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Résumé : Les méningiomes sont les tumeurs primitives
les plus fréquentes du systeme nerveux central.
Cependant, certaines questions restent toujours non
résolues. Ainsi, la cellule d’origine des méningiomes n’est
toujours pas formellement identifiée, le timing des
événements biologiques menant a I'apparition de
méningiomes n’est pas connu, et le mécanisme de genése
des méningiomes sans mutation driver retrouvée (20%
des cas) est inconnu. Les agonistes progestatifs sont
associés a un sur-risque de développer des méningiomes
multiples (MM) a la base du crane.

Dans la premiére partie de cette thése, nous présentons
les premieres données de caractérisation mutationnelle
de la méninge « normale ». Nous rapportons que des
mutations intéressant les deux génes driver principaux
des méningiomes (NF2 et TRAF7) étaient présents chez 4
sujets sur 5. Nos données sont en faveur de la présence
de clones mutés au sein de la méninge, dont la transition
vers le développement de méningiomes serait
conditionnée a la survenue d’autres mécanismes (co-
mutations, dérégulation épigénétique, influence de
facteurs exogenes...)

Dans une deuxiéme partie, nous avons caractérisé par
séquencgage d’exome, d’ARN, et étude de méthylation
une cohorte de MM développés avec ou sans agonistes
progestatifs (AP). La prise d’AP a un effet trés important
dans l'initiation de la tumorigenese, puisqu’elle oriente
les méningiomes vers des sous-types mutationnels
spécifiques, et promeut le développement de MM
ayant une origine monoclonale malgré des mutations
initiatrices différentes. L'étude du profil
transcriptionnel des méningiomes montre que la prise
d’AP est associée a I'expression de marqueurs
endométriaux, et a un profil de réponse a la
progestérone habituellement décrit dans les cellules
endométriales. Enfin nous montrons que la prise d’AP
oriente les méningiomes vers des modifications
morphologiques, avec un aspect « pseudo-micro
kystique », marqué par un cedéme de la matrice
extracellulaire et la présence de vaisseaux sanguins
béant. Cet aspect, potentiellement réversible a I'arrét
des AP, pourrait expliquer en partie la possibilité de
régression des méningiomes a I'arrét des AP.

Title : Studying the tumoral initiation mechanisms and the biologic effects of progestin agonists on meningiomas
Keywords : Meningioma ; Meninges ; Progesterone ; Somatic mutations

Abstract : Meningioma are the most frequent tumors in
the central nervous system. However, the cell of origin,
the timing of initiating events, or the initiation
mechanisms in the 20% of meningiomas without known
driver mutations are still unknown.

Progestin agonists (PA) like cyproterone acetate lead to a
significant increase of meningioma development, with
patients presenting multiple meningiomas generally
located at the skull base. These lesions can stop growing
or even decrease when PA are stopped.

In this work, we provide new insights in meningioma
initiation mechanism through the description of the
mutational landscape of normal meninges. Thanks to
ultradeep targeted exome sequencing of normal samples
of dura mater and arachnoid, we describe that mutations
of NF2 and TRAF7 genes, the two main driver genes of
meningiomas, are present at very low frequency in
normal meninges. Our results suggest that mutant clones
are present physiologically in the meninges without any
micro or macroscopic sign of meningioma formation.

In the second part, we present a multi-omic analysis
(WES, RNA seq and methylation study) of multiple
meningiomas in patients under PA or not. We report
that PA have a fundamental role in meningioma
initiation: they induce the apparition of MM belonging
to the non-NF2 mutational subgroups (TRAF7 and
PIK3). Moreover, MM have a monoclonal origin while
they harbor different driver mutations, suggesting a
non-mutational initiating event. Transcriptional study
reveal that PA are associated with the expression of
both endometrial markers and genes described in
endometrial response to progesterone. This modified
response to progesterone reflects the morphological
changes of hormonal induced meningiomas, that show
a pseudo-microcystic aspect with edematous extra
cellular matrix and dilated blood vessels. Taken
together, these results suggest that PA affect the
cellular and tissular architecture rather than increase
proliferation, leading to reversible changes when PA
are stopped.
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1 AVANT-PROPOS

Les méningiomes sont les tumeurs primitives du systeme nerveux central les plus
fréquentes . Ils se présentent généralement sous la forme de lésions a croissance lente
développées au dépend des méninges, les enveloppes du systeme nerveux central. Si
les méningiomes ont une présentation clinique et radiologique assez constante, leur
analyse anatomopathologique montre une grande diversité dans leur aspect
morphologique : 15 sous-types histologiques sont ainsi décrits dans la classification de
I'OMS 2021.

La compréhension de la genése des méningiomes a été révolutionnée par les
études de séquencage a haut débit a la fin des années 2010 qui ont permis la
découverte des principales mutations drivers initiatrices et des sous-groupes
moléculaires (en dehors de la mutation de NVF2, connue depuis de nombreuses années),
puis par la découverte des classes de méthylation. Cependant, malgré les grands
effectifs des études publiées, certaines questions restent toujours non résolues. Ainsi,
la cellule d'origine des méningiomes n’'est toujours pas formellement identifiée, le
timing des événements biologiques menant a I'apparition de méningiomes n’est pas
connu, et le mécanisme de genese des méningiomes sans mutation driver retrouvée
(20% des cas) est inconnu.

Généralement percus comme des tumeurs bénignes posant peu de probléemes
diagnostiques ou thérapeutiques, les méningiomes sont cependant associés a une
morbidité significative, de par les symptomes liés a leur histoire naturelle ou a la
morbidité des traitements mis en place 2.

Cette pathologie a été récemment mise sur le devant de I'actualité en raison d'un
sur-risque de développement en cas d'exposition prolongée aux progestatifs de
synthése a haute dose comme l'acétate de cyprotérone (ACP), qui ont été largement

prescrits dans les décennies passées en France 3. Les patientes soumises a ce traitement



médical développent des méningiomes multiples, situés a la base du crane, et dont la
croissance peut étre stoppée a l'arrét du médicament.

Ces meéningiomes hormono-induits représentent un véritable modele de
développement des méningiomes chez 'homme. Les méningiomes opérés sous ACP
sont particulierement précieux dans la compréhension des mécanismes de la genese

et du développement des méningiomes.

Mon travail de these s'est effectué dans I'unité’« Génétique et développement des
tumeurs cérébrales » dirigée par le Pr Marc Sanson et le Pr Emmanuelle Huillard a
I'Institut du Cerveau (ICM) (UPMC/InsermUMR_S1127/CNRS UMR7225 ICM), sous la
direction du Pr Michel Kalamarides qui dirige le groupe de recherche sur les tumeurs
méningées. La co-direction a été assurée par le Pr Valérie Rigau au sein de I'équipe
« Plasticité cérébrale, cellules souches et tumeurs gliales », unité INSERM U1191, Institut
de génomique fonctionnelle, Université de Montpellier.

L'encadrement a été assuré par mes directeurs de these, et par le Dr Matthieu Peyre
au sein de I'équipe « Génétique et développement des tumeurs cérébrales ».

La thématique de I'équipe est la description des différents mécanismes génétiques
en jeu dans le développement des méningiomes avec la mise au point de modeles
souris a l'intersection entre I'acces clinique aux patients et |'exploration fondamentale
de leur pathologie. L'expertise de I'équipe dans le domaine de I'analyse biologique des
tumeurs, la collaboration avec les anatomo-pathologistes des deux centres ainsi
qu'avec les bio-informaticiens associés m’'ont permis de mettre en place mon projet de
these, pour lequel j'ai recu un financement dans le cadre du « poste accueil » INSERM.
Notre équipe a par ailleurs recu pour ce projet différents financements ; Fondation de
I'avenir, ainsi qu'une cagnotte collaborative que j'ai organisée avec l'aide de la famille

d'une patiente atteinte de méningiome, que je tiens a remercier.

Les travaux de recherche clinique et fondamentale présentés ici s'attachent a

comprendre les mécanismes initiateurs de la tumorigenese méningée.



Dans une premiere partie, une mise au point sur l'état actuel des connaissances

concernant les méningiomes et les mécanismes de leur tumorigenése sera présentée.

Dans une deuxieme partie, nous présenterons les résultats d'une étude sur la recherche
d'évenements mutationnels au sein de la méninge normale, ou notre objectif était de

détecter des mutations oncogéniques pré-tumorales dans le tissu sain.

Enfin, dans une troisieme partie, nous présenterons les résultats d'une étude de
caractérisation multi-omique de méningiomes multiples chez des patientes soumises
a un traitement par agonistes progestatifs (AP), ou notre objectif était de décrypter les

mécanismes initiateurs de la tumorigenése méningée.

Au cours de ces études, j'ai utilisé un ensemble de méthodes relevant de la biologie
expérimentale, de la génétique, et de la bio-informatique en collaboration avec des
équipes spécialisées. J'ai ainsi appris, entre autres, les techniques expérimentales de
préparation des ADN et des ARN pour le séquencage ; les techniques d'analyse et de
traitement bio-informatique des données de séquencage haut débit ; les techniques

d'immunohistochimie et d'analyse morphologique des prélevements.

Nous avons collaboré de fagon exhaustive, comme détaillé dans chacune des parties,
avec:
- Les services d'anatomopathologie des CHU Pitié-Salpétriére (Pr Franck Bielle) et
du CHU de Montpellier (Pr Valérie Rigau)
- La plateforme de séquencage génétique de I'lCM (Yannick Marie)
- Les équipes de bio-informatique GENOPLICE (Pierre Delagrange et Olivier
Ariste) et du SIRIC Curamus (Quentin Letourneur)
- L'équipe de Pathologie du Pr Felix Sahm et du Dr Philipp Sievers (Heidelberg,
Allemagne)

- L'ensemble de I'équipe « Génétique et développement des tumeurs cérébrales »



Ce travail de thése a donné lieu aux publications suivantes (premier auteur) :

- Meningiomas from a developmental perspective: exploring the crossroads
between meningeal embryology and tumorigenesis. Boetto J, Peyre M,

Kalamarides M. Acta Neurochir (Wien). 2021 (ANNEXE 1).

- Mouse models in meningioma research: a systematic review. Boetto J, Peyre M,

Kalamarides M, Cancers, 2021 (ANNEXE 2).

- Les méningiomes : mise au point sur les connaissances actuelles. La revue de

médecine interne, 2022.
- Multi-omic analysis of progestin agonist-related multiple meningiomas suggests
a non-genomic driver in meningioma tumorigenesis (manuscrit en preparation,

2023).

- Normal meninges harbor oncogenic mutations in meningioma driver genes :

version révisée soumise apres réponse aux reviewers, sept 2023.

Il a également donné lieu a des publications en tant que co-auteur sur des travaux de

I'équipe de recherche durant cette période :

- Respective roles of Pik3ca mutations and cyproterone acetate impregnation in

mouse meningioma tumorigenesis, Cancer gene therapy, 2023, (ANNEXE 3)

- Somatic P/IK3CA Mutations in Sporadic Cerebral Cavernous Malformations, New

England Journal of Medecine, 2021
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Les données issues de cette these ont été présentées lors de deux congres nationaux

(Société Francaise Neurochirurgie, 2022 a Nice et 2023 a Lille).
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INTRODUCTION : SYNTHESE DES CONNAISSANCES SUR LA
TUMORIGENESE MENINGEE
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2.1

DEFINITION ET EPIDEMIOLOGIE DES MENINGIOMES

Les méningiomes sont les tumeurs primitives du systeme nerveux central les plus
fréquentes . Ils se présentent généralement sous la forme de lésions a croissance lente
développées au dépend des méninges, les enveloppes du systeme nerveux central.
Généralement percus comme des tumeurs bénignes posant peu de probléemes
diagnostiques ou thérapeutiques, les méningiomes sont cependant associés a une
morbidité significative, de par les symptomes liés a leur histoire naturelle ou a la

morbidité des traitements mis en place 2.

Figure 1: Aspect radiologique de méningiomes sur des IRM cérébrales, Images Dr Matthieu Peyre

Les méningiomes (analysés histologiquement) représentent 37.6% de I'ensemble
des lésions et 53.3% des lésions bénignes du systéme nerveux central (SNC) .
L'incidence des méningiomes augmente avec I'age (18.69/100 000 apres 40 ans versus
0.16/100 000 avant 20 ans), et I'|age moyen de diagnostic est de 66 ans. Les études
issues des travaux d'autopsie montrent un taux de découverte fortuit de méningiomes
d’environ 2 a 3% dans la population générale . Ils sont par ailleurs retrouvés de

maniére fortuite dans 1% des IRM cérébrales réalisées %. Les méningiomes sont plus

13



fréquents chez les femmes : le sexratio est de 2.33 :1 pour les méningiomes bénins et
de 1.12 :1 pour les méningiomes plus agressifs.
Plusieurs facteurs de risques sont associés au développement des méningiomes :

- L'exposition aux radiations ionisantes : les méningiomes sont les tumeurs radio-
induites du systeme nerveux les plus fréquentes. Le risque de développer un
méningiome est de 6 a 10 fois supérieur a la population générale °. Les
méningiomes radio-induits sont en général multiples, histologiquement plus
agressifs que dans la population générale, avec des taux de récidive plus élevés
et sont généralement liés a I'inactivation de NF2’

- Les hormones sexuelles : le role des hormones (estrogenes, progestérone et
androgenes) dans la genese des méningiomes a été étudié de maniéere extensive
et fait I'objet d'un chapitre spécifique (cf chapitre Méningiomes et hormones).

- Les syndromes familiaux : si la majorité des méningiomes se développent de
maniere sporadique, certains syndromes familiaux sont associés au
développement de méningiomes. lls ont fourni des indications précieuses dans
I'étude des mécanismes a l'origine de la tumorigenese méningée :

o La neurofibromatose de type 2 (NF2) est le syndrome familial le plus lié

au développement de méningiomes 8. Il

s'agit d'une maladie
autosomique dominante causée par une mutation du gene NFZ sur le
chromosome 22g12. 50% des patients atteint de NF2 vont développer
un méningiome au cours de leur vie. Les méningiomes des patients NF2
sont généralement multiples, précoces (avec age moyen de découverte
estimé a 30 ans), et peuvent appartenir a tous les grades de 'OMS °.

o Le syndrome de Gorlin est une maladie autosomique dominante lié a une
mutation activatrice d'un des composant de la voie Sonic Hedgehog
(PTCHT) qui associe le développement de carcinomes baso-cellulaires, de

médulloblastomes et un sur-risque de développement de méningiomes.

5% des patients atteints présentent des méningiomes °.
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o Les syndromes familiaux associés a des mutations de SMARCBT et
SMARCET, des sous-unités du complexe remodelant la chromatine
SWI/SNF : les mutations germinales de ces genes sont a l'origine de
méningiomatoses familiales. Les patients présentant des mutations
germinales de SMARCET sont porteurs de méningiomes intracraniens a
cellules claires et de méningiomes spinaux .

o D'autres syndromes sont associés a un sur-risque de développer un
méningiome : syndrome de Cowden, Proteus, Li-Fraumeni, Turcot,
Gardener, Von Hippel-Lindau, Rubinstein-Taybi, et néoplasie multiple

endocrinienne de type 1 (NEM1) 12,

CLASSIFICATION HISTO-MOLECULAIRE DES MENINGIOMES

Classification histologique de I'OMS de 2021

La classification de I'OMS de 2021 classe les méningiomes en 15 sous-types
histologiques répartis en 3 grades pronostiques sur la base de criteres histologiques
(Tableau 1) 1. Les grades sont corrélés au pronostic en termes de risque de récidive et
de survie globale. lls sont a la base des prises de décision pour les traitements a mettre
en ceuvre.

Les méningiomes de grade | (bénins), représentent 80% des méningiomes et ont un
profil d'évolutivité plutét indolent 213, Les méningiomes de grade Il (atypiques) et Il
(anaplasiques) représentent respectivement 17.7% et 1.7% des méningiomes, et
présentent des taux de récidives beaucoup plus importants (taux de survie a 10 ans de
53% et de 25%, respectivement)z.

Le taux de prolifération évalué par le Ki-67 représente également un bon marqueur
prédictif du risque de récidive, méme s'il n'apparait pas de maniere formelle dans la
classification de I'OMS. La principale nouveauté dans la classification de 2021, en

comparaison a celle de 2016, est I'intégration de marqueurs moléculaires (la mutation
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du promoteur de TERT et la perte de CDKN2A/B) faisant classer les Iésions en grade 3

d'office, au vu de leur caractére pronostique péjoratif intrinséque™.

WHO GRADE |

== WHO GRADE lll = = WHO GRADE Il —

Figure 2: Aspect histologique des différents sous-types de méningiomes, coupes HE (Classification WHO, Louis et Al.*#)
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Grade | Grade ll Grade llI
Sous-types Méningothélial Atypique Anaplasique
histologiques Fibroblastique A cellules claires Rhabdoide
Transitionnel Chordoide Papillaire

Psammomateux
Angiomateux
Microkystique

Sécrétoire
Riche en lympho-
plasmocytes
Métaplasique

Criteres diagnostiques

< 4 mitoses par 10CFG

4 a 19 mitoses par
10CFG
QOu
Invasion cérébrale
QOu
3 des 5 éléments :
Perte d'architecture/
Rapport NC élevé/
Nucléoles
proéminents/
Hypercellularité/
Nécrose

>20 mitoses par
10CFG
Ou
Aspect malin
(carcinomateusx,
sarcomateux,
mélanocyaire)

Critéres Moléculaires

Perte CDKN2A/B
Mutation promoteur
de TERT

Principaux événements
génétiques associés

Mutations NF2, TRAF7,
PIK3CA, KLF4, AKTT,

Mutations NF2, TRAF7,
SMARCB1, SMARCET,

Mutation NF2, TERT
BAPT

SMO, POLRZA TERT
Perte 22q Perte 1p, 69, 10q, 14q, Perte 9p (CDKNZAB)
18q Amplification 17q
Gain 1q, 9q, 12q, 15q, Perte H3K27me3
17q, 20q
Taux de survie a 10 ans 83.7% 53% 25%
Taux de récidive a 5 ans 7-23% 50-55% 72-78%

aprés exérése compléte

Tableau 1 : Résumé de la Classification OMS 2021 des méningiomes, avec leurs principales caractéristiques moléculaires et

de survie.

CFG : champs a fort grossissement ; NC : nucléocytoplasmique

17



2.2.2 Caractérisation génétique et moléculaire des méningiomes

Anomalies cytogénétiques

L'instabilité chromosomique est une altération moléculaire extrémement fréquente et
caractérise les méningiomes récidivants ou de mauvais pronostic °. L'accumulation
d'aberrations cytogénétiques est corrélée a des méningiomes de plus haut grade et a
un risque de récidive supérieur, expliquant que les méningiomes de haut grade
présentent des profils cytogénétiques plus altérés que les méningiomes bénins (6.9
événements versus 1.7 événement, respectivement) °.

L'événement cytogénétique le plus fréquent est la perte du chromosome 22q, ou est
situé le gene NF2, qui concerne environ 50% des méningiomes bénins et 75 a 85% des
méningiomes atypiques ou anaplasiques . Les méningiomes bénins ne présentent en
général aucune autre anomalie cytogénétique.

La perte du 1p (dont la frequence augmente également avec le grade histologique) est
également tres fréquente et implique les genes T7P73 CDKN2C, RAD54, EPB4],
GADDA45A et ALPL '®. La perte du 14q, entrainant l'inactivation des génes NDGRZ et
MEG3, est la troisieme anomalie cytogénétique en fréquence. L'association de la perte
du 1p et du 14q est un facteur pronostique indépendant du risque de récidive et de
progression ™.

Enfin, la perte du 9p est spécifiquement associée aux méningiomes anaplasiques. Elle
entraine l'inactivation des genes suppresseurs de tumeurs CDKNZA, pT4ARF et
CDKN2B 181,

Les autres anomalies chromosomiques décrites sont la perte du 6qg, du 10qg et du 189 ;

le gain du 1p, 9q, 129, 159, 17q et 20q ; et I'amplification du 17q.

Mutations somatiqgues de NF2
La mutation du gene NFZ, un gene suppresseur de tumeur codant pour la protéine
Merlin, est la mutation la plus fréequemment retrouvée dans les méningiomes

sporadiques (environ 50% des cas) %°. Elle est en général associée & une monosomie
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du chromosome 22 entrainant une inactivation bi-allélique de NF2 La perte de la
fonction de la protéine Merlin se traduit par une perte de l'inhibition de contact a
I'échelle cellulaire, ainsi que par une activation de voies intracellulaires de la
prolifération, de la survie, du remodelage du cytosquelette et de la migration. La
mutation de NF2 est également associée a l'activation de plusieurs voies de
signalisations oncogéniques comme RAS, PI3K/AKT/mTOR, Hippo ou Notch 21,

Les altérations de N2 sont également les évenements génétiques les plus fréquents
dans les méningiomes de grade Il et lll, ce qui en fait I'évenement driver prépondérant
dans la tumorigénése méningée %°. La mutation de NF2 est par ailleurs plus fréquente
dans les méningiomes de sous-type fibroblastique et de topographie para sagittale et

intraventriculaire 2.

Mutations somatiques non liée a NF2

Environ 40% des méningiomes sporadiques sont indépendant de I'inactivation de NF2
et sont liés a d'autres mutations découvertes lors d'études de séquencages de haut
débit de larges cohortes de méningiomes. Ces études ont abouti a la caractérisation
de sous-groupes mutationnels co-exclusifs, en lien avec des topographies et des sous-
types histologiques majoritaires, liés a des mutations de TRAF7, KLF4, AKT1, POLRZA,
ou a des composants des voies Sonic Hedgehog (SHH) ou PIK3 2226 Ces mutations
concernent généralement des méningiomes de grade | situés a la base du crane, qui
présentent une stabilité chromosomique (tres peu de perte ou de gain de bras
chromosomique), et surviennent en dehors de tout événement lié a NF2 (Tableau 2).
La différence de répartition des groupes mutationnels en fonction de la topographie
reflete la différence de tissu embryologique d'origine de la méninge (mésodermique a
la base du crane versus neuro-ectodermique a la convexité). Elle suggere un lien
important entre les mécanismes en jeu durant embryologie méningée et ceux induisant

un phénotype tumoral a I'dge adulte %’.
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Mutation Cluster Fréquence | Grade Sous-type Topographie
mutationnel (%)
NF2 NF2/Perte 40-60 l, I, I | Fibroblastique Convexité
22q Faux du cerveau
Tente du cervelet
SMARCBT | NF2/Perte 5 [<I1, 1l Atypique Faux
22q
TRAF7 TRAF7 15-25 I>Il | Méningothélial Base du crane
Sécrétoire (+
KLF4)
KLF4 TRAF7 9-12 [ Sécrétoire Base du crane
AKTT PIK3 7-12 I Méningothelial Base du crane
antérieure
SMO SHH 1-5 I Méningothelial Base du crane
antérieure
PIK3CA PIK3 3-4 I>Il | Méningothelial Base du crane
POLRZA - 5 I Méningothelial Base du crane
SUFU SHH <1 I Méningothelial Base du crane

Tableau 2: Principaux sous-groupes mutationnels et leur caractéristiques cliniques 27

Mutation du promoteur de TERT

Des mutations du promoteur de TERT (télomérase reverse transcriptase) sont
retrouvées dans 6.4% des méningiomes et sont associées aux méningiomes de haut
grade : elles concernent 1.7%, 5.7% et 20% des méningiomes de grade |, Il et lll
respectivement 28, Elles sont un facteur pronostique défavorable puisqu’elles sont
associées a une diminution du temps de survie sans récidive et de survie globale. Elles
sont également un marqueur de progression tumorale puisqu’elles sont associées aux
méningiomes ayant récidivés sous la forme d'un méningiome de plus haut grade

(marqueur de progression tumorale) 28:2°,

Modlfications épigénétiques
Afin de pallier les limitations de I'évaluation du pronostic grace a la seule classification

actuelle de 'OMS, de nouvelles classifications issues de données épigénétiques ont vu
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le jour 3%32, Les profils de méthylation de I'ADN permettent de poser avec certitude le
diagnostic de méningiome dans les cas histologiquement douteux, et de mieux
identifier les méningiomes de grade | susceptibles de récidiver sous la forme d'un
méningiome de haut grade. De plus, ils permettent de déterminer le risque de récidive

avec une meilleure précision que le grading de I'OMS 32,

Cluster MCben-1 MC ben-2 MCben-3 MCint-A MCint -B MC mal
] TRAF7 NF2 NF2 NF2
o B 28 OB B B
>0< * SMO
1 X@Xakr: TERT TERT
22q deletion Balanced 22q deletion | 22qdeletion | 22qdeletion
(>80%)*
Cytogenetics -
(>40%)t 22qdeletion, | 1p deletion 1p, CDKN2A 1p, 10, CDKN2A
5gain deletion deletion
Predominant | Fibroblastic Secretory Angiomatous = Fibroblastic Atypical Anaplastic
Histology | Transitional | Transitional Transitional Transitional Anaplastic
Atypical Meningothelial . Atypical Atypical
_ 76% 24% 85% 15% 64% 36% 55% 45% 64% 36%  45% 55%
sexof | NI NN DN
patient | HH Female
Bl Male
A & —
Tumour ﬁ? \,)' " ," \\
location = kév\, M 7 : o PN =7
“w,/ \};7 o R
100 -
Progression- —
free survival
(months)
0 T T 1 T I 1
0 60 1200 o 60 120 120

Figure 3 : Classification des méningiomes par classes de Méthylation, tiré de Sahm et Al??

Une dérégulation de la liaison de 'ADN aux histones est également impliquée dans la
tumorigenese méningée : la perte de la triméthylation de la lysine 27 de I'histone 3
(H3K27me3) est associée a un risque supérieur de récidive 33. Des mutations affectant

les régulateurs épigénetiques KDM5C et KDM6A (histones demethylases) sont
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2.2.3

présentes dans 8% des méningiomes 3, et des mutations affectant le géne ARIDTA,
codant pour une sous-unité du complexe SWI/SNF, régulateur du remodelage de la

chromatine, sont décrites dans les méningiomes anaplasiques*.

Intégration des données moléculaires multiples et classifications des méningiomes

La multiplication des études multi-omiques débouchant sur des sous-groupes
pronostiques intégrant des données de groupe mutationnel, profil transcriptionnel, et
profil de méthylation rendent leur généralisation difficile. A I'heure actuelle, aucun
consensus n'existe sur une classification des méningiomes tenant compte de
I'ensemble de ces parametres. Dans une étude de référence publiée en 2021, une
classification a permis de distinguer 4 groupes (« Immunogénic », « NF2 Wild type »,
« Hypermétabolic », et « proliferative ») intégrant I'ensemble des données
moléculaires dans le champs des connaissances actuelle®. Dans le méme temps, des
équipes concurrentes ont produit deux autres classifications basées sur des données
multi-omiques, aboutissant a 3 groupes pronostiques globalement équivalents3®3’.
L'ensemble de ces données sont résumées dans la figure 4 et le tableau 3. Si ces études
établissent des bases solides aux connaissances fondamentales sur la tumorigenese
méningée, elles ne sont pas en pratique utilisables au quotidien en raison de leur

manque de validation en situation réelle courante, et du manque d'accessibilité des

outils technologiques dont ils dépendent pour de nombreux centres.
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Nassiri et al.

Bayley et al.

—
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Figure 4 : Exemples de classifications intégrant les données multiomiques de méningiomes, from Wang et AL3®

and unsupervised hierar-
chical clustering

Table 3 Molecul. bgroups and descripti of multiomic classes from different studies
Study Derivation of molecular Group ‘WHO Grades Mutations CNV Transcriptional profile Clinical outcome
group
Nassiri et al. Unsupervised sample-wise MG1: Immunogenic 1 NF2 22q- Immune regulation and Good
consensus hierarchical signaling pathways
clustering of gene level MG NF2-wildiype 1.2 TRAF7, AKTI, KLF4, Splg+. 12p/g+, 13p/q+,  Vasculature and angio- Intermediate
somatic copy mumber POLR2A 1Tplg+ 20p/g+ genic pathways
i‘he":’r:;" DNA methy-  p4623. Hypermetabolic 2. 1 NF2, DMD, TERT)p, Ip—.6q—, 14p/g—, 22q—  Metabolism of macromol- Pocr
ome. and franscriptomes CHD?2. CREBBP ecules
data followed by COCA
MG4: Proliferative 2.3 NF2, TERTp, KDM6A, ip—-. lq+ 6pig—. 10p/ Cell cycle regulation, pro-  Poar
CHD2, CREBBP. PTEN,  q—. 14plg— 22q—. liferation associated tran-
RBI, FBXW7 CDEN2A/B- seription factor networks
(MYC, FOXM1. E2F)
NMF and k-means cluster MenG A 1 TRAF7, KLF4, AKTI, None Vasculature development  Good
ing based on most vari- PI3KCA, SMO, POLR2A, and cell cycle signaling
ably methylated CpGs. TERTp
followed by PLS models  MenG B 2.1 NF2, SMARCBI 229- Immune signaling and Good
with DNA methylation Hedgehog pathway
and CNV data as inde- :
pendent data, and RNA- MenG C 2,1 NF2,ARIDIA, TERTp ip-, 22g- Melllhlnllca.nd celleycle  Poor
seq as the dependent data pafnways
Choudhury et al. PCA of most variable Merlin-intact 1 TRAF7, AKTI, KLF4 Sp+. 6p- NF2 expression Good
probes in DNA. meth- Immune-enriched 1.2 NF2 fip+. 22g- HLA and meningeal lym-  Intermediate
ylation data followed phatic genes
by K-means consensus e _
clustering, continuous Hypermitotic 2,13 NF2 lpz—zat Gg;kgp—. ;1_q I+ FO?ill\:l a::‘I”t:her cell Poar
distribution functions, - DR cyele pafiways

COCA cluster of cluster analysis: NMF non-negative matrix factorization: PLS partial least squues PCA prine |pal component analysis
*Subsequently found to contain two hiylati b cor di bgroups with distinct clinical outcomes(Choudhury et al.)

toh and pr

Tableau 3: Principales classifications intégrant les données multi-omiques des méningiomes, tiré de Wang et Al?¢
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2.3

2.3.1

MENINGIOMES ET HORMONES PROGESTATIVES
Méningiomes et hormones sexuelles

Les arguments qui supportent |'association entre les hormones sexuelles et le
développement de méningiomes sont nombreux. Les méningiomes sont plus
fréquents chez les femmes avec un sex-ratio tout age confondu de 2.3 :1 dont le
maximum (3.15 :1) est atteint chez les femmes en &ge de procréer . Ils ont tendance a
augmenter en volume durant la phase lutéale du cycle menstruel, durant les protocoles
de fécondation in vitro, ou durant la grossesse, et a régresser spontanément en période
de post-partum 3940,

Deux méta-analyses récentes sur l'expression des récepteurs hormonaux par les
méningiomes permettent de synthétiser les données disponibles sur leur expression
par les méningiomes: 76% des méningiomes expriment les récepteurs a la
progestérone, 50% les récepteurs aux androgenes, et entre 6 et 12 % les récepteurs

aux estrogénes*!#? (Figure 5).

A Proportion HR+ Proportion HR+ Proportion HR+
in Agg-g in IPD-g Pooled
Receptor (95% Cl) (95% Cl) (95% Cl) Sowg
PR+ —;— 0.75 (0.67-0.82) 0.77 (0.71-0.82) 0.76 (0.72-0.80) -#-Agg-g
IPD-g
ER+ T 0.08 (0.03-0.18) 0.04 (0.02-0.10) 0.06 (0.03-0.10)
-l-Pooled
AR+ —aa— 0.55 (0.27-0.81) 0.45 (0.23-0.70) 0.50 (0.33-0.66)
I T T T T 1
0 02 04 06 08 1
Proportion
B Proportion HR+ Proportion HR+ Proportion HR+
inLB in IHC Pooled
Receptor (95% ClI) (95% Cl) (95% Cl) Group
PR+ = S 0.76 (0.70-0.81) 0.76 (0.69-0.82) 0.76 (0.72-0.80) | LB
* IHC
ER+ ol 0.11 (0.06-0.20) 0.03 (0.01-0.09) 0.06 (0.03-0.10)
-#-Pooled
AR+ —— 0.49 (0.28-0.70) 0.49 (0.22-0.77) 0.50 (0.33-0.66)

[ T T T T 1
0 02 04 06 08 1

Proportion

FIG. 4. Summary of HR expression meta-analysis. Simplified forest plots representing the proportion of each receptor analysis by
aggregated subgroup. Results by study can be found in the Supplemental Figures as indicated in the text. The pooled estimate

of each subgroup is represented by the square and 95% confidence intervals by the horizontal line for each square. A: Subgroup
comparison summaries of Agg-g (dark gray) and IPD-g (light gray) with pooled effects indicated with black. B: Subgroup compari-
son summaries by detection method: LB (dark gray) and IHC (light gray). *p = 0.03 for difference between detection methods.

Figure 5 : Expression des récepteurs aux hormones sexuelles dans les méningiomes, tiré de Miyagishima et al*!
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Les fréquences d’expression des récepteurs sont sujets a caution, essentiellement en
raison de I'évolution des techniques de détection qui peuvent engendrer de grandes
disparités, en particulier pour les récepteurs aux estrogénes*.

Le principal récepteur a la progestérone (PGR), est une protéine cytoplasmique dont la
dimérisation induite par la fixation de la progestérone entraine la translocation dans le
noyau et la transcription de génes participant a la réponse a la progestérone®.
L'expression des récepteurs a la progestérone par les méningiomes est associée a la
topographie a la base du crane, au sous-type méningothélial, au grade 1 de I'OMS, et
au sexe féminin. D'autre part, les taux d'expression des plus important des RP semblent
coincider avec la période de péri-ménopause chez la femme, et I'age avancé chez
I'homme, reflétant les variations de niveaux hormonaux sériques a ces périodes (Figure
6). Ces données suggerent que les variations de niveaux circulants des hormones
sexuelles créent des fenétres d'opportunité pour le développement des méningiomes,
selon un mécanisme qui n'est pas élucidé. Ceci est d'autant plus vrai que les données
sur |'expression des récepteurs aux hormones sexuelles dans les méninges saines sont
incompletes et éparses. Malgré tout, |I'expression du récepteur a la progestérone (PGR)

a été démontré dans les cellules arachnoidiennes des méninges normales*,

A B
100 100
] @ 4
; i iv AN\
% % ol = ERCE R=017.p=03 E wod * ARY(F) R=042,p=017
2 -s PR+ (F) R2=-0.08,p=0.54 g -8 ER+(M)R?=065,p= 003" g -8 AR+ (M) R?=019,p=046
£ 2] & PReMR2=070,p=002 2 e 254 ¢ 4 o
® ® ® e
0-4 0
& ‘L“:‘? '§°)P b?"‘? é’ﬁ‘ a"’:\h '\"”’ o° q?t* '5"-‘)‘ l{"g‘ 4:? & d '\”’9 & ‘19’? "a"’y b‘-‘;’ ‘?“b‘ & ! ’\"”P
Age, n = 1180 Age, n =981 Age, n =92

FIG. 2. Associations between age and receptor status across the lifespan of males and females. Data for individual patients were
divided into seven groups according to age, and the proportion of patients with PR* (A), ER* (B), and AR* (C) meningiomas were
calculated for each bin. These data were then tested using a simple linear regression with R2. Additionally, an assessment based
on categorical evaluation of hormonal status in women was performed for each receptor. ns = not significant. *p < 0.05.

Figure 6: Expression des récepteurs aux hormones sexuelles par les méningiomes en fonction de I'dge, tiré de Miyagishima et
Al, 41
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2.3.2

L'association entre les hormones sexuelles et le développement des méningiomes a
par la suite été illustrée grace aux découvertes épidémiologiques concernant le sur-
risque de méningiomes dans certains cancers hormono-induits comme le cancer du
sein (Risque relatif de 1.54 [95% IC : 0.77-2.75] “®.

Par ailleurs, de nombreuses études ont étudié I'impact de la prise médicamenteuse
d’hormones sexuelles comme la contraception orale ou le traitement hormonal
substitutif sur le développement des méningiomes. A I'heure actuelle, aucune preuve
formelle ne permet d'affirmer que I'utilisation d'une contraception orale est associée a
un sur-risque de développer un méningiome #’. En effet, aucune association n'a été
retrouvée entre |'utilisation présente ou passée de contraceptifs oraux et le risque de
méningiomes. En revanche, la prise d'un traitement hormonal substitutif est associée a
un risque relatif de développer un méningiome de 1.35 (IC95% 1.21-1.49), la prise de
progestérone étant un facteur de risque indépendant de développer des méningiomes
dans ce cadre-la 849, L'impact prédominent de la progestérone a été confirmé par la
mise en évidence d'un sur-risque significatif de développer des méningiomes lors de
la prise de progestatifs de synthese a haute dose comme |'acétate de cyprotérone

(ACP), I'acétate de chlormadinone (ACC) ou d'acétate de nomegestrol (ACN) 3.

Méningiomes et progestatifs de synthese

L'acétate de cyprotérone (ACP) est un progestatif de synthese possédant un puissant
effet anti androgénique, ayant I'AMM en France dans le traitement des cancers de la
prostate non opérables ou des paraphilies chez I'homme, et dans le traitement de
I'hirsutisme et de I'hyper androgénie sévere avec un retentissement majeur sur la vie
sociale chez la femme, en particulier chez des patientes présentant un syndrome des
ovaires polykystiques (SOPK) (a une dose de 50 mg/ jour). Il a également été utilisé
hors AMM pour le traitement hormonal des personnes transgenres féminins, de I'acné
en lien avec des signes d’hyperandrogénie, du traitement hormonal substitutif ou

comme contraceptif oral 3. Les trois mécanismes d'action principaux de I'ACP sont
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I'inhibition compétitive des récepteurs de la testostérone, I'inhibition de la production
de la testostérone, et une activité progestérone-like puissante °°.

Depuis 2007, de nombreuses séries ont rapporté l'augmentation du risque de
développer des méningiomes lors d’'un usage prolongé (5 a 30 ans) de hautes doses
d'acétate de progestérone (25 mg-100 mg journaliers)*">2. Une étude épidémiologique
de large ampleur a permis de mettre en évidence une augmentation trés significative
du risque de survenue d'un méningiome chez les femmes traitées par ACP pendant de
longues périodes a forte dose. Le risque est multiplié par 7 pour I'ensemble des
patientes au-dela de 6 mois d'utilisation a une dose de 25 mg/jour ou plus, et par 20
au-dela d'une exposition cumulée de 60g d’ACP 33,

Toutes les études concordent pour montrer que le risque de méningiome est
proportionnel a la dose cumulée (dépendant de la durée de traitement et du dosage

quotidien).

Les méningiomes développés sous ACP présentent des particularités cliniques et
radiologiques. llIs se développent chez des patientes en moyenne plus jeunes (48 ans),
sont dans 50% des cas multiples, et sont développés au niveau des étages antérieur et
moyen de la base du crane (risque spécifique multiplié par 47) 3°'°4 L'analyse
histologique des méningiomes développés sous ACP montre qu'il s'agit de
méningiomes de grade |, exprimant dans 98% des cas les récepteurs a la
progestérone®. D'autre part, leur analyse moléculaire a montré une trés nette
surreprésentation des mutations de P/K3CA (35% versus 7% dans les séries sans ACP),

et de TRAF7, et I'absence de méningiome muté NF2>* (Figure 7).

28



H1047R

E453K E542K ¢ Q546K

C420R E542K

H1047R
(n=9)

POLR2A
PIK3CA

Figure 7 : Illustration des hotspots mutés sur le géne PIK3CA des méningiomes hormono-induits(A), de leur topographie (B),
et des différences de profils mutationnels entre les Iésions hormono-induites (C) et non hormono-induites (D), tiré de Peyre et
AL, 5

Cette modification du profil mutationnel suggere un mécanisme d'action spécifique lié
aux niveaux de Progestérone circulante et impliqué dans les évenements initiateurs des
meéningiomes. Elle reflete les mécanismes en jeu dans d'autres cancers hormono-
dépendants, puisque des mutations de P/K3CA sont rencontrées dans les
adénocarcinomes endométriaux ou mammaires présentant des récepteurs aux
hormones sexuelles 6. Une association statistique a par ailleurs été retrouvée entre la
survenue de mutation de P/K3CA dans les cancers solides et I'expression des récepteurs
a la progestérone®®.

Apres arrét du traitement par ACP, environ 70 a 80 % des méningiomes stoppent leur
progression ou régressent. Des cas régression spectaculaire ont été rapportés, sans
doute en lien avec une diminution trés significative de la vascularisation >>%>7 (Figure

1). Par ailleurs, le risque de développer un méningiome diminue significativement aprées
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un an d'arrét de I'ACP, puisqu'il est estimé a 1.8 dans le groupe de patientes exposées

au long cours 3.

-
=
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Figure 8 : Exemple clinique de I'évolution d'un méningiome aprés I'arrét de I'agoniste progestatif (ACP). Le volume tumoral
décroit de 87 a 33 cm3 (image Dr J Boetto et C Birzu)

Récemment, des cas de méningiomes ont été rapportés chez des patientes sous
traitement par ACC (Luteran) ou ACN (Lutenyl), dans le cadre du traitement de
pathologies gynécologiques comme |I'endométriose ou les troubles du cycle menstruel
5859 Un rapport récent de 'ANSM et du réseau de surveillance de pharmaco-vigilance
Epi-phare conclut a un risque multiplié par 3.4 et 3.3 respectivement pour les femmes
exposées plus de 6 mois, avec une forte relation dose-effet. Il est estimé que le nombre
de femmes opérées de méningiomes attribuables a ces molécules est de 100 cas par
an®,

Ces etudes ont abouti a des recommandations spécifiques concernant la prescription
de ces molécules, d'autant plus que la plupart des patientes bénéficiaient de ces
traitements hors-AMM comme le traitement de I'acné ou la contraception orale >. Elles

associent des restrictions d’AMM, I'obligation de faire figurer sur la notice le risque de

méningiomes, et une surveillance particuliere chez patientes sous traitement.
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L'ensemble de ces données suggerent un role fort des récepteurs a la
Progestérone et des niveaux circulants de progestérone dans les mécanismes
initiateurs des méningiomes, en particulier pour les méningiomes méningothéliaux de
la base du crane exprimant les RP. Ce mécanisme, naturellement présent dans un
certain nombre de cas, semble étre tres largement démultiplié par la prise d'agonistes
progestatifs a forte dose, sans qu'il n’en soit bien compris pour autant. D'autre part, la
possibilité pour une lésion de stopper sa croissance ou méme de régresser apres |'arrét
d'un apport exogéne d’hormone pose Iégitimement la question de |'effet biologique
(dont l'effet persiste bien apres l'initiation tumorale). En dehors d'un effet sur la
vascularisation des méningiomes, déduit de leur aspect en IRM, aucune donnée précise
n'est disponible pour expliquer I'effet des agonistes progestatifs sur leur croissance.
Or, ces données pourraient servir de support a I'utilisation d'antagonistes progestatifs
dans le traitement des méningiomes exprimant les récepteurs a la progestérone. La
Mifépristone (RU486), un anti-progestatif de synthese, a été ainsi étudié dans un essai
de phase 3 sur les méningiomes, mais avec des résultats non concluants®’. Sans doute
cette absence d'effet était liée a I'absence de caractérisation des méningiomes

concernant leur expression des RP.

Quoi qu'il en soit, il semble nécessaire de comprendre la relation entre la progestérone,
I'expression des RP, et la physiopathologie de ['initiation et de la croissance des
méningiomes qui leur est liée, afin de pouvoir prétendre a proposer de nouvelles
thérapeutiques s'appuyant sur les récepteurs hormonaux*'®2, De ce point de vue-l3, la
possibilité d'étudier des méningiomes induits par les agonistes progestatifs est une

formidable opportunité pour en disséquer les mécanismes.
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2.4

2.4.1

Les EVENEMENTS INITIATEURS DE LA TUMORIGENESE MENINGEE ET LEUR
MODELISATION

Rappel sur I'embryologie et 'anatomie des méninges

Le systeme nerveux est entouré d'une membrane protectrice appelée méninge,
classiquement décrite comme composée de 3 feuillets. Elle est divisée en dure-mere,
ou pachy-méninge, le feuillet le plus externe, et en arachnoide et pie-mere, dites
leptoméninges, les feuillets les plus internes. Les méninges fournissent une protection
au tissu du systeme nerveux central et contiennent les espaces ou circule le liquide
céphalorachidien*. En plus de leur réle mécanique, les méninges jouent un réle
fondamental et complexe dans la nutrition et la connexion avec le systeme circulatoire
et lymphatique pour le systeme nerveux central. Récemment, un quatrieme feuillet
appelé SLYM (sub arachnoid lymphatic like membrane) a été décrit, séparant I'espace
sous-arachnoidien en deux, et représentant une barriere microscopique étanche aux
protéines de plus de 3kD®. Cette nouvelle entité, non visible a I'ceil nu, semble étre
I'hGte de cellules immunitaires, servant de niche immunitaire pour la surveillance du
liquide céphalo-rachidien. Son réle exact et les implications de sa découverte sont a

I'heure actuelle inconnus.

La compréhension de I'anatomie et de I'embryologie des méninges est fondamentale
afin de pouvoir analyser les nombreuses relations entre le développement de la
méninge et la genése des tumeurs méningées. Cette section a fait I'objet d'une
publication: « Meningioma from a developmental perspective . exploring the
crossroads between meningeal embryology and tumorigenesis » disponible en Annexe
1, Page 184. Les principaux points indispensables a la compréhension de notre projet

en sont résumés ci-apres.

Le développement des méninges humaines débute tres précocement pendant

la gestation, et suit le développement du systeme nerveux central. La structure
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définitive de la méninge est atteinte & la fin du premier trimestre de grossesse®. Les

principales étapes de I'embryologie méningée sont illustrées FIGURE 9 et rappelées en

détail en Annexe 1.

Ectoderm

Outer layer

Primitive Meninx

Inner layer

Brain

Ectoderm

Dermal layer

Calvarial layer

Dura-mater

DLL

Arachnoid Mater
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Calvarial Bone

Endosteal Dura

Meningeal Dura

Dural border cells (DBC)

Arachnoid barrier cells (ABC)
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Subarachnoidal space
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Figure 9: Représentation schématique des méninges, lors de la période embryonnaire précoce (/34 a J48, a), lors de la
période de transition (J50, b) et aspect final de la méninge (c). Tiré de Boetto et al, 2021.
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Le développement des méninges est lié a I'évolution des fibroblastes méningés
durant la vie embryonnaire, qui jouent par ailleurs un role fondamental dans les
interactions avec le systéme nerveux central en développement®>. Ces fibroblastes
méningés possedent des la vie embryonnaire des signatures transcriptionnelles
différentes et spécifiques des couches méningées qu'elles vont participer a former®’.

Schématiquement, la méninge primitive, composée de deux couches, donnera
naissance a la méninge, a I'os du crane et aux tissus cutanés. Des cellules pluripotentes
vont par la suite de spécialiser en cellules méningées et migrer tout autour du SNC.
Elle va par la suite se diviser en un feuillet externe (pachyméninge) et un feuillet interne
plus lache (/leptoméninge). A I'interface entre les deux, une couche de cellule appelée
« Dural limiting layer », donnera plus tard naissance au feuillet interne de la dure-mere
(les « dural bordel cells », DBC) et au feuillet externe de I'arachnoide (les « arachnoid
barrier cells », ABC). Durant cet intervalle, le liquide cérébrospinal (LCS) commence a
envahir I'espace sous-arachnoidien primitif. Le feuillet externe de la dure mere primitive
sera lui divisé en deux feuillets duraux (méningé et périostale), et formera également
la voute cranienne osseuse.

Une population de cellules mésenchymateuses qui se trouvent a l'interface entre
I'arachnoide primitive et la dure-mere primitive, les «arachnoid cap cells », se
développent en majorité a proximité des sinus veineux, des veines cérébrales, du plexus

basilaire, et les orifices de sorties des nerfs craniens a la base du crane.

L'aspect final des méninges est illustré Figure 9C et 10%%%°, La dure-mére est la couche
la plus superficielle, immédiatement accolé a la table interne du crane, et est composée
d'une couche externe périostale et d'une couche interne meéningée, dont les replis
forment les cloisons durales qui s'insinuent au sein du SNC (Faux du cerveau, tente du
cervelet, diaphragme sellaire). Une couche cellulaire fine, appelée « Dural border cell
layer », fait la jonction avec I'arachnoide, et sa couche la plus externe, composée des
« arachnoid barrier cells ». Cette couche est composée de fibroblastes adhérents, sans

matrice extracellulaire, et est séparée des espaces sous-arachnoidiens par une
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membrane basale. Les cellules trabéculaires arachnoidiennes traversent |'espace sous-
arachnoidien, rempli de LCS, et ont des attaches cellulaires avec la pie-mére’®.

Enfin, la pie-mere est une couche fine composée de cellules fibroblastiques qui
séparent I'ESA de la surface du cortex cérébral’",

Les villosités arachnoidiennes sont des segments spécialisés des méninges qui se
projettent dans les sinus veineux. A leur surface, on retrouve les « arachnoid cap cells »
qui sont impliquées dans les échanges entre le liquide cérébro-spinal et le systeme

veineux.
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Figure 10 : Représentation schématique des méninges en microscopie électronique, tiré de Haines DE et al”?
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2.4.2 Le marqueur PGDS et la cellule d'origine des méningiomes

Les « arachnoid cap cells » ont longtemps été considérées comme la cellule d'origine
des méningiomes, principalement pour deux raisons : la similarité de morphologie avec
les cellules des méningiomes méningothéliaux, et la haute fréquence de
développement de méningiomes dans les zones ou se trouvent ces cellules, au sein
des granulations arachnoidiennes’®. Cette hypothése est cependant & ce jour
largement débattue, car elle est loin d’expliquer la grande diversité dans les sous-types
histologiques des méningiomes. L'hypothese selon laquelle I'ensemble des sous-types
de méningiomes peut avoir une cellule d’origine commune est elle-méme non vérifiée
a I'heure actuelle. Il est en effet inconnu si les méningiomes de sous-type différents ont
une cellule d'origine différente, ou s'ils partagent une méme cellule d'origine
pluripotente issue de I'embryogénese méningée, ou alors s'ils sont issus de la
différenciation de cellules souches quiescentes au sein de la méninge’™.

