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Résumé 

Titre : Intérêt de l’utilisation d’un peptidomimétique ciblant le récepteur NRP-1 

pour le traitement du médulloblastome 

Le médulloblastome (MB) est la plus fréquente des tumeurs cérébrales malignes 

pédiatriques qui représentent la première cause de mortalité par cancer chez l’enfant. Malgré 

les avancées des nouveaux traitements, les risques de récidive, séquelles et décès après 

traitement restent importants. Le récepteur de neuropiline-1 (NRP-1) a été récemment 

impliqué dans la progression tumorale des MBs et semble jouer un rôle important dans le 

phénotype des cellules souches cancéreuses (CSCs). Le ciblage de cette molécule pourrait 

ainsi présenter un intérêt thérapeutique dans le traitement des MBs. Nous avons sélectionné 

des cellules souches de MB capables de former des médullosphères (MS) à partir de 3 lignées 

cellulaires (DAOY, D283-Med et D341-Med). Ces modèles ont été caractérisés par 

l’expression de neuropilines (NRP-1 and NRP-2) et de marqueurs phénotypiques (CD133，

CD15 et NF-M). Les résultats ont montré une augmentation significative de l’expression de 

NRP-1 par les cellules cultivées en médullosphères confortant notre stratégie de ciblage.  

L’impact du traitement de ces cellules par un composé innovant ciblant spécifiquement NRP-

1, le MR438, a été ensuite évalué in vitro seul et association avec la radiothérapie notamment 

sur l’étude de la capacité d’auto-renouvellement des CSCs de MBs. Nous avons mis en 

évidence une diminution de la capacité d’autorenouvellement des cellules souches de MBs 

après exposition au MR438 avec une radiosensibilité augmentée pour les 3 modèles 

cellulaires. In vivo, le composé MR438 a été evalué sur des modèles de xénogreffes 

hétérotopiques chez la souris nude et montre un effet radiopotentialisant significatif pour les 

tumeurs issues de la lignée Daoy avec une tendance à la diminution de la progression 

tumorale pour les 2 autres lignées. De façon intéressante, le composé MR438 induit une 

diminution significative du nombre de cellules souches pour l’ensemble de nos modèles. Par 

conséquent, le composé semblerait induire les cellules souches vers un phénotype différencié 

au moins pour la lignée DAOY, même si les mécanismes n’ont pas pu être clairement élucidé. 

En conclusion, l’inhibition de NRP-1 via MR438 semble stimuler la différenciation des 

cellules souches cancéreuses pouvant à terme réduire la progression du MB et apporter un 

bénéfice en association avec la radiothérapie. L’evaluation du composé sur des modèles 

orthotopiques de MB permettrait d’obtenir des informations quant à son efficacité sur des 

modèles plus proche de la physiopathologie tenant compte de sa distribution au niveau 

cérébral. 

Mots-clés: Médulloblastome; Neuropiline-1; Cellule souche cancéreuse; 

Peptidomimétique; Radiothérapie  
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Abstract 

Title: Evaluation of a peptidomimetic targeting the receptor NRP-1 for treatment 

of medulloblastoma 

Medulloblastoma (MB) is the most common malignant pediatric brain tumors which is 

the leading cause of cancer death in children. Despite the progress of new treatments, the risk 

of recurrence, morbidity, and death after treatment remain important. The neuropilin-1 

receptor (NRP-1) has recently been implicated in tumor progression of MBs, which seems to 

play an important role in the phenotype of cancer stem cells (CSCs). Targeting this molecule 

could thus present an interesting therapeutic value in the treatment of MB. We have selected 

cancer stem like cells of MBs in the form of medullospheres (MSs) from 3 cell lines (DAOY, 

D283-Med and Med-D341). These models were characterized by expression of neuropilins 

(NRP-1 and NRP-2) and phenotypic markers (CD133, CD15 and NF-M). Results showed a 

significant increase of the expression of NRP-1 by our CSCs models cultured in MSs that 

confirms our targeting strategy. The impact of the treatment of these cells with an innovative 

compound specifically targeting NRP-1, MR438, was then evaluated in vitro alone and in 

association with radiotherapy, especially on the study of the capacity for self-renewal. A 

decrease of self-renewal capacity for MB stem cells after exposition of MR438 with an 

increase of radiosensitivity for the 3 cell models in vitro was demonstrated. In vivo, MR438 

was evaluated on heterotopic xenograft models in nude mice and showed a significant 

augmentation of radiosensitivity for DAOY tumors with a tendency to decrease tumor 

progression for the other 2 cell lines. Interestingly, the compound MR438 induced a 

significant decrease in the number of stem cells for all of our models. The compound 

appeared to induce CSCs to a differentiated phenotype at least for the DAOY cells, although 

mechanisms could not be clearly elucidated. In conclusion, inhibition of NRP-1 via MR438 

seems to stimulate the differentiation of CSCs that may eventually reduce the progression of 

MB and bring a benefit in association with radiotherapy. Evaluation of this compound on 

orthotopic models of MB would provide information on its effectiveness on models closer to 

the physiopathology taking into account its distribution at the cerebral level. 

Key words: Medulloblastoma; Neuropilin-1; Cancer stem cells; Peptidomimetic; 

Radiotherapy 
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Résumé en français de la thèse  

Contexte général du projet de thèse 

Le médulloblastome (MB) est une tumeur embryonnaire qui représente la 

première cause de tumeurs malignes du système nerveux central chez l'enfant. Le taux 

de survie des enfants atteints de médulloblastome a considérablement été amélioré au 

cours de ces dernières années en raison des progrès de la chirurgie et des schémas de 

chimio-radiothérapie. Cependant, malgré ces avancées thérapeutiques qui permettent 

d’atteindre un taux de survie à 5 ans de 65 % (source rapport de l’Inca 2014), les 

récidives sont fréquentes dues à la présence de métastases dans 30 % des cas. Les 

enfants atteints de MB souffrent également de dysfonctionnements cognitif et 

physique permanent attribués à l'impact des traitements sur le système nerveux en 

développement. Les études moléculaires du MB ont récemment montré la présence de 

plusieurs sous-groupes distincts qui diffèrent dans le pronostic vital. Le consensus 

récent de cette nouvelle classification moléculaire se compose de quatre sous-types. 

Les sous-types Wnt et Sonic Hedgehog (SHH), qui sont associés à un meilleur 

pronostic, par rapport aux sous-types 3 et 4, qui sont plus agressifs, réfractaires aux 

modalités de traitement actuelles et caractérisés par une plus grande propension à une 

dissémination métastatique
1
.  

                                                 

1 Ellison DW. Childhood medulloblastoma: novel approaches to the classification of a heterogeneous disease. Acta 

Neuropathol. 2010; 120(3):305-16. 
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L’existence des cellules initiatrices de tumeurs également appelées cellules 

souches cancéreuses (CSC) a été montrée dans les tumeurs cérébrales, et en 

particuliers dans le MB, par les travaux de Singh et al en 2003
2
. Ces travaux 

suggèrent qu'une fraction relativement faible de cellules tumorales a la capacité de 

proliférer et de maintenir la croissance de la tumeur. Ceci contrairement aux autres 

cellules de la tumeur, caractérisées par une capacité de prolifération limitée et par un 

phénotype plus spécifique de cellules différenciées et matures. Plus précisément, une 

CSC de MB maintiendrait deux propriétés essentielles: l'auto-renouvellement et la 

capacité à se différencier dans tous les types cellulaires de la tumeur
3
. Plus récemment, 

il a été démontré que cette population particulière de cellules serait hautement radio et 

chimio– résistantes et serait fortement impliquée dans les phénomènes de récidive
4
. 

La voie de signalisation de la neuropiline-1 (NRP-1) a été montrée comme étant 

impliquée dans la progression du médulloblastome
5
. Neuropiline-1 est une protéine 

transmembranaire qui agit comme co-récepteur avec les récepteurs des sémaphorines 

3 (sema3) et des facteur de croissance de l’endothélium vasculaire (VEGFRs). En 

plus de son rôle crucial dans le développement des systèmes nerveux et 

                                                 

2 Singh SK et al. Identification of a cancer stem cell in human brain tumors. Cancer Res. 2003; 63(18):5821-8. 

3 Manoranjan B et al. Medulloblastoma stem cells: modeling tumor heterogeneity. Cancer Lett.  2013 ;338(1):2331. 

4 Tang X et al. Differential proliferative index of cancer stem-like cells in primary and recurrent medulloblastoma in human. 

Childs Nerv Syst. 2012; 28(11): 1869-77. 

5 Snuderl M et al. Targeting placental growth factor/neuropilin 1pathway inhibits growth and spread of medulloblastoma. 

Cell. 2013; 152(5):1065-76. 
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cardiovasculaire, NRP-1 est impliquée dans des processus physiopathologiques 

impliquant ses ligands classiques comme les molécules de la famille du VEGF ou 

plus récemment le TGF-β1 et le PDGF.  

Les travaux de Hamerlick et coll.
6
 ont démontré récemment que NRP-1 était 

exprimée par les cellules souches de gliome et jouait un rôle dans leur survie. Ces 

auteurs ont identifié un double rôle pour NRP-1 dans la promotion du caractère 

souche par stimulation de l'angiogenèse d'une manière paracrine et via directement les 

cellules souches cancéreuses grâce à une boucle autocrine. En effet, l'inhibition de 

NRP-1 réduit fortement la transduction du signal de Sonic Hedgehog et par 

conséquent la transcription de gènes cibles tels que Gli1 (facteur de transcription 

impliqué dans le maintien du phénotype souche).  

 

Objectifs 

Les objectifs du projet étaient : 

1) De conforter et valider les effets in vitro du composé MR438 sur des modèles 

de cellules souches de médulloblastome de différents sous-groupes (partie 2), 

2) D’évaluer les effets in vitro et in vivo du composé en association avec la 

radiothérapie (partie 3), 

                                                 

6 Hamerlik P et al. Autocrine VEGF-VEGFR2-Neuropilin-1 signaling promotes glioma stem-like cell viability and tumor 

growth. J Exp Med.2012;209(3):507-20. 
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3) Développer des modèles orthotopiques de médulloblastomes à partir de 

cellules souches de médulloblastomes (partie 4). 

 

Méthodologie et Résultats obtenus 

Pour mener à bien ce projet, nous avons utilisé trois lignées cellulaires de 

médulloblastome (DAOY, D283-Med et D341-Med) afin d’enrichir in vitro des 

cellules souches cancéreuses, puis nous avons testé les effets du composé MR438 par 

comparaison à ceux engendrés par la Tuftsine (TKPR) connue pour être un inhibiteur 

spécifique et naturel de NRP-1. En collaboration avec le Dr N. Pellegrini-Moïse du 

Laboratoire Lorraine en Chimie Macromoléculaire (L2CM, UMR CNRS-UL 7053), 

nous avons évalué différents composés peptidomimétiques à base de sucre qui se sont 

révélés affins pour NRP-1
7
. Par la suite, le composé peptidomimétique MR438 a été 

retenu pour son effet sur l’inhibition de la capacité d’autorenouvellement de 3 

modèles différents de cellules souches de médulloblastome dérivées des lignées 

DAOY (groupe SHH), D283-Med (groupe 4) et D341-Med (groupe 3).  

Effets in vitro du composé MR438 sur des modèles de cellules souches de 

médulloblastome de différents sous-groupes 

En effet, le composé MR438 inhibe non seulement l’expression de NRP-1 mais 

semble induire également un effet différenciant in vitro observable par la diminution 

                                                 

7 Richard et al, Bioorg Med Chem. 2016 
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de l’expression de CD15, ainsi que de CD133 et Sox2. Nous avons tenté également de 

comprendre les effets de l’inhibition de l’expression NRP-1 par le composé MR438 

sur l’activation des voies de signalisation AKT (voie de la survie cellulaire) et ERK 

(voie mitogène) impliqués notamment dans la viabilité et la prolifération cellulaire. 

L’exposition au MR438 ou à la Tuftsine induit une diminution significative de 

l’activation des voies AKT et ERK en moyenne de 75 et 50% respectivement, pour la 

lignée DAOY. Pour les 2 autres modèles cellulaires (D283-Med, D341-Med) aucune 

variation significative du ratio de l’expression protéique de pERK/ERK et 

pAKT/AKT n’est observée. Nous avons également exploré la voie Smad (lié au 

récepteur du TGFβ) qui ne semble pas être perturbée par l’exposition au MR438.  

Effets in vitro et in vivo du composé MR438 en association avec la 

radiothérapie 

Nous avons ensuite évalué les effets du composé MR438 en association avec la 

radiothérapie. Les cellules souches de médulloblastome ont été irradiées à 2, 4, 8 et 10 

Gy sur un irradiateur expérimental (XRad 320, Precision X Ray) afin d’évaluer l’effet 

de l’association thérapeutique sur la capacité des cellules souches de médulloblastome 

à conserver leur capacité d’auto-renouvellement. L’association montre un bénéfice 

statistiquement significatif en terme de diminution de la capacité clonogénique à 2Gy 

en association avec le MR438 quel que soit l’origine des cellules même si l’effet 

semble plus marqué pour les cellules du sous-groupe SHH (Daoy).  
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Le calcul du pouvoir radiosensibilisant a été calculé avec le facteur modifiant la 

dose à 2 Gy (DMF2) et évalué à 0,74, 0,89 et 0,88 respectivement pour les cellules 

Daoy, D283-Med et D341-Med.  

Les résultats in vitro sur l’association avec la radiothérapie ont montré des effets 

potentiellement intéressants et nous ont amené à poursuivre les expérimentations sur 

des modèles in vivo chez la souris nude xénogreffées au niveau hétérotopique.  

Les résultats in vivo sur des modèles hétérotopiques montrent un bénéfice de 

l’association radiothérapie avec le composé MR438 caractérisé par un ralentissement 

statistiquement significatif de la croissance tumorale par rapport à la radiothérapie 

seule en particulier pour les tumeurs issues de la lignée Daoy. Nous avons également 

évalué la persistance des cellules souches de médulloblastome après dissociation 

tumorale. De façon intéressante, le traitement MR438 + radiothérapie engendre une 

diminution du nombre de cellules souches par rapport à la radiothérapie seule pour 

l’ensemble des modèles évalués. 

Développement des modèles orthotopiques de médulloblastome  

L’objectif de la partie 4 était de développer des modèles de médulloblastome 

orthotopiques par injection intracérébelleuse d’une population cellulaire enrichie en 

cellules souches de médulloblastome (médullosphères). Les premières expériences 

suite à l’administration des cellules de médulloblastomes montrent un taux de prise 

important quelle que soit la lignée de 70 à 90 % avec des profils de dissémination 

cohérents avec l’origine de la tumeur. Nous avons poursuivi le développement de ces 

modèles en transfectant nos modèles cellulaires avec une particule virale permettant 
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l’intégration de la Red Fluorescent Protein et de la luciférase au niveau génomique. 

Ces modèles permettront à terme un suivi longitudinal des animaux xénogreffés en 

orthotopique pour l’évaluation de l’association Radiothérapie et MR438.   

 

Discussion et Conclusion 

Le médulloblastome est la plus fréquente des tumeurs cérébrales pédiatriques 

malignes et représente la première cause de mortalité par cancer chez l’enfant. Malgré 

une amélioration de la survie grâce au développement des nouveaux traitements, il 

s’agit d’une tumeur invasive, à fort potentiel métastatique, et dont le pronostic est 

grevé par un risque important de récidive. Pour faire face à ce risque, les traitements 

entrepris sont souvent agressifs (chirurgie, radiothérapie et chimiothérapie parfois à 

haute dose, associée à une greffe de cellules souches hématopoïétiques) et entrainent 

régulièrement des séquelles de type endocriniennes (retard de croissance et pubertaire) 

et cognitives (retard de développement, troubles des apprentissages), responsables 

d’une grande morbidité. Des travaux récents ont montré que les cellules souches 

cancéreuses jouent un rôle très important dans la progression tumorale et la résistance 

aux traitements. Il a été également montré que le récepteur NRP-1 était impliqué dans 

la progression tumorale des médulloblastomes. NRP-1 pourrait ainsi constituer une 

cible thérapeutique intéressante dans le traitement des médulloblastomes.  

Au cours des dernières années, des progrès importants ont été réalisés dans la 

compréhension des mécanismes moléculaires permettant de subdiviser en 4 sous-

groupes distincts les médulloblastomes et ainsi d’envisager de nouvelles approches 
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thérapeutiques Dans notre travail, nous avons utilisé comme modèle trois lignées 

cellulaires de médulloblastome, les lignées Daoy, D283-Med et D341-Med, qui 

correspondraient respectivement aux sous-groupes SHH, 3 et 4. Ces cellules ont été 

cultivées dans un milieu spécifique permettant l’obtention de médullosphères, et donc 

l’enrichissement en cellules progénitrices/souches de médulloblastome. Nous avons 

pu mettre en évidence une augmentation significative de l’expression de NRP-1 par ce 

mode de culture en médullosphères confortant notre stratégie de ciblage.  

Dans un second temps, nous avons évalué l’impact du traitement des cellules 

cultivées en médullosphères par un composé innovant ciblant spécifiquement NRP-1, 

le composé MR438. Ce composé a montré un effet intéressant sur la capacité 

d’autorenouvellement des cellules issues des médullosphères avec une diminution de 

marqueurs phénotypiques des cellules souches de médulloblastomes. Cet effet est 

probablement dû à une inactivation de la voie de signalisation AKT/ERK pour les 

cellules Daoy.  

Nous nous sommes donc efforcés dans la suite de ce travail de comprendre les 

effets de ce composé sur les cellules souches de médulloblastome de différents sous-

groupes en association avec la radiothérapie. Les résultats in vitro et in vivo montrent 

un effet plus intéressant en terme de radiosensibilité et de progression tumorale sur le 

modèle Daoy par rapport à deux autres qui pourrait s’expliquer par le statut p53 des 

cellules Daoy qui est non mutées par rapport aux cellules des lignées D283-Med et 

D341-Med. Cependant le composé MR438 induit en association avec la radiothérapie 

une diminution du nombre de cellules souches de médulloblastomes pour l’ensemble 

des modèles confirmé par nos premiers résultats sur l’expression de CD15, marqueur 
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des progéniteurs neuronaux. Le développement de modèles orthotopiques nous 

permettra d’aller plus loin dans l’évaluation du composé en prenant en compte sa 

distribution au niveau cérébrale et son passage au niveau des barrières méningées.   

En conclusion, nous avons trouvé que l’inhibition de NRP-1 via MR438 semble 

stimuler la différenciation des cellules souches pouvant à terme réduire la progression 

des médulloblastomes, avec une implication probable des voies de signalisation 

PI3K/AKT et MAPK pour les cellules du sous-groupe SHH. Même si les mécanismes 

induisant une diminution de la capacité d’autorenouvellement ne sont pas encore 

clairement élucidés. L’utilisation de molécules ciblant NRP-1 nous semble pertinente 

pour atteindre les cellules souches de médulloblastomes, favoriser leur différenciation 

et probablement leur radio-chimio-sensibilité. Nous tenterons dans un futur proche de 

confirmer ces résultats sur des modèles de xénogreffes orthotopiques chez la souris 

nude. 
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Medulloblastoma 
Epidemiology and survival  

Medulloblastoma (MB) is the most common pediatric malignant brain tumor, 

which is the leading cause of cancer related deaths in children. It accounts for about 

2% of primary brain tumors and 15-20% of all pediatric brain tumors (Kumar et al., 

2017， Klein et al., 2015). As one of the embryonal tumor, children are more likely 

to be affected than adults. The incidence of MB for children from 1 to 9 years ages is 

6.0 per million in the USA and 0.6 per million for adults (Smoll et al., 2012), while 

there are 5 to 10 cases per million in France（Klein et al., 2015). The American 

epidemiological surveillance reported that the incidence of MB decreased while the 

incidence of primary neuroectodermal tumors in supratentorial localizations has been 

increasing. Boys are more often affected than girls (sex ratio 1.5: 1). The five-year 

survival rate is in the range of 75% ~ 80% without metastases. The median age at 

diagnosis is around 9 years old and the peak incidence occurs in children from ages 

3~4 or 8~9 years old (Crawford et al., 2007), but this tumor exists from birth to 

adulthood. Normally, it is a tumor occurring sporadically in isolation from a family. 

Pathologies have been described to favor the apparition of MB like Li Fraumeni 

syndrome, Gorlin syndrome, ataxia-telangiectasia, Rubinstein-Taybi syndrome or 

SUFU mutation (Bourdeaut et al., 2011). 

The current treatment of MB is mainly with non-specific therapies including 

surgery with aggressive chemotherapy and radiotherapy (RT). The prognostic factors 
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currently used to define post-operative treatments are initial extension of the disease, 

quality of excision, subtype of MB and biological criteria (Orbach et al., 2012). In 

general, clinical staging determines the choice of treatment and affects patients’ 

prognosis, so as MB (Table 1.1).  Stage T has little effect on survival time, while 

Stage M is a high risk factor for MB. Jenkin et al. showed that the 5-year survival was 

78%  for stage M0 + M1 and  21% for M2 + M3, respectively (Jenkin et al., 2000). 

