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Absracts

Titre : Rôles de TCF12 dans les cellules oligodendrogliales et les gliomes Mots clés : oligodendrocytes, gliomes, modèles murins, facteur de transcription Les gliomes diffus sont des tumeurs cérébrales primitives fréquentes et très malignes chez l'adulte. Ces tumeurs sont caractérisées par plusieurs altérations moléculaires et proviennent de la transformation des cellules neurogliales. En particulier, les précurseurs d'oligodendrocytes (OPCs) sont des cellules d'origine probables des gliomes et responsables de la croissance tumorale. Bien que la génétique des gliomes commence à être assez bien définie, les mécanismes cellulaires et moléculaires impliqués dans le développement tumoral sont beaucoup moins bien compris. La compréhension de la fonction des altérations moléculaires dans le lignage d'origine pourrait grandement participer à élucider le processus de gliomagenèse. Des travaux antérieurs effectués par mon laboratoire d'accueil ont identifié des mutations inactivatrices du gène TCF12, codant un facteur de transcription bHLH, dans les gliomes. Sur la base de travaux récents, TCF12 a été impliqué dans plusieurs cancers humains, avec des rôles d'oncogène ou suppresseur de tumeurs. Dans le développement normal, TCF12 est considéré comme exprimé de manière ubiquitaire, cependant, ses fonctions dans des lignages cellulaires précis ne sont pas bien caractérisées. Au cours de ma thèse, j'ai entrepris la caractérisation de la fonction de TCF12 dans les OPCs, les cellules d'origine potentielles des gliomes. Dans ce but, nous avons combiné des approches d'immunoprécipitation de chromatine, permettant d'identifier des cibles de TCF12 sur le génome, à des analyses immunohistologiques et transcriptomiques sur un modèle inductible et conditionnel de souris inactivées pour Tcf12. Nos résultats montrent que TCF12 se lie dans les régions promotrices actives dans les cellules oligodendrogliales de souris. L'inactivation de Tcf12 dans les OPCs murins induit une diminution transitoire de la prolifération in vivo. Les analyses transcriptomiques des cellules oligodendrogliales de souris déficientes pour Tcf12 ont en outre révélé une dérégulation de processus impliqués dans le cancer. De manière intéressante, nous montrons que certains de ces processus sont conservés dans les gliomes présentant des altérations TCF12. Enfin, dans le but d'établir la contribution de TCF12 dans la gliomagenese, nous avons généré un modèle murin de gliome permettant l'inactivation de Tcf12. Dans ce modèle, l'inactivation de Tcf12 ne modifie pas la survie des souris et les caractéristiques histologiques des tumeurs. Notre étude suggère des rôles complexes de TCF12 dans le développement oligodendroglial et indique des implications putatives qui peuvent être conservées dans un contexte de gliome. Les résultats issus de ce travail pourraient être utilisés comme référence pour de futures recherches, cherchant à élucider davantage les rôles de TCF12 à la fois dans l'oligodendrogenèse et dans la gliomagenèse.

Title TCF12 roles in oligodendroglial cells and gliomas

Diffuse gliomas are frequent and highly malignant primary brain tumors in adults. These tumors are characterized by several molecular alterations and have been demonstrated to developmentally originate from the transformation of neuroglial cells. Particularly, oligodendrocyte precursor cells (OPCs) constitute a major candidate cell type by which gliomas originate and are driven. Although the genetics of gliomas start to be rather well defined, the cellular and molecular mechanisms involved in tumor development are much less understood. Deciphering how molecular alterations affect the biology of cell lineages responsible for tumor growth can greatly elucidate the process of gliomagenesis. Previous work done by my host laboratory identified inactivating mutations in the gene of the bHLH transcription factor TCF12 in gliomas. Based on recent body of work, TCF12 has been implicated in several human cancers, conveying either oncogenic or tumor suppressive roles. In normal development, TCF12 is considered ubiquitously expressed; however, its roles and precise expression pattern are not extensively described in lineage specific contexts. During my PhD, I sought to characterize the function of TCF12 in OPCs, as a potential lineage of origin for gliomas. To this aim, we employed genome-wide chromatin binding profiling along with immunohistological and transcriptomic analyses of an inducible, conditional Tcf12-knockout mouse model. We found that TCF12 exhibited enhanced binding in active promoter regions in wild type mouse oligodendroglial cells. Findings from histological and transcriptomic analyses of OPCs from Tcf12-knockout mice, suggested that TCF12 modulated OPC proliferation in vivo, but this effect was transient. Transcriptomic analyses of Tcf12-deficient mouse oligodendroglial cells further revealed deregulation of processes relevant in cancer. Notably, some of these processes were conserved in analyses of gene expression data of TCF12-altered gliomas from patients. To further elucidate the implication of TCF12 in gliomagenesis, we generated a genetic glioma mouse model, harboring Tcf12 inactivation. In this model, inactivation of Tcf12 did not alter the overall survival of tumor-bearing mice nor the gross histological characteristics of the tumors. Nonetheless, comparison of transcriptomic data once again indicated that some of the deregulated processes were common with those identified in the mouse oligodendroglial cells and in human gliomas. Our study suggests complex roles of TCF12 in normal oligodendroglial development and indicates putative implications that can be conserved in a glioma context. Findings issued from this work can be used as a reference for future research, seeking to further elucidate the roles of TCF12 both in oligodendrogenesis and in gliomagenesis.

[4] [5] Mama, Baba, Themis, words fall short to thank you. You have always been "a phone call away" and you have accompanied me through this whole PhD (and, in general, throughout my whole life). I am indescribably lucky to have you and I am immensely proud of you all. I am sorry I have been that far. You are my everything.

Ένα μεγάλο ευχαριστώ σ'όλη μου την οικογένεια για την υποστήριξη της, και ιδιαίτερα στις γιαγιάδες μου, Σοφία και Σοφία. Παππού Γιώργο και παππού Θεμιστοκλή, δυστυχώς δε σας γνώρισα πολύ, αλλά πιστεύω θυμάστε ότι μου αρέσαν τα γράμματα.

" Manchmal hat man eine sehr lange Straße vor sich. Man denkt, die ist so schrecklich lang, die kann man niemals schaffen. Und dann fängt man an, sich zu eilen. Und man eilt sich immer mehr. Jedes Mal, wenn man aufblickt, sieht man, dass es gar nicht weniger wird, was noch vor einem liegt. Und man strengt sich noch mehr an, man kriegt es mit der Angst zu tun, und zum Schluss ist man ganz aus der Puste und kann nicht mehr. Und die Straße liegt immer noch vor einem. So darf man es nicht machen! Man darf nie an die ganze Straße auf einmal denken! Man muss nur an den nächsten Schritt denken, den nächsten Atemzug, den nächsten Besenstrich. Und immer wieder nur den nächste. Dann macht es Freude; das ist wichtig, dann macht man seine Sache gut. Und so soll es sein." -Michael Ende, "Momo" Φτάσε ὅπου δὲν μπορεῖς, -Νίκος Καζαντζάκης [10] [11]

Résumé extensif en français

Mon projet de thèse a visé à comprendre le rôle du régulateur transcriptionnel TCF12 dans les cellules du lignage oligodendrocytaire et dans les gliomes.

Les gliomes sont les tumeurs cérébrales primitives les plus malignes chez l'adulte. Comme le suggère leur nom, ces tumeurs présentent des caractéristiques histologiques de cellules gliales, telles que les astrocytes et les oligodendrocytes. Les gliomes sont des tumeurs hétérogènes et elles sont actuellement classés en sous-types en fonction de paramètres morphologiques et moléculaires. Alors que ces tumeurs sont relativement rares par rapport à d'autres types de cancer, elles sont liées à un taux de mortalité particulierement élevé. Grâce à des années d'études, la génétique des gliomes commence à être bien caractérisée. Cependant, l'efficacité des traitements actuelles reste très limitée. Des efforts considérables sont déployés dans le développement de nouvelles approches thérapeutiques, mais pour faciliter de tels efforts, une meilleure compréhension des mécanismes sous-jacents qui contrôle la biologie des gliomes est nécessaire. D'un point de vue développemental, plusieurs données soutiennent l'hypothèse que les gliomes proviennent de la transformation des cellules précurseurs d'oligodendrocytes (abrégé OPCs en anglais). Les OPCs sont générés à partir des cellules souches neurales aux stades tardifs du développement embryonnaire. Subséquemment elles peuvent se différencier en oligodendrocytes, les cellules myélinisantes du système nerveux central. A l'âge adulte, les OPCs continuent d'être abondamment présents dans le cerveau et notamment constituent la population cellulaire la plus proliférative.

L'activité scientifique de mon laboratoire d'accueil est structurée autour de l'identification de nouvelles altérations génétiques des tumeurs cérébrales, ainsi que de la compréhension des mécanismes cellulaires et moléculaires impliqués dans leur développement. Une étude publiée par les membres de l'équipe et leurs collaborateurs en 2015, a identifié des mutations somatiques, récurrentes du gène TCF12 dans les oligodendrogliomes anaplasiques. De plus, des travaux ultérieurs par d'autres équipes de recherche ont également démontré la présence de mutation de TCF12 dans les gliomes. TCF12 est un facteur de transcription à domaine héliceboucle-hélice basique (abrégé bHLH en anglais). TCF12 appartient à une famille des facteurs, appelées « protéines E », incluant TCF3 et TCF4. Les « protéines E » sont considérées comme exprimées de façon ubiquitaire et assurent la mise en place et la régulation de programmes transcriptionnels en se liant à l'ADN et en formant des homodimères ou des hétérodimères avec d'autres facteurs. Les fonctions des protéines E sont beaucoup étudiées dans le lignage lymphocytaire. Dans le cerveau, les transcrits de Tcf12 ont été retrouvés fortement exprimés dans les zones neurogéniques et prolifératives pendant le développement embryonnaire chez la souris ainsi qu'aux stades postnataux et adulte. Néanmoins, ses rôles précis dans le développement du cerveau, et particulièrement dans les OPCs et oligodendrocytes, ne sont pas connus. De façon intéressante, plusieurs rapports récents ont souligné l'implication de TCF12 dans différents types de cancers. Cependant le rôle de TCF12 dans la tumorigenèse est controversé. Il semble favoriser ou inhiber la progression tumorale, en fonction du type de cancer étudié.

[12] Sur la base de la littérature disponible, nous avons émis l'hypothèse que TCF12 pourrait être impliqué dans de développement du lignage oligodendrocytaire. De plus, vu le nombre croissant de rapports décrivant l'implication de TCF12 dans plusieurs cancers humains, nous avons également émis l'hypothèse que TCF12 pourrait jouer un rôle important dans le développement des gliomes. Etant donné que les cellules précurseurs d'oligodendrocytes sont les cellules potentielles d'origine des gliomes, nous avons cherché à établir des parallèles entre les fonctions normales de TCF12 et ses fonctions dans le processus de gliomagénèse. Nos objectifs étaient de : (i) déterminer les rôles de Tcf12 dans les OPC, comme population cellulaire à partir de laquelle les gliomes proviennent potentiellement et (ii) évaluer l'impact de l'altération de Tcf12 dans le contexte de gliomagenèse. Ce travail a impliqué des expériences in vivo (notamment des modèles génétiques de souris), des analyses d'immunoprécipitation de chromatine suivi de séquençage (ChIP-Seq), des études immunohistologiques et transcriptomiques (RNA-Seq) et l'utilisation de données publiques.

Nous avons interrogé des bases de données génomiques, en accès libre, pour la présence d'altérations de TCF12 (données de l'Atlas du génome du cancer, abrégé TCGA en anglais). Nous avons constaté que 20-30% des gliomes étaient altérés pour TCF12. Nous avons également observé que ces altérations correspondaient majoritairement à des pertes hétérozygotes (70-80% des cas altérés). Ces observations ont renforcé nos hypothèses sur l'implication de TCF12 dans la gliomagenèse.

Ensuite, nous avons cherché à valider l'expression de TCF12 dans le lignage oligodendrocytaire. Pour pouvoir atteindre cet objectif, nous avons principalement utilisé des données d'expression génique (provenant des études transcriptomiques) accessibles publiquement. Nous avons pu montrer que TCF12 était exprimé, au moins au niveau des transcrits, dans les cellules oligodendrogliales chez la souris ainsi que chez l'humain. De plus, nous avons effectué des analyses immunohistochimiques et validé l'expression de TCF12 dans les OPCs et les oligodendrocytes dans le cerveau de souris de type sauvage aux stades postnatal et adulte.

Par la suite, nous avons cherché à identifier des cibles génomiques de TCF12. Pour cela, nous avons entrepris des expériences de ChIP-Seq en utilisant de cellules oligodendrogliales, isolées par tri magnétique de cerveaux de souris de type sauvage au jour postnatal 12. Pour évaluer la spécificité de la liaison en fonction du type cellulaire, nous avons également inclus dans nos analyses des cellules progénitrices neurales murines, cultivées en neurosphères. Nous avons effectué une immunoprécipitation de la chromatine en utilisant des anticoprs dirigés contre TCF12 ou des marques d'histones. Nous avons observé que TCF12 était associée à de nombreux gènes à la fois dans les cellules oligodendrogliales et les cellules des neurosphères (15670 et 6947 respectivement). Nous avons trouvé que les régions liées au TCF12 dans les cellules oligodendrogliales correspondaient principalement à des promoteurs, ce qui n'était pas le cas pour les progéniteurs neuraux (42 % contre 7 % des régions liées). En supplément, nos données ont révélé que TCF12 occupait principalement des régions régulatrices présentant des marques d'histones « activatrices » (corrélées à une activation transcriptionnelle). Ces observations indiquent que TCF12 pourrait agir comme un activateur de la transcription dans les cellules oligodendrogliales.

Comme nos résultats ChIP-Seq suggéraient une implication de TCF12 dans le lignage oligodendrocytaire, nous avons procédé à des études fonctionnelles. À cet effet, nous avons généré un nouveau modèle de souris (PDGFRaCreER T ; Rosa YPFLSL ; Tcf12 flox ) que nous avons utilisé pour inactiver Tcf12 de manière conditionnelle dans les OPCs, par induction au tamoxifène. Suite à l'administration du tamoxifène, les cellules recombinées pouvaient être identifiées par la présence de la protéine YFP. Nous avons induit des souris postnatales au jour postnatal 13 (P13) et les avons récoltées après 3 jours, au jour postnatal 16 (P16). Nous avons caractérisé des phénotypes de prolifération et différentiation des OPCs par immunohistochimie dans les cerveaux des souris mutants comparés à des contrôles. Nos analyses ont montré une diminution importante des proportions d'OPCs prolifératifs recombinées chez les animaux mutants. Malgré une tendance d'augmentation des oligodendrocytes différenciés, nous n'avons pas observé de forts effets sur la différenciation. Pour évaluer l'évolution de ces observations, nous avons récolté des souris à un moment ultérieur, au jour postnatal 23 (P23). De manière surprenante, à ce stade, nous n'avons détecté aucune différence ni dans la prolifération ni dans la différenciation. Nous avons émis l'hypothèse que le caractère transitoire des phénotypes chez les animaux déficients pour Tcf12 pourrait s'expliquer par une compensation par d'autres facteurs. À ce propos, la compensation fonctionnelle entre les protéines E, a déjà été décrit dans la littérature.

Ensuite, afin de mieux comprendre les processus qui sont régulés par le TCF12 et derégulés lors de son inactivation, nous avons effectué des analyses transcriptomiques. Nous avons fait des analyses RNA-Seq à partir des cellules oligodendrogliales de nos souris PDGFRaCreERT; Rosa YPFLSL ; Tcf12 flox (induites a P13 et récoltées à P16). Nos analyses de l'expression différentielle ont révélé peu de gènes différentiellement exprimés entre les groupes mutants et témoins. Pour contourner ce problème, nous avons effectué des analyses d'enrichissement (« gene set enrichement analysis » ou GSEA), qui ont mis en evidence un déséquilibre de la prolifération et la differenciation des OPCs, conformément à nos observations histologiques. En outre, nous avons pu noter une dérégulation de voies potentiellement liées au cancer (matrice extracellulaire, ribosome, TP53, MYC). Collectivement, ces résultats suggèrent des rôles de TCF12 dans le lignage oligodendrocytaire et une implication potentielle dans des processus pertinents dans un contexte tumoral.

Pour établir des parallèles entre ces données et l'implication directe de TCF12 dans la gliomagenèse, nous avons suivi deux approches : (i) nous avons généré un modèle murin de gliome permettant l'inactivation de Tcf12 et (ii) nous avons réanalysé des données transcriptomiques de gliomes humains altérés pour TCF12. De manière intéressant, nos analyses ont montré des points communs dans les voies dérégulées entre les gliomes humains altérés pour le TCF12 et les cellules oligodendrogliales murines déficientes pour Tcf12 (notamment ribosomes/translantion et transition épithéliale à mésenchymateuse). Cependant, dans notre modèle murin de gliome, l'inactivation de Tcf12 n'était pas associée à une modification de la survie des souris ni des caractéristiques histologiques des tumeurs.

Dans son ensemble, notre étude suggère que TCF12 joue des rôles complexes dans l'oligodendrogenèse et suggère des fonctions qui peuvent être conservées dans un contexte de gliome. Les résultats issus de ce travail pourraient être utilisés comme référence pour de futures recherches, cherchant à élucider davantage les rôles de TCF12 à la fois dans le développement normal ainsi que dans la tumorigènese.

[14] Part I: Development of Oligodendroglial cells
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Stem cells in the neocortex: the origins of neurons and glia

During embryonic development of the vertebrate central nervous system, neurons and macroglia1 derive from the so called "neuroepithelial cells". The neuroepithelium is described as a pseudostratified2 layer of cells which proliferate and also can differentiate into neurons. As neurulation progresses, neuroepithelial cells are transformed into "radial glial" cells (RG), which line the forebrain ventricles and spinal canal. RG define the mitotic stem cell population in the developing neocortex which will contribute to neurogenesis and gliogenesis [START_REF] Götz | The cell biology of neurogenesis[END_REF][START_REF] Rowitch | Developmental genetics of vertebrate glialcell specification[END_REF][START_REF] Zuchero | Glia in mammalian development and disease[END_REF] (Figure 1). RG maintain several characteristics of the neuroepithelial cells, but their transformation also entails some changes. Similar to neuroepithelial cells, RG are characterized by apical-basal polarity, interkinetic nuclear migration3 , presence of adherens junctions 4 and the expression of certain markers, such as . Furthermore, RG cells express several markers which are also expressed by astrocytes, namely: GFAP, GLAST, S100β, BLP. [START_REF] Götz | The cell biology of neurogenesis[END_REF][START_REF] Rowitch | Developmental genetics of vertebrate glialcell specification[END_REF].

RG maintain their numbers by proliferating through symmetric division. Moreover, RG can generate intermediate progenitors through asymmetric division. These intermediate progenitors can in turn give rise to neurons or glial cells [START_REF] Rowitch | Developmental genetics of vertebrate glialcell specification[END_REF]. Neurogenesis (generation of neurons) and gliogenesis (generation of glia) are temporally segregated in the developing murine neocortex, with neurogenesis preceding gliogenesis. Neuron generation starts around embryonic day 12 (E12); the first astrocytes are generated during late gestation (~E18), while differentiated oligodendrocytes appear neonatally. RG are described to undergo a "fate switch" , from a "neurogenic" (starting ~E12) to a "gliogenic" (late gestation) program. This is often referred to as the "gliogenic switch" (or "neurogenic-to-gliogenic switch"). The mechanisms governing this "switch" are highly controlled at a transcriptional level, primarily due the action of secreted extrinsic signals [START_REF] Miller | Timing Is Everything: Making Neurons versus Glia in the Developing Cortex[END_REF][START_REF] Martynoga | Molecular Control of Neurogenesis: A View from the Mammalian Cerebral Cortex[END_REF].

It is now well-established that stem cells exist in the postnatal and adult mammalian brain, continuing to generate neurons and glial cells. RG cells give rise to neural stem cells (NSCs), which are considered the stem cells of the postnatal and adult brain. Postnatal NSCs were demonstrated to be generated embryonically, from a pool of RG [START_REF] Merkle | Radial glia give rise to adult neural stem cells in the subventricular zone[END_REF][START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF][START_REF] Fuentealba | Embryonic Origin of Postnatal Neural Stem Cells[END_REF] (Figure 1). A very long road has been marked to come closer to the definition of NSCs. Overall, NSCs are considered heterogenous and do differ, but also share many commonalities, with their RG counterparts (sometimes they are also referred to as "RG-like cells") [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF][START_REF] Rushing | Neural stem cell heterogeneity through time and space in the ventricular-subventricular zone[END_REF]. NSCs are found in specialized regions, where

[26] distinct micro-architecture and secreted signals favor their maintenance. Two major "niches" of adult NSCs are recognized: the subventricular zone (SVZ, lining the lateral ventricles) and the subgranular zone (SGZ, within the dentate gyrus of the hippocampus) [START_REF] Bond | Adult Mammalian Neural Stem Cells and Neurogenesis: Five Decades Later[END_REF]. 

Defining "oligodendrocytes" (OLs) and "oligodendrogenesis"

Oligodendrocytes (OLs) can be simplistically defined as the glial cells of the CNS whose main function is the formation of myelin, by a process called myelination. Myelin basically consists of multiple layers of the OLs' plasma membrane, wrapped around the neuronal axons. Myelin wrapping forms sheaths, exhibiting complex composition and architecture. This wrapping provides electrical insulation and allows for increased action potential conduction velocity, which is vital for proper signal transmission. [START_REF] Hartline | What is myelin?[END_REF][START_REF] Snaidero | Myelination at a glance[END_REF][START_REF] Boullerne | The history of myelin[END_REF]. Myelination has emerged as a plastic process, which persists beyond a developmental window of the early life stages. New myelin-forming OLs can be generated throughout life, new myelin can be produced and existing myelin can be remodeled. Such changes are encompassed by the term "myelin plasticity" and they are greatly instructed by neuronal activity. Nevertheless, the relationship between neurons and OLs is not unidirectional as myelin plasticity itself is necessary for fine-tuning neuronal circuitries. Just to cite a few examples, myelin plasticity underpins motor and cognitive functions, such as motor learning and social interactions [START_REF] Bechler | Intrinsic and adaptive myelination-A sequential mechanism for smart wiring in the brain[END_REF][START_REF] Monje | Myelin plasticity and nervous system function[END_REF][START_REF] Chapman | Myelin plasticity in adulthood and aging[END_REF][START_REF] Pease-Raissi | Building a (w)rapport between neurons and oligodendroglia: Reciprocal interactions underlying adaptive myelination[END_REF]. However, production of myelin does not constitute the sole function mediated by the OLs. OLs have been also found to provide metabolic support to neurons. This occurs by directly providing metabolites, such as lactate, through cytoplasmic channels and transporters. These metabolites are used for ATP synthesis, supporting the high energy requirements of neurons [START_REF] Philips | Oligodendroglia: Metabolic supporters of neurons[END_REF]. Myelination and additional functions of OLs constitute vast topics, which fall out of the scope of this introduction. An important question that needs to be addressed at this point is: how does oligodendrogenesis (generation of OLs) occur? In one sense, OLs do derive from NSCs. However, an important step precedes: the generation of oligodendrocyte precursor cells (OPCs). Once generated, OPCs can differentiate to myelinating OLs, through a complex and multistep process. The process of oligodendrogenesis can be divided into three main stages: (i) specification (commitment) of NSCs to OPCs, (ii) differentiation of OPCs to immature OLs, and (iii) maturation of OLs and myelination. Obviously, each one of these stages is highly regulated by extensive signaling at a transcriptional as well as at an epigenetic level.

In the next sections, attention will be turned to OPCs. I will go over the developmental origins of OPCs, their maintenance in the postnatal and adult brain and their differentiation to OLs. Moreover, I will cover some ground on current knowledge highlighting the heterogenous properties of the oligodendroglial lineage cells. Last, I will discuss the mechanistic regulation of oligodendrogenesis.

Defining "oligodendrocyte precursor cells" (OPCs)

OPCs have been termed the "fourth glial population" in the mammalian CNS, along with astrocytes, oligodendrocytes and microglia [START_REF] Peters | A fourth type of neuroglial cell in the adult central nervous system[END_REF], Nishiyama et al., 2021). They are distributed throughout the gray and white matter and are typically identified by their morphology and the expression of several markers. OPCs have a characteristic ramified morphology, a relatively small cytoplasm and extend long, fine processes [START_REF] Nishiyama | Many roles for oligodendrocyte precursor cells in physiology and pathology[END_REF]. In rodents, grey and white matter OPCs have been described to exhibit some morphological differences. Gray matter OPCs have a rather radial morphology and extent more arborizations, whereas white matter OPCs have a quite bipolar morphology and extend fewer processes, which are oriented parallel to axons [START_REF] Bergles | Oligodendrocyte development and plasticity[END_REF][START_REF] Chittajallu | NG2-positive cells in the mouse white and grey matter display distinct physiological properties[END_REF][START_REF] Hughes | Oligodendrocyte progenitors balance growth with self-repulsion to achieve homeostasis in the adult brain[END_REF]. PDGFRa and NG2 are considered the most distinctive markers of human and rodent OPCs. OPCs are also marked by the expression of transcription factors such as OLIG2, OLIG1 and SOX10. Notably, the expression of these factors precedes the OPC stage and persists in the subsequent stages of the OL lineage [START_REF] Bergles | Oligodendrocyte development and plasticity[END_REF][START_REF] Küspert | SomethiNG 2 talk about-Transcriptional regulation in embryonic and adult oligodendrocyte precursors[END_REF][START_REF] Tilborg | Origin and dynamics of oligodendrocytes in the developing brain: Implications for perinatal white matter injury[END_REF][START_REF] Kuhn | Oligodendrocytes in Development, Myelin Generation and Beyond[END_REF][START_REF] Nishiyama | Many roles for oligodendrocyte precursor cells in physiology and pathology[END_REF]. Over the years, different terms have appeared in the literature referring to oligodendrocyte precursor cells. NG2 cells, NG2 glia, polydendrocytes and synantocytes are appellations that have been employed. However, the appellation "OPCs" appears to be the one that has prevailed [START_REF] Butt | Synantocytes: the fifth element[END_REF][START_REF] Nishiyama | Polydendrocytes (NG2 cells): multifunctional cells with lineage plasticity[END_REF][START_REF] Nishiyama | Many roles for oligodendrocyte precursor cells in physiology and pathology[END_REF].

The most well-characterized function of OPCs is the generation of OLs. As highlighted in the previous section, generation of OLs has emerged as a continuous and plastic process. Approximately two decades ago, an important aspect of OPC functionality was highlighted : their direct communication with neurons. OPCs were shown to express receptors of neurotransmitters and to form functional synapses with neurons (indicatively: [START_REF] Bergles | Glutamatergic synapses on oligodendrocyte precursor cells in the hippocampus[END_REF][START_REF] Kukley | Glial cells are born with synapses[END_REF][START_REF] Bakiri | Electrical signalling properties of oligodendrocyte precursor cells[END_REF]. Interestingly, synaptic communication appeared to be specific to the OPC stage [START_REF] Kukley | The Fate of Synaptic Input to NG2 Glial Cells: Neurons Specifically Downregulate Transmitter Release onto Differentiating Oligodendroglial Cells[END_REF]). An immense body of work is currently being devoted to deciphering the roles of electrophysiological properties in OPC physiology.

Embryonic origin of OPCs

In the mouse, the first OPCs appear during embryonic development in the spinal cord and in the forebrain, stemming from ventral ventricular regions [START_REF] Rowitch | Developmental genetics of vertebrate glialcell specification[END_REF].

Similarly, development of OPCs in the murine hindbrain, also occurs embryonically. OPCs arrive to the cerebellum primarily from ventral rhombomere regions, while a small percentage is generated at the cerebellar ventral area [START_REF] Hashimoto | Origins of oligodendrocytes in the cerebellum, whose development is controlled by the transcription factor, Sox9[END_REF]. Since regions such as the spinal cord and the hindbrain fall out of the focus of this thesis, only the generation of OPCs in the forebrain will be discussed.

In a seminal study by the team of William Richardson, Kessaris et al., (Kessaris et al., 2006) performed cell fate mapping analyses and suggested that OPC generation occurs in three sequential "waves" in the murine forebrain, during embryonic development (Figure 2A). Initially, they used a mouse line with a Cre recombinase driven by Nkx2.1, targeting the expression of a GFP reporter in the regions of the medial ganglionic eminence and the anterior entopeduncular area (Nkx2. . By following the fate of Nkx2.1-expressing cells they identified the first PDGFRa+ OPCs in the ventricular zone at embryonic day 12. 5 (E12.5). This first wave of OPCs gradually spread throughout the telencephalon in a ventralto-dorsal manner. Until E14.5, the vast majority of PDGFRa-expressing cells of the embryonic forebrain derived from the first wave. Around E16, a second wave of OPC generation appeared to occur. This was shown by fate mapping using a Gsh2-driven Cre, which is expressed in the lateral and caudal ganglionic eminences. A third wave was detected more dorsally in the cortex around birth, using Emx1-Cre animals. Notably, following the fate of OPCs deriving from different waves postnatally revealed that the OPCs of the first wave disappeared shortly after birth and that most of the OLs in adulthood seemed to derive from OPCs of the two subsequent waves. In addition, a functional equivalence of OPCs of different origin was suggested, as ablation of one OPC population could be replenished by the remaining ones.

Quite recently, Marques and colleagues from the laboratory of Goncalo Castelo Branco (Marques et al., 2018), investigated the relationship between embryonic OPCs deriving from different waves with their postnatal counterparts, using single cell RNA sequencing (scRNA-Seq) (Figure 2B). To do so, they used a mouse line expressing a tamoxifen inducible Cre recombinase under the control of the promoter of Pdgfra, crossed with fluorescent reporter line (Pdgfra-Cre ERT ;Rosa26 CAG-LSL-EGFP ). They induced the animals at E12.5 and at postnatal day 3 (P3), targeting the first and the third wave of OPC generation respectively, and they collected the GFP+ cells at P7 and performed scRNA-Seq. Their results revealed that OPCs derived from the first and the last wave, exhibited similar transcriptomic profiles, suggesting that OPCs with different spatiotemporal origins converge into similar transcriptional states in early postnatal life (P7). Noteworthily, this study also showed that cells originating from the first embryonic OPC-wave are not eradicated but they do persist in the juvenile brain. Most knowledge regarding the generation of OPCs comes from rodent studies. Evidently, obtaining appropriate human tissue samples is often a challenging bottleneck. In the 2000s, some studies based on immunohistochemical analysis of human fetal brain described early OL specification [START_REF] Rakic | Early oligodendrocyte progenitor cells in the human fetal telencephalon[END_REF][START_REF] Jakovcevski | Sequence of oligodendrocyte development in the human fetal telencephalon[END_REF][START_REF] Jakovcevski | Oligodendrocyte development and the onset of myelination in the human fetal brain[END_REF]. Very interestingly, similar to rodents, the ganglionic eminences along with the cortical subventricular zone, were described as sites from which human OPCs emerge [START_REF] Rakic | Early oligodendrocyte progenitor cells in the human fetal telencephalon[END_REF]. First OPCs were detected in the developing human brain around 10 gestational weeks (GW). Their population seemed to expand prior to mid-gestation (~15-20 GW). However, unlike rodents, OPC differentiation and myelination start to take place already during embryonic development. The first morphologically mature OLs were found around 20 GW [START_REF] Jakovcevski | Sequence of oligodendrocyte development in the human fetal telencephalon[END_REF][START_REF] Jakovcevski | Oligodendrocyte development and the onset of myelination in the human fetal brain[END_REF].

OPCs in the postnatal and adult brain

Upon their generation, OPCs migrate and populate the entire brain parenchyma, settling both in gray and white matter regions. It was relatively recently shown that the vasculature provides a physical support for OPC migration in the developing mouse brain. Intriguingly, close association of OPCs with the vasculature was also observed in the developing human brain [START_REF] Tsai | Oligodendrocyte precursors migrate along vasculature in the developing nervous system[END_REF]. OPCs continue to migrate at later stages in life and this process is underpinned by intricate intrinsic and extrinsic stimuli (i.e. neuronal activity and secreted factors) [START_REF] Baydyuk | Extrinsic Factors Driving Oligodendrocyte Lineage Cell Progression in CNS Development and Injury[END_REF].

OPCs were found to constitute a very abundant and highly proliferative cellular population in the rodent brain. In a reference study by the laboratory of Richard Reynolds (Dawson, Polito, Levine, & Reynolds, 2003), it was calculated that OPCs represented 2-8 % of the total cells in different regions of the adult rat brain. Overall, their abundance was higher in white compared to grey matter. Moreover, in the same study, it was described that OPCs accounted for the major proliferating population in the adult brain, making up as high as ~70% of the actively cycling cells (marked as BrdU+ upon a 2-hour pulse). Interestingly, OPCs were also found to be the most cycling cell population in the adult human brain, as revealed by co-immunolabeling of Ki67/Mib-1 with NG2 and OLIG2 [START_REF] Geha | NG2+/Olig2+ cells are the major cycle-related cell population of the adult human normal brain[END_REF].