La découverte du marqueur PGDS et des cellules primitives méningées PGDS+ a
cependant apporté des argument fort soutenant I'hypothese d'une cellules méningée
primitive capable de donner naissance a des méningiomes de sous-types histologiques
différents en fonction de la topographie de naissance et du timing de [l'initiation
tumorale”.

L'expression du géne PGDS (Prostaglandin-D2-synthase) a été initialement identifiée
comme un marqueur des cellules arachnoidiennes chez le rat, la souris et I'homme’®
78, PGDS est une enzyme responsable de la biosynthése de le Prostaglandine D2 dans
le systeme nerveux et le liquide céphalorachidien. Lors du développement
embryonnaire, la « dural limiting layer » exprime fortement PGDS, qui se différenciera
en « ABC » et « DBC ». Chez I'adulte, PGDS n’est plus exprimé que par les « ABC »’8,
Les méningiomes humains expriment largement PGDS dans la grande majorité des
cas”™’’. Au total, le marqueur PGDS est le marqueur le plus spécifique des cellules
meéningées normales et tumorales. De maniere intéressante, |'activation d'oncogenes
lors de la période anténatale au sein des cellules méningées PGDS+ est capable de

générer les deux types de méningiomes les plus fréquents (méningothéliaux et
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24.3

fibroblastiques), dans des topographies spécifiques (« DBC » pour les méningiomes
fibroblastiques et « ABC » pour les méningiomes méningothéliaux). Cette observation
supporte grandement I'hypotheése d'une cellule primitive méningée PGDS+, capable
de se différencier en cellules durales ou arachnoidiennes, et de générer des
méningiomes de sous-types différents en fonction de la topographie et du sous-type

de cellules, validant I'hypothése une cellule progénitrice commune’™.

Les modeles transgéniques de tumorigenese méningée et leur apport dans la
compréhension de la tumorigenese méningée.

Dans le cadre de mon travail de these, nous avons publié une revue intitulée « Mouse
model in meningioma research : a systematic review » sur les modeles précliniques de
méningiomes (/n vitro et in vivo), disponible en Annexe 2, Page 194. Les principaux

points nécessaires a la compréhension du projet de these sont résumeés ci-apres.

La génération de modeéles souris de méningiomes a apporté, entre autres, la possibilité
de maitriser de maniére spatiale et temporelle I'activation de différents oncogenes. Les
constructions de modeles transgéniques reposent en grande majorité sur l'activation
conditionnelle d'un oncogéne (ou l'inactivation d'un gene suppresseur de tumeur) au
travers d’'un systéme de type Cre-Lox ou RCAS-Tva. Des informations plus précises sur
le mode de fonctionnement de ces systemes sont disponibles dans la « Review » en

Annexe 2.
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Figure 11: lllustration des différents types de modéles souris de méningiomes, tiré de Boetto et Al,”?

Les premiers modeéles ont reposé sur l'injection directe d'un adénovirus recombinant
Cre au sein de I'espace sous-arachnoidien de souriceaux N2/ Cette premiére
approche a permis de confirmer que l'inactivation bi-allélique de N72 était nécessaire
et suffisante pour induire des méningiomes transitionnels, méningothéliaux ou
fibroblastiques, et était donc un évenement driver fondamental. Selon la méme
technique, des modéles illustrant la survenue de méningiomes de plus haut grade ont
été créés en ajoutant a l'inactivation de Nf2la perte de CODKN2A ou CDKNZB, au méme
titre que les évenements décrits dans les méningiomes humains. Ces modeles ont
également permis de générer des lignées cellulaires de méningiomes, qui peuvent étre
greffées au sein de souris immunocompétentes, et représentant ainsi un modele
syngénique se rapprochant au mieux des méningiomes humains sporadiques.
Comme expliqué précédemment, la découverte du promoteur spécifique méningé
PGDS a permis la génération d'une seconde génération de modeles apportant de
nouveaux éléments dans la compréhension des mécanismes initiateurs des
meéningiomes.

Si l'injection du systeme Cre au sein du liquide céphalo-rachidien de permet pas de
contrbler la cellule susceptible de subir I'évenement souhaité, I'utilisation d'un

promoteur conditionnel permet, elle, de limiter I'activation de I'oncogene au sein des
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cellules qui I'expriment. En ciblant I'inactivation bi-allélique de AN/2 aux cellules
exprimant PGDS, le modéle PGDS Cre ; Nf27/" présentait a la fois des méningiomes
méningothéliaux et fibroblastiques. Cette observation a permis de confirmer que la
cellule méningée primitive PGDS+ était capable de générer des méningiomes de sous-
types différents, validant I'hypothese d'une cellule d'origine unique potentielle pour

plusieurs sous types de méningiomes.

Table 3. Summary of meningioma GEMM models.

Temporal T
& £ £ Phenoty pe Meningioma Year,
Construction Genetics Window of !
Activation (Grade) Prevalence Reference
AdCre; Ntz N2 loss PMNZ-PN3 M/F (1) %g:ff' [[:Tag]J 2002, [66]
Nf2 loss + 38% (TO)
AdCre; Nfgfexfor; nkda® homozygous PN2-PN3 M/F/T (1) 36 % (SD) 2008, [67]
PI6"M i utation -
AdCre; N2 owox, udqh=~ Nf2 + CDKNZAB PN2-PN3 : 72% 2013, [59]
PGDSCre; Nf2fosfios I,jz“%;"fm‘m E12.5-PN2 r::ll[lllj ;ﬁ{: 2011, [68]
Nf2 loss + P1giki
PGDSCre; Nf2fexfiox; 7 ginkda/— mutation in E12.5-PN2 L L) iy 2011, [68]
! ! gy FilI) 50%
PGDS + cells
N2 loss + pa3
PGDSCre; Nfafifox, 5 3flonfiox nullizy gosity in E12.5-PN2 F(I) 43% 2011, [68]
PGDS + cells
PDLF
PGDStv-a; PDGF-B overexpression in E12.5-FN2 i 27% 2015, [69]
PLDS + cells
PDGF
PGD5Stvr1; PDGE-B; AdCre; overexpression + - . Grade I (60%) "
N2l Nf2 loss in E125-PN7 oo (40 52% 2015, [69]
PLDS + cells
POGE Crade [ (33%)
PGDStvi; PDGF-B; AdCre; Overexpression + - . SPAgE "
J‘u:,l'E"i""""r""; Cedkn2ab—~ 1f2 loss + Cidkn2ab el ENG ,:(;‘r;a._;j:.-|l|l| [é;:l;:]_f;'l:; 9% 2015, [69]
loss
Activating
PGS Cre; SmoM2 mutation of Smo in E12 5-PMN2 M (1) 21% 2017, [70]
PGDS + cells

Abbreviations: PN post-natal day; M = meningothelial; F: fibroblastic; T: transitional; TO: transobital; SD: subdural.

Figure 12 : Synthése des modéles souris de méningiomes, de leur construction et de leur phénotype, tiré de Boetto et Al. 7°

L'étude du modele de méningiomes portant une mutation de Smo a permis également
de soulever des concepts fondamentaux dans la compréhension des mécanismes
initiateurs des méningiomes.

L'activation de I'oncogene étant par définition restreint a la période d'expression du
promoteur, des informations liés a la fenétre temporelle d'activation nécessaire de

I'oncogene peuvent également étre tirées. C'est ainsi que nous avons pu montrer que
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la survenue d’'une mutation de Smo (un autre oncogéene décrit dans les méningiomes)
devait nécessairement étre durant la période embryonnaire ou post natale précoce
pour entrainer la formation de méningiomes, qui ne surviennent que tardivement.
Cette observation souleve I'hypothese de mutations survenant des la période
embryonnaire, et n'entrainant de lésions que beaucoup plus tardivement chez

I'individu.

el).5 £45.5 MNo NAo

PGS Qy/fm/‘/ﬁ

?GDSQJ//-////Z%Q/—

Figure 13 : lllustration de la genése des méningiomes de la base du crdne chez la souris en fonction de la cellule d'origine et
de la mutation Nf2 ou Smo. PMC : Primitive meningeal cells ; DBC : Dural border cells ; ABC : arachnoid barrier cells: MM :
meningothelial meningioma,; FM : fibroblastic meningioma; TM : Transitional Meningioma, tire de Boetto et Al. 59

41



Au total, les principaux enseignements issus des différents modéles générés dans

I'équipe sont les suivants :

- L'induction de mutations des principaux genes drivers (Nf2 ou Smo,) au sein des
cellules méningées entraine le développement de méningiomes reflétant la
pathologie humaine. Ces mutations « drivers » décrites chez I'homme ont donc
un réle déterminant dans le développement des méningiomes®®82,

- La survenue de ces évenements au sein d'une cellule progénitrice commune
PGDS+ durant la période embryonnaire est capable de générer des phénotypes
tumoraux différents en fonction de la mutation, suggérant que I'hypothese
d'une cellule d'origine commune d’origine embryologique pour plusieurs sous-
types de méningiomes est plausible’>2°,

- Les cellules méningées présentent une susceptibilité variable a ces mutations,
dépendant du moment ou de la topographie de leur survenue, expliquant les
phénotypes variables des méningiomes par la suite (et le lien origine

embryologique/ sous-type histologique / profil moléculaire)’>%,
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2.5

2.5.1

252

LE MODELE SOURIS PGDS-PIK3CA ET L'ETUDE IN VITRO DE L'EFFET DES
PROGESTATIFS SUR LES CELLULES MENINGEES

Introduction

Dans les méningiomes de grade 1, les mutations du gene de P/K3CA représentent
environ 5% des cas, et 7.4% des méningiomes non mutés NF2 ?>%>. Dans la grande
majorité des cas (68%), les mutations de P/K3CA sont associées a des mutations de
TRAF7 %*. Des données récentes suggérent que TRAF7 est 'événement qui survient
généralement en premier lors de co-mutations®3. Aussi, la possibilité qu’'une mutation
de PIK3CA soit suffisante pour induire la tumorigenese méningée n'est pas
formellement prouvée. Comme on I'a vu précédemment, les femmes sous traitement
par agonistes progestatifs développent des méningiomes plus fréquemment mutés sur
PIK3CA**. Les mécanismes de cette association sont inconnus. Un projet a donc été
mené dans notre équipe afin de mieux comprendre le role respectif des mutations de
PIK3CA et de I'exposition exogene aux agonistes progestatifs dans la tumorigenése
méningée. J'ai participé a la marge a ce travail dans le cadre de mon projet de these

(suivi clinique des souris, relecture du manuscrit).

Le manuscrit intégral de la publication est disponible en Annexe 3, Page 210. Les

résultats principaux sont disponibles dans le paragraphe suivant.

Résultats

Chez la souris, I'activation prénatale de Pik3ca au sein des cellules PGDS+ grace au
modele PGDSCre Pik3ca’’*’R a entrainé la formation d'un seul méningiome, sans
doute en raison de la survie limitée des souris ne laissant pas le temps aux
méningiomes de se développer. En revanche, I'activation post natale (2¢™ au 5™ jour
post natal) grace a linjection trans-cranienne d'adCre chez des souris
AdCre,Pik3ca"'%% a entrainé la formation de méningiomes dans 30% des cas (Figure

14). Ces méningiomes étaient essentiellement méningothéliaux (83% des cas). Cette
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observation confirme que la mutation de Pik3ca est un évenement suffisant pour la
tumorigenése méningée. |l reflete I'existence de méningiomes ayant pour seule
mutation somatique une mutation de PIK3CA*.

Afin de modéliser I'impact de la prise d'agoniste progestatif (I'acétate de cyprotérone,
noté ACP), 29 Souris Wild-type ont été traitées par ACP durant 9 mois. Aucune de ces
souris n'a spontanément présenté de méningiome, contrairement a I'observation chez
les humains. En revanche, ces souris présentaient une hypertrophie endométriale, et
des tumeurs des glandes mammaires (carcinomes muco-épidermoides) dans 90%,
confirmant |'effet des agonistes progestatifs.

Afin d'étudier la synergie entre la prise de progestatifs et les mutations de Pik3ca, des
souris PGDSCrePik3ca’™’® furent exposées a I'ACP pendant 8 mois. Aucun
méningiome ne fut retrouvé.

Toutes les tentatives pour exposer les souris Pik3ca™*°*a I'ACP furent difficiles en
raison du développement de malformations vasculaires trés volumineuses au niveau
de l'extrémité céphalique, rapidement létales. Pour cette raison, la durée
d'imprégnation en ACP fut courte. En revanche, seulement 8% des souris
développerent des lésions méningées, soit moins que dans la série contrdle, sans doute
en raison d'une durée de vie moins longue.

Enfin, afin d'étudier I'impact de la prise d'’ACP sur la formation de méningiomes bénins
préexistants, une cohorte de souris PGDS Cre ,Nf2"* fut traitée par ACP et comparé
a une cohorte de souris de méme phénotype mais sans ACP. Ces souris présentaient
des méningiomes fibroblastiques dans environ 90% des cas, sans que I'imprégnation

de ACP de change ni la fréquence ni le phénotype des lésions observées.
Au total, chez la souris, la prise d'agoniste progestatifs ne permettait pas de promouvoir

la formation de méningiomes ou leur progression, que ce soit sur des modeles

présentant des mutations de Pik3ca ou de Nf2.
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2.5.3

Le phénotype des différents modeles et les résultats en termes de développement de

tumeurs sont résumés Figure 14.

Mouse genotype AdCre; AdCre; AdCre; Wild-type PGDSCre; PGDSCre; PGDSCre; PGDSCre;

Phe pie &l lity Pik3cal 104 Pikaca™ 10" Pikaca™'e e CPA Pikaca™ 2en Pik3ca™ 10" N N2
Postnatal Adult injection CPA treatment treatment CPA treatment Early CPA n=19 CPA
injection n=22 n=13 n=29 n=22 treatment treatment
n =20 n=20 n=17

Cranial lesions

Meningioma (%) 6 (30) " (50 108 0 L] 15 17 (89) 15 (B8)

Meningioma Fibroblastic (%) 105 7132) 0 0 1] 0 17 (89) 15 (88)

ubtype: Meningothelial (%) 5 (25) 209 17 0 0 0 0 0

Transitional (%) 0 29) 0 0 ] 105 0 0

Meningioma Skull base (%) 5 (25) 4 (18) 1M 0 L] 15 17 (89) 15 (B8)

location: Convexity (%) 105 7(32) 0 0 o 0 0 0

Meningothelial proliferation (%) 11 (55 " (50 6 (46) 0 6 (27) 2 (10} 0 0

Cavernoma (%) 105 118 3(3) 0 4 (18) 1% 0 0

Osteoma (%) 12 (60) 15 (68 11 (85 0 6 (27) & (40) 0 0

Peripheral lesions

Soft tissue hemangioma of the head 19 (95 9(41) 3(3) 0 4 (18) 0 0 0

(%)

Mammary gland tumor (%) 0 0 0 26 (90 11 (50 1 (55 0 0

Uterus hypertrophy (%) 0 0 0 24 (B3 7(32) 4 (20) 0 0

Figure 14 : Résultats des différents modeles souris d'induction de la mutation Pik3ca au sein des cellules méningées, tire de
Comes et Al.%*

Les études in vitro ont montré quant a elles que la mutation de Pik3ca in vitro était
capable d'entrainer un avantage prolifératif modéré sur des cellules méningées en
culture. En revanche, I'adjonction d’ACP n’entrainait aucun avantage prolifératif, que ce

soit sur des cellules arachnoidienne Wild type ou mutées Pik3ca.

Discussion

Cette étude permet d'avoir des premiers éléments sur la modélisation de la
tumorigenese méningée liée a la mutation de Pik3ca, et de tirer des premieres
hypothéses sur le role des agonistes progestatifs dans la tumorigenése méningée.

Elle confirme que Pik3ca est un oncogene suffisant pour la formation de méningiomes,
mais qu'il est un oncogéne moins puissant que Nf2. En effet, les souris
PGDSCre Pik3ca'%*’R ne présentaient que rarement des méningiomes, suggérant soit
que le timing d'activation n'est pas le bon (lié a I'expression de PGDS), soit que la cellule
d'origine est différente (ce qui semble moins probable), soit que la survie des souris
n'était pas suffisante pour permettre le développement de méningiomes. La survenue
de méningiomes dans le modéle AdCrePik3ca’’**’® dans 30% des cas seulement,
confirme que Pik3ca est suffisant au développement de méningiomes, mais avec un

pouvoir initiateur « intermédiaire ». Ces résultats sont a mettre en paralléle avec la
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survenue de co-mutations de 7RAF7 dans la grande majorité des méningiomes
humains mutés P/K3CA et de la nécessité d'une double mutation favoriser le
développement de méningiomes. A titre d'exemple, dans les adénocarcinomes
mammaires, les mutations de P/K3CA sont synergiques avec celles de T7P53 pour

favoriser la croissance tumorale®.

De maniere surprenante, I'ajout d’ACP, que ce soit /n vitro ou /n vivo, n'entraine pas
d'avantage prolifératif et n'a aucun effet synergétique avec la mutation de Pik3ca dans
nos modeéles souris. Elle ne permet pas non plus le développement de méningiomes
chez des souris Wild Type, a l'inverse de ce qui se produit chez I'homme.

La principale hypothése permettant d’expliquer cette discordance de résultats est lié a
I'expression des récepteurs a la progestérone (RP). En effet, les méninges des souris
n‘expriment pas les RP, ce qui les différencie de la méninge humaine, ou les couches
arachnoidiennes expriment les RP de maniere physiologique. Elles expriment en
revanche Pgrmc1 (Progesterone receptor membrane component 1), un autre récepteur
médiant les effets de la progestérone récemment décrit, a partir de E18%%’_ 'impact

de ces différences d'expression de récepteur sur |'effet de I'ACP est inconnu.

Malgré tout, ces résultats suggerent plutét que I'’ACP n'a pas d'effet oncogénique en
soi, mais plutdét un effet sur l'architecture tumorale, expliquant par exemple la
possibilité qu'un méningiome puisse décroitre ou stopper sa croissance a l'arrét des
AP. Leur effet peut ainsi étre soumis a la présence de lésion tumorales ou pré-
tumorales, ou méme de mutations au sein du tissu sain, comme cela a été montré dans
les épithéliums endométriaux ou mammaires normaux ou sont présentes des
mutations de P/K3CA. La présence de ces mutations pourrait étre influencée par des
facteurs de susceptibilité génétique individuels. A ce titre, la présence de méningiomes
multiples sous ACP plusieurs fois décrits chez des jumeaux homozygotes est

frappante®8®°,
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Les résultats de cette étude, de méme que les discordances avec les observations
humaines, sont les points de départ de notre projet.

En effet, afin de comprendre comment I'exposition aux hormones progestatives entraine
une plus grande susceptibilité au développement de méningiomes avec un phénotype
mutationnel précis, il est nécessaire (i) d'étudier en détail le profil moléculaire et clonal
des méningiomes sous ACP, en particulier sur des multiples méningiomes issus de
mémes patients.

Afin de mieux comprendre comment I'ACP peut influencer I'architecture tumorale ou
avoir des effets sur la croissance des lésions, il est capital (i) d'identifier le profil
transcriptionnel et épigénétique des méningiomes hormono-induits, et de le comparer
aux méningiomes semblables en termes de phénotype histologique ou mutationnel
non-hormono-induits.

Enfin, afin de découvrir si des mutations oncogéniques sont d'ores et déja présentes au
sein de la méninge saine, et valider I'hypothese d'une sélection clonale de cellules déja
porteuses de mutations au sein de la méninge saine par les AP, (iii) une étude

approfondie du profil mutationnel de la méninge saine est nécessaire.
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3

PROBLEMATIQUE, MISE EN PLACE DES PROJETS ET HYPOTHESES DE
TRAVAIL
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La compréhension de l'initiation tumorigenese des méningiomes repose d'une part sur
la découverte des évenements initiateurs tels que les mutations somatiques ou les
CNVs, et d'autre part sur la mise en évidence de dérégulations transcriptionnelles en
lien avec des altérations épigénétiques. Malgré les progres importants dans ce
domaine, des questions fondamentales restent sans réponse: I'hypothese d'une
initiation tumorale déclenchée uniquement par des mutations somatiques suppose de
connaitre I'existence ou non de ces mutations dans le tissu sain correspondant. Or,
aucune caractérisation mutationnelle des méninges saines n'a été réalisée jusqu'a
maintenant. Dans de nombreux autres tissus, le postulat du développement d'un clone
tumoral uniquement basé sur I'accumulation de mutations somatiques a été challengé
par la découverte de ces mémes mutations « oncogéniques » au sein du tissu sain,
parfois d'ailleurs en plus grande fréquence que dans le cancer correspondant. D'autre
part, environ 20% des méningiomes ne présente aucune mutation driver retrouvée,

posant la question du mécanisme véritable de leur initiation.

Dans la premiere partie de ce travail, nous avons donc cherché a découvrir si des
mutations somatiques intéressant les principaux genes drivers décrits dans les
méningiomes étaient déja présentes au sein de la méninge saine, a I'image d'autres
organes.

Notre hypothese était que des mutations sont déja présentes a tres faible fréquence
allélique au sein des méninges, avec des spécificités régionales (topographie) ou
tissulaires (arachnoide versus dure-meére) qui pourraient expliquer les phénotypes
moléculaires des méningiomes qui s'y développent. Nous avons donc développé une
méthodologie de prélevement de méninge saine et de séquencage a tres haute
profondeur permettant de cartographier la présence potentielle de ces mutations, et
ainsi d'obtenir des éléments précieux quant aux mécanismes initiateurs des
meéningiomes (tissu d'origine, sensibilité régionale, clones pré-tumoraux présents au
sein de la méninge normale). La présence de ces mutations au sein du tissu normal

serait par ailleurs une remise en cause de leur pathogénicité en tant que telle

49



lorsqu’elles sont un évenement isolé, ouvrant de nouvelles perspectives dans ce
domaine.

Les résultats de ce travail sont présentés en PARTIE 2 et vont faire l'objet d'une
publication dont la version révisée apres reviewing par le comité du journal a été

soumise.

Dans la seconde partie, nous avons essayé de construire un design d'étude permettant
de combiner les avantages d'une analyse de série de méningiomes multiples ET
développés sous AP pour en disséquer les mécanismes initiateurs.

Nous avons ainsi constitué une cohorte de méningiomes multiples opérés chez des
patientes sous AP, ainsi qu'une cohorte contrOle de méningiomes multiples opérés
chez des patientes sans AP. Nous avons procédé a une étude multi-omique (Whole

Exome Sequencing, RNA Sequencing, Etude de Méthylation) de ces cohortes avec

plusieurs objectifs :

1. Détecter un évenement génétique commun pouvant étre a l'origine des
méningiomes multiples, potentiellement en lien avec la prise d‘agonistes

progestatifs.

Notre hypothése est que la prise d'agonistes progestatifs peut démasquer la survenue
d'un évenement génétique commun a toutes les tumeurs développées au sein de
chaque patiente. L'existence (ou non) de cet événement au sein de méningiomes
multiples sans AP sera également recherchée.

Pour répondre a cette question, nous avons effectué un séquengage d’'exome avec
étude de clonalité de I'ensemble des méningiomes multiples au sein des deux cohortes

de patients.

2. Analyser l'effet biologique de la prise d'agonistes progestatifs au sein des

méningiomes.
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Aucune donnée sur le profil d'expression des genes de méningiomes développés sous
AP n’est décrite dans la littérature.

Notre hypothese est que la prise d'agoniste progestatif entraine des modifications
transcriptionnelles identifiables en lien avec une hyper vascularisation/
néoangiogénese, expliquant la possibilité d'arrét de la croissance des lésions a I'arrét
des traitements et reflétant les travaux radiologiques sur les méningiomes sous AP.
Pour répondre a cette hypothese, nous avons effectué un séquengage de I'’ARN avec
étude des profils transcriptionnels de méningiomes avec ou sans AP.

Afin d'également étudier une modification des profils de méthylations induits par la
prise d'AP, nous avons également effectué une étude épigénétique des profils de
méthylation de I'ADN.

Enfin, nous décrivons la plus grande série de méningiomes induits par les AP ayant pu
bénéficier d'une caractérisation morphologique histologique. Notre objectif était
d'identifier un aspect morphologique lié a la prise d’AP, pouvant refléter les variations

de taille des lésions en fonction de la poursuite ou I'arrét des AP.

Les résultats de cette seconde partie sont présentés dans le manuscrit dans la Partie 3,

et vont faire I'objet d'un article qui est a I'heure actuelle en cours de finalisation.
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4

PARTIE 1 : CARACTERISATION MUTATIONNELLE DE LA MENINGE
NORMALE
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4.1

INTRODUCTION

Les études de séquencage a haut débit ont largement contribué a répertorier les génes
drivers des cancers, qui entrainent un avantage sélectif ou prolifératif aux cellules
tumorales en comparaison aux cellules normales®. Malgré cela, la nature, le nombre,
le moment d'apparition ou I'ordre des évenements permettant a une cellule normale
de déclencher l'initiation tumorale restent largement inconnus®’.

L'identification de mutations somatiques au sein de tissus sains, avant la formation
éventuelle de tumeur, a été longtemps rendue impossible par le manque de tissu sain
disponible a analyser, et la difficulté technique de détecter des événements de tres
faible fréquence survenant dans un nombre limité de cellules.

Cependant, il est connu de longue date que le génome est instable, et que des variants
somatiques ou des variants structuraux ou chromosomiques sont générés de maniéere
quasi systématique par le processus complexe des divisons cellulaires®. Ces « erreurs »
peuvent étre aggravées par les défaillances des systemes de réparation de I'’ADN, et
par les mutagénes endogenes (produits du métabolisme cellulaire, radicaux libres,
rétrovirus...). Des facteurs exogenes (UV, radiations ionisantes, tabac,
chimiothérapies...) sont également responsables de dégats a I'’ADN, de maniere tissue-
spécifique®. Des études sur les cancers ont ainsi découverts des signatures
mutationnelles caractéristiques, en lien avec les réactions biochimiques sous-jacentes
(Figure 15)°4. De maniére générale, ces mutations délétéres ménent a la senescence
cellulaire ou a l'apoptose, permettant I'élimination des cellules anormales®. La

persistance et la croissance de clones présentant des mutations oncogéniques a été

jusqu’'a récemment considéré comme l'apanage des cancers.
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Figure 15 : Mécanismes de la survenue de mutations au sein du génome, et signatures mutationelles principales liées aux
principaux oncogénes, tiré de Mustjoki et Al.%3

La publication récente d'études de séquencgage a haute profondeur de biopsies ou

microdissections de tissu sain a cependant permis de découvrir I'existence de

mutations concernant des genes impliqués dans les cancers au sein de tissus

morphologiquement « sains »%. Certains de ces clones sont mémes présents depuis la

période embryonnaire ou tres précoce de la vie, réalisant des mosaicismes au sein des

différents organes®®®’ (Figure 16). Malgré la présence de ces mutations décrites comme

« oncogéniques », les clones ne dégénerent pas forcément en tumeur macroscopique,

faisant repenser la relation directe entre la survenue d'une mutation « oncogénique »,

I'expansion clonale, et la transformation vers une tumeur véritable®'.
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Figure 16 : Mécanismes d'apparition et sélection progressive de clones tumoraux au sein des tissus sain, tiré de Mustjoki et
Al%3

C'est ainsi que des étude séquencage du génome a haute profondeur ont identifié des
mutations d’'oncogenes ou de genes suppresseurs de tumeurs au sein du tissu cutané,
de 'cesophage, de I'endometre, du colon, du foie, de la vessie, ou méme de tissus a
renouvellement trés lent comme le cerveau®®'% (Figure 17). Certaines mutations
d'oncogenes sont méme plus fréquentes au sein des tissus sains que des cancers qui
s'y développent, comme les mutations de NOTCH7 au sein de I'épithélium
oesophagien'®. La présence de mutations n'est donc pas le reflet exact du potentiel
développement de tumeurs, et la colonisation de tissu sain par des clones mutant est
méme relativement universelle, en particulier pour les tissus a forte capacité de
renouvellement comme ['épithélium de la peau ou des poumons'®. Les tissus
possedent par ailleurs la capacité a contenir ces clones, que ce soit grace au

|107

microenvironnement local'®’, au systeme immunitaire, ou a sa capacité a d'adapter a

I'environnement et aux facteurs d'agression exogénes®?
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B  Somatic Mutations in Normal Tissues
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Figure 17 : Principales mutations de genes impliqués dans I'oncogenése au sein des tissus sains, tiré de Mustjoki et Al.%3

Contrairement a d'autres facteurs exogenes, les mécanismes des susceptibilités
hormonales des différents cancers sont trés peu connus. Il n'y a en particulier pas
d'explication a I'association entre les cancers dont les cellules expriment les récepteurs
a la progestérone et les mutations de P/K3CA fréquentes présentées par ces mémes
cancers.

L'épithélium de I'endomeétre accumule des mutations récurrentes sur des genes
impliqués dans les cancers (PIK3CA, KRAS, AKTI1, FGFRZ2.). Généralement, ces
mutations sont présentes dans une vaste majorité des glandes, suggérant que
I'endometre est colonisé par des clones néoplasiques portant des mutations, mais qui

ne se transforment pas forcément en cancer'®,

L'endometre affecté par
I'endométriose, une affection inflammatoire favorisée par les hormones sexuelles, est
porteur de mutations de P/K3CA ou ARIDIA avec une fréquence encore plus
importante®19, Ceci étant dit, trés peu de foyer d’endométriose dégénérent en
cancer endométrial, suggérant que ces mutations ne sont pas forcément suffisantes
pour déclencher la tumorigenese. La survenue d'évenements supplémentaires comme

des anomalies structurales chromosomiques (CNVs) ou un accumulation de multiples

mutations est nécessaire pour la transformation en tumeur maligne'™®. Par ailleurs, la
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progestérone a plutét un effet protecteur contre la survenue d'adénocarcinome

endométrial, méme si les mécanismes de cet effet protecteur sont inconnus'%.

La transposition de ces éléments aux méninges est particulierement difficile. D'une
part, aucune donnée sur le profil mutationnel de la méninge saine n’est disponible.
D’autre part, il s'agit d'un tissu avec un renouvellement tres faible, et dont les tumeurs
sont généralement bénignes, et porteuses de trés peu de charge mutationnelle dans
la grande majorité des cas, reposant sur la mutation unique d'un géne driver et non

pas sur I'accumulation de multiples mutations ou CNV?22%,

L'observation du développement fréquent de méningiomes sous agonistes
progestatifs, ayant un profil mutationnel spécifique, une topographie et un sous type

histologique prédominant, nous a fait poser I'hypothese suivante :

La méninge de la base du crane pourrait étre porteuse de clones cellulaires présentant
des mutations sur les genes drivers des méningiomes (7RAF7 ou PIK3CA). La prise
hormonale exogene pourrait jouer un rdle sur la transition de ces clones vers le

développement de tumeurs macroscopiques.

Nous avons donc construit une étude reposant sur I'analyse par séquencage ciblé a
haute profondeur (>1000X) de prélevements des différentes couches méningées
(dure-mere et arachnoide) provenant de différentes topographies (base du crane
antérieure, convexité, faux du cerveau). Nos objectifs étaient :
- Dedétecter la présence potentielle de mutations sur les principaux genes drivers
des méningiomes au sein de la méninge normale
- De cartographier la présence éventuelle de ces mutations pour établir des
corrélations avec les phénotypes tumoraux (sur le tissu d'origine et la

topographie)

57



- De développer de nouvelles hypotheses dans la genese des méningiomes et le
mode d'action des agonistes progestatifs sur les mécanismes initiateurs des

méningiomes a partir de I'existence (ou non) de ces mutations.
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Normal meninges harbor oncogenic somatic mutations in

meningioma-driver genes

While somatic driver gene mutations are considered the hallmark of cancer, oncogenic
mutations have recently been found in non-diseased proliferative tissues such as
endometrial[13], esophageal[10] or skin epithelium[11] but also in low proliferative tissues
such as the brain[9]. Those discoveries lead to the hypothesis that the mutational processes
giving rise to tumors preexist in normal tissue.
Meningioma oncogenesis is dominated by the occurrence of well-known driver gene mutations
that form co-exclusive mutational groups, but 20% of meningiomas do not harbor any somatic
mutation[4—6]. This assertion leads to the hypothesis of non-mutational initiating events in
some cases, and questions us about the early events of meningioma formation in the normal
meningeal layers. To date, no study focused on the presence of oncogenic driver mutations in
the meninges of healthy individuals. To investigate this point, we studied the presence of low
variant allele frequency (VAF) variants in the main driver genes with previously described
oncogenic potential in meningiomas and decided to select meninges in the elderly, where there
is a significant increased incidence of meningiomas[2].

Meningeal layers were obtained from individuals from the brain donation program of
our institution. We analyzed a total of 90 post-mortem meningeal samples derived from 5
individuals with no history of intracranial tumors. For each of the 5 participants, we analyzed
15 dura mater samples (8 at the anterior skull base, 4 at the falx, and 3 at the convexity), 3
arachnoid samples and one brain control sample (Figure 1a, Supplementary Methods).
Pathological analysis using HE sections (Supplementary Figure 1) and Ki67 labeling (data not
shown) confirmed the absence of meningioma or meningothelial hyperplasia at microscopic
level and the absence of Ki67-positive cells. We generated deep-targeted sequencing data
(average depth of 1760x per sample across targeted regions, Supplementary Table 1) using a
specific capture device covering intronic and exonic regions of 29 known meningioma driver
genes (Supplementary Table 2) and able to detect main chromosomal gains and losses

(chromosome 1, 10, 18 and 22). We used Mutect2 and an in-house specific pipeline to call low
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VAF somatic variants (Figure 1b and Supplementary Methods). For each individual, meningeal
DNA was compared to brain DNA as control.

We obtained a total of 6493 variants, and conservatively filtered out variants to obtain
high-confidence variants (Supplementary Methods). Among the 102 high-confidence variants,
we kept only the 30 variants with functional impact (Supplementary Methods, Supplementary
Table 3). Four occurred in meningioma major driver genes (one in NF2 and three in TRAF7,
Figure 1c and d, Supplementary Table 2) in 4 separate patients (80% of the individuals). Median
VAF for these variants was 0.86%. All four were predicted damaging and pathogenic by
multiple algorithms (Figure 1d and Supplementary Methods) and three of them were already
described in meningiomas. Besides, all variants were uniquely found in one sample and none
were seen in several samples within the same individual, even for neighbor samples separated
only by few millimeters. Importantly, no variant was detected in the main hotspots of other
oncogenic genes (AKT1, SMO, PIK3CA, Supplementary Table 3 and Supplementary Methods).
To validate our variants, we performed droplet digital PCR (ddPCR) for three variants for which
assays were commercially available (NF2 p.Tyr101*, TRAF7 p.Lys615Glu and TRAF7 p.
Asn520Ser) (Figure 1e, Supplementary Figure 2), which confirmed the presence of the three
variants and the respective VAFs.

Somatic mutations associated with cancer can be either driver mutations (able to
promote clonal expansion), or passenger mutations that do not confer proliferative advantage.
Here, we described the presence of passenger mutations in genes implicated in meningioma
(ARID1A, CREBBP, KDM5C or TP53, Figure 1c), revealing the mutational profile of the
normal meningeal layers. ARID1A, a gene involved in chromatin remodeling processes, was
the top-mutant gene in our samples, and is mutated in anaplastic meningiomas[7]. Several
studies in normal tissue (colon, skin or esophagus) already described frequent mutations in this
gene before tumor formation[16]. It is unknown whether ARID1A mutations in meningiomas
are inherited from normal progenitors without playing a role in cancer progression, or if it could
act as a first hit in aggressive meningioma clonal selection. No CNV event (e.g. loss of 22q)

was detected in any of our samples (Supplementary Figure 3).

All together, these results suggest that somatic mutations in driver or passenger genes
associated with meningioma tumorigenesis are already present at low VAF in the normal
meningeal layers of elderly individuals, without apparent meningeal pathology. The occurrence
of the driver mutations may constitute an early event in a pathogenic progression through

meningioma formation. The high frequency of somatic mutations in elderly dura mater is in
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line with previous reports showing a high rate of karyotype abnormality and somatic mutational
signatures suggestive of defective DNA damage repair in dura mater-derived cell lines
compared to skin-derived cell lines from the same individual [3]. Our major finding concerns
the presence of pathogenic TRAF7 mutations in the anterior skull base dura or arachnoid,
mirroring the location of TRAF7-mutant meningiomas and the high expression of TRAF7 in
neural crest derived meninges during embryogenesis[12]. The occurrence of TRAF7 mutations
in the normal meninges also questions its intrinsic pathogenic value, since meningiomas
frequently harbor a second co-mutation (KLF4X4%Q or one of the main oncogenes of the PI3K
pathway, AKT1 and PIK3CA)[1, 5]. Our results are in line with previous reports that suggest
that TRAF7 (as well as NF2) mutation is typically an early event acquired first in case of co-
mutations [8].

Interestingly, driver mutations were present both in the arachnoid and dura mater
samples. As arachnoid cells were present in dura mater samples in small amounts
(Supplementary Figure-3-f), it is not possible to determine which cell population harbored the
oncogenic mutation. Additional studies are mandatory to determine the cell of origin of
meningioma, that could be a quiescent meningeal stem cell physiologically present in both
layers, able to proliferate and form different histological subtypes from a single cell of
origin[15].

To conclude, our data are in favor of the spatially restricted local expansion of cellular
clones that carry passenger and/or driver mutations that remain quiescent until secondary
additional mechanisms still to discover trigger the tumoral proliferation. These mechanisms
could depend on environmental factors (such as hormonal exposure) and rely on genetic (such
as co-mutations) or epigenetic (such as methylation modifications) phenomenon[15]. Our
targeted sequencing approach evaluated only genes known to be oncogenic in meningioma, and
provides first evidence that oncogenic mutations exist in these genes. Future studies will
address the total mutation load of normal meningeal samples and study potential variants in
other genes. As a cross-sectional analysis in the elderly, this study does not address the question
of mutations in young individuals and the evolution of the meningeal mutational burden with
time. Detecting ultra-low mosaic clonal events remains technically challenging, thus additional
mutations may also exist that bypassed our detection threshold [14]. Future studies addressing
the accumulation of genetic variants or other molecular alterations in the normal meningeal

layers will help to continue dissecting early mechanisms of meningioma oncogenesis.
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Figure Legends

Figure 1. a. lllustration of the meningeal sampling for each individual. b. Illustration of the
methodology of the study. c. Barplot illustrating the main genes and the somatic variants
detected by ultra-deep targeted sequencing. Variants are reported ordered by gene mutation
frequency, and colored depending on the consequence of the mutation. d. Summary of the four
mutations present in the normal meninges in main driver genes for meningioma (NF2 and
TRAF7). VAFs are reported as obtained from exome sequencing (ES) and ddPCR validation.
e. Two-dimensional ddPCR plot for the NF2 p.Y101* mutation in P1_AD5 sample. The
wildtype and mutant droplets are displayed, respectively, on the X and Y axis. The number of
mutant and wildtype droplets are displayed in the top left and bottom right, respectively.

Supplementary Figures:

Supplementary Figure 1. Histological analysis of arachnoid (a, b, c) and dura mater (d, e,
f) samples. Whole samples for arachnoid and dura mater are displayed in a. and b. respectively
(scale bars 2 mm), revealing the global architecture of each tissue. Arachnoid tissue presented
a majority of areas with typical meningothelial architecture (b., scale bar 100 um) but also
several blood vessels (asterisks in c., scale bar 100 um). Dura mater samples presented with
typical collagen fibers and cells with elongated nuclei (e. scale bar 100 um) but occasionally
displayed small inclusions of arachnoid cells with round nuclei and clear cytoplasm (black
arrow heads in f., scale bar 100 um).

Supplementary Figure 2. NF2 and TRAF7 mutations in normal meninges detected by
ddPCR. Two dimensional ddPCR plots of TRAF7-mutant meningeal samples and meningioma
controls. The wild type and mutant droplets for each mutation are displayed on the X and Y
axis, respectively. For each sample, the number of mutant and wild type droplets are indicated
at the top left and bottom right corners, respectively.

Supplementary Figure 3. Heatmap of the main chromosomal gain and loss in the whole
cohort.

Supplementary Tables:

Supplementary Table 1: Main metrics after sequencing for the whole cohort.
Supplementary Table 2: List of the 29 genes targeted for targeted exome sequencing.
Supplementary Table 3: Table of the 30 variants remaining after variant calling and exclusion
of non-functionally significant variants. Algorithms : MT: Mutect2; LF : Samtoolsl-10
mpileup; ST : Strelka 2.9.10 (see Supplementary methods).

Supplementary Table 4: Table of the results of the sequencing on the main hotspots in
meningioma driver genes.
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Figure 1. A: lllustration of the meningeal sampling for each individual. B: lllustration of the methodology
of the study. C: Barplot illustrating the main genes and the somatic variants detected by ultra-deep targeted
sequencing. Variants are reported ordered by gene mutation frequency, and colored depending on the
consequence of the mutation. D: Summary of the four mutations present in the normal meninges in main
driver genes for meningioma (NF2 and TRAF7). VAFs are reported as obtained from exome sequencing (ES)
and ddPCR validation. E: Two-dimensional ddPCR plot for the NF2 p.Y101* mutation in P1_AD5 sample.
The wildtype and mutant droplets are displayed, respectively, on the X and Y axis. The number of mutant
and wildtype droplets are displayed in the top left and bottom right, respectively.
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Supplementary Methods

Ethical disclosure

The study was conducted in accordance with the declaration of Helsinki. Tissue from human
subjects was obtained through the brain donation program of the department of
neuropathology of the Pitié-Salpétriere Hospital (NeuroCEB Biobank). The individuals had
given their consent to brain donation for research in accordance with national legislation on
post mortem samples.

Meningeal samples biobank constitution

Healthy human meninges were obtained through the brain donation program at the
department of Neuropathology of the Pitié-Salpétriére Hospital (NeuroCEB Biobank). The
program is based on donation of central nervous system tissue from patients suffering from
neurological diseases such as dementia (Fronto-temporal dementia, Alzheimer disease, etc).
The only information available to us included age, sex, and neurological diagnosis. Exclusion
criteria for this study included evidence of a meningioma upon dissection, and any other
finding that could imply meningeal disease.

Five human heads were included for this study and dissections were performed in the first
24h following death by a dedicated neuropathologist (IP).

Clinical informations are summarized in this table:

Patient Age Sex Diagnosis Other CNS
number disease
P1 87 M Alzheimer Disease No
P2 82 F Alzheimer Disease No
P3 75 F Alzheimer Disease No
P4 82 M Fronto-temporal No
Dementia
P5 66 M Fronto-temporal No
Dementia

After skull opening, the brain was first removed. Large samples of dura were then carefully
divided and dissected from several location: anterior skull base, Falx, and convexity. A large
sample of arachnoid dissected at the basal cisterna was also harvested. A small sample of
brain in the frontal cortex was also collected in order to obtain a control DNA for each
individual. Immediately after retrieval, the tissue samples were kept at -80°C. For each
topography, several 3mm*3mm samples were sampled, and the spatial distance between
samples was annotated.

Morphological examination of meningeal samples

Histopathological analysis was performed on 15 selected samples (12 dura mater, 3
arachnoid) using fifteen-millimeter-thick cryosections colored with Hematoxylin and Eosin.
Immunolabeling with Ki67 antibody (BD Pharmingen™ Purified Mouse Anti-Ki-67, Cat.550609,
1/100) was also performed on those 15 samples following the manufacturer’s protocol.
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DNA Extraction and quality control

DNA was extracted from 3mm*3mm samples using the QIAmp DNA minikit (Qiagen,
Courtabeouf, France) and quantified using Nanodrop (THermofisher Scientific, Villebon sur
Yvette, France) and the Tapestation to verify correct fragment size and to ensure the absence
of extra bands.

DNA Sequencing

DNA library preparation (Library Preparation Enzymatic Fragmentation (EF) Kit 2.0 from
TWIST), capture and hybridization were realized following manufacturer’s recommendations
with custom mencap panel from TWIST (for the list of genes targeted, see Supplementary
Table 2).

Pre captured plex were done with 15 to 15 libraries in equimolar mode. Final samples from
pooled library prep post captures were sequenced on Novaseq 6000 ILLUMINA with SP-
200cycles cartridge (2x1600Millions of 100 bases reads), corresponding to 2x18Millions of
reads per sample after demultiplexing. Genosplice (Paris, France) performed quality control,
processing and detection of the variants.

Bam files processing

Raw reads were mapped against hg19 reference sequence with only chromosomes 1, 2, 3, 4,
5,6,7,8,9,10,11, 12,13, 14,15, 16,17, 18, 19, 20, 21, 22, X, Y and MT. All haplotypes, chrUn
and chr_gl sequences were removed, in order to avoid multiple mappings. Reads alighnment
was performed using bwa-0.7.17 (mem) and converted to bam with samtools-1-10. Then, bam
files were sorted by coordinates with Picard-2.26.10 (SortSam) and duplicate fragments were
marked using Picard-2.26.10 (MarkDuplicates). Next, bam files were merged by patient with
Picard-2.26.10 (MergeSamFile) and indexed with samtools-1-10. A base recalibration was
applied on bam files with GATK-4.2.4.1 (BaseRecalibrator, PrintReads).

Quality control of data

Raw reads quality control was done with fastgc v0.11.5. Picard-2.26.10
(CollectInsertSizeMetrics) was used to compute the insert size metrics. The quality control of
bam files (mapped reads, duplicates, mean coverage) was performed with samtols v1-10
flagstat, bedtools v2.27.1 and qualimap v2.2.1 bamqc.

Variant calling

Somatic variants were identified using Mutect2 (MT), a widely used tool for somatic variant
analysis, in conjunction with four other variant callers, Strelka 2.9.10 (ST), VarNet 1.1.0 (VN),
freebayes 1.3.6 (FB) and samtools 1-10 mpileup (LF) using matched brain data as control. For
each sample, vcf files were merged by keeping the information of which algorithm detected
each variant. Finally, variants were annotated with snpEff 4.2 and dbNSFP4.1c.

The following filters were applied on the final variant list.
- variants with a total read count < 100X in tumor;

- variants with a total read count < 100X in control;

- variants with an alternate read count > 2X in control.

Hotspots analysis
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Known hotspots for meningiomas (SMO 412, SMO W>35t, TRAF7">205, AKT1 E17K PIK3CA E>42K,
PIK3CA 11047R) were investigated in all samples with samtools mpileup, retaining reads with a
base quality score of at least 25 and a mapping quality score of 50 or higher (Supplementary
Table 4).

CNV analysis

CNVs were detected with CNVkit version 0.9.11. The sequencing panel covers gene regions
for the somatic variant analysis, with targets distributed on chromosomes chrl, chr2, chr3,
chr5, chr6, chr9, chrl0, chrl2, chrl6, chrl7, chrl8, chr22, and chrX in order to assess the
potential losses or gains of chromosomal parts. A reference panel was built with the normal
samples. Then the cnv workflow was run using the reference panel. The final heatmap was
generated with cnvkit heatmap function on call cns files.

Selection of significant variants
Selection of significant variants was applied with following methodology:
- Exclusion of variants without functional consequence at the protein level
(intronic mutations, synonymous mutations)

- Exclusion of variants with population frequency > 0.1% based on the database of
polymorphisms (GnomAD)

- Prediction of pathogenicity by at least two dedicated tools among SIFT,
MutationTaster, MutationAssessor, FATHMM, PROVEAN, DEOGEN2 and
ClinPred.

(S/\/IO L412F SMO W535L AKT1 E17K PIH3CA E542K PIK3CA H1047R)_

Digital droplet PCR

All ddPCRs were performed in triplicates on QX200 Droplet Digital PCR System (Bio-Rad
Laboratories, Hercules, California, USA) using ddPCR Mutation Assays (NF2 p.Y101*
#dHsaMDS342258133, TRAF7 p.N520S # dHsaMDS2513510, and TRAF7 p.K615E #
dHsaMDS362900095). Data were analyzed using the Digital MIQE guidelines. For TRAF7
mutations, meningioma with the same mutation (from fresh frozen samples) were used as
positive controls. These cases were already published in a previous publication, and patients
had given their written consent to use their biological tissue for research.
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Supplementary Table 1: Main metrics after sequencing for the whole cohort.

