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March on. Do not tarry. To go forward is to move toward perfection.  

March on, and fear not the thorns, or the sharp stones on life's path. 

Gibran Khalil Gibran 

 

 

 

Seek the company of the wise, who know. Agree with what they say, for one 

understands only that with which one agrees. Be sincere in what you say - a single 

tongue should not speak two different words. No deceit or fraud should enter into 

your thoughts. Do not belittle anyone or anything, for everyone and everything in its 

inner being wishes for the same thing. 

Ibn Arabi 

 

 

 

Wear gratitude like a cloak and it will feed every corner of your life 

Jalāl al-Dīn Rūmī 
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Abstract 

Glioblastoma (GBM) is the most common primary brain tumor in adults yet with limited 

treatment efficacy. In cancer, recent studies describe senescent cells removal as a new 

emerging therapeutic strategy. Senescent cells are characterized by a stable cell cycle arrest 

and by the secretion of a plethora of factors referred as the senescence-associated secretory 

phenotype (SASP). The aim of my PhD was to decipher the role of cellular senescence in GBM 

progression. We first identified senescent cells in patient and in a mouse model of GBM.  

We then showed that the removal of senescent cells expressing high levels of p16Ink4a, using 

the p16-3MR transgene, significantly increased the survival of GBM-bearing mice.  

Single-cell RNA sequencing (scRNAseq) analysis revealed that senescent p16Ink4a Hi cells are 

malignant, they represent less than 10% of the tumor cells and their removal modify the tumoral 

ecosystem. By combining scRNAseq and bulk RNAseq with immunohistochemistry,  

we identified NRF2 transcription factor as a regulator of the SASP. Moreover, we defined a 

specific senescence signature in the mouse model of GBM. Remarkably, the senescence 

signature is conserved in patient GBMs and its high score is correlated with a lower survival. 

These results pave the way for the use of senotherapy as a companion therapy for patients 

with GBM. 

 

Key words: Glioblastoma, Cellular Senescence, NRF2, scRNAseq, Senotherapy.  
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Résumé  

Le glioblastome (GBM) est une tumeur cérébrale maligne primitive la plus fréquente chez 

l’adulte. L’efficacité des traitements reste très limitée et le taux de survie est faible.  

Dans le domaine du cancer, l'élimination des cellules sénescentes a récemment émergé 

comme une potentielle stratégie thérapeutique. Les cellules sénescentes sont caractérisées 

par un arrêt permanent du cycle cellulaire ainsi que par la sécrétion d’une multitude de facteurs 

regroupés sous le terme phénotype sécrétoire associé à la sénescence (SASP). Le but de 

mon projet de thèse a été d’étudier le rôle de ces cellules au cours de la progression tumorale 

des GBM. Nous les avons tout d’abord identifiées dans les GBMs de patients et dans un 

modèle murin de GBM. En utilisant le transgène p16-3MR, nous avons montré que l'élimination 

des cellules sénescentes exprimant des niveaux élevés de p16Ink4a améliore significativement 

la survie des souris porteuses d’un GBM. Des analyses de séquençage d’ARN en cellule 

unique (scRNAseq) ont révélé que les cellules sénescentes p16Ink4a Hi ont une identité maligne, 

qu’elles représentent moins de 10% de la tumeur totale, et que leur élimination modifie 

l’écosystème tumoral. En combinant les techniques de séquençage de l’ARNm sur tissu (bulk 

RNAseq) et sur cellule unique (scRNAseq) avec l'immunohistochimie, nous avons identifié le 

facteur de transcription NRF2 comme régulateur du SASP. Enfin, nous avons défini une 

signature de la sénescence dans le modèle murin de GBM qui est conservée dans les GBMs 

de patients. De manière remarquable, un score élevé de la signature de la sénescence est 

corrélé à un mauvais pronostic chez les patients. Ces résultats ouvrent la voie à l’utilisation de 

la sénothérapie en thérapie d’accompagnement pour les patients atteints de GBM. 

 

Mots-clés : Glioblastome, Sénescence Cellulaire, NRF2, scRNAseq, Sénothérapie.  
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I. Glioblastoma: a poor patient prognosis  

1. Gliomas: the most common malignant brain tumors  

Primary tumors of the central nervous system (CNS) represent 2% of overall cancer types. 

They are classified according to the World Health Organization recommendations  

which are regularly updated by the cIMPACT-NOW (Consortium to Inform Molecular and 

Practical Approaches to CNS Tumor Taxonomy). Gliomas are the most frequent malignant 

primary brain tumors in adult and their global incidence is 3.22 newly diagnosed cases  

per 100,000 population each year, according to the Central Brain Tumor Registry of the United 

States (Ostrom et al., 2020).  

Gliomas display features of glial cells which are one of the two main cell types  

of the CNS, along with neurons. Glial cells in the brain include astrocytes, the most abundant 

CNS cells that regulate neuronal activity and homeostasis, oligodendrocytes that produce 

myelin wrapping axons, ependymal cells, a cell component of the blood-brain barrier (BBB), 

and microglial cells, the resident immune cells of the CNS. Noteworthy, neural stem cells 

(NSCs) give rise to neurons, oligodendrocytes and astrocytes. Deep sequencing of  

triple-matched resected patient tissues of (i) normal subventricular zone (SVZ) tissue away 

from the tumor mass, (ii) tumor tissue, and (iii) normal cortical tissue (or blood), identified  

NSCs as the cell of origin of the human high grade gliomas (Lee et al., 2018).  

In addition, gliomas are infiltrated by tumor-associated macrophages. They are of two kinds: 

the microglial cells which arise from embryonic yolk sac precursors and the macrophages 

derived from the bone marrow (named bone marrow-derived macrophages, BMDM) which 

infiltrate the brain when the BBB has lost its integrity. 

Gliomas are classified into four grades (grade I-III for low grade gliomas and grade IV for  

high grade glioma, or glioblastomas (GBM)) based on their histological features, on the most 

represented physiological cell type (oligodendrocyte or astrocyte), on their malignity and on 

their genetic alterations (Louis et al., 2016; Ostrom et al., 2020). As pediatric gliomas display 

different clinical and molecular characteristics, I will focus my introduction on adult gliomas and 

more particularly, on GBM, a grade IV astrocytoma. They represent more than half of all 

malignant primary brain tumors (Figure 1) and are the focus of my PhD work. 
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2. Glioblastoma: the most frequent and aggressive glioma 

2.1. Epidemiology and symptoms 

GBM is the most aggressive grade of glioma. Patients have a median age of 62 years  

at diagnosis. The median survival is of only 8 months with a dramatic 5-year overall survival  

of 6.8% (Ostrom et al., 2020). A study conducted in England demonstrated that GBM incidence 

has significantly risen across all ages over the last two decades (Figure 1) (Philips et al., 2018). 

Its etiology is not yet well understood, and patients do not present clear inheritable 

predispositions. Only exposition to ionizing radiations were demonstrated to increase the risk 

of incidence (Ostrom et al., 2020; Todorova et al., 2019). 

Patients with GBMs are diagnosed after presenting various symptoms, which depend on  

the tumor localization and the infiltration degree of malignant cells in the parenchyma.  

These symptoms include headaches, epileptic seizures, focal neurologic signs and increased 

intracranial pressure (Hanif et al., 2017; Weller et al., 2017). Although GBM is a highly invasive 

tumor, they rarely metastasize (Louis et al., 2016). In GBM, malignant cells are defined by two 

main characteristics: they display molecular alterations identified by the copy number 

variations (CNV), and they are negative for the pan-leucocyte marker CD45 (Neftel et al., 

2019). They are composed of about 20% of cycling cells and 80% of non-cycling cells 

(Couturier et al., 2020; Wang et al., 2019b). In contrast, non-malignant cells gather CD45+ 

immune cells, and brain cells including endothelial, neuronal and glial cells (Neftel et al., 2019). 

 

 

 

 

Figure 1. GBM incidence increased over the last two decades and represent half of all gliomas 
A. Age-standardized incidence rates (ASR) per 100 000 people for gliomas diagnosed between 1995 
and 2015 by type and year (adapted from Philips et al., 2018). 
B. Distribution of gliomas according to their histology (adapted from Ostrom et al., 2020). 
ESP2013: European Standard Population of 2013; NOS: not otherwise specified. 
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2.2. Patient diagnosis  

After the apparition of the first symptoms and the observation by magnetic-resonance imaging 

(MRI) of an invasive tumor, the patient undergoes a maximal safe resection of the tumor, which 

helps decreasing the intracranial pressure. The surgery depends on the patient condition, the 

tumor localization and the surrounding functional brain regions. Otherwise, a biopsy is 

necessary to obtain a representative tissue sample and confirm the patient diagnosis. 

The diagnosis of a GBM is validated based on neuropathologist observations of hematoxylin 

and eosin (HE) and immunohistochemistry (IHC) stainings of tumor resection or biopsy 

samples. The main cellular identity composing the tumor are therefore identified, as well as its 

mitotic index and the main altered molecular markers. GBMs are poorly differentiated yet with 

a predominant (glial fibrillary acidic protein, GFAP+) astrocytic differentiation. They display a 

diffuse growth pattern with a wide heterogeneity in cell morphologies (e.g., malignant cells with 

nuclear atypia and cellular pleomorphism, important immune infiltrates) and histological 

structures (e.g., microvascular proliferation, high cellular density and extent necrosis or 

pseudo-palissadic necrosis) (Louis et al., 2016) (Figure 2). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Hematoxylin/Eosin (HE) and immunohistochemistry (IHC) stainings representative 
of GBM main histological features 
HE staining representative of (A) necrosis (NE) and vascular proliferation (VP); (B) giant cells with 
pleiomorphic nuclei; (C) microvascular proliferation and (D) palissadic necrosis.  
(E) IHC staining representative of GFAP+ malignant cells (adapted from Louis et al., 2016). 
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2.3. Standard of care 

Once the GBM diagnosis is confirmed, the neurooncologist starts the standard procedure 

which corresponds to a multimodal treatment combining radio- and chemotherapy. As GBM 

are invasive, the complete tumor resection is impossible. In order to remove the remaining 

malignant cells, surgery is followed by a heavy protocol developed by Stupp and colleagues, 

consisting of a radiotherapy (60 Gray of ionizing radiations (IR) in 30 fractions on a period of  

6 weeks) combined with concomitant treatment of Temozolomide (TMZ) an alkylating agent 

(75 mg/m² of body surface per day), and followed by an adjuvant chemotherapy of 6 cycles of  

28 days, 5 days per cycle (50-200 mg/m² of body surface per day) (Stupp et al., 2005).  

Both IR and TMZ aim at inducing DNA damage. On the one hand, IR causes irreversible DNA 

damage including crosslinks, single and double strand breaks DNA. On the other hand,  

TMZ exerts a cytotoxic effect by exploiting a weakness of the mismatch repair (MMR) 

mechanism. It methylates guanine bases on the O6 position (O6-meG) to create a mismatch 

with the complementary base. To remove the alkylated base, the MMR machinery creates a 

single strand break. The DNA polymerase inserts a thymine which in turn creates another 

MMR cycle response. These cycles of MMR and single strand DNA breaks trigger a  

DNA damage response (DDR). IR- and TMZ-induced damages lead to a mitotic catastrophe 

or mitotic bypass which results in apoptosis or therapy-induced senescence (TIS)  

respectively (Aasland et al., 2019; Günther et al., 2003; Li, 2008; McFaline-Figueroa et al., 

2015) (Figure 3).  

Mutations in the O6-methylguanine-DNA methyltransferase (MGMT) gene occur in only 0.5% 

of GBMs (cbioportal.org; TCGA Cell 2013 and Nature Med. 2019 cohorts). However, 

approximately half of GBMs display a hypermethylated MGMT promoter; they lack the 

expression of this enzyme and are more sensitive to TMZ. Indeed, MGMT removes the  

O6-meG marks and prevents the action of TMZ (Hegi et al., 2005). A recent multicentric study 

which included our team, shows that MMR deficiency in GBMs increases the mutational burden 

upon TMZ treatment. These hypermutated tumors become resistant to TMZ but not to other 

alkylating agents such as the nitrosourea compound Lomustine (also abbreviated as CCNU) 

(Touat et al., 2020). 

Despite the combined protocol of radiotherapy with TMZ, patients present an overall survival 

of 14.6 months (compared with 12.1 months with radiotherapy only) (Stupp et al., 2005)  

(Figure 3). Many novel therapies have been tested on patients with GBM including targeted 

molecular therapies, growth factor inhibitors, angiogenesis inhibitors, immuno- and viral 

therapies, yet with no significant amelioration of the overall survival of patients (Wen et al., 

2020). GBMs are incurable and ultimately relapse. Several hypotheses could explain the 

http://www.cbioportal.org/
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treatment inefficacy including the presence of the BBB which limits the drug delivery to the 

brain, the high growth rate of the tumor, the invasiveness of the malignant cells,  

the inter- and intratumoral heterogeneities, the presence of cancer stem cells (CSCs) and  

the immunosuppressive environment (Castellan et al., 2020; Garofano et al., 2021; Louis et 

al., 2016; Richards et al., 2021; Wang et al., 2017b). Therefore, a better understanding of these 

cellular processes becomes critical for developing novel GBM therapeutic strategies (Bhat et 

al., 2013; Lu et al., 2016; Wang et al., 2017b). 

 

 

 

Figure 3. Combined treatment of Temozolomide with radiation increases modestly patient 
survival 
A. Temozolomide (TMZ) mechanism of action triggering either apoptosis or therapy-induced 
senescence. 
B. Kaplan-Meier estimates of overall survival according to treatment group (Stupp protocol in blue vs 

radiotherapy only in red) (adapted from Stupp et al., 2005). 

 

3. Intertumoral heterogeneity of GBMs 

3.1. Main altered genetic pathways 

Along with histological analysis, the genetic analysis upgraded the GBM classification which 

now includes genetic alterations (mainly gene mutations, amplifications, deletions and 

translocations). GBMs can further be classified into two main groups: primary (de novo) and 

secondary tumors.  
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Secondary GBMs generally derive from a previous lower grade glioma. Although primary and 

secondary GBMs are histologically very similar, they can be distinguished based on their 

isocitrate dehydrogenase (IDH) mutational status. IDH1 and IDH2 enzymes play metabolic 

functions by converting the -ketoglutarate to isocitrate. However, the mutation R132H in  

IDH enzymes results in the formation of the D-2-hydroxyglutarate which functions as an 

oncometabolite by notably contributing to the genome hypermethylation.  

Secondary IDH-mutant GBMs represent 10% of all GBMs, they occur more frequently in 

younger patients and are associated with a better prognosis (Sanson et al., 2009) (Figure 4). 

Conversely, IDH-wild type (IDH-WT) GBMs correspond mostly to primary GBMs and represent 

90% of all GBMs. My PhD project focused on IDH-WT GBMs, which I will detail here after. 

 

 

  

Figure 4. Patients with an IDH-WT GBM present a worst survival 
(A) Overall survival curves and (B) progression-free survival curves in GBM according to IDH1 codon 
132 status (yellow line, mutated; blue line, non-mutated).  
(adapted from Sanson et al., 2009). 

 
 
The most frequently altered pathways in GBMs include RTK/RAS/PI3K (receptor tyrosine 

kinases/rat sarcoma/phosphatidylinositol 3-kinases), p16INK4A/RB (p16INK4A/retinoblastoma 

protein) and p53/p21CIP1 signaling pathways (Figure 5). The p53/p21CIP1, as well as the 

p16INK4A/RB pathway, induce a cell cycle arrest which results either in apoptosis or cellular 

senescence. Furthermore, most common genetic alterations in GBM include loss of 

heterozygosity of the chromosome 10 where PTEN (phosphatase and tensin homologue) is 

located, loss of chromosome 9 containing INK4A/ARF locus, and amplification of  

chromosome 7 containing EGFR (epidermal growth factor receptor) and FGFR (fibroblast 

growth factor receptor). These altered pathways are almost always associated with mutations 

in the telomerase reverse transcriptase (TERT) promoter and other deletions/amplifications of 

oncogenes or tumor suppressor genes (McLendon et al., 2008; Verhaak et al., 2010)  

(Figure 5). 
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RTK/RAS/PI3K pathway 

Receptor tyrosine kinases (RTKs) are composed of cell surface receptors of various molecules 

including growth factors, hormones, and cytokines. When ligand binds to the RTK, Ras/MAPK 

(rat sarcoma/mitogen-activated protein kinases) and Ras/PI3K/AKT (rat 

sarcoma/phosphatidylinositol 3-kinases/Akt) downstream pathways are activated and further 

regulate multiple cellular processes such as proliferation, differentiation, survival or 

angiogenesis. RTK/RAS/PI3K pathway is altered either by the RTKs or by the downstream 

signaling components. The main altered RTKs in GBMs include EGFR, FGFR, and PDGFR 

(platelet-derived growth factor receptor) (Louis et al., 2016; McLendon et al., 2008). 

For instance, EGFR is amplified in more than 50% of GBMs. EGFR can also be mutated into 

an EGFRvIII variant that constitutively stimulates tumor growth (Knobbe and Reifenberger, 

2003; Reni et al., 2017; Wikstrand et al., 1997). In addition, PDGFR is the second most 

frequently amplified RTK in GBM after EGFR, and is involved in similar cellular processes. 

The PI3K/AKT/mTOR (phosphatidylinositol 3-kinases/Akt/mammalian target of rapamycin) 

pathway regulates cell cycle through a cascade of phosphorylation involving AKT and mTOR 

activation. For instance, the tumor suppressor PTEN antagonizes PI3K and prevents AKT 

activation. Loss of PTEN function, either upon mutation or deletion, is associated with tumor 

progression and a shorter survival (Srividya et al., 2011; Wang et al., 1997; Yang et al., 2010). 

Although Ras mutations are rare in GBMs, NF1 (neurofibromatosis factor 1), a tumor 

suppressor inhibiting the Ras pathway, can be mutated or deleted which in turn activates the 

Ras pathway and promotes tumor growth (Jeong and Yee, 2014; McLendon et al., 2008; 

Verhaak et al., 2010). Overall 86% of GBMs harbor at least one genetic alteration in the 

RTK/RAS/PI3K pathway (McLendon et al., 2008) (Figure 5). 

 

p53/p21CIP1 pathway 

The tumor suppressor p53 inhibits the cell cycle but also regulates various non-canonical 

functions, including cellular metabolism, autophagy, angiogenesis and ferroptosis (Kruiswijk et 

al., 2015). Importantly, high levels of p53 and downstream signaling trigger apoptosis while 

low levels trigger cellular senescence (Campisi and D’Adda Di Fagagna, 2007; Chen et al., 

2000; Childs et al., 2014). Oncogenic stress and DNA damage response (DDR) can directly 

induce p53 and p19ARF expression and repress MDM2 (murine double minute 2). p19ARF 

activates p53 expression while MDM2, an E3 ubiquitin ligase, targets p19ARF and p53 

degradation. Once p53 protein is expressed and stabilized, it promotes the transcription of the 

cyclin-dependent kinase inhibitor p21CIP1. In turn, p21CIP1 can trigger two downstream 

processes. On the one hand, it activates the transcription of pro-apoptotic genes leading to 
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apoptosis. On the other hand, it inhibits the binding of CDK2/CDK4 (cyclin dependent kinase 

2/ cyclin dependent kinase 4) to cyclins which phosphorylates RB (retinoblastoma) protein. 

Therefore, RB remains in a hypo-phosphorylated state and prevents the release of E2F 

transcription factors necessary for cell-cycle-progress gene activation. This in turn leads to a 

growth arrest in the G1/S phase (Rowland et al., 2002). The p53 pathway is the most frequently 

altered in GBM via  mutations in TP53 and RB coding sequences, as well as ARF deletions 

and amplifications of MDM2 (McLendon et al., 2008) (Figure 5). 

 

p16INK4A/RB pathway 

p16INK4A is encoded by the INK4A/ARF locus which encompasses three cyclin-dependent 

kinase inhibitors, namely: CDKN2A gene coding for p16INK4A, CDKN2B gene coding for 

p15INK4B and ARF coding for p14ARF (p19Arf in mice), all being senescent mediators. 

Importantly, p16INK4A and p15INK4B are inhibitors of the CDK4/6-cyclins complex binding which 

in turn prevent RB phosphorylation and cell cycle progression (Narita et al., 2003) (Figure 5). 

In physiological conditions, the INK4A/ARF locus is epigenetically silenced by the Polycomb 

repressive complexes 1 and 2 (PRC1, 2). PRC1 and PRC2 deposit repressive marks on 

chromatin histones to inhibit downstream transcription. However, these histones marks may 

be lost upon disruption of PRC1 and 2 subcomponents (e.g., CBX7, BMI1, EZH2) which 

activates the expression of CDKN2A and induces senescence entry (Bracken et al., 2007; Gil 

et al., 2004; Jacobs et al., 1999). In GBM, the most common genetic events are deletion of the 

CDKN2A/CDKN2B locus on chromosome 9, followed by amplification of the CDK4 locus in 

14% of GBMs (McLendon et al., 2008) (Figure 5). Of note, TP53/MDM2 mutations and 

INK4A/ARF locus alterations generally occur in a mutually exclusive way (Fulci et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

(legend on next page) 
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Figure 5. Frequent genetic alterations in the three critical signaling pathways in GBM  
A. Red and blue indicates activating and inactivating genetic alterations respectively in RTK/RAS/PI3K, 
p53/p21CIP1 and p16INK4A/RB pathways (adapted from McLendon et al., 2008). 
B. cBioportal analysis showing distinct main genetic alterations in 585 GBMs from two cohorts (TCGA 
Cell 2013 and Nature Med. 2019) (generated from https://www.cbioportal.org/). 

 

3.2. Transcriptional classification  

Classification based on the genetic alterations  

To better understand the molecular mechanisms of primary GBMs and better predict patient 

outcome, Verhaak and colleagues further classified GBMs based on genetic alterations.  

In 2010, initial analysis of bulk RNAseq of GBMs from The Cancer Genome Atlas (TCGA) 

revealed four molecular subtypes: classical, proneural, mesenchymal (GBM-CL, GBM-PN, 

GBM-MES) and neural. The neural subtype was later identified as a contamination from non-

malignant tissue (Verhaak et al., 2010; Wang et al., 2017b) (Table 1). The GBM-CL and  

GBM-PN subtypes are associated with neurodevelopmental programs while the GBM-MES is 

https://www.cbioportal.org/
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associated with injury response programs (Richards et al., 2021; Verhaak et al., 2010; Wang 

et al., 2017b). Interestingly, distinct subtypes can coexist in different locations of the same 

tumor (Patel et al., 2014; Wang et al., 2017b). 

 
GBM-CL displays an amplification of chromosome 7, a loss of chromosome 10, and a focal 

loss of 9p21.3 locus targeting CDKN2A, but lacks TP53 mutations. In addition, GBM-CL 

overexpresses neural precursor and stem cell marker NES, as well as Notch and Sonic 

hedgehog signaling pathways. 

 

GBM-PN presents PDGFRA alteration, point mutations in IDH1 gene (in secondary GBMs),  

a reduced CDKN1A expression (encoding p21CIP1), and frequent TP53 mutations.  

GBM-PN expresses oligodendrocytic and proneural developmental genes such as PDGFRA, 

OLIG2, NKX2-2, DCX, ASCL1, TCF4 and SOX genes. Interestingly, loss of OLIG2 in a mouse 

model of GBM leads to a shift from the GBM-PN to the GBM-CL subtype and was sufficient to 

promote radiosensitivity of patient GBM cell lines (Lu et al., 2016; Mehta et al., 2011).  

Of note, GBM-PN is overall associated with a better prognosis. 

 

GBM-MES is characterized by mutations/deletions in the NF1 region, which is frequently  

co-mutated with PTEN. GBM-MES expresses CHI3L1 and MET mesenchymal markers.  

In addition, GBM-MES presents increased expression of genes in the NF-B and TNF  

(tumor necrosis factor) signaling pathways (Verhaak et al., 2010; Wang et al., 2017b). 

Importantly, this subtype correlates with a worst survival and GBMs frequently shift from the 

GBM-PN to the GBM-MES subtype upon recurrence (Patel et al., 2014; Wang et al., 2017b). 

 

Classification based on the methylation status 

Sturm and colleagues analyzed adult, pediatric and young adult cohorts and further classified 

GBMs into six epigenetic subgroups: “IDH”, “G34”, “K27”, “mesenchymal”, RTK I “PDGFRA” 

and RTK II “Classic”.  

The IDH (with IDH1/2 mutations) subgroup is enriched in young adult GBMs and associates 

with GBM-PN displaying a glioma-CpG island methylator phenotype (G-CIMP).  

G-CIMP+ tumors present overall hypermethylated regions which confers a less aggressive 

phenotype and correlates with a more favorable prognosis to patients (Noushmehr et al., 2010; 

de Souza et al., 2018). In contrast, the RTK I “PDGFRA” subgroup (with PDGFRA 

amplifications) is enriched in G-CIMP- GBM-PN and present a lower prognosis.  
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The mesenchymal and RTK II “Classic” correlate with the GBM-MES and GBM-CL subtypes. 

Noteworthy, the last two subgroups, K27 and G34 (with K27M and G34R/V mutations in H3F3A 

histone H3.3 coding sequence) are enriched in pediatric and adolescent GBM respectively. 

Although K27 GBMs were associated with G-CIMP+ proneural subtype, G34 GBMs was not 

associated with a particular GBM transcriptional subtype (Sturm et al., 2012) (Table 1). 

 

        Verhaak 

             subtypes 

Subgroup  

classification 

GBM-PN GBM-MES GBM-CL N/A 

Noushmehr et al. G-CIMP - G-CIMP + G-CIMP - G-CIMP - G-CIMP + 

Sturm et al. RTK I “PDGFRA” IDH K27 Mesenchymal RTK II “Classic” G34 

Neftel et al. OPC-like and NPC-like states 
MES-like 

state 
AC-like state N/A 

Main alterations 

PDGFRA amplif. 

p53 mut. 

CDKN1A downreg. 

 

IDH mut. 

p53 mut. 

H3F3A 

K27 mut. 

p53 mut. 

PTEN loss 

NF1 loss 

p53 mut. 

Ampli of chrom 7 

Loss of chrom 10 

CDKN2A del. 

EGFR ampli 

H3F3A G34 mut. 

p53 mut. 

Hypomethylated 

 
 
Table 1. Table recapitulating the different classifications of GBMs based on the transcriptional 
subtype classification of Wang et al., 2017 

Amplif: amplification, mut: mutation, downreg: downregulation. 

 

 

4. Intratumoral heterogeneity of GBMs 

The advances of single cell transcriptomics largely contributed to demonstrate the different 

degrees of transcriptional and cellular heterogeneities among the malignant cells, within a 

single GBM. In addition, these studies revealed the plasticity of malignant cells which can be 

defined by their cellular states and the diversity of glioma stem cells (GSCs) (Bhaduri et al., 

2020; Couturier et al., 2020; Richards et al., 2021; Wang et al., 2019b).  

 

4.1. Cellular states 

In 2019, Neftel and colleagues classified the intratumoral heterogeneity of malignant cells and 

subdivided them into four main cellular plastic states: oligodendrocyte-precursor-cell-like 

(OPC-like), neural-precursor-cell-like (NPC-like), astrocyte-like (AC-like) and mesenchymal-

like (MES-like) states. One given cellular state is defined by the relative score of a meta-module 
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(a network of genes enriched in a recurrent expression program) and bears different 

proliferative potentials, the OPC-like and NPC-like states being the most proliferative ones. 

