme. L’air que nous respirons contient 21% d’oxygéne, cet
air va ensuite transiter par nos poumons a travers la membrane alvéolo-interstitiel pour se
retrouver dans nos artéres. Le sang artériel contient environ 13% d’oxygéne, et va irriguer
toutes les cellules du corps humain (Figure 6). La concentration tissulaire en oxygene est
déterminée par la pression artérielle en oxygeéne et le débit sanguin d'une part, mais également
par le taux de consommation d'oxygene cellulaire d'autre part qui varie d’un organe a l'autre.
La condition de normoxie correspond a la valeur de pO. atmosphérique de 160mmHg ce qui
correspond a 21% d’O2 de I’air total. La physioxie correspond aux valeurs de pO2 en situation
physiologique au niveau tissulaire. Elle varie selon les organes mais se situe entre 15 et
68mmHg ce qui correspond a une teneur en Oz de 2-9%. En deca de ces valeurs, on parle
d’hypoxie. Elle peut étre modérée, de 8 a 38mmHg (1-5% d’02) ou sévere, <a 8mmHg (<1%
d’0»), et enfin, on parle d’anoxie en la quasi-absence d’O2. L’hypoxie peut se rencontrer dans
différentes situations physiologiques ou pathologiques. L’hypoxie tissulaire peut étre causé par
un faible taux d'oxygene dans I'atmosphére (hypoxie hypobare), un faible taux d'oxygene dans
le sang (hypoxémie), un faible taux d'hémoglobine et/ou de globules rouges (hypoxie
anémique), une diminution de la consommation d'oxygeéne dans le tissu (hypoxie histotoxique,

comme dans I'empoisonnement au cyanure), ou par la réduction et/ou I’arrét du flux sanguin.

Au niveau cérébral, la concentration physiologique tissulaire en oxygeéne varie selon les études
expérimentales animales entre 4 et 7% (Zauner et al. 1995)(McKinley et al. 1996). Il existe des
variations régionales considérables du flux sanguin dans le cerveau de tous les mammifeéres, y
compris chez I'nomme, qui peuvent notamment expliquer cette variabilité de concentration
tissulaire en oxygéne. Plus précisément, la pO: est plus élevée au niveau de la substance grise
cérébrale et plus faible au niveau de la substance blanche, du pont et du fornix, en corrélation
directe avec les débits sanguins régionaux (Figure 7). A noter également que les niveaux
d'oxygeéne sont élevés dans les zones adjacentes aux plexus pia-arachnoidien et choroide, et

dans les ventricules cérébraux (Erecinska and Silver 2001).
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Inspired air
21% 0,

0.1%-1/2% O,
Lungs
13%-19% O,

Venous circulation  Arterial circulation
5% 0, 13% 0,

o

0.5%-2.5% 0,

Figure 6 : Répartition du pourcentage d’oxygéne dans I’organisme humain. (Adapté de
Brahimi-Horn C. Hypoxia and tumor angiogenesis (dans Tumor Angiogenesis), Springer,

2008, pages 171-194)

Corps calleux

Fornix

Tronc cérébrale
(pont)

A\
W
.

4¢me Ventricule

Figure 7 : Schéma anatomique du cerveau en coupe sagittale. (Adapté de Alamy banque

d’image, Medical. Art.Inc).
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I- Hypoxie et cancer

L’hypoxie est une caractéristique classique d’un grand nombre de tumeurs (Eschmann et al.
2005)(Yasui et al. 2010), et les cellules ont, a travers 1’évolution, mis en place un systéme de
régulation remarquable afin de survivre a cet environnement. Les tumeurs hypoxiques
présentent généralement une tension en oxygéne < 10mmHg (Tableau 5). La masse tumorale
se développe plus rapidement que le systéme vasculaire, ainsi les cellules résultant d’une
prolifération intense se retrouvent rapidement dans un environnement hypoxique du fait de la
distance avec les capillaires (Figure 8) Les cellules cancéreuses vont s’adapter a cet
environnement et vont sécréter des facteurs pro-angiogéniques permettant la production de
nouveaux vaisseaux et la ré-oxygénation de la tumeur, qui pourra a nouveau proliférer et créer
de nouvelles zones hypoxigues. A noter cependant que cette néo-vascularisation est immature,
et extrémement perméable, rendant la perfusion tissulaire relativement inefficace et entretenant

I’hypoxie tumorale (Carmeliet 2005)(Vaupel, Mayer, and Hockel 2004).

Zone normoxique Zone hypoxique {Zone nécrotique

Figure 8 : Caracteristique des tumeurs hypoxiques. L ‘oxygene et les nutriments sont apportés
par les capillaires jusqu’aux tissus. Les cellules tumorales doivent faire face a des tensions en
oxygeéne différentes en fonction de leur distance des vaisseaux (gradient décroissant
d’oxygene). En parallele, I’accumulation d’acide lactique et de CO2 augmentent [’acidose
tissulaire (H") dans les zones hypoxiques. La résistance aux radio/chimiothérapies est
inversement proportionnelle a la concentration en oxygene de la tumeur. (Adapté de I'article
de Brahimi-Horn et al, J Mol Med, 2007. (M. C. Brahimi-Horn et al. 2007)
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L'hypoxie est un facteur micro-environnemental crucial qui, en plus de définir la croissance et
I'agressivité d'une tumeur, va jouer un réle dans la non-réponse aux traitements classiquement
utilisés en cancérologie (Wilson and Hay 2011). La résistance aux traitements
radio/chimiothérapie est inversement proportionnelle a la tension en oxygeéne de la tumeur. Des
lignées cellulaires de MB dans des conditions hypoxiques ont une réduction significative des
dommages a I'ADN liés au traitement apres un traitement par étoposide et radiothérapie
(Cowman et al. 2019). En effet, la radiothérapie nécessite de 1I’oxygeéne pour créer les radicaux
libres et induire les dommages de I’ADN, les cellules tumorales hypoxique ont de ce fait besoin
d’une adaptation des doses d’irradiation avec des doses pouvant étre 2 a 3 fois plus élevées
(Graham and Unger 2018)(Whillans and Hunt 1982). L'hypoxie est également associée & une
résistance a un certain nombre d'agents de chimiothérapie (ex : 5-Fluorouracil, Cisplatine,
Etoposide, Bléomycine). Divers meécanismes contribuent a la résistance aux agents
chimiothérapeutiques en condition d’hypoxie : (i) la surexpression des protéines d'efflux des
médicaments, (ii) I'induction de I'autophagie régulée par Hypoxia Inducible Factor-1 (HIF-1)
(Voir paragraphe IlI-A Conformation de HIF), (iii) la néo vascularisation tumorale sous-
optimale (barriere de diffusion entre les vaisseaux sanguins et les cellules tumorales)
(Minassian et al. 2019)(Bellot et al. 2009)(Trédan et al. 2007). Finalement, lorsqu'elle est
présente, I'nypoxie conduit a un mauvais pronostic a long terme chez les patients atteints de
cancer (Vaupel 2008). Cette observation a fourni la justification du développement de stratégies
thérapeutique ciblées sur I'nypoxie (Bertout et al. 2008).

Il semble important que I'environnement hypoxique devienne une condition
expérimentale essentielle aux essais précliniques afin de développer des stratégies

thérapeutiques dans les conditions les plus réalistes.

Diverses approches sont disponibles pour étudier le degré d’hypoxie tumorale, mais aucune
n'est couramment utilisée en clinique. Une mesure directe de la tension en oxygene de la tumeur
est possible dans les sites tumoraux accessibles ou une électrode a oxygene peut étre utilisée.
Cela a été couronné de succes dans un certain nombre d'études cliniques (Marianne Nordsmark
et al. 2005)(M Nordsmark et al. 1996). Les défis actuels de cette technique incluent non
seulement son caractere invasif mais également le niveau élevé d'hétérogenéite tumorale (Stone
et al. 1993). Diverses approches d'imagerie transversale ont été proposées, telles que la
détection par imagerie par résonance magnétique de la désoxy-hémoglobine (BOLD MRI),

mais la signification biologique des parameétres utilisés pour refléter I'nypoxie et leur lien avec
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le phénotype de I'nypoxie tumorale n'a pas encore été clairement établie. (Mason 2006). Des
marqueurs exogenes de I'hypoxie (composés de nitroimidazole) ont été utilisés avec succes pour
désigner les zones d'hypoxie au sein des tumeurs (Chapman, Franko, and Sharplin 1981). Les
composés sont administrés par voie systémique et convertis en produits protéiques stables dans
les zones hypoxiques. Ceux-ci peuvent étre detectés par immunohistochimie (IHC) sur biopsie
tumorale ou par imagerie in vivo, telle que la tomographie par émission de positons au 18F-
Fluoromisonidazole (18F-FMISO) (Chitneni et al. 2011). Cependant, il existe un débat quant a
savoir si ces composés sont suffisamment sensibles pour détecter un phénotype tumoral
hypoxique, car HIF-1 est stabilisé a des tensions d'oxygeéne plus élevées que celles auxquelles
se forment les produits protéiques du Nitroimidazole (Tuttle et al. 2007).

Les génes qui sont régulés a la hausse ou a la baisse en réponse a I'nypoxie refletent le phénotype
hypoxique des tumeurs et peuvent fournir une mesure indirecte du niveau dhypoxie. Leur
expression peut étre évaluée au niveau de la protéine, en utilisant I’immunohistochimie, ou au
niveau de 'ARNm. L’étude de la réponse cellulaire a I'hypoxie au niveau moléculaire a
d’ailleurs permis de mieux comprendre les mécanismes mis en jeu dans ce contexte. En 2019,
le prix Nobel de Physiologie et de Médecine a été remis a trois scientifiques, Gregg Semenza,
William Kaelin, et Sir Peter Ratcliffe, pour leurs travaux sur la fagon dont les cellules s’adaptent
aux variations d’oxygene et en particulier a I'hypoxie. Ils ont démontré que lorsque 1'oxygene
est insuffisant, un complexe protéique appelé Hypoxia-inducible Factor (HIF), s'accumule dans
presque toutes les cellules du corps. Le r6le de cette protéine est crucial dés les premiers jours
de la vie. Si un embryon n'a pas les génes HIFs, il ne survivra pas au-dela de I'embryogenése
tres précoce. L'hypoxie, et donc HIF, est liée a I’ensemble des caractéristiques émergentes du
cancer (Hanahan and Weinberg 2011), y compris l'angiogenése, les métastases et I'invasion,
I'échappement a I’apoptose, la suppression de la réponse immunitaire et l'instabilité génomique
(G L Semenza 2000)(Chang et al. 2011)(H. D. Levine and Sicé 1976)(Erler et al. 2004)
(Yotnda, Wu, and Swanson 2010)(Bristow and Hill 2008) (Figure 9). Il va étre un véritable
chef d’orchestre dans 1'évolution des cellules vers la malignité. A ce jour, HIF-1 est reconnu
pour controler plus de 100 genes. Prés de 2% de I'ensemble du génome humain seraient
directement régulés par HIF-1, soit par un phénomeéne d’induction soit de répression, pouvant
orchestrer des changements phénotypiques, conduisant a la progression du cancer et a la
résistance au traitement (Schito and Semenza 2016)(Choudhry and Harris 2018). Plusieurs
études ont déterminé une réponse transcriptionnelle globale a I'nypoxie. Cela a généralement

éte effectué dans des lignées cellulaires exposées a I'nypoxie par rapport a la normoxie (21%
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d’oxygéne utilisé dans les laboratoires). Les génes dont la régulation positive est significative,
ou qui dépassent un seuil défini par rapport a I'expression normoxique de base, sont
généralement regroupés et ont été appelés « signature d'expression génique d'hypoxie » ou «

signature d'hypoxie ». Cette approche a été utilisée dans de nombreux domaines pour étudier

les effets de I'nypoxie sur le systeme vasculaire et le systeme immunitaire, ainsi que sur les
cellules tumorales (J6gi et al. 2004)(Aprelikova et al. 2006).

Tissus normal Concentration Références Concentration Références
moyenne en O, moyenne en O,
du
s} Hoffman, Charbel et al.1996; o, Rampling et al. 1994; Vaupel,
Cerveau 5-6% Dings et al. 1998 1,7 % Hockel et al. 2007
R 0, Vaupel, Hockel et al. 2007 0, Vaupel, Hockel et al. 2007;
Sein 8’5A 1’5/’ Vaupel, Schlenger et al. 1991
REi n 4,9% Lawrentschuk, et al. 2005 1'3% Lawrentschuk et al. 2005
H _ 0, Leary, klinck et al. 2002; o, Leary, klinck et al. 2002;
FO e 4 7’3 A Brooks, Eastwood et al.2004 O’BA Brooks, Eastwood et al.2004
POU mon 5,6% Le Chen et al. 2006 2’2% Graffman, Bjork et al. 2001
Pancréas 7’5% Koong, Mehtaet al. 2000 0’3% Koong, Mehta et al. 2000

Tableau 5 : Comparaison des concentrations d’oxygéne entre le tissu normal et le tissu
tumoral.

A- Hypoxie et systéme nerveux central (SNC)
Le systéme nerveux central est un grand consommateur d’oxygene : 15% de la consommation

d'oxygene et 20% du débit cardiaque total sont centrés sur le cerveau, un organe qui ne
représente pourtant que 2% du poids corporel (Ferrer and Vidal 2017). La valeur aérobie du
tissu cérébral est d'environ 40mmHg dans des conditions physiologiques, alors qu'elle s'est
avérée significativement plus faible dans certaines tumeurs cérébrales comme le glioblastome
(GBM) (Valable et al. 2017). Dans le GBM, I'hypoxie va de légére (pO2 = 20 a 4mmHg) a
sévere (pO2 = 4 a 0,75mmHg), en particulier dans les zones nécrotiques (Gérard et al. 2019),

avec un pronostic d’autant plus sombre que 1’hypoxie est sévere.
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Figure 9 : Identification des 10 caractéristiques de la cellule cancéreuse. Toutes liées au
facteur de transcription HIF (Hypoxia-inducible factor). En bleu clair sont ciblées les
caractéristiques plus particulierement étudiées dans notre travail.

ll- Hypoxia-inducible factor (HIF)

HIF est un facteur de transcription qui appartient a la famille des bHLH (basic helix loop helix)
-PAS(PER-ARNT-SIM). C’est un complexe hétérodimérique constitué d’une sous-unité a
régulée par la concentration en oxygeéne et d’une sous-unité B (appelé également Aryl
hydrocarbon Receptor Nuclear Translocator ou ARNT) constitutive est stable (Figure 10).

Il existe trois isoformes de la sous-unité alpha (HIF-1a, HIF-2a, et HIF-3a) ainsi que deux
isoformes de la sous-unité B (HIF-1R et HIF-2R). HIF-1o est une isoforme ubiquitaire, a
I’inverse de HIF-2a et de HIF-3a qui sont restreintes a certains types cellulaires. HIF-2a a été
initialement mis en évidence au niveau des cellules endothéliales, puis au niveau du rein, des
hépatocytes, des macrophages, des cellules musculaires et des cellules astrocytaires (Tian,
McKnight, and Russell 1997)(Wiesener et al. 2003). HIF-1 et HIF-2 ont des fonctions

complémentaires en conditions physiologiques et pathologiques.
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HIF-3 a été caractérisé plus recemment (Gu et al. 1998). En raison de I'utilisation de différents
promoteurs, de différents sites d'initiation de la transcription et d'un épissage alternatif de HIF-
3, plusieurs isoformes de HIF-3 existent. En effet, la protéine HIF-3, dans sa forme longue,
fonctionne comme un activateur de transcription régulé par I'oxygéne et active un programme
transcriptionnel unique en réponse a I'hypoxie (Q. F. Li et al. 2006). De nombreux génes cibles
HIF-3 ont été identifiés mais l'induction hypoxique de I'expression de HIF-3 semble tissu-
specifique (Heidbreder et al. 2003), alors que certaines variantes courtes de HIF-3 agissent
comme des régulateurs dominants-négatifs des actions menées par HIF-1 et HIF-2 (Maynard et
al. 2005)(Pasanen et al. 2010).

/ p402 p564

HIF-1a | bHLH A PAS B N- TAD NLS C-TAD
p405 p531
[HIF-2a bHLH A PAS B N-TAD NLS C-TAD
p492
[HIF-3a | bHLH A PAS B N-TAD -
bHLH A PAS B TAD

Figure 10 : Conformation des différentes sous-unités de HIF-1. (Adapté de I’article de Duan
C, Am j Physiol Cell Physiol, 2016. (Duan. 2016). (LZIP= Leucine zipper)

A- Conformation de HIF-1

Les sous-unités a et B possedent, & leurs extremités N-terminales, des domaines PAS (PER-
ARNT-SIM) (A et B) et bHLH (basic-helix loop helix) permettant leur dimérisation (Figure
10). Leurs domaines bHLH sont des domaines riches en éléments basiques, formant une
structure tridimensionnelle de type hélice-boucle-hélice, permettant la dimérisation de HIF-1a
avec HIF-18 mais également sa fixation a ’ADN.

La sous-unité a contient d’autres domaines essentiels a sa régulation. Il s’agit tout d'abord de
deux domaines de transactivation, N-TAD situé au niveau des acides aminés 531-577 et C-
TAD en position C-terminal au niveau des acides aminés 813-826.

La sous-unité B contient également un domaine TAD dans sa partie C-terminal mais ce domaine

n’est pas impliqué dans la réponse a I'hypoxie.
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Le domaine de dégradation dépendant de 1’oxygeéne (ODD), responsable de la dégradation de
HIF-1a en normoxie, est situé entre les acides aminés 401-603 (Figure 11). A I’intérieur de ce
domaine a été mis en évidence une séquence importante de 15 acides aminés (557-571),
conservée dans la protéine homologue de HIF-1 chez la drosophile, contenant un motif
LXXLAP déterminant pour la stabilisation de HIF-1 (Srinivas et al. 1999).

Enfin sont décrites deux séquences de localisation nucléaire au niveau de la sous-unité o. La
premiére séquence YRRKEKSRDAARSRRSKE® est située dans le domaine bHLH et est
réprimée par le domaine PAS-B ce qui peut entrainer une rétention cytosolique de la protéine
(Figure 11). La seconde "® RKRK"? joue un role majeur dans la localisation nucléaire
dépendante de I’hypoxie (Kallio et al. 1998).

~ o © © [s)] 2] [ee] ™
— ~ o wn <t (o2} N oy
— — N N 564 M~ ]
1.V Yyvy Yy K532 p \ 4 \ 4 826
- bHLH A PAS B N-TAD NLS  C-TAD
NLS
Déterminant
stabilité
[T9) I~
n w
Domaine — LXXLAP
d’interaction pVHL P300/CBP,
des co-facteurs d SRC-1 et
HIF-1a HNF4 CBP,SRC-1 et Ref-1 Ref-1
[s2] <t [s2] [e)] o < (o]
8 82 Ik d 8 3 ¢ R
v v \ 4 yvvy v

S
1YW _ V \ 4 789
- bHLH A PAS B C-TAD

Figure 11 : Conformation des sous unités HIF-1 « et HIF-1R3. Abréviation : bHLH (basic
helix loop helix), PAS ((PER-ARNT-SIM), TAD (domaine de transactivation), NLS (signaux de
localisation nucléaire)

Chez I’homme, la région N-terminal des trois sous-unités a est équivalente mais les régions C-
terminales sont différentes (Figure 10). Bien que HIF-1a soit exprimé de maniére ubiquitaire,
I'expression de HIF-2a est limitée a des types cellulaires spécifiques, notamment les cellules
endothéliales, les cellules gliales, les pneumocytes de type Il, les cardiomyocytes, les
fibroblastes rénaux, les cellules interstitielles du pancréas et du duodénum, et les hépatocytes

(Wiesener et al. 2003). Dans les neuroblastomes, HIF-2a, mais pas HIF-1a, est fortement
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exprimé dans les zones bien vascularisées et I'expression de HIF-2a favorise la croissance
tumorale, les métastases, et est associée a une maladie plus agressive (Holmquist-Mengelbier
et al. 2006).

B- Régulation de la sous-unité HIFa

1- Régulation de HIF-1a

HIF-1a est une protéine deégradée extrémement rapidement en situation de normoxie, avec une
demi-vie de I’ordre de 5 minutes (Huang et al. 1998)(G. L. Wang et al. 1995).

La sous-unité B étant constitutive et indépendante de 1’oxygene, 1’étape essentielle de
I’activation de HIF-1 est donc la stabilisation de la sous-unité o dépendante du niveau
d’oxygénation tissulaire. HIF-1o nécessite plusieurs étapes préalables a son activation. La
premiere est son transport dans le noyau grace aux signaux de localisation nucléaire (NLS).
Puis la sous-unité a va se dimériser avec la sous-unité i dans le noyau, grace au motif bHLH et
aux domaines PAS. Le dimeére se lie ensuite a I’ADN et recrute les cofacteurs nécessaires a
son activite transcriptionnelle. Pour se fixer & 'ADN, HIF, en tant que facteur de transcription,
va reconnaitre un motif appelé Hypoxia Response Element (HRE) dont la séquence en position
3’ non codante du géne est RCGTG (R étant une base purine, A ou G) et recrute les cofacteurs

nécessaires a son activité transcriptionnelle.

En présence d’oxygene, la sous-unité o va étre hydroxylée au niveau des résidus Proline (Pro
402 et Pro 564) par les Prolyl Hydroxylase (PHDs) (Jaakkola et al. 2001)(lvan et al. 2001)
(Figure 11). Ces enzymes vont reconnaitre le domaine ODD de HIF-1a et hydroxyler les
résidus Prolines. Cette hydroxylation va permettre ensuite la fixation de la protéine VVon Hippel-
Lindau tumor suppressor (pVVHL) au domaine N-TAD de la sous-unité HIF-1a. La fixation de
pVHL au domaine N-TAD peut se faire qu'apres reconnaissance du motif LXXLAP (K
Tanimoto et al. 2000)(Ohh et al. 2000). Une mutation de ce motif abolirait complétement la
fixation de pVHL entrainant donc une stabilisation de HIF-1a. pVHL dirige ensuite
I’'ubiquitinylation de HIF-1a et sa dégradation par le protéasome 26S (Figure 12). L’ajout de
groupement d’ubiquitine 1ié¢ a un résidu o -amine du substrat est possible grace au groupement
de trois enzymes (E1 : ubiquitin-activating-enzyme ; E2 : ubiquitin-carrier-protein; E3:
ubiquitine-protéine-ligase) permettant I’activation, la conjugaison puis le transfert de

I’'ubiquitine. De maniere générale, l'ubiquitinylation affecte 1’activité, la fonction et la
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localisation des protéines cibles ainsi que leur interaction avec leurs partenaires, et sert donc de
véritable modification post-traductionnelle.

Une autre enzyme, dépendante de I’oxygéne, a €té caractérisée et joue également un role majeur
dans la régulation de HIF-1a : le Factor-Inhibiting HIF-1 (FIH). FIH permet I’hydroxylation
d’un résidu Asparagine (Asn 803), réprimant ainsi 1’activité transcriptionnelle de HIF-1a en
empéchant la liaison du coactivateur transcriptionnel p300/CBP au domaine de transactivation
C-TAD (Figure 12). FIH n'influence pas la stabilité de HIF-1o mais permet la modulation de
sa transactivation.

Dans des conditions hypoxiques, les PHD et FIH sont inactifs en raison du manque d'oxygene
suffisant (Figure 12). Ces deux enzymes utilisent en effet I'oxygéne et le 2-oxoglutarate comme
substrats dans la réaction d'hydroxylation. Cependant, ils sont trés différents en ce qui concerne
la concentration d'oxygene nécessaire a leur activité. In vitro, les PHDs ont une constante de
Michaelis (Km) pour l'oxygene de 230uM (correspondant a 24% O) qui est trois fois
supérieure a celle de FIH (Km de 90uM correspondant a 8% d’02) (Koivunen et al. 2004).
Ainsi, a mesure que la concentration en oxygene diminue, les PHD deviennent inactives et la
sous-unité HIF-1a est par conséquent stabilisée et peut aller au noyau pour réaliser son activité
transcriptionnelle. Cette activité est, comme décrite précédemment, contrdlée par des domaines
d'activation transcriptionnelle (TAD) situés au niveau de 1’extrémité C-terminale. L'activité du
C-TAD est réprimée par I’action de FIH, mais l'activit¢ du N-TAD est-elle complétement
indépendante de FIH. Ainsi, HIF-1a & une activité transcriptionnelle bi-fonctionnelle qui, selon
I'activité de FIH, permet une activation différentielle des génes contrélée soit par N- soit par C-
TAD (Dayan et al. 2006).
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Cytoplasme

Figure 12 : Mécanisme de régulation de HIF-1 en Hypoxie. (Adaptée de [’article de C
Brahimi-Horn et al, Cellular Signalling, 2005. (C. Brahimi-Horn et al. 2005).

2- Régulation de HIF-2a

Les voies de dégradation et de stabilisation décrites majoritairement pour HIF-1a sont
différentes pour HIF-2a selon le degré et la durée de I’hypoxie (Koh and Powis 2012). HIF-2a.
est hydroxylé avec une efficacité beaucoup plus faible que HIF-1a, a la fois par les PHDs et
FIH-1, entrainant ainsi une stabilisation et une activation de HIF-2a a un taux d'oxygéne plus
élevé que HIF-10. Schématiquement, il semblerait que HIF-1a soit stabilisé pour des conditions
d’hypoxie sévéres et aigie (< a 1% d’0») alors que HIF-2a serait activé en condition d’hypoxie
modéré (< a 5% d’0y) et chroniques (48-72h).

C- Régulation de HIF par modifications post-traductionnelles

La SuMOylation (Figure 13) : SUMO est comparable a l'ubiquitine en termes de structure

moléculaire globale et de poids moléculaire (environ 11kDa), mais peut entrainer des
changements distincts dans la régulation d'une protéine donnée en fonction des isoformes de
SUMO (Z.-J. Han et al. 2018). Le résultat fonctionnel de la SUMOylation de HIF-1a reste
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incertain. Le premier rapport sur la SUMOylation de HIF-1a suggére que la modification par
SUMO-1 augmente la stabilité et la trans-activité de la protéine HIF-1 (Bae et al. 2004). SUMO-
1 a été propose pour concurrencer l'ubiquitine pour la liaison & K391 et K477 dans les séquences
consensus SUMO de HIF-1a. Contrairement a cela, une autre étude a mis en évidence que la
SUMOylation de K391 et K477 induit une diminution de l'activité transcriptionnelle, qui
semble étre indépendante de la dégradation de HIF-1a sous hypoxie (Berta et al. 2007). Il a
également été montré que la SUMOylation favorise la liaison de pVHL a HIF-1a méme lorsque
ce dernier n'est pas hydroxylé sur les résidus Proline (402 et/ou 564) (Cheng et al. 2007). Alors
que HIF-1a et HIF-2a sont tous deux des cibles pour la SUMOylation, moins de sites de
modifications ont été identifiés dans HIF-2a. Bien que HIF-2a contienne deux sites consensus
SUMOylation, un seul, K394, s'est avéré étre conjugable par SUMO (van Hagen et al. 2010).
L'ajout enzymatique de SUMO-2 a facilité la reconnaissance par les ubiquitines ligases ciblées
par SUMO (pVHL et RNF4) pour dégrader rapidement HIF-2a sous hypoxie.

La phosphorylation (Figure 13) : La phosphorylation est une modification post-

traductionnelle extrémement courante et bien étudiée, impliquant I'addition enzymatique d'un
groupe phosphate a des résidus sérine, thréonine ou tyrosine sur une protéine cible. La
modification de HIF-1a par phosphorylation est abondante et a des roles variés dans la
régulation de sa stabilité, activité, localisation subcellulaire et interactions avec les partenaires
de liaison (Figure 12). Alors que bon nombre de ces événements de phosphorylation directe se
produisent indépendamment de la tension d'oxygene, les modifications au sein du domaine
ODD semblent se produire exclusivement sous normoxie. La diminution d’expression de la
Glycogene-synthase Kinase-3 (GSK-3) stabilise HIF-1a, suggérant que HIF-1a est une cible
directe de GSK-3, phosphorylant des cibles dans les domaines ODD et N-TAD (Fliigel et al.
2007)(Mottet et al. 2003). Bien que les sites de phosphorylation visés par GSK-3 soient
différents selon le type cellulaire, cette phosphorylation induit la dégradation de HIF-1a par le
protéasome (Cassavaugh et al. 2011). Une autre kinase, la Polo-like kinase 3 (PLK3), cible
HIF-1a pour la dégradation via la phosphorylation directe de deux sites, S576 et S657 (D. Xu
et al. 2010). Cette phosphorylation se produit en normoxie et permet la dégradation
protéasomale de HIF-1a d'une maniére indépendante de pVHL. Un seul de ces sites cibles,
S576, est situé dans le domaine ODD, tandis que l'autre, S657, est situé immédiatement apres
le NLS de HIF-1a. Toutes les phosphorylations des HIF-1a ne diminuent pas leurs stabilités,

certaines font le contraire. Les kinases dépendantes des cyclines (CDK), et notamment CDK-
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1, interagissent directement avec HIF-1la et le phosphorylent au niveau d’un résidu sérine
(S668), d'une maniere indépendante de I'oxygéne (Hubbi et al. 2014)(Warfel et al. 2013).
CDKS35, qui se distingue des autres CDK car elle n'implique pas de sous-unité cycline pour
I'activation catalytique, modifie HIF-1o en S687 et augmente sa stabilité (Herzog et al. 2016).
La protéine kinase A (PKA) phosphoryle six sites differents couvrant toute la longueur de HIF-
la in vitro, la phosphorylation de T63 et S692 favorisant la stabilisation indépendante de
I'oxygene et augmentant I'activité transcriptionnelle de HIF-1 (Bullen et al. 2016).

La localisation nucléaire de HIF-1a peut étre régulée par la phosphorylation de motif sérine en
S641/S643, au sein du motif NLS, par la protéine kinase p42/44 mitogen-activated (ERK1/2)
(Mylonis et al. 2008)(Mylonis et al. 2006). Cette phosphorylation favorise la localisation
nucléaire de HIF-1a et donc son activation. Tout comme HIF-1a, la localisation nucléaire de
HIF-2a est régulée par la phosphorylation par ERK1/2 d’un résidu sérine en S672 (Gkotinakou
et al. 2019).
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Figure 13 : Différents sites de modification post-traductionnelles au niveau de HIF-1lea.
(Adapté de ['article de Albanese A et al, Int J Mol sci, 2020. (Albanese et al. 2020)

N-TAD

L’acétylation (Figure 13) : Il a été rapporté que de nombreux événements post-traductionnels

d'acétylation et de dé-acétylation jouent un réle dans la régulation a la fois de la stabilité de la
protéine HIFa et de son activité transcriptionnelle. De multiples sites de la protéine HIF-1a
peuvent étre modifies par acétylation de la lysine, entrainant différents effets en aval. Par
exemple, I'acétylation au sein du domaine ODD est liée a la dégradation de HIF-1a dépendante
du pVHL. Jeong et al. ont montré que la liaison a pVHL est favorisée par lI'acétylation du résidu
lysine (K532) de HIF-1a (Jeong et al. 2002).
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La nitrosylation (Figure 13) : La S-nitrosylation de C800 a été identifiée comme une

modification critique pour le recrutement des cofacteurs CBP/p300 et I'activation
transcriptionnelle de HIF-1 (YYasinska and Sumbayev 2003). Dans I'ensemble, la S-nitrosylation
semble réguler au moins la stabilité et la trans-activité de HIF-1. Aucune donnée n'est

disponible pour HIF-2.

La méthylation (Figure 13) : Le plus souvent, la méthylation des protéines se produit au

niveau des résidus arginine ou lysine. La méthylation a été largement étudiée au niveau des
protéines histones ou elles régulent l'accessibilité de I'ADN pour la transcription. La
méthylation régule également d'autres protéines, y compris HIF-1a. La SET7/9, une mono
méthyl transférase connue pour son role dans I'activation des genes via la modification de
I'nistone H3, s'est avérée interagir avec HIF-1a et méthyler plusieurs sites (X. Liu et al. 2015).
La méthylation de K391 sur HIF-1a induit sa déstabilisation (Kim et al. 2016). SET7/9 peut
méthyler a la fois HIF-1a et HIF-2a sur les sites conservés K32 et K29 dans les domaines bHLH
(Kim et al. 2016). Initialement, la méthylation de K32 pour HIF-1a (et K29 pour HIF-2) s'est
avéree induire une inhibition de la transcription indépendamment de la dégradation de HIF-1a.
Mais des résultats ultérieurs rapportent que HIF-1o méthylé par SET7/9 serait dégradé par le
protéasome 26S (X. Liu et al. 2015).

D- Autre mécanismes régulant HIF, dépendant ou non de I'oxygene

Le facteur HAF (Facteur associé a I’hypoxie, également connu sous le nom de SARTL1) est

une ubiquitine ligase E3 qui cible HIF-1a spécifiquement et entraine sa dégradation par le
protéasome apres une hypoxie prolongée. HAF se lie également sur HIF-2a bien que dans ce
cas il augmente la transactivation de HIF-2a sans provoquer sa dégradation. Ainsi, HAF
représente un médiateur de commutation pour la réponse hypoxique de la cellule cancéreuse
entre HIF-1o et HIF-2a et fournit une explication pour une progression tumorale ameliorée sous
hypoxie prolongée (Kalbag et al. 1991)(Koh et al. 2011).

Certains stimuli indépendants de I’hypoxie sont également capable de réguler HIF, il s’agit

de certaines hormones comme 1’insuline, les facteurs de croissances (IGF-1 ou PDGF), certains
agents vaso-actif (NO, angiotensine 2), et certaines cytokines comme TNF-a. (Treins et al.
2002)(Kohl, Zhou, and Briine 2006)(Sanchez-Lépez et al., 2005). Ces stimuli non hypoxiques

peuvent réguler la traduction de 'ARNmM de HIFa, via des voies de signalisation de facteur de
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croissance telles que les voies du phosphatidylinositol 3-kinase (PI3K) ou de la protéine kinase
activée par les mitogenes (MAPK). Ces stimuli indépendants de I'oxygéne jouent un role
autocrine dans la prolifération, la survie ou la réparation tissulaire, permettant une adaptation
précoce aux variations de I'environnement cellulaire (M. C. Brahimi-Horn and Pouysségur
2009).

D’autres mécanismes, indépendants de I’hypoxie, peuvent agir sur la stabilisation de HIF,

comme les protéines de choc thermique (Hsp). HIF-1a, comme d'autres protéines de la famille
“bHLH-PAS”, est associée de maniere stable a la protéine de choc thermique 90 (Hsp90).
Hsp90 est impliquée dans la stabilisation de la sous-unité HIF-1o contre l'ubiquitination et la
dégradation protéasomale. A I’opposé, il a été rapporté que la protéine de choc thermique 70
(Hsp70) avait un réle dans la dégradation de HIF-1o induite par I'hypoxie, mais pas dans celle
de HIF-2a (W. Luo et al. 2010). Hsp70 recrute l'ubiquitine ligase pour promouvoir
sélectivement l'ubiquitination et la dégradation protéasomale de HIF-1a mais pas de HIF-2a.
Par conséquent, Hsp70 et Hsp90 ont des roles opposés, impliqués respectivement dans la

dégradation et la stabilisation de HIF-1o.

D - Mutations de HIF

Les scénarii possibles qui peuvent perturber le role des domaines fonctionnels de HIFao et donc
affecter son role en tant que principal facteur de transcription en condition d’hypoxie sont : (I)
les variations au sein du domaine bHLH qui peuvent empécher la liaison de HIFa aux sites de
reconnaissance HRE dans la région promotrice des genes cibles ; (ii) les variations au sein du
domaine PAS qui peuvent affecter la dimérisation avec la sous-unité 3 ; (iii) les variations au
sein du domaine ODD qui peuvent affecter la stabilité de la protéine en normoxie ; (iv) les
variations au sein du signal de localisation nucléaire (NLS) qui peuvent avoir un effet sur la
translocation de HIFa dans le noyau; et (v) les variations au sein du N-TAD et du C-TAD qui
peuvent influencer I'activation transcriptionnelle de HIF et I'interaction avec ses co-activateurs.
Une revue de la littérature récente sur le polymorphisme de HIF-1o a montré que les variations
présentent en dehors du domaine ODD ont également des effets fonctionnels et sont associées
a des maladies et des phénotypes spécifiques (Gladek et al. 2017).

Certaines mutations de HIF-1a et de HIF-2a sont aujourd’hui bien décrites. Par exemple une
étude du gene HIF-2a sur 3 génerations d'une méme famille atteinte d'érythrocytose a revélé

plusieurs mutations situées a proximité de I'accepteur d'hydroxyle P531, étant responsable de
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la maladie (Lappin and Lee 2019). Des tests fonctionnels in vitro des trois mutations (M535 V,
P534L et G537R) de HIF-2a associées a I'érythrocytose, ont révélé que les trois mutants
stabilisaient HIF-2a. Récemment, une mutation gatekeeper G323E dans HIF-2a a été identifiée
comme étant responsable de la résistance a l'utilisation d’un inhibiteur de HIF-2 (PT2385) apres

un traitement prolongé (Courtney et al. 2020).

D’autres mutations ont été décrites sur HIF-1a et seraient responsables d’un risque plus élevé
de développer une pathologie cancéreuse. L’¢tude de ’ADNCc de lignées cellulaires de cancer
de la prostate humaine et d'échantillons de prostate solides humains a identifié la présence d'un
polymorphisme dans la séquence ODD de HIF-1a, en particulier 1772C>T, entrainant un
changement d'acide aminé de la proline 582 a la sérine (P582S) (Anastasiadis et al. 2002). Cette
mutation a ensuite été détectée dans les cellules germinales de patients atteints d'un carcinome
rénal (Ollerenshaw et al. 2004), de carcinome épidermoide de la téte et du cou (Keiji Tanimoto
et al. 2003) et de cancer de la prostate androgéno-indépendant (Chau et al. 2005). La mutation
P582S empéche la dégradation de la sous-unité HIF-1a, et améliore I'activité transcriptionnelle
de HIF-1 (Fu et al. 2005), bien qu'elle n'affecte pas I'hydroxylation de la proline 564 (Percy et
al. 2003). Etonnamment, la base de données COSMIC (https://cancer.sanger.ac.uk/) identifie
un faible taux de mutation denviron 1,5 a 2% pour HIF-1a (668 mutations sur 44263
séquencages de HIF-1 extrait de tumeurs de patients) et HIF-2a (928/39561) ((Tate et al.
2019)), la plupart étant des mutation faux-sens (42%). Ce taux de mutation reste relativement

stable au niveau du systeme nerveux central avec 1,8% de mutation retrouvées sur HIF-1a.
Ill- Expression génique de I’hypoxie

Plusieurs tentatives ont été faites pour identifier des collections de génes dont les niveaux
d'expression peuvent refléter I'hypoxie tumorale et étre utilisés pour corréeler leur expression
avec le pronostic ou la réponse aux traitements de certains cancers. Environ 30 signatures de
genes d'hypoxie ont été identifiées pour les cancers de I'adulte (Harris et al. 2015). Par exemple,
une signature de 28 genes liée a I'nypoxie a été validée dans le cancer de la prostate en tant que
biomarqueur pronostique et prédictif de la réponse aux traitements (L. Yang et al. 2018). En
2016, un ensemble de neuf génes (SLCO4AL, ENO1, HK2, PGK1, MTFP1, HILPDA, VKORC1,
TPI1, and HIST1H1C) identifiés dans des échantillons de tumeurs de neuroblastomes et des

lignées cellulaires de neuroblastomes hypoxique, s'est avéré étre associé a des tumeurs plus
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agressives representant ainsi une nouvelle signature potentielle dans le domaine de la

cancérologie pédiatrique (Applebaum et al. 2016).

L'existence de différentes isoformes des sous-unités HIF souleve la question sur la spécificité
de leur action ainsi que sur le spectre des genes cibles régulés par les différentes isoformes.
Parmi les 3 isoformes de HIFo, HIF-1a et HIF-2a sont aujourd’hui les mieux comprises et les
plus décrites. 1l a été démontré que les domaines de transcription (TAD) contribuent a la
spécificité des genes cibles de HIF-1a et HIF-2a (Hu et al. 2007). En effet le N-TAD confére
des spécificités de genes cibles de HIF-1a ou HIF-2a, tandis que le C-TAD favorise I'expression
des genes cibles communs HIF-10/HIF-20. Aujourd’hui un nombre croissant de données
suggere que les hétéromeéres HIF-1a et HIF-2a ont des fonctions et des roles physiologiques
distincts (Takeda et al. 2010)(Gordan, Thompson, and Simon 2007). Par exemple, a la suite de
I'activation constitutive des deux isoformes dans le cancer du rein avec déficience en VHL,
plusieurs éléments indiquent un réle oncogene pour HIF-20, alors que HIF-1o semble
manifester des propriétés anti tumorales opposées (Raval et al. 2005)(C. Shen et al. 2011). HIF-
la et HIF-20 manifestent des schémas distincts d'expression en fonction des tissus (Wiesener
et al. 2003) mais également une évolution temporelle d’expression différente en
hypoxie (Holmquist-Mengelbier et al. 2006). Par exemple, la stabilisation de HIF-1 culmine tot
apres le début de I'hypoxie, alors que celle de HIF-2 se produit plus lentement et est plus
soutenue (Stiehl et al. 2012).

Comme expliqué précédemment, HIF-1 et HIF-2 se lient aux sites HRE contenant la méme
séquence consensus centrale 5-RCGTG-3’, afin d’activer la transcription des génes cibles.
Malgré un motif de liaison a I'ADN consensuel commun, HIF-1 et HIF-2 se lient a des
ensembles de sites différents au niveau de I’ADN. Une analyse séparée de ces sites HRE a
conduit a l'identification de motifs HRE distincts mais trés similaires pour HIF-1 et pour HIF-
2 (respectivement: MO00139 annoté HIF1A, et M00074 annoté EPAS1) pouvant étre
responsable d’une activation de génes cibles différents (Tausendschon et al. 2015)(Smythies et
al. 2019). En effet HIF-1 et HIF-2 se comportent largement indépendamment I'un de l'autre en
ce qui concerne leur liaison a I'ADN, avec la liaison de HIF-1 plus frequemment a proximité
des promoteurs et la liaison de HIF-2 plus frequemment a distance des promoteurs (Smythies
et al. 2019).
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A- Génes cibles de HIFs

Dans la plupart des types cellulaires, on a identifié des génes actives soit uniquement par HIF-
1, soit uniquement par HIF-2, ou actives a la fois par HIF-1 et HIF-2, montrant I'extréme
hétérogénéité de 1’activité des genes cibles de HIFs (Mu et al. 2021). Cependant certaines voies

métaboliques semblent étre préférentiellement sous la régulation de I’une ou 1’autre isoformes.

1- Le Métabolisme du glucose (HIF-1 >> HIF-2)

La plupart des genes codant pour les enzymes de la glycolyse (HK1/2, GPI, PFKL, ALDOA,
TPI, GAPDH, PGK1, PGAM1, ENO1, PKM2 et LDHA) ont une transcription dépendante de
HIF-1 (Figure 13). C’est également le cas pour les transporteurs de glucose (GLUT1 et GLUT3)
((Gregg L Semenza 2012)). Ainsi en hypoxie, I’activation de HIF-1 augmente I'absorption de
glucose et la sécrétion de lactate en régulant a la hausse 1’expression de GLUT1, GLUT3 et
LDHA. A noter que GLUT1 et LDHA sont des génes dont la transcription peut étre également
régulée par HIF-2. Le lactate accumulé dans les cellules hypoxiques est exporté en
extracellulaire via le transporteur de monocarboxylate 1/4 (MCT-1/4). L'anhydrase carbonique
(CAIX) et I'echangeur Na+/H+ (NHE-1) eux aussi activés par HIF-1 sous hypoxie, vont
permettre la régulation du PH intracellulaire indispensable a la survie cellulaire (Zilli and Nisi
1986).
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Figure 14 : Différents genes dépendants de HIF-1. Les génes en rouge sont ceux induits par
HIF-1, et en bleu ceux réprimés par HIF-1.

2- Métabolisme lipidique (HIF-2 = HIF-1)

Le métabolisme lipidique est quant a lui régulé de maniere équivalente par HIF-1 et HIF-2.

En normoxie, L’Acétyl-Coa (AcCoa) dérivé du glucose est converti en citrate, puis transporté
vers le cytoplasme permettant la production d’acides gras. En condition d’hypoxie, du fait du
faible niveau d’AcCoA, les cellules cancéreuses vont utiliser la glutamine pour générer de 1’ a-
cetoglutarate, qui est converti en citrate. Le passage du métabolisme oxydatif du glucose au
métabolisme réducteur de la glutamine en tant que source d'’AcCoA pour la synthése des lipides

dans des conditions hypoxiques dépend de HIF.
3- Angiogeneése (HIF-1>> HIF-2)

HIF-1 fonctionne comme un des régulateurs principaux de l'angiogenése en modulant
I'expression des genes impliqués dans la réponse angiogenique, notamment : le facteur de

croissance endothélial vasculaire A (VEGF-A), le facteur derivée du stroma-1 (SDF-1),
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I'angiopoiétine 2 (ANGPT2), le facteur de croissance placentaire (PGF), le facteur de croissance
dérivé des plaquettes B (PDGF-B) et le facteur de cellules souches (SCF): (Rey and Semenza
2010)). Les cellules angiogeniques dérivées de la moelle osseuse (BMDAC) sont mobilisées
dans la circulation et recrutées dans les tumeurs par la sécrétion de SDF-1 et VEGF-A
dépendante de HIF-1 (Du et al. 2008)(K. Lee, Qian, et al. 2009). L'inhibition de l'activité de
HIF-1 altere la mobilisation des BMDAC et la vascularisation tumorale en inhibant I'expression
de VEGFA et de SDF-1 (K. Lee, Zhang, et al. 2009).

4- Prolifération et cycle cellulaire (HIF-2 >> HIF-1)

HIF-2 active la transcription de multiples génes impliqués dans le cycle cellulaire et la
prolifération cellulaire, notamment TGF-a impliqué dans la prolifération et la différenciation
cellulaire et CCND1 impliqué dans la régulation du cycle cellulaire. HIF-1, quant a lui, active
la transcription de génes impliqués dans la prolifération cellulaire comme : 1’Insuline-like

growth factor 2 (IGF2), ou I’IGF binding protein 1/2 et 3.

5- Cellules souches cancéreuses (HIF-2>> HIF-1)

Les cellules souches cancéreuses (CSC), également appelées cellules initiatrices de tumeurs,
sont présentes dans divers cancers et peuvent favoriser l'apparition, la progression et les
métastases tumorales (Maccalli et al. 2018). L'expression de divers facteurs embryonnaires tels
que Sox2, Nanog et Oct4 par les CSC améliore leurs propriétés telles que la pluripotence et
I'auto-renouvellement (Boiani and Schéler 2005). 11 a été montré que la liaison directe de HIF-
20, au HRE situé dans les régions promotrices améliore I'expression de Sox2, Nanog et Oct4 (J
M Heddleston et al. 2010). Dans le Glioblastome, il a été recemment démontré que HIF-2a peut
étre considéré comme un marqueur spécifique de cellules souches cancéreuses, mais également
comme un facteur de transcription essentiel pour induire un phénotype de CSC (J M Heddleston
et al. 2010)(John M Heddleston et al. 2009a). Bien que HIF-2a. ameliore I'expression des genes
cibles nécessaires a I'enrichissement des CSC dans des conditions normoxique, HIF-1 a un
potentiel plus fort pour induire des CSC dans des conditions hypoxiques par rapport a HIF-2
(Covello et al. 2006). HIF-1 et HIF-2 sont donc nécessaires au développement de CSC, en
gérant differentes étapes de developpement (Hajizadeh et al. 2019).
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B- Effet compensateur HIF-1 et HIF-2

Aujourd’hui, la fagon dans laquelle les isoformes HIFs se compensent ou entrent en
compétition dans des conditions d'expression différentielle n'est pas claire. Nous avons mis en
évidence, dans un travail antérieur portant sur différentes lignées cellulaires (fibroblastes,
cellules endothéliales, cellules musculaire lisses), un effet compensateur de HIF-1 sur HIF-2 et
vice versa lors de l’invalidation de 1’'un ou l’autre par siRNA (Sadaghianloo et al.
2020)(Sadaghianloo et al. 2021). Ce constat nécessite de plus amples recherches pour
comprendre si ce phénomene est cellule-dépendant. Ces questions sont importantes non
seulement pour comprendre la physiologie des réponses a I'hypoxie, mais également pour
évaluer le potentiel des approches thérapeutiques ciblant spécifiquement I'une ou l'autre des

isoformes HIFs.

C- HIF et MYC

MYC code pour une protéine MYC qui est un facteur de transcription régulant environ 15% de
I’ensemble des génes. Il s’agit d’un proto-oncogene qui est surexprime dans certains cancers
humains (surexpression du géne C-myc dans les leucémies, le cancer du sein, de 1’estomac ou
du poumon, surexpression du gene N-myc dans le neuroblastome ou glioblastome). C’est un
régulateur principal de la transcription qui active ou réprime I'expression des génes pour
coordonner divers processus cellulaires, notamment la division cellulaire, la différenciation,
I'apoptose, l'angiogenése, la réplication de I'ADN, le métabolisme et la biogenése des
ribosomes. MYC en tant que facteur de transcription est connu pour activer 1’expression de
HIF-1a et également de HIF-20, mais inversement le role de HIF sur ’activité de MYC est

beaucoup plus complexe et différent en fonction de la sous-unité HIF-1a ou HIF-2a.

HIF-1a s'oppose a l'activité transcriptionnelle de MY C au niveau des genes cibles de MYC en
interférant avec la liaison de MYC avec ses partenaires protéiques. HIF-1a se lie a MAX et
perturbe les complexes MYC/MAX, entrainant une réduction de I'expression de la cycline D2
et I'arrét de la phase G1 (Gordan et al. 2007) (Figure 14). HIF-1a induit également I’expression
de MXI1, une protéine de la famille MAD, qui entre en concurrence avec MYC pour se lier a
MAX, inhibant ainsi 1’activit¢ de MYC et réprimant 1’expression de certains génes cibles de
MY C impliqués notamment dans la biogenése mitochondriale ou I'apoptose (Bernardini et al.