Sample #raw reads Mean coverage P3_AD7 47 042 373 1995.77X
P1 A 55 562 145 2 124.50X P3_ADS8 36 969 370 1793.24X
P1_A2 33 703 831 1561.63X P3_B 36 850 187 1412.10X
P1 A3 41 870 542 1707.98X P3_C 41 683 094 1851.70X
P1_AD1 49 752 116 2 219.90X P3_C2 40 658 445 2 007.32X
P1_AD2 42 059 606 1984.30X P3_C3 45 696 236 1918.56X
P1_AD3 48 536 901 2 046.10X P3_F 38 360 169 1 690.60X
P1_AD4 48 843 358 1 945.00X P3_F1 40 620 841 1876.89X
P1_AD5 63 602 657 2 157.80X P3_F2 41 549 618 1942.42X
P1_AD6 55034013 1 860.60X P3_F3 38 012 815 1822.89X
P1_AD7 41 500 111 1703.78X P4_A 58 297 778 1961.90X
P1_AD8 37 894 480 1811.64X P4_A2 36 583 335 1 472.06X
P1 B 28 291 937 1 368.10X P4_A3 40 900 423 1723.19X
P1 C 44 796 295 1774.6X P4_AD1 23 676 351 1105.30X
P1_C2 56 064 450 2 096.43X P4_AD2 39793 029 1 548.50X
P1_C3 33 262 088 1629.67X P4_AD3 37 446 815 1672.70X
P1 F 41 843 473 1 805.50X P4_AD4 39 000 503 1 535.80X
P1 _F2 37 612 229 1 665.97X P4_ADS5 37 292 003 1677.80X
P1_F3 40 370 681 1765.44X P4_AD6 44 809 903 1 680.50X
P1 F4 38 290 763 1 548.50X P4_AD7 39 995 408 1 866.99X
P2_A 39237 741 1 747.60X P4_ADS8 38 510 295 1814.59X
P2_A2 34 263 224 1678.93X P4 B 39077 728 1268.70X
P2_A3 40 381 069 1640.11X P4_C 38 619 872 1416.80X
P2 _AD1 53 967 493 2 395.50X P4_C2 39 279 065 1429.36X
P2_AD2 44 815 878 1 843.20X P4_C3 34 834 935 1325.17X
P2_AD3 52 458 075 2 191.20X P4 _F 34 760 889 1 358.60X
P2_AD4 57 296 079 2 321.00X P4_F1 35 546 879 1543.69X
P2_AD5 59 996 592 2 199.30X P4_F2 35795 102 1630.84X
P2_AD6 35 254 796 1777.60X P4_F4 34 842 716 1414.11X
P2_AD7 42 512 609 1813.48X P5_A 45 188 449 2 039.90X
P2_AD8 42 752 718 1809.57X P5_A2 35882 811 1527.42X
P2_B 31792 941 1 288.00X P5_A3 36 960 519 1330.53X
P2 C 40 254 709 1712.80X P5_AD1 39 777 076 1 495.30X
P2_C2 36 859 768 1745.51X P5_AD2 37 248 669 1397.10X
P2_C3 36 392 859 1725.30X P5_AD3 36 051 771 1370.40X
P2_F 40 307 887 1592.10X P5_AD4 33 448 652 1173.90X
P2 _F2 39 045 859 1786.38X P5_ADS5 51167 267 1627.70X
P2_F3 40 874 512 1 806.35X P5_AD6 42 762 318 1523.30X
P2_F4 34 479 459 1386.63X P5_AD7 40 067 785 1 447.00X
P3_A 60 127 420 2 419.80X P5_ADS8 35172 125 1 407.34X
P3_A2 38 767 192 1650.13X P5_B 27 173 966 825.58X
P3_A3 42 236 635 1701.34X P5_C 46 689 438 1 840.10X
P3_AD1 45 397 538 2 134.50X P5_C2 33 706 058 1 359.66X
P3_AD2 37517 342 1 662.40X P5_C3 41 058 981 1 600.96X
P3_AD3 46 427 885 1 898.40X P5_F 44 915 617 1625.70X
P3_AD4 55 863 720 2 566.40X P5_F2 48 051 170 1284.24X
P3_AD5 44 079 696 2 106.10X P5_F3 39 506 296 1462.36X
P3_AD6 40 133 345 1 881.70X P5_F4 41 987 521 1620.57X
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Supplementary Table 2: List of the 29 genes targeted for targeted exome sequencing.

Gene Symbol
AKT1
AKT3

ARID1A
ATRX
CDKN2A
CDKN2B
CHEK2
CREBBP
DEK
KDM5C
KDM6A
KLF4
NF2
PDCD10
PHIP
PIK3CA
PIK3R1
PKIB
POLR2A
PRKAR1A
PTEN
SMARCB1
SMARCE1
SMO
SUFU
TACC3
TAF4
TP53
TRAF7
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Strelka 2.9.10 (see Supplementary methods).
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Supplementary Table 4: Table of the results of the sequencing on the main hotspots in
meningioma driver genes.

[Sample_Fhromosom] Coordinate] Reference | Atemate | Gene | HGvse HG Coverage it coveragd Frequency A chi7__] 129206557 SMO_[c1234C>T | plendizphe | 2571 .0000%
A_| o3 [ 1rooteoen A PIKICA | c.1624G>A| _pGlusézlys | 2564 0000% Al chr7__| 129210500 SMO | c.1604G>T | p.Trp5a5leu | 2320 .0000%
A | o3 179218303 A PIKICA | c.1633GA] pGlustslys | 2811 ,0000% A chr 2176555 TRAF7 | c.1550A5G | pAsns20ser | 2994 .0000%
A_| o3 [179230007 PIKSCA_| c.3140A5G | _pHisi0aTAg | 2551 0000% A ch3__| 179218204 PIK3CA_| c.1624G>A| _p.Glus42Lys 2585 0000%
A | o7 | 109208557 plesaizphe | 200 0000% A ch3_ | 179218303 PIK3CA | ¢1633G>A p Glusd5Lys 2830 .0000%

A | on7 109210500 [ pTos3stes | 2058 0000% A chi3 | 179234297 PIKSCA | c3140A5G | pHis1047Arg | 2568 X
A_| ch 2175555 5| phsnszoser | 2372 08435 A chr7__| 129206557 SMO__|c1234C>T | pleudizphe | 2227 1347%
W o[ 179216200 pGusi2lys | 1499 0000% ch7 | 129210500 SMO [ c1604G>T| pTips3sieu | 2078 .0000%
ch3__| 179218303 [_p.Glusaslys 1641 .0000% chr 2175555 TRAF7 | c.1550A>G | _p.Asn520Ser 2677 ,0000%
Iz chr 9234 | pHs10s7Ag | 1675 0000% ch3__| 179218204 PIK3CA_| c.1624G>A| p Glus42Lys 2179 .0000%
L/ ohr 2175555 pAsns20Ser | 2355 0000% chr3 [ 179218303 A PIK3CA | ¢1633G>A p Glusd5Lys 2385 .0000%
chid | 179216294 [_p.GlusdzLys 1731 .0000% ADG chr: 179234297 PIK3CA | c.3140A>G | _p His1047Arg 2011 0995%
A3 chr3__| 179218303 pGusislys | 1885 0000% [(P2AD6 | chr7 | 120206557| C SMO | c1234C>T | pleudlzphe | 1746 .0000%
L/ o3| 179234297 G pHs1047AG | 1856 0000% [[P2ADs | ch7 [120210500] & SMO_ [ c.1604G>T | _pTrp535Leu 1601 .0000%
chr 2175555 3 pASnE20Ser | 2424 0000% A chrie | 21755 A TRAF7_| C.1559A5G | _p Asnsa0Ser | 1718 .0000%
ch3 179218294 A | pGusizlys | 2 0426% Al ch3_[179218303] G PIK3CA | c1633G>A| p Glusdblys 2010 .0000%
ch3 179216303 A pGusslys | 2571 0000% A ch3 [179234297] A G PIK3CA | ¢3140AG | pHis1047Arg | 2010 .0000%
ch 9234297 pHS104TAG |2 0000% A chr. 2175555 A G TRAF7_| C.I559AG | _pAsnsa0ser | 484 .0000%
ch7__| 129206557 plesaizphe | 2520 0794% A ch3a [17921820a] G A PIK3CA | ¢1624G>A| p Glusd2Lys 1623 0549%
o7 129210500 pTpsdsieu | 2232 ,0000% A chd [ 179218204 G A PIKSCA | c.1624G>A| _p.GlusazLys 1707 .0000%
chr 2175555 |_pAsncaoser | 252 0000% [Pz ch3a_ | 179218303 G A PIK3CA | c.1633G>A| _p Glus45Lys 1844 .0000%
ch3 | 179218294 pGusi2lys | 2576 0000% [Pz ADs | cha [i70234207] A G PIK3CA | 314046 | pHis1047Arg | 1970 .0000%
ch3 179218303 A [ pGusislys | 2824 0000% AD8 | _ohr 1755¢ [ TR C.1550A5G | _p Asns20Ser 2742 .0000%
chi3 179234297 pHS104TAG | 2330 0000% ch3a__| 179218204 A PIK3CA | c.1624G>A| p Glus42Lys 1592 .0000%
o7 129206557 plevaizphe | 1763 0000% ch3__| 179218303 A PIK3CA | ¢1633G>A p Glusd5Lys 1739 .0000%
ch7__[ 129210500 pTrps35leu | 1438 ,0000% ch3__| 179234297 PIK3CA_| c3140A5G | pHis1047Arg_| 1466 .0000%
chr 217555 | _pAsnczoser | 1572 0636% chr7__| 129206557 MO | c1234C>T | _plLeuaizphe | 1490 .0000%
o3| 179216200 pGusialys | w3 0000% ch7_ [ 129210500 G SMO_ [ c.1604G>T | _pTrp535Leu 1384 .0000%
chi3 179218303 pGusslys | 2703 0000% chri6 | 2175555 A TRAF7_| C.1550A5G | _p Asnsa0Ser | 1385 0000%
ch3 | 179234207 pHS104TAG | 2356 0000% ch3a_|179218204] G PIK3CA | c1624G>A| p Glubd2Lys 1502 .0000%
chi__| 129206557 pLevaizphe | 1067 0000% ch3 [179218303] G A PIK3CA | ¢.1633G>A p.Glusd5Lys 1739 .0000%
ch7__ 129210500 [ _pTopssoles | 1eas ,0000% ch3 | 179234207 A G PIK3CA | c.3140A5G | pHis1047Arg | 1466 .0000%
o 217555 [_pAsns: 1999 0000% chr 2175555 A G TRAF7 | c.1559A5G | pAsn520Ser | 1385 .0000%
chd [ 179216204 pG5i2lys | 2198 0910% chd [ 179218204 G A PIKSCA | c.1624G>A| _p.GlusazLys 2103 .0000%
chi3 179218303 pGuSSLys | 2400 0000% ch3_|179218303| G A PIK3CA | c.1633G>A| _p GlusdbLys 2204 .0000%
chr3 | 179234207 [ pHs10a7Ag | 2307 0000% C ch3 [ 179234297 A PIK3CA | 31406 | pHis1047Arg | 1934 0517%
o7 129206557 plevaizphe | 2105 0475% Cc ch7__ | 129206557| _ C MO | c.1234C>T | _plLeual2phe | 1695 1770%
ch7__| 129210500 | pTopsssles | 1783 0000% C ch7__| 129210500 G MO pTrp535Leu 0000%
chr 2175555 pASnE20Ser | 2002 0500% C chri6 | 21755 A F7_|c.A550A>G | pAsn520Ser | 1733 .0000%
chid | 179216294 [ pGlusizLys 2312 0000%. C: chr: 179218303 G PIK3CA | .1633G>A| _p GlusdSlys 1765 000%

ch3 179218303 pGuSSLys | 2561 0000% c chr 2175555 A TRAF7 | .1569A5G | pAsns20Ser | 2170

ch3 179234207 pHS1047Ag | 264 0000%  C: chr 79234297 | A IK3CA_| c3140A>G | p.His1047Arg | 1813 0552%
o7 129206557 pLewti2Phe | 2474 0408% c chr 79218204 G IK3CA_| c.1624G>A| _p.Glub42Lys 1618 0618%
ch7__ 129210500 T| prmsssieu | 2266 0  C: chr 79218294 | G IK3CA | c.1624G>A| pGlus4zLys 716 .0000%
chr 21755665 pASNE20Ser | 2500 0000% c ch 79218303] G A IK3CA | c1633G>A| pGlusslys | 1870 .0000%
o3 [Troo1e280 A pousiays |20 000056 C3 | oha [1romor| A PIKSCA | ¢ 3140056 | pHistof7Arg | 1058 os11%
ch3__| 179218303 PIKICA | c.1633G>A] pGlusdslys | 2526 0000% chr 1755 A TRAF7_| .1559AG | _p Asns20Ser 243 .0892%
o[ 179234267 PIKICA_| c.3140A5G | prisi0d7arg | 2186 0000% chd [179218204] G PIK3CA | c1624G>A] p.Glusd2lys 724 .0000%
ch7__| 129206557 SMO_[c.1234C5T | _plevarzpne | 1757 0000% ch3a_ | 179218303 G PIK3CA | c.1633G>A| _p.Glusd5Lys 1870 .0000%
ch7__| 129210500 SMO_|c.1604G>T | pTrpsasten | 1763 0000% ch3 [ 179234297 A PIK3CA_| c.3140AG | p.His1047Arg | 1737 .0000%
chib 75555 TRAFT | o 155956 | pAsnszoser | 15 0466% chi7 [ 120206557] ¢ SMO [ c.1234C5T | pleudizphe | 1758 1138%
chr3__| 179218303 PIK3CA_| ¢ 1633G>A| p.GluSdSlys 1856 0000% chr 129210500 G SMO__| c.1604G>T | _p.Trps3sieu 1643 ,0000%
ch3 | 179234207 PIKICA | c314085G | pHsi0aTAg | 1917 0000% chri6 | 2175555 A TRAF7 | .1559A5G | pAsns20ser | 1678 .0000%
chr 2175565 TRAFT | c.1559AG | _pAsnsa0Ser | 2130 .0000% ch3 _[179218204] G PIKSCA_| c.1624G>A| _p.Glus42Lys 1853 .0000%
ch3 179218294 PIKICA_| c.1624G>A] _pGusazlys | 1716 0583% ch3a_|179218303| G PIK3CA | c.1633G>A| p GlusdbLys 2038 .0000%
ch3 179216294 PIKICA | c.1624G>A] pGlusazlys | 1730 0000% chri6 | 21 A G RAF7 | ¢.1559A°G | _pAsn520Ser | 1956 .0000%
cvs | 17a216303 PIKaCA | 0 163365A| p Gusdslys | 1908 I o3 [ irozsae7| A G| PiacA [catione| pHstorag | 207 o1
ot 217555 TRAF7_| c 155075 | _pAsns2oser | 235 0425% X ch3_[179218204] G A PIK3CA | c.1624G>A| _p Glusd2Lys 1909 .0000%
ohr PIKICA | c.3140A5G | pHsi1047Ag | 1984 0504% o3 [179218303] G A PIK3CA | ¢1633G>A p Glusd5Lys 2066 .0000%
ch3 179218294 PIKICA_| c.1624G>A|_p Gl 1660 001 chr. 2175555 A TRAF7_| C.1559A5G | _p Asnsa0Ser | 2038 .0000%
chr3__| 179218303 PIKICA | c.1633G5A] pC 1610 0000% X ch3a | 17923297] A PIK3CA | c.3140A5G | p His1047Arg 043 0489%
ch3 [ 179734207 PIKICA | c.314085G | p. 1530 0000% o3 [179218204] G PIKSCA | c.1624G>A| _p.GlusazLys 348 .0000%
ch7__| 129206557 SMO_[c1234C5T [ p 1604 ,0000% ch3a_ | 179218303 G PIK3CA | c.1633G>A| _p.Glusd5Lys 467 .0000%
ch7__| 129210500 SMO [ c1604G5T| p1 159% 0000% ch3 [ 179234297 A PIK3CA | ¢3140A5G | p His1047Arg 477 .0000%
chr 2175565 TRAFT | c1559A°G | p 1740 0000% chr 2175555 TRAF7 | c.1550A5G | _p Asns20Ser 811 .0000%
o3 [ Trooieea PiaoA | c162iGon pc To%0 o000 A | s [areniere PIKGCA | ¢ 1624GoA] _p Gliséalys | 2687 0000%
o[ 179218303 PIKICA | c.1633G5A] pG 1810 0000% A ch3 | 179218303 PIK3CA | ¢1633G>A p Glusd5Lys 2965 .0000%
chr 2342 G PIKICA | [ pHs: 1530 0000% A ch3__| 179234297 PIK3CA_| c3140A5G | pHis1047Arg_| 2890 .0346%
chr 217555 G TRAF_| c 155056 | _p 1740 0000% A chr7__| 129206557 MO | c1234C>T | pleuazphe | 2554 0783%
X o[ 179216200 A PIKICA | c.162G5A] p 2184 0000% A chr7 [ 129210500 SMO [ c1604G>T| pTips3sieu | 2348 .0000%
chd [ 179218303 PIKICA | c.1633G5A] pC 2011 0000% A chri6 | 2175655 TRAF7_| C.1559A5G | _p Asns20Ser | 3020 .0000%
chr3 | 179234207 PIK3CA_| c31405G | p. 1089 0000% 2 ch3__| 179218204 PIK3CA_| c.1624G>A| p Glus42Lys 1674 .0000%
< o7 129208857 sM0_[c1234G5T [ p 1662 0537% 2 chr3 [ 179216303 A PIK3CA | ¢1633G>A p Glusd5Lys 1819 .0000%
ch7__[ 129210500 SMO_[c.1604G5T| p1 1742 0000% 2 chr 175555 G AF7_| c.1559A°G | _pAsnsa0Ser | 2043 .0489%
ch TRAFT | CI560A5G | _pAsnt 1758 1138% 2 ch3a | 179234297] A G PIK3CA | c3140AG | pHis1047Arg | 1846 0542%
X o3| 179216200 PIKICA | c.1624G5A] p 2083 0000% W chd [ 179218204 G A PIK3CA | ¢1624G>A| pGlusd2Lys 1637 .0000%
chi3 179218303 PIKICA_| c.1633G>A] .Gl 2270 0000% A3 ch3a | 179218303| G PIK3CA | c.1633G>A| _p.Glusd5Lys 1770 .0000%
ch3__| 179234207 PIKICA | c314085G | pH 2378 0000% A ch3_ | 179234297] A PIK3CA_| c.3140AG | pHis10d7Arg | 1875 .0533%
< chr 2175555 TRAFT | c1559A6 ] p 2389 ,0000% A3 chr 2175555 TRAF7 | c.1550A5G | pAsns20Ser | 2343 ,1707%
o3 [ Troo1e280 PiacA | c162iGo] pc o5 o000 701 | cha[i7e01820 PIKGCA | ¢ 1624GoA] p Gliséalys | 2237 0000%
o[ 179218303 PIKICA | c.1633G5A] pG 1708 0000% J ADL | chr3 | 179218303 PIK3CA | ¢1633G>A p GlusdsLys 2471 .0000%
< chr 2175555 3 TRAFT | ¢ 155946 p 1976 00 AD1 | _chi3__| 179234297 PIK3CA_| c3140A5G | pHis1047Arg | 2236 .0000%
ch3 [ 179234297 G PIKICA_| c31405G | p. 1737 0576% [ P3ADL | ch7 | 120206557 SMO__|c1234C>T | pleuaizphe | 2427 .0000%
o | 179216204 A PIKICA | c.162G5A] p 2230 0000% [[PaADL | ch7 [ 120210500 SMO [ c1604G>T| pTips3sieu | 2160 .0000%
chd [ 179218303 PIKICA | c.1633G5A] pC 2251 0000% ADL | chr 2175555 TRAF7_| C.1550A5G | _p Asnsa0ser | 2744 .0000%
chr PIKCA . 2043 ,0000% [[PaaD2 | cha [ 179218294 PIK3CA_| c.1624G>A| p Glus42Lys 2006 .1994%
o7 129208557 sM0_[c1234G5T [ p 1904 1050% [[P3AD2 | chrs [179218303 A PIK3CA | ¢1633G>A p GlusdsLys 2217 .0451%
ch7__[ 129210500 SMO_[c.1604G>T | p1T 1654 0000% A chi3 | 179234207 PIK3CA_| c3140A5G | pHis1047Arg | 1827 .0000%
chrs 217555 TRAFT_| c 155056 | e 1718 0582% A ch7 | 120206557 | C SMO [ c1234C>T | pleudlzphe | 1662 .0000%

o3[ 179216200 PIKICA | c.1624G5A] p 1601 0000% A o7 [ 129210500 G SMO [ c.1604G>T | pTrp535teu 1540 X
chi3 179218303 PIKICA_| c.1633G5A]_p.C 1753 0000% A chr. 755! A TRAF7_| C.1559A5G | _p Asnsa0ser | 1824 .0548%
ch 21755% TRAFT | 5| p s 2344 0000% A ch3a [179218204] G PIK3CA | c1624G>A| p Glubd2Lys 2284 .0000%
cha [ 179234297 PIKICA | c3140A5G | p. 1684 1188% A o3 [179218303] G PIK3CA | ¢1633G>A p GlusdSLys 2509 .0000%
chi3 179218294 PIKICA_| c.1624GoA]_pC 1657 001 AD: ch3 | 179234207 A PIK3CA | c3140A5G | pHis1047Arg | 2062 .0000%
chr3__| 179216303 A ne 1817 0000% 1 AD3 | chr7 | 120206557] C SMO [ c.1234C5T | _pleuaiophe | 1972 .0507%
ch3 [ 179234297 3 p. 1651 ,0000% AD: ch7__[129210500] G SMO__|[ c.1604G>T | _pTrpb35Leu 1724 .0000%
chr 2175555 G Y 295 0000% A chr 1755: A TRAFT G| pAsnszoser | 2195 0911%

A | ch3 17921894 A b 2251 0000% A ch3 [17921820] G PIK3CA | ¢1624G>A p Glusd2Lys 2803 X
A chr3__| 179218303 A [ pe 2453 0000% AD: chr: 179218303 G PIK3CA_|c >A|_p.Glus45Lys 3103 ,0000%
A | cha [179234007 . 192 0000% A cha [ 179234207] A PIK3CA | c3140A5G | pHis1047Arg | 2738 .0000%
A | o7 [ 129208867 pL 1963 0000% A ch7 | 129206557|  C SMO [ c.1234C5T | pleudizphe | 2879 .0000%
A on7[129210500 P 1649 0000% A ch7__| 120210500 G SMO__| c.1604G>T| pTrpsaSleu | 2550 .0000%
A chn 217555 pAsns20Ser | 1716 0000% A chr 2175555 A TRAFT | C.1559A5G | pAsn520Ser | 3200 .0000%
pGusslys | 1677 0 A ch3 [179218204] G PIK3CA | ¢1624G>A p Glus42Lys 2696 .0000%
3 5[ pHsi4TAlg | 1737 0576% A ch3_[179218303] G PIK3CA_| c.1633G>A| _p.GlusdbLys 2942 .0000%
A A pGusdalys | 1507 0646% Al ch3 [ 179234297| A PIK3CA | c3140A5G | pHis047Arg | 2295 .0000%
G pAsn520ser | 2201 0873% A ch7 | 120206557 ¢ SMO__[c1234C>T | pleudizphe | 2095 .0955%
A [pousiays | 1 o A o7 120210500] G SMo | c 160465T | _pTipsasieu | 1674 0000%
A A| pGlusislys | 1569 0000% A chr. 2175555 A TRAFT | c.1559A5G | pAsns20Ser | 2413 .9532%
G pHs104TAG | 1744 0000% A chd [ 179218204 G PIKSCA | c1624G>A| _p.Glusa2Lys 2206 .0000%
G 5|_pAsnsaoser | 2323 0861% A ch3_|179218303| G PIK3CA | c.1633G>A| _p GlusdbLys 2445 .0000%
A pGusi2lys | 2102 00 A ch3 [ 179234297 A PIK3CA | 31406 | pHis1047Arg | 2084 .0000%
A [powststys | 2977 ,0000% AD ch7 [ 120206557] __© MO [ c.1234>T | pLeuatophe | _1ea1 1030%

pHS104TAG | 2699 0000% [Paa ch7__|129210500] G MO pTrp535Leu 1746

plevilophe | 2236 0000% [P3AD6 | chrie | 21755 A F7_|c.1550A5G | pAsn5z0ser | i .0501%

[ pTpststes | 2014 0000% ADT h3_[17921820] G PIK3CA_| c.1624G>A| _p.Glus42Lys 2083 X
| _pAsnsoser | 2257 0886% A ch3_ | 179218303 G PIK3CA | c.1633G>A| p.Glusd5Lys 2254 .0000%
pGsi2lys | 2319 0000% A ch3 [ 179234297] A G PIK3CA | ¢3140AG | pHis1047Arg | 2220 .0000%
[_pGlusislys 2538 .0000% Al chrl6 | 2175555 A G TRAF7 | c.1550A>G | _p.Asns20Ser 2548 1570%
pHs1047Ag | 2048 0000% A ch3 | 179218303] G A PIK3CA | c.1633G>A| p GlusdbLys 2034 .0000%
plevaizphe | 1893 0528% A o3 [ 179234207] A G PIK3CA | ¢3140AG | pHis1047Arg | 1978 .0000%
T|_pTmsisien | 1673 001 A chr 2175555 A G TRAF7_| C.1559A5G | _p Asnsa0Ser | 2338 .0428%
TRAF7_| ¢ 155056 | _pAsnszoser | 2130 0000% A ch3 [17921820a] G A PIK3CA | ¢1624G>A| p Glusd2Lys 1866 0536%
PIK3CA | c.1624G>A] pGusdzlys | 2613 0000% cha [ 179218204 G PIKSCA | c.1624G>A| _p.GlusazLys 1727 1156%
PIK3CA_| c.1633G>A| _pGlsdslys | 2871 0000% ch3a | 179218303| G PIK3CA | c.1633G>A| _p.GlusdbLys 1887 .0000%
PIKICA_| c.3140A5G | pHs1047Ag | 2572 038%% ch3 [ 179234297 A PIK3CA | 314046 | pHis1047A1g | 1566 .0000%
MO [ c.1234C5T | pleva 2076 0963% 7| 120206557] ¢ SMO__[c1234C>T | _pleuaioPhe | 1657 .0000%
SMO_[c1604G5T|_p1 196 00 ch7__|129210500] G SMO | c.1604G>T | _pTrp535Leu 1525 .0656%
TRAFT | c.1650A5G | pAsnsz0ser | 2354 0000% chri6 | 2175555 A TRAF7 | c.1650AG | pAsns20Ser | 1567 .0000%
PIKCA_| ¢ 1624G>A| _p Glusaalys 2544 ,0000% chr: 179218303 G PIK3CA | .1633G>A| _p GlusdSlys 1887 ,0000%
PIK3CA | c.1633G>A] pGlusdslys | 2786 0000% ch3a_|179234207| A PIK3CA | c.3140AG | pHis1047Arg | 1566 .0000%
PIKICA | c314085G | pHsi0aTag | 2587 0000% chi6 | o1 A AF7_| c.1559A°G | pAsns20Ser | 1567 .0000%
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X chr 79218294] G A PIK3CA | .1624G>A] _pGlusdzlys 1727 1158% 5 A ch3a_[179218303] G A PIKSCA | 0.1633G>A| _p.Glusaslys 2577 .0000%
c ch 79218294 G A PIK3CA | c.1624G>A| _pGlusd2Lys 2231 ,0448% P5 A ch3 _[179234297] A G PIKSCA | c3140A5G | pHis1047Arg | 2347 .0000%
c chr 79218303 G A PIK3CA_| .1633G>A| _pGlusdsLys 2450 ,0000% P5_A chri6 | 2175555 A G TRAF7 | .1550A>G | pAsns20Ser | 2508 .0000%

L C chr 79234297 | A PIK3CA_| c.3140A>G | pHis1047Arg | 2058 ,0072% 2 ch3_[179218303] G A PIKICA | 0.1633G>A| p.GlusasLys 1520 .0000%
c chr 20206557 | C MO | c.1234C>T | pleudizphe | 1091 ,0000% 2 chr 755 A G TRAF7_| c.1559A5G | pAsns20Ser | 2628 .0000%

chr7__| 129210500 G SMO | c.1604G>T | pTrps3sleu 1845 ,0000% 2 ch3 | 179234207| A [ PIK3CA_| c.3140A5G | pHs1047Arg | 1525 1311%
chr 2175555 A TRAF7 | .1650AG | _p Asn520Ser 2271 2642% 2 ch3  [179218204] G A PIKICA | c.1624G>A| p.GlusazLys 1387 14425

ch3 179218204 G PIK3CA | c.1624G>A| _p Glusd2lys 1861 ,0000% 23 ch3 _[179218204] G A PIK3CA_| c.1624G>A| _p.GlusazLys 1308 0

chr3a_ | 179234207] A PIK3CA_| c.3140A5G | pHis1047Arg | 2200 ,0000% A3 ch3a_|179218303] G A PIK3CA_| c.1633G>A| _p.Glusaslys 1415 X
X chr 2175555 A TRAF7 | .1650A5G | _p Asn520Ser 2741 ,0365% A3 chr. 2175555 A [ TRAF7 | c.1559A5G | pAsns20Ser | 2256 .0443%
chr3 [ 179218303] G PIK3CA_| .1633G>A| _pGlusdsLys 2040 ,0490% A3 ch3a_[179234207] A G PIK3CA_| c3140A5G | pHis1047Arg | 1388 .0720%
X ch3a_ [ 179218303 G A PIK3CA | .1633G>A| _pGlusdslys 2161 ,0000% ADI | o3 |179218294] G A PIK3CA_| 0.1624G>A| _p.Glusazlys 1994 .0000%
X chr 2175555 A G AF7_| c1559A5G | _p Asn520Ser 2258 ,0000% AD | o3 [179218303] G A PIK3CA | ¢1633G>A p Glusd5Lys 2185 .0000%
chr 79234297 A [ IK3CA_| c.3140A5G | pHis1047Arg | 2077 ,0481% ch3 [ 179234207| A PIK3CA_| c3140A5G | pHs1047Arg | 1734 .0000%
chr 79218294 G A IK3CA_| ¢.1624G>A| _p.Glusdalys 2024 ,0088% ch7 | 129206557 | C SMO__[0.1234C5T | _p Leua1zphe 1630 .0000%
chr 79218294 G A IK3CA_| c.1624G>A] p.Glusalys 2017 ,0000% ch7_ [ 129210500 G SMO [ c.1604G>T | pTrps35Leu 1397 0000%
chr 79218303| G A IK3CA_| c.1633G>A| _p.Glusdslys 2231 ,0000% chri6 | 2175555 A TRAF7 | c.1550A5G | _p Asn520Ser 154 .0647%
chr 79234297 | A IK3CA_| ¢.3140A5G | pHisl047Arg | 1908 ,0000% ch3 [17921820] G PIKICA | 0.1624G>A| p.GlusazLys 199 .0000%
chr 20206557 | C SMO [ ¢1234C5T | _pleudizphe | 1721 ,0000% ch3 [ 179218303 G PIK3CA | ¢1633G>A| p GlusdSLys 218 .0000%
chr7__| 120210500 G SMO | c.1604G>T| pTrps3sleu 1600 1250% ch3_ | 179234207 A PIK3CA_| c3140A5G | pHs1047Arg | 173 0000%
chr 2175555 A RAF7_| c.1559AG | _p.Asn520Ser 1950 ,1026% chr 755 A RAF7 | ¢.1550A5G | _pAsns20Ser 154 .0647%
ch3 179218204 G PIK3CA | c.1624G>A| _p GlusdzLys 2028 ,0000% ch3 _[179218204] G PIKSCA_| c.1624G>A| _p.GlusazLys 1788 000%
F: ch3a_[179218303] G PIK3CA | .1633G>A| pGlusdslys 2196 ,0000% ch3a_|179218303| G PIK3CA_| c.1633G>A| _p.Glusaslys 1961 .0510%
chr3 [ 179234297] A G PIK3CA | ¢.3140A5G | pHs1047Arg | 2110 ,0000% ch3 [ 179234297 A PIKSCA_| c.3140A>G | pHis1047Arg | 1618 .0000%
chr 2175555 A [ TRAF7 | c.1550A5G | _pAsn520Ser 2515 ,0398% ch7__|120206557| _ C SMO__[ c.1234C5T | _pLeua1ophe 1493 .0000%
ch3 [ 179218204 G A PIK3CA | ¢.1624G>A| _pGlusdzlys 1790 ,0000% ch7__| 129210500 G SMO__ | c.1604G>T| _p.Trps35Leu 1341 .0000%
chrs [179218303] G A PIK3CA | ¢.1633G>A| p GlusdsLys 1942 ,0000% chri6 | 2175555 A TRAFT | .1550A5G | _p Asns20Ser 1305 .1533%
chr3 [ 179234207] A [ PIK3CA | c.3140A5G | pHis1047Arg | 1968 ,0000% A ch3 _[179218204] G PIK3CA_| c1624G>A| _p.Glus42Lys 1788 .0000%
chr 2175555 A [ TRAFT 59A>G | pAsns20Ser | 2267 0441 A ch3a | 179234297] A PIK3CA_| 03140A5G | pHs1047Arg | 1618 .0000%
A chr3[179218204] G A PIK3CA_| c.1624G>A| _p.GlusdzLys 2201 ,0000% A ch3[179218303] G IK3CA | 01633G>A| pGlus45Lys 1961 .0510%
A chr3_[179218303] G A PIK3CA_| .1633G>A| _pGludsLys 2404 ,0000% A chr. 755 A G TRAF7 | c.1550A5G | _p Asn520Ser 305 1533%
A chr3 [ 179234297] A PIK3CA_| c.3140A>G | pHis1047Arg | 2358 ,0000% A ch3a [179218204] G A PIKICA | 0.1624G>A| p.GlusazLys 771 .0000%
A chr7 | 120206557] ¢ SMO [ ¢1234C5T | pleudizphe | 2490 ,0000% A ch3[179218303] G PIKICA | c.1633G>A| pGlsdSLys | 1923 .0000%
A chr7__| 129210500 G SMO__| c1604G>T| _p Trps3steu 2262 ,0000% [Ps_aD: ch3a_ | 179234207 A PIK3CA_| c3140A5G | pHs1047Arg | 1688 .0000%
chr 2175555 A TRAF7 | ¢.1650A5G | _p Asn520Ser 2843 ,1055% [(P5AD3 | chr7 |120208557] ¢ SMO [ c.1234C>T | pleualophe | 1451 .0000%

2 ch3 179218204 G PIK3CA | c.1624G>A| _p GlusdzLys 1536 ,0000% AD: ch7__[129210500] G SMO__ [ c.1604G>T| pTrpsasleu | 1356 .0000%
A2 cha_[179218303] G PIK3CA | .1633G>A| _pGlusdsLys 1676 ,0000% A chr 755 A TRAF7 | c.1550A5G | _p Asn520Ser 404 .0000%

A2 chr3 [ 179234297] A G PIK3CA_| c.3140A>G | pHis1047Arg | 1760 ,0000% A ch3[17921820a] G PIKICA | 0.1624G>A| p.GlusazLys 771 .0000%
A2 chri6 | 217555 A [ AFT 55 pASn520Ser 2061 ,0000% A ch3 _[179218303] G PIK3C 633G>A| pGlsslys | 1923 .0000%
A ch3 [ 179218204 G A PIK3CA | ¢.1624G>A| _pGlusdzlys 1863 ,0000% [Ps A ch3_ | 179234297| A PIK3CA_| c.3140A5G | pHs1047Arg | 1688 .0000%

A chr3s[179218303] G A PIK3CA | ¢.1633G>A| p Glusdslys 2009 ,0000% [(PsAD3 | chr 2175555 A TRAFT_| .1559A5G | _p Asns20Ser 404 .0000%
A chr 2175555 A [ TRAF7 | c.1550A5G | _p Asn520Ser 2398 ,0000% A ch3 _[179218204] G PIK3CA_| c.1624G>A| _p.Glus42Lys 1580 .0000%
A chr 79234297 | A [ PIK3CA | c.3140A5G | pHs1047Arg | 1047 ,0514% A ch3_ | 179218303 G PIK3CA_| c.1633G>A| _p.Glusaslys 1742 .0000%

AL chr 79218204 G A PIK3CA | ¢.1624G>A| p Glusdzlys 1507 ,0664% A chd [ 179234207] A PIK3CA | ¢3140AG | pHis1047Arg | 1489 .0000%

A chr 79218303 G A PIK3CA | .1633G>A| _pGlusdsLys 1659 ,0000% A chr7__| 129206557 MO__| ¢.1234C>T | _p Leu42Phe 1258 .0000%

AL chr 79234297 | A PIK3CA 40 p.HiS1047Arg | 1302 ,1536% A chr7__| 129210500 MO 604G>T | pTrp535Leu 986 .0000%

A chr 20206557 | C MO | c.1234CST | pleudizbhe | 1117 ,0895% A chri6 755 TRAFT_| c.1550A5G | _p Asns20Ser 1176 .0000%

ADL | chr7_ | 120210500 G SMO__| c1604G>T| _p Trps3sLeu 1018 ,0000% A ch3__| 179218204 PIK3CA_| c1624G>A| _p.Glus42Lys 1580 .0000%

[ PaADL | ohr 2175555 A TRAF7 | ¢.1650A5G | _p Asn520Ser 1004 ,0096% A chr3__| 179218303 PIK3CA | 0.1633G>A| p.Glusa5Lys 1742 .0000%

AD2 | ch3 [179218204] G PIK3CA | c.1624G>A| _p Glusdzlys 2030 ,0000% AD: chi3__| 179234297 G PIKSCA | c3140A5G | pHis1047Arg | 1489 .0000%

[ PaAD2 | cha |179218303] G PIK3CA | .1633G>A| _pGlusdsLys 2237 ,0000% A chr 2175555 G TRAF7 | c.1550A5G | _p Asn520Ser 1176 .0000%
[ PaAD2 | cha [ir923a207] A PIK3CA_| c.3140A>G | pHis1047Arg | 1007 ,1049% A ch3a [179218204] G A PIKICA | c.1624G>A| p.GlusazLys 1853 .0000%

AD? | chr7__ | 120206557] ¢ SMO | c1234C5T | _pleudiophe | 1585 ,0000% A ch3_[179218303] G PIK3CA | c1633G>A| _p GlusasLys 040 0000%

AD2 | ch7_ | 120210500 G SMO | c.1604G>T | p.Trps3sLeu 1457 ,0686% A ch3a_ | 179234207 A PIK3CA_| c.3140A5G | pHs1047Arg | 2108 0949%

AD2_|_chr 2175555 A TRAFT 59 p.ASn520Ser 1423 ,0703% 5 ADS | chr7 | 120206557|  C SMO__[0.1234C5T | _p Leudizphe 1650 .0000%

AD3 | ch3 [179218204] G PIK3CA_| .1624G>A| _pGlusd2Lys 2202 ,0000% A ch7__[ 129210500 G SMO__| c.1604G>T | _p Trp535Leu 1707 .0000%

AD3 | ch3 [179218303] G PIK3CA | .1633G>A| pGlusdslys 2393 ,0000% A chri6 | 2175655 A TRAF7 | .1550A5G | pAsns20Ser | 1650 .0000%

AD3 | oha [179234207] A PIK3CA_| c3140A°G | pHis1047Arg | 1975 ,0000% A ch3 [179218204] G PIKICA | c.1624G>A| p.GluS4zLys 1853 .0000%

AD3 | chr7__| 129206557 SMO__|c1234C5T | pleudiphe | 1661 ,0000% A ch3_[179218303] G PIK3CA | 1633G>A| pGlusdslys | 2040 .0000%

AD3 | chr7__| 129210500 SMO | c.1604G>T| p.Trps3sLeu 1468 ,0681% A chr 2175555 A TRAF7 | c.1559A>G | pAsnszoSer | 1650 .0000%

A chr 2175555 TRAF7 | ¢.1559A5G | _p Asn520Ser 1612 ,0620% A ch3 | 179234297 PIKSCA | c3140A5G | pHis1047Arg | 2108 .0949%

AC chr3__| 179218204 PIK3CA_| .1624G>A| _pGlusd2Lys 2017 ,0000% A ch3__| 179218204 PIK3CA_| c.1624G>A| _p.Glusazlys 1897 .0000%

Al chr 218 A PIK3CA | ¢.1633G>A| p GlusdsLys 2204 ,0000% A ch3__| 179218303 PIKICA | 0.1633G>A| p.GlusasLys .0000%

A chr3__[ 179234207 PIK3CA 40 pHiS1047Arg | 1792 ,0000% AD ch3__| 179234297 PIKSCA | c3140A5G | pHis1047Arg | 1672 .0000%

AC chr 2065¢ c SMO | c.1234C>T | pleudiophe | 1589 ,0000% A chr7__| 129206557 SMO__| c.1234C5T | _p Leuaizphe 1725 .0000%

Al ch7_[120210500] G SMO [ ¢.1604G>T | p Trpsasteu 1378 ,0000% A chr7__| 129210500 SMO__ [ c.1604G>T | _p.Trps35Leu 1609 .0000%

A chri6 | 2175655 A TRAF7_| c.1550A5G | _p Asn520Ser 1648 ,0000% A chri6 | 2175555 TRAF7 | c.1550A5G | _p Asns20Ser 1841 .0000%

ADS | ch3 [17921820a] G PIK3CA_| .1624G>A| pGlusdzlys 2353 ,0850% [Ps At ch3__| 179218204 PIK3CA_| c.1624G>A| _p.GlusazLys 1897 .0000%

ch3s[179218303] G A PIK3CA | ¢.1633G5A| p GlusdsLys 2590 ,0000% [(P5AD6 | chrs [ 179218303 A PIKICA | c.1633G>A| p.Glusa5Lys 068 .0000%
chr3 [ 179234207] A PIK3CA_| c.3140A5G | pHs1047Arg | 2019 ,0000% ADG | chr3__| 179234297 G PIK3CA_| c3140A5G | pHs1047Arg | 1672 .0000%
chr7__ | 120206557] ¢ SMO | c.1234C>T | plevdiophe | 1537 ,0000% [ "Ps D6 | chric 755 G RAF7_| c.1550AG | _pAsn520Ser 1841 .0000%
ch7__[ 120210500 G MO | c.1604G>T| pTrps3sieu 1456 ,0000% AD7 | o3 [179218294] G A PIKSCA | c.1624G>A| p.GluSazLys 1340 .0000%
chr 7555 A TRAF7 | c.1559 pAsns20Ser | 1477 0677% A ch3_[179218303] G PIK3CA_| c1633G>A| _p.Glusaslys 1448 .0000%
ch3[17921820a] G PIK3CA | .1624G>A| pGlusdzlys 2065 ,0000% A ch3a_|17923297] A PIKICA | 0.3140A5G | pHs1047Arg | 1531 .0000%
chs[179218303] G PIK3CA | .1633G>A| pGlusdsLys 2235 ,0000% A chri6 | 2175555 A TRAF7 | c.1550A5G| pAsn520Ser | 2050 .0000%
chr3 | 179234207] A PIK3CA_| c.3140A5G | pHs1047Arg | 1959 ,0000% A ch3a_ | 179218303 G PIK3CA_| c.1633G>A| _p.Glus4slys 1523 .0000%
chr7__ | 120206557] ¢ SMO | c.1234C5T | plevdizPhe | 1856 ,0000% AD: ch3_ | 179234297| A PIKSCA_| c.3140A>G | pHis1047Arg | 1491 .0000%
ch7 129210500 G SMO__ | ¢1604G>T| pTrps35Leu 1561 ,0000% A chr 2175555 TRAF7 | c.1559A5G | _pAsns20Ser | 2042 .0000%
chr 7555¢ A TRAF7 | c.1550AG | pAsn520Ser | 1054 ,0512% A ch3__| 179218204 PIK3CA_| c1624G>A| _p.Glusazlys 1395 .0717%
chs[179218204] G PIK3CA | .1624G>A| p Glusdzlys 2058 ,0000% ch3_ | 179218294 PIKICA | 0.1624G>A| p.GlusazLys 843 .0000%
chr 218: G PIK3CA | .1633G>A| p.GlusdsLys 2213 ,0000% ch3__| 179218303 PIK3C 633G>A| _p Glus4sL, 941 .0000%
chr 2175555 A TRAF7 | c.1550AG | pAsns20Ser | 2221 0450 ch3__| 179234297 PIK3CA_| c.3140A5G | _p His1047Ar 941 .0000%
chr3 [ 179234297] A PIK3CA | c.3140A5G | pHs1047Arg | 2132 ,0038% chr 2175555 A TRAF7_| 155945 | _p Asns20Ser 1152 .0000%
chr3_[179218204] G PIK3CA | c.1624G>A| _p Glusd2Lys 2004 ,0000% ch3 _[179218204] G PIK3CA_| c.1624G>A| _p.Glus42Lys 2373 0000%
cha_ | 179234207] A PIK3CA | c.3140A5G | pHis1047Arg | 2246 ,0000% ch3a_|179218303| G PIK3CA_| c.1633G>A| _p.Glusaslys 2586 .0773%
chr 2175555 A TRAF7 | ¢.1650A5G | _p Asn520Ser 2018 ,0000% ch3  [179234297] A PIKSCA_| c:3140A>G | pHis1047Arg | 2196 .0000%
chr3 [ 179218303] G PIK3CA_| .1633G>A| _pGlusdsiys 2191 ,0456% ch7__| 120206557 | C MO__| ¢.1234C>T | _pLeudioPhe | 2016 1488%
ch3 [ 179218204 G A PIK3CA | ¢.1624G>A| _pGlusdzlys 1660 ,0000% ch7_ | 129210500] G MO | ¢.1604G5T | _pTrpb35Leu 1791 0000%
chrs [179218303] G A PIK3CA | ¢.1633G>A| p Glusdslys 1822 ,0000% chri6 755 A TRAF7 | c.1550A5G | _p Asn520Ser 1905 .0525%

ch3 [ 179234207] A PIK3CA | c.314( p.His 1047Ar 1589 ,0000% ch3 _|17921820] G PIK3CA_| c.1624G>A| _p.Glus4zLys 2373

chr7 | 120206557] ¢ SMO | c.1234C5T | plevdizphe | 1585 ,0631% c ch3 [ 179234297| A PIKSCA_| c.3140A>G | pHis1047Arg | 2196
ch7 129210500 G SMO_ | ¢1604G>T| pTrps35Leu 1386 ,0722% Cc chr 2175555 TRAF7 | c.1550A5G | _p Asn520Ser 1905 0525%
chr 2175555 A TRAF7 | c.1550AG | pAsn520Ser | 149 ,0668% ch3__| 179218303 PIK3CA_| c.1633G>A| _p.Glusaslys 2586 .0773%
chs[179218204] G PIK3CA | .1624G>A| p Glusdzlys 1660 ,0000% ch3_ | 179218294 PIK3CA | 0.1624G>A| _p.GlusazLys 348 .0000%
chr3_[179218303] G PIK3CA | .1633G>A| _p GlusdsLys 1822 ,0000% ch3__| 179218303 PIK3CA | c.1633G>A| p.Glusdslys | 1470 .0000%
ch3a_ | 179234207] A PIKSCA | c.314( pHS1047Arg | 1589 ,0000% ch3__| 179234297 PIK3CA_| ¢.3140A5G | _p His1047Arg 449 .0000%
chr 2175555 A AF7_| c1559A5G | _p.Asns20Ser 1496 ,0668% c chri6 755 A RAF7 | c.1550A5G | _pAsns20Ser 943 .0000%
ch3 179218204 G PIK3CA_| c.1624G>A| _pGlusdzLys 1948 ,0000% ch3 _[179218204] G PIKSCA_| c.1624G>A| _p.GlusazLys 430 .0000%
c ch3a_[179218303] G PIK3CA_| .1633G>A| pGlusdslys | 2140 ,0000% ch3a_ | 179218303 G PIK3CA_| c.1633G>A| _p.Glusaslys 1557 .0000%
c chr3 [ 179234297] A PIK3CA | 3140 p.His1047Arg | 1781 ,0000% IS ch3 [ 179234297 A G PIKSCA_| c:3140A>G | pHis1047Arg | 1652 .0000%
c chr7__ | 129206557] ¢ SMO__|c1234C5T | pleudiophe | 1409 0710% chr. 2175555 A G TRAF7 | .1550A>G | pAsns20Ser | 2533 .0000%
c chr7__| 120210500 G SMO | c1604G>T| pTrpsdsleu | 1247 ,0000% ch3a_|17921820] G A PIK3CA_| 0.1624G>A| _p.GlusazLys 1981 .0000%
4 C chr 2175555 A TRAF7 | ¢.1559A5G | _p Asn520er 1278 07829 ch3 [179218303] G A PIK3CA | ¢1633G>A p Glusd5Lys 168 .0000%

c ch3 [ 179218204 G PIK3CA_| .1624G>A| _pGlusd2lys 1378 ,0000% ch3 | 179234207| A PIK3CA_| c3140A5G | pHs1047Arg | 1931 .0000%

. C: chr 218 G A PIK3CA | ¢.1633G>A| pGlusdslys 1484 ,0000% ch7 | 129206557 | C SMO__ | 0.1234C>T | _p Leua1zphe 671 .0000%
C: chr 179234297 A G PIK3CA | ¢.3140 p.His1047Arg 1520 ,0000% chr 129210500 G SMO__ [¢.1604G>T| p.Trp535Leu 674 .0000%

chr 7555¢ A [ TRAF7 | c.1550AG | pAsn520Ser | 1040 ,0000% chri6 7555 A TRAF7 | c.1550A5G | _p Asn520Ser 649 .0606%

c ch3[179218294] G A PIK3CA | .1624G>A| p Glusdzlys 1214 ,0000% ch3a [179218208] G PIKICA | 0.1624G>A| p.GlusazLys 1981 .0000%
c chr3_[179218303] G PIK3CA | c.1633G>A| _pGlusdsiys 1309 ,0000% ch3 _[179218303] G PIK3CA | c.1633G>A| _p.GlusasLys 2168 .0000%
C chr3a__|179234207] A PIK3CA_| c.3140A5G | pHs1047Arg | 1461 ,0000% ch3_ | 179234207 A PIK3CA_| c.3140A5G | pHs1047Arg | 1931 0000%

chr 2175555 A TRAF7 | ¢.1650A5G | _pAsn520Ser 1640 ,0000% chri6 | 2175555 A TRAF7_| 155945 | _p Asns20Ser 1649 .0606%
ch3a_[179218204] G PIK3CA | c.1624G>A| _pGlusd2Lys 1812 ,0000% ch3 _[179218204] G PIK3CA_| c.1624G>A| _p.Glusd2Lys 1501 ,0000%
chr3a_[179218303] G PIK3CA | .1633G>A| _pGludsLys 1976 ,0000% ch3a_ | 179218303 G PIK3CA_| c.1633G>A| _p.Glusaslys 1624 .0000%
chr3 [ 179234297] A PIK3CA 40 p.His1047Arg | 1733 ,0000% ch3 [ 179234297 A G PIKSCA_| c.3140A>G | pHis1047Arg | 1795 .0000%
chr7__ | 129206557] __C SMO [ c1234C5T | _pleudiphe | 1428 ,0000% chri6 755 A G RAF7_| c1550AG| p. | 2215 .0000%
chr7__| 120210500 G SMO | c.1604G>T | p.Trps35Leu 1312 ,0000% ch3a |17921820a] G A PIK3CA_| c.1624G>A| p.GlusazLys 1331 .0000%
4 chr 2175555 A TRAF7 | .1650A5G | _p Asn520Ser 1276 ,0784% ch3[179234297] A G PIKSCA_| c3140A>G | pHis1047Arg | 1566 .0000%
ch3 [ 179218204 G PIK3CA_| .1624G>A| _p Glusd2lys 1381 ,0000% chr 2175555 A G TRAF7 | .1550A>G | pAsns20Ser | 2052 .0487%
ch3[179218303] G A PIK3CA | ¢.1633G>A| pGludsLys 1519 ,0000% ch3a_[179218303] G A PIK3CA | 0.1633G>A| _p.Glusdslys 1475 .0678%
ch3 [ 179234207] A G PIK3CA_| c.3140A°G | pHisl047Arg | 1488 ,0000% ch3[179218204] G A PIK3CA | ¢1624G>A p Glusd2Lys 1432 .0000%
chr 2175555 A [ TRAF7 | c.1550AG | pAsns20Ser | 1424 0702% ch3 [ 179218303 G A PIK3CA | c1633G>A| _p.Glusaslys 1580 .0000%
ch3[179218204] G A PIK3CA | .1624G>A| pGlusdzlys 1373 ,0000% ch3_ | 179234207 A G PIKICA | 0.3140A5G | pHs1047Arg | 1602 .0000%
chr3 [ 179218303] G PIK3CA | .1633G>A| pGlusdsiys 1477 ,0000% PsFa | chre | 217855 A G TRAF7 | c1550A>G| pAsnszoser | 2694 0,0000%
chr3a_ | 179234207] A PIK3CA | ¢.3140A5G | pHs1047Arg | 1571 ,0000%
chr 2175555 A TRAF7 | ¢.1650A5G | _p Asn520Ser 1716 ,0000%
A ch3_[179218204] G PIK3CA_| c.1624G>A| _p.Glusd2Lys 2377 ,0000%
A chr3a_[179218303] G PIK3CA | .1633G>A| pGlusdsLys 2577 ,0000%
A chr3 [ 179234297] A PIK3CA | 3140 pHis1047Arg | 2347 ,0000%
A chr7__ | 129206557] _ C SMO__|c1234C5T | _pleudiophe | 2819 ,0000%
A chr7__| 129210500 G SMO | c.1604G>T | p.Trps3sLeu 2261 ,0000%
A chr 2175555 A TRAF7 | ¢.1650 p.ASn520Ser 2508 ,0000%
A chr3 [ 179218204 G PIK3CA | .1624G>A| _pGlusd2lys 2377 ,0000%
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Supplementary Figure 1. Histological analysis of arachnoid (a, b, c) and dura mater (d, e,
f) samples. Whole samples for arachnoid and dura mater are displayed in a. and b. respectively
(scale bars 2 mm), revealing the global architecture of each tissue. Arachnoid tissue presented
a majority of areas with typical meningothelial architecture (b., scale bar 100 um) but also
several blood vessels (asterisks in c., scale bar 100 um). Dura mater samples presented with
typical collagen fibers and cells with elongated nuclei (e. scale bar 100 um) but occasionally
displayed small inclusions of arachnoid cells with round nuclei and clear cytoplasm (black
arrow heads in f., scale bar 100 um).
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Supplementary Figure 2: NF2 and TRAF7 mutations in normal meninges detected by
ddPCR. Two dimensional ddPCR plots of TRAF7-mutant meningeal samples and meningioma
controls. The wild type and mutant droplets for each mutation are displayed on the X and Y

axis, respectively. For each sample, the number of mutant and wild type droplets are indicated
at the top left and bottom right corners, respectively.
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Supplementary Figure 3: Heatmap of the main chromosomal gain and loss in the whole

cohort.
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4.3

DiscussiON

Dans cette étude, nous avons montré que des mutations intéressants les deux genes
driver principaux des méningiomes (NF2 et TRAF7) étaient présents dans les feuillets
méningés de 4 sujets sur 5. L'examen histologique de ces méninges confirmait
I'absence de méningiome a I'échelle microscopique, de méme que la normalité du
marqueur prolifératif (Ki67). Ces résultats confirment donc la présence de clones
mutants « quiescents » et I'absence de formation de tumeur.