Malignant cells can display intermediate hybrid states and the proportion of these cellular 

states within the tumor defines the tumor transcriptional subtype. Indeed, GBM-PN are 

enriched in OPC-like and NPC-like states whereas GBM-CL and GBM-MES are enriched in 

AC-like and MES-like states respectively (Neftel et al., 2019) (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Two-dimensional representation of cellular states of malignant cells as defined by 
Neftel et al., 2019 
Each quadrant corresponds to one cellular state, the exact position of malignant cells (dots) reflects 
their relative scores for the meta-modules (AC-like, OPC-like, NPC-like, MES-like), and their colors 
reflect the density of cycling cells (from Neftel et al., 2019). 
AC: astrocyte; OPC: oligodendrocyte precursor cell; NPC: neural progenitor cell; MES: mesenchymal.  

  

 

4.2. Glioma stem cells 

Glioma stem cells (GSCs) correspond to a subpopulation of malignant cells. They present 

features of stem cells from healthy tissue such as the ability to self-renew and to give rise to 

some or all the cells of the tissue they reside in (Lathia et al., 2015). Stemness programs of 

GSCs are diverse and are characterized by heterogenous marker gene combinations.  

Multiple GSC subtypes, identified by scRNAseq, can reside within a single tumor and promote 

tumor invasion via their secreted factors (e.g., periostin (POSTN)) (Bhaduri et al., 2020).  

The heterogeneity of GSCs between patients participates in the intertumoral heterogeneity 

(Richards et al., 2021). To date, no universal marker has been discovered to identify them, 

rather a combination of markers is required (e.g., CD133, CD44, A2B5, SSEA1) (Suvà and 

Tirosh, 2020). Castellan and colleagues identified a glioma stem cell (G-STEM) signature 
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reflecting the stemness property, and is differentially expressed in GSCs compared with 

differentiated GBM cells. Moreover, they found YAP/TAZ as master transcriptional regulators 

of the GSC state, which was further validated in an inducible YAP/TAZ knock out mouse model 

(Castellan et al., 2020). Noteworthy, GSCs are resistant to radio- and chemotherapy and 

contributes to the GBM adaptive response to treatments (Bao et al., 2006; Chen et al., 2012). 

Several characteristics can explain therapy resistance, including GSC metabolism, the 

influence of the microenvironment on GSC and GSC heterogeneity. I will focus here on the 

last two features. 

 

GSC heterogeneity 

Recent single cell transcriptomics studies combined with TCGA bulk analysis, further 

described the diversity and plasticity of GSCs (Castellan et al., 2020; Garofano et al., 2021; 

Richards et al., 2021). Richards and colleagues identified a metabolism gradient, from 

“developmental” to “injury response” states, along which GSCs can range from one state to 

the other. GSCs from the developmental state were grouped into a core GSC proliferation 

module, in agreement with what was previously described by Neftel and colleagues where 

OPC-like, NPC-like and AC-like states are associated with a reminiscent neurodevelopmental 

program. Similarly, injury response state GSCs express genes within the MES-like signature 

(including NF-B, STAT signaling, reactive astrocytes and inflammatory wound response 

genes) (Neftel et al., 2019; Richards et al., 2021). However, the GSC state of the engrafted 

cell lines does not correlate with the survival of the orthotopic xenograft mice suggesting that 

GBM aggressiveness may be independent of the GSC state (Richards et al., 2021).  

Another study performed by Garofano and colleagues identified four cellular states scores of 

activated pathways which are involved either in the metabolism (mitochondrial vs 

glycolytic/plurimetabolic) or the developmental program (neuronal vs proliferative/progenitor) 

and emphasizes the importance of GBM cells states on therapy response (Garofano et al., 

2021). Overall, GSCs are now considered as a gradient of different states which include 

stemness, metabolism and cellular specialization (Castellan et al., 2020; Garofano et al., 2021; 

Richards et al., 2021) (Figure 7). 
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Figure 7. Continuous gradients of cell state define GBM cellular heterogeneity  
Transcriptional profiles of single GBM cells can be distributed along continuous axes based on a 
cellular property such as stemness (Richards et al., 2021; Castellan et al., 2020), metabolism 
(Garofano et al., 2021) or cellular specialization (Richards et al., 2021). (from Lathia et al., 2021) 

 

 

Influence of the microenvironment on GSC 

The microenvironment of GSCs plays a major role in therapy resistance. Indeed, GSCs are 

enriched in vascular niches where they are in close contact with malignant cells and necrotic 

areas (Figure 8). Necrosis generates a hypoxic environment which increases the expression 

of molecules such as the hypoxia-inducible factor 1 (HIF-1). HIF-1 is a key regulator of cell 

responses to hypoxia and angiogenesis. It activates the expression of pro-angiogenic factors 

including VEGF, VEGFR, PDGFR and TGF- and in turn promotes tumor vascularization 

(Lathia et al., 2015). Angiogenesis corresponds to the formation of de novo blood vessels by 

endothelial cells. Blood vessels provide oxygen and nutrients to the tumor, and contributes to 

the overall progression and invasion of GBM (Guarnaccia et al., 2018). Notably, GSCs and 

their perivascular niches establish a cross-talk whereby endothelial cells support GSCs 

survival and stemness while GSCs secrete vesicles with pro-angiogenic factors  

(e.g., VEGF-A) in an mTOR-dependent manner to target endothelial cells (Figure 8) (Calabrese 

et al., 2007; Galan-Moya et al., 2011; Treps et al., 2017). Using in vitro functional study and 

lineage tracing in a mouse model of GBM, a study showed that GSCs can transdifferentiate 

into CD31+ vascular endothelial cells to ensure their own vascularization which can contribute 

to GBM invasion and therapy resistance (Soda et al., 2011).  
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Figure 8. GBM perivascular niche and tumor microenvironment 
The tumor microenvironment is heterogenous and comprises various non-malignant cells. Necrotic 
area results in hypoxia which participates in the formation of the GSC perivascular niche. GBMs are 
hypervascularized tumors. Although neoangiogenic vessels are poorly formed, endothelial cells 
establish a crosstalk with GSCs and support their stemness. Infiltrative immune cells comprise tumor-
associated macrophages (microglia and BMDM) and lymphoid cells (T cells among others). Malignant 
and non-malignant cells secrete factors and ECM which modulate the tumor survival, growth, 
angiogenesis, immunosuppression and malignant cell invasion. 
GSC: glioma stem cell; BMDM: bone marrow-derived macrophages; ECM: extracellular matrix 

 

 

5. The tumor microenvironment 

The tumor microenvironment (TME) is composed of various non-malignant cells and  

non-cellular components including immune cells, astrocytes, neurons, endothelial cells and the 

extracellular matrix. Importantly, the GBM-MES subtype is characterized by a highly necrotic 

and hypoxic environment which can induce angiogenesis and immune cell recruitment (Bhat 

et al., 2013; Lu et al., 2016; Wang et al., 2017b). The TME plays a pivotal role in tumor growth, 

dissemination and therapy resistance. A better understanding of GBM microenvironment 

becomes critical to develop novel treatments (Neftel et al., 2019; Richards et al., 2021; Wang 

et al., 2017b). Here, I will focus on two of aspects of the TME: the immune compartment and 

the extracellular matrix. 
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5.1. Immune compartment 

From bulk RNAseq analysis to single-cell transcriptomics analysis, the mesenchymal subtype 

is shown to be associated with increased epithelial-to-mesenchymal transition, migration, 

hypoxia and immune infiltration (Castellan et al., 2020; Garofano et al., 2021; Neftel et al., 

2019; Richards et al., 2021; Verhaak et al., 2010; Wang et al., 2017b). Along with a hypoxic 

environment, loss of NF1 (one of the main GBM-MES alterations) also correlates with the 

recruitment of immune cells to the tumor site (Gangoso et al., 2021; Verhaak et al., 2010; 

Wang et al., 2017b). Accordingly, the GBM-MES subtype displays the highest percentage of 

tumor-associated macrophages (TAM) and lymphocyte infiltration compared with the other 

subtypes (Wang et al., 2017b). Several studies suggest that the infiltration of TAMs promote 

the establishment of a GBM-MES subtype via anti-inflammatory, pro-angiogenic and 

extracellular matrix remodeling factors and is involved in tumor growth, survival and invasion 

(Doucette et al., 2013; Wang et al., 2017b; Zanotto-Filho et al., 2017).  

Moreover, the immune populations of the GBM-MES subtype are heterogeneous. IHC staining 

and deconvoluted analysis from bulk RNAseq data (CIBERSORT) reveals enrichment in 

neutrophils, TAM and distinct T cell populations such as cytotoxic CD8 T cells, natural killer 

(NK) cells, CD4 T cells, and regulatory T (T reg) cells (Kaffes et al., 2019; Wang et al., 2017b). 

These cells are of two types, resident and infiltrating cells. Microglia cells are the brain-resident 

macrophages while the peripheral immune cells are composed of dendritic cells, T cells and 

bone marrow-derived macrophages (BMDM) (Bowman et al., 2016; Quail and Joyce, 2017). 

The TAMs (microglia and BMDM) contribute to tumor growth, survival, and invasion (Zhang et 

al., 2020). They have been traditionally categorized into two polarization states according to 

their secreted factors, namely the M1 and the M2 states. The M1-like TAMs are characterized 

by the expression of a pro-inflammatory and anti-tumoral program with the secretion of 

cytokines such as TNF-, IL1- and CXCL10. In contrast, the M2-like TAMs are considered as 

anti-inflammatory/pro-angiogenic as they display a program composed of anti-inflammatory 

molecules (e.g., TGF1, CXCL2, IL10, MIF), pro-angiogenic factors (e.g., HIF1, VEGFA/B) 

and secrete tissue remodeling factors (e.g., ADAM8, TIMP1/2, MMP2) (Darmanis et al., 2017; 

Hambardzumyan et al., 2015). Of note, the pro-inflammatory TAM state is enriched in microglia 

and is mostly present in the periphery of the tumor, in contrast to the anti-inflammatory state 

enriched in BMDM and preferentially located in the tumor core (Darmanis et al., 2017). 

Interestingly, the M2 anti-inflammatory gene signature is associated with the GBM-MES 

subtype and blocking macrophage polarization into the M2 state, by CSF-1R inhibition, 

improves GBM-bearing mouse survival (Pyonteck et al., 2013; Wang et al., 2017b).  
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Several studies demonstrated that macrophage polarization is complex and is better 

represented by a spectrum of overlapping M1 and M2 in gene expressions (Quail and Joyce, 

2017). Importantly, one pan-cancer study clustered intratumoral immune states into six groups 

(C1-C6) based on immune signature gene sets. Gliomas exhibit “lymphocyte depleted” (C4) 

and “immunologically quiet” (C5) immune subtypes associated with high macrophages and low 

lymphocytes scores (Thorsson et al., 2018). In addition, TAMs in GBM lack expression of  

co-stimulating T cell molecules (including CD40, CD80, and CD86). Thus, the induction of  

T cell responses by TAMs is impaired which partly contributes to T cell exhaustion, and the 

immunosuppressive microenvironment (Hussain et al., 2006; Otvos et al., 2016).  

Myeloid-derived suppressor cells (MDSC) also suppress T cell activity and are associated with 

a bad prognosis (Alban et al., 2018; Dubinski et al., 2016; Gielen et al., 2016; Kamran et al., 

2017). In summary, GBMs are termed “cold” tumors due to the immunosuppressed 

microenvironment and the rare infiltrating effector T cells (Duan et al., 2020; Quail and Joyce, 

2017). These GBMs properties could explain the absence of increased overall survival after 

immune checkpoint blockade treatments in patients with recurrent GBMs (Litak et al., 2019). 

 

5.2. Extracellular matrix 

The extracellular matrix (ECM) is a network of macromolecules that supports cells in a tissue 

and regulates intercellular communications (Brösicke and Faissner, 2015).  

In GBM, the ECM is stiffer than in physiological brain tissue and is mainly  

composed of proteoglycans, glycosaminoglycans and glycoproteins. Interestingly, increased 

ECM concentration and stiffness is associated with the presence of vascular and  

tumor stem cell niches. For instance, the expression of Tenascin-C (TNC), a glycoprotein, is 

correlated with cell motility and tumor invasion (Yoshida et al., 2015). TNC is found in higher 

concentration around blood vessels, along with other factors (e.g., IGFBP7 and SPARC). It 

plays a key role in angiogenesis notably by modulating the activity of pro-angiogenic factors 

(e.g., VEGF) (Brösicke et al., 2013; Rupp et al., 2016). ECM stiffness also regulates cell 

motility, proliferation and immunosuppression. Indeed, T cell can be “trapped” in ECM to block 

their migration to the tumor site and inhibit their activity (Huang et al., 2010). Importantly, TNC 

regulates cell plasticity in a mouse GBM-MES model by promoting the expression of the 

mesenchymal marker NF-B (Angel et al., 2020). 
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Figure 9. The main GBM characteristics challenging the efficacy of current therapies 

(adapted from Roberts and Munson, 2020) 

 

 

As a conclusion to this introductory part on GBM, one can state that despite the growing 

molecular and cellular knowledge on GBM (Figure 9), the clinical transposition to find novel 

therapeutic breakthroughs remains difficult. Various studies unveiled the possibility of 

exploiting cellular senescence to limit tumorigenesis. This hypothesis was the focus of my PhD 

work and the state of art of senescence in cancer will be the subject of the next chapter. 
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II. Cellular senescence: a novel actionable target for GBM? 

1. Senescent cells: a crossroad for multiple processes 

Cellular senescence is a mechanism characterized by a permanent cell cycle arrest and the 

secretion of a plethora of molecules called the senescence-associated secretory phenotype 

(SASP) (Childs et al., 2015). Leonard Hayflick and Paul Moorhead first described senescence 

in 1961 when they observed in vitro human fibroblasts with a finite number of population 

doublings. This phenomenon is now known as replicative senescence, and the authors had 

hypothesized at the time that it could play a role during organismal aging (Hayflick, 1965). 

Since then, numerous studies showed that senescence is induced in multiple physiological 

processes and age-related pathologies including cancer. 

Senescence is a multistep process triggered by various stresses such as telomere shortening, 

oxidative stress, oncogenes, mitochondrial dysfunction or conventional anticancer therapies, 

including radio- and chemotherapy (Childs et al., 2015; Gorgoulis et al., 2019). In contrast to 

quiescent cells, senescent cells display a generally irreversible cycle arrest, macromolecule 

damages, and a deregulated metabolism (Gorgoulis et al., 2019). Nevertheless in certain 

conditions, cells can escape from senescence (Milanovic et al., 2018). Cellular senescence is 

mediated by the DNA damage response (DDR), the p53/p21CIP1 or p16INK4A/RB signaling 

pathways. Importantly, senescent cells develop a SASP program which can either promote 

their own immune clearance or contribute to a persistent inflammation (Childs et al., 2015).  

The roles of senescence are context-dependent. They can be considered as an example of an 

evolutionary antagonistic balance between the beneficial developmental/anti-tumoral 

mechanisms, and the detrimental roles in inflammation during aging (or “inflammaging”) 

/cancer progression (Franceschi and Campisi, 2014).  

Programmed senescence regulates embryonic development and tissue patterning (Gal et al., 

2020; Muñoz-Espín et al., 2013; Storer et al., 2013). Furthermore, cellular senescence is 

essential for tissue homeostasis and tissue remodeling processes including wound healing, 

regeneration and tissue plasticity (Chiche et al., 2017; Demaria et al., 2014; Hiebert et al., 

2018; Mosteiro et al., 2016; Ritschka et al., 2017; Le Roux et al., 2015). However, when 

senescence becomes chronic during aging and in immunodeficient contexts, it can contribute 

to several age-related diseases including neurodegenerative diseases such as Alzheimer’s 

and Parkinson’s diseases (Bhat et al., 2012; Bussian et al., 2018; Chinta et al., 2018; Zhang 

et al., 2019), obesity (Ogrodnik et al., 2019; Yoshimoto et al., 2013), type 2 diabetes (Sone 

and Kagawa, 2005; Thompson et al., 2019), atherosclerosis (Childs et al., 2016), osteoarthritis 

(Jeon et al., 2017; Lee et al., 2021), and osteoporosis (Farr et al., 2017) among others.  

 



Introduction – II. Cellular senescence: a novel actionable target for GBM? 

38 

In cancer, oncogene-induced senescence (OIS) was first described as a protective barrier 

against neoplastic progression, in addition to apoptosis (Collado et al., 2007; Michaloglou et 

al., 2005). Of note, senescent cells generally express an anti-apoptotic program (Childs et al., 

2014; Yosef et al., 2016). Furthermore, senescent cells are heterogenous. They can be 

malignant or non-malignant cells and they can act as tumor suppressor or tumor activator 

depending on the tumor type and its immune status. Great efforts have been made to develop 

therapies using senescence as an actionable target to treat cancer. In this section,  

I will describe the senescence hallmarks, the mechanisms of action of senescent cells in 

cancer and the current state of the art in the growing domain of senotherapies. 

 

2. Senescence hallmarks  

One of the main challenges in the field of senescence is to discriminate cells temporarily 

entering a cell cycle arrest (such as quiescent G0-phase) from senescent cells.  

In vitro senescent cells display enlarged morphology and irregular shape (Robbins et al., 

1970). However, these changes are readily difficult to detect in vivo. Senescent cells are 

heterogenous and to date there is no unique universal senescent marker. Rather, these cells 

are characterized by a combination of presence or absence of markers based on the 

senescence hallmarks (Gorgoulis et al., 2019; Kohli et al., 2021).  

 

2.1. Activation of tumor suppressor signaling pathways 

The activation of three main pathways, namely the DDR, the p53/p21CIP1 and p16INK4A/RB 

pathways can induce the cell cycle arrest at G1/S stage, the first step of senescence entry 

(Figure 10). These pathways can be activated upon several inducers, including the shortening 

of telomeres, oxidative stress upon increased reactive oxygen species (ROS) levels, genomic 

damage (such as oncogenic Ras, loss of Pten, Nf1 and Rb1) or conventional therapies.  

They can trigger double strand breaks (DSBs) which are repaired either by homologous 

recombination (HR) or less accurately by non-homologous end joining (NHEJ) (Essers et al., 

2000; Di Micco et al., 2021). When HR or NHEJ are no longer efficient to repair DSB, prolonged 

DDR is activated. ATM/ATR protein kinases are recruited to the DSBs, phosphorylate H2AX 

(H2AX) histones and facilitate the assembly of nuclear foci composed of H2AX and  

p53-binding protein 1 (53BP1). The signal is then transduced to downstream kinases (CHK1 

and CHK2) which in turn activate the p53/p19ARF pathway and lead to cellular senescence 

entry (Figure 10). Antibodies against H2AX, 53BP1, p53, p19ARF and p21CIP1 are commonly 

used to label senescent cells (Burma et al., 2001; Fumagalli et al., 2014).  
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Other proteins mediating growth arrest can be used to identify senescent cells, such as the 

cell cycle inhibitors p27KIP1 and the ones encoded by the INK4A locus (p16INK4A, p15INK4B, 

p19ARF). However, the use of these markers can encounter some challenges.  

Indeed, the antibodies against the murine p16INK4A lack specificity and these proteins are not 

exclusively expressed in senescent cells. For instance, p16INK4A can be expressed in  

non-senescent macrophages and RB-deficient cancer cells (Hall et al., 2017; Shapiro et al., 

1995). Furthermore, p21CIP1 is required for the differentiation program of oligodendrocytes 

(Zezula et al., 2001). To solve this issue, these markers are combined with the absence of 

proliferation markers such as Ki67 expression or EdU incorporation (Collado et al., 2005; 

Fumagalli et al., 2014; Kohli et al., 2021). In addition, the expression of reporter genes under 

the regulatory sequences of p16Ink4a  are used in mouse transgenic models to track in vivo 

p16Ink4a senescent cells (Demaria et al., 2014; Grosse et al., 2020; Ohtani et al., 2010). 

 

 

 

 

Figure 10. Main cellular senescence signaling pathways in cancer 
Cellular senescence can be induced by multiple genetic alteration including (A) the overexpression 
of oncogenes (e.g., Ras) or (B) the inactivation of tumor suppressor genes (e.g., Pten, Nf1 and Rb1)  
(adapted from Di Mitri et al., 2016). 
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2.2. Alteration of senescent cell compartments  

Besides the cell cycle arrest, senescent cells undergo changes in different cellular 

compartments which induce mitochondrial dysfunction, altered lipid metabolism, increase in 

lysosomal content, disruption of the nuclear envelop and change in the chromatin structure 

(Figure 11) (Cho and Hwang, 2012; Freund et al., 2012; Wiley and Campisi, 2016; Yamada et 

al., 2012).  

 
In 1995, Dimri and collaborators made use of the increased lysosomal compartment to develop 

a staining for senescent cells. The activity of the -galactosidase enzyme, a lysosomal 

enzyme, is readily detectable in suboptimal acidic condition (pH 5.5-6.0) with the X-gal 

substrate, which becomes blue once cleaved by the enzyme (Dimri et al., 1995) (Figure 11).  

This senescence-associated -galactosidase (SA--gal) histochemical staining is now used as 

a “gold-standard” hallmark of senescent cells. Noteworthy, this staining can also be detected 

in non-senescent cells including macrophages or hippocampal pyramidal cells  

(Geng et al., 2010; Hall et al., 2017). 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 11. Example of SA--gal staining of TIS cells in pancreatic tumor mouse tissue 

Numerical values correspond to the SA--gal positive area quantification.  
T/P: trametinib/palbociclib (adapted from Ruscetti et al., 2020). 
 
 

 

Loss of LAMIN B1, a structural protein of the nuclear envelop, occurs upon senescence entry 

in a p16INK4A- and p53-dependent manner, both in vitro and in vivo (Freund et al., 2012; 

Hernandez-Segura et al., 2017) (Figure 12). Of note, several cancers, including GBM, present 

a disruption of the nuclear envelop accompanied by altered levels of LAMIN B1 (Gupta et al., 

2019). Therefore, the loss of this protein cannot be solely used a senescence marker in the 

context of cancer. 
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The disruption of the nuclear envelop leads to the dispersal of cytoplasmic chromatin 

fragments (CCFs) from the nucleus to the cytoplasm, which are recognized by the cytosolic 

GMP-AMP synthase/stimulator of interferon genes (cGAS/STING) immune machinery and in 

turn activates the expression of genes reinforcing senescence and the SASP (Figure 12) (Glück 

et al., 2017; Yang et al., 2017). 

 

Another hallmark of senescent cells is the formation of specific chromatin structures termed 

senescence-associated heterochromatin foci (SAHF) which are enriched in repressive histone 

marks (H3K9me3, H3K27me3) and in heterochromatin proteins (such as HP1, HMGA proteins, 

and macroH2A histone variant 1) (Narita et al., 2003; Zhang et al., 2005). These foci together 

with the H2AX and 53BP1 foci form the DNA segments with chromatin alterations, reinforcing 

senescence (DNA-SCARS) (Figure 12) (Rodier et al., 2011). Chromatin remodeling represses 

proliferative gene transcription which contributes to cell cycle arrest reinforcement as well as 

the SASP maintenance (Narita et al., 2003; Rodier et al., 2009; Sharpless and Sherr, 2015).  

 

 

Figure 12. Senescence hallmarks are recapitulated in different cellular compartments 
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DNA-SCARS: DNA segments with chromatin alterations reinforcing senescence;  

CCF: cytoplasmic chromatin fragment; sEV: small extracellular vesicle; SASP: senescence-

associated secretory phenotype; SA--gal: senescence-associated -galactosidase 

 

 

2.3. SASP regulation program 

Senescent cells represent a low percentage of cells within physiological or pathological 

tissues, nevertheless they exert long range paracrine pleiotropic functions via their SASP 

(Baker et al., 2008; Demaria et al., 2014; Wang et al., 2009a). The SASP program modulates 

malignant cells and the tumor microenvironment including, the immune cells (macrophages,  

T cells, MDSCs), the stromal cells and the ECM (Louis et al., 2016; Ruhland et al., 2016a).  

The components of the SASP are context-dependent and vary according to the senescence 

inducer and the cell type. They are mainly composed of cytokines (e.g., pro-inflammatory 

interleukins (IL)1, IL1, IL6, IL8 and immunosuppressive factors IL10, IL13), chemokines 

(e.g., CXCL1/2, CCL2, CCL20), ECM remodeling enzymes (e.g., metalloproteases (MMPs), 

tissue inhibitor of metalloproteases (TIMPs), serine protease inhibitors (SERPINs)) and growth 

factors (e.g., PDGF-A, VEGF, TGF, insulin growth factor binding proteins (IGFBPs), 

hepatocyte growth factor (HGF), amphiregulin (AREG)) (Basisty et al., 2020; Coppé et al., 

2010, 2008).  

The SASP program is activated in a hierarchical manner where senescence inducers such as 

the DDR, the ROS-induced p38MAPK and cGAS/STING pathways converge to the activation 

of two main transcription factors: NF-B and CCAAT/enhancer binding protein  (C/EBP). 

These factors synergistically activate the expression of the SASP master regulators IL1, IL6 

and IL8 which reinforce, in an autocrine manner, the senescent growth arrest and the SASP 

program via a positive feedback of the NF-B and C/EBP activities (Acosta et al., 2008; Chien 

et al., 2011; Kuilman et al., 2008; Rodier et al., 2009) (Figure 13). In addition, in vitro study 

showed that OIS human fibroblasts secrete IL1 (with other factors such as VEGF, CCL2, 

CCL20) and promote a paracrine senescence (or bystander senescence) by upregulating the 

expression of p53/p21CIP1 and p15INK4B in recipient cells (Acosta et al., 2013; Hubackova et al., 

2012).  

Several studies demonstrated the variety of SASP activation programs (Figure 13).  

For instance, NF-B, C/EBP and IL1 regulate the SASP production and amplify the 

inflammatory cytokine signaling, including CCL2 and IL8 (Acosta et al., 2008; Kuilman et al., 

2008; Laberge et al., 2015). Furthermore, prolonged DDR inhibits the autophagy regulator p62 

leading to the stabilization the transcription factor GATA4, which in turn induces the SASP 

program via the IL1-activated NF-B pathway (Kang et al., 2015). Along this line, the  

mTOR pathway regulates the NF-B/IL1 pathway by inhibiting the translation repressor 
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protein 4EBP1. The latter triggers the degradation of IL1 mRNA and the MAPKAPK2-

mediated degradation of other SASP factors mRNA. Hence, inhibiting mTOR signaling 

pathway with rapamycin prevents the secretion of cytokines (Herranz et al., 2015; Laberge et 

al., 2015). Noteworthy, mTOR function can also be inhibited in hypoxic conditions (Brugarolas 

et al., 2004). Accordingly, van Vliet and colleagues demonstrated that the mTOR signaling 

pathway inhibition in senescent cells, under hypoxic conditions, hampered NF-B and SASP 

inductions (van Vliet et al., 2021).  

NOTCH1 can also modulate the SASP composition, on the one hand by activating an enriched 

TGF secretion, and on the other hand by inhibiting C/EBP-mediated pro-inflammatory 

factors secretion (Hoare et al., 2016). The SASP can also be induced by BRD4 (an acetylated 

histone-binding protein which binds to super-enhancers) or by HMGB proteins and ultimately 

activate the expression of SASP genes (Basisty et al., 2020; Davalos et al., 2013; Tasdemir et 

al., 2016). 