1991)(Corn et al. 2005). HIF-1a inhibe également directement 'activité transcriptionnelle de

o1



MYC par compétition sur les sites de liaison a I'ADN au niveau du promoteur p21, et régule
positivement I'expression de p21 (Koshiji et al. 2004). MYC et HIF-1 ont une régulation
complexe jouant chacun un réle sur I’autre, et ayant plusieurs génes cible communs impliqués
dans le métabolisme glucidique, lipidique et 1'angiogenése. Dans des conditions d’hypoxie, il a
été demontré que la surexpression de MY C peut remplacer le besoin en HIF-1 pour la survie et
la propagation cellulaires, en induisant glutaminolyse et lipogenése (Munksgaard Thorén et al.
2017).
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Figure 15 : Mécanismes d’action de (4) HIF-1a et de (B) HIF-2a sur activité de MYC.
HIF-1a s 'oppose a l’activité transcriptionnelle de MYC alors que HIF-2o induit I’activité de
MYC. (Adapté de [’article de Yanping L et al, Front Cell Dev Biol, 2020. (Y. Li et al. 2020)
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Contrairement a HIF-1la, HIF-2a favorise l'activitt MYC en stabilisant le complexe
MYC/MAX (Xue et al. 2015) (Figure 14). A noter que la stabilisation induite par HIF-2a de
I'netérodimere MYC/MAX est beaucoup plus forte que la dégradation induite par HIF-1a de
MY C dans les cellules cancéreuses, conduisant a I'activation de MY C sous hypoxie (Xue et al.
2015). L'activité accrue de MY C, induite par HIF-2a favorise la progression du cycle cellulaire
et favorise la tumorigenése dans certain cancer du rein (Ex : le carcinome rénal a cellule claire
(ccRCC) (Gordan et al. 2007). En effet, dans les ccRCC déficients en VHL exprimant
uniquement HIF-2a, l'activité élevée de MYC est responsable d’une prolifération cellulaire

accrue et d’une plus grande agressivité comparativement aux tumeurs exprimant HIF-1a

IV- HIF comme cible thérapeutique

Comme décrit ci-dessus, HIFs régulent de maniére majoritaire les réponses physiologiques face
a I’hypoxie, initiant une cascade de mécanismes permettant a la tumeur de s’adapter a son

environnement hostile, faisant de cette protéine une cible thérapeutique de choix. La
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signification pronostique de certains genes des voies HIFs a été évaluée dans les cancers
pédiatriques. Dans le neuroblastome, la tumeur solide extra cranienne la plus courante chez les
nourrissons, une expression plus élevee de HIF-1a est corrélée avec un faible grade tumoral et
un pronostic favorable pour le patient, tandis que I'expression de HIF-2a est en corrélation avec
un stade tumoral élevé et un pronostic défavorable (Pahlman and Mohlin 2018). A contrario,
HIF-1a est un facteur pronostique défavorable dans les cancers des o0s, y compris les
ostéosarcomes (D. Luo et al. 2019). Dans le MB, I’inhibition de HIF-1a semblerait diminuer la
prolifération cellulaire (Marx and Panzer 1988). A noter cependant que dans cette étude, la
lignée cellulaire de MB utilisée (UW402) est aujourd’hui encore non caractérisée et donc ne
correspond pas a un sous-groupe de MB spécifique. Une autre cible, le transporteur de glucose
1 (GLUTLY), est plus fréeguemment exprimée dans les neuroblastomes de mauvais pronostic
(Ramani, Headford, and May 2013). Cela démontre la signification variable de ces marqueurs
d'’hypoxie endogéne en fonction du modele cancéreux, et donc la nécessité de les étudier

spécifiquement pour chaque tumeur, afin d’identifier les cibles thérapeutiques potentielles.

L'inhibition sélective du HIF s'est avérée étre un défi, et aucun inhibiteur de HIF-1 n'a jusqu'a
présent été approuvé cliniqguement, tres probablement parce gu'ils n'ont pas la spécificité
souhaitée (Soni and Padwad 2017). Pourtant, il existe un certain nombre de molécules inhibant
HIF-1 directement ou indirectement (Figure 15). Par exemple, ’EZN-2208, un oligonucléotide
anti-sens synthétique, et I'Aminoflavone inhibent directement I'expression de 'ARNm de HIF-
1o. (Wigerup, Pahlman, and Bexell 2016). Les inhibiteurs de la voie PI3K/Akt/mTOR (EX :
Glyceolline) et les inhibiteurs de la Topoisomérase | (Ex : CRLX1-101) suppriment la
traduction de HIF-1a, tandis que les inhibiteurs HSP90 (Ex : LBH589) et HDAC inhibent la
dégradation de HIF-1a (Soni and Padwad 2017). La Geldanamycine (inhibiteur HSP90), une
molécule qui inhibe indirectement I'activité HIF, a montré des résultats prometteurs dans les
essais pédiatriques de phase 1 (Bagatell et al. 2007)(Weigel et al. 2007). Cependant, des
toxicités limitant la dose ont été observées. Neanmoins, I'intérét pour I'inhibition du HIF en tant
que stratégie thérapeutique pour le cancer pédiatrique se poursuit, en particulier pour les
tumeurs cerébrales pédiatriques. Le blocage de I'activité transcriptionnelle de HIF-1o avec le
2-méthoxy-estradiol a augmenté I'activité cytotoxique du Cyclophosphamide et de I'lfosfamide
dans les cellules de MB du groupe SHH (Valencia-Cervantes et al. 2019). Il a été démontré que
I'Acriflavine, une petite molécule sire dotée de propriétés inhibitrices du HIF, régule

négativement les voies médiées par HIF-1a et induit la mort cellulaire dans des modé¢les de
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gliome in vitro et in vivo (Mangraviti et al. 2017). Cependant, un essai clinique de phase Il
récemment mené sur les patients atteints de gliome de haut grade récidivant rapporte que
I’utilisation du LBH589, inhibiteur indirect de HIF-1a, combiné avec du Bevacizumab n'a pas
significativement amélioré la survie sans progression a 6 mois par rapport au Bevacizumab en
monothérapie (E. Q. Lee et al. 2015).
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Figure 16 : Différents composés inhibiteurs de HIF-1 ainsi que leur mécanisme d’action.
(Adapté de I’article de Albadari N et al, Expert Opin Drug Discov, 2019. (Albadari, Deng, and
Li 2019)

De son c6té, HIF-2a est apparu comme une cible thérapeutique prometteuse suite a la
découverte d’une grande cavité interne dans le domaine PAS-B de HIF-2a permettant la liaison
au ligand (Key et al. 2009)(Scheuermann et al. 2009), et donc une action spécifique, en
particulier dans les carcinomes rénaux a cellules claires (ccRCC). Un essai de phase 3 pour le
carcinome rénal a cellules claires de l'adulte est en cours avec l'inhibiteur de HIF-2a de
deuxiéme génération (PT2977) (Y. Yu, Yu, and Zhang 2019). Plusieurs antagonistes
spécifiques de HIF-2a (PT2385, PT2399) ont montré cependant des effets prometteurs aux
cours d’essais précliniques et cliniques. Le PT2385 et le PT2399 sont des inhibiteurs sélectifs
de HIF-2a qui bloquent allostériquement sa dimérisation avec HIF-1B. Le PT2399 inhibe
efficacement la croissance tumorale dans les lignées cellulaires de ccRCC exprimant hautement
HIF-2a. (Chen et al. 2016). Dans 1’étude préclinique de Wallace et al. réalisée sur des souris
atteintes de ccRCC, le PT2385 inhibe I'expression des genes induits par HIF-2a et entraine
une régression majeure de la taille de la tumeur.( (Wallace et al. 2016). En 2018, les résultats

d'un essai clinique de phase | sur le PT2385 ont montré une réponse ou une stabilité de la
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maladie chez 66% des patients atteints de ccRCC, avec une bonne tolérance du composé
(Courtney et al. 2018). A contrario, le PT2385 n'a eu aucun effet sur la réponse a la
chimiothérapie lorsqu'elle est testée dans des xénogreffes deérivées de patients atteints de
neuroblastome pédiatrique, ce qui implique qu'il ne s'agit peut-étre pas d'une cible appropriée
dans le neuroblastome (Persson et al. 2020). Les résultats des essais cliniques de phase Il pour
le PT2385 sont en cours de publication dans le ccRCC (NCT03108066) et le glioblastome
récidivant (NCT03216499). Les résultats encourageants avec le PT2385 chez les patients
atteints de ccRCC, cancer exprimant majoritairement HIF-2, nous montre qu’il y a
probablement une place pour les inhibiteurs spécifiques de HIF-2 dans I'arsenal thérapeutique
anticancéreux. Il est cependant indispensable de mieux caractériser les différentes pathologies
cancéreuses sur leur expression HIF-1/HIF-2, qui est probablement différente au sein des sous-
groupes d’une méme entité tumorale.

Pour protéger les enfants des traitements expérimentaux inutiles, il est essentiel que les futurs
essais cliniques chez les enfants soient fondés sur une justification solide de la combinaison
d'agents ciblant I'nypoxie avec les traitements existants. Cela doit étre étayé par des données
précliniques solides pour stratifier les tumeurs des patients en fonction de leur niveau d’hypoxie
(Bernauer et al. 2021), car comme le soulignent Yang et al., les traitements modifiant les
réponses a I'hypoxie (ciblant directement HIF ou les genes/protéines cibles) sont d'autant plus
efficaces que la tumeur est plus hypoxique (L. Yang and West 2019).

Comme nous venons de le décrire dans ce chapitre, I’hypoxie, et plus particulierement son
facteur de transcription principal HIF, est un point de contréle de multiples voies métaboliques
et de nombreuses caractéristiques faisant évoluer la cellule vers un processus cancéreux. Alors
que HIF-1a a été la premiére sous-unité a étre identifiée et a été plus largement étudiée, HIF-
la et HIF-2a régulent ensembles des geénes impliqués dans l'angiogenése tumorale, les
métastases et la différenciation, avec des effets spécifiques au type cellulaire. Compte tenu de
I'importance de I'nypoxie dans le développement tumoral, I'identification de petites molécules
inhibitrices de la voie HIF reste un domaine d'intérét croissant, et plusieurs composés
prometteurs ont été identifiés. Des données précliniques suggerent que I'ajout d'un inhibiteur
de HIF au traitement standard actuel peut améliorer la survie des patients, mais 1’identification
des patients les plus susceptibles de répondre a ces thérapeutiques reste encore a préciser. Cette
question a probablement toute son importance dans le MB, aux vues des grandes variabilités de

pronostic. Comme pour toutes les thérapies anticancéreuses, le défi consistera a identifier quelle
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combinaison de médicaments pour quels patients avec quel type de cancer entrainera un
bénéfice thérapeutique significatif. Cibler la réponse a I’hypoxie conjointement a d’autres voies

métaboliques pourrait étre une approche anti-cancéreuse multimodale prometteuse.
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Chapitre 3 : Le métabolisme comme approche
thérapeutique

I- Glycolyse et phosphorylation oxydative

On sait depuis 95 ans que les cellules cancéreuses métabolisent le glucose différemment des
cellules saines. Au début des annees 1920, Otto H. Warburg a fait I'observation fondamentale
que les cellules cancéreuses convertissent principalement le glucose en lactate méme dans des
conditions adéquates d'approvisionnement en oxygene, c'est-a-dire sans exposition a des
conditions hypoxiques (Warburg, 1956). Il a attribué initialement ce trait métabolique (appelé
« glycolyse aérobie » ou « effet Warburg ») a un dysfonctionnement mitochondrial, et a
considéré la glycolyse aérobie comme l'altération métabolique majeure guidant les cellules vers
la malignité (Warburg, 1956). Les avancées en biologie moléculaire ont révélé que cette
glycolyse aérobie n’était pas uniquement expliquée par un dysfonctionnement mitochondrial
détruisant ainsi le dogme proposé par Otto H. Warburg (Cairns, Harris, and Mak 2011). De
plus, dans les cellules non cancéreuses, I'effet Warburg est un phénomeéne réversible lié a la
prolifération, ce qui indique qu'il reflete les changements métaboliques associés a la
prolifération plutét qu'une caractéristique unique de malignité.

Une connexion évidente s’est faite ces dernieres années entre I’effet Warburg et 1'acquisition
des mutations responsables de la transformation des cellules tumorales, en effet 1’altération du
métabolisme est une composante essentielle du mode d’action des oncogénes/suppresseurs de
tumeurs (Pecqueur et al. 2013). Divers effets peuvent étre engendrés sur les voies métaboliques
en fonction de 1I’oncogéne ou du suppresseur de tumeur impliqués (A. J. Levine and Puzio-
Kuter 2010). Par exemple, 1’activation de c-Myc induit I’expression des transporteurs de
glutamine et rend les cellules dépendantes a la glutaminolyse (Wise et al. 2008). L’activation
de la plupart des oncogenes tel que Ras, Myc, ou la perte/mutation des suppresseurs de tumeurs
tel que P53 ou PTEN, stimulent eux la glycolyse (vander Heiden, Cantley, and Thompson
2009).
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Figure 17 : Glycolyse et phosphorylation oxydative. Le pyruvate produit par la glycolyse
anaérobie peut étre reduit en lactate ou entrer dans la mitochondrie pour étre incorpore dans
le Cycle de Krebs. Apres l’oxydation du pyruvate en acétyl-CoA qui produit du NADH, [’acétyl-
CoA alimente le cycle de Krebs pour produire du NADH, de I’ ATP et du FADH?2. Le NADH et
le FADHZ2 sont ensuite utilisés pour fournir des électrons a la chaine respiratoire productrice

d’ATP.
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La dérégulation du métabolisme énergétique est considérée aujourd’hui comme une nouvelle
caractéristique distinctive des cellules cancéreuses (“hallmark™) et constitue une perspective
pour le développement de nouveaux outils diagnostic ou de nouvelles thérapeutiques ciblées
anticancéreuses (vander Heiden 2011). Force est de constater qu'a I'neure actuelle aucune
stratégie thérapeutique ciblant le métabolisme a apporté suffisamment de preuve pour faire

partie de I’arsenal thérapeutique anticancéreux de référence.

La glycolyse aérobie a été historiqguement interprétée comme un passage de la phosphorylation
oxydative a la glycolyse pour générer de I'ATP (Gatenby and Gillies 2004). Cette voie de
production d'ATP produit moins d'ATP par mole de glucose que la phosphorylation oxydative,
mais permet une génération rapide d’ATP méme en cas de faible teneur en oxygene (Koppenol,
Bounds, and Dang 2011) (Figure 16). L'énergie est dérivée de I'hydrolyse de I'ATP en ADP
(ou AMP), et dépend donc du rapport ATP/ADP (ou ATP/AMP). Par conséquent, les cellules
doivent continuellement oxyder les nutriments pour régénérer I'ATP afin de maintenir
I'hnoméostasie.

En plus de fournir de I'ATP, la glycolyse aérobie génére également des fragments antioxydants
comme le NADH. La régénération du pool cytosolique de NAD+ est une étape primordiale a
la pérennisation de I’activité glycolytique au niveau cellulaire.

La production de lactate comme cul de sac énergétique de la glycolyse a longtemps été
considéré comme un simple déchet glycolytique potentiellement délétere pour I’organisme car
associé a l'acidification du milieu. Les études de ces dernieres années placent le lactate au centre
de I’homéostasie énergétique, il assure une communication métabolique entre les cellules et les
tissus (Brooks 2020) En faisant la navette entre les cellules productrices et celles
consommatrices, le lactate remplit au moins trois objectifs : (i) une source d'énergie majeure
pour la respiration mitochondriale, (ii) un précurseur majeur de la néoglucogenése, (iii) et une
molécule de signalisation (Brooks 2020). Les lactates déshydrogénases (LDH) sont des
enzymes essentielles a la transformation du pyruvate en lactate. Dans la littérature, la LDHA
est souvent associée a la conversion préférentielle du pyruvate en lactate et la LDHB a la
conversion préférentielle du lactate en pyruvate. Les LDHA et B sont toutes deux capables
d’effectuer ces conversions de maniére bidirectionnelle en fonction des concentrations
respectives des différentes reactions. La LDHA est régulée positivement par HIF-1a et dans
certains cancers, la surexpression de HIF-1a est associée a une surexpression de LDHA et a

une survie significativement plus faible (Lu et al. 2013). Cette navette entre cellules
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productrices et consommatrices de lactate est particulierement importante au niveau du cerveau
ou le lactate correspond & un substrat énergétique majeur, permettant ainsi un couplage
métabolique astrocytes-neurones (Pellerin et al. 2007) (Figure 17). Ainsi, la production de
lactate par le cerveau en période d’hypoxie n’est pas délétére, mais plutét un moyen de

protection ou méme de survie (Schurr and Rigor 1998)
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Figure 18 : Couplage métabolique astrocyte-neurone. L astrocyte permet de faire le lien
énergeétique entre capillaire et neurone gréace au systeme de navette intercellule du lactate. Lors
de ['activation des neurones, de fortes quantités de glutamate sont libérées dans la fente
synaptique. Celles-ci doivent étre rapidement recaptées pour étre retransformées en glutamine,
ce qui demande de | ‘énergie. Ce phénomene se produit au niveau de | ‘astrocyte. L ‘énergie dans
['astrocyte (ATP) est fournie par la production de lactate a partir du glucose provenant du
capillaire (glycolyse). La recaptation du glutamate par [’astrocyte se fait avec pénétration
simultanée de sodium qui doit étre réexpulsé de la cellule en échange de potassium. Le lactate
produit dans |'astrocyte va étre recapté par les neurones pour rejoindre le cycle de Krebs et
["oxydation phosphorylante en présence d’oxygene pour produire [’énergie nécessaire au
fonctionnement de cette cellule. (Adapté de ’article de Pellerin C et al, Glia, 2007. (Pellerin et
al. 2007)

Comme nous venons de le voir, différentes étapes de la glycolyse produisent du NADH par la
réduction du NAD+. Le NAD+ joue un réle vital pour le transfert d'hydrogene dans le statut

redox de la cellule. Le NAD+ recoit un H+ provenant des processus métaboliques, y compris
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la glycolyse, le cycle du TCA et I'oxydation des acides gras pour former le NADH. Le NADH
sert donc de donneur d’H+ central a la synthése d'ATP via la phosphorylation oxydative
mitochondriale. Au-dela de son rble vital en tant que coenzyme dans le métabolisme
énergétique, le réle important du NAD+ s'est étendu pour devenir un co-substrat pour diverses
enzymes, notamment les sirtuines et les PARP (Imai et al. 2000)(Hopp, Griter, and Hottiger
2019)(Cohen 2020). Le NAD+ et ses métabolites fonctionnent comme une plaque tournante
régulatrice contrélant un large éventail de processus physiologiques, y compris I'hnoméostasie
redox, la stabilité génomique, le traitement de I'ARN, le métabolisme énergétique, I’immunité
et I’inflammation, et I’horloge circadienne (Canto, Menzies, and Auwerx 2015)(Gaber, Strehl,
and Buttgereit 2017)(Hurtado-Bageés et al. 2020)(Sies, Berndt, and Jones 2017). La carence en
NAD+ contribue a un éventail de maladies, notamment les maladies métaboliques, le cancer,
le vieillissement et les troubles de la neuro-dégénérescence. La régénération du NAD+
cytosoligue est essentielle a la survie cellulaire, et ceci est possible grace a différentes voies de

production.

Il- Voie de régénération du NAD+ cytosolique

Les cellules cancéreuses ont un trés faible rapport NAD+/NADH (Hung et al. 2011), et les
changements du rapport NAD+/NADH sont fortement corrélés a la croissance tumorale (Gui
et al. 2016). En effet, la régénération du NAD+ permet d’augmenter la prolifération cellulaire
méme lors d’altération de la phosphorylation oxydative (Sullivan et al. 2015)(Titov et al. 2016).
Pour que le métabolisme se poursuive, le NADH dans le cytosol doit donc étre réoxydé en
NAD+. Puisque la membrane mitochondriale interne est imperméable au NADH et au NAD+,
deux navettes vont agirent pour transférer les équivalents réducteurs du NADH dans le cytosol
vers les mitochondries : (i) la navette glycérol 3-phosphate (ii) et la navette malate-aspartate
(Figure 18).
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Figure 19 : Equilibre subcellulaire du NAD+. Le NAD+ peut recevoir du H+ pour produire
la forme réduite NADH dans les processus métaboliques, notamment la glycolyse, la FAO et le
cycle de Krebs (TCA cycle). Le NADH fournit une paire d'électrons pour piloter I'OXPHOS
mitochondrial pour la génération d'ATP et la conversion de I'acide lactique en pyruvate. Le
NADH cytosolique et mitochondrial est échangé par la navette malate-aspartate et la navette
glycérol-3-phosphate. (Adapté de ’article de Xie N et al, Signal transduction and targeted
therapy, 2020. (N. Xie et al. 2020)

A- Navette Malate/Aspartate

Plusieurs protéines participent au fonctionnement de la navette malate-aspartate, notamment le
transporteur aspartate-glutamate, le transporteur malate-a-cétoglutarate et les formes
cytosolique et mitochondriales de la malate déshydrogénase (MDH) et de I'aspartate
aminotransférase (AAT) (Figure 19).
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Figure 20 : Navette Malate-Aspartate. L ‘oxaloacétate (OAA) est converti en malate par la
malate déshydrogénase cytosolique (cMDH). Le malate pénétre dans la matrice
mitochondriale via le transporteur malate-a-cétoglutarate en échange d'a-cétoglutarate. Les
électrons sont transférés a la chaine de transport d'électrons lorsque le malate est oxydé en
OAA par la malate déshydrogénase mitochondriale (MMDH). L'OAA est ensuite converti en
aspartate par transamination avec du glutamate via [|'aspartate aminotransférase
mitochondriale (MAAT). L'aspartate sort des mitochondries via le transporteur aspartate-
glutamate. Dans le cytosol, I'aspartate est converti en OAA par transamination avec l'a-
cétoglutarate via l'aspartate aminotransférase cytosolique (CAAT) complétant la navette.
Abréviation : LDH, lactate déshydrogénase ; a-KG, a-cétoglutarate. (Adapté de I’article de
McKenna M.C et al, Biochem Pharmacol, 2006. (McKenna et al. 2006)

Cette navette agit pour transférer des électrons du NADH a l'oxaloacétate dans le cytosol
formant du malate, qui pénétre dans les mitochondries en échange d'oa-cétoglutarate via le
transporteur malate-a-cétoglutarate (Figure 19). La malate déshydrogenase mitochondriale
(mMDH) convertit le malate en oxaloacétate, transférant les équivalents réducteurs au NAD+
et formant le NADH. L'oxaloacétate est ensuite trans-aminé en aspartate via l'aspartate
aminotransférase mitochondriale en conjonction avec la conversion du glutamate en o-
cétoglutarate. L'aspartate quitte les mitochondries via le transporteur aspartate-glutamate en
échange de glutamate cytosolique, qui pénetre dans les mitochondries. Pour compléter la
navette, l'aspartate aminotransférase cytosolique convertit I'aspartate en oxaloaceétate, formant
simultanément du glutamate a partir de 1’a-cétoglutarate. Dans le fonctionnement de cette
navette, I'aspartate aminotransférase (ATT) semble étre I'enzyme limitante, son activité étant

plusieurs fois inférieure a celle de la MDH.
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Au niveau du cervelet, ’ATT est fortement exprimé notamment au niveau des cellules
granulaires mais également au niveau des processus synaptiques (Wenthold, Skaggs, and
Altschuler 1986). Cependant, I’expression des enzymes indispensables au fonctionnement de
la navette malate-aspartate semble diminuée dans les tumeurs cérébrales (Sytinskii et al., 1978).
L’ATT a une expression diminuée d’environ 25% dans le cas du sarcome méning¢, dans les
tumeurs neuro-ectodermiques et plus fortement dans les glioblastomes (Sytinskii et al. 1978).

Le taux d'aspartate intracellulaire est corrélé a la prolifération des cellules cancéreuses et semble
limitant pour la croissance de certaines tumeurs in vivo (Gui et al. 2016)(Garcia-Bermudez et
al. 2018). En condition d’hypoxie le taux d’aspartate diminue. En effet, les niveaux d'aspartate
dans les tumeurs humaines primaires sont négativement corrélés avec l'expression de
marqueurs d'hypoxie (Sullivan et al. 2018). La surexpression du transporteur
Aspartate/Glutamate (SLC1A3) améliore la capacité de prolifération tumorale sous hypoxie
dans des lignées cellulaires de cancer du poumon ou du pancréas (Garcia-Bermudez et al.
2018). Dans les glioblastomes 1a encore le taux d’aspartate est fortement corrélé avec
I’expression de marqueurs d’hypoxie comme VEGF ou CAIX, avec une plus faible expression
de l'aspartate en hypoxie. L’aspartate apparait donc comme un métabolite limitant de la

croissance tumorale sous hypoxie et pourrait &tre une cible thérapeutique potentielle.

B- Navette Glycérol-Phosphate

La navette glycérol 3-phosphate fonctionne également pour transférer des électrons du NADH
cytosolique dans les mitochondries. Les équivalents réducteurs du NADH sont transférés a la
dihydroxyacétone phosphate via la glycérol-3-phosphate déshydrogénase pour former le
glycérol 3-phosphate (Figure 20). Le glycérol 3-phosphate est converti en dihydroxyacétone
phosphate sur la surface externe de la membrane interne mitochondriale par la glycérol-3-
phosphate deshydrogénase mitochondriale (mMGPDH), et les équivalents réducteurs sont

transférés au FAD, formant le FADH dans les mitochondries.
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Figure 21 : Navette glycérol 3-phosphate. Les électrons sont transférés du NADH lorsque le
phosphate de dihydroxyacétone est réduit en glycérol 3-phosphate. Le glycérol 3-phosphate est
réoxydé en phosphate de dihydroxyacétone par la glycérol-3-phosphate déshydrogénase
mitochondriale (NGPDH) qui est liée a un groupe prothétique FAD sur la face externe de la
membrane interne mitochondriale et les électrons sont transférés a la coenzyme Q (Q) et

pénetrent ensuite dans la chaine de transport d'électrons. (Adapté de l’article de McKenna M.C
et al, Biochem Pharmacol, 2006. (McKenna et al. 2006)

La mGPDH est une flavoprotéine liée a l'ubiquinone (CoQ) qui transfére les équivalents
réducteurs directement du glycérol-3-phosphate dans la chaine de transport d’électrons
(Klingenberg 1970)(Yeh, Chinte, and Du 2008). Elle fait partie des neuf enzymes
mitochondriales productrices d’espéces réactives de 1’oxygene (ROS) (Mrécek et al. 2009).
Cela a été particuliérement mis en évidence dans certaines lignées cellulaires du cancer de la
prostate (Chowdhury, Gemin, and Singh 2005). Le site actif de la mGPDH fait face a I'espace
inter-membranaire mitochondrial. Cette orientation permet au mGPDH de coordonner le
métabolisme cytosolique et mitochondrial pendant les périodes de forte activité. La mGPDH
est d’ailleurs fortement exprimée dans les tissus avec des besoins énergétiques variables,
notamment la graisse brune thermogénique, les fibres musculaires squelettiques de type 11, le
sperme, le pancréas et le cerveau (MacDonald 1981)(Koza et al. 1996).

Des ¢études portant sur la culture d’astrocytes et de cellules granulaires cérébelleuses fournissent
les preuves d'une activité importante de la navette glycérol 3-phosphate dans ces cellules
(Atlante et al. 1999)(Waagepetersen et al. 2001). En effet, I'homéostasie du glucose et du
lactate, qui dépend de la capacité a régénérer le NAD+ dans le cytosol, s'est avérée n'étre que
peu affectée par I'inhibition de la navette malate-aspartate dans les astrocytes, suggérant que la

navette glycerol-3-P déshydrogénase était prédominante dans ces cellules.
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Dans d’autres organes, et notamment au niveau du cceur, il a ét€ montré que I’hypoxie induit
I’expression de la mGPDH pour faciliter la synthése d’ATP (Ishihama et al. 2021).
L’expression de la glycérol-3-phosphate deshydrogénase cytosolique (cCGPDH) est elle aussi
induite en hypoxie cette fois-ci dans le cancer du rein (ccRCC), et son expression est
significativement corrélée a une diminution de la prolifération cellulaire et a une meilleure
survie globale (R. Liu et al. 2021). Dans les cellules de ccRCC, I’extinction de HIF-1 entraine
une réduction de I’expression de la cGPDH. Alors que le fait d’invalider HIF-2 n’a aucun
impact sur I’expression de cGPDH/mGPDH. L’action de I’hypoxie sur la navette glycérol-
phosphate, semble tissu dépendant, et la modulation de son activité, en ciblant notamment la

mGPDH, pourrait avoir un impact sur la prolifération cellulaire (G. Singh 2014).
lll- Les navettes comme cibles thérapeutiques

En raison de la dépendance des cellules cancéreuses a ce shunt entre glycolyse et
phosphorylation oxydative, les protéines qui contribuent au lien entre glycolyse et OXPHOS
peuvent étre des cibles thérapeutiques anticancéreuses prometteuses. En ce sens, les voies de
régénération du NAD™ a travers les navettes malate/aspartate et glycérol-phosphate, sont

aujourd’hui étudiées avec attention, d’autant plus que des inhibiteurs spécifiques existent.

En ce qui concerne la navette malate-aspartate, le composé le plus fréquemment utilisé pour
inhiber son activité est I'acide amino-oxyacétique (AOAA). Ce composé inhibe spécifiquement
les ATT cytosolique et mitochondriales. Son action inhibitrice est concentration dépendante, et
a de faible concentration ’AOAA n'est que modérément puissant en tant qu’inhibiteur de
I'aspartate aminotransférase (A. C. Yu, Schousboe, and Hertz 1982). Par conséquent, afin
d'inhiber la navette malate-aspartate, une concentration en AOAA de 1 a 5mM est nécessaire.
Cet inhibiteur a montré son efficacité sur des modéle in vitro et in vivo de cancer du sein, avec
notamment une diminution de la prolifération cellulaire des cellules cancéreuses par rapport
aux cellules épithéliales mammaires humaines normales, et une diminution de la croissance des
tumeurs du sein sur modéle animal (Tanaka et al. 1991). Le niveau d'aspartate d'une cellule
étant le déterminant clé de sa prolifération et de son arrét du cycle cellulaire, 1l semble
intéressant de cibler la navette malate-aspartate en association avec d'autres traitements visant
la phosphorylation oxydative afin de potentialiser leur effet (Birsoy et al. 2015a). Une étude

récente montre que le déficit en phosphorylation oxydative causé soit par une hypoxie soit par
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des mutations, rend les tumeurs sensibles a I'aspartate et a ses métabolites et confirme que I’effet
synergiques des traitements ciblant ces deux voies (oxphos et aspartate) serait prometteur
(Madala et al. 2020).

La mGPDH est une enzyme importante de la navette glycérol-phosphate qui relie la glycolyse
a 'OXPHOS (Mracek, Drahota, and Housték 2013). L'analyse de la structure de la mGPDH a
permis 1’identification d’un motif de base “benzimidazole-phényl-succinamide” comme étant
essentiel a son inhibition. Les dérivés du Benzimidazole (composés RH02211, iGP-1, iGP-5)
se révelent étre de puissants inhibiteurs de la mGPDH (Orr et al. 2014)(G. Singh 2014). En
plus de ces composés pharmaceutiques spécifiques, Thakur et al. ont récemment montré que
I’utilisation d’un traitement antidiabétique: la Metformine (voir paragraphe § III) était associée
a une régulation négative de I'expression de mGPDH et a l'inhibition de la phosphorylation
oxydative dans un modéle in vitro de cancer de la thyroide (Thakur et al. 2018). Dans cette
¢étude, le niveau d’efficacité du traitement par Metformine était directement lié au niveau
d'expression de la mGPDH. Les cellules avec une expression élevée de mGPDH étaient
majoritairement dépendantes de la phosphorylation oxydative, tandis que les cellules avec une
expression plus faible de mGPDH étaient principalement dépendantes de la glycolyse. La
mGPDH a également éteé signalée comme cible thérapeutique de la Metformine dans le foie ou
la suppression de l'activité enzymatique de la mMGPDH par la Metformine entraine une
inhibition de la néoglucogenese hépatique (Madiraju et al. 2014).

En association avec les inhibiteurs spécifiques ciblant les différentes voies de régénération du
NAD ", la Metformine, médicament de la classe des Biguanides, apparait aujourd’hui comme
une possibilité dans I'arsenal thérapeutique anticancéreux, ciblant le métabolisme via différents

mécanismes.

IV- Les biguanides et le métabolisme des cellules cancéreuses
A- Qu’est-ce que les biguanides ?

Les Biguanides sont une classe d'antidiabétiques oraux provenant de composes qui ont été
identifiés dans une fleur : le lilas, plante reconnue pour ses propriétés hypoglycémiantes depuis
le Moyen Age.
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Un des Biguanides, la Phenformine (N-phénéthylbiguanide), a été prescrit pour traiter le diabéte
de type 2 a partir des années 1950 mais a été retiré du marché a la fin des années 1970 en raison
d’un risque accru d’acidose lactique. En 1995, la Metformine (diméthylbiguanide), un autre
Biguanide ayant moins d'effets indésirables, a été approuvée par la FDA aux Etats-Unis et est
devenue le médicament le plus prescrit dans le cadre de la pathologie diabétique (Pollak 2010).
Dans les années 2000, I’analyse rétrospective de grosses cohortes de patients a révelé que
I'utilisation de la Metformine était associée a un risque réduit de cancer, et que la mortalité liée
au cancer chez les patients diabétiques consommant de la Metformine était également plus
faible que ceux vierge de ce traitement (Evans et al. 2005)(Morales and Morris 2015). Ces
observations ont rapidement placé les Biguanides comme traitement anticancéreux prometteur.
Des études récentes viennent cependant tempérer 1’engouement pour la Metformine comme
traitement anticancéreux. Une étude clinique de phase Il (TAXOMET), menée sur des patients
atteints de cancer de prostate métastatique, n’a pas montré de supériorité de 1’association de la
Metformine au traitement classique par Docetaxel versus Docetaxel seul (Pujalte Martin et al.
2021).

Dans les études précliniques, la Phenformine s’avére posséder des activités anti tumorales plus
puissantes que la Metformine (Shackelford et al. 2013)(Vara-Ciruelos et al. 2019) du fait de
son caractére lipophile qui lui permet de traverser plus facilement la membrane cellulaire. A
contrario, la Metformine nécessite une famille de transporteurs (OCT) pour pénétrer dans les
cellules (Daugan et al. 2016), I’activité anti-tumorale de la Metformine va donc dépendre de
propriétés pharmacodynamiques de perméabilité cellulaire basées sur I'expression de I'OCT
(Madera et al. 2015).

B- Mécanismes d’action anti-cancéreux des Biguanides

1- Le complexe | mitochondrial

La Metformine et la Phenformine sont reconnues comme étant des inhibiteurs du complexe |
mitochondrial qui ralentissent la croissance tumorale en empéchant la régénération du NAD+
via le complexe | (Wheaton et al. 2014) (Figure 21). Ainsi, les voies alternatives de
régenération du NAD+ diminuent la dépendance au complexe | et favorisent la résistance a la
Metformine (Gui et al. 2016). L'inhibition du complexe | conduit également a une augmentation
du rapport intracellulaire AMP/ATP qui active indirectement la protéine kinase (AMPK)
activée par I'AMP. L'AMPK module I'expression et l'activité de diverses enzymes impliquées

dans des voies métaboliques essentielles pour la croissance et la prolifération des cellules
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cancéreuses. L'inhibition de mTOR, dépendante de I'AMPK, est peut-étre le mécanisme
antinéoplasique le plus étudié pour les Biguanides (van Nostrand et al. 2020). L'inhibition du
complexe I par la Metformine est également associée a d'autres changements métaboliques, tels
que I'épuisement des métabolites du cycle de Krebs et la diminution de I'activité de HIF-1a en
condition d’hypoxie (Janzer et al. 2014)(Wheaton et al. 2014).
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Figure 22 : Différents mécanismes d’action des Biguanides (Phenformine et Metformine).
Les Biguanides pénétrent dans les cellules soit directement Phenformine) ou via des
transporteurs de cations organiques (OCT) (metformine). L’inhibition du complexe
mitochondrial I par les Biguanides déclenche une augmentation du rapport I’AMP/ADP,
conduisant a l'activation de I'AMPK et & l'atténuation de la signalisation mTOR. Les
Biguanides inhibent également la mGPD, entrainant une perturbation de la navette glycérol-
3-phosphate (G3P) et I'accumulation de NADH et de G3P. Enfin, les Biguanides peuvent
activer I'AMPK et inhiber mTOR indépendamment du statut du complexe | mitochondrial.
(Adapté de I’article de Zhao H et al, Trends in cancer, 202. (Zhao, Swanson, and Zheng 2021)

2- La Glycérophosphate déshydrogénase mitochondriale (mnGPDH)

La mGPDH est une autre cible potentielle de I’activité anti-tumorale des Biguanides (Figure
21). LamGPDH et la cGPDH sont des constituants majeurs de la navette glycérol-3-phosphate
(G3P), jouant un role important dans la régulation du potentiel redox de la cellule. Récemment,
Di Magno et al. ont attribué a la Phenformine une action inhibitrice sur I'activité de la mGPDH

dans les cellules de médulloblastome du groupe SHH. La Phenformine entrainerait des
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altérations du potentiel redox cytoplasmique et une augmentation des niveaux de NADH (di
Magno et al. 2020). Cependant, les preuves affirmant les effets anti-tumoraux directs des
Biguanides via leur inhibition de la navette G3P sont toujours manquantes et d'autres études

sont nécessaires pour étayer cette hypotheése.

C- Activation de voies métaboliques compensatrices

Lorsque les cellules cancéreuses sont traitées avec des Biguanides, elles subissent généralement
une reprogrammation métabolique étendue pour faire face au stress métabolique induit par le
médicament. Cibler ces adaptations métaboliques compensatrices pourrait permettre de

potentialiser 1’efficacité des Biguanides.
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Figure 23 : Reprogrammation métabolique pour compenser le stress métabolique induit par
le traitement au Biguanide. Les adaptations métaboliques comprennent la glycolyse, la
biosynthése de [’aspartate, de la glutamine et la synthese de la sérine. Abréviations : GAPDH,
glycéraldéhyde 3 phosphate déshydrogénase ; GLS, glutaminase ; HIF-/a, facteur 1 alpha
inductible par I'nypoxie ; HK2, hexokinase 2 ; PDH, pyruvate déshydrogénase ; PDKI,
pyruvate déshydrogénase kinase 1 ; TCA, acide tricarboxylique. (Adapté de [’article de Zhao
H et al, Trends in cancer, 202.: (Zhao, Swanson, and Zheng 2021)

1- La Glycolyse

Les altérations de la glycolyse peuvent influencer les effets des Biguanides sur les cellules
cancéreuses. En effet, la privation de glucose sensibilise les cellules cancéreuses au traitement
par les Biguanides, soutenant fortement un réle du métabolisme du glucose dans la réponse
compensatoire a lI'action des Biguanides sur le métabolisme mitochondrial (Figure 22). Cette
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augmentation du flux glycolytique peut étre expliquée par une augmentation de 1’expression
des transporteurs de glucose (GLUT1, GLUT3) a la surface des cellules (Litchfield et al. 2015).
D’ailleurs le knockdown de GLUT1 sensibilise les cellules cancéreuses a I'apoptose induite par
la Phenformine (Leigh 1989). Et a Il'inverse, la surexpression de GLUT3 a rendu plusieurs
lignées cellulaires cancéreuses, initialement sensibles au Biguanide, résistantes a la
Phenformine dans des conditions de faible taux de glucose (Birsoy et al. 2014). Les effets des
inhibiteurs pharmacologiques sur les transporteurs de glucose ou le flux glycolytique, en
combinaison avec des Biguanides, ont été largement étudiés dans divers types de tumeurs.
L'inhibition de HIF-1a en association avec les Biguanides induit une mortalité supérieure dans
les cellules de leucémie lymphoblastique aigué (LAL), et de leucémie lymphoide chronique
(LLC) (Khan et al. 2019). Le Dichloroacétate, un inhibiteur de I'enzyme glycolytique PDK, a
diminué l'acidose lactique induite par les Biguanides, et amélioré leurs effets la mortalité
cellulaire dans les cellules souches de gliome (Jiang et al. 2016). De plus, I'inhibition de la
famille des transporteurs mono carboxylates (MCT), renforce l'activité anti-tumorale des
Biguanides (Marchiq et al. 2015). La double inhibition de MCT1/MCT4 par la Syrosingopine,
a potentialisé les effets létaux de la Metformine dans diverses lignées cellulaires cancéreuses,
probablement par déplétion en NAD+ (Benjamin et al. 2018). Ces résultats suggérent fortement
que la combinaison d’un traitement par Biguanides avec des inhibiteurs glycolytiques pourrait

étre plus puissante que les Biguanides seuls.

MYC et HIF-1a jouent un réle important dans ’activation de la glycolyse (Figure 22), en
induisant I’expression des enzymes glycolytiques, et aurait donc un effet compensateur de
I’action des Biguanides. En effet I'hyperglycémie bloque la sensibilité¢ des Biguanides dans des
modeles de cancer de l'ovaire, probablement par une Il'induction des enzymes glycolytiques
hexokinase 2 (HK2) et pyruvate déshydrogénase kinase 1 (PDK1), qui sont fortement induite
par MYC et HIF-1a (Litchfield et al. 2015). Ces découvertes soutiennent fortement la capacité
de la régulation positive de la glycolyse a agir comme une réponse adaptative pour rendre les

cellules résistantes au traitement par Biguanide.

2- Le métabolisme de I’Aspartate, de la Glutamine et de la Sérine

L'aspartate est un precurseur d'acide aminé essentiel pour la synthese de nucléotides et est donc
important pour la prolifération cellulaire. Lorsque le complexe | est inhibé par un traitement

aux Biguanides, la régénération du NAD+ a partir du NADH est limitée, altérant ainsi la

71



synthese de l'aspartate. Lorsque la chaine de transport d’électron mitochondrial est inhibée,
I’ATT devient essentiel a la survie cellulaire en convertissant l'oxaloacétate en aspartate dans
le cytosol, ce qui compense la diminution de la production d'aspartate dans les mitochondries
causée par la Phenformine (Birsoy et al.,, 2015). En fait ’ATT cytosolique consomme
normalement de l'aspartate pour transférer des électrons dans les mitochondries, mais, lors de
l'inhibition de la chaine de transport d’¢électron mitochondrial, son role s'inverse pour générer
de l'aspartate dans le cytosol, ce qui compense partiellement la perte de synthése d'aspartate

mitochondriale.

Lorsqu'elles sont traitées avec de la Metformine, plusieurs lignées cellulaires présentent une
dépendance accrue au métabolisme réducteur de la glutamine qui s'accompagne d'une
diminution de I'oxydation du glucose induite par la Metformine (Fendt et al. 2013). L'inhibition
de la glutaminase en combinaison avec la Metformine diminue la prolifération cellulaire, tandis
que l'augmentation du flux de glutamine réduit la sensibilité a la Metformine (Fendt et al. 2013).
De méme, ’utilisation d’un inhibiteur de la glutaminase, le CB839, permet de potentialiser les
activités anti-tumorales de la Metformine dans les lignées cellulaires de tumeurs osseuses (Ren
et al. 2020).

De son cOté, la sérine est un précurseur pour la biosynthése des acides nucléiques, des protéines
et des lipides. Le flux de sérine peut augmenter pour compenser la diminution de la
phosphorylation oxydative induites par les Biguanides (Gravel et al. 2014). A l'inverse,
I’utilisation d’un milieu pauvre en sérine améliore la mortalité cellulaire induite par la
Metformine. Par conséquent, cibler les voies de synthése de la sérine peut représenter une voie

alternative pour renforcer les actions anti-tumorales des Biguanides.

En conclusion, déterminer quels aspects du métabolisme limitent la proliferation des cellules
cancéreuses semble étre une approche séduisante dans la recherche de nouvelles cibles
thérapeutiques. Ainsi venir freiner ces activités qui fournissent des matériaux limitants pour la
prolifération cellulaire est thérapeutiquement attrayant, surtout si les voies utilisées sont moins
importantes dans les tissus prolifératifs normaux. La régénération du pool de NAD”
cytosolique, indispensable a la pérennisation de la glycolyse, est une étape essentielle a la survie
de la cellule. Différents processus en assurent le fonctionnement, et récemment 1’un d’entre eux
(la navette glycérol-3-phosphate) a été identifié comme cible thérapeutique dans les MB du

avec des résultats prometteurs. D’autres travaux sont bien évidemment
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indispensables afin de comprendre le réle de ces navettes dans le développement tumoral des
différents sous-groupes de MB, afin encore une fois d’apporter une réponse thérapeutique la

plus spécifique et personnalisable.
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Le médulloblastome est la tumeur cérébrale pédiatrique la plus fréquente, avec un pronostic qui
reste aujourd’hui sombre notamment pour les patients des en raison d’une faible
efficacité des protocoles thérapeutiques actuels. Ce sont des tumeurs d’une grande
hétérogénéite moléculaire, avec une variabilité dans leur localisation anatomique en fonction
des différents sous-groupes. Nous avons émis 1’hypothése que cette différence de localisation
anatomique pouvait entrainer une différence de niveaux d’oxygénation tissulaire en fonction
des sous-groupes et donc une sensibilité a I’hypoxie probablement différente. Le métabolisme
de la cellule cancéreuse étant en grande partie controlé par le facteur de transcription dépendant
de I'hypoxie HIF, les différents sous-groupes pourraient présenter un profil métabolique

différent, en fonction de leur niveau d’hypoxie.

Nous avons donc décidé de se rapprocher au maximum de I’environnement hypoxique
tumoral du MB en travaillant a trois niveaux d’oxygénation différents : a 21% d’oxygéne,
qui correspond aux conditions standards d’un laboratoire, 2 6% d’oxygeéne qui
correspond au niveau de physioxie cérébrale et a 1% qui se rapproche des conditions

hypoxiques du tissu tumoral.

Mieux comprendre les différences métaboliques des différents sous-groupes de MB en
condition d’hypoxie est la premiere étape a la construction d’un protocole thérapeutique
expérimental solide. S’appuyant sur les travaux récents de Di Magno L. et al (di Magno et al.
2020), nous nous sommes naturellement intéressés aux navettes impliquées dans la régénération
du NAD" cytosolique en association avec un composé antidiabétique bien connu de notre
équipe de recherche, la Metformine/Phenformine. Cette approche co-ciblant la phosphorylation
oxydative avec d’autres voies métaboliques compensatrices est une approche thérapeutique

innovante dans le domaine du MB.

Mon projet de thése a consisté dans un premier temps a définir la carte d’identité hypoxique de
chaque sous-groupe de MB en dichotomisant les groupes en deux entités distinctes : (i) le
, ayant le moins bon pronostic avec la mortalité la plus haute, et (ii) le
correspondants aux groupes de MB le plus étudié c’est-a-dire le groupe SHH.
- La sensibilité a I’hypoxie et donc le profil métabolique est-il différent en fonction des

groupes de MB ?
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En paralléle, je me suis intéressée au cours de ma these a comprendre quel était le processus de
régénération du NAD" cytosolique principal dans le et dans le en
condition d’hypoxie. Afin d’analyser si ces navettes pouvaient réellement étre des cibles
thérapeutiques intéressantes en complément d’un traitement visant la phosphorylation-

oxydative.
- Quelle est la voie de régénération du NAD™ principal dans les différents groupes de
MB ?

- Peuvent-elles étre des cibles thérapeutiques intéressantes ?

Les résultats répondant aux questions ici posées, sont présentés dans la section suivante.
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Article 1

HIF-2 as a new therapeutic target in medulloblastoma Group 3

I- Contexte et objectifs

Le medulloblastome fait partie des tumeurs cérébrales malignes les plus courantes chez
I’enfant. Des études récentes ont identifié quatre sous-groupes de la maladie (WNT, SHH,

et groupe 4) qui différent en termes de caractéristiques moléculaires mais également
de pronostic. Plus de 70% des patients atteints de MB répondent aujourd’hui aux
caractéristiques du groupe 3 ou 4 (Gajjar et al. 2021). Malgré cette hétérogénéité, la plupart des
patients atteints de MB recoivent des thérapies similaires, notamment la chirurgie, la
radiothérapie et la chimiothérapie intensive. Bien que ces traitements prolongent la survie
globale des patients, nombre d’entre eux déceédent encore de la maladie et ceux qui survivent
souffrent de graves effets secondaires a long terme. Il est urgent de considérer que chaque
patient atteint de médulloblastome puisse étre sensible a différentes thérapies et que I'adaptation
de la thérapie en fonction des caractéristiques moléculaires et cellulaires des différents groupes
améliorera leurs résultats (Rusert et al. 2020). La totalité des recherches in vitro sur le MB a été
réalisé dans des conditions de cultures classique, ¢’est-a-dire a 21% d’oxygene, ce qui s’éloigne
énormément des conditions d’oxygénation physiologique au niveau du tissu cérébral. Il est
évident que le métabolisme cellulaire est modifié¢ en fonction du niveau d’oxygéne disponible,
et qu’il est primordial de mieux caractériser les voies métaboliques impliquées dans chaque

modele cancéreux, dans un environnement le plus proche des conditions in vivo.

Le niveau d’oxygénation tissulaire est extrémement variable au sein méme du cerveau, et on
constate que le développement des quatre groupes de MB se situe a différents endroits du
cervelet. Cette repartition anatomique pourrait entrainer une variabilité d’oxygénation rendant
certains groupes plus ou moins sensibles a I’hypoxie, et positionnant le métabolisme hypoxique

comme nouvelle cible thérapeutique.

Alors que I'nypoxie intra-tumorale en général est associée a un mauvais pronostic, le role
pronostique de HIF-1a et HIF-2a différe selon les types de tumeurs, pouvant avoir des effets
cliniques opposés selon le type de tumeur. La surexpression de HIF-1 est associée a un
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pronostic favorable dans le neuroblastome (Noguera et al. 2009), alors que I’expression de HIF-
2 est un marqueur de mauvais pronostic dans le glioblastome (Zhizhong Li et al. 2009). A ma
connaissance, aucune étude ne décrit aujourd’hui le role des HIFs dans le MB, rendant difficile

le développement de thérapies ciblant I’hypoxie dans ce type de cancer.

Il nous a donc semblé important d’étudier la sensibilité a I’hypoxie des différents groupes
de MB afin de mettre en évidence, si elles existent, des différences pouvant devenir la base

de recherches thérapeutiques spécifiques.
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Medulloblastoma is the most common brain cancer in children. Among the subclassification
into four groups, Group 3 is the most metastatic, with a poor prognosis and for which few
treatments are effective. Moreover, the genetics and biology underlying the Group 3 MB
subgroup remain less clear compared to the other groups * Any new markers or genetic
abnormalities will allow to consider new therapeutic developments. Tumor hypoxia and
consequent metabolism have been little studied in medulloblastoma (MB). In this study, we
show that Group 3 MB have either a post-translational modification or mutations in the PAS-
A domain of HIF-1a blocking association with HIF-1, the subsequent entry into the nucleus,
resulting in a completely inactive HIF-1. Only HIF-2 is then present to replace HIF-1 in the
activation of metabolic pathways. In vitro data showed that pharmacological inhibitor of HIF-
20, PT2385 22 coupled with Metformin, a specific inhibitor of the mitochondrial complex |,
can efficiently block and kill Group 3 MB compared to Non-Group 3 MB. HIF-2 emerges as
the key HIF isoform that is essential for Group 3 MB to respond to a hypoxic
microenvironment. But it also becomes its Achilles heel, as PT2385, and others, can specifically

target HIF-2 without fear of possible HIF-1 compensation.

