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Glioblastoma is the most common and malignant brain tumor. Standard of care 

for GBM includes resection of the tumor mass, followed by concurrent 

radiotherapy and chemotherapy with the alkylating agent Temozolomide (TMZ) 

However, TMZ is not effective in long-term and patients develop resistance and, 

consequently, recurrence in the disease.  

In order to identify genes that modulate TMZ resistance, we have performed a 

forward genetic screen using the PiggyBac transposon system for an insertional 

mutagenesis screen in human haploid cells (Hap1). We were able to identify and 

validate the mismatch repair (MMR) component MSH6, which is known to be 

related to resistance to TMZ. MSH6 inactivating mutations are found in 20% of 

the patients resulting in chemotherapy failure. We then performed a compound 

screening with 120 drugs either FDA-approved or under clinical trials looking for 

MMR synthetic lethality. After a pilot study, we were not able to validate any 

candidate compound and further experiments will be needed in order to identify 

possible drugs that sensitize the MMR-deficient cells. Drug resistance and the 

ability of the drug to cross the blood brain barrier are the main limitations of 

treating GBM patients. It is also important the development and/or testing of new 

compounds that prolong the survival. We have tested the efficacy of a by-

alkykating agent Val-083, currently in clinical trials. Preliminary data show better 

efficacy as compared to TMZ in GBM cells (even in those cells that are resistant 

to TMZ). Moreover, we observed an additive effect in combination with TMZ both 

in vitro and ex vivo. 

Finally, the identification of the molecular alterations that occur in GBM opens a 

new window for the study of the disease as well as for the validation of novel 

therapies. Consequently, animal models will be needed to recreate these 

alterations that occur in patients. One of the most widely mouse model used for 

the study of gliomas is the RCAS-TVA-based somatic gene transfer system. We 

have developed a new RCAS/Tva-CRISPR/Cas9 mouse model combining the 

advantages (feasible, versatile, resemble human GBM features) of the 

RCAS/Tva system and the genome editing capacity of the CRISPR/Cas9. We 

have been able to recreate, in a time-controlled manner, different genetic 

alterations of tumor suppressor genes (TSGs) that have a known role in 

gliomagenesis. As a result, we have developed a powerful tool that can 

recapitulate molecular features found in GBM patients. 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Resumen 
 
 
 



 

 

El glioblastoma (GBM) es tumor cerebral más común y maligno. Su tratamiento 

incluye cirugía, radio y quimioterapia utilizando un agente alquilante llamado 

Temozolomida (TMZ). Sin embargo, la TMZ muestra una baja eficiencia a largo 

plazo y los pacientes desarrollan resistencia y un relapso de la enfermedad.  

Para poder identificar genes que puedan estar modulando la respuesta a TMZ, 

realizamos un “screening” genético mediante el sistema de transposones 

“PiggyBac” en células haploides humanas. Validamos el gen MSH6, un gen 

relacionado con la ruta de reparación de los errores de apareamiento de bases 

durante la replicación del ADN (genes MMR). Es bien conocido el papel de MSH6 

con la resistencia a TMZ. Se ha visto que los genes MMR se encuentran 

alterados en un 20% de los pacientes con GBM que desarrollaron resistencia a 

TMZ, indicando la importancia de desarrollar terapias alternativas a las actuales. 

Realizamos otro “screening” con 120 compuestos aprobados por la FDA o en 

ensayos clínicos en busca de letalidad sintética con células deficientes de la vía 

MMR. Estudios preliminares mostraron que ningún compuesto candidato era 

más eficaz en estas células y nuevos experimentos serán necesarios para poder 

identificar compuestos que generen letalidad sintética en estás células. 

La resistencia al tratamiento convencional y la capacidad de los compuestos en 

atravesar la barrera hematoencefálica son factores limitantes para los pacientes 

con GBM. Uno de los objetivos actuales es el desarrollo de nuevos compuestos 

que prologuen su supervivencia. Así, hemos testado la eficacia de otro agente 

alquilante, denominado Val-083, observando mayor eficacia que la TMZ en 

células de GBM, y un efecto sinérgico en combinación con TMZ in vivo y ex vivo. 

La identificación de alteraciones moleculares en gliomas abre nueva ventana en 

el estudio de esta enfermedad. Así, modelos animales precisos que recreen las 

alteraciones descritas en pacientes se antojan necesarios. Uno de los modelos 

murinos más usados para el estudio de gliomas es el sistema de transferencia 

génica RCAS/Tva. Desarrollamos un nuevo modelo RCAS/Tva-CRISPR/Cas9 

que combina las ventajas del sistema RCAS/Tva (versátil, recapitulación de las 

características de los GBM humanos) con el sistema de edición génica 

CRISPR/Cas9. Generamos gliomas deficientes en genes supresores de tumores 

que se sabe tienen un papel relevante en el desarrollo de gliomas. De esta forma, 

tenemos una potente herramienta que nos puede permitir recrear de manera 

eficaz diferentes alteraciones encontradas en pacientes con GBM.  
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1. Central Nervous System tumors 
Central nervous system (CNS) tumors include both non-malignant and malignant 

tumors of the brain and spinal cord. These brain tumors are the second cause of 

cancer in children and adolescents. However, in adults, they are rare disease 

associated with a high rate of morbidity and mortality, especially in patients 

between 55 to 64 years of age (Siegel et al., 2018).  
 

 

2. Gliomas 
In 1863, Rudolf Virchow described a tumor that “arises from the glial cells within 

the brain”, using the term glioma for the first time (David, 1988). These tumors 

are a highly heterogenous and, every year, around 80% of all newly diagnosed 

primary brain tumors are gliomas. There are about 18,000 new cases in the 

United States of America with an incidence of 3-4 case per 100,000 individuals 

(American Cancer Society, 2017) and a median age at diagnosis of 64 (Ostrom 

et al., 2017). In Spain, primary CNS tumors represent 2% of total cancer in adults 

and up to 15% in children under 15 years of age; proving that it is, at least in 

adults, a rare tumor with higher incidence in men than women (SEOM, 2017).  
 

The incidence of gliomas increases with age and the 60-year-old population has 

the highest probability to develop the malignant form of glioma, glioblastoma 

multiforme (GBM). (Ohgaki & Kleihues, 2005). Many environmental factors have 

been studied, being therapeutic doses of ionizing radiation (IR) the only definite 

factor recognized as a causative agent (Ostrom & Barnholtz-Sloan, 2011; Weller 

et al., 2015). Although biologically relevant, known genetic predisposition 

syndromes including Cowden, Turcot, Li-Fraumeni, neurofibromatosis type 1 and 

type 2, tuberous sclerosis, or familial schwannomatosis account for only	< 1% of 

all gliomas (Weller et al., 2015). 

Finally, clinical epidemiologic data on patients with gliomas are limited due to not 

only the low incidence, but also to their high morbidity, heterogeneity and 

mortality (Rasmussen et al., 2017). 
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2.1. Glioma classification 
Different types of gliomas have been classified according to the histological 

appearance under the light microscope. However, it is now clear that different 

molecular profiles of the tumor lead to different responses to treatment 

(Ramaswamy & Taylor. 2016). The World Health Organization (WHO) 

classification system of brain tumors has recently been updated and some tumors 

have been re-defined by a combination of microscopic, morphologic, molecular 

and genetic factors (Louis et al., 2016).  
 

 

 
 

Figure 1: 2016 WHO Classification of Tumors of the CNS in adults. In addition to 
histological appearance, diffuse gliomas are evaluated for isocitrate dehydrogenase 1 or 
2 (IDH)-mutation status. Evaluation of the 1p/19q codeletion is performed in patients with 
IDH-mutant tumors with ATRX null expression to further characterize these tumors. IDH-
wild-type gliomas located in midline structures (thalamus, brainstem, or spinal cord) are 
additionally tested for histone-H3K27M mutations. Dashed lines indicate smaller 
subgroups of tumors with the respective diagnoses. (Reifenberger et al., 2017) 
 

 

This is a novel concept in which, for the first time in the classification of the CNS 

tumor entities in adults, histological features are combined with the incorporation 

of molecular parameters (Figure 1). In an evidence-based manner for low-grade 

gliomas, gliomas can be now distinguished by analyzing the presence of IDH 

mutations (either in IDH1 or IDH2). These alterations have been associated with 

patients diagnosed with low-grade gliomas (WHO grade II) (Parsons et al., 2008). 

However, there is a small subset of patients with secondary GBM (progressing 

from lower grade) with IDH mutations (Parsons et al., 2008). In these cases, the 
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prognosis is better than IDH wild-type tumors (Louis et al., 2016) (Figure 1). The 

alpha thalassemia/mental retardation syndrome X linked (ATRX) gene mutations 

in glioma is primarily seen in tumors with IDH mutations (Louis et al., 2016; Bush 

& Butowski, 2017) (Figure 1). ATRX inactivation within gliomas can be due to 

mutations, deletions or gene fusions having better prognosis perhaps due to the 

glioma-CpG island methylated phenotype (Wiestler et al., 2013; Cancer Genome 

Atlas, 2015). Another genetic hallmark identified in low-grade glioma is the loss 

of the short arm of chromosome 1 and the long of chromosome 19 (Reifenberger 

et al., 1995). These tumors carry a favorable prognosis and good response to 

chemotherapy in comparison to similar grade tumors without codeletion (Kaloshi 

et al., 2007; Louis et al., 2016) (Figure 1). It is critical to evaluate the presence of 

this codeletion in GBM patients to ensure an accurate diagnosis (Yip et al., 2008). 

Around 90% of GBM patients are IDH wild-type and retain nuclear ATRX 

expression although a small fraction of GBM patients share these molecular 

characteristics in concomitance with mutations involving histone H3 

(Schwartzentruber et al., 2012) (Figure1). These mutations are mainly present in 

pediatric gliomas and they are not associated with worse survival (Picca et al., 

2018).  
 

The main goal of this new classification was to define more heterogeneous 

categories with greater prognostic value. It would also lead to improved patient 

management and more accurate determinations of prognosis and treatment 

response (Louis et al., 2016). This undoubtedly constitutes a paradigm shift and 

represents a clear advance in tumor classification. 
 

Additionally, GBM can be divided in primary and secondary GBMs. Primary 

GBMs, which is the most aggressive form, arise de novo without clinical and 

histological evidences of precursor lesion. Secondary GBMs, produced in 

patients of 45 years of age or younger, progress slowly from preexisting lower-

grade astrocytoma (Smith & Ironside, 2007; Agnihotri et al., 2013). Hallmark 

alterations of primary GBM include epidermal growth factor receptor (EGFR) 

gene mutation and amplification, overexpression of mouse double minute 2 

(MDM2), TERT promoter mutation or loss of tensin homolog (PTEN). Other 

alterations such as mutations in IDH1/2, TP53 and ATRX have been found in 
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secondary GBMs (Alifieris & Trafalis, 2015; Wilson et al., 2014; Young et al., 

2015). Moreover, four GBM subtypes have been identified (classical, pro-neural, 

neural, and mesenchymal), having each of them with distinctly different patterns 

of disease progression and survival outcomes (Verhaak et al., 2010; Brennan et 

al., 2013; Wang et al., 2015).  

 
 
3. Glioblastoma multiforme: epidemiology, pathology, prognosis and 

molecular biology 
GBM is the most common malignant form of primary brain tumor in adults, 

accounting for over 80% of all primary gliomas (Ostrom et al., 2017). 

Approximately 0.59 to 3.69 GBM cases per 100,000 are diagnosed annually 

worldwide (Ohgaki & Kleihues, 2005), and the number of deaths is more than 

breast and lung cancer (Burnet et al., 2005). The lethality of the disease is 

associated with an aggressive clinical course (poor prognosis), with a median 

overall survival (OS) of 15 months (Stupp et al., 2005). In particular, only 17-30% 

of patients with newly diagnosed GBM survive after 1 year and 3-5% after 5 years 

(Ohgaki et al., 2004).  
 

GBM signs and symptoms can change depending on the affected regions. These 

may develop rapidly and can sometimes be confused with other pathologies. 

Necrotic areas produced by tumor malignancy destroy the brain tissue and 

generate focal neural deficit and cognitive impairments (Omuro & DeAngelis, 

2013). Moreover, tumor size can produce an increase of the intracranial pressure 

and edema resulting in headache (Borsook, 2012). Around 20-40% of the 

patients present seizures usually with a focal onset (Omuro & DeAngelis, 2013). 

Thus, the most frequent location for GBM is the cerebral hemispheres. 95% of 

these tumors arise in the supratentorial regions, and only low percentage of 

tumors occur in cerebellum, brainstem or spinal cord (Nakada et al., 2011). 
 