Nos résultats donnent par ailleurs la premiere appréciation de la présence de
mutations sur d'autres genes décrits dans les méningiomes comme AR/IDTA, CREBBP,
KDM5C ou TP53 au sein de la méninge normale. Ces genes sont généralement décrits
comme de génes « passengers », et leur réle précis dans la tumorigenese méningée

n'est pas formellement établi.

L'analyse des résultats dans leur globalité montre une proportion de variant par
échantillon relativement faible (102 variants significatifs du point de vue statistique, et
30 variants ayant une conséquence fonctionnelle sur la protéine pour un total de 90
échantillons). La trés faible survenue de mutations de type «synonymes» est
également un argument fort en faveur d’'une charge mutationnelle globale faible.

Cependant, peu d'informations globales peuvent étre tirées sur la charge
mutationnelle totale de la méninge saine en raison de notre approche « ciblée » sur les
29 genes les plus frequemment mutés dans les méningiomes et les zones permettant
d’'obtenir des données sur les CNV des chromosomes 1, 10, 18 et 22. Pour avoir une
information sur la charge mutationnelle globale et pouvoir la comparer a d'autres
tissus a renouvellement lent (comme le cerveau) ou rapide (comme I'endometre ou la
peau), il aurait fallu procéder a une analyse de type séquencage de génome, comme

cela a été fait dans les études de grande ampleur sur les autres tissus®.
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Malgré tout, 4 patients sur 5 présentaient sur un de leurs prélevements une mutation
oncogénique intéressant les genes NF2ou TRAF7. La fréquence allélique médiane pour
ces mutations était de 0.86%, avec des extrémes de 0.82% a 0.93%. Ces fréquences
alléliques sont extrémement faibles, et témoignent du nombre de cellules tres limité
constituant le clone muté. Leur présence n'est retrouvée que sur un seul des
prélevements par patient, malgré la tres grande proximité de certains échantillons, en
particulier au niveau de la base du crane (inférieur a 1 cm). Ceci élimine donc a priori
un mosaicisme régional, et est plutét en faveur de l'apparition d'un clone isolé
sporadique. Les données sur le timing d'apparition de ces clones sont également
impossibles a obtenir compte tenu de la présence de ces mutations sur un seul
échantillon, rendant impossible une approche phylogénétique permettant de dater

I'apparition des mutations en comparant les VAF entre les prélevements mutés.

La présence d'une mutation pathogénique de NFZ, par ailleurs déja décrite au sein d'un
méningiome, au sein d'un prélevement de dure-mere de I'étage antérieur pose
plusieurs questions. NF2 est le gene driver principal muté dans 50% des méningiomes,
et également impliqué dans la tumorigenése de tous les grades d'agressivité'"" 112 Afin
d'étre pathogénique, l'altération de NVFZ2 nécessite une inactivation bi-allélique ; soit
dans le cadre d'une mutation des deux alleles, soit dans le cadre d'une mutation d'un
allele et de la perte du bras 22qg qui le porte sur 'autre allele. Les mutations de NF2
touchent préférentiellement les méningiomes de la convexité ou de la faux, mais elles
peuvent également toucher les méningiomes de la base du crane.

Méme si nous n'avons retrouvé aucune perte du 22q au sein de nos échantillons, nos
données ne sont pas suffisamment puissantes pour affirmer qu'une sous-population
clonale de faible importance de présente pas une perte du 22q. Aussi, il est difficile de
conclure entre la présence d'un clone présentant une mutation hétérozygote isolée
sans valeur pathogénique en tant que telle, ou d'un clone présentant une authentique
inactivation bi-allélique de NF2 Dans ce cas-la, il pourrait s'agir d'un clone contrélé par

I'hGte, ou de la phase toute initiale de la formation d'un authentique méningiome.
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Notre résultat majeur est la présence de plusieurs prélevements mutés 7RAF7 au
niveau de la base du crane, intéressant a la fois les préléevements de dure mere et
d'arachnoide. TRAF7 est une E3 ubiquitine ligase qui interagit avec la voie MEKK3, et
fait partie de la voie NF-kB pour la dégradation cellulaire’®' TRAF7 contient les
domaines RING N-terminal et « doigt de zinc » caractéristiques des protéines TRAF,
mais n'a pas le domaine TRAF C-terminal et présente a la place un domaine a sept

répétitions WD40'"3 (Figure 18)

TRAF TRAF7

RF ] ! Y 1 1 | i 1 1
i ) 2F 3 cc } WDL :WD2 [WD3 |WD4 ;WDS ; WDE wD7 | o .Uo
| RF Ring Finger Domain
T;':‘ TRAF-type ZINC Finger Domain
[S ) Coiled Coil

+, TRAF-DOMAIN - Conserved MATH/TRAF Domain

wo WDA40 Repeats

Figure 18: Structure de la protéine TRAF7, tiré de Zotti et Al'13

Les dysfonctions de TRAF7 ont été décrites initialement dans les méningiomes,
puisqu’environ 25% des méningiomes présentent des mutations de 7RAF7 situées au
niveau des régions codantes pour le domaine WD40 (Figure 19). La mutation de 7TRAF7
est par ailleurs retrouvée systématiquement en cas de méningiome de sous-type

sécrétoire?223115,
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Fig. 2. TRAF7 mutations in human cancers. In the domain structure of TRAF7, on the top are indicated the mutations found in
meningiomas, on the bottom the mutations found in mesothelioma.

Figure 19: Principaux hot spots de mutations de TRAF7 dans les méningiomes, tiré de Zotti et Al'13

Une étude récente a confirmé qu’'une mutation hétérozygote de 7TRAF7 était suffisante
pour induire une dysfonction de la protéine en induisant un hétéro-dimere avec la
protéine WT et diminuant ainsi son effet'®.

Des mutations de 7RAF7 ont par ailleurs été décrites dans les mésothéliomes, les

17=119 " Enfin, des mutations

tumeurs adénoides digestives ou les périneuromes
germinales de TRAF7ont aussi été décrites dans des syndromes malformatifs associant
des malformations cardiaques, des membres, et des dysmorphies faciales'®. Le
phénotype de ces affections est expliqué par I'origine embryologique de I'ensemble
de ces tissus puisqu'ils sont tous dérivés des cellules embryonnaires migrant a partir
des crétes neurales. Les méningiomes mutés 7RAF7 ont un tropisme pour la région
antérieure de la base du crane et de la convexité, reflétant la zone ou son expression
est élevée durant la période embryonnaire. Sur les 90 prélévements, les trois présentant
des clones mutés TRAF7 étaient tous situés au niveau de la base du crane antérieure
ou de l'arachnoide prélevée au niveau de la base du crane. Il y a donc un parallélisme
frappant entre I'expression élevée de la protéine durant la phase embryonnaire, la
présence de mutation au sein de la méninge saine, et la survenue de méningiomes
ayant une mutation de TRAF7.

Les mutations de 7RAF7 sont nécessaires mais pas forcément suffisantes pour induire
un méningiome, puisqu'elles sont associées avec une mutation de KLF#%%2 ou des

mutations activatrices de la voie PI3K/AKT1. KLF4 est un des quatre facteur de
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transcription suffisant pour induire des cellules pluripotentes a partir de cellules
différenciées''. Les mutations de TRAF7 et KLF4 sont synergiques pour favoriser la
croissance des méningiomes a travers une perte du rétrocontréle de l'activité des
GTPases'?. Dans les cas double mutant 7RAF7/AKTT ou TRAF7/KLF4, une étude de
single-cell DNA seq a montré que les mutations de TRAF7 était les plus anciennes et
que la co-mutation survenait dans un deuxiéme temps®3.

La présence de mutations de 7RAF7 isolées au sein de la méninge normale est un
argument de plus de sa survenue comme premier événement dans la tumorigenese
méningée. La croissance et la dégénérescence d'un clone 7TRAF7 muté pourraient étre
liées a la survenue d'un second événement comme les mutations de génes de la voie

PIK3 ou KLF4.

Certains des autres variants retenus concernaient par ailleurs d'autres genes
drivers des méningiomes : ainsi, on retrouvait 1 variant intéressant P/K3CA
(p.Leu94Pro), un variant sur AKT7 (p.Arg391Gly), et 2 variants intéressant SUFU
(p.Ala25fs). L'interprétation de la présence de ces variants est moins facile. En effet, leur
fréquence allélique tres faible (0.6% pour les plus faibles), et surtout I'absence de ces
mutations décrites dans les cancers sur la base COSMIC ou décrite dans les
méningiomes dans les différentes publications a large échelle nous ont conduit a ne
pas les considérer comme ayant la méme valeur que les mutations de NF2ou de TRAF7.
Ceci est d'autant plus vrai que les mutations de ces genes au sein des méningiomes
concernent toujours les méme hot spots (AKT7¢77% par exemple) et ne correspondent

pas a ceux trouvés dans nos échantillons.

L'examen des résultats sur les autres genes décrits dans les méeningiomes
(généralement décrits comme « passengers ») souléve également des questions.
Le gene le plus muté au sein de nos prélevements était AR/D7A (8 prélevements).
ARID1A est un gene régulant la constitution des sous-unité SWI/SNF, impliqué dans le

remodelage de la chromatine. Il est un des genes le plus fréquemment muté dans les
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études sur les autres tissus, puisque des mutations de AR/D7A ont été retrouvées dans
I'cesophage, le foie, le colon, la vessie ou I'endométre®’,

Il a été décrit des mutations de AR/D7A dans les méningiomes de forme agressive®*.
Les mutations présentes dans nos échantillons étaient des mutations prédites comme
pathogenes par les algorithmes de pathogénicité, mais aucune d’'entre elles n'a été
décrite au sein de méningiomes, et une seule était répertoriée dans la base de mutation
COSMIC. Ces mutations concernaient I'ensemble des topographies et des types de
prélevements (dure-mere et arachnoide). De méme, des mutations de KDM5C, un autre
régulateur du complexe SWI/SNF, ont été retrouvées dans nos échantillons et sont
également présents dans les méningiomes aggressifs>*,

Il est tres difficile de savoir si ces mutations sont héritées de progéniteurs mutants, sans
avoir de rdle dans la transition vers la tumorigenése, ou s'ils représentent des
évenements significatifs pouvant s'additionner pour aboutir a la formation d'une
tumeur.

Au total, la présence de ces mutations nous fait revisiter la définition de géene
driver de cancer, dans la mesure ou tous les genes mutés qui induisent un avantage
prolifératif ou une expansion clonale ne sont pas forcément suffisants au
développement de tumeurs. Il y a généralement nécessité de I'addition de plusieurs
évenements afin de déclencher la tumorigenese. Cependant, si cette hypothese est
adaptée aux tumeurs malignes solides, qui présentent des charges mutationnelles
élevées, elle ne I'est pas forcément pour les méningiomes, dont la grande majorité ne
présente que 1 ou 2 mutations. D'autres facteurs (épigénétiques, transcriptionnels, liés
au microenvironnement local) peuvent également interagir et déclencher le
développement d'une tumeur. L'implication de facteurs exogénes comme l'apport de
progestérone peut également étre un facteur modifiant le comportement d'un clone

« quiescent », mais reste a découvrir.

Nos résultats permettent également d'apporter des éléments sur la cellule

d'origine des méningiomes. En effet, les mutations au sein du tissu sain ont été
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retrouvées a la fois dans des cellules durales et arachnoidiennes. Méme s'il est
impossible de savoir si ces deux mutations sont capable de générer un méningiome a
coup sUr dans les deux tissus, nos résultats sont en faveur d'une cellule d'origine
pouvant étre retrouvée dans les deux feuillets, possiblement une cellule souche
quiescente, capable de générer plusieurs sous types histologiques quel que soit son

lieu de naissance, a I'image des modéles souris’.

Le timing d'apparition des mutations est une autre question clé. Nous ne
sommes pas capables en raison du design et de la méthodologie de notre étude de
dater I'apparition des mutations dans la méninge saine. Il est fort probable que les
mutations surviennent bien avant le développement de méningiomes, confirmant
I'hypothése d’'un clone pouvant rester quiescent durant plusieurs années. En effet, une
étude de datation au Carbone 14 des méningiomes bénins réséqués a montré que
I'apparition des premieres cellules tumorales précédait généralement la chirurgie de

plus de 20 ans'.

Notre étude présente plusieurs limitations. La premiere est d'ordre technique et
concerne la robustesse des résultats. En effet, I'identification de variants a tres faible
fréquence allélique est un challenge technique. Les résultats peuvent étre faussés par
des artefacts de séquencage, du bruit de fond, ou variables en fonction des algorithmes
utilisés. Afin de limiter ces phénomenes, nous avons privilégiés une méthode simple et
reproductible de prélevement, un algorithme d'appel de variant robuste et validé
(MuTect2 de GATK). Puis nous avons validé la présence des variants les plus significatifs
par du séquencage ciblé en ddPCR. L'ensemble des variants détectés et retenus comme
significatifs ont été validé par la ddPCR, de méme que la fréquence allélique.

Nos résultats semblent indiquer que la présence de ces mutations est prédominante
au niveau de I'étage antérieur de la base du crane. Cette observation est en partie liée

au plus grand nombre de préléevements a ce niveau, étant donné que notre hypothese
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de départ concernait les méningiomes hormono-induits qui sont plus fréquents dans
cette topographie.

L'influence de I'age ou du sexe est par ailleurs impossible a établir avec une cohorte
aussi petite. La possibilité en particulier que les mutations puissent s'accumuler avec

I'age, comme c'est le cas dans d'autres tissus, est impossible a vérifier.
Notre étude appelle une étude de plus grande ampleur, idéalement avec une

approche whole exome ou whole génome, afin de pleinement caractériser le profil

mutationnel de la méninge.
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4.4

CONCLUSION

Dans cette étude, nous avons donc décrit pour la premiére fois la présence de
mutations intéressant les deux genes drivers les plus fréquents des méningiomes (NVF2
et TRAF7)au sein de la méninge « saine ». Nous avons donc confirmé que, a l'instar de
nombreux autres tissus, la présence de clones mutés n'est pas l'apanage des
méningiomes mais bien un processus physiologique présent en |'absence de tumeur
micro ou macroscopique. Nous avons par ailleurs décrit la présence d'autres mutations
sur des genes impliqués dans les méningiomes comme AR/D7A qui est relativement
fréquente au sein de la méninge normale. Nos résultats confirment que les mutations
semblent survenir dans des topographies reflétant I'implication embryologique de la
protéine en question, et le phénotype moléculaire des méningiomes qui s'y
développent. Nos données sont en faveur de la présence de clones mutés qui seraient
une premiere étape dans la tumorigenese méningée, mais dont la transition vers le
développement de méningiomes serait conditionnée a la survenue d'autres
mécanismes a valider (co-mutations, dérégulation épigénétique, influence de facteurs

exogenes comme les hormones sexuelles, interactions avec le microenvironnement).
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5

ETUDE MULTI-OMIQUE D'UNE COHORTE DE MENINGIOMES MULTIPLES
HORMONO-INDUITS
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5.1

INTRODUCTION ET MISE EN PLACE DE LA PROBLEMATIQUE

Les méningiomes multiples

La survenue de meéningiomes multiples (parfois appelé a tort méningiomatose)
concerne 13 10% des patients porteurs de méningiomes'?4128 Sa définition se heurte
a un probléme de standardisation, mais il est communément admis qu'on dénomme
méningiomes multiples la survenue de 2 ou plus méningiomes géographiquement
distincts, développés de maniere synchrone ou métachrone. Cette définition est assez
peu précise, car elle ne permet pas de différencier les patients avec une maladie diffuse
de la méninge (méningiomatose diffuse), ou peut se heurter a la survenue d'une
récidive d'une Iésion opérée a distance de la premiere...

Quoi qu'il en soit, la survenue de méningiomes multiples est liée a un groupe
hétérogene de pathologies qui comprend :

- Les maladies héréditaires entrainant une susceptibilité au développement de
méningiomes multiples (essentiellement Neurofiboromatose de type 2,
Syndrome de Cowden, syndrome de Gorlin, syndrome de Li-Fraumeni, maladie
de Von Hipple-Lindau, et néoplasie endocrinienne multiple de type 1).

- Les méningiomes radio-induits faisant suite a une radiothérapie du systeme
nerveux central.

- Les méningiomes multiples « sporadiques », appelés ici méningiomes multiples
(MM), catégorie beaucoup plus rare dans laquelle sont exclus les patients
appartenant aux deux catégories précédentes. Nous nous concentrerons dans

notre étude sur cette catégorie.

Les MM représentent un modele précieux pour étudier la genese des méningiomes.
En effet, la possibilité d'étudier plusieurs lésions par patient augmente
significativement les données disponibles pour en comprendre la genese. La
physiopathologie de leur survenue n'est pas claire : deux grandes théories semblent

coexister pour expliquer leur survenue.
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La premiere théorie est celle d'une origine polyclonale, c'est-a-dire que chaque
méningiome a une origine indépendante, liée a un géne driver différent, dans des
topographies différentes. Cette théorie est issue des études génétiques de
caractérisations de méningiomes multiples qui ont conclu a une origine polyclonale
des différentes lésions'?#129130 Dans ce modéle, les méningiomes multiples ne sont
qu'une addition de méningiomes sporadiques isolés, et doivent étre considérés de
maniere indépendante.

A l'inverse, d'autres études ont démontré que des méningiomes différents au sein de
mémes patients pouvaient avoir une origine monoclonale, et dériver de la
transformation d'un seul clone capable de migrer dans le systeme nerveux central,
vraisemblablement par la circulation du liquide céphalo-rachidien™''3>  Cette
hypothése est liée a la description de méningiomes distincts géographiquement, mais
présentant des sous-types histologiques et des altérations moléculaires (comme des
mutations de NF2) communes en faveur d'une origine clonale commune. Dans ces cas-
3, la présence d'un mosaicisme régional est par ailleurs difficile a écarter',

Si un mosaicisme régional (ou a fortiori une mutation germinale) peuvent facilement
expliquer la survenue de méningiomes multiples monoclonaux, la possibilité que des
méningiomes distincts aient une origine monoclonale malgré une mutation driver
différente (comme cela est décrit dans certains cas'®?) pose la question fondamentale
du mécanisme initiateur de ces lésions. En effet, comment expliquer l'initiation
tumorale par la survenue d'une mutation oncogénique « driver », si deux lésions
provenant d'un méme clone tumoral portent des mutations différentes ? Ces rares cas
sont donc des échantillons particulierement précieux pour la découverte de nouveaux

mécanismes d'initiations des méningiomes.

Progestérone, Agonistes progestatifs, récepteurs a la progestérone et initiation
tumorale

Comme détaillé dans l'introduction générale, la majorité des méningiomes de la base

du crane expriment les récepteurs a la progestérone, et il existe un lien fort entre le
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taux circulant de progestérone et le risque de développer un méningiome. La
prescription d'agonistes progestatifs de synthése comme I'acétate de cyprotérone
(ACP) est un puissant catalyseur du développement des méningiomes. Ces
méningiomes « hormono-induits » (HI) présentent la particularité d'étre généralement
multiples, de grade 1, et de sous-type mutationnel 7RAF7 ou PIK3CA. Du point de vue
physiopathologique, tout porte donc a croire que la progestérone a un effet puissant
sur l'initiation tumorale, sans que les mécanismes n’en soient connus (augmentation
de la susceptibilité a présenter des mutations spécifiques ? Augmentation de la
transformation vers une tumeur a partir de clones mutés dans la méninge ?). La
possibilité de pouvoir étudier et comparer le profil moléculaire et clonal de multiples
méningiomes au sein de méme patientes est ainsi une formidable opportunité de
mieux comprendre |'effet de la progestérone sur l'initiation tumorale. Les mécanismes
en jeu pourraient étre spécifiques des patientes sous AP, ou alors étre communs avec
les patientes sans AP.

Comparer le profil moléculaire et clonal des méningiomes multiples, avec ou sans AP,
peut donc peut-étre permettre de démasquer de nouveaux mécanismes initiateurs, ce

qui est I'hnypothese de notre étude.

Si I'effet des agonistes progestatifs sur l'initiation tumorale est indéniable, leur action
sur la croissance et le comportement biologique des méningiomes est également
frappant. Ainsi, a I'arrét des progestatifs, la majorité des méningiomes stoppent leur
croissance ou régressent. Aucune donnée biologique sur le mécanisme d'action des AP
n'est disponible, ni en termes d'expression de genes ni en termes de profil de
méthylation. L'impact de la prise d'agonistes progestatifs sur |'expression des
isoformes du récepteur a la progestérone est également inconnu.

Nous avons donc cherché a déterminer le mode d'action des AP sur les méningiomes

au travers d'une étude multi-omique, qui est présentée en suivant.
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5.2 MANUSCRIT DE L'ARTICLE (EN COURS DE PREPARATION)

Les résultats de I'analyse de méthylation sont en cours de finalisation.
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ABSTRACT

Meningioma are the most frequent primary tumors. Recent studies highlighted the dramatic
effect of synthetic progestin agonists (PA) on the development and the growth of
meningiomas. In this study, we investigate through a multi-omic analysis the mutational,
transcriptomic and epigenetic profiles of multiple meningiomas (MM) of patients under PA or
without PA. We show that PA intake significantly affects the initiation of MM through the
occurrence of specific mutational events (like PIK3CA/AKT1 mutations) independently from
NF2. While hormonal-induced MM generally have a monoclonal origin, the different
meningiomas generally harbor different driver mutant genes or hotspots, suggesting a non-
mutational initiating event still to discover. On the contrary, non-hormonal-induced MM
generally have a polyclonal origin with independent initiating events, molecular backgrounds
and histologic features. Then, we show through transcriptomic study that meningiomas under
PA express an endometrial-like response to progesterone, that could explain their specific
morphological aspect. They harbor pseudo-microcystic features with edematous extracellular
matrix and dilated blood vessels that could explain the variation of volume when PA are
stopped. This study provides new insights into the impact of PA on the different components
of meningioma tumorigenesis (initiation, structural modification at the cell and tissue levels,
epigenetic modifications) and suggests a potential non-mutational initiating event in multiple

meningiomas.
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INTRODUCTION

Meningioma are the most frequent primary tumors of the central nervous system in
adults[28]. The World Health Organization (WHO) classification defines 3 prognostic
histological groups: grade 1 (65% to 80%, benign), grade 2 (20% to 35%, atypical) and grade 3
(less than 5%, anaplastic). Evidences suggest the influence of sexual hormones in meningioma
physiopathology since they are known to be hormonal-sensitive and to express progesterone
receptors in about 72% of cases[33]. Grade 1 tumors afflict female over male patients with a
3:1 ratio. Recent studies highlighted the dramatic effect of synthetic progestin agonists such
as cyproterone acetate (CPA), chlormadinone acetate and nomegestrol acetate on the
development of meningiomas, with a dose and duration-dependent higher risk up to 20
times[21, 43]. Clinical studies found meningiomas diagnosed in patients under progestin
agonist (PA) to be more likely multiple and benign (WHO grade 1)[21, 29, 43]. Besides, they
can stop their growth or even decrease in size after cessation of the progestin agonist intake
in about 90% of cases[4, 29]. If these elements suggest that PA interferes both with initiation
and growth of meningioma, the precise mechanisms of their effect remain unclear. Previous
study revealed that at least a fraction of PA associated meningiomas harbor a specific
mutational landscape, defined by a reshuffle of frequencies of known mutated driver genes
compared to sporadic meningiomas (i.e., higher frequency of TRAF7 and PIK3CA
mutations)[38]. The tumorigenesis mechanisms underlying the association between
progestin intake and PIK3CA mutations is unknown in meningiomas, even if there is a
statistical association between PIK3CA mutation occurrence and PR expression already
described in a large panel of human solid tumors[31]. TRAF7 aberrations have been
implicated as possible pathogenic drivers in mesothelioma, adenomatoid tumors, and
intraneural perineuriomas, without any implication of progesterone in those diseases[6, 19,
25].

Clinical trials have failed to demonstrate the efficiency of anti-progestin therapy in
meningiomas[23]. Identifying predicting factors to hormonal responsiveness in meningioma
is mandatory to devise efficient and targeted therapeutic strategies. In recent years, there has
been a huge effort to fully characterize meningiomas at genetic, transcriptomic, and
epigenetic levels. If these results led to a better understanding of the meningeal

tumorigenesis, no such specific studies were done on PA-induced meningiomas.
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In order to better understand the mechanism of PA effect on meningiomas tumorigenesis, we
conducted a multi-omics study at genetic (Whole Exome Sequencing), transcriptomic (RNA
Sequencing) and epigenetic (Methylation Study) levels, comparing a cohort of multiple
meningiomas (MM) in patients with or without PA intake. While the pathophysiology of MM
is not fully characterized, theories include independent origin through different genetic
events, or a “monoclonal origin” theory with a unique tumoral clone able to give rise to several
tumors at different location and harboring sometimes different molecular and histological
phenotypes[17]. We focused on the analysis of MM because they represent a precious tool
to dissect the clonal and tumoral initiating mechanisms. We aimed to reveal a potential
initiating event that could be unmasked by the progestin intake, and to determine how PA
could drive such an important biological effect on the clinical and radiological behavior of

meningiomas.

MATERIAL AND METHODS

Data collection and tissue sample

Collection of patients samples and clinicopathological information was undertaken with
patient informed consent and hospital ethical board approval. All studies involving human
patients were conducted in accordance with the Declaration of Helsinki.

A clinical database with patients operated on for MM in a tertiary center between 2011 and
2020 was retrospectively collected. The exposition to progestin agonist was systematically
collected. Patient with history of CNS (central nervous system) irradiation or NF2-related
Schwannomatosis were excluded. The presence of fresh-frozen tumor samples and
constitutional DNA in the brain tumor bank (Onconeurotek, AP-HP) was assessed. For every
patient, following clinical data were collected: age, sex, date of surgery, progestin agonist
intake (name, dose, duration, interruption before surgery), radiological data (topography
(Based on Yale Classification), side), pathological information (WHO Grade, histological
subtype, count of mitoses, atypical criteria, brain invasion). For patients included, 3D T1
weighted imaged after injection of gadolinium were reviewed and distance between every
meningioma was calculated (distance center to center and edge to edge).

For RNA sequencing study and morphological characterization, a complementary series of PA

induced meningiomas (already described in a previous work [38]) and a control cohort of
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meningiomas without progestin exposure was used in order to increase the volume of the

series.

Histological characterization

For every sample, pathological diagnosis was reviewed in accordance to WHO 2021
classification. Expression of progesterone receptors (PR) was systematically assessed.
Quantification of PR expression was performed thanks to following quantitative score (range
0 to 300) score: percentage of cells with positive staining (0 to 100) * intensity of the staining
(0to 3).

In order to describe the specific aspect of HI meningiomas, a pathologist (FB) reviewed the
histological slides with hematoxylin and eosin staining. The following criteria were scored:
presence of edematous extracellular matrix, presence of sharp cytoplasmic limits versus the
common pseudo-syncytial aspect of meningiomas, presence of dilated blood vessels versus
tight blood vessels. For each criterion, the score ranged between 0 and 3: score 0, absence of
the criterion; score 1, focal presence (in less than 20% of tumor surface); score 2, presence in
between 20 and 50% of tumor surface); score 3, presence in more than 50% of tumor surface.
ROIs of HE slides corresponding to most characteristic aspect of our cases were selected by
the two pathologists in our institution, and all ROIs were scanned (Axioscan Z1, Zeiss,
Germany).

To assess the cellularity, we first performed an automatic counting of nuclei. Digital images
were imported into the Visiopharm software, version 4.5.6.5 (Hoersholm, Denmark). On each
ROI, the number of nuclei was automatically calculated with “Nuclei detection, IHC, Al,
#10170” of the app in the Visiopharm software.

Since presence of edematous extracellular matrix and dilated blood vessels seemed to be
specific of HI cases, we then developed a methodology to quantify the surface of “white area”
in HE slides, corresponding to edematous optically empty extracellular matrix or intraluminal
space of blood vessel. We used the same ROI as described previously, and implemented it in
Imagel) software with the Fiji plug-in. A in-house macro (see supplementary methods) was
created in order to automatically detect the white areas in every slides with the same
threshold in every cases based on grey scaled images (detection threshold 165/255). Surface
and ratio of white areas detected with this methodology were then calculated (“White area”

surface/ total surface of the ROI).
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DNA and RNA extraction

DNA and RNA were extracted from meningioma using the QIAmp DNA minikit ((Qiagen,
Courtabeouf, France) and RNA kit Maxwell (Promega) and quantified using Nanodrop
(THermofisher Scientific, Villebon sur Yvette, France) and Tapestation to verify correct
fragment size and to ensure the absence of extra bands (REF). RNA was retrotranscribed using

Maxima first strand cDNA Synthesis Kit (Thermo Fisher).

Whole exome sequencing (WES) and variant calling

DNA library preparation ((Library Preparation Enzymatic Fragmentation (EF) Kit 2.0 from
TWIST), capture and hybridization were realized following manufacturer’s recommendations
with comprehensive exome panel from Twist Bioscience (San Francisco, CA, USA). Pre
captured plex were done with 9 to 12 libraries in equimolar mode. Final samples pooled library
prep post capture were sequenced on Novaseq 6000 ILLUMINA with S1-300cycles cartridge
(2x1600Mlillions of 150 bases reads), corresponding to 2x37Millions of reads per sample after
demultiplexing.

Raw reads were mapped against hgl9 reference sequence with only chromosomes 1, 2, 3, 4,
5,6,7,8,9,10,11,12, 13, 14,15, 16, 17, 18, 19, 20, 21, 22, X, Y and MT. All haplotypes, chrUn
and chr_gl sequences were removed, in order to avoid multiple mappings. Reads alighnment
was performed using bwa-0.7.17 (mem) and converted to bam with samtools-1-10. Then, bam
files were sorted by coordinates with Picard-2.26.10 (SortSam) and duplicate fragments were
marked using Picard-2.26.10 (MarkDuplicates). Next, bam files were merged by patient with
Picard-2.26.10 (MergeSamFile) and indexed with samtools-1-10. A base recalibration was
applied on bam files with GATK-4.2.4.1 (BaseRecalibrator, PrintReads).

Germeline variants were called with GATK-4.2.4.1 (HaplotypeCaller) and VCF files are filtered
to keep only variants inside the exome regions. Somatic variants were detected with Mutect2
using a control sample when available. Finally, Variants were annotated with snpEff 4.2 and
dbNSFP4.1c. For the tumors with a control sample, the variants on non-coding regions and
with an alternate read count < 10X were filtered out. For the tumors without control the filters
below were applied: variants on non-coding regions; variants with an alternate read count <
10X; variants with a frequency in gnomAD > 1% et < 99%,; variants frequency > 40% et < 60%

et > 80%.
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Samples were classified by mutational subgroup, as previously described, based on the main
driver gene (NF2+/- SMARCB1, TRAF7+/- KLF4, PIK3/ATK1, Sonic Hedgehog (SHH), POLR2A, or
“Unknown”).

CNV where detected with gatk 4.2.4.1 - somatic-cnvs. A panel of samples was built with the
normal samples. Then the cnv workflow was run on each sample using the built pon. Segments
with less than 10 regions have been removed to keep only sufficiently long segments and
those with a copy ratio below -0.35 or greater than 0.35. The CNV heatmap was done with
CNVKkit-0.9.10 heatmap.

For clonality analysis, the trees were performed with SNPhylo as previously described[16].

RNA Sequencing (RNA Seq)

mRNA library preparation was realized following manufacturer’s recommendations (kapa
MRNA hyperprep kit from ROCHE). Final samples pooled library preps were sequenced on
Novaseq 6000 ILLUMINA with S2-200cyles cartridge (2x4100Millions of 100 bases reads),
corresponding to 2x40Millions of reads per sample after demultiplexing.

Adapter removal and quality trimming was performed on raw reads using trimmomatic (v
0.39). Cleaned sequences were then mapped on human reference genome hg38 with STAR
aligner (v2.7.2). Counts where generated with htseg-count (v 0.11.1) using refseq annotation
file in gtf format to link counts to gene symbols. The counts data were normalized using
DESeq2 method and used to do differential analyses between the groups using DESeq2
package. Genes were considered differentially expressed with a log,fold change of at least 1.5
and an adjusted p-value (generated with the fdr method with a risk a of 5%) inferior to 0.05.

Expression heatmaps were generated using “Pheatmap” (RRID:SCR_016418).

Gene set enrichement analyses

For gene set enrichment analysis (GSEA), a first pre-ranked list of differentially expressed (DE)
genes between “NF2-mutant samples” versus “NF2-Wild-type samples” was generated and
used as imput to the desktop GSEA software. A second list of DE genes between hormonal
induced (HI) and non-hormonal induced (NHI) was generated and also used. Genesets tested
were C1 (Hallmark), C5 (Oncological processes), GO biological processes. In order to study the
progesterone network, we gathered all Gene sets containing the “Progesterone” term, which

led to 63 gene sets.
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RT-qPCR

The cDNA obtained was used as a template for the determination of SPRR2F and LGR5 mRNA
expression by quantitative PCR (qPCR) on LightCycler® 96 (Roche, Bale, Switzerland) using a
Quantifast assay (Quiagen). The ACt method was applied to normalise the mRNA levels using
the expression of GAPDH. The primer sets for qPCR were designed with the Roche Design
Center (www.unive rsalprobelibrary.com). Quantitative PCR (qPCR) primers used in this study
were: Human SPRR2F fwd: TCTTAGCCTGTGATCGGCCT, SPRR2F rev:
CACCTGGACAGTGGCAGTAT; LGR5-fwd: AAGCCTTCAATCCCTGCGTC, LGR5-rev:
CAGGCCACTGAAACAGCTTG.

Methylation analysis

DNA methylation profiling was performed on 42 samples (HI n=34 and NHI, n=8). Genomic
DNA was quantified by Quant-iT dsDNA Broad range Assay (Thermo Fisher Scientific,
Waltham, MA, USA) in a Tecan SPARK microplate Reader (TECAN, Switzerland). Bisulfite
modification was performed using Zymo EZ-96 DNA Methylation kit as describe in protocol
according the manufacturer’s recommendations for Infinium assay (Zymo Research, catalog
number: D5004). Total DNA (500 ng) from each sample was sodium bisulfite converted. After
conversion DNA was eluted in 15 pL of M-Elution Buffer and 1 pL was used to determine
concentration using Nanodrop. DNA concentration of each sample was adjusted to 50ng/uL
with M-elution Buffer or concentrated using speed vaccum. A quantity corresponding to 300
ng (or a volume of 6 uL equivalent of 300 ng) of converted DNA for each sample was used as
template on the infinium Methylation EPIC 850 K arrays following the manufacturer’s
recommendations (Illumina). Quality data was performed using Genome Genome Studio
software 2011.1 with methylation module v1.9 (lllumina, San Diego, CA, USA) by checking the
percentage of correctly detected CpG with p-value cut-off at 1 % and 5 %, as well as the
sample-dependent and independent controls probes which are present on the BeadChip. The
methylation module allows to also beta values extraction and provides clustering for infinium
Methylation EPIC data. Beta value is the ratio between methylated and unmethylated allele
to estimate the methylation level of the CpG locus. In this project, the CpG success detection
rate higher than 99 % for all samples. This array examines methylation status of over to

850 000 CpG sites across whole genome.
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Validation Immunochemistry

SPRR2F and LGR5 immunochemistry were performed on a validation series of 5 cases Hl and
5 cases NHI randomly selected from cases of the RNA sequencing study, and in normal
meninges samples. Intensity of the staining was assessed (from 0 to 3) blindly from the

hormonal status by a senior pathologist (VR).

Statistical Analysis

The Kruskal-Wallis test was used to compare quantitative variable between more than two
groups. The t test and Mann and Whitney test with tie correction were used to compare
guantitative variables by pairs, and the p value was corrected for multiple comparisons.
Distribution of categorical variables was compared with Fisher's exact test or Chi2 test. All
tests were two-sided and a p value of <0.05 was considered to be statistically significant.

Statistical analyses were per- formed using R software (R Studio version 1.3.1093).

RESULTS

Clinical cohort

After excluding patients with NF2-related Schwannomatosis and radiation-induced
meningiomas, nineteen patients with MM operated between 2011 and 2020 were screened.
Fresh frozen samples were available for 15 patients (representing 34 meningiomas). Six
patients (13 meningiomas) had MM resected with history of progestin intake (Hormonal-
induced group, HI) whereas 9 patients (21 meningiomas) had non-hormonal-induced (NHI)
MM. Clinical and anatomopathological characteristics of the cohort are summarized Figure
1A. Complete clinical and biological data are available in Supplementary Table 1. All patients
were female with median age of 51 at the moment of the first surgery (Supplementary Figure
1A, no difference between HI and NHI group). Two to five meningiomas were operated for
each patient (13 patients with two meningiomas). Meningiomas in the HI group were more
likely to be located at the skull base (p=0.01, Supplementary Figure 1B), to be of
meningothelial subtype (Supplementary Figure 1C), and to express higher progesterone
receptor staining (p<0.001, FigurelB). No difference was found in the WHO group or in the
presence of atypical/ aggressive features (no difference in the mean Ki67 score, p=0.13, Figure

1C and Supplementary Figure 1D). As expected, due to their specific restricted location, mean
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distance between the meningiomas was lower in the HI group (p=0.007, Figure 1D). Intra-
patient analysis showed that patients in the HI group were more likely to harbor the same
histological subgroup between the different meningiomas than patients in the NHI group (83%

versus 22% respectively, p=0.04, Figure 1A).

Multiple HI meningiomas harbor a specific mutational landscape compared to multiple

NHI meningiomas

In order to study initiating events in MM, we first performed whole exome sequencing on
these 34 meningiomas. Main results of the sequencing are summarized Figure 1A and 1F.
Detailed results are described Supplementary Table 1 and Supplementary Figure 1E, 1F and 2
(heatmap of CNVs). As expected, principal component analysis of variance and unsupervised
clustering of distance between samples showed that meningiomas gathered with their
counterparts from the same patient (Supplementary Figure 3). With a mean coverage of
159.8X, we obtained a total of 404 high confidence variants with functional impact
(Supplementary Table 2). Mean number of variants per sample was 26.9 (range 2 - 41).
“Classical” driver mutations were found for 25 meningiomas (71 % of the lesions, 60% in HI
group vs 80 % in NHI group, Supplementary Figure 1E). Repartition of the driver mutation was
different between HI and NHI group (p=0.002, Table 1). Presence of NF2 mutations was
exclusively found in the NHI group (42% vs 0%). 22q loss was also more frequent in the NHI
group (53% vs 20% in the HI group, p=0.07). PIK3CA or AKT1 mutations were found in 47% of
HI cases versus vs 5% of the NHI cases (p =0.01). No difference was found in the frequency of
TRAF7 mutation (13% in HI group versus 31% in NHI group, p=0.25), However, TRAF7 co-
mutations (with KLF4 or PIK3CA/AKT1 genes) were absent in HI meningiomas (0/2 TRAF7
mutant cases), whereas present in 3 out of 5 cases in the NHI group.

For all patients in the NHI group (except patient 13), intra-patient analyses reveal that the
different meningiomas were harboring driver mutations belonging to different mutational
subgroups (Figure 1A and 1F). This result was significantly different in the HI, were 4 patients
out of 6 were harboring several meningiomas from the same mutational subgroup.
Interestingly, the detailed analysis of somatic mutations in the HI group showed that for
patients harboring two meningiomas, the variant hotspots in each tumor were different
despite being found within the same oncogene: for example, in patient 1, the first meningioma

carried a PIK3CAH1047R mutation while the second tumor harbored a PIK3CAE**?K variant. In
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patient 3, operated from 5 meningiomas, 2 tumors had a AKTE27K mutation, 2 had a PIK3CAE>#%K
mutation, and one meningioma had a PIK3CA"1%4’R mutation, despite being really close to one
another on the anterior skull base.

To explore the initiating events in patient harboring several meningiomas, we tried to find
common pathogenic SNVs in the several meningiomas within each patient. Only one patient
(Patient 13) in NHI group had a common driver mutation (NF27%62%) present in all meningiomas
(which can be interpreted as a NF2 mosaicism). All other patients had several lesions with
different driver mutations. When focusing on shared variants in different meningiomas within
patients, BCLAF1V6%% was the only potential pathogenic variant found in the two meningiomas
(patient 5). In other patients, no functionally pathogenic common variant was found between
the several meningiomas.

Taken together, our results suggest that PA impacts the initiation of meningiomas through a
NF2 independent mechanism and drives the tumorigenesis more frequently into the
PIK3CA/AKT1 subgroup. Our results reveal that the different meningiomas inside each patient
under PA treatment generally harbor a different mutational event, and does not support the

hypothesis of a regional mosaicism induced by the hormonal treatment.

Progestin intake drives multiple meningioma tumorigenesis from a monoclonal origin

We tried to assess the clonal origin of the several meningiomas within each patient based on
the comparison of single nucleotide variants (SNVs) and copy number variations (CNVs), as
previously described [16]. Results of the clonal analysis are summarized Figure 1A. Lesions
were categorized as from “monoclonal origin” or “polyclonal origin” depending on the
presence of common SNVs and/or CNVs events. Lesions in the HI group were more likely to
be from ‘monoclonal origin” than lesions in the non-hormonal group (83% vs 22% respectively,
p=0.04). Full characterization of clonality with description of CNVs for each patient are
described Supplementary Figure 4A-L. Every meningiomas from polyclonal origin belonged to
a different mutational subgroup compared to the other meningioma within a same patient
(Figure 1A). On the opposite, patients with lesions from a monoclonal origin could harbor
meningioma from the same mutational group (4 patients, 57% of cases), or from a different
mutational group (3 patients, 43% of cases). Mean distance between lesions was higher in

meningiomas from polyclonal origin (p= 0.05, Figure 1E).

103



Taken together these results suggest several mechanisms in the genesis of MM: a polyclonal
mechanism, concerning the general population of MM, where lesions have different
histological subtypes and mutational subgroup; and a monoclonal mechanism, predominant
in HI meningiomas, where share a potential common progenitor and the same histological
subtype. Interestingly, shared common events are not mutations on the driver genes, since
tumors from the HI-group harbor different hotspot mutations in the same oncogene or in
different oncogenes from the same mutational subgroup. They generally share common SNVs
that are considered as passenger genes or non-pathogenic variants, and/or CNVs alterations.
Some patients under PA (Patient 1, 4 or 5) harbor two meningiomas from a monoclonal origin
without any CNV alteration, and with lesions harboring different driver gene mutations or
different hotspots on the same mutant genes (Figure 1A, Sup Figure 4). In these cases, the
initial event that triggered the meningiomas formation appears to be a non-mutational event

that is still unknown.

The transcriptomic profile of HI-meningiomas reflects its mutational landscape rather than
to progestin exposure

To determine whether hormonally-induced meningiomas could be differentiated based on
gene expression profiles, we used principal component analysis (PCA) on a set of 74
meningiomas (43 HI and 31 NHI, Supplementary Table 3). Twenty-five cases from the WES
study with available fresh tissue were included, and a cohort of 49 meningiomas from our
center already published in a previous work with mutational characterization by targeted
exome sequencing were added [38]. Full description of the cohort is available Supplementary
Table 3. Unsupervised clustering and principal component analysis showed that tumors did
not cluster into distinct groups based on exposition of progestin agonist (Figure 2A) but rather
based on the presence of NF2 mutation or not (Figure 2B). Correlation of the clustering with
topography, WHO group, multiple/unique lesion or histological subtype did not show
significant statistical differences (Supplementary Figure 5).

We then apply non-negative matrix factorization (NMF) clustering for k=2 to k=7 using the
1500 genes that varied the most among the tumor samples. After 1000 iterations, 4 clusters
(k=4) emerged as the best fit as determined by the consensus membership, cophenetic, and
silhouette scores (Figure 2C and Supplementary Fig 6). Crossed visualization with other

exploratory methods (PCA and K-means clustering with 4 groups, Figure 2D-E) confirmed the
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robustness of these molecular groups. Integration of data from mutational characterization
of our samples clearly indicated that the 4 groups were determined by the main driver
mutation in each group (p=2.4e-16). Group 1 (“NF2 Group”) was populated exclusively with
NF2 mutant cases, Group 3 (“PIK3 Group”) with 19 cases (79%) of PIK3CA or AKT1 mutant
cases, group 4 (“TRAF7 Group”) with 12 cases (63%) of TRAF7 mutant cases, and group 2
(“Other”) was mainly populated with cases without known driver mutation (55 %). We then
try to detect if the hormonal intake was a transcriptomic driver inside mutational subgroups.
We thus apply unsupervised clustering approaches within the mutational subgroups “PIK3”
and “TRAF7” (Supplementary Figure 7). HI did not seem to drive the transcriptional profile
even insides the mutational subgroups, suggesting that PA intake has a major role in orienting
the tumoral initiation towards a specific mutational subgroup and not in defining a major

transcriptional profile.