Group 3 MB are sensitive to oxygen variations and do not express HIF-1 target genes

Most solid cancers are subject to constant oxygen variations and have had to develop numerous
responses to survive this hypoxic microenvironment #°. Medulloblastoma (MB) is not exempt.
The four different subgroups that arise from the classification of medulloblastomas are not
similarly geographically located in the cerebellum (Fig. 1a). We therefore compared Group 3
MB (HDMBO03 and D-458) to Non-Group 3 MB (DAQY and ONS-76) and cultured these cells
in three different oxygen concentrations: 21% O (normoxia - Nx) which only laboratory cells
will encounter, 6% O> (physioxia - Phx) conditions close to physiological conditions of
cerebellum cells, and 1% O- (hypoxia - Hx) general tumor conditions. We then observed that
Group 3 MB were more sensitive to low oxygen conditions resulting in higher mortality and
subsequently lower proliferation in contrast to Non-Group 3 MB (Fig. 1 b-i). However, all four
cell lines expressed HIF-1a and HIF-2a in different proportions and kinetics (Fig. 1j). Analysis
of the different target genes of HIF-1 (Ca9 and Mct4/SLC16A3), HIF-2 in (Oct4/Pou5F1), HIF-
1/HIF-2 (Cal2, Glutl/SLC2A1, Ldha), and non-target genes of HIFs (Ldhb and
MCT1/SLC16A1) showed that none of the target genes of HIF-1 alone were expressed in Group
3 MB. Similar results showing lower expression of Mct4 were detected in data analysis from
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R2: Genomics analysis and visualization platform (Suppl. Fig. 1). In addition, HIF-2a/EPAS
and HIF-2 target genes have higher expression in Group 3. Similarly, single cell meta data

analysis (https://singlecell.broadinstitute.org/) by Manoranjan et al. ® using primary patient-

derived MB brain tumor-initiating cell (BTIC) lines showed low expression of Ca9, Cal2,
Glutl/SLC2A1, Mct4/SLC16A3 and Oct4/Pou5F1 in Group 3 MB in a context of high MYC
expression compared to the other MB groups (Suppl. Fig. 2). These data suggest that HIF-1a,
although present (HDMBO03) or weakly present (D-458) in Group 3 cells, may be mutated

leading to an inability to control these target genes.

HIF-1a is mutated and transcriptionally inactive in Group 3 MB

Immunoblot analysis revealed that HIF-1a. from HDMBO3 cells systematically showed a higher
molecular weight shift estimated at about 2 to 3 kDa while HIF-1a from D-458 cells was mostly
absent or otherwise hardly visible (Fig. 2a). To better characterize these two HIF-1o from
Group 3, we first analyzed their Kinetics of stabilization in Nx in the presence of MG132, a
proteasome inhibitor (Fig. 2b) as well as their stability after reoxygenation (Suppl. Figure 3a-
c). We determined that MG132 stabilized overall HIF-1o from Group 3 more weakly compared
to Non-Group 3 and that HIF-1a was very rapidly degraded in D-458 cells. As for HIF-1a in
HDMBO3 cells, the band with the highest molecular weight appeared much more stable in Nx
even after 10 min of reoxygenation in contrast to the other cell lines. In addition, we
demonstrated that both HIF-1a from Group 3 lacked the ability to localize to the nucleus (Fig.
2c-d). Because HIF-1a in HDMBO3 is slightly different from classical HIF-1a, SIRNAS
directed against HIF-1a and HIF-2o0 were used (Suppl.Figure 3d). HIF-1/2a were invalidated
in DAQY, ONS-76 and D-458 to different degrees of invalidation but confirming the specificity
of HIF-1a. However, we were unable to invalidate HIF-1a in HDMBO3. The use of another
anti-HIF-1a antibody confirmed the identity of this particular HIF-1a (Suppl.Figure 3e). HIF-
1o was then stabilized in hypoxia in the presence of Bafilomycin or MG132 or both compounds
to block any potential degradation during sample processing. Bafilomycin does not stabilize
HIF-1a in HDMBO3 but the use of MG132 in hypoxia increases the stabilization capacity of
HIF-1a (Fig. 2e). A 2D gel exploration was possible allowing a finer analysis of HIF-1o of
HDMBO03 compared to that of ONS-76.
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Finally, HIF-1a. cDNA sequencing (i) confirmed that HIF-1o was poorly represented in Group
3 MB and (ii) revealed specific DNA mutations in each of the two Group 3 MB lineages (Suppl.
Fig. 4). However, translation of the different cDNA sequences showed that these mutations
resulted only in four mutations in the PAS-A domain of HIF-1a in D-458 cells explaining the
inability of HIF-1a to dimerize with HIF-1 and to localize in the nucleus (Fig. 2f). Moreover,
these mutations lead to a different 3D conformation suggesting the impossibility of HIF-1a of
Group 3 MB to activate its target genes (Fig. 2g). As for HIF-2a., characterized via the use of
HIF-2a siRNA (Suppl. Fig. 3d) and in comparison, with HIF-2a. from 786-O ccRCC cells
(Suppl. Fig.3f), it is present in all four cell lines, but more strongly induced in Hx in Group 3
MB compared to Non-Group 3 MB. Silencing of HIF-1a or HIF-2a resulted in compensatory
effects in Non-Group 3 MB whereas no compensatory effect was observed in Group 3 MB
(Suppl. Fig. 3d). Taken together, these results suggest that Group 3 MB has a nonfunctional
HIF-1resulting from post-translational modifications (HDMBO03) and mutations (D-458) and
that this Group 3 MB owes its response to the hypoxic microenvironment only to the ability of
HIF-2 to replace HIF-1.

PT2385 sensitizes Group 3MB viability in vitro and affects glycolysis

We then evaluated the metabolic capacity of Group 3 MB compared to Non-Group 3 MB under
the three oxygenation conditions previously described: Nx, Phx and Hx. Seahorse analyses
were performed to measure glycolytic (ECAR) and oxidative (OCR) metabolisms. The four
cell lines overall showed similar or better glycolytic capacity in Phx and Hx versus Nx (Fig.
3a-d). However, Group 3 MB showed a greater response to glucose (G) addition than Non-
Group 3 MB suggesting an ability of HIF-2 directly or indirectly to manage anaerobic
glycolysis. Completely unexpectedly, DAOY (Non-Group 3 MB) as well as HDMBO03 (Group
3 MB) showed much greater respiratory capacities in Hx than in Phx or even Nx (Fig.3e and g,
Suppl. 5) whereas it is more commonly accepted that respiration is repressed under Hx via
activation of PDK1, the target gene of HIF-1 ’8, and as observed with ONS-76 and D-458
(Fig.3f and h). We then considered that the use of an HIF-2a inhibitor could specifically target
the metabolism of Group 3 MB. We therefore chose PT2385, one of the first specific HIF-2a
inhibitors currently used in clinical trials for kidney cancer and glioblastoma. The lowest
concentration of PT2385 (1mM) induced cell death only in Group 3 MB (Fig. 3i). As expected,
in Hx (Fig. 3j-m) and Phx (data not shown), PT2385 reduced glycolytic capacity by 35.3- and
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38.2-% in HDMBO03 and D-458 cells, respectively, in somewhat similar proportions to those
observed with 2-DG used as a control (Suppl. Fig. 6a). The repressive effect of PT2385 was
not observed in Nx (Fig. 3j-k). However, a decreasing trend was observed in Non-Group 3 MB
(Suppl. Fig. 5¢-d). PT2385 had no effect on respiration in Hx in either Group 3 MB (Fig. 31-m)
or Non-Group 3 MB (Suppl. Fig. 5e-f). It may, however, have increased breathing capacity in
Nx as observed in HDMBO3 (Fig. 3l). To completely collapse the energy intake of the Group
3 MB, we considered blocking the respiration by using Metformin (Metf), another drug widely
employed to fight diabetes ®!°. Metformin clearly decreased the proliferation of all cells in Hx
while only specifically targeting Group 3 MB viability both in Phx and Hx (Fig. 3n-0). The
addition of Metformin did block respiration in Group 3 MB but only partially decreased
respiration in Non-Group 3 MB (Suppl. Fig. 6b). A mirror effect on glycolysis was observed
since Metformin increased glycolysis overall in Group 3 MB to compensate for the lack of
energy due to the blockade of respiration but this compensatory effect was hardly observed in
the Non-Group 3 MB (Suppl. Fig. 6a). These results indicate that the use of each of these
compounds, PT2385 and Metformin, perfectly and specifically target HIF-2 and complex 1,
respectively, in Group 3 MB, but that there is a compensatory effect that only the use in
combination will be able to cancel out. Moreover, it appears that the significant biological

effects of these two compounds is limited to Group 3 MB.

PT2385/Metf combo is effective in vitro and induces Group 3MB cell death

Treatment alone (PT2385) decreased the stabilization of HIF-1a and/or HIF-2a only in D-458
cells (Suppl. Fig. 7a). However, the combination of the two compounds more strongly affected
the stability of both HIF-a subunits (Suppl. Fig. 7b). This resulted in decreased expression of
the Ca9-, Cal2-, Glutl-, Oct4- and more slightly on Ldha- genes (Suppl. Fig. 7c-h).
Subsequently, dual PT2385 and Metformin treatment clearly decreased proliferation in all cell
lines (Suppl. Fig. 8a-b) and induced cell death more specifically in Group 3 MB in Phx and Hx
(Fig. 4a-b). Invalidation of HIF-1a in the presence of PT2385 and Metformin ultimately
induced cell death in Non-Group 3 MB and not in Group 3 MB reinforcing that HIF-1 has a
protective role for the cancer cell when in the presence of HIF-2 (Suppl. Fig.8c). We then
showed that the coloration of the medium, a reflection of growth and lactate production, was
significantly affected in three of the four cell lines (DAOY, HDMBO03, and D-458) (Suppl. Fig.

8d), that all cells consumed less glucose (Suppl. Fig. 8e), and that almost all cells produced less
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lactate (Suppl. Fig. 8f) following the double treatment. However, the combination worked
better in the D-458 than in the HDMBO03 cells. Indeed, glycolysis as well as respiration were
collapsed in D-458 cells while the compensatory effect of Metformin on glycolysis was only
partially blocked in HDMBO3 cells (Fig. 4c-f). Dual treatment decreased glycolysis in Non-
Group 3 MB but was not able to decrease respiration enough to have a deleterious effect on
these cells (Suppl. Fig. 8d-g).

Together, these results strongly confirm that simultaneous blockade of glycolysis and

respiration in Group 3 MB is a promising therapeutic approach.

Discussion

Here we show for the first time that cell lines belonging to Group 3 MB, the most aggressive
and metastatic group, exhibit genetic modifications, mutations, of HIF-1a leading to functional
inactivation of HIF-1. The HIF-2 isoform then remains alone to respond to different oxygen
variations. This makes it interesting to compare Group 3 MB with ccRCCs expressing only
HIF-2, a particular type of aggressive kidney cancer. The activity of HIF-1a, rather anti-tumor
in this very particular cancer, is strongly decreased due to chromosomal deletions ! or HAF
activity 12 leaving HIF-2 to work fully in its pro-tumor activity. The dichotomy between HIF-1
and HIF-2 observed in ccRCCs was until now unique in the tumor field. What about
medulloblastomas and especially Group 3 MB? In Non-Group 3, the presence of a functional
HIF-1 coupled to HIF-2 seems to protect the tumor cells from cell death while none of the tested
treatments seemed to affect them. However, what our results suggest is more that HIF-1 would
introduce a survival capacity in a hostile environment like hypoxia. Therefore, what would be
the interest for the tumor cell to get rid of HIF-1a? HIF-2 alone offers non-negligible interests.
Group 3 MB has been identified by high expression of the MYC oncogene that enables rapid
and aggressive tumor development . Yet HIF-2a is a formidable promoter of MYC activity
while HIF-1a tends to inhibit MYC instead. Moreover, MYC has been shown to regulate the
HIF-20 expression 4. Pei et al. showed that MYC overexpression in stem cells had strong
morphological homologies and expression profiles comparable to those of Group 3 cells 2.
Their studies suggest that MY C overexpression is a major oncogenic event for Group 3 MB: it
induces tumorigenesis and then allows its maintenance and progression. However, HIF-2 is a
formidable player in maintaining stem cells in an undifferentiated state via genes like Oct4, Sox

and Nanog >, In a MY C background where Oct4 would be induced by physioxia or hypoxia,
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the cells would then have a strong stem cell potential even though these cells would be "adult".
Since hypoxia occurs as early as the embryonic state 1/, we can propose that HIF-2 may be the
primary origin of oncogenic evolution of Group 3 MB, even before MYC. If the uniqueness of
HIF-2 is an extraordinary advantage for the Group 3 MB tumor cell, then it becomes a perfect
target to block MB tumor growth. We used PT2385, which is in phase Il for ccRCC
(https://clinicaltrials.gov/ct2/show/NCT03108066) but also for glioblastoma
(https://clinicaltrials.gov/ct2/show/NCT03216499). Very promising results have been obtained
suggesting similar results for Group 3 MB patients. Other more recent inhibitors, such as
PT2399 or PT2977, could certainly provide stronger therapeutic responses. HIF-2 inhibition
could then not only partially block metabolism but also affect a certain identity of stem cells.
However, unlike ccRCC, it was the combination of PT2385 with Metformin that had a very
strong impact on cell growth and death. Here we have proven the concept that the best targeted
therapy comes from a better molecular knowledge. It seems obvious that this "hypoxic"
approach will reveal other potential therapeutic targets allowing to find new drug combinations
to provide the most specific and personalized therapeutic response possible.

Legends

Fig. 1. Group 3 MB are sensitive to oxygen variations and do not express HIF-1 target
genes. a, Schematic distribution of the different MB subgroups according to the vascular system
(from ref.). b-e, DAOY (b), ONS-76 (c), HDMBO03 (d), D-458 (e) cells were incubated in 21-,
6- and 1- % O for 24-, 48- and 72- h. Cell viability (%) was measured using an ADAM cell
counter. f-i, DAOY (f), ONS-76 (g), HDMBO03 (h), D-458 (i) cells were seeded at the same
density and incubated in 21-, 6- and 1- % O for 24-, 48- and 72- h. j, DAOY, ONS-76,
HDMBO03, D-458 cells were incubated in normoxia (Nx) for 24h and hypoxia (Hx - 1% O3) for
24-, 48- and 72- h. Cell lysates were analyzed by immunoblotting for HIF-1a and HIF-2a.
Tubulin was used as a loading control. k-r, Graphic representation of Glutl (k), Ldha (l), Ldhb
(m), Ca9 (n), Cal2 (o), Mctl (p), Mct4 (q) and Oct4 (r) mRNA expression in DAOY, ONS-
76, HDMBO03, D-458 cells incubated in normoxia (Nx) for 24h and hypoxia (Hx - 1% O>) for
24-, 48- and 72- h.

The 2-way ANOVA is representative of at least three independent experiments.
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Fig. 2. HIF-1a is mutated and transcriptionally inactive in Group 3 MB. a, DAOY, ONS-
76, HDMBO03 and D-458 cells were seeded at the same density and incubated in Hx (1% O>)
for 72h. Cell lysates were analyzed by immunoblotting for HIF-1a.. b, DAOY, ONS-76,
HDMBO03 and D-458 cells were seeded at the same density and incubated in Nx (21% O>) for
18h. MG132 (10puM) was added for 1-, 2-, 4- and 6- h. Cell lysates were analyzed by
immunoblotting for HIF-1o. Tubulin was used as a loading control. Bottom panel,
Quantification of HIF-1a protein levels. ¢, Immunofluorescence labeling and merged images
with HIF-1a (in red) and DAPI (in blue) for DAQY, ONS-76, HDMBO03 and D-458 cells
incubated for 48h in Hx.d, DAOY, ONS-76, HDMBO03 and D-458 cells were seeded at the same
density and incubated in Hx (1% O) for 48h. Subcellular fractionation was used to identify
proteins in nuclei and cytoplasm. HSP90 was used as a loading control. e, ONS-76 and
HDMBO03 cells were seeded at the same density and incubated in Hx (1% O>) for 48h. MG132
was added 6h prior to lysis. Subcellular fractionation was used to identify proteins in nuclei and
cytoplasm. Tubulin was used as a loading control. Gel 2D. f, Alignment of the HIF-1a protein
sequences from HIF-1a control (sp|Q16665/HIFLA HUMAN Hypoxia-inducible factor 1-
alpha), DAOY, ONS-76, HDMBO03 and D-458. g, Predicted model of HIF-1a from HIF-1a
control (sp|Q16665|HIFLA_HUMAN Hypoxia-inducible factor 1-alpha), HDMBO03 and D-458
(I-Tasser Protein Structure & Function Prediction https://zhanggroup.org/I-TASSER/).

Fig. 3. PT2385 sensitizes Group 3MB viability in vitro and affects glycolysis. a-d, ECAR in
Nx (21% O2), Phx (6% O2) and Hx (1% O) for 24 h of DAOY, ONS-76, HDMBO03, D-458
cells was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1 h, then glucose
(G) and oligomycin (O) were injected at the indicated times. The graphs are representative of
at least three independent experiments carried out in octoplicate. e-h, Respiratory control of
DAQY, ONS-76, HDMBO03, D-458 cells. OCR was measured in real time with the XF24
analyzer. Cells were cultured for 24 h in Nx (21% O), Phx (6% O) and Hx (1% O3). Cells
were deprived of glucose for 1h, then glucose (G), oligomycin (O), FCCP (F), and Rotenone +
Antimycin A (R/A) were injected at the indicated times. The graphs are representative of at
least three independent experiments carried out in octoplicate. i, DAOY, ONS-76, HDMBO03,
D-458 cells were incubated in Hx for 72h in the absence (Control) or presence of PT2385 at 1-
, 10-, and 20- mM. Cell viability (%) was measured using an ADAM cell counter. j-k, ECAR
of HDMBO03 and D-458 cells cultured in Nx (21% Oz) and Hx (1% O>) for 24h was evaluated
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with the XF24 analyzer. Cells were deprived of glucose for 1h, then glucose and oligomycin
were injected. The graphs are representative of at least three independent experiments carried
out in octoplicate. I-m, Respiratory control of HDMBO03 and D-458 cells. OCR was measured
in real time with the XF24 analyzer after cells were cultured for 24h in Nx (21% O) and Hx
(1% O). Cells were deprived of glucose for 1h, then glucose, oligomycin, DNP, and Rotenone
+ Antimycin A were injected at the indicated times. The graphs are representative of at least
three independent experiments carried out in octuplicate. n, DAOY, ONS-76, HDMBO03, D-
458 cells were incubated in 6 (Phx)- and 1 (Hx)- % O for 72h in the absence (Control) or
presence of Metformin (Metf). Cell number was measured using an ADAM cell counter. o,
DAOY, ONS-76, HDMBO03, D-458 cells were incubated in 6 (Phx)- and 1 (Hx)- % O for 72h
in the absence (Control) or presence of Metformin (Metf). Cell viability (%) was measured
using an ADAM cell counter.

The 2-way ANOVA is representative of at least three independent experiments.

Fig. 4. PT2385/Metf combo is effective in vitro and induces Group 3MB cell death. a-b,
DAOQOY, ONS-76, HDMBO03, D-458 cells were incubated in Phx (a) and Hx (b) for 72h in
(absence (Control) or presence of PT2385 (1- or 10- mM) and Metformin (Metf). Cell viability
(%) was measured using an ADAM cell counter. c-d, ECAR of cells cultured in Hx (1% O>) in
the absence (Control) or presence of Metformin alone (Metf), PT2385 alone (1mM), PT2385 +
Metformin for 24h of HDMBO3 (c) and D-458 (d) cells was evaluated with the XF24 analyzer.
Cells were deprived of glucose for 1h, then glucose (G) and oligomycin (O) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octoplicate. e-f, Respiratory control of HDMBO03 (e) and D-458 (f) cells. OCR
was measured in real time with the XF24 analyzer of cells cultured for 24 h in Hx (1% O3).
Cells were deprived of glucose for 1h, then glucose (G), oligomycin (O), FCCP (F), and
Rotenone + Antimycin A (R/A) were injected at the indicated times. The graphs are
representative of at least three independent experiments carried out in octoplicate.

The 2-way ANOVA is representative of at least three independent experiments.
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Suppl. Figure 1. a-h, Schematic distribution of the different MB subgroups according to HIF-
1o (a), CA9 (b), MCT4 (c), HIF-2a/EPAS (d), OCT4 (e), MYC (f), VEGF A (g) and GLUT1
(h).

Suppl. Figure 2. a, tSNE of 3725 cells colored by GSVA enrichment score for the Wnt
subgroup gene signature. b-j, Cells colored by classification for enrichment of Wnt subgroup
signature. Dark red cells surpassed the 5% cutoff and are considered significantly enriched for
the gene signature. Gray cells did not pass the threshold. SLC2A1/GLUT1 (b), LDHA (c),
LDHB (d), CA9 (e), CA12 (f), SLC16A1/MCT1 (g), SLC16A3/MCT4 (h), POU5F1/OCT4 (i)
and MYC (j). k,

Suppl. Figure 3. a, DAOY, ONS-76, HDMBO03, D-458 cells were incubated in hypoxia (Hx)
for 48h and reoxygenated for 1-, 2-, 4-, 6-, and 10- min (‘). Cell lysates were analyzed by
immunoblotting for HIF-1a. Tubulin was used as a loading control. b, Quantitative analysis of
the total HIF-1a bands compared to tubulin. ¢, Quantitative analysis of the upper and lower
HIF-1oo bands compared to tubulin. d, DAOY, ONS-76, HDMBO03, D-458 cells were
transfected with control siRNA (siCtl), siHIF-1a, and siHIF-2a. Cell lysates were analyzed by
immunoblotting for HIF-1a, HIF-2a, and Tubulin was used as a loading control. e, ONS-76
and HDMBO03 cell lysates were analyzed by immunoblotting for HIF-1a from Invitrogen (PA5-
85494) and Tubulin was used as a loading control. f, DAOY, ONS-76, HDMBO03, D-458 cells
were incubated in normoxia (Nx- 24h) and hypoxia (Hx — 72h) and compared to 786-O + pVHL
cultured in normoxia. Cell lysates were analyzed by immunoblotting for HIF-2a, and Tubulin

was used as a loading control.

Suppl. Figure 4. a, Summary of primers used for RT-PCR. b, Representative experiments of
RT-PCR of HIF-1a cDNA. ¢, Alignment of the cDNA of HIF-1a. (NCBI Reference Sequence:
NC_000014.9) with the cDNA of HIF-1a from DAOY, ONS-76, HDMABO3 and D-458 cells.

Suppl. Figure 5. a, Representative graph of Seahorse XF Cell Mito Stress Test Profile from
Agilent. b, Table of the OCR parameters obtained with the Seahorse analysis with DAQY,
ONS-76, HDMBO03 and D-458 cultured in normoxia (Nx — 21% O3), physioxia (Phx — 6% O>)
and hypoxia (Hx — 1% O3) for 24h. The standard deviation is representative of at least three

independent experiments. ¢c-d, ECAR in Nx and Hx in the absence (Control) or presence of

89



PT2385 (1uM) for 24 h of DAOY and ONS-76 cells was evaluated with the XF24 analyzer.
Cells were deprived of glucose for 1 h, then glucose (G) and oligomycin (O) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octoplicate. e-f, Respiratory control of DAOY and ONS-76 cells. OCR was
measured in real time with the XF24 analyzer. Cells were cultured for 24 h in Nx and Hx in the
absence (Control) or presence of PT2385 (1uM). Cells were deprived of glucose for 1h, then
glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at the
indicated times. The graphs are representative of at least three independent experiments carried

out in octoplicate.

Suppl. Figure 6. a, ECAR of DAQY (first line), ONS-76 (second line), HDMBO3 (third line)
and D-458 (fourth line) cells cultured in Nx (21% Oz — first column), Phx (6% O — second
column) and Hx (1% O — third column) in presence of metformine (Metf) or 2-DG for 24 h
was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1 h, then glucose (G)
and oligomycin (O) were injected. The graphs are representative of at least three independent
experiments carried out in octoplicate. b, OCR of DAQY (first line), ONS-76 (second line),
HDMBO03 (third line) and D-458 (fourth line) cells cultured in Nx (21% O, — first column), Phx
(6% O2— second column) and Hx (1% Oz — third column) in presence of metformine (Metf) or
2-DG for 24 h was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1h,
then glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at
the indicated times. The graphs are representative of at least three independent experiments

carried out in octoplicate.

Suppl. Figure 7. a, DAOY, ONS-76, HDMBO03, D-458 cells were incubated in Hx for 72 h in
absence (-) or presence (+) of PT2385 (1uM). Cell lysates were analyzed by immunoblotting
for HIF-1a and HIF-2a.. Tubulin was used as a loading control. b, DAOY, ONS-76, HDMBO03,
D-458 cells were incubated in Hx for 72 h in absence (-) or presence (+) of PT2385 (1uM) and
Metformin (Metf — 10mM). Cell lysates were analyzed by immunoblotting for HIF-1a and
HIF-2a. Tubulin was used as a loading control. c-h, Graphic representation of Ca9 (c), Cal2
(d), Glutl (e), Oct4 (f), Ldha (g) and Ldhb (h) mMRNA expression in DAQOY, ONS-76,
HDMBO03, D-458 cells incubated in hypoxia (Hx - 1% O) for 48h in the absence (Control) or
presence of PT2385 (1uM) or presence of both PT2385 (1uM) and metformin (Metf — 10mM).

The 2-way ANOVA is representative of at least three independent experiments.
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Suppl. Figure 8. a-b, DAOY, ONS-76, HDMBO03 and D-458 cells were incubated in physioxia
(Phx —a) and hypoxia (Hx — b) for 72h in the absence (Control) or presence of PT2385 (1uM
or 10uM) and metfromine (Metf — 10mM). Cell viability (%) was measured using an ADAM
cell counter. ¢, DAQY, ONS-76, HDMBO03 and D-458 cells were incubated in hypoxia (Hx)
for 72h in the absence (Control) or presence of PT2385 (1uM) and metformin (Metf — 10mM)
after transfection with siRNA to siMA (Control) or HIF-1a (siHIF-1). Cell viability (%) was
measured using an ADAM cell counter. d, Colorimetric assay of DAOY, ONS-76, HDMBO03
and D-458 cells. Cell lines were seeded at the same density and incubated in Hx 1% O for 7
days. e-f, Glucose (e) and lactate (f) measurements. DAOY, ONS-76, HDMBO03 and D-458
cells were incubated in hypoxia (Hx) for 72h in the absence (Control) or presence of metformine
(Metf — 10mM) or PT2385 (1uM or 10uM) or both. g-h, ECAR of DAQOY (g) and ONS-76 (h),
cells cultured in hypoxia (Hx) in presence of metformin (Metf — 10mM), PT2385 (1uM) or
both for 24h was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1h, then
glucose (G) and oligomycin (O) were injected. The graphs are representative of at least three
independent experiments carried out in octoplicate. i-j, OCR of DAQY (i) and ONS-76 (j) cells
cultured in hypoxia (Hx) in presence of metformin (Metf — 10 mM), PT2385 (1uM) or both for
24 h was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1h, then glucose
(G), oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at the indicated
times. The graphs are representative of at least three independent experiments carried out in

octoplicate.
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STAR Methods

Cell Culture

DAQY (from ATCC - HTB-186™) and ONS-76 (from Dr. F. Di Cunto (University of Torino
- Italy)) cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco-BRL,
Courtaboeuf, France) supplemented with 10% fetal bovine serum with penicillin G (50 U/mL)
and streptomycin sulfate (50g/mL) where as HDMBO03 (from DSMZ - ACC740) and D-458
cells, provided by Dr. C. Pouponnot (Institut Curie - France), were grown with the same
medium supplemented with 20% fetal bovine serum. A BugBok workstation (Ruskinn
Technology Biotrace International Plc, The Science Park Bridgend, UK) set at 6% oxygen, 94%
nitrogen and 5% carbon dioxide was used for physioxic conditions. A Whitley H35
hypoxystation anaerobic workstation (Don Whitley Scientific, West Yorkshire, UK) set at 1%

oxygen, 94% nitrogen and 5% carbon dioxide were used for hypoxic conditions.

Pharmacological Inhibitors and Chemicals

Cells were incubated with 10 mM Metformin (Metf) to block mitochondrial Complex I, 2-DG
(10mM) to block glycolysis and PT2385 (1- and 10- mM) to inhibit HIF-2a activity. Rotenone,
antimycin A, oligomycin, and 2,4-Dinitrophenol (DNP) were from Sigma, (St. Louis, MI,
USA).

RNA interference

The 21-nucleotide RNAs were chemically synthesized (Eurogentec, Seraing, Belgium) and
previously described (PMID: 16585195). The siRNA sequences, all validated, were as follows:
siCtl (forward) 5°-CCU-ACA-UCC-CGA-UCG-AUG-AUG-TT-3’, siHIF-lo (forward) 5°-
CUG-AUG-ACC-AGC-AAC-UUGATT- 3’, siHIF-2a (forward) 5’- CAG-CAU-CUU-UGA-
UAG-CAG-UTT-3".

PCR analysis

Total RNA was extracted with the RNeasy Mini Kit (QIAGEN, Hilden, Germany). The amount

of RNA was evaluated with a NanoDrop™ spectrophotometer (ThermoFisher Scientific,

Waltham, MA USA). One pg of total RNA was used for reverse transcription, using the

QuantiTect Reverse Transcription kit (QIAGEN, Hilden, Germany), with oligo (dT)1s to prime

first-strand synthesis. Full-length HIF-1o. cDNAs of approximatively 3.5 kb were amplified by
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RT-PCR different primers represented on Suppl. Figure 4a. The HIF-1a. cDNAs were amplified

and sequenced.

Quantitative real-time PCR analysis

Total RNA was extracted with the RNeasy Mini Kit (QIAGEN, Hilden, Germany). The amount
of RNA was evaluated with a NanoDrop™ spectrophotometer (ThermoFisher Scientific,
Waltham, MA USA). One ug of total RNA was used for reverse transcription, using the
QuantiTect Reverse Transcription kit (QIAGEN, Hilden, Germany), with oligo (dT)1s to prime
first-strand synthesis. SYBR master mix plus (Eurogentec, Liege, Belgium) and specific
oligonucleotides (Sigma Aldrich) were used for gPCR. Primer sequences used are: Ca9
(forward: 5’-CCGAGCGACGCAGCCTTTGA -3’ reverse: 5’-
GGCTCCAGTCTCGGCTACCT- 3°), Cal2 (forward: 5’-CTGCCAGCAACAAGTCAG-3’;
reverse: 5’- ATATTCAGCGGTCCTCTC-3), Glutl

(forward: 5>-CTTCACTGTCGTGTCGCTGT -3’ reverse: 5-
TGAAGAGTTCAGCCACGATG-3%), Oct4 (forward: 5’-TGGAGTTTGTGCCAGGGTTT-
3% reverse: 5’-CTGTGTCCCAGGCTTCTTT-3"), Ldha (forward: 5’-
AGCCCGATTCCGTTACCT-3’; reverse: 5-CACCAGCAACATTCATTCCA-3’), Ldhb
(forward: 5’-GATGGATTTTGGGGGAACAT-3’; reverse: 5’-
AACACCTGCCACATTCACAC-3’), Mct4 (forward: 5’-ATTGGCCTGGTGCTGCTGATG-
3% reverse: 5’-CGAGTCTGCAGGAGGCTTGTG-37); Mctl (forward: 5’-
CACCGTACAGCAACTATACG-3’; reverse: 5’-CAATGGTCGCCTCTTGTAGA-3’) and
36B4 (forward: 5’-TGCATCAGTACCCCATTCTATCAT-3’; reverse: 5-
AGGCAGATGGATCAGCCAAGA-3’).

Colony-Forming Assay
Cells (5000-10,000) were plated on 60-mm dishes and incubated at 37°C, 5% CO: for colony
formation. After 10 days, colonies were fixed with 10% (v/v) methanol for 15min and stained

with 5% Giemsa (Sigma, St. Louis, USA) for 30min for colony visualization.

Respirometry and Extracellular Acidification

The cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were

obtained using a Seahorse XF24 extracellular flux analyzer from Seahorse Bioscience (North

Billerica, MA, USA). Experiments were performed according to the manufacturer’s

instructions. OCR and ECAR were measured in real time in normoxia, physioxia or hypoxia.
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40,000 cells were deprived of glucose for 1 h, then glucose (G—10 mM), oligomycin (O-1uM),
2,4-Dinitrophenol (DNP-100 uM), and Rotenone + Antimycin A (R/A-1uM) were injected at

the indicated times.

Glucose and Lactate Measurements
The Glucose and lactate concentrations in the supernatant of cells incubated either in hypoxia
for 72h was determined by YSI Biochemistry Analyzer. Each condition was determined for

100,000 cells to express the Glucose/Lactate concentration as g/L per 100,00 cells.

Immunoblotting

Cells were lysed in 1.5x SDS buffer and the protein concentration determined using the BCA
assay. 40ug of protein from whole cell extracts were resolved by SDS-PAGE and transferred
onto a PVDF membrane (Millipore, Molsheim, France). Membranes were blocked in 5% non-
fat milk in TN buffer (50mMTris-HCIpH7.4, 150mMNacCl) and incubated in the presence of
the primary and then secondary antibodies in 5% non-fat milk in TN buffer. Rabbit polyclonal
anti-HIF-1o antibody (antiserum 2087) was produced and characterized in our laboratory
(PMID: 10551817). The antibody against HIF-2o. (NB100-122) was purchased from Novus
Biologicals (Littleton, CA). ECL signals were normalized to either B-tubulin or HSP90. After
washing in TN buffer containing 1% Triton-X100 and then in TN buffer, immunoreactive bands
were visualized with the ECL system (Amersham Biosciences, Buckinghamshire, UK).

Immunocytochemistry

Cells were fixed in 3% paraformaldehyde and extracted with Triton X-100. Primary antibodies
included rabbit anti-HIF-1a (PMID: 10551817) (1:400). Alexa Fluor 594- and 488-conjugated
secondary anti-rabbit antibodies (Molecular Probes, Carlsbad, CA, USA) were used at 1:400.
Cells were visualized by wide-field, fluorescence microscopy using a DM5500B upright stand
(Leica, Wetzlar, Germany) with a 40x oil objective NA 1.00. The cubes used were A4
(excitation filter BP 360/40, dichroic mirror 400, emission filter BP 470/40), L5 (BP 480/40,
05, BP 527/30), and TX2 (BP 560/40, 595, BP645/75). Acquisitions were done with an Orca-
ER camera (Hamamatsu, Hamamatsu, Japan). Cells were also visualized using the confocal
microscope, Axiovert 200M inverted stand (Zeiss, Oberkochen, Germany). Objectives 10x dry
NA 0.3 and/or 40x oil 1.3 NA and/or 63x oil 1.4 NA were used. The LASER used were diode
405nm, and/or Argon 488nm, and/or HeNe 543nm. The microscope was equipped with an

automated xy stage for mosaic acquisitions.
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Single Cell Data Availability

The RNA-Seq data discussed in B. Manoranjan publication (PMID: 32859895) have been
deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series
accession number GSE131473. The scRNA-seq data have been deposited in CReSCENT
(https://crescent.cloud/; CRES-P22) and processed data is uploaded on Broad Institute Single
Cell Portal https://singlecell.broadinstitute.org/single_cell/study/SCP840.

Data sources

Primary medulloblastoma RNA-seq data were obtained from 'R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl)" in the data set ‘“Tumor Medulloblastoma - Pfister -
223 - MAS5.0 - ul133p2°.

Statistics

Statistical analysis of all data was performed using GraphPad Prism software, version 7.0
(Graphpad Software, La Jolla, CA, USA) and expressed as means = S.E.M. For multiple
comparisons, two-way ANOVA (post hoc Bonferroni) was done. The p-values are indicated
(p<0.05 *, p<0.005 **, p<0.0005 ***, p<0.0001 ****) whereas p-values between 0.05 and 0.10

indicated a statistical tendency.
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* Positions of Primers in HIF-1a cDNA

bHLH PAS A/B ODD N-TAD C-TAD
s3
— }_2
A2rev
- A7
S7 —
6
- S1
— A3

* Primer sequences (5’ to 3’)

S1: CCCCAGATTCAGGATCAGACA
S3: GTGAAGACATCGCGGGGAC

S6 : TGTGACCATGAGGAAATGAGAGA
S7 : GGATATTGAAGATGACATG
A2rev : GTTAACTGAGCTTTTTCTTA
A2 : TAAGAAAAAGCTCAGTTAAC

A3 : TCTAAATCTGTGTCCTCAGG

A7 : TCCACAGAAGATGTTTATTTG

bp DAOYONS-76 HDMBO03D-458
$3-A2
300 2500 bp
200 “ HIF-10
cDNA
150_ i
1178 bp
750 “ HIF-10
cDNA
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Acute -4.01 6 -7.51 10 -5.52 221
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Ill- Figures en préparation

I11.1 Complément Figure 1

Afin de compléter la Figure 1, nous sommes en train de réaliser un séquencage de I’ARN a haut
débit (RNA-seq) afin de mettre en évidence une signature hypoxique particuliere diie aux
changements dans I’expression génique de HIF-1 et HIF-2, dans les lignées de MB du

versus le groupe non 3 en Nx et en Hx.
111.2 Complément Figure 2 e

Afin de confirmer la différence de taille en WB de HIF-1a entre les ONS-76 et les HDMB-03,
nous sommes en train de réaliser des électrophoréses sur gel de différence bidimensionnelle
(2D DIGE, en collaboration avec Guillaume Robert, C3M, Equipe de Patrick Auberger) en
hypoxie et aprés traitement par le MG-132 afin de stabiliser HIF-1a. En effet, pour des raisons
techniques de manipulation, le MG-132 s’est avéré indispensable pour stabiliser HIF-1a, car ce
dernier est trés vite dégradé lorsque nous sortons les cellules de I’enceinte a hypoxie, méme si
les échantillons sont placés sur de la glace. Les résultats préliminaires (Figure 24) nous
confortent dans le fait que le HIF-1o des cellules HDMBO03 est bien différent de celui des
cellules ONS-76. Comme nous pouvons le voir, seulement deux points, présentant un poids
moléculaire ainsi qu’un point isoélectrique différent du HIF-1a classique (en rouge), sont mis
en évidence dans les cellules HDMBO03, points qui ne sont pas retrouvés sur le gel des cellules
ONS-76. Cela vient conforter le fait qu’il existe une modification post-traductionnelle de HIF-
la dans les cellules HDMBO3 différente de celles des cellules ONS-76.
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Figure 24 : Electrophorése sur gel de différence bidimensionnelle (2D DIGE)

Cette expérience doit €tre répétée et couplée a une spectrographie de masse afin d’identifier
la nature de la modification post-traductionnelle présente dans les cellules HDMBO3.

Il est intéressant de constater que lors de 1’utilisation du MG-132 (inhibiteur du protéasome)
sur les cellules HDMBO03 en hypoxie, nous avons été en mesure de stabiliser HIF-1a au niveau
du noyau. Nous sommes donc en train de réaliser une qPCR des cellules HDMBO03 dans ces
conditions afin de Vérifier si ce HIF-1q, stabilisé au noyau, est capable d’activer la transcription
de ses genes cibles.

Il est possible que le HIF-1a des cellules HDMBO3 en hypoxie soit en fait dégradé beaucoup

trop rapidement pour lui permettre d’étre stable, d’aller au noyau et d’activer ses génes cibles.
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Nous allons donc également tester 1’activité du protéasome dans les cellules du et la

comparer & celle des cellules du
111.3 Complément Figure 2 g

Quant aux cellules D-458, nous avons mis en évidence quatre mutations au niveau du domaine
PAS-A pouvant entrainer un défaut de dimérisation entre les sous-unités HIF-1a et HIF-1B.
Ceci pourrait ainsi expliquer I’inefficacité du facteur de transcription HIF-1 dans ces cellules.
Nous sommes donc en train de réaliser une expérience de co-immunoprécipitation afin de

confirmer notre hypothése.

111.4 Complément Figure Suppl. Figure 3e

Nous rencontrons actuellement des difficultés techniques pour invalider complétement HIF-1a
dans les cellules ONS-76 et HDMBO03 avec notre sSiRNA. Nous allons donc réaliser a nouveaux
une transfection de ces deux lignées cellulaires avec un pool de siRNA de HIF-1a en espérant

éteindre totalement son expression.

I11. 5 Complément Figure 4

Une analyse métabolomique sur les cellules du (HDMB-03 et D-458) et du groupe
non 3 (ONS-76) aprés traitement par le PT2385 seul, la Metformine seule, ou en association
avec le Metformine, dans des conditions d’hypoxie est actuellement en cours en collaboration
avec le Dr Issam Ben-Sahra a 1I’Université Northwestern. Nous pourrons ainsi analyser I’impact

de ces différents traitements sur le métabolome du MB.
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IV- Conclusion et discussion de I’article 1

Notre article met en lumiere un élément clé du métabolisme hypoxique du médulloblastome,
qui est I’expression différentiel des sous-unité alpha du principal facteur de transcription : HIF.
En effet, nos résultats démontrent 1’inactivité ou 1’absence de HIF-1 o dans le des
médulloblastomes, faisant reposer I’ensemble du programme métabolique hypoxique du

sur HIF-2. Cette découverte capitale corrobore avec ce qui est aujourd’hui connu du
carcinome rénal a cellules claires (ccRCC). Ce sous-groupe de cancer du rein, particuliérement
agressif, exprime presque que HIF-2 a. L'activité de HIF-1 o est fortement diminuée en raison
de délétions chromosomiques (Schodel et al. 2016) ou de I’activité de HAF (Koh and Powis
2012) laissant HIF-2 travailler pleinement dans son activité pro-tumorale.
Nos résultats peuvent donc avoir un impact majeur sur le développement de nouvelles
thérapies, positionnant HIF-2 au centre de la cible thérapeutique des médulloblastomes
les plus agressifs.

Il est communément admis que les cellules cancéreuses hypoxiques auraient un profil
métabolique plutét glycolytique, avec une respiration mitochondriale diminuée. Force est de
constater que dans la grande majorité des cas (DAQY, HDMB-03 et D-458), les lignées de
médulloblastome étudiées dans notre étude présentent une meilleure respiration mitochondriale
en hypoxie. Cela est une découverte également intéressante car elle donne du sens a une
approche globale du métabolisme comme cible thérapeutique dans le médulloblastome.
L’option choisie dans notre étude de cibler, d’une part HIF-2 en utilisant un inhibiteur
spécifique (le PT2385), et d’autre part la phosphorylation oxydative avec le Metformine, prend

donc tout son sens dans le cas du MB.

Nos conclusions sont uniques aujourd’hui dans le paysage des recherches sur le
médulloblastome positionnant HIF-2 oo comme point de contréle de la réponse metabolique
hypoxique. Plusieurs points de ce travail méritent discussion et soulévent des interrogations, et

nous allons essayer d’y répondre.
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A- Analyse complexe de HIF-1 a dans le groupe 3
Nos résultats mettent en avant un HIF-1a ayant un poids moléculaire légerement plus élevé que

le HIF-1la classique d’environ 2 a 3KDa dans les HDMB-03. Cette différence pourrait
s’expliquer par une modification post-traductionnelle parmi celles présentées en Introduction
(§). Malheureusement, je ne suis pas en mesure aujourd’hui de connaitre avec précision le
changement de poids moléculaire qu'entrainerait une phosphorylation, une nitrosylation ou
encore une méthylation. Cependant, il est admis qu’une seule phosphorylation n’engendre pas
un grand shift en électrophorése. Au vu de la faible augmentation du poids moléculaire,
plusieurs hypotheses pourraient expliquer cette différence (phosphorylation, hydroxylation).
Nous avons donc continué les recherches en réalisant 1) une électrophorese en 2D afin de
séparer les protéines par rapport a leurs points isoélectriques et 2) une spectrométrie de masse
sur HIF-1a des cellules HDMB-03 en comparaison au HIF-1o des cellules ONS-76 utilisées
comme contrle. Reste ensuite & comprendre comment cette modification post-traductionnelle
vient déstabiliser la protéine et I’empéche donc d’activer les genes cibles. Nous pourrions
¢galement émettre I’hypothese que cette augmentation de taille en hypoxie serait en fait une
sous-unité HIF-1a constamment hydroxylée, méme dans des conditions trés pauvre en oxygene,
dd a une activité intense des PHDs dans les HDMB, comme le suggere les fortes expressions
des PHD2 et 3 révélées par Medulloblastoma 500 portal (Medulloblastome 500 Genomics
Analysis and Visualization Platform) (Figure 25). Cela pourrait expliquer une dégradation

permanente de HIF-1 méme en hypoxie.
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Figure 25 : Expression de PHD2 et PHD3 dans le groupe 3 comparativement au groupe
SHH.

Dans tous les cas, le HIF-1a des se retrouve peu (D-458) ou pas (HDMBO03) dans le
noyau. Nous nous attendions alors a retrouver une mutation dans les domaines NLS, mais ce
n’est pas le cas. Il serait important de refaire les analyses de séquengage pour en étre slire car
I’échange d’un seul acide aminé unique du motif NLS en C-terminal entraine une réduction
spectaculaire de la capacité du HIF-1a a s'accumuler dans le noyau en réponse a I'hypoxie
(Kallio et al. 1998). Par ailleurs, nous avons mis en évidence dans notre étude des mutations
dans le domaine PAS-A des cellules D-458. Ces mutations peuvent expliquer un défaut dans la
dimérisation de la sous-unité HIF-1o avec la sous-unité B et donc son incapacité a activer les
genes cibles. Afin de confirmer notre hypothese, nous avons programme des expériences de co-
immunoprécipitation de HIF-1a avec HIF-1B afin de confirmer ’absence de dimérisation de la

protéine.

Il semble également indispensable a ce niveau de confirmer nos résultats sur des echantillons
de tumeur de patients, afin de réaliser un sequencage de HIF-1 dans des tumeurs du
versus le groupe non-3. Nous avons pris des contacts au niveau de différentes équipes nationales

mais nous sommes en attente, les échantillons tissulaires du étant rares.
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B- Par quel mécanisme le PT2385 diminue la viabilité des MB du
groupe 3?

Aprés avoir mis en évidence le réle majeur et central de HIF-2 dans les MB du , Nous
nous sommes naturellement tournés vers un inhibiteur spécifique de HIF-2 actuellement utilisé
en étude de phase Il dans le cancer du rein. Bien que nous ayons mis en évidence une diminution
de la prolifération et de la viabilité dans le nous n’avons pas décrit les mécanismes
qui entrent en jeu. Un article récent, utilisant le PT2385 sur des cellules dérivées de PDX de
neuroblastome, a mis en évidence une réduction nette de I’expression de HIF-2 o au niveau
nucléaire mais aucun effet sur les genes cibles de HIF-2 n’a été observé (Persson et al. 2020).
Une seconde étude publiée récemment, portant sur les glioblastomes, démontre globalement les
mémes résultats (Renfrow et al. 2020). Dans cette étude, le phénotype cellulaire, y compris la
prolifération, la viabilité, la migration/invasion, ainsi que I'expression des genes, n‘ont pas été
modifiés apres le traitement par PT2385 in vitro. Par contre, le traitement par PT2385 a
amélioré la survie globale médiane par rapport au placebo dans leur modeéle in vivo (souris
traitées par PT2385 a 10mg/kg pendant 21 jours). Dans chacune des études, 1’effet
compensateur de HIF-1 sur HIF-2 était mis en avant pour expliquer ces résultats. Le

de médulloblastome n’ayant pas de HIF-1 fonctionnel, cette piste thérapeutique reste pertinente.
Contrairement aux données de la littératures, présenté ci-dessus, nous mettons en évidence dans
notre travail une diminution significative de ’expression du geéne Oct-4, gene dépendant de
HIF-2, dans les cellules du (D-458) traitées par PT2385 en hypoxie suggérant que
I’effet de I’inhibition de HIF-2 par le PT2385 est probablement différents selon le type

cellulaire.

Nous avons mené en paralléle de notre étude une expérience in vivo sur xénogreffes
orthotopiques avec des cellules D-458 du (Figure 26). La premieére serie (Figure 26A)
de 6 souris traitées par le PT2385 seul ou en association avec la Metformine a montré des
résultats intéressants avec une différence a la limite de la significativité (p = 0,08) en faveur de
I’association PT2385 + Metformine. Nous avons voulu confirmer nos résultats sur un plus
grand nombre de souris (Figure 26B, avec 10 souris ayant recu le traitement par PT2385 +
Metformine). La seconde série n’a pas démontré de supériorité du traitement par rapport au
contr6le sur la viabilité des souris. La posologie de PT2385 utilisée dans notre modele in vivo
était de 30mg/kg par voie orale, soit trois fois plus élevée que celle utilisée dans les etudes sur

le glioblastome ou le neuroblastome (Renfrow et al. 2020)(Persson et al. 2020). Cependant,
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devant 1’absence d’effet du PT2385 dans les modéles in vivo de tumeur cérébrale, il semblait
judicieux d’augmenter la posologie. D’autres études sur le cancer du rein utilisent des
posologies variant de 50 a 100mg/kg par voie orale (C. Xie et al. 2018)(Chen et al. 2016). A
notre connaissance, aucune autre ¢tude n’avait testé le PT2385 comme thérapie sur des
xénogreffes de souris de médulloblastome. Il est évident qu’il nous faudrait tester d’autres

concentrations afin de trouver la bonne posologie.

/A Traitement PT2385 (1/2) B \

Traitement PT2385 (2/2)
D458-luc CI.7 100 000cells/mice, ortho le 4/06/21, F NMRI-Nude 6 semaines le 25/05/21 D458-luc CI.7 100 000cells/mice, ortho le 25/10/21, F NMRI-Nude 6 semaines le 19/10/21
Début du traitement a 3 jours post-greffe Début du traitement a 3 jours post-greffe
Début traitement: 7/06/21 — Fin du traitement: 22/06/21 Début traitement: 28/10/21 - Fin du traitement: 9/11/21
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/

Figure 26 : Expérience in vivo sur PDX traités avec le PT2385.

Dans cette idée de définir avec précision la posologie la plus efficiente possible en ce qui
concerne le PT2385, mais également la metformine, nous avons commencé  une collaboration
avec 1’équipe italienne de L. Tiberi (Université de Trente) qui nous permettra de tester nos
schémas thérapeutiques avec différentes concentrations, sur des organoides cérébelleux Otx-

2/c-MYC hébergeant une signature commune avec les MB du (Ballabio et al. 2020).