Importantly, some SASP factors are expressed by non-senescent cells, such as immune and 

endothelial cells, and it is the combination of core (e.g., NF-B, C/EBPb, IL1) and regulating 

(e.g., mTOR, NOTCH1, BRD4) SASP factors that can be used to identify senescent cells.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. The diverse activation programs of the SASP  
CCF: cytoplasmic chromatin fragment; SASP: senescence-associated secretory phenotype 
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3. The senescence mechanisms of action in cancer 

In cancer, cellular senescence can be triggered upon oncogenic cues (e.g., Ras, Akt, Braf, 

E2f1, Cyclin E), loss of tumor suppressor genes (e.g., Pten, Nf1) high levels of ROS, soluble 

factors in the tumor microenvironment (e.g., IGFBP7, IL6/IL8 via C/EBP) or radio- and 

chemotherapy which in turn induce cells to enter a cell cycle arrest, via the DDR, the 

p53/p21CIP1 and p16INK4A/Rb pathways (Collado et al., 2005; Kuilman et al., 2008; Michaloglou 

et al., 2005; Serrano et al., 1997). Depending on the context, senescence is a “double-edged 

sword” where the various SASP factors can either prevent or promote tumor progression 

(Sieben et al., 2018). 

 

3.1. Beneficial roles 

Senescence is a key cell-intrinsic mechanism of tumor suppression. OIS was first described in 

human fibroblasts expressing oncogenic Ras (HRasV12), which induces a stable cell cycle 

arrest either in a DDR-dependent manner or upon activation of the ROS-mediated p38MAPK 

pathway (Collado et al., 2005; Debacq-Chainiaux et al., 2010; Serrano et al., 1997).  

Consequently, p53-dependent senescence mediates anti-tumoral functions. For instance,  

in hepatocarcinoma and lymphoma/sarcoma genetically engineered mouse models, tumor 

progression is promoted in absence of p53 but regresses upon its re-activated expression, and 

therefore restricts the in vivo tumor progression (Ventura et al., 2007; Xue et al., 2007).  

In mouse models of prostate cancer, loss of Pten induces cellular senescence in a  

p53-dependent manner. In turn, tumor progression was prevented via cell growth arrest and 

reduction of the NF-B-mediated anti-inflammatory SASP program (Chen et al., 2005; 

Parisotto et al., 2018; Toso et al., 2014). Of note, loss of Pten also induces cellular senescence 

in primary GBM neurospheres and decreases tumor formation in a xenograft model 

(Banasavadi-Siddegowda et al., 2017). Moreover, the p53 heterozygous deletion in a mouse 

model of GBM diminishes the percentage of SA--gal+ cells, favors the escape of OIS and 

worsens the GBM-bearing mice survival (Marumoto et al., 2009). 

Depending on the context, SASP components can recruit and/or activate immune cells to 

target the clearance of senescent cells. This process is called senescence surveillance. The 

immune cell types responsible for the immune surveillance vary depending on the pathological 

conditions. Several studies on hepatocarcinoma mouse models have shed light on this 

process. Indeed, cytokines within the SASP (e.g., IL15, CXCL1 and MCP1) can direct the 

innate (NK cells) or the adaptive immune system (tumor-infiltrating CD4 T cells, macrophages) 

to mediate the senescent tumor cells clearance and terminate inflammation (Kang et al., 2011; 

Xue et al., 2007). Senescent cells can further secrete CCL2 chemokine or NKG2D ligand which 
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recruit CCR2 expressing myeloid cells or NK cells respectively and trigger senescence 

clearance (Figure 14) (Eggert et al., 2016; Iannello et al., 2013). Furthermore, IL1-mediated 

SASP production can either modulate the macrophages polarization to an M1 anti-tumorigenic 

state or recruit M1 macrophages via CXCL1 and promote a microenvironment less favorable 

to tumor growth (Lesina et al., 2016; Lujambio et al., 2013). Inhibition of mTOR (using 

rapamycin) and BRD4 (using a BET inhibitor) hampers the SASP production and reduces the 

immune cell infiltration, thus impairing senescence surveillance and tumor suppression 

(Herranz et al., 2015; Tasdemir et al., 2016) (Figure 14). 

Interestingly, senescent cells can also be induced by anticancer therapies and play beneficial 

roles by acting as an adjuvant for therapies. Chemotherapeutic agents such as TMZ, 

doxorubicin and cisplatin can trigger TIS (Demaria et al., 2017). In addition, in a lung cancer 

mouse model, the combo of a chemotherapeutic agent (palbociclib, a CDK4/6 inhibitor), with 

an inhibitor of MEK (downstream effector of Ras) potentiates the induction of senescence in 

malignant cells. These cells are further eliminated by NK cells that mediate the immune 

surveillance (Ruscetti et al., 2018). The SASP of TIS cells can also promote vascular 

remodeling in a pancreatic ductal adenocarcinoma mouse model and facilitates the chemo- 

and immune therapies delivery (Ruscetti et al., 2020) (Figure 14). 

 

3.2. Detrimental roles 

Senescent cells can contribute to tumor growth in an autocrine and a paracrine manner.  

In the hematopoietic context, few senescent cancer cells can escape the senescent state and 

acquire de novo self-renewing properties which further increases tumor aggressiveness 

(Milanovic et al., 2018). While cells undergoing OIS and TIS can be efficiently cleared by 

immune cells, they can also evade immune clearance and persist (Michaloglou et al., 2005). 

In this case, chronic senescence takes place and promotes tumorigenesis via the production 

of a pro-tumorigenic SASP.  

 

Tumor growth 

Several SASP factors, such as IL6, contribute to tumor growth in various cancer, including 

GBM (Faget et al., 2019). Indeed, although the link with senescence was not established, IL6 

promotes patient GSCs growth and contributes to glioma malignancy of mouse patient-derived 

xenograft (PDX) model (Wang et al., 2009b). In addition, a multitude of secreted factors 

present in the GBM tumor environment are known SASP cytokines, chemokines and MMPs 

contributing to tumor progression (Louis et al., 2016). For instance, osteopontin (Spp1, a CD44 

ligand) promotes stemness properties in the perivascular niche of GBM-PN, and contributes 

to tumor aggressiveness via C/EBP-mediated HIF2 expression (Pietras et al., 2014). 
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Moreover, in the diffuse intrinsic pontine glioma tumor, a pediatric low-grade glioma, TIS is 

triggered upon inhibition of the BMI1 (a PRC2 component) and the SASP promotes tumor 

recurrence (Balakrishnan et al., 2020). 

Noteworthy, exosomes (small extracellular vesicles (sEV) with lipid bilayer membrane) 

containing mainly proteins, nucleotidic fragments and lipids, are secreted 30 to 50-fold more 

in senescent cells than in non-senescent cells and participate in the senescent secretory 

machinery (Basisty et al., 2020; Takasugi et al., 2017). Senescent human fibroblasts and 

cancer cell lines induce, via the secreted sEV containing SASP factors (e.g., IFTIM3), 

bystander senescence and promote tumor growth and inflammation (Borghesan et al., 2019; 

Takasugi et al., 2017). 

Although TIS can act as an adjuvant for anticancer therapies, in an immunosuppressive 

environment, TIS cells that are not cleared contribute to the therapy side effects and toxicity. 

Elimination of doxorubicin induced senescent cells reduces metastasis of a mammary mouse 

model and alleviates the burden of several chemotherapy side effects including fatigue and 

cardiac dysfunction (Demaria et al., 2017). 

 

Immunosuppression 

Degradation of the innate and adaptive immune system associated with aging favors the 

accumulation of senescent cells. During aging, the SASP favors a low level of chronic 

inflammation, also known as “inflammaging” in a non-cell autonomous way, which is causal to 

some age-related diseases including cancer (Franceschi and Campisi, 2014).  

During tumor progression, senescent cells contribute to the establishment of an 

immunosuppressive environment by triggering TAM re-education (Eggert et al., 2016; Di Mitri 

and Alimonti, 2016; Di Mitri et al., 2019). Senescent cells of advanced hepatocarcinoma 

secrete CCL2 which recruits anti-inflammatory M2 macrophages and inhibits NK cells-

mediated elimination of tumor cells. In turn, it promotes a poor survival and early tumor 

recurrence of hepatocarcinoma-bearing mice (Eggert et al., 2016). Noteworthy, CCL2 is also 

produced in patient and murine GBMs where it recruits MDSCs and T reg cells to mediates 

immunosuppression. CCL2 expression correlates with a reduced overall survival of patients 

with GBM (Chang et al., 2016a). In the same line, the IL6/Jak2/Stat3 and NF-B signaling 

pathways activate an immunosuppressive SASP which induces MDSC-mediated T cell 

inhibition and contribute to the progression of skin and prostate tumor in vivo (Figure 14) 

(Ruhland et al., 2016b; Toso et al., 2014). Interestingly, NF-B, C/EBP and STAT3 are also 

master transcriptional regulators of the GBM-MES; they induce the expression of 

mesenchymal genes such as CD44, N-CADHERIN, VIMENTIN (VIM), and promote an 
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inflammatory microenvironment via the action of TNF, CCL2 and IL6 (Bhat et al., 2013; Carro 

et al., 2010; Doucette et al., 2013). 

 

Figure 14. Senescent cell roles depend on the activation state of the immune system  

OIS: oncogene-induced senescence; TIS: therapy-induced senescence; NK cell: natural killer cell; 

MDSC: myeloid-derived suppressor cell; ECM: extracellular matrix. 
 

ECM remodeling and angiogenesis  

The SASP contains ECM remodeling enzymes (e.g., MMPs, TIMPs, SERPINs) and ECM 

components (e.g., laminins, integrins) which support tumor invasion and metastasis by 

facilitating cell motility and epithelial-to-mesenchymal transition (EMT) (Coppé et al., 2008; 

Demaria et al., 2017; Malaquin et al., 2013). IL6/IL8/STAT3 signaling and mTOR pathway via 

4EBP1 inhibition activate an EMT gene program characterized by increased VIM and reduced 

-CATENIN and E-CADHERIN (Canino et al., 2012; Herranz et al., 2015). Of note, the  

GBM-MES meta-module, associated with poor radiotherapy response and worse patient 

survival, includes ECM remodelers such as YKL40, SERPINE1, TIMP1, and TGFB, which are 

known SASP factors (Bhat et al., 2013; Wang et al., 2017b). 

Interestingly, the transcription factor NRF2 (nuclear factor-erythroid 2-related factor 2) 

activates ECM gene expression which alters ECM secretion and promotes in vivo senescence 

in fibroblast. Senescent fibroblasts further adopt a cancer-associated fibroblast phenotype and 

promote tumor expansion (Hiebert et al., 2018). 

Another important feature associated with tumor propagation is angiogenesis. VEGF secreted 

by OIS fibroblasts promotes blood vessel formation and angiogenesis. Indeed, co-injected 
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senescent fibroblasts with malignant epithelial cells increased tumor vasculature which in turn 

promote tumor growth (Coppé et al., 2010, 2006; Krtolica et al., 2001).  

 

4. The senotherapies: using senescence as a therapeutic target 

In light of current data on cellular senescence on the one hand, and on GBM biology on the 

other hand, studying the functions of senescence in the context of GBM appears relevant. 

GBMs are good candidates to display OIS and TIS which could account for detrimental 

senescence in the context of the GBM immunosuppressive environment (Aasland et al., 2019; 

Marumoto et al., 2009). Multiple studies demonstrated the benefit of eliminating senescent 

cells in various age-related diseases and the development of drugs targeting senescent cells 

has been expanding throughout the last decade (Childs et al., 2017). Senotherapy consists in 

either eliminating senescent cells, by senolytics or to inhibiting their functions. An optimal 

senotherapy should then target senescent cells, without affecting beneficial senescent cells. 

To date, there are two main types of senotherapeutic agents known: senolytics (from the words 

senescence and lysis) which specifically kill senescent cells and senomorphics which 

modulates their activation without inducing their death (Figure 15).  

 

Senolytics 

One feature of senescent cells is the development of an anti-apoptotic program induced by the 

expression of anti-apoptotic genes such as BCL-2, BCL-XL and BCL-W (Childs et al., 2014; 

Yosef et al., 2016) and the downregulation of pro-apoptotic genes such as Bax (Sanders et 

al., 2013). Various senolytic drugs have been developed to inhibit their resistance to apoptosis. 

Among them the BCL2 inhibitor family (also known as BH3-mimetics) represents an important 

category including ABT263 (inhibiting BCL-2, BCL-XL and BCL-W) (Chang et al., 2016b; Yosef 

et al., 2016) and ABT737 (inhibiting BCL-2 and BCL-XL) (Kohlhapp et al., 2021; Ovadya et al., 

2018; Ritschka et al., 2020). Importantly, Chang and colleagues demonstrated the efficacy of 

the ABT263 to eliminate senescent bone marrow hematopoietic and muscle stem cells in 

irradiated mice (Chang et al., 2016b). ABT263 also increased the survival of IDH-mutant  

GBM xenograft models via mTOR pathway inhibition (Karpel-Massler et al., 2017).  

Although senescence was not addressed in this study, it shows that ABT263 crosses the BBB. 

This property of ABT263 was confirmed in a mouse model of tauopathy (Bussian et al., 2018). 

Of note, initial clinical trials of ABT263 as an anti-cancer agent were limited by its toxicity,  

in particular due to thrombocytopenia which reduces the ABT263 dose in patients (Wyld et al., 

2020). One way to efficiently reduce the drug side effects is to increase the specificity of the 

drug delivery by exploiting senescent cells features, such as the accumulation of  

-galactosidase in lysosomes. Recently, pro-drugs composed of a combination ABT263  
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(or Duocarmycin, a cytostatic antibiotic) with a galactose molecule were successfully 

developed to selectively target and induce apoptosis of TIS cells in irradiated mice (González-

Gualda et al., 2020; Guerrero et al., 2020). 

Furthermore, great efforts are invested into the identification of novel senolytic molecules 

including Fisetin (Li et al 2018), cardiac glycosides (such as Ouabain and Digoxin) (Guerrero 

et al., 2019; Triana-Martínez et al., 2019), Foxo4-p53 interfering peptides (Baar et al., 2017), 

p53-mdm2 interaction inhibitors (Jeon et al., 2017), and Dasatinib and Quercetin combination 

(Musi et al., 2018; Schafer et al., 2017; Xu et al., 2018; Zhang et al., 2019) (Figure 15). 

Dasatinib and Quercetin reduce lung fibrosis and alleviate senescent phenotypes induced in 

neurodegenerative mouse models, strongly suggesting that the combo crosses the BBB (Musi 

et al., 2018; Schafer et al., 2017; Zhang et al., 2019). This combo therefore could be relevant 

for GBM therapy. Upcoming drug screening will significantly expand the list of senolytics which 

will further need to be tested on in vivo tumor models. 

Noteworthy, Amor and colleagues exploited the cytotoxic activity of chimeric antigen receptor 

(CAR) T cells in a mouse model, to mirror the physiological senescence clearance.  

They engineered CAR T cells to recognize and kill target cells expressing a specific antigen. 

In this study, uPAR is expressed at the surface of senescent cells and this approach alleviates 

senescence burden in liver fibrosis and lung adenocarcinoma (Amor et al., 2020). 

 

Senomorphics  

Senomorphic (also called senostatic) drugs bypass the action of senescent cells without 

removing them. For instance in an oncogenic context, clobetasol, a glucocorticoid, delays 

BRAF-V600E induced senescence entry in human fibroblasts (Carvalho et al., 2019). Another 

class of senomorphic inhibits the SASP program. On the one hand, inhibitors of SASP 

components include neutralizing antibodies against known cytokines (IL6, IL8, TNF),  

or growth factors (PDGF-A) (Acosta et al., 2008; Chiche et al., 2017; Demaria et al., 2014; 

Mosteiro et al., 2016). On the other hand, targeting the transcriptional regulatory program of 

SASP can be achieved in OIS and TIS contexts using inhibitors of IL1 (Acosta et al., 2013), 

NF-B (Chien et al., 2011), mTOR pathway (Herranz et al., 2015; Laberge et al., 2015), JAK1/2 

(Farr et al., 2017; Toso et al., 2014), BRD4 (BET inhibitors) (Tasdemir et al., 2016; Wakita et 

al., 2020) and hypoxia mimetics (van Vliet et al., 2021) (Figure 15). Notably, hypoxia-mimetics 

inhibit SASP production in aged mice and in mice treated with doxorubicin chemotherapy 

agent. This approach can therefore be used as a companion therapy to eliminate TIS side 

effects (van Vliet et al., 2021).  
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Figure 15. Senotherapies target senescent cells and the SASP 
A. Senolytics induce senescent cell death. 
B. Senomorphics modulates the activity of senescent cells notably by interfering with SASP regulatory 
pathways. 
(adapted from Birch and Gil, 2020) 

 

The one-two punch strategy 

The “one-two punch” approach consists in using drugs promoting senescence entry of cancer 

cells and in a second step, inducing their elimination with senolytics (Wang et al., 2017a).  

Notably, it has been demonstrated in a mouse model of hepatocarcinoma where senescent 

cells are first induced by antidepressant Sertraline (DNA-replication kinase CDC7 inhibitor). 

Consequently, senescent tumor cell are sensitizes to two mTOR inhibitors (AZD8055 and 

AZD2014) and induce cell death (Wang et al., 2019a).  
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III. An optimal model to study senescence in GBM  

To study the function of cellular senescence during gliomagenesis and screen potential 

therapeutics, the use of both in vitro models and in vivo mouse models is complementary.  

On the one hand, 2D, 3D in vitro GBM cultures allow large chemical, genetic screens and  

“-omics” approaches to study the potential response to novel drugs. On the other hand, in vivo 

mouse models are essential for several reasons, including the recapitulation of the complex 

GBM biology, the potential interactions of senescent cells with their microenvironment  

(e.g., the immune compartment, blood vessels), and the presence of a BBB for testing the 

permeability to senotherapeutic agents (Robertson et al., 2019). 

Few in vivo studies point to the function of senescence in the context of gliomas, yet with 

contradictory outcomes. While IL6 promotes growth of patient GSCs and contributes to tumor 

progression in a PDX model, loss of PTEN-PRMT5 pathway inducing GSCs senescence slows 

down tumorigenesis in an immunodeficient mouse model (Banasavadi-Siddegowda et al., 

2017; Wang et al., 2009b). Furthermore, a mouse model of GBM bypasses HRasV12-

mediated OIS upon the loss of p53 leading to a decrease in SA-β-gal staining and a better 

survival of the mice (Marumoto et al., 2009). In addition, a study demonstrated the dual role of 

BMI1 inhibitor mediated-TIS in diffuse intrinsic pontine glioma tumor which attenuates cell  

self-renewal and growth in a short-term but promotes SASP-mediated tumor recurrence in a 

long-term (Balakrishnan et al., 2020).  

To date, functional models to understand the role of senescence in GBM are greatly lacking. 

Nevertheless, a myriad of experimental models has been developed to study either 

senescence or GBMs.  

 

1. Models for GBM study 

1.1. In vitro models  

2D GBM cultures 

GBM cell lines (e.g., U87, U251MG) in adherent or non-adherent (spheres) conditions were 

first established in 1968. Although they are commonly used in GBM research, their use is 

controversial as they can diverge at a genetic level from the tumor of origin (Allen et al., 2016). 

To recapitulate more faithfully patient tumors, patient-derived primary GBM cell line (PDCL) 

were generated as preclinical models and conserve 85% of copy number variations after  

8 passages  (Rosenberg et al., 2017). Of note, when injected in immunocompromised mice, 

PDCLs conserve important histopathological features of the parental tumor compared with 

GBM cell lines (Lee et al., 2006). Nonetheless, the cell-cell interactions and the 

microenvironment of the tumor of origin are not conserved in 2D cell culture. This can be 
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compensated by the culture of organoids which widespread over the last decade in GBM 

studies. 

 

GBM organoid culture 

Organoids have been defined by De Souza as 3 dimensional multicellular in vitro tissue 

constructs that mimic its corresponding in vivo organ, such that it can be used to study aspects 

of that organ in the tissue culture dish (De Souza, 2018). They can be kept in culture for several 

months. In cancer research, organoids aim at modeling human cancer more faithfully to reveal 

new biological insights and to further be used as predictive models for personalized cancer 

treatments (Tuveson et al., 2021). They are currently four main types of organoids to model 

GBM: embedded tumor cells or minced tissues in ECM (Hubert et al., 2016), minced tissues 

without dissociation and without embedding (Jacob et al., 2020), cerebral organoids grafted 

with tumor cells or genetically modified to generate de novo GBMs (Ogawa et al., 2018; Pine 

et al., 2020; da Silva et al., 2018), and 3D bioprinted GBM organoids (Tang et al., 2020).  

Each of these methods are complementary and dedicated to specific questions (Tableau 2). 

Hubert and colleagues first developed GBM in organoids which consist of dissociated patient 

GBMs cells embedded in droplets of ECM (Matrigel or Geltrex) (Hubert et al., 2016). Organoids 

recapitulate tumor heterogeneity with regionalized structures including a hypoxic core and a 

proliferative outer rim. In addition, the histological and invasiveness features of organoids were 

representative of the patient tissue, although they lack cells from the TME. Of note, this 

technique was used in our work to generate mouse GBM-derived organoids, which grow faster 

than patient GBM-derived organoids and display cells from the microenvironment (Tableau 2).  

Jacob and colleagues developed in 2020 patient-derived GBM organoids from minced but non-

dissociated patient GBM tissue directly cultivated in an appropriate culture medium (Jacob et 

al., 2020). Remarkably, the authors reduced the time needed to establish GBM organoids 

which recapitulate histological and morphological features of the parental tumor. GBM 

organoids display intratumoral heterogeneity with the presence of immune cells (TAM and T 

cells) for about two weeks, recapitulate treatment responses to conventional treatments 

(TMZ/IR) and were efficiently used as a tool to test CAR-T cell immunotherapy.  

Human cerebral organoids generated from embryonic or induced pluripotent stem cell lines, 

provide a platform to generate and study novel mutations and oncogenes by gene-editing 

CRISPR/Cas9 tool, during gliomagenesis (Ogawa et al., 2018) and to investigate GBM 

heterogeneity and cell invasion (Pine et al., 2020; da Silva et al., 2018). Interestingly, 3D 

bioprinted organoids give insights in cell-cell interactions between bioprinted cells  

(e.g., immune cells) and malignant cells within the GBM organoids (Tang et al., 2020). 
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Embedded tumor cells or 
minced tissues in ECM 

Minced tissues without 
dissociation/ without 

embedding 

Cerebral organoids 
(1) grafted with tumor cells 
(2) de novo genetically 
modified 

3D bioprinted GBM 
organoids 

References Hubert et al., 2016 Jacob et al., 2020 
Da Silva et al., 2018 
Ogawa et al., 2018 

Pine et al., 2020 

Tang et al., 2020 

Materials Patient GBM-
derived 

Mouse GBM-
derived 

Patient GBM-derived 
- Organoid: Patient hiPSCs or 
ESCs 
- Graft: Patient GBM-derived 

GSC, macrophages, 
astrocytes, NSCs 
bioprinted in ECM 

Properties 

- Low vs high success rate 
- Slow vs short growing 
- Slow vs presence TME 
- Histological features and 
heterogeneity of parental tumor 
in both patient and mouse GBM-
derived 

- High success rate 
- Short growing  
- Histological features and 
heterogeneity of parental 
tumor 

- High success rate 
- Short growing  
- No TME 

- High success rate 
- Short growing  
- TME 

Applications 
- Treatments 
- Multi-omics 

- Xenograft 

- Treatments 
- Drug screening 
- Xenograft 
- CAR-T cell immunotherapy 

- Invasion 
- Specific mutation study 

- Invasion 
- Malignant-immune 
cell interactions 
- Specific mutation 
study 
- Drug screening 
 

 

Tableau 2. Table recapitulating the different types of organoid cultures available to study GBM 
hiPSC: human induced pluripotent stem cells; ESC: embryonic stem cells; TME: tumor 

microenvironment, CAR: chimeric antigen receptor; ECM: extracellular matrix. 

 

Despite the increasing efforts to recapitulate patient GBM features and cell interactions in 

organoid cultures, important structures (e.g., BBB, brain vasculature, full competent immune 

system) are lacking to study GBM biology. Whole-animal models can overcome these 

limitations as they display shared organ systems and physiology (Robertson et al., 2019). 

 

1.2. In vivo models 

Experimental mouse models are utilized in order to better understand GBM molecular and 

cellular mechanisms, identify new potential targets and for preclinical tests of new therapeutic 

strategies. Nonetheless, results obtained from in vivo mouse models should further be 

validated with complementary approaches such as in vitro models or in silico patient data.  

No single model can encompass all GBM features, yet a reliable GBM model should mimic the 

histological and molecular characteristics of patient GBM, the inter- and intratumoral 

heterogeneity, be immunocompetent and indicative of patient treatment response (Robertson 

et al., 2019). 

The anatomical location of the generated tumor is crucial in order to recapitulate the local 

tissue microenvironment. In the case of the GBM, malignant cells diffuse into the healthy brain 
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tissue while immune cells infiltrate the tumor, and the BBB is required to test the crossing of 

pre-clinical drugs. Thus, orthotopic models using intracranial stereotactic surgery should be 

preferred over subcutaneous grafting (Robertson et al., 2019).  

Given the major roles of the immune system in GBM progression and the increasing studies 

on immunotherapies in cancer, mouse models of GBM should ideally be immunocompetent. 

Although patient-derived xenograft models allow functional studies of patient GBM 

subpopulations, patient-derived cells are transplanted into immunodeficient mice which limits 

the study on the TME. Syngeneic models can overcome this issue where grafted cells and the 

host animal are of the same genetic background. In addition, specific mutations can be 

introduced in the genome of the grafted cells via gene-editing CRISPR/Cas9 tool prior to be 

injected (Gangoso et al., 2021). However, this model does not faithfully recapitulate the initial 

steps of tumorigenesis (Robertson et al., 2019) (Figure 16).  

Conversely, genetically engineered mouse models (GEMMs) allow de novo tumor formation. 

The choice of the cell of origin (e.g., astrocyte, neuron, neural stem cell) and the use of 

inducible approach (e.g., Cre-lox system) give a spatial and temporal control on tumor 

initiation, respectively. GEMMs are generated via the combination of oncogene  

(e.g., EGFRvIII, Pdgfra) and tumor suppressors (e.g. Pten, Nf1, Tp53, Cdkn2a, Rb1) genetic 

alterations known in patient GBMs. These genetic alterations are expressed via either stable 

inducible transgenes or by lentiviral induction (Alcantara Llaguno et al., 2019; Marumoto et al., 

2009) (Figure 16). Noteworthy, Alcantara Llaguno and colleagues demonstrated the 

importance of the cell of origin in a series of studies. They induced a loss of Pten, Nf1, Tp53, 

mediated by the Cre recombination in the neural lineage and showed that the more the cells 

are differentiated the less potent the tumor induction is (Alcantara Llaguno et al., 2009, 2019, 

2015). These studies were further confirmed in patient GBMs, where neural stem cells from 

the subventricular zone (SVZ) were identified as the cell of origin of patient GBMs (Lee et al., 

2018). 