Differential analysis of gene expression between Hl and NHI meningiomas reveal an
“endometrial-like” response to progestin-agonist impregnation

To identify the biological effect of progestin agonist at transcriptional level, we then
conducted a gene expression differential analysis between Hl and NHI samples. To attenuate
the effect of the mutational subgroup (and particularly the NF2 status), which is a major
confusion bias due to the very different repartition of mutation frequencies between HI and
NHI cases, we built a multivariate linear model integrating the NMF-based mutational
subgroup as a confounding factor in the differential analysis with the DeSeq2 package. Results
from this analysis are summarized Figure 3A-C. Gene ontology (GO) did not find any significant
biological process or molecular function associated with PA intake. Gene set enrichment
analysis with C1 (Hallmark Gene set) found significant overrepresentation in gene signatures
associated with MYC response, oxydative phosphorylation and DNA repair (Figure 3D) in Hl
meningiomas.

Among top differentially expressed genes in the HI group were SPRR2F (a specific marker of
endometrial epithelium), and LGR5 (a marker of endometrial stem cell). Validation of SPRR2F
and LGRS hyperexpression was confirmed at RNA level with RT-gPCR analysis (data not shown)
and at protein level (Figure 4A-H) with immuno-histo-chemistry (IHC). HI cases showed higher

expression of SPRR2F and LGR5 proteins, confirming RNA sequencing findings. No expression
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of SPRR2F or LGR5 was found in normal meninges samples or in databases of tissue expression
(Data not shown), which suggests that these markers are not express physiologically in normal
meninges.

We then tried to identify the profile of Progesterone response of HI meningiomas, and to
compare it to the progesterone response of sporadic PR positive (PR+) meningiomas. Since
PR+ meningiomas are known to be NF2 Wild-type (NF2-WT), we first confirmed that PGR
expression at RNA level was higher in NF2-WT cases (Figure 41, p=4.5e-10). Interestingly, PGR
expression level was similar in NF2-WT meningiomas for cases under PA or not (Figure 4l),
suggesting that PA was not associated with higher PR expression among NF2-WT
meningiomas.

We then confirmed that NF2-WT cases overexpressed genes associated with PR+
meningiomas and with response to progesterone receptor activation (Figure 4,
Supplementary Fig XX). Meanwhile, NF2-mutant meningiomas were associated with enriched
expression of genes from “PR+ down regulated” meningiomas (Figure 4K). Taken together,
these results confirmed that NF2-WT status is correlated with the expression of Progesterone
receptor and its classical downstream molecular signaling.

We then performed the same analyses based on the PA exposition or not. Classical genes
associated with PR+ meningiomas or classical Progesterone response were not overexpressed
or overrepresented in Hl meningiomas compared to NHI (Figure 5L, Supplementary Figure XX),
suggesting that the specific response to PA is not the classical response to Progesterone. Since
response to progesterone can be tissue-specific,c we gathered all 63 gene sets of
“Progesterone response” in the molecular signature database and performed GSEA among Hl
meningiomas. Surprisingly, only two gene sets were found to be overrepresented in Hl
meningiomas. These gene sets, published in a study from Yao et al., were concerning response
to progesterone in endometrial cell lines (Figure 4L)[45].

We eventually focused on the expression of new Progesterone receptors expression in Hl
cases. Only Neudecin (NENF) was significantly overexpressed in Hl cases. Other genes (PAQR
family genes, PGRMC1 and PGRMC(C2) were not overexpressed in HI cases (Supplementary
Figure 9). No deregulation of PR-isoforms A and B expression ratio at mRNA level was found
neither in HI meningiomas (data not shown).

Taken together, these results suggest that PA intake is not associated with hyperexpression of

genes classically described in PR+ meningiomas, but rather with the expression of endometrial
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markers and the overexpression of genes classically described in the endometrial response to

progesterone.

HI meningiomas do not harbor a specific methylation profile that differentiates them from
their counterpart NHI of the same mutational subgroup
In order to evaluate if meningiomas in patients with PA intake was associated with a specific
methylation profile, we generated genome-wide DNA methylation profiles from a cohort of
42 meningiomas (34 HI meningiomas and 8 NHI meningiomas), and compared it along with
other meningiomas from reference datasets in the Heidelberg Classifier. HI clustered with the
general population of meningiomas among the general population of tumors (Supplementary
Figure 10). Unsupervised clustering of meningiomas alone did not reveal a specific
methylation cluster for HI meningiomas, that rather generally gathered with meningiomas
from MenBen2 Methylation class (Figure 5A and 5D). T-Sne representation of the HI samples
with other meningiomas based on their mutational profile showed that Hl meningioma were
clustering along with TRAF7 mutant cases (Figure 5B).
As expected, due to their mutational profile, HI samples were classified into the MenBen2 MC
in 79% of cases, into the MenBen3 MC in 15% of cases, into the MenBenl MC in 3%, and into
the MenlIntA in 3% of cases. Mutational profile in each MC were in accordance with previous
published data, with TRAF7 or PIKCA3/AKT1 mutant samples classified into the BenMen2 MC,
and NF2 samples classified into BenMen1, 3 or Int1 MC.

Methylation status analysis of patients with MM confirmed data from the clonality
study. Meningioma from monoclonal origin gathered into the same MC in all cases, whereas
meningiomas from polyclonal origin were classified into different MCs in 3 out of 4 patients

(Figure 5C, Supplementary Table 1).

Morphological examination of HI meningiomas reveals a specific “pseudo-microcystic”
aspect

Even if they are classically described as meningothelial, we hypothesized that HI meningiomas
should have a specific aspect considering the tremendous biological effect of PA on growth of

these lesions, and the potential reversible effect when stopping it. We first selected a cohort
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of ten meningiomas from HI and NHI appaired with histological subtypes in order to identify
a potential morphological specific aspect.

They harbored an unusual meningothelial aspect: tumor cells had abundant eosinophilic
cytoplasm and organize into pseudo syncytial whorls or fascicles but with an abnormally
expanded edematous, optically empty, extracellular matrix between them (Figure 6A-C). They
partially mimic the classical NHI microcystic meningiomas but they differ from them by the
absence of nuclear dystrophy, pale cytoplasm, cobweb-like background and pseudo-
angiomatous vascular network with hyalinized vascular walls. Some cases also presented a
metaplastic myxoid aspect: tumor cells had a low abundant stellar cytoplasm delineating
extracellular space filled by a loose, basophilic, extracellular matrix (Figure 6A-C).

In order to quantify the oedema of the extracellular matrix, we then automatically measured
the surface of white area on HE slides in 16 cases of HIl and NHI meningiomas. Morphological
results of the automatic segmentation are illustrated Supplementary Fig 10. Ratio of white
area ranged from 4.5% to 44.3% in HI versus 0.2% to 8% in NHI cases and was significantly
higher in Hl cases (13.1% vs 2.5%, p=0.04) (Figure 6D). Automatic counting of nuclei, mirroring
the size and density of tumor cells, also confirmed that number of nuclei per ROl was
significantly lower in HI cases (3774 vs 5623, p=0.001)(Figure 6E), suggesting that the
extracellular matrix is more edematous in those cases.

Based on the examination of this cohort, three criteria were determined as potentially
prominent features for HI cases: the presence of edematous or myxoid extracellular matrix,
the presence of sharp cytoplasmic limits versus the common pseudo-syncytial aspect of
meningiomas, and presence of dilated blood vessels versus tight blood vessels (Figure 6F). A
pathologist (FB) scored these three criteria from 0 to 3 in the whole cohort, blinded from the
hormonal exposure. Results showed that HI were more likely to have edematous EC matrix
(Score>=2, 60% vs 10% p=9.4e-05), to have presence of sharp cytoplasmic limits (Score>=1,
48% vs 20%, p=0.03) and to harbor dilated blood vessels (56% vs 10%, p=0.01) (Figure 6G and
6H).

Taken together, these results suggest that meningiomas under PA generally conserve the
meningothelial subtype, but harbor a modified aspect with an abnormally expanded
oedematous, optically empty, extracellular matrix between them and dilated blood vessels
that could explain their increased volume and their potential tendency to rapidly decrease

when PA are stopped.
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DISCUSSION

In this study, we first focused on the initiating events of meningiomas through an original
approach combining the analysis of MM and progestin agonists intake.

MM represent a heterogeneous group of conditions that can be sporadic, hereditary (like in
NF2-related Schwannomatosis), and radiation-induced[17]. The physiopathology of sporadic
MM remains controversial. Older studies and case reports have reported lesions with the
same histologic subtype and NF2 gene mutation, concluding to a monoclonal origin of MM
and drawing a hypothesis of diffusion of tumoral clones through the meninges and the CSF[14,
20, 22, 27, 36]. Two recent studies focusing on molecular profile of MM had divergent results:
the first reported a potential polyclonal origin of MM based on the fact that each meningiomas
has its own molecular event and histological subtype[24]. However, a second study with
proper clonality assessment concluded that MM can be of both mono and polyclonal origin.
Moreover, the monoclonal formation was observed in both NF2 and non-NF2 meningiomas,
and authors described that even when MM share a monoclonal origin, they can exhibit
genomic heterogeneity through branched evolution and acquisition of SNVs or CNVs [16]. Our
results are in line with this study, confirming several potential mechanisms of formation of
MM. In our cases, the vast majority of non-HI MM were of polyclonal origin, with different
histological subtypes and molecular alterations. In only one patient in the non-HI MM group,
a monoclonal origin was found, related to a potential NF2 mosaicism through the meninges,
since the same NF2 mutation was found in all lesions. However, a diffusion of a tumoral clone
through the CSF cannot be excluded.

Interestingly, in Hl MM, we found a second mechanism of MM formation, where the several
lesions are of monoclonal origin despite their different molecular alterations (different driver
genes, or different hotspots on the same gene). This result suggests a potential non-
mutational initiating event that remains unknown and reveals a complex evolution pattern of
tumoral clones where the so-called “driver mutation” is in fact not systematically the first
initiating event, and where tumors arising from a single tumoral clone can be at different
location through an unknown mechanism of migration.

The PA intake is associated with the formation of MM from a monoclonal origin, that harbor

a specific mutational landscape (higher frequency of PIK3CA mutations, and no NF2
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mutation)[1, 5, 8, 9]. We were not able to identify a common mutational or structural event
in MM from the same patient that could explain the initiation of MM under PA. This
observation challenges the classical vision of a driver mutation leading to a tumoral clone and
a meningioma formation coming from large sequencing cohort or mouse models. Our results
also confirm that TRAF7 mutant HI meningiomas generally lacks the second mutation of
PIK3/AKT1 or KLF4 gene, as previously reported [38]. Since TRAF7 is thought to be synergistic
with a second co-mutation and that its intrinsic pathogenic value is not fully elucidated, these
results further support a non-mutational additional (or primary) event in HI-meningioma that
could potentiate the effect of TRAF7 mutation [15, 32, 34]. This observation is also supported
by the discovery of TRAF7 mutation in normal meninges of elderly (Boetto, in revision).

Our results reflect those in other hormonal related cancers (breast cancer or endometrial
cancer), where the real mechanism that links the hormonal exposition and the occurrence of
oncogenic mutations is unknown, and in which no specific “hormonal” signature for cancer
has been discovered so far [2, 13, 44]. If the oncogenic effect of hormones is generally
mediated by the deregulation of downstream oncogenic pathway through modification of
expression of sexual hormones receptors, the early impact of hormonal exposition on
mutational load in normal tissue, DNA-repair systems, epigenetic regulations of gene
expression, clone selection or cancer initiation is still to discover [3, 26, 40].

We next focused on the transcriptomic profile of Hl meningiomas. We found that despite the
strong effect of PA on growth kinetic of meningiomas, they did not drive a major gene
expression profile. The transcriptomic profile of HI meningiomas is quite comparable to the
one of their non-HI counterparts from the same mutational subgroup. Our results are in line
with previous transcriptomic studies that found that the presence of NF2 mutation was the
main driver of the transcriptomic profile of grade 1 meningiomas [7, 35, 37, 42]. We also
confirmed that the NF2 mutation is highly correlated to the absence of PR expression, and
that the classical response to progesterone in meningioma is specific of non-NF2 grade 1
lesions[10]. However, we identified a specific response to progestin agonist that differs from
the meningiomas’ classical response to physiological levels of endogenous progesterone. Our
main result is that the response to progestin agonists is associated with expression of
endometrial markers that are not found in normal meninges such as SPRR2F or LGR5. SPRR2F
(Small proline rich protein 2F) is a classical endometrial epithelium marker, serves as promoter

in genetically engineered mouse models to target uterine epithelium, and is also
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overexpressed in various epithelial cancers[11, 30]. Leucine-rich repeat-containing G protein-
coupled receptor 5 (LGR5) is regulated by steroid hormones and may serve as an endometrial
epithelial stem cell marker[18, 41]. These markers are not known to be expressed in normal
meninges nor in meningiomas. Our results suggest that meninges exhibit a progesterone
dose-dependent response, and that meningioma response to higher dose share some
similarities with the endometrial response to progesterone. These results are particularly
interesting because endometrium ultrastructure is able to present morphological changes in
shape and volume depending on the level of circulating progesterone during the menstrual
cycle. These results are striking because we also describe a specific morphological aspect of
meningiomas under high dose of PA, harboring an edematous extracellular matrix and gigantic
vessels, that partially mirrors the modification of tissue architecture in the endometrial tissue
during the menstrual cycle and the preparation of endometrium for nidification. These results
also mirror the modification of the extracellular matrix in leiomyoma, a monoclonal benign
uterine tumor arising in the myometer. In this condition, besides its proliferative effect,
progesterone is able to promote an excessive deposition of extracellular matrix proteins (such
as collagen, fibronectin or proteoglycans) through a deregulation of the MMPs (matrix
metalloprotease)/TIMPs (tissue inhibitor of metalloprotease) ratio[12].

Taken together, our results are in favor of a PR-mediated modification of the meningioma
architecture rather than a proliferative effect of PA. The variability of the ECM volume in Hl
meningiomas could also explain the variability in the response to PA cessation, where some
lesions only stop growing, whereas some others decrease in size. These results are in line with
the fact that HI meningiomas are generally indolent (grade 1) with low Ki67 index, and that
the vast majority of meningiomas diagnosed in a systematic screening among women under
PA are small (<1cm) MM [39] that will not require any invasive treatment.

We were not able to identify specific markers of the ECM remodeling in our transcriptomic
study. However, these results may be explained by the intrinsic limitations of our data
collection: we gathered into the “hormonal-induced” group women with different PA and
different duration of time. Moreover, due to the retrospective nature of the data collection,
we did not have systematically access to the nature or the duration of the progestin treatment
and some patients had stopped the HI few days before the surgery. We do not know the

impact of this cessation on the gene expression profile.
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FIGURES LEGEND

Figure 1: Whole exome sequencing characterization of a cohort of 15 patients with hormonal
induced (HI) and non-hormonal induced (NHI) multiple meningiomas. A: Schematic summary
of the main characteristics of the cohort (WHO grade, histological subtypes, Progestin intake,
Clonality origin, mutational subgroup based on WES results, and histogram of shared CNV
between the samples in each patient). B: Scatterplot representation of Progesterone receptor
expression (IHC) between HI and NHI meningiomas showing higher expression in HI group
(p=0.0002). C: Scatterplot representation of Ki67 index between HI and NHI meningiomas,
showing no significant difference). D. Scatterplot representation of Distance (center to center,
mm) between meningiomas in each patient, showing higher mean distance NHI meningiomas
(p=0.007). E. Scatterplot representation of Distance (center to center, mm) between
meningiomas from monoclonal origin and polyclonal origin. F: Schematic picture of the
topography of the meningiomas in each patient in the HI (left) and NHI (right) groups. Number

in the circle is the patient number, color of the circle illustrates the main driver mutation.

Figure 2: Exploratory analysis of transcriptomic profile (RNA sequencing) of a series of Hl
meningiomas compared to a control series of NHI meningiomas. A: PCA (Principal
component analysis) of the cohort, colored by hormonal intake (Hormonal induced (HI) versus
non hormonal induced (NHI)). B: PCA of the cohort, colored by main driver mutation. C:
Heatmap representing the results of the non-negative matrix factorization (NMF) clustering,
leading to four transcriptional subgroups based on the mutational background. D: PCA of the
cohort, colored by the four groups from the NMF. E: K-means clustering of the cohort with

k=4, showing good correspondence with the NMF clustering.

Figure 3: Differential analysis comparing the gene expression between Hormonal-induced
(HI) meningiomas and non-hormonal induced (NHI) meningiomas. A. Volcano plot of the
main differentially expressed genes between Hl and NHI cases. B: Heatmap representation of
the 50 most down regulated genes in the HI group. C: Heatmap representation of the 50 most
up-regulated genes in the HI group. D: Results from the GSEA analysis with C1 (Hallmark)

genesets.
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Figure 4: Expression of endometrial markers and progesterone response study in HI
meningiomas. A: Boxplot representation of the SPRR2F normalized gene expression in HI
versus NHI group. B: Boxplot representation of SPRR2F normalized gene expression in NF2
mutant samples, NF2-wildtype samples from NHI group, and samples from HI group. C:
SPRR2F immuno-histo-chemistry in a negative case (NHI group, left), an intermediate case (HI
group, center), and a strong positive case (HI group, right) at x100 (upper part, scale bar : 100
um) and at x200 (bottom part, scale bar : 50 um). D: heatmap representation of positivity of
SPRR2F staining in 5 cases from the HI group and 5 cases from the NHI group. E: Boxplot
representation of the LGR5 gene normalized expression in Hl versus NHI group. F: Boxplot
representation of LGR5 gene normalized expression in NF2 mutant samples, NF2-wildtype
samples from NHI group, and samples from HI group. G: LGR5 immuno-histo chemistry in a
negative case (NHI group, left), an intermediate case (HI group, center), and a strong positive
case (HI group, right) at x100 (upper part, scale bar : 100 um ) and at x200 (bottom part, scale
bar : 50 um ). H: heatmap representation of positivity of LGR5 staining in 5 cases from the Hl
group and 5 cases from the NHI group. |I: Boxplot representation of PGR (progesterone
receptor) gene normalized expression in NF2 mutant samples, NF2-wildtype samples from NHI
group, and samples from HI group. J: Results of GSEA in NF2-mutant cases for a gene set of
downregulated genes in PR+ meningiomas (left) and a gene set of up-regulated genes in PR+
meningiomas (right). K: Results of GSEA in NF2-wildtype cases for a gene set of up-regulated
genes in PR+ meningiomas (left) and a gene set of classical progesterone response from Gene
Ontology. L: Results of GSEA in HI meningiomas for a gene set of classical responses to
progesterone (extreme left and center left), and gene sets describing endometrial response

to the progesterone (Center and extreme right).

Figure 5: Methylation profile characterization of the cohort. A: T-Sne clustering
representation of the cohort in comparison to reference datasets of meningiomas from all
methylation classes. B: T-Sne clustering representation of the cohort in comparison to
reference datasets of meningiomas colored by mutational group. C: T-Sne clustering
representation of our cohort in comparison to reference datasets of meningiomas from all
methylation classes, colored by the number of patients in multiple meningiomas patients. D:
Unsupervised clustering of the samples in comparison to reference datasets of meningiomas

from all methylation classes. HR: hormone related.
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Figure 6: Morphological characterization of HI meningiomas. A-C: Example of aspect HI
meningiomas: tumor cells had abundant eosinophilic cytoplasm and organize into pseudo
syncytial whorls or fascicles but with an abnormally expanded edematous, optically empty,
extracellular matrix between them (left, scale bar : 200um; center and right: scale bar : 50
um). D: Boxplot representation of automatic count of percentage of “white area” per ROI,
representing the volume of empty extracellular matrix and intravascular lumen. Hl had higher
white area surface (p=0.04). E: Boxplot representation of automatic count of Nuclei, showing
higher number of cells in NHI cases (p=0.001). F: illustration of the three main criteria defined
to differentiate HI from NHI cases: edematous extracellular matrix (left, scale bar : 50 um),
Sharp cytoplasmic limits (center, scale bar : 50 um) and dilated blood vessels (right, scale bar
200um). E: Histogram representation of the repartition of the scores (from 0 to 3) for each
criterion. The red line defines the positivity threshold. F: Barplot representation of positivity

of each criterion in HI and NHI cases.

Supplementary Figure legend:

Supplementary Figure 1 : Characterization of hormonal-induced (HI) multiple meningiomas
versus non hormonal induced (NHI) meningiomas. A: Scatterplot representation of mean Age
in the cohort in HI and NHI group. B: Comparison of the topography between HI and NHI
group. C: Barplot representation of histological subtypes in HI and NHI group. D: Barplot
representation of WHO grade 1 and grade 2 meningiomas in the HI and NHI group. E and F :

representation of the mutational background of HI and NHI meningiomas.

Supplementary Figure 2: Heatmap representation of main CNV alteration on the cohort by

sample.

Supplementary Figure 3: Principal component analysis (PCA) and unsupervised clustering of

the distance between sample in the whole exome sequencing data. As expected, samples

from the same patients gathered together.
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Supplementary Figure 4: Representation by patient of topography, driver mutations, CNV

profiles, clonality tree and histogram of shared CNVs or SNVs of multiple meningiomas.

Supplementary Figure 5: Principal component analysis (PCA) representation of the RNA
sequencing data based on the 1500 most variant genes, colored by number of meningioma
(unique versus multiple), topography (Convexity (CON) vs Skull base (SB) vs Spinal (SPI)),
Histologic subtype and WHO grade.

Supplementary Figure 6: Results of the NMF (non-negative matrix factorization) for k=2 to
k=7 of RNA sequencing data, with different metrics of the analysis (k=4 emerge as the best

result).

Supplementary Figure 7: PCA on the 1500 most variant genes of patients with multiple

meningiomas.

Supplementary Figure 8: PCA on the 1500 most variant genes genes and unsupervised
clustering of 1500 most variant genes in the PIK3CA or AKT1 mutant cases (PIK3 subgroup)
and in the TRAF7 mutant cases (TRAF7 subgroup), colored by progestin agonist intake.

Results suggest that PA intake does not drive a molecular profile inside molecular subgroup.

Supplementary Figure 9: Normalized levels of expression of individual genes of the genesets

used in the GSEA analyses in Hl and NHI groups.

Supplementary Figure 10 : UMAP representation of single HI meningioma clustering

comparing to other types of CNS tumors (all lesions cluster in meningioma group, in violine).

Supplementary Figure 11: Example of HE colored meningiomas of Hl and NHI group, with

results of the automatized coloring of “white areas” with Fiji plug-in in ImagelJ software.
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Table 1: Main characteristics of the multiple meningioma cohort, based on the progestin
agonist intake : HI (hormonal induced) versus NHI : non Hormonal induced.

HI meningioma NHI meningioma p
Series (Patients / 6/15 9/19
MNG)
Sex (Women, n, %) 6, 100% 9, 100% NS
Age (Mean, DS) 475 5146 0.1
Location
Skull base 13 (87%) 8 (42%) 0.01
Convexity 2 (13%) 9 (47%)
Spinal 0 2 (11%)
Grade WHO (1) 11 (73%) 15 (78%) >0.9
Histological subtype 0.2
Meningothelial
Fibroblastic 10 (67%) 7 (36%)
Transitional 0 4 (21%)
Metaplastic 0 1 (5%)
Secretory 1 (6%) 1 (5%)
Atypical 0 1 (5%)

4 (27%) 4 (21%)
Ki67 (Mean, DS) 39+28 57+4.1 0.13
Progesterone Score | 298 £72 137 +130 <0.001
(0-300), Mean, DS
Distance (Mean, DS,
mm)
Center to center 44 + 18 104 + 50 0.007
Edge to edge 22+16 81+47 0.006
Mutational
Subgroup
NF2/SMARCB1 0 8 (42%) 0.002
PIK3CA/AKT 7 (47%) 1 (5%)
TRAF7 +/- KLF4 2 (13%) 6 (31%)
SHH 0 1 (5%)
Unknown 6 (40%) 3 (16%)
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Figure 1. Whole exome sequencing characterization of a cohort of 15 patients with
hormonal induced (HI) and non-hormonal induced (NHI) multiple meningiomas. A:
Schematic summary of the main characteristics of the cohort (WHO grade, histological
subtypes, Progestin intake, Clonality origin, mutational subgroup based on WES results, and
histogram of shared CNV between the samples in each patient). B: Scatterplot representation
of Progesterone receptor expression (IHC) between HI and NHI meningiomas showing higher
expression in HI group (p=0.0002). C: Scatterplot representation of Ki67 index between HI and
NHI meningiomas, showing no significant difference). D. Scatterplot representation of
Distance (center to center, mm) between meningiomas in each patient, showing higher mean
distance NHI meningiomas (p=0.007). E. Scatterplot representation of Distance (center to
center, mm) between meningiomas from monoclonal origin and polyclonal origin. F: Schematic
picture of the topography of the meningiomas in each patient in the HI (left) and NHI (right)
groups. Number in the circle is the patient number, color of the circle illustrates the main driver

mutation.
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Figure 2: Exploratory analysis of transcriptomic profile (RNA sequencing) of a series of
HI meningiomas compared to a control series of NHI meningiomas. A: PCA (Principal
component analysis) of the cohort, colored by hormonal intake (Hormonal induced (HI) versus
non hormonal induced (NHI)). B: PCA of the cohort, colored by main driver mutation. C:
Heatmap representing the results of the non-negative matrix factorization (NMF) clustering,
leading to four transcriptional subgroups based on the mutational backgroung. D: PCA of the
cohort, colored by the four groups from the NMF. E: K-means clustering of the cohort with

k=4, showing good correspondence with the NMF clustering.
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Figure 3: Differential analysis comparing the gene expression between Hormonal-induced

(H1) meningiomas and non-hormonal induced (NHI) meningiomas. A. VVolcano plot of the

main differentially expressed genes between HI and NHI cases. B: Heatmap representation of

the 50 most down regulated genes in the HI group. C: Heatmap representation of the 50 most

up-regulated genes in the HI group. D: Results from the GSEA analysis with C1 (Hallmark)

genesets.
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Figure 4: Expression of endometrial markers and progesterone response study in HI
meningiomas. A: Boxplot representation of the SPRR2F normalized gene expression in HI
versus NHI group. B: Boxplot representation of SPRR2F normalized gene expression in NF2
mutant samples, NF2-wildtype samples from NHI group, and samples from HI group. C:
SPRR2F immuno-histo-chemistry in a negative case (NHI group, left), an intermediate case
(HI group, center), and a strong positive case (HI group, right) at x100 (upper part, scale bar :
100 um) and at x200 (bottom part, scale bar : 50 um). D: heatmap representation of positivity
of SPRR2F staining in 5 cases from the HI group and 5 cases from the NHI group. E: Boxplot
representation of the LGR5 gene normalized expression in HI versus NHI group. F: Boxplot
representation of LGR5 gene normalized expression in NF2 mutant samples, NF2-wildtype
samples from NHI group, and samples from HI group. G: LGR5 immuno-histo chemistry in a
negative case (NHI group, left), an intermediate case (HI group, center), and a strong positive
case (HI group, right) at x100 (upper part, scale bar : 100 um ) and at x200 (bottom part, scale
bar : 50 um ). H: heatmap representation of positivity of LGRS staining in 5 cases from the HI
group and 5 cases from the NHI group. I: Boxplot representation of PGR (progesterone
receptor) gene normalized expression in NF2 mutant samples, NF2-wildtype samples from
NHI group, and samples from HI group. J: Results of GSEA in NF2-mutant cases for a gene
set of downregulated genes in PR+ meningiomas (left) and a gene set of up-regulated genes in
PR+ meningiomas (right). K: Results of GSEA in NF2-wildtype cases for a gene set of up-
regulated genes in PR+ meningiomas (left) and a gene set of classical progesterone response
from Gene Ontology. L: Results of GSEA in HI meningiomas for a gene set of classical
responses to progesterone (extreme left and center left), and gene sets describing endometrial
response to the progesterone (Center and extreme right).
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Figure 5: Methylation profile characterization of the cohort. A: T-Sne clustering
representation of the cohort in comparison to reference datasets of meningiomas from all
methylation classes. B: T-Sne clustering representation of the cohort in comparison to reference
datasets of meningiomas colored by mutational group. C: T-Sne clustering representation of
our cohort in comparison to reference datasets of meningiomas from all methylation classes,
colored by the number of patients in multiple meningiomas patients. D: Unsupervised clustering
of the samples in comparison to reference datasets of meningiomas from all methylation

classes. HR : hormone related.
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Figure 6: Morphological characterization of HI meningiomas. A-C: Example of aspect HI
meningiomas: tumor cells had abundant eosinophilic cytoplasm and organize into pseudo
syncytial whorls or fascicles but with an abnormally expanded edematous, optically empty,
extracellular matrix between them (left, scale bar : 200um; center and right: scale bar : 50 um).
D: Boxplot representation of automatic count of percentage of “white area” per ROI,
representing the volume of empty extracellular matrix and intravascular lumen. HI had higher
white area surface (p=0.04). E: Boxplot representation of automatic count of Nuclei, showing
higher number of cells in NHI cases (p=0.001). F: illustration of the three main criteria defined
to differentiate HI from NHI cases: edematous extracellular matrix (left, scale bar : 50 um),
Sharp cytoplasmic limits (center, scale bar : 50 um) and dilated blood vessels (right, scale bar
200um). E: Histogram representation of the repartition of the scores (from 0 to 3) for each
criterion. The red line defines the positivity threshold. F: Barplot representation of positivity of

each criterion in HI and NHI cases.
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Supplementary Figure 1

A 1.00

60 (N
(X1 4
0.75 Topopgraphy
50 * . ASB-L
[} [ Assm
e o B
_E 050 B vseo
240 8 . PSB
| E
I stan
S o [ stpost
30 025 I ren
20
T-test, p=0.38 0.00
HI NHI NHI

HI
Hormonal Intake Hormonal Intake

1.00 100% 1.00
% 075
075 Histological subtype e Mutational Sub
utational Subgroup
Atypical
| B ) I wrmaLossisuiArCat
. Fibroblastic WHO_Grade & . I
% . Meningothelial g % o 2om
£ 050 3 o . SHH
3 . Metaplastic | K o
o . TRAFT+-KLF4
. Psammomatous .
Unks
. Secretory rnoun
025 . Transitional 25% 025
0.00 0% 0.00 I
M . ] NHI HI NHI
Hormonal Intake Hormonal_intake Hormonal Intake
F * %k k
|
8.
* %k * %
— —
6.
Q
3
o
)
a Hormonal_intake
3
7]
— 4 HI
g 4
5 [
=
1]
3
=
2.
0 .
NF2/22Loss/SMARCB1  PIK3CA/AKT1 SHH TRAF7+/-KLF4 Unknown

MUTATION_SIMPLIFIED

132



Supplementary Figure 1 : Characterization of hormonal-induced (HI) multiple meningiomas
versus non hormonal induced (NHI) meningiomas. A: Scatterplot representation of mean Age
in the cohort in HI and NHI group. B: Comparison of the topography between HI and NHI
group. C: Barplot representation of histological subtypes in HI and NHI group. D: Barplot
representation of WHO grade 1 and grade 2 meningiomas in the Hl and NHI group. E and F :

representation of the mutational background of HI and NHI meningiomas.
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Supplementary Figure 2

Zboj

IIO

GOTIT STd
N i 'R
€0TTT ¥Id
ZO0TIT ¥Id
| Il ssetretd
' Z-T0TTT €1d
T-T0TIT €1d
- T¥20T Z1d
[l i - 0vZ0T z1d
F 8€20T T1d
F69€L 11d
[ 1-j Bl foczorotd
| - sEz0T701d
F ¥€20T 6d
F €€20T 6d
[ 0€20T 8d
ﬁ 50201 8d
62201 Ld
I 82201 Ld
[ L2201 9d
[t 9zzo1 o4
F ZL-TS16 &d
F TL-IST6 Sd
I 2€T0T ¥d
F TEZOT d
F S¥20T €d
20T €d
F €420T €d
F 20T €d
F ¥S16 €d
F 1,201 2d
I | Fozzorzd
F €L20T 1d
F2LZ0T 1d

chrl
chr2
chr3
chr4
chr5
chré
chr7
chr8
chr9
chrl0
chril
chri2
chri3
chrl4
chrl5s
chrlé
chrl7
chrl8
chrl9
chr20
chr21
chr22

134

Samples
Heatmap representation of main CNV alteration on the cohort by

Supplementary Figure 2

sample.



Supplementary Figure 3
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Supplementary Figure 3: Principal component analysis (PCA) and unsupervised clustering of
the distance between sample in the whole exome sequencing data. As expected, samples

from the same patients gathered together.
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Supplementary Figure 4: Representation by patient of topography, driver mutations, CNV

profiles, clonality tree and histogram of shared CNVs or SNVs of multiple meningiomas.
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Suplementary Figure 5
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Supplementary Figure 5: Principal component analysis (PCA) representation of the RNA
sequencing data based on the 1500 most variant genes, colored by number of meningioma

(unique versus multiple), topography (Convexity (CON) vs Skull base (SB) vs Spinal (SPl)),
Histologic subtype and WHO grade.
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Supplementary Figure 6
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Supplementary Figure 6: Results of the NMF (non-negative matrix factorization) for k=2 to

k=7 of RNA sequencing data, with different metrics of the analysis (k=4 emerge as the best

result).
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Supplementary Figure 7
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Supplementary Figure 8

x0120
Riss

s

o1
g il
0- xl“%
Xy !u?r?

T’?"“"“‘“ x“a

x?ws

PC2: 13% variance.

Hormonal intake
® H
O NHI

2- X919
X10228
X9151_T2,

xotm 0
fo226
10231 o1

X10240

PC2: 14% variance
o

8

{91 22

0 20
PC1: 24% variance

Hormonal intake
® H
©ONHI

« PIK3 » Subgroup

¢

~

‘597()

X102350

X10232

40

§
£

Hormonal Intake

TRAF7 » Subgroup

Hormonal Intake

| H
EE NH

B H
Bl NHI

148



Supplementary Figure 8: PCA on the 1500 most variant genes genes and unsupervised
clustering of 1500 most variant genes in the PIK3CA or AKT1 mutant cases (PIK3 subgroup)
and in the TRAF7 mutant cases (TRAF7 subgroup), colored by progestin agonist intake.

Results suggest that PA intake does not drive a molecular profile inside molecular subgroup.
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Supplementary Figure 9
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Supplementary Figure 9: Normalized levels of expression of individual genes of the genesets

used in the GSEA analyses in Hl and NHI groups.
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Supplementary Figure 10
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Supplementary Figure 10 : UMAP representation of single Hl meningioma clustering
comparing to other types of CNS tumors (all lesions cluster in meningioma group, in

violine).
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Supplementary Figure 11

Case 11101, Non hormonal induced, White area 0.2%

Case 10236, Non Hormonal induced, White area 0.3%

Supplementary Figure 11: Example of HE colored meningiomas of Hl and NHI group, with

results of the automatized coloring of “white areas” with Fiji plug-in in ImagelJ software.
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Supplementary Table 2 : Variants from the whole exome sequencing in the cohort.
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T e e — = s =5 = atta
e T e — e = prrem—
STy s e = = B s 21 e : =
102 10243 vs. 102455 MTMR9. NM _015458.3 chrg. 11172420 TTTTCC - 2-11_972-6delTT — - splice region, intron variant
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102 10244 vs. 102455 SLCSAT NM 02181 chr2. 108626718 c T €.1144C>T p.AIg382* stop gained
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10244 10244 vs. 102455 DMTF1 NM_001142326.1 chr?. 86823271 T A C1617T>A p.Phe539Leu - missense variant
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10244 10244 vs. 102455 NMRK1 NM 017881.2 chr9. 77684953 [ G €.175G>C p.GlUS9GIn - missense variant
10244 10244 vs. 102455 NMRK1 NM 0178812 chr9. 77684962 CA - 170-5_170-4delT( - splice region, intron variant
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102 10244 vs. 102455 CD69. NM 0017812 chri2 9906159 CACTTGT - 2 p.Asp171fs - frameshift variant
10244 10244 vs. 102455 SMEK1 NM 032560.4 chri4 91948314 A T ©.521T>A p.Leul74Gin missense variant
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10244 10244 vs. 102455 MED1 NM 0047743 chrl? 37596748 c G ©.290G>C p.Serd7Thr - missense variant
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10244 10244 vs. 102455 ZNF223 NM 0133614 chri9 44570263 - CCCTT _|[283 284insCCTT{ __ p His95fs. frameshift variant
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10231 10231 vs. 10232 ADAM21 NM 0038133 chrid 70924335 c T c119C>T p.Pro40Leu 15199920662 ‘missense variant |
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10231 | 10231 vs 10232 cocar NV 0011140911 chi7 45219311 T c c1477A56 p.llea93val 15140737545 missense variant
10231 | 10231 vs. 10232 DPL NM_004715.4 chiig 77474947 c T c1487CT | _p.Aladgeval 15374354154 missense variant
10231 | 10231 vs 10232 ABHDLTA NM 0312133 chitg 1881418 c T c.148G>A p.AaS0Thr 15200761633 missense variant
10231 | 10231vs. 10232 SIGLEC10 NV 0331304 chilo 51920196 G T C.430C5A p.GIn144Lys 573049612 missense variant
10231 | 10231vs. 10232 POTED NV 1749813 che21 14982637 & 3 ©88CG b His30Asp 15879191782 missense variant
10232 | 10232 vs. 10231 BCLG NM 0011308451 ) 157447136 c T 1057G>A_| _p.AlasssThr missense variant
10232 | 10232 vs. 10231 ST NV 0155484 chib 56418255 T G C7466A>C | p.His2489P10 — missense variant
10232 | 10232 vs. 10231 zP3 NM 0011103541 chi7 76069661 GAG - 3+8_923+10delq -~ 5 splice region, intron variant
10232 | 10232 vs. 10231 WDFY4 NM 0200451 ch10 49986751 c T c3271C>T | pAm1091Cys | 5560423094 missense variant
10232 | 10232 vs. 10231 TENMS NM 001098816 chiit 78565277 c G C1553G>C_ | p.AngS18Pi0 = missense variant
10232 | 10232 vs. 10231 AP1G2 NV 003917 chiid 24035581 | GTGCAC - 72_377delGTGCAIL24_Thri26dein 5 disnuptive inframe deletion
10232 | 10232 vs. 10231 AP1G2 NV 0039172 chria 24035589 _|CAGGCCTTG - pVall19fs frameshift variant
10232 | 10232 vs. 10231 KRTAPS7 NM_001277352.1 chi17, 30432032__[TTGCTGTCAA .106_2490el_|p Ser36_Progadel inframe deletion
10232 | 10232 vs. 10231 ECSIT NV 01656814 chilo 11617114 G A C1181CST | p.Ala39aval missense variant
10232 | 10232 vs. 10231 ZNF254 NV 2032623 chiig 24310648 A 3 C1846A6 | pThelsAla missense variant
10232 | 10232 vs. 10231 DEFB115 NM 0010377301 chr20 20847385 A G c217AG p.Lys73Glu missense variant
10232 | 10232 vs 10231 cHm NM 0003902 chix 85213898 T A Cc787AST p1le263Phe - missense variant
10232 | 10232 vs. 10231 45A: X chix 134856935 c A c.34CoA - - prime UTR premature start codon gain variant

9151-T1 [ 9151-T1 vs. 91515 PRAMEF1L NM_001146344.1 chrl 12885090 T G ©.1021A>C p.ASn341His ‘missense variant |
915171 | o1511vs 01515 | coposo NM 001080850, e 43002200 | Acac — |cs6 1ae1cAGA] pouzors - frameshit variant |
9151- 9151-T1 vs. 91515 CREB3L4 NM_001255978.1 chl 153946539 T A c1186T>A _|p. — stop lost |
9151-T1 | 915171 vs 91515 | GORASPL NV 0318003 chi3 39149070 T A c38A>T — = prime UTR premature start codon gain variant
915111 | 915171 vs 91515 BTNZAL NV 0070494 chis 26458905 B CTTCCTCCT |2_43insTICCTCCh4 LeutbinsPhel inframe insertion
91511 | 01511 vs. 01515 BCLAFL NM 0147302 chis 136594202 T c 86A>G | p.Asn620Ser 157381749 missense variant
9151-T1_| 915171 vs. 91515 DPPG NM_130707.3 chi7 153750096 G A C101G>A p.GIy64ASD 152533730 missense variant
915111 | 915171 vs. 91515 SLC35G5 NV 0540281 chig 11188922 T c ¢307T>C P Tp103Arg 1576944947 missense variant
915171 | 915171 vs 91515 UCs NV 0024582 chiil 1265963 & T ¢7853C>T la2618Val 01111558 missense variant
9151-T1_| 915171 vs. 91515 PARPA NV 006437.3 chis 25058867 c T C1372G°A p.Vausalle 15143070451 missense variant
915111 | 915171 vs. 91515 TRAFT NV 0322712 chis 2223842 G A C1135+5G>A — Splice region, intron variant
915111 | 0151T1vs 91515 |  KRTAP4® NV 0011460411 chia7 39261693 A T Cc53A5T pAspi8val 113059833 missense variant
915172 | 0151T2vs 01515 | PLEKHGS NM 0012655031 chit 6545383 c T 120416 = 1573989870 Spice donor, intron variant
9151-T2_| 915172 vs. 91515 GRa NV 0010653 chi2 73518637 c A ©1718G>T | pAw573leu | r5774521389 missense variant
915112 _| 915172 vs. 91515 TWFL NV 007114 chi3 69093641 A B .1451+2deIT — - Spice donor, intron variant
915172 | 01512 vs. 01515 oNTNG NM 020872.1 ) 74350575 c T ©2069C>A p.Ser690+ - stop gained
9151.T2_| 915172 vs. 91515 KCNIP4 NV 0252215 chid 20852258 c T C196G>A b.ValG6lle 15201670726 missense variant
915112 | 915172 vs 91515 BCLAFL NV 0147302 chib 136594292 T c C1886A>G | p.Asno29Ser 157381749 missense varant
9151-T2_| 915172 vs 91515 SMo. NV 0056314 chr? 128845123 c A c617G>A p.T1p206* stop gained
9151T2_| 01512 vs. 01515 DPP6 NM_130707.3 chi7 153750014 G A c109G>A p.Gly37Ser 152240820 missense variant
9151.T2 | 915172 vs. 91515 DPPG NV 1307073 chi7 153750096 G A C101G>A p.CIy64ASD 152533730 missense variant
915112 | 915112 vs 91515 SLC3565 NV 0540281 chid 11188922 T c c307T>C p.Tp103ATg 1576944947 missense variant
915172 | 01512 vs. 01515 DeHsL NM 0037372 chiit 6644826 A G C80BIT>C | _p.lle2604Thr missense variant
9151T2_| 01512 vs. 01515 BRCAZ NM 0000503 chiis 32905078 A G C704A5G | pAsn23sser | rs587780554 missense variant
915112 | 915172 vs 91515 TRAFT NV 0322712 chie 2225603 G A 1606G>A | p Glysaeser missense variant
915172 | 015112 vs. 01515 DNAHZ NM_020877.2 chi17, 7720713 A T ©10000A>T | p.Asn33saTyr = missense variant
9151T2_| 01512 vs. 01515 DNAIZ NM_023036.4 chi1 72308371 T y c1722+2TA = = Spice donor, intron variant
9151-T2 | 915172 vs. 91515 BTBD17 NV 001080466 1 chia7 72356226 c T c204G>A b.AlaB2Thr — missense variant
9151-T2_| 915172 vs. 91515 KLKT. NV 0050463 chr1g 51485126 A 3 c11875C b Ser40Pro 5 missense variant
91512 _| 015112 vs. 01515 DEFB121 NM_001011 chr20 29993054 A T c21>A pMet1? B start lost
9151-T2_| 915172 vs. 91515 HOD! NV 0240442 chi2t 19635209 A G C736AG b.Ser246Gly. — missense vaiant, spice region
915112 _| 915172 vs 91515 MAGEBA NV 002367 chix 30261271 3 T ©1019G>T p.Ser340lle 5 missense variant
9151.T2_| 015172 vs 91515 MAGEE2 NM_138703.4 chix 75004187 S n 700C>T pAG234" 15368595966 stop gained
10226 10226 vs. 10227 AQPT M 0011701 ) 33387044 T ~ C191AST pTyr64Phe 15199711780 missense variant
10226 | 10226 vs. 10227 RYRL M 000540.2 chi1o 38993336 G A 7804G>A_| pval602iie 15751048059 missense variant
10226 | 10226 vs. 10227 NE2 NM_000268.3 chi22 30064417 G - ©.982delG b.Glu328fs frameshift variant
10227_| 10227 vs. 10226 KIFLE NM 0150743 cht 10402168 S y 3436G>A_| p.Gulldblys missense variant
10227 | 10227 vs 10226 MLPH NM 0241016 chi2 238455261 c G C1552C56 | p Ag518Cly missense variant
10227 | 10227 vs. 10226 PIKSCA NV 0062162 chi3 178952085 A 3 C3140A6 | pHisi0a7Ag | 1121013279 missense variant
1022 10227 vs. 10226 HIBAD! NM_152740.3 chr? 27669098 c T c376G>A p.Gly1265er missense variant
10227 | 10227vs 10226 | _ ADCYAPIRL NM 0011996351 chi7 31142891 G 3 C1171G>A | pGyselA | rs1209715081 missense variant
10227_| 10227 vs. 10226 PKDIL NV 1362053 chi 47979921 G 1618 161 7ins - - spiice region, intron variant
10227 | 10227 vs. 10226 TAS2R39 NV 1768812 chi7 142881470 3 T ©959G>T b Arg320lle 5 missense variant
10227 | 10227 vs. 10226 Gri1B NM_004188.4 chi 135866331 G y c887GoA P ArG296HS 15537470322 missense variant
10227_| 10227 vs. 10226 AKRIEZ NM_001040177.2 chilo 4872969 GC i 42_143deIGCins|__p AladBLeu — missense variant
10227 | 10227 vs. 10226 Cioorf12 M 015652.2 chiio 98743981 A 3 ©.2634A%¢ b.Gn9asATg 951990101 missense variant
10227 | 10227 vs. 10226 GsPTL NM_002004.3 chils 11979100 A T c1285T>A | _pLeud2oMet 5 missense variant
10227 | 10227 vs 10226 PIP4K28 NV 003550.4 chi17 36943149 c T c184G>A p.ValE2lle — missense variant
10227 | 10227 vs. 10226 PIGP NV 1536812 chi21 38444878 3 A c100T p.AGATD missense variant
10227 | 10227 vs. 10226 POLAL NV 016937.3 chix 24742483 G A C1214G>A_| _p.Glya05Glu 15375241795 missense variant
10227 | 10227 vs. 10226 MAGEDL NV 0010053331 chix 51639898 c T C13156T | _pPros3gser 5 missense variant
10228 _| 10228 vs. 102295 KIFAPS NM 00120451 chit 170004606 3 T c486T-A__ | pPhel6zieu missense variant

7 10228 | 10228 vs. 102295 TN NM 0012675501 chi2 179576929 G A ©27628C>T | p.Gingz10* — stop gained

7 10228 | 10228 vs. 102295 cLc NV 00149 chis 53371747 T E 116156 | plle37iet missense variant

7 0228 | 10228 vs. 102295 AKAP1Z NM 0051003 chis 151674418 c T 4892C>T | p.Serl631Phe missense variant

7 10228 | 10228 vs. 102295 KLF4 NM 0042354 ) 110249348 T G 1225A5C_ | pLys409Gin = missense variant

7 10228 | 10228 vs. 102295 DCHSL NV 0037372 chiit 6643851 T c .9056A>6 | p.Ty3019Cys - missense variant
10228 | 10228 vs. 102295 COxXBA NM_004074.2 chiit 63742157 c T cscoT p.SerzPhe 15148986341 missense variant
10228 | 10228 vs. 102295 SLC3sF2 NV 0175154 chiit 107686522 G A c280C>T p.Argea* stop gained
10228 | 10228 vs. 102295 PCK2 NV 0045632 chiid 24573058 G A C1808GA b Tp603" - stop gained
10228 | 10228 vs. 102295 cCDcssC NV 0011449951 chria 100069762 A c 535156 p.Seri79Ala missense variant
10228 | 10228 vs. 102295 TRAF7 NV 0322712 chils 2226345 G Py C1958G>A | p.Arge53Gin missense variant
10228 | 10228 vs. 102295 TGAM NM 0011458081 chils 31332891 s A 1948G>A_| _p.Gly650ATg missense variant
10228 | 10228 vs. 102295 HEXDC NV 173620 chia7 80400326 3 A C1616G>A pTp539* stop gained
10229 | 10229 vs. 102295 MTOR NM_004958.3 cht 11199471 c A ©5020G>T | pVall67ateu - missense variant
10229 _| 10229 vs. 102295 RHOQ NM_012249.3 chi2 46808161 A G c557AG p.Lys186ATg = missense variant
10229 | 10229 vs. 102295 | RABL1FIPS NV 0154702 chi2 73315242 cc AR 03_1504delGGin| _p GlyGIus0L* — p gained
10229 | 10229 vs. 102295 GMPPA NM 0133353 chr2 220366193 c 3 ©139.5C:G = 5 Splce tegion, intron variant
10229 | 10229 vs. 102205 scap NM 0122352 ) 47462069 G A c1538C>T pThi5131e - missense variant
10229 | 10229 vs. 102295 PCLO NV 0330265 chi 82584447 A c ©5822T>G__| p.Phe1941Cys = missense variant
10229 | 10229 vs. 102295 RAB21 NV 0149992 chiiz 72176440 - — 5 splice region, intron variant