Nous avons, au travers de mon travail de these, ouvert une voie de recherche tres séduisante,
positionnement le metabolisme hypoxique, et plus particulierement le facteur de transcription
HIF-2 au centre des cibles thérapeutiques potentielles pour le MB du . Nous savons
que HIF-2 est un acteur incontournable dans le maintien des cellules souches dans un état
indifférencié via des génes comme Oct4, Sox et Nanog (Petruzzelli et al. 2014). Dans un
contexte ou MY C et Oct4 seraient induits en hypoxie, les cellules auraient alors un fort potentiel
de cellules souches alors méme que ces cellules seraient « adultes ». Etant donné que I'nypoxie

survient des I'état embryonnaire (PMID : 18285802), nous pouvons proposer que HIF-2
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pourrait étre a l'origine de I'évolution oncogeénique du groupe 3 des MB, méme avant MYC. Si
le caractére unique de HIF-2 est un avantage extraordinaire pour les cellules tumorales du
groupe 3, il devient également une cible parfaite pour bloquer leur croissance tumorale. De

nombreuses étapes sont toutefois encore nécessaires afin de pouvoir confirmer nos résultats.
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Article 2

NAD+ pathways are a metabolic vulnerability

for medulloblastoma Group 3 cells in a hypoxic microenvironment

I- Contexte et objectifs

En 2020, la lutte contre les cancers pédiatriques est devenue une préoccupation majeure et
permanente de 1’Institut National du Cancer. Chaque année, 2200 enfants et adolescents sont
nouvellement touchés par un cancer. Il s’agit actuellement de la premicre cause de déces
prématuré chez les enfants de plus de 1 an. Parmi les cancers pédiatriques, le médulloblastome
est la tumeur primaire la plus fréquente du systéme nerveux chez I’enfant, entachée d’une
grande morbi-mortalité en fonction du groupe de MB. L'établissement de la classification
actuelle en quatre groupes distincts (WNT, SHH, groupe 3 et groupe 4) a, en tres peu de temps,
réorganisé la facon dont ce cancer est considéré et étudie, a la fois en recherche expérimentale
et dans la conception des futurs essais cliniques (Roger J Packer 2011)(Leary and Olson 2012).
Ce qui pendant de nombreuses années a été considéré en tant qu'entité tumorale unique, est
désormais considérée comme quatre maladies trés distinctes, chacune nécessitant des approches

thérapeutiques personnalisées.

Considérant I’environnement tumoral, et donc 1’hypoxie, comme un élément primordial a la
compréhension de la variabilité de pronostic des différents groupes de MB, nous avons
démontré (cf article 1) que les cellules tumorales du ont une réponse différente a un
microenvironnement hypoxique exprimant soit un HIF-1 non actif, soit une absence de HIF-1
en fonction des lignées cellulaires étudiés. Ces caracteristiques hypoxiques nous ont permis de
proposer une approche thérapeutique différente selon le groupe de MB, avec une combinaison

de traitement basé sur I’utilisation d’un inhibiteur de HIF-2.

Récemment, Di Magno et al., ont mis en évidence que 1’utilisation de la Phenformine, un

médicament antidiabétique affichant une puissante activité anti-cancéreuse, provoque un effet
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thérapeutique significatif par le biais d'un mécanisme redox-dépendant mais complexe I-
indépendant, dans le groupe SHH des MB. La Phenformine inhiberait la glycérophosphate
déshydrogénase mitochondriale (mGPD), un composant de la navette glycérophosphate, et
provoquerait des élévations de la teneur en NADH intracellulaire. Nous savons que le
métabolisme oxydatif du pyruvate dérivé du glucose, principal substrat energétique du cerveau,
est essentiel a son fonctionnement. Pour que le métabolisme se poursuive, le NADH dans le
cytosol doit étre réoxydé en NAD+. Si cela ne se produit pas, le rapport NADH/NAD+
augmente et le pyruvate est converti en lactate afin de réoxyder le NADH en NAD+. Puisque
la membrane mitochondriale interne est imperméable au NADH et au NAD+, deux navettes
agissent pour transférer les équivalents réducteurs du NADH dans le cytosol vers les
mitochondries dans le cerveau, la navette malate-aspartate et la navette glycérol 3-phosphate.
La navette malate-aspartate est considérée comme la navette la plus importante dans le cerveau
(Fitzpatrick, Cooper, and Duffy 1983). Cependant l'activité de cette navette peut étre
extrémement faible, voire inexistante dans les astrocytes cérébraux (Ramos et al. 2003)). Et
bien que les enzymes de la navette glycérol 3-phosphate soient également présentes, il existe
une controverse sur l'importance de cette navette dans le cerveau (Nguyen, Brathe, and Hassel
2003).

Au vu de la différence de sensibilité a I’hypoxie des différents groupes de MB, et au role
potentiel des navettes dans le développement du MB, nous avons travaillé sur I’impact des
navettes glycérol-3-phosphate et malate/aspartate sur le métabolisme des cellules de MB du

versus le dans un microenvironnement proche des conditions
physiologique de la tumeur, c’est-a-dire 8 6%  d’O2 mais également en condition d’hypoxie

sévere (1% d’02).
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Abstract (240/250 words)

Medulloblastoma is a cancerous brain tumor that affects mostly children. It is rarely found in
adults. Among the 4 groups defined according to molecular characteristics, group 3 is the least
favorable with a survival rate of 50%. Current treatments, based on surgery, radiotherapy and
chemotherapy, are however not sufficiently adapted to the different characteristics of the tumor,
which are still not understood. In this study, we addressed the problem of medulloblastoma
from a metabolic perspective in an oxygen-deficient microenvironment. We established that
cells in group 3 are more sensitive to Phenformin, a complex 1 inhibitor, than cells in other
groups. Furthermore, we showed that this subgroup differentially utilizes the two shuttles,
mitochondrial glycerophosphate dehydrogenase (MGPDH) and malate-aspartate shuttle
(MAS), which allow NADH to move from the cytoplasm to the mitochondria. The use of
phenformin and iGP1, a specific inhibitor of mMGPDH, as well as the combination of the two
specific inhibitors of the two shuttles, iGP1 and AOAA, clearly showed a greater ability to
decrease cell proliferation and induce cell death specifically for cells in group 3 compared to
cells in other groups. Finally, the addition of GNE-140, a potent inhibitor of lactate
dehydrogenase A, potentiated the effect of the different combinations used. Our study
reinforces the idea of not only molecular but also metabolic heterogeneity in the different
groups that constitute medulloblastoma and provides a potential new therapeutic solution for
patients in group 3 whose tumors are more aggressive.

Keywords: glycolysis; hypoxia ; malate-aspartate shuttle ; medulloblastoma ; mitochondrial glycerophosphate
dehydrogenase ; mitochondrial respiration ; phenformin
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Introduction

Pediatric cancers have recently become a major national cause, especially in France, as this is
the first cause of death by disease in children, and the third in young people (Institut National
du Cancer: « Les cancers en France en 2016 — L’essentiel des faits et chiffres » - Février 2016
http://www.e-cancer.fr/Actualites-et-evenements/Actualites/Les-cancers-en-France-en-2016-
I-essentiel-des-faits-et-chiffres dernier acces : 24 novembre 2017). Among the 3450 new cases
identified each year, only 2650 young children will survive. It is also estimated that 1 child out
of 440 will be affected by cancer by the age of 15. Medulloblastoma is a cancerous brain tumor,
in the cerebellum. It is the most common malignant brain tumor in children, accounting for
20% of all pediatric central nervous system (CNS) tumors. Between 250 and 500 new cases of
pediatric medulloblastoma are diagnosed each year in the United States. These tumors are most
seen in children younger than 16 years of age and most often diagnosed between the ages of 5
and 9 years. However, medulloblastomas can be found in older adolescents and, less often, in
adults. Medulloblastomas are fast growing tumors that often spread to other parts of the brain
and spinal cord. Most medulloblastomas are in the middle of the cerebellum, near the fourth
ventricle.

Medulloblastoma can be divided into four subgroups based on the molecular characteristics of
the tumor cells: WNT- and Sonic hedgehog (SHH)- subtypes, Group 3 and Group 4. The
specific subgroup of medulloblastoma affects prognosis. The WNT tumor subtypes have a very
good prognosis, while the prognosis of Group 3 tumors is less favorable. The other two subtypes
have an intermediate prognosis.

A better understanding of the molecular basis of medulloblastoma has led to improved survival
rates in recent years. However, medulloblastoma survivors often suffer from numerous
treatment-related complications. These include problems with endocrine function, cognition,
hearing, fertility, and heart and lung function, as well as an increased risk of a second cancer.
There is therefore an urgent need to better understand the development of this pediatric cancer
for which there are still few treatments, especially for Group 3 patients. A major obstacle to the
development of even more effective therapeutic strategies with the least possible toxicity has
so far been the management of MB as a uniform disease. It is now essential to assign differential
therapy to different risk groups based on molecular and clinical characteristics, thus providing
an opportunity to personalize therapy and avoid over- or under-treatment.
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We have therefore chosen to approach the MB with a metabolic prism, little used until now,
and an oxygen gradient prism not used in therapy. Indeed, as the cerebellum microenvironment
never presents an oxygen concentration of 21% (normoxia, Nx), we chose to consider the
physiological control at 6% oxygen (physioxia, Phx) and the physiopathological conditions at
1% oxygen (hypoxia, Hx). We have recently shown that Group 3 tumor cells respond
differently to a hypoxic microenvironment as HDMB-03 cells express a non-active HIF-1 and
D-458 cells do not express HIF-1a (Contenti, J — submitted article). Thus, we proposed a
treatment based on the HIF-2 inhibitor, PT2385, coupled with metformin (Metf), a biguanide
approved by the FDA (USA) that has become the most prescribed drug in diabetic pathology
(1) and recognized as a mitochondrial complex 1 inhibitor (2), to block glycolysis and
respiration, respectively. The use of these two compounds together allowed a strong reduction
of tumor progression in mouse xenografts performed in the cerebellum, suggesting an
innovative therapeutic potential.

Cancer cells have a very low NAD*/NADH ratio (3), and changes in the NAD*/NADH ratio
are strongly correlated with tumor growth (4). NAD* regeneration allows for increased cell
proliferation even when oxidative phosphorylation is impaired (5)(6). Therefore, for
metabolism to continue, NADH in the cytosol must be reoxidized to NAD". Since the inner
mitochondrial membrane is impermeable to NADH and NAD*, two shuttles will act to transfer
the reducing equivalents of NADH in the cytosol to the mitochondria: (i) the glycerol 3-
phosphate shuttle (ii) and the malate-aspartate shuttle.

The mGPDH is part of a network of shuttles that allow NADH, a reduced form of nicotinamide
adenine dinucleotide (NAD) that plays an important role in many biological processes, to travel
from the cytoplasm to the mitochondria. Indeed, the inner mitochondrial membrane being
impermeable to cytosolic NADH, the NADH shuttles will then allow the transfer of the
reducing equivalents of cytosolic NADH into the mitochondria, thus increasing mitochondrial
ATP production. The second shuttle is the malate-aspartate shuttle (MAS). Aspartate
aminotransferase (AST), a pyridoxal phosphate-dependent transaminase, is the rate-limiting
enzyme for MAS. Aminooxyacetate acid (AOAA\) is described as the specific inhibitor of AST,
a widely used inhibitor of MAS. Similarly, iGP-1, the mitochondrial GPDH inhibitor, is
considered a potent and selective inhibitor of mMGPDH and not of cytosolic GPDH.

Under hypoxic conditions, it has been shown that the ratio of NADH:NAD+ (reduced:
oxidized), in mitochondria, often increases due to the slowing of electron transport and the

consequent reduction in the rate of NADH oxidation. As a result, NADH-producing reactions
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in the tricarboxylic acid cycle (TCA) will decrease, reducing the rate at which the malate-
aspartate shuttle can transfer NADH produced by glycolysis into the mitochondrial matrix. How
hypoxia modulate the rate of the mGPDH/glycerophosphate (GP) shuttle is unknown. The
NADH can then be oxidized by pyruvate which is then reduced to lactate. Since the cell cannot
live with an internal acidic pH, lactate and its H+ proton will be exported outside the cell by
the monocarboxylate transporters (MCT1 and MCT4). The acidic pH created outside the cell
will be a powerful metastatic signal. Lactate dehydrogenase (LDHA), induced under hypoxia,
will then reduce pyruvate to lactate. LDHB, on the other hand, will operate the opposite reaction
by transforming lactate into pyruvate.

We therefore propose to test the impact of these two shuttles on the metabolism of Group 3
cells (HDMBO03 and D-458), the most aggressive, versus non-Group 3 cells (DAOY and ONS-
76, both from the SHH sub-group) in Nx, Phx and Hx microenvironments. We have shown that
i) Non-Group 3 and Group 3 cells behave differently under physioxic and hypoxic conditions,
i) Non-Group 3 cells are highly adapted to drastic hypoxic conditions while Group 3 cells
prefer more oxygenated conditions, iii) these two shuttles, mMGPDH and Malate-Aspartate, are
preferentially used by Group 3 cells and that blocking them strongly sensitizes the cells to cell
death under hypoxic conditions and finally iv) targeting metabolic pathways opens new

therapeutic perspectives with high potential.
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Materials and Methods

Cell culture

DAOQY cells were purchased from the ATTC (HTB-186™). The ONS-76 cell line was
a kind gift from Dr. F. Di Cunto (University of Torino - Italy). Both cells were grown in
Dulbecco's Modified Eagle's Medium (DMEM) (Gibco-BRL) supplemented with 10% fetal
bovine serum with penicillin G (50U/ml) and streptomycin sulfate (50pg/ml). HDMB-03 cell
line was purchased from the DSMZ (ACC740). The D-458 cell line was provided by Dr. C.

Pouponnot (Institut Curie - France).

An INVIVO; 200 anaerobic workstation (Ruskinn Technology Biotrace International Plc) set
at 6% and 1% oxygen, 94% nitrogen and 5% carbon dioxide were used for hypoxic

conditions.

Pharmacological inhibitors and chemicals

Metformin, phenformin, rotenone,  antimycin A, oligomycin, and
trifluorocarbonylcyanide phenylhydrazone (FCCP) were from Sigma (St. Louis, USA). iGP-
1was from Merck (Darmstadt, Germany), AOAA from Selleckchem (Houston, USA) and
GNE-140 from MedChemExpress (Monmouth Junction, USA).

Respirometry and Extracellular Acidification

The cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
were obtained using a Seahorse XF24 extracellular flux analyzer from Seahorse Bioscience
(North Billerica, MA, USA). Experiments were performed according to the manufacturer’s
instructions. OCR and ECAR were measured in real time in normoxia or hypoxia. Cells were
deprived of glucose for 1h, then glucose (G—10mM), oligomycin (O—1uM), 2,4-Dinitrophenol
(DNP-10uM), and Rotenone + Antimycin A (R/A-1uM) were injected at the indicated times.
Protein standardization was performed after each experiment, with no noticeable differences in

protein concentration and cell phenotype.

Phenotype MicroArray on Omnilog™ Analyzer
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Metabolic profiling was studied by using the Omnilog® Phenotype Microarray™ system
(Biolog, Hayward, CA, USA) evaluating the cell’s ability to metabolize 367 substrates. Cells
were cultured for 48h in normoxia or hypoxia, then transferred at seeding densities of 20,000
cells/well to the PM-M1 to 4 plates in a phenol red-free RPMI-1640-based medium depleted of
carbon energy sources (IFM1 medium, Biolog Inc., Hayward, CA, USA), supplemented with
0.3mM glutamine, 5% FCS, 100U/mL penicillin, and 100pg/mL streptomycin. Cells were then
incubated for 24h at 37°C under 5% CO> in hypoxia or normoxia before adding Biolog Redox
Dye Mix MA, sealing the plate with tape to prevent gas transfer, and incubated at 37°C in the
Omnilog® automated incubator-reader (Biolog Inc., Hayward, CA, USA) for 24h to kinetically
measure tetrazolium reduction resulting in formation of a purple color. Data was collected on a
PMM Kinetics software with subtraction of the average values of three negative control wells
(background), then, analysis was computed with R software (Version 3.4.4) with the opm

package.

Steady-state metabolomics

To determine the relative levels of intracellular metabolites, extracts were prepared and
analyzed by LC/MS-MS. Triplicate 10-cm plates (~80% confluent) were incubated in Hx for
72 hours. Metabolites were extracted on dry ice with 4 mL 80% methanol (—80°C), as described
previously (Ben Sahra Science 2013). Insoluble material was pelleted by centrifugation at 3,000
x g for 5 minutes, followed by two subsequent extractions of the insoluble pellet with 0.5mL
80% methanol, with centrifugation at 16,000 x g for 5 minutes at 4°C. The 5-mL metabolite
extract from the pooled supernatants was dried down under nitrogen gas using an N-EVAP
(Organomation Associates, Inc). Dried pellets were resuspended using 20uL HPLC-grade
water for mass spectrometry. A 7-uL sample was injected and analyzed using a 5500 QTRAP
triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence UFLC HPLC
System (Shimadzu) via selected reaction monitoring of a total of 300 endogenous water-soluble
metabolites for steady-state analyses of samples (Yuan M Nat Protocole 2012). The normalized
areas were used as variables for the univariate statistical data analysis. All univariate analyses
and modeling on the normalized data were carried out using Metaboanalyst 4.0
(http://www.metaboanalyst.ca). Univariate statistical differences of the metabolites between

two groups were analyzed using two-tailed Student t test.

Immunoblotting
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Cells were lysed in 1.5x SDS buffer and the protein concentration determined using the BCA
assay. 40ug of protein from whole cell extracts was resolved by SDS-PAGE and transferred
onto a PVDF membrane (Millipore). Membranes were blocked in 5% non-fat milk in TN buffer
(50mM Tris-HCI pH 7.4, 150 mM NaCl) and incubated in the presence of the primary and then
secondary antibodies in 5% non-fat milk in TN buffer. Rabbit monoclonal anti-GPD2 antibody
(ab188585) was from Abcam (Paris, France). Rabbit monoclonal anti-MDH2 antibody
(D8Q5S) was from Cell Signaling technology. Mouse anti-f-tubulin, HSP90 and 8 -actin were
from Sigma. ECL signals were normalized to either B-tubulin or HSP90. After washing in TN
buffer containing 1% Triton-X100 and then in TN buffer, immunoreactive bands were
visualized with the ECL system (Amersham Biosciences).

Gene expression microarray analysis

Normalized RNA sequencing (RNA-Seq) data produced by The Cancer Genome Atlas
(TCGA) were downloaded from cbioportal (www.cbioportal.org, TCGA Provisional; RNA-
Seq V2). Different parameters were available for 375 ccRCC tumor samples, with information
for VHL status (methylation, mutation and deletion) {Chen, 2016 #1829;Ricketts, 2018
#1827}. We performed a differential expression analysis between patients with a “primary
cilium” signature and patients with a “no primary cilium” signature using the Bioconductor
package DESeq?2.
The results published here are in whole or in part based upon data generated by the TCGA
Research Network: http://cancergenome.nih.gov/.

Database analysis

To assess the effect of the presence or absence of the primary cilium in ccRCC from
Cohort C, we performed a differential analysis between the group expressing the primary cilium
(n=48 patients) and the group expressing no primary cilium (n=327 patients) by computing the
ratio and p-values obtained with a Wilcoxon rank sum test. We then performed a functional and
pathway enrichment analysis on differentially expressed genes (p-value < 0.05 and absolute
ratio > 0.7) based on Reactome databases using the geneSCF tool {Subhash, 2016 #1647}. The

terms are considered significant only if enriched with p-value < 0.05.

Statistics
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All values are the meanstSEM. Statistical analyses were performed using the 2-way
ANOVA test in Prism. The p values are indicated. All categorical data used numbers and
percentages. Quantitative data were presented using the median and range or mean. All
statistical tests were two-sided, and p-values <0.05 indicated statistical significance whereas p-

values between 0.05 and 0.10 indicated a statistical tendency.

Results

MGPDH and MAS shuttles are two important pathways used differentially in Hx in both
groups

The mGPDH and mMDH are integral components of the respiratory chain and these two
shuttles play an important role in cell bioenergetics (Figure 1A). To explore their possible roles
in MB, we first interrogated the R2: Medulloblastoma 500 Genomics Analysis dataset. GPD2
gene expression, encoding mMGPDH, was different within the 4 groups (Suppl. Figure 1A). Its
expression in Non-Group 3 (Shh) was significantly higher in comparison to Group 3. Inversely,
Group 3 appears to express MDH2, encoding mitochondrial malate dehydrogenase (MDH2)
more strongly compared to the other groups (Suppl. Figure 1B).
ONS-76 and DAOQY cells, representative of Non-Group 3, as well as HDMB-03 and D-458
cells, representative of Group 3, were exposed for 72h to 21%- (Nx), 6%- (Phx) and 1%- O>
(Hx). Interestingly, we observed a significant increase in mGPDH mRNA expression in Non-
Group 3 after 72h of Hx while this expression was not affected in Group 3 (Suppl. Figure 1C).
No modulation of MDH2 mRNA expression was observed under hypoxia regardless of the cell
line used (Suppl. Figure 1D). However, the expression level of the mGPDH protein appears to
be dependent on oxygen concentration only in ONS-76. (Suppl. Figure 1E) unlike MDH
(Suppl. Figure 1F). However, a compensatory effect on MDH2 was observed upon
invalidation of mMGPDH in DAOY and ONS-76 cells (Suppl. Figure 1E). A similar effect was
observed on mGPDH (Suppl. Figure 1F) upon invalidation of MDH2 in DAOY and HDMBO03
suggesting that the two shuttles are closely linked especially in Non-Group 3 cells compared to
Group 3 cells.
To gain an in-depth understanding of the functional significance of the metabolic capability of
Non-Group 3 and Group 3 cells, we evaluated the glycerol-phosphate (Figure 1B and Suppl.
Figure 2A) and malate-aspartate (Figure 1C and Suppl. Figure 2B) pathways from the
OmniLog Phenotype MicroArray to obtain the mitochondrial metabolic fingerprinting of ONS-
76 and HDMBO03 cells in Nx, Phx, and Hx using MitoS1 plates. ONS-76 cells showed the ability
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to grow on Glycerol-3P independently of oxygen concentration while HDMBO3 cells clearly
grew on this compound as a function of decreasing oxygen (Figure 1B). ONS-76, and
HDMBO3 cells exhibited abilities to grow on malate under all three conditions tested (Nx, Phx,
and Hx) (Figure 1C). We also observed that other compounds associated with malate such as
acetyl L carnitine or Keto-isocaproic or leucine were readily used by HDMB in Hx. For
therapeutic purposes, we favored the use of a recognized inhibitors (iGP1) and
aminooxyactetate (AOAA) to block mGPDH and mMDH pathways, respectively, rather than
testing siRNAs. Both inhibitors were efficient (Suppl. Figure 1G-1).

We then performed an unbiased metabolomic profiling on a representative cell line from each
of the two groups, ONS-76 and HDMBO03, in Hx (Figure 1 D and E). ONS-76 and HDMBO03
were untreated or treated with iGP1 or AOAA in Hx. Of the 262 small metabolites identified
by LC/MS-MS), the steady-state levels of 50 metabolites were significantly altered in both cells
treated with iGP1 or AOAA relative to control cells (P < 0.02). The profiles obtained are clearly
different. ONS-76 cells have a metabolism that is not very mitochondrial based but very
nucleotide metabolism oriented (Figure 1D). In the presence of iGP1, a very strong repression
of deoxyribonucleotide synthesis was observed. However, when mGPDH was inhibited,
products from amino acid metabolism (cystathionine and glutaminic acid), pentose phosphate
pathway (d-sedoheptulose-7) and fatty acids (carnitine) were accumulated suggesting a use of
these pathways to compensate for the lack of mGPDH shuttle and continue to feed
mitochondria. In the presence of AOAA, the synthesis of deoxyribonucleotides was also
stopped as well as a large part of the pentose phosphate pathway and the production of NADP+.
Many compounds such as uridine, valine, leucine histidine, serine, methionine have been up
regulated with a Variable Importance in Projection score between 1.29 to 1.32 suggesting the
activation of the nucleotide synthesis pathway (Suppl. Figure 1J). In comparison to ONS-76,
HDMBO3 cells produce more pyruvate and asparagine suggesting that they may promote
glycolysis and TCA cycle. iGP1 clearly impacted on HDMBO03 metabolism via a reduction in
the production of D-sedoheptulose-7-phosphate, D-ribose-1/5-phosphate and S-adenosyl-
methionine suggesting a direct impact on the lipopolysaccharide, pentose phosphate and s-
adenosylmethionine metabolic (SAM) pathways (Figure 1E and Suppl. Figure 1K). AOAA,
on the other hand, has dramatically reversed the metabolism of the HDMBO3 cells, which then

seem to use or accumulate highly mitochondrial metabolites.
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These results suggest that under conditions of oxygen variation the two shuttles are of
importance, and that iGP1 and AOAA should globally modify the growth, and possibly the
mortality, of Non-Group 3 and Group 3 cells probably differentially.

Inhibition of mMGPDH increases the respiratory and glycolytic capacity of Group 3 cells
Since it is clear that mGPDH and MDH2 have a strong impact on the metabolism of MB cells
under hypoxic conditions, we first examined whether the decrease in mGDPH activity had an
impact on the viability, proliferation as well as the metabolism of the cells in the two groups.
In the presence of 1 or 100 uM iGP1, 24- or 72-h, only a slight trend towards better proliferation
was observed for ONS-76 in Phx (Figure 2A). The viability of Non-Group 3 cells was not
impacted (Figure 2B). A more significant increase in proliferation was observed with
HDMBO03 in low oxygen concentrations (Figure 2C), in correlation with an increase in viability
in Hx compared to Nx were characterized (Figure 2D).

We then hypothesized that the metabolism could be modified in favor of a better viability and
higher proliferation. We thus quantified mitochondrial respiration with the Seahorse XF by
measuring the oxygen consumption rate (OCR). As expected, a decay in respiration patterns
between Nx, Phx and Hx (Figure 2E-G) in ONS-76 was observed. Basal respiration of ONS-
76 cells was significantly decreased from 115.0+14.3 pMoles/min in Nx to 78.27+7.4
pMoles/min in Hx. ONS-76 cells showed a decrease in respiratory capacity more consistent
with what is usually obtained with cancer cells subjected to hypoxic stress. Interestingly,
HDMBO03 showed higher basal respiration as well as a higher respiratory capacity in Hx from
18.7£12.6 pMoles/min in Nx to 30£13.9 pMoles/min in Hx (Figure 2K-M). In parallel, the
basal level of glycolysis and the maximal glycolytic capacity of ONS-76 cells were similar than
that in Nx, Phx or Hx (Figure 2H-J). HDMBO03 cells appeared to have a higher oxygen-
dependent glycolytic profile (Figure 2N-P). HDMBO03 showed a higher basal glycolytic
capacity in Hx (24.53mpH/min) compared to Phx (15.20mpH/min). In the presence of iGP1,
the respiratory capacity was almost always increased in both groups (Figure 2E-G and K-M),
especially in Phx, but that the glycolytic capacity was increased only in Group 3 cells (Figure
2H-J and N-P). The other cells in the Non-Group 3 and Group 3, DAOY and D-458
respectively, showed similar behavior (Suppl. Figure 3).

As those increases were not expected, we hypothesized that reactive oxygen species (ROS),
generated by mGDPDH (Mracek BBA 2013), may be inhibited by iGP1 in this way, then

promoting high viability and better proliferation under low oxygen conditions. ROS were
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inhibited by the use of N-Acetyl Cysteine (NAC) and we then observed, focusing on Group 3,
that indeed HDMBO03 and D-458 cells had a higher viability: 72.5+4.8 versus 61.5+7.05 and
76.3+4.7 versus 51.8+5.1 respectively (Suppl. Figure 4).

These results suggest that iGP1 allows Group 3 cells to switch to glycolysis, thereby increasing
their cell growth. Although cells from Group 3 oxidizes G3P via mGDPH in Phx or Hx, all this
activity tends to stunt the cells in their development probably due to ROS production.

Group 3 cells are more sensitive to the respiration blocking action of Phenf than Non-
Group 3 cells

Recently, Di Magno et al. proposed a therapeutic potential for phenformin (Phenf) in
medulloblastoma in the SHH group (7). The authors demonstrated that, at clinical doses, Phenf
does not act at the level of mitochondrial complex 1 but rather at the level of mitochondrial
glycerophosphate dehydrogenase (mMGPDH). By acting on mGPDH, Phenf would then
attenuate the transfer of reducing equivalents from the cytoplasm to the mitochondria leading
to an increase in the lactate/pyruvate ratio and a redox-dependent inhibition of gluconeogenesis
from reduced but non-oxidized substrates.

To better identify the dual function of Phenformin (Phenf) (mitochondrial complex 1 and/or
mGPDH blockade) on Group 3 cells compared to Non-Group 3 cells, we compared its action
in Nx, Phx, and Hx on proliferation, viability, and cell metabolism. We also used rotenone, a
potent and specific inhibitor of mitochondrial complex 1, as a control. Viability and
proliferation were measured. Cells were challenged with phenformin (Phenf - 100uM) and
Rotenone (2.5uM).

The proliferation of ONS-76 and HDMBO03 cells was strongly decreased in the presence of
Phenf and Rotenone at all oxygen concentrations (Figure 3A and C). However, the impact on
viability was different. Phenf slightly decreased the viability of ONS-76 by 9.1% in Nx (Figure
3B). In Phx and Hx, viability was restored close to 100%. Rotenone had a weak effect in Hx in
ONS-76 (23%). HDMB-03 appeared to be more sensitive to Phenf (Figure 3D). We observed
a systematic decrease in viability in Nx, Phx and Hx (39.6-, 33.5- and 26.5-%). The lethal
effects of rotenone were attenuated in the presence of low oxygen concentrations. Similar
effects were observed with DAOY (Non-Group 3) and D-458 (Group 3) (Suppl. Figure 5A-
D).

As for the action of Phenf/Rotenone on the metabolism, we characterized that Phenf (3 and 100

p1M) and Rotenone blocked mitochondrial respiration in Nx, Phx and Hx in ONS-76 cells
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(Figure 3E-G). In HDMBO3 cells, Rotenone was less potent to block the respiration compared
to Phenf 100uM (Figure 3K-M). Phenf 3 uM, only tested in Hx, blocked respiration similarly
to Phenf 100puM in both ONS-76 and HDMBO03 (Figure 3G and M). In ONS-76 cells, a gradual,
but slight, increase in glycolysis was observed with decreasing oxygen concentration for both
Phenf 100uM and Rotenone (Figure 3H-J). In HDMBO03 cells, only Rotenone drastically
increased glycolysis as early as Phx while Phenf (3 and 100pM) showed no effect (Figure 1N-
P). Like HDMBO03, DAOY and D-458 also showed interesting behavior in their ability to
breathe better in hypoxia (Suppl. Figure 5E-P).

Taken together, these results suggest a particular adaptability of ONS-76 cells in a drastic
microenvironment. Indeed, significant differences has been observed in their respiratory
capacity (ONS-76 versus DAOY/HDMBO03/D-458). These results may explain why Phenf had
little impact on cell death in ONS-76 cells, unlike Group 3 cells, or even DAQY cells. However,
it should be noted that Group 3 cells have a greater sensitivity to Phenf than Non-Group 3 cells,
both in terms of viability and proliferation. Whatever the group, Phenf at low or usual
concentration seems to have a similar action to Rotenone on respiration, confirming its
involvement at the level of mitochondrial complex I. However, we can already state that the
mode of action of iGP-1 is different from that of Phenf, one inducing breathing, the other

blocking it.

Phenf and iGP1 have a cumulative effect in Hx leading to high cell death in HDMBO03 cells
Next, we examined the cumulative effect of both Phenf and iGP1 on the two groups. While
proliferation was greatly reduced, the viability of Non-Group 3 cells (Figure 4A-B), was not
impacted by the combination Phenf/iGP1 in contrast to Group 3 cells which presented a
decrease in viability in Nx (39.0+£8.5%), Phx (23.8£11.9%) and Hx (12.5+3.5%) (Figure 4D)
as well as a decrease in proliferation (Figure 4C). As for the metabolism, Phenf/iGP1
combinations were able to decrease respiratory capacity in both groups (Figure 4 E) in a similar
manner to Phenf alone (Figure 3). However, the Phenf/iGP1 combo blocked the increase in
respiratory capacity previously obtained with iGP1 in HDMBO03 (Figure 2M). Glycolysis
remained unchanged when iGP1 was added to Phenf (Figure 4F and H). While DAQY cells
showed a similar pattern to ONS-76, D-458 cells were more resistant to the combo (Suppl.
Figure 6).

Taken together, these results clearly showed that HDMBO03 were the only cells sensitive to the

Phenf/iGP1 combo since, although blocking as much respiration and glycolysis compared to
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Phenf alone, the HDMBO03 cells died twice more. We can then assume that the actions of Phenf
and iGP1 are different.

Malate-Aspartate shuttle is used more by Non-Group 3 than by Group 3 in Hx

As previously described in Figure 1, the malate-aspartate shuttle appears to have an essential
role along with the G3P shuttle. Thus, we used the malate-aspartate shuttle inhibitor, AOAA,
to block mMDH activity in both groups. We also combined the two inhibitors iGP1 and AOCAA
in Hx to totally block both shuttles. All cells showed sensitivity to 1 mM AOAA in both
proliferation (Figure 5A-C) and viability (Figure 5B-D) suggesting that cells use this shuttle
equivalently. However, this was the first time we observed a real inhibitory effect on Non-
Group 3 cells suggesting a greater use of Malate-Aspartate shuttle compared to mGPDH shuttle
in Non-Group 3. However, the iGP-1/AOAA combination did not increase cell death or
proliferation compared to conditions with only AOAA in ONS-76 (Figure 5B). However, the
AOAA/IGP1 combination appeared to show a slight additive effect in HDBMO3 cells (Figure
5D). Respiration analysis showed differences between the two groups (Figure 5E and G).
AOAA alone was able to strongly decrease the respiratory capacity of Non-Group 3 cells while
the results obtained with Group 3 cells clearly show the importance of using the AOAA/iGP1
combination to block mitochondrial respiration. AOAA or AOAA/iGP1 strongly decreased the
glycolytic capacity of ONS-76 and HDMBO03 (Figure 5F-H). Similar results for proliferation,
cell survival and metabolism were obtained with the other cells in Non-Group 3 and Group 3
(Suppl. Figure 7).

Therefore, these results show a clear difference between the different groups. Metabolism of
the Non-Group 3 is strongly influenced by MAS while that of Group 3, especially HDMBO03
cells, relies on the two shuttles since both inhibitors are needed to observe an inhibition effect.

The combination of GNE-140 with the other combos massively kills all cells in Hx,
regardless of the group to which they refer.

We then hypothesized that the other NAD+ production pathway generated by lactate
dehydrogenase could be used when both shuttles are blocked and considered the need to block
it as well. We therefore used GNE-140, which is a potent inhibitor of lactate dehydrogenase A
(LDHA), to block the transformation of pyruvate to lactate but also of LDHB, which allows the
reverse transformation. The results obtained with Omnilog clearly showed that both cell lines,

independently of the group to which they belong, were avid for glucose but also for glucose-6
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phosphate and Fructose-6 phosphate (Figure 6A). This ability to grow on these compounds
was stronger under hypoxic conditions for Group 3 cells compared to Non-Group 3 cells,
although the glycolytic profile did not appear very characteristic (Figure 2). However, ONS-
76 and HDMBO03 showed little or no sensitivity to GNE-140 in terms of proliferation and cell
death, respectively (Figure 6B-C). Basal glycolysis and glycolytic capacity were completely
abolished in Non-Group 3 cells in Hx (Figure 6D) resulting in a decreased proliferation.
HDMBO03 showed a slightly different behavior in the presence of GNE-140. The glycolytic
capacity was not as reduced as in ONS-76, which may explain a low impact on proliferation
(Figure 6E). GNE-140 had a similar effect on the other cell lines (Suppl. Figure 8A-D).
Finally, we decided to associate GNE140 to the different combinations previously used to block
any potential for NAD+ production and any switch to lactate production. The addition of GNE-
140 clearly potentialized the effects of iGP-1/AOAA (Figure 6F-G) and iGP-1/Phenf (Figure
6H-1) combos, regardless of the cell line used and regardless of its group belonging (Figure
6F-1 and Suppl. Figure 8E-H). Both super combos, iGP-1/AOAA/GNE-140 and iGP1-
Phenf/GNE-140, massively reduced the proliferation and/or killed the Group 3 and Non-Group
3 cells, since the few colonies visible in Non-Group 3 did not grow and few or no colonies grew
in Group 3.

These results strongly suggest that i) Non-Group 3 cells are much more dependent on the NAD+
source from pyruvate to lactate conversion than on the sources generated by mGPDH and
MDH?2, ii) Group 3 cells are definitely more sensitive than Non-Group 3 cells when one or
more metabolic pathways are blocked in hypoxia iii) the addition of GNE-140 strongly
sensitizes all cell lines, even the most refractory ones such as Non-Group 3 cells, and finally
iv) we have characterized new therapeutic leads and potentially to target the most treatment
refractory Group 3 cells.

DISCUSSION

Metabolism of medulloblastoma has received very little attention in recent years. However,
aerobic glycolysis and lipogenesis are known to be strongly present in Shh-directed
medulloblastomas, but it is not known whether these pathways are common to other subgroups

(8). Activation of the WNT pathway has also been shown to increase glycolysis at the expense
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of oxidative phosphorylation in normal and transformed cells outside the brain (9)(10).
Obviously, the presence of MYC in the WNT group is found to participate in the increased
glycolysis activity in this subgroup (11). Similarly, the detection of MY C family amplifications
in Group 3 should largely direct the metabolism of Group 3 tumor cells toward exacerbated
glycolysis (12)(13). Although glucose metabolism has not yet been examined in Group 3
medulloblastomas, it is therefore likely that in these tumors MY C reconfigures metabolism to
favor glycolysis. However, little research has addressed the study of metabolism in the different
subgroups in its environmental context of low oxygen concentrations. Bernauer's review (14)
clearly explains the importance of hypoxia in the resistance process of cancer cells and the
existing tools to measure directly or indirectly the presence of low oxygen concentrations.
However, he did not address the issue of metabolism and its therapeutic approach in a hypoxic
microenvironment, nor did he provide an oxygen concentration value in medulloblastoma but
rather a comparison with other cancers. Our study therefore places for the first-time tumor cells
of Non-Group 3 (ONS-76 and DAQY) and Group 3 (HDMBO03 and D-458), in a laboratory
setting of 21% O», in an estimated physiological setting of 6% Oz, and in a tumor
pathophysiological setting of 1% O2. As we have been working on the metabolic approach in
hypoxia for many years in colon (15)(16) and kidney (17) cancers and have focused throughout
these years on the primordial role of mitochondria in an environment that normally does not
particularly emphasize them, we decided to bring for the first time a rigorous light on the
metabolism of cancer cells of medulloblastoma. We have already recently demonstrated that
depending on the belonging of the different groups, Non-Group 3 or Group 3, HIF-1a can be
different (Contenti, 2002 — to be submitted). Indeed, it has been shown that HIF-1a is a classical
HF-1o in Non-Group 3 cells (stabilization in hypoxia, molecular weight, expression...) whereas
HIF-1a in HDMBO3 cells is mutated, is not expressed in the nucleus, and shows specific post-
translational modifications. HIF-1a. from D-458 cells is virtually non-existent. Thus, the
response to hypoxia in these two cell types depends primarily on HIF-2. However, it is known
that HIF-2 is not the transcription factor that best manages hypoxia metabolism. It was therefore
reasonable to assume that the responses of Group 3 cells would differ from those of Non-Group
3 cells.

Overall, did we observe differences between 21 and 6% O or between 6% and 1% O>? The
answer is YES. Should we grow our cells at 6% O> consistently? The answer is certainly more
subtle. We observed major differences with Agilent Seahorse analysis when we compared the
21% versus 6% conditions, e.g. the impact of Rotenone on glycolysis (ECAR) or iGP-1 on
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respiration (OCR) and glycolysis (ECAR), respectively (e.g. Figure 2 and Figure 3). The
conclusions on the impact of Rotenone or iGP1 would then have been different depending on
whether the experiments were done at 21 or 6%. We also observed that it was more difficult to
reproduce identically our experiments performed at 6% O, compared to 21% or 1% and that
we very often had large standard deviations. It then appeared to us that the cells could be torn
between two worlds, that of normoxia in which the cell lines have always been artificially
immersed in vitro and that of hypoxia where their natural tumor metabolism is better able to
express itself. The conditions at 6% O- are certainly not linear conditions intermediate between
21% and 1%. These are the closest conditions in which the normal cell must live and adapt.
The tumor cell will then be confronted with a much larger O, gradient under less fixed and
much more dynamic conditions.

Should we then necessarily compare hypoxic cells with cells maintained in artificial normoxia
or just work in hypoxia and challenge the tumor cells in the most extreme conditions to find
their metabolic failures is a philosophical question that researchers have not yet resolved.
However, we decided to examine a wide range of Oz concentrations, while focusing primarily
on hypoxia, where tumor cells are most resistant to therapies, and then move to organoids, a
model in which environmental heterogeneity can begin to take hold.

In 2020, Di Magno et al. proposed a model involving an important role of glycerophosphate
shuttling in Med1-MB and DAOY cells (7). They described that Phenformin at low
concentrations inhibited mGPD in a complex I-independent manner, resulting in an increase in
redox state and NADH levels, all of which blocked tumor growth. However, knowing that
mitochondrial activity is often repressed in hypoxia via HIF-1 (18), we therefore hypothesized
that the mechanism of action of Phenformin may have a different impact than that proposed by
Di Magno (19) and that the glycerophosphate shuttle may also have a different role in hypoxia
and in Group 3 cells compared to Non-Group 3.

Contrary to Rotenone, which acted according to the pattern we had envisaged, i.e. less and less
effective according to the decrease in oxygen concentration, the action of Phenformine seemed
to be independent of oxygen variations, at least in Group 3 cells suggesting a less intense
activity of Phenf compared to Rotenone, which is a powerful mitochondrial inhibitor.
Moreover, we clearly showed that in the presence of iGP1, cells proliferated much better under
Physioxia and Hypoxia conditions, which we never observed with Phenformin. These results
clearly demonstrate that Phenformin has a different action than iGP1 and that it does not affect
the activity of mGPDH.
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The two shuttles clearly showed different sensitivity to hypoxia. Both mGDPH and MDH2
MRNA and protein expressions, in Group 3, do not seem to be affected by the oxygen variations
used in this study. On the other hand, MDH2 appeared to be strongly induced under hypoxic
conditions in Non-Group 3 cells, both at the mMRNA and protein expression levels. However,
Non-Group 3 cells have a functional HIF-1 unlike Group 3 cells (Contenti, 2002 — to be
submitted). We can therefore hypothesize that MDH2 is a target gene of HIF-1 but that its
regulation is disrupted by the presence of a particular HIF-1a in HDMBO3 or a non-existent
HIF-1a in D-458. Similarly, AOAA was able to show an inhibitory effect on viability and
proliferation only under hypoxic conditions and not under normoxic conditions in Non-Group
3 cells (data not shown).

Interestingly, Non-Group 3 cells were the most difficult cells to target with metabolic inhibitors.
Group 3 cells always reacted strongly to metabolic inhibitors (Phenf, iGP1, AOAA, GNE-
140...) for the same reasons as previously mentioned, i.e., the non-activity of HIF-1, the master
of metabolic regulation under hypoxia. We have thus clearly highlighted an Achilles heel of
Group 3 cells: hypoxic metabolism. In addition, Group 3 cells showed high sensitivity to
different NAD+ generating metabolic pathways. We obviously did not test all the metabolic
pathways controlled by hypoxia, but it turned out that the two shuttles mGPDH and MDH2
were of such importance that they are of potential interest as therapeutic targets. We have
clearly highlighted new treatment approaches that are very specific to the most emblematic
group of Medulloblastomas, that of metastases and very low survival rates.

We have clearly highlighted new treatment approaches that are very specific to the most
emblematic group of Medulloblastomas, that of metastases and very low survival rates. We will
continue to explore these avenues in the hope of reinforcing the knowledge acquired during this
study and bringing therapeutic solutions to young children affected by this devastating disease

as soon as possible.
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Figure titles and legends

Figure 1. mGPDH and MDH2 shuttles are used differentially in Non-Group 3 and Group 3
depending on the oxygen concentration. A, Schematic representation of the metabolic pathways
driven by mGPDH and MDH2. Specific inhibitors are represented: iGP1 (mGPDH), AOAA
(MDH2), Phenformin (Phenf — Complex 1) and GNE-140 (LDHA). B, Heatmap showing the
1 substrate that was differently metabolized by ONS-76 and HDMBO3 in Nx, Phx and Hx. The
color key scale for each substrate is based on dye reduction quantified by Omnilog units. A
dark red color indicates strong positive substrate metabolization, a red color moderate
metabolization and a green color indicates no substrate metabolization. C, Heatmap showing
the 9 substrates or combination of substrates that were differently metabolized by ONS-76 and
HDMBO03 in Nx, Phx and Hx. The color key scale for each substrate is based on dye reduction
quantified by Omnilog units. A dark red color indicates strong positive substrate
metabolization, a red color moderate metabolization and a green color indicates no substrate
metabolization. D and E. Steady-state metabolite profile of ONS-76 (D) and HDMBO03 (E) cells
submitted to hypoxia for 72h in the absence (Ctl Hx), or presence of i-GP1 or AOAA.
Intracellular metabolites from four independent samples per condition were profiled by LC/MS-
MS, and those significantly altered in treated cells, relative to control cells, are shown as row-
normalized heatmaps ranked according to fold-change log: (treated/untreated).

The 2-way ANOVA is representative of at least three independent experiments.

Figure 2. Inhibition of MGPDH by iGP-1 increases OXPHQOS and glycolysis in group 3 cells.
A and C, ONS-76 (A) and HDMBO03 (C) cells were seeded at the same density and incubated
in 21-, 6- and 1- % O for 24-, and 72- h in the absence (Ctl) or presence of iGP-1 (1 or 100uM).
Cell proliferation was measured using an ADAM cell counter. B and D, ONS-76 (B) and
HDMBO3 (D) cells were seeded at the same density and incubated in 21-, 6- and 1- % O for
24-, and 72- h in the absence (Ctl) or presence of iGP-1 (1 or 100uM). Cell viability was
measured using an ADAM cell counter. E, F and G, Respiratory control of ONS-76 cells. OCR
was measured in real time with the XF24 analyzer. Cells were cultured for 24 h in Nx (21% O>
- E), Phx (6% O2- F) and Hx (1% Oz - G) in the absence (Ctl) or presence of iGP-1 (1 or 100
p1M). Cells were deprived of glucose for 1h, then glucose (G), oligomycin (O), DNP, and
Rotenone + Antimycin A (R/A) were injected at the indicated times. The graphs are

representative of at least three independent experiments carried out in octoplicate. H, I, and J,
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ECAR in Nx (21% O3 - H), Phx (6% Oz - 1) and Hx (1% O- - J) in the absence (Ctl) or presence
of iGP-1 (1 or 100uM) for 24h of ONS-76 cells was evaluated with the XF24 analyzer. Cells
were deprived of glucose for 1h, then glucose (G) and oligomycin (O) were injected at the
indicated times. The graphs are representative of at least three independent experiments carried
out in octuplicate. K, L and M, Respiratory control of HDMBO03 cells. OCR was measured in
real time with the XF24 analyzer. Cells were cultured for 24h in Nx (21% O - K), Phx (6% O>
- L) and Hx (1% Oz - M) in the absence (Ctl) or presence of iGP-1 (1 or 100uM). Cells were
deprived of glucose for 1h, then glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin
A (R/A) were injected at the indicated times. The graphs are representative of at least three
independent experiments carried out in octoplicate. N, O, and P, ECAR in Nx (21% Oz - N),
Phx (6% O2- O) and Hx (1% Oz - P) in the absence (Ctl) or presence of iGP-1 (1 or 100uM)
for 24h of HDMBO3 cells was evaluated with the XF24 analyzer. Cells were deprived of
glucose for 1h, then glucose (G) and oligomycin (O) were injected at the indicated times. The
graphs are representative of at least three independent experiments carried out in octuplicate.
The 2-way ANOVA is representative of at least three independent experiments.

Figure 3. Phenf partially kills Group 3 cells compared to Non-Group 3 cells. A and C, ONS-
76 (A) and HDMBO03 (C) cells were seeded at the same density and incubated in 21-, 6- and 1-
% O2 for 24-, and 72- h in the absence (Ctl) or presence of Phenf (100uM) or Rotenone (2.5uM).
Cell proliferation was measured using an ADAM cell counter. B and D, ONS-76 (B) and
HDMBO03 (D) cells were seeded at the same density and incubated in 21-, 6- and 1- % O for
24-, and 72- h in the absence (Ctl) or presence of Phenf (100uM) or Rotenone (2.5uM). Cell
viability was measured using an ADAM cell counter. E, F and G, Respiratory control of ONS-
76 cells. OCR was measured in real time with the XF24 analyzer. Cells were cultured for 24h
in Nx (21% Oz - E), Phx (6% O3 - F) and Hx (1% O2 - G) in the absence (Ctl) or presence of
Phenf (3 or 100uM) or Rotenone (2.5uM). Cells were deprived of glucose for 1h, then glucose
(G), oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at the indicated
times. The graphs are representative of at least three independent experiments carried out in
octoplicate. H, I, and J, ECAR in Nx (21% Oz - H), Phx (6% O2 - I) and Hx (1% Oz- J) in the
absence (Ctl) or presence of Phenf (3 or 100uM) or Rotenone (2.5uM) for 24 h of ONS-76 cells
was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1 h, then glucose (G)
and oligomycin (O) were injected at the indicated times. The graphs are representative of at

least three independent experiments carried out in octuplicate. K, L and M, Respiratory control
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of HDMBO03 cells. OCR was measured in real time with the XF24 analyzer. Cells were cultured
for 24 h in Nx (21% O2 - K), Phx (6% O2- L) and Hx (1% O2 - M) in the absence (Ctl) or
presence of Phenf (3 or 100pM) or Rotenone (2.5uM). Cells were deprived of glucose for 1h,
then glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octoplicate. N, O, and P, ECAR in Nx (21% Oz - N), Phx (6% O2 - O) and Hx
(1% O2 - P) in the absence (Ctl) or presence of Phenf (3 or 100uM) or Rotenone (2.5uM) for
24h of HDMBO3 cells was evaluated with the XF24 analyzer. Cells were deprived of glucose
for 1 h, then glucose (G) and oligomycin (O) were injected at the indicated times. The graphs
are representative of at least three independent experiments carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Figure 4. Phenf and iGP1 combo induces high cell death in HDMBO03 cells. A and C, ONS-76
(A) and HDMBO03 (C) cells were seeded at the same density and incubated in 21-, 6- and 1- %
O> for 24-, and 72- h in the absence (Ctl) or presence of iGP-1 (100pM), Phenf (100uM) or
Phenf+iGP-1. Cell proliferation was measured using an ADAM cell counter. B and D, ONS-
76 (B) and HDMBO03 (D) cells were seeded at the same density and incubated in 21-, 6- and 1-
% O for 24-, and 72- h in the absence (Ctl) or presence of iGP-1 (100pM), Phenf (100pM) or
Phenf+iGP-1. Cell viability was measured using an ADAM cell counter. E and G, Respiratory
control of ONS-76 (E) and HDMBO3 (G) cells. OCR was measured in real time with the XF24
analyzer. Cells were cultured for 24 h in Hx (1% O>) in the absence (Ctl) or presence of Phenf
(100pM) + iGP-1 (100uM). Cells were deprived of glucose for 1h, then glucose (G),
oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at the indicated times.
The graphs are representative of at least three independent experiments carried out in
octoplicate. F and H, ECAR in Hx in the absence (Ctl) or presence of Phenf (100uM) + iGP-1
(100uM) for 24h of ONS-76 (F) and HDMBO03 (H) cells was evaluated with the XF24 analyzer.
Cells were deprived of glucose for 1h, then glucose (G) and oligomycin (O) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Figure 5. The Malate-Aspartate shuttle is preferentially used by Non-Group 3 cells. A and C,
ONS-76 (A) and HDMBO3 (C) cells were seeded at the same density and incubated in 1% O
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for 72h in the absence (Ctl) or presence of AOAA (0.3 and 1mM), iGP-1 (100uM) or
AOAA+IGP-1. Cell proliferation was measured using an ADAM cell counter. B and D, ONS-
76 (B) and HDMBO03 (D) cells were seeded at the same density and incubated in 1% O> for 72h
in the absence (Ctl) or presence of AOAA (0.3 and 1mM), iGP-1 (100uM) or AOAA+iIGP-1.
Cell viability was measured using an ADAM cell counter. E and G, Respiratory control of
ONS-76 (E) and HDMBO03 (G) cells. OCR was measured in real time with the XF24 analyzer.
Cells were cultured for 24h in Hx (1% O.) in the absence (Ctl) or presence of AOAA (1mM)
or AOAA+iIGP-1 (100uM). Cells were deprived of glucose for 1h, then glucose (G), oligomycin
(O), DNP, and Rotenone + Antimycin A (R/A) were injected at the indicated times. The graphs
are representative of at least three independent experiments carried out in octoplicate. F and H,
ECAR in Hx (1% O) in the absence (Ctl) or presence of AOAA (ImM) or AOAA+IGP-1
(100uM) for 24 h of ONS-76 (F) and HDMBO03 (H) cells was evaluated with the XF24 analyzer.
Cells were deprived of glucose for 1 h, then glucose (G) and oligomycin (O) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Figure 6. The combination of GNE-140 with the other combos massively kills MB cells. A,
Heatmap showing the 7 substrates that were differently metabolized by ONS-76 and HDMBO03
in Nx, Phx and Hx. The color key scale for each substrate is based on dye reduction quantified
by Omnilog units. A dark red color indicates strong positive substrate metabolization, a red
color moderate metabolization and a green color indicates no substrate metabolization. B and
C, ONS-76 and HDMBO03 cells were seeded at the same density and incubated in Nx, Phx and
Hx for 72h in the absence (Ctl) or presence of GNE-140 (5uM). Cell proliferation (B) and
viability (C) were measured using an ADAM cell counter. D and E, ECAR in Hx (1% O) in
the absence (Ctl) or presence of GNE-140 (5uM) for 24h of ONS-76 (D) and HDMBO03 (E)
cells was evaluated with the XF24 analyzer. Cells were deprived of glucose for 1h, then glucose
(G) and oligomycin (O) were injected at the indicated times. The graphs are representative of
at least three independent experiments carried out in octuplicate. D and E, ONS-76 and
HDMBO3 cells were seeded at the same density and incubated in Nx, Phx and Hx for 72h in
the absence (Ctl) or presence of iGP-1 (100uM) + AOAA (1mM) + GNE-140 (5uM). Cell
proliferation (F) and viability (G) were measured using an ADAM cell counter. H and I, ONS-
76 (H) and HDMBO3 (1) cells were seeded at the same density and incubated in Hx for 72h in
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the absence (Ctl) or presence of iGP-1 (100uM) + Phenf (100uM) or iGP-1 (100uM) + Phenf
(100pM) + GNE-140 (5uM). Viability was measured using an ADAM cell counter. J,
Clonogenic assay of ONS-76 and HDMBO3 cells. Cell lines were seeded at the same density
and incubated in Hx 1% O for 7 days in the absence (Ctl) or presence of iGP-1 (100uM) +
AOAA (1ImM) + GNE-140 (5uM) or iGP-1 (100uM) + Phenf (100uM) + GNE-140.