Depending on the induced genetic alterations, the GBM can recapitulate the known 

transcriptional subtypes (Wang et al., 2017b). For instance, a GBM-PN model can be 

generated by using the RCAS-tva strategy which allows the somatic gene transfer of oncogene  

(e.g., PDGFB) and/or loss of tumor suppressor (e.g., Ink4a/Arf locus) into targeted brain cells 

(here Nestin+ neural progenitors) engineered to express the tva receptor. Another team 

developed a GBM-MES mouse model with a lentivirus expressing HRasV12 or AKT, which is 

injected in the SVZ to target GFAP+ neural stem cells expressing the Cre recombinase. 

Although Ras mutations are rare in patient GBMs, HRasV12 here mimics the loss of NF1 found 

in patient GBMs (Marumoto et al., 2009). An shRNA against p53 was further integrated into 

the lentiviral construction to recapitulate the loss of p53 expression in GBM-MES (Friedmann-



Introduction – III. An in vivo mouse model to study senescence in GBM 

55 

Morvinski et al., 2012). The choice of the adequate GBM model is dependent on the raised 

research question. 

 

 

 

Figure 16. Orthotopic GBM mouse models 
PDX mice are transplanted with patient-derived GBM cells, and syngeneic mice are transplanted with 
mouse glioma cells. Transplanted cells can be genetically modified. Transgenic models are 
genetically modified and can be injected with lentiviral vector to induce de novo tumorigenesis. 
PDX: patient-derived xenograft;  

 

2. Mouse models for senescence study  

Mouse models have been generated to functionally study in vivo senescence during 

organismal aging, physiological and pathological processes by removing senescent cells. 

Importantly, this strategy initiated the development of senotherapies and these models are 

often used to validate the benefits of senotherapeutic drugs (Bussian et al., 2018; Chang et 

al., 2016b; Farr et al., 2017). Here, I will focus on three main transgenic mouse models that 

use distinct regions of the p16Ink4a regulatory sequences to drive the expression of inducible 

reporters in cells expressing p16Ink4a, further leading to apoptosis. 

 
Baker and colleagues generated the INK-ATTAC transgenic mouse model which selectively 

eliminates p16Ink4a senescent cells (Figure 17). The transgene encodes for a FK506-binding-

protein-caspase 8 (FKBP-Casp8) fusion protein under the p16Ink4a promoter (2.6 kb).  

This protein is localized on the cell membrane. In the presence of the AP20187 drug, the 

FKBP-Casp8 dimerization is induced, the caspases adopt an active conformation and trigger 

apoptosis of p16Ink4a cells. 
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Demaria and colleagues generated the p16-3MR transgenic mouse model allowing the 

identification, isolation, and the selective elimination of senescent cells expressing high levels 

of p16Ink4a (Demaria et al., 2014) (Figure 17). The transgene encodes for a 3MR trimeric fusion 

protein under the regulatory sequences of p16Ink4a (50 kb). The 3MR trimeric protein is 

composed of the functional domains of the Renilla luciferase (LUC) to monitor senescent cells 

by bioluminescence, the monomeric red fluorescent protein (mRFP) for in situ labeling, and 

the truncated herpes simplex virus 1-thymidine kinase (HSV-TK) to specifically kill senescent 

cells expressing p16Ink4a upon ganciclovir (GCV) treatment. GCV is a nucleoside analog of the 

2′-deoxy-guanosine and it is phosphorylated by thymidine kinase (TK). Noteworthy, HSV-TK 

has a higher affinity for GCV than the endogenous cellular TK. Once the GCV is 

phosphorylated, it is converted into a toxic DNA chain terminator which ends the DNA 

replication process. As senescent cells are in a cell cycle arrested, the phosphorylated GCV 

inhibits the mitochondrial DNA replication, resulting in the cell death of p16Ink4a senescent cells 

(Laberge et al., 2013).  

As previously evoked, organismal aging is often associated with age-related diseases. The 

direct causality between cellular senescence and aging was demonstrated by crossing an 

accelerated aging BubR1 progeroid mouse model with the INK-ATTC model. In both 

accelerated and naturally aging mice, in vivo clearance of p16Ink4a positive senescent cells 

extended mice lifespan and healthspan, reduced age-associated disorders (in kidneys, heart, 

lungs and skeletal muscles) and delayed tumorigenesis (Baker et al., 2008, 2011). In addition, 

INK-ATTAC and p16-3MR models were used to demonstrate the role of senescence in a 

plethora of pathologies. For instance, INK-ATTAC was used mouse model of obesity 

(Yoshimoto et al., 2013), bone loss (Farr et al., 2017) and tauopathy (Bussian et al., 2018). 

p16-3MR was initially developed to study wound healing (Demaria et al., 2014), and later in 

atherosclerosis (Childs et al., 2016), in vivo reprograming (Chiche et al., 2017) and in 

osteoarthritis (Jeon et al., 2017). Although these mouse models target the elimination of 

p16Ink4a-expressing senescent cells in various organs, some organs are yet not targeted.  

 

In an attempt to target all the cells expressing p16Inka, Grosse and colleagues generated a third 

mouse model. They inserted a Cre (or CreERT2) recombinase by homologous recombination 

in the end of the last exon of the Ink4b-ARF-Ink4a locus (Grosse et al., 2020). In this model, 

the recombinase induces the expression of the diphtheria toxin subunit A (DTA) and or the 

mTmG (Tomato/GFP) inserted in the Rosa26 locus. Consequently, cells expressing high levels 

of p16Ink4a (p16High) are removed (by the DTA) or permanently labeled (by the GFP).  

The authors confirmed the presence of p16High senescent cells in multiple organs including the 

lung, heart, kidney, white adipocyte tissue and the liver. The senescent liver sinusoid 
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endothelial cells (LSECs) display enhanced toxin elimination capacities compared to non-

senescent LSECs and their elimination promotes buildup of macromolecular waste.  

In contrast, Dasatinib and Quercetin combo treatment only removed p16High macrophages but 

not p16High LSECs and adipocytes. These results highlight the need for specific and local 

delivery of senolytics to prevent the elimination of beneficial senescent cell types. To sum up, 

each mouse model has its advantage and limitation. Of note, the model of Grosse and 

colleagues would need to be modified to study senescence in the central nervous system as 

the Rosa26 locus is not active in all brain cells of adult mice (Madisen et al., 2010). 

 

 
Figure 17. Mouse models to eliminate p16Ink4a senescent cells 
The INK-ATTAC (Baker et al., 2008, 2011) and p16-3MR (Demaria et al., 2014) models express a 
transgene under the regulatory sequences of the p16Ink4a promoter and the p16Cre;Rosa26-DTA and 
p16CreERT2;Rosa-26-DTA are knock-in mouse models (Grosse et al., 2020). They induce the apoptosis 
of senescent cells expressing high levels of p16Ink4a. 
FKBP-Casp8: FK506-binding-protein-caspase 8; IRES: internal ribosome entry site; eGFP: enhanced 

green fluorescent protein; Luc: renilla luciferase; mRFP: mouse red fluorescent protein; HSV-TK: 

herpes simplex virus-thymidine kinase; E: exon; DTA: diphtheria toxin subunit A. 
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Project rational and objectives 

Despite the aggressive conventional therapies, GBM always recur and patient survival remains 

less than 15 months after diagnosis (Stupp et al., 2005). Novel approaches are therefore 

required to find effective therapeutic strategies for diagnosed GBM patients. 

Considering the present knowledge, investigating the functions of senescence in GBM appears 

relevant for multiple reasons:  

− Senescence inducers are present in GBMs. Indeed, GBMs are characterized by the 

presence of hypoxic regions, the activation of oncogenic and tumor suppressor pathways 

and the induction of the DDR upon conventional therapies (TMZ/IR). In addition, the 

immunosuppressive environment in GBM could favor the establishment of chronic 

senescence (Chang et al., 2016a; Eggert et al., 2016; Kamran et al., 2017; Ruhland et al., 

2016b).  

− The high amount of secreted cytokines, chemokines, and metalloproteases in the GBM 

tumor microenvironment is consistent with the expression of a SASP program by 

senescent cells (Basisty et al., 2020; Louis et al., 2016; Pietras et al., 2014). Notably, the 

main SASP program inducers (namely NF-B and C/EBP) are key regulators of the 

GBM-MES subtype, and loss of Pten, one of the main GBM-MES genetic alteration, 

induces senescence (Banasavadi-Siddegowda et al., 2017; Chen et al., 2005; Parisotto 

et al., 2018; Toso et al., 2014; Wang et al., 2017b).  

− The mesenchymal GBM model generated by Marumoto and colleagues displayed a high 

percentage of SA--gal+ cells. Although one marker is not sufficient to label senescent 

cells, it may reflect the presence of OIS cells (Marumoto et al., 2009).  

 

We therefore hypothesized that senescent cells present in GBM may represent an 

actionable target to slow down the process of tumorigenesis.  

 

To address this question, the main objective of my PhD project was to determine the functions 

of cellular senescence in patient and mouse GBMs. To this end, we adapted an 

immunocompetent GBM mouse model and introduced the p16-3MR transgene into the mouse 

genome to functionally eliminate senescent cells expressing high levels of p16Ink4a (Demaria et 

al., 2014; Friedmann-Morvinski et al., 2012). We investigated the impact of senescence 

removal on GBM-bearing mouse survival, and its mechanisms of action by combining bulk and 

single-cell transcriptomics. We validated our results with published patient GBM datasets 

(TCGA data and Neftel et al., 2019). 
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Cellular Senescence in Malignant Cells Promotes Tumorigenesis in Mouse and 

Patient Glioblastoma 

Before starting my thesis, preliminary results generated in the team established the presence 

of senescent cells in primary and recurrent patient GBMs. They display an SA--gal activity 

(SA--gal+), do not proliferate (Ki67-) and express the p16INK4A cell cycle arrest marker 

(p16INK4A+). In order to functionally study the role of cellular senescence in GBM, I developed 

and generated an immunocompetent GBM mouse model harboring the p16-3MR transgene. 

During the course of the project, I implemented the model with a Firefly luciferase cassette to 

monitor tumor growth in vivo. I generated all the mouse data of the manuscript. The 

transcriptomic analysis of the bulk and single RNA sequencing were done in collaboration with 

the iCONICS platform at the Brain Institute (Justine Guégan and Mathilde Bertrand) and the 

ARTbio Bioinformatics Analysis Facility at the Institut Français de Bioinformatique (IFB) 

(Christophe Antoniewski and Léa Bellanger).  

 

The results of my PhD work are presented below in a manuscript format; this version is 

currently under review in Cell Reports. 
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Graphical abstract 

 

 

 

Highlights  

• Patient and mouse primary GBMs display senescent cells 

• Removal of p16Ink4a Hi senescent cells increases the survival of the mice bearing GBM 

• scRNAseq identifies p16Ink4a Hi senescent cells as malignant  

•  p16Ink4a Hi senescent cells promote mesenchymal cell identity and immunosuppression 

• The transcription factor NRF2 regulates the SASP 

• High score of senescence signature correlates with a poor prognosis for patients with GBM 
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SUMMARY 

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults yet with 

limited treatment efficacy. Elimination of senescent cells has emerged as a new strategy 

against cancer. In this study, we investigate the contribution of senescent cells to GBM 

progression. We identify senescent cells in patient and mouse GBMs. The removal of p16Ink4a 

malignant senescent cells that represent less than 10% of the tumor, improves the survival of 

GBM-bearing mice and modifies the tumor ecosystem. By combining single cell and bulk RNA 

sequencing with immunohistochemistry, we identify the NRF2 transcription factor as an 

upstream regulator of the senescence-associated secretory phenotype, composed of 

extracellular matrix components or remodelers. Remarkably, the mouse senescent signature 

and the underlying mechanisms of senescence are conserved in patient GBMs whose high 

score of senescence is correlated with a lower survival. These findings provide insights into 

the benefit of senotherapy for patients with GBM.  

 

KEYWORDS 

Glioblastoma, Cellular Senescence, NRF2, scRNAseq, Senotherapy.  
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INTRODUCTION 

Gliomas are the most common primary malignant brain tumors in adults (Ostrom et al., 2013). 

Glioblastoma (GBM, grade IV astrocytoma) is the most aggressive glioma and its incidence 

has significantly risen in the last two decades across all ages (Philips et al., 2018). Despite 

intensive conventional therapy which includes surgery, radiation with both concurrent and 

adjuvant temozolomide (TMZ) chemotherapy, GBM remains resistant and disease progression 

is fatal with a median survival below 15 months (Stupp et al., 2005). Distinct factors may 

account for current treatments’ failure including the invasiveness, the immunosuppressive 

microenvironment and the intra-tumoral heterogeneity of these tumors. Novel approaches are 

therefore required to find effective therapeutic strategies (Geraldo et al., 2019).   

 

Cellular senescence is a permanent cell cycle arrest mediated by p53/p21CIP1 or/and 

p16INK4A/Rb pathways and is defined by a combination of features including senescence-

associated secretory phenotype (SASP), anti-apoptotic program or increased lysosomal 

content (allowing histochemical detection of senescence associated-β-galactosidase activity, 

SA-β-gal) (Gorgoulis et al., 2019). In cancer, cellular senescence is triggered by multiple 

stresses among which are DNA damage, oncogene activation, therapeutic agents or elevated 

reactive oxygen species (ROS). The SASP of senescent cells is composed of a plethora of 

factors such as cytokines, chemokines, growth factors, extracellular matrix (ECM) components 

and proteases, which stimulate angiogenesis, modulate the ECM and promote epithelial-to-

mesenchymal transition (Coppé et al., 2010; Faget et al., 2019). Depending on the context, 

senescence exerts two opposite effects during tumorigenesis (Sieben et al., 2018). On the one 

hand, senescent cells prevent the proliferation of pre-malignant cancer cells, and SASP factors 

stimulate the immune clearance of oncogene or therapy-induced senescent tumor cells (Xue 

et al., 2007; Kang et al., 2011; Ruscetti et al., 2018). On the other hand, SASP of persistent 

senescent cells can either directly induce tumor growth (Yoshimoto et al., 2013) or contribute 

to the immune suppression thus allowing tumor progression (Toso et al., 2014; Ruhland et al., 

2016). Many studies assessed the function of senescence in developing tissues and age-

related disease using the in vivo removal of senescent cells either by chemical or genetic 

senolytics (Baker et al., 2011; Demaria et al., 2014; Zhu et al., 2015; Chang et al., 2016; 

Kohlhapp et al., 2021). In the genetic approach, the regulatory sequences of p16Ink4a drive the 

expression of inducible reporters INK-ATTAC or p16-3MR in cells expressing high levels of 

p16Ink4a in mouse models, leading to apoptosis (Baker et al., 2011; Demaria et al., 2014). This 

senolytic strategy efficiently reduces the adverse effects of therapy-induced senescent cells in 

a mouse breast cancer model (Demaria et al., 2017). 

Few in vivo studies point to the function of cellular senescence in the context of gliomas. Mouse 

patient-derived xenograft (PDX) models showed that IL6, a universal SASP component as well 
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as a cytokine express by immune cells, promotes growth of patient glioma stem cells (GSCs) 

and contributes to glioma malignancy, whereas loss of PTEN-PRMT5 pathway-induced 

senescent GSCs slow down tumorigenesis (Wang et al., 2009; Banasavadi-Siddegowda et al., 

2017). Furthermore, an orthotopically-lentiviral GBM mouse model bypassed H-RasV12 

oncogene-induced senescence upon p53 loss and displayed decreased SA-β-gal staining and 

increased mouse survival (Marumoto et al., 2009). Recently, a study demonstrated the dual 

role of therapy-induced senescence (TIS) upon BMI1 inhibitor treatment. TIS attenuated cell 

self-renewal and growth of diffuse intrinsic pontine glioma tumor (a pediatric high-grade 

glioma), but promoted SASP-mediated tumor recurrence in a long-term (Balakrishnan et al., 

2020). These studies suggest that senescent cells could represent an actionable target to 

mitigate the process of gliomagenesis.  

Recent single-cell RNA expression profiling studies classified the intra-tumoral heterogeneity 

(Neftel et al., 2019; Wang et al., 2019; Bhaduri et al., 2020; Couturier et al., 2020; Richards et 

al., 2021) of malignant GBM cells which can be subdivided in four main cellular plastic states: 

oligodendrocyte-precursor-cell-like (OPC-like), neural-precursor-cell-like (NPC-like), 

astrocyte-like (AC-like) and mesenchymal-like (MES-like) states (Neftel et al., 2019). The 

relative abundance of these cellular states within the tumor defines three GBM transcriptomic 

subtypes namely proneural and classical (PN-GBM, CL-GBM) associated with 

neurodevelopmental programs and mesenchymal (MES-GBM) associated with injury 

response programs (Verhaak et al., 2010; Wang et al., 2019; Wang et al., 2017; Bhaduri et al., 

2020; Couturier et al., 2020; Richards et al., 2021). OPC-like and NPC-like states are enriched 

in PN-GBM whereas AC-like and MES-like states are enriched in CL-GBM and MES-GBM, 

respectively (Neftel et al., 2019). In addition, stemness programs are heterogeneous even 

within a single tumor and PN and MES GSCs could contribute to the genetic heterogeneity 

observed in patient GBM (Wang et al., 2019; Bhaduri et al., 2020; Castellan et al., 2020). Each 

transcriptional GBM subtype is associated with distinct molecular alterations and patient 

outcomes. MES-GBM is correlated to a poorer prognosis and with enhanced expression of 

anti-inflammatory (or tumor-promoting) macrophages (Bhat et al., 2013; Darmanis et al., 2017; 

Wang et al., 2017; Schmitt et al., 2020). 

Mutations in NF1, TP53, PTEN genes are prevalent in this GBM subtype, as well as an 

increased NF-B signaling pathway (Verhaak et al., 2010). Interestingly, Pten loss induces 

cellular senescence and NF-B signaling pathway, initiates and maintains the SASP (Chen et 

al., 2005; Acosta et al., 2008; Chien et al., 2011). These findings indicate that cellular 

senescence could contribute to the intra-tumoral heterogeneity of GBM.  
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In this study, we investigated whether cellular senescence participates to GBM tumor 

progression using patients’ resected GBM tissues, mouse GBM and mouse GBM-derived 

organoids as models (Friedmann-Morvinski et al., 2012; Hubert et al., 2016). We identify 

senescent cells in patient and mouse GBMs. The inducible removal of cells expressing high 

levels of p16Ink4a by the use of the p16-3MR transgene (Demaria et al., 2014) upon ganciclovir 

injection improves the survival of GBM-bearing mice. We combined single cell and bulk RNA 

sequencing (RNAseq) analysis at early and late timepoints after the senolytic treatment. This 

approach enabled us to identify the cells expressing high levels of p16Ink4a, to characterize the 

paracrine action of these cells on the tumor ecosystem and revealed the NRF2 pathway and 

its selected targets as a candidate to trigger the pro-tumoral function of p16Ink4a senescent cells. 

Finally, we propose an unbiased senescence signature that we successfully applied to 

interrogate GBM patient data sets.  

 

RESULTS  
 
Identification of senescent cells in patient and mouse GBMs 

We first searched for senescent cells on freshly resected gliomas from patients. To accomplish 

this, we performed SA-β-gal staining coupled with immunohistochemistry (IHC) on 

cryosections. We analyzed 14 tumors from patient resected tissues (4 GBMs, 7 low-grade 

gliomas; 3 recurrent low-grade gliomas; Figure S1A) and identified 13/14 gliomas with 

senescent cells that are positive for SA-β-gal (SA-β-gal+) and negative for the cell cycle marker 

Ki67 (Ki67-). Depending on the molecular alterations found in gliomas, these cells express the 

cell cycle inhibitor p16INK4A (Figures 1A and S1A). Many of the SA-β-gal+ cells co-express the 

glial marker GFAP; these cells could either be parenchymal astrocytes or tumor cells  

(Figure 1A). In gliomas harboring a mutation of p53, senescent malignant cells are identified 

by the strong expression of this mutant protein (Figure 1A). Some of the SA-β-gal+ cells  

co-express the oligodendrocyte progenitor cell (OPC) marker OLIG2, or the 

microglia/macrophage marker IBA1.  

We then studied senescence in an immuno-competent GBM mouse model that is a modified 

version of one developed by Friedmann-Morvinski et al. (2012). This model recapitulates the 

molecular alterations identified in the MES-GBM: the loss of Pten and p53 and the inactivation 

of Nf1 via the ectopic expression of HRasV12 (Figure 1B). Six-to-eight week GlastcreERT2/+; 

Ptenfl/fl mice were intracranially injected with the lentivirus encoding HRasV12-IRES-eGFP and 

shp53, into the subventricular zone (SVZ) and mice were sacrificed when they reached end 

points (Figure 1B). These tumors display the heterogenous histopathology described for 

patient GBM (Figure S1B) (Louis et al., 2016). In addition, the Ink4/ARF (encoding p16Ink4a, 

p15Ink4b, p19Arf) and p21 loci, which encode senescence-mediating proteins, are active in the 
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tumor (GFP+) compared with the surrounding parenchyma (GFP-) (Figure 1C). In contrast, 

p53 mRNA levels are similarly low within the tumor and the adjacent tissue, confirming the 

efficacy of the shp53 (Figure 1C). We further identify SA-β-gal+ Ki67- LAMINB1- p19ARF+ 

senescent cells in mouse GBM (Figure 1D). Of note, the expression of p16 Ink4a in mouse 

tissues is not reported due to the lack of antibody specificity. Moreover, senescent cells are of 

distinct cell types, either malignant (GFP+), glial (GFAP+, OLIG2+) or microglia/macrophage 

(IBA1+) cells (Figure 1D). We do not detect any senescent endothelial cells  

(CD31+; Figure 1D). Senescent cells are sparse in the tumor, mostly located in proliferative 

areas and adjacent to necrotic regions (Figure S1C).  

All together these data show that cellular senescence is a mechanism associated with primary 

and recurrent gliomagenesis. The GBM mouse model recapitulates the histopathology,  

the senescence features and cell identities of patient GBMs, allowing us to further use this 

model to address the function of senescence during primary gliomagenesis. 

 

Senescent cells removal increases the survival of GBM-bearing mice  

We introduced the p16-3MR transgene in the mouse model to selectively remove senescent 

cells expressing high levels of p16Ink4a upon ganciclovir (GCV) injections (Demaria et al., 2014). 

Remarkably, the median survival of GBM-bearing mice harboring p16-3MR and treated with 

GCV (p16-3MR+GCV) increases significantly compared with WT mice treated with GCV 

(WT+GCV) or p16-3MR mice treated with vehicle (p16-3MR+vhc) (Figures 2A, 2B, 2C and 

2D). Similarly, the survival of GBM-bearing mice treated with the senolytic drug ABT263 

(Navitoclax, an inhibitor of the anti-apoptotic proteins BCL2 and BCL-xL; Chang et al., 2016) 

increases significantly compared with control mice (WT+vhc) (Figures 2C and 2E).  

Together these results strongly suggest that senescent cells act as a pro-tumoral mechanism 

during primary gliomagenesis.  

In order to confirm the pro-tumorigenic function of senescent cells, we next focused our 

analysis on the p16-3MR paradigm. We analyzed whether the senescence hallmarks decrease 

in p16-3MR+GCV GBMs compared with controls. The SA-β-gal area in the tumor (GFP+ area) 

decreases significantly in p16-3MR+GCV compared with WT+GCV GBMs (Figures 2F and 

2G). Of note this area represents less than 5% of the total tumor area, strongly suggesting  

a paracrine action of these cells on the whole tumor. We then performed bulk RNA sequencing 

(RNAseq). In agreement with the inter-tumoral heterogeneity of patient GBMs, heatmaps of 

the bulk RNAseq reveals inter-tumoral heterogeneity of the mouse GBMs independently of the 

treatment (Figures S2A and S2D). Gene Set Enrichment Analysis (GSEA, Figures S2B and 

S2E and data not shown) of p16-3MR+GCV GBMs compared with controls highlights an 

upregulation of the cell cycle pathway (E2F targets), a downregulation of pathways involved in 

cancer (epithelial-mesenchymal transition, mTORC1 signaling, angiogenesis), and  
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a modulation of the metabolism (oxidative phosphorylation, glycolysis, hypoxia) and  

the immune system (interferon responses, TNFA signaling via NFKB).  

In addition, bulk RNAseq analysis shows in p16-3MR+GCV GBMs compared with control 

GBMs a slight decrease of p16Ink4a transcripts (Figure 2H) and GSEA demonstrates significant 

downregulation of senescence pathways (Figures 2I and S2G; Table S1). This analysis led to 

the identification of SASP genes (Fn1, Plau, Timp1, Mmp10, Plaur, Ereg, Bmp2) whose 

expression is significantly decreased in p16-3MR+GCV compared with WT+GCV GBMs 

(Figures 2J, S2C and S2F). These SASP genes encode for growth factors and extracellular 

matrix components or remodelers. Collectively our data show at the endpoint of the mice,  

the efficacy of the p16Ink4a senescent cells removal, therefore pointing to their pro-tumorigenic 

action during gliomagenesis.  

 

Identification of p16Ink4a Hi cells in a subset of malignant cells  

To unveil the identity of the p16Ink4a senescent cells, we performed droplet-based single cell 

RNAseq (scRNAseq) on FACs sorted cells from WT and p16-3MR GBMs collected 7 days 

after the last GCV injection (Figures 3A and 3B). At this early timepoint, WT+GCV GBMs (n=2) 

exhibit increased tumor growth compared to p16-3MR+GCV GBMs (n=2) (Figures S3A, S3B 

and S3C). Uniform Manifold Approximation and Projection (UMAP) clustering at the  

0.5 resolution reveals 22 clusters with distinct gene expression signatures in each sample  

in the two conditions (Figures 3C and S3D). Malignant and non-malignant cells are identified 

based on the expressions of the 3’ long terminal repeat (3’LTR) of the injected lentivirus and 

of the pan-leucocyte marker Cd45 (Ptprc), and on the copy number variations (CNV)  

(Figures 3D, 3E and S3E). Cells in each cluster express variable levels of p16Ink4a (Cdkn2a) 

transcripts however, only malignant cells express high levels of p16Ink4a. Hereafter, we refer to 

as p16Ink4a Hi cells, those cells expressing p16Ink4a to a level ≥ 4 (Figures 3E and 3H).  

This result prompted us to focus our analysis on the malignant cell compartment.  

The p16Ink4a Hi senescent cells are mostly present in cluster 0 which comprises the highest cell 

number in WT+GCV GBMs (2910 out of 13 563 cells; Figure 3E). Further UMAP clustering of 

malignant cells at the 0.6 resolution reveals 17 clusters in the two conditions (Figure 3F).  

GSEA using the gene lists published by Weng et al., 2019 allows the labelling of these clusters 

into subpopulations including predominantly cycling cells, pri-oligodendrocyte precursor  

cell-like (pri-OPC-like), committed OPC-like (COP-like), myelinating oligodendrocyte (mOL), 

astrocyte (AC), neural precursor-like (NP-like), and hypoxic cells (HC) (Figures 3F, 3G and 

S3F; Table S1). Some clusters exhibit mixed cell identities. The astrocyte cluster shares gene 

signatures of astrocytes, endothelial cells and ependymal cells whereas the pri-OPC-like 1 

(pOPC1) and pri-OPC-like 2 (pOPC2) clusters share gene signatures of pri-OPC-like cells, 

astrocytes and COP cells (Figure 3G). Of note, the enrichment score of each subpopulation 
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differs very little between p16-3MR+GCV and WT+GCV GBMs, except for the pOPC1-3 

clusters (Figure 3G; see below).  