Recent research is devoted to study molecular subgroups, which is an important 

challenge in the near term for the pediatric neuro-oncology community (Ramaswamy 

et al., 2017). Moreover, age is another vital prognostic factor for MB, prognosis is 

worse if the child is less than 3 years old, degree of resection is an inadequate, or if 

any cerebrospinal fluid (CSF) spinal, supratentorial, or systemic spread occurs. The 

combination of these various factors makes it possible to choose one appropriate 

treatment strategy.  
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Table 1. 1 : Clinical stage of medulloblastoma 

 

Stage 
Parameters 

T stage 

T1 Tumor < 3cm in diameter 

T2 Tumor ≥ 3cm in diameter 

T3a 
Tumor > 3cm and with extension into aqueduct of sylvius or foramen of 

luschka 

T3b Tumor > 3cm and with unequivocal extension into brainstem 

T4 
Tumor > 3cm with extension past the aqueduct of sylvius or past foramen 

magnum 

   

M stage 

M0 No evidence of metastasis 

M1 Tumor cells in the spinal fluid 

M2 Tumor spread within the brain 

M3 Tumor spread into the spine 

M4 Tumor spread away from the brain and spine 

 

The survival rate of children with MB is around 69%, and the cumulative relative 

survival rate was 60%, 52%, and 47% at 5 years, 10 years, and 20 years, respectively 

(Smoll et al., 2012). The treatments are therefore aimed at maintaining or even 

increasing the survival rate while decreasing the high frequence of sequelae like 

neurocognitive, hormonal, growth, auditory disorders (Frange et al., 2009). It is 

essential to find more selective and less aggressive individual therapy aiming to 

reduce mortality and improve the patient quality of life. 
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Clinical advances with molecular subgroups  

The 2016 World Health Organization (WHO) classification of the central 

nervous system (CNS) tumors includes four histological variants of MB: classic 

(about 70%), desmoplastic/nodular (about 15%), MB with extensive nodularity and 

large cell/anaplastic (LCA) (Louis et al., 2016). The prognosis of MBs remains 

disparate according to the histological type, and this histological classification is not 

sufficient to determine the prognosis and decide the choice of the treatment (Klein et 

al., 2015). Even within the same histopathology, patients have greatly different 

responses to treatments because of the biological heterogenous group of tumors. 

Recent integrated genomic studies have showed that MB is composed of four 

essential molecular subgroups: WNT (Wingless), SHH (Sonic Hedgehog), Group 3 

and Group 4 (non-WNT/non-SHH groups), which correspond to different molecular 

and clinical characteristics (Figure 1.1). This molecular classification was added in 

the 2016 WHO classification of brain tumors. Also for the first time, the WHO 

classification of MB is defined by both histology and molecular features, including 

WNT-activated, SHH-activated, TP53-mutant or TP53-wildtype, non-WNT/non-SHH 

Group 3 and Group 4 (Louis et al., 2016). The WNT and SHH groups were thus 

named in connection with signaling pathways that appear to play important roles in 

the pathogenesis of these subgroups. Subgroup 3 and 4 are related to a high incidence 

of recurrence and metastasis and lead to a poorer prognosis (Taylor et al., 2012, 

Northcott et al., 2011). 
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Figure 1. 1: The comparison of 4 main molecular subtypes of MB includes their molecular 

and clinical characteristics. 

MB is composed of four essential molecular subgroups: WNT, SHH, Group 3 and Group 4, which 

correspond to different molecular and clinical characteristics. The methods of classification for the 

molecular subgroups depend on recent integrated genomic analysis. MB: Medulloblastoma; 

WNT: Wingless; SHH: Sonic Hedgehog; LCA: Large cell/anaplastic. Figure taken from Taylor et 

al., 2012 
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WNT subgroup 

The MB of WNT subgroup (about 15% of cases) has a very good prognosis 

(survival > 90%, metastases in 5-10% of cases). This subgroup is identified by the 

expression of genes present during activated WNT signaling pathway: DKK1, DKK2, 

WIF1, filamin-A, YAP-1 and β-catenin (+/- nuclear cytoplasmic expression). More 

than 75% of WNT tumors have the mutation on exon 3 (CTNNB1) of the β-catenin 

gene. The genome of WNT tumors is relatively stable compared to other subgroups 

and well-defined by different approaches (Schroeder et al., 2014). 

SHH subgroup 

The SHH subgroup has 25% of patients with overall survival about 75% and the 

risk of metastasis is 15-20%. Its name is according to the activation of SHH pathway, 

which is easily identified with the expression of GAB1, SFRP and Gli1-3. This tumor 

subtype is initiated by the amplification or deletion of genes that are components of 

the SHH pathway: PTCH1/2 (somatic or germinal mutation), SUFU (somatic or 

germinal mutation), Smoothened (SMO, [somatic mutation]), and GLI2 

(amplification). 

Group 3 

Group 3 human tumors approximately 25% of the cases with a high incidence of 

metastasis at the time of diagnosis (poor prognoses with survival <50%, metastases in 

40-45% of cases). The expression of the natriuretic peptide receptor 3 (NPR3) has 

been reported as the group 3 marker, characterized also by Myc overexpression or 



 

17 

 

amplification. Many studies have validated the functional role of Myc overexpression 

in tumorigenesis and invasion. There is no known stable germinal mutation associated 

with this subgroup in the current studies.  

Group 4  

As the most common but least characterized subtype, Group 4 constitutes 35% of 

cases with a survival less than 75% and metastases observed in 35-40% of the cases. 

This group could be identified by the amplification of MYCN (Kool et al., 2012). 

There is no known germinal mutation and its pathogenesis remains poorly understood. 

 

These 4 subgroups support current disease subclassification and initial molecular 

subgroup-directed therapies in advanced clinical trials. However, substantial 

biological heterogeneity and differences in survival for each subgroup are still 

manifest. More recently, additional age and risk factor features to molecular 

subgroups within childhood MB lead to improve disease subclassification and 

prognosis predictions (Schwalbe et al., 2017). In this retrospective cohort study, 428 

primary MB samples were collected and identified within seven robust and 

reproducible primary molecular subgroups of childhood MB. High-risk clinical 

factors included as described above pathology of large cell and anaplastic (LCA), 

metastasis (M+), incomplete surgical resection (R+) and MYC or MYCN 

amplification. MB subgroup WNT remained unchanged and other 3 subgroups were 

divided in two according to high-risk clinical factors and age: subgroup SHH divided 

into SHH-Child (>4.3 years) and SHH-Infant (<4.3 years), subgroup 3 and 4 were 
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separated into high-risk (MBGrp3-HR and MBGrp4-HR) and low-risk subgroup 

(MBGrp3-LR and MBGrp4-LR) (Figure 1.2). This discovery of seven novel, 

clinically significant subgroups improves disease risk-stratification and could better  

inform treatment decisions in the future. More additional subgroups were proposed 

for clinical application, taking clinical and therapeutic information of the treated 

patients into account and considering the genetic prosnotic factors like TP53 mutation, 

MYC amplication and chromosome 11 and 13 loss.  

 



 

19 

 

 

Gene TP53 and its protein p53 have been studied dramatically with a number of 

different tumors. Early research found that more than 40% MB samples have 

frequently changed the isochromosome 17q (Biegel et al., 1992), which maybe highly 

associated with TP53. But later studies showed that 17p and 17p loss and TP53 

mutations are unrelated with tumor initiation, but associated with prognosis (Adesina 

et al., 1994, Pfaff et al., 2010). The prognostic effect of TP53 mutations for MB 

Figure 1. 2: Summary of the seven primary medulloblastoma subgroups. 

Demographic, clinicopathological, and molecular features are summarized for the 7 novel 

clinical depended subgoups. CB: Normal cerebella. CLAS: Classic histological subtype. DN: 

desmoplastic nodular. LCA: large-cell anaplastic. Figure taken from Schwalbe et al., 2017. 
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depends on different molecular subgroup. SHH subgroup of MB are divided into 

TP53-mutant and TP53-wildtype in 2016 WHO classification. TP53 mutations as the 

high risk prognostic factors are associated with the majority of treatment failures in 

SHH MB (Ramaswamy et al., 2016). Because of local recurrence observed frequently 

for the majority of SHH MB, a potential explanation for the poor prognosis in TP53-

mutated SHH subgroup associates with radiation resistance (Ramaswamy et al., 2013). 

On the contrary, TP53 mutations are also frequently associated with CTNNB1 

mutation in WNT subgroup but related with the best prognosis. It is explained that 

accumulation of β-catenin protein is down-regulated by activated p53 (Levina et al., 

2004). However, p53-associated proteins in group 3 and 4 MB for the prognosis, 

progession and initiation remain still unclear. 

 

Current and prospective therapies 

Conventional therapies 

The management is initially neurosurgical surgery: first of all, hydrocephalus is 

lifted mainly by a ventriculocisternostomy type derivation followed by surgical 

resection as complete as possible. Future treatments depend on the main prognostic 

factors: initial extension of the disease (localized or presence of a meningeal 

diffusion), quality of the excision (macroscopically complete or not), histological type 

of the MB (favorable character of the nodular subtype desmoplastic or with extensive 

nodularity, poor prognosis of LCA), biological criteria (favorable aspect of intra-

nuclear accumulation of β-catenin, lack of amplification of MYC and MYCN 
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oncogenes in tumoral cells, ...) (Cho et al., 2011). More recently as presented above, 

molecular subgroup demonstrates also an important role in prognosis. The 

combination of these different factors makes it possible to define a stratification of 

this disease and to define the therapeutic strategy that also relies on the age of the 

child at the time of diagnosis (Figure 1.3). 
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Indeed, post-operative craniospinal irradiation (CSI) is an essential treatment for 

MB due to the risk of meningeal diffusion, which causes a high risk of neurocognitive 

sequelae, especially for young patients. The dose of conventional radiotherapy on the 

whole central nervous system is 36 Gy and up to 54-55 Gy on the tumor bed. In 

young patients, this treatment is associated with high risk of neurocognitive sequelae. 

The strategies were therefore proposed to reduce these sequelae by reducing the doses 

on the cranio-spinal axis to 23.4 Gy under the cover of chemotherapy, reducing the 

irradiation field to the post-operative tumor volume rather than the entire posterior 

Low risk Average risk High risk 

< 3-5 years 

R0 / M- 

Classic 

Desmoplastic 

R1 / M+ 

> 3-5 years 

R0 / M- 

Classic / Desmoplastic 

 

R1 / M+ 

Amplification of Myc/Mycn 

Anaplastic / Large cells 

Figure 1. 3: Therapeutic strategies according to different prognostic factors. 

Three levels of risk guide to the different strategies: high risk clinical factors include large cell 

and anaplastic [LCA], metastasis [M+], incomplete surgical resection [R+] and MYC or 

MYCN amplification. While low risk clinical factors consist in desmoplastic histology and β-

catenin subgroup (WNT). 

Nuclear β-catenin  
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fossa, using high-compliance radiotherapy techniques to protect the surrounding 

organs (cochlea for example), by delaying the date of RT as much as possible or by 

reducing radiation fields for young patients to avoid as much as possible irradiating an 

"immature" brain by using prolonged chemotherapy. In addition, different strategies 

for administering chemotherapy drugs (intravenous, intrathecal, conventional or high 

doses) are being evaluated to define the most effective treatments with the most 

acceptable toxicity.  

 

Targeted therapies  

The current treatment of MB is mainly composed of non-specific therapies 

including surgery and aggressive chemotherapy and radiotherapy. Due to the 

progresses of molecular and genetic biology, the better understanding of tumor 

development suggested possibility of targeting therapy. The role of targeting therapies 

is booming and the new treatments under study focus on the targeting of signaling 

pathways related to molecular subgroups, including the WNT and SHH pathway  

(Remke et al., 2013).  

Biologically, the WNT subgroup is characterized by mutations of CTNNB1, 

DDX3X and TP53 in the WNT signaling pathway which are therefore potential 

therapeutic targets. MiR-148a, a micro RNA upregulated in the WNT subgroup 

tumors, inhibits invasion and tumorigenic potential of MB cells (Yogi et al., 2015). 

Another study of micro-RNA indicated that miR-219 suppresses the proliferation, 
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migration and invasion of MB cells by targeting CD164 as a potential therapeutic 

agent for MB. 

The SHH subgroup is the best known and best studied mutations PTCH1 and 

SUFU, as well as mutations of SMO were found in 10-15% of sporadic MB. Several 

SMO inhibitors are currently in clinical trials for relapsed MB, specifically, GDC-

0449 and LDE225 (Kim et al., 2014, Rodon et al., 2014). In addition, a novel PI3K 

inhibitor (GDC-0941) is effective in vitro and in vivo by reducing the expression of 

phosphorylation of AKT (Ehrhardt et al., 2015). A new regulatory mechanism of 

SHH pathway proposed that phosphodiesterase 4D (PDE4D) acts downstream of 

Neuropilins to control SHH signaling pathway and MB growth, which could be a 

promising target to treat the SHH subgroup tumors (Ge et al., 2015). 

Because of the poor prognosis of patients in subgroup 3 and 4, it is urgent to find 

new therapies to improve efficacy of these 2 subgroups. High level of MYC 

amplifications is reported to be related with poor prognosis. Some molecular 

inhibitors of MYC have been proposed, some of which are in early clinical trials (Lin 

et al., 2010). The original cell of subgroup 4 is still unknown, but a possible 

preclinical model exists with an overexpression of MYCN. Inhibition of effectors 

downstream of MYCN corresponds to potential therapeutics, and it has recently been 

shown that the bromodomain and extra-terminal domain (BET) protein specific 

inhibition of MYCN is effective in preclinical models of neuroblast (Puissant et al., 

2013). 
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Besides, angiogenesis is crucial for tumor growth and dissemination, and many 

studies have therefore turned to anti-angiogenic strategies in the treatment of pediatric 

brain tumors. Pazopanib has recently been identified as a potential new anti-

angiogenesis that can target MB via the multikinase (MKI) pathway (Craveiro et al., 

2014).  

There are more and more targeted anti-tumor therapies in clinical trials for MB, 

but most ended in failure. The reason may be related to the level of gene mutation that 

most targets identified in the diagnostic sample are unlikely to be present in the 

dominant clone at the time of recurrence. Even in recurrent cases, molecular subgroup 

affiliation is extremely stable at the time of recurrence, suggesting that therapeutic 

strategies based on susceptibility across a subgroup might be efficacious both upfront 

and at recurrence (Morrissy et al., 2016). 

 

Preclinical models of MB 

The identified molecules of MB subgroup remain stable at the time of recurrence 

and even in metastatic cases for humain (Ramaswamy et al., 2013, Wang et al., 2015). 

However, a large number of experiments should use cell lines in vitro or animal 

models for important exploratory research. But some methods for detection of the 

primary tumor could not be used in many models especially for cell lines in vitro. 

Global gene expression profiling helps to classify the molecular subgroup for more 

approximate models like xenograft mouse models and cell lines of MB. Genes SFRP1, 

WIF1, NPR3, and KCNA1 are widely used to classify the molecular subgroups of 
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SHH, WNT, Group 3 and Group 4, respectively (Zhao et al., 2012). Lagerweij used 

the same genes to classify the cell lines that showed the most used cell line DAOY 

belong to subgroup SHH and the cell line ICb-1299MB in the subgroup 4 while three 

cell lines D283-Med, D458-Med and VU371 pertain to the subgroup 3 (Lagerweij et 

al., 2016). However, the molecular subgrouping has not been all completed studied 

for all cell lines and sometimes showed the different results. The classification of 

D283-Med above has been confirmed by some authors to be assigned in Group 3 

(Sengupta et al., 2014), but also seems to have the characteristics of Group 4 by 

others (Snuderl et al., 2013), as well as the cell line UW228. The most of cells in 

culture maintain the mutation and hold the stability of subgroups like in tissue 

samples whereas the MED6 cell line reverted to wild type and changed WNT 

mutation into Group 3 (Othman et al., 2014). The culture and environmental 

conditions could interact with the phenotypic type to active or silence some mutation 

and signaling pathways. 

The WNT and SHH groups were thus named in connection with signaling 

pathways which appear to play important roles in the pathogenesis of these subgroups. 

Subgroups 3 and 4 MB are related to a high incidence of metastasis and lead to a 

poorer prognosis. Thus, it is important to study as much as possible all the molecular 

subgroups of MB for a better understanding of this disease. Therefore, in my thesis, 

we analyzed the three most frequent used cell lines of MB: DAOY, D283-Med and 

D341-Med, corresponding to the subgroup SHH, subgroup 4 or 3 and subgroup 3, 

respectively (Xu et al., 2015, Snuderl et al., 2013). A permanent cell line of DAOY 

and D283 arising from the MB were established and their growth characteristics were 
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investigated in 1985 (Jacobsen et al., 1985, Friedman et al., 1985). The DAOY line is 

a human desmoplastic MB, developed in a 4 years old male child. These are adherent 

cells of polygonal morphology. The cell line D283-Med is derived from a 6 years old 

boy MB peritoneum metastatic site. These cells grow both in suspension and adherent 

feature with multicellular aggregates. The morphology of the adherent cells is like the 

epithelial type. In addition, a new continuous cell line of D341-Med derived from a 

cerebellar MB of a 3.5 years old male child was identified and demonstrated 20-fold 

amplification of c-myc. These cells grow in suspension, spheroid morphology 

(Friedman et al., 1988) (Table 1.2).  

 

Table 1. 2 : Characteristics of the 3 MB cell  lines: DAOY, D283-Med and D341-Med. 

 

Cell line DAOY D283-Med D341-Med 

Original Site 

Medulloblastoma 

Desmoplastic 

humain 

Medulloblastoma 

peritoneum 

metastatic 

Medulloblastoma 

humain 

Growth 

Properties 
Adherent cells 

Suspended cells + 

multicellular 

aggregates 

+ adherent cells 

Suspended cells 

Morphology Polygonal Epithelial Spheroid 

Molecular 

subgroup 
SHH Group 3 ou 4 Group 3 
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Cancer stem cells 

Brain tumor stem cells 

Stem cells are a type of pluripotent cells with self-renewing ability which can 

differentiate into multiple functional cells. In mammals, there are two essential types 

of stem cells: embryonic stem cells and somatic stem cells. Self-renewal and potency 

are 2 properties to define a stem cell. According to the development potential of stem 

cells, they are divided into three types: totipotent stem cells, pluripotent stem cells, 

and unipotent stem cells. Based on the similarities observed between stem cells and 

cancer, the hypothesis of cancer stem cells (CSCs) was proposed, which is now 

supported by a plethora of recent observations. Cancer arises from a series of 

mutations that occur in few or even single founder cells. These cells eventually 

acquire unlimited and uncontrolled proliferation. Two hypothetical models can 

explain this phenomenon: the stochastic model and the hierarchical model. The first 

model predicts that all the cells in a tumor have a similar proliferative potential, which 

is activated asynchronously and at a low frequency in some cells. Conversely, the 

hierarchical model holds that only a rare subset of cells within the tumour have 

significant proliferation capacity and, particularly, the ability to generate new tumours, 

with the remainder of the tumour cells representing differentiating or terminally 

differentiated cells (Nassar et al., 2016). The appearance of CSCs might be the 

consequence of somatic mutational evolution (Rozhok et al., 2015).   

The CSCs in brain tumors were also identified since Singh et al demonstrated in 

2003 the existence of a particular undifferentiated cancer cell subpopulation with self-
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renewing capacity, expressing the CD133 stem cell marker, and named brain tumor 

stem cells (BTSCs) (Singh et al., 2003). This subpopulation of BTSCs found in MB 

was well described in a review of (Vescovi et al., 2006). CSCs are distinguished by 

different characteristics from those of other tumor cells: self-renewal capacity, 

pluripotency and capacity of differentiation, as well as an ability to restore tumors 

identical to the original tumor during orthotopic implantation in mice (Singh et al., 

2004).  

 

Isolation and identification of cancer stem cells  

Current methods for identifying CSCs include the use of specific stem cell 

markers such as CD133 or functional criteria in culture (neurosphere formation in 

vitro). In fact, the neurosphere culture is a selective or enriched method with a 

particular condition without serum and in the presence of appropriate growth factors, 

such as epidermal growth factor (EGF) and fibroblastic growth factor 2 (FGF-2). 

Under these conditions, most differentiated cells die rapidly, while CSCs proliferate 

and form spheres that can be dissociated and repeated to generate secondary spheres 

with little change in their growth or differentiation characteristics (Figure 1.4).  
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CD133, a 117kDa transmembrane glycoprotein, is the most commonly used 

surface marker for the strain phenotype used to identify CSCs. CD133 is expressed by 

CSCs from different tumors, such as melanoma, liver cancer, osteosarcoma, colon 

cancer, glioblastoma and so on. Similarly, it has recently been shown that MB stem 

cells express also this surface marker. However, CD133 is not a specific identification 

marker for all types of CSCs and some CD133 negative cancer cells have the ability 

to form new tumor in vivo. Other markers have been identified, in the case of MB, as 

Figure 1. 4: Isolation and perpetuation of brain tumor stem cells in vitro culture. 

Serum free culture system is used to isolate and receive the CNS-derived stem cells 

named neurospheres. This system contains the stem cell mitogens EGFR and/or FGR-2. 

Most cells die due to the lack of serum and the low plating density except those that 

respond to the stem cell mitogens which stimulate the cell proliferation to form 

neurospheres in suspension.These neurospheres can be dissociated into a single cell 

suspension and then re-plated in fresh serum free medium to produce secondary 

neurospheres. The stem cells will be differentiated into different cell types of CNS 

system like neurons, astrocytes and oligodendrocytes when removing mitogens. CNS: 

Central Nervous System; EGFR: Epidermal growth factor; FGR-2: Fibroblast growth 

factor 2. Figure taken from Vescovi et al., 2006. 
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the marker CD15 which could be an interesting marker for stem cells of some MB 

subtypes (Read et al., 2009). 

Embryonal brain tumors are aggressive and fast-growing, which can dissiminate 

into the CNS. Recent findings indicate that MB may be developed from granular stem 

cells or progenitor cells of the cerebellum (Samkari et al., 2015) (Figure 1.5). The 

discovery of CSCs in MB is a major advance in the field of neuro-oncology research. 

Stem cells in MB are probably at the origin of the tumorigenesis and Bao et al. found 

that this subpopulation also can lead to resistance to therapy and recurrence (Bao et 

al., 2006). The identification of new molecular target specific for MB stem cells is a 

major challenge to improve the management of this pathology. 
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Figure 1. 5: Germinal zones in the developing cerebellum and their mechanism of 

development. 