Several studies from the team of William Richardson [START_REF] Rivers | PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform projection neurons in adult mice[END_REF][START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF][START_REF] Young | Oligodendrocyte dynamics in the healthy adult CNS: evidence for myelin remodeling[END_REF] searched to define the properties and dynamics of OPC proliferation. To this aim, they performed cumulative BrdU-labeling experiments and studied different regions of the mouse brain at different ages. Thanks to their findings, the proportions of cycling OPCs as well as their division times were described. By administering BrdU for a period of 100 days to early postnatal (P6), young adult (P60) and older mice (P240 and P540), they noticed that the duration of the cell cycle of NG2+ OPCs sharply increased with age. In the region of the corpus callosum (CC), the length of the cell cycle increased from ~2 to ~70 days (P6: 2 days, P60: 9 days, P240 / P540: 70 days). In the cortex (CTX), it increased from ~2 to ~170 days (P6: 2 days, P60: 18 days, P240: 76 days P540: 170 days) [START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF]. Notably, the percentage of cycling OPCs, among the total OPCs, appeared stable throughout life, at approximately 50%, both in the CC and the CTX. These data pointed the existence of a non-cycling OPC fraction, which is established quite early and remains relatively stable during life [START_REF] Rivers | PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform projection neurons in adult mice[END_REF][START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF]. Subsequent work demonstrated that non-cycling OPCs of the adult parenchyma could re-enter cell cycle upon stimuli such as injury [START_REF] Simon | Progenitors in the adult cerebral cortex: Cell cycle properties and regulation by physiological stimuli and injury[END_REF]. Besides the apparent complexity of OPC proliferation kinetics, another point becomes obvious from the above: the existing differences concerning proliferation properties of OPCs between ages and regions. The duration of the OPC cell cycle increases with age. Adult OPCs of the cortical gray matter seem to proliferate more slowly than their white matter counterparts. Of note, an earlier study by Dimou et al., had described gray matter of OPCs as mostly post-mitotic [START_REF] Dimou | Progeny of Olig2-expressing progenitors in the gray and white matter of the adult mouse cerebral cortex[END_REF].

Interestingly, the total numbers of OPCs also appeared quite steady during adulthood. Mechanisms entailing differentiation or cell death were speculated as potential explanations of the fact that the size of the adult OPC population remained fairly stable, despite sustained proliferation [START_REF] Rivers | PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform projection neurons in adult mice[END_REF]. Later work showed that OPCs homeostatically controlled their density and distribution, by "surveilling" their surroundings with motile filopodia, and responding to cell loss via migration and proliferation [START_REF] Hughes | Oligodendrocyte progenitors balance growth with self-repulsion to achieve homeostasis in the adult brain[END_REF]. Cell death of differentiating OPCs has also surfaced as a regulatory mechanism, controlling oligodendrogenesis [START_REF] Hughes | Premyelinating Oligodendrocytes: Mechanisms Underlying Cell Survival and Integration[END_REF]. The above indicate the fine-tuned regulation of the fate of postnatal and adult OPCs via the existence of tight a balance between proliferation, differentiation, and cell death.

Differentiation of OPCs to OLs

In rodents, differentiation of OPCs to OLs occurs primarily at postnatal stages. Following embryonic generation, OPCs attain their peak density by the end of the first postnatal week. Thereafter, their proliferation slowly declines and stabilizes. Peaking OPC differentiation to OLs occurs around the second week after birth. Although OLs are generated by OPCs throughout life, the rate of differentiation has been shown to decrease from postnatal stages to adulthood [START_REF] Nishiyama | Life-long oligodendrocyte development and plasticity[END_REF]. OPC maintenance and differentiation to OLs involve an interplay of multiple regulators. These aspects will be developed in the section 4 of this part of the introduction.

Dynamics of OPC differentiation have been addressed in several interesting studies by Akiko Nishiyama and her laboratory. In a study by Zhu et al., the researchers performed fate mapping experiments using tamoxifen-inducible NG2-CreER T mice harboring fluorescent reporters to study the fate of OPCs at three developmental stages: P2, P30 and P60 (X. [START_REF] Zhu | Age-dependent fate and lineage restriction of single NG2 cells[END_REF]. Immunohistological analyses at various time points post induction, revealed that the vast majority of perinatal OPCs gave rise to OLs, while adult OPCs did so to a lesser extent. Indicatively, 60 days post induction, ~70% of the fate-mapped cells were OLs in the group induced at P2. At the same time, in the groups induced at P30 or P60, only ~40% of the fatemapped cells were differentiated OLs. These data illustrated that OPC differentiation to OLs declines with age. Another interesting study, using cell fate mapping and EdU labelling experiments, showed that OL differentiation takes place within a temporal window following the division of postnatal OPCs [START_REF] Hill | Modulation of oligodendrocyte generation during a critical temporal window after NG2 cell division[END_REF]. What is more, the duration of this window for cortical OPCs was estimated at 3 days at P8, and at 8 days at P21.

Moreover, OPC differentiation rate has been described to differ in gray versus white matter regions (GM and WM) [START_REF] Hill | Modulation of oligodendrocyte generation during a critical temporal window after NG2 cell division[END_REF]. This has been elegantly illustrated with transplantation experiments in a study by [START_REF] Viganò | Transplantation reveals regional differences in oligodendrocyte differentiation in the adult brain[END_REF]. Genetically labelled OPCs were transplanted (homotopically or heterotopically) from cortical GM to WM and vice versa. These experiments revealed that OPCs differentiated more frequently in the WM regardless their origin. In the same line, WM-derived OPCs differentiated at a higher rate than GM-derived OPCs, when transplanted in GM. These findings point that intrinsic and extrinsic factors underlie OPC differentiation.

Heterogeneity of OPCs and OLs

A topic of mounting interest in the field of oligodendroglia research is the concept of heterogeneity of OPCs and OLs. As suggested by what has been already reviewed in the previous sections, there are considerable differences in the proliferation and differentiation properties between early and adult OPCs, as well as between OPCs residing in different regions [START_REF] Dimou | Progeny of Olig2-expressing progenitors in the gray and white matter of the adult mouse cerebral cortex[END_REF][START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF]X. Zhu et al., 2011;[START_REF] Hill | Modulation of oligodendrocyte generation during a critical temporal window after NG2 cell division[END_REF]. Among other things, those observations have paved the way to consider oligodendroglial cells as a heterogenous population. The nature of this heterogeneity constitutes an area of active research.

Although oligodendroglia heterogeneity per se is not an aspect that I studied during my thesis, highlighting this concept is important for appreciating the identity of the OL lineage. In the following paragraphs I will give a short overview, reciting few recent insights concerning heterogeneity of OPCs and OLs.

Efforts of the team of Goncalo Castelo Branco and collaborators using single cell RNA sequencing (scRNA-Seq) approaches have led to seminal studies, investigating the transcriptomic heterogeneity of oligodendroglial cells in health and disease.

In their first study published in 2016 (Marques et al., 2016), the researchers performed scRNA-Seq of oligodendroglial cells, sampled from 10 distinct regions of the juvenile (P21 to P30) and adult (P60) mouse brain and spinal cord. The analysis yielded 12 different clusters, comprising the oligodendroglial lineage (Figure 3A). The first six clusters represented a continuum, starting with OPCs to myelin-forming OLs: OPCs, Differentiation-committed OPCs (COPs 1 ), Newly formed OLs (NFOL1 and NFOL2 2 ) and Myelin-forming OLs (MFOL1 and MFOL2 3 ).

The remaining six clusters represented clusters of mature OLs (MOL1 to MOL6 4 ). Regionally, the first six subpopulations (OPC to MFOL2) could be detected in all CNS areas, albeit at different proportions. As far as the subpopulations of mature OLs (MOL1 to MOL6), they did seem to exhibit regional specificity. While some of them appeared to be present throughout the CNS (MOL5), others appeared enriched in particular areas. From an age perspective, in the adult stage, the most represented subpopulations were the OPCs and MOL5/MOL6 (Figure 3B). Interestingly, the researchers commented that they were not able to identify different subpopulations of OPCs (region-or age-specific), although they noted that juvenile OPCs were more proliferative than the adult ones (16% in cell cycle versus ~3%). These findings suggested

1 COPs cluster = characterized by absence of some OPC markers, low levels of cell cycle markers and expression of genes inhibiting differentiation but also promoting migration.

2 NFOL1 and NFOL2 clusters = expressed genes induced at early stages of differentiation.

3 MFOL1 to MFOL2 clusters = expressed genes responsible for myelin formation.

4 MOL1 to MOL6 clusters = expressed late oligodendrocyte differentiation markers.

A
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the existence of transcriptomically different subpopulations of mature OLs and provoked the hypothesis that functional heterogeneity of OLs may exist indeed.

This hypothesis was further elaborated by a subsequent study. By the use of additional approaches to scRNA-Seq (RNAscope in situ hybridization and spatial transcriptomics), it was shown that different subpopulations of mature OLs (MOLs) had indeed spatial preferences in the murine CNS. Moreover, distinct subpopulations responded differently to injury, suggesting that transcriptomical differences can reflect different functionalities [START_REF] Floriddia | Distinct oligodendrocyte populations have spatial preference and different responses to spinal cord injury[END_REF].

In 2018, the Castelo Branco laboratory published a study primarily focused on OPCs, which has been described earlier in this introduction (Introduction, Part I, 3.1) (Marques et al., 2018). Overall, they proposed that postnatal OPCs, with different developmental origins, are ultimately similar or at least transcriptomically homogeneous. However, more recent studies, have further revisited the concept of heterogeneity of OPCs. Distinct subtypes of OPCs were identified in the zebra fish [START_REF] Marisca | Functionally distinct subgroups of oligodendrocyte precursor cells integrate neural activity and execute myelin formation[END_REF]. These OPC subtypes differed in terms of transcriptomic signatures, calcium signaling activity as well as differentiation potential. Furthermore, they seemed to be phenotypically stable. In addition, another study released last year as a preprint [START_REF] Beiter | Evidence for oligodendrocyte progenitor cell heterogeneity in the adult mouse brain[END_REF] suggested the existence of transcriptional heterogeneity in adult OPCs in the mouse brain. The idea that murine OPCs become more heterogeneous with age has also been described by Spitzer and colleagues [START_REF] Spitzer | Oligodendrocyte Progenitor Cells Become Regionally Diverse and Heterogeneous with Age[END_REF]. These researchers showed that the electrophysiological properties of OPCs changed with age and were different among brain regions. The exact meaning of such heterogeneity and how it relates to the transcriptomic profiles remains to be determined, but it represents area of intense research.

Another single-cell transcriptomics study on glial cells of the neonatal mouse cortex, defined a new oligodendroglial progenitor population, termed "primitive OPCs" or "pri-OPCs" (Weng et al., 2019). These pri-OPCs were described as a preceding stage in the developmental trajectory of the oligodendroglial lineage, before the stage OPCs. They were characterized by lower expression of Pdgfra and exhibited transcriptomic similarities with adult activated NSCs. Very interestingly, a study published almost a year later, performing single-cell transcriptomics of human fetal tissue, also referred to an ''pre-OPC'' stage, between NSCs to lineage committed OPCs (W. Huang et al., 2020). However, the researchers did not comment on the previous mouse study.

Other studies by the team of Goncalo Castelo Branco and collaborators, aimed to describe oligodendroglia heterogeneity in the context of multiple sclerosis (MS), a disease characterized by myelin sheath destruction (demyelination) by the immune system [START_REF] Falcão | Disease-specific oligodendrocyte lineage cells arise in multiple sclerosis[END_REF][START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF]. Initially, supposing that myelin is a "passive target" in MS, they investigated whether specific subpopulations of OLs were preferentially affected. To do so, they performed scRNA-Seq in a mouse model mimicking MS and control mice [START_REF] Falcão | Disease-specific oligodendrocyte lineage cells arise in multiple sclerosis[END_REF]. What they found was that oligodendroglial subpopulations were considerably different in the MSmimicking mice, suggesting alternative functions of these cells in the diseased setting. Notably, they observed that diseased OPCs and OLs expressed genes of the major histocompatibility complex. Moreover, diseased OPCs exhibited phagocytic activity in an in vitro system. Besides the interest that this study could present for the etiology of MS, it also highlights the putative functional heterogeneity of the oligodendroglial lineage, induced by a disease context. When the researchers studied human samples, by performing single-nucleus RNA-Seq of postmortem brain tissues of MS patients and unaffected controls, they also found several OL subpopulations [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF]. However, in this case, those subpopulations of oligodendroglial cells did exist both in the diseased and healthy conditions. What was different was the frequency of the identified subpopulations in the two contexts. Intriguingly, it was reported that the oligodendroglia subpopulations identified exhibited similarities with the ones identified in the mouse, in their previous study. These data pointed that transcriptionally heterogeneous OLs also exist in the human, and exhibit some, although not complete, similarity with their mouse counterparts.

Regulation of oligodendrogenesis

OPC specification and subsequent differentiation and maturation to OLs is controlled by networks of transcription factors, epigenetic mechanisms, and other extrinsic cues. There is a vast amount of literature focusing on the signaling, transcriptional and epigenetic underpinning of oligodendrogenesis. In the following paragraphs, I will go over the implication of some prominent TFs, signaling pathways, and epigenetic modulators in OPC specification, maintenance, and onset of differentiation.

Transcriptional regulation

Many important transcriptional regulators of oligodendrogenesis belong to the large basic helix-loop-helix (bHLH) protein family. The bHLH proteins belong to the broader HLH protein family, and they are characterized by the presence of a basic domain, that binds conserved DNA sequences, and a HLH domain, that mediates the formation of homo-or hetero-dimers. Members of (b)HLH protein family include transcriptional activators and repressors and their functions primarily depend on the interaction with specific protein partners [START_REF] Murre | Helix-loop-helix proteins and the advent of cellular diversity: 30 years of discovery[END_REF]. Well characterized OL-related (b)HLH proteins include: OLIG2 /OLIG1, ASCL1, ID and HES factors.

In an interesting study, Imayoshi et al., demonstrated that OLIG2, ASCL1, and HES1 are coexpressed in an oscillatory manner in NSCs [START_REF] Imayoshi | Oscillatory control of factors determining multipotency and fate in mouse neural progenitors[END_REF]. The expression of each one is oscillating with a different period. Dominance of one of the three is associated with cell fate choice: OLIG2-oligodendrocytes, ASCL1-neurons, HES1-astrocytes. This is one example, illustrating the significance of the consorted action of (b)HLH proteins for oligodendroglia specification.

OLIG2, and OLIG1, have probably been the most closely associated with oligodendrogenesis factors. Studies using constitutive knockout mouse models, showcased their critical implications, already from the establishment of the oligodendroglial lineage. Constitutive, homozygous deletion of both Olig2 and Olig1, completely abolished the generation of OPCs in the embryonic mouse brain (Q. [START_REF] Zhou | The bHLH Transcription Factors OLIG2 and OLIG1 Couple Neuronal and Glial Subtype Specification[END_REF]. Constitutive, homozygous knock-out of Olig2 only, also resulted in a sharp diminution of OPCs numbers in the embryonic mouse brain. Thus, OLIG2 seemed to act as a primordial factor in OL-specification, but possibly some of its functions can be compensated by OLIG1 (Q. R. [START_REF] Lu | Common Developmental Requirement for Olig Function Indicates a Motor Neuron/Oligodendrocyte Connection[END_REF]. Later studies, using a different constitutive Olig1 knock-out mouse line, revisited the roles of Olig1 in OL specification. It was reported that OLIG1 depletion led to considerably decreased numbers of
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OPCs in the brain of homozygous mutant animals. Moreover, roles of OLIG1 in promoting OL differentiation were highlighted, as several differentiation markers were substantially decreased in the Olig1 deficient context (J. [START_REF] Dai | Olig1 function is required for oligodendrocyte differentiation in the mouse brain[END_REF]. Regarding the roles of OLIG2 in OL differentiation, they were addressed by studies using conditional knockout animals. Conditional deletion of Olig2 after OL specification, revealed stage-specific and opposing functions in the subsequent stages of oligodendrogenesis. Interestingly, deletion of Olig2 in OPCs (using a Cnp-Cre mouse line) significantly inhibited OL differentiation. However, Olig2 deletion in immature oligodendrocytes (using a Plp-CreER T mouse line) seemed to enhance their terminal differentiation/ maturation [START_REF] Mei | Stage-Specific Deletion of Olig2 Conveys Opposing Functions on Differentiation and Maturation of Oligodendrocytes[END_REF]. Collectively, these findings highlight the essential roles of OLIG factors throughout the process of oligodendrogenesis.

ASCL1 (also known as MASH1) is another bHLH TF, which is implicated in neurogenesis but is also important for different stages of oligodendrogenesis. Parras and colleagues, investigated the function of ASCL1 in the murine embryonic forebrain and demonstrated its expression in a fraction of newly specified ventral OPCs [START_REF] Parras | The Proneural Gene Mash1 Specifies an Early Population of Telencephalic Oligodendrocytes[END_REF]. Constitutive homozygous deletion of Ascl1 resulted in significantly lower numbers of newly specified OPCs at E12.5. However, this effect was transient, as the mutant phenotype was rescued already two days later. Moreover, ASCL1 was suggested to functionally interact with OLIG2, as double heterozygous knock-out animals exhibited pronounced defects of OPC specification, unlike the single heterozygous ones. In study published a few years later, it was reported that ASCL1 was required for OPC specification from NSCs of the postnatal SVZ (Nakatani et al., 2013). In absence of ASCL1, SVZ NSCs committed to astroglial rather than oligodendroglial lineage. Moreover, it was demonstrated that ASCL1 was also needed for proper OPC differentiation. Knocking out Ascl1 in OPCs (using a PDGFRα-CreER T mouse line) led to an increase of proliferation at the expense of differentiation. Taken together, these data suggest ASCL1 modulates multiple steps of oligodendroglial development and further pinpoint the synergy between bHLH TFs.

Other members of HLH family act as transcriptional repressors, such as the ID and the HES proteins. The ID proteins owe their repressive roles to the lack of the basic domain; therefore, when interacting with other HLH factors, they prevent them from binding to the DNA. The HES proteins recognize alternative sequences (called N-boxes) and usually recruit corepressors [START_REF] Ross | Basic Helix-Loop-Helix Factors in Cortical Development[END_REF]. ID factors (such as ID2, ID4) are expressed by NSCs in the mouse brain, and their expression is necessary for the maintenance of the proliferative/undifferentiated state. HES factors (such as HES1 and HES5) also contribute to the maintenance/proliferation of NSCs but also of OPCseither by sequestering other positive transcriptional regulators or by facilitating epigenetic modifications. It can be said that ID and HES factors act as negative regulators of OL differentiation [START_REF] Hernandez | Interplay between transcriptional control and chromatin regulation in the oligodendrocyte lineage[END_REF][START_REF] Kageyama | Dynamic expression and roles of Hes factors in neural development[END_REF][START_REF] Küspert | SomethiNG 2 talk about-Transcriptional regulation in embryonic and adult oligodendrocyte precursors[END_REF].

Besides, HLH factors, TFs belonging to the SOX family (falling into the superfamily of "high mobility group" -HMG) have also emerged key players of oligodendrogenesis. This is the case in particular for the members of the SoxE subgroup: SOX8, SOX9 and SOX10. Several studies issued by Claus Stolt and the team of Michael Wegner in the 2000s, characterized the roles of the SoxE factors in the OL lineage in the murine CNS (focusing on the spinal cord). SOX10 and SOX9 were described to exert more important roles than SOX8. SOX9 and SOX8 were found to be already expressed in embryonic ventral regions prior to OPC specification. All SoxE factors were found to be expressed around the timing of embryonic OPC development.

Interestingly, constitutive deletion of Sox10 (using Sox10 lacZ animals) did not reveal major defects in OPC specification. Conversely, OPC differentiation (which starts already during embryonic development in the spinal cord) was profoundly impaired in the mutant animals. Unlike Sox10 deletion, deletion of Sox9 in RG (using Nestin-Cre;Sox9 loxP animals) did cause major defects in OPC specification, but OL numbers eventually caught up at later embryonic stages. Upon Sox8 deletion, OPC specification and early differentiation seemed to be normal until neonatal stages. Later stages of OL differentiation were moderately impaired in Sox8deficient mice (using Sox8 lacZ animals) but at a lesser extent than Sox10-heterozygous-deficient mice. However, the defects were aggravated in Sox8-deficient; Sox10-heterozygous-deficient mice. Combined deletion of Sox8 and Sox9 was also associated with more severe loss of OLs.

Taken together, all these studies highlighted, that despite some functional redundancies, OL development relies on the combined differential contribution of all SoxE factors (C. [START_REF] Stolt | Terminal differentiation of myelin-forming oligodendrocytes depends on the transcription factor Sox10[END_REF][START_REF] Stolt | The Sox9 transcription factor determines glial fate choice in the developing spinal cord[END_REF][START_REF] Stolt | Transcription factors Sox8 and Sox10 perform non-equivalent roles during oligodendrocyte development despite functional redundancy[END_REF][START_REF] Stolt | Impact of transcription factor Sox8 on oligodendrocyte specification in the mouse embryonic spinal cord[END_REF]. Markedly, later work uncovered a direct regulation of Sox10 by OLIG2 through binding to an "OPC-stage-specific" enhancer [START_REF] Küspert | Olig2 regulates Sox10 expression in oligodendrocyte precursors through an evolutionary conserved distal enhancer[END_REF]. SOX9 was found to bind to regulatory regions of the Pdgfra gene [START_REF] Finzsch | Sox9 and Sox10 influence survival and migration of oligodendrocyte precursors in the spinal cord by regulating PDGF receptor αexpression[END_REF]. SOX10 was shown to bind to an active enhancer of Cspg4 (encoding for NG2). Notably, this enhancer also contained binding sites for bHLH TFs (OLIG2 and ASCL1), and its activity was augmented by the co-operation of these factors in an in vitro transactivation system [START_REF] Gotoh | NG2 expression in NG2 glia is regulated by binding of SoxE and bHLH transcription factors to a Cspg4 intronic enhancer[END_REF]. These findings demonstrate the interdependence within the TF networks regulating oligodendrogenesis.

Regulation by developmental signaling pathways

As previously mentioned, besides gene expression networks, a finely tuned balance of positive and negative signals ensures the timely progression of oligodendrogenesis. Hereunder, I will cite the involvement of some of the most important (and well known) developmental signaling pathways in OL-lineage progression. Largely, activation of pathways like Notch, BMP 1 , and the Wnt signaling is associated with inhibition of differentiation and maintenance of the proliferativenon-differentiated state. On the contrary, induction of TGF-β 2 or RTK 3 signaling and their downstream PI3K 

Epigenetic regulation

The transcriptional program directing oligodendrogenesis is highly reliant on several epigenetic mechanisms. Hereunder, I will name a few examples.

Some of such mechanisms entail histone modifications. Histone deacetylases (HDACs) are enzymes that remove acetyl groups from histone tails, leading to DNA compaction. Intriguingly, functions of HDACs have been proposed to positively contribute to OL generation. Early in vitro and in vivo studies in the rat, showed that pharmacological inhibition of HDACs resulted in OL differentiation defects (Marin-Husstege, Muggironi, [START_REF] Marin-Husstege | Histone Deacetylase Activity Is Necessary for Oligodendrocyte Lineage Progression[END_REF][START_REF] Shen | Histone modifications affect timing of oligodendrocyte progenitor differentiation in the developing rat brain[END_REF]. Later studies pointed out that HDACs could compete with several inhibitors of oligodendrogenesis, either by repressing their expression or by inhibiting their functions. HDAC1 was shown to be recruited to the promoter regions of Id4 and Tcf7l2 (an effector of Wnt signaling) in differentiating oligodendrocytes (Y. [START_REF] He | The Transcription Factor Yin Yang 1 Is Essential for Oligodendrocyte Progenitor Differentiation[END_REF]. Moreover, HDAC1 and HDAC2 were found to inhibit the activation of the Id2 promoter in vitro [START_REF] Ye | HDAC1 and HDAC2 regulate oligodendrocyte differentiation by disrupting the β-catenin-TCF interaction[END_REF]. Furthermore, β-catenin, the main effector of the Wnt cascade, was stabilized in HDAC1/2-deficient oligodendrocytes [START_REF] Ye | HDAC1 and HDAC2 regulate oligodendrocyte differentiation by disrupting the β-catenin-TCF interaction[END_REF].

Enzymes with histone methyltransferase activity, which catalyze the addition of methyl groups to histones tails, also mediate important roles for oligodendrogenesis. The polycomb repressive complex 2 (PRC2) is a significant epigenetic regulator, harboring histone methyltransferase activity. PRC2 consists of several protein subunits, two of which are EZH2 and EED. EZH2 represents the catalytic subunit which is responsible for the deposition of the H3K27me3 histone mark. EED binds to H3K27me3 and furthers stimulates the enzymatic activity of PRC2. EZH2 has been attributed diverse roles in oligodendrogenesis. Early in vitro studies demonstrated that EZH2 was highly expressed in murine NSCs, in proliferating conditions. Differentiation towards neurons and astrocytes was marked by downregulation of EZH2 expression. Convergingly, EZH2 expression persisted during differentiation towards OLs. Silencing of Ezh2 in differentiating NSCs resulted in a significant reduction in the percentage
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of generated OLs and promoted the generation of astrocytes [START_REF] Sher | Differentiation of Neural Stem Cells into Oligodendrocytes: Involvement of the Polycomb Group Protein Ezh2[END_REF]. Subsequent in vivo studies, argued against EZH2 being required for OPC specification and pointed its requirement for OL differentiation (W. Wang et al., 2020). Ablation of EZH2 in oligodendroglial lineage cells (using Olig2-Cre mice) did not affect OPC numbers in the murine embryonic spinal cord, but led to a considerable delay in OL generation (W. Wang et al., 2020).

Requirement of EED has also been suggested for proper oligodendrogenesis. EED conditional knock-out mouse lines (with Olig1-Cre or Pdgfra-CreER T2 drivers) exhibited decreased numbers of OPCs, impairment of OL generation and increased generation of astrocytes (J. Wang et al., 2020).

ATP-dependent chromatin remodeling complexes, which use energy from ATP hydrolysis to reposition, eject or reconstruct nucleosomes, also have a crucial implication in OL lineage development (Parras, Marie, Zhao, & Lu, 2020). One example is BRG1 (or SMARCA4) which is a chromatin remodeling enzyme promoting chromatin accessibility. BRG1 was found to be recruited by OLIG2 to regulatory regions of genes involved in OL differentiation and BRG1 conditional knock-out mice (using an Olig1-Cre) presented decreased OL numbers [START_REF] Yu | Olig2 targets chromatin remodelers to enhancers to initiate oligodendrocyte differentiation[END_REF]. BRG1, in co-operation with OLIG2, was described to activate another prominent chromatin remodeler, CDH7. CDH7 has been shown to promote the expression genes involved in OL differentiation while CDH7 conditional knock-out mice (with Olig1-Cre or Pdgfra-CreER T drivers) exhibited phenotypes of impaired OPC survival and OL differentiation (D. He et al., 2016;Marie et al., 2018). Interestingly, SOX10 was shown physically interact CDH7 in vitro, while genome-wide binding profiling of mature OL revealed SOX10-CDH7 cooccupancy at OL regulatory genes (D. He et al., 2016).

Finally, recent research has showcased the implication of non-protein-coding transcripts, notably microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), in oligodendroglial development. Epigenetic regulation via miRNAs is primarily achieved by binding to mRNA targets, inducing degradation or inhibition translation. Regarding, lncRNAs there are several mechanisms, both at transcriptional and post-transcriptional level (reviewed in [START_REF] Emery | Transcriptional and epigenetic regulation of oligodendrocyte development and myelination in the central nervous system[END_REF][START_REF] Samudyata | Epigenetic regulation of oligodendrocyte differentiation: From development to demyelinating disorders[END_REF].

Part II: Gliomas

Defining "gliomas"

Gliomas are a heterogenous group of tumors of the CNS, which owe their name to their predominant histomorphological resemblance with glial cells. Unlike most intracranial tumors, which represent metastases1 , gliomas are primary tumors2 . Many gliomas are characterized by highly infiltrative growth affecting the surrounding tissue. Therefore, the name "diffuse gliomas" is frequently employed. Gliomas can occur at any age, but distinction between pediatric and adult glioma types is often made. From a perspective of malignancy, gliomas can be benign or malignant. Put simply, tumors growing slowly in a more well-circumscribed fashion, not invading surrounding structures are described as "benign", and they are typically curable. On the other hand, "malignant" tumors grow quickly, are diffusive and are usually characterized by a poor prognosis. In the scope of my thesis manuscript, I intend to focus on the presentation of " adult malignant (diffuse) gliomas".

In the next sections, I will introduce some epidemiological and clinical characteristics and give an overview of gliomas' classification. Besides the scientific importance of this classification, such as overview is essential to understand cited literature. Subsequently, I will highlight some of the main genetic alterations and signaling aberrations found in gliomas. After that, I will describe the understanding of glioma origins and development. Next, I will comment on the important aspects of glioma heterogeneity. Last, I will refer to the microenvironment of gliomas.

Glioma epidemiology and classification

Epidemiological data and standard of care

Primary malignant CNS tumors are rare, accounting for 1.4% of new cancer diagnoses and 2.7% of deaths due to cancer (data concerning the United States, [START_REF] Leece | Global incidence of malignant brain and other central nervous system tumors by histology, 2003-2007[END_REF]. Despite their rarity, these tumors cause high morbidity and mortality. This is indicated by the fact that their post diagnosis 5-year relative survival rate estimate is only 36.0% (in United States, as described in [START_REF] Ostrom | CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United States in 2013-2017[END_REF]. Moreover, according to a survey in the frame of the "Global Burden of Disease" project, the global age-standardized incidence rate of CNS cancer increased by 17,3% between 1990 and 2016. According to the same report, the estimate of global agestandardized incidence rate for the year 2016 was 4.6 cases per 100.000 person-years3 (both sexes combined, [START_REF] Patel | Global, regional, and national burden of brain and other CNS cancer, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF]. In France, in the year 2018, the age-incidence rate (standardized to the global population) was 6.7 and 4.5 cases per 100.000 person-years in men and women respectively. For the period between 1990 and 2018, the death rate increased on average by 0.3% per year for both sexes [START_REF] Defossez | Estimations nationales de l'incidence et de la mortalité par cancer en France métropolitaine entre 1990 et 2018[END_REF].

In the most recent report of the "Central Brain Tumor Registry of the United States" [START_REF] Ostrom | CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United States in 2013-2017[END_REF] the broad category gliomas accounted for ~ 25% of all primary brain tumors of the CNS and for ~80% of malignant tumors. Most of gliomas occurred in the cerebrum (frontal, temporal, parietal, and occipital lobes combined, 61.4%), with only a very small proportion occurring outside the brain, in other areas of the CNS.

Whenever possible, the first line standard of care upon glioma diagnosis is maximal safe surgical resection. Along with a reduction of the tumor volume, this allows for a more accurate histological and molecular characterization of the tumor. The extent of possible resection can differ depending on the tumor location (gross total versus subtotal resection). However, complete resection is impossible, given the diffuse and infiltrative nature of gliomas. A series of clinical features and risk factors further define the strategies of treatment decisions following surgery. Indicatively, such features include the age of the patient, adversity of symptoms, tumor size and location, percentage of resection and molecular characteristics of the tumor. In lower risk cases, a "watch-and-wait" strategy entailing observation via MRI surveillance can be implemented post-operatively. In higher risk cases, adjuvant strategies of radiotherapy, chemotherapy or the combination of both are employed (reviewed in [START_REF] Bush | Treatment strategies for low-grade glioma in adults[END_REF][START_REF] Weller | European Association for Neuro-Oncology (EANO) guideline on the diagnosis and treatment of adult astrocytic and oligodendroglial gliomas[END_REF][START_REF] Tan | Management of glioblastoma: State of the art and future directions[END_REF][START_REF] Mair | A basic review on systemic treatment options in WHO grade II-III gliomas[END_REF]. A standard post-operative treatment protocol for highly aggressive gliomas consists of a first period of concomitant radiotherapy with chemotherapy, followed by several cycles of adjuvant chemotherapy [START_REF] Stupp | Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma[END_REF]. Despite this multimodal treatment, the overall patient survival was shown to improve only by approximately 2 months, compared to patients that received solely a post-operative radiotherapy regime (14.6 compared with 12.1 months). Given the poor outcomes associated with current therapies, there is an impending need for more efficient therapeutic strategies. Tremendous efforts are being put in the development novel approaches, such as targeted molecular therapies, immunotherapies or gene therapies [START_REF] Wen | Glioblastoma in adults: a Society for Neuro-Oncology (SNO) and European Society of Neuro-Oncology (EANO) consensus review on current management and future directions[END_REF]. To facilitate such efforts, a better understanding of the underlying mechanisms that govern the biology of gliomas is necessary.

Glioma classification by the World Health Organization (WHO)

The World Health Organization (WHO) has employed a histological grading system in order to classify CNS tumors into grades of malignancy. Four grades have been defined (I, II, III, IV), with grade I being the most benign, and grade IV being the most aggressive. Grade III tumors are often referred to as "anaplastic". Grading of CNS tumors is mainly based on morphologic criteria such as cytological atypia, mitotic activity, microvascular proliferation and necrosis. Traditionally, CNS tumor grades were written as Roman numerals. As of the most recent updates (described in [START_REF] Louis | The 2021 WHO Classification of Tumors of the Central Nervous System: a summary[END_REF], Arabic numerals are favored to replace Romans. Based on the grading, two broad clinical categories are recognized: "low-grade glioma" (LGG, comprising grades I and II) and "high-grade glioma" (HGG, comprising grades III and IV). As grade I gliomas are benign, the term "lower-grade-gliomas" is also employed to refer to malignant gliomas of grades II and III.