The p16Ink4a Hi cells are mainly grouped in the astrocyte cluster and to a lesser extent in the  

NP-like cluster (Figure 3H). Remarkably, the cell numbers of these two clusters decrease in  

p16-3MR+GCV GBMs compared with WT+GCV GBMs (astrocyte cluster from 7.75% to 

3.21%; NP cluster from 20.88% to 17.76%; Figure 3I), in agreement with the removal of  

p16Ink4a Hi cells by the p16-3MR transgene in the presence of GCV.  

 

The removal of p16Ink4a Hi malignant cells impacts the remaining malignant cells 

We then tested whether the removal of p16Ink4a Hi cells influences the remaining malignant cells. 

Strikingly, three clusters of the oligodendroglial lineage pOPC2, COP and mOL increase in cell 

numbers upon the removal of p16Ink4a Hi cells (pOPC2 from 6.81% to 13.10%; COP from 1.24% 

to 4.60%; mOL from 1.31% to 4.30%; Figure 3I) suggesting a shift of the malignant cellular 

states upon the removal of p16Ink4a Hi cells. We thus explored the abundance of cellular states 

as defined by Neftel et al., 2019. The two-dimensional (2D)-representation in quadrants shows 

that malignant cells in control GBMs are distributed between the four cellular states with  

a small bias towards the MES-like and NPC-like states (MES-like state 31.28%, NPC-like state 

28.10%, OPC-like state 23.23%, AC-like state 17.37%; Figure 3J). Upon p16Ink4a Hi cells 

removal, the number of AC-like cells increases to reach 26.27% whereas the overall proportion 

of the other cellular states is maintained (MES-like state 29.69%, NPC-like state 25.17%,  

OPC-like state 18.85% Figure 3J). The position of the majority of the cells in the center of the 

2D-representation in the two conditions reflects a homogenous cell population (for comparison 

see Figure 7G). Noteworthy, the cells from the astrocyte, COP and mOL clusters spread away 

from the center showing the mixed AC-like and MES-like states of the astrocyte cluster and 

validating the OPC-like state of the COP and mOL clusters. The 2D-representation also shows 

the increased numbers of COP and mOL cells and the decreased numbers of astrocytes in 

p16-3MR GBMs compared to controls (Figure 3J).  

Unexpectedly, although the size of the tumors at this early timepoint differs between the two 

conditions (Figures S3A-S3C), the percentage of cycling cells (G2/M1, G2/M2, G1/S1, G2/S2 

clusters) remains stable (WT+GCV: 24.46%; p16-3MR+GCV: 23.08%; Figure 3I).  

The 2D-representation suggests a shift of these cycling cells from an OPC-like state to a MES-

like state in p16-3MR GBMs compared to controls (Figure S3G) nonetheless, this trend is not 

confirmed by GSEA (data not shown). We thus conclude that the number and the cellular 

states of the cycling cells do not significantly vary upon removal of p16Ink4a Hi cells.  

We then investigated the cellular state of the pri-OPC-like cells whose gene signatures and 

numbers vary between the two experimental conditions (Figures 3G and 3I).  

The 2D-representation reveals a shift from an OPC-like state to an AC-like state upon removal 
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of p16Ink4a Hi cells (Figure 3K). GSEA confirms this result and reveals an upregulation of the  

AC-like state in the pOPC1 cluster (Figure 3L; Table S1). Further GSEA shows a 

downregulation of the mesenchymal transcriptional subtype in the pOPC1 and the pOPC2 

clusters of p16-3MR GBMs compared with controls (Verhaak_GBM_MES; Figure 3L).  

We next tested whether the change in the cellular state and the GBM transcriptional subtype 

between p16-3MR GBMs and WT+GBMs persists at the late timepoint. GSEA on the bulk 

RNAseq reveals a decrease in the MES-like state and the MES-transcriptional subtype upon 

p16Ink4a Hi cell removal. Additional GSEA shows an increase in the OPC-like and NPC-like 

states and its associated proneural transcriptional subtype (Verhaak_GBM_PN; Figure S3I, 

S3J and Table S1). The increase of the AC-like state observed in one pri-OPC-like cluster at 

the early timepoint is not detected at the late timepoint in the whole tumor.  

All together the scRNAseq analysis identifies the p16Ink4a Hi senescent cells in a small subset 

of malignant cells. Their removal impacts the remaining malignant cells: it transiently increases 

the AC-like cellular state, permanently increases the oligodendroglial lineage and favors the 

loss of a mesenchymal cell identity.  

 

Modulation of the immune compartment following p16Ink4a Hi cells removal 

The MES transcriptional GBM subtype is associated with enhanced expression of anti-

inflammatory and tumor-promoting macrophages (Bhat et al., 2013; Wang et al., 2017; Neftel 

et al., 2019). We therefore examined the immune fraction at the early timepoint following the 

removal of p16Ink4a Hi cells. UMAP clustering of Cd45+ cells reveals seven clusters in the two 

experimental conditions (Figures 3C, S3D and 4A). Differentially expressed (DE) genes and 

GSEA allow the labelling of these clusters into infiltrating bone marrow-derived macrophages 

(BMDM), resident microglia and T cells (Figures 4B, 4C, S4A and S4B; Table S1) (Bowman et 

al., 2016). All the BMDM and microglia clusters harbor an anti-inflammatory gene signature. 

Furthermore, the BMDM-like1 and microglia clusters share an antagonist pro-inflammatory 

gene signature (Figure 4C) (Darmanis et al., 2017). Here again, the enrichment score of each 

subpopulation differs very little between the two conditions (Figure 4C). In addition, the 

proportion of the immune fraction within the tumor hardly varies between WT+GCV and p16-

3MR+GCV GBMs. However, the number of T cells increases (from 9% to 27%) at the expense 

of TAMs (BMDM and microglia) upon p16Ink4a Hi cells removal (Figure 4D).  

We next examined whether the activity of these cell types differs from one condition to another. 

Although few genes are DE per cluster between the two conditions (Table S2), GSEA reveals 

an upregulation of the TNFA signaling via NFKB pathway in the microglia cluster and a 

downregulation of the inflammatory and hypoxia pathways in the BMDM clusters in p16-3MR 

GBMs compared with WT+GCV GBMs (Figure 4E). Close examination of the DE genes in 

these pathways highlights an increase in the expression of genes associated with the  
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pro-inflammatory signature (Ccl4, Tnf, Il1a, Il1b, Csf1) in the microglia cluster and a decrease 

in the expression of genes related to the anti-inflammatory signature (Cxcl2, Vegfa, Tgfbi, 

Spp1, Thbs1, Hmox1, Hif1a) in the BMDM clusters (Figure 4F). In addition, the T cell cluster 

analysis reveals a decrease in the expression of genes regulating the activity of T cells 

including the immune checkpoints Ctla4, Lag3 and Pdcd1 (PD1) (Figure 4F).  

We then assessed whether this phenotype is maintained at the late timepoint. We estimated 

the abundances of the main immune cell types in the bulk RNAseq using CIBERSORT.  

The macrophage fraction significantly decreases in p16-3MR+GCV compared with WT+GCV 

GBMs (Figures S4C and S4D). Consistently GSEA reveals a decrease in core BMDM and 

anti-inflammatory pathways following the removal of p16Ink4a Hi cells (Figures S4E and S4F) 

(Bowman et al., 2016; Darmanis et al., 2017). This result shows that the downregulation of 

BMDM cells and the decrease of the anti-inflammatory signatures observed at the early 

timepoint are maintained at the end points of the mice. 

Collectively, the transcriptomic analysis shows that the removal of p16Ink4a Hi malignant cells 

mitigates the anti-inflammatory and the immuno-suppressive phenotype of the GBM 

microenvironment and points to the paracrine action of senescent cells.  

 

NRF2 activity in p16Ink4aHi cells can mediate pro-tumoral senescent functions  

To explore the upstream regulators of senescence in malignant cells, we performed pathway 

enrichment analysis with the ENCODE and ChEA consensus TFs from ChIP-X database using 

Enrichr (Kuleshov et al., 2016) on three gene sets enriched in p16Ink4a Hi senescent cells:  

(i) differentially downregulated genes in the p16-3MR+GCV vs the WT+GCV astrocyte cluster 

from the scRNAseq at the early timepoint (Early; Figures 5A and 5B; Table S3); (ii) differentially 

upregulated genes in p16Ink4a positive vs p16Ink4a negative malignant cells from a scRNAseq at 

end points (Late (1); Figures 5C, 5D and S5A-S5E; Table S3); (iii) differentially downregulated 

genes in the p16-3MR+GCV vs the WT+GCV GBMs from the bulk RNAseq at end points (Late 

(2); Figures 5E and 5F; Table S3). Remarkably, the Nuclear Factor Erythroid 2 Like 2 (Nfe2l2) 

signaling pathway is enriched in the three gene sets. NRF2 encoded by Nfe2l2 is an antioxidant 

defense system that appears to be a plausible candidate to trigger the pro-tumoral action of 

p16Ink4a Hi senescent cells as it induces cellular senescence in fibroblasts (Hiebert et al., 2018) 

and confers a selective advantage in cancer cells (Rojo de la Vega et al., 2018). Among the 

identified NRF2 putative targets, three genes are common to all data sets (Tgif1, Plaur, Gja1) 

whereas four more genes are shared between only two gene lists (Tnc, Igfbp3, Areg, Esd) 

(Figure 5G; Table S3). As illustrated on the heatmap, the combined expression of Nfe2l2 and 

its seven putative targets is unique to the p16Ink4a Hi cells in WT+GCV GBMs (Figure 5H).  
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Immunohistochemistry on GBM cryosections collected at end points shows NRF2 in a few 

scattered cells (Figures 5I and S5F). Quantification of the NRF2 expression area in the tumor 

shows a modest decrease in p16-3MR compared with WT+GCV GBMs. Of note, the 

expression of NRF2 in cells expressing low levels of p16Ink4a, most probably CD45+ cells, may 

conceal a decrease of NRF2 in senescent cells (Figure 5H). We further examined the 

expression of three NRF2 putative targets whose encoded proteins are associated with 

senescence, glioma progression or glioma resistance namely urokinase plasminogen activator 

receptor (uPAR encoded by Plaur; (Gilder et al., 2018), Tenascin-C (TNC) (Brösicke and 

Faissner, 2015) or Connexin43 (CX43 encoded by Gja1) (Osswald et al., 2015), respectively. 

These proteins are expressed in a few scattered cells throughout the tumor. TNC is expressed 

in more numerous cells than uPAR and CX43 in agreement with their transcript expression at 

the single cell level (Figures 5H, 5I and S5F). Quantifications of CX43 by IHC and TNC by 

western blot reveal a significant downregulation of these proteins in p16-3MR GBMs compared 

with WT+GCV GBMs, strengthening Gja1 and Tnc as NRF2 target genes in GBM (Figures 5K, 

5L and S5G). We then assessed whether interactions between NRF2 selected targets and the 

immune fractions can occur in GBM. We interrogated for ligand-receptor interactions between 

the cluster 0 enriched in p16Ink4a Hi cells and the immune clusters in the scRNAseq data at the 

early timepoint using CellPhoneDB (Figure 3E). In silico analysis highlights possible 

interactions between TNC and PLAUR expressed in malignant cells and integrins receptors 

expressed in the immune clusters. Remarkably, putative TNC-aVb3 and PLAUR-aVb3 

complexes between malignant cells and T cells are abolished upon p16 Ink4a Hi cell removal 

(Figure S5H). 

All together these data strongly suggest that NRF2 activity in p16Ink4a Hi senescent cells can  

in part trigger the pro-tumoral action of these cells, notably through the identified targets that 

can act on adjacent cells.  

 

Senolytic treatment in mouse GBM-derived organoids decreases NRF2 signaling 

We next moved to a mouse GBM-derived organoid model to confirm the function of NRF2  

in malignant senescent cells (Figure 6A). Whole mount immunofluorescence reveals after 7 

days in culture that organoids are composed of malignant (GFP+) and non-malignant cells 

(GFP-) (Figure 6B). SA-β-gal+ cells are identified after 14 days in culture; they are negative for 

Ki67 and some of them express p19ARF, similar to patient and mouse GBMs (Figures 6C and 

6D). We applied the senolytic ABT263 to the organoids after 14 days in culture and analyzed 

them a week later by immunofluorescence and bulk RNAseq (Figures 6A and S6A-S6C). The 

significant downregulation of the expression of p16Ink4a, p15Ink4b and p21Cip1 validates ABT263 

efficacy (Figure 6E). We further identified upon senolytic treatment downregulated genes 

encoding for SASP factors (Timp1, Mmp3, Cxcl1, Vegfa, Ereg, Cxcl2) (Figures 6E and S6C). 
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Importantly, GSEA reveals a significant downregulation of NRF2 pathway upon senolytic 

treatment (Figure 6F). Whole mount immunofluorescence shows NRF2 in control and ABT263 

treated organoids. NRF2 is expressed in GFP+ and GFP- cells and localized mainly in the 

nucleus. Furthermore, some cells co-express NRF2 with p19ARF (Figure 6G). Of note, the high 

cell density prevented protein quantification in malignant cells. In contrast to NRF2 and  

in agreement with Tnc transcripts in the tumor, TNC is only expressed in GFP+ cells. 

CIBERSORT analysis reveals that organoids display different immune cell abundance 

compared with tumor samples. For instance, the macrophage fraction is expended in vitro 

(Figure S7D). We next tested whether the above identified NRF2 targets are differentially 

expressed upon senolytic treatment in GFP+ organoid sorted-cells. The expression of Nfe2l2, 

Igfbp3, Tnc, Gja1 but not Plaur decrease after ABT263 treatment as well as canonical NRF2 

targets such as Srxn1, Txrd1, Hk2 (Figures S6E and S6F).  

Overall in vivo and in vitro experiments using either genetic or chemical senolytic agents reveal 

NRF2 pathway as a candidate to trigger the pro-tumoral function of p16Ink4a Hi senescent cells. 

 

Mouse senescent signature is conserved in patient GBM and its high score is predictive 

of a worse survival 

We next explored whether p16Ink4a Hi senescent cells are conserved in patient GBMs. We first 

established a senescent signature from the scRNAseq data at the early timepoint (Figure 3). 

We compared the transcriptome of the p16Ink4a Hi cells in the astrocyte and NP clusters  

(p16Ink4a Hi group) with those of the remaining malignant cells in the WT+GCV GBMs (Figures 

3H, 7A and 7B). In agreement with the features of senescence, GSEA reveals in the p16Ink4a Hi 

group, a downregulation of cell cycle pathways (E2F targets, G2/M checkpoint) and an 

upregulation of pathways involved in inflammation (IL2 Stat5 signaling, inflammatory response, 

TNFA signaling via NFKB, inflammatory response, IL6 Jak Stat3 signaling) (Figure S7A).  

We further selected a list of 31 genes to define a GBM senescence signature. To accomplish 

this, among the 278 differentially upregulated genes in the p16Ink4a Hi group compared with the 

remaining malignant cells, we selected the genes that are expressed in more than 90% of 

p16Ink4a Hi cells and presented a fold change superior to 0.8 between the two groups. As 

expected, these genes are enriched in the astrocyte cluster and to a lesser extent in the NP 

cluster (Figure 7C). The encoded proteins are associated with diverse cellular processes 

compatible with cellular senescence such as cell cycle arrest (Cdkn1a, Cdkn2a, Cdkn2b), 

lysosomal function (Ctsb, Ctsd, Ctsl, Ctsz, Lamp1, Lamp2), cellular growth (Igfbp2, Igfbp3), 

extracellular matrix interaction (Sparc, Tnc, Sdc4, Lgals1, Timp1, Mt1), cytoskeleton 

interaction (Pdlim4, S100a11, Tmsb4x, Sep11) or cancer (Tm4sf1, Ociad2, Emp3) (Figure 7C). 

We then computed the senescence scores which correspond to the geometric mean of the 

expression of these genes in the WT+GCV and p16-3MR GBM transcriptomes. In WT+GCV 
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GBMs, 6.85% of the malignant cells harbor a senescence score ≥ 2 and belong mostly to the 

astrocyte cluster (493 cells out of 725 cells, 68%) recapitulating the proportions of SA-β-gal+ 

and p16Ink4a Hi cells in the GBM mouse model. In p16-3MR+GCV GBMs, the number of these 

cells drops to 1.82% and their majority still belongs to the astrocyte cluster (123 cells out of 

188 cells; 65.43%), in agreement with the removal of p16Ink4a Hi senescent cells in p16-3MR 

mice upon GCV injections (Figure 7D). The cells with a senescence score ≥ 2 cells display 

mostly MES-like and AC-like cellular states (Figure 7E). Consistently, 9 out of the 31 genes of 

the signature belong to the MES-like meta-module.  

We then applied the senescence score to the Smart Seq2 scRNAseq data set of patient GBMs 

from Neftel et al., 2019. Beforehand, we excluded pediatric GBMs and CD45+ cells from the 

analysis. We first analyzed patient GBMs without CDKN2A/CDK4 genomic alterations, as our 

senescence scoring is based on p16Ink4a malignant senescence. For unbiased analysis,  

we considered that cells with a high senescent score are those with a score in the highest 

decile of senescent scores in all patient GBM cells (Figure 7F). Two groups of tumors emerge: 

GBMs with a percentage of high senescent score cells superior to 5% (n=8; MGH100, 

MGH101, MGH104, MGH105, MGH106, MGH121, MGH129, MGH66) and GBMs with  

a percentage of high senescent score cells inferior to 5% (n=7, MGH102, MGH110, MGH113, 

MGH115, MGH122, MGH124, MGH125) (Figure 7F). The cellular state of the senescent cells 

from patient GBMs follows the same trend as those in the mouse GBMs: cells with a high 

senescent score are mostly MES-like and AC-like independently of the predominant cellular 

state of the GBM (Figure 7G). Furthermore, two out of five GBMs (MGH128, MGH143) with 

CDKN2A and/or CDK4 alterations possess more than 5% of cells with a high senescent score 

(Figure S7B), suggesting that the senescence score is not solely dependent on CDKN2A 

activity. These high senescent score cells are also enriched in AC-like and MES-like cellular 

states (Figure S7C).  

We next investigated whether the senescence score could be used as a prognostic factor for 

patients with GBM. We interrogated the senescence score in The Cancer Genome Atlas 

(TCGA) GBM data sets, by stratifying patients into high and low senescence scores when they 

belong to the highest and lowest score quartiles, respectively. Consistent with the mouse 

study, a high senescent score predicts a worse survival in patients with GBM (Figure 7H).  

We then tested if the same molecular mechanisms could account for the pro-tumoral function 

of senescence in mice and patients with GBMs. First, SA-β-gal staining coupled with IHC on 

cryosections reveals the expression of NRF2, TNC and CX43 in SA-β-gal+ cells in patient 

GBMs (Figures 7I and S7E). Then, similarly to the senescence score, we interrogated the 

NRF2 targets score corresponding to the geometric mean of the expression of NRF2 and its 

seven identified targets (TGIF1, PLAUR, GJA1, TNC, IGFBP3, AREG, ESD) in the TCGA GBM 

data sets. Remarkably, a high NRF2 targets score predicts a worse survival in patients with 
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GBM (Figure 7J). Importantly, the high expression of solely NRF2 has no impact on the survival 

of patients with GBM, emphasizing the detrimental function of the identified NRF2 targets in 

malignant senescent cells (Figure S7D).  

In summary, our data show that the mouse senescent signature and the underlying 

mechanisms of senescence are conserved in patient GBMs and that the high scores of 

senescence and of NRF2 targets are correlated with a lower survival in patients with GBM. 

 

DISCUSSION 

Depending on the context, cellular senescence plays both beneficial and detrimental roles 

during tumorigenesis. Here, we reveal the pro-tumorigenic action of malignant senescent cells 

in mouse and patient GBMs. The GBM mouse model used in the present study recapitulates 

the histopathology and the senescent features of patient GBMs. We show that p16Ink4a Hi 

malignant senescent cells account for less than 10% of the total tumor cells. Their partial 

removal increases significantly the survival of GBM-bearing mice and modifies the tumor 

ecosystem, therefore pointing to the paracrine action of the malignant senescent cells.  

By combining single cell and bulk RNA sequencing with immunohistochemistry, we identify the 

NRF2 transcription factor as an upstream regulator of SASP factors. Although GBM malignant 

cells largely express inflammatory cytokines and chemokines (Louis et al., 2016), these 

molecules are not enriched in p16Ink4a Hi malignant cells. In contrast, identified SASP factors 

are growth factors and components or modifying enzymes of the ECM (Figures 2J, 5G, 6E and 

7B). These findings provide insights into previously reported functions of ECM in malignant 

and non-malignant cell mobility and of ECM as a potential target to improve response to 

therapy (Winkler et al., 2020). For instance, TNC appears from our study as one of the SASP 

components (Basisty et al., 2020) whose functions can partly be responsible for the  

pro-tumoral phenotype of the p16Ink4a Hi malignant senescent cells including the delay of tumor 

growth, the loss of MES-like cellular state and the decrease of the anti-inflammatory and 

immunosuppressive phenotypes. TNC is a component of the ECM of glioma that binds to 

integrin receptors, EGF receptor (EGFR), SYNDECAN 4 (SDC4) and regulates angiogenesis, 

proliferation and cell migration (Brösicke and Faissner, 2015). Previous studies, independently 

of the senescence context, described the pro-tumoral functions of TNC (Mirzaei et al., 2018; 

Faget et al., 2019; Haage et al., 2019; Angel et al., 2020). Our data show that targeting 

senescent cells in GBM decreases TNC and its adverse functions during gliomagenesis.  

 

In addition, we identify Tnc as a putative target of NRF2. We show that in patients with GBM  

a high score of TNC expression correlates with a significantly lower survival although to a 

lesser extent than the high combined NRF2 targets score. This result suggests that TNC 

together with other NRF2 targets convey the pro-tumoral function of p16Ink4a Hi malignant 
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senescent cells (Figures 7J and S7D). All together our findings point to NRF2 acting as a hub 

for pro-tumoral senescence in GBM. Along this line, many studies demonstrated that chronic 

activation of this transcription factor contributes to tumor growth, metastasis, treatment 

resistance and poorer prognosis in patients with cancer (Rojo de la Vega et al., 2018).  

NRF2 binds to antioxidant responsive elements (AREs) and controls the expression of a 

battery of genes regulating metabolism, intracellular redox-balance, apoptosis, and autophagy 

(Rojo de la Vega et al., 2018). Depending on the context, NRF2 promotes or delays fibroblasts 

senescence (Hiebert et al., 2018; Rojo de la Vega et al., 2018). Nrf2 transcription can be 

induced by oncogenes (e.g. KRAS) and its activity is modulated by environmental cues  

(e.g. hypoxia, ROS) (Mitsuishi et al., 2012; Rojo de la Vega et al., 2018). Under homeostatic 

state, cytoplasmic NRF2 binds to KEAP1, which mediates its proteasomal degradation. 

However, impairment of NRF2-KEAP1 binding, either by p62 or by elevated ROS permits 

NRF2 nuclear translocation and activation of target genes (Inoue et al., 2012; Menegon et al., 

2016; Harris and DeNicola, 2020). The p62-mediated degradation of NRF2 promotes in vitro 

glioma stem cell survival and NRF2 is hyperactivated in the MES-GBM subtype (Pölönen et 

al., 2019). The NRF2 putative targets identified in the present study are not canonical NRF2 

targets and belong to SASP components which function as growth factors (AREG, IGFBP3, 

TGIF1), ECM remodelers (uPAR, ESD) or cell-cell interactors (CX43) (Gorgoulis et al., 2019). 

CONNEXIN 43 is of particular interest as it participates in the formation of microtubes that 

interconnect malignant cells, creating a cellular network resistant to treatment (Osswald et al., 

2015). Our study together with previous work, lead us to propose that NRF2 triggers SASP 

expression in malignant senescent cells, further promoting gliomagenesis. Nonetheless, NRF2 

is also expressed in the immune fraction where it exerts an antagonist function. In a mouse 

lung cancer model, NRF2 activity in the immune cells contributes to the suppression of the 

tumor progression (Hayashi et al., 2020). Hence, this result raises the question of the cell 

specificity when using NRF2 inhibiting or activating based therapies (Gao et al., 2014).  

In addition, it highlights the benefit of a senotherapeuthic strategy that would target NRF2 in 

malignant senescent cells in the context of GBM.  

 

Single cell RNAseq analysis of mouse GBMs allowed the comprehensive characterization of 

the pro-tumorigenic malignant senescent cells. Although this approach focused primarily on 

p16Ink4a Hi senescent cells in a mouse MES-GBM model, our findings suggest that the 

senescence signature that we established is applicable to all transcriptional GBM subtypes 

independently of their molecular alterations. Hence, we identified high score senescent cells 

in all patient GBM subtypes and in patient GBMs with genomic alterations in CDKN2A gene 

(Figures 7F, 7G, S7B and S7C). This latest result is crucial, as 54% of patient GBMs carry a 

deep deletion in CDKN2A gene (cbioportal.org). Cyclin dependent kinase inhibitors warrant 

https://www.cbioportal.org/
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cell cycle exit and entry into senescence. Our data suggest that the presence of three genes 

(Cdkn2a, Cdkn2b, Cdkn1a) encoding for these proteins, in the senescence signature, makes 

the senescence score independent of the CDKN2A molecular status. Of note, CDKN1A 

(p21CIP1) is rarely mutated in patient GBMs (0.4%) and mediates senescence in many tissues 

(Gorgoulis et al., 2019). Furthermore, we presume that the senescent signature defined in the 

study is specific to detrimental senescence. Indeed, it contains genes encoding for SASP 

components of which activities are associated with tumor aggressiveness and/or worse patient 

prognosis (Yuan et al., 2017; Gilder et al., 2018; Morita and Hayashi, 2018; Yue et al., 2018; 

Chen et al., 2019; Angel et al., 2020). Furthermore, the high score of senescence correlates 

with a MES-like meta-module, also associated with a poor prognosis. Future studies are 

needed to determine if the senescence scoring in the diagnosis of patients with GBM at the 

time of the surgery improves the design of personalized treatment and effective combinatorial 

strategies. 

In this study we show that senolytic treatments applied to GBM-bearing mice delay significantly 

tumor growth (Figures 2B, 2D and 2E). These findings raise the question of the benefit of 

combining senotherapy to improve response to other therapies. The field of senotherapies, 

which includes drugs eliminating senescent cells (senolytic drugs: anti- BCL2 and BCL-xL, 

Dasatinib and Quercitin, cardiac glycosides) or drugs inhibiting their function (senostatic drugs 

such as Metformin) is under active investigation (Moiseeva et al., 2013; Guerrero et al., 2019; 

Triana-Martínez et al., 2019; Wyld et al., 2020). A recent study reported in a MC38 mouse 

syngeneic tumor model, that Venetoclax (anti-BCL2) augments the antitumor efficacy of an 

anti-PD1 treatment by increasing the T effector memory cells although Venetoclax reduces the 

overall T cell number, a known function of the anti-apoptotic protein inhibitors (Kohlhapp et al., 

2021). The authors reported the absence of cancer cell-intrinsic effects of the Venetoclax.  