The diagnostic technique used is magnetic resonance imaging (MRI). Its superior 

soft tissue contrast allows better visualization of the complexity and the 

heterogeneity of the tumor lesion than computerized axial tomography (CT) scan 
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(Nelson & Cha, 2003). Tumors are usually unifocal but can also be multifocal 

(Omuro & DeAngelis, 2013). 

GBMs are morphologically heterogeneous tumors characterized by considerable 

cellularity and mitotic activity, poorly differentiated neoplastic astrocytes, 

angiogenesis, and the presence of necrotic areas (Theeler et al., 2011). 

However, despite being highly infiltrative, they are typically confined to the CNS 

and do not metastasize. 
 

As first-line of treatment, patients with newly diagnosed GBM undergo maximal 

surgical resection of the tumor bulk, when possible. Following surgery, patients 

are also treated with radiotherapy (IR) and concomitant and adjuvant 

chemotherapy using a DNA alkylating agent called temozolomide (TMZ). A 

randomized phase 3 trial performed by Stupp and colleagues showed that the 

combination of IR and TMZ increased not only the median survival (from 12.1 to 

14.6 months), but also the two-year survival rate as compared to IR alone (Stupp 

et al., 2005) (Figure 2A). It has also been shown that epigenetic silencing of O6-

Methylguanine-DNA Methyltransferase (MGMT) by promoter methylation confers 

benefit in patients treated with TMZ (Hegi et al., 2005) (Figure 2B). Although 

MGMT is expressed in normal tissues, around 50% of GBM display unmethylated 

MGMT promoter and respond better to TMZ (Hegi et al., 2005) (Figure 2B). 

Regardless, all GBM patients receive TMZ independently of the MGMT 

expression.  
 

 

 
Figure 2: Overall survival of GBM patients based on treatment (A) or MGMT status (B) 
(Stupp et al., 2005; Hegi et al., 2005). 
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3.1. Temozolomide: mechanism of action  
TMZ is an alkylating agent derived from dacarbazine, stable at a pH less than 

five and able to cross the blood brain-barrier (BBB) (Reid et al., 1997; Moody & 

Wheelhouse, 2014). It has been previously reported that TMZ is active against 

some human cancers such as melanomas and astrocytomas (Middelton et al., 

2000; Hart et al., 2013). It was approved by the US Food and Drug Administration 

(FDA) for adult patients diagnosed with refractory anaplastic astrocytoma in 1999 

and for newly diagnosed in 2005 (Yung et al., 1999; Middleton et al., 2000). Since 

multiple administrations of TMZ are more effective than a single dose (Newlands 

et al., 1992), newly diagnosed GBM patients tend to be given 75 mg/m2/day of 

TMZ for 6 weeks concomitantly with focal radiotherapy (60 Gy). Afterwards, they 

receive 6 cycles of TMZ alone, receiving 150 mg/m2 once daily for 5 days in a 

row followed by 23 days without treatment prior to the next cycle (Brock et al., 

1998). Secondary effects of TMZ have been described such as mild nauseas, 

vomiting, and dose limiting myelosuppression (Newlands et al., 1992). 
 

At pH lower than seven, TMZ rapidly decomposes to form monomethyl triazene 

5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC) and reacts with water 

to form 5-aminoimidazole-4-carboxamide (AIC) and the cation methyldiazonium.  

This cation is the responsible for the addition of methyl groups to the DNA, at 

positions N7 of guanine in guanine-rich regions (N7-MeG), N3 adenine (N3-MeA), 

and O6 guanine residues (O6-MeG) (Denny et al., 1994) (Figure 3).  
 

 

 
Figure 3: Structure and activation of temozolomide and production of the active 
compound 5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC) and DNA methylation. 
Adapted from Messaoudi et al., 2015 
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Although N7-MeG and N3-MeA are the main DNA adducts induced by TMZ, the 

most cytotoxic and mutagenic product is the O6-MeG (Denny et al., 1994; Zhang 

et al., 2012). These can be directly repaired in the cell by the action of the MGMT 

enzyme, which removes the methyl adduct in a one-step alkyl transfer reaction 

restoring guanine and inactivating MGMT (Figure 4). It is important to know that 

one MGMT molecule can repair only one alkyl adduct, therefore the repair of O6-

MeG adducts is dependent on the number of MGMT molecules per cell and on 

the rate of MGMT regeneration (Kaina et al., 2007). Low expression or inactive 

form of MGMT leads changes in the O6-MeG. This methylation alters the normal 

hydrogen bonding of guanine with cytosine resulting in mispairing of O6-MeG with 

thymine during DNA replication (Loveless A. 1969) (Figure 4). In the cell, the DNA 

mismatch repair (MMR) pathway is the responsible of maintaining the genomic 

stability (Modrich & Lahue, 1996) and recognizes the mispaired repairing the 

daughter strand. However, this machinery cannot repair the template strand 

generating repeated attempts by the MMR pathway in a process called futile 

cycling. Thus, futile cycles of the MMR pathway occur in the context of DNA 

replication and result in activation of ATR/Chk1 and replication-associated DNA 

double-strand breaks (DBSs) (Hirose et al., 2001). This damage can be repaired 

by homologous recombination, although unrepaired DBSs result in cell cycle 

arrest at G2/M phase and, finally, cell death by apoptosis or autophagy (Roos et 

al., 2007) (Figure 4). Consequently, cytotoxicity from TMZ is directly dependent 

on an intact MMR pathway and low levels of MGMT. Lastly, the cytotoxic effect 

of TMZ is hindered at N7-MeG and N3-MeA since these sites are rapidly repaired 

by DNA base excision repair (BER) pathway (Horton & Wilson, 2007) (Figure 4). 
 

 

 

3.2. Mechanisms of chemoresistance 
Patients that respond to TMZ treatment at first, succumb to the disease due to 

the development of drug resistance and subsequent tumor recurrence (Lee, 

2016). Intrinsic or acquired resistance to TMZ remains the greatest obstacle to 

successful treatment for GBM patients, and a variety of mechanisms of drug 

resistance have been identified. 
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Figure 4: Mechanism of action of TMZ. TMZ modifies DNA at N7 and O6 sites on guanine 
and the N3 on adenine by the addition of methyl groups. The methylated sites can remain 
mutated, be fixed by DNA mismatch repair (MMR), be removed by base excision repair 
(BER) or by the action of a demethylating enzyme such as O6-methylguanine 
methyltransferase (MGMT). 
 
 

3.2.1. MGMT promoter hypermethylation 
MGMT expression is the main mechanism of GBM resistance and the unique 

biomarker accepted in clinics. The levels of MGMT vary widely according to the 

type of tumor and within the same type of tumor (Esteller et al., 2000) and its 

expression correlates to the methylation profile of the MGMT promoter (Silber et 

al., 2012). MGMT inhibitors such as O6-benzylguanine (O6-BG) have been 

tested in clinical trials before TMZ treatment (Verbeek et al., 2008). These 

pseudosubtrates increased TMZ activity in tumor cells expressing high levels of 

MGMT both in vitro and in vivo, but their high toxicity when combined with TMZ 

against normal cells is an obstacle for the use of these molecules in patients 

(Hansen et al., 2007). 
 

3.2.2. DNA Mismatch Repair alterations 
The MMR pathway is composed by different protein complexes: Mut S homologs 

(MSH) (MSH2, MSH3, and MSH6), MutL homologs (MLH) (MLH1, MLH3), and 

post meiotic segregation (PMS) (PMS1, PMS2) (Evans & Alani, 2000). MutSα 

heterodimer is important for the repair of the mismatch. MSH2 and MSH6 are 

members of the complex that recognize the mispaired nucleotides. Subsequently, 

this recognition leads to the recruitment of MutLα (MLH1 and PMS2), 
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displacement of the DNA polymerase and PCNA, and the recruitment of an 

exonuclease (EXO1) (Li, 2008) (Figure 5). 
 

In case of GBM patients, loss of MMR pathway mediates directly TMZ resistance 

when MGMT levels are low (Ghosal & Chen, 2013). However, clinical studies 

examining pre-existing MMR mutations have failed to show that these MMR 

deficiencies occur before TMZ treatment (Yip et al., 2009). Analysis of samples 

pre and post exposure to alkylating agents showed that MMR mutations were not 

present in pre-treatment samples; indicating that these mutations arose as a 

result of therapy (Yip et al., 2009). Surviving tumor cells are likely to have 

acquired MMR mutations in around 20% of cases, resulting in acquired tolerance 

to further TMZ therapy: a situation typical of GBMs in the clinic. Recently, Wang 

et al have probed that hypermutant genotype was associated with mutations in 

the MMR genes, only detected at the recurrence of the diseas (Wang et al., 

2016).  

 

 
Figure 5: Mechanism of mismatch repair. The canonical MMR 
pathway recognizesbase-base mismatches and insertion/deletion 
loops that occur during DNA replication. The repair of these errors 
primarily involves three steps; recognition, excision and resynthesis 
(Adapted from Guillotin & Martin, 2014).  
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3.2.3. Other mechanisms involved in chemoresistance  
In the recent years, many authors have described different mechanisms involved 

in TMZ resistance. For example, several studies suggest that micro-RNAs 

(miRNA) may act as novel class of oncogenes or tumor suppressor genes (TSG) 

(Babashah & Soleimani, 2011). In GBM cells, some miRNAs have been identified 

to be up or downregulated affecting TMZ response (Shi et al., 2010; Ujifuku et 

al., 2010). EGFR is another protein involved in TMZ resistance. Its activity results 

in the activation of Ras/Raf/MAPK (Guha et al., 1997) or PI3K/AKT/mTOR (Narita 

et al., 2002) signaling pathways. These pathways are strongly activated in GBM, 

inhibiting cell autophagy and apoptosis, responsible for the decrease of TMZ 

efficiency (Furuta et al., 2004). Different EGFR inhibitors have been proposed to 

be evaluated in the TMZ context with disappointing results in most of cases 

(Combs et al., 2006; Neyns et al., 2009). Other studies have shown that the 

relapse and the agressiveness of the GBM tumors treated with TMZ-treated GBM 

tumors is due to the enrichment of cancer stem cells (CSCs) (Bleau et al., 2009; 

Beier et al., 2012b;). The role of CSCs has been described in GBM (Singh et al., 

2004; Galli et al., 2004) and the glioma stem cells (GSCs) are enriched after 

chemoradiation, suggesting that they may serve as a repository for tumor 

recurrence (Sanai et al., 2005). In mouse models, GSCs induced tumor 

recurrence following TMZ treatment (Chen et al., 2012). Nevertheless, these 

studies are not extensive and may not represent all the complexity of TMZ 

resistance. Genetic analysis using genome-wide approaches can offer a better 

understanding of the resistance mechanisms. This could ultimately lead to the 

development of effective therapeutic strategies to overcome resistance.  
 
 
4.   Novel treatment strategies for glioblastoma  
Despite advances in the understanding of molecular basis of GBM, patients have 

not yet benefited from more effective treatments. Several factors may limit the 

efficacy of novel therapeutic strategies, including molecular heterogeneity, 

invasion of tumor cells beyond the bulk tumor core delineated by imaging, and 

the blood–brain barrier (BBB) (van Tellingen et al., 2015). The BBB is responsible 

for nutrient transport, homeostasis, and communication between the body and 

the brain and also prevents foreign substances from reaching the brain. It also 
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provides both physical and biochemical barriers to drug delivery into normal brain 

(Abbott, 2013). It has been observed that all GBM patients have tumor regions 

with an intact BBB with limits brain distribution of many oncologic drugs, including 

monoclonal antibodies, antibody-drug conjugates, and hydrophilic molecules 

(Oberoi et al., 2016; Parrish et al., 2015; Sarkaria et al., 2018). However, in the 

last few years new and promising therapies have been developed that can help 

GBM patients by extending their quality of life and life expectancy. 

 

4.1 Tumor Treating Fields (TTFields) 
TTFields are a novel cancer treatment modality that uses alternating electric 

fields of intermediate frequency (~100-500 kHz) and low intensity (1-3 V/cm). 

TTFields disrupt cell division by interaction with key molecules during mitosis 

(Stupp et al., 2012; Stupp et al., 2015). TTFields are delivered to the patients by 

transducer arrays that are placed on the head close to the tumor and act 

regionally and non-invasively to inhibit tumor growth. TTFields therapy was 

recently approved by the FDA for GBM treatment (both newly diagnosed in 

combination with TMZ and recurrent GBM), and it is under clinical trials for other 

cancer types testing their safety and efficacy (Mehta et al., 2017).  
 