[41]

Along with grading, the WHO has created a constantly updated classification system for the primary CNS tumors. The main objective of this classification has been to establish a set of diagnostic criteria, accepted and used world-wide. Several revised editions of this classification have been published, with the latest one having been released at the moment of the writing of this manuscript [START_REF] Zülch | Histological typing of tumours of the central nervous system[END_REF][START_REF] Kleihues | Histological Typing of Tumours of the Central Nervous System. Histological Typing of Tumours of the Central Nervous System[END_REF][START_REF] Kleihues | World Health Organization classification of tumors[END_REF][START_REF] Louis | The 2007 WHO classification of tumours of the central nervous system[END_REF]Louis et al., , 2016[START_REF] Louis | The 2021 WHO Classification of Tumors of the Central Nervous System: a summary[END_REF]. In the first editions, classification was mainly based on histological characteristics, such as the identification of the predominant cell type within the tumor. On that basis, tumoral entities compassed by gliomas, fell into three broad categories: oligododendroglial (oligodendrogliomas), astrocytic (astrocytomas) or mixed entities (oligoastrocytomas). One glioma entity, initially grouped with the astrocytic tumors (and referred to as grade IV astrocytoma), represented a particular interest as it constituted the most common malignant primary CNS tumor type. This glioma type is also referred to as glioblastoma multiforme (or simply glioblastoma and commonly abbreviated as GBM) [START_REF] Ostrom | CBTRUS Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2007-2011[END_REF](Ostrom et al., , 2017) ) (Figure 4). In its 2016 revision, the WHO classification integrated, for the first time, molecular features in addition to phenotypic parameters (Louis et al., 2016). Noteworthily, molecular pathology findings had been included in earlier versions, but they only served as additional aids toward tumor definitions, and not as classification blueprints [START_REF] Kleihues | World Health Organization classification of tumors[END_REF]. Integration of genotypic criteria represented a breakthrough, adding a layer of objectivity to the diagnostic processes. Nonetheless, classification was not solely based on the genotype, but still considered histologic criteria to some extent (Louis et al., 2016).

Among the hallmark alterations underlying the molecular distinction of glioma entities were the presence of mutations in isocitrate dehydrogenase genes (mostly IDH1 or less frequently IDH2). Largely, tumors lacking mutations in the IDH genes (IDH-wild type) fell into the category of GBM. Of note, among the tumors defined as GBM, 90 % of the cases were IDHwild type, while 10% were IDH-mutant. Further distinction was done based on the status of the loss of the chromosomal arms 1p and 19q (termed 1p/19q co-deletion). Generally, within the IDH-mutant group, tumors in which 1p/19q co-deletion was present were defined as oligodendrogliomas, whereas tumors in which 1p/19 co-deletion was absent represented astrocytomas. In short, as of the WHO classification of 2016, the adult malignant diffuse gliomas included: the WHO grade II and grade III astrocytic tumors, the grade II and III oligodendrogliomas, the grade IV glioblastomas, as well as some rare tumor entities. Definition of mixed entities (oligoastocytomas) was withdrawn.

In the most recent classification [START_REF] Louis | The 2021 WHO Classification of Tumors of the Central Nervous System: a summary[END_REF], further changes towards an even more molecular-oriented diagnostic procedure and classification were made. More molecular alterations to be analyzed for diagnostic purposes were cataloged and new tumor types were introduced. In addition, changes were also realized in the grading system: different grading can be applied within tumor types, instead of each tumor type being assigned a specific grade.

Concerning the classification of adult diffuse gliomas, the following noteworthy changes were implemented. A clear division between pediatric and adult tumors was drawn, based on the commonly occurring clinical and molecular distinctions. The common adult diffuse gliomas are currently divided into only 3 types: Astrocytoma IDH-mutant; Oligodendroglioma, IDHmutant and 1p/19q-codeleted; and Glioblastoma, IDH-wild type. Therefore, the type IDHmutant GBM was eliminated, and these tumors will be thereafter classified as Astrocytomas IDH-mutant. Moreover, additional molecular parameters were included to the classification criteria, some of which will be discussed in the following sections (Figure 5). [START_REF] Louis | The 2021 WHO Classification of Tumors of the Central Nervous System: a summary[END_REF]. Adult diffuse gliomas are primarily distinguished by the presence of mutations in the isocitrate dehydrogenase genes (IDH). Tumors without IDH mutations are defined as glioblastomas (GBM). Among the IDH-mutant tumors, further distinction is made based on the status of the chromosomal arms 1p and 19q. If there is a deletion (1p/19q co-deletion), tumors are defined as oligodendrogliomas. In the case that there is no deletion, tumors are defined as astrocytomas. Additional molecular alterations, commonly found within each group, as well as the assigned grades, are also given in the illustration. Typical photos from histological stainings are displayed. The prognosis is designated as "-" (worse), "+/-" (intermediate), "+" (better). (Figure adapted from Archontidi, Joppé, Khenniche, Bardella, & Huillard, 2021).

[43]

GBM constitutes the most common glioma type, making up approximately 60% of all gliomas, according to recent reports [START_REF] Ostrom | CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United States in 2013-2017[END_REF]. GBM also represents the most aggressive and fatal glioma type, with median survival being marginally 1 year (varying between 8-15 months depending on the study, [START_REF] Stupp | Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma[END_REF][START_REF] Ostrom | CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the United States in 2013-2017[END_REF] Patients with astrocytomas and oligodendrogliomas present a better survival. According to a study by "The Cancer Genome Atlas" consortium patients with IDH-mutant, 1p/19q co-deleted gliomas had a median survival of 8 years, while those with IDH-mutant, 1p/19q non-co-deleted tumors had a median survival of 6.3 years ( Cancer Genome Altas Research Network et al., 2015).

Molecular alterations in adult diffuse gliomas

The molecular classification of gliomas is the outcome of vast, years-long, combined efforts. Numerous research groups analyzed gliomas from patient cohorts in attempt to establish classifications based on molecular and gene signatures and to identify prognostic markers. Thanks to such efforts, the genetics of gliomas have been rather well characterized. In the next paragraphs, I will present some of the most characteristic molecular alterations found in the different glioma types.

IDH-mutant gliomas (astrocytomas and oligodendrogliomas)

3.1.a IDH mutations

According to the latest classifications of the WHO, mutations in the IDH genes represent hallmarks of both astrocytomas and oligodendrogliomas. Already from early on, gliomas harboring IDH mutations were associated with a more favorable prognosis [START_REF] Parsons | An Integrated Genomic Analysis of Human Glioblastoma Multiforme[END_REF][START_REF] Kim | IDH Mutations in Human Glioma[END_REF]. Isocitrate dehydrogenases 1 and 2 (IDH1 and IDH2, encoded by the genes IDH1 and IDH2) are enzymes that catalyze the oxidative decarboxylation of isocitrate to produce α-ketoglutarate (αKG) in the cytoplasm and mitochondria, respectively, using NADP+ as a reducing co-factor. IDH1 and IDH2 are implicated in cellular metabolism and epigenetic regulation (reviewed in Molenaar, Maciejewski, Wilmink, & Noorden, 2018) (Figure 6). Missense mutations were identified in IDH1 and IDH2, at analogous arginine (R) residues of the active sites of the enzymes (R132 for IDH1 and R172 for IDH2, [START_REF] Yan | IDH1 and IDH2 Mutations in Gliomas[END_REF]. IDH mutations were found at a heterozygous state but seemed to inhibit the remaining wild type IDH activity, through the formation of catalytically inactive heterodimers (L. [START_REF] Dang | Cancer-associated IDH1 mutations produce 2-hydroxyglutarate[END_REF][START_REF] Zhao | Glioma-Derived Mutations in IDH1 Dominantly Inhibit IDH1 Catalytic Activity and Induce HIF-1α[END_REF]. Substitutions of IDH1 R132H represented the vast majority of the mutations found. IDH2 mutations were much less frequent than mutations in IDH1 [START_REF] Hartmann | Type and frequency of IDH1 and IDH2 mutations are related to astrocytic and oligodendroglial differentiation and age: a study of 1,010 diffuse gliomas[END_REF]. Mutant enzymes were demonstrated to acquire a neomorphic activity, leading to the conversion αKG to D-2-hydroxyglutarate (D-2HG). D-2HG has been regarded as an oncometabolite. Increased levels of D-2HG were shown to inhibit histone and DNA demethylases, triggering genome-wide epigenetic modifications [START_REF] Xu | Oncometabolite 2-Hydroxyglutarate Is a Competitive Inhibitor of α-Ketoglutarate-Dependent Dioxygenases[END_REF]. Hypermethylation of CpG islands in gliomas (termed "Glioma CpG island methylator phenotype" or G-CIMP), has been proven to highly depend on the presence of IDH mutations [START_REF] Noushmehr | Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma[END_REF][START_REF] Turcan | IDH1 mutation is sufficient to establish the glioma hypermethylator phenotype[END_REF]. In some cases, G-CIMP has been associated to a favorable clinical outcome. For instance, hypermethylation of the promoter of MGMT (O-6-Methylguanine-DNA Methyltransferase) has been shown to correlate with G-CIMP and has been linked with a better overall survival and response to specific therapies [START_REF] Mur | Molecular Classification Defines 4 Prognostically Distinct Glioma Groups Irrespective of Diagnosis and Grade[END_REF]. In the same line, shift of G-CIMP to a demethylated phenotype at recurrence cases, marked a worsened prognosis [START_REF] Ceccarelli | Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma[END_REF]. On the other hand, G-CIMP has been associated with inhibition of differentiation and expression of putative oncogenes [START_REF] Flavahan | Insulator dysfunction and oncogene activation in IDH mutant gliomas[END_REF][START_REF] Lu | IDH mutation impairs histone demethylation and results in a block to cell differentiation[END_REF]. 

3.1.b Other common molecular alterations in IDH-mutant gliomas

IDH-mutant astrocytomas and oligodendrogliomas were early segregated into distinct glioma groups, due to the existence of additional, frequently mutually exclusive molecular alterations.

Co-deletion of chromosomal arms 1p and 19q (1p/19q co-deletion), mutation of the promoter of TERT (telomerase reverse transcriptase) and mutations in genes such as CIC (Capicua Transcriptional Repressor), and FUBP1 (Far Upstream Element Binding Protein 1) constituted hallmark alterations of oligodendrogliomas. Mutations in genes such as TP53 and ATRX (ATP-Dependent Helicase ATRX), are frequent events in astrocytomas.

Oligodendrogliomas (IDH mutation, 1p/19q co-deletion )

As previously stated, the most defining among the molecular alterations harbored by oligodendrogliomas is the combined deletion of the chromosomal arms 1p and 19q. 1p/19q codeletion was early shown to co-occur with IDH mutations. This combined deletion results from an unbalanced translocation between chromosomes 1 and 19 [START_REF] Jenkins | A t(1;19)(q10;p10) Mediates the Combined Deletions of 1p and 19q and Predicts a Better Prognosis of Patients with Oligodendroglioma[END_REF]. Mutations in the TERT promoter are also strongly associated with 1p/19q co-deleted, IDHmutant oligodendrogliomas ( ~95% according to the analysis of the Cancer Genome Atlas Research [START_REF] Genome | Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas[END_REF]. TERT, encoding for the catalytic subunit of telomerase, is typically suppressed in somatic cells but it can be reactivated in cancer upon mutations in its promoter [START_REF] Heidenreich | TERT promoter mutations in telomere biology[END_REF]. In addition, mutations in the CIC and FUBP1 constitute frequent alterations in oligodendrogliomas, found in 40-60% and 15-30% of the [45]

cases, respectively [START_REF] Jiao | Frequent ATRX, CIC, FUBP1 and IDH1 mutations refine the classification of malignant gliomas[END_REF][START_REF] Genome | Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas[END_REF]. Interestingly, CIC maps on the chromosome 19q, while FUBP1 on the 1p; thus, these genes are biallelically inactivated in 1p/19q co-deleted tumors.

Astrocytomas (IDH mutation, absence of 1p/19q co-deletion ) 1p/19q co-deletion was shown to be mutually exclusive with TP53 or ATRX mutations [START_REF] Jiao | Frequent ATRX, CIC, FUBP1 and IDH1 mutations refine the classification of malignant gliomas[END_REF]. Such alterations are common findings in tumors defined as astrocytomas.

Inactivating mutations of ATRX were described in ~70% of astrocytomas [START_REF] Jiao | Frequent ATRX, CIC, FUBP1 and IDH1 mutations refine the classification of malignant gliomas[END_REF][START_REF] Pekmezci | Adult infiltrating gliomas with WHO 2016 integrated diagnosis: additional prognostic roles of ATRX and TERT[END_REF]. ATRX is a chromatin remodeling protein. It forms a complex which deposits the histone variant H3.3 at telomeres, contributing to telomeric heterochromatin formation and maintenance. A positive correlation between ATRX mutations and telomere length has been demonstrated [START_REF] Ceccarelli | Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma[END_REF]. Moreover, lower ATRX expression in astrocytic gliomas was linked to higher DNA methylation levels. In addition, ATRX-low gliomas, exhibited downregulation of MGMT through increased methylation of its promoter [START_REF] Cai | Loss of ATRX, associated with DNA methylation pattern of chromosome end, impacted biological behaviors of astrocytic tumors[END_REF]. Alterations in the P53 pathway are typical of many cancers. P53 related signaling is essential for maintaining cellular homeostasis, and encompasses roles in proliferation, survival, genome integrity and other functions. Normally, activation of P53 upon DNA damage signals, promotes cell cycle arrest and apoptosis. However, these functions are undermined in a P53-defective tumoral context. In astrocytomas, alterations may occur in the TP53 gene itself or involve other genes of the pathway [START_REF] Bourne | Update on molecular findings, management and outcome in lowgrade gliomas[END_REF][START_REF] Bralten | Genetic alterations in Glioma[END_REF][START_REF] Liu | Frequent ATRX mutations and loss of expression in adult diffuse astrocytic tumors carrying IDH1/IDH2 and TP53 mutations[END_REF][START_REF] Mantovani | Mutant p53 as a guardian of the cancer cell[END_REF].

IDH-wild type gliomas (GBM)

As of the current WHO classification, only IDH-wild type gliomas are considered as GBMs.

GBMs harbor multiple alterations leading to aberrations of several major signaling pathways, with oncogenic or tumor suppressive potential (Figure 7). In the following lines I will go over some of the most typical ones. Notably, several of these molecular alterations harbored by GBM tumors are not restricted to the GBM group (i.e. the TERT promoter and P53 pathway) [START_REF] Killela | Mutations in IDH1, IDH2, and in the TERT promoter define clinically distinct subgroups of adult malignant gliomas[END_REF][START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF].

Altered signaling related to receptor tyrosine kinases (RTKs) network is a common feature of GBM. Activation of RTKs (i.e., EGFR, PDGFRA) triggers downstream signal transduction pathways, such as the PI3K/AKT and RAS/MAPK cascades. RTK-activated PI3K 1 signaling leads to the activating phosphorylation of PIP2 2 to PIP3 3 which in turn activates downstream effector molecules, such as AKT 4 and mTOR 5 . RTK activation can also trigger the MAPK 6 cascade, starting with the activation of the small G protein RAS 7 . Activation of the aforementioned signaling can result in increased cell proliferation, survival, migration and (3,4,5)-trisphosphate 4 AKT = also known as protein kinase B 5 mTOR = mechanistic target of rapamycin 6 MAKP = mitogen activated protein kinase 7 RAS = from "rat sarcoma virus"

1 PI3K = phosphoinositide 3-kinase 2 PIP2 = phosphatidylinositol (4,5)-bisphosphate 3 PIP3 = phosphatidylinositol
[46]

resistance to apoptosis. Several stages of those signaling processes can be affected in GBM. Amplification of RTKs or genetic alterations leading to constitutively active RTKs are very commonly found in GBM. In addition, somatic mutations of the PI3K genes have also been reported. Other common and relevant somatic mutations affect the genes of PTEN (from "phosphatase and tensin homolog") and NF1 (neurofibromin 1). PTEN acts as an inhibitor of the PIP3 signal while NF1 primarily functions as a negative RAS regulator [START_REF] Mclendon | Comprehensive genomic characterization defines human glioblastoma genes and core pathways[END_REF][START_REF] Ohgaki | Genetic alterations and signaling pathways in the evolution of gliomas[END_REF][START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF].

Another frequently altered pathway is the RB (retinoblastoma) pathway, which plays a major role in the regulation of the cell cycle. When RB protein is in a hypophosphorylated state, it binds to the transcription factor E2F, preventing the activation of target genes, important for cellular proliferation. When RB protein is phosphorylated by CDK (cyclin dependent kinases) -cyclin complexes, it gets inactivated, enabling E2F release and transcriptional activation of cell cycle promoting genes. Genetic alterations in the RB signaling pathway may include mutations/deletions of the RB gene, amplifications of CDK or cyclin genes or mutations/deletions of CDK negative regulators (namely cyclin dependent kinase inhibitor genes such as CDKN2A, CDKN2B and CDKN2C) [START_REF] Ohgaki | Genetic alterations and signaling pathways in the evolution of gliomas[END_REF][START_REF] Bralten | Genetic alterations in Glioma[END_REF][START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF]. The loss of heterozygosity of chromosome 10 and gain of chromosome 7 are also among the frequent anomalies in GBM. Notably, PTEN is located on chromosome 10, while RTK genes of PDGFR and EGFR are located on chromosome 7 [START_REF] Ohgaki | Genetic alterations and signaling pathways in the evolution of gliomas[END_REF][START_REF] Bralten | Genetic alterations in Glioma[END_REF]. 

Defining "Glioma cells-of-origin" and "Glioma Stem Cells" (GSCs)

As it has become evident by now, deciphering the etiology and the development of gliomas is a necessity that requires scrutiny of their developmental origins and make-up. Two important notions which need to be highlighted are that of the glioma cells-of-origin and that of the glioma stem cells (GSCs). Lack of uniformity in the nomenclature used in the literature, can cause some confusion between GSCs and glioma-cells-of origin.

Similarly with other cancer types, the cells-of-origin of gliomas can be defined as the normal cells that are initially transformed by the acquisition of tumor promoting alterations. These cells correspond to physiologically existing cellular populations, in which developmental pathways go awry, giving rise to the gliomas.

GSCs are defined as the subset of cells within a glioma, which fuel tumor propagation, acting as a renewable reservoir. This is a "functional" definition, referring to the resemblance of a cellular subpopulation with cells with stem cell properties (self-renewal and multipotency) and can be assessed by the capacity of these cells to initiate new tumors. The views on GSCs have greatly evolved since their first definitions.

Notably, two types of assays have been used as golden standards in the field of cancer research to characterize the "tumor-cells-origin" and "cancer stem cells": the lineage tracing and the transplantation assays. Lineage tracing in mouse models is the employed to identify the cellular population that is transformed to give rise to a tumor and thus pinpoint the tumor-cells-oforigin. Transplantation is mostly used to assess the self-renewal and multipotency potential and therefore evaluate the tumorigenic capacity of given cell type and define cells acting as CSCs. [START_REF] Rycaj | Cell-of-Origin of Cancer versus Cancer Stem Cells: Assays and Interpretations[END_REF]. The utility of these methods will be become clearer as I describe the literature concerning "glioma-cells-of-origin" and GSCs.

In the next sections, I will present the candidacy of different cell types of the cells of origin of gliomas and the current understanding around GSCs.

"Glioma-cells-of-origin" : putative candidates

Cells that proliferate in physiological conditions represent tempting candidates for cells from which gliomas originate. As described below, cumulative evidence from murine experimental models as well clinical studies, have pinpointed the neural stem cells (NSCs), as well as the oligodendrocyte precursor cells (OPCs), as the origin of gliomas. There are a few studies which have implicated more differentiated cell types (neurons and astrocytes) as glioma cells of origin; however, these findings are debatable (Figure 8).

4.1.a Neural stem cells as glioma cells-of-origin

Upon their discovery, adult neural stem cells (NSCs) have been widely viewed as the most possible cell of origin for glioma (especially high-grade), due to their properties of self-renewal and plasticity.

Early studies conducted by Eric Holland and colleagues employed the RCAS-TVA system 1 to target NSCs (Nestin expressing) in the neonatal mouse brain and deliver oncogenic drivers. RCAS-mediated gene transfer of mutant/oncogenic form of Ras (K-Ras) along with a constitutively active form of Akt resulted in glioma formation in Nestin TVA mice at postnatal stages [START_REF] Holland | Combined activation of Ras and Akt in neural progenitors induces glioblastoma formation in mice[END_REF]. Using the same strategy, gliomagenesis also occurred upon overexpression of PDGF-B, stimulating PDGF signaling (C. [START_REF] Dai | PDGF autocrine stimulation dedifferentiates cultured astrocytes and induces oligodendrogliomas from and oligoastrocytomas neural progenitors and astrocytes in vivo[END_REF]. These murine gliomas recapitulated features of human glioma histopathology.

A substantial body of work conducted by the group of Luis Parada has also highlighted the roles of NSCs in glioma initiation. In a 2009 study by Llaguno et al., the major tumor suppressors Trp53, Nf1 and Pten were genetically and inducibly inactivated in Nestin expressing NSCs in the embryonic and adult mouse brain [START_REF] Llaguno | Malignant Astrocytomas Originate from Neural Stem/Progenitor Cells in a Somatic Tumor Suppressor Mouse Model[END_REF] 

4.1.b Oligodendrocyte precursors cells (OPCs) as glioma cells-of-origin

Although OPCs seemingly lack in pluripotency compared to NSCs, they represent a very abundant cell population and constitute the major proliferating pool in the adult brain (Dawson et al., 2003;[START_REF] Geha | NG2+/Olig2+ cells are the major cycle-related cell population of the adult human normal brain[END_REF]. There are several lines of evidence in the literature supporting the notion that OPCs also serve as cellular origin of different glioma types. Gene transfer of Pdgf-b to CNP-expressing cells in neonatal mouse brains resulted in formation of tumors which harbored features of oligodendrogliomas (CNP+ cells represent primarily OPCs at the neonatal stage, Lindberg, Kastemar, Olofsson, Smits, & Uhrbom, 2009). Persson and colleagues also suggested a non-stem cell origin for oligodendroglioma (Persson et al., 2010). In their study, expression of activated Egfr (v-erbB) under control of the human S100b promoter (a broad marker of glial and committed progenitor cells) resulted in oligodendroglioma-like tumors in mice, which had a worsened latency in a Trp53-deficient background. In pre-symptomatic mice, BrdU labeling in SVZ and white matter (WM) regions showed that proliferation was unaffected in the NSCs of the SVZ, whereas WM regions exhibited considerable proliferation. Moreover, the numbers of NG2+OLIG2+ OPCs were increased in the mutant animals, suggesting that the development of those tumors relied on the expansion of OPCs.

Intriguingly, in some cases it has been reported that NSCs have been the cells hit by driver mutations, but OPCs were fueling the tumor at premalignant stages. In an emblematic study, the team of Hui Zhong made use of the genetic system of "mosaic analysis with double markers" (MADM1 ) to follow the fate of the NSCs (carrying hGFAP-or Nestin-Cre transgenes) harboring Trp53 and Nf1 mutations, at premalignant stages (C. Liu et al., 2011). MADM-based lineage tracing prior to malignancy showed aberrant growth of OPCs, rather than NSCs which were initially targeted by the mutations. In addition, introducing the same mutations directly into OPCs (using an NG2-Cre driver), also led to glioma formation. Interestingly, it was also observed that the earliest neoplastic lesions (defined as accumulation of OPCs encircling neurons) were localized to the cortical grey matter in premalignant mutant brains, rather than exclusively in white matter regions as previously described (Persson et al., 2010). Furthermore, Data issued by the study of Lee et al., (Lee et al., 2018, described in the previous section: Introduction, Part II, 4.1.a), also pointed towards the direction that OPCs could be the cell population that expands to form a glioma. By further validating their findings in a mouse model, using genome editing techniques, they suggested a hypothesis whereby NSCs, carrying the initial glioma driver alterations, migrate from the SVZ and lead to glioma development in distant brain regions through aberrant growth of OPC lineage cells.

In the models described so far, OPCs were targeted with transforming mutations at early developmental stages. Subsequent work further consolidated these findings by directly targeting adult OPCs (using the inducible NG2-CreER T ) [START_REF] Galvao | Transformation of quiescent adult oligodendrocyte precursor cells into malignant glioma through a multistep reactivation process[END_REF]. Induction of Trp53 and Nf1 mutations in OPCs at the adult stage, consistently led to the generation of malignant gliomas whose expression profile resembled those of human GBM. Thus, both neonatal and adult OPCs are capable of initiating tumorigenesis.

4.1.c Differentiated cells as glioma cells-of-origin

The idea that differentiated glial cells, such as astrocytes, could be the origin of malignant gliomas preceded the discovery and characterization of NSCs in the adult mammalian brain and was mostly based on tumor histology (i.e., cellular morphology and expression of cell markers). Proliferative capacities of postnatal astrocytes have been reported (Ge, Miyawaki, Gage, Jan, & Jan, 2012). Moreover, de-differentiation of differentiated cells, following oncogenic transformation, has also been suggested. In the 2001 study of Dai et al., it was stated that stimulation of PDGFR signaling in astrocytes, in vitro, via transduction with Pdgf-b-encoding viruses, led to increased growth rate and dedifferentiation phenotypes, reflected by morphological and transcriptomic changes (C. [START_REF] Dai | PDGF autocrine stimulation dedifferentiates cultured astrocytes and induces oligodendrogliomas from and oligoastrocytomas neural progenitors and astrocytes in vivo[END_REF]. Other lines of evidence came from tamoxifen-induced deletion of Trp53 and Pten (with or without concomitant deletion Rb) in young adult Gfap-CreER T mice, in which both NSCs (of the neurogenic niches) and astrocytes (of the non-neurogenic niches) were targeted [START_REF] Chow | Cooperativity within and among Pten, p53, and Rb Pathways Induces High-Grade Astrocytoma in Adult Brain[END_REF]. In this study, the researchers reported that gliomas were formed within and outside of neurogenic/proliferative niches and favored the hypothesis of astrocytes' propensity for malignant transformation. Of note, concerning the gliomas that were found distally from neurogenic niches, it was stated that no other tumor masses were concomitantly present in the brains, thus reducing the possibility that those distal tumors arose by spread of malignant cells generated in neurogenic niches.

In a well-known study done by the group of Inder Verma, besides astrocytes, neurons were suggested as a putative target of oncogenic transformation to generate gliomas in mice [START_REF] Friedmann-Morvinski | Dedifferentiation of Neurons and Astrocytes by Oncogenes Can Induce Gliomas in Mice[END_REF]. Cre-inducible oncogenic lentiviral vectors were injected to diverse brain locations in adult mice (neurogenic niches: SVZ, hippocampus, non-neurogenic niches: cortex, striatum). Several mouse lines were used carrying different Cre-recombinase drivers, putatively marking: NSCs (Nestin-Cre), astrocytes (Gfap-Cre, considering that the vast majority of GFAP+ cells in non-neurogenic niches represent mature astrocytes), or even mature neurons (Synapsin-or CamK2-Cre). The researchers reported the formation of malignant gliomas, which, regardless of the initially targeted cellular population, exhibited high expression of stem or progenitor markers and low expression of differentiation markers.

In the light of more recent findings, the implication of differentiated cells in gliomagenesis is becoming debatable. In the case of astrocytes, defining them as glioma cells of origin, poses challenges emerging from the fact that many of the markers frequently employed to identify them (such as Gfap) are also expressed in NSCs [START_REF] Molofsky | Astrocytes and disease: a neurodevelopmental perspective[END_REF]. Concerning neurons, the findings of Friedmann-Morvinski et al., were challenged by a more recent study from of the group of Luis Parada [START_REF] Llaguno | Cell-of-origin susceptibility to glioblastoma formation declines with neural lineage restriction[END_REF]. The tumor initiating potential of adult neural populations at various stages of lineage progression was assessed by a genetic approach: cell type-specific tamoxifen-inducible Cre recombinases were used to target Nf1, Trp53 and Pten in late-stage neuronal progenitors, neuroblasts and differentiated neurons. Although some cellular defects (such as hyperplasia) could be observed in induced mutant mice harboring the Cre-recombinase in unipotent neuroblasts (Dlx1-CreER T2 ), immature (Neurod1-CreER T2 ) and even mature neurons (Cam2k-CreER T2 ), there was no evidence for glioma formation, unlike the previous reports. Comparing their results to those issued by the studies of Friedmann-Morvinski et al., the researchers argued that the Cre-inducible lentiviruses used in the preceding study could have had some off target effects. Moreover, they demonstrated that the Syn1-Cre transgene is not solely expressed in neurons but also in OPCs and NSCs. 

Glioma Stem Cells (GSCs): from subpopulations to functional states

Cancer stem cells in gliomas, or glioma cancer stem cells (GSCs), were first described in early 2000s. In the beginning, they were identified as "specific" cell populations within a tumor, with the use of expression markers. New light shed by recent transcriptomic studies at the single cell level, favors the definition of GSCs as plastic functional cellular states rather than unique cell types. In the next sections, I will describe some of the earlier and later findings around GSCs.

4.2.a Early studies of GSCs

In 2003, Singh and colleagues [START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF], using traditional culture techniques, isolated a cellular fraction exhibiting stemness properties, in vitro, from human adult gliomas and pediatric brain tumors. This cellular fraction expressed the cell surface marker CD133 and was termed "brain tumor stem cells". A year after, they validated their findings in vivo, using a xenograft assay: CD133+ cells, grafted in NOD-SCID mice, generated tumors, which phenocopied the human tumors they derived from. Conversely, grafting of CD133-cells, even in higher numbers, did not lead to tumor formation [START_REF] Singh | Identification of human brain tumour initiating cells[END_REF]. Nevertheless, subsequent body of research demonstrated that even CD133-cells also capable of forming tumors [START_REF] Beier | CD133+ and CD133-Glioblastoma-Derived Cancer Stem Cells Show Differential Growth Characteristics and Molecular Profiles[END_REF][START_REF] Joo | Clinical and biological implications of CD133-positive and CD133-negative cells in glioblastomas[END_REF][START_REF] Chen | A hierarchy of self-renewing tumor-initiating cell types in glioblastoma[END_REF][START_REF] Tchoghandjian | A2B5 cells from human glioblastoma have cancer stem cell properties[END_REF]. Those findings pointed towards the idea of several types of GSCs residing in the same tumor. Moreover, a 2011 study by Snuderl et al., convincingly showed the existence of multiple proliferating clones harboring distinct genetic alterations in the same tumor, using GBM patient samples [START_REF] Snuderl | Mosaic amplification of multiple receptor tyrosine kinase genes in glioblastoma[END_REF].

4.2.b GSCs in the era of single cell transcriptomics

The recent and rapid development of single cell transcriptomics techniques (i.e., single cell RNA-Seq) has markedly changed the understanding of the architecture and hierarchical cellular composition of gliomas, capturing the diversity within a tumor. To illustrate how single cell RNA-Seq analyses have reshaped the views on GSCs, I will focus on three prominent studies performed by the group of Mario Suva.

The first study was published in 2016 and represented the first large scale effort aimed to characterize IDH-mutant/1p-19q co-deleted oligodendroglioma patient samples at the singlecell level (Tirosh et al., 2016). Three main sub-populations of tumor cells were identified via principal component analyses (PCA 1 ). The two major subpopulations resembled differentiated glial cells: oligodendrocytes and astrocytes. A third, smaller, population corresponded to cells that transcriptomically resembled neural stem or progenitor cells (NSC/NPC-like cells). Proliferation and self-renewal of the tumor cells were evaluated via the definition and analysis of cell-cycle expression signatures. Cells with enriched cell-cycle expression signatures, belonged almost exclusively to the NSC/NPC subpopulation. Based on these data, the researchers inferred that NPC-like cells can fuel tumor growth in oligodendrogliomas. However, they acknowledged the lack of functional validation of their findings with xenotransplantation. In the second, follow-up study , the scope of analysis was broadened to all IDH-mutant gliomas (astrocytomas and oligodendrogliomas) [START_REF] Venteicher | 175Decoupling genetics, lineages, and microenvironment in IDH-mutant gliomas by single-cell RNA-seq[END_REF]. Astrocytomas, like oligodendrogliomas, were primarily composed of three subpopulations of malignant cells: proliferative undifferentiated cells that resemble NSCs and differentiated cells of two glial lineages. Collectively, these findings from these two studies, suggested a "common hierarchy" in IDH-mutant gliomas : starting from NPC-like cells and branching out to the two differentiated glial lineages (Figure 9A andC).