A: Schematic depicting the initial locations of the Purkinje cell precursors (green) and 

the external granule cell precursors (red) at approximately embryonic day 10–13. The 

ventricular zone, the source of GABAergic neurons, houses the Purkinje cell 

precursors, while the rhombic lip, the source of glutamatergic neurons,  houses the 

external granule cell precursors. The SHH subgroup of MBLs originates from the 

rhombic lip and external granule cell precursors, and the Group 3 subgroup of MBL 

originates from precursors in both the rhombic lip as well as the ventricular zone. B: 

Cerebellum development at embryonic day 16–17. The Purkinje cell precursors, due to 

paracrine signaling, have migrated to the upper edge of the forming cerebellum, near 

the external granule cell precursors. C: Snapshot of the signaling pathways occurring in 

section B. Neuropeptide signaling on Purkinje cells initiates SHH signaling from the 

Purkinje cells onto the external granule cells. SHH signaling causes rapid proliferation 

and differentiation of the external granule cells, which then causes them to migrate 

across the Purkinje cell monolayer and form the internal granule cell layer. D: Final 

locations of the Purkinje cell layer and the newly formed internal granule cell layer of 

the fully developed cerebellum at postnatal day 20-adult. Figure taken from 

Martirosian et al, 2016. 
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Cancer stem cell signaling pathways in medulloblastoma  

The signaling pathways related with these subgroups were widely studied for the 

advanced targeted therapies such as SHH signaling, WNT signaling, Notch signaling, 

p53, and PI3K (Kumar et al., 2017). Besides, the signaling pathways in group 3 and 4 

are not well known, some downstream signaling pathway Bmi1 signaling and other 

putative brain tumor initiating cells (BTIC) self-renewal genes may be also related 

with these subgroups. Because these signaling pathways are involved in the MB 

tumorigenesis and stem like features, their receptors, mediators, transcription factors  

and oncoproteins may regulate BTIC self-renewal ability and thereby provide 

potential therapeutic interventions (Manoranjan et al., 2012) (Figure 1.6). 
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Figure 1. 6 : Key signaling pathways involved in Medulloblastoma. 

Signaling pathways reported in maintaining the tumorigenic potential of MB BTICs 

mainly include Wnt, Shh and Notch signaling pathways. The Wnt and Shh signaling are 

involved in the molecular subgroup of WNT and SHH. Besides, the signaling pathways 

in group 3 and 4 are not well known, some downstream signaling pathway Bmi1 

signaling and other putative BTIC self-renewal genes may be also related with these 

subgroups. The key regulators or mediators of these signaling pathways may promote or 

inhibit BTIC self-renewal ability and thereby provide potential therapeutic interventions. 

BTIC: Brain tumor-initiating cell; MB, Medulloblastoma; Shh, Sonic hedgehog; Wnt: 

Wingless. Figure taken from Manoranjan et al., 2012. 
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SHH signaling 

The Hedgehog gene (Hh) encodes a highly conserved glycoprotein that plays an 

important role in regulating cell differentiation and stem cell maintenance during 

embryonic development. There are three Hedgehog homologues in humans: Sonic 

Hedgehog (SHH), Indian Hedgehog (IHH) and Desert Hedgehog (DHH), encoding 

SHH, IHH, and DHH proteins, respectively (Ingham et al., 2011). SHH is the best 

studied ligand of the cell signaling pathway in MB. Most of what is known about 

hedgehog signaling has been established by studying SHH. Thus, the functions of 

SHH are regulated by PTCH-SMO-GLI signaling (Dray et al., 2010, Taipale et al., 

2002), SHH binds to PTCH to relieve its repression of SMO, leading to active the 

downsteam effectors, including GLI1, GLI2 and GLI3 (Figure 1.7). 
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Activation of SHH pathway has been implicated in the development of cancers 

in various organs, including brain, lung, mammary gland, prostate and skin. MB can 

also develop due to this activated signaling pathway mainly by the mutations of the 

repression factors PTCH1, PTCH2 or SUFU (Brugieres et al., 2010, Crawford et al., 

2009). Abnormal activation of the pathway probably leads to development of MB 

through one of the important hypothesis that transformation of adult stem cells into 

CSCs which contribute the tumor arise (Chen et al., 2002). So the specific inhibitors 

Figure 1. 7: Overview of Sonic hedgehog signaling. 

SHH can signal in an autocrine way, affecting the cells in which it is produced. 

Secretion and consequent paracrine hedgehog signaling require the participation of 

Dispatched (DISP) protein (Process "1 and 2". SHH binds to the Patched-1 (PTCH1) 

receptor (Process "3" on Figure 5, the blue molecule). In the absence of ligand, PTCH1 

inhibits Smoothened (SMO), a downstream protein in the pathway (Process "4"). It has 

been suggested that SMO is regulated by a small molecule, the cellular localization of 

which is controlled by PTCH. The binding of SHH relieves SMO inhibition, leading to 

activation of the GLI transcription factors (Process "5"): the activators Gli1 and Gli2 

and the repressor Gli3. Activated GLI accumulates in the nucleus (Process "6") and 

controls the transcription of hedgehog target genes (Process "7").  
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of hedgehog signaling could provide an efficient therapy for a wide range of 

malignancies.  

More and more research showed that deregulation of G-protein coupled receptor 

(GPCR) pathways has been implicated in occurrence and development of MB (He et 

al., 2014). GNAS was recently identified as a potential tumor suppressor gene 

encoding the protein Gsα, which inhibited the pathogenesis of an invasive MB driven 

by Sonic hedgehog protein. Scientists used the Rolipram to treat the GNAS invasive 

mutant MB mice genetically engineered to not express the GNAS gene. Rolipram 

treatment increased the level of cAMP molecules in mice and restored the tumor 

suppressor function of the GNAS-Gsa signaling pathway. This led to shrinking and 

regression of the tumor. The study also showed that elevating cAMP levels in cells 

can improve the efficacy of several Sonic hedgehog inhibitors currently tested in 

clinical trials for combating tumor growth. 

 

WNT signaling 

Wnt signaling plays an important role in embryonic development, cell 

differentiation and proliferation and adult tissue maintenance. The perturbations of 

Wnt signaling are also identified for its role in carcinogenesis (Nusse et al., 2005). 

Various proteins involved with different functions are derived in this signaling 

pathway that could be divided into the canonical pathway, the non canonical pathway 

and the integrated WNT-Ca2+ pathway. β-catenin is the key protein in the 

canonical Wnt pathwany so that it is called  β-catenin pathway (Figure 1.8). 
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Activation of this pathway is relied to the accumulation of β-catenin in the cytoplasm 

and then translocation into the nucleus to act as a transcription factor after Wnt 

protein binding to the Frizzled/LRP receptor complex at the cell surface. Mutations in 

the Wnt pathway cause several hereditary diseases and contribute to the development 

of cancer involved the interactions of tumor suppressor APC protein (Minde et al., 

2013). In humain MB, gene CTNNB1 encoding β-catenin serves as the downstream 

complex with AXIN and APC of WNT signaling and its mutations are frequently 

observed in WNT subgroup (Thompson et al., 2006).  

 

Figure 1. 8 : The canonical Wnt signaling pathway. 
Left side showed Wnt signaling at a no activated status, β-catenin is degraded through 

interactions with Axin, APC, and the protein kinase GSK-3. Right side showed that Wnt 

proteins bind to the Frizzled/LRP receptor complex at the cell surface and then transmit 

the signal to Dsh and to Axin, which can inhibit the degradation of β-catenin. The 

accumulates of β-catenin in the cytoplasm and nucleus interact with TCF to control 

transcription.  Dsh: Dishevelled; Figure taken from Nusse, 2005. 
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Notch and other signaling pathways 

The tumors in subgroup 3 and 4 are more invasive and involved with poorer 

prognosis, but the signaling pathways in these groups are not well known.  Notch may 

interact with the common downstream factors of other pathways. Notch signaling 

pathway is a highly conserved cell signaling system presenting in various systems 

which play an important role in embryonic development, and this pathway also 

maintains the self-renewal and pluripotency of stem cells or progenitor cells status in 

preventing their differentiation, particularly in CNS (Ben-Shushan et al., 2015, De la 

Pompa et al., 1997). Notch family has 4 homologs in mammalian: Notch 1, Notch 2, 

Notch 3 and Notch 4, and their receptors are all single pass transmembrane proteins.  

In canonical Notch signaling (Figure 1.9), activation of Notch is closely related to the 

development and progression of MB by disturbing the common downstream signaling 

to promote tumor formation and inhibit cancer stem cell differenciation (Teodorczyk 

et al., 2014). The extracellular Delta/Jagged ligands combine with the Notch receptors 

and give rise to S2 cleavage on the site of ADAM (a disintegrin and metalloprotease) 

10 or 17. Interactions active the S3 cleavage which leads to the Notch intracellular 

domain (NICD) binding to a protein γ-secretase-presenilin complex. The stimulated 

signal then translocates into the nucleus. The transcriptions of hairy/enhancer of split 

(Hes) and Hey are suppressed by these events (Fischer et al., 2007, Iso et al., 2003). 

This activated status stimulates the tumor development and also promote the growth 

of humain brain initialing cells (Sarkar et al., 2017). So molecules disturb Notch 

signaling pathway could be used to treat MB. A gamma secretase inhibitor 
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RO4929097of Notch signaling pathway has been already assessed in clinical trials for 

different tumors (Tolcher et al., 2012, De Jesus-Acosta et al., 2014, Diaz-Padilla et al., 

2015) and MK-0752 in refractory or recurrent pediatric CNS tumors (Fouladi et al., 

2011). Peptide inhibitors represent potential future treatment modalities in MB by 

acting function in the late stage of the pathway. The specific signaling pathways 

remain still unclear for the non SHH/WNT subgroup MB. Recent molecular research 

of MB found that there is an overexpression of Bmi1 in all subgroups, particularly in 

the more aggressive subgroups (Leung et al., 2004). Bmi1 is a key stem cell 

regulatory effector implicated in the pathogenesis of many aggressive cancers, 

including MB, related with SHH pathway driven tumorigenesis and cell proliferation. 

The key factor Gli1 as one of the downstream reactor of Shh, can be preferentially 

binded to the Bmi1 promoter and influence the Gli1 expression. In fact, Shh and Bmi1 

were 2 indispensable signaling pathways in MB stem cell maintenance but also be 

related with each other (Wang et al., 2012). The mediators of Bmi1 signaling and 

other putative brain tumor stem cell self-renewal genes may provide potential targets 

for therapeutic interventions. 
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Figure 1. 9 : Canonical Notch signaling involved current targeted therapies. 

Figure showed that several stages of the Notch signaling pathway are prone to 

pharmacological intervention. NICD: Notch intracellular domain, NECD: Notch 

extracellular domain; NTM: Notch transmembrane domain.  Figure taken from 

Teodorczyk et al., 2014.  
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Neuropilins 

Structure and co-receptors of neuropilins 

Neuropilins (Neuropilin-1[NRP-1] and Neuropilin-2 [NRP-2]) are 

transmembrane glycoproteins that play a very important role in the development of 

neuronal and vascular systems. They are receptors of the class III semaphorin family, 

factors of axonal guidance, factors of angiogenesis and receptors of the VEGF family. 

NRP-1 has 2 fractions including a membrane form of 120 kDa and a soluble fraction 

at 80 kDa. NRP-2 (105 kDa) is a homolog that shares about 44% similarities of 

structural and biological properties with NRP-1. They have identical domain 

structures which are located on different chromosomes (NRP-1 on chromosome 10 

and NRP-2 on chromosome 2) (Wild et al., 2012) (Figure 1.10). 
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Role of NRP-1 in cancer and involved signaling pathways  

Neuropilins act as co-receptors by complexing with other transmembrane 

receptors and thereby increase the binding of extracellular ligands. So far, five major 

types of soluble mediators that can bind neuropilins have been discovered: TGF-β1, 

the VEGF family, HGF, PDGF-BB, and the SEMA III family (Prud'Homme and 

Glinka, 2012) (Figure  1.11). 

Figure 1. 10 : Structural domains of Neuropilines. 

In humans, NRP-2 shares only 44% sequence homology with NRP-1. The two receptors 

have an identical domain structure, comprising a large N-terminal extracellular domain 

(835 aa for NRP1, 844 aa for NRP2), a short transmembrane domain (23 aa for NRP1, 

25 aa for NRP2) and a small cytoplasmic domain (44 aa for NRP1, 42 for NRP2). The 

NRP extracellular region is divided into three domains: (1) the a1 ⁄a2 (CUB) domain, 

which is homologous to complement proteins C1r and C1s, (2) the b1 ⁄b2 domain, which 

is homologous to coagulation factors V and VIII and (3) the c domain, which is 

homologous to meprin, A5 and receptor tyrosine phosphatase l (hence designated 

MAM). The PDZ-domain binds the neuropilin interacting protein (NIP). Soluble NRP 

(sNRP), which contain the extracellular a1 ⁄a2 and b1 ⁄b2 domains and lack the 

transmembrane -c and cytoplasmic domains function as natural NRP inhibitors. Figure 

taken from Wild et al., 2012. 
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Figure 1. 11 : Co-receptors involved in main signaling pathways and functions 

regulated by Neuropilins 

Receptors and mediators interact in NRP-1-drived signaling pathways including TGF-

β1, VEGF family, HGF, PDGF-BB, and the SEMA3 family. The signaling pathway of 

TGF-β1 is divided into canonical (Smad2/3) and non-canonical signaling. Smad 

signaling appears to have an anti-proliferative reaction, while TGF-β non-canonical 

signaling (or other GF pathways) can inhibit Smad2/3 signaling and lead to tumor 

progression by the adaptor p130Cas. This mediator is in phosphorylated form in 

response to NRP-1which binds to GFs, and then interacts in non-canonical signaling 

pathway For SEMA3s, the Nrps are not essential for receptor signaling but they enhance 

the response. SEMA3s interact with Nrps and plexins (the signaling receptors) to 

activate signaling pathways that regulate axonal guidance, as well as endothelial, 

immune and tumor cell responses, usually in an inhibitory way. EMT:  Epithelial-to-

mesenchymal transition; FAK: Focal adhesion kinase; GF: growth factor; HGF: 

Hepatocyte growth factor; p-: phosphorylated form; p130Cas: Crk-associated substrate; 

PDGF, platelet-derived growth factor; PDGFR; PDGF receptor; Pyk2, proline-rich 

tyrosine kinase 2; SEMA3: Class 3 semaphorin; TGF-β: Transforming growth factor-β; 

TMD: Transmembrane domain; VEGF: Vascular endothelial growth factor; VEGFR: 

Vascular endothelial growth factor receptor. Figure taken from Prud'Homme et al., 2012 
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Initially, NRPs were widely described as mediators of axonal guidance but it was 

later demonstrated that these receptors are also involved in the development of tumor 

angiogenesis, tumor progression and cancer stem cell stemness by acting via different 

receptors involving various signaling pathways. VEGFs also play an important role 

for the self-renewal, survival and tumor-forming ability of CSCs. NRP-1 was first 

described as an interacting receptor of the VEGF family in 1997. It was showed that 

the expression of NRP-1 and VEGFR-2 enhanced VEGF165 mediated interactions 

and induced the mitogenic activity (Soker et al., 1997). In addition, Hamerlik et al has 

shown that VEGFR2 / NRP-1 signaling promoted the survival of cancerous stem cells 

from brain tumors (Hamerlik et al., 2012).  Similarly, Cao et al. found that 

suppression of NRP-1 induced a more differentiated phenotype in a model of renal 

cell carcinoma with the inhibition of SHH. So that the authors concluded that NRP-1 

promoted an undifferentiated phenotype in cancer cells (Cao et al., 2008). Beck et al 

found that blocking NRP-1 decreased VEGF's by affecting CSCs through NRP-1 in 

an autocrine loop to promote cancer stemness and renewal, caused tumour regression 

in skin tumors (Beck et al., 2011). NRP-1 acts as the co-receptor of VEGF. They are 

independent but also interact with each other to affect tumorgenesis, angiogenesis and 

cancer stemness, therefore, their antagonists may be effective for the treatment of 

related tumor. 

Transforming growth factor-β (TGF-β) is a multifunctional cytokine involved in  

stem cell differentiation and is also quite commonly expressed by cancers (Beck et al., 

2011). The mutations of TGF-β signaling pathway lose the control of normal 

functions of TGF-β leading to immunosuppression, angiogenesis and even 
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tumorgenesis (Blobe et al., 2000).  Glinka et al showed that NRP-1 was a co-receptor 

of TGF-β and increased the responses of TGF-β related with cancer progression and 

metastasis (Glinka et al., 2011). The signaling pathway of TGF-β1 divides into 

canonical (Smad2/3) and non-canonical signaling. Smad signaling appears to an anti-

proliferative reaction, while TGF-β non-canonical signaling (or other GF pathways) 

can inhibit Smad2/3 signaling and lead to tumor progression by the adaptor p130Cas 

(Kim et al., 2008). This mediator is in phosphorylated form in response to NRP-1 

which binds to growth factors (GFs), and then interacts in non-canonical signaling 

pathway (Wendt et al., 2009). For SEMA3s, the NRPs are not essential for receptor 

signaling but they enhance the response. SEMA3s interact with NRPs and active 

plexins to regulate axonal guidance, as well as endothelial, immune and tumor cell 

responses, generally in an inhibitory way (Klagsbrun and Shimizu, 2010). 

Another pathway could also be considered that NRP-1 control the anti-apoptotic 

function in endothelial cells (ECs) through the NRP-1 interacting protein (NIP/GIPC) 

by activing PI3K/Akt and p21, and inactiving p53 pathways and FoxOs (Wang et al., 

2007). Furthermore, other authors have reported the possible mechanism in cancer 

cells, showed a new signaling pathway of NRP-1 that GIPC1/Syx complex in 

signaling pathway of VEGF-A/NRP1 induced cancer cell proliferation (Yoshida et al., 

2015). These signaling pathways contribute to a better understanding of molecular 

mechanisms of NRP-1 derived angiogenesis and related cancer formation and provide 

the possibilities for better therapeutic targets. 
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Different approaches envisaged to target NRP-1 

NRP-1 has multifunctions regarded as the co-receptor of different biological 

molecules. The target action of this receptor is mainly located in its transmembrane 

fraction (mNRP-1), divided into three domains: a1/a2, which is homologous to the 

complement proteins C1r/C1s, Uegf and Bmp-1 (CUB); b1/b2, which is homologous 

to the coagulation factors V and VIII (CF); c, which is homologous to meprin, A5 and 

receptor tyrosine phosphatase µ (MAM). The cytoplasmic tail (CP) lacks a catalytic 

activity, but contains a C-terminal SEA sequence that represents a consensus binding 

motif for proteins containing the PDZ (PSD-95, Dlg, ZO-1) domain, which promotes 

the formation of complexes with signaling pathway components (Graziani and Lacal., 

2015).  
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Monoclonal antibodies 

Because of its important role in tumor angiogenesis and tumor proliferation, 

different approaches have been recently considered to target NRP-1. Monoclonal 

antibodies have been used for several years for the treatment of different tumor types, 

and several antibodies have been developed specifically to target NRP-1. A phase I 

study of the human monoclonal anti-NRP1 MNRP1685A tested in patients with 

advanced solid tumors, showed encouraging results (Weekes et al., 2014). It seems 

Figure 1. 12 : Strategies to target NRP-1. 

Monoclonal antibodies (mAbs), peptides or peptidomimetics block the b domain of 

NRP-1 binding to VEGF-A. Figure taken from Graziania, et al. 2015 
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particularly interesting to combine anti-VEGF and anti-NRP-1 antibodies to limit the 

progression of MB. PlGF is produced in the cerebellar stroma via tumor-derived SHH 

and shows that a new mechanism noting that placental growth factor (PlGF) acts 

through NRP-1 and not VEGFR-1 to promote tumor survival, which proposed a new 

therapy way of MB by targeting PlGF/NRP-1 across MB subtypes-supports (Snuderl 

et al., 2013). However, some studies have pointed out that proliferation of MB in 

culture was dependent upon NRP-2, while reducing NRP-1 function had little effect. 

So NRP2 should be further investigated as a potential target for adjuvant therapy 

(Hayden et al., 2013). 

 

Peptide-based molecules 

NRP-1 was found to be a co-receptor of vascular endothelial growth factor –

A165 (VEGF-A165) acting together with vascular endothelial growth factor recptor -

2 (VEGFR-2) via its NRP-1 b1/b2 domain, resulting in increased affinity of VEGF-

A165 for the extracellular domain of VEGFR-2. But targeting NRP-1 with small 

molecules mimicking VEGF-A165 is not very advanced, because of the difficulty to 

mimic protein–protein interactions. With regard to the peptide-based approach, 

several peptides have been reported to modulate VEGF-A165/NRP-1 binding. 

Tuftsin is a natural tetrapeptide (Figure 1.13) (Thr-Lys-Pro-Arg, TKPR, 

Chemical formula: C21H40N8O6, Molar mass: 500.593 g/mol) located in the Fc-

domain of the heavy chain of immunoglobulin G, known as immunostimulatory factor, 

which was recently discovered to bind specifically to NRP-1 (Von Wronski et al., 
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2006). The role of the loops at b1 domain of human NRP-1 as a target binding site for 

ligand interaction has also been showed in the study of NRP-1 binding with tuftsin 

(TKPR), which is very similar to the VEGF-A165 C-terminus (DKPRR) (Vander et 

al., 2007). 