4.2 Immunotherapy 
Immunotherapy is offering promising options for treating lethal cancer such as 

melanoma. It starts from the concept that T lymphocytes are able to recognize 

antigens expressed by cancer cells. However, programmed cell death (PD)-1 

receptor and its ligand (PD-L1), can suppress the activity of T lymphocytes by 

inducing apoptosis in activated immune cells (Xue et al., 2017). Blocking of PD-

1 and PD-L1 is already used for treating melanoma and non-small cell lung 

cancer (Hamid et al., 2013; Rizvi et al., 2014). For GBM patients, preclinical 

studies in mice have given promising results. A number of clinical studies are 

ongoing to test the effect of PD-1 and PD-L1 blocking both alone or in 

combination with other agents (bevacizumab, TMZ). The results of these studies 

will be available in a few years (Paolillo et al., 2018). Oncolytic viral vectors are 

under clinical development for cancer therapy. Oncolytic viruses (OV) are native 

or modified viruses that directly kill tumor cells but spare normal tissue inducing 

host antitumor immunity (Parato et al., 2005). It represents a unique class of 
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cancer therapeutics with distinct mechanisms of action. Typically, OV can be 

distinguish in 2 classes: 1) viruses that naturally replicate preferentially in cancer 

cells and are non-pathogenic in humans often due to elevated sensitivity to innate 

antiviral signaling or dependence on oncogenic signaling pathways; 2) viruses 

that are genetically-manipulated for use as vaccine and/or those genetically-

engineered with mutations/deletions in genes required for replication in normal, 

but not cancer cells (Cattaneo et al., 2008). Recently, Tejada et al showed a 

genetically modified OV was capable of not only to infect and kill glioma cells, but 

also to stimulate an anti-tumor immune response (Tejada et al., 2018). A variant 

of this OV is now under clinical trials for patients with recurrent GBM. 
 

Lastly, clinical trials of various vaccine therapies using autologous tumor antigens 

or tumor-associated/specific antigen peptides with adjuvants have been 

performed to treat GBM patients (Terasaki et al., 2011; Del Vecchio et al., 2012; 

Pollack et al., 2014). One of the main targets used for these vaccines is the 

EGFRvIII mutation (Winograd et al., 2016) although no survival benefit has been 

observed (nor alone neither in combination with TMZ) so far (Weller et al., 2017).  

 

 

5.  Novel research approaches to study the biology and chemoresistance 
of GBM 
5.1.  Forward genetic screens 
In the context of deciphering the mechanism of resistance to TMZ, people have 

tried to develop TMZ-resistant cell lines and then they tried to trace-back the 

resistance mechanism (Yan et al 2016). It is now evidence that drug resistance 

is a consequence of the impact of many genes advances in experimental genetic 

screening systems have been used to better understand these mechanisms (Hu 

& Zhang, 2016). Forward genetic screens are an attractive approach to determine 

the genetic basis responsible for the phenotype of interest. These screenings 

have been used for a long time to identify genes involved in a specific biological 

pathway or process. This is possible by the analysis of populations of cells or 

animals that contain random modifications throughout the genome that can be 

screened for phenotypic effects (Lawson & Wolfe, 2011) (Figure 6). RNAi 

technology is a great system in which the population cells are knocked-down 
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looking for specific phenotypes (Sheng et al., 2010). Another interesting 

approach is the insertional mutagenesis screen by piggybac (PB) transposons, a 

movable genetic element that can be inserted into the genome by a “cut and 

paste” mechanism (Wu et al., 2006). This system has been in use for the past 

few years, especially in haploid cells because it can generate loss-of-function 

phenotypes (Carette et al., 2009). Previous screens using this strategy have been 

performed to find novel drug-resistant candidates. Pettitt et al showed that Parp1 

is a mediator of olaparib toxicity in haploid cells (Pettitt et al., 2013). Moreover, 

this strategy has been also implemented for the identification of mutations that 

confer drug sensitivity in haploid mouse embryonic stem cells (Pettitt et al., 2017).  
 

 

 
 

Figure 6: Outline of forward genetic screens. Cells are transduced with a viral plasmid 
to generate a library of mutant cells where resistant cells are identified after drug 
selection. 
 

 
5.2 Genome editing approach for pathological studies and therapeutic     
treatment  
Different tools such as Zinc finger nucleases (ZFNs) or transcription activator-like 

proteins (TALENs) have been developed to edit the genome. However, the 

CRISPR/Cas9 (clustered regularly interspaced short palindromic 

repeats/CRISPR associate protein 9) technology has emerged as an easy and 

efficient alternative to ZFNs and TALENs for inducing targeted genetic 

alterations. This system was described in bacteria as protective against invading 

foreign DNA via RNA-guided DNA cleavage (Wiedenheft et al., 2012). It is 

composed by two main molecules that introduce an alteration into the DNA: on 

the one hand, the endonuclease called Cas9 who acts as ‘scissors’ that can cut 

the two strands of DNA at a specific location in the genome so that bits of DNA 

can then be added or removed. On the other hand, a small piece of pre-designed 

RNA sequence (about 20 bases long), called small guide RNA (sgRNA) located 
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within a longer RNA scaffold. The scaffold binds to the DNA and the pre-designed 

sequence ‘guides’ Cas9 to the right area of the genome in order to cut at the 

desired region in the genome. The double-stranded endonuclease activity of 

Cas9 also requires a short-conserved sequence, (2–5 base pairs) known as 

protospacer-associat-ed motif (PAM), that follows immediately 3 ́- of the sgRNA 

complementary sequence (Jinek et al., 2012; Nihisamu et al., 2014) (Figure 7A). 

This cut produces DSBs which can be repaired by the cellular non-homologous 

end joining (NHEJ) pathway, resulting in insertions and/or deletions (indels) 

which disrupt the targeted locus. Alternatively, if a donor template with homology 

to the targeted locus is supplied, the DSB may be repaired by the homology-

directed repair (HDR) pathway allowing for precise replacement mutations to be 

made (Gong et al., 2005; Overballe-Petersen et al., 2013) (Figure 7B). 
  

Thanks to its efficiency and efficacy in generating genomic silencing, point 

mutations and genetic rearrangements, this is now a routine approach in many 

genetic and molecular laboratories for in vitro and in vivo experiments. In GBM, 

Zuckermann and colleagues generated GBM in mouse brain thanks to the 

deletion of TP53, Pten and NF1 simultaneously by CRISPR/Cas9 (Zuckermann 

et al., 2015). Moreover, Cook and collaborators were also able to generate gene 

fusion events showed in GBM patients (Cook et al., 2017).  

 

 

 

A) B)
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Figure 6: Scheme about how the CRISPR-Cas9 editing tool works. A) The sgRNA 
containing specific nucleotides is able to target a specific sequence by complementarity. 
Once the sgRNA finds this sequence, it will attach allowing the Cas9 protein to produce 
DSBs. B) Wild-type Cas9 nuclease specifically cleaves DBSs activating double-strand 
break repair machinery. In the absence of a homologous repair template NHEJ can result 
in indels disrupting the target sequence. Alternatively, precise mutations and knock-ins 
can be made by providing a donor template and exploiting the HDR pathway. 
 
 
5.3 Modeling glioblastoma: the RCAS/Tva System 
In vivo models are used to recapitulate different hallmarks of human cancer that 

cannot be modeled in vitro. It is also important to mimic tumor microenvironment 

to assess drug safety profiles and reduce clinical trial failure (Sergalis et al., 

2018).  
 

Genetically engineered mouse model (GEMMs) are excellent as in vivo GBM 

models since they allow the analysis of the cell-intrinsic and cell-extrinsic 

processes. GEMMs are useful to validate cancer target genes, oncogenes, 

determine cell-of-origin, study the contribution of tumor microenvironment in 

tumor homeostasis or metastasis (Kersten et al., 2017).  One of the most widely 

used models for the study of gliomas is the somatic transfer system called 

RCAS/Tva (Holland & Varmus, 1998). This is an efficient, quick, feasible and 

flexible technique composed by 2 components: 

The first element of the RCAS/Tva system is the Tumor Virus A (Tva) receptor, a 

glycoprotein conserved in avian species that allows the efficient infection by 

subgroup A Avian Leukosis Virus (ALV-A) (Snitkovsky & Young., 2000). 

Transgenic mice that express Tv-a receptor under control of tissue-specific 

promoter Nestin (NTva) or glial fibrillary acidic protein (GFAP/GTva) were 

generated for the study of brain tumors (Holland & Varmus, 1998) (Figure 7A). 

Nestin is a type VI intermediate filament protein (IFP) that is mostly expressed in 

different type of cells including nerve cells during embryonic development 

(Michalczyk & Zima, 2005). In adult brain its expression is repressed and mostly 

localized in the subventricular zone (SVZ) (Parlakian et al., 2016). GFAP is the 

main astrocytic filament, highly expressed in the CNS, preferentially expressed 

by neurogenic astrocytes in the subventricular zone (Yang & Wang, 2015).  
 

The second component of the RCAS-Tva system is the RCAS retroviral vector 

(Replication Competent ALV LTR with a Splice acceptor). The virus produced by 
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the RCAS plasmid enters only in cells via the Tv-a receptor, which mammalian 

cells do not natively express (Fisher et al. 1999). Following entry into the host 

cell, a cDNA copy of the viral genome is made and after cell division the viral 

cDNA copy is incorporated into the host genome. This RCAS virus retains all of 

the necessary viral genes for replication (Ahronian & Lewis, 2014). The 

immortalized chicken fibroblast cell line (DF1) is normally used to propagate 

RCAS viruses in culture (Himly et al., 1998; Schaefer-Klein et al. 1998) (Figure 

7B). Expression of the inserted genes can be driven by either the viral long 

terminal repeat (LTR) or an appropriate internal promoter (Petropoulos & 

Hughes, 1991; Du et al., 2006). RCAS viruses can readily deliver dominant-

negative versions of tumor-suppressor proteins, shRNAs, miRNAs, and other 

noncoding RNAs (Du & Li, 2007; Bromberg-White et al., 2004). Inserts in the 

RCAS retrovirus are stable up to 2.8 kb but less stable when >2.8 kb. It is 

common beyond this insert size that the RCAS will lose its insert, generate 

truncation mutants, or produce low-titer virus. The limited carrying capacity of 

RCAS viruses is one of the major drawbacks of the RCAS-Tva system. 
 

Injection of DF1 cells carrying the RCAS plasmid into transgenic mice (either 

pups or adults) produces efficient in vivo infection of specific mouse cells 

engineered to express the Tv-a receptor (Figure 7C). As a result, the retroviral 

RCAS infection enables the introduction of a gene of interest into a specific cell 

type or tissue.  
 

This unique approach represents a powerful method to model cancer initiation 

and progression. It is well-known that most of human cancers, including GBM, 

are very heterogenous from a genetic point of view and the development of novel 

in vivo models to recapitulate this genetic complexity is needed. The genome 

editing capacity of CRISPR/Cas9 is a powerful tool able to generate most of the 

alterations produced in cancer and many authors have used it for cancer 

modeling (Zuckerman et al., 2015; Cook et al., 2017; Oldrini et al., 2018).  
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Figure 7: Schematic representations of the RCAS/Tva glioma mouse model. (A) 
Transgenic mice were generated expressing the Tv-a receptor under control of the tissue-
specific nestin/GFAP promoter. (B) DF1 cells are transfected with RCAS constructs that 
propagate and release RCAS virions into the culture media. (C) DF1 cells are injected into 
transgenic pups/adult mice.  The RCAS virions only bind to the Tv-a positive cells integrating 
the DNA insert to produce stable gene expression changes leading to tumor formation 
(adapted from Ahronian et al., 2014). 
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The experimental work developed in the present PhD project can be included in 

three main blocks: 

1) Explore the mechanisms of resistance to TMZ. Despite the low efficacy of 

chemotherapy treatment in GBM patients, TMZ remains the unique option. 

Our first goal was the study TMZ resistance. To do this, we performed a 

forward genetic screen using a PiggyBac (PB) transposon-mediated 

mutagenesis approach in human haploid cells (Hap1). Specifically: 

a) Forward genetic screen using PB transposon-mediated insertional 

mutagenesis in Hap1 cells. 

b) Validation of candidate genes in Hap1 and different GBM cell lines using 

CRISPR/Cas9 genome editing. 

c) Identification and validation of antitumoral compounds in MMR-deficient 

GBM cell line. 

2) Test the effectiveness of Val-083 in GBM cells. Based on the limited 

efficacy of TMZ for GBM patients, which retains a poor prognostic value, many 

strategies are under clinical trials. The priority is to prolong overall survival 

and enhancing quality of life for these patients. Thus, in our laboratory we are 

evaluating the efficacy of a novel compound called Val-083 as compared to 

TMZ. In particular: 

a) Compare the efficacy of Val-083 with TMZ. 

b) Analyze the effects of Val-083 in MMR-deficient cells. 

c) Evaluate its effect in combination with TMZ.  