0229 | 10229 vs. 102295 WDRSD NV 1452044 chils 711123 c T €3464C>T _|_p.Serl155phe - missense variant
10229 | 10229 vs. 102295 TRAF7 NM 0322712 chils 2223758__[eTGCCCTGC — = splice region, intron variant
10229 | 10229 vs. 102295 TMEDL NV 0068563 chiig 10946788 3 - .80deIC p.Pro27fs frameshift variant
10229 | 10229 vs. 102295 MSL3 NV 078629.3 chix 11782020 T c c871T>C__| p.Phezolleu missense variant
10229 | 10229 vs. 102205 HUWEL NV 031407.5 chix 53577704 G T CO41ICA | pAsnaiaTlys missense variant
10205_| 10205 vs. 10230 FCGR2A NM 0011362101 chit 161476180 c T C163G>T p.GusS* Stop gained
10205 | 10205 vs. 10230 BCL11A NV 0226033 chi2 60688533 A T cI514T>A | piLeusosGh — missense variant
10205 | 10205 vs. 10230 PCDHGBS NV 0189252 chis 140779607 T A C1913T>A | p.Leus38Gin missense variant
10205 | 10205 vs. 10230 PPT2 NM 1387172 chis 2122391 Py T 38T p.Gin13leu missense variant
10205 | 10205 vs. 10230 ASL NM 0000483 chi7 65557865 A T C1361A>T | p.Ghasateu = missense variant
10205 | 10205 vs. 10230 SLc2As NV 0145604 chro 130159538 A T c20A>T .Gi10Leu 5 missense variant
1020: 10205 vs. 10230 KRT74 NV 1750533 chr12 52962055 A T C1253T>A | pLeud18Gin 5 missense variant
10205_| 10205 vs. 10230 ZNF459 NM 0011274641 chils 88505550 T Iy C11588T>A | pLeu3s63cin = missense variant
10205_| 10205 vs. 10230 SAT2 NV 1334013 chii7 7530312 TccA 250_253deTGG/__p.TpBafs — frameshift variant
10205 | 10205 vs. 10230 comp NV 0000952 chiig 18902060 A T Cc19TA b CysTSer missense variant

0205_| 10205 vs. 10230 HNRNPL NM 0015332 chi1o 30328286 S c 156306 | p.Cyss2iTp missense variant
10205 | 10205 vs. 10230 IAFE NM 0054614 chi20 39317120 A T 362T>A p.Leu121Gi — missense variant
10205 | 10205 vs. 10230 SwARCBL NV 001007468 chr22 24176339 G A C1103G>A | pAwg3esHis 15387906812 missense variant
10205 | 10205 vs. 10230 ceT1 NM 0134302 chr22. 25007037 T A 75T = - splice region, intron variant
10205 | 10205 vs. 10230 NF2 NM 0002683 chi2z. 30035100 c = c.2720e1C p.Pro01ls = frameshitt variant
10205 | 10205 vs. 10230 DA NV 0013004 chix 68836267 A T c115A>T b.Ser3ocys missense variant
10205 | 10205 vs. 10230 TRMT28 NM 0011679701 chix 100276191 A - c.965delT b Phe32afs frameshift variant
10230 | 10230 vs. 10205 NBPFL NV 0170404 chit 16903848 T 3 c1868A>T | _p.Lys623mer = missense variant
10230 | 10230 vs. 10205 KIF268 NV 0180123 chit 245772626 c T ©1910C5T | pihearMer | 149117112 missense variant
10230 | 10230vs. 10205 | ¢ XM 0052647781 chi3 75718108 G G 996G pSer33Arg - missense variant
10230 | 10230 vs. 10205 ZNE71T NM 0011 chs 75787400 T A c1374AT | _plLysaseAsn missense variant
10230 | 10230 vs. 10205 PIKSCA NV 0062182 chig 178952085 A G C3140A>G | pHisi0a7Alg | 15121913279 missense variant
10230 | 10230 vs. 10205 CvBSRa NV 0162303 chib 84629140 i - 532 _533delTT | _p.Leuirsts — frameshift variant
10230 | 10230 vs. 10205 HDACO NM 1784231 chr? 18869149 G A 2435G>A_| pSerlzAsn | 151254792069 missense variant
10230 | 10230 vs 10205 AQPT NV 0011701 chro 33387044 T - c191delA p.TytGats = frameshift variant
10230 | 10230 vs. 10205 FLT3 NV 0041102 chiis 28589783 G T ©2507C>A | p.ThiB66ASN = missense variant
10230 | 10230 vs. 10205 ADAMTST NV 014272 chis 79056038 c T ©4740+3G>A = 5 Spiice region, intron variant
10230 | 10230 vs. 10205 TRAF7 NM 0322712 chils 2225556 y c 59 p.ASn520Thr - missense variant
10230 | 10230 vs 10205 PRKL NM_002626.4 chi2 45732182__[CTGTGCCCG! = [pr18derrcTGTG = - Splice region, intron variant
10233 | 10233 vs 10234 TTGAZ NV 0022033 chrs 52382788 T A C3265T>A | _p Pheiosolie missense variant
10233 | 10233 vs. 10234 RIOKL NV 0314802 chis 7403076 n c ©713A5G | _p.Asn23sser missense variant
10233 | 10233 vs 10234 Caorf34 NV 0520582 chig 69351828 T c .422T>C b Leu141Pr0 = missense variant
10233 | 10233 vs 10234 cK8 NV 203447.3 ) 303 c T ©5207C>T | pAi736val | 5139990627 missense variant
10233 | 10233 vs. 10234 RGR NV 0029213 chr10 86007409 o T c142C>T) bAG48TH _[39505177,15139595 missense variant
10233 | 10233 vs. 10234 BAZ2A NM 0134493 chii2 57007848 c6 AC 10_811delcCins(h ValPro270valse| missense variant
10233 | 10233 vs 10234 CTN: NM_006400.4 chiiz 57926071 G A c967C>T D A323Cys | 51188405631 missense variant
10233 | 10233 vs. 10234 sLc12A3 NV 0003392 chis 56906604 3 A C1001G>A | pAg3saGin 15776296772 missense variant
10233 | 10233 vs. 10234 MRPLIO NM_148867.2 chi17, 45901804 T c c583AG p.lle195Val missense variant
10233 | 10233 vs 10234 SwARCE1 NM_001007468.1 chi2z. 24176320 c T c1093C>T | _pAng3ssTp = missense variant, splice region
1023 10233 vs. 10234 NEZ NV 000268.3 chi2z 30038207 T A 380T>A b.Leul2r" — stop gained
1023: 10234 vs. 10233 MAMLS NV 0167174 cha 140811081 o B ©.1509deiG p.GIn503fs frameshift variant
1023 10234 vs. 10233 MAML3. NM_018717.4 chrd 140811083 mcmcmﬁ‘ = EYM\GCAGCAG‘ p.GIndgofs frameshift variant
1023 10234 vs. 1023 RAPGEFG NM 0011643861 chis 130840321 T c 1252456 | pLys418Giu = missense variant, splice region
1023 10234 vs. 10233 TAFIL NM_153809.2 chro 32634108 G | T |_c1470cA p.ASP490GIu missense variant
10234 | 10234 s 10233 oMeE N 0010804241 7 752140 ¢ [ 6 | c2s3a056 | paasascy iSansaaTaH
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10234 10234 vs 10233 CABINL NM 001201428 chi22. 24483514 G A ©3223G>A | _p.Vallo7slie 5148502192 missense variant
10235_| 10235 vs 102365 V3 NM 0061134 chi 108507308 | _GGTIG = 180_184delc b ASn61fs - frameshitt variant
10235 | 10235 vs. 102365 TMEM182 NV 144632.3 ch2 103379079 T y C166T>A b.Phes6lle missense variant
10235 | 10235 vs 102365 HOXD13 NM 0005233 chi2 176958100 Gt - [c.482_a8adelGCTy161_Phe162deln] distuptive inframe deletion
10235 | 10235 vs. 102365 KCNHB' NV 144633, hd 19479761 c ©1283C>T | p Thrazemet missense variant
10235 | 10235 vs. 102365 WOR49 NM_178824.3 chig 167196666 TTAC - D091 _20040eiGTA__ p.Lys697fs frameshift vasiant, stop lost
10235 | 10235 vs. 102365 GPR12: NV 1452903 chra 22389356 @ A ©.3938G>T — misense variant
10235 | 10235 vs. 102365 | PCDHGALZ NV 0037352 chis 140812205 @ T c1879C>T | pAwg627Cys | 15757755108 missense variant
10235 | 10235 vs. 102365 “ADAWZS NM 0142654 chd 24167479 A T ©223A5T b ASn75Tyr - missense variant
10235 | 10235 vs. 102365 AKNA NV 030767.4 chrg 117124101 c T C1917G>A_| p.Args3sArg = spice region. synonymous’
10235 | 10235 vs 102365 NSMCE4A NM 0176152 chi10 123734467 - GGccee os 1_Ser72insPrg inframe insertion
10235 | 10235 vs. 102365 CP3 NV 003356.3 chriy 73717262 c T ©.289G>A b.GlyoTSer 15560208096 missense variant
10235 | 10235 vs 102365 CHORDCL NM 0121242 chii1 89956103 T A c20AT D AsnTlle missense variant
10235 | 10235 vs. 102365 STi4 NV 0210783 chii1 130060041 - 3 c632_633nsG | _p.Aspailfs frameshift variant, spiice region
10235 | 10235 vs. 102365 ST14 NV 0219783 chii1 130060042 c A c633CoA D.ASD211Glu missense variant, spice region
10235 | 10235 vs. 102365 TRAFT NM 0322712 chi6 2226273 G A 1885G> p.Ser629Asn missense variant
10235 | 10235 vs. 102365 RFWD3 NV 0181243 chii6 74670460 - GATGG _|209_1210nsCCA| _ p.Thraoats frameshitt variant
10236 | 10236 vs 102365 SSUH? NM 0159312 chi3 8675622 c T c3G>A b Met1? Start lost
10236 | 10236 vs. 102365 Csorf38 M 1785692 chis 2752798 T [ ©2631>G b.LeuBBAg missense variant
10236 | 10236 vs. 102365 ABCC10 NM 0011989341 chis 43410744 G A ©2263G>A | _p Ala785Thr missense variant
10236 | 10236 vs. 102365 ciBP2 NV 0228022 chrio 1266683065 G T 2373C>A | pHis791Gh missense variant
10236 | 10236 vs 102365 GLTPD2 0 1 chii7 4692494 T A c188T>A b.Leu63His missense variant
10236 | 10236 vs. 102365 SLC35EL NV 0248814 chrio 16682797 G € ©379C56 b His127Asp mssense variant
7369 | 7369 vs 102385 DNASE28 NM 0212330 chrt 84880376 A T 1A b Asp304val missense variant
7369 | 7369 vs. 102385 oxts NM 0326032 chiz 74761453 cr B 1928 1929001Ad__p Glusadts frameshif variant
7369 | 7369 vs. 102385 RGPDS NM 0011644631 ch2 113148650 AR - 603-5_2603-4del — = spice region. intron variant
7369 | 7369 vs. 102385 NX10 NM_001199835.1 chi 26404172 T A 129>/ pPhedsLen - missense variant
7369 | 7369 vs. 102385 TP53INPL NV 0332853 chig 95952424 T [ ©137A5C 5.Glud6Al 5772277490 missense variant
7369 | 7369 vs 102385 NR4AZ XM_00: 1 chi 102596004 G A C1304G>A | _p Cysa3sTyr - missense variant
7369 | 7369 vs. 102385 AKTL NM 0010144311 chrid 105246551 c T 49G>A p.GllTLys 5121434592 missense variant, splice region
7369 | 7369 vs 102385 TRAFT NM 0322710 chi6 2223955 G A C1169G>A | pGasoc - missense val
7369 | 7369 vs. 102385 AcLY. NM 0010962 chi 40048621 T A G1681A5T | pAws6lin - missense variant
7369 | 7369 vs. 102385 SEPTS NV 001113495.1 chii7 75471497 c T c-104C>T — = [prime UTR premature start codon gain variar
10238 | 10238 vs. 102385 MARK1 NM_018650.3 chit 220835254 A 3 ©2134A5G | _pMet712val 15372929663 missense variant
10238 _| 10238 vs. 102385 TN NV 001267550.1 chi2 179478989 c T ©.49135G>A - missense varant
10238 | 10238 vs. 102385 DTX2 NM_001102594.1 chi 76131644 cA TG - missense variant
10238 | 10238 vs. 102385 SMO NV 0056314 chr 128846398 c T ©1234C>T | pleudizPhe | 15879255280 missense variant
10238 | 10238 vs 102385 UNCSD! ch 35631933 T G ©2505T>G__|_pPhedbsleu — missense variant
10238 | 10238 vs. 102385 KCNTL chrg 138678301 g T ©3301C>T | pAwil0iCys | 151471022566 missense variant
10238 | 10238 vs. 102385 KIF208 chiio 91486074 G T ©2026G>T b.GIu676* — stop gained
10238 | 10238 vs. 102385 AHNAK2 chiis 105412363 T c ©9425A5G | plys3lazAg | 15201377363 missense variant
1024 10240 vs. 10241 ZDHHC23 chi3 113673064 G A C679G5A pAE227Th | 151150910733 missense variant
102 10240 vs. 10241 PY2 chra 1561365564 3 A ©473G>A | p.SerisgAsn — missense variant
102 10240 vs. 10241 zCaHc1 chr? 129666071 T c ©.703A5G. p.Th235Al 15764905094 missense variant
102 10240 vs. 10241 ADARB2 chiio 1230815 G A ©2029C>T | _p Ag677Tm 5369823256 missense variant
102 10240 vs. 10241 GPR26 chrio 125426479 G A C556G>A p.valigslle 15757379459 missense variant
102 10240 vs. 10241 zFPo1 chiiy 58385096 A 3 C1630A°G | pTnsadAla | rs1314424581 missense variant
102 10240 vs. 10241 TRAFT chri6 2226164 T A C1861T-A | p.Tyr21Asn - missense variant
102 10240 vs. 10241 SKORZ chiig 44774779 A G c774+2T5C - - splce donor, intron variant
102 10240 vs. 10241 APIMZ ch1g 10691940 A [ ©673+2T>C — 15201916700 spice donor
102 10240 vs. 10241 TENML chix 123540199 G A ©5123C>T | pThi708Met | 15377115628 missense variant
102 10240 vs. 10241 PRRG3 chix 150869236 G g ©.427G>C p.Gly143Arg - misense variant
102 10241 vs. 10240 SPEN chrt 16257406 T - c.46710e1T p.Gly1558s - frameshift variant
102 10241 vs. 10240 LEPR chit 66036275 TCARA - 160_164delTCAA| _ p.Sersafs - frameshitt variant
102 10241 vs. 10240 PS45 chrt 150054885 T [ ©1022T>6__| _p.Leu3aiTip — missense variant
102 10241 vs. 10240 PPP1R12B chrt 202409846 A G C1471A5G | plLysa91Glu 15201801674 missense variant
102 10241 vs. 10240 KIAR0226 chi3 197422790 G A ©1420C>T | pleud74phe | 51398027271 missense variant
102 10241 vs. 10240 cTc: chiis 35082662 T G C1085A>C | p.Gin362Pro 15375435815 missense variant
102 10241 vs. 10240 TP538P1 chiis 43708473 g A .4823G>T | p.Gly1608Val - missense variant
102 10241 vs. 10240 NEOL chiis 73428205 T - 79-11_879-80eT — spiice region. intron variant
102 10241 vs. 10240 cspea chis 76005081 G A c16CT P AGETD. - missense variant
102 10241 vs. 10240 AMZ2 chii 7 66253012 c [ ©.985C5G. b.His320Asp - missense variant
102 10241 vs. 10240 NE2 chizz 30032845 = 5t p.Tp74fs it variant, spiice donor, splice region. intron
102 10241 vs. 10240 TREX2 chix 152710815 G A c74C5T p.Pro25Leu missense variant

1385 | 11385 vs. 111015 NEZ chrzz. 30057302 o T c784C>T p.ATG262" stop gained
1011 _|111014 vs. 111015 GRa ch2 73520767 c A ¢13G>T — [prime UTR premature start codon gain variar
1011|1101 vs 11101S[ _TNFRSFI1B chi 119938955 o - ©595deiG b Val199fs frameshit variant., splice region
1011 _|111011 vs. 111013 YNCIHL chiia 102469151 c A ©4732C>A | p.Leulsisiie issense variant
1011 _|111011 vs. 111013 SIRPB1 chi20 1551770 c A ©765G5T | _pLeudssPhe - missense variant
1011 _|111014 vs. 111015 NF2 chzz. 30057302 c T c784C>T b Arg262* 1574315496 stop gained

111012 [111012 vs. 111015 FiL chia 187201213 G T ©803G>T b Arg268Leu 15201688862 missense variant

012 111012 vs 111015 NEZ chizz. 30057302 c T c784CST p.ArG262" 1574315496 stop gained
102 | 11102 vs 54685 SRSFT ch2 38976781 ATC - [c274_276delGAT] _p Aspadel — inframe deletion
102 | 11102 vs 54685 ATP118 chi3 182583331 c 3 1283C>G | p.Gha3oGiu 5762001361 missense variant
102_| 11102 vs 54685 FANCM chia 45645418 G c ©3461G>C | p.Serl154Thr — missense variant
102 | 11102 vs 54685 SYNE2 chiid 64687176 ACTT [6815_10818delTT] _ p.Tyr66061s - frameshitt variant
102_| 11102 vs. 54685 GRAMDZ chiis 72459013 c 03G: b.Serl68Asn missense variant
102 | 11102 vs 54685 RBEP6 chii6 24573336 Tcce - [(145_11480eiCG]_ p Pro3sats frameshift variant
102 | 11102 vs. 54685 ENR2 chi1g 14887564 c T ©56>A 0.2l 15757681429 missense variant
103 | 11103 vs 54685 ZNF695 chrt 247150402 G c C1415C:G | _p Alaa72G) — missense variant
103 | 11103 vs. 54685 UGTiA4 chi2 234627589 G A c123G>A pTrpal* — stop gained
103 | 11103 vs 54685 PIK3CA h3 178952085 A 3 ©3140A>G | pHisioarAg | rs121013279 missense variant
103 | 11103 vs. Sa685 KIF25 chie 168442804 G A ©802G5A p.val268Met | rs1274711267 missense variant
103 | 11103 vs 54685 COHRS chiiy 618648 = cC Ala607_Glu637d = inframe defetion
103 | 11103 vs 54685 MUCSB chiit 1271387 c T ©13277C>T_|_p Thiadzslie missense variant
103 | 11103 vs. 54685 MSaALL chri1 60184108 AAACT - 769_1773delCTA|__p Thr590fs frameshitt variant
103 | 11103 vs 54685 FAMI86A ch12 50747077 __FTGCTGAGG] - ©:3350_3538del [lu1120_Leu1179 disnuptive inframe deletion
103 | 11103 vs. 54685 LRRCA9 NM 0011990171 chis 71341773 3 T 1898G>T | p.Cys633Phe missense variant
103 | 11103 vs 54685 TRAF NM 0322710 chii6 2226298 G T C1911G>T | pGin6arHis missense variant
103 | 11103 vs 54685 LPING NM 0228961 chi20 39986022 c 3 197405 p.Ile658Met missense variant
103 | 11103 vs 54685 GNAS NM 001077490.1 chi20 57430051 c T ©1544C>T | p Ala515Val missense variant
103 | 11103 vs 54685 NROBT NM_000475.4 chix 30327129 - c155_352del b Glus2_Argii7de distuptive inframe deletion
11104 vs. 111045 GLUL NM_001033044 chrt 182353660 crT - 1000_10020eIAA] _p Lys33adel = inframe deletion
11104 vs. 111045 oPN3 NM 0143222 chrt 241803381 T c 176256 pAsn59Ser | 151335542703 missense variant
11104 vs. 111045 cikL NM 001162407.1 ch2 201718105 T o C1505A>G | pTy502Cys | 151215047372 missense variant
11104 vs. 111045 PTPRN M 0028463 chi2 220161749 c T ©2104G>A | p.Gl732Lys 15201942873 missense variant
11104 vs. 111045 PTPRN NV 0028463 ch2 220162663 G T C1831C>A | p.Arg6liSer — missense variant
11104 vs. 111045 COH NM 0324203 chis 141243524 A - c.23720e1T pval79ils frameshitt variant
11104 v5. 111045 FAM200A NV 1451113 chr 99144923 G A ©1108C>T 0.GIn370* Stop gained
11104 vs. 111045 KCNH2. NM 0002383 chr7 150649679 A G ¢1391T>C plle4saThr missense variant
11104 vs. 111045 ZNF503 NM 0327724 chilo 77160978 c T 0G>A b Arg6THs mssense variant
11104 vs. 111045 sUTL NV 0030612 chr1o 98803234 GTT = 1883_18900elAA| _p.Asn630del inframe deletion
11104 vs. 111045 BRAP. M 0067683 chiiz 112082303 c T C1479G>A | _p.Metd93lle missense variant
11104 vs. 111045 METTL21C NM 0010109772 chii3 103338475 A o 701156 b.Leuz3a® stop gained
11104 vs 111045 SCAPER M 0011459231 chis 77059422 Gc - ©517_518delGC| _p Ala173fs frameshitt variant
11104 v5. 111045 LRRKL NM 0246523 chiis 101589947 T c ©.3398T> p.1le1133Thr missense variant
11104 vs. 11104 VPS4B M 0048693 chiig 61067335 T c C736A5G | pAsnoasAsp - missense variant
11104 vs. 111045 TMXS NM 0190223 chig 66378627 3 A 611567 A3 5757393640 stop gained
11104 vs. 111045 KIF168 NM 0011998651 chi20 16407821 G c 1540C>G | _pLeusiaval - missense variant
11104 vs. 111045 SusD2 NM 0196013 chizz 24581189 c T c910C>T b.Pro304Ser - missense variant
11105 vs. 111045 oPNg NV 014322.0 chrt 241803381 T c C176A5G p.ASn59Ser | 151335542703 missense variant
105 | 11105 vs 111045 cikL M 001162407.1 chiz 201718105 T c C1505A5G | pTy502Cys | rs1215047372 missense variant
105 | 11105 vs. 111045 PTPRN M 0028463 chi2 220162663 G T C1831C>A | p.Arg6iiSer - missense variant
105 | 11105 vs 111045 PCDHL M 0324203 chis 141243524 A - c23720e1T pVal79ils frameshift variant
105 | 11105 vs 111045 FAM200A NV 1451113 chrt 99144923 G A ©1108C>T 0.GIn370* Stop gained
105 | 11105 vs 111045 KCNH2. NM 0002383 chr7 150649679 A G ¢1391T>C p.lle464Thr missense variant
105 | 11105 vs. 111045 B8P3 NM 0029002 chiio 48389247 g T 1631G>A | pAmgsadtis missense variant
105 | 11105 vs. 111045 ZNF503 NV 032772.4 chr1o 77160978 c T 0G: D AI67HS missense variant
105 | 11105vs 111045 suTL M 0030612 chi10 98803234 53 - 1888_1890delAA| _p Asn630del inframe deletion
105 | 11105 vs. 111045 BRAP. NV 006768.3 chii2 112082303 c T ©.1479G>; b.Metg3lle missense variant
105 | 11105 vs 111045 METTL21C NM 0010109772 chi1s 103338475 A c c7017>G pLeuz3as stop gained
105 | 11105 vs. 111045 AHNAKZ NV 1384202 chrid 105412857 c [ 8931G>C | pLys2977Asn | rs767380678 missense variant
105 | 11105 vs 111045 SCAPER NM 0011459231 chis 77059422 [ - 517 5184elGC| _p Ala173fs - frameshift variant
105 | 11105 vs 111045 LRRKL NV 024652 chis 101589947 T E ©3398T>C_| plle1133Thr - missense variant
105 | 11105 vs 111045 VPS4B NM_004869.3 chig 61067335 T c C736A5G | _pAsn2asAsp - missense variant
105 | 11105 vs 111045 TWX3 NM 0190223 chiig 66378627 G A ca15C5T DAGIS" 5757393640 stop gained
105 | 11105 vs 111045 Susb2 NV 0196013 chi22. 24581189 c T c910GT b.Pro304Ser = missense variant
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Supplementary Table 3 : Main characteristics of the RNA sequencing cohort

Sample _iencing techn  Sex Age Progestin Intake _ Multiple WHO Grade _Hist_subtype Mutation group _ KI67inf4  Location .ocation Yale NMF_group
X10231 WES F 51 HI MULTIPLE ! TRAF7 TRAF7+/-KLF4 1 SB ASB-L TRAF7
X10232 WES F 52 HI MULTIPLE ! Unknown TRAF7+/-KLF4 1 CON ST-Ant OTHER
X10237 TES F 44 HI MULTIPLE ! Unknown Unknown 0 SB ASB-L TRAF7.
X10270 WES F 52 HI MULTIPLE ! lial Unknown Unknown 1 SB ASB-M OTHER
X10271 WES F 52 HI MULTIPLE [l Atypical Unknown Unknown 1 SB ST-Ant PIK3
X10272 WES F 51 HI MULTIPLE ! Metaplastic PIK3CA PIK3CA/AKT1 0 SB MSB-L PIK3
X10273 WES F 52 HI MULTIPLE ! PIK3CA PIK3CA/AKT1 0 SB. ASB-M PIK3
X11104 WES F 40 HI MULTIPLE ! Microcystic Unknown Unknown 1 SB ASB-M OTHER
X11105 WES F 40 HI MULTIPLE ! Microcystic Unknown Unknown 1 SB ASB-L OTHER
X7083 TES F 53 HI MULTIPLE | TRAF7. TRAF7+/-KLF4 1 SB ASB-M TRAF7.
X8072 TES F 49 HI UNIQUE [l Atypical PIK3CA+TRAFT PIK3CA/AKT1 1 SB MSB-L PIK3
X8073 TES F 45 HI UNIQUE ! PIK3CA PIK3CA/AKT1 1 SB MSB-L PIK3
X8115 TES F 42 HI UNIQUE ! PIK3CA PIK3CA/AKT1 1 SB ASB-M PIK3
X8116 TES F a7 HI UNIQUE ! PIK3CA PIK3CA/AKT1 1 SB ASB-M PIK3
X8120 TES F 72 HI MULTIPLE n Atypical Unknown __|NF2/22L0ss/SMARCB 0 SB MSB-L TRAF7
X8131 TES F 55 HI MULTIPLE ! lial Unknown |NF2/22L0ss/SMARCBT 1 SB MSB-L OTHER
X8140 TES F 30 HI UNIQUE [l Atypical Unknown Unknown 0 CON ST-Post OTHER
X8377 TES F 42 HI MULTIPLE [l Atypical KDM5C+CDKN2A [NF2/22L 0ss/SMARCB i 0 SB ASB-M NF2
X8380 TES F 42 HI UNIQUE I Atypical AKT1+TRAF7 PIK3CA/AKT1 0 SB ASB-M OTHER
X9119 TES F 51 HI UNIQUE ! KLF4+TRAF7 TRAF7+/-KLF4 1 CON ST-Ant TRAF7
%9120 TES F 42 HI UNIQUE 1 PIK3CA PIK3CA/AKT1 1 SB MSB-L TRAF7
X9121 TES F 34 HI UNIQUE ! Transitional NF2 INF2/22L0ss/SMARCB 1 SB MSB-M PIK3
X9122 TES F 51 HI UNIQUE ! TRAF7. TRAF7+/-KLF4 1 SB MSB-L TRAF7
X9124 TES F 51 HI MULTIPLE ! Transitional PIK3CA PIK3CA/AKT1 1 SB MSB-M PIK3
X9146 TES F 47 HI UNIQUE [l Atypical Unknown Unknown 0 CON ST-Ant TRAF7.
X9147 TES F 51 HI MULTIPLE ! Microcystic TRAF7 TRAF7+/-KLF4 1 SB MSB-L TRAF7
X9150 TES F 42 HI UNIQUE ! SMO SHH. 1 SB ASB-L PIK3
X9151_T1 WES F 39 HI MULTIPLE n Atypical Unknown Unknown 0 SB ASB-M TRAF7
X9151_T2 WES F 39 HI MULTIPLE [l Atypical TRAF7. TRAF7+/-KLF4 0 CON ST-Ant TRAF7
X9152 TES F 52 HI UNIQUE [l Atypical NF2 INF2/22Loss/SMARCB 0 SB ASB-L NF2
X9153 TES F 56 HI UNIQUE ! Angiomatous Unknown Unknown 1 SB MSB-L TRAF7.
X9154 WES F 50 HI MULTIPLE n Atypical PIK3CA PIK3CA/AKT1 0 SB ASB-M PIK3
X9155 TES F 50 HI UNIQUE ! PIK3CA PIK3CA/AKT1 1 SB ASB-L OTHER
X9157 TES F 58 HI MULTIPLE ! Microcystic PIK3CA PIK3CA/AKT1 1 CON ST-Ant PIK3
X9158 TES F 51 HI UNIQUE ! PIK3CA PIK3CA/AKT1 1 SB ASB-M PIK3
X9159 TES F 52 HI UNIQUE ! KLF4+TRAF7 TRAF7+/-KLF4 0 SB ASB-L TRAF7
X9220 TES F 31 HI MULTIPLE ! PIK3CA+CDKN2A PIK3CA/AKT1 1 SB ASB-M PIK3
X9221 TES F 41 HI UNIQUE ! AKT1 PIK3CA/AKT1 1 SB ASB-L PIK3
X9225 TES F 35 HI MULTIPLE ! Fibroblastic Unknown Unknown 1 SB ASB-M PIK3
X9226 TES F 54 HI MULTIPLE ! lial | TRAF7+SMO TRAF7+/-KLF4 1 SB ASB-M TRAF7.
X9231 TES F 70 HI UNIQUE ! Unknown Unknown 1 SB MSB-L TRAF7
X9232 TES F 48 HI UNIQUE ! Metaplastic AKT1+TRAF7 PIK3CA/AKT1 1 SB ST-Ant OTHER
X9233 TES F 59 HI MULTIPLE ! PTEN INF2/22L0ss/SMARCB 0 SB PSB OTHER
X10226 WES F 51 NHI MULTIPLE ! Fibroblastic NF2 INF2/22L0ss/SMARCB 0 SB PSB NF2
X10227 WES F 52 NHI MULTIPLE ! Fibroblastic PIK3CA PIK3CA/AKT1 1 SB ASB-M PIK3
X10228 WES F 53 NHI MULTIPLE ! Secretory. KLF4+TRAF7 TRAF7+/-KLF4 1 CON TEN TRAF7.
X10230 WES F 46 NHI MULTIPLE ! PIK3CA+TRAF7 PIK3CA/AKT1 1 SB ASB-M PIK3
X10234 WES F 53 NHI MULTIPLE ! Unknown Unknown 1 SPI SPI OTHER
X10235 WES F 61 NHI MULTIPLE ! TRAF7 TRAF7+/-KLF4 0 CON ST-Post OTHER
X10236 WES F 61 NHI MULTIPLE ! Fibroblastic Unknown Unknown 0 SB ASB-L OTHER
X10238 WES F 48 NHI MULTIPLE ! lial SMO SHH. 1 SB ASB-M OTHER
X10240 WES F 53 NHI MULTIPLE I Metaplastic TRAF7 TRAF7+/-KLF4 1 CON ST-Ant TRAF7
X10241 WES F 53 NHI MULTIPLE [l Atypical NF2 INF2/22L 0ss/SMARCB 0 CON T NF2
X11101 WES F 33 NHI MULTIPLE [l Atypical NF2 INF2/22L0ss/SMARCB 0 CON ST-Ant NF2
X11102 WES F 57 NHI MULTIPLE ! Unknown Unknown 1 SB ASB-M OTHER
X11103 WES F 57 NHI MULTIPLE ! PIK3CA PIK3CA/AKT1 1 SB MSB-L PIK3
X11106 TES F 64 NHI MULTIPLE ! lial Unknown Unknown 0 CON ST-Ant OTHER
X2494 TES F 40 NHI UNIQUE I Fibroblastic PIK3CA PIK3CA/AKT1 1 SB ASB-M PIK3
X6406 TES F 49 NHI UNIQUE ! Fibroblastic | NF2+SMARCB1_|NF2/22Loss/SMARCB 1 CON ST-Ant NF2
X6529 TES F 54 NHI UNIQUE ! Fibroblastic NF2+SMARCB1_|NF2/22L 0ss/SMARCB 1 CON ST-Ant NF2
X6576 TES F 60 NHI UNIQUE I Atypical NF2+SMARGCB1 _|NF2/22L0ss/SMARCB 0 SPI SPI NF2
X6622 TES F 37 NHI UNIQUE ! Fibroblastic | NF2+SMARCB1 _|NF2/22L0ss/SMARCBT 1 CON ST-Ant NF2
X6634 TES F 68 NHI UNIQUE ! lial AKT1 PIK3CA/AKT1 1 SB ASB-M PIK3
X6670 TES F 74 NHI UNIQUE I Transitional AKT1 PIK3CA/AKT1 1 CON ST-Ant OTHER
X6703 TES F 60 NHI UNIQUE ! AKT1 PIK3CA/AKT1 1 SB ASB-L PIK3
X6816 TES F 48 NHI UNIQUE ! Transitional NF2+SMARCB1 _|NF2/22L 0ss/SMARCB 1 CON ST-Ant NF2
X6959 TES F 71 NHI UNIQUE ! NF2+SMARGCB1_|NF2/22L0ss/SMARCB 1 SB PSB NF2
X6970 TES F a7 NHI UNIQUE ! Microcystic TRAF7 TRAF7+/-KLF4 1 SB ASB-M TRAF7
X6973 TES F 59 NHI UNIQUE ! lial TRAF7. TRAF7+/-KLF4 1 SB ASB-L TRAF7.
X7133 TES F 76 NHI UNIQUE ! Fibroblastic SMARCB1 __[NF2/22L0ss/SMARCBI| 1 CON ST-Ant NF2
X7183 TES F 43 NHI UNIQUE ! PIK3CA PIK3CA/AKT1 1 SB ASB-L OTHER
X7198 TES M 63 NHI UNIQUE ! Unknown Unknown 0 SB MSB-L PIK3
X7276 TES F 70 NHI UNIQUE ! Fibroblastic | NF2+SMARCB1 _|NF2/22Loss/SMARCB1 1 CON ST-Ant NF2
X7369 WES F 50 NHI MULTIPLE ! Transitional AKT1+TRAF7 PIK3CA/AKT1 0 CON ST-Ant PIK3
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6 DISCUSSION - PERSPECTIVES
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6.1

IMENINGIOMES ET PROGESTATIFS, UNE RELATION COMPLEXE

Dans ce travail, nous fournissons des données les plus complétes et les plus avancées
possibles sur le profil multi-omique des méningiomes induits par les agonistes
progestatifs. Notre objectif était de comprendre leurs mécanismes d'action a la fois sur
I'initiation tumorale et sur la croissance des méningiomes. L'étude des patientes sous
AP représente une formidable opportunité, car elle peut permettre de démasquer des
mécanismes présents dans les plus de 70% de méningiomes qui expriment les

récepteurs a la progestérone.

De facon geénérale, la progestérone contrOle la reproduction en inhibant la
pulsatilité de la GnRH en phase lutéale, en inhibant les effets prolifératifs de E2 au
niveau de l'endometre, et en maturant ['épithélium endométrial en phase
préimplantatoire, en plus de ses multiples réles dans le systeme nerveux central, les os
ou le thymus*3136,

Son effet est d'autant plus complexe qu'il est médié par des voies multiples : au niveau
des cellules exprimant les récepteurs a la progestérone, I'effet peut étre génique direct
ou indirect; il implique la survenue de multiples voies de signalisation intracellulaire
comme la voie des MAPKs ; et il existe aussi des phénomenes d'effets paracrines au
niveau des cellules PR- & proximité®,

L'effet de la progestérone est plutot protecteur dans les cancers exprimant les
récepteurs a la progestérone : elle joue un réle protecteur contre la progression et
I'invasion tumorale, et I'expression des RP est facteur de bon pronostic intrinseque
aussi bien pour les tumeurs mammaires qu'endométriales*>137.138,

En revanche, la transformation cellulaire néoplasique mammaire s'accompagne d'une
augmentation du nombre cellules prolifératives PR+/ER+ dans le tissu mammaire
normal, suggérant le développement d'un effet autocrine'.

Les progestatifs de synthese comme l'acétate de cyprotérone, l'acétate de

chlormadinone (ACC) ou d'acétate de nomegestrol (ACN) ont des effets parfois tres
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différents de la progestérone endogene, en raison d’'une demi-vie plus longue, de leur
affinité plus importante avec les RP, de leur activité glucocorticoide, et de leur activité
associée trés variable sur les autres récepteurs stéroidiens (aux estrogénes ou aux
androgenes). De fait, leur effet sur les tissus cibles est donc parfois trés différent de la
progestérone endogéne ',

Au niveau de I'endometre, la progestérone et les AP inhibent I'effet prolifératif des
estrogenes et transforment les cellules endométriales vers un profil sécrétoire. Pour
cette raison, les AP sont utilisés pour prévenir la survenue d'hyperplasie endométriale
et de cancer endométrial, et pour prévenir la transformation de foyers d’endométriose
en foyers anaplasiques™. Les progestatifs ont donc un effet anti-prolifératif et
protecteur vis-a-vis de la transformation maligne, et |'expression de RP dans les cancers
endométriaux est un facteur de bon pronostic'.

Les progestatifs ont en revanche un effet pro-tumoral (de méme que les estrogénes)
sur le développement des fibromes utérins (ou léiomyomes)'™2. Les léiomyomes sont
des tumeurs monoclonales bénignes des cellules des muscles lisses du myometre. De
maniere intéressante, la progestérone et les agonistes progestatifs entrainent un effet
prolifératif et une modification structurale de la matrice extracellulaire, qui est produite
de maniere excessive et désorganisée : les [éiomyomes sont ainsi caractérisés par des
dépdts excessifs de collagene, de protéoglycanes et de fibronectine, en lien avec une
dérégulation des MMPs (matrix metalloproteinases)31%°. L'administration d'anti
progestatifs entraine une réduction du volume de ces |éiomyomes (et une réduction
du volume de la matrice extracellulaire) et représentent le traitement de premiére
intention®.

Au niveau du tissu mammaire, malgré les données discordantes de la littérature et la
difficulté d'analyser I'effet des progestatifs de synthése en soi (étant donné qu'il s'y
associe également la prise d'estrogenes), il est admis que la prise d'agonistes
progestatifs (associés aux estrogeénes) est associée a un sur risque de cancer du sein.

Ce risque relatif est cependant différent en fonction du type d'agoniste’.
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S'il est également tres difficile de caractériser I'effet des agonistes progestatifs,
c'est en raison de I'existence de plusieurs isoformes des RP, dont I'expression varie en
fonction du tissu, et dont I'affinité avec les progestatifs est variable™47,

Les différentes isoformes du récepteur a la progestérone sont codées par un gene
unique (PGR) situé sur le chromosome 11. L'expression de PGR est controlée par deux
promoteurs qui entraine la transcription de deux ARNm qui ne varient que par la

longueur du premier exon. Par conséquent, les deux isoformes (PR-A et PR-B)

partagent la méme structure et les mémes éléments fonctionnels (Figure 20).
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Figure 20: Structure du géne du récepteur a la progestérone, des différentes isoformes des ARNm, et des deux principales
protéines, tiré de Patel et al. 147

L'effet de la progestérone est généralement lié a la résultante des effets combinés de
PR-A et PR-B, et est médié par une voie génomique directe (liée a I'activité de facteur
transcriptionnel direct au niveau de I'ADN), et a une voie indirecte liée a l'interaction

avec la voie des MAPKs (Figure 21)'.
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Figure 21: lllustration des deux grandes voies d'action suite a la liaison de la progestérone a son récepteur, tiré de Patel et
G/. 147

Si I'étude des dérégulations de niveaux d'expression entre les deux isoformes est une
piste largement étayée dans la littérature, elle est rendue complexe par la proximité
des deux protéines et des deux transcrits d’ARNm : aucun anticorps n’est ainsi
spécifique de PR-A, et I'expression de '’ARNm de PR-A ne peut étre étudiée de maniere
directe en RT-gPCR. Les principales études sur le sujet utilisent ainsi des systémes
d'activation ou d'inactivation conditionnelle de I'une ou l'autre des formes associées a

un rapporteur sur le géne PGR, ou des approches de type Western Blot™’.

Pour toutes ces raisons, la tentative de faire des paralleles entre la tumorigenese des
méningiomes et des autres tumeurs hormono-dépendantes est tres hasardeuse.
Une synthese de la littérature sur les données de I'expression des RP par les méninges
normales et les méningiomes permet d'identifier les points clés suivants :

- Les récepteurs a la progestérone sont exprimés au sein des cellules

arachnoidiennes (en particulier les ABC) de maniere physiologique.
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- Environ 70% des méningiomes expriment les RP, essentiellement au niveau de
la base du crane. L'expression des RP est facteur de bon pronostic#'42,

- Aucune étude n'a étudié de maniere fiable les différentes isoformes du RP au
sein de la méninge normale ou des méningiomes.

- L'administration de progestérone ou d'agonistes progestatifs a un effet
prolifératif nul ou tres limité /n vitro ou in vivo sur les cellules méningées et de
méningiomes+148,

- Dans une étude sur I'expression des récepteurs hormonaux de méningiomes de
patients avec ou sans AP, la prise d'AP n'était pas associée a une modification
significative de I'expression des autres récepteurs stéroidiens (ER ou AR), qui
sont exprimés de maniere tres exceptionnelle. L'effet des progestatifs semble
donc étre uniquement lié a la progestérone et non pas a un effet combiné avec
les estrogenes. Ceci est confirmé par |I'absence de lien épidémiologique entre la
prise d'estrogéne et la survenue de méningiomes®.

- Les études en population de patientes sous AP ont montré que la grande
majorité des patientes sous AP ont des méningiomes de petite taille, multiples,
non symptomatiques, et ne justifiant d’'aucun traitement interventionnel en

p149.

dehors de l'arrét des A

- L'effet est majeur avec I'ACP mais beaucoup plus limité avec les autres AP®°.

Dans ce travail, nous avons montré que les agonistes progestatifs ont un effet
prépondérant sur les mécanismes initiateurs des méningiomes, dans la mesure ou ils
orientent les tumeurs vers des phénotypes relativement constant en termes de :

- Topographie : base du crane dans sa portion antérieure

- Sous-type histologique : méningothélial avec des aspects micro-kystiques

- Sous-groupe mutationnel : volontiers associé a des mutations de T7RAF7 et

PIK3CA et strictement indépendant des mutations de NF2
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- Sous-groupe épigénétique de meéthylation : BenMen2 de la classification de
Heidelberg

- Grade de I'OMS: plutot de grade 1 avec des criteres d'atypie ou d'anaplasie
exceptionnels

- Exprimant tres fortement les récepteurs a la progestérone.

Il est frappant de constater que ces méningiomes semblent étre a I'image de lésions
se développant sans AP, mais avec une fréquence exacerbée. Tout se passe donc
comme si la prise d'agonistes progestatifs amplifiait un mécanisme de développement
existant, en «forcant» linitiation tumorale vers la voie caractéristique des
méningiomes exprimant les récepteurs a la progestérone au niveau de la base du crane.
La modification des fréquences de sous-groupes mutationnels d'une tumeur
« bénigne » en raison d'un facteur exogene est un phénomene tout a fait singulier. En
effet, dans le modele classique des tumeurs cancéreuses, les facteurs pro-tumoraux
exogenes (Tabac, UV, radiations...) entrainent une augmentation de la fréquence et du
nombre d'évenements mutationnels ou chromosomiques, entrainant I'apparition puis
le développement de clones tumoraux avec un avantage sélectif sur les cellules saines.
Or, dans le modéle des méningiomes hormono-induits, les lésions sont généralement
bénignes, sans altérations de type CNV, avec un seul évenement mutationnel considéré
comme driver.
Deux hypothéses sont possibles afin d'expliquer le lien entre la prise exogéne de
progestatifs et 'augmentation de la fréquence d'un sous-type mutationnel :

- Le premier est 'augmentation de la survenue de mutations de genes spécifiques

(comme P/IK3CA ou TRAF7).
- Le second est la facilitation de la croissance ou de la sélection de clones
présentant ces mutations spécifiques au sein de la méninge normale.

Il nous est impossible avec les données disponibles actuelles de choisir I'une ou l'autre
des hypotheses. On peut par ailleurs noter que si la littérature sur le réle des hormones

naturelles ou synthétiques dans le développement des cancer dits « hormono-
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dépendants » est tres abondante, aucune donnée dans la littérature n'est disponible
pour expliquer un lien mécanistique entre les hormones et la survenue de potentielles

mutations oncogéniques.

La possibilité d'analyser plusieurs méningiomes par patiente nous a permis
cependant de révéler que les méningiomes multiples de patientes sous AP avaient une
origine monoclonale, malgré le fait qu'elles avaient une mutation « driver » différente
(hot-spots différents sur le méme géne ou gene différent). Cette découverte souleve
une immense inconnue car elle suggere que l'initiation tumorale est en réalité liée a un
évenement non mutationnel, du moins pour les méningiomes mutés PIK3CAou TRAF7.
Cette observation renvoie également au modele souris Pik3ca ou la survenue de la
mutation a un pouvoir oncogénique assez limité, contrairement a N2
L'hypothese la plus intuitive selon laquelle le premier événement est une anomalie de
type CNV est ici improbable, dans la mesure ou la majorité de ces |ésions ne présentent
aucune anomalie de CNV.

Par ailleurs, nous avons également montré dans notre travail que des mutations de
TRAF7 étaient présentes au sein de clones mutés dans la méninge saine, ce qui
complique encore plus la modélisation de l'initiation tumorale dans la mesure ou cela
met en doute la théorie « simpliste » de la survenue d'une mutation entrainant le
développement d'une tumeur. Ceci étant dit, aucune mutation de P/K3CA n'a été
retrouvée dans nos fragments étudiés de méninges saines, suggérant que cette
mutation n'est pas présente de maniere fréquente a [I'état physiologique,
contrairement a TRAF7.

L'intégration de I'ensemble de nos données remet donc en cause la vision unique de
la tumorigenese méningée initiée par des mutations oncogéniques. Elle suggere plutot
des processus dynamiques différents en fonction des sous-groupes mutationnels, eux
méme liés a des spécificités régionales probablement héritées de Iorigine
embryologique des tissus. D'autre part, nos résultats suggerent également la

possibilité pour le tissu sain de moduler la capacité de clones ou de cellules mutés a
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acquérir des avantages prolifératifs au travers de la « compétition » entre cellules

saines et cellules mutées.

Par ailleurs, nous fournissons la premiere analyse transcriptomique de
méningiomes induits par les agonistes progestatifs. Ces résultats étaient d'autant plus
attendus que l'effet des AP est spectaculaire et réversible en ce qui concerne la
croissance des méningiomes. Malgré la possibilité que des méningiomes régressent ou
stoppent leur croissance a l'arrét des agonistes progestatifs, nos résultats montrent
que l'impact des AP sur le profil transcriptionnel des méningiomes est « a la marge ».
En effet, les AP entrainent en réalité plutdét des modifications structurales a I'échelle
morphologique des cellules et donc du tissu, plus que des modifications des voies
transcriptionnelles des méningiomes. Ainsi, nous décrivons un aspect spécifique des
méningiomes sous AP qui présentent un cedéme de la matrice extracellulaire et des
vaisseaux dilatés. Ces phénomenes, vraisemblablement réversibles, sont
potentiellement responsables des variations de volumes des méningiomes en fonction
de l'imprégnation en AP. Nos résultats refletent également un phénomene singulier
déja observé dans cette pathologie, a savoir que des méningiomes de sous-type
histologiques différents peuvent se regrouper au sein de clusters transcriptomiques
identiques déterminés par leur groupe mutationnel.

Ces résultats refletent enfin le résultat du modeéle souris Pik3ca, ou I'imprégnation en
AP a modifié l'aspect des tumeur mammaires (transition vers un phénotype
myoépithélial)®. L'étude /n vitro n'a pas été capable de reproduire ces résultats car
I'étalement des cellules ne permet pas d'analyser la forme des cellules en 3D. En
revanche, les resultats /n vitro confirment que l'ajout d’ACP n'a pas de pouvoir
prolifératif, a I'image des méningiomes sous AP qui ne sont pas avec des marqueurs
prolifératifs élevés.

Comme vu précédemment, le parallele le plus proche existant est celui des
léiomyomes, ou la prise de progestérone est associée a une modification de la structure

de la matrice extracellulaire. Cependant, contrairement a notre étude, les publications
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de profils transcriptomiques des Iéiomyomes ont mis en évidence des modifications
significatives sous I'effet des progestatifs, marqués par des dérégulations de |'activité
des métallo-protéases ou de leurs inhibiteurs, confirmant les données
morphologiques. D'autre part, |'effet purement prolifératif et l'activation de voies
prolifératives comme celles de TGF-B ou d'autres facteurs de croissances a pu étre mise
en évidence, de méme que des dérégulations épigénétiques (hyperméthylation de
DNA méthyltrasferase ou dérégulation des BET (bromodomain and exraterminal
domain))'#.

Plusieurs pistes peuvent expliquer I'absence de résultats majeurs concernant le profil
transcriptomique des méningiomes hormono-induits dans notre étude. Tout d'abord,
malgré le fait que les patientes aient été regroupées au sein d'un groupe « Prise
d'agonistes progestatifs », il y avait une grande hétérogénéité dans la durée et la dose
de la prise et la nature des progestatifs, ce qui a pu altérer la puissance des résultats.
D'autre part, certaines patientes ont interrompu le traitement au moment de la
programmation de la chirurgie quelques jours avant sur conseil du chirurgien. Elles ont
malgré tout été conservées dans le groupe «hormono-induit ». L'impact de ces
quelques jours d'arrét sur le profil d'expression des genes est inconnu (cette donnée
n'est par ailleurs pas toujours disponible).

Enfin, la nature rétrospective du recueil de données comporte ses propres limites, en
particulier parce que la prise d'agonistes progestatifs n'était pas toujours notifiée de
maniére explicite par les médecins, voire occulté par les patientes en raison de leur
anciennete.