The C-terminal arginine of tuftsin contributes to the majority of interactions with 

NRP-1 and this was confirmed by a molecular modeling approach. Heptapeptide 

ATWLPPR (A7R), selected by screening a phage display library was described as an 

effective antagonist binding specifically to NRP-1 and decreased at the same time the 

angiogenesis and growth of breast cancer in vivo, so it can be considered as a potent 

inhibitor of tumor angiogenesis (Starzec et al., 2007). More and more new peptides 

structurally related to VEGF-A165 domains were recently designed and synthesized.  

However, the stability and bioavalability of peptides are limitations of these 

compunds, so the design of the more compatible molecules such as peptidomimetic 

based on carbohydrate moieties have been contemplated and seems an alternative 

solution. Following these discoveries, our group developed, in collaboration with 

chemists, some carbohydrate based peptidomimetics taking advantage of 

functionalities and stereodiversities of sugar derivatives. One of these compounds 

(MR438) demonstrated inhibition of VEGF-A165 binding to NRP-1 and specificity 

for NRP-1 over VEGF-R2 (Figure 1.13). Biological evaluations were performed on 

human umbilical vein endothelial cells (HUVECs) through activation of downstream 

proteins (AKT and ERK phosphorylation), viability/proliferation assays and in vitro 

measurements of anti-angiogenic abilities (Richard et al., 2016). 
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Hypotheses and objectives 

The development of peptides aiming to targeting NRP-1 is to use 

peptidomimetics for their theoretical stability (Richard et al., 2016). We have recently 

designed and assessed some new sugar-based peptidomimetics targeting NRP-1 

(MR563, MR438 and other peptidomimetics provided by Dr. Nadia Pellegrini-Moïse 

from L2CM 7053). One of them named MR438 presented a relevant in vitro affinity 

A 

B 

Figure 1. 13 : Structures of compounds peptide and peptidomimetic. 

(A) Tuftsin: peptide, Amino acid composition : Thr-Lys-Pro-Arg, TKPR, Chemical 

formula: C21H40N8O6, molar mass: 500.593 g/mol, affinity of NRP-1: 25 

mmol/L;(B) MR438: peptidomimetic, chemical formula: C22H33N5O8S, molar mass: 

527..59 g/mol, affinity of NRP-1: 88 mmol/L. 
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for NRP-1 (IC50 of 88 μmol/L) (Richard et al., 2016). Tuftsin (TKPR: Thr-Lys-Pro-

Arg), a natural ligand of NRP-1 with IC50 of 25 µmol/L (Richard et al., 2016) was 

used in our work as reference compound. Therefore, we investigated the exposition of 

these two compounds targeting NRP-1 on MB stem cells obtained in vitro from 3 cell 

lines (DAOY, D283-Med and Med-D341) in order to assess their short-term effects as 

cytotoxicity and cell invasion or their long-term effects as self-renewing ability and 

change stem cells of phenotypic status.  

There are already a plenty of research verified the model of neurospheres as the 

CSC model in vitro, in Chapter 2, we have characterized our 3 MB stem cell models 

with NRP-1 expression level and stem cell marker features and evaluated the effects 

of MR438 on CSCs: viability, morphology, self-renewal capacity, invasive capacity 

and the change of stem cell features. Interestingly, we found that inhibition of NRP-1 

seemed to induce the differentiation of MB stem cells, so we continued to study the 

possible molecular mechanisms related with NRP-1 signaling pathways.  

CSCs have better DNA repair capability in comparison with differenciated cells 

contributing to tumor resistance during radiation. The conventional therapies could 

kill differentiated tumor cells, but this small population survives and causes tumor 

progression and recurrence (Singh et al., 2004, Vescovi et al., 2006, Bao et al., 2006). 

As MR438 could stimulate the differentiated state of CSCs, it might also lead to 

improve radiosensitivity of resistant cells. We have demonstrated this hypothesis in 

Chapter 3, in which our results showed that MR438 increased radiosensitivity both for 

MB CSC cell lines in vitro and for heterotopic xenografts models.  
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The tumor environment is also very important for the development and prognosis 

of MB, and the blood brain barrier (BBB) is a key valve for the curative effect of 

treatments for brain tumors. So due to our encouraging results in vitro and in vivo, we 

would like to confirm our results in orthotopic models of MB. First of all, we 

accomplished the elaboration of orthotopic models of MB obtained from DAOY, 

D283Med and D341Med cell lines and continued to characterize the MB CSC 

features and further to test the effects of MR438 on orthotopic models. 

In brief, our objectives of this study were: 

1) To support and validate the effects of MR438 with MB stem cell models from 

different subgroups in vitro (Chapter 2). 

2) To evaluate the effects of the compounds in combination with radiotherapy in 

vitro and in vivo (Chapter 3). 

3) To develop orthotopic models of MBs from CSCs (Chapter 4). 
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Chapter 2 : 

Stimulation of medulloblastoma stem 

cells differentiation by a peptidomimetic 

targeting Neuropilin-1 
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Introduction 

Medulloblastoma (MB) is the most common malignant pediatric brain tumor and 

affects children at a median age of 9 years (Orbach et al., 2012). Despite the progress 

of radio- and chemotherapy, the risk of recurrence, frequent cognitive and endocrine 

sequelae and death after treatment remains important (Bourdeaut et al., 2011, Grill et 

al., 2005). Recent results showed that MB was composed of four molecular subgroups: 

WNT (Wingless), SHH (Sonic Hedgehog), Group 3 and Group 4, which correspond 

to different molecular and clinical characteristics. Indeed, patients of groups 3 and 4, 

also called non-WNT and non-SHH groups, frequently present metastasis and have a 

poor prognosis (Taylor et al., 2012, Northcott et al., 2011). MB is classified as an 

embryonic tumor in which brain tumor stem cells (BTSCs) are present in very low 

proportion.  BTSCs can be characterized by expression of stem cell phenotypic 

markers such as CD133 or CD15 (Singh et al., 2003, Read et al., 2009) and has a 

peculiar interest in understanding the progression of MB (Vescovi et al., 2006). This 

cell population generates tumors through the stem cell patterns of self-renewal and 

differentiation into multiple tumor cell types. Moreover, these cells have better DNA 

repair capability contributing to tumor resistance during radiation and chemotherapy. 

The conventional therapies could kill differentiated tumor cells, but this small 

population of BTSCs survives and causes tumor recurrence (Singh et al., 2004, 

Vescovi et al., 2006, Bao et al., 2006).  
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Neuropilin-1 (NRP-1) is a single-pass transmembrane glycoprotein that plays a 

very important role in the development of neuronal and vascular systems, and shares 

about 44% homology with neuropilin-2 (NRP-2). It acts as a co-receptor by 

complexation with other transmembrane receptors such as VEGFs and Semaphorins, 

which are involved in neoangiogenesis and tumor progression by activating signaling 

pathways involved in survival, proliferation or cell migration (Prud'Homme and 

Glinka, 2012). Recently, Snuderl et al demonstrated that PlGF acts through NRP-1 to 

promote MB cell survival but not through vascular endothelial growth factor receptor 

1 (VEGFR-1) (Snuderl et al., 2013). Moreover, NRP-1 seems to favor an 

undifferentiated phenotype in cancer cells (Cao et al., 2008). Targeting directly this 

receptor, especially in BTSCs, could thus provide interesting therapeutic value to 

decrease tumor proliferation or change the stem cells to a differentiated phenotype for 

improvement of survival and quality of life of MB patients.  

Our previous work focused on the development of peptides for targeting NRP-1 

and we have proposed to use peptidomimetics for their theoretical stability (Pernot et 

al., 2011, Benachour et al., 2012). We have recently designed and assessed some new 

sugar-based peptidomimetics targeting NRP-1 and one of them named MR438 

presented a relevant in vitro affinity for NRP-1 (IC50 of 88 μmol/L) (Richard et al., 

2016). Tuftsin (TKPR: Thr-Lys-Pro-Arg) is a natural ligand of NRP-1 with a IC50 of 

25 µmol/L (Nissen et al., 2013, Von Wronski et al., 2006) and it was used in our 

work as reference compound. Therefore, we investigated the exposition of these two 

compounds targeting NRP-1 on MB stem cells obtained in vitro from 3 cell lines 

(DAOY, D283-Med and Med-D341) in order to assess their short-term effects as 



 

57 

 

cytotoxicity and cell invasion or their long-term effects as self-renewing ability and 

the change of phenotypic status for stem cells. We first characterized the 3 MB stem 

cell models with an increased NRP-1 expression and stem cell markers and found that 

inhibition of NRP1 seems to induce the differentiation of MB stem cells. 
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Materials and methods 

Cell culture of MB stem like cells  

The human MB cell line DAOY (Jacobsen et al., 1985), D283-Med (Friedman et 

al., 1985) and D341-Med (Friedman et al., 1988) were purchased from ATCC cell 

biology collection (Manassas VA, USA). Cells were maintained in MEM (Gibco, Life 

Technologies Corporation, UK) including 10 % fetal bovine serum (FBS, 

SIGMA,USA) for DAOY and D283, 20 % FBS for D341-Med, 1% L-glutamine 

(SIGMA,UK), 1 % non-essential amino acids (Gibco, UK), 1% 

penicillin/streptomycin (Gibco, UK) and 1 % Sodium pyruvate (GibcoUK) at 37 °C 

and 5 % CO2. MB stem like cells cultures were maintained in DMEM/F12 medium 

(GibcoUK) containing B27 and N2 supplement (Gibco, Life Technologies 

Corporation, USA), 20 ng/mL of human recombinant epidermal growth factor (EGF) 

and basic fibroblast growth factor (bFGF) (EGF and FGF from Miltenyi Biotec, 

Germany). After a 3-day culture in hydrophobic flasks at 37°C with 5% CO2 in a 

humidifier atmosphere, spheres were obtained. MB stem like cells were dissociated 

from spheres using Accumax (Gibco, Life Technologies Corporation, UK) and seeded 

in 75 cm2 or 25 cm2 flasks depending on the experiment. The MB dissociated stem 

like cells were then exposed to MR438 (Molecular weight: 527.20 g/mol, supplied by 

the SRSMC laboratory-UMR 7565 in powder form) and Tuftsin (Molecular weight: 

500.60 g / mol, BACHEM, Switzerland) at 25µmol/L during 72h (Figure 2.1). 
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Sphere formation and Cells viability 

We observed the sphere formation of the MB cells after a 72h incubation with 

the compounds Tuftsin and MR438 at the concentration of 25µmol/L. The cells were 

seeded in 6 wells plates at a density of 60 000 cells/mL for DAOY-MS and D341-MS 

and 75 000cells/mL for D283-MS. The number of neurospheres larger than 30 μm 

was quantified using GelCount™ (Oxford Optronix, UK) to count the number of 

spheres and to evaluate the efficacy of medullosphere formation. Each experiment 

was repeated 3 times with 3 independent wells. 

Figure 2.1: Scheme of the design of the experimental procedures in vitro. 

Experimental procedures to evaluate the peptidomemitic effects on MB stem cells 

models obtained by in vitro enrichment methods. Serum- free medium was used to 

obtain stem like cells forming medullopsheres. Suspension stem like cells were 

treated with Tuftsin or MR438 during 72H and re-dissociated into suspension cells 

for further experimentations: cell viability, colony formation, invasive test and the 

possible mechanism involved in NRP-1. 
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The viability of MB stem like cells was evaluated by automated cell counter 

TC20 (Biorad, France) using the trypan blue exclusion assay in 24 well plates at the 

same condition of cell density like sphere formation assay. Spheres were previously 

dissociated with Accumax and cell suspension then rapidly stained with the same 

volume of 0.4 % trypan-blue solution and deposited in counting chamber slides 

(TC20, Biorad). The percentage of surviving cells was counted twice and experiment 

was repeated 6 times. 

 

Clonogenic assay  

After exposure of MB stem like cells to MR438 and Tuftsin, clonogenic growth 

assay using methylcellulose based media was done. Briefly, MB stem like cells 

(20000 cells / well for DAOY-MS and 50000 cells / well for D283-MS and D341-MS) 

were suspended in 2 ml of DMEM/F12 containing 1% methylcellulose (SIGMA, 

USA). The cell suspension was then plated onto 6 well plates and allowed to grow for 

8-12 days. Colonies were incubated with 0.5% MTT solution (Thiazolyl blue 

tetrazolium bromide, 98%, Acros Organics™) and colonies larger than 30 μm in 

diameter were quantified using GelCount™ (Oxford Optronix, UK). Each experiment 

was repeated 6 times with 3 independent wells. 
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Transwell invasion assays  

Transwell invasion assays were performed using a transwell insert (Corning 

Incorporated, Corning, USA) with 4.4% Matrigel® (BD Biosciences, France) coated 

onto the transwell membrane (8μm pore size, 6.5mm diameter). The lower chambers 

of the transwell plates were filed with 700μL DMEM/F12 containing 10% FBS. Cells 

were cultured in the higher chambers (200 000 cells/chambre for DAOY-MS and 

1000 000 cells/chamber for D283-MS) onto 24-well plate with 500μL serum free 

DMEM/F12. After 16 h for DAOY-MS and 48 h for D283-MS in incubators at 37°C, 

cells on the upper surface of filters were removed using cotton swabs and those on the 

lower surface were fixed 10 minutes with 4% paraformaldehyde and staining with 

0.05% crystal violet of 30 minutes. Photomicrographs of whole culture surface were 

taken (Nikon AZ100, Digital Sight DS-Qi1Mc camera, Nikon, France). The 

coloration was solubilized 10 minutes by placing the inserts in 150 μL of 4% acetic 

acid and then transferred into 96 well plates. The absorbance was read at 540 nm with 

a spectrophotometer (Thermo Electron Corporation, Finland).  

 

Analysis of proteins expression by western blot 

Western blot was carried out for analysis of NRP-1, NRP-2, CD133, CD15, NF-

M and Sox2 protein expression. Total protein cell lysis buffer containing 10% 

protease (Roche, Germany), 1% Cocktail 2 and 3 (Sigma-Aldrich, Germany) was 

used to lysis of cells to extraction proteins. Kit Pierce BCA Protein Assay (Thermo 

scientific, USA) was used to determine protein concentration that reads the 
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absorbance at 540 nm with a spectrophotometer. Protein aliquots (50 μg) were 

denatured in the Laemmli buffer containing ß mercaptoethanol prior to resolution by 

SDS polyacrylamide gel electrophoresis. The separated proteins were transferred onto 

PVDF membranes (Biorad, USA). After blocking the PVDF membrane with Tris 

base-buffered saline prepared with 0.1% Tween-20 containing 5% bovine serum 

albumin within 1 hour, the following primary antibodies against NRP-1 (#3725, Cell 

Signaling, 1:1000 dilution), NRP-2 (#32241, Novus Biologicals, 1:1000 dilution), 

CD133 (#130-090-422, Miltenyi Biotec, 1:500 dilution), CD15 (#14-0159, 

eBioscience, 1:1000 dilution), Sox2(#SAB5500176, SIGMA, 1:1000 dilution), NF-M 

(#2838, Cell Signaling, 1:1000 dilution), p-ERK (#9106, Cell Signaling, 1:2000 

dilution), ERK (#9102, Cell Signaling, 1:1000 dilution), p-AKT (#9271, Cell 

Signaling, 1:1000 dilution), AKT (#9272, Cell Signaling, 1:1000 dilution), p-SMAD 

(#8828, Cell Signaling, 1:1000 dilution), β-tublin (#2128, Cell Signaling, 1:1000 

dilution) and ß- actin (#4970, Cell Signaling, 1:1000 dilution) were incubated 

overnight at 4˚C. Quantification of relative band densities was performed using 

densitometer (LAS Imager FujiFilm) and ß-actin or β-tublin was used as internal 

control.  

 

Gene expression of phenotypic markers by quantitative PCR 

To confirm the protein expression, the gene expression of Sox2, Oct4, Nanog, 

CD133 and CD15 (Table 2.1) for the differentiated cells and stem cells in 

medullospheres, as well as the impact of MR438 and Tuftsin, were analyzed by 
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quantitative reverse-transcription PCR (qRT-PCR). Reverse transcribed using the 

High Capacity cDNA RT Kit (Life Technologies). Total RNA was extracted with All 

Prep-DNARNA-Mini Kit (Omega). Reverse transcribed to cDNA was synthesized 

using the iScript
TM

 cDNA synthesis Kit (BioRad) with conditions of 25°C for 5 

minutes, 42°C for 30 minutes, 85°C for 5 minutes, and 12°C forever. Quantitative 

PCR amplification was performed with SyberGreen PCR supermix (BioRad) using 

the CFX96 Real-Time System (BioRad). The qPCR conditions were 95°C for 2 

minutes and 39 cycles of 95°C for 5 seconds and 63~68°C for 30 seconds, the 

hybridization temperature was depended on primers. All values were normalized to 

RNA pol II and the ΔΔCt method was used to estimate the fold change expression 

over control samples. 
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Table 2. 1: Sequences and annealing temperatures of primers used in qRT-PCR 

Fwd: forward, Rev: reverse, Tm: melting temperature, pol: polymerase 

Gene Primer sequence (5′–  3′) 

Tm 

(°C) 

CD133 Fwd TCCGGGTTTTGGATACACCCTA 

68 

CD133 Rev CTGCAGGTGAAGAGTGCCGTAA 

CD15 Fwd AGGAGGTGATGTGGACAGCG 

67 

CD15 Rev AACTACGAGCGCTTTGTGCC 

Sox2 Fwd TTTCACGTTTGCAACTGTCC 

63 

Sox2 Rev AGTCTCCAAGCGACGAAAAA 

Oct4A Fwd ACCTGGAGTTTGTGCCAGGGTT 

68 

Oct4A Rev CTCCCCTGCCCCCACCCTTT 

Nanog Fwd GATGGGAGGAGGGGAGAGGA 

68 

Nanog Rev TTTGGAAGCTGCTGGGGAAG 

RNA pol II Fwd TGGGCAAAAGAGTGGACTTC 

64 

RNA pol II Rev TTGAAGGGGGTGACAATCTC 
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Expression of NRP-1 and CD15 by flow cytometry 

Results of NRP-1 and CD15 expression were confirmed  by flow cytometry. 

Cells were dissociated into single cell suspension and fixed with 4% 

paraformaldehyse and then permeabilized with 0.1% Triton X-100 for 15mins. Non-

specific protein-protein interractions were blocked with  5% BSA-PBS for 1 hour at 

room temperature. The cells were then incubated 1 night with 1/200 dilution of 

primary antibody NRP-1 (EPR3113, ab81321, Abcam) and CD15 (SAB5500041, 

Sigma).  Anti-rabbit FITC 488 diluted with 1/200 incubated for 1 hour was used 

as the secondary antibody. 1000 000 suspended cells in 500μL of  PBS were detected  

by flow cytometry.  

 

Statistical analysis  

All results were given as mean ± standard error of the mean (SEM). 

Nonparametric test was employed to determine the statistical significance using SPSS 

Statistics 5 (SPSS Statistics 19.0, USA) with a minimum of 3 repetitions. For all 

figures, p < 0.05 (marked by *) was considered significant and p < 0.01 and p < 0.001 

were marked by ** and ***, respectively.  
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Results 

Phenotypic characteristics of stem cell MB models  

Three cell lines of MBs: DAOY, D283-Med and D341-Med were used in vitro to 

obtain medullospheres (MS) as MB stem cell models (Figure 2.2 A). They correspond 

to the subgroup SHH, subgroup 4 and subgroup 3, respectively (Northcott et al., 2011, 

Snuderl et al., 2013, Xu et al., 2015). The medullospheres of DAOY were larger and 

more regular than the other two cell lines and reached a diameter of about 150 μm 

after a 72h culture period. These models were characterized by protein expression of 

stem cell markers which showed, as expected, an increase in the expression of cancer 

stem cell markers: CD15 for all 3 models and CD133 for D283 and D341 compared 

to the differentiated cells (Figure 2.2 B and C). A decrease of the neuronal 

differentiated phenotype marker, Neurofilament-M (NFM), was also observed for the 

cells obtained from medullospheres compared to the differentiated cells. Furthermore, 

because expressions of protein CD133 and NF-M for DAOY cells were very weak, 

we evaluated Sox2, another stem cell marker, which increased for the DAOY stem 

cells (Figure 2.3). These results were confirmed by qRT-PCR and showed an increase 

of gene level expression of CD15 and Sox2 for all models of MB stem cell and of 

CD133 for DAOY and D341 compared to their respective differentiated cells (Figure 

2.2 D). 
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Figure 2. 2: Phenotypic proteins and transcripts expression of MB stem cells models. 

(A) Images of medullospheres obtained in serum free condition in vitro to enrichment of MB 

stem cells from cell lines: DAOY, D283-Med and D341-Med (×40 magnification, 

Bars:100μm). Expression of CD133 (B), CD15 (C) and NF-M (D) between differentiated 

cells and MB stem cells by Western blot were normalized by β-actin expression. (E) Gene 

expression of phenotypic transcripts of CD133, CD15 and Sox2 of differentiated cells and 

MB stem cells were normalized by RNA pol II expression. *p<0.05, **p<0.01, ***p<0.001, 

n=3. 
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Figure 2. 3: Effect of MR438 and Tuftsin on expression of Sox2 for DAOY. 

(A) Representative images of expression of Sox2 for DAOY exposed to MR438 or Tuftsin by 

Western blot. (B) Ratio of Sox2 expression to β-actin protein for MB stem cells treated by 

MR438 or Tuftsin for DAOY. *p<0.05, ** p<0.01, n=3. 

 

 

Protein expression of neuropilins by MB stem cell models 

NRP-1 and NRP-2 play an important role in the development of neuronal and 

vascular systems. NRP-2 is a homologous protein that shares a sequence similarity of 

44% in structural and biological properties with NRP-1 (Wild et al., 2012). In our 

study, NRP-1 and NRP-2 were expressed by all cell lines of MB (Figure 2.4). 