3) Development of new murine model for the study of gliomas. In the recent 

year, the advances produced in genetics have allowed a better understanding 

of the multiple events that occur in the GBM formation. For this reason, the 

development of new in vivo models that can recreate alterations in an efficient 

way seems indispensable for the study of tumor biology as well as the 

development of new therapies. In this last part of the project we aimed: 

a) Generation of a new murine model by combining the somatic gene transfer 

RCAS/Tva model and the genome editing capacity by CRISPR/Cas9 

system. 

b) Test the efficacy of the model by recreating different genetic alterations 

found in GBM patients.
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El trabajo experimental generado en esta tesis doctoral se puede englobar en 

tres grandes bloques: 
 

1) Explorar los mecanismos de resistancia a Temozolomida. A pesar de la 

baja eficacia de la quimioterapia en el tratamiento de GBM, la TMZ 

permanece como la única opción para los pacientes. Así, nuestro primer 

objetivo fue estudiar la resistencia a TMZ a través un cribado genético 

mediante el sistema de transposones PiggyBac en células haploides 

humanas (Hap1). De manera específica: 
a. Realizar un cribado genético en células Hap1 en respuesta a TMZ 

b. Validación de los genes candidatos en las células Hap1 así como en 

diferentes líneas celulares de GBM mediante el sistema CRISPR/Cas9 

c. Identificación y validación de compuestos antitumorales en células de 

GBM carentes de la ruta de MMR 

2) Testar la eficacia del Val-083 en células de GBM. Dada a la poca eficacia 

de la TMZ en pacientes con GBM es muy limitada, manteniendo un mal factor 

pronóstico, diferentes estrategias se encuentran actualmente en ensayos 

clínicos. En nuestro laboratorio estamos evaluando la eficacia del compuesto 

Val-083 en comparación a TMZ. En concreto 
a. Comparar la eficacia del Val-083 respecto a TMZ 

b. Analizar los efectos del Val-083 en células carentes de MMR 

c. Evaluar sus efectos en combinación con TMZ 

3) Desarrollo de un nuevo modelo murino para el estudio de gliomas. Los 

avances producidos en los últimos años en genética han permitido un mejor 

entendimiento de los diferentes eventos que se producen en la formación de 

gliomas. Nuevos modelos que recreen estas alteraciones de manera eficaz 

se antojan necesarios para el estudio de la biología tumoral, así como el 

desarrollo de nuevas terapias. En nuestro caso queremos: 

a. Generar un nuevo modelo murino combinando el modelo de glioma de 

transferencia de genes RCAS/Tva y la edición génica mediante el 

sistema CRISPR/Cas9 

b. Testar la eficacia del modelo recreando diversas alteraciones 

genéticas halladas en pacientes con GBM
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1. Ethic Statement 

Investigation has been conducted in accordance with the ethical standards and 

based on the Declaration of Helsinki and according to national and international 

guidelines. 
 

2. Cell lines, transfections and infections 

Haploid cells (Hap1) were kindly provided by the Genomic Instability group 

(Spanish National Cancer Research Centre – Madrid) and grown in IMDM 

(Invitrogen #12722F) with 15% Fetal Bovine Serum (FBS -Sigma #F524) and 1% 

penicillin/streptomycin (pen/strep – Gibco #15140). 

The following GBM cell lines U251-MG, U87-MG, T98G and were provided by 

Memorial Sloan Kettering Cancer Centre and cultured in Dulbecco´s Modified 

Eagle´s Medium – high glucose (DMEM – Sigma #D5796) supplemented with 

10% FBS and 1% pen/strep. Cells were maintained under standard incubation 

conditions (+37ºC, 5%CO2).  
 

Retrovirus or lentivirus were generated by co-transfection of retroviral or lentiviral 

plasmids and the packaging VSVg for retrovirus and the 2nd generation packaging 

plasmids pMD2G and psPAX2 for lentivirus in Gp2-293 using FugeneÒ6 

(Promega #E269A) in a ratio 1:3. Subsequently, different cell lines were infected 

with lentivirus and Cas9 expressing cells were selected using 7 µg/ml Blasticidin 

S HCl (Thermo Fisher #A1113903) while sgRNA or shRNA-expressing cells were 

selected using 2 µg/ml of Puromycin (Sigma #P8833). 

The DF-1 chicken fibroblast cell line (ATCC, CRL-12203) was transfected with 

different RCAS plasmids using FugeneÒ6 in a ratio 1:3 according to 

manufacturer’s protocol and selected using 1,5 µg/ml of Puromycin. 
 

3. Plasmids, siRNA and sgRNA design and cloning strategy 

Human-specific MSH6 hairpin (Table 1) was designed and cloned into the mirE-

based retroviral MLP vector (kindly provided by Scott Lowe). For the genome 

editing approach, all sgRNA provided in table 1 were designed using a “CRISPR 

design” tool from Zhang lab (http://crispr.mit.edu) and cloned into the pKLV-

U6gRNA(BbsI)-PGKpuro2ABFP plasmid (Addgene #50946). Primers containing 
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the BbsI site and the specific sgRNA sequence were cloned into the pKLV-

U6gRNA(BbsI)-PGKpuro2ABFP as described previously using the MIT CRISPR 

design tool (http://www.genome-engineering.org/crispr/) 
 

 

Primer name Sequence 5´ à 3´ 

shRenilla 
TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAA
GCCACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCG

GA 

shMSH6 
TGCTGTTGACAGTGAGCGCAAGAGTGAAGAAGATAAT

GAATAGTGAAGCCACAGATGTATTCATTATCTTCTTCAC
TCTTATGCCTACTGCCTCGGA 

sgRNA-NT-Fw CACCGTGCTTTTCCGACACGGTCGCGT 
sgRNA-NT-Rv TAAAACGCGACCGTGTCGGAAAAGCA 

sgRNA-MSH6-Fw CACCGGAACATTCATCCGCGAGAAGT 
sgRNA-MSH6-Rv TAAAACTTCTCGCGGATGAATGTTCC 

sgRNA-MSH6.2-Fw CACCGATAGAGTGTTTACTAGACTGT 
sgRNA-MSH6.2-Rv TAAAACAGTCTAGTAAACACTCTATC 
sgRNA-PTGES3-Fw CACCGGATTCCAAGCATAAAAGAAGT 
sgRNA-PTGES3-Rv TAAAACTTCTTTTATGCTTGGAATCC 

sgRNA-PTGES3.2-Fw CACCGTCCTGAGTTGATAGCTCTAAGT 

sgRNA-PTGES3.2-Rv TAAAACTTAGAGCTATCAACTCAGGA 

sgRNA-PSMD1-Fw CACCGTCAATTCATACCTTAAGCTGGT 
sgRNA-PSMD1-Rv TAAAACGCGGGCGTCGGGACGCAAAGC 

sgRNA-PSMD1.2-Fw CACCGAGGCTGCAAACTGCCGACTCGT 

sgRNA-PSMD1.2-Rv TAAAACGAGTCGGCAGTTTGCAGCCT 

sgRNA-SMS-Fw CACCGTTTCAACACTTTCATTGAGGT 
sgRNA-SMS-Rv TAAAACCTCAATGAAAGTGTTGAAAAC 

sgRNA-SMS.2-Fw CACCGAGCACGCTCGACTTCATGCTGT 

sgRNA-SMS.2-Rv TAAAACAGCATGAAGTCGAGCGTGCT 

sgRNA-PEX5L-Fw CACCGGAATTAGTGGCTCCGACTCGT 
sgRNA-PEX5L-Rv TAAAACGAGTCGGAGCCACTAATTCC 

sgRNA-PEX5L.2-Fw CACCGAAATCATCCTCATCTAGAACGT 

sgRNA-PEX5L.2-Rv TAAAACGTTCTAGATGAGGATGATTT 

sgRNA-IPO7-Fw CACCGCACTTCTTGCATTTCCACCAGT 
sgRNA-IPO7-Rv TAAAACTGGTGGAATGCAAGAAGTGC 

sgRNA-IPO7.2-Fw CACCGATGATCGACCTGAGTTACCAGT 
sgRNA-IPO7.2-Rv TAAAACTGGTAACTCAGGTCGATCATC 
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sgRNA-ERF-Fw CACCGCCAACCCCACATCAATGAAGT 
 

sgRNA-ERF-Rv TAAAAGTTCATTGATGTGGGGTTGGC 
sgRNA-ERF.2-Fw CACCGCCAACCCCACATCAATGAAGT 
sgRNA-ERF.2-Rv TAAAAGTTCATTGATGTGGGGTTGGC 

sgRNA-c11orf85.1-Fw CACCGCCAACTACCTGAGTTGGGTGT 
sgRNA-c11orf84.1-Rv TAAAACACCCAACTCAGGTAGTTGGC 
sgRNA-c11orf85.4-Fw CACCGTGGTGGTGGCCGTAATTCCGT 
sgRNA-c11orf85.4-Rv TAAAACGGAATTACGGCCACCACCAC 
sgRNA-AHSA1.1-Fw CACCGCCAGTGCCAGTTGTTGACGGT 
sgRNA-AHSA1.1-Rv TAAAACCGTCAACAACTGGCACTGGC 
sgRNA-AHSA1.2-Fw CACCTAAGAGTGATCTTACAAGTGT 
sgRNA-AHSA1.2-Rv TAAAACACTTGTAAGATCACTCTTAC 

 

Table 1: List of shRNA, sgRNA oligos used and the primers for PCR amplification.  
 

 

For the in vivo experiments, the insert that contains hU6 promoter; 2 BbsI cloning 

sites followed by the gRNA scaffold; PGK promoter; Puro and BFP was amplified 

from the pKLV-U6gRNA (BbsI)-PGKpuro2ABFP plasmid and aTTB sites to 

sublcone into the Gateway® pDONR™221 vector were generated by PCR using 

PlatinµM Pfx Kit (Invitrogen, #11708-013) and the following oligos (Table 2). The 

new plasmid pDONR_sgRNA has a Gateway® pDONR™221 vector backbone 

with the following features between the aTTL sites: hU6 promoter; 2 BbsI cloning 

sites followed by gRNA scaffold; PGK promoter; Puro and BFP as a selection 

marker. To obtain the pDONR_sgRNA, BP reaction was prepared following the 

suggestions in the Gateway reagent protocol (Invitrogen, #11789-020). 
 

The final plasmid pDONR_sgRNA was obtained after removing the BbsI site by 

site-directed mutagenesis kit according to the PCR mutagenesis protocol with 

Pfu UltraHF polymerase (Agilent, Ref.200521-5) and the following oligos (Table 

2). pDONR221 plasmid was modified using the PDGFB_BbsI_mut in order to 

remove the extra BbsI site and verified by Sanger sequencing. The sgRNA listed 

in table 2 were obtained from Weber et al., 2015 and Ruiz S et al., 2016 and then 

cloned into the pDONR transferred from the pDONR_sgRNA into RCAS-DV 

using the Gateway™ LR Clonase™ II Enzyme mix (Invitrogen, ref. 11791-020), 

following the manufacturer’s instructions.  1µl of the reaction was transformed 
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using a bacteria strain with a lower frequency of homologous recombination Stbl-

3 in house prepared. 
 

 

 

Primer name Sequence 5´ à 3´ 

PDGFB_BbsI_mut-Fw AGGCCACGGTGACGCTGGAGGATCACCTGGCATGCAAG
TG 

PDGFB_BbsI_mut-Rv CACTTGCATGCCAGGTGATCCTCCAGCGTCACCGTGGC
CT 

sgRNA-Trp53-Fw CACCCGAGTGAAGCCCTCCGAGTGTCGT 
sgRNA-Trp53-Rv TAAAACGACACTCGGAGGGCTTCACTC 

sgRNA-Cdkn2a-Fw CACCGTGGTGAAGTTCGTGCGATCCGT 
sgRNA-Cdkn2a-Rv TAAAACGGATCGCACGAACTTCACCA 

sgRNA-Pten-Fw CACCGAAAGACTTGAAGGTGTATACGT 
sgRNA-Pten-Rv TAAAACGTATACACCTTCAAGTCGGGC 
PCR-Trp53-Fw GGAGGCCAGCCTGGGATAAG 
PCR-Trp53-Rv CACGAAAGACAACTCCCCGG 

PCR-Cdkn2a-Fw ATGGGCGTGGAGCAAAGATG 
PCR-Cdkn2a-Rv TAAGCCGAAGGGGGAAAGCG 

PCR-Pten-Fw GCCTCAGTCGCGTATTCTG 
PCR-Pten-Rv CATCCAGTGACGCATCCAG 

 

Table 2: List of oligos used for the in vivo experiments. 
 