In the most recent study, the cellular composition of GBM was examined (Neftel et al., 2019). Analysis of recurrent expression programs (termed as "meta-modules") across several human GBM tumors led to the identification of four "cellular states" co-existing at the tumor level: "neural progenitor cell-like" (NPC-like), "oligodendrocyte precursor cell-like" (OPC-like), "astrocyte-like" (AS-like) and "mesenchyme-like" (MES-like). Most tumor cells corresponded primarily to one of the four states and the four states were found in most tumors in varying proportions. Nonetheless, there was a fraction of cells expressing different "meta-modules", and therefore assigned as ''hybrid states". Interestingly, cells of all states demonstrated proliferative capacity, albeit in different proportions (Figure 9B andD). Moreover, isolation of cells in different states followed by orthotopic grafting in mice revealed that these cellular states were plastic, being able to shift between them. These findings highlighted new dimensions in the definition of GSCs [START_REF] Suvà | The Glioma Stem Cell Model in the Era of Single-Cell Genomics[END_REF]. [53]

Tumoral heterogeneity in gliomas

Glioma groups, as presented as far, are characterized by hallmark molecular alterations. Nevertheless, heterogeneity is a salient feature of cancer, and so it is of gliomas [START_REF] Aum | Molecular and cellular heterogeneity: the hallmark of glioblastoma[END_REF]. One level of heterogeneity is the "intertumoral" heterogeneity, which can be defined as the heterogeneity between tumors of different patients. Although the newest classifications of gliomas by the WHO (Louis et al., 2016[START_REF] Louis | The 2021 WHO Classification of Tumors of the Central Nervous System: a summary[END_REF] have given weight on molecular parameters for categorization, gliomas within the same group can be genetically heterogeneous. Molecular heterogeneity in GBM is more extensively described. In the previous paragraphs, some of the numerous alterations that GBMs may carry were mentioned. Several studies have further classified GBM tumors into subgroups/ subtypes, according to their molecular profiles. It needs to be highlighted that such subgrouping does not represent formal classification. Molecular subgroups of GBM have provided useful insights; however, they do come with limitations, and they are not used for prognosis assessment, for reasons that will become clearer bellow (P. [START_REF] Zhang | Current Opinion on Molecular Characterization for GBM Classification in Guiding Clinical Diagnosis, Prognosis, and Therapy[END_REF]. The first molecular subgrouping of high-grade gliomas (defined as grade III and IV astrocytomas at the time of publication) arose from the efforts of Phillips and colleagues [START_REF] Phillips | Molecular subclasses of high-grade glioma predict prognosis, delineate a pattern of disease progression, and resemble stages in neurogenesis[END_REF]. Based on transcriptomic microarray data from a small patient cohort, three "molecular signatures" were designated: proneural (PN), proliferative (Prolif) and mesenchymal (Mes). These signatures were associated with different genetic alterations and clinical features. Another landmark study published in 2010, extended these findings by utilizing transcriptomic data of GBM tumors from The Cancer Genome Atlas Consortium (TCGA) [START_REF] Verhaak | Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1[END_REF]. Of note, at the time of this publication, GBM could be defined either as IDH-wild type or IDH-mutant. In this study, four "subtypes" were identified, namely proneural, mesenchymal, classical, and neural (PN, MES, CL, NL). As described by Verhaak et al., each subtype was correlated with specific genetic profile. PN subtype tumors displayed IDH mutations and focal amplifications of PDGFRA. Among the MES subtype, focal deletions of NF1 and mutations of PTEN were frequent. Loss of chromosome 10, gain of chromosome 7, focal amplifications of EGFR and deletions of CDKN2A were typical of the CL subtype. The transcriptomic profiles of the subtypes were also compared with transcriptomic data of normal brain cell types defined by Cahoy and colleagues [START_REF] Cahoy | A Transcriptome Database for Astrocytes, Neurons, and Oligodendrocytes: A New Resource for Understanding Brain Development and Function[END_REF]. PN, MES, CL and NL subtypes were respectively enriched in oligodendrocytic, cultured astroglial, astrocytic and neural signatures. A few years later this classification was further rectified and included only IDH-wild type GBMs (Q. [START_REF] Wang | Tumor Evolution of Glioma-Intrinsic Gene Expression Subtypes Associates with Immunological Changes in the Microenvironment[END_REF]. In that latest study, the PN, MES, and CL subtypes were maintained, but the NL was eliminated as it was considered non-tumor specific and possibly related to the tumor margins. Interestingly, it has also been described that tumors can undergo a "shift" from one subtype to another (mostly from PN to MES). The proposed bases for the shift are multiple, including genetic, cell-intrinsic mechanisms or response to treatment [START_REF] Verhaak | Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1[END_REF][START_REF] Ozawa | Most human non-GCIMP glioblastoma subtypes evolve from a common proneural-like precursor glioma[END_REF][START_REF] Lu | Olig2-Dependent Reciprocal Shift in PDGF and EGF Receptor Signaling Regulates Tumor Phenotype and Mitotic Growth in Malignant Glioma[END_REF][START_REF] Behnan | The landscape of the mesenchymal signature in brain tumours[END_REF] Another level of heterogeneity is the "intratumoral" heterogeneity, which can be defined as the heterogeneity existing within one tumor. In the previous sections of this introduction, I mentioned how heterogeneity is reflected especially in the GSCs compartment of gliomas (and mainly of GBM). Work done by Snuderl and colleagues already a decade ago described the co-existence of mosaic, proliferative, populations of GBM cells harboring amplifications of different RTK genes, within the same tumor [START_REF] Snuderl | Mosaic amplification of multiple receptor tyrosine kinase genes in glioblastoma[END_REF]. At the time, it was maintained that GBMs predominantly harbored high-level amplification of only one RTK gene. Moreover, the researchers suggested that these cellular populations had a common clonal origin, as they shared other genetic changes. A couple years later, Sottoriva et al. showed, by performing multiple sampling of tissue fragments from different tumor areas, that different molecular subtypes (based on the classification of [START_REF] Verhaak | Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1[END_REF] could exist within the same GBM [START_REF] Sottoriva | Intratumor heterogeneity in human glioblastoma reflects cancer evolutionary dynamics[END_REF]. The advent of transcriptomics at the single cell level has greatly contributed to further dissecting the intratumoral heterogeneity. In 2014, a study by the group of Bradley Bernstein and collaborators was the first to interrogate intratumoral heterogeneity in primary GBM by single cell RNA-Seq [START_REF] Patel | Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma[END_REF]. Findings of this study highlighted the existence of different transcriptional programs at the level of a tumor and suggested that individual GBMs can contain a spectrum of molecular subtypes, as well as hybrid cellular states. The intricate nature of GBM cellular heterogeneity was also demonstrated by the recent studies of Neftel et al., described earlier in this introduction (Neftel et al., 2019, Introduction, Part II, 4.2.b). Last but not least, the lineage of origin has been described as a "source" of heterogeneity in gliomas (especially in GBM). As I underlined before, both NSCs and OPCs are likely candidates for cells of origin for gliomas. Notably, mouse and human studies have supported that initial mutations may occur in NSCs, but aberrant growth leading glioma development stems from OPC compartment (J. H. Lee et al., 2018;C. Liu et al., 2011). Very interestingly, studies from the group of Luis Parada and collaborators have proposed a stratification of GBM depending on the lineage of origin. In 2015, Llaguno et al., used different mouse lines (Ascl1-CreER T , Nestin-CreER T2 and NG2-CreER T ) and compared the outcomes of the inactivation of identical GBM-relevant tumor suppressors (Nf1, Trp53, and Pten) in adult NSCs and OPCs. They highlighted the formation of histologically and transcriptionally distinct GBMs in mice depending on the lineage of origin [START_REF] Llaguno | Adult Lineage-Restricted CNS Progenitors Specify Distinct Glioblastoma Subtypes[END_REF]. These findings were recently revisited and expanded to human GBM. The same group of researchers defined gene expression signatures based on their previous murine GBM transcriptomic data (NSC-derived-GBM and OPC-derived-GBM signatures). Correlation of these signatures to large, publicly availiable human GBM expression data sets, led to the identification of human GBM transcriptional profiles which related to the ones from the mouse models. Interestingly, xenografts of murine and human cells of matched "transcriptional profiles", exhibited comparable responses to pharmacological treatment (Zilai Wang et al., 2020). These studies further highlight another level of complexity of cellular heterogeneity in glioma.

The glioma "ecosystem" and its microenvironment

Tumors are ecosystems existing in the biosphere of the organism. The tumor microenvironment (TME) refers to the surroundings of the tumor and consists of multiple non-neoplastic cell types, diverse extracellular matrix (ECM) components, and diffusible molecules (i.e., cytokines). In this section, I briefly describe the interactions between gliomas and their microenvironment.

Gliomas exist in a complex cellular milieu encompassing cells of the vasculature (i.e., endothelial cells 1 and pericytes 2 ), neurons, astrocytes, and cells of the immune system (i.e.,

1 endothelial cells = cells lining the blood vessels 2 pericytes = cells wrapping around the endothelial cells [55] microglia and infiltrating bone marrow-derived macrophages, collectively called tumor associated macrophages -TAMs). All those of the components of gliomas microenvironment communicate bidirectionally with the tumor: the TME modulates tumor growth and the TME is modulated by the tumor. Additionally, the concept of "GSC niche" describes the existence of GSCs in specific regions within the tumor, where their interaction with the TME fuels their stemness. Three commonly described GSC niches are: the perivascular 1 , the invasive 2 , the hypoxic 3 niche [START_REF] Hambardzumyan | Glioblastoma: Defining Tumor Niches[END_REF][START_REF] Schiffer | Glioblastoma: Microenvironment and niche concept[END_REF][START_REF] Gargini | Cellular plasticity and tumor microenvironment in gliomas: The struggle to hit a moving target[END_REF].

The brain vasculature provides GSCs more than oxygen, nutrients supply and scaffolds for migration. Endothelial cells have been shown to directly promote GSC maintenance by inducing NOTCH signaling via the release of nitric oxide [START_REF] Charles | Perivascular Nitric Oxide Activates Notch Signaling and Promotes Stem-like Character in PDGF-Induced Glioma Cells[END_REF]. Also, GSCs actively remodel their microenvironment to create a supportive vascular niche. A study has reported that GSCs can directly participate in GBM vessel formation by transdifferentiating into pericytes [START_REF] Cheng | Glioblastoma Stem Cells Generate Vascular Pericytes to Support Vessel Function and Tumor Growth[END_REF]. Interestingly, hypoxia is a main inducer of GBM angiogenesis, by inducing VEGF 4 -signaling [START_REF] Kaur | Hypoxia and the hypoxia-inducible-factor pathway in glioma growth and angiogenesis[END_REF]. Moreover, immune cells (in particular TAMs) represent an important component of the TME in glioma. Interestingly, TAMs can account for up to 30% of the tumor cells in GBM. GSCs release several factors, which attract TAMs to the tumor tissue. In turn, TAMs secret several factors that promote glioma growth and invasion. For example, glioma-TAMs interaction, orchestrated by TGF-β signaling, can induce ECM remodeling, mediated by activation of matrix metalloproteinase-2/9 (MMP2 or MMP9) promoting invasion. TAMs can also promote angiogenesis through a receptor called RAGE 5 , leading to downstream signaling that favors VEGF secretion (X. [START_REF] Chen | RAGE Expression in Tumor-Associated Macrophages Promotes Angiogenesis in Glioma[END_REF][START_REF] Hambardzumyan | The role of microglia and macrophages in glioma maintenance and progression[END_REF][START_REF] Zhou | Periostin Secreted by Glioblastoma Stem Cells Recruits M2 Tumor-associated Macrophages and Promotes Malignant Growth[END_REF]. Interestingly, the aggressive MES subtype of GBM has been associated with increased presence of TAMs and immune cells [START_REF] Kaffes | Human Mesenchymal glioblastomas are characterized by an increased immune cell presence compared to Proneural and Classical tumors[END_REF][START_REF] Wang | Tumor Evolution of Glioma-Intrinsic Gene Expression Subtypes Associates with Immunological Changes in the Microenvironment[END_REF].

Another recently emerged concept is the modulation of glioma by neuronal activity. Secretion of the synaptic protein NLGN3 (Neuroligin-3) was shown to promote glioma cell proliferation through the establishment of a positive feedback loop via the PI3K-AKT-mTOR pathway [START_REF] Venkatesh | Neuronal Activity Promotes Glioma Growth through Neuroligin-3 Secretion[END_REF]. In addition to that, glioma cells were demonstrated to form functional synapses with neurons. Optogenetic stimulation of neuronal activity, in vivo and in vitro cocultures, stimulated glioma growth and invasion [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF].

Interaction with the TME can also have tumor suppressive functions. A very recent study identified white matter as a "pro-differentiating niche" in GBM. Invasion of tumor cells in the white matter induced an injury-like response. This resulted in a "tumor suppressive differentiation" of the tumor cells in a SOX10 dependent manner [START_REF] Brooks | The white matter is a pro-differentiative niche for glioblastoma[END_REF]).

1 perivascular niche = GSCs residing in proximity of the angiogenic vasculature which they utilize and alter to their benefit. 2 invasive niche = GSCs migrating along blood vessels at the invasive edge of the periphery of the tumor.

3 hypoxic niche = GSCs found in perinecrotic regions of where hypoxia induced signaling can promote stemness. 4 VEGF = standing for "vascular endothelial growth factor" 5 RAGE = standing for "receptor for advanced glycation end-products"

Part III: TCF12 in the CNS and in gliomas

TCF12 is mutated in oligodendrogliomas

A few years before the beginning of my thesis, my host team and their collaborators performed whole-exome and transcriptome sequencing of anaplastic (grade III) oligodendrogliomas in search for new tumor driver mutations and disrupted pathways. The aim of this work was to identify novel putative prognostic biomarkers. The results issued by this study were published in 2015 in Nature Communications (Labreche et al., 2015).

The initial exome sequencing analyses were performed on 51 samples obtained from patients with anaplastic oligodendrogliomas. Besides the detection of typical oligodendroglioma mutations (78% IDH1, 17% IDH2, 32% CIC and 22% FUBP1), heterozygous mutations of the bHLH transcriptional regulator TCF12 were also significantly detected, in 10% of the samples. These findings were confirmed in a follow-up targeted sequencing analysis of 83 additional samples. In the combined cohort of 134 anaplastic oligodendroglioma samples, the mutation frequency of TCF12 was 7.5%. In addition, 75 samples of grade II oligodendrogliomas were analyzed. However, only one mutated case was found (1.3%). The fact that TCF12 mutations were found more frequently in higher grade oligodendrogliomas suggested a possible function for TCF12 in the generation of a more aggressive tumor phenotype. Nonetheless, in all the cohorts analyzed for this study, including an independent dataset of anaplastic oligodendrogliomas from the TCGA, TCF12 mutations were exclusive to IDH-mutant-1p/19q co-deleted tumors, which are associated with a better clinical outcome (of note, at the time of publication of this article, the molecular classification of gliomas had not been applied yet). Additionally, the complete mutational profiles of the TCF12 mutated tumors were analyzed. Considering all mutation results, analyses were performed to reveal pathways or gene ontologies significantly enriched in the TCF12 mutated tumors. The majority of significantly altered pathways were associated with isocitrate metabolism (as consequence of the presence of the IDH mutations). In addition to those, the NOTCH signaling pathway genes related to neuron differentiation and chromatin organization were significantly enriched for mutations. Subsequent experiments focused on uncovering some of the functional consequences of the TCF12 mutations. TCF12 bHLH mutants (point or frameshift) showed compromised transactivation in luciferase reporter assays. Transcriptomic analyses of 8 TCF12-mutant and 45 TCF12-wildtype IDH-mutant-1p/19q co-deleted tumors indicated significant positive enrichment of immune response in the TCF12-mutant samples. When the analyses were restricted only to the TCF12 bHLH mutant tumors (6/8), pathways related to epigenetic regulation (TCF21: partner of HDACs, EZH2 component of the PRC2, BMI1: component of the PRC1) and extracellular matrix or epithelial to mesenchymal transition (E-cadherin, CDH1) were significantly enriched (positively or negatively). At the histological level, patients' tumor samples were profiled for necrosis, proliferation figures (microvascular proliferation and mitotic index), as well as for TCF12 expression. TCF12 mutant tumors were associated with increased palisading necrosis, while TCF12 bHLH mutant tumors had a higher mitotic index. TCF12 immunostaining of several mutants showed a stronger nuclear and cytoplasmic staining, compared to wild type tumors that mostly showed shows nuclear but more sparse staining.

These findings suggested that TCF12 may act as a tumor suppressor in a haploinsufficient manner (Figure 10).

Interestingly, two studies published also in 2015, reported TCF12 mutations in oligodendrogliomas [START_REF] Park | Genomic dynamics associated with malignant transformation in IDH1 mutated gliomas[END_REF]Suzuki et al., 2015). In the study of Suzuki et al., which was focusing on tumoral clonal architecture, TCF12 mutations were described to be among the first mutations that appeared in a tumor. On the other hand, in the study of Park et al., which was focusing on malignant progression from lower to higher grade gliomas, TCF12 mutations appeared in the recurrent, more aggressive tumors. Another study published a few years later, also reported TCF12 mutations in recurrent tumors (Aihara et al., 2017). Although these data were based on small numbers of tumors, they further suggested the implication of TCF12 in gliomagenesis. [START_REF] Murre | A new DNA binding and dimerization motif in immunoglobulin enhancer binding, daughterless, MyoD, and myc proteins[END_REF]. Subsequent decades of research have led to the identification of a plethora of HLH factors which are generally described as dimeric transcriptional regulators implicated in diverse lineage specification and differentiation programs (Massari & Murre, 2000;[START_REF] Murre | Helix-loop-helix proteins and the advent of cellular diversity: 30 years of discovery[END_REF]. These proteins exhibit evolutionary conservation and have been found in almost all eukaryotes, vertebrates, invertebrates, as well as in plants (Massari & Murre, 2000;[START_REF] Ledent | Phylogenetic analysis of the human basic helix-loophelix proteins[END_REF]. The defining feature of these proteins is the HLH domain which is made up of two amphipathic α-helix structures, C. Graphs summarizing histological observations of patients' tumors with wild-type TCF12, tumors mutated for TCF12 (mut) or tumors with mutations only affecting the bHLH domain (bHLH mut).

Left: quantification of palisading necrosis. Right: quantification of mitotic index. * indicate statistically significant differences. (Figures adapapted from Labreche et al., 2015). separated by a loop of variable length. This domain serves as the dimerization region, allowing for protein-protein interaction and formation of homo-and hetero-dimers.

HLH proteins include the DNA binding bHLH proteins and the inhibitor of DNA-binding (ID) proteins, which, as their name suggests, may act in opposition to the bHLH factors (L. H. [START_REF] Wang | E Proteins and ID Proteins: Helix-Loop-Helix Partners in Development and Disease[END_REF]. As briefly mentioned in (Introduction, Part I, 4.1), bHLH proteins are globally characterized by the presence of a "basic domain", in addition to the HLH domain; collectively making up a region of approximately 60 amino acid residues. The "basic domain", is made up of mostly basic amino acids and mediates the binding to consensus DNA elements, present in promoters and enhancers, referred to as E-boxes. E-boxes are minimally defined as hexanucleotide motifs "CANNTG" (Figure 11A). However, depending on the exact nucleotide sequence, as well as the flanking nucleotides, different E-boxes can be defined, and different E-boxes are bound by different bHLH proteins. Besides those two defining domains, additional domains may exist (such as leucine zipper, PAS, transactivation/repression domains). Depending on their structural characteristics, the binding motifs that they recognize and the dimerization with different partners, bHLH proteins exert positive or negative regulation on the transcription of their target genes [START_REF] Jones | An overview of the basic helix-loop-helix proteins[END_REF][START_REF] Murre | Structure and function of helix-loop-helix proteins[END_REF][START_REF] Murre | A new DNA binding and dimerization motif in immunoglobulin enhancer binding, daughterless, MyoD, and myc proteins[END_REF][START_REF] Murre | Helix-loop-helix proteins and the advent of cellular diversity: 30 years of discovery[END_REF].

Over the years, bHLH proteins have been segregated into distinct classes, and their classification has evolved. Classifying bHLH proteins has been based on their expression pattern (ubiquitous versus lineage restricted), binding to distinct E-box sequences, structural characteristics (such as the presence of additional domains), dimerization selectivity, and evolutionary relationships. As of now, seven main classes are identified [START_REF] Murre | Structure and function of helix-loop-helix proteins[END_REF][START_REF] Atchley | A natural classification of the basic helix-loop-helix class of transcription factors[END_REF]Massari & Murre, 2000;[START_REF] Jones | An overview of the basic helix-loop-helix proteins[END_REF][START_REF] Murre | Helix-loop-helix proteins and the advent of cellular diversity: 30 years of discovery[END_REF]. I will only refer to one of the seven classes, Class I (or E proteins), that is the one to which TCF12 belongs.

In mammals, E proteins consist of three factors: TCF3 (also known as E12-E47 or E2A), TCF4 (or E2-2) and TCF12 (or HEB). E proteins are ubiquitously expressed and act by forming homodimers or heterodimers with lineage specific bHLH proteins or other factors [START_REF] Murre | Helix-loop-helix proteins and the advent of cellular diversity: 30 years of discovery[END_REF][START_REF] Wang | E Proteins and ID Proteins: Helix-Loop-Helix Partners in Development and Disease[END_REF] (Figure 11B-D). Given their widespread expression pattern, E proteins participate in the regulation of various processes in different lineages. Some ground will be covered in the next paragraphs, with a focus on TCF12. [59]

TCF12 roles in development

Despite the broad expression pattern of E proteins, the functional roles of TCF12 have been more extensively studied in the lymphoid lineage. Many studies by Yuan Zhuang and his team have explored the roles of TCF12 and the other E proteins both in B and T lymphocyte development [START_REF] Zhuang | B-lymphocyte development is regulated by the combined dosage of three basic helix-loop-helix genes, E2A, E2-2, and HEB[END_REF]Zhuang, Barndt, Pan, Kelley, & Dai, 1998;[START_REF] Barndt | Functions of E2A-HEB heterodimers in T-cell development revealed by a dominant negative mutation of HEB[END_REF]Wojciechowski, Lai, Kondo, & Zhuang, 2007;Jones-Mason et al., 2012). Very interestingly, those studies have provided useful, constitutive and conditional, TCF12 mutant mouse models [START_REF] Zhuang | B-lymphocyte development is regulated by the combined dosage of three basic helix-loop-helix genes, E2A, E2-2, and HEB[END_REF][START_REF] Barndt | Functions of E2A-HEB heterodimers in T-cell development revealed by a dominant negative mutation of HEB[END_REF]Wojciechowski, Lai, Kondo, & Zhuang, 2007). These models have shown that TCF12 exerts the most prominent roles in T cell development, starting from lineage commitment to subsequent differentiation steps, often acting in concert with E2A as dimers [START_REF] Braunstein | HEB-Deficient T-Cell Precursors Lose T-Cell Potential and Adopt an Alternative Pathway of Differentiation[END_REF], 2012;[START_REF] Welinder | The transcription factors E2A and HEB act in concert to induce the expression of FOXO1 in the common lymphoid progenitor[END_REF]Emmanuel et al., 2018). TCF12 roles have also been addressed in fate specification of embryonic stem cells (ESCs). In a study by Yoon and colleagues, TCF12 was described as a cofactor of Nodal signaling, which is important for mesoderm and endoderm development [START_REF] Yoon | HEB and E2A function as SMAD/FOXH1 cofactors[END_REF]. By employing human and Xenopus ESCs, these researchers found that TCF12 and E2A formed a complex with SMAD factors and FOXH1, bound to specific DNA motifs and regulated transcription of genes in response to Nodal. In a following study (Yoon, Foley, & Baker, 2015), employing murine ESCs, it was shown that TCF12 interacted with the polycomb repressive complex 2 (PCR2), at developmental promoters of genes involved in mesoderm and endoderm differentiation, maintaining them repressed during the uncommitted ESC stage. Upon Nodal signaling, the complexes of TCF12/PRC2 were replaced by complexes of TCF12/SMAD, enabling gene expression and differentiation to mesendoderm.

Additionally, TCF12 has been implicated in the development of muscle and mesenchymal tissues [START_REF] Parker | MyoD Synergizes with the E-Protein HEBβ To Induce Myogenic Differentiation[END_REF]Yi, Yu, Yang, Miron, & Zhang, 2017). Of note, germline heterozygous TCF12 mutations have been described in patients with the bone developmental disease of craniosynostosis1 . (Sharma et al., 2013;[START_REF] Rocco | Clinical spectrum and outcomes in families with coronal synostosis and TCF12 mutations[END_REF][START_REF] Timberlake | Co-occurrence of frameshift mutations in SMAD6 and TCF12 in a child with complex craniosynostosis[END_REF]. Findings from a mouse model of craniosynostosis indicated that TCF12 interacts with the bHLH TF TWIST, and their dimers possibly regulate osteogenic differentiation via downstream targets of BMP signaling [START_REF] Connerney | Twist1 dimer selection regulates cranial suture patterning and fusion[END_REF]Sharma et al., 2013).

TCF12 roles in the CNS

The functions of TCF12 in the central nervous system (CNS) are not extensively investigated. Mice nullizygous for Tcf12 die at an early postnatal age (around 2 weeks) and exhibit a decreased brain size and a low penetrance exencephaly2 phenotype [START_REF] Uittenbogaard | Expression of the bHLH transcription factor Tcf12 (ME1) gene is linked to the expansion of precursor cell populations during neurogenesis[END_REF]Ravanpay & Olson, 2008 and also mentioned in R. [START_REF] Barndt | A novel role for HEB downstream or parallel to the pre-TCR signaling pathway during alpha beta thymopoiesis[END_REF] Early studies, using fluorescent in situ hybridization, had detected high levels of Tcf12 transcripts in proliferating regions of the embryonic mouse brain, as well as in mitotically active areas of the early postnatal and adult brain (such as the subventricular zone -SVZand across the rostral migratory stream -RMS1 ) [START_REF] Uittenbogaard | Expression of the bHLH transcription factor Tcf12 (ME1) gene is linked to the expansion of precursor cell populations during neurogenesis[END_REF]. These results were further consolidated by a more recent study, in which researchers analyzed the expression of all three E-protein coding genes (Tcf3, Tcf4, Tcf12), once again by in situ hybridization, at early postnatal and adult mouse brains [START_REF] Fischer | Eproteins orchestrate the progression of neural stem cell differentiation in the postnatal forebrain[END_REF]. Transcripts of all E-proteins were found to be abundant in the forebrain and were enriched in proliferating zones (such SVZ, RMS and dentate gyrus), especially at the early postnatal stage. In addition, Northern blot analysis of mouse brain extracts had revealed expression of Tcf12 transcripts at embryonic as well as at postnatal stages (Ravanpay & Olson, 2008). Notably, in this study by Ravanpay et al., functional compensation among E proteins during mouse brain development was suggested for the first time. This phenomenon was already described in the lymphoid lineage (Zhuang et al., 1998[START_REF] Zhuang | B-lymphocyte development is regulated by the combined dosage of three basic helix-loop-helix genes, E2A, E2-2, and HEB[END_REF]. The researchers had studied the brain phenotypes of mice single nullizygous for Tcf12 and Tcf3, as well as Tcf12;Tcf3 double heterozygotes (studies were performed at perinatal stages due the postnatal lethality of all those mutants). Besides an overall reduction in the brain size of the mutant animals, no gross morphological deficits were detected, and the double heterozygotes exhibited similar phenotypes to the single nullizygous mutants. In addition, in the Tcf12 nullizygous mutants, Tcf3 and Tcf4 transcripts were elevated, as revealed by RT-PCR of brain extracts. Based on these data the researchers suggested that combined dosage of Eproteins is required for proper brain development (Ravanpay & Olson, 2008).

Tcf12 expression had also been reported in mouse and rat oligodendroglial cells. In vitro expression of TCF12 in OPCs of neonatal rat spinal cord cultures was shown with immunocytochemistry and western blot analyses (Sussman, Davies, & Miller, 2002). Another study, employing in silico analyses and fluorescent in situ hybridization, identified Tcf12 as an oligodendroglial related transcription factor in the mouse spinal cord and demonstrated its expression in OLIG2+ cells in neonatal mice (Fu et al., 2009). Lastly, a more recent study, addressed the functional implication of TCF12 in the specification of midbrain dopamine neurons (Mesman & Smidt, 2017).

TCF12 roles in cancer

Over the last decade, an increasing number of studies has been published, reporting the implication of TCF12 in numerous cancers. Very interestingly, in some cases, TCF12 has been associated with oncogenic roles, whereas in other cases, it has been attributed tumor suppressor functions. Hereafter, I list some of such indicative examples.

In many cases, TCF12 expression in cancer has been correlated with a poor prognosis and a promotion of metastasis. In a 2012 study, TCF12 overexpression (defined based on mRNA expression in tumor versus non-tumor tissues) was associated with higher rate of metastasis and a worse survival outcome in patients with colorectal cancer (C.-C. [START_REF] Lee | TCF12 Protein Functions as Transcriptional Repressor of E-cadherin, and Its Overexpression Is Correlated with Metastasis of Colorectal Cancer[END_REF]. Subsequent in vitro experiments revealed that TCF12 overexpression led to decreased expression of E-cadherin and gap junction markers, while it induced invasion and metastasis phenotypes. Of note, in this study it was also shown, by chromatin immunoprecipitation, that TCF12 bound to the promoter region of the E-cadherin gene and that it co-immunoprecipitated with EZH2 and BMI1, components of the polycomb repressive complexes PRC2 and PRC1, respectively. Therefore, it seemed that TCF12 is involved in the transcriptional repression of E-cadherin by interacting with the polycomb repressive complexes. Relationship of TCF12 with invasion and metastasis has also been recounted in gallbladder cancer (J. He et al., 2016). TCF12 was found to physically interact, by mass spectrometry and co-immunoprecipation, with the histone deacetylase HDAC1, whose expression was associated with decreased survival and increased metastatic incidence. A positive correlation between TCF12 and HDAC1 expression was reported in gallbladder cancer tissue samples. In vitro assays on cancer cell lines, indicated that TCF12 knock-down impaired the invasion ability of the cells. Moreover, high TCF12 expression in patients' tumors was detected in metastatic tissues and was associated with a poorer overall survival. In a similar line, high TCF12 expression has been described as a poor prognosis factor in ovarian cancer and in vitro assays suggested that TCF12 promoted proliferation, invasion, migration, and inhibited apoptosis in ovarian cancer cells [START_REF] Gao | TCF12 overexpression as a poor prognostic factor in ovarian cancer[END_REF]. Recently, TCF12 was also reported to favor the metastatic phenotype in melanoma, acting in the Hippo/YAP signaling axis, which has been described to contribute to melanoma metastasis. More precisely, TCF12 activated WNT5A expression, which led to stabilization of the YAP protein (Luo et al., 2020).

In contrast, there are cancers in which low TCF12 expression has been associated with a worse clinical outcome, suggesting tumor suppressive functions. One example is the prostate cancer. First reports suggested that low TCF12 expression in prostate cancer was associated with a more aggressive tumor phenotype and increased possibility of relapse after surgery (Q.-B. [START_REF] Chen | Decreased expression of TCF12 contributes to progression and predicts biochemical recurrence in patients with prostate cancer[END_REF]. Later reports further revisited the implication of TCF12 in prostate cancer and demonstrated that TCF12 overexpression in TCF12-low expressing prostate cancer cell lines repressed cell proliferation, migration, and invasion. Additionally, it was suggested that TCF12 exerts those roles by acting as an upstream regulator of the long coding RNA EMX2OS, which in turn acted in synergy with the RNA-binding protein FUS to stimulate the cGMP-PKG pathway that has been implicated in tumor suppressing effects [START_REF] Wang | LncRNA EMX2OS, Regulated by TCF12, Interacts with FUS to Regulate the Proliferation, Migration and Invasion of Prostate Cancer Cells Through the cGMP-PKG Signaling Pathway[END_REF]. TCF12 has been endowed with tumor suppressing roles also in the case of oral squamous cell carcinoma. Downregulation of Tcf12 was observed in cancer cells in vivo and in vitro. In silico analysis and subsequent experimental proof, suggested that the redox-regulatory protein FAM213A was a transcriptional target of TCF12 that seemed to mediate oncogenicity (Y. F. [START_REF] Chen | MicroRNA-211 enhances the oncogenicity of carcinogen-induced oral carcinoma by repressing TCF12 and increasing antioxidant activity[END_REF].

Last but not least, I will review some reports regarding TCF12 roles in gliomas. At time of the initiation of this thesis, the putative implication of TCF12 in gliomas had only been vaguely addressed by few studies. In an article published in 2004, TCF12 expression, among other genes, was studied in different gliomas using RT-PCR (Riemenschneider, Koy, & Reifenberger, 2004). TCF12 mRNA expression was found to be elevated in tumor tissue compared to reference non-neoplastic brain tissue samples, both in oligodendrogliomas and astrocytomas. Moreover, it was reported that TCF12 expression levels negatively correlated with the glioma grade. In 2016, a study signed by Godoy and colleagues addressed more formally the role of TCF12 in glioblastoma cell lines (Godoy, Montaldi, & Sakamoto-Hojo, 2016). Silencing of TCF12 led to a reduction in proliferation, as revealed by a decreased proportion of cells in G0/G1 phase. However, researchers also reported that TCF12-silenced cultures contained a larger proportion CD133+ cells (defined as marker of glioma stem cells), compared to controls. Another short communication published in the same year, suggested that TCF12 expression negatively correlated with differentiation of glioma cells while its overexpression enhanced glioma cells' self-renewal capacity [START_REF] Taiwo | STEM-19. THE TCF12 TRANSCRIPTION FACTOR CONTROLS PRONEURAL GLIOBLASTOMA STEM-LIKE CELLS[END_REF].

All these findings point out to the complex and highly context dependent roles of TCF12 in cancer.

Objectives

The study by host team and collaborators, describing the identification of mutations of TCF12 in oligodendrogliomas (Labreche et al., 2015), constituted the starting point of my PhD project.

A lot of work in our laboratory revolves around the bridge between normal development and gliomagenesis. Gliomagenesis recapitulates many physiological processes, which, by evading regulatory mechanisms, become detrimental. Understanding how molecular alterations found in gliomas impact the cellular populations responsible for tumor origin and growth, can shed light on the mechanisms of glioma development.

Based on the available literature, we hypothesized that TCF12 could be implicated in the oligodendroglial lineage. Oligodendrocyte precursor cells have been proposed to be a cellular population from which gliomas originate. Moreover, due the increasing number of reports describing TCF12 implication in several human cancers, we also speculated that TCF12 could exert important roles in gliomagenesis.

My PhD work focused on the characterization of the functional roles of TCF12 in glioma cells of origin and in gliomagenesis. My objectives were to:

1. Determine the roles of Tcf12 in OPCs, a cellular population from which putatively gliomas originate and are driven.

Evaluate the impact of Tcf12 alteration on the process of gliomagenesis.

This work entailed in vivo experiments (employing genetic mouse models), genome binding studies, transcriptomics and exploitation of public data.
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Results
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Results overview

Most of the results obtained during my PhD work have been put together as a manuscript which is available as a preprint on the open access repository biorXiv: Digital Object Identifier (DOI) : https://doi.org/10.1101/2021. 07.26.453859 This manuscript has been submitted for publication. I wrote the first draft of the manuscript and generated the majority of the figures. The final version was revised and modified by Dr. Carlos Parras and Dr. Emmanuelle Huillard, with pivotal input from all authors.

In Part I of this Results section, presentation of the results will be done in "manuscript format". First, I summarize the main approaches and findings. After that, I have included the submitted manuscript, in its current form.

In Part II of this Results section, I present additional results, which have not been included in the submitted manuscript.

I did most of the experimental work, analyses and data curation that led to generation of these results. However, this work would not have been possible without the critical implication of several collaboration partners. Although specific contributions are cited in the text, I would like to specifically acknowledge the involvement of other people in the following lines.