Meaningfully, there was a significant increase in the expression of NRP-1 protein 

(120 kDa) by MB stem cells compared to differentiated cells. A decrease of NRP-2 
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expression was observed for D283 and D341 stem cells compared with the 

differentiated cells, which played a part as the competitive receptor of NRP-1.  

 

Figure 2. 4: NRP-1 and NRP-2 proteins expression of MB stem cell models of DAOY, 

D283 and D341 by Western blot.  
(A) Representative results of expression of NRP-1 and NRP-2 for differentiated cells and MB 

stem cells. (B) Ratio of NRP-1 and NRP-2 expression to β-actin protein for differentiated 

cells and MB stem cells. *p<0.05, ***p<0.001, n=4. 
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Effect of peptidomimetic MR438 on spheres formation and cell viability 

To detect the short-term effects of these compounds on medullospheres, we 

evaluated the ability of sphere formation (number and diameter of spheres) as well as 

the cell viability after 72 hours of treatment (Figure 2.5). DAOY rapidly formed 

numerous large spheres in serum free condition contrary to D283 and D341, but 

MR438 or Tuftsin were not able to influence the cell ability to form spheres for all 

cell lines (Figure 2.5 A and B). In the same way, no significant difference was 

observed in cell viability for the different cell lines (DAOY-MS, D283 and D341-MS-

MS) (Figure 2.5 C).  
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Figure 2. 5: Effects of MR438 or Tuftsin on cytotoxicity and on spheres formation for 

MB stem cell models of DAOY, D283-Med and D341-Med.  

(A) Representative images of medullospheres from the different cell lines exposed to MR438 

and Tuftsin evaluating the sphere formation ability (Bars:1000μm). (B) Effect of MR438 and 

Tuftsin on number and diameter of medullospheres. (C) Viability of cells contained in the 

medullospheres treated by MR438 and Tuftsin after 72 hours of exposition for three cell lines. 

MS: Medullosphere, p >0.05, n=6. 
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Effect of peptidomimetic MR438 on self-renewal capacity  

Self-renewal is the process by which stem cells divide to make more stem cells, 

perpetuating the stem cell pool throughout life. Self-renewal is division with 

maintenance of the undifferentiated state. Self-renewal programs involve networks 

that balance proto-oncogenes (promoting self-renewal), gate-keeping tumor 

suppressors (limiting self-renewal), and care-taking tumor suppressors (maintaining 

genomic integrity). The effect of MR438 on self-renewal capacity was assessed by 

using forming colonies assay (Figure 2.6). The number of MB stem cells (colony 

forming units) was statistically significantly decreased after adding NRP-1 targeting 

compounds for 72h, especially after exposition to MR438 peptidomimetic. We 

observed a reduction of about 25% for the colonies of DAOY stem cells and 

approximately 20 % of colonies of D283 and D341 stem cells. The colonies were 

divided into three groups according to their diameters: smaller than 75 μm (small 

clone), from 75 to 150 μm (normal clone) and higher than 150 μm (wide clone) for 

colonies of DAOY-MS and less than 50 μm, 50-100 μm and more than 100 μm for 

colonies of D283-MS and D341-MS (Figure 4 C). MR438 effects were mainly 

observed for wide colonies, especially for the DAOY cells, describing a mean 

reduction of 60% after MR438 exposition.  



 

73 

 

 
 

Figure 2. 6: Effects of MR438 or Tuftsin on self-renewal ability by clonogenic assay for 

DAOY, D283 and D341 stem cells.  
(A) Representative images of medullospheres treated with MR438 or Tuftsin by clonogenic 

assay using methylcellulose culture medium for three cell lines: 2*104 cells /well for DAOY-

MS and 5*104cells /well for D283-MS and D341-MS. (B) Ratio of colony number compared 

to control group. (C) Ratio of colony number compared to control group depending on 

different ranges of diameter for DAOY-MS, D283-MS and D341-MS. MS: Medullosphere, 

*p<0.05, ** p<0.01, ***p<0.001, n=6. 

 

 

Effect of peptidomimetic MR438 on expression of neuropilins and 

phenotypic markers by western blot and qRT-PCR 

After 72h of expostion to MR438, a statistically significant decrease of NRP-1 

protein expression was observed for the 3 MB stem cell models (Figure 2.7, 

confirmed also by flow cytometry, see Figure 2.8). However, this compound did not 
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modify the protein expression level of NRP-2 (Figure 2.7 A and C). Otherwise, the 

influence of the compound on the expression of the phenotypic markers CD133 and 

CD15 and NF-M was measured by western blot analysis, demonstrating that MR438 

reduced the expression of CD15 for the three cell lines (Figure 2.7), and decreased the 

expression of CD133 for D283-MS and D341-MS (Figure 2.7 D and E). Results of 

flow cytometry confirmed the decrease of CD15 expression after exposure with 

MR438 for all cell lines and related the same trend of NRP-1(Figure 2.8).  

Since CD133 protein was undetectable for DAOY-MS of the SHH subgroup MB, 

we used another stem cell phenotypic marker Sox2 (Becher and Holland, 2014) which 

showed an enrichment of Sox2+ cells and a decrease of Sox2 expression after 

exposure to MR438 by western blot (Figure 2.3). On the contrary, there was an 

increase in NF-M expression for DAOY-MS and D283-MS after exposure to MR438 

(Figure 2.7 A and F). These results were confirmed by qRT-PCR. We observed that 

the mRNA expression of CD15 and CD133 decreased significantly for the 3 cell lines 

after treatment with MR438 except for CD133 mRNA of D283-MS cell line (Figure 

2.7 G). Transcription factors Sox2, Oct4 and Nanog were also detected to supplement 

the impact of peptidomimetic on MB stem cells, whereas only a significant decrease 

of Sox2 for the D283-MS cell line was detected after the exposure to MR438 (Figure 

2.9). 
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Figure 2. 7: Effects of MR438 or Tuftsin on proteins and transcripts expression of 

neuropilin receptors and stem cell markers.  
(A) Representative blots of expression of neuropilins and phenotype markers for MB stem 

cells exposed to MR438 or Tuftsin by western blot. Ratio of NRP-1 (B), NRP-2 (C), CD133 

(D), CD15 (E) and NF-M (F) protein expression normalized by β-actin expression for MB 

stem cells treated by MR438 or Tuftsin. Effects of compounds on mRNA expression of CD15 

(G) and CD133 (H) for MB stem cells by qRT-PCR. *p<0.05, ** p<0.01, ***p<0.001, n=3. 
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Figure 2. 8: Effect of MR438 or Tuftsin on expression of NRP-1 and CD15 by flow 

cytometry for the 3 MB stem cells models.   
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Figure 2.9: Effect of MR438 and Tuftsin on expression of transcripts by qRT-PCR: (A) 

Sox2 (B) Oct4 and (C) Nanog. *p<0.05, n=3. 

 

 

Effect of peptidomimetic MR438 on invasive capacity of medullosphere cells 

As NRP-1 is also involved in cell migration, we evaluated the effects of Tuftsin 

and MR438 on the invasive capacity of stem cells using the Boyden chamber model 

(Figure 2.10). MR438 induced a decrease in the capacity of invasion for MB stem 

cells derived from DAOY and D283 cell lines. Tuftsin is only able to inhibit invasion 
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for D283 cell line. It was not possible to perform the invasion assay for D341cells due 

to the limitations of these cells to adhere to Matrigel® depiste the use of 

chemoattractant factors in the bottom chamber (Figure 2.11). 

 

Figure 2. 9: Effects of MR438 or Tuftsin on invasive ability of MB stem cells derived 

from DAOY and D283 cell lines.  

(A) Images of invasive cells exposed to MR438 or Tuftsin on the membrane surface of 

Boyden chamber (Bars: 500μm). (B) Ratio of invasive cells exposed to MR438 or Tuftsin 

compared with the no treated cells. ** p<0.01, n=3. 
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Effect of peptidomimetic MR438 on the key proteins involved in the 

neuropilin pathways 

The study of the main signaling pathways known to be regulated by NRP-1 was 

carried out by the analysis of the phosphorylation state of key proteins of each of the 3 

signaling pathways PI3K/AKT, RAS/MAPK and SMAD (Figure 2.11). According to 

the activation state of the RAS/MAPK pathway, the expression of phospho-ERK1/2 

showed a significant decrease for DAOY-MS cells after treatment with MR438 and 

Tuftsin compared to the untreated control (Figure 7AB). However, this difference in 

phosphorylation was not found for the 2 other models, probably because of a low 

level of expression of this protein (Figure 7A). Similarly, phosphorylated AKT 

expression also appeared to be significantly decreased for DAOY-MS cells after 

exposure to MR438 and Tuftsin, but no difference was observed for the two other cell 

Figure 2. 10 : Invasive test for MB stem cells derived from D341 cell lines.  

(A) Images of invasive cells culture with 10% and 20% serum to induce the cell 

invasive for D341-MS on the membrane surface of Boyden chamber (Bars: 500μm). 

Because of the suspension feature of this cell line, few cells could adhere to the 

membrane surface and detect the absorbance. n = 3. 
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models (Figure 7AC). As for the signaling pathway of AKT and ERK, there was no 

difference in the expression of phospho-SMAD2/3 after treatment with Tuftsin or 

MR438 whatever the cell models. There is a trend of increase of phospho-SMAD2/3 

expression after treatment with Tuftsin or MR438 for D341 cells (Figure 7AD). 

 

Figure 2.11: Effects of MR438 or Tuftsin on the key proteins involved in the neuropilin 

pathways. (A) Representative blots of p-ERK, ERK, p-AKT, AKT, p-SAMAD2/3, β-actin 

and β-tublin by Western blot. (B) Ratio of p-ERK to ERK for MB stem cells treated by 

MR438 or Tuftsin. (C) Ratio of p-AKT to AKT for MB stem cells treated MR438 or Tuftsin. 

(D) Ratio of p-SMAD to β-actin protein for MB stem cells treated by MR438 or Tuftsin. 

*p<0.05, ** p<0.01, n=3. 
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Discussion and conclusion 

A better understanding of the molecular characteristics involved in MB allowed 

to subdivide this pediatric brain tumor into four main molecular subgroups: WNT, 

SHH, Group 3 and Group 4, with different molecular characteristics and clinical 

outcomes and thus to consider new therapeutic approaches (Becher and Holland, 

2014). The WNT and SHH groups were thus named in connection with signaling 

pathways which appear to play important roles in the pathogenesis of these subgroups. 

Subgroup 3 and 4 MB are related to a high incidence of metastasis and lead to a 

poorer prognosis. Thus, it is important to study as much as possible the therapeutic 

efficacy of new treatments on all the molecular subgroups of MB for a better 

understanding of this disease. Therefore, in our study, we analyzed the three most 

frequent used cell lines of MB: DAOY, D283-Med and D341-Med, corresponding to 

the subgroup SHH, subgroup 4 and subgroup 3, respectively (Snuderl et al., 2013, Xu 

et al., 2015).  

NRP-1 is a single-pass transmembrane glycoprotein, which acts as a co-receptor 

by complexing with many transmembrane receptors such as VEGFR and Semaphorin 

receptor, or with TGF-β1 receptor, as it has been more recently demonstrated (Wild et 

al., 2012). NRP-1 is involved in cell survival and proliferation and has been reported 

to be over-expressed in various cancers and has been correlated with poor prognosis 

(Osada et al., 2004, Jubb et al., 2012, Chu et al., 2014, Peng et al., 2014). More 

recently, Snuderl et al found that MB patients with high NRP-1 expression level have 

a decrease of 50 % in survival. Moreover, targeting placental growth factor 

(PlGF)/NRP1 with monoclonal antibodies induced a direct antitumor effect in MB, 
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resulting in tumor regression, decrease of metastasis and increase of survival of 

mouse models . In the context of a peptide based approach, Tuftsin, a natural peptide 

produced by enzymatic cleavage of the Fc domain of the immunoglobulin G heavy 

chain, was found to bind specifically to NRP-1(Von Wronski et al., 2006). However, 

Tuftsin is not an ideal agent for use in clinical practice because of several limiting 

points including size, stability (susceptible to degradation by peptidases), lack of 

effective methods for delivery, low oral bioavailability, rapid excretion and poor 

transport properties through biologic membranes (Vagner et al., 2008, Recio et al., 

2016). Thus, we developed a novel peptidomimetic named MR438 which has been 

built by molecular modeling based on well-known A7R peptide (Bechet et al., 2010, 

Richard et al., 2016). 

Recent studies report that CSCs are considered to be the origin of tumor 

proliferation and involved in the tumor recurrence because of their resistance to 

radiotherapy and chemotherapy (Eyler and Rich, 2008). CD133 is the most commonly 

used stem cell marker for the identification of brain CSCs (Singh et al., 2004, Singh et 

al., 2003), but it was also shown that CD15+ MB cells could recur and lead to poor 

prognosis in mouse models (Read et al., 2009). Indeed, CD15 is a carbohydrate 

antigen that is expressed on both progenitors and stem cells in the embryonic and 

adult central nervous system and was recently considered as a marker of brain CSCs 

especially for Sonic hedgehog (SHH) MB subgroup cells (Read et al., 2009, Ward et 

al., 2009). As expected, our MB stem cells obtained in serum free conditions are 

characterized by overexpression of stem cell markers, in particular CD15 for DAOY 

stem cells (SHH subgroup) and CD133 for D283 cells (subgroup 4) compared to cell 
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lines cultured under classic conditions. Interestingly, in vitro enrichment of CSCs 

induced a NRP-1 overexpression for all cell lines, which is encouraging in a targeting 

strategy perspective applicable to different MB subgroups.  

Nevertheless, the role of NRP-1 in the progression of MB is not clear, 

particularly in the behavior of MB stem cells. The dissemination of MB stem cells in 

hemato-meningeal space is a real clinical problem leading to metastasis occurrence 

and tumor recurrence (Garg et al., 2017). Indeed, MBs are poorly differentiated 

tumors containing a large proportion of CSCs, so acting on their differentiation could 

also play an assisting role in the therapeutic management of MBs (Burger et al., 1987). 

In our study, we have not observed early effects of NRP-1 targeting on cell viability 

nor on the ability of cells to form medullospheres. However, we observed a decrease 

in self-renewal capacity in the presence of MR438 and to a lesser extent in presence 

of Tuftsin indicating that CSCsprobably enter in a differentiation way. This seems 

more efficient for SHH sub-group cells. Cao et al found that NRP-1 helps in 

maintaining an undifferentiated phenotype in renal cell carcinoma. The same authors 

showed that the knockdown of NRP-1 by short hairpin RNA reduced migration and 

invasion of renal carcinoma cells (Cao et al., 2008) which was also found in our 

results with a decrease of invasion ability of MB stem cells after exposure to MR438. 

In the same way, it was recently shown that MiR-148a, a MiRNA which decreased 

NRP-1 expression, also inhibited invasion and tumorigenic potential of MB cells in 

the WNT subgroup (Yogi et al., 2015).  

Subsequently, we have endeavored to understand which signaling pathways of 

NRP-1 are preferably involved in the differentiation of MB stem cells. The precise 
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signaling pathways of NRP-1 action are still unclear as they interact with many cancer 

associated molecules. It has been demonstrated that overexpression of NRP-1 in 

cancer cells promotes tumor angiogenesis and stimulates cancer stem cell feature that 

depends on the complex NRP-1 / VEGFR-2 for the CD133(+) human glioma stem-

like cells (GSCs) (Hamerlik et al., 2012, Beck et al., 2011). VEGFR and other 

VEGFR co-receptors of NRP-1 are involved in neoangiogenesis, tumor progression 

and differentiation by activating signaling pathways like PI3K / AKT, MAPK and 

SMAD. Thus, the most marked effect of MR438 as well as Tuftsin was the 

inactivation of PI3K / AKT and MAPK pathways for the SHH subgroup cells 

(DAOY). Frasson et al have also recently proposed that the most important pathway 

involved in cell differentiation of MB stem cells is the PI3K/AKT/mTOR pathway 

(Frasson et al., 2015). Although TGF-beta-dependent SMAD signaling pathway did 

not appear to be disrupted in our study, Nissen et al reported that Tuftsin promotes 

Smad3 phosphorylation and reduces phosphorylation AKT by TGF-beta-dependent 

signaling pathway (Nissen et al., 2013). In addition, we did not observe the effect of 

MR438 on the expression of SHH, although the expression of NRP-1 is known to 

activate the SHH signaling pathway (Hillman et al., 2011). Other functions or roles of 

NRP-1 that are still unknown could explain the decrease in self-renewal capacity 

observed for the subgroups 3 and 4. 

Essentially, by using models of MB stem cells, we found that inhibition of NRP-

1 via the peptidomimetic MR438 seems to stimulate stem cell differentiation for 

different subgroups of MB, which can ultimately reduce the progression of MB, with 

an implication of the PI3K / AKT and MAPK signaling pathways for subgroup SHH. 
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The use of NRP-1 targeting molecules seems relevant to target MB stem cells, notably 

by promoting their differentiation. Further molecular studies could help us understand 

the involved mechanisms and we will confirm these results in the future in in vivo MB 

xenograft models. 
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Chapter 3: 

MR438 increases radiopotentialization 

of medulloblastoma cells in vitro and in vivo 

(Heterotopic xenografts models) 
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Introduction 

Radiotherapy (RT) is one of the most important effective therapies for MB, 

usually combined with surgical excision and chemotherapy (Siegel et al., 2006). But 

they are mainly non-specific and aggressive to cause severe damage to the developing 

brain, especially for young patients, and there are still approximately one-third of 

patients died due to tumor recurrence (Smoll et al., 2012). Strategies have therefore 

been proposed to try to reduce these sequelae by reducing the doses of RT combined 

with chemotherapy, by delaying the date of RT as much as possible or by reducing the 

irradiation fields in young children.  

As the progresses of MB subgroup molecules, the potential for targeted therapy 

has provided a better understanding of tumor development. The role of targeted 

therapies is booming and the new treatments under study focus on the targeting of 

signaling pathways related to the main 4 molecular subgroups. WNT and SHH 

pathways were better studied (Remke et al., 2013), while regarding to the poor 

prognosis and high risk recurrence in subgroup 3 and 4, it is also urgent to find new 

therapies especially in patients with high level of MYC amplifications related with the 

prognosis of MB. Some molecular inhibitors of MYC have been proposed, some of 

which are in early clinical trials (Lin et al., 2010). Inhibition of effectors downstream 

of MYC corresponds to potential therapeutics, and it has recently been shown that 

BET specific inhibition of MYCN is effective in preclinical models of neuroblast 

(Puissant et al., 2013). But other study found that c-MYC expression has no impact 
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on response in primary MB patients between samples of responders and non-

responders with treatment (Von Bueren et al., 2011).  

Except the invasive and metastatic nature of MB to give rise to recurrence, tumor 

heterogeneity is recently consideried as the important prognostic factor, which 

indicates that a small special cell population exists which could survive after radio-

chemotherapy and due to recurrence. Recently, it has been suggested that the cancer 

stem-like cells (CSCs) are probably the origin of the tumorigenesis and may be 

involved with resistance to therapy and recurrence (Bao et al., 2006). In MB CSCs, 

Blazek et al. found the same results that CD133+ MB cells were more radioresistant 

compared with CD133- cells (Blazek et al., 2007). The identification of new 

molecular target specific for MB stem cells is a major challenge to improve the 

management of this pathology. 

Our previous work in chapter 2 showed NRP-1 was related with the 

undifferentiated statut of MB and a novel NRP-1 inhibitor (MR438) stimulated the 

differenciation of MB stem-like cells. As the CSCs are related with radio-resistance, 

the differenciation induced effect might enhance the effective of RT with MR438 as 

the radiosensitizer, in order to decrease the tumor growth and control recurrence with 

a lower dose of RT. In this chapter, we test the effect of  this peptidomimetic MR438 

with RT in vitro to treat the 3 subgroup MB stem-like cells (DAOY, D283-Med and 

D341-Med) and confirm the results in vivo with heterotopic xenografts nude mice.   
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Materials and methods 

Cell culture and drug solutions 

The same MB cell lines of DAOY, D283-Med and D341-Med (Described in the 

chapter 2) were used in this chapter. MB stem like cells cultures were maintained in 

DMEM/F12 medium (GibcoUK) containing the same conditions of B27, N2, EGF, 

βFGF, heparin and insulin. After a 3-days culture in hydrophobic flasks at 37°C with 

5% CO2 in a humidifier atmosphere, spheres were obtained. MB stem like cells were 

dissociated from spheres using Accumax (Gibco, Life Technologies Corporation, UK) 

and seeded in 25 cm2 flasks depending on the experiment (Figure 3.1). 

 

 

 

Figure 3. 1 :Scheme of experimental procedures to evaluate the irradiation effects 

on MB stem like cells models in vitro. 

The same cells were used in this part and were exposed to MR438 and Tuftsin during 

72H before irradiation, then clonogenic survival assays were realized 1 hour after RT. 
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For in vitro experiments, the stem like cells were exposed to MR438 (Molecular 

weight: 527.20 g/mol, supplied by the L2CM-UMR 7053 in powder form) and Tuftsin 

(Molecular weight: 500.60 g / mol, BACHEM, Switzerland) at 25µmol/L during 72h. 

MR438 and Tuftsin were each dissolved in PBS and stored in aliquots at -20°C. For 

in vivo experiments, nude mice flank xenografts were treated with MR438 and Tuftsin 

(10mg/kg; D1 and D3; 2h pre-RT), and/or radiation (RT; 2 Gy/fraction; D1–D5) for 

one cycle as illustrated in the figure 3.3. 