 

4. Clones isolation 

Clones were isolated from the selected population using “cloning cylinders” 

(Merck #TR1004) and the protocol suggested by Sigma webpage. 
 

5. Forward genetic screen, Reversion phenotype assay and Splinkerete – 
PCR 

Hap1 cells transduced with a PiggyBac (PB) transposon-mediated mutagenesis 

were treated with TMZ (Sigma #T2577) at the specified concentration for 1 week 

in two independent experiments. Media containing TMZ was changed every 3 

days. 
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To isolate revertants, isolated clones were electroporated with the hyPBase 

expression plasmid and cultured for three days without selection. 105 transfected 

and non-transfected cells were then plated separately in 6-well plates and treated 

with 500 µM of TMZ.  
 

Genomic DNA from ten clones isolated from the pB-mutagenized library was 

extracted and used to map the integration sites. Host sequences flanking 

piggyBac insertions were amplified using the Splinkerette – PCR protocol 

previously described (Potter et al., 2010) and sent for Sanger sequencing. 
 
6. RNA isolation, Quantitative real-time reverse transcriptase PCR analysis 

and RNAseq analysis 

mRNA from the same clones isolated was extracted and purified using RNeasy 

Mini Kit (Qiagen #74104). cDNA was synthetized with the SuperScript II First-

Strand Synthesis System (Invitrogen, #18064014). The PCR amplification mix 

contained 500 ng of cDNA, SYBR Green I Master Mix buffer (Applied Biosystem, 

#4472908) and 20 µM from the forward and reverse primers (Table 4).  

Details for performing RNAseq analysis can be found in the material and methods 

described in Mayor et al., 2017.  
 

 
Primer name Sequence 5´ à 3´ 

p21-Fw TCCACAGCGATATCCAGACA 
p21-Rv GGACATCACCAGGATTGGAC 

Puma-Fw ACGACCTCAACGCGCAGTA 
Puma-Rv CGGTGTCGATGCTGCTCTT 
Mdm2-Fw GGAAGATGCGCGGGAAGTA 
Mdm2-Rv CCGCTCGCCCAGCAG 
Noxa-Fw AGGAAGGAAGTTCCGCCG 
Noxa-Rv AGCGTTTCTCTCATCACATCACA 

 

Table 4: List of qPCR oligos used 
 

7. Immunobloting 

Cell pellets were lysed with RiIPA lysis buffer (50mM HEPES, 150mM NaCl, 1% 

Glycerol, 1% Triton X-100, 1.5mM MgCl2, 5mM EGTA) and protein 

concentrations were determined by DCTM protein assay kit (Biorad, #500-0115) 

using the manufacture´s protocol. Proteins were separated on house-made SDS-
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PAGE gels and transferred to nitrocellulose membrane (Amersham). Membranes 

were incubated in blocking buffer (5% milk, 0.1% Tween, 10 mM Tris at pH 7.6, 

100 mM NaCl) during 1 hour and then with primary antibody overnight at 4ºC 

according to the antibody datasheet. Antibodies used: p53 (1:1000, Cell Signaling 

Technologies, #2524), PTEN (1:1000, Cell Signaling Technologies, #9188), 

MSH6 (1:1000, BD Biosciences, #610919), Vinculin (1:10000, Sigma, #V9131), 

MGMT (1:1000, Sta Cruz, #sc8825), p-CHK1 (1:1000, Cell Signaling 

Technologies, #2344S) and p-CHK2 (1:1000, Cell Signaling Technologies, 

#2661S). Anti-mouse or rabbit-HRP conjugated antibodies (Jackson 

Immunoresearch) were used to detect desired protein by chemoluminescence 

with ECL (Amersham). 

 

8. Genomic DNA isolation and TA Cloning strategy 

Genomic DNA was isolated by proteinase K/isopropanol/ethanol. Cell pellets 

were incubated in lysis buffer (10 mM Tris-HCl ph 8, 100mM NaCl, 0.5 mM EDTA, 

10% SDS and proteinase K) for 4h at 55°C. DNA was precipitated using 

isopropanol (ratio V/V 1:1). The aqueous phase was recovered to fresh tubes and 

washing in 70% cold ethanol as performed. Samples were centrifuged at 15000 

rpm for 25 min. After draining and dissolving in water, genomic DNA was 

quantified using nanodrop. 100ng of DNA were amplified with the specific primers 

listed in table 2 using PlatinµM Pfx Kit with the following conditions: 2 min at 94º 

for initial denaturing, 30 cycles of 15 s at 94º denaturing, 30 s at 59º annealing 

and 30 s at 60º extension. PCR products were cloned into the multiple cloning 

region from pGEM®-T Easy vector within the coding region for the α-peptide of β-

galactosidase. Insertional inactivation of the α-peptide allows recombinant clones 

to be visually identified by color screening (blue/white) on LB-ampicillin plates 

containing X-Gal/IPTG. White colonies were amplified, plasmid was isolated 

using QIAprep Spin Miniprep Kit (Qiagen, #27104) and submitted to sequence.  
 

9. Clonogenic assay 

1x104 cells were plated in 6-well plate and treated 3 hours later with TMZ and/or 

Val-083 in duplicates. Medium containing the drug was changed every 3 days. 

10 days after, medium was removed, and cells were stained with crystal violet. 
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10. CRISPR-sgRNA library: design, amplification and screening 

For the generation of the sgRNA library, four sgRNAs per gene and nine non-

targeting (NT) sgRNAs were designed. This library was prepared, subcloned and 

amplified and sublconed into the pKLV-U6gRNA (BbsI)-PGKpuro2ABFP plasmid 

following the instructions from the agilent surevector library cloning kit (Agilent 

#G7556A). 

U251Cas9 cells (1 x 106) were plated on a 100-mm dish and transduced with the 

lentiviral protocol described above. Transduced cells were selected on media 

containing 2 μg/mL puromycin. For the screening, 3 days after selection 1x105 

cells were plated and treated with 100 or 400 μg/mL of TMZ.  

 

11. Highthroughput sequencing: preparation of the libraries and analysis 

After ten days on treatment, genomic DNA was isolated for analysis by next 

generation sequencing. In order to amplify the region containing the sgRNA from 

the lentiviral plasmid a first PCR was performed using the oligos listed in table 4 

and the Kappa HiFi PCR Kit (KappaBiosystems, #KK2101) with the following 

conditions: 1 min at 95º for initial denaturing, 3 cycles of 20 s at 98º denaturing, 

20 s at 66º annealing and 20 s at 72º extension, 5 cycles of 20 s at 98º denaturing, 

20 s at 63º annealing and 20 s at 72º extension and 12 cycles of 20 s at 98º 

denaturing, 20 s at 60º annealing and 20 s at 72º extension. PCR products were 

loaded in a 2% agarose gel, purified using the Quiakit PCR purification kit 

(Quiagen #28104) and sent to Illumina NovaSeq 6000 for sequencing.  The 

screening data was analyzed using the RStudio software v.1.1.383. 

 
Primer name Sequence 5´ à 3´ 

pKLV_U6gRNA_Fw AATGATACGGCGACCACCGAGATCTaatggactatcatatgcttaccgtaact 

pKLV_U6gRNA_Rv_Idx3 CAAGCAGAAGACGGCATACGAGATgcctaaGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCaagTgcatgctccagactgc 

pKLV_U6gRNA_Rv_Idx8 CAAGCAGAAGACGGCATACGAGATtcaagtGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCaagTgcatgctccagactgc 

Table 4: PCR oligos used for the CRISPR-sgRNA library experiments 
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12. Compound library and screening  

The Experimental Therapeutics Program at CNIO, ETP-CNIO, owns a compound 

library of about 120 single compounds either FDA-approved or under clinical 

trials. 1500 U251-MG cells were seeded into 96-well plates and 2,5 µM of each 

compound form library was added using a robotic platform (Beckman 96 tip). 

Cells were cultured for 3 days and cell viability was analyzed using the CellTiter-

Glo cell viability assay (Promega, #G7570) to measure cell viability by 

luminescence measurement of adenosine triphosphate (ATP) consumption. The 

ATP reagent was added to each well of a 96-well plate, and the intensity of 

luminescence was measured using the EnVision plate reader (PerkinElmer) 30 

min after the addition of the reagent. To measure cell viability, the percentage of 

activity or inhibition was calculated and represented.  

 
13. Dose-response and proliferation assays 

For compound validations and experiments regarding Val-083, dose-response 

assays were performed, and 1500 U251-MG cells were plated in 96-well plates. 

Candidate compounds, as well as Val-083 (Clinisciences S.L., # A15269-

513914), were selected and specific concentrations were used for the validations. 

96 hours after treatment, cell viability was determined by MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Roche). Adherent 

cultured cells were plated in 96-well culture plates (1000 cells/well) in 100µl of 

their medium, in absence/presence of TMZ (Sigma, # T2577) and/or VAL-083. 

96 hours later, 10 µl of MTT (2.5 mg/ml) were added and cells were further 

incubated for 4h, followed by the addition of 100 µl solubilization buffer and 

incubation overnight. Spectrophotometric absorbance was measured at 570 nm 

and percentage of cell growth was calculated and represented using Prism 

software. 
 

14. Flow cytometer 

To analyze the percentage of γH2AX-positive cells, GBM cells were incubated 

with TMZ and/or Val-083, trypsinized, fixed in suspension by the addition of cold 

70% ethanol and maintained at -20ºC at least for 24h. Cells were suspended in 

0.25% Triton X-100 in PBS, and incubated on ice for 15 min. After centrifugation, 
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the cell pellets were suspended in PBS containing 1% BSA and antibodies 

recognizing 53BP1 (NB, #100-304) and γH2AX (Millipore, #05-636). Secondary 

antibodies conjugated with Alexa-647 or Alexa-488 (Life Technologies) were 

used at a dilution of 1:250. DNA content was visualized with either propidium 

iodide (PI) or Cell Cycle blue-405. 

GBM cells were incubated with TMZ and/or Val-083 for the indicated time and 

20μM EdU was added during the last hour of incubation. Trypsinized cells were 

fixed with 4% paraformaldehyde (PFA) for 10 minutes and EdU was detected by 

the Click-iT™ EdU Alexa Fluor® Imaging kit (Invitrogen/Molecular Probes). 

Acquisition was conducted on a FACSCanto II (BD) and data was analyzed using 

RStudio v.1.1.383. 

 

15. High-throughput fluorescence microscope analysis 

To analyze the percentage of 53BP1 and γH2AX-positive cells, 2.000 cells/well 

were plated on an opaque 96 well plate and cells were treated with TMZ and or 

Val-083 for 48 hours. Cells were fixed with PFA 4%, permeabilized for 15 minutes 

with BSA 0.2% + Triton X-100 0.5% and then blocked with BSA 3% for 1 hour.The 

primary antibodies used for immunofluorescence were α-γ-H2AX (Millipore, #05-

636) and α-53BP1 (NB, #100-304) diluted 1:1000 or 1:3000 respectively in BSA 

3%. After incubation overnight at 4ºC with the primary antibodies, cells were 

washed twice with PBS 1x and then incubated for 1 hour with the secondary 

antibodies Donkey α-Mouse 555 and Donkey α-Rabbit 488 (both diluted 1:400 in 

BSA 3%). Cells were washed twice with PBS 1x and then stained with DAPI 

(1:4.000) for 5 minutes. 

To measure EdU incorporation, 2.000 cells/well were plated on an opaque 96 

well plate and cells were treated with TMZ and/or Val083 for 48 hours. Cells were 

incubated with EdU 10 μM for 1 hour at 37 ºC and fixed with PFA 4%. Cells were 

then permeabilized with BSA 0.2% and Triton X-100 0.5% for 20 minutes and 

blocked with BSA 3% for 1 hour. Finally,cells were incubated with the Click iT 

Reaction Cocktail (Click-iT EdU Imaging Kit - Invitrogen) for 45 minutes and then 

washed with BSA 3%. Finally, cells were stained with DAPI (1:4.000) for 5 

minutes. 
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Acquisition was conducted on a confocal microscopy system using Opera (Pelkin 

Elmer) and data was analyzed using R programming. 

  
16. Cell cycle analysis 

Cultured cell lines were fixed in 70% ethanol on ice for 30 minutes, rehydrated in 

PBS, treated with RNase A (100µg/ml) (Qiagen, #10109142001) and stained with 

propidium iodide (50µg/ml). Acquisition was conducted on a FACSCanto II (BD) 

and data was analyzed using FlowJo v.10.4.2. 