In sharp contrast, our data provide evidence that the senolytic p16-3MR transgene in a GBM 

mouse model removes malignant senescent cells and mitigates the immunosuppressive 

phenotype, notably by increasing the T cell pool. This result suggests that senolytic treatment 

could prime GBM to respond to immunotherapy. This hypothesis is attractive as the 

immunotherapies with the anti-PD1 and PD-L1 antibodies did not show an extension of the 

overall survival in treating patients with recurrent GBM (Litak et al., 2019). One possible 

explanation for this failure could be that GBMs contain very few immune effector cells  

(Quail and Joyce, 2017). Further work on immunocompetent GBM models is now needed to 

evaluate the effect of novel senolytic/senostatic treatments on gliomagenesis and assess their 

efficacy as companion therapy.  
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Figure 1. Identification of senescent cells in patient and mouse GBMs.  

(A) Representative SA-β-gal staining (blue) coupled with immunohistochemistry (IHC, brown) 

on two non-fixed patient GBM cryosections samples.  

(B) Left: genetics of the mouse mesenchymal GBM model (mouse and injected lentivirus (lv)). 

The time line represents the induction of the tumorigenesis upon tamoxifen intraperitoneal (i.p.) 

injections (TMX, 1mg/kg/day for 5 days). Brains are harvested when mice reach end points. 

Right: representative stereomicroscopic image of a mouse brain with a GFP+ GBM.  

(C) Relative transcript levels shown as ratios of normalized values of mouse GBM (GFP+, n=4) 

over surrounding parenchyma (GFP-, n=4). Statistical significance was determined by 

Wilcoxon-Mann-Whitney test (*, p<0.05).  

(D) Representative SA-β-gal staining coupled with IHC on mouse GBM cryosections.  

A minimum of 4 GBMs were examined per antibody.  

H: hematoxylin; HE: hematoxylin and eosin. Arrow heads in A, D point to double positive cells. 

Scale bars, A and D: 20 µm. 

  



Results – Article 

84 

 

  



Results – Article 

85 

Figure S1. Identification of senescent cells in patient and mouse GBMs.  

(A) Table recapitulating the patient resected gliomas stained for SA-β-gal. The presence of the 

SA-β-gal cells for each tumor is indicated by +. P: primary; R: recurrent; T: treated.  

(B) Hematoxylin and eosin (HE) staining on mouse GBM cryosections. The two left panels 

correspond to low magnifications of the right panels. The GBM mouse model recapitulates the 

patient GBM histological features.  

(C) HE and SA-β-gal/Ki67 staining on adjacent mouse GBM cryosections highlighting the 

presence SA-β-gal+ cells in proliferative and necrotic areas.  

Scale bars, B left panels: 2 mm, right panels: 20 µm; C: 100 µm.  
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Figure 2. Senescent cells removal increases the survival of GBM-bearing mice  

(A) Timeline of tumorigenesis induction (lv: H-RasV12-GFP-shp53) and removal of p16Ink4a 

senescent cells by the p16-3MR transgene upon ganciclovir (GCV) i.p. injections, 21 days post 

lv injection.  

(B) Kaplan-Meier survival curves of WT (n=8) and p16-3MR (n=8) mice treated with GCV. 

Statistical significance was determined by Mantel-Cox log-rank test (*, p<0.05).  

(C) Timeline of tumorigenesis induction (lv-luc: H-RasV12-GFP-P2A-Luc2-shp53) and removal 

of senescent cells by the p16-3MR transgene upon GCV i.p. injections or ABT263 gavage 

when head to body bioluminescence ratio reached 2.  

(D, E) Kaplan-Meier survival curves of p16-3MR mice treated with vehicle (vhc, n=13) or GCV 

(n=14) (D), and WT mice treated with vhc (n=7) or ABT263 (n=11) (E).  

(F) Representative HE, GFP IHC and SA-β-Gal stainings on adjacent mouse GBM 

cryosections. GFP IHC was used to delineate the tumor area. Right panels represent higher 

magnifications of the left panels. Scale bars, F left panels: 2.5 mm, right panels: 20 µm. 

(G) Quantification of the SA-β-Gal area over the tumor (GFP+) area. Statistical significance 

was determined by Wilcoxon-Mann-Whitney test (*, p<0.05).  

(H) Relative transcript levels of p16Ink4a, shown as FPKM estimates extracted from the bulk 

RNAseq analysis (WT+GCV, n=5; p16-3MR+GCV, n=9).  

(I) GSEA graphs representing the enrichment score of two senescence pathways in  

p16-3MR+GCV GBMs compared to WT+GCV GBMs. The barcode plot indicates the position 

of the genes in each gene set; red represents positive Pearson’s correlation with  

p16-3MR+GCV expression, blue with WT+GCV expression. The SASP gene list is a custom 

list established from Gorgoulis et al., 2019. 

(J). Relative transcript levels of genes in WT+GCV and p16-3MR+GCV GBMs; FPKM 

estimates were extracted from bulk RNAseq data. These genes are differentially expressed 

between the two conditions (FDR<0.05; logFC>0.5).  

lv: lentivirus; lv-luc: lentivirus-luciferase; i.p.: intraperitoneal; gav.: gavage; HE: hematoxylin 

eosin; r. enrichment score: running enrichment score. G, H: Data are represented as the  

mean ± SD.  
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Figure S2. Senescent cells removal increases the survival of GBM-bearing mice  

(A-C). Bulk RNAseq analysis of p16-3MR+GCV (n=9) compared with WT+GCV (n=5) GBMs 

collected at the end points of the mice.  

(A) Heatmaps of the differentially expressed (DE) genes (FDR<0.05; logFC>0.5).  

(B). GSEA ridge plots of the most significant representative Hallmark gene lists.  

(C) Volcano plots of the DE genes. D-F. Bulk RNAseq analysis of p16-3MR+GCV (n=7) 

compared with p16-3MR+vhc GBMs (n=4) collected at the end points of the mice.  

(D) Heatmaps of the DE genes (FDR<0.05; logFC>0.5).  

(E) GSEA ridge plots of the most significant representative Hallmark gene lists.  

(F) Volcano plots of the DE genes. Annotated genes are common to those in C.  

(G) GSEA graph representing the enrichment score of the Fridman senescence pathway in 

p16-3MR+GCV compared with p16-3MR+vhc GBMs. 
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Figure 3. Identification of p16Ink4a Hi cells in a subset of malignant cells  

(A) Timeline of the mouse GBM generation for scRNAseq at the early timepoint.  

(B) Scheme of the scRNAseq experiment.  

(C) UMAP plots of WT+GCV (n=2) and p16-3MR+GCV (n=2) GBM cells at a 0.5 resolution 

and annotated malignant cells and tumor microenvironment (TME) cells.  

(D) UMAP plots of the expression of the pan-leucocyte marker Cd45 in WT+GCV GBM cells. 

(E) Violin plots of the expression of Cd45, 3’LTR and p16Ink4a WT+GCV GBM cells per cluster. 

(F) UMAP plots of WT+GCV (n=2) and p16-3MR+GCV (n=2) GBM malignant cells and 

annotated cell type at a 0.6 resolution.  

(G) GSEA dot plots of DE genes (FDR<0.05; avlogFC>0.25) in WT+GCV (grey dots) and  

p16-3MR+GCV (red dots) GBMs of gene lists from Weng et al. 2019.  

(H) Violin plots of the expression of p16Ink4a in malignant cells per cluster. The red box indicates 

the cells with an expression of p16Ink4a  4 (p16Ink4a Hi cells).  

(I) Barplots representing the percentage of malignant cells per cluster in WT+GCV and  

p16-3MR+GCV GBMs. The asterisk points to clusters which cell number varies between the 

two conditions.  

(J) Two-dimensional (2-D) representations of cellular states of malignant cells. Each quadrant 

corresponds to one cellular state, the exact position of malignant cells reflects their relative 

scores for the meta-modules as previously described (Neftel et al., 2019), and their colors 

correspond to clusters.  

(K) 2-D representations of cellular states of the pri-OPC-like cells.  

(L) GSEA graphs representing the enrichment score of cellular states and transcriptional GBM 

subtypes in pri-OPC-like clusters in p16-3MR+GCV compared to WT+GCV GBMs.  
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Figure S3. Identification of p16Ink4a Hi cells in a subset of malignant cells  

(A) Timeline of the mouse GBMs generation for scRNAseq at the early timepoint.  

(B) In vivo bioluminescence imaging of WT+GCV and p16-3MR+GCV GBM-bearing mice.  

(C) Graph representing the head to body ratio bioluminescence of GBM-bearing mice over 

time. Yellow lines correspond to GCV injections.  

(D) UMAP plots of WT+GCV and p16-3MR+GCV GBM cells per biological sample at a 0.5 

resolution and annotated malignant cells and cells from the tumor microenvironment (TME).  

(E) Heatmap representing inference of chromosomal copy number variations (CNVs) in 

WT+GCV GBMs with cells as rows, grouped in clusters, and genes as columns, ordered 

according to chromosome.  

(F) Heatmap of the top 3 DE genes (FDR<0.05; avlogFC>0.25) in malignant clusters (0.6 

resolution) in WT+GCV GBMs. When the same gene is DE in more than one cluster, it appears 

only once.  

(G) 2-D representation of the cellular states of the cycling cells (G2/M and G1/S clusters).  

(H) Timeline of the mouse GBMs generation for bulk RNAseq at the late timepoint.  

(I) GSEA dot plots representing the enrichment score of cellular states in p16-3MR+GCV 

compared with WT+GCV GBMs.  

(J) GSEA dot plots representing the enrichment score of GBM transcriptional subtype in p16-

3MR+GCV compared with WT+GCV GBMs. NES: normalized enrichment score. 
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Figure 4. Modulation of the immune compartment following p16Ink4a Hi cells removal 

(A) UMAP plots of Cd45+ cells in WT+GCV and p16-3MR+GCV GBMs at a 0.5 resolution and 

annotated cell type.  

(B) Violin plots representing the expression of selected DE genes (FDR<0.05; avlogFC>0.25) 

per cluster in WT+GCV GBMs.  

(C) GSEA dot plot of DE genes (FDR<0.05; avlogFC>0.25) in WT+GCV (grey dots) and  

p16-3MR+GCV (red dots) Cd45+ clusters of core-BMDM, core-microglia (MG),  

pro-inflammatory and anti-inflammatory pathways as defined in Bowman et al., 2016 and 

Darmanis et al., 2017.  

(D) Chart pies representing the percentage of Cd45+ cells per cluster in WT+GCV and  

p16-3MR+GCV GBMs.  

(E) GSEA dot plots representing the enrichment score of Hallmark gene lists in p16-3MR 

compared to WT+GCV GBM clusters.  

(F) Dot plots of the relative expression of selected genes in WT+GCV and p16-3MR+GCV 

GBM clusters.  
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Figure S4. Modulation of the immune compartment following p16Ink4a Hi cells removal 

(A) Timeline of the mouse GBM generation for scRNAseq.  

(B) Heatmap of the top 5 DE genes (FDR<0.05; avlogFC>0.25) in Cd45+ clusters (0.5 

resolution) in WT+GCV GBMs. When the same gene is DE in more than one cluster, it appears 

only once.  

(C) Timeline of the mouse GBM generation for bulk RNAseq.  

(D) Bar plot representing the estimation of the abundance of immune cell types in WT+GCV 

and p16-3MR+GCV GBMs using CIBERSORT (reference data set GSE124829). Statistical 

significance was determined by Wilcoxon-Mann-Whitney test (*, p<0.05).  

(E) GSEA graphs representing the enrichment score of CORE_MG (microglia), CORE_BMDM 

and ANTI_INFLAMMATORY_M2 pathways (Bowman et al., 2016; Darmanis et al., 2017) in 

p16-3MR+GCV compared with WT+GCV GBMs at endpoints.  

(F) Relative transcript levels of genes in WT+GCV and p16-3MR+GCV GBMs; FPKM 

estimates were extracted from bulk RNAseq data. These genes from the CORE_BMDM and 

ANTI_INFLAMMATORY_M2 gene lists are DE between the two conditions (FDR<0.05; 

logFC>0.5).  
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Figure 5. NRF2 activity in p16Ink4aHi cells can mediate pro-tumoral senescent functions  

(A) Timeline of the mouse GBM generation for scRNAseq at the early timepoint.  

(B) Barplot corresponding to significantly enriched pathways (ENCODE and ChEA consensus 

TFs from ChIP-X, Enrichr) in differentially downregulated genes (FDR<0.05; avlogFC>0.25) in 

the p16-3MR+GCV compared with the WT+GCV astrocyte clusters from the scRNAseq data 

(as shown in A).  

(C) Timeline of the mouse GBM generation for scRNAseq at the late timepoint.  

(D) Barplot corresponding to significantly enriched pathways in differentially up-regulated 

genes (FDR<0.05; logFC>0.5) in p16Ink4a positive vs p16Ink4a negative malignant cells from the 

scRNAseq data (as shown in C).  

(E) Timeline of the mouse GBM generation for bulk RNAseq at the late timepoint.  

(F) Barplot corresponding to significantly enriched pathways in differentially down-regulated 

genes (FDR<0.05; logFC>0.5) in p16-3MR+GCV compared with WT+GCV GBMs from the 

bulk RNAseq data (as shown in E).  

(G) Venn diagram of NRF2 putative targets between the 3 gene sets.  

(H) Heatmaps of Nrf2 and its 7 identified putative targets in WT+GCV and p16-3MR GBMs. 

Cells are classified in 5 categories according to p16Ink4a expression levels.  

(I) Representative IHC staining on mouse GBM cryosections at the late timepoint.  

H: hematoxylin. A minimum of 3 GBMs was analyzed per antibody in the two conditions. Scale 

bar, I: 20 µm. 

(J) Quantification of the NRF2 area (IHC) over the tumor area (WT+GCV, n=7; p16-3MR+GCV, 

n=7).  

(K) Quantification of the CX43 area (IHC) over the tumor area (WT+GCV, n=5; p16-3MR+GCV, 

n=6).  

(L) Quantification of the ratio of TNC over β-TUBULIN expression (western blot) (WT+GCV, 

n=5; p16-3MR+GCV, n=7).  

Data in I, J and K are represented as the mean ± SD. Statistical significance was determined 

by Wilcoxon-Mann-Whitney test (*, p<0.05).  
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Figure S5. NRF2 activity in p16Ink4aHi cells can mediate pro-tumoral senescent functions  

(A) Timeline of the mouse GBM generation for scRNAseq at the late timepoint.   

(B) Scheme of the scRNAseq experiment.  

(C) UMAP plots of GBM cells and annotated cell type at a 0.6 resolution.  

(D) UMAP plots of the expression of p16Ink4a in GBM cells.  

(E) Barplot representing the percentage of cells per cluster positive and  negative for p16Ink4a 

expression.  

(F) Representative IHC staining on mouse GBM cryosections at the late timepoint. H: 

hematoxylin counterstaining. Scale bar: 40 µm. 

(G) Western blot for TNC from GBMs collected at the late timepoint.  

(H) Dot plot representing ligand-receptor interactions between the cluster 0 and the immune 

clusters in the scRNAseq data at the early timepoint using CellPhoneDB. The colors indicate 

the mean expression of the ligand-receptor complexes.  
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Figure 6. Senolytic treatment in mouse GBM-derived organoids decreases NRF2 

signaling 

(A) Scheme of the mouse GBM-derived organoid generation.  

(B) Whole mount immunofluorescence of organoids after 7 days in culture.  

(C) Representative whole mount SA-β-gal staining of an organoid after 14 days in culture.  

(D) Representative SA-β-gal staining coupled with IHC on cryosections of organoids collected 

after 21 days. Black arrowheads point to double positive cells.  

(E) Relative transcript levels of genes in vehicle (vhc) and ABT263 treated organoids; FPKM 

estimates were extracted from bulk RNAseq data. These genes are differentially expressed 

between the two conditions (FDR<0.05; logFC >0.5).  

(F) GSEA graph representing the enrichment score of NRF2_Q4 enriched pathway in ABT263 

compared with vhc treated organoids.  

(G) Representative whole mount immunofluorescence in vhc and ABT263 treated organoids 

after 21 days in culture (controls n=5; ABT263 2 µM n=4). White arrowheads point to 

GFP+/NRF2+ or GFP+/TNC+ cells.  

Scale bars, C: 50 µm; D: 20 µm; G (left): 50 µm; (right): 5 µm.  
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Figure S6. Senolytic treatment in mouse GBM-derived organoids decreases NRF2 

signaling 

(A) Heatmap of bulk RNAseq analysis of ABT263 2 µM (n=3) compared with vehicle (vhc, n=3) 

treated organoids, each triplicate represents 3 pooled organoids.  

(B) GSEA ridge plots of the most significant representative Hallmark gene lists in ABT263 

treated organoids compared with vhc.  

(C) Volcano plots of the DE genes (FDR<0.05; logFC>0.5) between ABT263 treated compared 

with vhc organoids.  

(D) Bar plot representing the estimation of the abundance of immune cell types using 

CIBERSORT (reference data set GSE124829) in vhc and ABT263 treated organoids.  

(E) Timeline of the organoid culture protocol.  

(F) Relative transcript levels shown as ratios of normalized values of ABT263 over vhc treated 

organoids. Data represent technical duplicates of three pooled organoids in each condition. 
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Figure 7. Mouse senescent signature is conserved in patient GBM and its high score is 

predictive of a worse survival 

(A) Timeline of the mouse GBM generation for scRNAseq at the early timepoint.  

(B) Volcano plot of DE genes (-0.5<log2FC>0.5; FDR<0.05) between p16Ink4a Hi cells (gene 

expression ≥ 4) of NP and astrocyte clusters compared with the remaining malignant cells in 

WT+GBMs.  

(C) Heatmap of the 31 senescence signature genes in WT+GCV GBMs.  

(D) UMAP plots of senescent score signature expression in WT+GCV and p16-3MR+GCV 

GBMs.  

(E) 2-D representation of cellular states in WT+GCV GBM cells with a high senescent score 

(score ≥ 2).  

(F) Violin plots of the senescent score expression in wild-type CDKN2A/CDK4 patient GBMs. 

The top and bottom dot lines correspond to the highest and lowest deciles respectively.  

Patient GBMs data were extracted from Neftel et al., 2019. 

(G) 2-D representation of cellular states in all malignant cells (left panel) and in malignant cells 

with a high senescent score (first decile, right panel) in wild-type CDKN2A/CDK4 patient GBMs 

(Neftel et al., 2019).  

(H) Kaplan-Meier survival curve of TGCA GBMs with high and low senescent score. The high 

and low cohorts are based on the highest and lowest quartiles.  

(I) Representative SA-β-gal staining coupled with IHC staining on patient GBM cryosections. 

3 patient GBMs were analyzed per antibody. H: hematoxylin. Scale bar :10 µm. 

(J) Kaplan-Meier survival curves of TGCA GBMs with high and low Nrf2 targets score.  

The high and low cohorts are based on the highest and lowest quartiles. 

Statistical significance for the Kaplan-Meier survival curves was determined by Mantel-Cox 

log-rank test (*, p<0.05; ***, p<0.001).  
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Figure S7. Mouse senescent signature is conserved in patient GBM and its high score 

is predictive of a worse survival 

(A) GSEA ridge plot of the most significant representative Hallmark gene lists between p16Ink4a 

Hi cells (gene expression ≥4) of NP and astrocytes clusters compared with the remaining 

malignant cells in WT+GCV GBMs.  

(B) Violin plots of the senescent score expression in CDKN2A/CDK4 mutated patient GBMs. 

The top and bottom dot lines correspond to the highest and lowest deciles respectively. Adult 

patient GBMs data were extracted from (Neftel et al., 2019). 

(C) 2-D representation of cellular states in total cells (left panel) and in cells with a high 

senescent score (first decile, right panel).  

(D). Kaplan-Meier survival curves of TGCA GBMs with high and low score of NRF2 and its 

identified targets. The high and low cohorts are based on highest and lowest quartiles. 

Statistical significance was determined by Mantel-Cox log-rank test (*, p<0.05; **, p<0.01; ***, 

p<0.001). 

(E) Representative SA-β-gal staining coupled with IHC staining on patient GBM cryosections. 

H: hematoxylin. Scale bar, 40 µm.  
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STAR★METHODS 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit monoclonal anti-Ki67 Vector Laboratories Cat# VP-RM04; 
RRID: AB_2336545 

Rabbit monoclonal anti-p16INK4A (clone EPR1473) Abcam Cat# ab108349; 
RRID: AB_10858268 

Mouse monoclonal anti-Lamin B1(clone B-10) Santa Cruz 
Biotechnology 

Cat# sc-374015; 
RRID: AB_10947408 

Mouse monoclonal anti-GFAP (Clone G-A-5) Sigma-Aldrich Cat# G3893; RRID: 
AB_477010 

Rabbit monoclonal anti-OLIG2 Millipore Cat# AB9610; RRID: 
AB_570666 

Rabbit monoclonal anti-IBA1 Wako Cat# 019-19741; 
RRID: AB_839504 

Chicken monoclonal anti-GFP Aves Labs Cat# GFP-1020; 
RRID: AB_10000240 

Rat polyclonal anti-p19 (clone 340C/B3) CNIO N/A 

Rabbit monoclonal anti-NRF2 Thermo Fisher 
Scientific 

Cat# PA5-27882; 
RRID: AB_2545358 

Mouse monoclonal anti-TNC (clone 4C8MS) Novus Cat# NB110-68136; 
RRID: AB_1110904 

Rabbit polyclonal anti-CX43 Cell Signaling 
Technology 

Cat# 3512; RRID: 
AB_2294590 

Goat polyclonal anti-uPAR R and D Systems Cat# AF534; RRID: 
AB_2165351 

Biotinylated Goat Anti-Mouse IgG Antibody Vector Laboratories Cat# BP-9200; 
RRID: AB_2827937 

Goat anti-Mouse IgG1 Cross-Adsorbed Secondary 
Antibody, Biotin-XX 

Thermo Fisher 
Scientific 

Cat# A10519; RRID: 
AB_2534028 

Biotinylated Goat Anti-Rat IgG Antibody Vector Laboratories Cat# BA-4001; 
RRID: AB_10015300 

Biotinylated Goat Anti-Rabbit IgG Antibody Vector Laboratories Cat# PI-1000; 
RRID:AB_2336198 

Biotinylated Goat Anti-Chicken IgG Antibody Vector Laboratories Cat# BA-9010; 
RRID:AB_2336114 

Biological samples 

Patient resected glioma tissues OncoNeuroTek N/A 

Chemicals, peptides, and recombinant proteins 

Tamoxifen Sigma-Aldrich Cat# T5648-1Gi 

Corn oil  Sigma-Aldrich Cat# C8267 

Ganciclovir Selleck Chemicals Cat# S1878 

Navitoclax (ABT-263) Selleck Chemicals Cat# S1001 

DMSO Sigma-Aldrich Cat# D8418-50ML 

Poly(ethylene glycol) BioUltra400 (PEG400) Sigma-Aldrich Cat# 91893-250ML-
F 

Phosal 50 PG Lipoid Cat# 368315 

Xenolight D-Luciferin Perkin Elmer Cat# 122799 

X-Gal  Sigma-Aldrich Cat# 15520-018  

Buprenorphin (Buprenovet) Bayer Health Care Cat# 794-996 

Lidocain (Laocain) Centravet Cat# QN01BB02 

Mini-PROTEAN TGX Protein Gels Bio Rad Cat# 4568096 
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Nitrocellulose membrane  Thermo Fisher 
Scientific  

Cat# 88018 

Super Block Blocking buffer  Thermo Fisher 
Scientific  

Cat# 37535 

Neurobasal medium  Life Technologies Cat# 12348-017 

DNAse  Worthington  Cat# LS002139 

Ovomucoid  Worthington  Cat# LS003085 

L-Cystein  Sigma  Cat# C78805 

Glutamax  Life Technologies Cat# 35050-061 

Human EGF  Peprotech Cat# 100-18B 

Human FGF-basic  Peprotech Cat# AF-100-15 

B27  Life Technologies Cat# 17504-044 

GelTrex  Thermo Fisher 
Scientific  

Cat# A14132-02 

Rapidclear@1.49 SunJinLab Cat# RC149001 

LightCycler 480 SYBR Green I Master Mix Roche Cat# 4707516001 

Critical commercial assays 

VECTASTAIN Elite ABC HRP Kit Vector Laboratories Cat# PK-6100-NB 

Pierce BCA protein assay kit Thermo Fisher 
Scientific 

Cat# 23225 

Debris removal Miltenyi Cat# 130-109-398 

Red blood lysis buffer Roche Cat# 11 814 389 001 

TRI-reagent  Molecular Center 
Research 

Cat# TR 118 

Macherey-Nagel Mini kit Nucleospin  Macherey-Nagel Cat# 740955.50 

Maxima 1str cDNA Synth Kit LifeTechnologies Cat# K1642 

NextSeq 500/550 High Output Kit v2 (150 cycles) Illumina Cat# 20024907 

High Sensitivity RNA ScreenTape  Agilent Technologies Cat# 5067-5579 

High Sensitivity D5000 ScreenTape  Agilent Technologies Cat# 5067-5592 

High Sensitivity D1000 ScreenTape Agilent Technologies Cat# 5067-5584 

KAPA mRNA HyperPrep Kit  Roche Cat# 8098123702 

SureCell™ WTA 3′ Library Prep Kit for the ddSEQ 
System  

Illumina Cat# 20014280 

Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 10X Genomics Cat# 20012850 

Chromium Next GEM Chip G Single Cell Kit, 48 rxns 10X Genomics Cat# PN-1000120 

Deposited data 

Bulk and single cell RNA sequencing data of murine 
GBM and its derived organoids 

This paper GEO: GSE168014 

Smartseq2 dataset of patient GBMs Neftel et al., 2019 GEO: GSE131928 

ImmGen immune cell genes signature Newman et al., 2015 GEO: GSE124829 

Experimental models: organisms/strains 

Mouse: Ptenfl/fl/FVB Marino et al., 2002 N/A 

Mouse: GlastcreERT2/+/129/SVJ x C57BL/6 Mori et al., 2006 N/A 

Mouse: p16-3MR/C57BL/6 Demaria et al., 2014 N/A 

Oligonucleotides 

Primers for RT-qPCR This paper Table S4 

Recombinant DNA 

pTomo HRasV12-shp53-(IRES)-GFP Friedmann-Morvinski 
et al. 2012 

N/A 

pTomo HRasV12-shp53-(IRES)-GFP-(2a)-Firefly-
luciferase 

This paper N/A 

Software and algorithms 
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Fiji Schindelin et al., 2012 RRID:SCR_002285 

CIBERSORT Newman et al., 2015 RRID:SCR_016955 

Enrichr Chen et al., 2013 
Kuleshov et al., 2016 

RRID:SCR_001575 

GSEA 2.2.3 Subramanian et al., 
2005 

RRID:SCR_003199 

cBioPortal https://github.com/cBio
Portal/cbioportal/ 
https://github.com/cBio
Portal/cbioportal/blob/
master/docs/README
.md 

RRID:SCR_014555 

Graphpad Prism 8.0.2 Graphpad software RRID:SCR_002798 

Imaris Software Bitplane RRID:SCR_007370 

Other 

Molecular Signatures Database (MSigDB) Liberzon et al. 2011 http://www.broadinsti
tute.org/msigdb 

Seurat (v3.2.3) https://github.com/satij
alab/seurat 

RRID:SCR_007322 

Seurat (v2)  https://github.com/satij
alab/seurat 

RRID:SCR_007322 

Seurat bioconductor package v3.2.3 Gentleman et al., 2004 RRID:SCR_006442 

Cell Ranger Single-cell Software suite (3.0.2) https://support.10xgen
omics.com/single-cell-
gene-
expression/software/pi
pelines/latest/what-is-
cell-ranger 

RRID:SCR_017344 

R v3.6 https://www.r-
project.org/ 

RRID:SCR_001905 

rsem 1.2.28 https://github.com/dew
eylab/RSEM 

N/A 

clusterProfiler (v3.14.3)  https://github.com/Gua
ngchuangYu/clusterPr
ofiler 

RRID:SCR_016884 

CellPhoneDB v2.1.4 https://github.com/Teic
hlab/cellphonedb 

RRID:SCR_017054 

inferCNV package (v. 1.6.0) https://github.com/bro
adinstitute/inferCNV/ 

N/A 

Cutadapt 1.18 https://bio.tools/cutada
pt 

RRID:SCR_011841 

Drop-seq tool (v 2.0.0). https://github.com/bro
adinstitute/Drop-seq 

RRID:SCR_018142 

scalop (v1.1.0) https://github.com/jlaff
y/scalop 

N/A 

Galaxy Version 0.9.1 Saurty et al., 2019 N/A 

 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents may be directed to and will be 

fulfilled by Isabelle Le Roux (isabelle.leroux@icm-institute.org). 