ChIP-and RNA-Seq were done by the iGenSeq platform of the Paris Brain Institute.

The analysis of raw transcriptomic data (generated by this study as well as of public resources) was done by Beata György and Justine Guégan of the "Data and Analysis" core facility of Paris Brain Institute. Subsequent analyses and data curation were done by me (with the supervision and contribution of Dr. Huillard) on a user-friendly web interface (developed by the Data an Analysis core facility of Paris Brain Institute), with the guidance of Beata György and Justine Guégan.

The ChIP-Seq studies were done in collaboration with Dr. Corentine Marie and Dr. Carlos Parras ("Brain development -Dr. Bassem Hassan" research team, Paris Brain Institute). Optimization of experimental protocols, raw data and formal analyses were done by our collaborators. For this part of the study, I contributed to the experimental work and performed data curation. Beside his help with the ChIP-Seq studies, Dr. Carlos Parras also performed analysis of public transcriptomic data presented in Figure 2 and Supplementary Figure 2. 

Extensive summary

In the study described in the submitted manuscript, we aimed to explore the roles of TCF12 in the oligodendroglial precursors and draw parallels with gliomagenesis.

The previous study of our laboratory (Labreche et al., 2015) reported inactivating mutations of TCF12 in oligodendrogliomas and suggested a correlation of TCF12 inactivation with a more aggressive tumor phenotype. Subsequent studies also reported TCF12 mutations in IDH-mutant tumors (Suzuki et al., 2015;Aihara et al., 2017). Newly available data from "The Cancer Genome Data Consortium" (TCGA), enabled us to extend these findings. We queried TCGA genomic data sets of GBMs and "Lower Grade Gliomas" (including astrocytomas and oligodendrogliomas). We interrogated those datasets for mutations and copy number alterations, and we found that TCF12 alterations were present in all glioma types (existing in 20-30% of the total cases) and that they co-occurred with other common molecular alterations. We also saw that the majority TCF12 alterations corresponded to heterozygous losses (70-80% of the altered cases). In addition, we analyzed the correlation of TCF12 alterations and expression levels with patient survival and observed that patients with higher TCF12 expression presented a better survival outcome. These findings strengthened our hypotheses about the implication of TCF12 in gliomagenesis.

Next, we proceeded to the dissection of the roles of Tcf12 in OPCs, a putative cellular origin of gliomas, using the mouse as a model system (Objective 1).

First, we sought to validate the expression of TCF12 in the oligodendroglial lineage. Literature reports concerning the expression of Tcf12 in oligodendroglial cells in the rodent CNS were very sparse (Sussman et al., 2002;Fu et al., 2009). We primarily made use of publicly available databases of gene expression data. First, we interrogated the "Brain RNA-Seq" resource provided by the Ben Barres laboratory, which includes bulk transcriptomic data of postnatal mouse (postnatal day 17 from Y. Zhang et al., 2014) and human brain (8-63-year-old human healthy brain tissue and 17-20 gestational weeks fetal brain tissue [START_REF] Zhang | Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals Transcriptional and Functional Differences with Mouse NeuroResource Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals Transcriptional and[END_REF]. We observed that TCF12 / Tcf12 was expressed, at least at transcript level, in oligodendroglial cells both in the human and in the mouse. Interestingly, it also appeared to be expressed in astrocytes and neurons but its expression seemed higher in oligodendroglial cells. Next, we were able to refine these observations by taking advantage of recently published single cell transcriptomic data of murine oligodendroglial cells of embryonic, postnatal and adult brain (P21-P30 and P60, Marques et al., 2016 andE13.5 andP7, Marques et al., 2018). We found that Tcf12 was expressed throughout oligodendrocyte lineage development (for this, please refer to Appendix 1). By further compiling these data, we were able to see that Tcf12 was abundantly expressed (30-50% of the cells per population/stage), with higher transcript levels in progenitors, proliferating OPCs and OLs at early stages of differentiation. Moreover, we performed immunohistochemical analysis and validated the expression of TCF12 in OPCs and OLs in the wild type mouse brain at postnatal and adult stages. Subsequently, we searched to identify TCF12 genomic targets and to identify putative regulated processes. For that, we undertook genome-wide binding analyses (ChIP-Seq) of magnetically sorted mixed oligodendroglial cells (OPCs and OLs) of wild type mice. To assess cell type specificity, we also included cultured murine neural progenitor cells to our analyses. We performed chromatin immunoprecipitation against TCF12 as well as active (H3K27Ac, H3K4me3), poised1 (H3K4me) and repressive (H3K27me3) histone marks. TCF12 binding was associated to numerous genes both in oligodendroglial and neural progenitor cells (15670 and 6947 respectively). We noted that TCF12-bound regions in oligodendroglial cells primarily corresponded to promoters, which was not the case for neural progenitors (42% versus 7% of the bound regions). Moreover, our data revealed that TCF12 mostly occupied gene regulatory regions harboring active or poised chromatin marks. These observations suggested that TCF12 acts as a transcriptional activator in oligodendroglial cells. Indeed, the promoters of genes regarded as markers of OPCs and OLs, as well as genes known as markers of proliferation, were bound by TCF12 and displayed active histone marks. Furthermore, enrichment analysis of TCF12-bound genes (associated with active promoters in our oligodendroglia data set) showed enrichment of pathways related to proliferation, translation/ribosomes, proteasome, signaling pathways potentially involved in oligodendrocyte development (mTOR, NOTCH) as well as processes implicated in cancer (P53 and MYC signaling). These results highlighted that TCF12 may be implicated in diverse processes in oligodendroglial cells.

Having established putative implications of TCF12 in oligodendroglial lineage development, we characterized the roles of TCF12 in OPCs, by investigating the consequences of its inactivation in vivo. We took advantage of a conditional mouse model (Tcf12 flox ) generated by Wojciechowski et al. in which the exon encoding for the bHLH domain of Tcf12 is flanked by LoxP sites (Wojciechowski et al., 2007). This mouse model was described as a knockout (Emmanuel et al., 2018;Mesman & Smidt, 2017;Wojciechowski et al., 2007). We chose this model based on the fact that TCF12 inactivating mutations identified in patients by Labreche et al., affected the bHLH domain. To inactivate Tcf12 in OPCs in vivo, we generated the inducible mouse line PDGFRa-CreER T ; Rosa26 LSL-YFP ; Tcf12 flox (Kang, Fukaya, Yang, Rothstein, & Bergles, 2010;Srinivas et al., 2001) . Administration of tamoxifen to these mice triggers timely controlled Tcf12 inactivation in OPCs, while the recombined cells and their progeny can be tracked by the presence of the fluorescent protein YFP. Initially, we induced postnatal mice (postnatal day 13, P13), harvested them at an early timepoint (postnatal day 16, P16) and did a phenotypic characterization by evaluating with immunohistochemistry proliferation and differentiation phenotypes of the recombined cells. We noted a decrease in the proportions of recombined proliferating OPCs in our homozygous mutant animals (PDGFRa-CreER T/wt ; Rosa26 LSL-YFP/wt ; Tcf12 fl/fl ), while differentiation did not exhibit marked differences. To evaluate the evolution of these observations, we harvested mice at a later timepoint (postnatal day 23, P23). However, at this timepoint, we did not detect any differences neither in proliferation nor differentiation. We speculated that the transient nature of the proliferation defects in Tcf12-defiecient animals could be explained by compensation by the other proteins, belonging to the same family as TCF12 (Zhuang et al., 1998[START_REF] Zhuang | B-lymphocyte development is regulated by the combined dosage of three basic helix-loop-helix genes, E2A, E2-2, and HEB[END_REF]Ravanpay & Olson, 2008;Wedel et al., 2020).

To gain further insights into processes regulated by TCF12 and altered upon Tcf12 inactivation, which were not uncovered by histology, we performed transcriptomic analyses. We did bulk RNA-Seq of magnetically sorted, mixed oligodendroglial cells (OPCs and OLs) from mutant and control PDGFRa-CreER T ; Rosa26 LSL-YFP ; Tcf12 flox animals, induced at P13 and harvested

[75] at P16. Differential expression analysis revealed few differentially expressed genes between mutant and control groups. To circumvent this issue and infer biological meaning from our data, we proceeded by performing gene set enrichment analyses (GSEA). GSEA is a computational method that determines associations between a priori defined gene sets (i.e., related to a biological process or signaling pathway) and two biological states (i.e., genotypes/phenotypes of interest). We used hand-curated, oligodendroglial related gene sets (obtained from: [START_REF] Zhang | An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex[END_REF]Marques et al., 2016Marques et al., , 2018;;Weng et al., 2019), along with collections of gene sets from the "Molecular Signature Database", one of the largest repositories of annotated sets to be used with GSEA (MSigDB , [START_REF] Liberzon | Molecular signatures database[END_REF]. Our analyses showed negative enrichment of proliferation-related gene sets in our Tcf12-deficient data set, in line with our histological observations. In addition, we noted deregulation of oligodendrocyte differentiation-related gene sets in our Tcf12-inactivated groups compared to controls. Moreover, TCF12 inactivation was associated with transcriptomic deregulation of developmental pathways and pathways potentially related to cancer (MYC, extracellular matrix, ribosome, TP53). Collectively, these results supported the roles of TCF12 in oligodendroglia cells and pointed towards to its potential implication in a wide range of processes that could be relevant in a tumor setting.

To attain our second objective (Objective 2) and reconcile our findings with the glioma context, we compared our data with transcriptomes of TCF12-altered patients' tumors from the laboratory. We reanalyzed microarray data, generated by Labreche et al. (deposited as E-MTAB-3892) and performed GSEA. This cohort included data of human oligodendrogliomas, which were TCF12-altered (harboring mutations and copy number alterations) or TCF12-non altered (non-mutated and normal TCF12 genomic status). Our analyses showed commonalities in deregulated pathways between TCF12-altered gliomas and Tcf12-deficient murine oligodendroglial cells (ribosome biogenesis, translation, oxidative phosphorylation, MYC singalling, epithelial to mesenchymal transition). These data suggested some TCF12-regulated processes could conserved between development and gliomagenesis.
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Introduction

Diffuse gliomas are the most prevalent malignant primary brain tumors in adults (Ostrom et al., 2017). Gliomas are classified according to their histological and genomic features, including the presence of mutations in isocitrate dehydrogenase genes (mostly in IDH1) and the status of the loss of the chromosomal arms 1p and 19q (termed as 1p/19q co-deletion) (Louis et al., 2016). The three main glioma entities are oligodendrogliomas (IDH mutated, 1p/19q codeleted), astrocytomas (IDH mutated, 1p/19q intact) and glioblastomas (also termed GBM, IDH wild type, 1p/19q intact), with the latter being most aggressive.

Gliomas contain cells with features of glial cells and neural stem/progenitor cells (NSC/NPCs) that are endowed with proliferative capacity [START_REF] Bielle | Tumor cells with neuronal intermediate progenitor features define a subgroup of 1p/19q co-deleted anaplastic gliomas[END_REF]Neftel et al., 2019;Tirosh et al., 2016). Furthermore, mounting evidence from genetically engineered mouse models indicate that cells with characteristics of NSC/NPCs, or oligodendrocyte precursor cells (OPCs) are potential cells of origin and responsible for tumor amplification in gliomas (Alcantara [START_REF] Llaguno | Malignant Astrocytomas Originate from Neural Stem/Progenitor Cells in a Somatic Tumor Suppressor Mouse Model[END_REF]C. Liu et al., 2011;Persson et al., 2010;Weng et al., 2019). Thus, deciphering how alterations found in gliomas impact oligodendroglial lineage cells is critical to understand the cellular and molecular mechanisms underlying tumor development and progression.

In the forebrain, OPCs are generated from NSC/NPCs at both embryonic and postnatal stages, and after proliferating and populating the brain, they start to differentiate into myelinproducing oligodendrocytes (OLs) around the second week after birth ( (Kessaris et al., 2006;[START_REF] Shen | Distinct progenitor behavior underlying neocortical gliogenesis related to tumorigenesis[END_REF]. Recent studies have described oligodendroglial differentiation as a continuum, starting from OPCs, followed sequentially by committed oligodendrocyte progenitors (COPs), newly formed OLs (NFOLs), myelin forming OLs (MFOLs) and finally by several populations of mature, axon sheathing, OLs (MOLs) (Marques et al., 2016(Marques et al., , 2018)). OPCs constitute the major proliferating cell type the adult central nervous system (CNS), acting as source for differentiated OLs while maintaining the pool of cells available for differentiation (Dawson et al., 2003). OPC proliferation and differentiation properties are subjected to a strict, finely tuned regulation by a complex network of signaling, transcription and epigenetic factors (reviewed in (Parras et al., 2020;[START_REF] Sock | Transcriptional control of myelination and remyelination[END_REF] Transcription factor 12 (TCF12, also called HTF4 or HEB) is a member the E protein family, a subclass of the basic helix-loop-helix (bHLH) protein family that includes TCF3 (E2A) and TCF4 (E2-2) (Massari & Murre, 2000). Functionally, TCF12 has been reported to regulate the differentiation of lymphocytes (Emmanuel et al., 2018;Jones-Mason et al., 2012;Wojciechowski et al., 2007), the formation of germ layers from embryonic stem cells [START_REF] Li | Targeted Disruption of TCF12 Reveals HEB as Essential in Human Mesodermal Specification and Hematopoiesis[END_REF][START_REF] Yi | E2A regulates neural ectoderm fate specification in human embryonic stem cells[END_REF]Yoon et al., 2015), osteoblast differentiation (Yi et al., 2017) and cranial suture development (Sharma et al., 2013). In the CNS, TCF12 is implicated in the development of midbrain dopaminergic neurons (Mesman & Smidt, 2017) but its roles in the oligodendroglial lineage are not known. Early studies had demonstrated that TCF12 is expressed in oligodendrogliomas and astrocytomas (Riemenschneider et al., 2004). Furthermore, we and others previously reported that TCF12 is mutated in oligodendrogliomas Labreche et al., 2015 ;(Aihara et al., 2017;;Suzuki et al., 2015). TCF12 mutations result in reduced transcriptional activity and were associated with aggressive tumor features (Labreche et al., 2015). However, how TCF12 mutations functionally impact the development of glioma cells of origin are not understood.

In this study, we explored the functions of TCF12 in oligodendroglia and gliomas, using chromatin binding profiling, transcriptomic and genomic analyses and genetic mouse models of Tcf12 conditional deletion. We report that TCF12 positively regulates OPC proliferation in vivo and further suggest putative implications that can be conserved in a glioma context.

Methods

Analysis of public data sets

Analysis of glioma samples from TCGA database: The Cancer Genome Atlas "Lower Grade Glioma, PanCancer Atlas" (514 samples) and "Glioblastoma Multiforme, PanCancer Altas" (592 samples) were visualized on the open-source web interface "cbioportal" (www.cbioportal.org). All the analyses and graphical representations (except the survival analysis) were performed on the "cbioportal" interface. Regarding the survival analyses of the TCGA data, for the LGG cohort, 513 samples (out of the initial 514 samples) were kept, after filtering out samples with missing overall survival data. From those, 495 samples had available mutation and copy number alteration (CNA) data (including 11 samples with TCF12 mutation, 63 samples with TCF12 deletion -homozygous or hemizygous-, and 3 samples with TCF12 mutation and deletion). The total number of samples for the survival analysis based on TCF12 alterations was 495 (77 with alteration vs. 418 without alteration). For the GBM cohort, out the 585 samples with survival data, 358 samples had available mutation and CNA data (including 2 samples with TCF12 mutation, 93 samples with TCF12 deletion -homozygous or hemizygous-, and 3 samples with TCF12 mutation and deletion). The total number of samples for the survival analysis based on TCF12 alterations was 358 (95 with alteration vs. 263 without alteration). Regarding the analysis of the association of patient survival with TCF12 expression levels: a CPM (Counts Per Million) normalization was performed. High/Low expression were defined by dividing into the upper 30% vs lower 70% of the patients. For the LGG cohort, this resulted in 154 high vs 359 low expression samples (513 samples with overall survival data). For the GBM cohort, from the 585 samples with survival data 152 samples had available expression data from RNA sequencing, resulting in 46 high vs 106 low expression samples. Survival curves were generated with the Kaplan-Meier method using R "survival" [START_REF] Therneau | Estimating the Survival and Hazard Functions[END_REF] and "survminer" packages. Statistical significance (p values) was determined by the log-rank test (default) of survfit function.

Analysis of TCF12 expression in normal brain cells: Data was retrieved from the online platform www.brainrnaseq.org/ (Zhang et al., 2014(Zhang et al., , 2016)).

Analysis of scRNAseq from oligodendroglial cells (Marques 2016(Marques , 2018)): Counts per gene were downloaded from GEO datasets GSE75330 and GSE95194, and processed in R (4.0) using the following packages: Seurat (3.0) for data processing, sctransform for normalization, and ggplot2 for graphical plots. Seurat objects were first generated for each dataset independently using CreateSeuratObject function (min.cells = 5, min.features = 100). Cell neighbors and clusters were found using FindNeighbors (dims = 1:30) and FindClusters (resolution = 0.4) functions. Clusters were manually annotated based on the top 50 markers obtained by the FindAllMarkers function, adopting mainly the nomenclature from Marques 2016. Using the subset function, we selected only the clusters containing neural progenitors and oligodendroglia cells. Using the merge function, we combined both oligodendroglial datasets into a single Seurat object (OLgliaDP) containing 5516 cells. The new object was subjected to NormalizeData, FindVariableFeatures, ScaleData, RunPCA, and RunUMAP functions with default parameters. Different OPC clusters were fused into a single one keeping apart the cycling OPC cluster. For DimPlots and Dotplots, clusters were ordered by stages of oligodendrogenesis from neural stem cells (NSCs) to myelinating OLs.

Analysis of human oligodendroglioma Affymetrix data (Labreche et al 2015): Data were downloaded from https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3892/ and normalized using the 'Robust Multi-Array Average' (RMA) method within the oligo R package. Low intensity probesets (< 3.5) were filtered out; probesets with no gene names or ambiguous probes (those matching more than one gene name) were excluded, resulting in 39,570 probesets. Differential analysis was carried out with the R limma package [START_REF] Ritchie | limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF]. A linear model was fitted to each gene and the empirical Bayes variance moderation method was applied to the model. Finally, GSEA (Gene Set Enrichment Analysis) was performed on differential analysis results on Hallmark and Reactome libraries from MsigDB collection.

Mice

Mice were housed, bred, and treated in an authorized facility (agreement number A751319). All protocols and procedures involving mice were ethically reviewed and approved by the local ethics committee and the French Ministry of Research and Higher Education (approval number APAFIS#20939-2020052811427837). Swiss (RjOrl:SWISS) mice were obtained from Janvier Laboratories (France). Tcf12flox mice (Tcf12 tm3Zhu Tcf3 tm4Zhu /J; (Wojciechowski et al., 2007) were obtained from Jackson Laboratory and maintained as heterozygotes (Tcf12 flox/wt ) by crossing them with C57BL/6JRj mice (Janvier Laboratories). These mice were bred to PDGFRα::CreER T (Kang et al., 2010) and Rosa26 LSL-YFP (Srinivas et al., 2001) to generate PDGFRα::CreER T/wt ; Rosa26 LSL-YFP/ LSL-YFP ; Tcf12 flox/wt males that were subsequently bred with Tcf12 flox/wt females. Both male and female animals were used for the experiments. Genotyping was performed using standard protocols (sequences of genotyping primers are available upon request). To induce Cre-mediated DNA recombination, PDGFRα::CreER T ;Rosa26 LSL- YFP ;Tcf12 flox mice were injected subcutaneously with 100μg/g of tamoxifen (T5648, Sigma; dissolved in corn oil; stock concentration of 20mg/mL) at P13, once a day for three consecutive days.

Immunofluorescence on frozen sections

Mice were sedated by xylazine (Rompun, 10-15mg/kg) and euthanized by intraperitoneal injection of sodium pentobarbital (Euthasol, 140mg /Kg). Mice were intracardially perfused with NaCl 0.9% followed by PFA 2% (Electron Microscopy Sciences 15713, diluted in PBS). Brains were post-fixed in PFA 2% and cryoprotected in 20% sucrose overnight at 4°C. The following day, brains were embedded in OCT (16-004004, Tissue-Tek), frozen in dry-icechilled isopentane and stored at -80 °C. Fourteen-micron cryosections were obtained using a cryostat (Leica). Cryosections were air-dried at room temperature (RT) and then incubated with blocking solution, containing 10% normal goat serum (NGS) in 0.3 % Triton X-100 (Sigma) in PBS (PBS-Triton 0.3%), for 1 hour at RT. Subsequently, sections were incubated with the primary antibodies either at 4 o C overnight or at RT for 2 hours. After three washes with PBS, sections were incubated with dye-labeled secondary antibodies for 1 hour at RT. Both primary and secondary antibodies were diluted in blocking solution (10% NGS in 0.3 % PBS-Triton). After three washes with PBS, sections were incubated in DAPI solution (300nM, Invitrogen D3571) for nuclear counterstaining, for 10 minutes at RT, and mounted using Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich). Slides were kept at 4 o C until image acquisition. Immunofluorescent staining of fixed cells was performed as described above, except that a solution of 0.05 % Tween 20 (P2287 Merck) in PBS was used instead of 0.3 % Triton -PBS. The references of primary and secondary antibodies are given in Supplementary Information.

Image acquisition and quantification

Images were captured using either a Leica Sp8x Confocal Microscope (quantification experiments), or a Zeiss wide-field fluorescent microscope (equipped with an Apotome system, expression and ICC-IF experiments). Image processing and analysis was performed on ZEN 2.0 blue edition software (Zeiss) or Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Images were generated as maximum intensity projections (MIPs) of the entire imaging depth. Cell counting was done with Fiji's Cell Counter plugin on MIPs.

Magnetic Activated Cell Sorting (MACSorting) of oligodendroglial cells

Mice (P12-P16) were euthanized with CO2 followed by immediate decapitation. Brains were rinsed in cold PBS and the dorsal region containing the cortex and corpus callosum was harvested. Dissociation was performed using the gentleMACS Octo Dissociator with Heaters (program 37C _NTDK _1, Miltenyi Biotec) with the appropriate tubes (gentleMACS C Tubes, 130-093-237, Miltenyi Biotec) and an enzymatic mix composed of 0.46 mg/mL papain (WOLS03126, Worthington), 0.1 mg/mL DNAse (WOLS02139, Worthington) and 0.124 mg/mL L-cysteine (C7880, Sigma) and HBSS 1X supplied with Ca 2+ and Mg 2+ . Upon dissociation, the suspension was filtered Miltenyi Biotec), the cells were further resuspended in 5 volumes of cold HBSS and centrifuged at 300g for 10 minutes at 4°C. Additionally, a debris removal step was performed using a Debris Removal Solution Miltenyi Biotec). Subsequently, cells were incubated with anti-O4 Microbeads (130-094-543, Miltenyi Biotec) and magnetic separation was done using Multi-24 Column Blocks and the MultiMACS Cell24 Separator Plus (130-095-692 and130-098-637, Miltenyi Biotec). O4+ cells were collected in BSA 0.5 % in PBS solution and counted. To characterize the sorted cell population, part of cell suspension was plated poly-ornithine coated (P4957, Sigma) and cultured for 2 hours before 4% PFA fixation as described in (Marie et al., 2018).

Neurosphere cultures

Cultures of neural progenitor cells (NPCs; neurospheres) were derived from brains of newborn (P1) Swiss mice. Briefly, mice were euthanized, and brains rinsed serially in cold Hank's Balanced Salt Solution (HBSS) 1X. The olfactory bulb and the cerebellum were removed, and a broad region around the subventrical zone was dissected and collected in PBS 1X. Tissue was mechanically dissociated by pipetting. Cells were pelleted and transferred in growth medium composed of DMEM/F-12 with GlutaMAX™ Supplement (61965-026, ThermoFisher), Penicillin-Streptomycin 1X (15140122, Life Technologies), B27 supplement 1X (17502048, ThermoFisher), N2 supplement 1X (17502048, ThermoFisher), 0.6% w/v D-glucose (G8769, Sigma), 5mM HEPES (15630056, Life Technologies) and 20μg/ mL insulin (I5500, Sigma). Growth factors (20 ng/ mL EGF GMP100-15, Peprotech, and 10 ng/ mL bFGF GMP100-18B, Peprotech) were added to the cultures and replaced every 2-3 days. Cultures were maintained in a humidified incubator at 37 °C with 5% CO2.

Chromatin immunoprecipitation followed by sequencing (ChIP-Seq)

We used NPCs (cultures established from wild type Swiss neonatal mice) or acutely isolated O4+ MACSorted cells (harvested from P11-P12 wild type Swiss mice). We used 4.10 6 cells for immunoprecipitation with TCF12 antibody and 10 6 cells for immunoprecipitation with each histone (H3K27Ac, H3K4me3, H3K27me3) antibody. Cells were fixed in PFA 1% for 10 minutes at RT. Fixation was quenched with 125 mM glycine (G8898, Sigma) for 5 minutes and cells were washed in cold PBS supplied with protease inhibitor cocktail (11873580001, Roche). Cells were stored as dry cell pellet in -80°C until further processed. The next steps were performed using iDeal ChIP-Seq kit for Transcription Factors (C01010055, Diagenode). Briefly, cells were lysed, and chromatin was sheared using a Bioruptor Pico sonicator (10 sonication cycles 30'' ON/ 30'' OFF, Diagenode). Sheared chromatin was incubated under constant rotation at 4°C O/N with Protein A-coated magnetic beads, coupled with rabbit anti-TCF12 antibody (5 μg , SAB3500566, Sigma). Elution, cross-link reversal and DNA purification steps were performed according to the manufacturer's protocol (Diagenode). Input (non-immunoprecipitated sheared chromatin) was used as control. Protocols for H3K27Ac, H3K4me3, H3K27me3, are described elsewhere (C Marie and C Parras, unpublished data). The ChIP-Seq libraries were prepared using TruSeq ChIP library preparation kit (ILLUMINA) and sequenced with a Nextseq 500 platform (ILLUMINA, 57 10 6 of 75 bp pair-end reads per sample). Sequenced datasets were processed with the Galaxy suite (https://usegalaxy.org/). Reads were trimmed using Cutadapt and Trimmomatic. Data was aligned to the mouse mm10 genome, using Bowtie2. PCR-derived duplicates were removed using PICARD MarkDuplicates and blacklisted regions were removed with blacklist. Bigwig coverage files were generated with bamCoverage and peak calling was performed using MACS (Model-based Analysis of ChIP-Seq) with options: --keep-dup 1, --narrow, --nomodel and filtered according to the following criteria: (i) length>=100bp and (ii) p-value<=5%. The Input for each individual experiment was used as control. Representation of the data was done using IGV browser (https://software.broadinstitute.org/software/igv/ , [START_REF] Robinson | Integrative genomics viewer[END_REF]). Overlapping, region annotation and correlations were done using Genomatix (www.genomatix.de). Gene set enrichment analyses were done using Enrichr (https://maayanlab.cloud/Enrichr/, [START_REF] Chen | Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool[END_REF]). "Promoters" correspond to regions 1000bp upstream of transcription start site (TSS) and 10bp downstream of TSS (Genomatix). "Enhancers" correspond to the regions associated with the presence of histone marks outside promoters.

RNA extraction, RT-qPCR and sequencing

mRNAs of O4+ MACSorted cells were extracted using the Macherey-Nagel NucleoSpin RNA XS kit (740902.50, Macherey-Nagel) and quantified with Nanodrop spectrophotometer.

RNAs were reverse transcribed to cDNA using the Maxima 1str cDNA Synth Kit (K1642, LifeTechnologies). Quantitative PCR was performed using LightCycler 480 SYBR Green I Master Mix (4707516001, Roche) on a LightCycler® 96 thermocycler. Samples were run in replicates (duplicates or triplicates). Primers details are listed in the Supplementary Information. Gapdh and Tbp genes were used for normalization. Analyses were performed using the delta-delta Cq method. For RNA sequencing, RNA-Seq libraries were prepared using the NEBNext Ultra II Directional RNA Library Prep Kit (NEB) and sequenced with the Novaseq 6000 platform (ILLUMINA, 32*10 6 100bp pair-end reads per sample). Quality of raw data was evaluated with FastQC. Poor quality sequences were trimmed or removed with fastp tool, with default parameters, to retain only good quality paired reads. was used for mapping on mm10 reference genome and quantification with gencode vM25 annotation gtf file. Library orientation, library composition and coverage along transcripts were checked with Picard tools. Subsequent analyses were conducted with R software. Data were normalized with edgeR (v3.28.0) bioconductor packages, prior to differential analysis with glm framework likelihood ratio test from edgeR package workflow. Multiple hypothesis adjusted p-values were calculated with the Benjamini-Hochberg procedure to control False Discovery Rate (FDR). Finally, enrichment analysis was conducted with clusterProfiler R package (v3.14.3) using Gene Set Enrichment Analysis (GSEA), on hand curated collections and on collections of the MSigDB. For the differential expression analyses, low expressed genes were filtered, sex was used as covariable and the cut-offs applied were: FDR < 0.05 and log2FC > 0.5.

Statistical analysis

Data were plotted and analyzed using MS Excel, GraphPad Prism 8 or R Studio, unless otherwise specified. In bar graphs, data are presented as mean + standard error of the mean (SEM). Points indicate independent biological samples (n) of the same genotype. Statistical tests used are specified in the figure legends. 

Results

TCF12 is altered in gliomas

To extend previous studies and obtain a broad view of the type and distribution of TCF12 alterations in gliomas, we queried the "Lower Grade Glioma" (LGG, grade II-III) and "Glioblastoma Multiforme" (GBM, grade IV) data sets of the TCGA PanCancer Atlas (containing data for 514 and 592 tumors respectively). By interrogating those datasets for mutations and copy number alterations, we found that TCF12 alterations are present in all glioma types (Supplementary Figure 1A). TCF12 is altered in approximately 27% and 18% of the GBM and LGG respectively (Figure 1A). In both tumor types, 70-80% of TCF12 alterations correspond to heterozygous losses (Figure 1B). We next compared the occurrence of TCF12 alterations with other common glioma alterations. We found that TCF12 alterations co-occur with the most common glioma alterations (TP53, PTEN, NF1, EGFR, CDKN2A) but do not cooccur significantly with IDH1 or CIC alterations (Supplementary Figure 1A and1B; Supplementary Table 1), further indicating that TCF12 alterations are not specific to a glioma type. We next analyzed whether TCF12 alterations were associated with patient clinical outcome (Figure 1C and1D). We did not detect an association between TCF12 alterations and patient overall survival. However, when considering TCF12 high and low expression levels (Supplementary Table 2), we noted that patients with higher TCF12 expression had a better survival compared to TCF12-low patients, both in GBM and LGG (Figure 1E and 1F), in line with a recently published study (Noorani et al., 2020). Together, these data suggest a broad and tumor suppressive function for TCF12 in gliomas.

[89] 

TCF12 is expressed in oligodendroglial cells

Given that cells with features of OPCs constitute a major tumor driving population in gliomas (C. Liu et al., 2011;Weng et al., 2019), we thus explored TCF12 function in these cells. In order to characterize Tcf12 expression across the oligodendrocyte lineage, we first interrogated a bulk RNA-Seq transcriptome database of mouse and human cerebral cortex cell types (Zhang et al 2014), finding that Tcf12 is expressed in neurons, astrocytes and in oligodendroglial cells in the mouse and human brain, with the higher expression levels in oligodendroglia (Figure 2A). We next processed and integrated single cell transcriptomic datasets of embryonic and postnatal mouse oligodendroglial lineage cells (Marques et al., 2016;[START_REF] Monje | Myelin plasticity and nervous system function[END_REF] to further explore Tcf12 expression across the oligodendrocyte (OL) lineage (Supplementary Figure 2A and2B). Analysis of this data revealed Tcf12 expression in NSCs, NPCs, and OL lineage cells, with Tcf12 expression being higher in early progenitor cells and differentiating OLs, compared to mature OLs (Figure 2B,C). Given the functional compensation among E-proteins suggested in neuroglial and other lineages (Ravanpay & Olson, 2008;Wedel et al., 2020;Zhuang et al., 1998), we also analyzed the expression of Tcf3 and Tcf4 in OL lineage cells. While Tcf3 was expressed in few cells and at quite low levels, Tcf4 was expressed in a higher percentage of NSCs, NPCs, and oligodendroglia than Tcf12, with a peak of expression in NPCs and OPCs (Supplementary 2C). Finally, we validated the presence of TCF12 protein in oligodendroglial cells in wild type mice by performing immunofluorescence of TCF12 along with PDGFRa (identifying OPCs), and the combination of CC1 and OLIG1 (identifying OLs, Figure 2D), showing that TCF12 protein is present in OPCs and differentiating OLs in the mouse corpus callosum, at postnatal and adult stages (Figure 2E-F).

[92] (Nakatani et al., 2013)).