 
17. Immunohistochemistry 

Tissue samples were fixed in 10% formalin, paraffin-embedded and cut in 3 μm 

sections. Tissues were deparaffinized in xylene and re-hydrated through a series 

of graded ethanol until water. For histopathological analysis, sections were 

stained with hematoxylin and eosin (H&E). For immunohistochemistry (IHC), 

paraffin sections underwent first an antigenic exposure process, then 

endogenous peroxidase was blocked, and the slides were then incubated in 

blocking solution (2.5% BSA, 10% goat serum, with or without MOM IgG, 

according to the species of primary antibody, in PBS). Incubation with the 

appropriate primary antibodies was carried out for 3 hours as detailed: PTEN 

(1:100, Cell Signaling Technology, #9559), p19ARF (1:100, Santa Cruz 

Biotechnology, sc-32748), p21 (1:10, CNIO monoclonal antibody core, clone 

291H/B5), cleaved caspase-3 (1:750, Cell Signaling Technology, #9661,). After 

that, all slides were incubated with appropriate secondary antibodies and the 

visualization system AB solution (AB solution-Vector, #PK-6100). The 

immunohistochemistry for p53 (1:100, CNIO monoclonal antibody core, clone 

POE316A), Ki67 (undiluted, Master Diagnostica, #0003110QD), Cas9 (1:100, 

Cell Signaling Technology, #14697), p-S6 (S240/244) (1:500, Cell Signaling 

Technology, #92991), p-AKT (S473) (1:175, Abcam, # ab81283) and p16INK4a 

(CNIO monoclonal antibody core, clone AM-33B, ready to use) was performed 

using an automated immunostaining platform (Ventana discovery XT, Roche).  
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18. Mouse strains and husbandry 
Nestin-Tva and GFAP-Tva mice were generously provided by Eric Holland. The 

Rosa26-LSL-Cas9 knockin mouse strain was purchased from The Jackson 

Laboratory (# 024857). Nestin-Cre and GFAP-Cre, hUBC-CreERT2 transgenic 

lines were kindly provided by various researchers at the Spanish National 

Cancer Research Centre (Marcos Malumbres, Mariano Barbacid and Maria 

Blasco). Mice were housed in the specific pathogen-free animal house of the 

Spanish National Cancer Research Centre under conditions in accordance with 

the recommendations of the Federation of European Laboratory Animal 

Science Associations (FELASA). All animal experiments were approved by the 

Ethical Committee (CEIyBA) and performed in accordance with the guidelines 

stated in the International Guiding Principles for Biomedical Research Involving 

Animals, developed by the Council for International Organizations of Medical 

Sciences (CIOMS). 

 
19. Generation of murine gliomas 
For the RCAS-mediated gliomagenesis, newborns or 4–6-week-old mice were 

injected intracranially with 2x105 DF1 carrying the RCAS-PDGFB and 2x105 DF1 

transduced with different RCAS-sgRNA expressing cells. Adult mice were 

anaesthetized by 4% isofluorane and then injected with a stereotactic apparatus 

(Stoelting) as previously described (Hambardzumyan et al., 2009). For the 

inducible model (NTva; LSL-Cas9; hUBC-CreERT2), 2 weeks after cells injection, 

mice either received intraperitoneal injections of 4-Hydroxytamoxifen (Sigma-

Aldrich, Cat. H6278) (2 mg/injection, 3 times/week) or were fed ad libitum with 

tamoxifen-containing pellets. After intracranial injection, mice were checked until 

they developed symptoms of disease (lethargy, poor grooming, weight loss, 

macrocephaly). 

 

20. Organotypic tissue cultures 

Organotypic slice cultures from adult nude mouse brain were processed and 

prepared as previously described (Valiente et al., 2014). Briefly, mice injected 

with GBM cells expressing a luciferase reporter were anesthetized with 

isofluorane. They were then injected retro-orbitally with d-luciferin (150 mg per 

kg) and imaged with an IVIS Xenogen machine (Caliper Life Sciences). 
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Bioluminescence analysis (BLI) was performed using Living Image software, 

version 3.  

Brain slices were imaged to confirm the presence of glioma cells using BLI. 

Growth rate was obtained by comparing the fold increases between day7 and 

day 0. Treatment on brain slices was replaced at day 4 of the experiment 

(10 μM/25 μM of TMZ and/or 0,5 µM of Val-083) by adding them to the media. 
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1. Forward genetic screen using PiggyBac transposon-mediated 
insertional mutagenesis in human haploid cells for the identification of 
genes related to modulation of TMZ response 
 

1.1 Haploid cells express MGMT and tolerate high doses of TMZ  
The development of resistance to TMZ represents a major obstacle for the 

successful treatment and eradication of GBM in patients. Although some 

progress has been made in the understanding of the biology of the tumor origin, 

there is a limitation in the understanding of the mechanisms of resistance to 

current therapies. In this regard, the identification of the relevant targets in 

resistance pathways, remains challenging. The identification of resistance genes 

has focused largely on forward genetic approaches, such as RNAi library screens 

(Meijer et al, 2006). Mobile genetic elements like PB-transposons provide a 

powerful alternative method for gene discovery that can overcome many of the 

limitations of forward genetic screens (Chew et al, 2011). 
 

The PB-transposon is a mobile genetic element that can efficiently swap between 

vectors and chromosomes via a "cut and paste" mechanism. For the first part of 

this project, we decided to use a PiggyBac (PB) transposon system for an 

insertional mutagenesis screen in human haploid (Hap1) cells, a nearly haploid 

cell line derived from leukemia cells (Kotecki et al., 1999). In this system, the PB 

can precisely complete excision and reinsertion in chromosomes. After the 

reinsertion, the transgene is inserted into the genome at TTAA regions.  No DNA 

synthesis occurs during the PB transposition, and the target gaps caused by 

transposition are sealed simply by ligation, making the transposition of PB precise 

(Mitra et al., 2008).  One advantage of the PB system is the possibility to re-

express the silenced gene by expression of the PB transposase (Zhao et al., 

2016; Figure 8A). Genomes containing an inserted PB vector can be re-

transfected with a specific PB transposase expression vector, removing the 

transposon from the genome and leaving intact the DNA (Figure 8A). This 

approach has been described by Pandzic et al. for the identification of resistance 

mechanisms for the chemotherapeutic drug fludarabine in chronic lymphocytic 

leukemia (Pandzic et al., 2016).   
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Using the PB system in haploid cells, transposon integrations can lead to a 

complete loss-of-function phenotypes. Our first objective was to use a library of 

mutant cells generated in Hap1 cells for a forward genetic screen in order to 

identify genes related to TMZ response.  
 

First of all, a clonogenic assay was performed in Hap1 cells by treating with 

increasing doses of TMZ. We noticed that these cells are quite resistant to TMZ 

and they express MGMT (Figure 8B).  Then, Hap1 cells transduced with a PB 

transposon were subsequently treated for 2 weeks with 500 µM of TMZ, in two 

independent replicates, and TMZ-resistant clones were observed (Figure 8C).  

 

 

 
Figure 8: Workflow of the PB-transposon system and forward genetic screen in 
Hap1 cells. A) PB-transposon system approach. During transposition, the PB-
transposase recognizes transposon-specific inverted terminal repeat sequences (ITRs) 
located on both ends of the transposon vector and efficiently moves the contents from 
the original sites and integrates them into specific TTAA chromosomal sites. Then, PB-
transposon can be easily removed from the genome by specific PB-transposase 
(adapted from biosciences). B) Top panel: Clonogenic assay performed in Haploid cells 
to determine the lethal dose for TMZ. Cells were treated with increasing doses of TMZ. 
Notice that Hap1 need high doses of TMZ to kill all the cells. Bottom panel: immunoblot 
showing that Hap1 cells express MGMT. C) Strategy for the forward genetic screen. 
Hap1 cells were transduced with the PB-transposon vector to generate the transposon 
library and treated with TMZ. Some of the resistant clones were isolated for deeper 
analysis by Splinkerette-PCR, reverse phenotype assay and RNAseq. The rest of the 
clones were collected as a pool and analyzed by RNAseq. 
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1.2 PB screen in Hap1 cells revealed 43 candidate genes that could be 
related to TMZ resistance 

Ten clones were isolated independently, and the rest of the clones were 

harvested as a pool for their analysis. In order to map the location of the 

integrations sites, thus finding the gene responsible of the resistance, the isolated 

clones were analyzed by Splinkerette-PCR (spPCR). This technique allows the 

sequencing of the genomic regions flanking the PB insertions (Shao et al., 2012). 

Briefly, genomic DNA from the resistant clones containing the PB transposon 

were digested with Sau3AI restriction enzyme. Digested DNA was then ligated 

with specific splinkerette oligonucleotide with a stable hairpin loop. This was 

followed by two rounds of nested PCR that contained the flanking genomic DNA 

between the transposable element insertion site and the genomic digestion site. 

By Sanger sequencing we were able to map the integration site of the PB 

transposon (Figure 9; See material & methods for details). Moreover, both the 

clones and the pool were sent for RNAseq for more in-depth analysis (Figure 8C). 
 

 

 

  

 
 
 
 
 
Figure 9. Schematic for the 
splinkerette PCR method. Genomic 
DNA (gDNA) is isolated from the isolated 
clones to be mapped. The genomic DNA 
is digested by Sau3A1 restriction 
enzyme that produces sticky ends. A 
specific double stranded splinkerette 
oligonucleotide compatible with sticky 
ends is ligated to the digested gDNA. 
After two rounds of nested PCR the 
fragment generated contains the 
flanking gDNA between the 
transposable element insertion site. 
Specific primer directed against the 
transposon is used for Sanger 
sequencing. Adapted from Potter et al., 
2010.
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We were able to identify 43 different integration sites corresponding to 43 

different ´candidate´ genes (Table 5) that could modulate the resistance to TMZ. 

Interestingly, we identified MSH6, an MMR component known to be involved in 

the repair of TMZ-induced DNA damage. (Cahill et al., 2008; Yip et al., 2009; 

Nguyen et al., 2014). We also identified this gene in other screenings performed 

in our laboratory in the context of TMZ-resistance. This suggests that PB-

transposon system is a valid system for the identification of TMZ-modulator 

genes. In addition, the proteasome component PSMD1 was previously described 

to modulate the sensitivity to alkylating agents in Drosophila cells (Amaravadi et 

al., 2009).  
 

 

GENE DETECTION METHOD GENE DETECTION METHOD 

C11orf84 Splinkerette-PCR / RNA 
SEQ VPS13D Splinkerette-PCR 

SMS Splinkerette-PCR / RNA 
SEQ ENO1 RNA SEQ  

PEX5L Splinkerette-PCR HDAC9 RNA SEQ 

PSMD1 Splinkerette-PCR / RNA 
SEQ MEGF9 RNA SEQ 

MSH6 Splinkerette-PCR RNA SEQ NDC80 RNA SEQ 
NUP98 Splinkerette-PCR ACTN4 RNA SEQ 

PTGES3 Splinkerette-PCR / RNA 
SEQ ACY1 RNA SEQ 

MAP1B RNA SEQ AHSA1 RNA SEQ 
TBCD RNA SEQ ANKLE2 RNA SEQ 
ERF RNA SEQ AURKA RNA SEQ 

HNRNPA1 RNA SEQ CREBBP RNA SEQ 
FBXO5 RNA SEQ DNAJC25 RNA SEQ 

IPO7 Splinkerette-PCR / RNA 
SEQ DPPA4 RNA SEQ 

MCOLN1 Splinkerette-PCR EXOSC9 RNA SEQ 
PTPN4 Splinkerette-PCR PSMD2 RNA SEQ 

SIPAL1L Splinkerette-PCR RCC1 RNA SEQ 
DIAPH3 Splinkerette-PCR RPS6 RNA SEQ 

NUCKS1 Splinkerette-PCR / RNA 
SEQ DOCK3 RNA SEQ 

ITSN2 Splinkerette-PCR EZR RNA SEQ 
RIOK2 Splinkerette-PCR NFATC3 RNA SEQ 
PPFIA2 Splinkerette-PCR SRPK 1 Splinkerette-PCR 

  CHORDC1 Splinkerette-PCR 
 

Table 5: Resistant genes detected by RNAseq and/or Splinkerette-PCR. 
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1.3 Transposon integration induces TMZ resistance in Hap1 cells 

The PB-transposon inserted into the genome can be removed by PB-

transposase, leaving the locus in an intact wild-type sequence configuration and 

re-sensitizing the cells to the drug. Thus, it is easy to verify whether the 

transposon integration is responsible for the phenotype (Fraser et al., 1996; Elick, 

1996). A reversion phenotype assay was performed in the isolated clones that 

were then treated with TMZ before and after removing the transposon (Figure 

10A). The resistance to TMZ was reverted once the transposon was eliminated 

in the ten isolated clones (Figure 10B).  The interpretation of these results is very 

intuitive: the insertion of PB was responsible for the phenotype whereas precise 

excision of PB abolished it. Our data indicate that the resistance to TMZ was 

dependent on the specific integration site and not from random mutations 

produced by TMZ in the genome.  
 