 

 

 

https://toolshed.g2.bx.psu.edu/repository?repository_id=60200bea21d1cda4&changeset_revision=3351ca630a01
mailto:isabelle.leroux@icm-institute.org
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Patient samples 

Fresh patient GBM samples were selected from the Pitié-Salpêtrière tumor bank 

Onconeurotek. They were reviewed by our senior pathologist (F.B.) to validate the histological 

features and confirm patients’ diagnosis. Collection of tumor samples and clinical-pathological 

information were obtained upon patients’ informed consent and ethical board approval, as 

stated by the Declaration of Helsinki. 

 

Mouse and breeding 

All animal care and treatment protocols complied with European legislation (no. 2010/63/UE) 

and national (French Ministry of Agriculture) guidelines for the use and ethical treatment of 

laboratory animals. All experiments on animals were approved by the local ethics committee 

(approval APAFIS 9131). To generate the GBM mouse model, we crossed GlastcreERT2/+ mice 

(Mori et al., 2006) with the Ptenfl/fl mice (Marino et al., 2002). GlastcreERT2/+; Ptenfl/fl males were 

bred with either Ptenfl/fl or Ptenfl/fl; p16-3MR/+ females (Demaria et al., 2014) to generate 

GlastcreERT2/+; Ptenfl/fl and GlastcreERT2/+; Ptenfl/fl; p16-3MR/+ mice, named WT and p16-3MR mice 

respectively. All animals used in the study were 6-8 week old females except for the mice used 

for scRNAseq at the early timepoint that were 14-week old females.  

 

Plasmid construction 

HRasV12-shp53-(IRES)-GFP-(2a)-Firefly-luciferase vector was generated from the  

HRasV12-shp53-(IRES)-GFP (Friedmann-Morvinski et al., 2012) construct using the Gibson 

Assembly technique (Gibson et al., 2009). The terminal IRES-GFP region of the initial vector 

and a P2A-luciferase2 sequence were both flanked with a shared sequence overlap and 

amplified by PCR. They were then inserted into SalI and PmlI sites of the initial vector. 

 

METHOD DETAILS 

Stereotaxic injection 

We stereotaxically performed lentiviral intracranial injection of mice to induce de novo 

tumorigenesis. The mice were anesthetized with isoflurane (2-3%, 1 L/min oxygen), and 

subcutaneously injected in the head with lidocaine (60 µL, 2.133 mg/mL). Analgesia was 

injected intraperitoneally (i.p.) presurgery and up to 24h after surgery (buprenorphine, 100 µL, 

15 μg/mL). The HRasV12-shp53-(IRES)-GFP (lv) or the HRasV12-shp53-(IRES)-GFP-(2a)-

Firefly-luciferase lentivirus (lv-luc, 1 µL, 6 x 108 PFU/mL) was injected in the right subventricular 

zone (SVZ) of the brain (x=1mm, y=1mm, z=-2.3mm from the bregma). We used a Hamilton 

30G needle with a silica fiber tip (MTI-FS) and an automatic injector (Harvard Apparatus).  

After injection, the skin wound was closed with surgical glue (SurgiBond®) and animals were 
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placed under an infra-red lamp until they recover a vigil state. From the next day, mice were 

injected i.p. with tamoxifen (TMX, 20 mg/mL in corn oil, Sigma #T5648-1Gi and Sigma #C8267) 

once per day for five consecutive days to induce the recombination of the Pten locus and of 

the loxP-RFP-loxP cassette of the lentivirus allowing the expression of HRasV12.  

 

Bioluminescence imaging 

We monitored tumor growth by in vivo bioluminescence twice a week from 14 days post 

intracranial injection. The mice were i.p. injected with Xenolight D-Luciferin (100 µL, 30 mg/mL, 

Perkin Elmer #122799), anesthetized with isoflurane and their head and back were shaved. 

Bioluminescence was recorded with an IVIS Spectrum In Vivo Imaging System (Perkin Elmer) 

and ratio were measured by normalizing the head signal on the back signal. 

 

Mouse treatments 

Mice were treated with vehicle (PBS, DMSO 20%, Sigma #D8418-50ML) or GCV  

(25 mg/kg/day, Selleckchem, #S1878) prepared in PBS, 20% DMSO at 21 days post injection 

(DPI). During the course of the study, we implemented bioluminescence-monitored GBM 

growth for the two paradigms p16-3MR+vhc vs p16-3MR+GCV and the WT+vhc vs 

WT+ABT263 (see below). The mice were treated when head to back bioluminescence ratio 

was superior or equal to 2 (around 24 DPI; n=43). GCV was administered via daily  

i.p. injections for 5 consecutive days per cycle, for two cycles with a 2-week interval between 

the two cycles. ABT263 (Selleckchem, #S1001) was prepared as previously described (Chang 

et al., 2016) and was administered to mice by gavage at 50 mg/kg/day for 5 days. 

 

Kaplan-Meier mice survival studies 

Kaplan-Meier survival analysis was done using Prism 8 (Graphpad software). In accordance 

with EU guidelines, mice were sacrificed when reaching end points (20% body weight 

decrease, deterioration of general condition). Mice were injected by batch. One batch always 

included control and experimental mice injected the same day. When control mice survival 

extended more than 50-52 DPI, the entire batch was removed from the analysis to exclude 

technical bias linked to intracranial injection. 

 

Mice brain collection 

When reaching end points, mice were sedated with CO2 inhalation followed by an intracardiac 

perfusion with cold HBSS 1X. After harvesting the brain, GFP+ tumor was cut into two parts, 

under MZFL II stereomicroscope (Leica). Anterior part of the GFP+ tumor and the GFP- 

parenchyma were chopped and stored in TRI-reagent (Molecular Center Research, #TR 118) 
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at -80°C for RNA isolation. Posterior part was snap-frozen in dry ice cooled-isopentane for 

histological studies. Brains were cryosectioned at 12-µm thickness (Leica cryostat).  

 

SA-β-gal and immunohistochemical stainings 

For SA-β-gal staining, brain or GBM sections were fixed in 2% PFA, 0.02% glutaraldehyde 

(Sigma, #340855) 10 min at RT, washed twice in PBS pH 7.0 and once in PBS pH 5.5 for 30 

min. Slides were incubated in the X-gal solution as previously described (Le Roux et al., 2015) 

for 5h30 at 37°C for mouse sections and overnight (O/N) for patient GBM sections. Slides were 

then washed in PBS and post-fixed in 4% PFA 10 min at RT.  

For Immunohistochemical staining, brain or GBM sections were fixed in 4% PFA 10 min and 

washed in PBS. Endogenous peroxidases were inactivated in 1% H2O2 (in H2O) solution for  

5 min and sections were incubated in the blocking solution (PBS 1X, 10% NGS, 3% BSA and 

0.25% to 0.5% Triton) for 30 min. Sections were then incubated with the primary antibody 

(Supplementary Table S4) in the blocking solution for either 2h at RT or O/N at 4°C.  

Slides were rinsed and incubated with biotinylated secondary antibodies for 45 min at RT.  

An amplification step was performed using VECTASTAIN Elite ABC HRP Kit (Vector 

Laboratories, #PK-6100-NB) for 30 min at RT and staining was revealed by a DAB reaction. 

Images were acquired using an Axio Scan.Z1 (Zeiss) and extracted using the ZEN 2.0 blue 

edition (Zeiss) software. 

 

Surface area quantification  

Quantifications were performed using Fiji software (Schindelin et al., 2012). Region of interest 

(ROI) corresponding to the tumor, was selected using the ellipse tool. IHC images were then 

color deconvoluted according to the “Giemsa” or “H DAB” vector to assess a threshold of the 

SA-β-gal or DAB signal respectively. The signal threshold was adjusted in order to remove the 

unspecific background signal without clearing the specific one. Number of pixels was 

measured and the values were normalized on the GFP+ tumor surface area. Four slides with 

three sections on each (n=12) for SA-β-gal quantification and three slides with three sections 

on each (n=9) for IHC quantification were analyzed per sample. 

 

Western-Blotting  

Total proteins were extracted from tumor samples following TRI-reagent protocol (Molecular 

Center Research, #TR 118). Protein pellets were solubilized in 1% SDS, 10M urea and stored 

at -80°C. Protein concentration was assayed using the Pierce BCA protein assay kit 

(ThermoFisher, #23225). Proteins were separated on 4-20% stain-free polyacrylamide gels 

(Mini-PROTEAN TGX Protein Gels, Bio Rad, #4568096) and transferred on a nitrocellulose 

membrane 0.45 µm (ThermoFisher, #88018). Membranes were probed with primary antibodies 
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(Table S4) diluted in Super Block Blocking buffer in TBS (ThermoFisher, #37535) and 

incubated O/N at 4°C under gentle agitation. The secondary antibodies were incubated 1h  

at RT. Fluorescence was detected using the Odyssey CLx (Li-cor), specific bands were 

quantified using Fiji software (Schindelin et al., 2012) and normalized against the 

corresponding β-TUBULIN band.  

 

RNA extraction and RT-qPCR 

Total RNAs were extracted from tumor and parenchyma samples following the TRI-reagent 

protocol (Molecular Center Research, #TR 118), and total RNAs from organoids were 

extracted following the Macherey-Nagel Mini kit Nucleospin protocol (Macherey-Nagel, 

#740955.50). 

cDNAs were generated using the Maxima 1str cDNA Synth Kit (LifeTechnologies, K1642). 

Quantitative PCR was performed using LightCycler 480 SYBR Green I Master Mix (Roche, 

#4707516001) on a LightCycler® 480 Instrument II (Roche). Samples were run in duplicate or 

triplicate, transcript levels were normalized to TBP and GAPDH and analysis was performed 

using the 2-ΔΔCT method (Livak and Schmittgen, 2001). Primers used in this study are listed in 

Table S4. 

 

Tumor dissociation for scRNAseq and organoids 

After brain harvest, GFP+ tumors were dissected under a Leica MZFL II stereomicroscope. 

Tumor pieces were chopped and incubated 5 min at 37°C in a HBSS-papain based lysis buffer 

(Worthington PAP) containing DNAse (0.01%, Worthington #LS002139) and L-Cystein (124 

µg/mL, Sigma #C78805). Papain digestion was inhibited by ovomucoid (70 µg/mL, 

Worthington #LS003085). Tissue was further dissociated mechanically and centrifuged 300 g, 

10 min at 4°C. Cells were resuspended in cold HBSS, a debris removal step was performed 

(Miltenyi #130-109-398) and blood cells were removed using a blood lysis buffer (Roche 11814 

389001). Cells were processed as described in (Hubert et al., 2016) to generate organoids.  

For scRNAseq, cells were resuspended in cold HBSS and incubated with the eBiosciences 

Fixable Viability Dye Fluor 450 (Invitrogen #65-0863), to label dead cells, and washed. Cells 

were then sorted using the MoFlo Astrios cell sorter (Beckman Coulter) or the S3e cell sorter 

(Biorad). Live cells were collected in HBSS 0,1% BSA precoated tubes, centrifuged and 

resuspended in HBSS-0,1% BSA at a concentration of 1200 cells/µL. GFP + and GFP- cells 

were collected separately for the scRNAseq ddSeq experiment. 

 

Organoids whole mount immunofluorescence 

All steps of the procedure were performed at 4°C under gentle agitation and all the washes 

were done in a PBS-0,5% Tween20 solution (PTW). Organoids were collected in 2 mL 
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Eppendorf tubes, fixed O/N in a 4% PFA solution. The next day, they were extensively washed 

and incubated O/N in a saturation/permeabilization solution (PBS; 10% fetal calf serum (FCS); 

3% BSA; 2% Triton). The organoids were incubated with the primary antibody (Table S4) in  

a PBS solution containing 10% FCS; 3% BSA; 1% Triton, 0.05% NaN3 between 10-21 days 

and then extensively washed for 3 days. Incubation of the secondary antibody was done in the 

same solution as for the primary antibody, between 3-7 days and then extensively washed for 

3 days. They were transferred into a cavity slide containing Rapidclear® 1.49 (SunJinLab) and 

sealed with a coverslip surrounded by nail varnish, the clarification took about 12h to occur. 

Images were acquired after 7 days in culture with a Leica SP8 DIVE microscope and after  

21 days in culture with the Nikon confocal A1 R HD25 microscope. The 3D reconstructions 

were performed using Imaris software or Nikon NIS-Elements imaging Software.   

 

Bulk RNA-seq and analysis  

The quantity and quality of the total RNAs extracted were assessed by the Tapestation 2200 

(Agilent), and sequenced with the Illumina NextSeq 500 Sequencing system using NextSeq 

500/550 High Output Kit v2 (150 cycles, # 20024907), 400 million of reads, 50Gbases. 

Quality of raw data was evaluated with FastQC. Poor quality sequences were trimmed or 

removed with Fastp software to retain only good quality paired reads. Star v2.5.3a was used 

to align reads on mm10 reference genome using default parameters except for the maximum 

number of multiple alignments allowed for a read which was set to 1. Quantification of gene 

and isoform abundances were done with rsem 1.2.28 on RefSeq catalogue, prior to 

normalisation with edgeR bioconductor package. Finally, differential analysis was conducted 

with the glm framework likelihood ratio test from edgeR. For malignant samples, a batch effect 

was detected in PCA representation. To correct it, we performed the analysis by using an 

additive model which includes this batch variable. Multiple hypothesis adjusted p-values were 

calculated with the Benjamini-Hochberg procedure to control FDR.  

Functional enrichment analysis was performed with clusterProfiler (v3.14.3) bioconductor 

package on the differentially deregulated genes with over-representation analysis (enricher 

function) and on all the genes with Gene Set Enrichment analysis (GSEA function; 

(Subramanian et al., 2005)). Hallmark, Transcription factor targets (TFT) and Canonical 

pathways (CP) gene sets from MSigDB collections have been used, completed with some 

custom gene sets (Table S1).  

CIBERSORT (Newman et al., 2015) was used to accurately quantify the relative abundances 

of 6 distinct immune cell types according to the ImmGen immune cell genes signature 

(reference GSE124829). 
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Single-cell RNA-seq and analysis – 10X data 

Cells suspension of four dissociated GBMs (2 WT+GCV and 2 p16-3MR+GCV) were loaded 

with the Chromium Next GEM Chip G Single Cell Kit (10X Genomics, #PN-1000120) and  

a library was generated using Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1  

(10X Genomics, #20012850). The library was sequenced on an Illumina NovaSeq 6000 

instrument using a 100 cycle S2 flow cell in XP mode, with the following parameters: 2050 

million reads depth, 200 Gbases per run and 50 000 reads per cell. 

The Cell Ranger Single-cell Software suite (3.0.2) was used to process the data. First, a 

custom reference genome was created with the mkref function to include 3’LTR and 3MR 

sequences into the mm10 reference genome. Count function was used on each  

GEM well that was demultiplexed by mkfastq to generate gene-cell matrices. Then, 

filtered_feature_bc_matrix output was loaded into Seurat bioconductor package v3.2.3 to filter 

the datasets and identify cell types using R v3.6. Genes expressed in at least 5 cells and cells 

with at least 200 features were retained for further analysis. To remove likely dead or multiplet 

cells from downstream analyses, cells were discarded when they had less than 500 UMIs 

(Unique Molecular Identifiers), greater than 60 000 UMIs, or expressed over 8 % mitochondrial 

genes.  

All samples were merged together for downstream analysis. As no batch effects were observed 

among the four samples, no integration step was performed. Gene expression matrix was 

normalized using the negative binomial regression method implemented in the Seurat 

SCTransform function, via selection of the top 3000 variable genes and regressed out the 

mitochondrion expression percentage. The final dataset was composed of 20 293 genes and 

26 237 cells. 

To cluster cells, we computed a Principal Components Analysis (PCA) on scaled variable 

genes, as determined above, using Seurat’s RunPCA function, and visualized it by computing 

a Uniform Manifold Approximation and Projection (UMAP) using Seurat’s RunUMAP function 

on the top 30 PCs. We also computed the k-nearest neighbor graph on the top 30 PCs, using 

Seurat’s FindNeighbors function with default parameters, and in turn used Seurat’s 

FindClusters function with varying resolution values. We chose a final value of 0.5 for the 

resolution parameter at this stage of clustering. Clusters were assigned preliminary identities 

based on expression of combinations of known marker genes for major cell types.  

TME clusters were identified with the expression of Ptprc (Cd45) gene marker. In order to 

better identify other cell types, TME cells were removed and a second clustering with a 

resolution 0.6 was applied. 

The FindMarkers function with the default parameters (min.LogFC = 0.25, min.pct = 0.25, 

test.use = Wilcox) was used to identify differentially expressed genes in different conditions : 

(i) p16-3MR+GCV vs WT+GCV in each cluster; (ii) cells from astrocyte and NP clusters with 
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Cdkn2a expression ≥ 4 (307 cells) vs all the other cells (10 280 cells) in WT+GCV GBMs. 

Functional enrichment analysis were done with clusterProfiler (v3.14.3) bioconductor package 

on the differentially deregulated genes with over-representation analysis (enricher function) 

and with Gene Set Enrichment analysis (GSEA function, (Subramanian et al., 2005)) on all the 

genes. We searched for ligand/receptor interactions between cluster 0 et Cd45 positive 

clusters at 0.5 resolution in our single cell data, using CellPhoneDB v2.1.4. Copy number 

variations (CNVs) were inferred with inferCNV package (v. 1.6.0) with the following 

parameters: “denoise” and a value of 0.1 for “cutoff”. 

 

Single-cell RNA sequencing and analysis – ddSeq data 

Cell suspension of one dissociated GBM was loaded in 4 wells (3 wells with GFP+ cells or 

malignant cells and 1 well with GFP- cells or non-malignant cells) on the ddSEQ Single-Cell 

Isolator (Biorad). A library was generated using SureCell™ Whole Transcriptome Analysis  

3′ Library Prep Kit for the ddSEQ System (Illumina, #20014280) and was sequenced on a 

Nextseq 500 Illumina sequencing system, using a High Output Kit (150 cycles), with the 

following parameters: 400 million reads depth, 50Gbases, and 70 million reads per sample. 

Cutadapt 1.18 was used to trim nextera adapters in 3’ on reads, then a quality control of 

sequences was done with FastQC. Cellular and UMIs barcodes were extracted with the 

ddSeeker (v 0.9.0) tool with default parameters. The following steps were done with Drop-seq 

tool (v 2.0.0). Trimming of 5’ adapter sequences and of polyA tails was performed. Unaligned 

BAM were transformed to fastq with Picard tool, prior to alignment with STAR on  

mm10 reference genome. Ddseeker bam outputs previously tagged with molecular/cell 

barcode were merged with aligned BAM files, according to Drop-seq tool cookbook. Finally, 

TagReadWithGeneExonFunction was used to annotate each read with the gene it belongs to, 

and DigitalExpression was used to count gene transcripts in each cell. The output DGE matrix 

file is a matrix with a row for each gene, a column for each cell, containing the number of 

transcripts observed. This output was loaded into the Seurat (v2) R package for further  

analysis keeping only cells where at least 200 features were detected, and genes detected in 

at least 5 cells. The final dataset contains 1740 cells and 15 448 genes. To normalize the data, 

we applied the global-scaling normalization method “LogNormalize” that normalizes the  

feature expression measurements for each cell by the total expression, multiplies this by a 

scale factor (10 000 by default), and log-transforms the result. Then, highly variable genes 

were detected prior to scaling transformation. To cluster cells, we computed a Principal 

Components Analysis (PCA) on scaled variable genes, as determined above, using Seurat’s 

RunPCA function, and visualized it by computing a Uniform Manifold Approximation and 

Projection (UMAP) using Seurat’s RunUMAP function on the top 10 PCs. We used 

FindClusters function with a resolution of 0.6 resulting in 8 clusters. TME and malignant 
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clusters cells were identified according to the expression of the GFP transgene. Then, the 

FindAllMarkers function was used to extract top differentially expressed genes of each cluster, 

and to annotate them. 

 

Signature expression analyses  

We analyzed the senescence signature through our tumoral SCT normalized dataset and the 

Smartseq2 dataset of Neftel et al., 2019 corresponding to patient GBMs. This dataset was 

retrieved via the single cell portal (singlecell.broadinstitute.org) and processed via Seurat 

(v3.2.3). For both murine and patient GBM dataset, we filtered out transcriptomes expressing 

the CD45 (PTPRC) gene and pediatric GBMs (Neftel et al., 2019) and we calculated a 

senescence score resulting from the geometric mean of the expression of the signature genes 

as previously described (Saurty et al., 2019) using the gsc_signature_score tool in Galaxy 

(Galaxy Version 0.9.1) and excluding genes that were not detected in at least 5% of 

transcriptomes. Then two sets of data were treated separately, one corresponding to GBMs 

mutated for CDNK2A and/or CDK4 (Figure S7), the other to non-mutated GBMs (Figure 7). 

For these two datasets, we sliced the signature score distribution into deciles to determine the 

HIGH senescence cells (last decile), the LOW senescence cells (1st decile), and the others 

with an average senescence potential (MEDIUM). 

 

Cellular state attribution 

We determined the cellular states (AC-like, OPC-like, NPC-like, MES-like) using the signature 

lists provided by Neftel et al., 2019 by using the scalop (v1.1.0) sigScores function  

(5, https://github.com/jlaffy/scalop). It computes a score for each signature and the signature 

with the highest score ascertained the cellular state of a transcriptome. 

 

TCGA survival analysis 

Normalized intensities from TCGA microarray data were obtained from cBioPortal 

(cbioportal.org), filtering for GBM TCGA, Firehose Legacy dataset. First, geometric means of 

senescence genes signature and NRF2 targets signature were calculated. Secondly, we 

extracted the High and Low groups of patients for each signature, corresponding to the 25% 

patients with the highest and the lowest signature scores, respectively. Then, the survfit 

function from survival R package (v.2.44-1.1) was used to display Kaplan-Meier survival curve. 

 

Statistical Analysis 

Data are presented as mean with standard error to the mean (SEM) unless otherwise specified. 

Statistical comparisons were performed using Wilcoxon-Mann-Whitney, p-values unless 

https://toolshed.g2.bx.psu.edu/repository?repository_id=60200bea21d1cda4&changeset_revision=3351ca630a01
https://github.com/jlaffy/scalop
https://www.cbioportal.org/
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otherwise specified (*, p<0.05; **, p<0.01; ***, p<0.001). For Kaplan-Meier survival curves, 

statistical significance was determined by Mantel-Cox log-rank test (*, p<0.05). 

 

Data and code availability 

Generated data in this study are available through the Gene Expression Omnibus (GEO: 

GSE168014).  
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Discussion and perspectives 

Our data reveal the pro-tumorigenic action of malignant senescent cells in mouse and patient 

GBMs. We performed single-cell and bulk RNA sequencing, at the early and the end time 

points of the tumorigenesis on mouse GBMs in order to define the underlying mechanisms of 

p16Ink4a Hi senescent cells. Their elimination delays tumor growth and remodels both the 

malignant and the immune compartments. Indeed, senescence removal increases the 

malignant oligodendroglial lineage and overall decreases the mesenchymal cell identity of 

glioma cells. In addition, senolysis mitigates the anti-inflammatory and the immunosuppressive 

phenotypes of the GBM microenvironment (Figures 4D, 4E and 4F). On the one hand, 

senescence removal decreases the number of BMDMs and increases the T cell fraction.  

On the other hand, it modifies TAM activity/polarization via a decrease in BMDM anti-

inflammatory genes and in microglia cMyc pathway. The cMyc pathway is expressed in  

M2-TAMs where it controls expression of protumoral genes in human cancer cell lines (Pello 

et al., 2012). Importantly, we established a senescent signature of 31 genes from the 

scRNAseq data at the early timepoint and confirmed its conservation in single-cell 

transcriptomic data of patient GBMs (Neftel et al., 2019).  

The discussion will cover the advantages and limits of our model of study, the potential 

senescence inducers in this model and the pleiotropic functions of senescence during 

gliomagenesis. Importantly, our results open new avenues for improving patient prognosis and 

accordingly for adapting a personalized treatment based on the development of senotherapies.  

 

1. Mouse GBM as a translatable model for a patient GBM 

Developing mouse models of GBM faithfully recapitulating patient gliomagenesis is crucial to 

better understand GBM biological processes and develop preclinical antitumor therapies. It is 

therefore important to identify the strengths and limitations of each model and technique to 

improve the translation of fundamental research outputs into clinical studies. 

One of the most important advantages of the GBM mouse model developed in this project is 

the strong conservation of histological features and senescent mechanisms between mouse 

and patient GBMs, which was rather unexpected. First, the presence of in situ SA--gal+ Ki67- 

p19ARF+ senescent cells in murine GBMs and SA--gal+ Ki67- p16INK4A+ senescent cells in 

patient GBMs encouraged us to use this model to study cellular senescence in GBM (Figures 

1A and 1D). Second, the murine GBM recapitulates patient GBM at a histopathological level 

with palissadic necrosis, immune infiltrates, hypervascularization and invasiveness among 

others (Figure S1B). Noteworthy, these histological features are enriched in GBM-MES which 

validated the combination of genetic alterations (loss of Nf1 (via HRasV12), Pten and p53) in 
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the model (Louis et al., 2016; Verhaak et al., 2010). The mesenchymal subtype and cellular 

state of the mouse tumors, were further validated at bulk and single cell transcriptomics levels. 

Interestingly, upon senescence removal, these GBM characteristics were partially lost at an 

early and late timepoint (Figures S3I and S3J). Third, the senescence signature identified in 

the GBM mouse model was conserved in patient GBMs (Figures 7C and 7F). The senescent 

cells in mouse GBM display a MES-like state and senescent cells in patient GBMs display an 

AC-like and MES-like states, which strengthens the relevance of our model to understand the 

biology of patient GBMs.  

The mouse model also presents secondary mutations in a rather short period of time (around 

32 days post lentivirus injection) upon the introduction of solely three genetic alterations. For 

instance, inferring copy number variations analysis demonstrates the loss of MHC on 

chromosome 17, recapitulating the deletion of HLA locus at the 6p21 chromosomic region in 

patient GBMs, essential for adaptive immune functions (Figure S3E) (Yeung et al., 2013). 