The 2-way ANOVA is representative of at least three independent experiments.

Supplemental

Supplemental Figure 1: A and B, Schematic distribution of the different MB subgroups
according to GPD2 (mGPDH — A) and MDH2 (B). C, Graphic representation of mGPDH
MRNA expression in DAOY, ONS-76, HDMBO03, D-458 cells incubated in normoxia (Nx) for
24h and hypoxia (Hx - 1% O») for 24-, 48- and 72- h. D, Graphic representation of MDH2
MRNA expression in DAOY, ONS-76, HDMBO03, D-458 cells incubated in normoxia (Nx) for
24h and hypoxia (Hx - 1% O,) for 24-, 48- and 72- h. E, ONS-76 and HDMBO3 cells were
transfected, or not (Ctl), with a siRNA control (siCtl) or siRNA to mGPDH (simGPDH) for
24h. Cells were then incubated in normoxia (Nx), physioxia (Phx) and hypoxia (Hx) for 72h.
Cell lysates were analyzed by immunoblotting for mGPDH and MDH2. Hsp90 was used as a
loading control. F, ONS-76 and HDMBO3 cells were transfected, or not (Ctl), with a SiRNA
control (siCtl) or siRNA to MDH2 (siMDH2) for 24h. Cells were then incubated in normoxia
(Nx), physioxia (Phx) and hypoxia (Hx) for 72h. Cell lysates were analyzed by immunoblotting
for MDH2 and mGPDH. Hsp90 was used as a loading control. G, HDMBO03 cells were
transfected with siRNA Control (siCtl), sSiRNA to mGPDH (simGPDH — 100nM) or treated
with iGP-1 (10 or 100uM) for 72h in Hx. G3P was then detected by colorimetric assay. H,
HDMBO3 cells were treated with iGP-1 (100uM) or transfected with siRNA Control (siCtl), or
SiIRNA to mGPDH (simGPDH — 100nM) for 72h in Hx. Ratio of NAD/NADH was then
quantify by colorimetric assay. I, HDMBO3 cells were transfected with siRNA Control (siCtl),
SIRNA to MDH2 (siMDH2) or treated with AOAA (1mM) for 72h in Hx. Malate concentration
was then detected by colorimetric assay. J, Metabolites differentiating between control (Ctl)
and iGP-1 or AOAA ONS-76 treated cells in Hx (VIP>1.0, metabolites with VIP>1.5 are

shown). Relative metabolite abundance is indicated in the bar, with red representing metabolite
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accumulation. K, Metabolites differentiating between control (Ctl) and iGP-1 or AOAA
HDMBO03 treated cells in Hx (VIP>1.0, metabolites with VIP>1.5 are shown). Relative
metabolite abundance is indicated in the bar, with red representing metabolite accumulation.

The 2-way ANOVA is representative of at least three independent experiments.

Supplemental Figure 2: A, Heatmap showing the 1 substrate that was differently metabolized
by ONS-76 and HDMBO03 in Nx, Phx and Hx. The color key scale for each substrate is based
on dye reduction quantified by Omnilog units. A dark red color indicates strong positive
substrate metabolization, a red color moderate metabolization and a green color indicates no
substrate metabolization. B, Heatmap showing the 9 substrates or combination of substrates
that were differently metabolized by ONS-76 and HDMBO03 in Nx, Phx and Hx. The color key
scale for each substrate is based on dye reduction quantified by Omnilog units. A dark red color
indicates strong positive substrate metabolization, a red color moderate metabolization and a

green color indicates no substrate metabolization.

Supplemental Figure 3: A and C, DAOY (A) and D-458 (C) cells were seeded at the same
density and incubated in 21-, 6- and 1- % O for 24-, and 72- h in the absence (Ctl) or presence
of iGP-1 (1 or 100uM). Cell proliferation was measured using an ADAM cell counter. B and
D, DAQY (B) and D-458 (D) cells were seeded at the same density and incubated in 21-, 6-
and 1- % O for 24-, and 72- h in the absence (Ctl) or presence of iGP-1 (1 or 100uM). Cell
viability was measured using an ADAM cell counter. E, F and G, Respiratory control of
DAOQY, cells. OCR was measured in real time with the XF24 analyzer. Cells were cultured for
24 hin Nx (21% Oz - E), Phx (6% O- - F) and Hx (1% O - G) in the absence (Ctl) or presence
of iGP-1 (1 or 100 puM). Cells were deprived of glucose for 1h, then glucose (G), oligomycin
(O), DNP, and Rotenone + Antimycin A (R/A) were injected at the indicated times. The graphs
are representative of at least three independent experiments carried out in octoplicate. H, I, and
J, ECAR in Nx (21% O - H), Phx (6% Oz - I) and Hx (1% O2 - J) in the absence (Ctl) or
presence of iGP-1 (1 or 100uM) for 24h of DAOY cells was evaluated with the XF24 analyzer.
Cells were deprived of glucose for 1h, then glucose (G) and oligomycin (O) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octuplicate. K, L and M, Respiratory control of D-458, cells. OCR was measured
in real time with the XF24 analyzer. Cells were cultured for 24h in Nx (21% O: - K), Phx (6%
0O2- L) and Hx (1% O - M) in the absence (Ctl) or presence of iGP-1 (1 or 100uM). Cells were
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deprived of glucose for 1h, then glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin
A (R/A) were injected at the indicated times. The graphs are representative of at least three
independent experiments carried out in octoplicate. N, O, and P, ECAR in Nx (21% Oz - N),
Phx (6% O - O) and Hx (1% O2 - P) in the absence (Ctl) or presence of iGP-1 (1 or 100 pM)
for 24 h of D-458 cells was evaluated with the XF24 analyzer. Cells were deprived of glucose
for 1 h, then glucose (G) and oligomycin (O) were injected at the indicated times. The graphs
are representative of at least three independent experiments carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Supplemental Figure 4: A, HDMBO03 and D-458 cells were seeded at the same density and
incubated in 1% O> for 72h in the absence (Ctl) or presence of NAC, iGP-1 (100uM) or NAC

+ iGP-1. Cell viability was measured using an ADAM cell counter.

Supplemental Figure 5: A and C, DAOY (A) and D-458 (C) cells were seeded at the same
density and incubated in 21-, 6- and 1- % O- for 24-, and 72- h in the absence (Ctl) or presence
of Phenf (100uM) or Rotenone (2.5uM). Cell proliferation was measured using an ADAM cell
counter. B and D, DAOY (B) and D-458 (D) cells were seeded at the same density and
incubated in 21-, 6- and 1- % O for 24-, and 72- h in the absence (Ctl) or presence of Phenf
(100uM) or Rotenone (2.5uM). Cell viability was measured using an ADAM cell counter. E,
F and G, Respiratory control of DAOY cells. OCR was measured in real time with the XF24
analyzer. Cells were cultured for 24h in Nx (21% O: - E), Phx (6% O2- F) and Hx (1% O2- G)
in the absence (Ctl) or presence of Phenf (3 or 100uM) or Rotenone (2.5uM). Cells were
deprived of glucose for 1h, then glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin
A (R/A) were injected at the indicated times. The graphs are representative of at least three
independent experiments carried out in octoplicate. H, I, and J, ECAR in Nx (21% O - H),
Phx (6% O2- 1) and Hx (1% O2 - J) in the absence (Ctl) or presence of Phenf (3 or 100uM) or
Rotenone (2.5uM) for 24 h of DAOY cells was evaluated with the XF24 analyzer. Cells were
deprived of glucose for 1 h, then glucose (G) and oligomycin (O) were injected at the indicated
times. The graphs are representative of at least three independent experiments carried out in
octuplicate. K, L and M, Respiratory control of D-458 cells. OCR was measured in real time
with the XF24 analyzer. Cells were cultured for 24h in Nx (21% O - K), Phx (6% O2- L) and
Hx (1% O2- M) in the absence (Ctl) or presence of Phenf (3 or 100uM) or Rotenone (2.5uM).
Cells were deprived of glucose for 1h, then glucose (G), oligomycin (O), FCCP (F), and
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Rotenone + Antimycin A (R/A) were injected at the indicated times. The graphs are
representative of at least three independent experiments carried out in octoplicate. N, O, and P,
ECAR in Nx (21% O2- N), Phx (6% O - O) and Hx (1% O - P) in the absence (Ctl) or presence
of Phenf (3 or 100uM) or Rotenone (2.5uM) for 24h of D-458 cells was evaluated with the
XF24 analyzer. Cells were deprived of glucose for 1h, then glucose (G) and oligomycin (O)
were injected at the indicated times. The graphs are representative of at least three independent
experiments carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Supplemental Figure 6: A and C, DAOY (A) and D-458 (C) cells were seeded at the same
density and incubated in 21-, 6- and 1- % O- for 24-, and 72- h in the absence (Ctl) or presence
of iGP-1 (100uM), Phenf (100uM) or Phenf+iGP-1. Cell proliferation was measured using an
ADAM cell counter. B and D, DAQY (B) and D-458 (D) cells were seeded at the same density
and incubated in 21-, 6- and 1- % O for 24-, and 72- h in the absence (Ctl) or presence of iGP-
1 (100uM), Phenf (100uM) or Phenf+iGP-1. Cell viability was measured using an ADAM cell
counter. E and G, Respiratory control of DAOY (E) and D-458 (G) cells. OCR was measured
in real time with the XF24 analyzer. Cells were cultured for 24 h in Hx (1% O3) in the absence
(Ctl) or presence of Phenf (100uM) + iGP-1 (100uM). Cells were deprived of glucose for 1h,
then glucose (G), oligomycin (O), DNP, and Rotenone + Antimycin A (R/A) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octoplicate. F and H, ECAR in Hx in the absence (Ctl) or presence of Phenf
(100uM) + iGP-1 (100uM) for 24h of DAOY (F) and D-458 (H) cells was evaluated with the
XF24 analyzer. Cells were deprived of glucose for 1h, then glucose (G) and oligomycin (O)
were injected at the indicated times. The graphs are representative of at least three independent
experiments carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Supplemental Figure 7: A and C, DAOY (A) and D-458 (C) cells were seeded at the same
density and incubated in 1% O> for 72h in the absence (Ctl) or presence of AOAA (0.3 and
1mM), iGP-1 (100uM) or AOAA+IGP-1. Cell proliferation was measured using an ADAM cell
counter. B and D, DAOY (B) and D-458 (D) cells were seeded at the same density and
incubated in 1% O> for 72h in the absence (Ctl) or presence of AOAA (0.3 and 1ImM), iGP-1
(100uM) or AOAA+IGP-1. Cell viability was measured using an ADAM cell counter. E and
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G, Respiratory control of DAQY (E) and D-458 (G) cells. OCR was measured in real time with
the XF24 analyzer. Cells were cultured for 24 h in Hx (1% O3) in the absence (Ctl) or presence
of AOAA (ImM) or AOAA+IGP-1 (100uM). Cells were deprived of glucose for 1h, then
glucose (G), oligomycin (O), FCCP (F), and Rotenone + Antimycin A (R/A) were injected at
the indicated times. The graphs are representative of at least three independent experiments
carried out in octoplicate. F and H, ECAR in Hx (1% O) in the absence (Ctl) or presence of
AOAA (ImM) or AOAA+IGP-1 (100uM) for 24h of DAOY (F) and D-458 (H) cells was
evaluated with the XF24 analyzer. Cells were deprived of glucose for 1h, then glucose (G) and
oligomycin (O) were injected at the indicated times. The graphs are representative of at least
three independent experiments carried out in octuplicate.

The 2-way ANOVA is representative of at least three independent experiments.

Supplemental Figure 7: A and B, DAQY and D-458 cells were seeded at the same density
and incubated in Nx, Phx and Hx for 72h in the absence (Ctl) or presence of GNE-140 (5uM).
Cell proliferation (A) and viability (B) were measured using an ADAM cell counter. C and D,
ECAR in Hx (1% O>) in the absence (Ctl) or presence of GNE-140 (5uM) for 24h of DAOY
(C) and D-458 (D) cells was evaluated with the XF24 analyzer. Cells were deprived of glucose
for 1h, then glucose (G) and oligomycin (O) were injected at the indicated times. The graphs
are representative of at least three independent experiments carried out in octuplicate. E and F,
DAOQY and D-458 cells were seeded at the same density and incubated in Nx, Phx and Hx for
72h in the absence (Ctl) or presence of iGP-1 (100uM) + AOAA (1ImM) + GNE-140 (5uM).
Cell proliferation (E) and viability (F) were measured using an ADAM cell counter. G and H,
DAOQY (G) and D-458 (H) cells were seeded at the same density and incubated in Hx for 72h
in the absence (Ctl) or presence of iGP-1 (100uM) + Phenf (100puM) or iGP-1 (100puM) + Phenf
(100uM) + GNE-140 (5uM). Viability was measured using an ADAM cell counter. I,
Clonogenic assay of DAOY and D-458 cells. Cell lines were seeded at the same density and
incubated in Hx 1% O for 7 days in the absence (Ctl) or presence of iGP-1 (100uM) + AOAA
(ImM) + GNE-140 (5uM) or iGP-1 (100uM) + Phenf (100uM) + GNE-140.

The 2-way ANOVA is representative of at least three independent experiments.
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L’hypoxie et le métabolisme comme approche thérapeutique dans le médulloblastome
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Ill- Figure 7 en préparation

A la lumiére de nos résultats in vitro démontrant une diminution nette de la viabilité des cellules
du en associant (Phenformine + AOAA + GNE-140) ou (AOAA + IGP-1 + GNE-
140), il semble intéressant de tester nos résultats sur un modele expérimentale en 3D : les
organoides. En collaboration avec 1’équipe italienne de Tiberi L., nous allons pouvoir tester nos
schémas thérapeutiques sur des organoides cérébelleux Otx-2/c-MY C hébergeant une signature
de méthylation de I’ADN qui se regroupe avec les MB du (Hubert et al. 2016). Les
manips seront réalisées dans un premier temps a 21% d’oxygene, partant du principe que la
structure en 3D de I’organoide posséde déja un gradient en oxygéne intrinséque. Il a déja été
démontré dans la littérature ’existence d’un gradient de stabilisation de HIF-1a ainsi que de
ses genes cibles dés 3 a 4 couches de cellules (Dayan et al. 2009). Ce gradient a été mis en
¢vidence dans un modele d’organoides de glioblastome, avec un marquage CAIX en

immunofluorescence (Hubert et al. 2016).

Le taux de prolifération cellulaire (marquage Ki67) des organoides sera comparés en fonction
du schéma thérapeutique : (i) Phenformine seul, (ii) Phenformine + AOAA + GNE-140, (iii)
AOAA+ IGP-1+ GNE 140. Dans un second temps, nous reproduirons les mémes manips mais
a des niveaux d’oxygénation différents, a 6% puis a 1% d’oxygene afin de se rapprocher des

condition physiologique cérébrale.

IV- Conclusions et Discussion de I’Article 2

Nous avons démontré dans cette étude I’importance des voies métaboliques régénérant le NAD™
cytosoligue (navettes Malate/aspartate et Glycérol-3-phosphate) dans la croissance tumorale et
la survie des cellules de MB. Ces voies métaboliques s’avérent étre un véritable talon d’Achille
pour les cellules de MB du , groupe ayant aujourd’hui le plus fort taux de métastases
ainsi que la mortalité la plus élevée. Il existe une véritable variabilité métabolique entre les
cellules du et les cellules du groupe non-3 en fonction du pourcentage d’oxygénation
(21% vs 6% vs 1%). (i) Le s’avere étre plus sensible a la Phenformine et ce d’autant
plus que les conditions d’hypoxie deviennent sévéres. (ii) Il existe une variabilité de 1’utilisation
des navettes en fonction des groupes de MB, et du pourcentage d’oxygene. (iii) L’utilisation

concomitante d'inhibiteurs spécifiques des deux navettes a clairement démontré une grande
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capacité a diminuer la prolifération cellulaire et a induire une plus grande mortalité dans le
par rapport au groupe non-3.

Ces résultats soulevent plusieurs questions auxquelles nous apportons ici des pistes de réponses.

A- L'importance des conditions expérimentales

Nous avons, dans ce travail, choisi d’aborder le probléme du médulloblastome sous un angle
métabolique et dans des conditions expérimentales mimant un environnement pauvre en
oxygene, afin de se rapprocher le plus de I’environnement tumoral in vivo. Le fait d’avoir réalisé
les expériences a trois niveaux d’oxygénation différent (21%, 6% et 1% O2) est une des
caractéristiques majeures de notre travail. En effet, la grande majorité des recherches in vitro
sont réalisées a 21 % d'O.. Bien qu'il soit de plus en plus reconnu que les études réalisées in
vitro ne constituent pas un modele parfait pour I'environnement in vivo (Hellwig, Heinrich, and
Biber 2013)(Neiva, Malva, and Valero 2014)(Ransohoff 2016), peu ont tenté de combler I'écart
afin de modéliser plus précisement les fonctions physiologiques in vivo dans un environnement
in vitro. Une technique récente qui utilise la microscopie a phosphorescence a deux photons
fournit des valeurs détaillées de la pO2 absolue dans différents tissus (Sakadzi¢ et al. 2010)(K.
Xu et al. 2017). Cette technique a révélé la grande hétérogénéité de I'oxygénation des tissus
cérébraux par région et a permis aux chercheurs de visualiser les différences dramatiques entre
la pO- dans le cerveau par rapport a la pO- dans lI'atmosphére (K. Xu et al. 2017). Nos résultats
vont dans ce sens en montrant que le métabolisme des cellules cancéreuse de MB est
drastiquement différent selon les conditions d’oxygénation, avec une meilleure phosphorylation
oxydative pour les HDMB-03 en condition d’hypoxie (1% O2) comparativement aux autres
conditions (6% et 21% 0O2). A l'inverse, les cellules du groupe non-3 ont un meilleur profil
métabolique en condition de normoxie (21% 02) ou de physioxie (6% O2). Il est important de
noter que tres peu d'attention a été accordée a l'effet de la tension d'oxygeéne sur l'action des
médicaments (Bordt 2018). Pourtant l'augmentation ou la diminution de la tension d'oxygene
pourrait entrainer des changements conformationnels des récepteurs, affectant ainsi la capacité
d'un médicament a se lier a certains récepteurs. Ou encore, simplement modifier la cinétique de
la liaison du médicament. Il se peut que l'absorption mitochondriale des médicaments soit
également altérée en fonction des conditions d’oxygénation. D'ailleurs, nous mettons en
évidence dans notre étude que I’effet de la Phenformine sur la viabilité des cellules du

est différent en normoxie et en hypoxie, quand on compare au contréle dans chaque condition

d’oxygénation. Les études futures devraient se concentrer non seulement sur la capacité des
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médicaments a se lier correctement a leurs récepteurs a différentes tensions d'oxygene, mais
également sur les modifications transcriptomiques et protéomiques en aval induites par la

liaison des médicaments.

B- Quelle navette est la plus importante dans le MB ?

Concernant la navette malate/aspartate, nos travaux ont montré une sensibilité équivalente des
différents groupes de MB lors de I’inhibition de cette navette par I’AOAA, avec un effet sur la
prolifération mais également sur la mortalité, suggérant que cette navette semble primordiale
pour I’ensemble des groupes de MB. A contrario, I’effet de I’inhibition de la navette glycérol-
3-phosphate par I’iGP-1 ne montre aucun effet sur la mortalité dans le groupe non-3 et un effet
plutdt bénéfique avec une meilleure viabilité dans le . Ces résultats mettent en lumiere
I’hétérogénéité métabolique entre les différents groupes de MB et soulignent le réle majeur de
la navette malate/aspartate.

Nos travaux suggerent également un effet compensateur de I’expression de mGPDH sur MDH?2
et vice versa. En effet, I’invalidation de mGPDH entraine une augmentation d’expression de
MDH2, encore plus marqué dans le , suggérant un lien étroit entre les deux navettes.
Ce réle substituable des deux navettes a été décrit en 2009, par Wibom et al. qui ont rapporté
le cas d’un patient présentant un défaut inné de I'AGC1, l'isoforme du transporteur aspartate-
glutamate principalement active dans le cerveau et les muscles (Wibom et al. 2009). Le patient
présentait des troubles du développement neurologique sévere. La concentration de glycérol-3-
phosphate dans le sang était élevée et les auteurs pensent que le cycle de glycérol-3-phosphate
peut compenser en partie le dysfonctionnement de la navette malate/aspartate au niveau
cérébral. Cette compensation a également été démontrée dans un modéle animal reproduisant
un déficit en citrine (Saheki et al. 2011). Le phénotype pathogéne a été induit par le double
knock-out de la citrine et du géne GPD2 (mGPDH) démontrant que la régulation a la hausse de
I'activité de navette du glycérol-3-phosphate était suffisante pour maintenir le transport des
équivalents NADH du cytosol aux mitochondries en présence d’une navette malate/aspartate
déficiente (Saheki et al. 2007).

Nos résultats traduisent la plasticité métabolique, gréce a laquelle les cellules de MB peuvent
engager des voies alternatives pour repondre a leurs besoins spécifiques, et de maniére
différente en fonction du groupe de MB, en positionnant la navette malate/aspartate comme

voie principale de régénération du NAD+ dans le MB. Mais cela reste encore a confirmer in
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vivo car I’hétérogénéité intra-tumorale du MB reste importante et peut modifier ces
caractéristiques métaboliques. Il serait également primordial d’évaluer I’expression et le role
de ces navettes dans le tissu cérébelleux sain, car utiliser ces navettes comme cibles
thérapeutiques potentielles prend encore plus de sens si leur expression est plus élevée dans le

tissu tumoral comparativement au tissu sain.

C- U'effet cumulatif des inhibiteurs de navettes

Nous avons mis en évidence dans ce travail une absence de régulation en hypoxie de
I’expression de la mGPDH et de la MDH2 dans le , le rendant de ce fait potentiellement
plus sensible aux inhibiteurs de ces deux navettes. Etrangement, 1’utilisation isolée d’iGP-1,
I’inhibiteur spécifique de la navette glycérol-3-phosphate, n’a pas montré d’effet sur la
mortalité cellulaire, avec au contraire une meilleure prolifération des cellules dans les différents
groupes de MB. Ce résultat s’explique probablement par une diminution de production de ROS
lors du traitement par I’iGP-1, car on sait aujourd’hui que la mGPDH peut étre une source de
ROS potentiellement importante méme dans les tissus typiquement aérobies avec un contenu
enzymatique négligeable (Mracek et al. 2014)(Mracek et al. 2009).

L'évaluation d'agents anticancéreux métaboliqguement ciblés a révélé que, dans de nombreux
cas, la réponse au traitement était moins robuste que prévue, a la fois dans les modeles animaux
et en clinique, et que le co-ciblage par différents traitements de la phosphorylation oxydative
d’une part et des voies métaboliques compensatrices d’autre part, pourrait améliorer I’efficacité
thérapeutique. C’est ce que nous mettons en lumiére ici avec un effet cumulatif de la
Phenformine associée a 1’iGP-1 sur la mortalité cellulaire des cellules du
comparativement au groupe non-3. Ceci pourrait s’expliquer par le fait que le ,
exprimant HIF-1, pourrait s’adapter plus facilement en induisant une surexpression de la
navette malate/aspartate en réponse a 1’inhibition de la navette glycérol-3-phosphate. Ce que

fait beaucoup plus difficilement le ayant un HIF-1 déficient ou inexistant.

L’action de la Phenformine sur la viabilité cellulaire est beaucoup plus marquée dans le
comparativement au . Probablement que les mécanismes compensatoires mis en
jeu suite au traitement par la Phenformine ne sont pas identiques dans les groupes de MB, et
sont différents d’une simple activation de la glycolyse. D’ailleurs, dans notre travail, nous ne
mettons pas en évidence d’augmentation de la glycolyse (cf ECAR en Seahorse)

secondairement a 1’utilisation de 1a Phenformine. Avec le facteur de transcription HIF-1, MYC

167



induit de maniére coopérative un programme transcriptionnel pour l'adaptation hypoxique
(Dang, Le, and Gao 2009). MYC régule I'expression des genes soit directement, comme les
génes glycolytiques, soit indirectement, comme la répression des microARN miR-23a/b pour
augmenter I'expression de la protéine glutaminase (GLS) et le métabolisme de la glutamine. Le

est connu pour avoir comme caractéristique une surexpression de Myc. La littérature
décrit la metformine comme un inhibiteur de croissance plus efficace lorsque les cellules
utilisent la glutamine plutdt que le glucose comme sources de carbone pour la production
d’énergie (Javeshghani et al. 2012) et que des niveaux éleveés d'expression de MY C sensibilisent
les cellules a I'inhibition de la metformine. La sensibilisation du a la Phenformine
pourrait donc s’expliquer par la surexpression de MYC dans ce groupe et par son appétence
pour la glutamine. Des études s’intéressant au glioblastome, mettent également en évidence le
role important de I’utilisation de la glutamine pour expliquer la plasticité métabolique des

différents groupes de glioblastome (Oizel et al. 2017).

D- Importance de la Lactate déshydrogénase (LDH) dans le MB ?

La régénération du NAD+ cytosolique n’est pas seulement dépendante des navettes
malate/aspartate et glycérol-3-phosphate, la lactate déshydrogénase régénére également le
NAD+ cytosolique au détriment de I'oxydation mitochondriale de pyruvate. Notre travail
démontre clairement que la LDH joue un role prépondérant dans la pérennisation de la
glycolyse dans le groupe non-3, avec un effondrement de la capacité glycolytique lors de
I’utilisation du GNE-140 (inhibiteur de la LDH). Cependant, malgré cet effondrement
glycolytique, nous ne mettons pas en évidence de baisse de la viabilité dans le groupe non-3,
comparativement au dont la mortalité augmente sous traitement par le GNE-140. On
sait que la LDHA est abondamment exprimée dans les lignées cellulaires MB comparativement
au tissu cérébelleux sain, mais a l'intérieur méme des groupes, son expression est variable. En
effet, les MB du expriment des taux de LDHA significativement plus élevés que tous
les autres sous-groupes de MB. Nos résultats différents sur 1’évolution de la capacité
glycolytique des cellules face au traitement par le GNE-140 peuvent s’expliquer par un
phénomene dose-dépendant. Probablement qu’avec une dose plus importante de GNE-140 dans
le (car plus forte expression de LDHA) nous aurions eu des résultats similaires a ceux
du groupe non-3. A contrario, I'impact sur la mortalité est plus marqué sur le . Nos
résultats corroborent avec la littérature. Une étude récente a mis en évidence un effet plus

marqué sur la mortalité des cellules de comparativement au groupe SHH en traitant
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les cellules avec de I’Oxamate (inhibiteur de la LDHA et LDHB) (Valvona and Fillmore 2018).
Cette différence d'efficacité pourrait s’expliquer par une plus grande capacité des cellules du
groupe non-3 a switcher sur la phosphorylation oxydative en réponse a l'inhibition de la
glycolyse. L'utilisation d'Oxamate et d’autres inhibiteurs de la LDH (GNE-140: triple inhibiteur
de la LDH-A, LDH-B et LDH-C) comme approche thérapeutique anti-cancéreuse est
prometteuse. Malheureusement, la concentration requise pour avoir des effets significatifs est
beaucoup trop élevée pour étre considérée pour une utilisation clinique (Le et al. 2010)
(Arseneault et al. 2013)(Mazzio et al. 2021). Il semble donc intéressant d’associer a ces
inhibiteurs de la LDH d’autres cibles thérapeutiques afin de potentialiser leurs effets. Notre
travail confirme cela, en démontrant un effet cumulatif fort sur la prolifération et sur la mortalité
cellulaire, de I’ensemble des groupes de MB, en associant au GNE-140 le combo (Phenformine
+ AOAA) ou (AOAA + iGP-1). Une étude portant sur des lignées cellulaires de cancer du
pancréas a mis en évidence que certaines lignées (majoritairement OXPHOS) initialement
résistantes au traitement par le GNE-140, avaient une sensibilité augmentée quand ce dernier

était associé a la Phenformine (Boudreau et al. 2016).

Au final, nous avons démontré dans notre étude I’importance de la navette malate/asparte dans
le MB, et plus précisément la différence d’utilisation des voies de régénération du NAD+
cytosolique en fonction des groupes de MB et des conditions d’oxygénation tissulaire. Il
apparait clairement que le co-ciblage de la phosphorylation oxydative par la Phenformine
associé aux inhibiteurs des voies de régénération du NAD* (AOAA + GNE-140) est une
approche thérapeutique séduisante pour diminuer la viabilité des MB du . Il est certain
que nos résultats nécessitent d’étre confirmés dans un premier temps sur un modéle
expérimental d’organoides de MB puis in vivo sur xenogreffes, avant de pouvoir étre exportes

en recherche clinique.
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Discussion générale
et perspectives
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Les patients atteints de MB du ont encore aujourd’hui un pronostic qui reste sombre
avec une mortalité globale aux environ de 50% et une grande morbidité secondaire aux
traitement conventionnel associant chirurgie, radiothérapie et chimiothérapie. Il est urgent de
pouvoir développer de nouvelles approches thérapeutiques ciblées sur ce groupe de patients
afin d’espérer améliorer leur pronostic. Mon travail de thése s’est concentré sur la
compréhension des différences de meétabolisme pouvant exister entre les MB du
comparativement aux autres groupes, dans des conditions experimentales hypoxiques, reflétant
au plus prés les conditions physiologiques cérébrales dans lesquelles se développe la tumeur.
Nous avons démontré que les voies métaboliques activées en hypoxie ne sont pas contrdlées de
laméme maniére dans le versus les groupes non-3, mettant en exergue la place centrale
de HIF-2 comme point de contréle de 1’adaptation cellulaire a I’hypoxie dans le . Une
des grandes forces de notre travail a été notamment de travailler dans des conditions
d’oxygénation différentes, mimant ainsi I’environnement physiologique et tumoral cérébelleux,
¢lément crucial pour comprendre les phénoménes pathologiques et pouvoir extrapoler a 1’in

vivo les résultats thérapeutiques de [’in vitro.

* HIF-2 aun réle central dans les MB du groupe 3

L'hétérogénéité intra-tumorale est un facteur important contribuant a la résistance aux
traitements anticancéreux. La diversité phénotypique des cellules cancéreuses au sein du
microenvironnement tumoral est fortement influencée par des facteurs environnementaux tels
que I'hypoxie. L'hypoxie et les facteurs de transcription inductibles par I'hypoxie HIF-1 et HIF-
2 sont connus pour étre associés aux cellules souches cancéreuses, aux métastases et a la
résistance aux médicaments dans la pathologie tumorale. Le role de HIF-2 a été trés largement
mis en avant dans la pathologie tumorale suite aux travaux réalisés dans le cancer du rein
(ccRCC), découlant sur la mise en place d’étude clinique de phase 1 testant un inhibiteur de
HIF-2 (NCT02293980, A Phase 1, Dose-Escalation Trial of PT2385 Tablets In Patients With
Advanced Clear Cell Renal Cell Carcinoma). Mais également dans les tumeurs cérébrales, avec
un essai de phase Il étudiant I'efficacité du PT2385 dans le traitement des patients atteints de
glioblastomes récurrents (NCT03216499). Nos résultats permettent donc d’étendre le potentiel
thérapeutique du PT2385 au médulloblastome, et plus particulierement au , pour lequel
le métabolisme hypoxique est uniquement contrdlé par HIF-2. Une étude exploratoire, non

thérapeutique, est en cours visant a evaluer le traceur [18F]PT2385 couplé a une Tomographie
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par émission de Positrons/Tomodensitométrie (PET/CT) chez des patients atteints de cancer du
rein. L'objectif principal est de corréler les niveaux de HIF-20 déterminés par [18F]PT2385
PET/CT scan avec les niveaux de HIF-2a obtenus sur tissus par immunohistochimie
(NCT04989959). Si les résultats se révelent concluants, cette technique pourrait étre transposée
au MB, permettant de mettre en évidence, avant 1’étape de la chirurgie, les patients ayant une
tumeur avide pour le PT2385, exprimant fortement HIF-2 . Elle permettrait alors d’identifier
les patients les plus & méme de répondre & un traitement associant un inhibiteur de HIF-2 a.
Nous savons que 1I’hétérogénéité intra-tumorale est grande dans le MB, et méme si nos résultats
présentent les patients du comme les meilleurs candidats a un traitement par le
PT2385, cette technique pourrait potentiellement ouvrir ce traitement a un plus grand nombre

de patients.

% D’autres axes métaboliques a explorer

Le cil primaire

Nous avons fait le choix, dans mon travail de these, d'axer nos recherches sur le métabolisme
et I’hypoxie. Le métabolisme est un axe de travail majeur de 1’équipe dans laquelle j’évolue, et
le travail antérieur conduit par le Dr Lucila Fabbri sur le carcinome rénal a cellules claires
(ccRCC), le cil primaire et la protéine VDAC-1 nous ouvre également des perspectives
intéressantes dans le cadre du MB (Annexe 4). Une des caractéristiques du ccRCC est la perte
du cil primaire (Nyhan et al. 2008). Les cils primaires sont des organites a structure
microtubulaire qui s'étendent de la surface de la cellule vers I’extérieur et jouent un réle crucial
dans la détection et la transduction moléculaire et mécanique des stimuli extracellulaire (Singla
and Reiter 2006). Dans son étude, Fabbri et al. a mis en évidence, pour la premiere fois, un
groupe de patients atteints de ccRCC dans lesquels la forme clivée en hypoxie de VDAC1
(VDACI1-AC) serait responsable de la résorption du cil primaire (Fabbri et al. 2020).

Au niveau du cervelet, le cil primaire serait nécessaire a la prolifération des neurones
granulaires cérébelleux (PNG), qui eux méme sont considérés aujourd’hui comme cellules
progenitrices des MB (Canterini et al. 2017). Mais le role du cil primaire dans le developpement
du MB n’est pas clairement défini. Il semblerait que la disparition du cil primaire soit nécessaire
pour la croissance du MB dans les groupes ayant un facteur de transcription Gli2

constitutivement actif, alors que I'ablation génétique du cil primaire blogue la croissance du
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MB induit par Smoothened (Smo). Une étude récente a effectivement mis en évidence que la
suppression d'Arl13b (une GTPase ciliaire) réduit les niveaux de signalisation SHH en présence
de ’oncogene Smo (Bay, Long, and Caspary 2018). La suppression d'Arl13B dans les lignées
cellulaires de MB humaines a montré une diminution de la prolifération. Il semblerait donc que
le cil primaire induise ou inhibe la formation du MB, selon I'événement oncogéne initiateur et
que I’expression du cil primaire soit différente selon les groupes de MB. On note une expression
importante dans les groupes non-3 (SHH et WNT), et une absence de cil primaire dans le
(Y.-G. Han et al. 2009). Il n’est pas impossible que 1’expression isolée de HIF-2 dans le
des MB puisse jouer un réle dans la disparition du cil primaire dans ce groupe car
récemment, une étude portant sur I’analyse in vitro de chondrocytes primaire a montré que HIF-
20 favorise la perte de cils primaires via la voie HIF 20/AURKA (Aurora kinase A)/NEDD9,
et la perte du cil primaire est une caractéristique de 1’évolution vers un phénomene

pathologique : l'arthrose (Q. Yang et al. 2019).

A la lumiére de nos résultats et des travaux antérieur de mon équipe de recherche, il serait
intéressant d’essayer de comprendre si, comme dans le cancer du rein, I’absence de cil primaire
dans le peut étre une caractéristique du potentiel d’agressivité de la tumeur et si
VDAC1-AC est impliqué dans la résorption du cil primaire. Connaitre le role du cil primaire
dans la signalisation oncogéne du MB pourrait conduire a une meilleure compréhension du

développement et du traitement de ces tumeurs.
% L’ostéopontine

Au cours de mon Master 2 effectué avec le Dr N. Sadaghianloo sous la supervision de N.
Mazure, j’ai étudié le role de I’ostéopontine (OPN) dans la pathologie vasculaire et plus
particulierement dans la dysfonction des abords vasculaires (fistule artério-veineuse) des
patients insuffisants rénaux (Annexe 1). L’OPN existe sous une forme soluble et immobile.
L'OPN soluble a une fonction dans la survie et la prolifération cellulaire, tandis que la forme
immobile de I'OPN fonctionne comme une protéine de la matrice extracellulaire (ECM) et
protége les cellules de l'apoptose (Standal, Borset, and Sundan 2004). L'OPN, dans ses
differentes isoformes, contient plusieurs régions de liaison, dont un site de liaison au calcium,
deux domaines de liaison a I'héparine et une séquence de liaison cellulaire a l'arginine-glycine-
aspartic acid (RGD) (Kon et al. 2008)(Reinholt et al. 1990). Les modifications post-

traductionnelles de I'OPN, telles que la phosphorylation, la glycosylation et le clivage
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protéolytique, entrainent un poids moléculaire compris entre 41 et 71 kDa (Shevde and Samant
2014). 1l a été démontré que des variants d'épissage distincts de 'OPN (OPNa, OPN-b et OPN-
c) jouent divers roles dans la progression du cancer. On sait aujourd’hui que I'expression de
I'OPN est stimulée par I'nypoxie. Récemment, cette découverte a été confirmée dans le
mélanome et le cancer du sein, montrant que I’OPN régule a la hausse l'expression des
marqueurs d'hypoxie, améliorant I'angiogenese tumorale et contribuant & la progression et a
I'invasion du cancer (Kale et al. 2015)(Raja et al. 2014). Cependant, la facon dont I'nypoxie
influence spécifiquement la libération d’OPN dans la circulation sanguine reste insaisissable.
La surexpression de I'OPN dans le tissu tumoral et/ou ses niveaux élevés dans les fluides
corporels (sang, bile, urine) des patients ont été associés a un comportement agressif d'une
grande variété de cancers de I'adulte, et I'expression de I'OPN s'est avérée étre associée a un
pronostic plus sombre chez les patients atteints de glioblastome (GBM) (Sreekanthreddy et al.
2010)(Weber, Lett, and Haubein 2010)(Wai and Kuo 2008). Ces résultats suggerent que I'OPN
pourrait jouer un réle en tant que biomarqueur pronostique potentiel du cancer et servir comme
cible thérapeutique prometteuse dans les tumeurs malignes de l'adulte. Une étude récente
portant sur le glioblastome met en évidence qu’une hypoxie modérée (5% O2) régule a la hausse
I'expression de l'ostéopontine via la stabilisation de HIF-2[0 (Nishikawa et al. 2021). La
surexpression de l'ostéopontine stimule la prolifération des cellules souches cancéreuses de
glioblastome, et I’extinction du geéne de I’OPN par siRNA diminue leur prolifération. Il serait
intéressant de comprendre le role de I’OPN dans le MB, et de savoir si le traitement par PT2385
(inhibiteur de HIF-201) entraine une diminution d'expression d’OPN et si cette variation
d’expression d’OPN a un lien direct sur la diminution de prolifération de la tumeur, notamment

du

% Les cellules souches cancéreuses

Les cellules souches cancéreuses (CSC) ont éte identifiées pour la premiere fois dans les
leucémies en 1973 comme une population distincte de cellules, comprenant des signatures
génétiques pro-oncogenes spécifiques, capables de générer des colonies hématopoiétiques
malignes. Avec le temps, les CSC ont été progressivement identifiées dans des niches dédiées
a de nombreuses autres tumeurs, y compris le MB en 2003 (S. K. Singh et al. 2003). De
nombreux articles démontrent le réle des CSC en tant que moteur principal de l'initiation et de
la rechute de MB, et par la suite en tant que cibles thérapeutiques potentielles (J. Wang and

Wechsler-Reya 2014). Il a également éte mis en évidence que la capacité d'auto-renouvellement
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des cellules souches de tumeur cérébrale était plus élevée dans les échantillons cliniques les
plus agressifs de médulloblastome (S. K. Singh et al. 2003). Les cellules souches de MB
peuvent étre identifiees comme des cellules CD133/Prom1 positives, et présentent une capacité
marquée de prolifération, d'auto-renouvellement et de différenciation in vitro. Une étude
récente démontre que I'expression d'AMBRA1 (Autophagy and beclin 1 regulator 1),
dépendante des niveaux d’expression de c-MYC, est corrélée au mauvais pronostic des patients
atteint de médulloblastome du groupe 3 (Nazio et al. 2021). De plus, I'inactivation dAMBRA1
réduit la croissance et la migration des cellules souches au niveau des MB du groupe 3. Les
cellules souches cancéreuses jouent donc trés certainement un role important dans I’agressivité
du groupe 3 des MB. On sait aujourd’hui que I’hypoxie améliore I'expression des CSC par
rapport aux conditions de normoxie (Eguchi et al. 2018). Par exemple, dans le glioblastome,
I'nypoxie augmente l'expression de nombreux marqueurs de CSC, contribuant ainsi a la
croissance tumorale (Boyd et al. 2021)(McCord et al. 2009)(P. Wang et al. 2017). Toujours
dans le glioblastome, la stabilisation de HIF-2a entraine une augmentation d’expression de
certains facteurs de cellules souches, notamment Oct4, Sox2 et Nanog. A I’inverse,
I'inactivation de HIF-2a réduit la capacité d'auto-renouvellement des CSC in vitro et diminue
la croissance tumorale in vivo (John M Heddleston et al. 2009b)(Seidel et al. 2010)(Covello et
al. 2006)(G. Lee et al. 2016). L’ensemble de ces données, associé aux résultats de mon travail,
ouvre des perspectives encore une fois trés intéressantes. Cibler HIF-2 avec le PT2385, dans
les MB du groupe 3, pourrait avoir un effet inhibiteur sur I'auto-renouvellement des CSC et
donc entrainer une diminution des capacités d’invasion et de prolifération du groupe le plus

agressif.

Comme nous venons de le voir, les perspectives de travail restent grandes afin de mieux
appréhender les caractéristiques de développement et de croissance du MB et plus
particulierement du groupe 3. Nous avons cependant découvert une caractéristique majeure du
métabolisme des MB les plus agressifs, avec une signature hypoxique uniquement dépendante
de HIF-2. Nous avons d’ailleurs déposé un brevet sur I’utilisation du PT2385 comme possibilité
thérapeutique du MB. Devant I’importance du facteur de transcription HIF dans la mécanistique
tumorale, nos résultats semblent importants a prendre en compte dans les futurs travaux sur le
MB.
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Abstract

Background and aims

Despite recommendations for close follow-up of patients with native arteriovenous fistulas (AVF),
up to 10% experience thrombosis each year. We tested the hypothesis that the systemic
osteopontin level, a pro-inflammatory mediator related to vascular remodelling and intimal
hyperplasia, increases in AVF stenosis.

Methods

Our cross-sectional study compared the level of plasmatic osteopontin (pOPN) between patients
with a well-functioning AVF (control group) and patients who required revision of their AVF due
to stenosis (stenosis group) (ELISA). Blood samples were collected from the AVF arm but also the
opposite arm as a within-subject control.

Results

A total of 76 patients were included in the study. Baseline characteristics were similar between
the groups (mean age, 70 years; men, 63%; AVF duration, 39 months), apart from those with type
2 diabetes (T2D) (control group, 33%,; stenosis group, 57%; p=0.04). pOPN levels were similar
between the AVF arm and the opposite arm (551 +4Zng/mL vs. 521 +41ng/mL, respectively,
p=0.11). Patients in the stenosis group displayed a higher pOPN level than patients in the control
group (650.2 £ 59.8 ng/mL vs. 460.5 £61.2, respectively, p= 0.03). T2D was not a confounding
factor in a multivariate analysis (p= 0.50).

Conclusions
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The increase of pOPN levels in hemodialysis patients was strongly associated to the presence of
symptomatic AVF stenosis. Thus, its potential as a diagnostic biomarker should be assessed in a

vascular access surveillance program.
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Introduction

Despite being the preferred vascular access for hemodialysis patients, arteriovenous
fistulas (AVF) present a high rate of dysfunction.! AVF dysfunction alters the adequacy of
dialysis and negatively impacts the patient's quality of life due to multiple
reinterventions.? AVF dysfunction mostly comes from the development of stenosis on the
venous limb of the AVF. Stenoses often decrease the Kt/V ratio, increase the recirculation
rate, extend the bleeding time, and may eventually lead to AVF thrombosis.2 3

Several surveillance methods have been proposed to detect stenosis before it threatens
AVF function.?# Clinical examination enables detection of a beating AVF or a flat vein,
depending on the localisation of the stenosis.® Intradialytic vascular access flow
measurement also helps to detect low or decreased flow and therefore underlying
stenosis.® Regular duplex ultrasound examination with flow measurement is a robust
imaging technique that leads to the gualitative and quantitative assessment of AVF
function.” However, these techniques either lack sensitivity, or are expensive, time
consuming and poorly accepted by patients and staff® ? Unfortunately, there is currently
no validated blood marker to rapidly predict/diagnose stenosis.

Osteopontin (OPN] is a cytokine /chemoldine with pleiotropic functions involved in tissue
remodeling, pathological chronic inflammatory processes, carcinogenesis as well as in
cardiovascular diseases.!” OPN plays an important role in the proliferation, migration and
accumulation of smooth muscle cells and endothelial cells, which are themselves
responsible for vascular remodeling.!* OPN is highly expressed in atherosclerotic
plaques.'> 1? Significant associations between the circulating OPN level and atheroma
plaque formation and high cardiovascular risk have been reported,'*!? particularly in
patients with type 2 diabetes (T2D).** % In addition, polymorphisms in the

phosphoprotein 1 [OPN) gene have been associated with subclinical evolution of carotid
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artery disease in T2D patients.2! Moreover, after coronary angioplasty, higher plasmatic
OPN (pOPN) levels have been associated with restenosis in patients.’s 22 These data
suggest that OPN plays a role in in-stent coronary restenosis, which is associated with
excessive intimal proliferation.2® In arteries, OPN may inhibit calcification by increasing
intimal medial thickness.'* In addition, OPN levels were found to be increased in the
venous wall after bypass grafting and AVF creation, suggesting a role in the formation of
venous neointimal hyperplasia. 2426

We hypothesized that pOPN would be increased in patients with AVF stenosis. It is easily
measured in a blood sample withdrawn while cannulating the AVF (with no additional
harm or discomfort for the patient), and thus, assessment of pOPN could help the

physician to screen patients who need further examination of their AVFE.

Materials and methods

Study design

Osteopontin as a marker of stenosis (0SMOSIS) was a prospective, cross-sectional, non-
randomized, and controlled study conducted in the University Hospital of Nice
(ClinicalTrials.gov Identifier: NCT03270358). The study was conducted in strict
accordance with national laws regarding human research and data protection, after
declaration to the relevant authorities and the approval of the local ethics committee.

Patients gave written informed consent before inclusion.

Setting & participants
Adult patients with end-stage renal disease, who had been under hemodialysis for at least
3 months by the means of the same native upper-arm AVF (radial-cephalic, brachial-

cephalic, brachial-basilic) were eligible for the study. Eligibility was screened by the
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nephrologist before inclusion. Patients under dialysis for at least 3 months with adequate
dialysis parameters and no clinical dysfunction were included in the control group.
Patients admitted to the department of vascular surgery for AVF dysfunction and surgical
or endovascular treatment of stenosis were included in the stenosis group. Patients were
referred for surgical revision of their AVF when one or more of these criteria were seen
by the nephrologist: Qa <400 mL/min or »20% decrease in (Ja compared to the previous
dialysis session; inability of complete dialysis within 4h, recirculation =20%, clinical
pulsing in the AVF. Patients with other types of vascular access, patients who had
previously received either a stent or a drug-coated balloon in their access, and patient
with thrombosed access were not included in the study. Patients were not followed-up

for the study after the day of inclusion.