 
Figure 10: Reversion phenotype assay analysis. A) Strategy of reversion phenotype. 
Specific PB-transposase is used to remove the insertion of the PB-transposon into the 
genome leaving intact the locus and re-sensitizing the cells to the drug. B) Example of 
this assay in 3 different isolated clones. 104 cells were plated in a 6-well plate and treated 
with 500 µM of TMZ in the presence or absence of the PB-transposon for 10 days and 
then stained with crystal violet. Note: all the isolated clones were positive for this assay. 
 

 

1.4 Inactivation of the MMR component MSH6, but not of other HAP1 
candidate genes, generates resistance in GBM cell lines. 

Next, to validate the candidate genes we used the CRISPR/Cas9-based genome 

editing in Hap1 and in different GBM cell lines (U251-MG and U87-MG). These 

cells were first infected with a lentiviral Cas9 vector for a constitutive expression 
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of Cas9. Thus, different sgRNA for MSH6, PSMD1, IPO7, PTGES3, PEX5L, SMS 

and ERF as well as a non-targeting sgRNA (Table 1) were designed and cloned 

into the pKLV-U6sgRNA PGK2ABFP lentiviral vector. These vectors were used 

to infect the three different cell lines. Finally, the KO cells generated for the 

candidate genes were tested in clonogenic assay and showed that they were 

resistant upon TMZ treatment in Hap1Cas9 (Figure 11A). However, except for 

MSH6-defficient cells, we could not observe similar results neither in U251Cas9 

nor in U87Cas9 GBM cells (Figure 11B).  

 

The efficacy of the cut in the CRISPR/Cas9 system remains a limitation and may 

have its basis in the different Cas9 functions, like efficient DNA-scanning 

(Sternberg et al., 2014), PAM detection (Nishimasu et al., 2014; Jinek et al., 

2014), or nuclease domain activation (Sternberg et al., 2015). Recently, it has 

been described that nucleotide composition of the sgRNA may produce changes 

in genome editing efficacy (laubuhn et al., 2018). To test the sgRNA efficacy, 

genomic DNA (gDNA) was extracted from some of cells generated, before and 

after TMZ treatment, and the efficacy of cutting was analyzed by Sanger 

Sequencing. PCR products containing the CRISPR locus were subcloned into 

the multiple cloning site (MCS) in the pGEM-T® Easy Vector. Successfully cloned 

colonies were selected by β-galactosidase and picked for plasmid isolation. The 

cloned fragment of interest was analyzed by Sanger sequencing. As expected, 

only TMZ-treated cells contained indels in the locus indicating that those cells 

without editing were died because of the treatment. Nevertheless, we could 

identify wild type sequences in the control cells (Figure 11C) 
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Figure 11: Validations in Hap1 and GBM cells. Hap1Cas9 (A) and U251Cas9 or U87Cas9 
cells (B) were infected and selected with the different sgRNAs cloned into a lentiviral 
plasmid. 104 cells were plated and treated with lethal doses of TMZ for 10 days and then 
stained with crystal violet. C) Indel analysis of ERF, MSH6 and PEX5L genes identified 
in Hap1 cells. 
 

 

Despite these discouraging results observed in the first set of validations in GBM 

cells, we decided to perform a low-throughput secondary screening by designing 

and generating a sgRNA library with the genes (all but MSH6) previously 

identified. The library was composed by four different sgRNAs per gene identified 

and nine non-targeting sgRNAs as internal controls. U251Cas9 GBM cells were 

transduced with the CRISPR-sgRNA library and treated with low (100µM) and 

high (400µM) doses of TMZ for 10 days. Regrettably, we were not able to detect 

any resistant clones in the highest dose and the cell survival upon the lowest 

dose in the library-containing cells was similar to the control cells. Regardless, 

the cells were collected, processed and analysed by HiSeq in order to see 

whether there were sgRNAs enriched in the treated samples.  

 

Based on the results obtained on the non-treated cells, we could confirm the 

presence of each sgRNA from the library in the original cell population (Figure 

12A). One sgRNA for c11orf84, a SPIN1-docking protein related to histone 

methylation ability, was present 5 times more in the treated cells than in the non-

treated control. In addition, another sgRNA for the same gene was detected in 

the top 15 sgRNAs with the highest fold-change (Figure 12B). Moreover, there 

was another gene represented by 2 different sgRNAs in the top 15: AHSA1, a co-

chaperone of Hsp90AA1.  We decided to clone only those sgRNAs for c11orf84 

and AHSA1 into the lentiviral plasmid for validations in a different set of GBM cell 

lines. However, none of sgRNAs were validated after clonogenic assay in 

U251Cas9 cells (Figure 12C).  
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Figure 12: Analysis of CRISPR-sgRNA library showed an enrichment of 
some sgRNAs upon TMZ treatment. A) Barplot showing differential 
changes by log2 fold change and normalized to non-treated cells of the 
CRISPR-sgRNA library in U251Cas9 cells treated with 100µM of TMZ for 10 
days. B & C) List of top 15 sgRNAs identified in the screening. Noticed that 
c11orf84 and AHSA1 genes are represented by 2 different sgRNAs. 
Clonogenic assay in U251Cas9 for the top 2 genes enriched (2 or more 
sgRNAs). Cells were plated and treated with 100µM of TMZ for 10 days. 
None of the sgRNA led to resistance to TMZ. 

 
 
 

 

The signal for a positive selection (TMZ resistance) is strong promoting the 

enrichment of sgRNAs which allows for the easy detection of resistant cells. 

However, the identification of false-positives may result when the CRISPR/Cas9 

system modifies off-target genomic sites with sequence similarity to the intended 

CRISPR target site (Tsai & Joung, 2016). In our case, the identification of 

enriched sgRNAs in our library that do not validate individually may be explained 

by the detection of false positives.  
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2. Compound screening in MMR-defective GBM cells 

MSH6 is a member of the MMR pathway that dimerizes with MSH2 and forms a 

MutSa in charge of detecting single nucleotide mismatches. Upon detection, 

subsequent corrective actions are undertaken by complexes of other MMR family 

members (Kunkel & Eurie., 2015). As mentioned in the introduction, MSH6 

mutations are involved in the recurrence of GBM patients.  Around 20% of the 

patients treated with TMZ acquire mutations in this gene resulting in 

chemotherapy failure (Yip et al., 2009). Thus, alterations in MSH6 (mutations or 

deletions) lead to resistance to TMZ and reinforce the importance of developing 

additional therapies to deal with MSH6-deficient glioma. 
 

In most cancers, the standard therapies are directed to block specific pathways 

for cell survival (Pagliarini et al., 2015). However, resistance to therapies is a 

common outcome in different tumor types and it has been shown found that 

targeting a second signaling pathway in combination with a cell-specific mutation, 

could result in synthetic lethality (Bunting et al., 2010; Bian et al., 2014). Cells 

with gene A or B mutated may not produce cell death (Figure 13B). A synthetic 

lethal interaction when the inactivation of gene B (either genetically or by a drug) 

will produce cell death in those cells that have a mutation in gene A, and vice 

versa (Figure 13C) (Nagel et al., 2016). Consequently, the inhibition of A or B is 

selectively lethal to cancer cells with mutations in the other gene. This would 

promote favorable combination of therapeutic treatment, to which only tumor cells 

that contain the mutation would be sensitive. Furthermore, these interactions 

could expand the treatments for lethal cancers, since they could facilitate the 

indirect targeting of non-druggable cancer mutations through the identification of 

second-signaling pathways that may be druggable. 
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Figure 13: The concept of synthetic lethality. A) In normal conditions, the expression 
of gene A and B does not alter cell growth. B) Loss or the inhibition of either gene A or 
B alone sometimes does not affect cell viability. C) Mutation or pharmacological inhibition 
of the gene B in cells with a mutation of gene A results in non-viable cell (synthetic 
lethality). (Adapted from Nijman, 2011) 
 
 
2.1 MSH6-defective GBM cells might me more sensitive to anti-mitotic 
drugs 
Considering that MSH6 is the only gene that we have validated and the 

relationship between MMR deficiency and TMZ resistance, our next goal was to 

identify compounds that are more effective in MSH6-deficient cells as compared 

to normal cells. In order to do so, we performed a compound screening in U251 

GBM cells, either MMR-proficient or deficient, using 120 antitumoral drugs that 

are FDA -approved or under clinical trials.  
 

For this screening, we used the RNA interference (RNAi) technique in U251 cells 

infected to silence the expression of MSH6 using short hairpin RNAs (shRNA) 

(figure 14A). These cells were treated with 2,5µM of every compound of the 

library and 3 days after treatment, proliferation was measured. Preliminary data 

suggested that MMR defective cells might be more sensitive to anti-mitotic drugs 

(microtubules activity and Aurora Kinase inhibitors) (Figure 14B and C).  
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Figure 14: Compound screening results in U251 shRenilla/shMSH6 cells. A) 
Immunoblot showing the efficiency for silencing MSH6 gene by using the RNAi or 
genome editing systems in U251 GBM cells used for the validations. NT: Non-targeting. 
B) Barplot showing differential variability changes of drugs from the compound 
library by log2 fold change and normalized to shRenilla. C) List of promising 
compounds identified, their commercial names and known functions. 
 
 
2.2 Validations of different compounds did not show differences in MMR-
defective cells  
To confirm these data, a first dose-response assay was performed in MSH6-

deficient cells (Figure 15A) using some of the different compounds mentioned in 

figure 14C. Cells were plated in quintuplicates in 96-well plates, treated with serial 

dilutions of each drug and proliferation was measured 72h after treatment by 

colorimetric assay. Regrettably, preliminary data showed that neither vincristine 

nor mesylate were more effective in MMR-deficient cells as compared to normal 

cells (Figure 15 – top panel). Other drugs were also tested in these cells with 

similar results. 
 

 

 

 
Figure 15: Example of validations of different “candidate” compounds in U251 
cells transduced with RNAi (top panel) or sgRNA (bottom panel) to block the 
expression of MSH6. Cells were plated in 96-well plates and treated with decreasing 
doses of TMZ (500µM) A), ETP-45338 (10µM) B) or ETP-51636 (100µM) C). Cell growth 
was measured 96h after treatment by MTT assay. The results are presented as the mean 
and SD of five separate replicas and are expressed as the percentage relative to vehicle-
treated control cells. 
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One drawback of the RNAi approach could be that the small levels of residual 

protein expression can be sufficient to avoid differences in cell viability, growth or 

drug response. For the compound validations we decided to generate also pure 

populations of MSH6-deficient cells by CRISPR/Cas9 system in U251 cells 

(Figure 14A). Nonetheless, we were not able to validate any of the compounds 

identified in this screening (Figure 15 – bottom panel). The compound screening 

is a technique widely-used in drug discovery (Macarron et al., 2011).  We could 

perform a more High-Throughput Screening (HTS) using bigger compounds 

libraries in order to identify compounds that could sensitize more the MMR-

deficient GBM cells.  
 

 

3. Val-083 as a possible alternative treatment for GBM patients 

The main limitation of treating GBM patients is, not only the acquisition of drug 

resistance which results in tumor recurrence, but also the ability of the drug to 

cross the BBB (Woodworth et al., 2014). It is extremely important the 

development and/or testing of new compounds, particularly those with different 

cytotoxic mechanisms of action. The aim is overcome chemoresistance, prolongs 

the survival and the quality of life of the patients.  
 

One of these compounds that could help patients is the by-alkylating agent 

1,2:5,6-Dianhydrogalactitol (Val-083). Val-083 is a first-in-class which means that 

is not an analogue or derivative of other small molecule chemotherapeutics 

approved for the treatment of cancer. It has shown potential antineoplastic 

activity, it crosses the BBB and appears to be selective for tumor cells. It does 

not show cross-resistance to other conventional chemotherapeutic agents and it 

has a long half-life in the brain being well tolerated at doses up to 40mg/m2 

(Bacha et al., 2016). This compound induces interstrand crosslinks at N7-

guanines generating persistent DSBs (Figure 16) and activating the homologous 

recombination (HR) repair pathway, which leads to cell cycle arrest in a p53 

dependent or independent manner (Zhai et al., 2017). A phase III clinical trial is 

ongoing in order to test its efficacy in combination with Rx in patients with Newly 

Diagnosed GBM (unmethylated MGMT) (NCT03050736) and another phase II 
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clinical trial is active for patients with recurrent malignant glioma (NCT01478178). 