 

Tolerance assays in vivo 

MR438 has no cytotoxic effect in vitro as described above in chapter 2, but 

should be also tested in vivo to confirm that. The compound was diluted in a 

physiologic serum (NaCl 0.9%, Virbac, France) to administrate the dose of 1 mg/kg 

or 10 mg/kg to act on the healthy nude mice. The mice were injected with MR438 at 

D1 and D3 (Figure 3.2), and followed by collecting blood sample 2 hours post 

injection by mandibular vein (200 – 250 µl of blood). For all blood samples, we 

extracted the serum by collecting the blood within 15 µL heparinized solution (0.5 UI/ 

µL). Serum was extracted by centrifugation and kept at -70 ℃ for the detection of 

MR438 molecule by HPLC analysis. The injected animals were followed for 14 days 

post-injection by applying an observation score and weight measurement as 

mentioned in animal preparation section (Table 3.1). After sacrifice by Pentobarbital 

overdose administration, we dissected the animals to recover the vital organs (brain, 
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heart, liver, spleen, gut, kidneys, adrenal glands and lung) for macroscopic and 

microscopic observations. 

 

 

 

Figure 3. 2: Timeline of the MR438 tolerance assay. 

Intra-venous (i.v.) injection at D1 and D3 and blood withdraws after 2 hours. D1:Day1; 

D2:Day2 
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Table 3. 1: Evaluation score* followed up for tolerance assay 

 

Observations Distinctive signs Pain score 

Apparence Vocalization 1 

Excess porphyrin (eyes and muzzle) 2 

Eyes and hollow abdomen 2 

Irritation back with slight flow 3 

Self harm 3 

Round or arched back 4 

Respiration Coughing, sneezing, runny nose 3 

Altered breathing a little jerky 3 

Difficult breathing (apnea and dyspnea) 5 

Convulsion 6 

Behavior Isolation / low displacement 2 
Absence of curiosity 2 
Altered behavior: jumps, goes around in circles constantly 3 
Tremor / Myoclonus 3 
Immobility and prostration in a corner of a cage 4 

Limb claudication 6 

Thinness Thin animal in weight loss 2 
Very thin animal / prominent bones 4 

Anorexic animal / no adipose tissue + prominent bones 6 

Tumor size Growth of a mass: Abscess / cyst / tumor <5mm 4 

Abscess / cyst / tumor> 5mm 6 

 

*Score <5: Carefully monitor the evolution of symptoms on the animal, isolate it as needed. 

Score 5~10: Undertake an action to relieve the animal, immediate analgesic medication. 

Score > 10: Immediately consult the person responsible for the animal welfare structure to 

make a quick decision on the future of the animal. 

Score > 15: The complications are too important, the last limit point is reached. Put the 

animal to death immediately to stop the suffering. 

 

 

Animal models 

Heterotopic xenograft models of MB stem like cells in immunodeficient mice 

(NMRI-nu, Janvier Labs, France) were used in this study within the agreement of the 
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French Minister of Research (agreement n
o APAFiS #8731 MR438 evaluation). The 

stem like cells of DAOY, D283-Med and D341-Med were re-suspended in PBS, 

mixed 1:1 with Matrigel (BD Biosciences). The cells (2×106cells/200μL) in 50% 

Matrigel were injected subcutaneously into the right and left flanks of 6 week old 

female nude mice. When tumors reached a volume of 1000 mm3, the tumors were 

divided into small pieces of 2-3 mm3 and re-planted subcutaneously in the inguinal 

region near the femoral vessel of mice. When palpable tumors reached a volume of 

250 mm3, the mice were subjected to radiation as described below. Tumor size was 

monitored every 2 days by measuring two dimensions and the volume was calculated 

by calculating (length × width2
)/2 and tumor growth was normalized by taking tumor 

volume at the start of treatment as a reference. The mice were followed at least 60 

days or the tumor size reached approximatively 1500 mm3 (end point), and mice were 

euthanized and the tumors were harvested for the other experiments. 

 

Irradiation 

RT was performed using a Xrad 320 Irradiator (Precision X Ray, USA). For RT 

in vitro, cells located in the flask were exposed in 15x15cm
2
 radiation field with the 

dose of 0, 2, 4, 6, 10 Gy at room temperature. Cells of each dose were given treatment 

of MR438 and Tuftsin (25 μM) during 72 hour before RT. Following irradiation, all 

samples were returned to a 5% CO2 incubator and maintained 1h for colony 

formation assay. For tumor RT in vivo, animals were anesthetized with a mix of 

xylazin / ketamin (90 et 8 mg/kg, respectively) and positioned such that the apex of 

each flank tumor was at the center of a 3x3cm
2
 radiation field, with the rest of the 
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mice shielded from radiation by using the protecting baffle (Figure 3.3). Tumors were 

exposed with RT at the dose of 2 Gy by fraction during 5 days (D1–D5) with/without 

MR438 or Tuftsin administration. Molecular treatments carried out 2 hours before RT 

with 2 I.V. administrations at D1 and D3 (10mg/kg). 

 

 

 

 

A 

B 

Figure 3. 3: Irradiation schedule for heterotopic xenograft nude mice. 

(A) Iirradiation position in irradiator and (B) treatment schedule for heterotopic 

xenograft nude mice.  
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Tumor dissociation  

When the tumor volume reached 1500mm
3
, mice was sacrificed and tumors were 

harvested for dissociation. A part of tumor was separated into 1-2 mm
3
 small pieces, 

and digested 75mins in 7.65 ml dissociation buffer including HBSS (6mL, Hank's 

Balanced Salt Solution , Sigma, USA), collagenase type IV (0.6 WU / mL, Gibco, 

USA ), Dispase II ( 1mg/mL, Sigma, USA ), DNAse I (200 U / mL, Roche, 

Germany ), CaCl2 (75μM) and MgCl2 (125μM). Buffer DNAse I (200 U/ mL) was 

then used to remove DNA interference with other living cells so that the cells do not 

aggregate easily. Cells were re-suspended in HBSS after eliminate the red blood cells 

by lysis buffer of NHCl4 (0.15M), KHCO3 (10 mM), EDTA (100 μM). Cell 

suspension then rapidly stained with the same volume of 0.4 % trypan-blue solution 

and deposited in counting chamber slides (TC20, Biorad). The number of surviving 

cells was counted twice before the cells seeding for the experimentations of WST-1 

and clonogenic assay. 

 

Clonogenic assay  

After exposure of MB cells to MR438 or Tuftsin with or without RT, cells in 

vitro were re-suspended and tumors in vivo were harvested for dissociation. 

Clonogenic formation assay using 1% methylcellulose was done. Briefly, MB cells 

(in vitro: 20 000 cells / well for DAOY-MS and 50 000 cells / well for D283-MS and 

D341-MS; in vivo: 100 000 cells / well for DAOY-MS and 200 000 cells / well for 

D283-MS and D341-MS) were suspended in 2 ml of DMEM/F12 containing 1% 
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methylcellulose (SIGMA, USA). The cell suspension was then plated onto 6 well-

plates and allowed to grow for 8-12 days. Colonies were incubated with 0.5% MTT 

solution (Thiazolyl blue tetrazolium bromide, 98%, Acros Organics™) and colonies 

larger than 30 μm in diameter were quantified using GelCount™ (Oxford Optronix, 

UK). Each experiment was repeated 6 times with 3 independent wells. 

 

Sphere formation and Stem cell survival assay 

After dissociation of the tumors, cells were seeded in 6 wells plates at a density 

of 100 000 cells/mL for DAOY-MS and D341-MS and D283-MS. The number of 

neurospheres larger than 30 μm was quantified using GelCount™ (Oxford Optronix, 

UK) to count the number of spheres and to evaluate the efficacy of medullosphere 

formation. Each experiment was repeated each time according to the number of mice 

with 3 independent wells. Cells after different treatments were plated at same 

concentration with 200 µL of suspended cells in 96-well plates. Cells were cultured 

for 72 h and then cell viability was measured by WST-1 (Roche, Germany) assay 

according to the recommended protocol. Absorbance at 450 nm of the solution was 

read by using a spectrophotometer (France). Each test was performed with 6 repeats. 

The viability of MB stem like cells was evaluated by automated cell counter TC20 

(Biorad, France) using the trypan blue exclusion assay at the same condition of cell 

density like sphere formation assay. Cell suspension then rapidly stained with the 

same volume of 0.4 % trypan-blue solution and deposited in counting chamber slides 
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(TC20, Biorad). The percentage of surviving cells was counted twice and experiment 

was repeated 6 times. 

 

Histological analysis 

All vital organs and tumors have been collected and kept within the 4% 

formaldehyde solution for 48 hours (one week for brains). Then samples were 

transferred into inclusion cassette within 70% alcohol solution. The cassettes were 

transferred to an automated dehydration machine (HISTO-PRO 300) over night for 

paraffin inclusion. Microtome (LEICA RM 2135) was used to cut the paraffin blocks 

in 5 µm thick slices. Then, the sections were fixed over the slides for staining step. 

Staining step was achieved either by a manual procedure or an automated machine 

with fixed protocol. H&E staining was used for microscopic observations. About the 

immunohistological assays, samples were incubated with primary antibody Vimentin 

(Abcam, monoclonal V9, IgG1, dilution of 1/16000) and NRP-1(Abcam, ab81321, 

dilution of 1/400) to detect the presence of human cancerous cells of MB. Nikon 

Eclipse E600 equipped with a camera microscope (Nikon–DS Fi1) was used to take 

pictures and Nis – Elements AR 3,2 software used to analysis the histological samples 

slides. 

 

Statistical analysis  

All results were given as mean ± standard error of the mean (SEM). 

Nonparametric test was employed to determine the statistical significance using SPSS 
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Statistics 5 (SPSS Statistics 19.0, USA) with a minimum of 3 repetitions. For all 

figures, p < 0.05 (marked by *) was considered significant and p < 0.01 and p < 0.001 

were marked by ** and ***, respectively. For in vivo experimentations, the time 

growth of tumors to reach 1500mm
3
 (set end point) served to build the Kaplan-Meier 

curves. 

 

Results 

Effect of MR438 in vitro on radiosensitivity of cancer stem like cells 

The effect of MR438 on radiosensitivity was assessed by using colony formation 

assay (Figure 3.4). In vitro experimentations, cells were treated by Tuftsin and 

MR438 during 72 hours before RT. After irradiation with 0, 2, 4, 6, 10 Gy for 

different groups, spheres were dissociated to process for clonogenic survival. For the 

cells of DAOY-MS, the number of colonies was significant decreased after adding the 

NRP-1 targeting compounds at 2 Gy, especially after exposition to MR438 

peptidomimetic (Figure 3.4 A C). D283-MS cells are more sensitive to radiation than 

the DAOY-MS cells. They could benefit the improvement of radiosensitivity at 2 Gy 

and 4 Gy after exposition to Tuftsin and MR438. D341 cells were the most sensitive 

to irradiation than the other 2 cell types, but MR438 still have an increase of D341 

radiosensitivity at 2 Gy. As 2 Gy is the clinical wide used fraction dose, it is 

interesting to observe a reduction of about 25% of DMF2 (Dose modified factor at 2 

Gy) for DAOY and approximately 10 % for D283 and D341 stem cells (Figure 3.4 B). 
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Figure 3. 4 : Effect of MR438 on tumor radiosensitization for cancer stem like cells 

of MB in vitro. 

(A) Representative images of colony formation assay using methylcellulose was done for 

the 3 cell lines treated with Tuftsin and MR438 at 0, 2 and 10 Gy (1*10
5 
cells /well for 

DAOY-MS and 2*10
5
 cells /well for D283-MS and D341-MS). (B) Tumor 

radiosensitivity factors of SF2 and DMF2 changed after exposition to peptidomimetics. 

(C, D, E) Ratio of colony number compared to control group. MS: Medullosphere, SF2: 

Surviving fraction at 2 Gy, DMF2: Dose modified factor at 2 Gy, *p<0.05, ** p<0.01, 

***p<0.001, n=6. 
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Tolerance and blood levels assays of MR438 

Animals were divided into two concentration groups: 1 mg/kg and  10 mg/kg 

(Table 3.2). The MR438 was injected two times at Day 1 (D1) and Day 3 (D3) as 

represented by the timeline presented previously at Figure 3. 2. None of the mice 

within different groups developed a severe adverse effect during our follow up 

observation. Only one animal (ID:17S077) had a weight loss at the end point of 

approximatively 10% probably due to a large hematoma after the blood collection 

procedure. There are no abnormalities represented by our macroscopic and 

microscropic observation of dissected organs after sacrifice (Figure 3.5 and Figure 

3.6). 

 

 

 

Table 3. 2 : Animals tested with two doses of MR438: 1 mg/kg and  10 mg/kg. 

 
 

Mice ID 
Dose 

1
st
 injection  2

nd
 injection  Intermediate  Sacrifice   Difference  Follow  

weight(D1) weight(D3) weight(D7) weight of weight(g) up score   

(g) (g) (g) (g) (g)   

17S076 1mg / kg 29,3 30 28,30 27,6 -1,7 0 

17S077 1mg / kg 28 29 25,50 24,4 -3,6 0 

17S078 1mg / kg 31,7 32,5 31,30 31,2 -0,5 0 

17S098 10mg / kg 30 30 30,10 30,1 0,1 0 

17S099 10mg / kg 29 29 29,90 31 2 0 

17S100 10mg / kg 30 29 30,90 31,2 1,2 0 
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MR438         10mg/kg                                                           1mg/kg 

Brain 

Kedney 

Spleen 

Liver 

Heart 

Lung 

Intestine 

Figure 3. 5: Macroscopic view of dissected organs from a mouse of 10mg/kg group and 

1mg/kg group: brain, liver, kidneys, adrenals, heart, spleen, lung and gut. 
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Despite detectable signals for concentrations of MR438 from 1 µM until 500 µM 

in plasma controls, MR438 blood level 2 hours post injection at the dose of 1 and 10 

mg/kg (corresponding approximatively to 25 and 250 µM in blood volume) was not 

detectable by High-Performance Liquid Chromatography (HPLC) (Figure 3.7). 

 

 

10X 

 

 

 

40X 

Figure 3. 6 : Microscopic views of different organs from mice treated with MR438. 

 Dose of 10 mg/kg was used for this group, slides stained by H&E stain at x40 (Image 

scale: 200 µm) and x40  (Image scale: 50 µm) were showed. 
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Effect of MR438 on tumor growth following irradiation in vivo 

Based on the results of our previous work (Gong et al., 2018) and of 

radiotherapy in vitro, heterotopic xenograft models of immunodeficient mice were 

used to confirm whether the MR438 could also improve the radiosensitivity of MB in 

vivo. After at least 60 days of follow-up (Figure 3.8), we found that MR438 and 

Tuftsin alone have no significant effect on tumor growth for the DAOY and D341-

Med tumors, but it seems to have a slight delay of growth with Tuftsin or MR438 for 

A 

B 

Figure 3. 7: High-performance liquid chromatography (HPLC) reading graphs for 

detecting the presence of MR438 molecule in the serum 2 hours post injection at 

the dose 10 mg/kg. 

 (A) Positive control graph where the signal of MR438 appears between 5,5 and 6,5 

min. (B) The graph for the experimental analysis 
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D238 tumors. When combinated with RT, MR438 decreased the tumor growth of 

DAOY model compared to the RT alone or RT+Tuftsin (Figure 3.8,  P < 0.05). The 

ratio of radiopotentialization calculated with this data is 1.857 for MR438+RT. The 

average times of tumors achieved the endpoint volume (1500 mm
3
) for DAOY were 

27, 29, 27, 55, 60, 79 days for the groups of control, Tuftsin, MR438, RT, RT+Tuftsin 

and RT+MR438, respectively (Figure 3.9).  Mice with tumor of DAOY benefited 24 

days delai of endpoint volume (P < 0.05) when RT associated with MR438. Tumors 

of D283 and D341 are more sensitive to fractionned irradiation at the beginning of 

treatment as expected by in vitro results, combination of RT with MR438 seems to 

have less improvement of radiosensibility with the results of survival analysis. 

However, for tumor of D283, MR438 alone played a signifitive decrease of tumor 

growth.  
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Figure 3. 8 : Effect of MR438 on tumor growth following irradiation with xenograft 

nude mices in vivo. 

(A) Tumor growth of DAOY after radiation with or without MR438 and Tuftsin, the 

survival fraction was showed in (B)，RT+MR438 decreased the tumor growth of 

DAOY compared to the RT alone or RT+Tuftsin. Tumor growth of D283(C) and of 

D341(E) and their survival fraction (D, F) seemed have less effect with MR438. n=6. 
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Effect of MR438 on cell viability and colony formation assay after tumor 

dissociation 

In order to detect the effects of the compounds on the modification of phenotype, 

we evaluated the self-renewal ability by colony formation assay as well as the cell 

viability in serum free culture condition (Figure 3.10). MR438 alone had no influence 

the cell viability for the 3 types of tumors (Figure 3.10 A), but when combined with 

RT, there is a reduction of cell viability for RT+MR438 group compared to RT alone 

for the tumor of DAOY and D341. In an interesting way, the self-renewal ability 

evaluated by the colony formation assay gave the same types of responses with a 

Figure 3. 9: Endpoint time for mices with three subtype MB tumor. 

The endpoint of tumor size for mice is set to a volume of 1500mm
3
, representing about 

five fold change of  tumor volume at initiation of treatment. 
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decrease observed with MR438 +RT (Figure 3.10 B). Beyond that, MR438 or Tuftsin 

alone could also reduce cell self-renewal ability for DAOY and D283. 

 

 

A 

Figure 3. 10 : Effect of MR438 on cell viability and colony formation assay after 

tumor dissociation. 

Results of colony formation to evaluate CSCs cell renewal capacity were demonstrated 

for DAOY, D283 and D341 (B), compared with the results of WST-1 (A). n=6. 

B 
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Histological analysis of MB animal models treated by MR438 

Animals were sacrificed at endpoint of a maximun volume 1500mm3 or 

insupportable tumor symptoms appreared and then all tumors were collected for 

histological analysis. Macroscopically, DAOY tumors were typical homogeneous 

solid tumors with less neovascularization, they have nearly round shape, smooth and 

clear boundary. D283 were more invasive with polygonal form and abundant 

neovascularization, gray fleshy masses beneath and less homogeneity than DAOY. 

D341 cells were highly invasive for surrounding tissue and incorporated striated 

muscle fibers with undifferentiated neoplasm. Macroscopically, tumor texture and 

vascularization are between DAOY and D283 with polygonal form (Figure 3.11) and 

the different treatments seemed to not induce the changes of tumor morphology. 
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H&E staining showed DAOY cells were polygonal and elongated cells with 

small hyperchromatic nuclei and abundant cytoplasm, arranged more closely and 

larger than other 2 subgroups. D283 performed the smallest cells with scant 

cytoplasm, there were plenty of mitoses and high tumor heterogeneity. Characteristics 

of D341 cells seemed between D283 and DAOY, but they have many undifferentiated 

cells with abundant mitosis. Proportions of nucleus/cytoplasm from high to low were 

D283, D341 and DAOY, respectively. When treated with MR438 or Tuftsin only, the 

2 compounds seemed to increase the differentiated cells and induce more necrosis of 

DAOY and D283, but had no effect for D341. RT decreased the tumor vascularization 

and increased the necrosis and apoptosis compared with control for the 3 type of cells, 

when associated with MR438, these effects seemed to be strengthened (Figure 3.12).  

DAOY                   D283                        D341 

Figure 3. 11 : Representitive images of macroscopic view for 3 subgroup 

tumors: DAOY, D283 and D341 ctrl groups showed the different form, 

homogeneity and vascularization. 
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Figure 3. 12 : Microscopic views of MB tumors by HE staining. 

Effect of MR438 or Tuftsin on tumor in vivo showed that MR438 seemed to induce 

necrosis for DAOY and D283 tumors, while combination with RT, MR438 increased 

necrosis and apoptosis lesion of MB tumor for DAOY, D283 and D341 tumors. MB: 

Medulloblastoma; RT: Radiotherapy; Image scale: 100 µm. 
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According to immunohistological analysis, samples were incubated with primary 

antibody NRP-1 to detect the expression of NRP-1. For DAOY, there was an increase 

of NRP-1 expression after exposition to MR438 or Tuftsin, this augmentation is also 

observed when exposed to RT. But a decrease of NRP-1 expression was observed 

when MR438 or Tuftsin are associated with irradiation. For D283, NRP-1 expression 

was strong decreased by MR438 compared with control group. When associated with 

RT, results showed a similar trend. NRP-1 is less expressed by D341 tumors, itseems 

to be also a decrease for the RT+MR438 group vs RT (Figure 3.13). 
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Figure 3. 13 : Effect of MR438 on NRP-1 expression in xenografted MB tumor by 

immunohistochemistry. 

For DAOY, there was an increase of NRP-1 expression after exposed with MR438 or 

Tuftsin, this augmentation is combined with the augmentation of NRP-1 by RT therapy. 

But a decrease was observed when associated with irradiation therapy. For D283, NRP-

1expression was strong decreased by MR438 compared with control group. When 

associated with RT, results showed the similar trend. NRP-1 is less expressed by D341 

tumor, there was also a decrease for the RT+MR438 group vs RT. MB: 

Medulloblastoma ; RT : Radiotherapy; Image scale: 100 µm. 
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CD15 is recognized as the CSCs marker for MB, according to the observations of 

DAOY tumors, there were only few CD15+ positive cells, it seemed to have a 

decrease of CD15 expression for the RT+MR438 group compared with RT+Tuftsin 

group and RT. Regarding to D283 tumors, CD15 expression was strong increased by 

irradiation alone compared with tumors without treatment, when combined RT with 

tuftsin or MR438, this augmentation was decreased. RT+MR438 reduced the CD15+ 

cells for MB compared with RT group. For D341 tumors, CD15 seemed 

homogeneous expressed by D341 cells of control group, it seemed to have a weak 

decrease for the RT+MR438 group vs RT group (Figure 3.14). 
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Figure 3. 14 : Effect of MR438 and Tuftsin  on CD15 expression in xenografted 

MB tumor by immunohistochemistry. 