[93] 

TCF12 primarily occupies active promoter regions in oligodendroglial cells

To explore the potential roles mediated by TCF12 in the oligodendrocyte lineage, we next sought to identify putative TCF12 gene targets and pathways in oligodendroglial cells, by generating the chromatin binding profiles of TCF12 in NSC/NPCs and oligodendroglia. To do so, we first performed magnetic-activated cell sorting (MACS) using O4 antibodies (recognizing OPCs/OLs, [START_REF] Dincman | Isolation of cortical mouse oligodendrocyte precursor cells[END_REF] to purify oligodendroglial cells from wild type postnatal day 12 (P12) mice, obtaining a population composed of ~30% OPCs and ~60% OLs (thereafter termed "OPCs/OLs", Supplementary Figure 3A-B). To assess cell type-specific and overlapping targets for TCF12, we also prepared neurosphere cultures of neural progenitor cells (thereafter termed "NPCs", Supplementary Figure 3A). We then performed chromatin immunoprecipitation followed by DNA sequencing (ChIP-Seq) using antibodies directed against TCF12 and histone marks defining status of regulatory elements as active, poised and repressed. Elements harboring H3K27Ac/H3K4me3 were considered as active, H3K4me3 alone as poised, and H3K27me3 as repressed [START_REF] Rada-Iglesias | A unique chromatin signature uncovers early developmental enhancers in humans[END_REF]. Peak calling identified 18405 TCF12 binding sites in NPCs and 28654 in OPCs/OLs that were associated 6947 and 15670 genes, respectively (Figure 3A, Supplementary Table 3). Only 3032 genes were shared between OPCs/OLs and NPCs, suggesting that TCF12 binding is cell type specific (Figure 3A). Analysis of the distribution of TCF12 binding sites over genomic regions (promoters, exons, introns, and intragenic regions) indicated that TCF12 binding in OPCs/OLs was particularly enriched in promoters, representing 42% of bound regions, compared to only 7% in NPCs (Figure 3B). Visualizing the genomic distribution of TCF12 binding sites further revealed a strong enrichment of TCF12 binding in the proximity of promoters in OPCs/OLs but not in NPCs, whereas TCF12 bound the vicinity of enhancers, defined as regions harboring a histone mark located away from a transcription start site, in both NPCs and OPCs/OLs (Figure 3C). We then characterized whether the regulatory regions bound by TCF12 were active, poised or repressed and found that promoter regions bound by TCF12 were mainly active both in OPCs/OLs and NPCs (52% active, 12% poised, and 6% repressed in OPCs/OLs, and 63% active, 23% poised, and 5% repressed in NPCs), while enhancer regions bound by TCF12 binding corresponded mostly to poised enhancers (52% in OPCs/OLs and 69% in NPCs) (Figure 3D and Supplementary Figure 3C, Supplementary Table 3). Altogether, our findings of TCF12 occupancy in gene regulatory regions enriched in active or poised chromatin marks in both OPCs/OLs and NPCs, suggest that it directly activates gene expression in both cell types. Notably, the promoters of genes known as markers of OPCs (Pdgfra) and OLs (Itpr2, Mbp), as well as proliferation markers (Mki67, Cdkn1a), were bound by TCF12 in OPCs/OLs and displayed active histone marks (Figure 3E). Finally, we performed enrichment analysis of the genes associated with TCF12 binding at active promoters in OPCs/OLs. This analysis revealed enrichment of pathways related to proliferation, translation/ribosomes, proteasome, and signaling pathways involved in oligodendrocyte development and cancer (such as MYC, TGFß, PI3K/AKT/mTOR, WNT-beta catenin, p53, Notch) (Figure 3F; Supplementary Table 4). Therefore, all together, these data suggest that TCF12 regulates oligodendrocyte development, by positively regulating gene expression.

TCF12 inactivation in OPCs in vivo leads to proliferation defects

To further characterize the roles of TCF12 in oligodendrocyte lineage, we generated an inducible Tcf12 knockout mouse model. To do so, we combined a Tcf12 flox mice having loxP sites flanking the exons encoding the bHLH domain (Mesman & Smidt, 2017;Wojciechowski et al., 2007), with mice carrying Pdgfra::CreER T driver (Kang et al., 2010) and YFP inducible reporter (Srinivas et al., 2001). Thus, in this Pdgfra::CreER T ;Rosa26 LSL-YFP ;Tcf12 flox model, TCF12 inactivation can be induced specifically in OPCs upon tamoxifen-dependent Cremediated recombination and the cell fates of Tcf12-mutant cells can be traced by the YFP reporter. In this model, we compared mutant heterozygous (Tcf12 het ) and homozygous (Tcf12 hom ) animals with intact Tcf12 (Tcf12 ctrl ) littermates (Supplementary Figure 4A-B). As a first step, we administrated tamoxifen at P13, at the peak of oligodendrocyte differentiation in the corpus callosum and performed our analysis at P16 to focus on the immediate effects following Tcf12 inactivation (Figure 4A). We first validated the efficacy of Cre-mediated recombination of the Tcf12 flox allele by quantifying mutated Tcf12 transcripts by RT-qPCR on OPCs/OLs purified by O4 + magnetic sorting from P16 cortices. We observed a 25% to 50% decrease in Tcf12 transcript levels in Tcf12 het and Tcf12 hom animals respectively, compared to Tcf12 ctrl (Supplementary Figure 4D), which is consistent with ~60% of O4+ cells being recombined (YFP + ) at the time of analysis (Supplementary Figure 4E). We next asked whether Tcf12 inactivation affected OPC proliferation and differentiation properties by performing combined immunostaining with antibodies against GFP to detect the recombined (YFP + ) cells, PDGFR/Ki67 to label OPCs and their proliferative status, and CC1/OLIG1 to label different OL stages (Figure 4B,C). Remarkably, while the density of recombined OPCs (PDGFR + GFP + /mm 2 ) (Figure 4D) and the fraction of recombined OPCs (PDGFR + GFP + /PDGFR + and PDGFR + GFP + / GFP + ) (Figure 4E,F) remained unchanged in the corpus callosum across the different genotypes, the fraction of proliferating OPCs was reduced by two-fold in Tcf12 hom animals (28.2% ± 3.94% in Tcf12 ctrl , 25.3% ± 3.31% in Tcf12 het , and 13.6% ± 2.42% in Tcf12 hom , Figure 4G). This result parallels our ChIP-Seq analysis, which indicated a positive regulation of proliferation by TCF12. We then analyzed different stages of differentiating OLs identified by their differential expression of CC1 and OLIG1 (Marie et al., 2018;Nakatani et al., 2013). We did not detect any difference among genotypes in the proportions of recombined cells being early (CC1 + OLIG1 -GFP + cells) and intermediate/late differentiating OLs (CC1 + OLIG1 + GFP + cells), although we noted a trend towards more mature oligodendrocytes in Tcf12 hom mice (Figure 4H-I). Together, our data suggest that TCF12 is a positive regulator of OPC proliferation and likely dispensable in OL differentiation.

To address whether changes in OPC proliferation and differentiation persist following Tcf12 inactivation, we induced Pdgfra::CreERT;Tcf12 flox ;Rosa LSL-YFP mice as previously at P13 and harvested them ten days later (P23; Supplementary Figure 4F-N). We noticed that the density of recombined cells (PDGFRa+GFP+/mm2) were similar among genotypes (Supplementary Figure 4I). In addition, OPC proliferation did not change between genotypes, nor differentiating oligodendrocytes (Supplementary Figure 4J-N). These results suggest that TCF12 is, in the long term, dispensable for proper OPC proliferation and differentiation. 

Transcriptomic analyses of Tcf12 deficient oligodendroglial cells highlight differentiation defects and deregulation of cancer related pathways

To gain insights into the molecular mechanisms altered upon Tcf12 inactivation, we performed a transcriptomic analysis. We purified OPCs/OLs (O4+ cells) at P16 from control and mutant mice three days after tamoxifen induction and performed RNA sequencing (Figure 5A). Using stringent criteria of statistical analysis (FDR <0.05, log2FC >0.5), we detected few differentially expressed genes (Supplementary Table 5). We thus analyzed the data by the method of gene set enrichment analysis (GSEA). To this goal, we first performed GSEA using a hand-curated collection of oligodendroglial gene sets derived from publications (Marques et al., 2016(Marques et al., , 2018;;Weng et al., 2019;Zhang et al., 2014) (collection provided in Supplementary Table 6). In line with our observations from immunofluorescence analysis, we observed a downregulation of gene sets related to OPCs and their proliferation in mutant animals compared to controls (Figure 5B and Supplementary Table 7). Moreover, we noted a positive enrichment of gene sets related to more differentiated oligodendrocytes in mutant compared to control animals (Figure 5B and Supplementary Table 7). Interestingly, enrichment analysis comparing Tcf12 Het vs Tcf12 ctrl cells revealed similar defects in proliferation and differentiation, although we were not able to detect these changes with the immunofluorescence approach (Supplementary Figure 5A).

To establish a broader view of the data beyond the oligodendrocyte signatures, we carried out GSEA using the highly curated HALLMARK collection from the molecular signature database (MSigDB) (Liberzon et al., 2015). In agreement with the previous analysis, comparison between Tcf12 hom and controls also revealed a negative enrichment of cell cycle processes (E2F targets, mitotic spindle, G2M checkpoint), together with epithelialmesenchymal transition (EMT) gene sets, and a positive enrichment of pathways related to metabolism (oxidative phosphorylation, fatty acid, adipogenesis, and reactive oxygen species) and MYC target genes (Figure 5C). Parallel analysis of Tcf12 het compared to controls showed no enrichment in cell cycle processes, upregulation of processes related to cholesterol homeostasis, and downregulation of immune signatures (inflammatory and interferon responses), EMT and NOTCH signaling (Supplementary Figure 5B). Querying additional collections from the molecular signature database (REACTOME, KEGG, GO_Biological_Process), we observed that Tcf12 inactivation was also associated with negative regulation of developmental pathways (such as NOTCH, BMP) and pathways related to cancer (such as cell cycle, extracellular matrix, ribosome, TP53,) (Supplementary Figure 5C). Interestingly, the absence of functional TCF12 induced a deregulation of ribosome biogenesis and translation related pathways (Figure 5D, Supplementary Figure 5C) which are a strictly tuned in a multi-staged process controlling diverse cellular responses, such as cell proliferation and growth (Hetman & Slomnicki, 2019). Altogether, these analyses strongly support the role of TCF12 promoting OPC proliferation.

Discussion

In this study, we aimed to explore the roles of TCF12 in the oligodendroglial lineage and in gliomagenesis. Although TCF12, similar to other members of the E protein family (TCF3, TCF4), is a ubiquitously expressed protein, its function remains poorly characterized in cellspecific contexts. Tcf12 expression in oligodendroglial cells has been demonstrated in vivo and in vitro (Fu et al., 2009;Sussman et al., 2002;Wedel et al., 2020). Oligodendrocyte precursor cells (OPCs) have been proposed to be the cells of origin for gliomas and responsible for tumor expansion (C. Liu et al., 2011;Persson et al., 2010;[START_REF] Sugiarto | Asymmetry-defective oligodendrocyte progenitors are glioma precursors[END_REF]Weng et al., 2019), although mutations may arise as early as the neural stem cell stage (J. H. Lee et al., 2018;C. Liu et al., 2011). Understanding how genes altered in gliomas impact the lineage of origin can provide insights into their implication in gliomas, as these functions may be conserved in tumor context. Here, querying resources of bulk and single cell transcriptomic data sets from embryonic and postnatal mouse brain (Marques et al., 2016(Marques et al., , 2018;;Zhang et al., 2014), we find that Tcf12 is expressed throughout oligodendrocyte lineage development, with higher transcript levels in progenitor and cells at early stages of differentiation. By immunofluorescence, we demonstrate a similar pattern of TCF12 protein in postnatal and adult oligodendroglia, with TCF12 levels peaking in OPC and differentiating oligodendrocytes.

We report the first analysis of TCF12 genome wide binding sites in oligodendroglial cells acutely isolated from the postnatal cerebral cortex. TCF12 binding sites were enriched in promoter regions compared to other genomic regions, and associated with active histone marks, suggesting that TCF12 acts as a transcriptional activator in oligodendrocyte lineage cells. The key regulators of oligodendrocyte development ASCL1 and OLIG2 are known to dimerize with E-proteins to control gene expression. TCF12 binding sites partially overlap with those of ASCL1 and OLIG2 (C Marie and C Parras, unpublished data) suggesting interaction between TCF12 and these proteins in transcriptional regulation of oligodendroglial cells. Interestingly, a recent study pointed to a preferential interaction of TCF12 with OLIG1 in HEK cells (Wedel et al., 2020). Future studies will be needed to determine the contribution of the different TCF12 heterodimers in the regulation of OPC proliferation and differentiation.

We further show that specific inactivation of Tcf12 in postnatal OPCs result in a significant decrease in the proportion of proliferating OPCs without impacting the proportions of OPCs and oligodendrocytes. This result indicates that TCF12 controls OPC proliferation, as suggested by our ChIP-Seq data and in agreement with our observations of high Tcf12 expression in neural stem and progenitors of the mouse brain. Transcriptomic analyses of Tcf12 deficient cells offered a higher resolution of altered processes and further pointed out differentiation defects, that we were unable to detect from our immunohistochemical analysis although we noted a trend towards more mature oligodendrocytes and total numbers of recombined GFP+ cells in Tcf12-deficient cells. Enrichment of oligodendrocyte signatures in Tcf12-deficient cells may reflect the consequences of decreased OPC proliferation. Our data thus suggest that in the oligodendroglial lineage, TCF12 may primarily act on proliferation, rather than differentiation. This is in agreement with a recent study showing that ectopic TCF12 does not affect oligodendrocyte differentiation of brain organotypic slices (Wedel et al., 2020). However, our finding of TCF12 binding to the promoters of oligodendrocyte genes implies a possible and subtle implication of TCF12 in the control of differentiation. We noted that the effects of Tcf12 inactivation on proliferation are transient. Given that all three E-protein genes (Tcf12, Tcf3,

[107] Tcf4) are expressed in developing oligodendrocytes, it is possible that TCF3 and TCF4 may compensate for TCF12 deficiency, as shown for Tcf12-/-mouse cerebella that display upregulation of Tcf4 transcripts (Ravanpay & Olson, 2008). Although we did not detect an upregulation in Tcf3 and Tcf4 transcripts in Tcf12-deficient OPCs three days post inactivation (Supplementary Table 5), we cannot exclude that a compensation takes place later on, given the strong levels of Tcf4 transcripts present in OPCs.

Transcriptomic analysis of both Tcf12-deficient oligodendroglia (this study) and TCF12mutated gliomas (Labreche et al., 2015) revealed few significantly differentially expressed genes in the context of TCF12 inactivation compared to wild type TCF12. This result is intriguing given that we find TCF12 binds over 15,000 genes in the genome of oligodendroglial cells and therefore one might expect substantial deregulation of gene expression in the absence of functional TCF12. However, the apparent lack of gene expression differences may in fact highlight the diversity of processes directly controlled by TCF12, as many of them may interact and regulate each other, leading to an overall normalization of gene expression. Interestingly, our ChIP-Seq and RNA-Seq data suggest a control by TCF12 of several processes involved in cancer, many of which are also perturbed in TCF12 altered oligodendrogliomas. For example, we observed a negative enrichment of terms related to the extracellular matrix and epithelialmesenchymal transition (EMT) in Tcf12-deficient OPCs and in TCF12-altered oligodendrogliomas. Accordingly, TCF12 was shown to repress E-cadherin expression, and its expression has been correlated with increased invasion, migration, and metastasis in several cancers (He et al., 2016;[START_REF] Lee | TCF12 Protein Functions as Transcriptional Repressor of E-cadherin, and Its Overexpression Is Correlated with Metastasis of Colorectal Cancer[END_REF]Luo et al., 2020), including GBM (Zhu et al., 2021). Our study may also imply novel roles for TCF12 in the control of ribosome biogenesis and translation. TCF12 has been shown to bind the bHLH transcription factor MYC in rat fibroblasts (Agrawal et al., 2010). By inducing the transcription of ribosomal RNA, ribosomal proteins and genes involved in the maturation of ribosomal RNAs, MYC directly controls ribosome biogenesis and translation [START_REF] Piazzi | Signal Transduction in Ribosome Biogenesis: A Recipe to Avoid Disaster[END_REF]. Perturbation of the ribosome biogenesis process has been shown to induce p53 activation [START_REF] Piazzi | Signal Transduction in Ribosome Biogenesis: A Recipe to Avoid Disaster[END_REF]. Interestingly, processes related to MYC, TP53 and ribosome/translation were enriched in genes deregulated Tcf12-deficient oligodendroglial cells and in TCF12-altered oligodendrogliomas. In addition, we detected binding of TCF12 on promoters of Myc, Mycn and genes involved in ribosome biogenesis (Rpl5, Ruvbl2, Fbl) in oligodendroglial cells. Of note, links between E-proteins and ribosome biogenesis were previously suggested: TCF4 is detected in the nucleolus, where ribosome biogenesis occurs, and loss of function mutants inhibit protein synthesis in rat hippocampal neurons [START_REF] Slomnicki | Nucleolar Enrichment of Brain Proteins with Critical Roles in Human Neurodevelopment[END_REF] and its overexpression represses MYC target genes in a leukemic cell line (N. [START_REF] Liu | Different roles of E proteins in t(8;21) leukemia: E2-2 compromises the function of AETFC and negatively regulates leukemogenesis[END_REF]. An important difference we noted between Tcf12-deficient OPCs and TCF12-altered oligodendrogliomas is that while proliferation is decreased in OPCs, loss of TCF12 is associated with increased proliferation in human oligodendrogliomas. TCF12 roles in glioma are poorly characterized and the few published studies have reported opposite findings. A previous study showed that TCF12 silencing decreased proliferation and invasion in glioma cell lines (Godoy et al., 2016). In contrast, we previously showed in oligodendrogliomas that TCF12 mutations were associated with more aggressive tumors features (Labreche et al., 2015), indicative of a tumor-suppressive function for TCF12. In line with these findings, TCF12 was recently identified as a master regulator of the differentiated, rather than stem-like, state in glioblastomas [START_REF] Castellan | Single-cell analyses reveal YAP/TAZ as regulators of stemness and cell plasticity in glioblastoma[END_REF].

In conclusion, our study suggests that TCF12 directly regulates many signaling pathways in oligodendroglia development that are relevant in a glioma context.

Tcf12 inactivation in a glioma mouse model Introduction

To extend our insights into the potential roles mediated by TCF12 in gliomagenesis, we combined Tcf12 inactivation to a glioma mouse model. To this aim, we took advantage of an immunocompetent mouse GBM model developed and characterized by our colleagues in the lab, Rana Salam and Isabelle Le Roux (Salam et al., 2021, in revision). This glioma mouse model constitutes a modified version of a model developed by the team of Inder Verma [START_REF] Marumoto | Development of a novel mouse glioma model using lentiviral vectors[END_REF][START_REF] Friedmann-Morvinski | Dedifferentiation of Neurons and Astrocytes by Oncogenes Can Induce Gliomas in Mice[END_REF]. Briefly, this model is based on the intracranial injection of a Cre/LoxP-controlled, oncogenic lentivirus (HRasV12-GFP-shp53) into the subventricular zone of an inducible mouse line (GlastCreER T2/wt ; Pten flox ) [START_REF] Marino | PTEN is essential for cell migration but not for fate determination and tumourigenesis in the cerebellum[END_REF][START_REF] Mori | Inducible gene deletion in astroglia and radial glia-A valuable tool for functional and lineage analysis[END_REF]. Genetically, this model is supposed to recapitulate hallmark molecular alterations identified in the mesenchymal subtype (MES) of human GBM, which are: the loss of PTEN and P53 and the inactivation of NF1 via the expression of the mutated, constitutively active form ("oncogenic") of HRas (HRasV12). In addition, histological analyses performed by our colleagues showed that murine tumors derived from this model indeed recapitulated the histopathology of GBMs of patients (Salam et al., 2021, in revision). Moreover, in this model, as the initial mutations affect only a small population of cells, tumorigenesis is induced de novo and in an immunocompetent brain, thus resembling the human pathology. To adapt this model to our studies, we generated GlastCreER T2/wt ; Pten flox ; Tcf12 flox compound mice. Young adult (6-10-week-old) female mice were intracranially injected with the oncogenic lentiviral vector, targeting the subventricular zone (SVZ), and were subsequently induced with tamoxifen. The inducible Cre recombinase is expressed in GLAST+ cells, which can be either astrocytes or NSCs. However, as the site of lentivirus injection is the SVZ, one the of two NSC niches in the mouse brain, NSCs will be the only targeted cell type. Upon successful intracranial injection, some GLAST+ NSCs should have integrated the lentivirus. Next, administration of tamoxifen, shall induce nuclear translocation of CreER T2 recombinase in GLAST+ cells and recombination of the Pten and Tcf12 loci, as well as of the integrated lentiviral constructs. That will result in loss of PTEN and TCF12 and it will induce the expression of HRasV12 and GFP. Noteworthily, the expression of the short hairpin RNA against Trp53 (shp53) is guided by a Cre-independent, ubiquitous promoter (U6). The genetics and the experimental procedure are illustrated in Figure 12. [116]

Another reason why we selected this model, was that single cell RNA-Seq analyses performed by our colleagues revealed high Tcf12 expression in the tumor cells (Salam et al., 2021, in revision). Moreover, the identity of the cells with the highest Tcf12 expression resembled those pri-OPCs or cycling cells (based on data sets published by Weng et al., 2019) (Figure 13). In the next sections, I will proceed to a description of the methods and the acquired results. [117]

Results

To address TCF12 function in a gliomagenic context, we induced Tcf12 inactivation in the GlastCreER T2/wt ; Pten flox ; Tcf12 flox / HRasV12-GFP-shp53 model. A recapitulative overview of the procedures followed, and the naming of the experimental groups is provided in Figure 14 below: Our objectives were to analyze the impact of Tcf12 inactivation on: (1) gross tumor histology and mouse overall survival; (2) molecular processes and pathways, by transcriptomic analyses. The goal of these analyses was to correlate our observations, with our results on Tcf12 inactivation in normal cells and the data concerning human gliomas, described in the submitted manuscript (Results, Part I, Submitted Manuscript).

[118]

Survival analysis

We first compared the survival of the tumor bearing mice harboring Tcf12 inactivation to the controls. We noticed that the overall survival was not significantly different between groups (mGBM Tcf12 ctrl n=12 median survival = 34.5 dpi, mGBM Tcf12 het n=15 median survival = 39 dpi, mGBM Tcf12 hom n=15 median survival = 40 dpi Figure 15). It has to be mentioned that the latency of the tumors generated with this mouse model is relatively short (34.5 dpi in the control group, in accordance with the results of Salam et al., 2021). 

Histological analysis

We characterized the gross histology of the generated mouse tumors with Hematoxylin-Eosin (HE) staining. HE-stained cryosections were examined blindly by a pathologist. Globally, the tumors presented typical characteristics of human GBM such as increased cellularity, multinucleated or polymorphic giant cells, necrotic areas, and infiltration (Figure 16A-B). Two groups were identified based on the predominance of regions with increased cellularity (termed "monomorphic") or regions of multinucleated or polymorphic giant cells (termed "polymorphic"). However, the ratios of monomorphic and polymorphic tumors were similar between Tcf12-mutant and control mice (Figure 16C). From the above, we can infer that at gross morphological level, tumors Tcf12-mutant and control tumors were indistinguishable.

(Figure 17 

Transcriptomic analyses

RT-qPCR

Since the GBM mouse model (without Tcf12 inactivation) was already described and validated by our colleagues, we assessed expression of a gene panel on the first generated tumors, by qPCR analysis of RNA extracts from GFP+ (tumor) and GFP-(control) tissue. We studied the expression of few tumor-and microenvironment (non-tumor) related genes (selected based on the transcriptomic data by Salam et al., 2021): Ki67, Ascl1, Sox2, Ptpr21 and Cdkn2a were chosen as "tumor markers", P2ry12 and Aif1 were chosen as "microenvironment markers", while Tcf12 was also included (Figure 17). When comparing GFP+ to GFP-tissue within each group (mGBM Tcf12 ctlr , mGBM Tcf12 het and mGBM Tcf12 hom , Figure 17A), we noted increased expression of the tumor related genes in tumors of all genotypes. When we did a comparison of only the tumor tissues (GFP+) among

[120] groups, we did not observe any major differences in the expression of the tumor markers among genotypes, except for higher Ki67 in the mGBM Tcf12 hom samples (Figure 17B). In particular, Tcf12 expression, albeit lower, wasn't significantly ablated in the mutant animals. Considering that Tcf12 is abundantly expressed in the brain, we could infer that there might be a small sampling bias ("contamination" with GFPtissue). Nonetheless, it needs to be taken into account that the tumor mass naturally contains significant numbers of non-tumor (and therefore non recombined) cells. 

Bulk RNA-Sequencing

To gain more profound insights into TCF12-regulated processes in this glioma context, we proceeded to a global transcriptomic analysis of microdissected tumors (mGBM Tcf12 ctrl n=6, mGBM Tcf12 het n=3, mGBM Tcf12 hom n=3). When we performed differential gene expression analysis, we were once again confronted with a very small number of differentially expressed genes, in the two Tcf12-mutants versus the control group (<10 differentially expressed genes in both cases). In addition to that, we were aware that the tumors generated with this model were quite heterogeneous at a transcriptional level, even without the loss of Tcf12 (results by Salam, Le Roux and colleagues). Because of the above reasons and prompted by our initial results (no differences in the overall survival and gross histology of the murine tumors and commonalities in deregulated pathways in Tcf12 het and Tcf12 hom oligodendroglial cells -Results, Submitted manuscript, Results, Figure 5), we considered the mGBM Tcf12 het and mGBM Tcf12 hom animals as a common mGBM Tcf12 flox group, to increase the number of Tcf12 altered animals compared to the controls. However, once again, we detected no differentially expressed genes, following the same strict criteria of analysis (FDR = 0.05 and logFC=0.5). As for our transcriptomic analyses of oligodendroglial cells, we proceeded to GSEA analyses, in search of potential pathway level differences. In order to get a bird's-eye view of the data, we first performed GSEA using the MSigDB collection HALLMARK. Starting GSEA analysis with HALLMARK is recommended as it represents a highly curated gene set collection, resulting from the compilation of numerous gene sets from several other MSigDB collections (Liberzon et al., 2015). Analysis yielded a positive enrichment of cell cycle-related (E2F targets, G2M checkpoint) and oxidative phosphorylation terms, in mGBM Tcf12 lflox samples compared to controls. Sets related to epithelial-to-mesenchymal transition (EMT), immunity and genes downregulated by KRAS activation showed a negative enrichment (Figure 18A). Interestingly, E2F targets, Oxidative phosphorylation, EMT and interferon response sets, were enriched in the same way in the HALLMARK-GSEA analysis of TCF12-altered human oligodendrogliomas (Results, Submitted manuscript, Results, Figure 5). These observations could suggest similarities between roles of TCF12 in gliomagenesis in the mouse and in the human. What is more, enrichment in Oxidative phosphorylation, EMT and interferon response, was similar to that of Tcf12-deficient oligodendroglial cells (Results, Submitted manuscript, Results, Figure 5 and Supplementary Figure 5). As in the case of TCF12-altered oligodendrogliomas, a notable difference between the normal cells and the tumor, is the direction of the change in proliferation. Tcf12-loss in OPCs was associated with a decrease in proliferation (histological and transcriptomic data), while TCF12-deficient human and murine gliomas had enhanced proliferation signatures (transcriptomic data). We also interrogated the Biological Process collection (Gene Ontology -GOresource). As expected, we found several similar changes with our HALLMARK analysis (ie positive enrichment in proliferation and oxidative phosphorylation gene sets and negative enrichment in cell connectivity, Figure 18B). Moreover, terms related to transcription, signal transmission and oligodendrocyte development were also significantly negatively enriched in the mGBM Tcf12 flox samples. [123]

Methods

Mice

As previously stated (Results, Part I, Submitted Manuscript, Methods, Mice), the mice were housed, bred, and treated in an authorized facility (Paris Brain Institute -ICM) and all the protocols and procedures involving mice were ethically reviewed and approved by the respective local committees and national regulatory authorities. The Glast-CreER T2 ; Pten flox ; Tcf12 flox mouse line was generated by the cross of Tcf12 flox/wt animals with Glast-CreER T2/wt ; Pten flox/flox compound mice [START_REF] Marino | PTEN is essential for cell migration but not for fate determination and tumourigenesis in the cerebellum[END_REF][START_REF] Mori | Inducible gene deletion in astroglia and radial glia-A valuable tool for functional and lineage analysis[END_REF]Wojciechowski et al., 2007). For the breedings, we crossed GlastCreER T2/wt ; Pten fl/fl ; Tcf12 fl/+ with Pten fl/fl ; Tcf12 fl/+ animals. For the experiments, only female mice were used. These mice we heterozygous for the allele of the Cre recombinase (GlastCreER T2/wt ), were homozygous for the floxed allele of Pten, while there were three possible genotypes for the Tcf12 locus: Tcf12 +/+ , Tcf12 fl/+ or Tcf12 fl/fl . Genotypings were done according to standard protocols at the iGenSeq core facility of the Paris Brain Institute.

Stereotaxic surgery for intracranial injection of lentivirus and tamoxifen administration

Procedures were performed according to protocols described in Salam et al 2021 (in revision). 6-10-week-old female adult Glast-CreER T2 ; Pten flox ; Tcf12 flox mice were used for the experiments. Prior to surgery, animals received an intraperitoneal injection of buprenorphine (0.075 μg/g) and a subcutaneous injection of laocaine (160μg). Subsequently, animals were anesthetized with isoflurane (induction 4%, maintenance at 1.5% -2.5%). 1uL of lentivirus ( 6x 10 8 PFU/mL, HRasV12-shp53-GFP, provided by Salam R et al) was stereotaxically injected using a Hamilton syringe (87930) with 30G needle with a silica fiber tip (Phymep) and an automatic injector (0.1 μL/min injection rate, Harvard Apparatus). The co-ordinates used were: y = 1 mm anterior to bregma, x= 1 mm lateral right and z= 2.3 mm deep from the surface of the brain, targeting the right subventricular zone (SVZ). The injection needle was left in place for 5 minutes after the injection was completed and removed step-wise to prevent backflow. The skin incision was closed using surgical glue (SurgiBond Tissue Adhesive, IMS) and animals were placed to recover in a heated recovery chamber, before being transferred to their housing cage. Starting the next day after the surgery, mice were injected intraperitoneally with 100μg/g of tamoxifen solution (T5648, Sigma; dissolved in corn oil; stock concentration of 20mg/mL) , once a day, for 5 consecutive days. Upon intracranial injection and tamoxifen administration, the mice were followed daily, and they were harvested when they reached endpoints, meeting accepted animal care guidelines (i.e. weight loss exceeding 15% of body weight, hunched posture, head bumps, changes in the behavior or signs of sufferingseizures, difficulty to ambulate etc). For each stereotaxic surgery session, 4-7 mice of different of genotypes were included (one stereotaxic surgery session = one mouse "batch") . Mice batches in which less than 50% of the animals developed tumors were excluded from the analyses.

Sample harvest

Mice at endpoints were sacrificed with CO2 followed by an intracardiac perfusion with cold HBSS 1X. Brains were extracted and placed under a fluorescent stereomicroscope (Leica) so that that GFP+ tumor mass could be seen. Subsequently, the brains were cut coronally into two parts, at the level of the middle of the tumor mass.

From the anterior part of the brain (containing the anterior half of the tumor mass), GFP+ tissue (tumor) and adjacent GFP-tissue were carefully dissected out. GFP+ and GFP-tissue samples were further micro-dissected, immediately put in TRI-reagent (TR 118,Molecular Center Research), snap-frozen on dry ice and stored at -80°C until further processed for RNA extraction. The posterior part of the brain (containing the posterior half of the tumor mass) was frozen in dry-ice-cooled-isopentane to be used for histology.

Histological analysis and Hematoxylin-Eosin staining

Frozen brain samples (posterior part of the brain containing the posterior half of the tumor mass) were sectioned into 14 μm cryosections with a Leica cryostat, which were stored at -80°C until use. For histological analyses with Hematoxylin-Eosin (HE) staining, cryosections were air-dried and fixed with PFA 4% (Electron Microscopy Sciences 15713, diluted in PBS) for 20-30 minutes at RT . After fixation, 2 washes with PBS 1X and 1 wash dH2O were performed (5 minutes each, at RT). Subsequently, sections were dehydrated in increasing % v/v of ethanol baths (50, 70, 70, 90, 90, 100, 100 % v/v ) and immediately rehydrated in the reverse sense (1 minutes each bath ; except for the last dehydration 100% v/v which was 5 minutes). After the dehydrated-rehydration steps, sections were briefly washed in dH2O, before being stained in Mayer hematoxylin solution for approximately 4 minutes. Intensity of the staining was verified with a stereomicroscope. Upon staining the sections were rinsed, first with tap water, and afterwards with dH2O. Next, staining in eosineY/orangeG solution for approximately 30 seconds was performed. Once again, the intensity of the staining was verified with a stereomicroscope and a wash with dH2O was done. Sections were dehydrated in ethanol baths as previously described, submerged in three successive baths of xylene (5 minutes each) and finally mounted with Eukitt glue. Histological evaluation of the HE-stained slides was done blindly by an anatomopathologist (Dr Karima Mokhtari, Hôpital de la Pitié Salpêtrière, Paris). To obtain images, HE-stained sections were scanned with a Zeiss Axio Scan.Z1 microscope slide scanner. Image visualisation was performed on ZEN 2.0 blue edition software (Zeiss). histology of these tumors.

RNA extraction and RT-qPCR

RNAs of brain tissue (GFP+ tumor and GFP-control tissue) were extracted following the TRIreagent protocol (TR 118,Molecular Center Research,) applying a DNAse treatment step (04716728001, Sigma) after RNA solubilization. Upon DNAse treatment, RNAs were reprecipitated, -washed and -solubilized. RNA extracts were quantified with Nanodrop spectrophotometer.
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If they RNAs were used for tRT-qPCR analyses, they were reverse transcribed to cDNA and processed for qPCR described in the section: Results, Part I, Submitted Manuscript, Methods, RNA extraction, RT-qPCR and sequencing.

RNA sequencing and analysis

For RNA sequencing, RNA-seq libraries were prepared using the NEBNext® rRNA Depletion Kit NEBNext® rRNA Depletion Kit for Human/Mouse/Rat (NEB, for RNAs of mouse tumor tissue) and sequenced with the Novaseq 6000 platform (ILLUMINA, 32*10 6 100bp pair-end reads per sample) (iGenSeq core facility, Paris Brain Institute). Raw data processing, differential and enrichment analyses were performed as described in Results, Part I, Submitted Manuscript, Methods, RNA extraction, RT-qPCR and sequencing. Raw data processing was done by Justine Guégan and Beata György (Data an Analysis core facility, Paris Brain Institute). Subsequent analyses were done on a user-friendly web interface (developed by the Data an Analysis core facility of Paris Brain Institute), with the help of Justine Guégan and Beata György.