Data collection and sample analysis

Patient characteristics, comorbidities and ongoing medications were recorded upon
inclusion. In the control group, a predialysis blood sample was collected after insertion of
the dialysis cannula in the AVF and before connection to the dialysis machine. In the
stenosis group, a predialysis blood sample was collected at insertion of the sheath in the
AVF in the operating room. Sampling was made within 24h of the diagnosis of AVF
dysfunction, since patients were referred to the surgical department within 24h. In both
groups, simultaneously or immediately following blood collection from the AVF, another
blood sample was collected from venipuncture of the contralateral hand of the same
patient, to serve as an internal control for the systemic OPN level. Blood samples were
centrifuged at 3,000 rpm for 15 min within 30-40 min of blood collection. Each blood
sample was aliquoted into multiple vials and stored at -80°C. Plasma samples were

diluted 50X in the appropriate buffer prior to analysis. Circulating OPN levels were
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evaluated with an ELISA (R&D Systems, Lille, France), as described in the manufacturer’s
instructions and reported in ng/mL. All samples were analyzed in duplicate, in random
order and blinded to the clinical/pathological data. The CV (%) of intra-assay precision
and inter assay precision ranged from 2.6 to 4 and 5.4 to 6.6, respectively. The minimum
detectable dose of OPN ranged from 0.006 to 0.024 ng/mL. C-reactive protein (CRP) and
phosphate concentrations were determined by spectrophotometry (Cobas 8000, Roche
Diagnostics, 38240 Meylan, France). Calibrators and quality controls were obtained from
Roche Diagnostics. For all assays, quality controls fell within limits defined by the

manufacturer.

Statistical analysis

At the time of writing of the study protocol, there were no clear data on the level of
circulating OPN in patients under dialysis with an AVF. Based on the data reported from
patients with intra-stent stenosis in coronary arteries?? we hypothesized that a
difference of 100 ng/mL in plasmatic OPN level between our two groups would be
significant. Seventy-six patients would provide at least 90% power with a risk alpha of
0.05 for comparison of the stenosis group to the control group.

Baseline characteristics between the groups were compared using Pearson's Chi? test for
a categorical variable. Continuous variables were reported as mean + standard error and
compared with a Student’s t-test. pOPN levels were compared in each group between the
AVF arm and the contralateral arm using a paired t-test A two-way ANOVA was
conducted to examine the effects of AVF group (control or stenosis) and diabetes on the
level of pOPN. A ROC curve was used to identify OPN thresholds. A binomial regression
model was performed to ascertain the effects of pOPN levels and diabetes on the

likelihood that patients have AVF stenosis, and the area under the curve was determined.
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p values <0.05 were considered statistically significant. All statistical analyses were

performed using SPSS Statistics V.23 [IBM, USA).

Results

Seventy-six patients were included in the study between February 2018 and September
2019 (control, 39 (51%); stenosis, 37 (49%)). Patients’ baseline characteristics are
reported in Table 1. There was no difference in the AVF vintage between our groups, and
a similar percentage of patients had a history of previously abandoned AVF in both groups
(Table 1). In the stenosis group, all but three of the patients received endovascular
treatment of their stenosis; these three patients had a surgical angioplasty with patch.

In the control group, mean dialysis Kt/V ratio on the day of blood collection was 1.67
(£0.28) with a range of 1.20 to 2.37, confirming that the AVF was functioning well (Kt/V
=1.4). In stenosis group, Kt/V ratio on the day of blood collection was 1,23 (20.33) (<1.4)
and statistically lower than the control group, which confirm low dialysis efficiency in this
group [p=0.00008). The markers of depuration and inflammation we measured
(Phosphate, Hemoglobin and CRP) were similar between our groups (Tablel).

To exclude any local effect of AVF puncture on the level of pOPN and to confirm the
systemic circulation of OPN, we first compared the levels of pOPN from samples collected
in the AVF arm versus the opposite arm in all patients. As shown in Figure 14, there was
no significant difference between these groups (551 242 ng/mL vs. 521 +41 ng/mlL,
respectively, p =0.11) (Suppl Table 1). On the basis of these results, the further analyses
were conducted on the levels of pOPN in the AVF arm.

Since there were more diabetic patients in the stenosis group (Table 1), diabetes could be
a confounding factor. We thus performed a two-way ANOVA to examine the effects of the

AVF group (control or stenosis) and diabetes on the level of plasmatic OPN. Levels of
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POPN are reported in Figure 1B. There was no statistically significant interaction between
AVF group and diabetes on pOPN levels [p =0.89) indicating that T2D was not a
confounding factor. We found that there was a statistically significant main effect of AVF
group on pOPN (F(1,72)=4.907, p =0.03). The unweighted marginal means of pOPN levels
for patients in the control group and the stenosis group were 460.5 £ 61.2 and 650.2
59.8 respectively (Figure 1B). The OFPN level was higher in the stenosis group compared
to the control group with an average increase of 190 ng/mL (CI95%: 18.98-360.4; p
=0.03). There was no statistically significant difference in pOPN between diabetic and
non-diabetic patients (F(1,72) = 0.465, p =0.50) in this model [Supplementary Figure 1).

We conducted a ROC curve analysis to determine the thresholds of pOPN that could lead
to the best sensitivity and the best specificity in the prediction of AVF stenosis. The area
under the ROC curve [AUC) was 0.70 [95% CI, 0.57 to 0.81). In this model, the level of
pOPN had the highest sensitivity at a threshold of 293 ng/mL (89.2% [CI95% : 74.6-97.0);
likelihood ratio 2.05) and the highest specificity at a threshold of 567 ng/mL (79.5%

(C195%: 63.5-91.0); likelihood ratio 2.77).

Discussion

In this cross-sectional case-control study, we showed that pOPN was significantly higher
in patients with AVF stenosis, independently of their diabetic status. Qur results also
indicate that a multivariate model including diabetic status and pOPN may help to predict
the presence of AVF stenosis.

The role of diabetes in the development of AVF stenosis is controversial. Several previous
reports have shown that patients with diabetes have worse AVF maturation.2”. 28 [n ESRD
patients, diabetes increases vascular calcification, and calcified arteries may not allow

sufficient outward remodeling and sufficient flow to provide a mature AVF. However,
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other studies have found that after cannulation, AVF in diabetic patients are similar to
AVF in non-diabetic patients, except for dialysis associated hand-ischemia, suggesting
that stenosis occurring in mature fistula may not be due to diabetes.2% 30 In our study,
diabetics were significantly more likely to have stenosis. Therefore, the role of diabetes
and vascular calcification in the AVF outcome still needs to be elucidated.

OPN is involved in many calcification processes, including vascular calcification in ERSD
patients.?1-*3 OPN has been found to be a marker of diabetes complications (type I and
type II), including nephropathy,2?- 33- 3 retinopathy®> and cardiovascular morbidity and
mortality.20.34.36 However, in a study evaluating several markers of vascular calcification
in cardiovascular mortality in patients with end-stage renal disease, Scialla et al. did not
report significant difference of OPN levels between diabetic and non-diabetic patients
(144.9 vs. 159.6 ng/mL, p= 0.19).32 While analyzing several calcification markers in
patients with vascular access, Lyu et al. found that lower levels of fetuin-A and higher
levels of OPN and bone morphogenetic protein-7 were associated with greater risk of AVF
interventions and were independent of diabetes.? Ulutas et al. also found that low fetuin-
A and elevated OPN was not associated with vascular calcifications in hemodialysis
patients.?® Therefore, the elevated circulating OPN level in AVF could reflect diabetic
vascular calcifications, but also biomineralization or inflammatory events.

We know that serial factors like inflammatory markers or Calcium-Phosphate metabolism
could represent an independent risk factor for AVF stenosis®*-*0, We were able to measure
CRP and phosphate level in our samples and found no significant difference between
groups. This finding may suggest that pOPN can be investigated as an independent factor
for AVF stenosis and not only related to a broader inflammation status.

OPN has also been described as an emerging inflammatory biomarker in the settings of

obesity and its complications (insulin resistance, T2D, and non-alcoholic fatty liver
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disease).#1-4% Due to its pleiotropic functions at the crossroads of calcium metabolism,
glucose metabolism and inflammation, the exact origin of circulating OPN and its role in
the development of AVF stenosis is difficult to distinguish. Batko et al studied circulating
pOPN and thrombomodulin in ESRD patients and showed that patients in pre-dialysis
have less OPN than patients under dialysis.** Although the relationship between
thrombomodulin and OPN is complex, these results suggest that phosphate/calcium
metabolism is involved in the secretion of OPN, since uremia and inorganic phosphorus
affects gene expression of vascular smooth muscle cells.*>*" The pro-inflammatory role
of OPN, especially in crosstalk with [L-6 and in the development of fibrosis after tissue
damage may also be involved in this process.#® Insulin resistance and overweight are
frequent in ESRD patients,*® and may be confounding factors when analyzing the levels of
circulating OPN.*® However, previous studies have shown that the increase in local OPN
expression in adipose tissue did not correlate with pOPN levels in obese patients.*! In our
study, pOPN levels were not correlated to body mass index, suggesting this analysis can
be helpful in all patients regardless of their body weight.

Our study has several strengths, with a prospective design and the use of a dual control
(one internal and one external) to analyze the level of pOPN in the AVF arm. But it also
has several limitations; in particular, it was a transversal study, with a small sample size
and without follow up of the AVF complications and gave no information on the kinetics
of pOPN levels over the day or throughout months. We cannot tell if patients with
constitutively high OPN level at AVF creation will later be prone to stenosis, or if OPN
increases with later development of stenosis, nor if threshold can be identified when the
stenosis become significant and needs revision. In further studies, other inflammatory

markers and atleast one standard method of follow-up should be included in the analysis.
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In conclusion, this prospective preliminary study showed that patients with a stenosed
AVF have higher levels of pOPN than patients with healthy AVF, independently of their
diabetic status. pOPN is a solid candidate in the quest of a biomarker for AVF stenosis that
is easy to implement in a dialysis routine. [t can now be assessed in a longitudinal study,
which will follow the levels of pOPN from creation to failure (or long-term success) of the

AVFs.
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Tables

Table 1. Baseline characteristics of patients.

* Statistical significance, p <0.05.

AVF, arteriovenous fistula; BMI, Body Mass Index; CRP, C-reactive protein; SEM,

standard error of the mean.

Variable Control Stenosis (N=37) p value

(N=30)

N or mean ( % or N or mean ( % or

SEM) SEM)
Apge (years) 71+20 6728 025
Sex
Male 23 (59) 25 (63) 044
Female 16 (41) 12(32)
Comorbidities and BMI
Diabetes 13 (33) 21 (5T 0.04#
Hypertension 31 (800 32(8T) 042
Dyslipidemia 26 (67) 18 (59) 0.14
Coronary disease 17 (44) 10027 013
BMI (kg/m?) 25909 26410 0.70
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Treatment

Anticoagulant 3(21) 5(14) 027

Antiplatelet 20 (51) 20 (54) 031

Statin 23 (59) 16 (46) 025

Beta-blocker 22 (56) 16 (46) 036

Angiotensin-converting

enzyme inhibitor 11 (28) 8023 0.60

AVF

Ape of AVF (months) 3346 414%59 061

History of previously 12 (31) 1027 072

abandoned AVF

Biomarkers

Hemoglobin (g/dL) 113415 109429 0.06

CRP (mg/L) 66265 101 £19.1 012

Phosphate (mmol/1.) 12404 13204 0383
20
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Figure legends

Figure 1. Levels of plasmatic osteopontin (pOPN) in patients with arteriovenous
fistulas (AVF). A. Comparison between the mean pOPN in the AVF arm and the opposite
arm [without AVF) of the same patient (551 £42 ng/mL vs. 521 +41 ng/mL,
respectively, p = 0.11, paired t-test). B. Two-way ANOVA analysis of mean pOPN in

control patients and stenosis patients, with analysis of interaction of diabetes.

216



Annexe 2: Co-culture of human fibroblasts, smooth
muscle and endothelial cells promotes osteopontin
induction in hypoxia. J cell Mol Med. 2020.

Received: 31 July 201% Revised: 20 Movember 2019 Accepted: 23 November 2019

DOI: 10.1111/jcmm. 14905

ORIGINAL ARTICLE WILEY

Co-culture of human fibroblasts, smooth muscle and
endothelial cells promotes osteopontin induction in hypoxia

Nirvana Sadaghianlool'2 | Julie Contenti®® | Maeva Dufies* | Julien Parolal |

Matthieu Rouleau® | Shinrong Lee®” | Jean-Francois Peymn1 | Lucilla Fabbri! |

Réda Hassen-Khodja® | Jacques Pouysségur'* | Frédéric Bost! | Elixéne Jean-Baptiste? |
Alan Dardik®’” | Nathalie M. Mazure®

'Université Cote d'Azur, Institute for Research on Cancer and Aging of Mice (IRCAN), CNRS-UMR 7284-Inserm U1081, Centre Antoine Lacassagne, University
of Mice Sophia-Antipolis, Nice, France

’Department of Vascular Surgery, Centre Hospitalier Universitaire de Mice, Nice, France

*Department of Emergency Medicine, Centre Hospitalier Universitaire de Mice, Nice, France

“Centre Scientifique de Monaco (CSM), Monaco, Monaco

SFaculty of Medicine, LP2M, CNRS-UMR 7370, Mice, France

®Department of Surgery and the Vascular Biology and Therapeutics Program, Yale University, New Haven, CT, USA
"Department of Vascular Surgery, VA Connecticut Healthcare Systems, West Haven, CT, USA

Correspondence
Mirvana Sadaghianloo and Nathalie M. Abstract

Mazure, INSERM U1065,C3M, 151 Reute de | Arteriovenous fistulas (AVFs) are the preferred vascular access for haemodialysis of
5t Antoine de Ginestiére, BP2 3194, 06204
Mice Cedex 03, France.

Emails: sadaghianloo.n@chu-nice fr; However, they are prone to a high rate of failure due to neointimal hyperplasia and
mazure@unice.fr

patients suffering from end-stage renal disease, a worldwide public health problem.

stenosis. This study aimed to determine if osteopontin (OPN) was induced in hy-

Present address poxia and if OPN could be responsible for driving AVF failure. Identification of new
Mirvana Sadaghianloo, Julie Contenti, Lucilla s . N . .
Fabbri, Réda Hassen-Khodia, Elixéne Jean- factors that participate in remodelling of AVFs is a challenge. Three cell lines rep-
Baptiste and Nathalie M. Mazure, Centre de resenting the cells of the three layers of the walls of arteries and veins, fibroblasts,
Méediterranéen de Médecine Moléculaire _ . N
(C3M), INSERM U1065, Universite Cote smooth muscle cells and endothelial cells, were tested in mono- and co-culture in
d'Azur, Nice Cedex 03, France vitro for OPN expression and secretion in normoxia compared to hypoxia after si-
lencing the hypoxia-inducible factors (HIF-1a, HIF-2a and HIF-1/2a) with siRNA or

Funding information
Fondation Flavien; Société Francaise de after treatment with an inhibitor of NF-kB. None of the cells in mono-culture showed
Chirurgie Vasculaire et Endovasculaire;

Fondation ARC pour la Recherche sur le
Cancer; Fondation de France; La Ligue changes in oxygenation that occur during AVF maturation up-regulate secretion of
contre le Cancer

OPN induction in hypoxia, whereas cells in co-culture secreted OPN in hypoxia. The

OPN through cell-cell interactions between the different cell layers that form AVF,
and in turn, these promote endothelial cell proliferation and could participate in ne-
ointimal hyperplasia.

KEYWORDS
arteriovenous fistula, hypoxia, hypoxia-inducible factor, metabolism, osteopontin

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2019 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

J Cell Mol Med. 2020;24:2931-2941. wileyonlinelibrary com/journal/jermm 2931

217



SADAGHIAMLOO T AL

22 | \wiLey

1 | INTRODUCTION
Renal failure is a major public health problem with increasing inci-
dence every year. Patients with end-stage renal disease require
either kidney transplantation or haemodialysis to sustain life.
Arteriovenous fistula (AVF) is the preferred vascular access for hae-
modialysis.* However, only 50% of AVF remain functional six months
after creation, which increases the morbidity-mortality of patients.?
Several clinical factors seem to play a role in the dysfunction of
AVFs, including female gender, age, or diabetes. Histologically, dys-
function most frequently results from neointimal hyperplasia (NH),
which is responsible for stenosis.? Different mechanisms including
the differentiation of fibroblasts into myofibroblasts, proliferation of
smooth muscle cells and endothelial cell activation have been identi-
fied in NH of AVF. Following surgery, changes in tissue oxygenation
result in (a) an increase of arterial O, partial pressure (pQ,), from 35
to 45 mm Hg in the venous blood and from 73 to 100 mm Hg in the
arterial blood, and (b) a decrease in the oxygen (O,) concentration in
the venous wall, as seen by the stabilization of the hypoxia-induc-
ible factor (HIF) in the venous limb of the AVF in several models.?
Rupture of the vasa vasorum during surgical dissection may contrib-
ute to the induction of hypoxia, thereby stabilizing HIF.> HIFs are
dimeric protein complexes that consist of an «-subunit (HIF-1a or
HIF-2a) and a p-subunit (HIF-1p or HIF-24),° and are major regulators
of cellular adaptation to hypoxia. HIF-1« is expressed ubiquitously,
whereas HIF-2a is primarily detected in endothelial cells but is also
selectively highly expressed in a limited number of tissues.” There is
increasing evidence supporting the contribution of the HIF pathway,
both the protective and destructive effects, to the pathogenesis of
diseases affecting the vascular wall including atherosclerosis,>? ar-
terial aneurysms,'®*2 pulmonary hypertension,**° vascular graft
failure,****# chronic venous diseases'®*® and vascular malforma-
tion.%+22 Furthermore, increased expression of VEGF-A, a target
HIF-1a gene, may contribute to NH, through increased proliferation
of smooth muscle cells. A recent study has shown that reducing
VEGF-A gene expression during AVF formation reduces NH.>

Although HIFs are involved in the regulation of the oxygen ho-
meostasis, NF-xB, a major transcription factor that responds to
cellular stress, is also activated by hypoxia.?* The most abundant
cytoplasmic form of the NF-xB complex is an inactive heterotrimeric
form composed of p50 and pé5 subunits, and the inhibitor IKB-a.
Stimulus-induced degradation of IKB-u is critical for nuclear translo-
cation of NF-xB and induction of transcription of target genes.? In
rat models, overexpression of NF-xB was found following vascular
injury and correlated to thickening of the intima compared to that of
control vessels.”®

Osteopontin (OPN) is a SIBLING protein (Small Integrin Binding
Ligand N-linked Glycoproteins), which was initially identified as a
bone matrix protein that links bone cells to the extracellular ma-
trix.”” OPN exists in two isoforms, a secreted (sOPN) and an intra-
cellular form (IOPN), that have distinct biological functions.?® At
the protein level, OPN has a molecular weight of about 60 kD. This
protein undergoes multiple post-translational modifications by

phosphorylation and glycosylation variables that can explain the
previously described variability in the apparent molecular weights
(from 25 to 75 kD).Z* OPN is involved In multiple processes in-
cluding tissue remodelling, regulation of cellular immunity, patho-
logical chronic inflammatory processes, carcinogenesis as well as
cardiovascular diseases.>® OPN is also involved in several vascular
diseases promoting angiogenesis, in parallel with vascular endo-
thelial growth factor (VEGF), through enhanced endothelial cell
migration, proliferation and subsequent formation of capillaries,
which are essential requirements for the process of angiogenesis.
In particular, it has been found to be expressed in vascular smooth
muscle cells of human restenotic lesions and stenotic vascular le-
sions.®! Significant association between the level of plasma circu-
lating OPN and atheroma plaque formation has been reported.®?
Moreover, high OPN levels in patients with stenosis have been de-
scribed after coronary angioplasty compared to patients without
stenosis.® Interestingly, Hall et al** have shown a 40-fold increase
in OPN expression in the early stages of AVF maturation in a mouse
model of AVF. In addition, constitutive overexpression of OPN in
mice was found to result in increased neointima formation after
cuffing of the femoral artery.® Finally, structural changes were
noted on the OPN-null background including disorganized colla-
gen and increased vessel wall compliance.® Altogether, these data
suggest that OPN may play a role in the development of vascular
stenosis associated with excessive intimal proliferation. Reactive
oxygen species (ROS)*” and hyperglycaemia®® induce in vivo ex-
pression of OPN in pancreatic epithelial cells, and also in vascular
smooth muscle cells. Even though up-regulation of OPN in hypoxia
has been shown to be dependent®**® or independent® of HIF-1
regulation, OPN expression is enhanced under hypoxia through
different mechanisms,*? leading to co-expression with VEGF.*3
Moreover, we reported that the oxidative stress generated during
early maturation of an AVF stabilized the HIF-1a protein and thus
activated HIF-target genes such as Vegf-A, Nox-2 and Ho-1.**

Given that changes in the oxygen concentration occur during
surgical creation of an AVF in parallel to OPN overexpression, we
suggested that OPN is induced by hypoxia and thus could con-
tribute to the failure of AVF maturation due to NH and juxtaanas-
tomotic stenosis. We postulated that regulation of OPN through
silencing of HIFs or NF-kB could promote AVF maturation. Finally,
we describe an all-human in vitro cell model of co-culture that
induces OPN in hypoxia but only under conditions of cell-cell
interaction.

2 | MATERIALS AND METHODS

21 | cCell culture and co-culture

Normal human fibroblasts (NHF; gifted by Dr Cédric Gaggioli,
IRCAN) were grown in Dulbecco's modified eagle medium (DMEM,
Gibco) supplemented with 10% foetal bovine serum (FBS), peni-
cillin (10 U/mL) and streptomycin (10 pg/mL), and used between
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passages 3 and 10. Human umbilical vein smooth muscle cells
(HUVSMC) were grown on poly-L-lysine-coated dishes in full
smooth muscle sell medium (ScienCell Research Laboratories) and
used between passages 1-6. Human umbilical vein endothelial cells
(HUVEC; Gibco, Thermo Fisher Scientific) were grown on gelatin-
coated dishes in endothelial cell growth medium supplemented
with SingleQuots™ (Lonza), penicillin (10 U/mL) and streptomycin
(10 pg/mL), and used between passages 1 and 6. Mesenchymal
stromal cells (MSCs) were isolated from bone marrow aspirate ob-
tained from healthy donors and expanded in alpha-MEM medium
(Gibco; Thermo Fisher Scientific) supplemented with 5% HyClone
foetal bovine serum (Thermo Fisher Scientific) while fulfilling uni-
formly minimal MSC criteria. Their osteoblast differentiation was
obtained after 3 weeks of culture in the StemPro Osteogenesis
Differentiation kit (Thermo Fisher Scientific) according to the
manufacturer's instructions. For normoxia, cells were maintained
in a humid incubator at 37°C with 5% CO, and air. For hypoxia,
cells were transferred to an Invivo, hypoxic workstation (Baker
Ruskinn Global) set at 37°C, 5% CO, and 1% O,.

To model the AVF microenvironment, different combinations
of direct co-cultures of cells (100 000 cells/well) were used: NHF/
HUVSMC, NHF/HUVEC, HUVSMC/HUVEC and NHF/HUVSMC/
HUVEC. The same total number of cells was used for both these
combinations and the mono-cultures. For combinations of NHF/
HUVSMC, NHF/HUVEC and HUVSMC/HUVEC, a ratio of 1 to 1
was used with 50% of each cell line. For NHF/HUVSMC/HUVEC,
the ratio was still 1 to 1 but with 33% of each cell line.

2.2 | Tissue collection

Studies on human samples received authorization from regulatory
boards and the local ethics committee. Informed consent was ob-
tained from patients regarding the collection of samples and data.
Deidentified matured patent human AVF samples were provided by
Yale Vascular Surgery. Samples were obtained after 26 months of
haemodialysis during surgical revision of the fistula resulting from
severe anastomotic stenosis.*> The samples analysed are of a seg-
ment of normally remodelling patent vein from the fistulae. Control
veins were obtained from renal disease patients at the time of ini-
tial AVF creation. Sample procurement with informed consent was
approved by Human Investigation Committee of Yale University
Institutional Review Board HIC No. 1005006865. Tissues were fixed
in formalin and embedded in paraffin.

2.3 | Pharmacological inhibitors and chemicals
Recombinant human OPN was from R&D system and was used at 1 pg/

mL. Inhibition of the NF-xB activity was conducted with a specific in-
hibitor (inhibitor of IKK2 (AS602868), iNF-xB), a gift from DrJF Peyron.

2.4 | RNAI transfection

Cells were plated at 70% confluence and transfected the fol-
lowing day using Lipofectamine RNAIMAX™ (Thermo Fisher
Scientific) according to the manufacturer's protocol, at a
50 nmol/L final concentration of RMNAiL The set of RNAi se-
quences (Eurogentec) targeting human were as follows: SIMA
(siCtl) (forward) 5-CCUACAUCCCGAUCGAUGAUG-3', siHIF-1x
(forward) 5-CUGAUGACCAGCAACUUGA-3' %8 siHIF-2a
(forward) 5-CAGCAUCUUUGAUAGCAGU-3'*® siOPN#1 (for-
ward) 5-GUUUCACAGCCACAAGGAC-3', siOPN#2 (forward)
5-GCCACAAGCAGUCCAGAUU-3".

2.5 | Immunoblotting

Protein immunodetection was performed as previously ///de-
scribed.* Briefly, cells were lysed in 1.5X SDS buffer, and
if exposed to hypoxia, they were lysed while inside the hy-
poxic chamber. Proteins (40 pg) were separated on 7.5% SDS-
polyacrylamide gels and transferred onto polyvinylidene
difluoride membranes (Millipore). Blots were blocked in 5% milk
in Tris-HCI/NaCl buffer and incubated with antibodies at 4°C
overnight. Immunoreactive signals were revealed with horserad-
ish peroxidase (HRP)-conjugated antibodies (Promega) using the
Pierce™ ECL Western blotting system (Thermo Fisher Scientific).
The antibody against HIF-1a was produced in our laboratory and
used at 1:1000. The antibody against HIF-2a (NB100-122) was
purchased from Novus Biologicals (Littleton) and used at 1:1000.
The antibody against OPN (AF 14-330P) was purchased from
R&D System and used at 1:500. The antibody against p-tubulin
(T4026; Sigma-Aldrich) was used at a 1:2000 dilution as a loading
control.

2.6 | RNA extraction and quantitative real-time PCR

For patient samples, total RNA was extracted with the RNeasy
FFPE Kit (Qiagen). For cells, total RNA was extracted and reverse
transcribed (SuperScript Il Reverse Transcriptase; Invitrogen), and
real-time RT-PCR was performed on an StepOnePlus Fast real-time
PCR system (SybR Green, Applied Biosystems) on triplicates as de-
scribed. Results were normalized to the housekeeping gene 36B4 on
the same plate. Differences in gene expression were calculated using
the 2724 method.

Human primer sequences used were: OPN (Eurogentec) (for-
ward: 5-CAGGCTGATTCTGGAAGTTCTGA-3'; reverse: 5-GGGCT
AGGAGATTCTGCTTCTGA-3'), GLUT1 (Eurogentec) (forward:
5" TTCACTGTCGTGTCGCTGTTT-3" reverse: 5“TCACACTTGGGAA
TCAGCCCC-3') and rpLO (Sigma) (forward: 5- CAGCTTGGCTACC
CAACTGTT-3', reverse: 5-GGCCAGGACTCGTTTGTACC-3").
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27 | ELISA

The concentration of human OPN was determined by ELISA (kit
DuoSet ELISA Human osteopontin, R&D systems DY1433) using NHF,
HUVSMC and HUVEC conditioned culture media according to the
manufacturer’s instructions. Cells were plated at 50% confluence and
treated the following day with H,0, (50 pmol/L), glucose (50 mmol/L)
and inhibitor of IKK2 (AS602868), iNF-xB for 48 hours. Treatment
with phosphate-buffered saline (PBS) was used as control.

2.8 | Immunofluorescence

Human vein and AVF samples were sectioned at 5 pm and mounted
onto glass slides. After heating overnight at 55°C, deparaffinization
was accomplished through a series of xylene and graded ethanol soaks.
Sections were heated in citric acid buffer (pH 6.0) at 100°C for 10 min-
utes for antigen retrieval, then washed and permeabilized with 0.1%
Tween-20 in phosphate-buffered saline (PBS-T). Antigens were blocked
with 2% bovine serum albumin in PBS-T for 60 minutes at room tem-
perature. Sections were then incubated with the following primary an-
tibodies diluted in antibody diluent (Agilent Dako $3022) overnight at
4°C: anti-OPN (1:500, Abcam, ab8448), anti-alpha-smooth muscle actin
(1 pg/mL, Invitrogen 14-9760-80). Sections were treated with second-
ary antibodies goat anti-rabbit Alexa-Fluor-568 (Life Technologies) and
chicken anti-mouse Alexa-Fluor-488-diluted 1:400 for 1 hour at room
temperature. Sections were then stained with ProLong™ Gold Antifade
Mountant with DAPI (Thermo Fisher), and coverslips were applied.
Digital fluorescence images were captured with the EVOS FL Auto 2
cell imaging system (Thermo Fisher) at 40x, with subsequent image
analysis done with Image) software (NIH). Osteopontin fluorescence
was background-subtracted and normalized to smooth muscle cell area
(determined by area fraction of alpha-smooth muscle cell actin immu-
nofluorescence). The background was obtained from negative control
sections, that is without the primary antibody. The value of this negative
signal was subtracted from the signal obtained from the red channel
(OPN) using the primary antibody. Samples were analysed with ImageJ,
and whole sections were analysed; 3-5 sections were analysed for each
sample and the mean value computed for each specimen.

2.9 | Statistics

All values are the means + SEM. Statistical analyses were performed
using Student's t test in Microsoft Excel. The P values are indicated.
All categorical data used numbers and percentages. Quantitative
data were presented using the median and range or mean.
Differences between groups were evaluated using the chi-square
test for categorical variables and Student’s t test for continuous vari-
ables. Analyses were performed using SPSS 16.0 statistical software
(SPSS Inc.). All statistical tests were two-sided, and P-values < .05
indicated statistical significance whereas P-values between .05 and
.10 indicated a statistical tendency.

3 | RESULTS

We suggested that OPN plays a role in intimal hyperplasia of AVF; thus,
we searched in vitro for OPN expression in hypoxia (1% O,) incompari-
son to normoxia in cells (NHF, HUVSMC and HUVEC) representative
of those involved in AVF maturation. We investigated silencing of HIFs
and inhibition of NF-xB in vitro in these cells to see if these transcrip-
tion factors down-regulated OPN expression in hypoxia.

3.1 | Intracellular OPN (iOPN) is not induced in
hypoxic cells

First, we evaluated the level of expression of OPN in AVF patients.
Both expressions of OPN mRNA (Figure 1A) and OPN immunoreac-
tivity (Figure 1B) in the AVF were significantly increased, compared
to control veins, confirming our previous results and the potential role
of OPN in AVF maturation.®* Knowing that OPN has two isoforms,
intracellular OPN (iOPN) and soluble OPN (sOPN), we first character-
ized iOPN by immunoblot in different cellular models. Recombinant
OPN (recOPN) was used to quantitate the expression (Figure 1C).
Human bone marrow mesenchymal cells osteoblasts (Figure 1D) and
LNCap cells (Figure 1E) were examined as controls, since these two
models are known to express OPN. Moreover, OPN is known as a
biomarker for prostate cancer and for its role in tumour progres-
sion.™ The antibody against OPN detected recOPN at the concentra-
tions of 50 and 16.6 ng and at a relative molecular weight of 70 kDa
(Figure 1C). Human bone marrow mesenchymal cells and osteoblasts
showed high expression of IOPN in normoxia after 48 hours incu-
bation. Since iOPN is expressed in LNCaP, we evaluated potential
hypoxic induction of iOPN in these cells and observed a slight in-
duction (twofold; Figure 1E). As HIF-1 is the key protein responsible
for cellular adaptation to hypoxia, we checked whether HIF-1 was
involved in the induction of iIOPN. Using siRNA to silence HIF-1q,
we showed that, in the absence of HIF-1a, iOPN expression was still
present. Only siRNA#2 to OPN completely abolished iOPN expres-
sion. Subsequent experiments were done with this SIRNA to OPN.
NHF (representing the adventitia; Figure 1F), HUVSMC (represent-
ing smooth muscle cells associated with elastic fibres) (Figure 1G) and
HUVEC (representing the endothelium) (Figure 1H), the three cell
lines that compose the three layers of the arteries and veins, were
tested for iOPN expression. Although HIF-1a and HIF-2« were de-
tected in hypoxic conditions, 1% O, for 48 hours, none of these cells
expressed iOPN. These cells did not express iOPN in either normoxia
or hypoxia 0.2% O, (data not shown). Transfection of NHF (Figure 1F),
HUVSMC (Figure 1G) and HUVEC (Figure 1H) with siRNA to HIF-1x
and/or HIF-2a strongly diminished the amount of these two subunits
and the silencing of HIF-1w slightly increased the detection level of
HIF-2a and vice versa. Thus, we silenced both subunits to completely
abolish the HIF activity.

These results suggest that iOPN expression is below the detect-
able level of 16.6 ng, (Figure 1C) in NHF, and weakly expressed in
HUVSMC and HUVEC.

220



SADAGHIAMLOO ET AL 2935
WILEY-LZ®

A B Human
20 , . Vein AVF

z
& 15 . 3
B I
Z 0 3

=
e 2

=
s == :

(=]
.
2
T L3
S| .
OPN/SMC ratio
& = Row

Vein AVF
Human
c D
recOPN (ng) MSC Osteo.
Mx  Hx  MNx

50 166 G55 18 06 02

70kDa — et s 70kDa —gns gy < OPN

I}
Nx Hx 2§
i B4 20
= = = = St g g 300
- = % - = siHF % _% 10
]
- - - 4+ = siOPN#1 T zﬂ - ’*‘ I
- - - - = & siOPN#2 a5 [ |
?DkDa—ll'» AT <—oPN = ¢ ¢ F S
§F ﬁ _}oQ
1
h il €« pTub,
F H
Hx - NHF Hx - HUVSMC Hx - HUVEC
+ = - - sictl + = - - sictl . - - = sicd
- + - = siHIF-1a - £y - - siHIF-1a - * - - siHIF-1c
- = + - siHIF-2a - - + - siHIF-2a - = + - siHIF-2a
- +  siHIF12a - - + siHIF-1/2c = = + siHIF-1/2c

- e tire B ) SHR q Be  €HFla

PRI LTSI PYTSTRIN  § 00 | PYTLEs
e <OPN <OPN

e €0 TUD g W C [ TUD. S ———— 1-TUD.

FIGURE 1 Osteopontin (OPN)is weakly expressed in NHF, HUVSMC and HUVEC and is not induced in hypoxia. A, Levels of OPN mRNA
in AVF patients (n = 12) compared to control veins (Ctl). ****, P < .0001 (Test Mann-Whitney). B, Representative immunofluorescence of
OPN (red staining and arrow) and alpha-smooth muscle actin («-SMA—green staining and arrows) of human control upper-arm vein and
venous limb of a mature AVF. Osteopontin quantification of group data (vein, n = 3; AVF, n = 2), unpaired t test, P < .01 (right). C, Quantitative
immunoblotting to detect recombinant OPN protein. Serial dilutions from 50 to 0.2 ng were used. D, Bone marrow mesenchymal (MSC)

and ostecblast (Osteo.) cell lysates analysed by immunoblotting for OPN as indicated. E, LNCap cells were transfected with control siRNA
(siCtl), siHIF-1 (40 nmol/L), sSiOPN#1 (40 nmol/L) and siOPN#2 (40 nmol/L) and incubated in normoxia (Nx) or hypoxia 1% O, (Hx) for 48 h.
Cell lysates were analysed by immunaoblotting for OPN or g-tubulin as indicated. Quantification of the signal to OPN is shown using ImageJ
(OPN/p-tubulin). F-H, NHF (F), HUVSMC (G) and HUVEC (H) cells were transfected with control siRNA (siCtl), siHIF-1a (40 nmol/L), siHIF-2a
{40 nmol/L) and siHIF1/2a (40 nmol/L + 40 nmol/L), incubated in hypoxia 1% O, (Hx) for 48 h. AVF, Arteriovenous fistula; HUVEC, human
umbilical vein endothelial cells; HUVSMC, Human umbilical vein smooth muscle cells; NHF, normal human fibroblasts

3.2 | Secreted OPN (sOPN)is not induced in HUVSMC and HUVEC, at nanogram levels when using recOPN as
hypoxic cells reference, in normoxia or hypoxia or in conditions that are sup-

posed to induce OPN such as H,O, or glucose®** (Figure 2A).
We then tested for SOPN in these cells using an ELISA. Two different No cell death was observed in these conditions (data not shown).
kits were used, one that measured SOPN in nanograms (Figure 2A) A more sensitive kit detected sOPN in NHF (Figure 2B), HUVSMC
and one in picograms (Figure 2B). No sOPN was detected in NHF, (Figure 2C) but not in HUVEC (Figure 2D). HNF and HUVSMC
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FIGURE 2 Production of OPN by NHF, HUVSMC and HUVEC in normoxia compared to hypoxia. (A) Histograms representing the

level of OPN produced in vitro by NHF, HUVSMC and HUVEC after 48 h in culture, detected by ELISA using a Quantikine ELISA Human
Osteopontin immunoassay. The mean + SEM is representative of three independent experiments expressed as nanograms per millilitre. Cells
were cultured in the absence (Ctl) or presence of recombinant OPN (recOPN) in normoxia. Cells were cultured in the absence (Hx 0.2% O,)
or presence of H,0, (50 umol/L) for 48 h or transfected with control siRNA (siCtl), siHIF-1x (40 nmol/L), siHIF-2a (40 nmol/L), siHIF-1/2a
(40 nmol/L + 40 nmol/L) or siOPN (40 nmol/L), and incubated in hypoxia 0.1% O,, (Hx). (B-D) Histograms representing the level of OPN
produced in vitro by NHF (B), HUVSMC (C) and HUVEC (D) after 48 h in culture using a DuoSet ELISA Human osteopontin immunoassay.
The mean + SEM is representative of three independent experiments expressed as picograms per millilitre. Cells were cultured in the
absence (Ctl) or presence of H,O, (50 pmol/L), glucose (50 mmol/L) for 48 h, or transfected with control siRNA (siCtl) with addition of
glucose (Gluc) + siOPN (40 nmol/L) in normoxia. Cells were cultured in the absence (Ctl) or presence of an inhibitor to NF-kB (iNF-kB)

(10 pmol/L) for 48 h or transfected with control siRNA (siCtl), siHIF-1c (40 nmol/L), siHIF-2« (40 nmol/L), siHIF-1/2a« (40 nmol/L + 40 nmol/L)
or siOPN (40 nmol/L), and incubated in hypoxia 1% O, (Hx) for 48 h. The mean + SEM is representative of three independent experiments
carried out in triplicate. HUVEC, human umbilical vein endothelial cells; HUVSMC, Human umbilical vein smooth muscle cells; NHF, normal

human fibroblasts; OPN, osteopontin

showed a similar level of sOPN in normoxia, 765 and 1060 pg/mlL,
respectively. SIRNA to OPN (siOPN), used as a control, abolished
secretion of OPN. However, no stimuli known to increase OPN, in-
cluding H,0, or glucose, activated sOPN in normoxia. Hypoxic con-
ditions did not increase sOPN and silencing of HIF-1a and/or HIF-2a
did not block secretion of OPN in NHF and HUVSMC. However,

inhibition of NF-xB activity with a specific inhibitor (inhibitor of
IKK2 (AS602868), iINF-xB) slightly, but statistically, decreased se-
cretion of OPN from 850 to 700 pg/mL.

These results confirm weak expression of both iOPN (Figure 1)
and sOPN in these cells and show that sOPN was not detected in
HUVEC. They also confirm that these two forms are not induced
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under hypoxic conditions via HIFs. However, they show that NF-xB
participates in OPN regulation to some extent.

3.3 | mRNA expression of OPN is not induced in
hypoxic cells

As we were unable to detect hypoxic induction of either iOPN or
sOPN, we tested an even more sensitive technique to measure OPN.
Using real-time qPCR, we quantified the endogenous expression of
OPN in normoxia and hypoxia (Figure 3). As a control for hypoxia,
the glucose transporter 1 (GLUT1) mRNA expression was evaluated
(Figure 3A,3,3). Two- to threefold induction at the mRNA level of
GLUT1 was observed in NHF (Figure 3A) and HUVEC (Figure 3E).
A decrease in GLUT1 expression was observed with the HIF-2« -di-
rected siRNA in NHF and HUVSMC, whereas both siRNAs to HIF-1ax
and/or HIF-2a decreased GLUT1 expression in HUVEC suggesting
shared regulation by HIF-1 and HIF-2 in these cells. SIRNA to HIF-1a
and HIF-2a abolished endogenous expression of both HIF-1x and
HIF-2a as shown in Figure S1. Intriguingly, the mRNA level of GLUT1
was systematically increased when OPN was silenced, suggesting
negative control of GLUT1 by OPN. Thus, we quantified the endog-
enous expression of OPN in NHF (Figure 3B), HUVSMC (Figure 3D}
and HUVEC (Figure 3F). For the first time, we observed an increase
of OPN mRNA levels in the presence of glucose in HUVSMC and
HUVEC but not in NHF. However, no induction under conditions of
hypoxia was detected in NHF, HUVSMC and HUVEC. A slight de-
crease in OPN expression was observed in NHF and HUVSMC in
the presence of iINF-xkB confirming that NF-xB participates in OPN
regulation. A twofold induction was observed at the mRNA level for
OPN in hypoxia in NHF with siHIF-1a and siHIF-1/2a compared to
the control siRNA suggesting that HIF-1a only could repress OPN.
Similarly, a threefold induction was observed at the mRNA level for
OPN in hypoxia in HUVEC with siHIF-1«, but also with siHIF-2« and
siHIF-1/2a. However, siRNA to OPN did not affect the mRNA level
of OPN under these conditions; therefore, these results (Figure 3F)
are not specific to OPN expression and reflect non-specific amplifi-
cation due to undetectable OPN expression in HUVEC (Figure 2D).

We thus confirmed that mRNA expression of OPN is not induced
in hypoxia in the three cell lines tested.

3.4 | Co-culture favours OPN induction in hypoxia

Finally, given that a potential link between OPN and AVF has been
shown early in the maturation process in a mouse model where the
three layers of cells are juxtaposed, we co-cultured cells using differ-
ent combinations: NHF/HUVSMC, NHF/HUVEC, HUVSMC/HUVEC
and NHF/HUVSMC/HUVEC (Figure 4). The mRNA expression of
OPN in NHF, HUVSMC and HUVEC was higher than that of NHF/
HUVSMC, NHF/HUVEC, HUVSMC/HUVEC and NHF/HUVSMC/
HUVEC co-cultures (Figure 4A). Co-culture of HUVSMC/HUVEC
clearly increased the level of OPN expression. We then quantified

Wi LEYJﬂ

the endogenous expression of OPN in normoxia and hypoxia in the
absence or presence of siRNA compared to control siRNA or siOPN
(Figure 4B). Co-cultures of NHF/HUVSMC and NHF/HUVEC ex-
posed to hypoxia showed a twofold increase in OPN expression.
Cell-cell interaction between HUVSMC and HUVEC showed high
basal expression of OPN, 16-fold induction, compared to the other
co-cultures in which no induction was found in hypoxia. Finally, all
the cell types together presented intermediate expression, fourfold
induction in normoxia, but still no induction in hypoxia.

Therefore, we measured sOPN in the different combinations
using ELISA (Figure 4C). For the first time, sOPN induction was
observed in all co-culture combinations in hypoxia. Moreover, the
presence of HUVEC in combination with NHF (2.3-fold induction),
HUVSMC (2.7-fold induction) or NHF/HUVSMC (2.4-fold induction)
seemed to stimulate more sOPN induction in hypoxia compared to
the combination without HUVEC (NHF/HUVSMC, 1.5-fold induc-
tion). Finally, we showed that OPN down-regulation did not alter cell
proliferation of NHF, HUVSMC and HUVEC, whereas recombinant
human OPN only increased HUVEC proliferation (Figure 4D) sug-
gesting that HUVEC cells were sensitive to OPN and could directly
contribute to the pathological NH.

These results strongly suggest that in the absence of cell-cell
interaction, OPN expression is not induced in hypoxia. Moreover,
HUVEC cells, which do not express OPN, are central to the process
of NH.

4 | DISCUSSION

The main objective of this study was to determine whether OPN was
induced in hypoxia and thus could be responsible for driving the failure
of AVF maturation due to NH and juxtaanastomotic stenosis. We first
used cell mono-layers grown on tissue culture plastic to examine hy-
poxic production of OPN observed in AVF, which is the approach used
by the majority of research groups. Mono-cultures are less complex to
perform but certainly less adapted to, and not very representative of,
the physiological extracellular microenvironment present in humans.
While the expression of OPN has been shown to be increased dur-
ing early AVF maturation®® or throughout maturation®* under hypaxic
conditions,** none of the three cell lines forming the three layers of the
artery and vein walls expressed iOPN or sOPN.

However, this is the first time that a study has shown that cell-
cell communication or interaction between NHF, HUVSMC and
HUVEC is essential for OPN induction in hypoxia. Co-culture allows
investigation of cell-cell interactions and is therefore more repre-
sentative of human in vivo-like tissue models.®® Interestingly, all
co-cultures showed induction of OPN in hypoxia, whereas none of
the mono-cultures showed OPN induction. However, we noted that
co-cultures containing HUVEC produced more OPN. Although we
do not know which cell line(s) produced the OPN, it is interesting
to note that the amount of sOPN in mono-culture conditions was
barely detectable and 10 times lower in HUVEC than in NHF or
HUVSMC. Moreover, siRNA directed to OPN in NHF and HUVSMC
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FIGURE 3 Expression of OPN mRNA in NHF, HUVSMC and HUVEC is not induced in hypoxia. (A, C and E) Histograms represent the
expression of the mRNA of GLUT-1 in NHF (&), HUVSMC (C) and HUVEC (E). The mean + SEM is representative of three independent
experiments. Cells were cultured in the absence (Ctl) or presence of H,0, (50 umol/L), or glucose (50 mmol/L) for 48 h, or transfected
with control siRNA (siCtl) and glucose (Gluc) + siOPN (40 nmol/L) in normoxia. Cells were cultured in the absence (Ctl) or presence of

an inhibitor to (iNF-kB) (10 pmol/L) for 48 h or transfected with control siRNA (siCtl), siHIF-1a (40 nmol/L), siHIF-2a (40 nmol/L), siHIF-
1/2u (40 nmol/L + 40 nmol/L) or siOPN (40 nmol/L), and incubated in hypoxia 1% O, (Hx) for 48 h. (B, D and F) Histograms represent
the expression of the mRNA of OPN in NHF (B), HUVSMC (D} and HUVEC (F). The mean * SEM is representative of three independent
experiments. Cells were cultured in the absence (Ctl) or presence of H,0, (50 umol/L), glucose (50 mmol/L) for 48 h, or transfected with
control siRNA (siCtl) and glucose (Gluc) + siOPN (40 nmol/L) in normoxia. Cells were cultured in the absence (Ctl) or presence of iINF-kB
(10 pmol/L) for 48 h or transfected with control siRNA (siCtl), siHIF-1a (40 nmol/L), siHIF-2a (40 nmol/L), siHIF-1/2a (40 nmol/L + 40 nmol/L)
or siOPN (40 nmol/L), and incubated in hypoxia 1% O, (Hx) for 48 h. HUVEC, human umbilical vein endothelial cells; HUVSMC, Human
umbilical vein smooth muscle cells; NHF, normal human fibroblasts; OPN, osteopontin

totally abolished OPN at the mRNA level, whereas it had no effect HUVEC in the co-culture. Moreover, HUVEC cells were the most
on HUVEC suggesting that the mRNA level of OPN was extremely sensitive to the presence of OPN as it increased their proliferation.
low in HUVEC. However, OPN was only induced in the presence of However, were the HUVEC cells the only ones producing OPN? If
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this is the case, the regulation of OPN production in HUVEC may endothelium of veins of AVF relative to control veins suggesting
be a consequence of specific cellular interactions and regulation. OPN production was mainly in the intima. In this murine AVF model,
Hall et al®** showed a 40-fold increase in OPN expression in the they also showed increased expression of matrix metalloproteinases
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(MMPs, MMP3 and MMP9) early on after AVF creation and subse-
quent decreased expression after 21 days. They proposed that such
a balance could favour AVF failure and stenosis. When OPN was
co-localized with members of the MMP family, it was shown to in-
duce the expression of MMP9,%° one of the two MMPs identified by
Hall et al** In our model, hypoxic induction of OPN, an active player
in tissue remodelling and a response to vascular injury and inflam-
mation, may modulate the activity of MMPs, which are responsible
for degradation and accumulation of the ECM, and thus contribute
to AVF failure and NH.

In conclusion, changes in oxygenation that occur during AVF
maturation may up-regulate secretion of OPN, possibly via endothe-
lial cells or at least through cell-cell interactions of the different cell
layers that form AVF, and in turn increase inflammation and promote
endothelial cell proliferation.
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Abstract: For patients with end-stage renal disease requiring hemodialysis, their vascular access is
both their lifeline and their Achilles heel. Despite being recommended as primary vascular access, the
arteriovenous fistula (AVF) shows sub-optimal results, with about 50% of patients needing a revision
during the year following creation. After the AVF is created, the venous wall must adapt to new
environment. While hemodynamic changes are responsible for the adaptation of the extracellular
matrix and activation of the endothelium, surgical dissection and mobilization of the vein disrupt
the vasa vasorum, causing wall ischemia and oxidative stress. As a consequence, migration and
proliferation of vascular cells participate in venous wall thickening by a mechanism of neointimal
hyperplasia (NH). When aggressive, NH causes stenosis and AVF dysfunction. In this review we
show how hypoxia, metabolism, and flow parameters are intricate mechanisms responsible for the
development of NH and stenosis during AVF maturation.

Keywords: arteriovenous fistula; hypoxia; hypoxia-inducible factor; metabolism; neointimal

hyperplasia

1. End-Stage Renal Disease and Arteriovenous Fistulas

1.1. Chronic Kidney Disease

Chronic kidney disease (CKD) describes the gradual loss of kidney function. At the stage of
kidney failure, also called end-stage renal disease (ESRD) renal function must be replaced by either a
new functioning kidney or an artificial kidney in order to maintain life. The main etiology of CKD
is related to the diabetes-metabolic syndrome-obesity bundle and hypertension. As the prevalence
of these diseases is growing exponentially worldwide, so is CKD [1]. In 2016, 124,675 new cases of
ESRD were reported in the USA, with a total of nearly 500,000 patients receiving dialysis treatment and
over 200,000 patients living with a kidney transplant [2]. Hemodialysis is the most commonly utilized
therapeutic approach for the treatment of ESRD in the majority of countries [3]. Current hemodialysis
devices run at a flow of 300 to 400 mL/min, meaning that the blood flow should be at least 500 to
600 mL/min [4]. As a comparison, the standard blood flow rate in a forearm radial artery is less than
40 mL/min [5]. Several types of vascular access have been designed and used for that purpose.
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1.2. Arteriovenous fistulas (AVFs)

Hemodialysis arteriovenous fistulas (AVFs) are direct communications between a vein and an
artery of the patient (Figure 1), first described in 1966, by Brescia et al. [6]. Bringing the arterial flow to
the vein induces a large increase in the venous flow. With progressive maturation, which usually takes
around six weeks, the venous wall becomes thicker, the venous diameter larger (>5-6 mm), and the
venous flow reaches 600 to 1200 mL/min [5].