According to DAOY, there were only a few CD15+ positive cells, it seemed to have a 

decrease of CD15 expression for the RT+MR438 group compared with RT+Tuftsin 

group and RT. Regarding to D283, CD15 expression was strong increased by 

irradiation alone en comparation with the control group, when RT combined with 

tuftsin and MR438, this augmentation was decreased. CD15 was homogeneous 

expressed by D341 tumor of control group, there was a weak decrease for the 

RT+MR438 group vs RT. MB: Medulloblastoma ; RT : Radiotherapy; Image scale: 

100 µm. 
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Discussion and conclusion 

Radiation therapy (RT) is commonly accepted as being one of the most essential 

treatments for MB. RT can improve survival and reduce recurrence, but remains 

aggressive with cognitive and sensory long term side effects, especially for young 

patients. So, it is necessary to develop new therapeutic modalities more adapted to the 

biological nature of this tumor in order to improve not only the outcomes but also the 

quality of life of young patients. Recent studies concentrate on targeted therapies 

mainly related to signaling pathways of the main 4 molecular subgroups: WNT, SHH, 

Group3 and Group4 (Taylor et al., 2012). WNT and SHH pathways are better 

understanding (Remke et al., 2013), while regarding to the poor prognosis and high 

risk recurrence in subgroup 3 and 4, it is even more urgent to find new therapies for 

these two subgroups. That is why we choose to envisage a strategy that can be 

applicable to the different subgroups by targeting specifically MB stem cells.  

Recently, it has been suggested that the cancer stem-like cells (CSCs) are 

involved with resistance to radiotherapy and recurrence (Bao et al., 2006). We have 

previously shown that our MB CSCs models over-expressed NRP-1 in vitro in 

relationship with the expression of CSC makers, and inhibition of NRP-1 induced a 

differentiated status of MB CSCs (Gong et al., 2018). The over-expression of NRP-1 

was correlated with tumor growth and proliferation, which is also related with the 

effect of radiotherapy (Battaglia et al., 2008). Knockdown of NRP-1 showed a 

significant decrease of proliferation and an increase of radio-sensitivity of human 

non-small-cell lung cancer cells (NSCLC), not only in vitro, but also in vivo, via 

maybe the VEGF-PI3K-NF-kappaβ pathway (Dong et al., 2015). When using MR438 
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targeting NRP-1 in combination with RT, results showed that inhibition of NRP-1 

could reduce about 25% of the dose of RT at 2Gy for SHH subgroup cells, while only 

approximately 10 % of decrease for cells of subgroup 3 or 4. It was shown that 

CD133+ MB cells were more radioresistant than compared to CD133- cells (Blazek et 

al., 2007). In taken account our in vitro results discussed in chapter 2, DAOY model 

seems to be more sensitive to MR438 for the induction of differentiation with a 25 % 

of reduction of CSC and approximatively 20% for D283 and D341 model. 

Consequently, it seems difficult to predict a radiosensitivity effect solely by taken into 

account the in vitro ability of coumponds such as MR438 or Tuftsin to differentiate 

CSC.  

We have also evaluated the tolerance of MR438 in mice before to envisage its 

therapeutic efficiency. The lethal dose of tuftsin is known to be of 2,4 g/kg in mice 

(Catane et al 1983). Our previous results in vitro showed that MR438 had no toxic 

effect on cells such as MB cells or endothelial cells (Richard et al 2016), and there are 

no side effects for all injected mice with an excellent tolerance. Just one animal from 

the 1mg/kg/dose group had a weight loss of more than 10%. But this observation was 

not found in the 10 mg/kg group. This weight loss could be explained by a feeding 

difficulty caused by blood withdraw from mandibular vein. Strangely, MR438 was 

not detectable in the serum level two hours post injection by our HPLC technique. 

Maybe explained first by the delay of blood sampling was long which means its 

elimination is too fast. Second, the possibility of transformation of this molecule to 

another form that is not detectable by our method. It’s possible also that this molecule 

is able to bind to another molecule like serum proteins. Some studies have on the 
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biodistribution of similar compounds (Caveliers et al., 2001, Chung et al., 2015), but 

we still need to realize more investigations in order to determine the bioavailability of 

this molecule. 

Despite the absence of MR438 in serum, we choose to test the efficiency in 

models with heterotopic tumors xenografted in nude mice in association with RT. All 

tumors types respond to RT, while combined with MR438, a decrease of tumor 

growth with a increase of mice survival were observed for DAOY and D341 tumors. 

This delay of tumor growth is clearly observed for SHH model tumors. Self-renewal 

ability of MB stem cells after MR438 + RT could explain the results obtained for 

tumor growth, however the cancer stem cell numbers for all tumor types have been 

reduced with combined treatments and more particularly for D341 tumors that are the 

non-responsive tumors to MR438. Moreover, D283 tumor cells seem expressed 

strongly CD15 and MR438 seems decrease the CD15 positive cells in this tumor. In 

the same way, it is difficult to connect our in vivo results with NRP-1 or CD15 

expression knowing that the D341 tumors that expressed the least NRP1 and CD15 

can have a delay of tumor growth intermediate between DAOY and D283. Several 

responses mechanisms can take place and it will be interesting to explore mechanism 

recently proposed via NRP-1 inhibition that appeared to regulate RAD51 expression 

through the VEGFR2-independent ABL-1 pathway and then increased radiation 

sensitivity (Hu et al., 2018). Perhaps a different irradiation schedule with a longer 

irradiation time could improve the MR438 effect for D283 and D341 tumors. 

TP53 mutations on RT for MB are subgroup dependent. SHH subgroup of MB 

are divided into TP53-mutant and TP53-wildtype in 2016 WHO classification. TP53 
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mutations as the high risk prognostic factors are associated with the majority of 

treatment failures in SHH MB (Ramaswamy et al., 2016), a potential explanation for 

the local recurrence in TP53-mutated SHH subgroup is related with radiation 

resistance (Ramaswamy et al., 2013). On the contrary, TP53 mutations are also 

frequently associated with CTNNB1 mutation in WNT subgroup but related with the 

best prognosis and more sensitive with irradiation. It is explained that accumulation of 

β-catenin protein is down-regulated by activated p53 (Levina et al., 2004). However, 

p53-associated proteins in group 3 and 4 MB for the prognosis, progession and 

initiation remain still unclear. In our study, cell line DAOY is p53-mutant while D283 

and D341 are p53-wildtype. TP53 Wild type of group 3 and 4 MB might be related 

the poor prognosis and radio-resistance. Our results in vitro and in vivo showed that 

the p53 wild-type D283 and D341 are more sensitive to RT than the p53 mutated 

DAOY cells at the beginning of treatment, but MR438 seems to increase the 

radiosensitivity of DAOY and lead to a better prognosis of SHH subgroup. The 

similar effect of RT for DAOY and D283 was observed by other authors that 

suggested an alternative p53-independent mechanism for the different molecular 

subgroups (Salaroli et al., 2008). 

In conclusion, inhibition of NRP-1 via MR438 increased in vitro radiosensitivity 

of CSC models especially at the dose of 2 Gy. In heterotopic models, a significant 

improvement of tumors radiosensitivity was also observed in the MR438 + RT group 

by comparing RT for DAOY and D341. In an interesting way, the self-renewal 

capacity for CSCs after tumor dissociation was also decreased significantly when 

tumors were treated by MR438 + RT versus RT. This work showed the interest of 



 

119 

 

targeting NRP-1 in association with radiotherapy to limit MB progression in 

decreasing the stem cells number in these tumors. Moreover, our in vivo experiments 

provide the possibility to use MR438 peptidomimetic as a radiosensitizing agent for 

treatment of MB. Further directions should confirm our results in orthotopic models 

and better understand the molecular mechanism of NRP-1 in MB progression. 
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Chapter 4: 

Elaboration of orthotopic models of 

medulloblastoma obtained from cell lines 

DAOY, D283-Med and D341-Med 
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Introduction 

Medulloblastoma (MB) is the most common malignant brain tumor in childhood 

with particularly poor prognosis and high tumor heterogeneity (Orbach et al., 2012). 

The four mainly molecular subgroups WNT (Wingless), SHH (Sonic Hedgehog), 

Group 3 and Group 4 are different not only with molecular features but also with 

clinical characteristics (Taylor et al., 2012, Northcott et al., 2011). Recent discoveries 

in molecular biology of this tumor give an insight for targeted therapy and adapted 

therapy according to the molecular subgroups. Also the MB cell lines or animal 

models should be now classified into different molecular subgroups to test advanced 

therapies in a preclinical way. Compared to cell lines, animal models are more 

representative of the original MB in experimentations. These models especially 

orthotopic models represent biological and clinical nature of MB for our transitional 

experiments toward the application for the patients (Pei et al., 2012, Kawauchi et al., 

2017). 

More and more recent studies suggest the hypothesis of cancer stem cells (CSCs) 

existence in MBs, considered also as tumor-initiating cells (TICs) which can generate 

different cell types to arise tumor. These special cells are present in low number in 

brain tumors especially in MB (Vescovi et al., 2006, Singh et al., 2003, Hemmati et 

al., 2003, Singh et al., 2004). This cell population generates tumors through the stem 

cell patterns of self-renewal and differentiation into multiple tumor cell types. 

Moreover, these cells have better DNA repair capability contributing to tumor 

resistance during radiation and chemotherapy. BTSCs can be characterized by 

expression of stem cell phenotypic markers such as CD133 or CD15 (Singh et al., 
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2003, Read et al., 2009) and has a peculiar interest in understanding the progression 

of MB (Vescovi et al., 2006).  

The conventional therapies could kill differentiated tumor cells, but this small 

population of BTSCs survives and causes tumor proliferation, which seems to be a 

major cause for tumor aggressiveness and recurrence because of their resistance to 

radiotherapy or chemotherapy (Singh et al., 2004, Vescovi et al., 2006, Bao et al., 

2006). Therefore studying CSCs could be a reasonable and promising approach to 

etablish the animal modelsand to better understand the tumor pathogenesis, and for 

the evaluation of new therapies. 

Our previous work has already characterized the MB stem cell models with an 

increase of NRP-1 expression and stem cell markers and tested different treatments on 

three MB cell lines (DAOY, D283-Med and Med-D341) in vitro and their heterotopic 

animal models in vivo. As the high stability of subgroup molecular features for MB, 

the identified subgroup could not been changed at the time of recurrence or metastatic 

cases (Ramaswamy et al., 2013, Wang et al., 2015). In this chapter, we would like to 

establish the orthotopic models from injection of MB stem cells obtained by in vitro 

enrichment to better understanding the biological characteristics of CSCs and 

furthermore for the evaluation of new therapies. 
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Materials and methods 

Cell culture and cancer stem cell preparation    

The same cell lines were used in this part of my work and cultivated in the same 

conditions with MEM (Gibco, Life Technologies Corporation, UK) including 10 % 

fetal bovine serum (FBS, SIGMA,USA) for DAOY and D283, 20 % FBS for D341-

Med, 1% L-glutamine (SIGMA,UK), 1 % non-essential amino acids (Gibco, UK), 1% 

penicillin/streptomycin (Gibco, UK) and 1 % Sodium pyruvate (GibcoUK) at 37 °C 

and 5 % CO2. While MB stem like cells cultures were maintained in DMEM/F12 

medium (GibcoUK) containing B27 and N2 supplement (Gibco, Life Technologies 

Corporation, USA), 20 ng/mL of human recombinant epidermal growth factor (EGF) 

and basic fibroblast growth factor (bFGF) (EGF and FGF from Miltenyi Biotec, 

Germany). After a 3 days culture in hydrophobic flasks coated with polyHema at 

37°C with 5% CO2 in a humidifier atmosphere, spheres were obtained. MB stem like 

cells were dissociated from spheres using Accumax (Gibco, Life Technologies 

Corporation, UK). After cell counting, a concentration of 1*10
5
 cells/ µL of MB stem 

like cells in HBSS was prepared for injection and conserved on ice. 

 

Orthotopic xenografts of medulloblastoma stem cells  

Orthotopic xenograft models in nude mice (NMRI-nu, Janvier Labs, France) 

were used in this study within the agreement of the French Minister of Research 

(agreement n
o
APAFiS #4037) (Figure 4.1). Mice were anesthetized by injecting 5 

µL/g of weight of solution mixure of xylazin / ketamin (90 and 8 mg/kg, respectively) 
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in the intra peritoneal cavity. The stereotaxic instrument (KOPF®) (Figure 4.2 A) has 

been used to fix the mice for the orthotopic transplantation procedure. After making a 

scalp vertical incision, we defined the site of orthotopic transplantation (Figure 4.2 B), 

2 mm right and bottom to the lambda suture. MB stem like cells was prepared in 

HBSS  (cell suspension:1*10
5
 cells/ µL) for injection by using HAMILTON Syringe 

2 mm in the deep of the cerebellar cortex. All the mice should be followed up at least 

3 weeks post injection or when neurologic symptoms appeared (experimental 

endpoints). The sacrifice method is by Pentobarbital overdose. At experimental 

endpoints, resection of the complete brains (cerebral hemispheres and cerebellum) 

were performed. The brain samples were fixed by the 4% formaldehyde solution 

(Diapath, Italy) for a week. 
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Figure 4. 1：Nervous System Tumor Models. 

(A) Xenograft models are created from patients’ tumors or from established glioma cell 

lines injected into immunocompromised mice. Brain tumor-initiating cells (BTICs) are 

isolated from freshly dissociated tumors and sorted based on cell surface markers. (B) 

GEM models are designed to produce tumors de novo by activating oncogenic 

mutations and/or inactivating tumor suppressor genes (TSGs) in a cell-type specific 

manner. (Gutmann et al., 2011)  
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Histological preparation of H&E tumor sections 

The mice brains have been withdrawn and kept within the 4% formaldehyde 

solution for 7 days. Then samples were transferred into inclusion cassette within 70% 

alcohol solution. The cassettes were transferred to an automated dehydration machine 

(HISTO-PRO 300) over night for paraffin inclusion. Microtome tool (LEICA RM 

2135) was used to cut the paraffin blocks in 5 µm thick slices. Then, the slices were 

fixed over the slides for staining step. Staining step was achieved either by a manual 

procedure or an automated machine with fixed protocol. H&E staining was used for 

microscopic observations with the following experimental procedure: 

A 

B 

Figure 4. 2 : Orthotopic transplantation with Stereotaxic Instrument. 

 (A) Stereotaxic instrument to fix the mouse throw the transplantation procedure. (B) 

Injection by HAMILTON syringe into brain. 
 

to fix the mouse throw the transplantation procedure  

and to identify the injection point measurements 

and to identify the injection point measurements 
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Haematoxylin                     6 min 

Distilled water                                        4 min                   

Hydrochloric acid                       3 sec 

Distilled water                   3 min 

Distilled water                   3 min      

Eosin                                             5 min     

Distilled water                   3 min   

Ethanol 96 %                        3 min 

Ethanol 100 %                         3 min       

Ethanol 100 %                         5 min     

Lighten by toluene                  3 min      

Coverslide mounted.    

  

 

Immunohistochemistry of tumor sections 

The expression of Vimentin and NRP-1 were examined by 

immunohistochemistry with the same paraffin blocks of H&E staining sample. 5 µm 

thick slice of sample was fixed on the polysine sildes (VWR, Leuven) for the 

immunohistological assays. The deparaffinized slides should be pretreated in citrate 

buffer (pH 6.1) by autoclave. Samples were then incubated overnight at 4°C with 

primary antibody Vimentin (dilution of 1/8000, [V9], ab8069, Abcam) and NRP-1 

(dilution of 1/800, ab81321, Abcam). After washing with PBS, secondary antibody 

was incubated for 1H and 6% hydrogen peroxide was used for 20 min at room 

temperature to inhibit EGPO (Endogenous peroxidase). Kit Vector Novared substrate 

(#14328, Abcys) was used to develop the peroxidase activity of sections which were 

counterstained with hematoxylin. After dehydration with three 100% alcohol baths 
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(30 '', 30 '', 1 ') and mounting in Eukitt, the samples were performed to analysis by the 

software (Nis – Elements AR 3.2) with a camera microscope (Nikon–DS Fi1). 

Primary antibody of Vimentin or NRP-1 was replaced by PBS during incubation for 

negative control.  

 

In vitro transfection of  Luciferase-RFP in MB cells 

In order to follow up the brain tumor in vivo without sacrifice the mice, we need 

to marker the MB cells with fluorescent marker or by bioluminescence to indicate the 

tumor growth within the brain. The Luciferase-RFP-Puro lentivirus (CMV-

Luciferase-2A-RPF-Puro, Amsbio, UK) was used to transfect the 3 MB cell lines. 

Before transfection, 6 concentrations of puromycin (0, 2, 4, 6, 8, 10μg/mL) were 

tested and 2μg/mL of puromycin was selected to contribute a 100% mortality of 

DAOY, D283-Med and D341-Med. We added  65 μL of lentivirus into 50%~70% 

confluent cells into each well of 6 well plates. After 72 hous of transduction, 2μg/mL 

of puromycin was added into cell culture to select the fluorescent cells and then 

transduction rate was checked by fluoresence microscopy (AZ100 Nikon, France). 
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Results 

Animal models of orthotopic transplantation experiments 

Each group of MB cell lines (DAOY, D283-Med and D341-Med) included 6 

mice represented in Table 4.1. After a follow up of 20 to 31 days, mice weight 

changed only a little before and after injection. During the follow up, all mices had a 

good tolerance to the brain injection, exept one mice of the D283 group which died 

after anesthesia. There was no death during the follow up. Only one animal (17S040) 

of D341 had clear neurological symptoms at the end of the followup (ataxia, unilateral 

muscle weakness) because of tumor progression. 

Concerning the presence of tumor, results showed that 76.5% (13/17) of mice 

developed a tumor from injected MB stem like cells, 5/6 for DAOY, 3/5 for D283 and 

5/6 for D341. The parterns of tumor progress and tumor size varied between different 

subgroups. The average tumor volume of the DAOY group was 0,19 mm3,  3.3 mm3 

for  D283, and 20.7 mm3 for D341. The largest tumor volume was 101,37 mm
3
, 

developed from D341Med cell line which is the most invasive subgroup, and the 

smallest is 0,002 mm
3
 developed from DAOY cell line which has the best prognosis. 
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Table 4. 1 : Orthotopic transplantation experimental data of 3 MB cell lines.  

P: present, N: non-present. 

Cell line 
ID 

Follow up 

period 

(days) 

Injection 

Weight 

(g) 

Sacrifice 

Weight  

(g) 

Difference  

weight 

(g) 

Tumor 

presence  

(P/N) 

Tumor 

 size 

(mm3) 

DAOY-MS 16S169 20 33 31,2 -1,8 P 0,076 

 
16S031 31 28,3 28,7 0,4 P 0,50 

 
16S032 22 28 28,2 0,2 P 0,002 

 
16S242 21 33.5 33 0.5 P 0.08 

 
16S017 21 32 32.4 0.4 P 0.3 

 
16S241 23 33.4 32.5 -0.9 N - 

D283-MS 17S020 20 28,7 29,2 0,5 P 0,82 

  17S024 23 27 27,7 0,7 P 14,93 

  17S025 23 28,3 29,9 1,6 N 0 

  16S173 Died         - 

  17S039 27 33,8 34,7 0.9 P 0.6 

  17S072 20 29.7 30 0.3 N - 

D341-MS 17S026 23 31 30,7 -0,3 P 0,85 

 
16S172 21 29 29,3 0,3 P 0,88 

 
17S040 27 27,9 27,75 -0,15 P 101,37 

 
16S170 20 33 30.1 -2.9 P 0.4 

 
17S023 23 27.5 27 -0.5 N - 

  17S021 20 29.78 30 0.2 P - 

 

To confirm the presence of tumor in mice injected with DAOY, D283 and D341 

CSCs (N = 6 for each cell line), animals were sacrificed at 3 weeks of surveillance or 

endpoint of insupportable tumor symptoms. After the mice sacrifice, tumors were 

collected and fixed in formaldehyde, then, histologic analysis was done (Figure 4.3). 

Images showed the presence of MB cells with different cell cycle stages, necrotic 

cells at the middle of the large volume tumors and vascular vessels frequently at 

peripheral areas. Most of the tumors from different lines showed a round to oval 

shape tumors with demarcated area from the adjacent tissues. Among the D341-Med 

group, tumor developed by an invasive manner from the space between cerebellar 
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folds to the interior of cerebellum tissue (Figure 4.4). The immuno-histology confirms 

the presence of MB cells DAOY by positive reaction with human Vimentin antibodies 

(Figure 4.5).  

 

 

 

 

 

DAOY                   D283                        D341 

Figure 4. 3 : Histological presentation of tumors in vivo from different cell lines. 
This figure is demonstrating the histological appearance of different cell lines tumors H&E 

slides at different microscopic powers. DAOY: x4 a round shape tumor with in cerebellar 

tissue, x20 transitional outer layer from adjacent cerebellar tissue. x40 different mitotic stages. 

D283: x4 large tumor with distinct outer layer and edematous central area, x20 number of 

necrotic cells, x40 cancerous cells at different mitotic stages. D341: x4 large tumor detached 

from granular layer of cerebellum and central vessel inside the tumor. x20 transversal vessels 

inside tumor surrounded by edematous area. x40 cancerous cells at different mitotic stages 

and condensed chromatin nucleus. 
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Figure 4. 5: Immunohistochemistry of vimentin human antibody in DAOY tumor. 

Arrows are indicating the cancerous cells of DAOY cell line tumor with in cerebellar 

tissue of nude mouse injected by MB CSCs. 

Figure 4. 4 : An invasive tumor of D341Med cell line. 