Statistical analysis

Data presented in the following figures were plotted and analyzed using MS Excel, GraphPad Prism 8 or R Studio, unless otherwise specified. In bar graphs, data are presented as mean + standard error of the mean (SEM). Points indicate independent biological samples (n) of the same genotype. Statistical tests used are specified in the text or figure legends.

Table of primers used for qPCR

Tcf12

Forward GGGCAGAACAAGCAGTACCA

Reverse GTTAGCCATCCGCCTTTCCT

Tbp

Forward ATCCCAAGCGATTTGCTG

Reverse CCTGTGCACACCATTTTTCC

Gapdh

Forward GCCAAAAGGGTCATCATCTC

Reverse CACACCCATCACAAACATGG

Aif1

Forward GCAATTCCTCGATGATCCCAA

Reverse GATCAAACTCCATGTACTTCACCTT

Ascl1

Forward GCTCTCCTGGGAATGGACT

Reverse CGTTGGCGAGAAACACTAAAG

Mki67

Forward GAACAGACTTGCTCTGGCCTA Reverse CATTCCCTCACTCTTGTTAATGGA

P2ry12

Forward ACAGATGCCAGTCTGCAAGT

Reverse ATCCATGGTCCTGGTTCTGC

Ptprz1

Forward AAGGGTGGGCATTTCATCCC Reverse TTCATTGCTCTGGTAATAGCCCATA

Sox2

Forward CATGAAGGAGCACCCGGATT

Reverse CTCCGGGAAGCGTGTACTTA
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Discussion

[128]

Overview

During my PhD work, I aimed to explore the significance of TCF12 as a transcriptional regulator in oligodendroglia (with a focus on oligodendrocyte precursor cells) and in gliomas.

To our knowledge, the roles of TCF12 had not been specifically and extensively addressed, in any of these contexts.

Adult diffuse gliomas are heterogenous malignant neoplasms of the CNS. Mounting knowledge from genome studies has marked new era in glioma diagnosis. Molecular diagnosis has been of great importance for prognostic assessment as well as for providing guidance in the use of more appropriate therapeutic strategies. Despite the tremendous progress that has been achieved in the field of glioma genetics, the biological mechanisms that underlie glioma development, still remain elusive. What are the functional consequences of the specific molecular alterations harbored by gliomas and how do they promote tumorigenesis? How do the combinations of distinct molecular alterations interact in the glioma setting? Obviously, these are very large questions. To an important extent, determining such answers requires consideration of the developmental origin of these tumors. The cellular origin of gliomas has been a matter of debate. Neural stem and progenitor cells along with oligodendrocyte precursor cells are generally considered as the cell types that can be initially transformed to initiate gliomagenesis. Notably, some evidence from mouse and human studies has suggested that initial transformation may occur in the neural stem and progenitor cells, but the expansion leading to gliomagenesis is mediated through oligodendrocyte precursor cells. Characterizing the effects of glioma-relevant molecular alterations in the lineages responsible for glioma initiation and maintenance, can provide invaluable mechanistic insights.

A study issued by my host laboratory and collaborators in 2015 identified inactivating mutations in the gene of TCF12 in oligodendrogliomas and these findings were corroborated by subsequent studies. In recent years, emerging evidence has indicated the implication TCF12 in the pathogenesis of numerous cancers. Noteworthily, TCF12 has been endowed with both oncogenic and tumor suppressor roles in different settings. The fact that TCF12 can play several roles in various cancers may lie in its involvement in many cellular pathways, which in turn are implicated differently, in different cellular contexts. To date, the biological functions of TCF12 in cellular lineages, other than the hematopoietic, are relatively understudied.

I undertook a holistic approach, aiming to uncover how TCF12 affects the biology of oligodendrocyte precursor cells, as these cells are regarded as a potential developmental origin of gliomas. Furthermore, I attempted to draw parallels between these findings and the direct implication of TCF12 in gliomagenesis, by comparing obtained data with data from patients' tumors and by generating a genetic glioma mouse model, harboring TCF12 inactivation.

The section of Discussion will highlight the contributions of our study to the knowledge around TCF12 roles in oligodendroglia and the extrapolations that can be made about its roles in glioma development. Moreover, limitations of our approaches will be addressed, suggesting future perspectives for subsequent studies.

1. TCF12 expression in oligodendroglial cells E proteins, including TCF12, are considered ubiquitously expressed proteins (Massari & Murre, 2000). However, their roles and precise expression pattern are not extensively characterized in lineage specific contexts. As it has been described in the introduction of this manuscript (Part III, sections 3 and 4), TCF12 has been more extensively studied in the lymphoid lineage, while sparse evidence has shown its expression in neural progenitors and neuroglial cells in the CNS, without elaborating on its exact roles.

In our study, we validated Tcf12 gene expression in the oligodendroglial lineage, using published gene expression data sets (Results, Part I, Submitted manuscript, Results, Figure 2A-C and Appendix 1) . Moreover, we demonstrated TCF12 expression at the protein level in OPCs and OLs in the postnatal and adult mouse brain (Results, Part I, Submitted manuscript, Results, Figure 2E and Appendix 2of note: we focused on the corpus callosum). Very preliminary immunohistochemistry (IHC) analysis of the mouse corpus callosum, had shown that a higher percentage of postnatal OPCs expressed TCF12 (compared to perinatal or adult) (Appendix 2). However, subsequent technical issues with the detecting antibody used for IHC experiments and lack of good anti-TCF12 antibodies for IHC, did not allow us to further explore TCF12 protein expression. The problem of the lack of good commercially available antibodies against E proteins (TCF3, TCF4, TCF12), has also been raised by a quite recent study (Wedel et al., 2020). The specificity of the batch of the antibody used for the experiments presented in this manuscript (14419-1-AP Proteintech) had been validated in vitro in Tcf12-deficient neural progenitor cells (Appendix 3). Additional line of proof is provided by the study of Labreche et al., showing loss of TCF12 signal in a TCF12-mutant tumor with combined loss of heterozygosity (Appendix 3). However, subsequent batches of this antibody reference did not work in our hands, preventing further use of that antibody. Besides the reference that we had used, the most cited antibody in the literature (A-20, Santa Cruz sc-357), with demonstrated use in IHC/immunofluorescence, had been discontinued (Godoy et al., 2016;Mesman & Smidt, 2017). Two alternatives were tested (D3 sc-28364 Santa Cruz and SAB3500566 Sigma) but did not work for immunofluorescence in our hands.

Despite these technical issues, our observations highlighted that Tcf12 is abundantly expressed in oligodendroglial lineage in the mouse brain at different ages, prompting its further study. In addition, very recent work, focusing on the roles of TCF4 in oligodendroglia, reported that Tcf12 transcripts were substantially expressed in rodent oligodendroglial cultures under proliferating and differentiating conditions (Wedel et al., 2020). Although a more precise spatiotemporal characterization of TCF12 expression during the development of the oligodendroglial lineage could be of great interest, this was not under the scope of our study. Alternatively to IHC, such questions could also be addressed by RNA in situ hybridization techniques (such as traditional ISH and FISH or RNAscope).

Identification of TCF12 targets in oligodendroglial cells

Our work identified for the first time TCF12 genome wide binding profiles in murine neural progenitor cells and oligodendroglia. We established TCF12 genome wide binding profiles using mixed oligodendroglial cells, isolated from the cerebrum of postnatal wild type mice ("OPCs/OLs"), and cultured neurospheres ("NPCs"). Concerning "NPCs", we decided to include this cell type to our study, as they represent the cells from which OPCs are specified and also because they do express Tcf12 [START_REF] Uittenbogaard | Expression of the bHLH transcription factor Tcf12 (ME1) gene is linked to the expansion of precursor cell populations during neurogenesis[END_REF]Fischer et al., 2014 and Appendix 3). Concerning oligodendroglia, we chose to direct our studies outside the developmental window of OPC generation, which is completed around birth (Introduction,Part I,4.1). The peak of OL generation from OPCs in the mouse is estimated to occur during the first 2 postnatal weeks [START_REF] Nishiyama | Many roles for oligodendrocyte precursor cells in physiology and pathology[END_REF]. Therefore, we sorted O4+ cells from the cerebra of P12 wild type mice using O4+ coupled magnetic microbeads. We obtained a population comprising ~30% OPCs (PDGFRa+) and ~60% OLs (CNP+). Although working with a mixed population may be seen as a shortcoming, preventing from pinning down stagespecific TCF12 targets, it can provide a cursory evaluation of TCF12 implication at the stage of OPC differentiation. Furthermore, obtaining sufficient cell numbers for genome wide binding experiments can be a restrictive factor. Our ChIP-Seq experiment required 5*10 6 cells and focusing exclusively on OPCs would have required much higher cell numbers, thus animals. Emerging technologies, like CUT&Run and CUT&Tag, which require a much lower cellular input (as low as a few thousands or even single cells), could be of potential interest to determine precisely TCF12 targets in OPCs versus OLs [START_REF] Skene | Targeted in situ genome-wide profiling with high efficiency for low cell numbers[END_REF][START_REF] Kaya-Okur | CUT&Tag for efficient epigenomic profiling of small samples and single cells[END_REF].

As stated in the previous part of the discussion (TCF12 expression in oligodendroglial cells), we had faced some issues with the TCF12 antibody that we were using for IHC. For our ChIP experiments, we used the commercially available TCF12 antibody cited in the study by Emmanuel et al., published in Nature Immunology in 2018(Emmanuel et al., 2018). In this study the specificity of the antibody is illustrated by TCF12 immunoblot in wild type and Tcf12deficient mouse thymocytes.

In order to appropriately identify the nature of the TCF12-bound sites in our data sets, we also mapped histone mark profiles. Regions bound by H3K27Ac/H3K4me3 were considered active, while those bound by H3K27me3 were considered repressed. To identify "poised" regions, we considered H3K4me binding [START_REF] Bae | H3K4me1 Distribution Predicts Transcription State and Poising at Promoters[END_REF][START_REF] Blanco | The Bivalent Genome: Characterization, Structure, and Regulation[END_REF].

Our analyses revealed ~18000 TCF12 binding sites in NPCs and ~28000 in OPCs/OLs that were associated ~7000 and ~16000 genes, respectively (Results, Part I, Submitted manuscript, Results, Figure 3A). Only ~3000 genes were found be commonly bound by TCF12 in both in NPCs and OPCs/OLs. Enrichment analysis of the genes commonly bound by TCF12 in NPCs and OPCs/OLs revealed general cellular processes, such as translation, protein and RNA metabolism and, interestingly, p53 signaling (Appendix 4). One quite intriguing result came from the analysis of the distribution of TCF12 binding sites on genomic regions: promoters, exons, introns, and intragenic regions. We observed that TCF12 binding in OPCs/OLs occurred primarily in promoters, making up 42% of bound regions, compared to only 7% in NPCs. This result suggested that TCF12 may act as a prominent transcriptional regulator in the oligodendroglial lineage. Further analysis of the histone profiles of the bound regions, showed that the promoters bound by TCF12 in OPCs/OLs were mostly associated with active or poised marks (52% active, 12% poised, and 6% repressed, Results, Part I, Submitted manuscript, Results, Figure 3). Notably, enrichment analysis of the genes associated with TCF12 binding at active promoters, revealed terms related to proliferation, translation/ribosomes, proteasome, and several important signaling pathways (i.e. as MYC, TGFβ, PI3K/AKT/mTOR, WNT-beta catenin, p53, Notch). Concerning the enhancer regions bound by TCF12 in OPCs/OLs, they also were primarily associated with poised histone marks (52%, Results, Part I, Submitted manuscript, Results, Supplementary Figure 3). Altogether, our findings regarding TCF12 occupancy in OPCs/OLs highlight potential roles of a transcriptional activator.

In addition to the findings described above, benefiting from data available from our collaborators, we were able to examine whether TCF12 binding sites were shared with key regulators of the oligodendroglial lineage, ASCL1 and OLIG2 (Dr. C. Parras and Dr. C. Marie, unpublished data: data were generated by ChIP-Seq of acutely sorted, PDGFRa+ OPCs from dissociated cerebra of P7 wild type mice). The importance of these factors for the transcriptional regulation of oligodendrogenesis has been highlighted in the introduction of this manuscript (Part I, 4.1). What is more, ASCL1 and OLIG2 have been described as "pioneer TFs" meaning that they are able to bind "closed" or poised chromatin and initiate chromatin remodeling events, shaping gene expression [START_REF] Zaret | Pioneer transcription factors: Establishing competence for gene expression[END_REF][START_REF] Yu | Olig2 targets chromatin remodelers to enhancers to initiate oligodendrocyte differentiation[END_REF][START_REF] Raposo | Ascl1 coordinately regulates gene expression and the chromatin landscape during neurogenesis[END_REF][START_REF] Casey | Intrinsic DNA binding properties demonstrated for lineage-specifying basic helix-loop-helix transcription factors[END_REF]. In particular, OLIG2 has been demonstrated as a pioneer TF in the oligodendroglial lineage, where it has been shown to act in synergy with BRG1 (a chromatin remodeling ATPase) to initiate and establish the transcriptional program of OL differentiation [START_REF] Yu | Olig2 targets chromatin remodelers to enhancers to initiate oligodendrocyte differentiation[END_REF]. Comparison of our OPCs/OLs data set with those of ASCL1 and OLIG2 showed that 9% (1818/ 20154) of ASCL1 binding sites overlapped with TCF12, while, strikingly, ~50% (8990/16578) of OLIG2 binding sites were shared with TCF12 (Appendix 5). Notably, TCF12 was identified by mass spectrometry as a potential interacting partner for OLIG2 in murine neural progenitor cells [START_REF] Meijer | An amino terminal phosphorylation motif regulates intranuclear compartmentalization of Olig2 in neural progenitor cells[END_REF]. However, another very recent study employing co-immunoprecipitations in transfected cell lines (HEK293), reported that TCF12 did not precipitate with OLIG2. Interestingly, the same study also reported to that TCF12 precipitated with OLIG1 and ASCL1 (Wedel et al., 2020). The considerable binding overlap between OLIG2 and TCF12 could pave inroads for future study. To investigate a potential genetic interaction between OLIG2 and TCF12, further genome binding analyses could be done (i.e. OLIG2 binding profiles in Tcf12-deficient oligodendroglia). Besides the context of oligodendrogenesis, investigation of potential TCF12-OLIG2 interactions could be of an interest in the setting of glioma. OLIG2 have been shown to mediate functions that foster glioma development [START_REF] Kosty | Harnessing OLIG2 function in tumorigenicity and plasticity to target malignant gliomas[END_REF][START_REF] Ligon | Olig2-Regulated Lineage-Restricted Pathway Controls Replication Competence in Neural Stem Cells and Malignant Glioma[END_REF]. Indicatively, experiments by Ligon et al., showed that ablation of Olig2 in oncogenic neutrospheres, failed to induce gliomas to mice upon allografting [START_REF] Ligon | Olig2-Regulated Lineage-Restricted Pathway Controls Replication Competence in Neural Stem Cells and Malignant Glioma[END_REF]. Tumorigenic capacity could be evaluated combining an Olig2 heterozygous background with Tcf12 heterozygosity or deficiency in a similar system.

Previously, two interesting studies had investigated the genome wide binding sites of TCF12, in murine embryonic stem cells (mESCs) and thymocytes (Yoon et al., 2015;Emmanuel et al., 2018) In the work by Yoon et al. on mESCs, TCF12 had ~17000 binding sites genome wide (Yoon et al., 2015). Analyses showed that ~70% of the TCF12-bound regions were mapped within 5-10 kb from a transcription start site (TSS). Further analyses revealed that the cisregulatory elements bound by TCF12 were significantly enriched in promoters of genes regulating developmental processes (such as Hox genes). In addition, querying published data
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of histone profiles in mESCs indicated ~30% of the annotated promoters, defined as "bivalent", were occupied by TCF12. Bivalent domains (promoters or enhancers) constitute genomic regions associated with both activating and repressive histone marks, being neither in "on" nor "off" state but remaining in a "dormant"/ "poised" state. Such domains have been demonstrated to be crucial for developmental genes, which need to be activated in a short time-window during differentiation [START_REF] Blanco | The Bivalent Genome: Characterization, Structure, and Regulation[END_REF]. Very interestingly, the study by Yoon and colleagues proposed a link between TCF12 and the de-repression of mesodermal and endodermal specific promoters. In mESCs, TCF12 associated with the polycomb repressive complexes (PRC) at promoters of genes that regulate mesendoderm formation, restricting differentiation. Upon Nodal signaling (which induces specification of mesendoderm), TCF12-PRC complexes were replaced by TCF12-SMAD complexes. Thus, the researchers suggested that TCF12 acted as dock for the association of SMAD to the genome and the induction of mesendoderm. In the study by Emmanuel et al. on thymocytes, TCF12 was found to bind to ~12000 binding sites in the genome (Emmanuel et al., 2018). This study was primarily focused on the cooperation between TCF12 and a prominent transcription factor for the thymic lineage, T cell factor 1 (TCF1) [START_REF] Braunstein | HEB in the spotlight: Transcriptional regulation of T-cell specification, commitment, and developmental plasticity[END_REF]. Notably, TCF12 binding sites corresponded to active promoters, as well as poised and active enhancers, and they were correlated with highly expressed genes. Another very intriguing result was that presence of TCF12 promoted chromatin accessibility, as revealed by ATAC-Seq experiments in TCF12-depleted and wild type thymocytes. Although on different cellular contexts, these two studies highlight TCF12 as a prominent transcriptional activator and potential "pioneer" factor, guiding gene expression changes required during development.

3. Consequences of Tcf12 inactivation in OPCs in vivo 3.a. Histological analyses of Tcf12 knock-out mice

As our ChIP-Seq results strongly suggested an implication of TCF12 in the oligodendroglial lineage, we proceeded to functional studies. To this aim, we generated a novel mouse model (PDGFRaCreER T ;RosaYPF LSL ;Tcf12 flox ) that we used to inactivate Tcf12 conditionally in OPCs, upon tamoxifen induction. To be able to draw direct correlations with our ChIP-Seq experiments, we induced postnatal mice at postnatal day 13 (P13) and harvested them at postnatal day 16 (P16). We set up this time point in order to evaluate the immediate effects of Tcf12 inactivation on oligo proliferation and differentiation. Psachoulia et al., had calculated the duration of the cell cycle of mouse brain OPCs to be approximately 2 days at early postnatal stages (P6) [START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF]. Hill et al., had estimated the temporal window of OL differentiation upon OPC division in vivo. This window was reckoned at 3-4 days for the corpus callosum of P8 mice and protracted to 6-8 days at P21 [START_REF] Hill | Modulation of oligodendrocyte generation during a critical temporal window after NG2 cell division[END_REF]. Based on these estimations, we assumed that we could detect potential defects mediated by Tcf12 deficiency already at P16, especially concerning proliferation phenotypes. To broadly assess the effects of Tcf12 inactivation on OPC proliferation and differentiation, we performed two types of immunostaining. It needs to be mentioned that our analyses focused predominantly on the region of corpus callosum. This aspect of our study constitutes an area of improvement, as ideally analyses should have been extended to other regions such as cortex or the olfactory bulb. Findings from mouse glioma models, have suggested that OPCs from different regions may contribute gliomagenesis. Persson and colleagues reported that aberrant proliferation stemmed from white matter regions in pre-symptomatic mice (Persson et al., 2010). Liu et al., observed in their mouse glioma model that the earliest premalignant lesions were localized to the cortical grey matter (C. Liu et al., 2011). In the study of Galvao et al., it was noted that the most common location of early tumor lesions was the olfactory bulb [START_REF] Galvao | Transformation of quiescent adult oligodendrocyte precursor cells into malignant glioma through a multistep reactivation process[END_REF]. We prioritized the analysis of the corpus callosum as OPC proliferation and differentiation kinetics are supposed to be faster in this region [START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF][START_REF] Zhu | Age-dependent fate and lineage restriction of single NG2 cells[END_REF][START_REF] Hill | Modulation of oligodendrocyte generation during a critical temporal window after NG2 cell division[END_REF].

Our IHC analyses revealed that Tcf12 inactivation resulted in a significant decrease in the fraction of proliferating OPCs, over the total recombined OPCs in the Tcf12 hom group (Results, Part I, Submitted manuscript, Results, Figure 4G). This result corroborated our ChIP-Seq findings which showed association of TCF12 binding with active promoters of proliferation related genes in OPCs/OLs. Moreover, such an observation was in line with reports describing Tcf12 expression in proliferative niches of the mouse brain, implying a positive role in the regulation of proliferation [START_REF] Uittenbogaard | Expression of the bHLH transcription factor Tcf12 (ME1) gene is linked to the expansion of precursor cell populations during neurogenesis[END_REF][START_REF] Fischer | Eproteins orchestrate the progression of neural stem cell differentiation in the postnatal forebrain[END_REF]. Intriguingly, despite the apparent decrease in proliferating OPCs, the total proportions and numbers of OPCs were similar between genotypes (Results, Part I, Submitted manuscript, Results, Figure 4D-F). Our hypotheses for this observation were that TCF12 might modulate OPC proliferation but not survival and that the timing could have been too early to observe differences in the OPC pool. As regards the differentiation phenotypes, neither the proportions of immature/differentiating OLs nor those of mature OLs, were statistically significantly different between control and mutant groups, although we noted a trend for more differentiated OLs in the homozygous mutants (Results, Part I, Submitted manuscript, Results, Figure 4H-I and Appendix 6). From these first observations, it appeared that TCF12 exerted a positive role in OPC proliferation, whereas its role in differentiation was not clear. Our first consideration was that a more prolonged time course was necessary to unveil the effects of Tcf12 inactivation on OPC differentiation and to observe the evolution of the OPC proliferation defects. To this end, we induced the mice as previously (starting at P13), but we harvested them at the postnatal day 23 (P23) and performed the same type of IHC analyses. We were particularly surprised to find that the marked differences in the proportions of recombined proliferating OPCs were flattened. In addition to that, we did not detect any defects in OL differentiation. Based on our findings, it appears that TCF12 can modulate OPC proliferation in our system, but its function is transient and not indispensable. An interesting addition to our study would have been the characterization of the fate of those non-proliferative OPCs: if they could properly differentiate, how long they persisted in the OPC compartment and if they were eventually eliminated by cell death. To address these aspects, one could have used BrdU or EdU labelling to track the fate of the recombined cells on an additional, intermediate timepoint .

A possible explanation for the transient nature of the phenotypes in the Tcf12-deficient animals could come from a phenomenon which has been proposed several times in the literature: a functional compensation among E proteins. A mouse study employing different combinations of E-protein knockout mutations (TCF3, TCF4, TCF12), highlighted that combined dosage of the three E proteins was required for proper B lymphocyte development [START_REF] Zhuang | B-lymphocyte development is regulated by the combined dosage of three basic helix-loop-helix genes, E2A, E2-2, and HEB[END_REF].

In this report, it was shown that despite the fact that E-proteins were not equally essential for the different stages of B lymphocyte development, combined loss of two factors enhanced the observed defects. In a follow up study, knock-in of human TCF12 cDNA in the mouse Tcf3 gene locus, also denoted functional compensation among E proteins within the B lymphocyte lineage (Zhuang et al., 1998). Moreover, E protein dosage-dependent compensation has been described in the developing mouse brain by Ravanpay and colleagues, again by the use different mutant mice (Ravanpay & Olson, 2008 also see Introduction, Part III, 4). Furthermore, notions arguing for compensation among E proteins specifically within the oligodendroglial lineage have also been very recently formulated. In a study by Wedel et al., published in 2020, the researchers used mouse knockouts and in vitro assays to dissect the roles of TCF4 in the oligodendroglial lineage (Wedel et al., 2020). Notably, they reported that upon Tcf4 deficiency in vitro, Tcf3 and Tcf12 expression levels were increased. However, they highlighted that this observation was not reproduced in their in vivo system (spinal cords of Tcf4-deficient mice). Moreover, they demonstrated that ectopic expression of TCF3, but not TCF12, could partially compensate for OL differentiation defects triggered by the lack of TCF4 in vitro. Considering that all three E proteins are expressed in oligodendroglial cells, eventual compensation by TCF3 or TCF4 in our Tcf12-deficient context, is a mechanism that we speculated. Noteworthily, our analyses indicated that Tcf4 is the most abundantly expressed E protein, at least at transcript level (Results, Submitted manuscript, Supplementary Figure 2C, also see Appendix 1). As a matter of fact, interest on TCF4 roles in the CNS has recently emerged as TCF4 haploinsufficiency has been linked with the neurological disorder of Pitt Hopkins 1 in humans [START_REF] Giurgea | TCF4 Deletions in Pitt-Hopkins Syndrome[END_REF][START_REF] Kennedy | Tcf4 Regulates Synaptic Plasticity, DNA Methylation, and Memory Function[END_REF][START_REF] Kim | Region and Cell Type Distribution of TCF4 in the Postnatal Mouse Brain[END_REF][START_REF] Chen | Molecular and Cellular Function of Transcription Factor 4 in Pitt-Hopkins Syndrome[END_REF]. Very recent research has specifically addressed the roles of TCF4 in oligodendroglial lineage. The study by Wedel and colleagues, described that constitutive Tcf4-knockout did not impair the total numbers and proliferation properties of OPCs in the mouse embryonic spinal cord, at early stages of OPC development (Wedel et al., 2020). However, in later stages of embryogenesis, when differentiation to OLs already starts to occur in the spinal cord, Tcf4-knockout animals exhibited defects in OL differentiation. These findings were validated in vitro. Another interesting study published this year, investigated the implication of TCF4 in oligodendrogenesis in the region of the olfactory bulb (OB) in the mouse, using a conditional knock-out model, targeting OPCs (Yilan [START_REF] Zhang | Survival control of [177] oligodendrocyte progenitor cells requires the transcription factor 4 during olfactory bulb development[END_REF]. Animals with Tcf4-deficient OPCs, displayed an expansion of the OPCs compartment and higher numbers of proliferating OPCs in the OB at postnatal stages. This phenotype was explained by TCF4-mediated downstream regulation of apoptosis signaling, suggesting that TCF4 controlled OPC survival in the OB. These new data suggest complex but prominent roles of TCF4 in oligodendrogenesis. It would therefore be particularly interesting to study a potential genetic interaction of TCF12 and TCF4 in our system. The genome binding profile of TCF4 in oligodendroglial cells could have been very informative to illustrate whether TCF12 and TCF4 have overlapping targets. Moreover, to examine whether TCF12 targets are bound by TCF4 in a Tcf12-deficient context, the genome binding profile of TCF4 should be generated in Tcf12-deficient oligodendroglial cells.

Another aspect of our study that necessitates some attention is the timing of TCF12 inactivation.

For reasons described, we focused our analyses on an early postnatal stage. As stated, adult

1 Pitt Hopkins syndrome = syndromic neurodevelopmental disorder characterized by intellectual disability, developmental delay, breathing problems, recurrent seizures, and distinctive facial features.
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OPCs are also endowed with proliferative capacity. However, they proliferate at a lesser extent than their postnatal counterparts [START_REF] Psachoulia | Cell cycle dynamics of NG2 cells in the postnatal and ageing brain[END_REF][START_REF] Rivers | PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform projection neurons in adult mice[END_REF][START_REF] Young | Oligodendrocyte dynamics in the healthy adult CNS: evidence for myelin remodeling[END_REF]Marques et al., 2016). Characterizing the phenotypes of Tcf12 inactivation in the oligodendroglial lineage during adulthood would be more than complementary. This consideration acquires particular interest in the frame of adult gliomagenesis, around which this study aims to revolve. As inferred from what has been described in the introduction of this manuscript (Part II, sections 4.1a-c), a lot of mouse models which are employed to study gliomagenesis rely on oncogenic transformation at postnatal rather than adult stages. One possible question that raises is when the initial oncogenic transformation events occur in human patients. In the case of lower grade gliomas, tumorigenesis has been described to happen during 3 phases: (i) the occult phase, when the initial transformation events take place, followed by some cellular expansion, but the tumor lesion is undetectable, (ii) the silent phase, during which the tumor has formedand can potentially be detectedbut the patients remain asymptomatic and (iii) the symptomatic phase [START_REF] Pallud | The silent phase of diffuse low-grade gliomas. Is it when we missed the action?[END_REF]. A study estimated that the mean duration of the silent phase was approximately 15 years [START_REF] Pallud | The silent phase of diffuse low-grade gliomas. Is it when we missed the action?[END_REF]. Considering that the average age of diagnosis for these tumors is between 30-40 years old, one could suggest that initial oncogenic transformation might occur in adolescents or young adults [START_REF] Lin | Establishment of age group classification for risk stratification in glioma patients[END_REF]. In this respect, initiating gliomagenesis in mice at postnatal stages could present some relevance with the human condition. In mice, adult OPCs have also been demonstrated to give rise to gliomas upon malignant transformation, similarly to postnatal OPCs [START_REF] Galvao | Transformation of quiescent adult oligodendrocyte precursor cells into malignant glioma through a multistep reactivation process[END_REF]. We have generated some preliminary results of Tcf12 inactivation in adult OPCs, using our mouse model. We induced mice around P60-P70 and harvested them 4 weeks later. Interestingly we also observed impairment of OPC proliferation in our heterozygous mutant mice (Appendix 7). However, these observations need to be further complemented, especially with analysis of the Tcf12 homozygous mutants, and validated.

3.b.Transcriptomic analyses of Tcf12-deficient oligodendroglial cells

To confirm the findings of our IHC analyses and to gain more profound insights into potentially altered processes, which we were not able to uncover with histology, we performed a transcriptomic analysis, as described in the Results, Part I: Submitted manuscript, Supplementary Figure 3. Once again, it has to be mentioned that our purified cellular population was mixed, made up by recombined as well as non-recombined OPCs and OLs. Notably, immunocytological analyses had revealed similar proportions of OPCs, OLs and recombined cells in the sorted fractions from mutant and control animals, allowing us to obtain comparable oligodendroglial populations to generate bulk transcriptome profiles (Results, Part I: Submitted manuscript, Supplementary Figure 4C-E andAppendix 8). Obviously, a single cell transcriptomics approach might have enabled us to deconvolute our data more readily. Such an approach would have also permitted us to focus specifically on differences stemming from the OPC compartment.

As already stated before, one issue that we encountered, was that we detected only few significantly differentially expressed genes, following strict criteria of analysis, especially in the case of the Tcf12 hom mutant. Moreover, principal component analysis (PCA) analysis did not illustrate distinct grouping of wild type and mutant samples, highlighting the absence of

[137] large differences (Appendix 9). On the one hand, this could be expected to some extent, based on the subtility of the observed phenotypes following Tcf12 inactivation in our system. On the other hand, this observation is intriguing considering that we found that TCF12 bound over ~15000 genes in oligodendroglial cells at this stage. Of note, Yoon and colleagues whose studies revealed ~17000 TCF12 binding sites in the genome of mESCs, found very low transcriptional change in Tcf12-depleted mESCs (Yoon et al., 2015). The researchers reported approximately 80 significantly differentially expressed transcripts in Tcf12-deficient versus control cultures. Concerning our study, the fact that TCF12 binds to genes that were not deregulated in Tcf12 deficient cells, further postulates the existence of compensatory mechanisms, as also elaborated in the previous section of this discussion. A compensation could be provided directly by other factors or systemically, assuming that TCF12 may modulate diverse but interacting processes, resulting in an overall regularization of gene expression. To this end, one of the first things that we investigated in our data, was the expression levels of the other E proteins, Tcf3 and Tcf4. We were a bit surprised to see that neither Tcf3 nor Tcf4 were upregulated in our mutant groups (Appendix 10). However, we could envisage the possibility of a later upregulation, as this analysis represents our early time point, three days post induction. Moreover, we cannot exclude that a compensation occurs by the already existing TCF4, given its substantial transcript levels, which are even higher than those of Tcf12 in the Tcf1 ctrl group (Appendix 10).

To deal with the low number of differentially expressed genes, we kept stringent criteria of analysis and judged safer to proceed with GSEA to highlight potentially relevant biological trends in our data sets.

Very interestingly, our enrichment analyses using curated, oligodendroglia-related gene sets (Results, Part I, Submitted manuscript, Figure 5B and Supplementary Figure 5A) indicated that gene sets associated with progenitor state (OPCs) or OPC proliferation (OPCcyc) were negatively enriched in Tcf12 het and Tcf12 hom oligodendroglial cells compared to Tcf12 ctrl . Conversely, gene sets related to OL differentiation were positively enriched in the mutant groups. These findings further supported our observations from the IHC analyses. Nonetheless, a few points need to be raised.