AVFs are considered the optimal vascular access for hemodialysis because of their potential for
durability, lower risk of infection, and reduced need for intervention to ensure patency compared to
grafts or catheters; however, literature and registries reveal a high prevalence of failure of newly placed
fistulas never becoming functional (early failure) [4,7]. Based on the Unites States Renal Data System
(USRDS), among AVFs placed between June 2014 and May 2016, 39% failed to mature sufficiently
for use in dialysis. Of those that matured and were finally used, the median time to the first use
was 108 days [2]. Late failure worsen the outcome of these AVFs, with a recent systematic review
and meta-analysis reporting that primary patency rates of AVFs were 60% at 1 year and 51% at
2 years, meaning almost half of the patients had at least one reintervention on their AVF to maintain
patency [8]. Secondary patency rates of 71% at 1 year and 64% at 2 years, meaning 30~40% of all
AVFs were abandoned after a short time [8]. These reinterventions add to the burden of hemodialysis
patients, already tired by the disease, the 3-times a week visit to the dialysis facility, the dialysis sessions
themselves, and all the burden of vascular access monitoring [9]. Vascular access care is also responsible
for a significant proportion of health care costs, in particular in the first year of hemodialysis. In the
USRDS report, the cost of hemodialysis treatment was evaluated in the US at $90,971 per patient per
year [2].

These data show that even the AVE, the best vascular access for hemodialysis, is clearly sub-optimal
for a permanent treatment. The vascular access and dialysis community needs to better understand
and correct the mechanisms leading to AVF failure.

2. Pathophysiology of AVFs

2.1. How AVFs Mature

During AVF creation, the surgeon directly connects the artery, a high-pressure pulsatile flow
conduit, to a vein, which is ordinarily a low-pressure steady flow conduit (Figure 1). The pressure
gradient results in animmediate increase in flow inboth the artery and vein. The resulting hemodynamic
change initiates a vascular remodeling response within both vessels. Pressure in the venous segment
increases upon AVF creation and remains relatively constant during the time course of remodeling and
thereafter. Outward remodeling is thought to be mediated by the venous endothelium and adventitia
that sense these hemodynamic forces and integrates them to allow successful adaptation without loss
of luminal area and vessel patency [10]. Venous diameter expansion is a critical element of outward
remodeling and predicts the clinical success of AVF [11].

The venous wall is composed of three layers (Figure 2A) [12]. The external layer, called the
adventitia, acts like a thin but resistant envelope to the vessel. It is composed of extracellular matrix
(ECM), fibroblasts and immune cells. Vasa vasorum, small vessels, also run around the vein within the
adventitia, to bring arterial blood flow to the venous wall [13]. The middle layer, called the media, is
made of smooth muscle cells (SMC) and some extracellular fibers. The internal layer, also called intima,
is composed of endothelial cells. During remodeling, hemodynamic changes and surgical injuries
have an impact on all three layers of the venous wall. Endothelial and adventitial signaling induces,
in turn, structural changes in the cells and the ECM, which affect the venous caliber and thickness
(Figure 2B,C). Lack of outward remodeling and/or excess in wall thickening creates a disequilibrium
that leads to AVF non-maturation and early failure (Figure 2D) [12].
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Artery & Vein Arteriovenous fistula
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Figure 1. A fistula is direct communication between a vein and an artery, frequently on the upper
limb of the patient. This communication is made by the surgeon with the help of a suture. The vein is
dissected and ligated its extremity, and sewn to the artery. The arterial blood (red arrow) flows into
the vein (blue arrow) through this anastomosis. The fistula matures, and the blood flow in the fistula
(purple arrow) reaches around 1 L per minute.

2.2. Flow and Hemodynamic Parameters in AVF

The increased hemodynamics of arterial flow that increases vessel wall shear stress (WSS) are
critical events after AVF creation that promotes AVF adaptation [14]. In a patient-specific end-to-side
fistula, image-based computational fluid dynamics studies showed laminar flow within the arterial
limb and a complex multi-directional and reciprocating flow field on the inner side of the swing
segment in the proximal venous limb [15]. Wall thickening is predisposed to occur in the inner wall of
the venous segment near the anastomosis and has a strong inverse correlation with magnitudes of
shear stress, but is also related to flow patterns [16]. Although data is sparse in the venous vasculature
and venous cells, studies on the arterial vasculature have shown that disturbed flow, with low and
reciprocating WSS, is known to induce selective expression of atherogenic and thrombogenic genes
that are pro-oxidant, proinflammatory, procoagulant, and proapoptotic in endothelial cells [17,18], and
to stimulate vascular smooth muscle cell migration and proliferation, all of which may enhance wall
thickening [19-21].

Outward

Remodeling

(a)

Figure 2. Cont.
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Figure 2. Mechanisms of venous wall remodeling. (a) Similar to the arterial wall, the venous wall is
composed of three layers: the external layer, called the adventitia, composed of extracellular matrix
(ECM), fibroblasts, immune cells, and vasa vasorum. The middle layer, called the media, is made of
smooth muscle cells (SMC) and some extracellular fibers. The internal layer, also called intima, is
composed of endothelial cells. (b) and (c), upon arteriovenous fistula (AVF) creation, in response to the
altered hemodynamicenvironment, several structural changes occur in the vessel wall. Surgery induces
endothelial denudation, matrix reorganization to accommodate outward expansion but also vascular
SMC proliferation and migration, contributing to NH formation. (d) Aggressive intimal hyperplasia
induces stenosis (narrowing) of the vessel that can provoke thrombosis (occlusion).
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3. Neointimal Hyperplasia in AVF

3.1. Definitions

Wall thickening is the adaptation of the vessel wall to increased pressure and abnormal WSS.

This process involves the expansion of all the vessel layers via ECM deposition, cell proliferation and
migration [22]. The thickening of the venous wall composed of these matrix proteins and proliferative
and secretive cells is called neointimal hyperplasia (NH). Excessive necintimal hyperplasia causes
stenosis. As a consequence of stenosis, the blood flow may be diminished and the AVF becomes
unusable for dialysis. In extreme cases, stenosis may cause thrombosis, a complete occlusion of the
vessel because of non-circulating blood (Figure 2D). Several types of cells are involved in NH, including
ECs, SMCs, and adventitial fibroblasts [23].

3.2. Role of Endothelial Cells

The release of chemotactic and inflammatory mediators from the endothelium during surgical

manipulation and hemodynamic variation are substantial during the initial phase of adaptation [24].

Directly after AVF creation, high magnitudes of arterial flow result in both passive vascular distention
and nitric oxide (NO) synthesis by endothelial cells with subsequent vascular SMC relaxation, resulting
in acute vasodilation [25,26]. NO is produced by endothelial nitric oxide synthase (eNOS) and may
contribute to adaptive vein wall remodeling through its anti-inflammatory, anti-thrombotic, and
antiproliferative properties. Both eNOS and inducible nitric oxide synthase (iNOS) are upregulated
in the AVE and pharmacological inhibition of eNOS results in increased monocyte chemoattractant
protein-1 and interleukin (IL) 8, leading to NH [27]. Endothelin-1 (ET-1) is an inflammatory mediator
of vasoconstriction and endothelial proliferation. ET-1 expression is upregulated in the venous wall
and within areas of NH in AVF as well as in the plasma of patients with chronic renal failure and
hemeodialysis. ET-1 may mediate wall thickening in response to localized hemodynamic forces [28,29].
Selectins facilitate leukocyte adhesion. P-selectin is present on ECs and platelets, and E-selectin
is present on ECs. Intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule
(VCAM) facilitate additional binding and migration [30]. P-selectin and E-selectin expression are both
upregulated early after AVF creation, followed by decreased P-selectin expression after 1 month [27].
VCAM-1, but not ICAM-1, is highly expressed in thrombosed and stenotic AVF [31].

3.3. Role of Smooth Muscle Cells

The canonical origin of proliferating cells in NH is the vessel media that contains SMC. Endothelial
and smooth muscle cell injury, consequences of hemodynamic stress and mechanical injury, results in
the migration of SMCs from the media into the intima, where the SMC proliferate and differentiate into
a secretory phenotype (myofibroblasts). This process of injury, followed by migration, proliferation
and differentiation, is orchestrated by a large number of mediators, such as cell cycle regulators
(p27-pl6 [32], p38 mitogen-actived protein kinase [33]) and growth factors (vascular endothelial
growth factor (VEGF) [34], platelet derived growth factor (PDGF) [27], basic fibroblast growth factor
(bFGF) [35,36], insulin-like growth factor-1 (IGF-1) [37], etc.). Expression of adhesion molecule
B-catenin and proto-oncogene c-Myc is increased one week after AVF creation, correlating with
decreased adhesion molecule N-cadherin, associated with vascular SMC proliferation [38]. Vascular
SMC may also become resistant to NO, decreasing vascular SMC relaxation and preventing AVF
maturation by reducing outward remodeling [39]. As shown recently, mature SMCs are keys to
the equilibrium between medial wall thickening (proliferation of differentiated SMCs that promotes
maturation) and neointimal hyperplasia (dedifferentiated SMCs that cause NH and failure) [40].
Interestingly, vascular SMCs from the proximal artery may also contribute to venous NH: in a murine
AVF model, increased Notch signaling could drive migration of these cells to the venous outflow
tract [41].
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3.4. Role of Fibroblasts

More recent studies have shown that the adventitial fibroblasts are critical during venous
adaptation to arterial flow and help maintain venous wall integrity and hemostasis after surgical
creation of the AVF [23,42]. Fibroblast precursors residing in the venous adventitia sense the abrupt
changes in mechanical forces produced by the arterial flow to rapidly adjust their genomic expression
program to help increase vascular resistance [43]. They differentiate into myofibroblasts, form matrix
bundles of contractile microfilaments and extensive cell-to-matrix attachment sites, and secrete matrix
metalloproteinases (MMDPs), collagen, and ECM proteins that strengthen the fistula wall. Recent
data suggest that NH in AVFs consists mainly of smooth muscle a-actin-positive, vimentin-positive
and desmin-negative myofibroblasts that have probably migrated from the adventitial layer [23,44].
Analysis of venous segments of failed AVF has shown increased adventitial fibrosis, myofibroblast
activation, and capillary rarefaction [45].

3.5. Role of Inflammatory Cells

Inflammatory cells and cytokines, such as CD68-positive macrophages, CD3-positive lymphocytes,
IL-6, IL-8, and monocyte chemo-attractant protein-1 are also known to be part of the NH process
in AVFs [29,46-48]. This inflammatory state, exacerbated by CKD and dialysis, leads towards
the up-regulation of numerous growth factors and cytokines, such as insulin-like growth factor-1,
platelet-derived growth factor and basic fibroblast growth factor [27,37]. They all play a significant
role in the stimulation of cell proliferation and migration. Even transforming growth factor-f1, usually
known for its anti-inflammatory properties, is produced by ECs, vascular SMCs and inflammatory
cells within the venous wall, leading to ECM deposition. These cells also participate in NH in
AVFs [36,37,49].

3.6. Role of Extracellular Matrix

The equilibrium between ECM degradation and accumulation is closely related to the maturation
process of AVFs. In a murine AVF model, Hall et al. showed that initial ECM degradation occurs
early after AVF creation, coincident with an early increase in expression of matrix metalloproteinases
(MMP-2 and -9) and tissue inhibitor of metalloproteinase-1 (TIMP-1) [50]. Although the role of TIMP-1
is not clear, an imbalance in MMP and TIMP may contribute to AVF failure [51]. By day 7, there is an
increase in collagen and elastin production and a change in patterns of MMP expression. By day 21,
expression of MMPs is reduced and expression of larger structural and non-collagenous matrix proteins,
such as fibronectin and perlecan, is increased. Other studies have shown that decreased expression
of MMP-1, MMP-3, and MMP-9 is linked to increased AVF failure and stenosis [52]. Giachelli et al.
have found that the expression of osteopontin (OPN) was up-regulated in the development of NH in a
model of arterial balloon-injury. OPN was originally identified as matrix protein in bones, facilitating
cell adhesion and migration, but this secreted protein has also been found in several experimental
models of AVF maturation [50,53]. Its pro-inflammatory properties may favor vascular remodeling
and development of NH [54].

3.7. Dissection Injury: Ischemia and Oxidative Stress

Hemodynamic changes and surgery-induced mechanical injury to the venous wall have been
proposed as the etiology of juxta-anastomotic stenosis and maturation failure of AVF; however, a
more recent theory proposes that hypoxia and oxidative stress may also play a role. Starting from
the observation that during traditional AVF creation the vein is dissected free from the surrounding
tissue, and that this same dissected segment is responsible for the majority of stenosis, researchers
hypothesized that the rupture of the vasa vasorum during surgical dissection may induce hypoxia, low
oxygen (O7) concentration, in the venous wall [12,34] (Figure 3). Additionally, the O, partial pressure
(pO2) in the venous blood is approximately 35-45 mmHg. However, after AVF creation, pO; in the
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fistula increases to the level of arterial pO, (73-100 mmHg). Thus it is possible that interruption of the
arterial blood supply followed by the sudden increase in luminal pO, causes an ischemia-reperfusion
phenomenon within the venous wall. Both of these phenomena provoke oxidative stress and stimulate
numerous signaling pathways [36]. Interestingly, Joddar et al. have shown that arterial levels of oxygen
stimulate NH in veins via a ROS-dependent mechanism [55]. In addition, two computational studies
suggest that hypoxic segments of vessels may be linked to hemodynamic patterns and may correlate
with stenosis [56,57]. Thus the two pathophysiological theories, flow and ischemia, may be related.

Vein 0) AVF

Vasa vasorum
(arterial blood supply)

@

\, .
Disruption

| Ry,

. ADVENTITIA

' _ SN MEDIA
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Figure 3. Changes in the venous wall after surgery: The vasa vasororum disruption creates a new oxygen
gradient. The vasa vasorum in the adventitia provides oxygenated blood to the wall, whereas the intima

is in contact with a venous blood low in oxygen. During surgery, the vein is dissected, disrupting the
vasa vasorunt, and potentially decreasing oxygen levels. On the other side, oxygenated arterial blood
mixed to venous blood potentially creates an inversion of the oxygen gradient.

4. The Hypoxic Pathway in AVF

4.1. Hypoxia-Inducible Factors (HIFs), Keys to the Hypoxic Environment

Maintaining oxygen homeostasis is essential for the survival of all aerobic organisms. Therefore,
a change in pO, is a major physiological stimulus that elicits rapid cellular responses. HIFs are key
transcription factors that regulate the cellular response to hypoxic injury by stimulating the transcription
of genes that help restore O, and maintain effective energy production [58]. HIFs belong to the large
family of basic-helix-loop-helix transcription factors and bind DNA as a heterodimer composed of one
oxygen-regulated o-subunit (isoforms HIF-1«, HIF-2«, or HIF-3) and two B stable subunits (HIF-18
or aryl hydrocarbon receptor nuclear translocator (ARNT), and HIF-2 or ARNT?2) [59,60].

4.2. Oxygen-Dependent Regulation of HIFs

The discovery of molecular mechanisms behind oxygen-dependent regulation of HIFs was
rewarded in 2019 by the Nobel Prize in Physiology or Medicine. In well-oxygenated cells, the
HIF-« subunits are constantly and rapidly degraded by hydroxylation of proline residues within
the oxygen-dependent degradation domain of HIF-«, with one of the shortest half-lives (less than
5 min) among cellular proteins (Figure 4A) [59,61,62]. Prolyl hydroxylation targets the HIF-« proteins
for proteasomal degradation by promoting their interaction with the protein von Hippel-Lindau
(pVHL) (Figure 4A) [59,61,63-65]. This post-translational modification of HIF-« is carried out by a
family of prolyl hydroxylase enzymes, the prolyl hydroxylase domain proteins (PHD1, PHD2, PHD3)
(Figure 4A) [61,62,66]. Since these enzymes bind oxygen directly, they are critical oxygen sensors
within the hypoxic response pathway [67]. In hypoxia, these enzymes being inactivated, HIF-o
proteins are not degraded and accumulate in cells (Figure 4B) [68]. An additional hydroxylation of
an asparaginyl moiety at the end of the COOH-terminal transactivation domain of HIF-1c or HIF-2«
subunit is catalyzed by an enzyme called factor-inhibiting HIF-1 (FIH-1) [69,70]. In normoxia, FIH-1
abrogates HIF transcriptional activity by inhibiting the binding of coactivators such as p300 and
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C-AMP Response Element-binding protein [71-73]. Under hypoxia, PHD inactivation causes HIF-cc
accumulation, and FIH-1 inactivation allows HIF transcriptional activity. While the HIF-B/ARNT
subunits are constitutively expressed in the nucleus, the HIF-& subunits found in the cytoplasm have
sensitivity towards O;. When the HIF-& subunit is stabilized and active, it leaves the cytoplasm
to enter the nucleus, binds its B-subunit and cofactors, and induces the transcription of a large
number of genes (1-2% of all human genes) (Figure 4B) [61]. All these genes have in common a
hypoxia-responsive element (HRE: 5 -RCGTG-3') as an enhancer, either in their promoter, in the 3’
untranslated region, or in introns [58-76]. These genes have key biological roles such as cell survival
(ADM [77], cyclin D1 [78], BNIP3 [79], NIX [80]), cell proliferation (cyclin G2 [81], IGF2 [82], TGFa [83],
NOS2 [84]), cell motility (AMF/GPI [83], LRP1 [81]), cytoskeletal structure and ECM (vimentin [83], some
keratins [83]), erythropoiesis (EPO) [85], pH regulation (carbonic anhydrase 9 and 12) [86], nucleotide
metabolism (adenylate kinase 4) [87]), amino acid metabolism (transglutaminase 2) [81], iron metabolism
(transferrin [88], ceruleoplasmin [89]), and glucose and energy metabolism (HK2 [90], GLUT1 [91],
GAPDH [92], LDHA [93], leptin [94]).

A number of HIF-target genes also control angiogenesis: (VEGF [95], VEGF receptor (VEGFR)-1
and -2 [96]), vascular remodeling (angiopoetin-2 and -4, TIE1, TIE2) [97] and vascular tone (HO1 [98],
NOS2 [84], ET1 [81]). As such, HIF pathways have been of great scientific interest for more than
two decades, in particular in the fields of development [99,100], cancer [101,102] and cardiovascular
diseases [103].

4.3. Oxygen-Independent Regulation of HIFs

HIF-a can also be stabilized in normoxic conditions as a consequence of cell injury and oxidative
stress. Several Oz-independant mechanisms of HIF regulation have been identified such as receptor
for activated C kinase 1 (RACKT1) [104], carboxyl terminus of Hsc7(-interaction protein (CHIP) and
heat shock protein-70 (HSP70) [105], hypoxia-associated factor (HAF) [106], and Sirtuin-7 (SIRT7) [107].
They all mediate ubiquitination and proteasomal degradation. HIF-1ex responds also to non-hypoxic
stimuli [68], including hormones like insulin [108,109], growth factors such as IGF-1[110] or PDGF [111],
vasoactive peptides such as nitric-oxide (NO) [112,113] or angiotensin 2 [111,114] and cytokines such
as tumor necrosis factor-o¢ (TNF-a) [115]. It is assumed that these O-independent stimuli contribute
to an autocrine role in proliferation, survival or tissue repair, allowing early adaptation to variations in
the cell environment.

Since many of these stimuli induce reactive oxygen species (ROS) production as part of their
signaling cascade, it has been hypothesized that ROS participate directly in HIF stabilization [116].
Incubation of cells with HyO; leads to the stabilization of HIF-« proteins and activation of HIF target
genes even when O, levels are high [117,118]. Furthermore, exposing keratinocytes to ultra-violet B
irradiation activates HIF-1x through generation of mitochondrial ROS [119]. Using junD-deficient cells
that exhibit chronic oxidative stress, Gerald et al. discovered ROS-dependent iron-mediated regulation
of PHD enzymes [120]. Since enhanced HyO» levels promote the oxidation of Fe(II) to Fe(III) through the
Fenton reaction, it reduces the cellular pool of Fe(Il) and increases even more drastically the proportion
of active PHD. PHD and FIH-1 not only directly sense O; concentrations, as discussed above, but are
also regulated by ROS (mostly HyO;) and metabolites through modulation of iron availability [120-122]
and 2-OG accessibility [121], respectively. In addition to PHD inactivation, ROS has also been shown
to act on HIF expression via activation of kinases [123]. ROS-induced HIF- stabilization was reversed
in various studies by iron supplementation, reducing agents or antioxidant compounds. Treating
cells with anti-oxidant compounds, such as the free radical scavenger N-acetylcysteine [124-126],
glutathione [126], or vitamins E and C [127,128], markedly attenuates HIF-« protein accumulation
and expression of HIF target genes in various cell types, including hepatoma cells [124], vascular
SMC [129], myocardial cells [127], gastric epithelial cells [125], renal tubuloepithelial cells [114], and
macrophages [126]. Therefore, oxidative stress could trigger activation of HIF even in well-oxygenated
conditions, thereby mimicking hypoxia signaling.
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4.4. HIF-1 vs. HIF-2

The expression of HIF-2a was first believed to be restricted to blood vessels and in particular
to vascular endothelial cells [85,130,131]. Since then, the expression of HIF-2a has been found in
several tissues, including hypoxic kidney, lung, colonic epithelia, hepatocytes, macrophages, muscle
cells and astrocytes [132]. Some early studies showed that besides common target genes, each HIF-a
isoform seems to have unique targets [133,134], and this transcriptional specificity may reside in
the NH;-terminal transactivation domain, suggesting that HIF-« interactions with transcriptional
co-factors are key to determine differential gene activation [135]. However, recent studies have shown
that the mechanisms leading to selective gene transactivation are highly context specific. The individual
HIFs have specific temporal and functional roles: HIF-1 drives the initial response to hypoxia (<24h)
and HIF-2 drives the chronic response (>24 h) [136,137]. They can also exhibit antagonistic functions
on the same final target. While HIF-1« deletion in macrophages reduced the expression of iNOS and
consequent production of NO [138], activation of HIF-2« in the same cell ty pe will reduce the pool of
L-arginine (the source of NO) by inducing arginase 1 [139].

The selective expression of HIF-1a vs. HIF-2« is the result of a complex regulation process rather
than the sole consequence of cell type or O,-dependant stabilization of HIF-a subunits. HIF-1cx vs.
HIF-2a expression can be regulated selectively at the level of transcription, translation, or protein
stability [133]. Lin et al. have shown that chromatin remodeling via differential acetylation of core
histones in the promoter of HIF-1e or -2« may regulate their transcription [140]. Another well-known
regulator of HIF-1o gene transcription is nuclear factor-KB (NE-KB), but it has not been shown to
control HIF-2e [141]. As above, the phosphatidylinositol-3-kinases/protein kinase B/mechanistic arget
of rapamycin (PI3K/AKT/mTOR) pathway regulates HIFx gene translation. However, Toschi et al.
have shown that, in the same renal clear cell carcinoma cell line, HIF-1a expression was both
mTOR complex 1 and 2 (mTORC1, mTORC2)-dependent, whereas HIF-2x was only mTORC2
dependent [142]. As for the stability of HIF-& subunits, HAF binds and leads HIF-1a towards
proteasomal degradation under normoxic and hypoxic conditions in a pVHL-independent manner, but
does not decrease HIF-2« levels [106]. In contrast, HAF binds HIF2e at a distinct C-terminal region
and promotes HIF-2o transcriptional activity: cells switch from a HIF-1e to a HIF-2ex transcriptional
program [59,137]. In addition, HSP70 and CHIP bind and degrade HIF-1« (but not HIF-2«) under
conditions of prolonged hypoxia in cultured cells, whereas rapid reoxygenation destabilizes both
HIF-1« and HIF-2a proteins via the PHD-pVHL-proteasome pathway (Figure 4) [59,105]. This is one
mechanism by which HIF-2 is considered to be the effector of prolonged hypoxia, whereas HIF-1
drives the initial response to hypoxia [59]. Other mechanisms of HIF differential regulation include
sirtuins (SIRT1-7), a family of redox-sensitive, NAD*-dependent deacetylases and/or adenosine
diphosphate (ADP)-ribosyltransferases, which are known to regulate complex changes in gene
expression, metabolism, and redox status in mammalian cells [143]. SIRT1 acts at a post-translational
level: forming a complex with HIF-2c, SIRT1 deacetylates lysine residues in the N-TAD, which enhances
HIF-2« transcriptional activity [59,144]. However, deacetylatation of lysine residues in HIF-1a results
in the repression of the HIF-1a transcriptional activity [145]; these opposing effects of SIRT1 may
result in a switch towards either HIF-1x or -2a transcriptional programs in response to a metabolic
switch in hypoxic tumors. The authors propose a mechanism of positive feedback in which under
hypoxia HIF-1a promotes glycolysis, reducing NAD*/NADH (nicotinamide adenine dinucleotide,
oxidized and reduced forms, respectively) ratios and inhibiting SIRT1, thereby further increasing the
HIF-1« activity and presumably decreasing the HIF-2ex activity [145]. Given the disparate actions and
differential regulation of HIF-1 and -2, targeting the hypoxic pathway needs to determine whether
broad or selective inhibition is required, depending on the cell type and the expected effect.
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Figure 4. Molecular mechanisms of oxygen sensing and signaling. (a) In normoxia, hypoxia-inducible
factor-o subunit (HIF-«) is hydroxylated through a combination of a-ketoglutarate, molecular oxygen
(O,), one or more of the prolyl hydroxylase (PHD) isoenzymes and the asparaginyl hydroxylase factor
inhibiting HIF (grey dotted arrow). The von Hippel-Lindau protein (VHL)-containing E3 ubiquitin
ligase targets the x-subunit for polyubiquitylation and degradation in the proteasome. (b) In hypoxia,
low oxygen (black cross line) causes inactivation of PHD (black T arrow). The a-subunit is no longer
hydroxylated (grey cross line) and becomes stabilized. In the nucleus, HIF-x binds to the HIF-B
subunit and with the help of cofactors, the complex becomes transcriptionally active upon binding
to the hypoxia-responsive element (HRE, red box) consensus sequence on the promoter of target
genes. HIF-target genes are numerous, with key roles in cell survival, angiogenesis, proliferation,
and glycolysis.
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5. HIF and Cell Metabolism

Metabolism comprises a series of interconnected pathways that can function in the presence or
absence of O;. Two of them, glycolysis and oxidative phosphorylation (OXPHOS) are represented in
Figure 5. During glycolytic metabolism 1 molecule of glucose is converted into 2 molecules of pyruvate
and generates 2 molecules of ATP and NADH. Lactate dehydrogenase A (LDHA) further reduces
pyruvate into lactate [146]. During OXPHOS, 1 molecule of glucose is converted into 2 molecules of
pyruvate, which are transported into the mitochondria, converted to acetyl coenzyme A and oxidized
to CO; in the Krebs cycle. The NADH and FADH; generated in this process provide electrons to

the electron transport chain in the inner mitochondrial membrane (respiratory cytochromes) [147].

Electrons are added to O, at complex IV (cytochrome c oxidase or COX)), finally generating 38 molecules
of ATP per molecule of glucose (Figure 5).
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Figure 5. Glucose metabolism is regulated by hypoxia-inducible factors (HIFs). During glycolysis,
glucose enters the cytoplasm through the glucose transporter (GLUT) and is transformed into glucose
6-phosphate by hexokinase (HK). Eight successive enzymatic reactions then occur to produce 2
molecules of pyruvate, 2 ATP and 2 NADH. At the end, cytosolic pyruvate has two possibilities:
transformation into lactate by the enzyme lactate dehydrogenase A (LDHA)—lactate being then
exported through the monocarboxylate transporter (MCT), or transferred into the mitochondria and
transformed into Acetyl-CoA via the pyruvate dehydrogenase complex (PDH complex). In the second
option, Acetyl-coA goes into the Krebs cycle to produce 2 ATF, 6 NADH, and 2 FADH,. NADH
and FADH), will further be used in redox reactions in the electron transport chain (ETC) to produce
more ATP via oxidative phosphorylation (OXPHOS). HIF intervenes in several steps during glucose
metabolism: by inducing GLUT it allows more entry of glucose (1) and by inducing hexokinase (2)
and PFKFB3 (3), it enhances glycolysis. Note that non-laminar blood flow decreases the expression of
Kruppel-like factor 2 (KLF2), which has otherwise an inhibitory action on HIF-1 and PFKFB3 expression.
VEGF and its receptor VEGFR2 are also induced by HIF-1 and enhance PFKFB3 expression. Further,
pyruvate is pushed towards lactate transformation by up-regulation of LDHA (4) and some isoforms of
MCT (5). At the same time, HIF prevents the PDH complex from transforming pyruvate into Acetyl-coA
(6). Green: activation by HIF, Red: inhibition by HIF.
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5.1. Metabolic Adaptation to Hypoxia

Metabolic adaptation to hypoxia involves mainly a switch from oxidative (aerobic) to glycolytic
(anaerobic) metabolism by cells. With this energy compensation, the cell continues to generate ATP
and, despite the hypoxia, try to meet the metabolic demands and maintain the expenditure of energy
of normoxic conditions. During hypoxia, HIF-1 stimulates glycolysis through the up-regulation
of key glycolytic genes, including GLUT1, GLUT3, HK1, HK2, and LDHA [148]. HIFs also reduce
mitochondrial O; consumption by attenuating glucose oxidation: they up-regulate the expression of
pyruvate dehydrogenase kinase, which inhibits the activity of the pyruvate dehydrogenase complex
(PDH complex), a key enzyme regulating the entry of pyruvate into the Krebs cycle through conversion
to acetyl CoA [149,150]. Finally, the subunit composition of COX is altered in hypoxic cells by increased
expression of the COX4~-2 subunit, which optimizes the COX activity under hypoxic conditions, and
increases degradation of the COX4~1 subunit by the LON protease, which optimizes the COX activity
under aerobic conditions [146].

5.2. Metabolism of Endothelial Cells

The metabolism of ECs has been largely studied in the domain of cancer and atherosclerosis but is
also of great interest in the problematic AVE All ECs (arterial, venous, microvascular) are preferentially
glycolytic, rather than OXPHOS since 85% of their ATP is produced by converting glucose into
lactate [151,152]. One hypothesis is that downregulation of OXPHOS metabolism protects them from
excessive ROS and oxidative stress [152]. At the same time, they save O; to enhance the diffusion of
oxygen to perivascular cells [152]. In addition, glycolysis produces less ATP but with faster kinetics,
which is necessary for the rapid revascularization of hypoxic tissues when needed [153]. A hypoxic
environment stimulates EC proliferation, and hypoxic proliferation of ECs increases glycolysis because
of HIF-1 upregulation (both hypoxia- and growth factor- induced) [151].

5.3. Shear Stress, Hypoxia, and Metabolism in Endothelial Cells

Interestingly, hemodynamics and shear stress also play a role in EC metabolism. Laminar
shear stress induces Kruppel-like factor-2 (KLF2) in ECs [154], whereas non-laminar (disturbed
or turbulent) flow inhibits KLF2 (Figure 5). KLF2 is a zinc-finger transcription factor that
maintains anti-proliferative and anti-inflammatory phenotypes of quiescent ECs. By inactivating p65
(subunit of NF-KB), KLF2 down-regulates cell adhesion (E-selectin) and prothrombotic molecules
(thrombomedullin), inhibits VEGFR2, and up-regulates eNOS [155-159]. Doddaballapur et al. showed
that laminar shear-stress induced KLF2 reduces glucose uptake and represses the key glycolytic enzyme
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) [160]. This enzyme produces
fructose-2,6-bisphosphate (F2,6P2), a strong allosteric activator of phosphofructokinase-1 (PFK1), a
rate-limiting enzyme of glycolysis (Figure 5) [161]. Thereby, glycolytic metabolism is limited and
blood flow keeps ECs in a resting state [162]. Kawanami et al. showed that KLF2 expression is also
induced in hypoxic ECs, and over-expression of KLF2 inhibits HIF-1a (but not HIF-2«x) stabilization
and downstream expression of ANG2, IL-8 and VEGF [163]. Conversely, inhibition of KLF2 increases
HIF-1x and its target-gene expression [163]. As such, KLF2 links hemodynamics, hypoxia and
metabolism in ECs.

6. HIF and Vascular Diseases

In vascular pathology, hypoxia is typically the consequence of altered, destroyed or absent blood
vessels leading to tissue ischemia. The mechanisms of the HIF response have therefore been studied
in ischemic vascular diseases, such as myocardial infarction (consequence of obstruction of coronary
arteries) or peripheral vascular disease (PAD, consequence of obstruction of arteries going to the
limbs) [164,165].
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Besides tissue ischemia, mechanisms of hypoxia and ischemia can occur within the vascular
wall itself, with implications for diseases such as atherosclerosis [166], arterial aneurysm [167],
chronic venous insufficiency [168] and thromboembolism [169,170]. There is growing evidence that
the HIF pathway is implicated—for better or for worse—in the response of the vascular wall to
inadequate oxygenation and/or increased cellular oxygen, a demand secondary to various stresses or
injuries [171,172].

6.1. HIF and Atherosclerosis

Atherosclerosis is a condition in which fatty deposits (plaques) develop in the arterial wall, leading
tostenosis and ultimately to thrombosis of the vessel [173]. Atherosclerotic plaques are mainly composed
of cholesterol, other lipids, calcium, fibrin and inflammatory cells [174]. Oxygen diffusion through
space-occupying atherosclerotic plaques could be limited due to wall thickening. Hypoxia could also
originate from the high oxygen demand of metabolically active inflammatory cells, such as macrophage
foam cells that play a pivotal role in this disease [175]. Detection of HIF-1x and activation of its target
genes occurs in atherosclerotic plaques [166,176]. During atherogenesis (plaque build-up), hypoxia
increases angiogenesis [166], releases pro-inflammatory mediators [177], activates MMPs [178], forms
reactive oxygen species [179], and oxidizes low-density lipoprotein [180,181]. Necrotic cores within
atherosclerotic plaques can lead to plaque instability and thromboembolic complications. The HIF-1a
protein is found in tissue surrounding atherosclerotic arteries, inflammatory macrophages [166] and
arterial SMCs around these necrotic cores [182,183]. Proangiogenic HIF-target genes, such as VEGF-A,
are responsible for intra-plaque necangiogenesis, contributing to plaque instability [184]. HIF-1 activity
also alters the lipid metabolism of macrophages and vascular SMC [172,176,185]. Finally, besides
hypoxia, several non-hypoxic stimuli of HIF have also been found in plaques and plaque macrophages,
such as inflammation, ROS, vasoactive and thrombotic factors [129,186,187].

6.2. HIF and NH in Vascular Grafts

The role of the HIF pathway in the development of NH has also been studied. When atherosclerotic
lesions occupy a long segment of the artery, surgeons frequently use a graft to bypass the lesion and
provide blood to distal tissues. Either venous or prosthetic, these grafts are prone to NH. Although vein
grafts and prosthetic grafts are not identical, because of different hemodynamics and oxygen tension,
the characteristics of NH in vein grafts are similar to those of NH that form in AVFs [188]. In studies
with animal models, grafts showed increased hypoxia within the vessel wall in regions of neointimal
hyperplasia [189,190]. A study using a porcine model showed an association of HIF-1ox expression
with the degree of neointimal hyperplasia in grafts, and suggested that reducing hypoxia might inhibit
venous NH formation, possibly by reducing the phenotypic switch of fibroblasts to myofibroblasts [191].
Paradoxically, increased activation of the HIF pathway may also protect against NH formation. Nakao
et al. studied the role of carbon monoxide, a physiologically important vasodilator that acts via cyclic
guanosine monophosphate, in the formation of NH [192]. They showed that a vein graft placed
immediately after harvest led to less NH than if the graft was rinsed with lactated Ringer for 2 h prior
to surgical placement. However, if the lactated Ringer solution was saturated with carbon monoxide,
it significantly inhibited NH compared to the untreated control. The effects of carbon monoxide in
inhibiting NH formation seemed to be associated with increased HIF-1ox and VEGF expression a few
hours after grafting. This effect, including the induction of VEGE was reversed by treatment with YC-1,
a HIF-1a inhibitor, supporting the conclusion that these effects were mediated through the activation
of the HIF pathway. These apparently contradictory studies suggest that, at least in the setting of vein
graft NH, transient activation of the HIF pathway may protect the wall from hypoxia, whereas chronic
activation may maintain the ongoing NH process. Carbon monoxide may also display vasoconstrictor
effects depending on oxygen and metabolic homeostasis, including ROS production, highlighting the
important role of metabolism in the vascular wall [193].
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6.3. HIF and NH in Vascular Access

Both prosthetic arteriovenous graft and AVF failure may be associated with increased activation of
the HIF pathway. Misra et al. investigated HIF-1x and several target genes in stenotic segments from
prosthetic grafts compared with AVFs [194]. The authors compared the expression of HIF-1c, several
MMPs and TIMPs, and macrophage migration inhibitory factor (MIF), a proinflammatory factor that
regulates proliferation and migration of vascular SMC, which is affected by HIF-1e in human vascular
SMCs exposed to hypoxia [195]. Specimens from patients with prosthetic grafts expressed significantly
more HIF-1a, MIE TIMP-1, pro-MMP-2, and pro-MMP-9 compared with control veins. Pro-MMP-9
was also up-regulated in AVFs compared with control samples. The expression of MIF and TIMP-1
was significantly increased in prosthetic graft specimens compared with AVFs. Expression of HIF-1ex
in AVFs seemed to be higher than in controls although the differences reported in this study were not
statistically significant. The authors concluded that there were major differences in the expression
HIF-1«, and proteins regulated by HIF-1 in specimens removed from patients with prosthetic grafts
and AVFs. They consequently developed porcine and mouse models of vascular access failure and
found that HIF-1e and HIF-1-associated protein expression were increased in failed conduits compared
with controls [196—198].

6.4. HIF Target Genes in Vascular Access

We previously studied oxidative stress and HIF-1 expression in a murine model of AVF maturation.
Our team used a microarray analysis to show downregulation of 27 of the 83 genes involved in the
OXPHOS pathway, downregulation of 12 of the 18 genes involved in mitochondrial long-chain
fatty acid beta-oxidation, and 10 of the 13 genes involved in mitochondrial unsaturated fatty acid
beta-oxidation, suggesting the presence of oxidative stress during early AVF maturation [199], and
which was consistent with previous research [36]. We then showed increased excreted hydrogen
peroxide, nitrotyrosine staining, and NOX-2 (nicotinamide adenine dinucleotide phosphate oxidase
- 2) staining in the venous limb of the AVF during early maturation compared to control veins,
confirming the presence of oxidative stress during AVF maturation. We also showed up-regulation of
HIF-1x mRNA and protein expression in AVFs. Immunofluorescence of the AVF showed increased
immunoreactivity of HIF-1-associated heme oxygenase-1 (HO-1) and VEGF-A, at both days 3 and 7
compared with control veins [199].

Interestingly, recent research has shown that expression of the HIF-1-target HO1 is related to AVF
function [200-203]. HO-11is a cytoprotective and rate-limiting enzyme responsible for heme degradation,
generating free iron, biliverdin, and carbon monoxide. Biliverdin is subsequently converted to bilirubin
by biliverdin reductase, and free iron is rapidly sequestered by ferritin [204]. Bilirubin is a free radical
scavenger that blocks lipid peroxidation [205]. HO has antioxidant, anti-inflammatory, anti-apoptotic,
and angiogenic functions through its reactive products [98,204]. HO-1 is an inducible isoform, whereas
HO-2 is expressed constitutively. Patients with HO-1 gene polymorphisms characterized by long GT
repeats, resulting in less HO-1 production, were more likely to have worse AVF patency [200,201].
In a murine model of AVE Junco et al. showed that HO-1 gene expression was markedly induced
in the vascular SMCs. HO-1 knockout mice had reduced patency and increased expression of
pro-inflammatory and pro-oxidant mediators, such as MCP-1, MMP-2, and MMP-9 [206]. Subsequently,
Kang et al., using the same model, showed that the adventitial delivery of an adenc-associated viral
gene HO-1 improved AVF blood flow and decreased venous wall thickness [203]. A functional AVF
also requires HO-2 [202]. Shear stress also regulates HO-1 activity, with high flow inducing HO-1 to
generate NO and mitochondria-derived hydrogen peroxide. Low flow induces lower levels of HO-1
that lead to macrophage infiltration and superoxide production within the vessel wall. However, the
authors did not report whether these results were HIF-dependent. While they suggest an important
role for HO in promoting outward remodeling and in preventing NH [207], we may think that HIF
expression in this setting would be beneficial.
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VEGF-A is necessary atlow concentrations to promote endothelial cell health, NO and prostacyclin
production, vasodilation, antithrombosis, and suppression of SMC proliferation but promotes
angiogenesis and vasculogenesis at high concentrations [13]. Increased VEGF expression has
been associated with early AVF thrombosis in human patients [208], and the VEGF-936C/C gene
polymorphism has been associated with a 5.54-fold increase in risk of late AVF thrombosis [209].
Adventitial delivery of a lentivirus inhibiting VEGF-A expression decreases cell proliferation, inhibits
NH and increases patency in a mouse model of AVF [34]. Systemic VEGF receptor gene transfer in rats
decreases carotid artery restenosis, suggesting the utility of targeting this pathway to inhibit NH [210].

7. HIFs as Therapeutic Targets

Several experimental studies have shown that inhibiting the HIF-1 target gene VEGF decreases
NH [34]. Further studies are needed to understand if the HIF pathway should be inhibited or activated
in this setting. These studies can evaluate the broad range of therapeutic agents tested in other fields,
in particular in cancer, since pharmacological targeting of HIF has been a major field of research these
past two decades [101,211].

7.1. O; Treatment

In a study using a rabbit iliac AVF model, Lata et al. demonstrated that NH is inhibited by the
administration of 30% supplemental oxygen [212]. Based on the pattern of SMC proliferation, they
suggested that 21 days of oxygen supplementation would be enough to control the initial burst of
proliferation and subsequent NH. Further experiments by the same team demonstrated that HIF-1c
was stabilized, VEGFR-2 up-regulated, and plasma VEGF-A was increased in rabbits with AVFs
placed in normoxia [213]. In addition, these markers were significantly decreased when rabbits
with AVFs were placed in 30% oxygen chambers for 21 days after surgery. Plasma collected in the
hyperoxic group induced significantly less SMC and EC proliferation in vitro [213]. These results
support the role of hypoxia and HIF-1 stabilization in NH. However, translation of this treatment to
humans would mean wearing a nasal cannula all day. It is likely that it would be very difficult to
convince patients who already carry a heavy medical burden to use supplemental oxygen therapy.
Paradoxically, several studies conducted in different non-vascular experimental settings and cell types
have shown that absolute hyperoxia induces HIF stabilization and activation of HIF targets [214-218].
The putative mechanisms may involve oxidative stress and ROS production, consequences of disturbed
mitochondrial metabolism. In the AVE both hypoxia (induced by the rupture of the vasa vasorum)
and relative hyperoxia (induced by an increase in blood PaO2) may cause HIF stabilization, with a
balance between the two mechanisms over the maturation period potentially leading towards NH and
AVF dysfunction. Future studies may use ROS scavengers and/or regulate other metabolic targets to
discriminate between the two mechanisms.

7.2. Pharmacological Treatment

Many existing drugs or drugs used in clinical trials can specifically, but mostly non-specifically,
target HIF at different points of its regulation [219,220].
7.2.1. HIF Inhibition

According to their putative mechanism of action, HIF inhibitors can be divided into agents that
modulate (Figure 6):

e HIF transcriptional activity, such as the FDA-approved chemotherapeutic drug PD-341
(Bortezomib, impairs binding of p300 to HIF1-ac by enhancing the binding of FIH-1 to HIF1-a) [221],

e HIF-a mRNA expression, such as the experimental compounds EZN-2968 (antisense
oligonucleotide) [222] and aminoflavone (ligand of aryl hydrocarbon receptor) [223],
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e  HIF-c protein translation, such as FDA-approved chemotherapeutic drug topotecan (campthotecin
analog, inhibitor of topoisomerase I) [211,224], experimental compound EZN-2208 (derived
from irinotecan, another campthotecin analog) [225], FDA-approved cardiac glycoside
digoxin [226], and FDA-approved chemotherapeutic drugs temsirolimus and everolimus
(mTOR inhibitors) [227-229],

e  HIF-« protein degradation, such as Hsp90 inhibitors [23(,231] or histone deacetylase (HDAC)
inhibitors [232],

e HIF DNA binding, such as echinomycin (a cyclic peptide of the family of quinoxaline
antibiotics) [233] and anthracyclines (such as the FDA-approved chemotherapeutic drug

doxorubicin) [234].
_"RNA mTOR Campthotecin Hsp90 inhibitors
Aminoflavone inhibitors analogs HDAC inhibitors

— TRANSLATION —————— = DEGRADATION — |
f DNA BINDING l

Digoxin /
oy g e
: @ IF-B Iron chelators PHD inhibitors
Echynomycin

Anthracyclines m

HIF inhibitors l HIF stabilizers

<Ry

TRANSCRIPTION

Bortezomib —| TRANSCRIPTIONAL
ACTIVITY

Figure 6. Pharmacological treatments targeting the HIF pathway. Green: stabilization of HIF-a, red:
destabilization of HIF-o. Blue arrows: physiological process, grey arrows: activation, grey T arrows: inhibition.

7.2.2. HIF Activation

One of the easiest ways to stabilize HIF-a is to act on the repressing enzymes PHDs and FIH-1.
These enzymes being dependent on Fe(Il) and 2-OG, iron chelators such as desferioxamine [34] and
2-0OG analogs such as dimethyloxalylglycine (DMOG) [63] have been used in many experimental
studies to stabilize HIF-1x. Importantly, these therapeutics are not isoform specific as the compounds
inhibit all PHDs and therefore, all HIF-c.. In the setting of atherosclerosis and treatment of PAD,
experimental studies evaluated intramuscular injection of AACA5 and intravenous administration of
bone marrow-derived angiogenic cells that were cultured in the presence of the PHD inhibitor DMOG.
The combined therapy increased perfusion, motor function and limb salvage in aged mice subjected to
femoral artery ligation [165,235]. Based on these promising findings, a Phase I dose-escalation human
clinical trial was performed using an adenoviral delivery system to deliver the active form of HIF1-a
into the lower extremity of patients with critical limb ischemia. In addition, the therapy was well
tolerated [236]. However, in a trial evaluating the efficacy of intramuscular administration of three
different doses of Ad2/HIF1A/VP16 on walking time in patients with PAD and intermittent claudication,
there was no significant clinical improvement when comparing the placebo and each HIF1-x dosage
group [237]. This led to the conclusion that gene therapy with intramuscular administration of
Ad2/HIF1A/VP16 was not an effective treatment for patients with intermittent claudication [237].
Although the reasons underlying failure remain unclear, concerns include the efficacy of gene transfer,
including whether the gene transfer was increasing HIF to sufficient levels in the critical tissue
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compartment. For the treatment of CKD-induced anemia, promising compounds targeting PHD
(Roxadustat, Vadadustat, Daprodustat, Molidustat) have been tested in patients with significant
improvement of their hemoglobin level (mainly as a consequence of HIF-1-induced expression of
EPO) [238-240]. These inhibitors are likely to become an important tool for the management of anemia
in patients with CKD, where the oral route is a significant advantage. However, long-term safety of
HIF activation must be determined, in particular with regards to HIF pathway tumorogenicity. Further
studies are ongoing [238].

8. Conclusions

Increasing evidence shows that in AVFs, NH induced by upstream hemodynamic changes is

linked to downstream metabolic disruption, involving the regulation of the response to hypoxia.

Unfortunately, the common denominator of most HIF inhibitors and activators described so far is the
lack of specificity, which indicates that they inhibit multiple targets and that HIF inhibition cannot be
easily separated from other activities exerted by these agents [241]. Moreover, the majority of drugs
primarily target HIF-1, although they may also act on HIF-2. One of the challenges of pharmacologically
targeting the HIF pathway is to identify which isoforms are responsible for the disease and to find
an isoform-specific drug. One of the most striking advances in the field is the successful targeting of
HIF-2 in renal cell carcinoma, using a small molecule called PT2399, specifically designed to inhibit the
binding of HIF-2« to the HIF-p subunit [242-245].

Besides finding HIF specific, isoform specific molecules, one major challenge will be to target
delivery of these drugs to specific organs, to limit off-target and secondary effects.
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Abstract

Rationale: Renal cell carcinoma (RCC) accounts for about 2% of all adult cancers, and clear cell RCC
(ccRCC) is the most common RCC histologic subtype. A hallmark of ccRCC is the loss of the primary
cilium, a cellular antenna that senses a wide variety of signals. Loss of this key organelle in ccRCC is
associated with the loss of the von Hippel-Lindau protein (VHL). However, not all mechanisms of
ciliopathy have been clearly elucidated.

Methods: By using RCC4 renal cancer cells and patient samples, we examined the regulation of
ciliogenesis via the presence or absence of the hypoxic form of the voltage-dependent anion channel
(VDACI-AC) and its impact on tumor aggressiveness. Three independent cohorts were analyzed.
Cohort A was from PREDIR and included 12 patients with hereditary pVHL mutations and 22 sporadic
patients presenting tumors with wild-type pVHL or mutated pVHL; Cohort B included tissue samples
from 43 patients with non-metastatic ccRCC who had undergone surgery; and Cohort C was composed
of 375 non-metastatic ccRCC tumor samples from The Cancer Genome Atlas (TCGA) and was used for
validation. The presence of VDACI-AC and legumain was determined by immunoblot. Transcriptional
regulation of IFT20/GLIT expression was evaluated by qPCR. Ciliogenesis was detected using both mouse
anti-acetylated O-tubulin and rabbit polyclonal ARL|3B antibodies for immunofluorescence.
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Results: Our study defines, for the first time, a group of ccRCC patients in which the hypoxia-cleaved
form of VDACI (VDACI-AC) induces resorption of the primary cilium in a Hypoxia-Inducible Factor-1
(HIF-1)-dependent manner. An additional novel group, in which the primary cilium is re-expressed or
maintained, lacked VDAC|-AC yet maintained glycolysis, a signature of epithelial-mesenchymal transition
(EMT) and more aggressive tumor progression, but was independent to VHL. Moreover, these patients
were less sensitive to sunitinib, the first-line treatment for ccRCC, but were potentially suitable for
immunotherapy, as indicated by the immunophenoscore and the presence of PDLI expression.

Conclusion: This study provides a new way to classify ccRCC patients and proposes potential
therapeutic targets linked to metabolism and immunotherapy.

Key words: Ciliopathy, clear cell Renal Cell Carcinoma, immunotherapy, HIFs, poor prognosis, primary cilium,

Voltage-Dependent Anion Channel 1, VDACIL.