Pour toutes ces raisons, il faudrait idéalement pouvoir modéliser /n vitro ou in vivo
I'effet des progestatifs sur les cellules méningées, afin de maitriser le timing et les doses
délivrées et de s'affranchir de tous les aléas des etudes sur des tumeurs humaines en

situations de soin.
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6.2

6.2.1

PERSPECTIVES FUTURES
Etude de la méninge normale

Notre travail a permis de mettre en évidence pour la premiere fois la présence de
mutations sur des genes drivers connus de la tumorigenese méningée au sein de la
méninge saine. Ces résultats préliminaires appellent une étude de plus grande ampleur
afin de pleinement caractériser le profil mutationnel de la méninge saine. Dans l'idéal,
il faudrait avoir acces a des méninges d'individus d'ages différents afin d'évaluer I'effet
du vieillissement sur la survenue des mutations. Il faudrait également adopter une
approche pan génomique (whole exome ou whole genome) afin de ne pas biaiser
I'analyse en ne sélectionnant que des génes impliqués dans la tumorigenese méningée.
Le principal probleme d'une telle étude est I'acces aux prélevements de méninges, qui
pose des difficultés éthiques ou reglementaires (il est en effet impossible de prélever
des échantillons de méninges saines sur un patient a différentes topographies, ce qui
limite les prélevements aux procédures autopsiques). Notre étude a cependant montré
que I'analyse de méninge post-mortem précoce permet des résultats de bonne qualité
sans altération du tissu ou du matériel génétique dans la mesure ou il est effectué
précocement et ou le tissu est immédiatement congelé a -80°C.

Afin de progresser dans la spécificité du tissu analysé, des approches de type
microdissection laser pourraient étre envisagées, a I'image des protocoles réalisés dans
d'autres tissus'01192,

Enfin, en combinant ces analyses a grande profondeur avec des analyses de type
single-cell, on pourrait également déterminer le nombre et le type de cellules portant
les mutations pour pouvoir répondre avec plus de précision a la question fondamentale

de la cellule d'origine des méningiomes.
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6.2.2

Impact de la progestérone sur la tumorigenése méningée

Notre travail est limité par de I'absence d'un modele /n vitro afin de pouvoir modéliser
I'impact de la progestérone ou des AP sur la méninge normale ou les cellules
tumorales. Comme nous I'avons vu, les modeles souris sont difficilement transposables
en raison d'un profil différent d'expression des RP84. La culture de méninge normale ou
de méningiome bénin est difficile car les cellules ne sont généralement pas viables au-
dela de quelques passages’. Par ailleurs, la culture 2D entrainant une modification de
la forme des cellules (et une modification du microenvironnement), la mise en évidence
de l'effet des AP semble compromise dans les modeles de culture standard.

Une des pistes serait d'envisager la génération de modeles d'organoides 3D de
méningiomes, comme déja publié récemment’®™1 En effet, dans ces modéles, les
cellules de méningiomes gardent leur morphologie habituelle, et semblent avoir une
viabilité plus importante que dans les modeéles 2D. Il serait ainsi beaucoup plus rentable
d'étudier le profil morphologique, transcriptomique ou épigénétique de cellules de
méningiomes issues de ces modeles.

Enfin, les données récentes de la littérature de méme que nos résultats semblent
indiquer que la prise hormonale est associée a des modifications épigénétiques au-
dela de la méthylation qui représentent une piste de recherche prometteuse'®, L'étude
des zones découvertes de la chromatine, ou des liaisons aux histones au moyen de
techniques comme le ChiPSeq ou I'AtacSeq dans les méningiomes et les cellules
méningées normales exposées aux progestatifs serait la suite logique de notre travail.
Ces perspectives excitantes nécessitent cependant (i) de trouver des financements
importants, toujours complexe en cancérologie dans le cas de tumeurs non malignes ;
(i) et d'avoir un support bio-informatique de pointe afin de gérer et d'intégrer la

grande quantité de données issues des analyses multi-omiques.
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Abstract

Meningiomas are tumors arising from the meninges and represent the most frequent central nervous system tumors in adults.
Recent large-scale genetic studies and preclinical meningioma mouse modelling led to a better comprehension of meningioma
development and suggested evidences of close relationships between meningeal embryology and tumorigenesis. In this non-
systematic review, we summarize the current knowledge on meningeal embryology and developmental biology, and illustrate
how meningioma tumorigenesis is deeply related to meningeal embryology, concerning the potential cell of origin, the role of
reactivation of embryonic stem cells, the influence of the embryonic tissue of origin, and the parallelism between topography-
dependant molecular pathways involved in normal meninges and in meningioma development. Our study emphasizes why future
studies on meningeal embryology are mandatory to affine our comprehension of mechanisms underlying meningioma initiation

and development.

Keywords Meningioma - Embryological development

Introduction

The human central nervous system (CNS) is surrounded by
three layers of membranes called the meninges. They are di-
vided primarily into the dura mater (or pachymeninx) and the
arachnoid and pia mater (leptomeninges) [24]. The meninges
provide a mechanical protection to the underlying soft neural
tissue of the brain and the spinal cord and contain space
through which cerebrospinal fluid (CSF) travels around the
CNS. In addition to this structural role, leptomeninges have
complex functions as barriers and facilitators for the move-
ment of fluid, solutes, and cell at the surface and within the
CNS, playing a fundamental role in nutrition [74]. During the
embryonic period, there are evidences that meninges are

This article is part of the Topical Collection on Tumor - Meningioma

P Julien Boetto
julienboetto @yahoo.fr

Neurosurgery Department, Gui de Chauliac Hospital, Montpellier
University Medical Center, 91 avenue Augustin Fliche,
34090 Montpellier, France

APHP, Groupe Hospitalo-Universitaire Pitié-Salpétriere,
Neurosurgery Department, Sorbonne Université, Paris, France

actively involved in development of the brain and the calvaria
and serve as a stem cell niche postnatally [2, 17, 66].

Tumors arising from the meninges are called meningiomas
and represent the most common primary CNS tumor in adults
[56]. One of the most intriguing characteristics of meningio-
mas is the huge diversity of their histologic subtypes (15 dif-
ferent subtypes are described in the WHO classification of
brain tumors): meningiomas are classified into three prognos-
tic histological groups following the WHO classification:
grade I (65-80%), grade II (20-35%, atypical), and grade III
(< 3%, anaplastic) with very heterogeneous prognostic [47,
62].

Many studies focused on meningeal tumorigenesis’ mech-
anisms (copy number variations and cytogenetic abnormali-
ties, somatic mutations, epigenetic alterations, molecular path-
ways activations, etc.) and enabled an extensive understand-
ing of molecular events involved [59]. Mouse models have
also been very helpful in mimicking the human pathology and
have brought significant knowledge on the identification of
meningioma’s progenitor cell [33, 34]. Taken together, all
these studies pointed out evidences of a close relationship
between meningeal embryology and tumorigenesis
concerning both tumor’s initiation and cellular mechanisms.

In this non-systematic review, we summarized the current
knowledge on meningeal embryology and developmental
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biology in order to highlight how mechanisms of meningeal
tumorigenesis are deeply related to embryonic events.

Methods

We conducted a non-systematic review. We used PubMed
search terms including “Meningioma and genomics,” “menin-
ges and embryology,” “meninges and anatomy,” and “menin-
gioma and pathway.” We included publications selected based
on knowledge generated from our research in this field as well
as clinical experience in treating meningiomas.

Embryology and anatomy of the human meninges

A review of the meningeal embryology provides clues to the
understanding of the structures and the pathological processes
of the meninges. However, the understanding of the human
meninges development is still a matter of great controversy
[27]. Most of our knowledge of the human meningeal embry-
onic development comes from a single study [55]. Other stud-
ies focused on the mouse meningeal embryology. Although
comparative embryologic and anatomic studies have shown
that main developmental landmarks are conserved among ver-
tebrate species, findings should be cautiously extrapolated to
human embryonic development.

The development of the human meninges starts early in the
gestation, follows the embryonic development of the central
nervous system, and reaches the adult structure by the end of
the first trimester. The main stages of the meningeal embryol-
ogy are illustrated in Fig. 1.

As the neural tube fuses at 22 to 24 days of gestation, a
single layer of cells coming from the neural crest cells that are
migrating ventro-laterally surrounds the developing neural ax-
is [55]. A thicker, looser collection of mesenchymal cells fur-
ther covers the neural tube starting around the hindbrain at
days 24 to 28, then spreads to the midbrain and the forebrain
levels and completely surrounds the developing spinal cord
and brain by days 33 to 41. This mesodermal-derived layer
along with the neural crest—derived layer will differentiate into
the primary meninx, which is the primordium for the menin-
ges, the skull, and the scalp [3, 55]. The constitution of the
meninges follows then a double process: the differentiation of
the pluripotent cells to more specialized meningeal cells, and
the migration to progressively cover the whole central nervous
system. As the pluripotent primary meninx grows, it subdi-
vides into two distinct layers between days 34 and 48 (Fig.
la). The outer portion, called the ectomeninx (or
pachymeninx), is dense and compact, while the inner portion,
called the endomeninx (leptomeninx), is more loosely ar-
ranged. A thin cell layer, the dural limiting layer, appears at
the interface of the ectomeninx and endomeninx in ventral
areas, and spreads into other regions as development
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progresses. It contributes to the ultimate formation of the dura
and possibly the arachnoid [24]. The inner portion of the
endomeninx begins to form the pia by days 45 to 55.
Meanwhile, as cerebrospinal fluid invades the endomeninx,
cavitations begin to appear in the outer portion of the
endomeninx representing the primitive subarachnoid space
(SAS) (Fig. 1b).

The ectomeninx becomes more compact and contains ve-
nous channels that will form dural sinuses by day 55, and is
continuous with the cellular condensation that will form the
vertebrae and the skull, maintaining a close apposition to the
developing skull. Its inner portion along with the dural limit-
ing layer will form the meningeal portion of the adult dura,
while the outer portion will contribute to the formation of the
periosteum of the inner table of the skull (periosteal layer of
the adult dura).

A unique population of mesothelial-like cells are found at
the interface of the developing arachnoid and dura in the cra-
nial cavity. These cells are probably derived from the outer
portions of the endomeninx and are called arachnoid cap cells,
and are found prominently in the vicinity of the major sinuses
and large cerebral veins, in the area of the basilar plexus,
around the crista galli and over the cribriform plate, and at
the exit point of the cranial nerves. These cells are thought
to ultimately give rise to the arachnoid since they share mor-
phological similarities with the arachnoid barrier layer cells
[38].

The final aspects of the meninges (Fig. 1¢) consist of three
distinct membranous layers composed primarily of fibroblast,
extracellular connective tissue, and a well-organized fluid
containing space [24, 27]. The dura mater is the most super-
ficial layer of the meninges, intimately adherent to the inner
surface of the skull and composed of two indistinct parts. The
outer periosteal dura functions as the periostum of the skull
and the inner meningeal layer, which is reflected away from
the skull to form the dural septa insinuated between brain
structures (falx cerebri, tentorium cerebelli, diaphragm sellae,
and falx cerebelli). Located at the dura-arachnoid junction, a
distinct cell population called the dural border cells (DBC) are
described, with cell to cell connections with the arachnoid
layer [2].

The arachnoid is a thin delicate membrane physiologically
attached to the overlying dura mater. Immediately deep to the
dural border cells layer sits the arachnoid barrier cells (ABC)
layer, containing tightly packed fibroblasts with minimal ex-
tracellular space and no collagen [25]. A continuous basement
membrane lines the inner surface of the arachnoid abutting the
SAS, filled with cerebrospinal fluid (CSF). Arachnoid trabec-
ular cells bridge the SAS and form cellular attachment with
pial cells [5].

The pia mater is a thin layer of flattened fibroblast cells that
separates the SAS from the subpial and cortical perivascular
spaces [28]. Arachnoid villi are specialized segments of the
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Fig. 1 Schematic representation
of the anatomy of the meninges,
from the embryonic period to
mature meninges. a Primitive
meninx between days 34 and 48.
The outer portion (ectomeninx) is
dense and compact, while the in-
ner portion (endomeninx) is more
loosely arranged. b At around day
50, the ectomeninx has divided
into the primitive dermal layer,
the calvarial layer, and the primi-
tive dura mater. A thin cell layer,
the dural limiting layer (DLL),
appears at the interface of the
ectomeninx and endomeninx. The
inner portion of the endomeninx
begins to form the pia and cavita-
tions begin to appear in the outer
portion of the endomeninx
representing the primitive SAS. ¢
Final aspect of the meninges with
its different layers

meninges that project into the sinuses and major venous struc-
tures. At the apices of the villi, the underlying arachnoid cell
layer and specialized arachnoid cap cells are exposed to the
venous blood of the sinus [38].
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The cell of origin of meningiomas is usually reported to be
this arachnoid cap cell because of cytological similarities [55].
However, this hypothesis is nowadays challenged by the dis-
covery of the prostaglandin D2 synthase (PGDS)-positive

1
@ S%?inger



60

Acta Neurochir (2021) 163:57-66

meningeal precursor cell. The PGDS gene was identified as a
marker of arachnoid cells of rats, mice, and human beings [35,
70, 76]. PGDS is an enzyme responsible for biosynthesis of
prostaglandin D2 in the CNS. In the adult arachnoid, PGDS is
expressed by ABCs, whereas its expression is negligible in
arachnoid trabeculae and pia mater [7]. Several studies found
that both human and mouse meningiomas exhibit intense
PGDS immunoreactivity, suggesting that PGDS is a marker
of normal and neoplastic arachnoid cells [32, 34, 76]. During
meningeal development in mice, a common precursor PGDS
(+) cell is able to differentiate into arachnoid barrier cells
(ABCs) or dural border cells (DBCs). Interestingly, condition-
al activation of the same oncogenic event (Nf2 inactivation) in
these PGDS (+) precursor cells from the early embryonic pe-
riod is sufficient for the development of the two predominant
meningioma subtypes (meningothelial and fibroblastic) re-
stricted to specific meningeal layers (DBCs for fibroblastic
meningioma and ABCs for meningothelial meningioma).
These observations explain why fibroblastic meningiomas
show histological features similar to DBCs, whereas
meningothelial meningioma cells are reminiscent of normal
arachnoid cells (ABCs). These two meningioma subtypes
are actually related to their respective normal cell of origin,
DBCs versus ABCs, which share a common PGDS (+) pre-
cursor cell [34].

Impact of the tissue of origin of the meningeal cells

The embryonic head is populated by two mesenchymal pop-
ulations: para-axial mesoderm and neural crest cells [54].
During vertebral evolution, cephalic para-axial mesoderm is
the main contributor to the neurocranium and harvests close
relation with the central nervous system. This cell population
is augmented by secondary multipotent mesenchymal cells
derived from the neural crest (which is derived from the ecto-
derm) [54].

Using quail-chick chimeras, all layers of the forebrain me-
ninges as well as bone and overlying dermis were demonstrat-
ed to originate from the cephalic neural crest [15, 44], whereas
the meninges covering the brainstem and spinal cord arise
from a different embryological lineage, likely the para-axial
mesoderm [10]. However, endothelial cells of the blood ves-
sels were strictly of mesoderm origin [15]. In mice, Cre-loxP
technology and Cre-dependent reporter lines have enabled
lineage tracing of a specific group of cells. Several studies
have focused on the contribution of neural crest versus meso-
dermal cells among the craniofacial different tissues.
Regarding the convexity meninges, they originate from the
skeletogenesis layer just adjacent to them implying that the
origin of the meninges and bones is similar. Using Wnt/-Cre
which is specific for the neural crest, Jiang et al. found neural
crest—derived cells in all three layers of the meninges associ-
ated with the forebrain cerebral hemispheres, but not in the
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meninges covering the midbrain or the hindbrain [31].
Another study used mesoderm-specific Mesp-Cre [77] in
conjunction with Wnt/-Cre to show that the meninges of the
midbrain and the hindbrain were of mesoderm origin whereas
the meninges of the forebrain were of neural crest origin.

Focusing on the development of the skull base, neural crest
cells destined for the anterior skull base leave the lateral edge
of the neural fold and migrate over the forebrain and around
the eyes. They chondrify as very anterior and lateral cartilages
in this region. The mesoderm-derived hypochiasmatic carti-
lage also chondrifies within the anterior median cranial base.
The middle and posterior skull base develops entirely from the
mesoderm [50]. These studies draw a schematic picture with
two origins of the meninges: a mesodermal origin for the skull
base (except on the lateral part of the anterior skull base), and
an ectodermal (neural crest) origin for the anterior convexity
meninges, as well as falx cerebri and falx cerebelli (Fig. 2).

However, ossification of mesodermal bone requires inter-
action with neural crest—derived meninges [66], and the final
aspect of the meninges results from a complex interaction
from mesodermal and neural crest—derived cells whatever
the topography.

To date, the precise link between the distinct embryological
origins of meningeal cells and the distinct mechanisms of
meningeal tumorigenesis has not been directly elucidated in
human. However, these findings strongly coincide with the
spatial repartition of histologic subtypes and WHO grade of
meningiomas: meningothelial meningiomas are preferentially
found at the skull base, whereas fibroblastic meningiomas
occur mainly at the convexity of the brain [40, 45] and the
proportion of grades II (atypical) and III (anaplastic) is higher
at the convexity/parasagittal location than at the skull base,
where most meningioma are grade [ [37].

Interestingly, these elements were afterwards completed by
the discovery of co-exclusive genetic subgroups based on so-
matic mutations (Table 1) related to specific location, histol-
ogy, and grade, strongly suggesting the presence of different
pathways potentially linked to the embryologic origin of the
meninges they have appeared from.?]

Molecular regulation of meningeal development and
tumorigenesis

The main somatic mutations discovered in meningioma are
summarized in Table 1. Briefly, meningiomas (specially grade
I) have fewer copy number alterations than do many other
tumors of adulthood [9] and the most common cytogenetic
alteration is loss of chromosome 22 [80]. Genetic alterations
of the NF2 gene are found in 60% of sporadic meningiomas
whatever the grade, suggesting an initial role in the meningeal
tumorigenesis [22, 49, 59, 78]. Interestingly, the topography
of meningiomas harboring 22q loss (NF2 and SMARCBI
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. Neural Crest

Mesoderm

Fig. 2 Schematic representation of the spatial distribution of the tissue of
origin (neural crest vs mesoderm) of meningeal cells. Skull base (left),
convexity (center), and falcine and tentorial (right) meninge is represented

mutant) shows good correlation with the topography of neural
crest-derived meninges (Table 1 and Fig. 3).

About 40% of sporadic meningiomas are driven by non-
NF2 genetic mutations. These mutations essentially interest
grade I meningioma, where recent large-cohort sequencing
studies have identified somatic coding alterations in TRAF7,
KLF4,and POLR2A, and members of the PI3K and Hedgehog
signalling pathways [9, 13, 14, 65, 68]. These meningiomas
are essentially located at the skull base, and their topography
show good correlation with mesoderm-derived meninges
(Table 1 and Fig. 3). The discovery of this mutational land-
scape of meningioma led to the constitution of several co-
exclusive mutational groups based on the driver mutation,
linked to the histology, the WHO grade, and the site of origin
and thus potentially to the tissue of origin of the primitive
meningeal cells.

according to the main tissue of origin: neural crest origin (dark blue), or
mesoderm origin (light blue)

Interestingly, the DNA methylation—based classification
developed by Sahm et al. also found clear correlations be-
tween the sites of origin and the methylation classes: skull
base meningiomas were allotted to the benign 2 class (which
was highly enriched for meningothelial meningiomas) [63].
By contrast, none of the basal/spinal tumors was assigned
the malignant methylation class. Results from transcriptional
profiling of meningiomas also suggest radically different pro-
files between skull base versus non-skull base meningiomas
[57, 79].

The association between a driver mutation, a
transcriptomic profile or an epigenetic subclass, and a topog-
raphy observed in series raises the hypothesis of a selective
sensitivity of the meningeal cells to specific cellular pathways
or mutational events, in line with the molecular pathways
involved during the embryogenesis, highly depending on the

Table 1 Summary of genomic, cluster pathway, histological, and locational characteristics and embryological origin of meningiomas
Gene Cluster pathway Frequency Grade Subtype Topography Theorical tissue
?0f origin
NF2 22q deletion 40-60 I, 11, I Fibrous Convexity NC
Falx cerebri
Tentorium cerebelli
SMARCBI1 22q deletion 5 I<II, I Atypical Falx NC
TRAF7 - 15-25 I>11 Meningothelial SB MD
Secretory (+ KLF4)
KLF4 - 9-12 I Secretory SB MD
AKTI PIK3 7-12 I Meningothelial ASB MD
SMO SHH 1-5 I Meningothelial ASB MD
PIK3CA PIK3 34 I>1 Meningothelial SB MD
POLR2A - 5 I Meningothelial SB MD
SUFU SHH Inf'1 I Meningothelial SB MD
Abbreviations: NC, neural crest; MD, mesoderm; SB, skull base; ASB, anterior skull base; SHH, Sonic Hedgehog
188
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Fig. 3 Schematic representation of the spatial association of the main genomic subgroups of meningiomas with their anatomical location (adapted from

Youngblood et al. [78])

topography. The onset and progression of cell proliferative
disorders are thus intimately connected to deregulation of cell
signalling pathways that govern developmental processes.
From this point of view, the comparison between the path-
ways involved during embryonic development and meningi-
oma tumorigenesis is critical, and the review of germline mu-
tations of components of these pathways is helpful.

Merlin, meningeal development, and meningioma

Merlin represents a key regulator of signals in different phases
of development, from early formation of an embryo to a fully
differentiated functional system [52]. Merlin loss in early
stage of development is lethal, and loss of merlin function in
differentiated tissue results in aberrant cell proliferation caus-
ing benign and malignant tumor formation and progression.
Merlin depletion negatively impacts embryonic development
and tissue maintenance. Merlin is crucial for extraembryonic
structure formation and its loss is lethal from early stages of
embryogenesis. In differentiated and normal tissue, merlin
loss results in cell overproliferation due to defective contact
growth inhibition and promotes cancer.

Germline abnormalities in NF2 result in the familial syn-
drome Neurofibromatosis 2, characterized by the develop-
ment of multiple tumors of the nervous system (primarily
schwannomas and meningiomas) [67]. More than half of spo-
radic meningiomas have alterations in NF2.
Neurofibromatosis-associated meningiomas (as well as NF2
mutant sporadic meningiomas) show multiple WHO grade
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and topography (Table 1). The mechanism by which inactiva-
tion of Merlin drives meningiomas’ genesis is poorly under-
stood. However, Merlin is a membrane-cytoskeleton linker
that inhibits cell proliferation through contact-dependant reg-
ulation of various signalling pathways including Hippo, TGF-
B, receptor tyrosine kinase (RTK), and Hedgehog and Notch
signalling pathways [52]. Interestingly, these pathways are
also deeply involved in developmental programs: Yap, a com-
ponent of the Hippo pathway inhibited upstream by Merlin, is
implicated in neural crest cell fate and migration [26, 82].

SWI/SNF Related, Matrix associated, Actin Dependant
Regulator of Chromatin, Subfamily B, Member 1
(SMARCBI), adjacent to NF2 on chromosome 22¢, contrib-
utes to meningioma formation through somatic or germline
mutations [71]. The SWI/SNF complex is a key regulator of
pluripotency in embryonic stem cells, and SMARCBI is crit-
ical for neural induction [42].

SHH pathway

SHH is involved in embryogenesis and key cellular processes
including proliferation, angiogenesis, and stem cell homeosta-
sis [60]. SHH is the main embryonic signalling pathway im-
plicated in ventral craniofacial development by promoting
rapid cell expansion of the facial mesenchyme, quickly
followed by a transition to a terminally differentiated state of
the connective tissue of the face and skull [48, 75]. It has
already been shown that targeted disruption of Smo in mice
affects appropriate growth and patterning in the early facial
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primordial, while its constitutive activation (Wntl-
Cre;SmoM?2) produces hyperplasia of the facial processes
and gross disorganization, with a failure of most craniofacial
skeletogenesis [30]. Sonic hedgehog (Shh) is produced during
the early formation of the head with signal transduction evi-
dent in both ectodermal and mesenchymal tissue compart-
ments. Shh signalling from the prechordal plate and ventral
midline of the diencephalon is required for appropriate divi-
sion of the eye field and forebrain, with mutation in a number
of pathway components associated with holoprosencephaly, a
clinically heterogeneous developmental defect characterized
by a failure of the early forebrain vesicle to divide into distinct
halves [30, 61, 75].

Basal cell nevus syndrome, also known as Gorlin syn-
drome (GS), is an autosomal dominant disorder that presents
itself with craniofacial and skeletal abnormalities and a nota-
bly increased risk of advanced basal cell carcinoma and me-
dulloblastoma [21, 39]. Germinal mutations in PTCHI (a
component of the SHH pathway) were the cause of GS sug-
gesting that aberrant SHH pathway activity is responsible for
the development of these cancers [4, 23]. Interestingly, few
patients with GS present meningioma in less than 1% of cases
(22 cases reported) [19, 53]. Analyzing their characteristic is
difficult, since lots of patients had cranio-encephalic irradia-
tion to treat medulloblastoma in childhood and since their
meningioma can thus be radio-induced. However, upon
reviewing the meningioma in non-irradiated patients, most
of them were grade I, meningothelial subtype, and located in
the skull base or the anterior part of the frontal bone [53].
Genetic studies have also shown that germline mutations in
SUFU (another component of the hedgehog pathway) led to
dysregulated hedgehog signalling and predispose to meningi-
omas, particularly multiple meningioma [1]. However, too
few clinical information of histologic subtype or locations
are available.

Hedgehog pathway is known to be involved in the menin-
geal tumorigenesis since its activation in meningioma on the
basis of mRNA levels was demonstrated [43]. Mutations of
SMO or SUFU have since been described in about 3 to 5% of
sporadic meningiomas, leading to a specific exclusive sub-
group of “hedgehog activated” meningioma mainly located
at the anterior skull base and of meningothelial grade I subtype
[8, 78]. Moreover, the allelic fractions of these mutations in
this specific group are generally very high, suggesting
clonality [9].

mTOR pathway

Activation of mTOR pathway is frequently associated with
various human cancers [58] and is a crucial pathway in me-
ningioma’s development. Loss of merlin by NF2 mutation
causes aberrant overexpression of mMTOR and results in devel-
opment of meningioma [6] and mTOR pathway is also

upregulated by the PI3K/AKT pathway [58, 64] through mu-
tations of PIK3CA and AKTI in about 10% of meningioma
(Table 1).

Proteus syndrome (PS) is a highly variable disorder with
asymmetric and disproportionate overgrowth of the body,
connective tissue nevi, epidermal nevi, dysregulated adipose
tissue, and vascular malformations. It is caused by a germline
activating mutation in AKT/ [46] (the same mutation de-
scribed in sporadic meningioma). Patients with PS develop
meningiomas, astrocytomas, and characteristic brain
malformations [20]. When reviewing the characteristics of
meningioma in patients with PS, some striking similarities
with sporadic meningioma appear: the meningiomas were of
the meningothelial type, and were mainly located at the ante-
rior or middle skull base, or anterior frontal convexity (near
the frontal hyperostosis) [36].

In PS, meningiomas were diagnosed at younger age than in
sporadic meningiomas. The authors hypothesize that sporadic
meningothelial and transitional subtype meningiomas are a
microform of Proteus syndrome, and activation of the AKT/
PI3K pathway drives hyperostosis in both non-syndromic and
Proteus-related meningiomas.

WNT pathway

WNT (wingless-integrated) pathway has a crucial regulatory
role of early meningeal development, apical progression of men-
ingeal differentiation, and cerebrovascular development [51, 73,
81]. Its activation is mediated through Foxc/ (Forkhead box CI1,
transcription factor) gene [41] or Zic family genes [24, 37[18,
29], as well as Twist/, whom deletion in the meninges led to
hypoplasia of the dura mater and the arachnoid mater, and com-
paction of the subarachnoid space [69]. A recent study focusing
on the molecular patterning of the embryonic cranial mesen-
chyme by genome-wide transcriptional profile described how
gene members of the WNT pathway were critical for the regu-
lation of cranial mesenchyme development [16] whatever the
topography. Constitutive activation of WNT/[3-catenin pathway
in the neural crest-derived meninges over the forebrain led to
increased cell proliferation and expansion of the meningeal layer
at E.14.5 [11, 12] and to an increased number of mesenchymal
lineage precursors. WNT/B-Catenin signalling is thus critical for
the expansion of neural crest—derived mesenchymal cells and the
switch of neural crest cells to mesenchymal stem cells (MSCs)
and mediates the expansion of MSCs to drive the formation of
mesenchymal structures of the head [12]. In the absence of 63-
catenin signalling, neural crest cells failed to expand in the inter-
hemispheric region and produced ectopic smooth muscle cells
instead of generating dermal and calvaria mesenchyme and
causes striking defects in forebrain morphogenesis.
WNT/B-Catenin pathway plays a central role in meningeal
tumorigenesis regulation. A recent study of 280 meningiomas
defined a FOXM1/WNT signalling axis in meningioma that is
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associated with a mitotic gene expression program, poor clin-
ical outcomes, and proliferation of primary meningioma cells.
FOXM1 expression was described to delineate aggressive me-
ningiomas from distinct transcriptomic subgroups that con-
verge on a unified cell proliferation program through the
WNT signalling pathway [72]. This upregulation was reported
to be secondary to the loss of DREAM complex mediated
repression, which results in cell cycle activation [57].

Perspectives
Study of embryology and new mouse models

This review highlighted how the understanding of key embry-
onic events in meningeal development is critical to better ana-
lyze the mechanisms of meningeal tumorigenesis. New studies
in human embryology as well as new mouse models are needed
to increase our knowledge of the meningeal development (spe-
cially concerning the study of the primitive meningeal cells and
the dynamic processes of migration and differentiation into the
different specialized mature meningeal cells). In this perspec-
tive, finding specific markers of meningeal cells already present
during prenatal period is a fundamental step. These elements
could help to answer the several hypotheses concerning how
meningioma formation is under influence of prenatal oncologic
events and to better understand meningeal tumorigenesis be-
yond the only mutational landscape.

Conclusions

In this review, we illustrate how meningioma tumorigenesis is
deeply related to meningeal embryology, concerning the cell
of origin of meningiomas, the potential role of reactivation of
embryonic stem cells, the influence of the embryonic tissue of
origin, and the parallelism between topography-dependant
molecular pathways in normal meninges and meningiomas.
Future studies on meningeal embryology are mandatory to
affine our comprehension of mechanisms underlying menin-
gioma initiation and development.
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Simple Summary: Meningiomas are the most frequent primitive central nervous tumors in adults.
Mouse models of cancer are used to study disease mechanisms and to establish preclinical drug
testing. In this review, we describe all mouse models of meningiomas reported in the literature. This
includes graft models wherein human meningioma cells are injected in nude mice, and genetically
engineered mouse models. Taken together, these models have offered the possibility to study
tumorigenesis mechanisms of initiation and progression and have provided useful tools for preclinical
testing of a huge range of innovative drugs and therapeutic options. This review provides a systematic
and comprehensive overview on how these different models can be used depending on the scientific
questions to be answered.

Abstract: Meningiomas are the most frequent primitive central nervous system tumors found in
adults. Mouse models of cancer have been instrumental in understanding disease mechanisms and
establishing preclinical drug testing. Various mouse models of meningioma have been developed
over time, evolving in light of new discoveries in our comprehension of meningioma biology
and with improvements in genetic engineering techniques. We reviewed all mouse models of
meningioma described in the literature, including xenograft models (orthotopic or heterotopic) with
human cell lines or patient derived tumors, and genetically engineered mouse models (GEMMs).
Xenograft models provided useful tools for preclinical testing of a huge range of innovative drugs and
therapeutic options, which are summarized in this review. GEMMs offer the possibility of mimicking
human meningiomas at the histological, anatomical, and genetic level and have been invaluable in
enabling tumorigenesis mechanisms, including initiation and progression, to be dissected. Currently,
researchers have a range of different mouse models that can be used depending on the scientific
question to be answered.

Keywords: meningioma; mouse model; xenograft; GEMM

1. Introduction

Meningiomas are the most frequent primary central nervous system (CNS) tumors
found in adults [1], representing approximately 30% of all intracranial neoplasms. Menin-
giomas can be divided into three prognostic histological subgroups according to the WHO
classification: grade I (65-80%), grade II (20-35%, atypical), and grade III (<3%, anaplastic)
with the three subgroups having very heterogeneous prognoses [2,3]. Surgery represents
the standard treatment modality for benign meningiomas but is often insufficient to control
grade II or grade III tumors, these tumors displaying aggressive biological features with
high proliferation activity and/or infiltrative growth [3]. These cases often require adjuvant
radiotherapy/radiosurgery in order to decrease the risk of recurrence. A large range of
medical treatments have been proposed for refractory meningiomas, but they have shown
only limited efficacy thus far [4].

Cancers 2021, 13, 3712. https:/ /doi.org/10.3390/ cancers13153712
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The discovery of the mutational landscape of meningiomas raised new hopes for the
possibility of using targeted therapies for refractory meningiomas. Genetic alterations of
the NF2 gene are found in 60% of sporadic meningiomas regardless of grade, suggesting an
initial role in the meningeal tumorigenesis. About 40% of sporadic meningiomas are driven
by non-NF2 genetic mutations: these mutations essentially concern grade I meningiomas,
where recent large-cohort sequencing studies have identified somatic coding alterations in
TRAF7, KLF4, POLR2A, and members of the PI3K and Hedgehog signalling pathways [5].

As in the case in many other tumoral diseases, the establishment of preclinical menin-
gioma animal models have attempted to mimic the genetic and biological alterations found
in human in order to dissect the mechanisms of tumorigenesis (cell of origin, initiating
events, mechanisms of progression ... ), and to assess the efficacy or toxicity of estab-
lished or newly developed treatments. In this regard, several mouse meningioma models
have been developed over decades, which have evolved in light of new discoveries in the
comprehension of meningioma biology and with improvements of molecular biology and
genetic technology to produce genetically modified mice. The multiplicity of the models
and technologies to generate them as well as the high variability of their results can make it
difficult to assess their real intrinsic value and their propensity to serve as a suitable model
for a given objective.

In this review, we summarize the different preclinical mouse models of meningiomas
with special emphases on the technical aspects of their construction in order to highlight
how they can facilitate the comprehension of meningioma tumorigenesis and how they
represent essential tools for the evaluation of medical treatments. Our main objective was
to critically analyze their specific characteristics in order to help researchers to choose the
right model depending on their research goals and their financial and time resources.

2. Materials and Methods

A systematic review of the literature identified from the PubMed database was per-
formed in accordance with the PRISMA guidelines. A comprehensive search using key-
words [“Meningioma” AND (“preclinical models” OR “mouse models”)] was conducted,
including all studies from database inception until March 2021. Publications describing
in vivo modelling of meningiomas in mice were included. Reviews, studies that did not
publish a full manuscript, publications that were not in English and studies describing only
in vitro results were excluded.

3. Results
3.1. Articles Selection

A total of 142 articles were retrieved from the literature search. After the removal
of duplicates and title/abstract screening for matching inclusion/exclusion criteria, 73 of
these papers were then assessed for eligibility. Seventeen of these papers were excluded
for the following reasons: review article, unclear methodology, in vitro study only, or
subsequent retraction. Ultimately, 56 studies were included in the data analysis. The
various approaches to the development of mouse meningioma models are summarized in
Figure 1: this includes xenograft models (orthotopic or heterotopic) with human cell lines
or patient derived tumors, and genetically engineered mouse models (GEMMs). Each of
these models has advantages and disadvantages that are discussed in this review.
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Figure 1. [llustration of different available mouse models of meningioma.

3.2. Meningioma Cell Lines

The vast majority of meningioma xenograft models employed immortalized cell lines
obtained on human meningioma samples. The major obstacle in generating cell lines from
benign meningiomas is the rapid occurrence of cell senescence when cells are cultured
in vitro. Primary meningioma cell culture is restricted to early passages (senescence),
due to low or no telomerase activity [6]. In the case of benign meningioma, the most
common immortalization method employed was viral transduction of cells to generate
the expression of the telomerase catalytic subunit (hTERT). Endogenous expression of
hTERT is found in 30-50% of all benign meningiomas and nearly 100% of high-grade
meningiomas [7]. Expression of hTERT in recurrent meningioma has also been observed [8].
Therefore, hTERT expression is a logical choice for manipulating tumor cell biology to
permit continued cell growth in vitro. However, despite the careful characterizations
described by the authors of those studies [9], it is difficult to assess what other aspects of
the tumor cell biology may also have been altered, thus confounding the use of these cells
as benign meningioma models.

The principal meningioma cell lines are summarized in Table 1. The best-characterized
line, which was derived from a benign WHO grade 1 meningioma, is the BenMen1 cell
line [9]. This line exhibits typical cytological, immunocytochemical, ultrastructural and
genetical features of meningiomas, including whorl formation, expression of epithelial
membrane antigen, desmosomes, and interdigitating cell processes, as well as loss of chro-
mosome 22q. Two other cell lines—SF-4433 [10] and Me3TSC [11]—have been developed
with, in addition to the hTERT, co-expression of human papilloma genes E6/E7 and SV40
large T antigen, respectively, in order to achieve cell immortalization. However, these viral
genes have not been associated with meningioma in vivo and such transformation by viral
oncogenes could alter the growth signaling and behavior of these cells.
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Table 1. Summary of principal meningioma cell lines.

Name Phenotype Immortalization Genetics Year Ref.
HBL-52 Grade I, Meningothelial - TRAF7 mutant 2008 [12]
Me3TSC Grade I, Meningothelial hTERT + SV40 - 2007 [11]

. . 22q loss
BenMenl Grade I, Meningothelial hTERT NE2 mutant 2005 [9]
SF4433 Grade I, Meningothelial hTE]I;F /+E;_I PV No 22q loss 2006 [10]
hTERT + HPV
MENII-1 Grade II E6/E7 22q loss 2008 [13]
IOMM-Lee Grade III - No 22q loss 1990 [14]
22q loss
CH 157 MN Grade III - NE2 mutant 1995 [15]
KT 21 Grade III . 22q loss 1989 [16]
C-myc

On the other hand, some established cell lines derived from highly aggressive menin-
gioma variants are available and have been used in the majority of xenograft models. The
first cell line to be isolated was IOMM-Lee cells, derived from an anaplastic intraosseous
meningioma, which showed extremely aggressive tumorigenicity in athymic nude mice
which developed multiple pulmonary metastases [14]. While IOMM-Lee cells represent
the most popular cell line used in preclinical studies, it has a complex karyotype, likely
due to long-term culture, and suffers from a limited potential for generalized use in terms
of studying disease-specific biology and novel treatments [17]. Moreover, it lacks the NF2
mutation, which is the main driver event of malignant meningiomas. In a recent study,
a pair of cell clones characterized by either stable knockout of NF2 and loss of the NF2-
protein merlin, or retained merlin protein, was generated using Crispr/Cas gene editing of
the IOMM-Lee cell line [18]. The other popular cell lines used are described in Table 1 [12].

3.3. Mouse Xenograft Models
3.3.1. Heterotopic Models

Heterotopic models, using primary cell culture or meningioma cell lines, were histori-
cally the first models to be developed [19]. Mouse xenograft meningioma models in the
flank facilitate the follow-up of tumors growth and treatment efficacy and are low-cost.
The classical technique is to subcutaneously inject 1 x 10° cells, suspended in 0.5 mL of
medium, into the flank of nude mice, and to then institute therapies 5 to 10 days after the
injection [20]. This method has proven to be successful with tumor development found in
about 60% of cases, particularly when mixing meningioma cells with Matrigel, a gelatinous
basement membrane protein mixture secreted by Engelbreth-Holm-Swarm (EHS) mouse
sarcoma cells, at the time of the subcutaneous injection [21]. Ragel et al. reported that
meningioma cell lines or tumor-derived cultures that had multiple chromosomal abnormal-
ities consistently induced tumors in the flank (whereas cell lines with normal karyotype
did not). Flank tumors derived from cell lines exhibit histological, immunohistochemical
and ultrastructural features that are consistent with meningiomas [20].

This approach enabled histologically confirmed meningiomas to be obtained and
the monitoring of meningioma tumor cell growth both in primary cell cultures [22-24]
and with meningioma cell lines [20,25,26]. The following treatments have been evaluated
and showed an inhibition of tumor growth capacity in meningioma flank models: Ver-
apamil [27], CREB-binding protein inhibitor ICG 001 [28], Irinotecan [25], Imatinib [29],
fatty acid synthase inhibitors [30], farnesyl thiosalicylic acid [31], Siomycin 1 [32], Mifepris-
tone [33], Pegvisomant [23], and Celecoxib [34]. However, none of these treatments have
shown efficacy in treating meningiomas in humans. The ability of flank models to serve
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as real meningioma models (whose results can be transposed to humans with confidence)
is not demonstrated, particularly since they lack the specific microenvironment of menin-
giomas (CSF, arachnoid, brain, and bone). In view of the progress made in limiting the
morbidity of surgical procedures and progress in in vivo imaging, the orthotopic models
should be preferred.

3.3.2. Orthotopic Models
Injection Technique

Orthotopic models are generated by an intracranial injection of meningioma cells into
3-8-weeks-old immunocompromised mice. A wide variety of injection site, the type and
number of cells injected, and injection volumes have been described and are listed in Table 2.
10° to 10° cells in a volume of 3 to 10 microliters is generally injected, though recently,
xenografts with tumorosphere derived from malignant meningiomas were successfully
implanted into the convexity, with only a very low number of implanted cells (50 x 10°)
being necessary for tumor induction [35]. For this method, mice are anesthetized and their
head is stabilized in small animal stereotaxic instrument. Subdural or convexity injections
are performed through a burr hole drilled 2.5 mm lateral from the bregma, 1 mm deep in
the skull. Skull base injections are generally performed through a burr hole drilled 1.5 mm
anterior and 1.5 mm to the right of the bregma, with a needle slowly inserted downward
about 5 mm [36]. An alternative option is the “post glenoid injection” technique: a 26-gauge
needle tip is positioned on the right post-glenoid fossa (the rostral area of the opening of
the external acoustic meatus). The implantation site, the lateral part of the foramen ovale,

is accessed via a specific injection track [37].

Table 2. Summary of meningioma orthotopic xenograft models.

Mouse Strain/Age Injected Cell
St Imection & Types (WHO Site of Tumor Treatment Clinical Year,
) Grade)/Numbers/ Injection Take (%) Results Reference
(Weeks) Volume (uL)
IOMM-Lee (III);
Athymic/6 human WM/floorof - g5 100 - - 2000, [38]
tumor/10°/10
Athymic/6-8 {%)M/l\fo%fg Floor of TF 100 Verotoxin  Inhibition of TG 2002, [26]
Athymic/6 BenMenl (I) Convexity 100 - - 2005 [9]
. IOMM-Lee . . o
Athymic/6-8 (I1)/5.10° Brain 100 siRNA Inhibition of TG 2006 [39]
Athymic/4 Me?’gc/:l%%%elm CO(IS‘VDQSX)“Y 100 - - 2007, [11]
Increased
CH-157-MN (I1I); Floor of :
Athymic/3 IOMM-Lee TF/SDS 90 Lbl00+RT suvvival o oo 2008, %}
(I11)/10%-10° /3 convexity P '
alone
Inhibition of TG
Athymic/5-6 (I%IC)) }\/5[1\1/[61‘ /eg 5 Skull base 100 Temozolomide Increased 2008, [36]
' ' survival
Athymic/5 Kﬂzslsgﬁf 1 Convexity 100 - - 2010, [41]
Convexity
Athymic/5 PD grade 1/10°/10 (prefrontal 90-100 Celecoxib No effect 2012, [42,43]
cortex)
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Table 2. Cont.

Mouse Strain/Age "Il"r}l'];:;e((‘i/\lcffg Site of Tumor Clinical Year,
of Injection Grade)/Numbers/ Injection Take (%) Treatment Results Reference
(Weeks) Volume (uL)
Cliengitide +
e IOMM-Lee : Radiotherapy qee B
Athymic/8-10 (I1)/2.5 x 10°/5 ul. Convexity 100 Sorafenib Inhibition of TG 2013, [44-46]
Temsirolimus
Histone Affect cell cycle
Athymic/6-8 BenMen1(I)/10%/3 Skull base 100 deacetylase progression 2013, [47]
inhibitor AR 42 Inhibition of TG
Peripheral
NOD/SCID/gamma IOMM-Lee Skull Base blood i
null mouse/8 (I1)/5.10%/3 (Pgi) 100 mononuclear  Ihibition of TG 2013, [37]
cells
BenMenl (I)-
Athymic/6-8 KT21-MG1 Skull base 100 G?OE% " Pak  hibition of TG 2014, [48]
(IN)/10°/5 inhibitor
Athymic/NA PD grade 1/10°/10 Convexity 100 - - 2015, [49]
Primary malignant
LY Increased
meningioma . °
Athymic/5-6 NE2-mutant Convexity 100 Oncolytic HSV survival 2016, [35]
MN3/ tumorosphere 052966 Increased 2019, [50]
50000 /3_5p Survival
Athymic/NA CH-157MN (III) Convexity 100 Hydroxyurea + No effect 2016, [51]
verapamil
. CH-157 MN Convexity /Skull
Athymic/5-6 (IT0)/5.10* /5 ul. e 55-80 - - 2019, [52]
Athymic/6-8 e Skull base 100 - - 2019, [53]
Mebendazole Inhibition of TG
Athymic/6 KT21-MG1/50000/ Convexity 100 + /- Increased 2019, [54]
Radiotherapy survival
. . Inhibition of TG
SCID mice/4-6 (I%I? }\/llg/él—/lge_em Skull base 100 GanOdSi}[C Acid Increased 2019, [55]
survival
Inhibition of TG
SCID mice/4-6 IOMMLee ((%I)‘ Skull base 100 Palbiciblib+RT  Increased 2020, [56]
survival

Abbreviations: PD: patient-derived; WM: white matter; TF: temporal fossa; SDS: subdural space; RT: radiotherapy; TG: tumor growth; Pgi:
post-glenoid injection; SCID: severe combined immunodeficient; NOD: non-obese diabetic.

Tumor Take and Meningioma Phenotype Results

The main results on tumor take are summarized in Table 2. The first orthotopic
xenograft model of meningioma was established by Mc Cutcheon et al., using first passage
primary cell cultures and the IOMM-Lee meningioma cell line [38]. Although the tumors
maintained their relative phenotype of malignancy, they displayed several patterns of
growth that would be unusual in human tumors, such as ventricular invasion and lepto-
meningeal dissemination. Grafts using atypical and malignant meningiomas cell lines
produced tumors in almost all immunocompromised mice that were injected regardless
of the injection site (Table 2). Results using the implantation of immortalized benign
meningioma cell lines are more heterogeneous, with tumor takes between 55 and 100%.
Studies on patient-derived xenografts have shown more nuanced results with tumor
rates ranging from 20% to 100%, even with anaplastic meningiomas, explaining why this
technique is not considered to be completely reliable as a model for meningiomas [57].
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Tumor Growth Monitoring and Mouse Imaging

Unlike heterotopic models, it is not possible to closely monitor tumor take and
growth in orthotopic models in a simple manner. Two main techniques are currently
used: bioluminescence-based methods and imaging using small-animal MRI. Baia et al.
established intracranial xenografts using luciferase-expressing IOMM-Lee cells and used
bioluminescence imaging (BLI) to quantify tumor growth. D-luciferin was injected intra-
venously in the mice prior to imaging to obtain bioluminescence, which was then detected
through an ultra-sensitive camera. Using this method, the authors established the growth
kinetics of meningiomas xenografts in vivo and demonstrated that the tumor volume was
well-correlated with the mean tumor radiance [36]. BLI is a classical and relatively inex-
pensive way to monitor tumor growth and has been widely used in meningiomas models
(through grafting of luciferase expressing cell lines [36,47,48,58], or crossing with luciferase
reporter enabling bioluminescence imaging of Cre-loxP-dependant tumorigenesis, see
below [59]).

Other studies have demonstrated the feasibility of magnetic resonance imaging for
monitoring meningioma formation, with tumors as small as 1-2 mm? that were detectable
and could be followed by sequenced imaging [60]. Moreover, dynamic contrast enhance-
ment sequences showed their ability to reflect tumor perfusion and capillary permeabil-
ity [59]. Major drawbacks of magnetic resonance imaging are its high costs and that it lacks
ready availability.

Finally, a recent study demonstrated the ability of radiolabeled somatostatin analogues
(68Ga-DOTATATE) to detect meningiomas in subcutaneous xenografts of the CH-157MN
meningioma cell line [61,62]. Its use in orthotopic models of meningiomas has not thus far
been described.

Intraoperative Fluorescent Tumor Visualization

Recently, the possibility of the selective identification of meningioma cells in vitro and
in vivo with fluorescent technique was described. FAM-TOC (5,6-Carboxyfluoresceine-
Tyr3-Octreotide), a somatostatin receptor-labeled fluorescence dye, was able to be detected
after incubation in vitro in various meningioma cell lines of all grades [63]. Moreover,
meningioma cells grafted intracranially in vivo were able to be detected with fluorescence
microscope or endoscope and enabled a fluorescent-guided resection [64]. This model
represents a valuable experimental model for fluorescence meningioma surgery and in vivo
imaging.

Limits of Xenografts Models

Xenograft models using established meningioma cell lines are reproducible with
respect to tumor take and growth rate, but they require the use of an immunocompromised
host, thus making it impossible to study interactions between tumor cells and the host
immune system, an increasingly relevant field of study in meningiomas. In addition, a
strong selective pressure is often observed during cell culture, raising the concern that cells
used for experiments may no longer be representative of the original tumor. From this
perspective, orthotopic models with cell lines represent strong models in order to screen
for new therapeutic tools.