Nevertheless, the quadrant representation of cellular states captures murine GBM cells as less 

heterogenous, (cells are less spread out from the center) than patient GBM cells (Figures 3J, 

3K, 7E and 7G). This analysis suggests that the induction of secondary mutations is not 

sufficient to increase cellular state heterogeneity or that intratumoral heterogeneity requires a 

longer timeline to be established. Yet, bulk RNAseq heatmaps depicts relative intertumoral 

heterogeneity (Figures S2A and S2D) in line with intertumoral heterogeneity of patient GBMs. 

 

2. Mouse GBM as functional model to study cellular senescence 

We chose to use an immunocompetent mouse model of GBM with conserved immune 

compartments for two main reasons: (i) senescent cells can interact and modulate the activity 

of immune cells (Eggert et al., 2016; Iannello et al., 2013; Di Mitri and Alimonti, 2016; Ruhland 

et al., 2016b) and (ii) patient GBM-MES displays a high infiltration of immune cells (Bhat et al., 

2013; Wang et al., 2017). Furthermore, the lentiviral induction of gliomagenesis in neural stem 

cells (Glast expressing cells of the subventricular zone) reproduces more closely the initiation 

steps of gliomagenesis compared with the grafting of glioma cells into syngeneic mouse model 

and develops relatively faster than patient-derived xenograft immunodeficient mouse models 

(Robertson et al., 2019). The tumor growth between lentivirus-injected mice is relatively 

reproducible in time, which makes the model ideal for testing various treatment protocols.  

In the study, I consistently included control and experimental mice in each cohort to limit the 

technical variability due to mouse surgery. In addition, we implemented the Firefly Luciferase 

cassette into the lentiviral construct during the course of the project, for in vivo monitoring of 

tumor progression. This further enables a close control of treatment delivery at a same 

timepoint of the tumor progression for each animal. Indeed, the cohorts with bioluminescence 
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monitoring of tumor progression are more homogeneous and the increased survival upon 

senolytic treatments is statistically more significant (Figures 2D and 2E) than without the 

monitoring of tumor growth (Figure 2B). 

To investigate the senescence functions in vivo in GBM, we introduced the p16-3MR transgene 

into the GBM mouse model (Demaria et al., 2014). GCV treatments enable the efficient 

elimination of p16Ink4a Hi senescent cells within p16-3MR GBMs. The p16Ink4a Hi senescent cells 

account for less than 10% of the whole tumor cells (Figures 2G and 3I) and corresponds to the 

SA--gal area quantified in the tumor (Figure 2G). Yet their removal strikingly remodels the 

tumor ecosystem. It decreases the mesenchymal subtype and cellular state at an early and 

late timepoint (Figures S3I and S3J). Furthermore, it increases the oligodendroglial lineage, 

and induces a shift of the cellular state of pri-OPC (the GBM transient amplifying cells) from 

MES-like to AC-like state (Figures 3I, 3J, 3K and 3L). These results suggest that senescence 

removal remodels GBM cellular states and induces, directly or indirectly, a more differentiated 

and overall less aggressive GBM phenotype.  

Multiple studies use two ways to eliminate senescent cells to confirm their function in the 

phenotype of interest (Bussian et al., 2018; Chang et al., 2016b; Farr et al., 2017). Remarkably, 

senolytic ABT263 treatment seems to affect mouse GBM-derived organoids via the same 

mechanisms of senescence identified in the p16-3MR paradigm, and further validates the role 

of NRF2 pathway in p16Ink4a Hi malignant cells. In vivo analysis of the ABT263 paradigm remains 

to be done to verify whether the p16-independent senescent cell removal will target the same 

or a broader pool of senescent malignant cells, or may also affects the senescent TAM 

identified in mouse and patient GBMs (SA--gal+ IBA1+, Figures 1A and 1D). The subsequent 

changes triggered in GBM upon ABT263 will also be analyzed. 

 

3. Technical approaches to decipher the functions of senescence  

The use of single cell transcriptomics in GBM upon senescence removal allowed us to take a 

significant step forward in the identification of p16Ink4a Hi senescent cells. In addition, it provided 

insights into the functions of p16Ink4a Hi senescent cells on the GBM biology at multiple levels, 

including their cellular identity and state, their interactions with distinct malignant and immune 

clusters, and the identification of NRF2, a pro-tumorigenic regulatory gene in senescent cells.  

However, one limitation of the scRNAseq method is the underrepresentation or lack of cell 

types described in the GBM microenvironment such as neurons, dendritic cells, endothelial 

cells or immune subpopulations. Beforehand, the scRNAseq technique requires a single cell 

suspension for the droplet-based cell encapsulation. Thus, we optimized the obtention a single 



Discussion and perspectives 

134 

cell suspension from murine GBM by papain enzymatic digestion, which can potentially deplete 

fragile cell types (e.g., neurons, endothelial cells). As an example, deconvoluted CIBERSORT 

analysis from bulk RNAseq data suggests the presence of dendritic cells (Figure S4D), which 

are antigen-presenting cells playing important role in T cell stimulation, but these cells were 

absent from scRNAseq clusters (Figures 3C and 3F). To overcome this issue and increase the 

cell number of specific populations such as CD45+ (myeloid compartment) or CD3+ (T cells) 

immune cells, FACS enrichment could be performed, in the future, prior to scRNAseq. Of note, 

FACS sorted data of mouse GBMs depict an inherent proportion of 80% of GFP+ malignant 

cells and 20% of GFP- TME cells (data not shown) which was preserved by the droplet-based 

cell encapsulation in scRNAseq (Figure 4D).  

Other methods of transcriptomics or immunolabeling can be used to retrieve the absent cell 

types of GBM. On the one hand, the single-nucleus RNAseq, which consists of single isolated 

nuclei sequencing, replaces the challenging whole cell isolation of certain cell types. On the 

other hand, methods for efficient immunostaining of a cleared whole organ, such as the iDISCO 

method, allow the three-dimensional imaging of specific cell types (Renier et al., 2014). The 

iDISCO method was co-developed by Nicolas Renier with whom we collaborated during the 

course of my PhD. As an example, Tomek Topilko, a PhD student in Renier’s team, labeled 

the whole brain blood of a brain bearing a GBM, using a secondary anti-mouse IgG antibody 

(Alexa 647) to visualize the entire brain vasculature (Figure 18). Interestingly, the observed 

vascular system reproduces the GBM regionalization of a vascularized invasive periphery and 

a necrotic core of patient GBMs (Louis et al., 2016). In the brain parenchyma, blood vessels 

appear compressed, the tumor periphery displaying large irregular vessels while the tumor 

core is poorly vascularized with small venules and arterioles. One question we could not 

address in our study is the role of senescence on angiogenesis during gliomagenesis. The use 

of an upgraded method developed in the Renier’s team to compare GBM vasculature of mice 

treated or not with senolytic treatment could provide insights on the effects of senescent cells 

on vascularization (Kirst et al., 2020). Indeed, SASP factors of therapy-induced senescent cells 

remodel pancreatic cancer vascularization which increases drug delivery (Ruscetti et al., 

2020). Thus, senolytic treatment could potentially reduce drug delivery in GBM but also 

decrease the adverse effects of angiogenesis in tumor progression. This study is of particular 

interest as GSEA performed on the tumor bulk RNAseq at the endpoints of the mice showed 

a decrease of the angiogenesis pathway upon p16Ink4a Hi cells removal (Figures S2B and S2E). 

Although scRNAseq reflects the intratumoral heterogeneity, it does not provide information on 

the cellular and structural regionalization of the tumor. The use of spatial transcriptomics could 

comprehensively characterize the spatial organization of GBM cellular heterogeneity. This 

promising technique opens the possibility to address various questions including the profiling 
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of rare and unique cell type (e.g., T cell subpopulations), the cell location of senescent cells 

within the GBM regions (e.g., hypoxic or infiltrative) as well as the immune cell polarization 

state according to the relative proximity with other cell types (e.g., senescent cells).  

 

 

Novel techniques are being developed, such as the GeoMxTM Digital Spatial Profiler (launched 

in 2019) which combines single-cell antigen and RNA profiling at a spatial resolution. To this 

end, sections of a FFPE or frozen sample are simultaneously stained with imaging and profiling 

reagents. Imaging reagents consist of up to four antibodies coupled with fluorochrome as 

morphological markers, to stain for instance CD45+ myeloid cells, CD3+ T cells, GFP+ 

 
 
Figure 18.  Light sheet acquisitions of a murine brain with GBM immunolabelled for the 
vasculature  
The mouse was collected at the end points.  
A. Sagittal view of the mouse brain.  
B. Projection of the tumor lateral periphery. 
C. Dorsal view of the mouse brain. 
D. Coronal view of the tumor. 
ChP: choroid plexus CBM: cerebellum; ctx: cortex; OB: olfactory bulb; T: tumor; ant: anterior; post: 
posterior; lat: lateral; med: medial. 
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malignant cells, or hypoxic regions and be able to locate several regions of interest (ROI, of 

100 µm) within the tissue. Profiling reagents correspond to a range of thousands of antibodies 

or RNA probes coupled with a DNA indexing oligonucleotide sequence, and cleaved when 

exposed to UV light. Once the ROIs are located, they are sequentially exposed to UV light to 

decouple to oligonucleotides from the profiling reagents. The oligonucleotides indexed to each 

ROI are then aspired and sequenced on an nCounter system.  

One major advantage of this technology is the possible integration of our generated scRNAseq 

analysis to the GeoMxTM data in order to phenotype and locate already identified cell types 

within the tumor. The study of GBM upon senescence removal at a spatial transcriptomics 

level could improve insights into the potential rewiring of the immune infiltration/polarization 

and the differentiation of malignant cells in specific GBM regions. 

 

 

4. Senescence inducers in GBM 

Besides the cellular identity of senescent cells, considering the tissue context and the inducers 

of senescence is important to better understand the impact of cellular senescence during 

tumorigenesis (Faget et al., 2019). In the GBM mouse model, the potential senescence 

inducers are multiple and could include the oncogenic expression of HRasV12, the loss of Pten 

expression and ROS production notably from hypoxic regions (Sieben et al., 2018). Likewise, 

in patient GBMs, loss of Nf1 and Pten and increased ROS could be potential candidates for 

senescence inducers during primary gliomagenesis, as the GBM mouse model recapitulates 

faithfully patient GBM biology. 

Previous studies described that the activation of oncogenic RasV12 induces a widespread and 

p53-dependent SA--gal activity in the mouse GBM, and the loss of Pten in GBM neurospheres 

induces senescence (Banasavadi-Siddegowda et al., 2017; Marumoto et al., 2009). However, 

GBM genomic alterations are complex and rely on more than one mutation. Introducing Pten 

floxed allele along with RasV12 expression and the shp53 not only recapitulates GBM-MES 

alterations but also cumulates potential senescent inducers as it would occur in patient GBMs. 

Interestingly, although p53 is a senescence mediator, reduced p53 expression triggers a more 

developed SASP in cultured human cancer cells (Coppé et al., 2008) and our data cannot 

exclude this possibility. 

One additional senescence inducer we did not address in the present study is aging. 

Senescent cells accumulate during lifetime and is associated with tumorigenesis onset (Baker 

et al., 2011). In addition, the median age of patients with GBM at diagnosis is 62 years old 

which makes GBM, and cancer in general, an age-related disease (Louis et al., 2016). One 

approach to analyze the contribution of aging as an inducer of cellular senescence in GBM 

would be to trigger gliomagenesis in both young (6-to-8 week old) and aged (1.5-to-2 years 
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old) mice, and compare their respective tumor size and survival. Nevertheless, the aged mouse 

model includes several challenges related to the intracranial injection procedure that I 

encountered in my attempts of developing this paradigm, including lower resistance to 

anesthesia and slower recovery from the surgery. 

 

5. NRF2 partly mediates the pro-tumoral senescence in GBM 

NRF2 and hypoxia 

Senescent cells are mostly located in proliferative areas and adjacent to necrotic regions 

(Figure S1C). These regions are subjected to hypoxia and consequently high levels of ROS 

(Guzy et al., 2005). When cells are exposed to high ROS levels, the transcription factor NRF2 

is no longer bound to KEAP1, which under basal condition mediates its proteasomal 

degradation, and thus allows NRF2 to translocate to the nucleus (Harris and DeNicola, 2020). 

NRF2 in turn binds to antioxidant responsive element (ARE) sequence to activate the 

expression of target genes which products control tumor growth, metastasis, treatment 

resistance (Rojo de la Vega et al., 2018). NRF2 can induce cellular senescence in fibroblasts 

in vitro and which is associated with a cancer-associated phenotype in vivo (Hiebert et al., 

2018).  

Importantly, we identify NRF2 as an upstream regulator of SASP factors (Plaur, Tnc, Areg, 

Igfbp3, Tgif1) regulating the pro-tumoral actions of p16Ink4a senescent cells. Further chromatin 

immunoprecipitation sequencing experiments on murine and patient GBMs will validate the 

direct or indirect activation of SASP factors by NRF2. Interestingly, recent studies emphasize 

the diversity of the senescence programs initiated by hypoxia and NRF2 according to the 

context. Van Vliet and colleagues showed that hypoxia reduces SASP expression in 

physiological and chemotherapy-treatment contexts (van Vliet et al., 2021). Along the same 

line, Lee and colleagues demonstrated that in therapy-induced and replicative senescence 

models, the senescence-associated selective autophagy of KEAP1 via p62 promotes the 

activation of the NRF2 pathway contributing to the redox homeostasis and not, in this context, 

to the activation of SASP (Lee et al., 2021).  

Interestingly, hypoxia can inhibit OPC differentiation (Singh et al., 2018), a phenomenon that  

could occur in GBM. Upon senescence removal, p16-3MR GBMs display an increased in the 

number of committed OPC-like cells (COP) and in myelinating oligodendrocytes (mOL) (Figure 

3I). In addition, the removal of senescent cells decreases the hypoxic environment at least at 

the end points of the mice (Figure S2B) and could therefore promote oligodendroglial 

differentiation. Likewise, senescence removal could mimic the use of myelination-promoting 



Discussion and perspectives 

138 

agents (e.g., dibutyril cAMP and Pranlukast) that increases oligodendroglial differentiation and 

reduces tumor growth in a mouse model of GBM (Brooks et al., 2021).  

 

NRF2 in tumor growth  

Our results strongly suggest that NRF2 modulates the pro-tumorigenic function of p16Ink4a Hi 

senescent cells. Several studies have demonstrated the association between NRF2 and GBM 

aggressiveness. Indeed, the p62-mediated degradation of NRF2 promotes in vitro GSC 

survival and is hyperactivated in the MES-GBM subtype (Pölönen et al., 2019). In addition, 

NRF2 uses the Hippo pathway effector TAZ to induce GBM growth and decreases GBM-

bearing mice survival (Escoll et al., 2020). TAZ also regulates the GBM-MES differentiation 

and is a master regulator, along with YAP, of the GSC G-STEM state (Bhat et al., 2011; 

Castellan et al., 2020). Similarly, Nfe2l2 (encoding for NRF2) is expressed in 

glycolytic/plurimetabolic GSCs which correlated with a MES-like state (Garofano et al., 2021). 

The identified NRF2 targets in our study are associated with tumor aggressiveness. The 

expressions of Tnc, Igfbp3 and Plaur are higher in GBM-MES and are associated with a worse 

patient prognosis (Angel et al., 2020; Chen et al., 2020; Verhaak et al., 2010). Gja1, another 

NRF2 target, also promotes GBM growth and reduces GBM-bearing mouse survival (Osswald 

et al., 2015). However, the functions of NRF2 in cancer is complex. As an illustration, in the 

GBM mouse model, Nfe2l2 expression is enriched in: (i) p16Ink4a Hi cells within the malignant 

compartment and (ii) in the immune compartment (in cells with a p16Ink4a gene expression<1, 

Figure 5H). Noteworthy, NRF2, in immune cells, plays beneficial roles during tumorigenesis by 

inhibiting the immunosuppressive functions of MDSCs and T reg cells (Hayashi et al., 2020; 

Hiramoto et al., 2014; Maj et al., 2017).  

One missing aspect of our study to confirm the pro-tumorigenic function of NRF2 in senescent 

malignant cells, is a functional investigation of NRF2 specifically in these cells. We are currently 

doing experiments in that direction. We introduced a micro-RNA (miR) targeting either NRF2 

(miR NRF2) or a no-targeting scrambled oligonucleotide (miR ctl) into the lentiviral construct 

that induces gliomagenesis (Figure 19). Beforehand, we validated the miR NRF2 efficacy in 

mouse glioma cells (GL261) in culture. This strategy should downregulate NRF2 specifically 

in malignant cells. To date, two cohorts of 10 mice each, have been injected with the lentivirus 

containing the miR ctl (lv-miR) or the lv-miR NRF2. We will perform survival, histological and 

transcriptomic studies on the mice and the corresponding GBMs.  

Importantly, our data showed that a high senescence signature score and a high NRF2 targets 

score are correlated with a worse survival of patients with GBM. Nonetheless, patients with 

GBM harboring a low senescent score show a better survival from 6 months onwards while 
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patients with GBMs harboring a low NRF2 targets score show better survival only from one 

year onwards (Figure 7H and 7J). This result suggests that NRF2 may only in part modulate 

the pro-tumoral functions of p16Ink4a Hi senescent malignant cells. 

 

 

 

 
Figure 19. Strategy targeting Nrf2 in GBM malignant cells 
A. Timeline of the mouse GBM generation using either the lv-miR NRF2 or the lv-miR ctl. 
B. Lentiviral construct of the corresponding lv-miR NRF2 and lv-miR ctl. 
lv: lentivirus; miR: micro-RNA; ctl: control. 

 
 

 

6. Senescence and the immune compartment 

Our results suggest that the pro-tumoral functions of senescence in GBM includes tumor 

growth, cellular plasticity but also immunosuppression. The paracrine function of the p16Ink4a Hi 

senescent cells are mediated by their SASP among which several factors could promote an 

immunosuppressive microenvironment (Figure 7C and Table S3). Indeed, Lgals1 contribute to 

M2-macrophages and MDSCs-mediated immunosuppression in a syngeneic mouse GBM 

(Chen et al., 2019). In addition, Plxnd1, Anxa2 and Timp1 are known anti-inflammatory M2 

markers which could also trigger GBM immunosuppression (Darmanis et al., 2017).  

SASP factors are further enriched in ECM components. The ECM acts as a reservoir of 

cytokines and growth factors that can be released upon ECM degradation. ECM remodeling 

can control differentiation, activation, and polarization of immune cells in the TME (Henke et 

al., 2020) and could potentially be endorsed by the components of the SASP (e.g., MMP and 

ADAM metalloproteases). For instance, TNC, an ECM glycoprotein, can bind to the V3 

integrin receptor in various cancer tissues (Yoshida et al., 2015). Our in silico analysis suggests 

that malignant cells expressing Tnc interacts with T cells expressing the V3 integrin. One 

model could be that the decrease of TNC expression following senescence removal partly 

decreases T cell exhaustion as observed at early timepoint in p16-3MR GBMs (Figures 4D 

and 4F).  



Discussion and perspectives 

140 

Altogether, these results suggest that SASP-mediated ECM remodeling could inhibit T cell 

infiltration/activity, fuel the immunosuppression, and thus contributing to the overall 

establishment of the GBM-MES subtype (Doucette et al., 2013; Wang et al., 2017b; Zanotto-

Filho et al., 2017). 

 

7. Developing senotherapy for patients with GBM 

We established a senescence signature based on the scRNAseq analysis of control mouse 

GBMs (Figures 7C and 7D). The conservation of this signature in malignant cells from patient 

GBMs further strengthened its specificity (Figure 7F). Importantly, the high score of the 

senescence signature correlates with a worse patient survival (Figures 7H). Other teams 

identified either single genes or a gene panel signature in GBM which are associated with 

worse patient survival. However  the studies are solely based on TGCA and the Chinese 

Glioma Genome Atlas (CGGA) data without functional validation experiments (Jia et al., 2018; 

Zuo et al., 2019). Similarly, very few studies identified senescence signatures in cancer (Wyld 

et al., 2020). Xiang and colleagues identified a 7-gene senescence signature co-expressed in 

replicative-induced and OIS cells, while Althubiti and colleagues found a 10-gene senescence 

signature in p16- and p21-bladder cancer cell lines. Single gene expression of both signatures 

correlates negatively with hepatocarcinoma and breast cancer patient survival respectively but 

the combined contribution of all genes was not studied (Althubiti et al., 2014; Xiang et al., 

2019). None of these described genes were found in the GBM senescence signature we 

unveiled in the study. 

Additionally, our results suggest that the identified senescent signature can be used as survival 

prognostic method for patients with GBM. Further multivariate analysis should be performed 

to determine the contribution of senescence in survival according to age, gender, or treatment 

of patients. Notably, single nuclei RNAseq opens the possibility to analyze an increasing 

number of patient frozen GBM samples from the tumor bank Onconeurotek accessible on site 

and identify at a single cell level the cells expressing the signature. The direct correlation of 

the senescence signature at a single cell level, with patient survival will better refine the cell 

identity and the senescent mechanisms leading to a worse survival in patients. In addition, the 

identification of the senescent signature should be extended to lower grade gliomas, and also 

to other CNS pathologies and neurodegenerative diseases considering (i) the presence of 

molecules restricted to the CNS (e.g., TNC) and (ii) the known contribution of senescence in 

some of these diseases (Bhat et al., 2012; Bussian et al., 2018; Chinta et al., 2018; Zhang et 

al., 2019).  

A direct application of my PhD work could be the senescence scoring of patient biopsies or 

resected samples in order to improve the design of personalized treatment and determine the 
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most effective combinatorial strategy, including eventually senolytics. To achieve this purpose, 

developing selective senotherapeutic agents of GBMs becomes a priority. Ideally, a 

senotherapeutics should preferably cross the BBB and thus possess several physicochemical 

parameters (e.g. the size of the molecule, its interaction with efflux pumps and transporters) 

(Dréan et al., 2016). Nonetheless, this requirement is not mandatory as the ultrasound-based 

opening of the BBB using technologies such as the SonoCloud® device can bypass the BBB 

restriction and increase treatment penetration (Idbaih et al., 2019).  

Our data strongly suggest that senotherapeutics could be an effective therapeutic strategy 

solely or in combination for patients with GBM to delay tumor growth or recurrence. For 

instance, senotherapy can be envisioned in combination with conventional therapies to reduce 

the side effects of the TIS induced by conventional therapies and to delay GBM recurrence. 

Although immunotherapies have gained much success in various cancers such as melanoma 

and non-small cell lung cancers, they are yet inefficient in GBMs (Jackson et al., 2019). These 

tumors are qualified as “cold” tumors as they display a highly intrinsic and adaptive resistance 

to immunotherapies. The malignant-intrinsic resistance includes acquired genetic alteration 

such as Pten loss which induces PD-L1 expression and contributes to immunoresistance in 

GBM xenograft mice (Parsa et al., 2007). Conversely, adaptive resistance is promoted by cells 

from the TME including immunosuppressive immune cells and the reduced number of immune 

effector cells (Quail and Joyce, 2017). Therefore, GBM largely escapes the 

immunosurveillance mechanisms (Jackson et al., 2019). Here, we reported an increase in T 

cell number which displayed a decreased expression of immune checkpoint receptors (Ctl4a, 

Lag3, Pdcd1), upon senescence removal (Figures 4D and 4F). We propose a model in which 

senotherapy could partly initiate an immunosurveillance response to become “warm” the 

tumor, and provide a rational for combining senotherapeutics with immunotherapies in GBM. 

 

 

As a conclusion, we unveiled the role of cellular senescence during primary gliomagenesis. 

We used an original approach consisting of analyzing a tumor with and without treatment at 

the single cell level to comprehensively understand the underlying mechanism of the drug. The 

massive amount of transcriptomic data generated during this study will open the road for many 

upcoming explorations. In parallel, the conception and the fast expansion of novel leading-

edge technologies, such as spatial transcriptomics and proteomics, will further enrich our 

current knowledge on GBM. Altogether, our work along with many future studies will hopefully 

pave the way for the development of personalized treatment strategies to finally defeat the 

therapy resistance of GBM.  
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Abstract 

Glioblastoma (GBM) is the most common primary brain tumor in adults yet with limited treatment 

efficacy. In cancer, recent studies describe senescent cells removal as a new emerging 

therapeutic strategy. Senescent cells are characterized by a stable cell cycle arrest and by the 

secretion of a plethora of factors referred as the senescence-associated secretory phenotype 

(SASP). The aim of my thesis was to decipher the role of cellular senescence in GBM 

progression. We first identified senescent cells in patient and in a mouse model of GBM. We 

then showed that the removal of senescent cells expressing high levels of p16Ink4a, using the 

p16-3MR transgene, significantly increased the survival of GBM-bearing mice. Single-cell RNA 

sequencing (scRNAseq) analysis revealed that senescent p16Ink4a Hi cells are malignant, they 

represent less than 10% of the tumor cells and their removal modify the tumoral ecosystem. By 

combining scRNAseq and bulk RNAseq with immunohistochemistry, we identified NRF2 

transcription factor as a regulator of the SASP. Moreover, we defined a specific senescence 

signature in the mouse model of GBM. Remarkably, the senescence signature is conserved in 

patient GBMs and its high score is correlated with a lower survival. These results pave the way 

for the use of senotherapy as a companion therapy for patients with GBM. 

Key words: Glioblastoma, Cellular Senescence, NRF2, scRNAseq, Senotherapy 

Résumé  

Le glioblastome (GBM) est une tumeur cérébrale maligne primitive la plus fréquente chez 

l’adulte. L’efficacité des traitements reste très limitée et le taux de survie très faible. Dans le 

domaine du cancer, l'élimination des cellules sénescentes a récemment émergé comme une 

potentielle stratégie thérapeutique. Les cellules sénescentes sont caractérisées par un arrêt 

stable du cycle cellulaire ainsi que par la sécrétion d’une multitude de facteurs regroupés sous 

le terme phénotype sécrétoire associé à la sénescence (SASP). Le but de mon projet de thèse 

a été d’étudier le rôle de ces cellules au cours de la progression tumorale des GBM. Nous les 

avons tout d’abord identifiées dans les GBM de patients et de souris. En utilisant le modèle 

transgénique p16-3MR, nous avons montré que l'élimination des cellules sénescentes 

exprimant des niveaux élevés de p16Ink4a améliore significativement la survie des souris 

porteuses d’un GBM. Des analyses de séquençage d’ARN en cellule unique (scRNAseq) ont 

révélé que les cellules sénescentes p16Ink4a Hi ont une identité maligne, qu’elles représentent 

moins de 10% de la tumeur totale, et qu’elles modifient l’écosystème tumoral. 

En combinant les techniques de séquençage de l’ARNm sur tissu (bulk RNAseq) et sur cellule 

unique (scRNAseq) avec l'immunohistochimie, nous avons identifié le facteur de transcription 

NRF2 comme régulateur du SASP. Enfin, nous avons identifié une signature de la sénescence, 

spécifique dans notre modèle souris et qui est conservée dans les GBM de patients. De manière 

remarquable, l’expression élevée de la signature sénescente est corrélée un mauvais pronostic 

chez les patients. Ces résultats ouvrent la voie à l’utilisation d’une sénothérapie en combinaison 

avec les thérapies conventionnelles pour les patients atteints de GBM. 

Mots-clés : Glioblastome, Sénescence Cellulaire, NRF2, scRNAseq, Sénothérapie 
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