It is quite true that the precise roles of TCF12 in OL differentiation do not become evident by our study at its current stage. Our finding of TCF12 binding to promoters of OL markers harboring active histone marks, could suggest roles of TCF12 in the modulation of OL differentiation. The observed trend towards an increase in differentiating OLs in IHC and the positive enrichment of OL-related signatures in our Tcf12 mutants could indicate that differentiation is favored in the absence of TCF12. The slight difference between IHC and GSEA findings could be based on the fact that the changes in the transcriptome preceded those at the protein level. As mentioned in the previous part of this discussion, analyses at an intermediate timepoint (between P16 and P23), possibly combined with a fate chase approach, might have been instructive to appreciate more clearly the trends in differentiation. Furthermore, additional combination of IHC markers could be utilized (such ITPR2, to label newly formed OLs, and Opalin -TMEM10-to mark myelinating OLs). Nevertheless, to pinpoint specific phenotypes, one should employ additional Cre drivers, targeting Tcf12 ablation in OLs. Such drivers could be a Plp-Cre T or even a Mbp-Cre [START_REF] Mei | Stage-Specific Deletion of Olig2 Conveys Opposing Functions on Differentiation and Maturation of Oligodendrocytes[END_REF];

[138] [START_REF] Simankova | Ddx20, <scp>DEAD</scp> box helicase 20, is essential for the differentiation of oligodendrocyte and maintenance of myelin gene expression[END_REF]. The case of stage-specific deletion of Olig2, represents an interesting example, to illustrate this need. Mei and colleagues showed that deletion of Olig2 in OPCs using a Cnp-Cre, led to impaired differentiation. Surprisingly, Olig2 deletion in OLs, using a Plp-Cre T resulted in enhanced OL myelination [START_REF] Mei | Stage-Specific Deletion of Olig2 Conveys Opposing Functions on Differentiation and Maturation of Oligodendrocytes[END_REF]. Last but importantly, besides stage specific deletion approaches (in OPCs or OLs), ideally, inactivating Tcf12 in all oligodendroglial cells (i.e., by using a Sox10-CreER T2 , McKenzie et al., 2014) would be needed to validate the observed phenotypes.

Although of great importance, elucidating the TCF12 regulated mechanisms in later stages of OL differentiation was not among the primary priorities for our study. Primarily, we aimed to address the effects of TCF12 inactivation on OPCs, in the scope that they could be the cellular origin for gliomas. Therefore, so far, our combined findings, from ChIP, IHC and transcriptomic analyses point towards a positive implication of TCF12 in the modulation of OPC proliferation. The transient nature of the phenotype ought to be reexamined at a different timepoint as well as in context with potential compensatory partners.

Another point that necessitates some attention is the difference in phenotypes of the Tcf12 het and Tcf12 hom mutants. Most of the available studies that employ Tcf12 conditional mouse models or stably genetically modified cells have been conducted on homozygotes (Wojciechowski et al., 2007;Mesman & Smidt, 2017;Yi et al., 2017;Emmanuel et al., 2018).

One exception has been the study of Sharma et al., on craniosynostosis, in which Tcf12 heterozygous mouse mutants were used, in an attempt to recapitulate human pathology in which TCF12 mutations were found in heterozygous state (Sharma et al., 2013;[START_REF] Rocco | Clinical spectrum and outcomes in families with coronal synostosis and TCF12 mutations[END_REF].

Of note, in the study of Sharma and colleagues, single Tcf12 heterozygous mouse mutants did not exhibit craniosynostosis, unlike Tcf12+/-Twist1+/-double heterozygous, indicating that synostosis was less sensitive to Tcf12 dosage in mice than in humans. In the same line, for our study, as TCF12 alterations were found in heterozygous state in oligodendrogliomas (Labreche et al., 2015), we compared both mutant heterozygous and homozygous animals with wild type littermates. In our IHC analyses, we did not note any defects in the heterozygous animals. However, in our GSEA analysis of oligodendroglia-related signatures, we observed similar trends of deregulation at the transcriptomic level between heterozygous and homozygous mutants. Overall, due to the subtle nature of the phenotype, we may say that it could be more promising to focus on homozygote animals for mouse studies. Nevertheless, our preliminary data presented in Appendix 7, suggest that the heterozygous animals may present some interest, but this remains to be determined.

Last but not least, we made some noteworthy observations from our GSEA analyses using general gene set collections from the MSigDB (i.e., HALLMARK, REACTOME, GO).

In agreement with our analysis of curated gene sets, cell cycle-related terms exhibited a negative enrichment in the Tcf12 hom group (Results, Part I, Submitted manuscript, Figure 5C-D and Supplementary Figure 5C).

Terms related to epithelial-mesenchymal transition (EMT), extracellular matrix (ECM), and cell-cell connectivity were also negatively enriched. The relevance of EMT in the oligodendroglial lineage may be not evident. As described by Liberzon et al., the HALLMARK MSigDB collection includes highly curated gene sets which derive from compilation of "founder gene sets" (Liberzon et al., 2015). The founder gene sets used to curate the
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"HALLMARK EMT" included several sets related to ECM or integrins. The exact roles of such components in oligodendroglia are under investigation but they seem to be broadly important for OL development and migration [START_REF] Colognato | Glia unglued: How signals from the extracellular matrix regulate the development of myelinating glia[END_REF]. Notably, in several tumoral contexts, TCF12 has been proposed to induce EMT, migration and metastasis phenotypes (C.-C. [START_REF] Lee | TCF12 Protein Functions as Transcriptional Repressor of E-cadherin, and Its Overexpression Is Correlated with Metastasis of Colorectal Cancer[END_REF]J. He et al., 2016;G. Zhu et al., 2021). To this end, investigating migration properties (i.e., with drop or scratch assays in vitro) in Tcf12-deficient OPCs would be of particular interest.

In addition to the above, gene sets related to metabolism (oxidative phosphorylation, fatty acid, adipogenesis, heme metabolism) had a positive enrichment. Of note, those observations may be correlated, to some extent, with the transcriptional enrichment of GSEA-identified OL differentiation . Myelin production during OL differentiation is an energy costly process which requires the synthesis of fatty acids, cholesterol, phospholipids, whose production necessities iron as a cofactor. [START_REF] Cheli | Iron Metabolism in Oligodendrocytes and Astrocytes, Implications for Myelination and Remyelination[END_REF][START_REF] Meyer | Mitochondria in Myelinating Oligodendrocytes: Slow and Out of Breath?[END_REF].

Finally, we observed that Tcf12 inactivation was also associated with positive enrichment of terms related to translation, ribosomes and MYC signaling (Results, Part I, Submitted manuscript, Figure 5C-D and Supplementary Figure 5E). These terms were also found in our enrichment analysis of the genes associated with TCF12 binding at active promoters in OPCs/OLs, which is curious considering their GSEA positive enrichment in the Tcf12-deficient oligodendroglial cells (Results, Part I, Submitted manuscript, Figure 3F and Supplementary Figure 3D). Ribosome biogenesis and translation related pathways include strictly tuned and multi-staged processes involved in various cellular responses, such as cell proliferation and growth (Hetman & Slomnicki, 2019). To our knowledge, the dynamics of ribosome biogenesis have not been directly investigated in the oligodendroglial lineage. According to some reports, NSCs were described to have high ribosome biogenesis and its downregulation may be required for the generation of more differentiated types of neural cells (reviewed in Hetman & Slomnicki, 2019). Intriguingly, perturbed ribosome biogenesis is a feature of cancer [START_REF] Golomb | p53 and ribosome biogenesis stress: The essentials[END_REF][START_REF] Morcelle | Oncogenic MYC induces the impaired ribosome biogenesis checkpoint and stabilizes p53 independent of increased ribosome content[END_REF]. This is actually logical considering that cellular proliferation is ensured by proper cell growth [START_REF] Golomb | p53 and ribosome biogenesis stress: The essentials[END_REF]. Deregulation of ribosome biogenesis has been linked with genotoxic stress and activation of P53 signaling. Ribosomal proteins have been found to bind to MDM2 (the inhibitor of P53), enabling P53 activation [START_REF] Golomb | p53 and ribosome biogenesis stress: The essentials[END_REF][START_REF] Morcelle | Oncogenic MYC induces the impaired ribosome biogenesis checkpoint and stabilizes p53 independent of increased ribosome content[END_REF]. Terms related to activation and stabilization of P53 were also noted in our GSEA findings from Tcf12 hom animals (Results, Part I, Submitted manuscript, Figure 5D and Supplementary Figure 5C). From the above, it becomes evident that directly evaluating ribosomal activity in a Tcf12-deficient OPCs might be a quite promising perspective. For instance, this could be done in vitro or in vivo with an Opropargyl-puromycin incorporation assay, which is used to measure protein translation [START_REF] Jose | Cell-type-specific quantification of protein synthesis in vivo[END_REF].

As a matter of fact, MYC has been described as an important regulator of ribosome biogenesis [START_REF] Van Riggelen | MYC as a regulator of ribosome biogenesis and protein synthesis[END_REF]Hetman & Slomnicki, 2019). MYC genes encode for transcriptional regulators belonging to the bHLH family which regulate diverse biological processes and have emerged as prominent oncogenes in many human cancers (Massari & Murre, 2000;[START_REF] Van Riggelen | MYC as a regulator of ribosome biogenesis and protein synthesis[END_REF][START_REF] Dang | MYC on the Path to Cancer[END_REF]. Notably, proteomic analysis has revealed interaction of TCF12 and MYC in fibroblasts cell lines (Agrawal,Yu,Salomon,& [140] Sedivy, 2010). What is more, the implication of c-Myc has also been specifically addressed in oligodendrocyte lineage [START_REF] Magri | c-Myc-dependent transcriptional regulation of cell cycle and nucleosomal histones during oligodendrocyte differentiation[END_REF]. Magri and colleagues identified MYC as a transcriptional regulator of the transition from proliferating to differentiating OPCs. c-Myc expression was found to elevated in proliferating OPCs in vivo, while its silencing in cultured OPCs led to a decrease in cell density and in the expression of cell cycle genes. Moreover, immunocytological analyses based on morphological features (process length of NG2+ and membrane extension of O4+ cells) indicated some changes suggesting increased differentiation in the absence of MYC, but the actual gene expression of differentiation markers was not statistically significant. Based on these observations, it was speculated that downregulation of c-Myc may promote OPCs progression to OLs, but it doesn't suffice to induce the entire process of OL differentiation. Taken en toto, the aforementioned suggest that the investigation of a potential link between TCF12 and MYC could also constitute area of future study. Evaluation of MYC protein stability in a TCF12-KO context [START_REF] Swartling | Myc proteins in brain tumor development and maintenance[END_REF] and ChIP-Seq profiling of MYC in normal and Tcf12-deficient oligodendroglia could be initial points for such analyses.

Parallels between TCF12 roles in oligodendrogenesis and gliomagenesis

As described so far, our analyses of ChIP, IHC and transcriptomic data suggest potentially interesting links of TCF12 with oncogenic pathways and processes.

As presented in the introduction of this manuscript, gliomas constitute a heterogenous group of tumors, which are categorized by hallmark molecular alterations (Introduction, Part II, sections 2 and 3). In 2015, my host laboratory and collaborators identified inactivating mutations of TCF12 in oligodendrogliomas (IDH-mutant, 1p/19q co-deleted gliomas) (Labreche et al., 2015). Studies published a short time after, also described TCF12 in IDHmutant tumors, either as an early event in gliomagenesis or as de novo alterations acquired at recurrence [START_REF] Park | Genomic dynamics associated with malignant transformation in IDH1 mutated gliomas[END_REF]Suzuki et al., 2015;Aihara et al., 2017).

Obviously, we wondered whether TCF12 alterations were restricted to a glioma type (i.e. IDHmutant) as well as what were the most frequently found TCF12 alterations. To address these questions, we benefited from newly availiable data from "The Cancer Genome Data Consortium" (TCGA). Our analyses indicated that TCF12 was altered in 20-30% of the total cataloged cases, both in GBM and LGG ("Lower Grade Gliomas"), and that the vast majority of TCF12 alterations (70-80%) corresponded to heterozygous losses (Results, Part I, Submitted manuscript, Figure 1A-B). Besides that, we observed a correlation of TCF12 expression levels with patient survival, with higher TCF12 expression being associated to a better overall survival (Results, Part I, Submitted manuscript, Figure 1E-F). These findings pointed out that alterations leading to TCF12 inactivation are indeed commonly found in human gliomas. Furthermore, the correlation of TCF12 expression with patient survival could suggest a tumor suppressive function for TCF12 in gliomas. Very interestingly, these observations are supported by a very recent study (Noorani et al., 2020). In this article published last year, Noorani and colleagues employed a transposon mutagenesis approach to seek for novel driver mutations in a mouse model of EGFR-mutant gliomas. Their analyses revealed ~300 known genes, along with not previously described genes, which co-operated with mutant EGFR to drive gliomagenesis. Tcf12 was one of those. Based on the transposon insertion patterns, the researchers inferred that those genes harbored inactivating alterations and therefore speculated tumor suppressor roles.

In order to validate the clinical relevance of their findings, they queried public data sets of human GBM (REMBRANDT and TCGA) and sought for correlation of gene expression with patient survival. In their analyses, TCF12 expression also appeared positively correlated with patient survival in GBM.

Throughout this thesis manuscript, I frequently discuss functional compensation between E proteins. To our knowledge, the implication of TCF3 and TCF4 in gliomas has not been formally studied. Therefore, we also queried the TCGA data sets for mutations and copy number alterations of TCF3 and TCF4 (Appendix 11). We observed that both TCF4 and TCF3 were altered in gliomas (GBM and LGG). Most of the TCF4 alterations corresponded to heterozygous losses, whereas the majority of TCF3 alterations were amplifications (Appendix 11). Interestingly, TCF3 is located on the 19p and has been shown to act as an oncogenic transcription factor in leukemia. TCF3 exists as chimeric complex which consists of the transactivation domains of TCF3 and the DNA-binding and dimerization domains of HLF (Y. [START_REF] Huang | The Leukemogenic TCF3-HLF Complex Rewires Enhancers Driving Cellular Identity and Self-Renewal Conferring EP300 Vulnerability[END_REF][START_REF] Huang | Targeting the oncogenic activity of TCF3-HLF in leukemia[END_REF]. Further correlations need to be investigated.

Could a combined loss of E protein genes convey a worsened survival outcome? How does the expression of TCF4 and TCF3 vary in TCF12-altered or TCF12-low expressing tumors? Such analyses could indicate whether a putative functional compensation may be relevant in a glioma setting.

The availability of large, open access data sets of molecular alterations, expression profiles and clinical parameters of gliomas has emerged as an invaluable tool that could guide functional studies. Our above-described analyses have corroborated our hypotheses concerning the implication of TCF12 in gliomagenesis. Nonetheless, these analyses have been performed, for the most part, on a web interface (cbioportal) and have only scraped the surface of the information that can be obtained. Additional bioinformatic analyses are fundamentally needed to deconvolute these data. For instance, we noticed that TCF12 alterations co-occur with other commonly found alteration in gliomas (Results, Part I, Submitted manuscript, Supplementary Figure 1A-B). Multivariable analyses should be done to calculate the exact co-occurrences of specific types of alterations, for specific genes in the different glioma groups.

To draw parallels between our findings on oligodendroglial cells with the direct implication of TCF12 in gliomagenesis, we generated a genetic glioma mouse model, harboring Tcf12 deletion and reanalyzed transcriptomic data of TCF12-altered human gliomas, previously generated by our laboratory and collaborators. GSEA analyses of transcriptomic data from our glioma mouse model and the human oligodendrogliomas exhibited commonalities and some of them were in line with our observations in oligodendroglia.

One example is the negative enrichment of terms related to the extracellular matrix and EMT (Results, Part I, Submitted manuscript, Figure 5C, E and Part II, Additional results, Figure 18A). As it has been mentioned several times, throughout this manuscript a positive link between TCF12 and EMT has been established in many cancers. As a matter of fact, a study published this year, indicated that TCF12 promoted EMT phenotypes in GBM cell lines. Mechanistically, TCF12 was suggested to be the downstream target of a tumor suppressive microRNA (miR-154) which appeared to be regulated by P53 (G. Zhu et al., 2021). However, a reasonable question would be whether the actual term "EMT" is appropriate in the context of gliomas, as by definition EMT refers to carcinomas1 . Interestingly, proneural-mesenchymal transition in gliomas (Introduction, Part II, section 5) has been described as the equivalent of EMT in gliomas [START_REF] Iwadate | Epithelial-mesenchymal transition in glioblastoma progression[END_REF][START_REF] Fedele | Proneural-Mesenchymal Transition: Phenotypic Plasticity to Acquire Multitherapy Resistance in Glioblastoma[END_REF][START_REF] Focus14521 Azam | Mesenchymal Transformation: The Rosetta Stone of Glioblastoma Pathogenesis and Therapy Resistance[END_REF]. Future studies could investigate whether TCF12 expression in gliomas is associated with a "mesenchymal" signature (Introduction, Part II, section 4.2b and 5).

Another example was, the deregulation of processes related to ribosome and translation, along with targets of MYC and P53. Those terms were positively enriched in TCF12-altered oligodendrogliomas (Results, Part I, Submitted manuscript, Figure 5C-F, Supplementary Figure 5C and Part II, Additional results, Figure 18A). In line with what was described in the previous section of this discussion concerning Tcf12-deficient oligodendroglia, this finding further highlights the potential of the investigation of a link between TCF12 and the regulation of ribosomal activity. The observation that in the absence of TCF12, there is an enrichment of ribosome biogenesis could imply tumor suppressive roles of TCF12. Notably, literature reports focusing on ribosome biogenesis precisely in the context of gliomas are quite sparse. One older study had shown that depletion of the ribosomal RPS9 in glioma cell lines induced p53dependent cell cycle arrest and differentiation [START_REF] Lindström | Silencing of Ribosomal Protein S9 Elicits a Multitude of Cellular Responses Inhibiting the Growth of Cancer Cells Subsequent to p53 Activation[END_REF]. Intriguingly, collaborators of the team have recently initiated studies focused on deciphering ribosome synthesis in the context of gliomas (teams of Pr. Francois Ducray and Pr. Jean-Jacques Diaz of the Centre de Recherche en Cancérologie de Lyon).

We also noticed a very important and somewhat unexpected difference between the normal and gliomagenic settings: the phenotype in proliferation. Unlike Tcf12-deficient OPCs, TCF12altered oligodendrogliomas and mGBM Tcf12 flox exhibited positive enrichment of proliferation signatures (Results, Part I, Submitted manuscript, Figure 5C, F and Part II, Additional results, Figure 18A). It is true that from our experiments in oligodendroglia, we observed that the effects of TCF12 inactivation on proliferation were transient and further research is needed to fully elucidate this phenotype. However, the discrepancy remains quite surprising also considering the putative positive link between TCF12 and proliferation in the CNS (Introduction,Part III,4). Noteworthily, besides the sparsity of the published reports regarding TCF12 in gliomas, the few existing literature is controversial. Labreche and colleagues observed by IHC on patients' tumors that oligodendrogliomas harboring inactivating TCF12 mutations had a higher mitotic index (Labreche et al., 2015 and also GSEA analysis of their data presented in this manuscript). The findings of Godoy et al., and Taiwo et al., described a correlation between TCF12 overexpression and proliferation in GBM cell lines, whereas TCF12 silencing mediated antiproliferative effects (Godoy et al., 2016;[START_REF] Taiwo | STEM-19. THE TCF12 TRANSCRIPTION FACTOR CONTROLS PRONEURAL GLIOBLASTOMA STEM-LIKE CELLS[END_REF]. Of note, in the study of Godoy and colleagues, despite the decrease in proliferation in TCF12-silenced cultures, an increased proportion of "stem-cell-like" cells (defined by CD133+ expression) was reported.

Collectively, these data illustrate the complexity of TCF12 roles in the glioma context. In this respect, the utility of large public datasets, such those of TCGA, is highlighted once again. If possible, large-scale correlation between TCF12 alteration status and proliferation signatures would be more than instrumental.

[143]

Complementary evidence about TCF12 roles in gliomagenesis could also come from the use of additional mouse models. We used the described mouse model for reasons elaborated in: Results, Part II, Introduction. However, as shown in the Figures 15 and16, neither the gross tumor histology nor the overall survival was different between mutant and control tumor bearing mice. One hypothesis could be that due to the relatively short latency of these tumors: Tcf12 inactivation did not exert additive effects on the survival in such an aggressive tumor context. Another considerable shortcoming of this glioma mouse model, especially in the scope of our study, is that the Tcf12 depletion and oncogenic transformations is targeted to NSCs, rather than OPCs. As a matter of fact, before the analyses of the GlastCreER T2/wt ; Pten flox ; Tcf12 flox / HRasV12-GFP-shp53 model, we had initiated some experiments using another glioma model based on the RCAS/TVA system (briefly described in Introduction, Part II, 4.1a), in which OPCs were the target. Earlier studies by Lindberg and colleagues had used this approach to trigger gliomagenesis to neonatal mice [START_REF] Lindberg | Oligodendrocyte progenitor cells can act as cell of origin for experimental glioma[END_REF]. The researchers generated and used a Cnp TVA mouse line (expressing the avianspecific retroviral receptor TVA in OPCs and OLs) and induced tumors using RCAS viruses expressing PDGFB. They sacrificed pre-symptomatic mice, 12 weeks upon injection, and noted a tumor incidence of 33%. In our case, we had created an Olig2 Cre-TVA ;Tcf12 flox ;(Rosa26-tdTomato) mouse line. Neonatal animals were injected in the ventricular area with avian cells (DF1) producing a PDGFB-expressing RCAS virus. A small cohort of 13 mice (from 4 experiments) was generated and sacrificed either at endpoints or at 11 months post injection. Out of the 13 mice, 3 presented symptoms and were sacrificed between 3-6 months, 2 died unexpectedly and 8 were sacrificed, int the absence of symptoms, at 11 months. Four out of those 8 mice presented tumors. Since in total we had only 7 tumors we were not able to compare meaningful differences between genotypes. Moreover, as only 3 mice presented symptoms and were sacrificed, we could not perform a survival analysis. This model could have potentially been appealing for our studies, but due to its very prolonged latency, were not able to resume experiments upon the sanitary crisis of 2020. Further studies using Olig2 CreTVA ;Tcf12 flox / RCAS-Pdgfb or generation of other Tcf12-inactivted mouse glioma models inducing oncogenic transformation of OPCs (indicatively NG2-CreER T ;Nf1 flox ;Trp53 flox ;Pten flox described by [START_REF] Llaguno | Adult Lineage-Restricted CNS Progenitors Specify Distinct Glioblastoma Subtypes[END_REF], or modification of Nestin-Cre;EGFRvIII described by Noorani et al., 2020 to NG2-Cre;EGFRvIII) could further elucidate the implications of Tcf12 in gliomagenesis.

At this point, another possible criticism to our study needs to be acknowledged. Much has been said concerning our study revolving around OPCs being the cellular origin of gliomas.

Nonetheless it has been evident by (Introduction, Part II, Section 4), that NSCs have also been suggested to serve as glioma cells-of-origin. In that respect, it would be very meaningful to undertake similar studies to ours to investigate the roles of Tcf12 in NSCs. Our ChIP-Seq results from neurospheres did not show high TCF12 binding to promoter regions, in contrast to oligodendroglial cells (Results, Part I, Submitted paper, Figure 3B-C). In addition, very preliminary analyses of proliferation phenotypes of Tcf12-deficient neural progenitor cells in vitro, did not indicate any differences compared to controls (Appendix 12). However, more refined experiments are further needed to explore to this direction.
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  Table of figures presented in the thesis manuscript, excluding the Figures of the "Submitted manuscript" (Results, Part I).

  4 /Akt 5 /mTOR 6 and Ras 7 /MAPK 8 pathways, has been proposed to favor either OPC proliferation or differentiation.

	Notch: Notch signaling in OPCs has been primarily suggested to prevent OL differentiation.
	Interestingly, the HLH genes Hes1 and Hes5, which have been described as repressors of the
	OL differentiation, are activated by Notch signaling.
	BMP: Activation of BMP signaling, also inhibits differentiation. The OL differentiation
	repressors, ID2 and ID4, are effectors of BMP signaling.
	TGF-β (Transforming growth factor beta): TGF-β signaling may exert both negative and
	positive effects on OL differentiation by activating SMAD, MAPK and PI3K cascades; with
	the former two promoting proliferation and inhibiting apoptosis and the latter positively
	impacting differentiation.
	RTK: Growth factor activated RTK receptor signaling is key for the maintenance, proliferation
	and survival of stem and progenitor cells. Individual and co-operative signaling via PDGF/FGF
	and IGF has all been described to be extremely important for OPC renewal and regulation of
	progression to differentiation. The receptor for PDGF-A and -B, PDGFRa is considered the
	most specific OPC marker and mediates crucial, roles in proliferation, migration, and survival
	properties (reviewed in Annenkov, 2013; He & Lu, 2013; Juarez, He, & Lu, 2016; Santos et
	al., 2019)
	1 BMP = bone morphogenetic protein
	2 TGF-β = transforming growth factor beta
	3 RTK = receptor tyrosine kinase
	4 PI3K = phosphoinositide 3-kinases
	5 Akt = also known as protein kinase B
	6 mTOR = mechanistic target of rapamycin
	7 Ras = form "rat sarcoma virus"
	8 MAPK = mitogen activated protein kinase

  . Inactivation of those tumor suppressors in NSCs, at both embryonic and adult stages, led to glioma formation in mice later in life. What is more, in the same study, the inactivation of the tumor suppressors was also achieved via stereotaxic injection of a Cre recombinase-expressing adenovirus, either to the subventricular zone (SVZ) or non-neurogenic brain regions (such as the cortex and striatum). Targeting of the SVZ induced gliomas, whereas targeting of nonneurogenic regions did not. Similar observations were drawn by another group, demonstrating that deleting a combination of the tumor suppressor genes Trp53, Pten and Rb in SVZ cells, and not in astrocytes, gave rise to tumors[START_REF] Jacques | Combinations of genetic mutations in the adult neural stem cell compartment determine brain tumour phenotypes[END_REF].

More recent evidence from clinical studies provided compelling evidence that NSCs of the SVZ carry low-level driver mutations of human GBM. Lee et al., collected triple-matched tissue specimens, including: tumor tissue, normal SVZ tissue far from the tumor and unaffected normal cortical tissue (or blood), from patients with GBM (IDH wild type) or other types of brain tumor (J. H.

Lee et al., 2018)

. Whole exome sequencing revealed that tumor-free SVZ tissue contained low-level GBM driver mutations (including mutations in the TERT promoter or cancer-driving genes, such as EGFR, PTEN and TP53), shared with the distant, matching tumor, in the IDH wild-type GBM patients.

Table of antibodies used for immunofluorescence and chromatin immunoprecipitation

  

	Antibody	Species -Isotype	Application	Dilution	Source and Reference
	anti -APC (Clone CC1)	Mouse IgG2b	IHC-IF	1/500 (in glycerol)	Merck Millipore, MABC200
	anti-CNPase (clone 11-5B)	Mouse IgG1	ICC-IF	1/100 (in glycerol)	Merck Millipore, MAB326R
	anti-GFP	Chicken polyclonal	IHC-IF, ICC-IF	1/2000	Aves Labs, GFP-1020
	anti-Ki67	Rabbit monoclonal (SP6)	IHC-IF	1/250 (in glycerol)	Abcam, ab16667
	anti-OLIG1 (clone N149/25)	Mouse IgG1	IHC-IF	1/500 (in glycerol)	NeuroMab, 75-180
	anti-OLIG2 (clone 211F1.1)	Mouse IgG2a	ICC-IF	1/500 (in glycerol)	Merck Millipore, MABN50
	anti -PDGFRa/ CD140a (clone APA5)	Rat IgG2a	IHC-IF, ICC-IF	1/300 (in glycerol)	BD Biosciences, 558774
	anti -TCF12	Rabbit polyclonal	IHC-IF	1/500	Proteintech, 14419-1-AP
	anti -TCF12	Rabbit polyclonal	IP	5 mg/ 4 * 10 6 cells	Sigma, SAB3500566
	anti -chicken Alexa Fluor 488	Goat	IHC-IF, ICC-IF	1/1000	ThermoFisher, A-11039
	anti -mouse IgG1 Alexa Fluor 488	Goat	ICC-IF	1/1000	ThermoFisher, A-21131
	anti -mouse IgG2b Alexa Fluor 488	Goat	IHC-IF	1/1000	ThermoFisher, A-21141
	anti -rat Alexa Fluor 488	Goat	IHC-IF	1/1000	ThermoFisher, A-11006
	anti -mouse IgG2b Alexa Fluor 594	Goat	IHC-IF	1/1000	ThermoFisher, A-21145
	anti -rabbit Alexa Fluor 594	Goat	IHC-IF	1/1000	ThermoFisher, A-11012
	anti -rat Alexa Fluor 594	Goat	IHC-IF, ICC-IF	1/1000	ThermoFisher, A-11007
	anti -mouse IgG1 Alexa Fluor 647	Goat	IHC-IF	1/1000	ThermoFisher, A-21240
	anti -mouse IgG2a Alexa Fluor 647	Goat	ICC-IF	1/1000	ThermoFisher, A-21241
	anti -rabbit Alexa Fluor 674	Goat	IHC-IF	1/1000	ThermoFisher, A-21245

Table of primers used for qPCR

  

	Tcf12	Forward	GGGCAGAACAAGCAGTACCA
		Reverse	GTTAGCCATCCGCCTTTCCT
	Tbp	Forward	ATCCCAAGCGATTTGCTG
		Reverse	CCTGTGCACACCATTTTTCC
	Gapdh	Forward	GCCAAAAGGGTCATCATCTC
		Reverse	CACACCCATCACAAACATGG
			[88]

macroglia = oligodendrocytes, astrocytes, and ependymal cells.

pseudostratified = a seemingly layered structure, which is actually made up of a single layer of cells in direct contact with the basal membrane.

interkinetic nuclear migration = the movement of the nucleus during the different phases of the cell cyclefeature accounting for the pseudostratified morphology of the neuroepithelium

.4 adherens junctions = cell junctions joining the actin filaments of neighboring cells together.

brain metastases = tumors which initially arose elsewhere in the body (i.e., lungs) and migrated to the brain.

primary CNS tumors = tumors which directly originate from CNS tissues.

person-years = unit of "incidence rate" in epidemiology. The incidence rate describes a measure of the frequency with which a disease occurs over a certain time period in a non-diseased population exposed at a risk. This rate can be expressed in "person-time" (i.e., person-years) , taking into account the sum of the time duration of exposure across all people exposed.

RCAS system = a viral-based system, allowing for postnatal gene transfer in a cell-type-specific manner. RCAS viral vectors (standing for "replication-competent ALV splice-acceptor") , derived from the avian retrovirus (ALV subgroup A) are surgically injected to transgenic mouse lines expressing the TVA (the receptor for ALV-A) in the cell type of interest.

mosaic analysis with double markers (MADM) = the MADM system relies on Cre/loxP-mediated mitotic interchromosomal recombination, allowing for simultaneous gene targeting and fluorescent labeling of clonally related cells. Upon mitotic recombination between two homologous chromosomes, mutant cells are labelled with one fluorophore, whereas their wild-type "sibling" cells with a different fluorophore and heterozygous cells remain unlabeled.

principal component analysis (PCA) = computational methods that are employed to reduce the dimensions of large data sets. For transcriptomic studies, PCA can compress very highly dimensional expression data by "constructing" their principal components.

craniosynostosis = a developmental disease entailing the premature fusion of the cranial sutures.

exencephaly = disorder wherein the brain is located outside of the skull.

rostral migratory stream (RMS) = the "route" which committed neural progenitors follow to migrate from the SVZ to the olfactory bulb in the brain of rodents.

poised genomic regions = constitute genomic regions which are associated neither with an active nor with a repressed state and harbor both activating and repressive epigenetic marks.

canrcinoma = cancer with epithelial origin.
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Objectives

[64]

Abstract

Diffuse gliomas are primary brain tumors originating from the transformation of glial cells. In particular, oligodendrocyte precursor cells constitute the major tumor-amplifying population in the gliomagenic process. We previously identified the TCF12 gene, encoding a transcription factor of the E protein family, as being recurrently mutated in oligodendrogliomas. In this study, we sought to understand the function of TCF12 in oligodendroglial cells, the glioma lineage of origin. We first describe TCF12 mRNA and protein expression pattern in oligodendroglial development in the mouse brain. Second, by TCF12 genome wide chromatin profiling in oligodendroglial cells, we show that TCF12 binds active promoters of genes involved proliferation, translation/ribosomes, and pathways involved in oligodendrocyte development and cancer. Finally, we perform OPC-specific Tcf12 inactivation in vivo and demonstrate by immunofluorescence and transcriptomic analyses that TCF12 is transiently required for OPC proliferation but dispensable for oligodendrocyte differentiation. We further show that Tcf12 inactivation results in deregulation of biological processes that are also altered in oligodendrogliomas. Together, our data suggest that TCF12 directly regulates transcriptional programs in oligodendroglia development that are relevant in a glioma context. 
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Conservation of TCF12 regulated pathways in human gliomas

To determine how TCF12-dependent pathways may be relevant in gliomas, we took advantage of our previously published cohort of TCF12-mutated oligodendrogliomas (Labreche et al., 2015). We re-analyzed the transcriptomics data, comparing samples with TCF12 alterations (mutations and/or loss of heterozygosity and/or copy number loss of heterozygosity without loss of heterozygosity; n=20) to non-altered (non-mutated and normal TCF12 genomic status; n=35) samples (Supplementary Table 8). We performed gene set enrichment analysis using the HALLMARK collection from the molecular signature database. Interestingly, this analysis showed enrichment of pathways related to MYC, oxidative phosphorylation, cell cycle (E2F targets) and EMT in TCF12-altered tumors, similar to our analysis of Tcf12-inactivated cells (Figure 5E). In addition, immune response signatures were negatively enriched in TCF12-altered tumors. We also interrogated the REACTOME collection and found that pathways related to translation and regulation of p53 activity were significantly enriched in TCF12-altered tumors (Figure 5F). These data indicate that the TCF12-regulated processes that we identified from our molecular analyses of mouse oligodendroglial cells are conserved in a glioma setting. 

Outlook

As a conclusion, our study unveiled complex roles of TCF12 in oligodendroglia and glioma development. These roles seem to be context-dependent and most probably are mediated in consortium with other factors. We used different approaches consisting of analyzing TCF12 functions in physiological and gliomagenic settings. This work might have left several open questions, but it also rendered several questions more specific. Importantly, our findings can be used as a reference for future research, seeking to further elucidate the roles of TCF12 in oligodendrogenesis and in gliomagenesis. Hopefully, our efforts along with many other future studies will contribute to the paramount goal of better understanding the underlying mechanisms of glioma development. 

Appendices