On the other hand, models based on primary tumor grafts may more closely reflect the
human pathology and serve as a personalized model at the scale of a unique patient, but
often lack reproducibility and present wide variations in tumor take and growth rate. Taken
together, these elements explain why xenograft models are not considered to be optimal for
dissecting the biological events and mechanisms involved in meningioma tumorigenesis.
The main objective of xenograft models is rather to provide tools for preclinical testing of
innovative drugs, and a huge range of therapeutic options have been tested in those models
(Table 2). Though the vast majority of these show efficacy in vitro and in vivo, results have
not been confirmed in human studies [4]. This concern raises the question of the accuracy
of xenograft models for prediction of the antitumoral effect of drugs, particularly in those
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models using immortalized malignant cell lines. Indeed, it is not completely clear how
closely related the immortal meningioma cell lines are to the human tumors. However, due
to their ease and speed of generation, they could represent a first step in the validation of
new therapeutic options for meningioma treatment.

3.4. Genetically Engineered Mouse Models (GEMM)

The molecular analysis of human meningiomas has been instrumental in the develop-
ment of mouse models that closely resemble to their human counterpart. Ideally, a tumor
model should be the closest transposition of its human counterpart regarding the histology,
the anatomy, and the genetic driver events. Moreover, it should offer the possibility to
control the tumor initiation from a temporal, spatial, and genetic perspective. GEMMs
provide many of these features and allow to extensively manipulate genes [65]. In this sec-
tion, the main genetic engineering technologies with their respective meningioma models
(summarized in Table 3) are reviewed, as well as their main drawbacks.

Table 3. Summary of meningioma GEMM models.

Temporal s .
Construction Genetics Window of Pl(lél;:(tig’e I\I/{f:‘:gﬁlr??;a Refy:lgllce
Activation
AdCre; Nfflostox Nf2 loss PN2-PN3 M/F (I) 20 gg)) 2002, [66]
Nf2 loss + 38% (TO)
AdCre; NfZﬂ(’"/ﬂ“” ; Ink4a*/* homozygous PN2-PN3 M/F/T (I) 36 % (SD) 2008, [67]
P16/ mutation
Nf2 + CDKN2AB 66% (1) ,
AdCre; Nf21x/fox; [nkdab~/~ oo PN2-PN3 31% (1) 72% 2013, [59]
3% (III)
) Ao Nf2 loss in 5 M) 38%
PGDSCre; Nf2**fiox PGDS + cells E12.5-PN2 F (1) 38% 2011, [68]
, NP2 loss + P16™"k4 0
PGDSCre; Nf2floxtflox 17 ginkda/— mutation in E12.5-PN2 1;;/[((11)) 2802 2011, [68]
PGDS + cells
Nf2 loss + p53
PGDSCre; Nf2flox/flox; p53flox/flox nullizygosity in E12.5-PN2 F () 43% 2011, [68]
PGDS + cells
PDGF
PGDStv-a; PDGF-B overexpression in E12.5-PN2 () 27% 2015, [69]
PGDS + cells
PDGF
PGDStv-a; PDGE-B; AdCre; overexpression + Grade I (60%) o
Nj2loxfox N/2 loss in E125-PN7 " Grade IT (40%) 52% 2015, [69]
PGDS + cells
PDGF o
PGDStv-a; PDGF-B; AdCre; Overexpression + Grade I (33%)
# P E12.5-PN7 Grade II (47%) 79% 2015, [69]
x/flox . /
Nf2fox/flox; Cdkn2ab nf2 loss1 ;rsgdanab Grade TIT (20%)
Activating
PDGSCre; SmoM?2 mutation of Smo in E12.5-PN2 M (I) 21% 2017, [70]
PGDS + cells

Abbreviations: PN: post-natal day; M = meningothelial; F: fibroblastic; T: transitional; TO: transorbital; SD: subdural.

3.4.1. Cre-loxP System

The Cre-loxP system is a site-specific recombinase technology that allows site-specific
DNA modifications such as deletion, insertions, and translocations. This system was
first used to better understand the role of allelic loss and/or mutation in the NF2 gene at
chromosome 22q (the main driver event in sporadic meningiomas). The Nf2 homozygous
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germline null mouse model is lethal, and the hemizygous Nf2 knock-out mouse (Nf2*/ ™)
does not develop meningiomas [71], because the loss of the wild-type allele does not
occur spontaneously in the murine meningeal cells, unlike in humans. Since no meningeal
promotor was available at this time, the first models were based on direct meningeal cells
targeting by intrathecal injection of an adenoviral vector (recombinant Cre Adenovirus)
into the cerebrospinal fluid of Nf2*P/o*P pups [66]. This technique had the advantage
of targeting all meningeal cells, and thirty percent of mice developed a range of benign
meningiomas subtypes that were histologically similar to the human tumors: transitional,
meningothelial and fibroblastic (see Table 3 for details). In this first GEMM meningioma
model, the initiating lesion associated with murine leptomeningeal tumorigenesis was
defined as “meningothelial proliferation”, referring to microscopic lesions composed of
meningothelial cells that represent early tumor formation. This model confirmed that
biallelic Nf2 inactivation was sufficient to induce meningioma and was a fundamental
driver event in this context.

Efforts were then made to generate models that could illustrate progression to higher
grades, in an attempt to mirror the genetic events in human meningiomas. Alterations on
chromosome 9p21 during meningioma progression have been found to induce losses of the
tumor suppressor genes CDKN2A (p16INK4a), p14ARF, and CDKN2B (p15INK4b) [72,73].
Moreover, deletions of CDKN2A/CDKN2B are of poor prognostic factors in anaplastic
grade III meningiomas [74]. The first attempt to induce the loss of Cdkn2a, via adding
nullizygosity for pl6Ink4a in adCre; NfZﬂOXZ/ flox2 mice, resulted in an increased rate of
meningiomas development and meningothelial proliferation, but it did not modify the
tumor grade (Table 3) [67]. Additional hemizygosity for p53 did not modify the frequency
of meningioma nor malignancy, suggesting that, as in humans, Nf2 and p53 mutations
did not synergize in promoting murine meningeal tumorigenesis [67]. Mechanisms of
meningioma progression were confirmed using later models, wherein Nf2 inactivation in
synergy with homozygous or heterozygous Cdkn2ab deletions led to increased meningioma
frequency and induced grade II and IIl meningiomas, thus representing a reliable atypical
or anaplastic model that mimics the human pathology [59]. These models also offer
the possibility of producing meningioma cell lines from mouse tumors and syngeneic
orthotopic allografts to immunocompetent wildtype mice, which represent the closest
models of sporadic malignant meningiomas [75].

Three cell lines (MGS1, MGS2, and MGS3) have been generated from grade I mouse
meningiomas obtained in 4-month-old AdCre; N]‘Zﬂ‘”‘z/ﬂ‘”‘2 ; Inkab~/~ mice. Meningiomas
were subsequently obtained in 100% of mice after subdural injection of these cells into
immunocompetent FVB mice [59].

The discovery of the specific meningeal promotor PGDS has led to a second generation
of GEMMs of meningiomas. The prostaglandin-D2-synthase (PGDS) gene was identified as a
marker of meningeal cells in rats, mice, and humans [76-78]. PGDS is an enzyme responsi-
ble for the biosynthesis of prostaglandin D2 in the CNS. Several studies have reported that
both human and mouse meningiomas exhibit intense PGDS immunoreactivity, suggesting
that PGDS is a marker of normal and neoplastic meningeal cells [67,68,78]. PGDS appears in
the WHO classification as a marker for the cell of origin in meningiomas. PGDS promotor-
directed bi-allelic inactivation of Nf2 led to the development of both meningothelial and
fibroblastic meningiomas, whereas additional nullizygosity for p16"4 or p53 did not
increase the number or malignancy grade of meningiomas (Figure 2, Table 3) [59,68]. PGDS
was also used to induce oncogenic somatic mutations that have been newly described in
meningiomas, in meningeal cells. The PGDSCre-SmoM?2 model has been generated, and the
activating mutation of Smoothened from the early embryonic period resulted in formation
of meningothelial meningioma at the skull base, as is seen in their human counterpart
(Table 3) [70].
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Figure 2. Illustration of a meningothelial meningioma in the AdCre; Nf2flox/flox; Ink4ab— /— model. Left image shows a
coronal section of the whole cranium, with a massive right convexity meningioma (star) causing mass effect on the brain
(Br). The lesion is centered at the Adenovirus injection site, a few millimeters lateral from the falx (arrows). Upper right
image shows the meningioma at higher magnification; note that the brain cortex is not invaded in this case. Lower right
image shows the tumoral architecture at higher magnification. Note the classical aspect of cellular whorl (star) and the close
relationship with the skull convexity bone (Bo).

3.4.2. RCAS-TVA System

The RCAS-TVA system is a popular gene delivery system to model human cancer [79].
It was used to demonstrate that overexpression of PDGF (platelet-derived growth factor), in
meningiomas in arachnoidal cells could induce meningiomas independently of Nf2 muta-
tion [69,80,81]. In this model, malignant progression could be induced by combining PDGF
overexpression, Nf2 mutation and additional loss of Cdkn2ab (Table 3) [69]. Unfortunately,
PDGF-B overexpression in PGDStv-a expressing cells also induced gliomas of various
histological grades, likely due to PGDS expression in oligodendrocytes. The establishment
of these models led to the proposition of a specific classification for meningiomas in mice
to be proposed, which differs slightly different from the WHO classification of their human
counterparts (Table 4) [59].

Table 4. GEMM classification for meningiomas [59].

Phenotype Description

Meningothelial proliferation

(early tumor formation) Microscopic lesions composed of meningothelial cells

Grade I meningiomas No mitotic figures, mild cytologic atypia, no brain invasion

Grade II meningiomas One or two mitoses/HPF, true brain invasion

Marked cellular atypia (giant nuclei, pleomorphic nuclei,
Grade III meningiomas nuclei with marked chromatin clearing), brisk mitotic activity
(three or more mitoses/HPF)

205



Cancers 2021, 13, 3712

11 of 16

3.4.3. Limits of GEMMs

In addition to mirroring human meningioma biology, GEMMs of meningioma have
contributed to a better understanding of the molecular mechanisms and spatio-temporal
susceptibility to meningioma tumorigenesis. However, several drawbacks prevent GEMMs
of meningiomas from being widely used. Time and financial costs for the generation and
use of models can be prohibitive. They may require several crosses and the time to tumor
growth can be very long (especially for grade I meningiomas). Unlike xenograft models,
which are very reliable in term of tumor take rates, the tumor prevalence in GEMMs
generally ranges from 30 to 80%, and the tumor growth rates and kinetics are unknown.
Therefore, the presence of meningeal tumor presence must be generally confirmed through
imaging, and these models are thus not systematically appropriate for preclinical testing.
Additionally, these models sometimes result in non-meningeal tumors and consequently
early death related to these (high grade gliomas, sarcomas, etc.).

It should be noted that the strategy of direct Adenovirus Cre or RCAS injection has
the advantage of inducing a mutation in a small population of cells that are surrounded by,
and must out-compete, their normal counterparts in vivo, accurately mimicking human
cancers with the presence of wild-type competitor cells modulating the ability of mutant
cells to induce disease.

3.5. Future Directions
3.5.1. Next-Generation Mouse Modeling of Cancer with CRISPR/Cas9 Technology

Recently, the discovery of the clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated proteins (Cas) has opened up the possibility of generating
transgenic mice models at a lower cost [82-84]. Crispr technology enables the direct
modification of genes in mice, or specific targeted modification of genes in cell lines that
can be used in classical xenografts models. Prager et Al induced the knock-out of DUSP1
via this technique and could evaluate the biological impact of this event in vitro and
in vivo after heterotopic grafting, as well as being able to study the therapeutic effects of a
DUSP1/6 inhibitor [85].

3.5.2. Extending GEMMs Models to Study Other Mutational Events and New
Meningeal Promotors

New GEMMs are needed in order to explore targetable somatic mutations found
in human meningiomas, such as TRAF7, AKT1 or PIK3CA, where they will be essential
for understanding the specific biological mechanisms involved and to provide accurate
tools for preclinical drug evaluation. Moreover, new specific meningeal markers, that are
potentially useful as meningeal promotors, must be discovered in order to better target
specific subpopulations of meningeal cells. From this point of view, a better comprehension
of meningeal embryology will undoubtedly provide new candidates and new opportunities
in meningioma mouse modeling, as illustrated by the discovery of specific markers of
primitive meningeal cell subpopulations through single-cell sequencing of the primitive
meninges [86].

3.5.3. Limitations

This review presents several limitations. First, we chose to focus on in vivo stud-
ies, and did not explore the field of “pure” in vitro studies. If a large number of drugs
were tested in vitro, we believe that in vivo confirmation is mandatory before thinking
about translation into human studies and that in vivo studies offer more robust biological
conclusions.

Second, GEMMs models are mainly described and published by a single team. The
validity and usefulness of these models should be demonstrated by their use in a larger
number of teams with similar results. 204
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4. Conclusions

The field of meningioma research has taken advantage of the development of several
preclinical mouse models of meningioma (xenograft and transgenic models) to better
understand the underlying biological mechanisms of meningioma tumorigenesis. Such
models have also provided a means to test innovative potential therapies. Researchers
now have a variety of available models that can be employed, depending on the specific
research goal and on available financial resources.

Our review demonstrates that the two main categories of meningioma mouse models
have specific uses. On the one hand, orthotopic xenograft models offer a strong reliability
in terms of tumor takes, at lower costs, and are therefore used for preclinical testing of new
drugs or innovative treatments. However, the accuracy of these models for the prediction of
the antitumoral effect of drugs, particularly in those models using immortalized malignant
cell lines, is very questionable. This point is highlighted by the effectiveness of a large
number of drugs on in vivo meningioma models that was not confirmed afterwards in
human studies.

On the other hand, GEMMSs models strictly mirror the human biology and offer pre-
cious tools in order to dissect the meningioma tumorigenesis mechanisms, from both a
spatial and a temporal manner. However, they are time-consuming and expensive, and
present heterogeneous tumor take rates, making them inappropriate for large-scale preclin-
ical drug testing studies. It should be noted that they also offer the possibility of generating
mouse meningioma cell lines (both benign and malignant) and syngeneic orthotopic allo-
grafts to immunocompetent wildtype mice. This model gathers the advantages of both
type of models, offers high tumor take rates, and represents the closest models of sporadic
meningiomas. Future progress in both genetic and cell culture techniques will undoubtedly
provide new opportunities for the development of innovative models.
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Despite their rarity, PIK3CA mutations in meningiomas have raised interest as potentially targetable, ubiquitous mutations owing to
their presence in sporadic benign and malignant tumors but also in hormone-related cases. Using new genetically engineered
mouse models, we here demonstrate that Pik3ca mutations in postnatal meningeal cells are sufficient to promote meningioma
formation but also tumor progression in mice. Conversely, hormone impregnation, whether alone or in association with Pik3ca and
Nf2 mutations, fails to induce meningioma tumorigenesis while promoting breast tumor formation. We then confirm in vitro the
effect of Pik3ca mutations but not hormone impregnation on the proliferation of primary cultures of mouse meningeal cells. Finally,
we show by exome analysis of breast tumors and meninges that hormone impregnation promotes breast tumor formation without
additional somatic oncogenic mutation but is associated with an increased mutational burden on Pik3ca-mutant background.
Taken together, these results tend to suggest a prominent role of Pik3ca mutations over hormone impregnation in meningioma
tumorigenesis, the exact effect of the latter is still to be discovered.

Cancer Gene Therapy; https://doi.org/10.1038/s41417-023-00621-2

INTRODUCTION

Meningiomas are the most common primary tumors of the central
nervous system in adults and are mostly benign (WHO grade 1) [1].
In recent years, there has been a significant effort to unravel the
molecular biology of meningiomas at genetic, transcriptomic, and
epigenetic levels [2-6]. While the studies have led to a better
understanding of meningioma tumorigenesis, no additional
treatment has yet emerged following those discoveries. Mutations
in the NF2 gene remain the most frequent driver event in
meningiomas [7], and the various biological roles of merlin [8], the
gene product of NF2, make it difficult to generate an effective
treatment. We therefore decided to focus our efforts on a less
frequent but more easily targetable driver of meningioma
tumorigenesis, the PIK3CA gene, whose role in the disease has
recently increased.

In WHO grade | meningiomas, PIK3CA mutations occur in
4.7% of all tumors and 7.4% of non-NF2 meningioma cases [9].
In a majority of cases (68%) [4], PIK3CA mutations co-occur with
TRAF7 mutations raising doubt on whether PIK3CA mutations
alone may be sufficient to promote meningioma tumorigenesis.
More recently, PIK3CA mutations in meningioma have gained
interest due to their prominent role in hormone-associated
meningioma tumorigenesis. Meningiomas are considered
hormone-sensitive tumors due to their association with the
female gender (sex ratio, F/M 2:1) [10], the presence of
progesterone receptors at their surface [11], and the rapid
changes in meningioma size observed during pregnancy [12].

Following several case reports and series on the association
between synthetic anti-androgenic progestin intake (cyproter-
one acetate, chlormadinone acetate, nomegestrol acetate) and
meningioma, a recent epidemiology study confirmed the
increased risk of developing meningiomas after prolonged
anti-androgenic progestin treatment [13]. We further character-
ized this association by demonstrating a shift in the mutational
landscape of progestin-associated meningiomas compared
with a series of unselected tumors [14]. Progestin-associated
meningiomas were prominently PIK3CA-mutant skull base
tumors. The tumorigenesis mechanisms underlying the associa-
tion between progestin intake and PIK3CA mutations are still
unknown.

In order to determine if PIK3CA mutations alone were sufficient
to promote benign and aggressive meningioma tumorigenesis
and to determine the associated role of hormone intake, we
created a novel mouse model of Pik3ca-mutant meningioma. We
first show that patterns of expression of progesterone receptors in
mouse are comparable to human meninges. We then demon-
strate that, in mouse, Pik3ca mutations in postnatal meningeal
cells are sufficient to promote meningioma formation, as opposed
to cyproterone acetate impregnation, which is not sufficient to
promote meningioma formation in mice, whether alone or in
association with Pik3ca and Nf2 mutations. We confirm these
results by in vitro analysis of the effect of cyproterone acetate and
Pik3ca mutations on primary cultures of mouse dural and
arachnoid cells. Finally, we show progestin impregnation
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Fig. 1

Immunohistochemical characterization of progesterone receptors in mouse meninges. Upper panel: sagittal sections of adult mouse

brains showing patterns of expression of Pgds, Pgr, and Pgrmc1. While Pgds is intensely expressed in all leptomeninges, Pgr and Pgrmc1 are
only expressed in scattered places (white arrowheads). Lower panel: immunohistochemical analysis of Pgr and Pgrmc1 expression in E18 (Pgr:
scale bar: 200 pm; Pgrmc1: scale bar: 100 um), P1 (Pgr: scale bar: 100 pm; Pgrmc1: scale bar: 200 pm), and adult (Pgr: scale bar: 300 pm; PgrmcT:
scale bar: 100 pm), mouse meninges showing moderate cytoplasmic expression (black arrows) of Pgrmc1 in arachnoidal tissue at all three
stages at the skull base (E18 and P1) and at the convexity (adult) and absence of Pgr nuclear expression.

promotes tumor formation without additional somatic mutation
but is associated with an increased mutational burden when
combined with Pik3ca mutations.

RESULTS

Progesterone receptors expression in mouse meninges

In order to determine if mouse was a reliable model to test the
effect of hormone impregnation compared to humans, we
decided to study the expression of progesterone receptors in
mouse meninges. The main progesterone receptor, Pgr, is a
cytoplasmic protein that dimerizes and translocates to the nucleus
to activate Progesterone Response Elements (PRE) in DNA upon
progesterone binding. Nuclear staining of Pgr is therefore
considered a reliable marker of Pgr activation, and Pgr is
expressed in a majority of meningiomas. In normal meninges,
Pgr expression has been observed in normal human [15, 16] and
rabbit [17] arachnoid tissue. Apart from Pgr, other transmembrane
receptors have been more recently associated with progesterone-
dependent effects, such as Pgrmc1 (Progesterone receptor
membrane component 1). Following its description in rat
meninges [18], we decided to study its expression in mouse
meninges.

We first analyzed nuclear progesterone receptor expression in
adult mice based on Hybridization data from Allen Atlas (Fig. 1,
upper panel). As opposed to Pgds, a robust marker of the
meninges, both Pgr and Pgrmc1 were not expressed in mouse
meninges except in scattered places. As Allen Atlas images do not
encompass leptomeninges, we conducted an additional immu-
nohistochemical analysis of progesterone receptors Pgr and
Pgrmc1 in mouse meninges. We show that Pgrmc1 is expressed
in arachnoid cells starting E18 both at the skull base and the
convexity. On the opposite, we were not able to demonstrate any
nuclear Pgr staining both in the arachnoid and the dura mater of
developing and adult mice (Fig. 1, lower panel). Bulk-RNA
sequencing data from neonatal dura mater confirms the

SPRINGER NATURE

expression of Pgrmc1 and Pgrmc2 in mouse meninges but not
Pgr [19], as in single-cell analyses of normal human dura mater
[20]. Due to the similarity of expression profiles of progesterone
receptors in mouse and humans, at least on a transcriptomic level,
we considered mouse could be a reliable model of hormone
impregnation.

Pik3ca mutation in postnatal meningeal cells is sufficient to
promote meningioma formation in mice

To investigate the role of Pik3ca mutation in meningeal
tumorigenesis, we had previously generated a cohort of
PGDSCre;Pik3ca mice [21] and observed that prenatal activation
of Pik3ca in PGDS-positive cells was not sufficient to promote
meningioma tumorigenesis in mice. We therefore sought to
analyze the effect of postnatal Pik3ca activation and generated a
first cohort of 20 Pik3ca™"* mice injected with adCre (mean
volume: 3 pL) between postnatal day 2 and 5 (Table 1 and Fig. 2).
Due to the intravascular and subcutaneous diffusion of adCre, we
observed 95% of early head hypertrophy associated with
subcutaneous vascular malformations, leading to early mortality
(mean survival: 1.6 months) (Supplementary Fig. 1). Upon
histological analysis, we nevertheless observed 30% of meningio-
mas, including one mouse with two distinct meningiomas of
different histological subtypes (Fig. 3A) and one Grade Il tumor
[22] with brain invasion and several mitoses in a 9-month-old
mouse (Fig. 3C, D). Interestingly, we also observed one case of
intraparenchymal cavernoma (Fig. 3B).

We also decided to analyze the effect of Pik3ca activation in the
meninges of adult mice. A cohort of 22 Pik3ca™/"* mice was
therefore injected with adCre (mean volume: 6 uL) at 6 weeks,
either at the convexity (15 mice) or at the skull base (7 mice). We
observed 50% of meningiomas, including one mouse harboring a
convexity fibroblastic meningioma and skull base transitional
meningioma (Fig. 3E, F). While meningiomas were mostly
meningothelial in the postnatal model (5/6, 83%), they were
prominently fibroblastic in the adult model (7/11, 63%).

211

Cancer Gene Therapy



8 &
se o
93 £~
S - -
A\ <®
ola ol
a2V s
ooy
83
9% o
S v
S
U -
aZ2c
3
3
we <€
LT O g
UMUEQ
NV S5 oW
OoN<="®©
oxXgol
ocawsS s
-
c
g
S B
VU= [}
G:mg
Bg<n
o2 |
s S&UEcs
2
S
£
2 o s
T & g
Y2 & Eo
T Sk
£ Ve
c
[}
€
£ c
c £ 8
.0 3 =
=] - ©
S wTg ¢
[o)] Eu“'g
¢ U«
s ©Xa l
IS <auvEc
&
v c
e} .0
c =]
© 3 b
o
c s =
o ,\:l:“.EN
=R
© LV E N
> Ug:
5 ©vx3ol
g <a<c
S
A
x
&
o©
5 5
w =
S ® e
3 I "o
c Ws:'aﬂ
g S5med
=] ool
T TEOoOPc
g <aa.=
wv
c
<)
o
9
aQ
>
2
s}
j
(]
<
[}
()
< 2
= =
Y []
o £
> S
S oo
© g¢
£ 22
E ©
2 8§38
Bl
= %0
s
= 3
| =&
= o

Cancer Gene Therapy

Cranial lesions

15 (88)
15 (88)

17 (89)
17 (89)

1(5)

1(8)

11 (50)
7 (32)
29

2(9)

6 (30)

1(5)

Meningioma (%)

Fibroblastic (%)

Meningioma
subtype:

1(7)

5 (25)

Meningothelial (%)

Transitional (%)
Skull base (%)
Convexity (%)

15 (88)

17 (89)

5 (25) 4 (18) 1(7)
7 (32)

1 (5)

Meningioma
location:

2 (10)
1(5)

8 (40)

6 (27)
4 (18)
6 (27)

11 (50) 6 (46)
3(23)

1(5)

11 (55)

Meningothelial proliferation (%)

Cavernoma (%)

15 (68) 11 (85)

12 (60)

Osteoma (%)

Peripheral lesions

4 (18)

9 (41) 3 (23)

19 (95)

Soft tissue hemangioma of the head

(%)

(55)
4 (20)

11

(50)
7 (32)

1

26 (90)
24 (83)

Mammary gland tumor (%)

Uterus hypertrophy (%)
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Taken together, these results demonstrate that postnatal
expression of a mutant form of Pik3ca in the meninges is
sufficient to promote meningioma formation of different histolo-
gical grades and subtypes in contrast to prenatal expression.

Cyproterone acetate intake fails to promote meningioma
formation in mice, either alone or in combination with Pik3ca
or Nf2 mutations

In order to study the role of progestin intake on meningioma
tumorigenesis, we treated a cohort of 29 wild-type mice with
cyproterone acetate (CPA) for 9 months. After a mean follow-up of
11 months, we did not find any meningioma on histological
analysis but observed uterus hypertrophy (Fig. 4A) in all mice, thus
demonstrating CPA impregnation, as previously described in
breast cancer mouse models [23]. Interestingly, we also discovered
mammary tumors in 90% of mice, defined as muco-epidermoid
carcinomas of the breast (Fig. 4B, C) and one spinal intramedullary
epidermoid cyst (Fig. 4D). In order to determine if progestin intake
and Pik3ca activation could synergize to promote meningioma
formation in mice, we treated a cohort of 22 PGDSCre; Pik3ca"**®
mice with CPA during 8 months. Similar to the first group with
CPA impregnation, mice were sacrificed after a mean follow-up of
8.3 months due to mammary tumors. No meningioma was found
on histological diagnosis. As meningioma frequency was low in
PGDSCre; Pik3cat'®*® mice, we sought to determine if CPA intake
might synergize with postnatal activation of Pik3ca mutations. In
order to avoid the effects of intravascular and subcutaneous
diffusion of adCre, we lowered the injected volume to 1L and
generated two cohorts of adCre; Pik3ca™ °*"® mice with (13 mice)
and without (14 mice) CPA impregnation. The rate of subcuta-
neous vascular malformations was lowered to 62% in the control
group and 23% in the CPA-treated group. The survival of mice was
nonetheless reduced (Fig. 2B), and 10 out of 13 mice received only
3 months of CPA impregnation, compared to 9 months in previous
cohorts. While the frequency of meningiomas in the control group
was similar to our previous cohort (29% vs. 30%), it was much
lower (8%) in the CPA-treated group.

Finally, we postulated that progestin intake might contribute to
the growth of pre-existing benign tumors. We therefore decided
to treat a cohort of 17 PGDSCre"; Nf29¢21oX mice with
cyproterone acetate compared to a control cohort of 19
PGDSCreM®t; Nf29¢/1% mice [24]. On histological analysis after a
mean follow-up of 9.5 months, we found 88% of fibroblastic skull
base meningiomas in the CPA-treated group and 89% of
fibroblastic skull base meningiomas in the control group. The
mean tumor size was 0.2294 mm? (median: 0.118 mm? range:
0.033-0.718) in the CPA-treated group and 0.305 in the control
group (median: 0.256 mm?; range: 0.067-0.823). We did not find
any statistically significant difference in tumor size between the
two groups. Collectively, these results indicate that cyproterone
acetate failed to promote meningioma formation and/or progres-
sion in mice, whether it be on a Pik3ca- or an Nf2-related genetic
background.

Pik3ca mutations but not cyproterone acetate increase
proliferation in meningeal cells in vitro

To analyze the effect of Pik3ca activation in the meninges
according to their nature, we established primary arachnoid and
dura mater cultures from skull base meninges of Pik3ca™'**’®
mice. AdCre infection of primary cells in vitro was assessed by
detection of GFP fluorescence (Fig. 5C). No fluorescence was
expressed in the adLacZ-infected control cells (data not shown).
Proliferation assays showed that Pik3ca"’*’® expression induced a
proliferative advantage both in arachnoidal and dural cells at day
9 (p<0.05, ttest) (Fig. 5A, B). Increased proliferation was
associated with activation of the Pi3k-Akt-mTor pathway through
increased phosphorylation of Akt and S6RP (Fig. 5D) demon-
strated both in arachnoid and dura mater (Supplementary
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Fig.2 Kaplan-Meier cumulative survival curves. A Effect ofﬁostnatal activation of a mutant form of Pik3ca in meningeal cells through direct

cerebrospinal fluid injection either at birth (AdCre; Pik3ca%*

. n = 20) or in the adult (AdCre; Pik3cat1°*’%: n = 22). Both cohorts demonstrate

reduced survival. B Effect of cyproterone acetate impregnation on different genetically engineered mouse models. AdCre-injected mice

demonstrate shorter survival compared to PGDS-driven models.

Table 1). Cyproterone acetate was unable to promote increased
cellular proliferation of dural cells, either alone or in combination
with Pik3ca’’%’F expression (Fig. 5E, G). In arachnoidal cells,
however, cyproterone acetate increased cellular proliferation
alone and in combination with CPA without reaching statistical
significance (Fig. 5F, H).

Exome analysis of hormone and Pik3ca-related tumors and
meninges in mice

In order to determine if progestin impregnation alone was
sufficient to promote mutagenesis in mouse tissues, we decided
to perform exome analysis on mouse meninges treated with CPA
compared to control meninges and in CPA-related mammary
tumors either on a wild-type or a Pik3ca-mutant background. Five
tumors and two meninges were analyzed. We did not find any
oncogenic mutation in mouse meninges. In the mammary tumor
developed on a wild-type background, no oncogenic mutation
was observed. Interestingly, in mammary tumors developed when
combined with Pik3ca mutations, we found additional mutations
already described in human breast tumors, including mutations in
Map2k4 and Ctnnb1 described in the COSMIC database (Fig. 6 and
Supplementary Table 2).

DISCUSSION

We demonstrate in this new genetically engineered mouse model
that Pik3ca™'®’® alone may promote meningioma formation in
mice, as in previously reported mouse models [22, 25, 26].
Interestingly, we show that PGDS-driven prenatal expression of
Pik3ca1°%"® failed to promote meningioma formation as opposed
to previously published models with Nf2 bi-allelic inactivation and
Smo activating mutation [24, 26]. This result might be linked to the
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fact that only postnatal differentiated meningeal cells are sensitive
to Pik3ca™"®*"® expression and underlines that heterozygous
mutant Pik3ca remains a mild oncogene, raising the possibility
that an additional mutation in a co-regulator of the pathway, as
observed in ovarian cancer [27], or in a functionally independent
gene, as observed with TRAF7 in meningiomas [4, 9], might be
required for mutant Pik3ca to promote full transformation in vivo.
We also observe that in older animals, Pik3ca™'®*’® may trigger
meningioma progression towards higher histological grades,
similar to human cases. In the literature, 86 anaplastic meningio-
mas have been tested for PIK3CA mutations[3, 9, 28-32]: muta-
tions were found in only three cases (3.4%) but 7.8% of NF2-
independent tumors. In human anaplastic PIK3CA-mutant menin-
giomas, PIK3CA mutations are often found alone [28, 29], without
any other identifiable genomic event explaining malignant
meningioma progression. The underpinnings of this progression
mechanism remain unknown.

As PIK3CA mutations are more frequent in progestin-related
meningiomas [14], we sought to determine if progestin impreg-
nation in mice might synergize with Pik3ca mutations to promote
meningioma formation. We discovered that both in vitro and
in vivo, cyproterone acetate impregnation had only a mild effect
on meningeal proliferation and no synergistic effect with Pik3ca
mutation. Cyproterone acetate also failed to promote meningioma
tumorigenesis initiation in wild-type mice. We tried to determine if
this result was related to a different pattern of expression of
progesterone receptors in mice compared to humans and found
that Pgrmc1 was ubiquitously expressed in mouse meninges
starting E18 while Pgr was not expressed in mouse meninges at
any time point. Previous reports found that in rabbit, progesterone
receptor immunoreactivity was present in arachnoid cells, while
the cells of dura mater remained negative [17]. In human, most
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Fig. 3 Pathological characterization of Pik3ca-induced meningiomas in mice. A-D: AdCre; Pik3ca"'®® postnatal injection model.
A Example of a 5-month-old mouse harboring a cranial skull base meningothelial meningioma (left panel, black arrowhead) and a spinal
fibroblastic meningioma (right panel, white arrowhead) (scale bar: 250 um). B Example of a superficial cerebral cavernous malformation
observed in a 9-month-old mouse (scale bar: 100 pm). € (magnification in (D)) WHO Grade 2 meningioma (black arrowheads) with mitosis and
brain invasion (asterisk) observed in a 9-month-old mouse (scale bar: 250 pm and 100 um). E, F AdCre; Pik3ca"®*"R adult injection model.
3-month-old mouse injected at the skull base harboring both a skull base transitional meningioma (E, scale bar: 250 pm, dashed line) and a

fibroblastic convexity meningioma (F, scale bar: 250 um).

studies did not find any expression of progesterone receptor
mRNA in normal adult pachymeninges [16, 33] but also in normal
arachnoid and leptomeningeal cell line [34]. In conclusion, the
expression of progesterone receptors in mouse meninges does
not seem to differ dramatically from human meninges and
therefore does not explain the absence of meningiomas under
progestin impregnation.

Those results are in line with previously published studies on
models of breast cancer, in which progestins failed to promote
tumor growth both in vivo and in vitro [23]; other studies have
clarified that only androgenic progestins have a proliferative effect
on breast epithelial cells [35]. The oncogenic effect of CPA was first
a subject of debate as it was shown to be a hepatocarcinogen in
the rat [36] and mouse [37]. However, no liver tumors have been
reported to date in humans under CPA, and later studies
demonstrated the existence of foci of preneoplastic cells in the
liver of rats [38]. We here show that CPA-induced mammary
tumors are devoid of oncogenic mutations but acquire additional
mutations when occurring on Pik3Ca-mutant background. Taken
together, the results suggest that CPA is not a carcinogen per se,
as it does not induce mutations nor stimulate cell proliferation in
wild-type cells.

This further complicates the definition of epidermoid and
muco-epidermoid lesions observed both in the mammary gland
and the central nervous system in our models, even more with no
breast tumors reported to date, despite prolonged treatments in
previous studies (104 weeks [37]). In the breast, it has nonetheless
been demonstrated that progestin impregnation initiates a
luminal to myoepithelial switch in a subset of tumor cells
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characterized by overexpression of certain cytokeratins, mainly
CK5 and CK6 [23]. Our hypothesis is that progestins might induce
such a morphologic transition in different mouse tissues and
induce epidermoid cyst formation by keratin production following
the epithelial patterning of progenitor cells. The morphologic
transition specific to meningioma tissue remains to be
determined.

Taken together, these results suggest that anti-androgenic
progestins do not have an oncogenic effect per se but rather
modify the tumor cellular architecture, thus explaining how
progestin-associated meningiomas may present a “hormone addic-
tion” and may rapidly decrease in size after progestin withdrawal
[39]. This effect might therefore require pre-existing mutations in the
target tissue, as already demonstrated in the normal endometrial
epithelium [40] and breast epithelium [41], particularly for the PIK3CA
gene. The rate and number of those mutations might be influenced
by an underlying genetic susceptibility, as reflected by the
prevalence of multiple hormone-associated meningiomas in identical
twins [42, 43]. Additional individual genomic, transcriptomic, and
genome-wide association studies are therefore mandatory to explore
this hypothesis in human tumors, but mouse studies will once again
guide and complete discoveries on human disease.

In conclusion, this meningioma mouse modeling and in vitro
study further explores the relationships between hormones and
cancer as encountered in breast and uterine tumors by
demonstrating that in mouse, progestins tend to modify cellular
architecture rather than promote cell proliferation while Pik3ca
mutations alone may promote tumorigenesis and tumor
progression.
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Fig. 4 Pathological characterization of CPA-induced lesions in mice. A Glandulo-cystic polyp of the endometrium. Examples of
subcutaneous (B) intramedullary (C) epidermoid cysts discovered in wild-type FVB mice after 9 months of CPA impregnation (scale bar:
300 pm). D Muco-epidermoid breast tumor discovered under CPA impregnation (scale bar: 300 um).

MATERIALS AND METHODS

Mice

The following mouse strains were used in this study: R26-Pik3ca’’%*F [44],
PGDSCre [24], and N2/ [25]. Al animal care and experimentation
reported herein were conducted in compliance with the guidelines and
with the specific approval of the Institutional Animal Care and Use
Committee of the French Department of Agriculture (Reference number:
#11977-2017100216257454v9). As hormone-related meningiomas are
almost exclusively found in women, only female mice were used for all
experiments except for CPA-treated AdCre; Pik3ca™'®*’® mice, for which
individuals from both sexes were used due to the high initial mortality.

Viral injections

For postnatal infections, Cre recombinase was targeted to the mouse
leptomeninges by direct injection of 1-3 uL (5* 10 to 1*10"" plaque-forming
units) of Ad5CMV Cre-GFP (AdCre) (University of lowa Gene Transfer Vector
Core) suspension into the subarachnoidal space on postnatal day 2 to 5 by
subdural approach [25]. Injections in adult mice were realized in the subdural
space either at the convexity or at the skull base under general anesthesia.
The mouse head was stabilized in small animal stereotaxic frame. For the
convexity approach, a burr hole was performed in the frontal region using a
27G needle after skin incision. With a 10 uyL Hamilton Syringe (Hamilton,
Switzerland), 6-8 UL of Ad5CMV Cre-GFP (AdCre) was infused over the course
of 1 min in the frontal subarachnoid space. For skull base injections, a burr
hole was drilled 1.5 mm anterior and 1.5 mm to the right of the bregma, with
a needle slowly inserted downward about 5 mm until reaching the floor of the
temporal fossa.

Treatment with cyproterone acetate

In order to establish the optimum dose for CPA impregnation in mice, we
first established the standard dose used in humans as 17 mg/kg/month
(50 mg/day, 20 days per month in a 60 kg woman). The presumed toxic
dose in mice was previously defined as 2 mg/kg/month [37]. We then
decided to use 90-day release pellets of 10 mg, corresponding to a dose of
165 mg/kg/month in mice and an equivalent dose of 13.4 mg/kg/month in
humans, in order to mirror the doses used in women despite the increased
risk of toxicity. CPA-treated mice received treatment from 1.5 months until
10.5 months using the 90-day release CPA pellets of 10 mg (Innovative
Research of America, Inc, reft NC-114). Pellets were implanted every
3 months, according to the company recommendations behind the neck
under general anesthesia using Isoflurane.

Histopathology
Mice were monitored closely and killed when seriously ill or at 12 months.
To preserve the arachnoidal and dural layers, the head was fixed in
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formalin in toto, decalcified, and sliced coronally before embedding in
paraffin as previously described [25]. The terminology used for the
description of the meningothelial lesions in the mouse models on HES
staining is based on the WHO classification of human tumors with
adaptations [22]. The term “meningothelial hyperplasia” is not used, as in
humans, where it refers to the proliferation of reactive, normal arachnoidal
cells. “Meningothelial proliferation” refers to very small (microscopic)
lesions composed of meningothelial cells that represent early tumor
formation. “Meningioma” refers to a larger meningothelial lesion with
features similar to a WHO Grade | meningioma in humans.

Arachnoidal cells culture

Primary dural and arachnoidal cell cultures were established from FVB
wild-type and R26-Pik3ca’’%*’® mice according to the team protocol [26].
The skull base arachnoidal tissue was surgically removed at the ventral
surface of the brainstem, and the basal dural tissue was removed from the
clivus. The meninges were then mechanically dissociated using a surgical
blade in 12-well Petri dishes and cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco/Invitrogen, Carlsbad, CA, USA) containing 10% fetal
calf serum (FCS) and Penicillin/streptomycin 1%.

In vitro viral infection

After 10-12 days of primary culture, cells were passaged in 12-well plates
at a concentration of 10,000 cells/plates. Cells were infected after 24 h
either with Ad5CMVCre-eGFP, called adCre (group called “Pik3cal’1%*7R-
adCre treated”) or with Ad5CMVntLacZ (REF #VVC-U of lowa-1917,
University of lowa, Viral Vector Core, lowa City, 1A, USA), called adlLacZ
(group called “Pik3ca”'*F-adlacZ treated”) at 50 pfu/cells for 24h.
Expression of GFP was verified using a fluorescence microscope to assess
infection of adCre.

In vitro hormonal treatment

Cyproterone acetate (CPA) (PubChem substance ID 24278309) was
purchased from Merck in powdered form soluble in dimethyl sulfoxide
(DMSO) solution. In order to test CPA toxicity in meningeal cells, the cells
were exposed to different concentrations of CPA according to previous
toxicity work on hepatocytes [45], and apoptosis tests were done. We
decided to use CPA at maximal concentration with a low apoptosis rate,
10 M. Each infected group was divided into two groups of hormonal
treatment, either with CPA at 10 uM or with the same volume of DMSO.
Meningeal cells were treated after the second passage in 12-well plates at
a concentration of 10,000 cells/plates every 24 h for 7 days until the third
passage in 25 cm? flasks at a concentration of 20,000 cells/flasks in order to
have a long time of hormonal exposure. Proliferation assays were then
conducted after third passages in triplicate and hormonal treatment was
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continued all along this assay. The cells that were not used for proliferation
assays were centrifuged at 300 X g at the end of the second passage, and
cell pellets were stored at —80 °C before DNA extraction.

In vitro functional assays

Proliferation assay: Arachnoidal and dural cells were seeded after infection
in triplicate in 25-cm? flasks at the concentration of 20,000 cells/flasks and
counted manually using a Malassez cell counting chamber 1, 4, 7 and 9 or
10 days after plating. Senescence assay: SA B-galactosidase staining was
performed on infected and treated meningeal cells [46]. Apoptosis assay:
After infection, meningeal cells were passaged, and we applied a
standardized method of immunocytochemistry using Cleaved Capspase-
3 antibody (Asp'”®) (Cell Signaling Technologies, ref# 9661, dilution 1/200)
with Di Aminido Phenyl Indol (DAPI).

Protein extraction and Western blot

After infection, proteins were extracted at confluence using RIPA buffer
with 1/100 antiprotease and antiphosphatase. Extracted proteins were
resolved by SDS-PAGE before being transferred onto the appropriate
membrane and incubated with anti-P-AKT (Ser*’3) antibody (Cell Signaling
Technology, ref# 4060, dilution 1/1000), anti P-S6RP antibody (Cell
Signaling Technology, ref#5364, dilution 1/1000), anti-p110a (Cell Signaling
Technology, ref#4249, dilution 1/1000), anti-GAPDH (Merck Millipore, ref#
374, dilution 1/1000), followed by the appropriate peroxidase-conjugated
secondary antibody (dilution 1/10000). Chemiluminescence was acquired
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using a Fusion FX7 camera (Vilbert Lourmat), and densitometry was
performed using the Bio1D analysis software (Certain Tech).

Immunohistochemistry

Immunohistochemical stainings were performed on 5-um paraffin sections.
For antigen retrieval, after pressure boiling in T mM EDTA (pH 9.0 during
1 h for PGR, pH 6.0 during 30 min for PGRMC1), sections were blocked in
10% serum followed by incubation with primary antibodies (anti-PGR A/B;
Abcam, ab63605, dilution 1/50 anti-PGRMCT; Cell Signaling Technology,
#138565, dilution 1/50). Secondary antibodies were used at 1:250 dilution
and detected using the Vectastain ABC system and DAB substrate kit
(Vector Labs, Burlingame, CA, USA). Normal mouse endometrium was used
as a positive control.

Exome analysis

Blood and tumor DNA were extracted using the QIAmp DNA Micro kit
(Qiagen). DNA was quantified and qualified using Tapestation. DNA
libraries’ preparations were realized following the manufacturer’'s recom-
mendations (Library Preparation Enzymatic Fragmentation Kit 2.0 from
TWIST). One capture reaction was performed with Mouse Exome Panel
from TWIST and eight libraries in equimolar conditions. Final post capture
reactions were purified and equimolar pooled, then sequenced on
ILLUMINA Novaseq 6000 with SP-200 cartridge (2x800Millions of 100
bases reads), corresponding to 2x50Millions of reads per sample after
demultiplexing.
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For the bioinformatics analysis, the DRAGEN™ somatic pipeline v3.10.4

(Illumina) was used to align the reads to the mouse reference genome
(mm10) and perform the calling of the small variants (<50 bases) in tumor-
normal mode with each tumor sample compared against a unique control
of similar genetic background (FVB). Only the variants passing the default
filters were considered for analysis and annotated with the Ensembl
Variant Effect Predictor (VEP) v105. We then performed an additional
selection and retained only variants present in the protein-coding
segments of the gene both in mouse and human and described in cancer
according to the literature. The remaining variants were included if the
mutation were described in the COSMIC database (cancer.sanger.ac.uk)
[47] and/or the OncoKB database [48]. For mouse meninges, CPA-treated
meninges were compared to control DMSO-treated meninges, and only
variants expressed in CPA-treated meninges were retained.

Statistical analysis

Student's t-tests were used in proliferation assays, all tests were two-sided,
and a p-value of <0.05 was considered to be statistically significant.
Statistical analyses were performed using GraphPad Prism version 5.0 for
MacIntosh (GraphPad software, La Jolla, California, USA).

DATA AVAILABILITY
All data supporting the findings of this study are available within the paper and its
Supplementary Information.
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Résumé : Les méningiomes sont les tumeurs primitives
les plus fréquentes du systéeme nerveux central.
Cependant, certaines questions restent toujours non
résolues. Ainsi, la cellule d’origine des méningiomes n’est
toujours pas formellement identifiée, le timing des
événements biologiques menant a I'apparition de
méningiomes n’est pas connu, et le mécanisme de genese
des méningiomes sans mutation driver retrouvée (20%
des cas) est inconnu. Les agonistes progestatifs sont
associés a un sur-risque de développer des méningiomes
multiples (MM) a la base du crane.

Dans la premiére partie de cette thése, nous présentons
les premieres données de caractérisation mutationnelle
de la méninge « normale ». Nous rapportons que des
mutations intéressant les deux génes driver principaux
des méningiomes (NF2 et TRAF7) étaient présents chez 4
sujets sur 5. Nos données sont en faveur de la présence
de clones mutés au sein de la méninge, dont la transition
vers le développement de méningiomes serait
conditionnée a la survenue d’autres mécanismes (co-
mutations, dérégulation épigénétique, influence de
facteurs exogenes...).

Dans une deuxieme partie, nous avons caractérisé par
séquencage d’exome, d’ARN, et étude de méthylation
une cohorte de MM développés avec ou sans agonistes
progestatifs (AP). La prise d’AP a un effet tres important
dans l'initiation de la tumorigenese, puisqu’elle oriente
les méningiomes vers des sous-types mutationnels
spécifiques, et promeut le développement de MM
ayant une origine monoclonale malgré des mutations
initiatrices différentes. L'étude du profil
transcriptionnel des méningiomes montre que la prise
d’AP est associée a I'expression de marqueurs
endométriaux, et a un profil de réponse a la
progestérone habituellement décrit dans les cellules
endomeétriales. Enfin nous montrons que la prise d’AP
oriente les méningiomes vers des modifications
morphologiques, avec un aspect « pseudo-micro
kystique », marqué par un cedéme de la matrice
extracellulaire et la présence de vaisseaux sanguins
béant. Cet aspect, potentiellement réversible a I'arrét
des AP, pourrait expliquer en partie la possibilité de
régression des méningiomes a I'arrét des AP.
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Abstract : Meningioma are the most frequent tumors in
the central nervous system. However, the cell of origin,
the timing of initiating events, or the initiation
mechanisms in the 20% of meningiomas without known
driver mutations are still unknown.

Progestin agonists (PA) like cyproterone acetate lead to a
significant increase of meningioma development, with
patients presenting multiple meningiomas generally
located at the skull base. These lesions can stop growing
or even decrease when PA are stopped.

In this work, we provide new insights in meningioma
initiation mechanism through the description of the
mutational landscape of normal meninges. Thanks to
ultradeep targeted exome sequencing of normal samples
of dura mater and arachnoid, we describe that mutations
of NF2 and TRAF7 genes, the two main driver genes of
meningiomas, are present at very low frequency in
normal meninges. Our results suggest that mutant clones
are present physiologically in the meninges without any
micro or macroscopic signs of meningioma formation.

In the second part, we present a multi-omic analysis
(WES, RNA seq and methylation study) of multiple
meningiomas in patients under PA or not. We report
that PA have a fundamental role in meningioma
initiation: they induce the apparition of MM belonging
to the non-NF2 mutational subgroups (TRAF7 and
PIK3). Moreover, MM have a monoclonal origin while
they harbor different driver mutations, suggesting a
non-mutational initiating event. Transcriptional study
reveal that PA are associated with the expression of
both endometrial markers and genes described in
endometrial response to progesterone. This modified
response to progesterone reflects the morphological
changes of hormonal induced meningiomas, that show
a pseudo-microcystic aspect with edematous extra
cellular matrix and dilated blood vessels. Taken
together, these results suggest that PA affect the
cellular and tissular architecture rather than increase
proliferation, leading to reversible changes when PA
are stopped.
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