H&E histology slide showed invasive tumor inside cerebellar tissue (arrows at the right) 

from a tumor developed outside (arrow at the left). 
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RFP /Luciferase models of MB cell lines 

After testing 6 concentrations of puromycin (0, 2, 4, 6, 8, 10μg/mL) for the selection 

of positive DAOY, D283 and D341, 2 µg/mL of puromycin is choosen to select the 

cells which contributed a 100% mortality of DAOY in 24H and about 90% mortality 

of D283-Med and D341-Med in 48H (Figure 4.6 A and B). After 72H of transfection 

and selection by Puromycin, 3 cell lines seemed to have integrated the lentiviral 

sequence as observed by the red fluoresence of RFP, even if DAOY cells expressed 

less RFP than the cells of D283 and D341 (Figure 4.6 C). 
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DAOY 

 

D283 

 

D341 

0μg/mL        2μg/mL       4μg/mL 

6μg/mL        8μg/mL       10μg/mL 

A C 

0 2 4 6 8 10

24H 79.0% 41.0% 43.5% 54.5% 57.0% 60.0%

48H 92.5% 11.0% 16.0% 18.5% 32.5% 34.0%

24H 76.0% 28.0% 36.0% 29.0% 30.5% 23.5%

48H 77.5% 11.0% 4.5% 9.5% 12.5% 9.5%

Concentration of PM (μg/mL)Cell 

line
Time

D283

D341

B 

Figure 4. 6: Transduction of RFP for 3 cell lines 

(A) Test for concentration of PM for the treatment of the cells DAOY, showed the 

concentration of 2μg/mL contributed 100% death rate of DAOY after 24H of 

exposition. (B) Table of cell average viability of D283 and D341 after treatement of 

different concentration of PM. (C) Confocal microscopy of autoimmunofluoresence 

for cells of DAOY, D283 and D341 after transduction of RFP (red), nucleus marked 

with DAPI (blue). PM: Puromycin 
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Discussion and conclusion 

The cell lines of DAOY and D283 were used to establish the animal models first 

in 1985 (Jacobsen et al., 1985, Friedman et al., 1985), while cell line D341 was 

characterized in 1988 (Friedman et al., 1988). All our models of MBs generate tumors 

within 3 weeks, with an overall 76.5% success of tumor appearance (13/17). Tumor 

progressions from CSCs of DAOY-MS, D283-MS and D341-MS are 2, 3 and 1 

weeks faster than results published by Friedman et al. with the differenciated cells, 

respectively (Table 4.1). These results indicated that the CSCs seem to relate with the 

MB progression. CSCs have better DNA repair capability contributing to resistance of 

radiation and chemotherapy (Bao et al., 2006, Hussein et al., 2010). So the CSCs 

targeted therapy maybe a useful approach to control tumor progression. CD133 is the 

most common cancer stem cell phenotypic marker for CSCs, while CD15 can be also 

considered as the tumor progenitor cell marker in MB (Singh et al., 2003, Read et al., 

2009). For animal models, except classical characteristics of subgroup and the 

expression of CSCs markers, the cancer stem cell characteristics include neurosphere 

formation, multilineage differentiation, high ALDH-activity and high tumorigenicity 

(Dietl et al., 2016). Mice with one copy of the Ptch1 gene knocked out (Ptch1 +/−) 

develop the MB tumor of SHH subgroup spontaneously which are very radiosensitive 

and have some CSCs characteristics (Goodrich et al., 1997, Hahn et al., 1998). MBs 

with overexpression of MYC oncogene (c-MYC) are related with poor prognosis, 

cerebellar stem cells expressing Myc and mutant Trp53 (p53) generate aggressive 

tumors after orthotopic transplantation which is another animal model that can be 
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used to test therapies for this devastating disease (Pei et al., 2012), and furthermore it 

can be classified in subgroup 3 (Kawauchi et al., 2017). 

 

Table 4. 1 : Time of tumor apparition after cell transplantation following different cell 

culture method and amount of transplanted cells. 

 

Cells 
Injection cells 

Appearance tumor 

time 

CSCs 

enrichment by 

medullosphere 

culture* 

DAOY-MS 5*10
5
cells/5μL < 3 weeks 

D283-MS 5*10
5
cells/5μL < 3 weeks 

D341-MS 5*10
5
cells/5μL < 3 weeks 

Classical 

culture of 

differenciated 

cells
**

 

DAOY 5*10
5
cells/50μL 5 weeks 

D283 5*10
6
 cells/30μL 5-6 weeks 

D341 
2.3*10

7
 or 2.1*105 

cells/30μL 
4 weeks 

*Our orthotopic models with MB cancer stem like cells(CSCs).**Results obtained from 

references: Jacobsen et al., 1985, Friedman et al., 1985 and Friedman et al., 1988 

 

 

Numerous mouse models of MB were proposed to be classified with the 

molecular subgroup to better study the MB biology. The identified molecules of MB 

subgroups are stable at the time of recurrence or even in metastatic cases 

(Ramaswamy et al., 2013, Wang et al., 2015), and it is crucial to mathch preclinical 

models to molecular subgroups in order to choose the appropriate model for 

preclinical studies on MB (Poschl et al., 2014). Global gene expression profiling 
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helps to classify the molecular subgroup for more approximate models, using the 4 

genes SFRP1, WIF1, NPR3, and KCNA1 to classify with a high fidelity the subgroup 

SHH, WNT, Group 3 and Group 4, respectively for xenograft mouse models and cell 

lines of MB (Zhao et al., 2012). Lagerweij et al used the same genes to classify the 

cell lines that showed the most used cell line DAOY belong to subgroup SHH and the 

cell line D283-Med to the subgroup 3 (Lagerweij et al., 2016). However, the 

molecular subgrouping has not been acompletely studied for all cell lines and 

sometimes showed the different results. The classification of D283-Med above has 

been confirmed by some authors to be assigned in Group 3 (Sengupta et al., 2014), 

but also seems to have the characteristics of Group 4 by others (Snuderl et al., 2013), 

as well as the cell line UW228. Most of the cells in culture maintain the mutation and 

hold the stability of subgroups like in tissue samples whereas the MED6 cell line 

reverted to wild type and changed WNT mutation into Group 3 (Othman et al., 2014). 

The culture and environmental conditions could interact with the phenotypic type to 

active or silence some mutation and signaling pathways. In our study, we analyzed the 

three most frequent used cell lines of MB: DAOY, D283-Med and D341-Med, 

corresponding to the subgroup SHH, subgroup 4 or 3 and subgroup 3, respectively 

(Xu et al., 2015, Snuderl et al., 2013).  

Tumors do not have the same growth rate over time depending on the cell lines. 

Also, the aggressiveness of developed tumors correlates with the clinical nature of 

isolated tumor. The invasive features observed were not changed, D341 classified in 

most invasive subgroup, developed the maximum tumor volume and tumor invaded 

the cerebellar tissue from outside to inside. Moreover, neurologic symptoms were 
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observed with the MBS D341-Med cells from the Group 3 which is known as the 

most aggressive subgroup. DAOY cells developed the smallest tumors circumscribed 

at the site of injection in the relationship with the SHH group, and their prognosis is 

more favorable than Group 3 tumors. For tumor size follow up, MRI (magnetic 

resonance imaging) is one of tumor growth surveillance method for brain tumors. 

Nevertheless, this technique lacks of sensitivity for small or disseminated tumors. In 

preclinical context, fluorescent or bioluminescent imaging allows to detect tumor cells 

without sacrifice animals, by transfecting cells with a reporter gene as luciferase or 

RFP (Choi et al., 2016). We have transfected our cells by lentiviral particle containing 

RFP and Luciferase genes. We must characterize the in vitro behavior of our cell lines 

transfected with Luciferase and RFP especially in term of cell growth before 

envisaging their transplantations in vivo.  

In this preliminary study we established 3 orthotopic xenograft animal models by 

using MB stem cells for our prospective assays. These developed tumors need 

additional histological analysis in order to determine their behavior in particular 

concerning their dissemination ability. For our prospective experiments, novel 

therapies could be tested with our orthotopic models to better understand their 

biological effects. 
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Chapter 5: 

General Discussion 
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 Advances in the classification of MB molecular biology, allow current 

researches to focus on the targets involved in the molecular subgroup related signaling 

pathways (Taylor et al., 2012, Northcott et al., 2011). It is clear that the classical 

histological classification and even the four mainly molecular subgroups of WNT, 

SHH, Group 3 and Group 4 are not enough for the clinical practice, thus abundant 

mutations should be considered as prognostic factors, such as TP53. So the 2016 

WHO classification of brain tumors added these molecular modifications, including 

WNT-activated, SHH-activated, TP53-mutant or TP53-wildtype, non-WNT/non-SHH 

Group 3 and Group 4 (Louis et al., 2016). More recently, additional age and risk 

factor features to molecular subgroups within childhood MB helped to divide MB into 

seven novel, clinically significant subgroups: WNT, SHH-Child (>4.3 years) and 

MBSHH-Infant (<4.3 years), MBGrp3-HR, MBGrp4-HR, MBGrp3-LR and 

MBGrp4-LR, these disease risk-stratifications assist to better understand the 

prognosis and make reasonable treatment decisions of MB (Schwalbe et al., 2017). In 

patients, the identified mutations on signaling pathways of MB subgroups remain 

stable at the time of recurrence or even in metastatic cases (Ramaswamy et al., 2013) 

(Wang et al., 2015), but some are contested, especially in experimental models 

(Poschl et al., 2014). Global gene expression profiling helps to classify the molecular 

subgroup for more approximate models, using the 4 genes SFRP1, WIF1, NPR3, and 

KCNA1 to classify the subgroup features with more widely samples (Zhao et al., 

2012). In our study, we analyzed the three most frequent used cell lines of MB: 

DAOY, D283-Med and D341-Med, corresponding to the subgroup SHH, subgroup 4 

or 3 and subgroup 3, respectively (Xu et al., 2015, Snuderl et al., 2013).  
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NRP-1 expression has been reported to be over-expressed in various cancers, 

which is related with the CSCs biological behaviors, involved in cell survival and 

renewal abilities (Osada et al., 2004, Jubb et al., 2012, Chu et al., 2014, Peng et al., 

2014). CSCs are also considered to be involved in the tumor recurrence and resistance 

to radio-chemotherapy (Eyler and Rich, 2008). Moreover, targeting placental growth 

factor (PlGF)/NRP1 with monoclonal antibodies induced a direct antitumor effect in 

MB, resulting in tumor regression, decrease of metastasis and increase of survival of 

mouse models (Snuderl et al., 2013). NRP-1 seems to be a useful target to control 

CSCs proliferation. In the context of a peptide based approach, Tuftsin is a natural 

peptide to bind specifically to NRP-1(Von Wronski et al., 2006). However, it isn’t an 

ideal agent for use in clinical practice because of several limiting points including size, 

stability (susceptible to degradation by peptidases), lack of effective methods for 

delivery, low oral bioavailability, rapid excretion and poor transport properties 

through biologic membranes. Thus, we developed several novel peptidomimetics, and 

found one named MR438, which has a good biological activity to NRP-1 (Richard et 

al., 2016). In chapter 2, we found that the compound MR438 had no direct 

cytotoxicity but could stimulate the differentiated status of MB CSCs in vitro.  

However, the effects of compounds may have different results in vitro and in 

vivo experiments because of the complicated internal environment. Models with 

heterotopic tumors xenografted in nude mice were performed to confirm the effects of 

MR438, but only the D283 group had a decreased tumor growth after exposed with 

MR438, accompanied by a diminution of cell renewal ability. Interestingly, when 

associated with RT, a high decrease of tumor growth and an increase of mice survival 
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times were observed for DAOY tumors. To a lesser extent, D341 tumors seemed also 

to have an inhibition of tumor progression. Self-renewal ability of MB stem cells in 

vitro and in vivo for MR438 + RT were decreased when compared with the RT group, 

which could explain the results of decreased tumor growth. Perhaps different 

irradiation schedule with a longer irradiation time could improve the MR438 effect 

for D283 and D341 tumors. For the moment, it’s not clear for us to propose a relation 

between NRP-1 expression and CSC status from our in vivo experimentations. The 

significant improvement of radiosensitivity for SHH subgroup indicated that CSCs 

regulate probably through NRP-1 with the SHH signaling pathway. As the specific 

signaling pathways remain still unclear for the non SHH/WNT subgroup MB. Bmi1 

and Gli1 may be two essential possible regulatory effectors in the more aggressive 

subgroups (Leung et al., 2004). Bmi1 is implicated in CSCs features, related with 

SHH pathway. Gli1 is also one of the downstream reactors of SHH, which can be 

preferentially binded to the Bmi1 promoter and influence the Gli1 expression. In fact, 

SHH and Bmi1 are 2 indispensable signaling pathways in MB stem cell maintenance 

but also be related with each other (Wang et al., 2012).  

The precise signaling pathways of NRP-1 action are still unclear as they interact 

as co-receptors with many cancers associated molecules. Subsequently, we have 

endeavored to understand the signaling pathways of NRP-1 involved in the 

differentiation of MB stem cells and thus contributed to improve the radiosensitivity. 

Overexpression of NRP-1 in cancer cells promoted cancer stem cell features that 

depended on the complex NRP-1 / VEGFR-2 for the CD133(+) human glioma stem-

like cells (GSCs) (Hamerlik et al., 2012, Beck et al., 2011). VEGFR and other 
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VEGFR co-receptors of NRP-1 are involved in neoangiogenesis, tumor progression 

and differentiation by activating signaling pathways like PI3K / AKT, MAPK and 

SMAD.  We found that inhibition of NRP-1 led to a decrease of phosphorylation 

AKT and ERK interacting in inactivation of PI3K / AKT and MAPK pathways for at 

least the MB SHH subgroup. Frasson et al have also recently proposed similar results 

indicating that the most important pathway involved in cell differentiation of MB 

stem cells is the PI3K/AKT/mTOR pathway (Frasson et al., 2015). Although TGF-

beta-dependent SMAD signaling pathway did not appear to be disrupted in our study, 

Nissen et al reported that Tuftsin promotes SMAD3 phosphorylation and reduces the 

phosphorylation of AKT by the TGF-beta-dependent signaling pathway (Nissen et al., 

2013). The involving of MR438 in cancer stem cells signaling pathways should also 

be confirmed by in vivo experimentations. 

Cells transplanted in the subcutaneous heterotopic xenograft nude mice reduce in 

vitro culture steps, lead to approach clinical tumor cell morphology and molecular 

biology characteristics, thereby better mimicking human tumors and predicting 

clinical efficacy. But most human solid tumors do not represent the same biological 

behaviour and the expression of receptors and target proteins may also be changed 

because of the original microenvironment of human tumors. So the orthotopic 

transplanted tumor model is proposed to mimic the same microenvironment of tumor 

tissue in vivo and its origin has relatively higher clinical relevance to relative ectopic 

transplantation and reduces the incidence of false positives (Hasselbach et al., 2014, 

Irtenkauf et al., 2017). The establishments of MB orthotopic models were important 

to evaluate in the future our compound in vivo. In chapter 4, we have succeed to 
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obtain the 3 subgroup MB models of SHH, group3 and group4 with MB CSCs. 

However, there are still many points to be optimized. For tumor size follow up, MRI 

(magnetic resonance imaging) is one of tumor growth surveillance method for brain 

tumors but is limited for small tumors. Fluorescent or bioluminescent methods can 

solve this limitation and tumor cells could be also detectable without sacrifice of 

animals. Cells can be transfected with a reporter gene such as luciferase (Choi et al., 

2016). We have consequently transfected our MB cells by lentiviral particle 

containing RFP and luciferase genes. These cells transfected with Luciferase and RFP 

must be characterized for their properties for in vivo imaging as well as tumor growth. 

In conclusion,concerning our in vitro models of MB stem cells, we found that 

inhibition of NRP-1 via the peptidomimetic MR438 seems to stimulate stem cell 

differentiation for different subgroups of MB, which can ultimately reduce the 

progression of MB, with an implication of the PI3K / AKT and MAPK signaling 

pathways for subgroup SHH.  In addition, inhibition of NRP-1 via MR438 increased 

in vitro radiosensitivity of CSC models especially at the dose of 2 Gy. In heterotopic 

models, MR438 increased significantly radiosensitivity of SHH subgroup tumors. In 

an interesting way, the self-renewal capacity for CSCs after tumor dissociation was 

also decreased significantly when tumors were treated by MR438 + RT versus RT 

alone, not only for the SHH subgroup but also for group 3 and 4. This work showed 

the interest of targeting NRP-1 in association with radiotherapy to limit MB 

progression in decreasing the stem cells number in these tumors. Moreover, our in 

vivo experiments proved the possibility to use MR438 peptidomimetic as a 
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radiosensitizing agent for treatment of MB. Orthotopic xenograft animal models by 

using MB stem cells were established for our prospective study.  
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Résumé  - Abstract 

 

 

Titre : Intérêt de l’utilisation d’un peptidomimétique ciblant le récepteur NRP-1 pour le traitement du 

médulloblastome 

Le médulloblastome (MB) est la plus fréquente des tumeurs cérébrales malignes pédiatriques qui représentent 

la première cause de mortalité par cancer chez l’enfant. Malgré les avancées des nouveaux traitements, les risques 

de récidive, séquelles et décès après traitement restent importants. Le récepteur de neuropiline-1 (NRP-1) a été 

récemment impliqué dans la progression tumorale des MBs et semble jouer un rôle important dans le phénotype des 

cellules souches cancéreuses (CSCs). Le ciblage de cette molécule pourrait ainsi présenter un intérêt thérapeutique 

dans le traitement des MBs. Nous avons sélectionné des cellules souches de MB capables de former des 

médullosphères (MS) à partir de 3 lignées cellulaires (DAOY, D283-Med et D341-Med). Ces modèles ont été 

caractérisés par l’expression de neuropilines (NRP-1 and NRP-2) et de marqueurs phénotypiques (CD133，CD15 et 

NF-M). Les résultats ont montré une augmentation significative de l’expression de NRP-1 par les cellules cultivées 

en médullosphères confortant notre stratégie de ciblage.  L’impact du traitement de ces cellules par un composé 

innovant ciblant spécifiquement NRP-1, le MR438, a été ensuite évalué in vitro seul et association avec la 

radiothérapie notamment sur l’étude de la capacité d’auto-renouvellement des CSCs de MBs. Nous avons mis en 

évidence une diminution de la capacité d’autorenouvellement des cellules souches de MBs après exposition au 

MR438 avec une radiosensibilité augmentée pour les 3 modèles cellulaires. In vivo, le composé MR438 a été evalué 

sur des modèles de xénogreffes hétérotopiques chez la souris nude et montre un effet radiopotentialisant significatif 

pour les tumeurs issues de la lignée Daoy avec une tendance à la diminution de la progression tumorale pour les 2 

autres lignées. De façon intéressante, le composé MR438 induit une diminution significative du nombre de cellules 

souches pour l’ensemble de nos modèles. Par conséquent, le composé semblerait induire les cellules souches vers un 

phénotype différencié au moins pour la lignée DAOY, même si les mécanismes n’ont pas pu être clairement élucidé. 

En conclusion, l’inhibition de NRP-1 via MR438 semble stimuler la différenciation des cellules souches cancéreuses 

pouvant à terme réduire la progression du MB et apporter un bénéfice en association avec la radiothérapie. 

L’evaluation du composé sur des modèles orthotopiques de MB permettrait d’obtenir des informations quant à son 

efficacité sur des modèles plus proche de la physiopathologie tenant compte de sa distribution au niveau cérébral. 

Mots-clés: Médulloblastome; Neuropiline-1; Cellule souche cancéreuse; Peptidomimétique; Radiothérapie  

 

Title: Evaluation of a peptidomimetic targeting the receptor NRP-1 for treatment of medulloblastoma 

Medulloblastoma (MB) is the most common malignant pediatric brain tumors which is the leading cause of 

cancer death in children. Despite the progress of new treatments, the risk of recurrence, morbidity, and death after 

treatment remain important. The neuropilin-1 receptor (NRP-1) has recently been implicated in tumor progression of 

MBs, which seems to play an important role in the phenotype of cancer stem cells (CSCs). Targeting this molecule 

could thus present an interesting therapeutic value in the treatment of MB. We have selected cancer stem like cells 

of MBs in the form of medullospheres (MSs) from 3 cell lines (DAOY, D283-Med and Med-D341). These models 

were characterized by expression of neuropilins (NRP-1 and NRP-2) and phenotypic markers (CD133, CD15 and 

NF-M). Results showed a significant increase of the expression of NRP-1 by our CSCs models cultured in MSs that 

confirms our targeting strategy. The impact of the treatment of these cells with an innovative compound specifically 

targeting NRP-1, MR438, was then evaluated in vitro alone and in association with radiotherapy, especially on the 

study of the capacity for self-renewal. A decrease of self-renewal capacity for MB stem cells after exposition of 

MR438 with an increase of radiosensitivity for the 3 cell models in vitro was demonstrated. In vivo, MR438 was 

evaluated on heterotopic xenograft models in nude mice and showed a significant augmentation of radiosensitivity 

for DAOY tumors with a tendency to decrease tumor progression for the other 2 cell lines. Interestingly, the 

compound MR438 induced a significant decrease in the number of stem cells for all of our models. The compound 

appeared to induce CSCs to a differentiated phenotype at least for the DAOY cells, although mechanisms could not 

be clearly elucidated. In conclusion, inhibition of NRP-1 via MR438 seems to stimulate the differentiation of CSCs 

that may eventually reduce the progression of MB and bring a benefit in association with radiotherapy. Evaluation 

of this compound on orthotopic models of MB would provide information on its effectiveness on models closer to 

the physiopathology taking into account its distribution at the cerebral level. 

Key words: Medulloblastoma; Neuropilin-1; Cancer stem cells; Peptidomimetic; Radiotherapy 
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