Introduction

Among the many dysfunctions of tumor cells,
the decreased prevalence or loss of the primary
ciium, a small sensory organelle in which many
signaling factors are known to be concentrated, is
being increasingly recognized [1-3]. This cilia loss
redefines cancer as a form of ciliopathy [4-6]. The
primary cilium (PC) is a single protrusion emerging
from the apical surface of the cell membrane of nearly
all mammalian cells during interphase. It senses
external signals from the microenvironment and
initiates corresponding signaling cascades to the rest
of the cell, such as the Hedgehog (Hh) and Wingless
(Wnt) pathways [7-11]. Its structure is built of a
microtubule-based axoneme, which confers
mechanical strength and guides the transport of
molecules via  motor-dependent  intraflagellar
transport (IFT). Any defects in the structure, the
activity or the function of the PC affect multiple
systems, the consequences of which can be
devastating or even life-threatening. There are many
phenotypes that are associated with ciliopathies,
including renal diseases [12], with the kidneys being
among the organs that are most highly affected. A
spectrum of renal diseases have been associated with
ciliopathic syndromes, including a morphologically
heterogeneous group of disorders that have been
classified as polycystic kidney disease, renal
medullary cystic disease, cystic renal dysplasia and,
more recently, renal cell carcinoma [13-15]. The von
Hippel-Lindau (VHL) protein is encoded by a known
tumor suppressor gene, and has been shown to be
necessary to maintain cilia [13, 14]. Mutations or
deletions in the VHL gene, in addition to methylation,
are characteristic features of: (i) a rare hereditary
tumor disease caused by germline alterations of the
VHL gene [16] and (ii) sporadic clear cell renal cell
carcinoma (ccRCC) lacking cilia [17]. The VHL
protein, a component of an E3 ubiquitin ligase
complex, ubiquitylates HIFs and targets them for
degradation by the proteasome [18]. Interestingly,
ccRCCs that are deficient in pVHL cluster into tumors

that express either both HIF-la and -2a or HIF-2a
only.

The voltage-dependent anion channel 1
(VDAC1) is the most abundant protein of the
mitochondrial outer membrane. VDAC] has
fundamental functions in regulating energy
production, calcium signaling and promoting
apoptotic signaling [19, 20]. A strong relationship
between VDAC and hexokinase, the first enzyme of
glycolysis, confirms the interconnection between the
regulation of glycolysis and mitochondrial
respiration. We have further described the role of
VDAC1 under hypoxic conditions, in a
HIF-1-dependent manner, and showed that a cleaved
form of VDAC1 (VDACI-AC) plays a role in
promoting resistance to apoptosis, in increasing
metabolism and thus in cancer cell survival [21, 22].
We characterized its cleavage by the asparagine
endopeptidase (Legumain, LGMN) at asparagine 214
to produce VDACI1-AC [23]. We also showed that the
knockout of Vdacl in murine embryonic fibroblasts
(MEFs) expressing oncogenic RAS potentiates tumor
development in mice by promoting metabolic
reprogramming, accelerating vascular destabilization
and inflammation [23]. Finally, a new function for
members of the VDAC family has recently been
discovered: centrosomal VDAC3 associates with the
centrosome via Mpsl, a protein kinase that plays a
role in centriole assembly [24], and this complex leads
to aberrant ciliogenesis [24, 25]. A similar function has
also been described for the centrosomal form of
VDACI. The authors showed that VDACl and
VDAC3 both negatively modulate PC but with
non-redundant functions. However, the mechanisms
by which VDACs act on ciliogenesis are unknown.

In the present study, we therefore sought to
explore the function of mitochondrial VDACI-AC in
the context of ccRCC cells and patients, a rare cancer
where ciliopathy and HIF stabilization co-exist. We
hypothesized that mitochondrial VDACI-AC could
control ciliogenesis. Interestingly, we identified a
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new group of ccRCC patients in which the primary
cilium is re-expressed giving rises to increased tumor
aggressiveness. This group is also characterized by
the absence of VDACI-AC.

Materials and Methods

Cell culture

RCC4/pVHL and 786-O cells were grown in
Dulbecco's Modified Eagle's Medium (DMEM)
(Gibco-BRL) supplemented with 5% fetal bovine
serum with penicillin G (50U/ml) and streptomycin
sulfate (50pg/mil). A498 RCC cell lines were
purchased from the ATCC (March 3, 2013). The
RCC10 cell line was a kind gift from Dr. W.H. Kaelin
(Dana-Farber Cancer Institute, Boston, MA). Normal
epithelial HK2 cells were a kind gift from Dr L. Rubera
(LP2M, Nice, France).

An INVIVO: 200 anaerobic workstation
(Ruskinn Technology Biotrace International Plc) set at
1 % oxygen, 94 % nitrogen and 5 % carbon dioxide
was used for hypoxic conditions.

Pharmacological inhibitors and chemicals

3BP was from Sigma. Sunitinib was from Centre
Antoine Lacassagne.

RNA interference

The 2l-nucleotide RNAs were chemically
synthesized (Eurogentec, Seraing, Belgium) and
previously described. The siRNA sequences, all
validated, were as follows: siCtl (forward)
5'-CCU-ACA-UCC-CGA-UCG-AUG-AUG-TT-3 [26],
siVDAC1 (forward) 5-GAUACACUCAGACUCUA
AA 3 [22, 27], siHIF-la (forward) 5- CUG-AUG-
ACC-AGC-AAC-UUG-ATT-3 [22, 26, 28], siHIF-2a
(forward) 5- CAG-CAU-CUU-UGA-UAG-CAG-UTT-
3 [26]. siLGMN also known as AEP has been
described previously [27]. silFT20 and siGLI1 were
from Mission esiRNA Sigma, and were a
heterogenous mixture of siRNAs that all target the
same mRNA sequence.

Quantitative real-time PCR analysis

For tumor samples, total RNA was extracted
with the RNeasy FFPE Kit (QIAGEN, Hilden,
Germany). For cells, total RNA was extracted with the
RNeasy Mini Kit (QIAGEN, Hilden, Germany). The
amount of RNA was evaluated with a NanoDrop™
spectrophotometer (ThermoFisher Scientific,
Waltham, MA USA). One ug of total RNA was used
for reverse transcription, using the QuantiTect
Reverse Transcription kit (QIAGEN, Hilden,
Germany), with a blend of oligo (dT) and random
primers to prime first-strand synthesis. SYBR master
mix plus (Eurogentec, Liege, Belgium) and specific

oligonucleotides (Sigma Aldrich) were used for qPCR.
Primer sequences wused are: GLII (forward:
Y- TGCAGTAAAGCCTTCAGCAATG -3'; reverse: 5'-
TTTTCGCAGCGAGCTAGGAT- 3'), IFT20 (forward:
5 -GGTATCGGGTTGAATATGAAG-3"; reverse:
5 -GACATAGGTCATTGGTCAAG-3'). LGMN
(forward: 5-ACTATGATGAGAAGAGGTCC-3;
reverse: 5 -GGTGGAGATTGITTTGTTITC3’); PDLI
(forward: 5-ATGCCCCATACAACAAAATCS;
reverse: 5-GACATGTCAGTTCATGTTCAG3");
STAT3 primers was a kind gift from Dr J. Gilleron
(C3M, Nice).

Immunoblotting

Cells were lysed in 1.5x Laemmli buffer and the
protein concentration determined using the BCA
assay. 40 ug of protein from whole cell extracts was
resolved by SDS-PAGE and transferred onto a PVDF
membrane (Millipore). Membranes were blocked in
5% non-fat milk in TN buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl) and incubated in the presence of the
primary and then secondary antibodies in 5% non-fat
milk in TN buffer. The rabbit polyclonal antibody to
central regions of VDACl was purchased from
Abcam (abl5895). Rabbit polyclonal anti-HIF-la
antibody (antiserum 2087) was produced and
characterized in our laboratory [29]. The antibodies
against HIF-2a (NB100-122) and ARLI13b
(NBP2-15463) were purchased from Novus
Biologicals (Littleton, CA). Mouse anti-acetylated
a-tubulin (T7451), anti-p-tubulin, HSP90 and p-actin
were from Sigma. ECL signals were normalized to
either B-tubulin or HSP90. Anti-LGMN antibody
(AF2058) was from R&D system. After washing in TN
buffer containing 1 % Triton-X100 and then in TN
buffer, immunoreactive bands were visualized with
the ECL system (Amersham Biosciences).

Immunocytochemistry

Cells were fixed in 3% paraformaldehyde and
permeabilized with Triton X-100. Primary antibodies
included mouse anti-acetylated a-tubulin
(Sigma-Aldrich, Basel, Switzerland; 1:400 dilution);
rabbit anti-Arl13b (Novusbio, Abingdon, United
Kingdom; 1:400 dilution). Alexa Fluor 594- and
488-conjugated secondary goat anti-mouse or goat
anti-rabbit antibodies (Molecular Probes, Carlsbad,
CA) were used at 1:400. Cells were visualized by
wide-field, fluorescence microscopy using a DM5500B
upright stand (Leica, Germany) with a 40X oil
objective NA 1.00. The cubes used were A4 (excitation
filter BP 360/40, dichroic mirror 400, emission filter
BP 470/40), L5 (BP 480,40, 505, BP 527/30), and TX2
(BP 560,40, 595, BP645/75). Acquisitions were done
with an Orca-ER camera (Hamamatsu, Japan). Cells
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were also visualized using the confocal microscope,
Axiovert 200M inverted stand (Zeiss, Germany).
Objectives 10X dry NA 03 and/or 25X multi
immersion (oil, glycerol, water) NA 0.75, and /or 40X
oil 1.3 NA and/or 63X oil 1.4 NA were used. The
LASERs used were diode 405 nm, and/or Argon 488
nm, and/or HeNe 543 nm. The microscope was
equipped with an automated xy stage for mosaic
acquisitions.

Cilia frequency was counted manually from
scans using a 40X digital zoom for 100-300 nuclei.

Immunohistochemistry

Normal and renal cell carcinoma tissue sections
(5 pm) were obtained from the Department of
Pathology of Centre Hospitalier Universitaire de Nice,
Nice (France). The sections had been formol fixed
within 1h of surgery, for a total of 72h before being
paraffin-embedded. After dewaxing, rehydrating,
antigen retrieval was achieved by boiling in 0.01 M
citrate buffer for 20 min. For immunofluorescence
detection of primary cilia, sections were incubated
with mouse anti-acetylated a-tubulin (Sigma-Aldrich,
Basel, Switzerland; 1:50 dilution), rabbit anti-Arl13b
(Novusbio, Abingdon, United Kingdom; 1:50
dilution) or rabbit anti-PDL1 (eBioscience
ThermoFisher Scientific, Waltham, USA; 1:10 dilution)
primary antibodies, then followed by goat anti-mouse
secondary antibodies conjugated to Alexa 594 and
goat anfi-rabbit secondary antibodies conjugated to
Alexa 488 (Molecular Probes, Invitrogen, Basel,
Switzerland; 1:100 dilution). Nuclei were labeled with
2 mg/mlL 4-6-diamidino-2-phenylindole (DAPI).
Cilium counting was performed by focusing up and
down on the microscope to capture cilia and nuclei
that lay in different focal planes within the section.
Images were obtained using an Axiovert 200M
inverted stand (Zeiss, Germany) with a 40X oil
objective 1.3 NA with samples mounted in an
immersion medium (water). A diode 405 nm, Argon
488 nm and HeNe 543 nm laser was used. Optical
sections were 0.3 pm thick and stacks were made
encompassing a Z-plane depth of 0.5 um. The number
of cilia was counted manually from scans using a 40X
digital zoom for at least 500 nuclei.

FACS analysis

For determination of IFT20 expression in
RCC4+pVHL-, RCC4-, RCC4 siCtl-, RCC4 siVDACI-,
RCC4 siLGMN- cells, cellular suspensions (1 x 106
cells) were resuspended in 4% PFA for 15 min and
washed 3 times in cold PBS/BSA 0.1%. Cell
suspensions were then incubated with a polyclonal
rabbit anti-IFT20 (1 pg/1 x 106 cells; Proteintech) for 1
h at 4°C in PBS/BSA 0.1% buffer. After washing, cells

were incubated with Alexa 488-conjugated secondary
goat anti-rabbit antibody (ug/1 x 10 cells;) for 30 min
and washed prior to analysis. Samples were collected
with Miltenyi MCSQuantl0 (Bergisch Gladbach,
Germany) and analyzed with FlowJo Software.
Secondary antibody in the control experiment was
identical to that described supra.

Invasion assay

The invasion assay was performed using cell
culture inserts with 8.0 pm pore transparent PET
membrane coated with 10 pg/mlL fibronectin. Inserts
were coated with 2 pg/ul. of Matrigel and incubated
for 3 h at 37 °C in a CO; incubator. Briefly, overnight
serum-starved cells (8x104 cells) were seeded into the
top chamber in medium without FBS, while medium
with 10% FBS was present in the bottom chamber. The
cells were incubated for 24 h. Media and remaining
cells were removed from the top chamber with a
cotton swab and washed twice with PBS. The bottom
chamber was aspirated and washed twice with PBS.
Inserts were fixed with 4% PFA. Invasiveness was
assayed in triplicate for each condition, in at least
three independent experiments. Cells that invaded the
Matrigel and migrated through the filter and adhered
to the lower surface were stained for 10 min with 0.5%
crystal violet in 25% methanol. Inserts were rinsed in
distilled water until no additional stain leached and
were air-dried overnight. Crystal violet was extracted
from the invading cells by adding 600 pL of 0.1 M
sodium citrate in 10% acetic acid. Absorbance was
measured spectrophotometrically at 585 nm using the
Spectronic GENESYS 5 (Milton Roy, Rochester, NY).

Tumor spheroid invasion assay

A cell suspension of 15x10°cells/mlL was
prepared and 200 uL aliquots were put in 24 wells
containing solidified agarose 1% and incubated at
37°C for 48h. Spheroids containing 3000 cells each
were placed on the inside of the cover of a culture dish
and incubated at 37°C. Formed spheroids were
transferred into wells containing matrigel 25% +
1mg/mL 3D collagen I gel and left to grow for the
designated time (24h, 48h and 72h). Diameters of the
spheroids were monitored by an Evos optical
microscope. Cell invasion through the surrounding
collagen was measured using the Image] software and
the final spheroid size was compared to the initial size
at time zero. At least 8 spheroids were analyzed per
condition and at least three independent experiments
were performed.

CAM assay

Fertilized chicken eggs (Gallus gallus) (EARL
Morizeau, Dangers, France) were handled as
previously described [30]. On embryonic day 9, a

http://www.thno.org

262



Theranostics 2020, Vol. 10, Issue 6

2700

plastic ring was placed on the CAM, and 1 million
RCC4 or RCC4+pVHL cells in 20 pL. of medium were
deposited on the surface. Digital photos were taken
under a stereomicroscope.

Wound-healing assay

The equivalent number of RCC4 and
RCC4+pVHL cells were seeded and incubated for 24
h. Cells were photographed at the time of insert
removal (0 h), then 8 h, 16 h and 20 h after. The
percentage of the scratched area at each time point
was calculated with Image].

Immunophenoscore

Immunophenoscore is a predicator of the
response to checkpoint blockade established by
Charoentong et al. based on a panel of immune genes
for classification of patients likely to respond to
therapy with antibodies targeting CTLA-4 and PD-1
with superior performance [31].

Patients and cohorts

RCC was classified according to the tumor, node
and metastasis (TNM) system developed by the
American Joint Committee on Cancer (AJCC). RCC
was classified from Stage I to Stage IV according to
the TN and a prognostic score.

Stages
e stagel: T1 NOMO
o stage II: T2 NO MO
e stage III: T3 or N1 with M0
e stageIV: T4 or M1

Patients from Nice (Table S1)

Tissue samples from 19 patients with ccRCC
who had undergone surgery in the Urology and
Pathology Departments of the Nice University
Hospital were selected. For each patient, a piece of
fresh tumor was embedded in paraffin (IF) and a
piece was immediately frozen (immunoblot). For each
patient, tumor diagnosis was based on pathology
and on cytogenetic analyses, as defined by the 2016
World Health Organization criteria. This prospective
study was approved by the institutional review board
and was conducted in accordance with the
Declaration of Helsinki.

Cohort A (PREDIR; Table $2)

A series of 32 renal tumors were obtained thanks
to the PREDIR Center (French Kidney Cancer
Consortium coordinated by 5. Richard) composed of
12 VHL tumor-associated and 22 sporadic RCC that
were verified as clear-cell renal cell carcinomas. Part
of the microarray transcriptome analysis of this series

has been previously reported [32].

Cohort B (Table $3)

Tissue samples from 43 patients with ccRCC
who had undergone surgery in the Urology
Department of the Rennes University Hospital were
selected. As defined by the 2016 World Health
Organization criteria, diagnosis was based on the
pathology and on cytogenetic analyses. This
retrospective study was approved by the institutional
review board and was conducted in accordance with
the Declaration of Helsinki.

Cohort C (TCGA) has been previously described
[33].

Gene expression microarray analysis

Normalized RNA sequencing (RNA-Seq) data
produced by The Cancer Genome Atlas (TCGA) were
downloaded from cbioportal (www.cbioportal.org,
TCGA Provisional; RNA-Seq V2). Different
parameters were available for 375 ccRCC tumor
samples, with information for VHL status
(methylation, mutation and deletion) [34, 35]. We
performed a differential expression analysis between
patients with a “primary cilium” signature and
patients with a “no primary cilium” signature using
the Bioconductor package DESeq2.

The results published here are in whole or in part
based upon data generated by the TCGA Research
Network: http:/ /cancergenome.nih.gov /.

Database analysis

To assess the effect of the presence or absence of
the primary cilium in ccRCC from Cohort C, we
performed a differential analysis between the group
expressing the primary cilium (n=48 patients) and the
group expressing no primary cilium (n=327 patients)
by computing the ratio and p-values obtained with a
Wilcoxon rank sum test. We then performed a
functional and pathway enrichment analysis on
differentially expressed genes (p-value < (.05 and
absolute ratio > 0.7) based on Reactome databases
using the geneSCF tool [36]. The terms are considered
significant only if enriched with a p-value < 0.05.

Statistics

All wvalues are the meanstSEM. Statistical
analyses were performed using the Student’s ¢ test in
Microsoft Excel. The p values are indicated. All
categorical data used numbers and percentages.
Quantitative data were presented using the median
and range or mean. Differences between groups were
evaluated using the chi square test for categorical
variables and the Student’s t test for continuous
variables. Analyses were performed using SPSS 16.0
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statistical software (SPSS5 Inc., Chicago, IIl). All
statistical tests were two-sided, and p-values <0.05
indicated statistical significance whereas p-values
between 0.05 and 0.10 indicated a statistical tendency.

Statistics for patients

The Student’'s #test was used to compare
continuous variables and chi-square test, or Fisher's
exact test (when the conditions for use of the y>-test
were not fulfilled), were used for categorical
variables. To guarantee the independence of the
primary cilium as a prognostic factor, the multivariate
analysis was performed using Cox regression
adjusted to the stage and age. DFS was defined as the
time from surgery to the appearance of metastasis. OS
was defined as the time between surgery and the date
of death from any cause, censoring those alive at last
follow-up. The Kaplan-Meier method was used to
produce survival curves and analyses of censored
data were performed using Cox models. All analyses
were performed using R software, version 3.2.2
(Vienna, Austria, https:/ /www.r-project.org/).

Results

Low VDAC1I and LGMN expression levels are
linked to poor prognosis in ccRCC patients

By interacting with hexokinase, or members of
the Bcl-2 family, VDACL supports glycolysis and
apoptosis is prevented. VDAC is thus involved in
determining cellular survival or death, which is
particularly relevant to cancer cells. To explore its
possible role in ccRCC (kidney renal clear cell
carcinoma, KIRC), we first interrogated the Gene
Expression Profiling Interactive Analysis (GEPILA)
human dataset. Interestingly, the patients’ overall
survival (OS; Figure 1A) and disease-free survival
(DFS; Figure 1B) plots revealed a direct correlation
between low levels of VDACI and a poor prognosis.
As we had previously shown a link between the
asparagine endopeptidase (LGMN) and VDACI in
hypoxia (Supplementary Fig. S1A) [27, 37], we also
explored the expression level of LGMN in the same
cohort of ccRCC patients. Similar to VDACI, both OS
(Figure 1C) and DFS (Figure 1D) showed a strong
correlation between low levels of LGMN and a poor
prognosis. We obtained 19 tissue samples of ccRCC
patients from the Pathology Department of Nice
(CHU; Table S1). Fourteen out of 19 (73.7%) were
classified with high VDAC] expression and the
presence of VDACI-AC in tumor tissues (defined as
group A) whereas five out of 19 (26.3%) were
classified with a low level of VDACI and the absence
of VDACI-AC (defined as group B; Figure 1E-F). In
group A, VDACI-AC and LGMN were present in

tumor (T) tissues, except for patients #7 and #12
(Supplementary Fig. S1B). In contrast, group B
showed no VDACI-AC in tumor (T) tissues in parallel
with weak or absent expression of LGMN. Moreover,
LGMN protein expression (Figure 1E) also correlated
to its mRINA level (Figure 1G). Of the 19 tissue
samples from the ccRCC patients, HIF-2 and
sometimes HIF-1 was present in each group
suggesting that this classification does not depend on
the HIF status (Figure 51C). VDACI-AC expression
was also analyzed in ccRCC cell lines. HK2, kidney
epithelial cells from normal kidney, did not express
VDACI-AC under normoxic conditions (Figure 1H).
As previously shown [38], analysis of VHL mutant
RCC4 cell lines, in which the wild-type VHL gene has
been restored (RCC4+pVHL), and thus mimicking
normoxia with no stabilization of either HIF-1a or -2a,
showed no VDACI1-AC whereas RCC4 cells with both
stabilization of HIF-1a or -2a expressed VDACI-AC.
Moreover, LGMN was expressed in each cell line with
higher expression in cells defective for pVHL (Figure
1H).

These results suggest a strong link between
VDAC1/VDACI-AC and LGMN in the ccRCC
context and describe two groups of ccRCC patients
with distinct prognoses.

The presence of VDACI-AC in RCC4 and
786-0 cells decreases or abolishes ciliation

As ccRCC is associated with the loss of VHL
function, deregulation of the hypoxia pathway and
the loss of primary cilia [39], we investigated a
potential role of VDACI in ciliogenesis. Using mouse
anti-acetylated a-tubulin (which are microtubule
proteins that are enriched in the axonemes of most
primary cilium), rabbit polyclonal ARL13B antibodies
counterstained with DAPI for immunofluorescence
(Figure 2A), and electron microscopy (Figure 2B) we
found the presence of primary cilia in RCC4+pVHL
and RCC4 cells only. A high proportion of ciliated
cells were observed in RCC4+pVHL and RCC4 cells
(between 60% to 32%), whereas no primary cilia were
detected in 786-O, RCC10 and A498 (Figure 2C).
RCC4 had 50% fewer primary cilia compared to
RCC4+pVHL in similar conditions of proliferation.
Cell proliferation was tested as the primary cilium is
highly dependent on the cell cycle. RCC4 and
RCC4+pVHL were cultured in the presence or
absence of serum where cell growth was arrested
(Figure 2D). No significant difference was observed
between the two cell types. Following experiments
were performed in the absence of serum in order to
magnify the number of ciliated cells. However, as
RCC4+pVHL and RCC4 cells presented a lower
percentage of ciliated cells, these results suggest that
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ciliogenesis and cell cycle could be deregulated and
uncoupled in these tumoral cells. The knockdown of
HIF-la alone or both HIF-1la and -2a using specific
siRNAs, decreased the expression of VDACI1-AC and
concomitantly increased the percentage of ciliated
cells compared to siCtl (Figure 2E). However, the
knockdown of HIF-2a alone had no effect on
VDACI-AC and the primary cilium. Finally, siRNA
targeting VDAC] in the RCC4 cell line statistically
increased the percentage of ciliated cells by more than

Disease Free Survival

l.4-fold (Figure 2F). In order to block the hypoxic
cleavage of VDACI, LCMN was silenced in RCC4
cells (Figure 2G). VDACI-AC totally disappeared and
cells expressed a higher percentage of primary cilia,
which was similar to what we have observed by
downregulating VDAC] expression.

These results strongly suggested that VDACI-
AC controls resorption of the pri cilium in the
HIF-1/LGMN-dependent model of ccRCC.
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Figure 1. A and B, Overall survival (A) and Disease free survival (B) for VDACI| expression was calculated from Kidney renal clear cell carcinoma (KIRC)
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Given that mRNA levels of the GLII transcription

The GLII/IFT20 signature correlates to the factor and the intraflagellar transport protein 20

primary cilium and VDACI

To further reinforce the link between VDACI1-AC
and the percentage of ciliated cells, we evaluated the
expression of genes involved in the biogenesis and the
activity of the primary cilium. The analysis of our
transcriptomic data in WT MEF in hypoxia wversus
normoxia [23] highlighted differences in the
expression of genes related to the primary cilium.

(IFT20) had been shown to be modified in hypoxia,
059 and +0.91 respectively ([23], NCBI Gene
Expression Omnibus (GEO) (http://www.ncbi.
nlm.nih.gov/geo/) under the series record number
GSE63247) and because this combination, among all
those tested, proved to be a fair reflect of the presence
or absence of the primary cilium, we chose to examine
these two genes as indicators for the activity and
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formation of the primary cilium. The less ciliated demonstrated that RCC4 cells were less invasive
RCCH4 cells had low expression levels of both GLIl and ~ compared to RCC4+pVHL cells (Figure 3B). This
IFT20 and could be classified as GLI1-/IFT20- cellsin  result  was also confirmed  using the
comparison to the more ciliated RCC4+pVHL cells three-dimensional, in witro, chicken chorioallantoic
(Figure 3A). Similarly, IFT20 protein abundance was  membrane (CAM) assay and a migration assay
decreased in RCC4 compared to RCC4+pVHL cells  (Figure S3).

demonstrating a clear correlation between the mRNA Moreover, the RCC4+pVHL cells presented an
and protein levels of IFT20 (Figure S2A). Moreover, a  epithelial- mesenchymal transition signature with
cell invasion assay to evaluate aggressiveness higher expression of TWIST, SNAIL and SLUG
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panel) in RCC4 cells compared to RCC4+pWVHL in Mx. B. Graphic representation of the Boyden chamber cell-based invasion assay using RCC4+pVHL and RCC#4 cells. C,
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compared to RCC4 cells reinforcing the aggressivity
profile often associated with EMT with a concomitant
increase in glycolytic capacity. We then knocked
down GLIT and IFT20 in RCC4+pVHL cells (Figure
3C), and observed no change in the expression of
VDACI or VDACI-AC (Figure S2B) but a decrease in
the presence of primary cilia (Figure 3D) associated
with decreased invasion (Figure 3E). Moreover,
knocking down GLI1 and IFT20 in RCC4 cells (Figure
52C) also increased expression of VDACI and,
subsequently, increased expression of VDACI-AC
(Figure S2D). In contrast, RCC4 cells transfected with
siRNA to VDACI presented a gene expression profile
of GLI1+ and IFT20+ cells and overexpression of
IFT20 compared to siRNA to Ctl (Figure 3F and Figure
52E). Moreover, in these cells, downregulation of
VDAC] was sufficient to increase the invasive
potential (Figure 3G). RCC4 cells transfected with
siRNA targeting LGMN presented a GLI1+/IFT20+
signature and overexpression of IFT20 (Figure 3H and
Figure S2E) and were more aggressive (Figure 3I),
which was similar to what we observed by
downregulating VDACI. To confirm the impact of the
primary cilium on invasion, we silenced an
independent marker of the primary cilium structure,
KIF3A. RCC4+pVHL cells transfected with siRNA to
KIF3A showed a significant decrease in ciliated cells,
which was linked to a decrease in invasion (Figure
S2F). In parallel, we overexpressed GLI1 and IFT20 in
RCC4 cells (Figure S4A), and observed a reproducible
increase in the percentage of ciliated cells (5%) (Figure
S54B) associated with increased invasion (Figure S4C).
Moreover, overexpression of LGMN in RCC4+pVHL
cells (Figure S4D) led to a GLI1- and IFT20+ gene
expression profile (Figure S4E) correlated with a
decreased percentage of ciliated cells (Figure 54F) and
decreased invasion potential (Figure S4G).

These results demonstrated that downregulation
of GLI1 and/or IFT20 expression correlated with the
decrease or absence of primary cilia expression in
ccRCC cells with VDACI-AC expression and vice
versa. Moreover, the decrease in VDAC1/VDACI-AC
expression in RCC4 cells increased the percentage of
ciliated cells and was correlated with increased
invasive potential.

The 2-gene signature is predictive of the
presence of both the VDACI-AC and the
primary cilium in ccRCC patients

To further confirm the value of the GLI1 and
IFT20 signature obtained in wifro, this marker
combination was tested on the 19 tissue samples and
slides previously described (Figure 1E and Table 1).
Four groups were formed on the basis of the
expression patterns of these two genes: group 1 with

four patients (GLII+/IFT20-), group 2 with five
patients (GLI1-/IFT20-), group 3 with five patients
(GLI1-/IFT20+) and group 4 with five patient
(GLI1+/IFT20+; Figure 4A). On the basis of GLI1 and
IFT20 expression at the mRNA level, but also at the
protein level for IFT20 only (Figure S5), and our
previous results in ccRCC cell lines, 14 out of 19
(73.7%) from the previous group A, were found to
have a “no pri cilium” signature, whereas 5 out
of 19 (26.3%) from the previous group B, were
classified with a “primary cilium” signature. As
expected, we confirmed that the GLII+/IFT20-,
GLI1-/IFT20- and GLI1-/IFT20+ signatures were
linked to the presence of VDACI-AC and the absence
of the primary cilium, while the GLII1+/IFT20+
signature was linked to the absence of VDACI-AC
and the increased presence of the primary cilium
(8-18%; Figure 4A-C).

Table 1. Patient characteristics included in the study and
multivariate analysis.

A
|
Number 375 37 48
Gender
Female| 135 (36%) 124 (38.8%) 11(22.9%} ns
Male| 240 [B4%) 203 (6L.2%) 37(77.1%|
Age 61 (26-50) 61 (29-50) 58.5 [26-85) s
Tumor stage
1/2(259 (69.6%) 245 (74.9%) 14 (31.1%) =0.0001
3/4)113 (30.4%) 82|25.1%| 31(68.9%|
[Fuhrman grade
142|183 (51.1%) 174 [54%) 15 (31.2%) <0.01
3/4) 181 (49.5%) 148 [46%) 33 (68.8%)
DFS |months) 84.2 BO.E 52 =0.0001
05 | NR NR B2E =0.0001
B
Gender ns ns
Age <0.0001 <0.0001
Tumor stage [1/2 vs 3/4) <0000 <0.0001
Fuhrman grade (1/2 us 3/4) <0.01 <0.000L
Primary cilium |ng vs yes) <0.0001 <0.0001
c
Eulo;lcd parameters
Primary cilium no 2,438 [1.458-4.09] 7.10€-04
yes
Clinical parameters
Turmor stage land2 1.B02 [1.173-2.768] 7.10E-03
3and 4
Patient parameters
Age 1.039 [1.033-1.07] 2.70E-08
D
IEDIo]ical parameters
Primary cilium no 2.158 [1.367-3,.406] O.70E-04
yes
Clinical parameters
Tumar stage land2 213 [1.47-3.085) B.10E-05
3and 4
Patient parameters
Age 1.039[1.023-1.055] 4.70e-07
A, Patient ch ics and univari lysis with the Fisher or Ki2 test.
Statistical significance (p values) are ndsi d. B, Univari lysis of primary

cilivm, tumor stage, Furhman grade, age and PFS or OS. Statistical significance (p
values) is indicated. C and D, Mult analysis of primary cilium, tumer stage,
age and PFS (C) or OS5 (D). The multivariate analysis was performed nsing Cos
regression adjusted to the tumor stage and age. Statistical significance (p values) is
indicated.
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Figure 4. Identification and validation of the 2-gene signature predictive of the presence of VDACI-AC and the primary cilium of ccRCC patients from 19
ccRCC patients. A, The mRNA (2-gene signature) and immunofiuorescence (Acetyl. a-Tubulin, Arl]3b and DAPI) of tumors samples of 12 patients were studied to evaluate

the prediction mode! of the absence or presence of the primary cilium. Normal tissues (N) and tumoral tissues (T). B. Repr

ive image of i
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analysis of the 19 patients studied to evaluate a prediction model of the absence or presence of the primary cilium. C, Percentage of ciliated cells in normal and tumor tissues from

patients. A *** p<0.0005 show significant differences.

These results clearly demonstrate that this
2-gene expression signature provides a new form of
classification, according to the presence or absence of
the primary cilium and depending on VDACI-AC.
Moreover, our results unexpectedly uncovered one
group of patients in which cancer cells expressed the
primary cilium in a ciliopathic disease.

The tumors in the primary cilium
re-expression groups are more aggressive than
tumors with ciliopathy

To investigate the possibility of predicting the
prognosis of ccRCC patients based on the presence of

the primary cilium, we tested if this two gene
signature could be used to classify patients from three
cohorts. First, a cohort of patients from PREDIR
(Cohort A) was used with 12 patients with hereditary
pVHL mutations and 22 sporadic patients presenting
tumors with wild-type pVHL and mutated pVHL
(Figure S6, Table S2). Tissue samples from 43 patients
with non-metastatic ccRCC who had undergone
surgery (Urology Department of the Rennes
University Hospital; Cohort B; Table S3) [40] and 375
non-metastatic ccRCC tumor samples produced by
The Cancer Genome Atlas (TCGA; Cohort C;
www.cbioportal.org, TCGA Provisional; RNA-Seq
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V2) [33] were analyzed. The same four gene signature
groups were obtained (Figure 5A). In Cohort A, 100%
of the pVHL patients had a signature with no primary
cilium (GLI1-/IFT20- and GLI1+/IFT20-), whereas
two patients with a primary cilium signature
(GLI1+/IFT20+) were found in sporadic patients. No
patient presented the group 3 signature in this cohort.
For group 4, two (Cohort A) + nine (Cohort B) + 48
(Cohort C) patients were identified. This group

A No primary cilium
(GLIM+/IFT20-, GLM-IFT20-, GLI-/IFT20+)

represented a low percentage of patients with the
primary cilium signature, 5.9%, 20.9% and 12.8%
respectively. In Cohort C, GLII+/IFT20+ mRNA
expression (primary cilium) correlated with shorter
DFS (median survival of TCGA, 52 months versus 89.8
months (p<0.0001) compared to the GLII+/IFT20-,
GLI1-/IFT20- or GLI1-/IFT20+ signature (no primary
cilium; Figure 5B).

No primary cilium
(GLM+/IFT20+)

A C A B
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Figure 5. Identification and validation of the 2-gene signature predictive of the presence of primary cilia and of the aggressiveness of tumors of ccRCC
patients from Cohort B and from TCGA (Cohort C). A. Amount of intra-tumor GLI /- and IFT20- from the Cohort B and Cohort C. B, Disease free survival for the
primary cilium signature was calculated from patients of the cohort C using the GLI 1/IFT20 signature (less or greater than the third quartile). C, Overall survival for the primary
cilium signature was calculated from patients of the TCGA cohort C using the GLII/IFT20 signature (less or grater than the third quartile). D, Volcano plot showing the
distribution of differentially expressed transcripts. E, Heatmap comparing the normalized log2 expression (z score) of the differentially expressed genes between the 48 patients
with primary cilium expression and the 327 patients with no primary cilium signature to obtain differentially expressed genes. A VVilcoxon test was performed to obtain a p-value
showing the differential significance between the two groups. F. Graph of the top 20 enriched Reactome pathways from up-regulated and down-regulated genes.
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Moreover, GLI1+/IFT20+ mRNA expression also
correlated with shorter OS (median survival of cohort
B, 101 months versus superior to 150 months (p=0.09)
and median survival of TCGA, 62.84 months versus
greater than 150 months (p<0.0001)) compared to the
no primary cilium signature (Figure S7A and Figure
5C), strongly demonstrating that tumors expressing
more primary cilia and without VDACI-AC were
more aggressive in a ciliopathy model; thus
confirming our in witro findings. We found high
median survival in both groups 1 and 2 (> 150
months), whereas group 3 presented a lower OS
(118.8 months; Figure S7B). We also established a
correlation between the primary cilium and VDAC1
(Figure S7C). Patients with no primary cilium
expressed a higher level of VDAC1 mRNA, whereas
patients with primary cilia expressed a low level of
VDACI mRNA, similar to the groups A and B that we
characterized in Figure 1E. We observed a similar
expression level for LGMIN mRNA (Figure S7D).
Using the tumor proliferation marker KI67 (MKI67) to
assess tumor growth, we observed no correlation
(p=0.3573) between the absence or the presence of the
primary cilium and proliferation, demonstrating that
the presence of the primary cilium did not impact the
proliferation status of the tumor (Figure S57E). As
expected, tumors with stabilization of HIF-2a only
presented a tendency to be more aggressive (OS
median survival: 72.38 months versus undefined,
p=0.1035) compared to those expressing both
HIF-1a/2a Supplementary (Figure S7F). A volcano
plot analysis to further explore the difference between
patients with a primary cilium signature and patients
with “no primary cilium” signature showed the
expression of 403 genes to be UP (1.8%) and 322
DOWN (1.5%) when the mRNAs were significantly
differentially expressed (Figure 5D). The results of
hierarchical cluster analyses showed distinguishable
mRNA expression profiles between the “primary
cilium” patients and the “no primary cilium” patients
(Figure 5E). Pathway analysis showed that the
positively expressed mRNAs in these ccRCC patients
were involved in collagen biosynthesis and its
modifying enzymes, ECM organization, collagen
formation/degradation, degradation of the ECM,
whereas the negatively expressed mRNAs were
involved in transport of small molecules,
solute-carrier-mediated transmembrane transport,
metabolism of lipids, and the TCA cycle. The UP
mRNA signature pathways strongly suggested
involvement of EMT (epithelial-mesenchymal
transition; Figure 5F), which was confirmed by
analyzing the expression patterns of individual genes
such as SNAIL, SLUG, TWIST1, TWIST2, TBX2 and
FN1 (Figure 58). However, the DOWN mRNAs

indicated complete metabolic reprogramming (Figure
5F). An in depth analysis of the TCGA database
revealed 310 patients with pVHL- «cRCC and 65
patients with pVHL+ ¢cRCC defined via deletions,
mutations and promoter methylation in pVHL
(Figure 59). Among the pVHL- tumors, 250 ccRCC
tumors in the TCGA expressed both HIF-1 and -2 but
60 expressed only HIF-2. Using the primary cilium
signature, we characterized two sub-groups, no
primary cilium (PC-) and primary cilium (PC+) in
each category. The PC+ group contained a low
number of patients (10.4%, 21.7% and 13.8%)
compared to the PC- group and showed lower
median survival. We also found that the majority of
PC+ patients were mostly at advanced tumor stages
(stage 3/4-66%) rather than stage 1/2 (34%), whereas
we observed the opposite with PC- patients, 25.2%
and 74.8% respectively (Table 54). Group 4 of PC+
patients presented a more aggressive pattern with
increases in pathways for extracellular matrix
modifications coupled with decreased OXPHOS and
lipid metabolism but maintenance of glycolysis,
which would favor EMT.

Finally, in silico transcriptomic data showed that
the primary cilium signature correlates with tumor
stage and, to a lesser extent, with the Furhman grade
(Table 1A). The “primary cilium” signature, Furhman
grade, tumor stage and age have an impact on DF5
and OS (univariated analysis, Table 1B). The “primary
cilium” signature represented a marker for DFS (Table
1C) and OS (Table 1D) independent of the tumor stage
and age in a multivariate analysis. As an example,
hazard ratios show that PC+ patients will be twice as
metastatic as PC- patients (Hazard ratio = 2.448, DSF;
Table 1C) and will die faster (Hazard ratio = 2.13, OS;
Table 1D).

These results highlight that tumors from ccRCC
patients expressing primary cilia with a GLII+/
IFT20+ signature but not VDACI-AC are significantly
more aggressive and are characterized by a poor
prognosis. In this context, the increased presence of
primary cilia in tumors is clearly a cancer promoter
and the maintenance of glycolysis seems to be crucial
to support this aggressiveness.

The tumors of primary cilium re-expression
groups should respond to anti-glycolysis
treatments and have a higher score indicative
of better response to immunotherapy

Sunitinib (sunitinib malate, Sutent®, SU11248,
Pfizer Inc.), a vascular endothelial growth factor
receptor inhibitor, is widely used for patients with
metastatic RCC, mostly in first-line treatment. Despite
sunitinib's clinical efficacy, patients eventually
develop drug resistance and disease progression
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[41-45]. We thus checked if patients with tumors
presenting the primary cilium, a GLII+/IFT20+
signature and no VDACI-AC are resistant or sensitive
to sunitinib. Analysis of these patients from the
clinical trial SUVEGIL (Clinical trials.gov Identifier:
NCT00943839), who had been treated with sunitinib,
revealed that they had a lower survival rate than the
groups with no primary cilium (Figure 6A and B,
Table S5). To reinforce these results, in wvitro
experiments were conducted wusing RCC4 and
RCC4+pVHL cells in the absence or presence of
sunitinib. We found that cells with VDAC1-AC were
significantly more sensitive to treatment than
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RCC4+pVHL cells (Figure S10A). RCC4-, RCC4
siVDACI- and RCC4 siLGMN- cells were also treated
with 5 pM of sunitinib (Figure S10B). Although
sensitive to sunitinib, we found that RCC4 cells with
VDACI-AC had a lower percentage of ciliated cells
and were characterized by a “no primary cilium”
signature, and were slightly more sensitive to
treatment than cells with less VDACI or no
VDACI1-AC with a higher percentage of cilia and with
a “primary cilium” signature. This was similar to the
observations of patients from group 4 with more
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As group 4 of “primary cilium” patients present
a decrease in OXPHOS and lipid metabolism but
maintenance of glycolysis, we used 3 Bromopyruvate
(3BP), a halogenated analog of pyruvic acid that
enters cells in the same way as lactate molecules, via
monocarboxylic acid transporters, to block glycolysis
in in vitro experiments. As expected, RCC4+pVHL
cells and RCC4 siVDAC] or RCC4 siLGMN with no
VDACI-AC, all characterized by an increase in
primary cilia expression, were highly sensitive to 25
uM of 3BP compared to RCC4 or RCC4 siCtl (Figure
510C and D). Moreover, the aggressiveness of RCC4
siVDAC] or siLGMN treated with 3BP was decreased
compared to the control (Figure SI10E and F),
suggesting a potential therapeutic use of glycolysis
inhibitors.

Finally, as immunotherapy has become
increasingly common for the treatment of clear cell
RCC, we investigated the immune profile for each
group. Slight differences were observed in the relative
fraction of major immune cell types in “primary
cilium” patients compared to “no primary cilium”
patients of the TCGA cohort (Figure 6C) and a
significantly higher proportion of T regulatory
lymphocytes (Treg) was observed in the “primary
cilium” patient group (Figure 6D). To reinforce these
results, PD1 mRNA expression was significantly
increased in the “primary cilium” patient group
(Figure 6E). Furthermore, the immunophenoscore
(Figure 6F), used as a predictor of response to
anti-programmed cell death protein 1 (anti-PD1)
treatment, was favorable for the “primary cilium”
patient group. In the analysis of groups A and B from
Figure 1G, we also observed a significant increase of
PD-L1 mRNA expression in the “primary cilium”
patient group B (Figure S11A) associated with
increased frequency of cytoplasmic PDL1 punctae
within vesicle-like structures in patient tumor sections
(Figure S11B). These results clearly showed the
specific immunotherapeutic potential for the
“primary cilium” patient group.

Considered together, these results suggest that
sunitinib is not the best treatment for patients
re-expressing primary ciium. Our results indicate
two therapeutic approaches, glycolysis inhibitors
(3BP) and/ or anti-PD1, that could be used in the first
or second line only for the patients that present the
strong “primary cilium” signature and for whom
sunitinib is unfortunately less effective.

Discussion

Our data describe i) a new mechanism for the
control of ciliogenesis that is driven by VDACI-AC,
the form of VDACI that is produced in hypoxia and
ii) a new group of ccRCC patients in which the

primary cilium is re-expressed, giving rise to greater
tumor aggressiveness.

The role of VDAC in metabolic homeostasis and
cell death has been studied extensively [19, 20, 46-54].
However, new functions for VDACI as a ciliogenesis
controller have been discovered, with Majumder et al.
recently showing that centrosomal VDAC3 is
associated with the centrosome via Mpsl, a protein
kinase that plays a role in centriole assembly [24]. The
Mps1-VDAC3 complex, and also centrosomal
VDACI, were involved in the negative regulation of
ciliogenesis. However, these results are not directly
comparable because Majumder et al. used a retinal cell
model rather than cancer cell models and we studied
mitochondrial VDAC1 instead of centrosomal
VDACI. Our preliminary results have shown that
VDACI is in close proximity to the centrosome (data
not shown) suggesting that VDAC1 could directly
participate in ciliogenesis, a mechanism that we are
exploring further. We focused on the role of
VDACI-AC formation and the involvement of HIF-1.
We have previously shown that VDACI-AC
formation is mitochondrial and is dependent on
nuclear HIF-1a in a lung cancer model [22]. However,
it has been demonstrated that VDACI1-AC formation
can also be triggered by the physical association of
HIF-1a with the mitochondrial outer membrane and a
mortalin/ VDAC1/HK2 complex under conditions
that inhibit ERK activity and HIF-1a phosphorylation
[55]. Thus, we checked the subcellular localization of
HIFs in RCC4 and the ERK activation status in
patients. Our data clearly showed that HIFs are
present in the nucleus of the RCC4 cells, as previously
observed in L[S174 cells, whereas P-ERK1/2 was
observed in both Group A and Group B (data not
shown) strongly suggesting that this mechanism is
cell-type specific and does not occur in our ccRCC
model.

Since 2012, we have been investigating the role
of VDACI-AC in hypoxia [22, 23, 27] and under iron
deprivation conditions [56]. Our study describes, for
the first time, a VDACI-AC-dependent mechanism in
which kidney cancer cells can maintain glycolysis in
the presence of the EMT signature, which promotes
survival of cells surrounded by an unfavorable
microenvironment. Our study definitively shows that
the hypoxic 2-gene expression signature, which we
characterized, is closely related to the formation of
VDACI-AC and the absence or decreased prevalence
of the primary cilium. The global OS allowed us to
classify patients, by differentiating levels of tumor
aggressiveness. However, we also described a new
group of patients (group 4 GLII+/IFT20+)
expressing/re-expressing the primary cilium in a
ciliopathy context. We demonstrated that patients
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belonging to this group had much more aggressive
tumors than patients with few or no primary cilia. The
tumors in this group could be directly derived from
healthy tissue but the expression of the EMT genes
made the tumors of these patients more aggressive. In
the first cohort we studied (Cohort A-PREDIR), the
GLI1+/IFT20+ signature was observed only in
sporadic patients, suggesting that such expression/
re-expression was impossible in patients with VHL
mutations at the germinal level. However, the cohort
of VHL patients was too small to draw conclusions.

Interestingly, we also found that each group
(pVHL-/HIF-1+/HIF-2+, pVHL-/HIF-2+ and
pVHL+) from the TCGA database presented 10.4, 21.7
and 13.8% of patients, respectively, with a
GLI1+/IFT20+ signature. The median survival of
these patients was lower than for patients with a “no
primary cilium” signature. Moreover, patients with
this GLI1+/IFT20+ signature presented a significant
correlation between aggressiveness and lower
VDACI expression. Similarly, in our study, siRNA to
VDAC] and LGMN in RCC4 cells shifted the
signature in GLIT+/IFT20+ and increased the primary
cilium expression. These cells were characterized by
higher invasion than siRNA to control cells
suggesting a more aggressive phenotype. The same
invasive behavior was found in RCC4+pVHL cells.
The tumor aggressiveness in these patients could be
the result of the combination of a switch to EMT
process activation, re-expression or maintenance of
the primary cilium, together with a decrease in
VDAC1 and LGMN expression and thus the
disappearance of the cleaved form of VDACI.

In patients who express/re-express the primary
cilium, it is unlikely that the primary cilium is the only
force associated with aggressiveness. Indeed, we
characterized a signature related to EMT that can
explain the aggressive phenotype of the tumors of
these patients. Moreover, metabolic remodeling was
impacted, and although cancer metabolism is a
hallmark of cancer, it has been shown that aberrant
metabolism supports EMT [57, 58]. In the signature of
the present study, lipid metabolism and the TCA
signature were down-regulated in line with
observations made by Hakimi et al. for ccRCC patients
[59]. However, the expression of glycolytic enzymes
was not modified, strongly suggesting that this
metabolic pathway was favored in the cancer cells of
group 4 patients. It is therefore possible to envisage
specific treatment for these groups: Temsirolimus [60]
or Everolimus, specific inhibitors of mTOR [61] that
block proliferation, in combination with small
molecule inhibitors that prevent EMT such as
EW-7197 or IN-1130, through a block in TGFB 1 and 2,
have already been used in metastatic breast and lung

cancer [62]. By maintaining only one metabolic
pathway, cancer cells with a GLI1+/IFT20+ signature
offer a metabolic vulnerability that we would be wise
to exploit. We have shown that inhibitors of glycolysis
such as 3-bromopyruvate, used as a proof-of-concept,
or inhibitors of lactate production (dichloroacetate,
FX11, AZD-3965) [58] are of interest.

Finally, an immune-checkpoint inhibitor such as
atezolizumab or nivolumab (an anti-PD-L1 or PD1
inhibitor) alone or in combination with glycolysis
inhibitors could be evaluated on “primary cilium”
patients who exhibit such reduced overall survival.
Indeed, the presence of PD-L1 in group B strongly
suggests an important role in promoting tumor
progression. We have proposed several hypotheses to
explain such expression patterns. Firstly, Noman and
Chouaib have revealed the binding of HIF-1a to the
PD-L1 promoter [63], although we showed that
absence of the primary cilium is driven by the
pVHL/HIF/hypoxia axis, we showed that the
resurgence of primary cilia in patients from group 4
was independent of HIF-1, HIF-2 and pVHL.
Secondly, it has been reported that PDL1 works
predominantly in lactate-enriched tumor micro-
environments [64]. As tumors of patients from group
4 maintain glycolysis, and thus lactate production,
this suitable microenvironment may protect cancer
cells and thus could participate in the activation of
PD-L1. Thirdly, epigenetic regulation has been
revealed to be involved in PD-L1 expression in cancer
cells [65]. MiRs, P53 and STAT3 were reported to
epigenetically regulate PD-L1 expression. As ccRCC
patients are mainly p53 wild type, we focused on
STAT3 and observed a significant (p<0.001) increase
in STAT3 expression in patients from group 4 (data
not shown). Understanding what regulates PDL1 in
patients expressing primary cilia will be thus an
important avenue of research going forward.

This novel classification of GLII+/IFT20+ ¢cRCC
patients should have an impact on clinical practice,
not only in characterizing new subgroups of ccRCC
patients, but also in offering new combinations of
treatments that are much more effective and more
specific for a specific group of ccRCC patients.
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