Preliminary data showed promising efficacy in GBM cells (Fouser et al., 2014). 

 
 

 
Figure 16: Mechanism of action of Val-083. Val-083 treatment 
induces interstrand DNA crosslinks through N7-guanine alkylation, 
leading to replication-dependent DSB. HR DNA repair pathway can be 
involved in DNA restoration (adapted from Zhai et al., 2018). 

 

 

 

3.1 Val-083 activity is independent of MMR-status and MGMT methylation 
in vitro 
We first decided to elucidate the efficacy of Val-083 as compared to TMZ in 

different primary human GBM cells with distinct genetic background: MGMT+ 

(T98G), MGMT- (U251) and MMR defective by silencing MSH6 using RNAi or 

CRISPR editing. Notably, we observed that, contrary to the response to TMZ 

(Figure17A, 17B, 17C – top panels), the various cells lines responded equally to 

Val-083. This suggests that its activity is not only MGMT but also MMR-

independent. (Figure17A, 17B, 17C – bottom pannels). 
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Figure 17: Val-083 is independent of MGMT or MMR status in GBM cell lines. Cells 
were treated with decreasing doses (dilution 1/3) of TMZ (500µM for U251 cells and 1mM 
for T98G cells) and Val-083 (25µM). A) Dose response assay in U251 cells transduced 
with shRNA to knockdown MSH6. B) Dose response assay in a pure population of 
U251Cas9 cells KO for MHS6. C) Dose response assay in T98G cells transduced with 
shRNA to knockdown MSH6. Cell growth was measured 96h after treatment by MTT 
assay. The results are presented as the mean and SD of five separate replicas and are 
expressed as the percentage relative to vehicle-treated control cells. NT: non-targeting. 
 

 

3.2 Val-083 leads to cell cycle arrest at G2/M phase 
Next, we carried out a cell cycle profile analysis in order to compare the effect on 

cell cycle progression using different doses of TMZ or Val-083. As shown in figure 

18, as expected, treatment with TMZ in U251 “shRenilla” cells results in an 

increase of the percentage of G2/M cells, whereas this effect was not observed 

in MSH6 deficient cells (Top left panel). However, Val-083 produced G2/M phase 

arrest in both MMR-proficient and deficient cells (Figure 18, bottom left panel).  
 

Finally, Val-083 led to a dose-dependent increase in G2/M in MGMT-positive 

T98G cells and this effect was also independent of MMR status (Figure 18, 

bottom right panel). These results confirm that the mechanism of action of Val-

083 is independent of MGMT and MMR expression. 
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Figure 18: Val-083 promotes cell cycle arrest in G2/M phase independently of 
MGMT or MMR status in GBM cells. Cell cycle profile in U251 and T98G cells MSH6 
proficient of deficient. Cells were treated with increasing doses of TMZ or Val-083. The 
data is representative of three independent experiments and 96h of treatment. 
 

 

3.3 Combination of TMZ and Val-083 have synergistic effects in MMR-
proficient and MGMT-methylated cells 
For some cancers, where the current treatment is limited, combination of 

chemotherapies represents a promising alternative for the patients. The main 

objectives of using this approach are better efficacy, decreased toxicity, and 

reduced development of drug resistance (Foucquier & Guedj, 2015).  
 

Because TMZ and Val-083 have independent mechanisms of toxicity, we were 

wondering whether Val-083 could have a synergistic effect in combination with 

TMZ. For this purpose, a combinatory experiment with TMZ or Val-083 was 

performed in U251 cells. These cells were plated and treated with increases 

doses of TMZ and/or Val-083 for 96 hours, cell viability was measured by MMT 

assay and combinatory index (CI) was measured. CI less than 0,8 shows 

significant synergism. 10µM of TMZ and 0,5µM of Val-08 obtained the minor CI 

(0,374) (Figure 19A). Additionally, more synergistic effects were observed at 

lower doses of TMZ and Val-083 (Figure 19A). The evaluation of drug 

combination effect using a Bliss independence dose-response surface model 

confirmed that the highest peak of synergism was produced at 10µM of TMZ and 

0,5µM of Val-083 (Figure 19B). 
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Figure 19: A drug combination data analysis. A) The bar graph shows the 
combination index (CI) of U251 cells treated 96h with TMZ, Val-083 and the combination. 
CI<0,8 shows synergism. B) A typical Bliss-plot analysis utilizes a dose-response matrix 
design where all possible dose combinations for a drug pair can be tested. Peak of 
synergism is triggered by a low dose of Val-083 (0,5 µM) and TMZ (10µM); δ: percentage 
of cell inhibition. 
 

  

To further explore the synergistic effect of the combination of TMZ and Val-083, 

we performed a clonogenic assay testing 10µM or 25µM of TMZ and 0,5µM of 

Val-083. The results revealed the strongest effect in the combination between 

10µM of TMZ and 0,5µM of Val-083 (Figure 20A). Cell cycle profile of U251 

shControl cells revealed that the effect of combining TMZ and Val-083 produced 

an increase of G2/M arrest after 96h (Figure 20B – left panel), although each drug 

alone already induced a tiny effect on G2/M phase. To note that cells treated with 

25µM of TMZ alone showed a marked reduction in colony formation and the 

addition of Val-083 did not lead to a drastic synergy in U251 shControl cells 

(Figure 20A; Figure 20C – left panel). As expected, we did not observe synergy 

of the drugs in MMR deficient cells (Figure 20B, C – right panel).  
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Figure 20: Low doses of TMZ and Val-083 produce synergistic effect only in MGMT-
negative U251-MG cells. All experiments were performed in U251 control cells and 
MSH6-deficient U251-MG GBM cell lines. A) Clonogenic assay showed only a 
combinatory effect in U251 control cells treated with indicated doses of TMZ and Val-
083 for 10 days. B) Cell cycle profile showed G2/M phase arrest in U251 cells treated 
with TMZ and Val-083 for 96h. The data is representative of three independent 
experiments. C) Cell cycle profile showed a G2/M phase arrest only in MSH6-deficient 
U251 cells treated with Val-083 for 96h. PI staining was performed, and cell cycle was 
measured and analyzed as indicated in materials and methods. The data is 
representative of two independent experiments. 
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3.4 TMZ and Val-083 treatment induces higher level of DNA damage 
It is known that the TMZ treatment induces DSB when MMR pathway is active, 

resulting in cell death by apoptosis (Roos and Kaina, 2013). To further 

characterize how the synergistic effect produced by TMZ and Val-083 leads to 

cell cycle arrest, we examined the DNA damage status by measuring p-H2AX 

and 53BP1 foci formation. 
 

Using high-throughput fluorescence microscope, we detected that the 

combination offered a higher activation of the DNA damage response giving rise 

to p-H2AX (Figure 21A – left panel;), an increase of 53BP1 foci, suggesting higher 

DSB-containing chromatin, and less proliferation after 72h of treatment (Figure 

21A – right panel). The effect on DNA damage response of the combinatory 

treatment was also corroborated by flow cytometer (Figure 21B). More 

experiments are needed to fully elucidate the mechanism of how Val-083 in 

combination with TMZ induce DNA damage. 

 
 

 
Figure 21: DNA damage is increased in combinatory treatment of Val-083 and TMZ. 
A) Measurement of different markers to evaluate DDR in U251-MG cell line after 72h 
with the indicated doses of Val-083, TMZ and combination of them. Then, cells were 
processed as indicated in material & methods and p-H2AX and 53BP1 were measured 
and quantified (Left and bottom panel). Val-083 and TMZ increased DNA damage in 
U251 cells. B) Flow cytometric analysis of p-H2AX after 72h of treatment. The data is 
representative of two independent experiments.  
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3.5 Ex vivo experiments confirm the synergistic effect between Val-083 
and TMZ 
Finally, to study the effect of Val-083 and its combination with TMZ under more 

physiological conditions we used an organotypic approach. Organ brain slices 

culture is a powerful tool for pharmacological studies of the CNS since it 

conserves the cellular structure, vessel network, and extracellular matrix of the 

brain (Cho et al., 2007; Fridén et al., 2009). Moreover, this procedure has been 

recently used to test some drugs in malignant brain tumors (Minami et al., 2017).  

We injected immunocompromised mice with U251 cells previously transduced 

with firefly luciferase (Fluc) to monitor tumor growth by IVIS spectrum. Once the 

mice manifested clinical symptoms of GBM development (lethargy, poor 

grooming, weight loss, macrocephaly), they were sacrificed, and brains were 

collected and processed as explained in materials and methods (Figure 22A). 

Brain slices were treated for 7 days with 10 and 25 µM of TMZ, 0,5 µM of Val-

083 and the possible combinations (10 + 0,5µM or 25 + 0,5 µM). Luciferase 

activity was measured at day 0, day 4 and day 7 (Figure 22B). As observed in 

figure 22D single doses of TMZ or Val-083 decreased tumor growth after 7 days 

of treatment. Most importantly, combination of treatments resulted in a marked 

decrease of tumor growth confirming the synergistic effect between TMZ and Val-

083. As expected, only Val-083 treatment gave a reduction in tumor growth in the 

MMR-defective cells (Figure 22E). 
 

These results indicate that the TMZ and Val-083 combinatory treatment may be 

a promising approach for MGMT methylated patients. Moreover, our data would 

suggest that recurrent patients carrying defects in MMR could potentially benefits 

of second line treatment with Val-083. 
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Figure 22: Orthotopic experiments showed a benefit in brain slices treated with 
low doses of TMZ and Val-083. A) Workflow for the orthotopic experiments. 5x10^5 
U251Fluc-MG cells (control or shMSH6) were injected orthotopically into nude mice and 
monitored 2 times/week. When the signal was optimal (>10^3 photons), brains were 
collected, and brains slices were processed and cultured as explained in material and 
methods and cultured. Treatment with Val-083 and/or TMZ was added at that point for 7 
days. B) Representative images of brain organotypic cultures with established U251Fluc 
cells derived tumors (luciferase+) grown ex vivo for 7 days in the presence or absence of 
Val-083 (0,5 μM), TMZ (10/25 μM) or both. C) Dose response assay in U251Fluc cells 
transduced with RNAi control or MSH6 and treated with decreasing doses (dilution 1/3) 
of Val-083. No differences on Val-083 response were observed. D) Quantification of the 
bioluminescence signal emitted by in U251Fluc cells in each brain slice normalized by the 
initial value obtained at day 0 (before the addition of either DMSO, Val083, TMZ or both). 
E) Quantification of the bioluminescence signal emitted by in U251Fluc shMSH6 cells in 
each brain slice normalized by the initial value obtained at day 0 (before the addition of 
either DMSO, Val083, TMZ or both). Values are shown in box-and-whisker plots and the 
line in the box corresponds to the median. P values were calculated using the two-tailed 
t-test; n.s: not significant. 
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4. Development of new murine model for the study of gliomas 

Cancer is a heterogeneous disease characterized by multiple acquired 

capabilities impacting molecular, biochemical and cellular functioning. However, 

the function of most of these alterations is not yet known. Consequently, animal 

models are needed to recreate the genetic alterations that occur in patients which 

would help studying the biology of cancer and finding new treatment options. 
 

As we have mentioned in the introduction, one of the most widely-used models 

for the study of gliomas is based on the RCAS-Tva system which is a highly 

reproducible, versatile and feasible model that recapitulates the high-grade 

glioma features (Holland & Varmus, 1998). The main aim for the last part of my 

project was to combine the RCAS-Tva system with the CRISPR/Cas9 genome 

editing technology to create a novel tool for the study of gliomas in vivo that could 

help us in cancer modelling and preclinical studies. 

 
4.1 New Nestin/GFAP-Tva and Cas9-expressing mice 

We first wanted to prove the efficacy of having a conditional and cell-type specific 

expression of Cas9 in brain in Nestin-Tva (NTva) or GFAP-Tva (GTva) mice. For 

this purpose, we used the Rosa26-LSL-Cas9 knockin mice (LSL-Cas9) (Platt et 

al., 2014). This mouse strain has a lox-stop-lox cassette previous the expression 

of the Cas9, linked via a self-cleaving P2A peptide to an enhanced green 

fluorescent protein (EGFP) to facilitate visualization of Cas9-expressing cells.  

We crossed these mice with NTva and GTva transgenic mice obtaining two 

different strains: NTva; Rosa26-LSL-Cas9 or GTva; Rosa26-LSL-Cas9. After 

crossing these mice with the tissue-specific Nestin-Cre (NCre) or hGFAP-Cre 

(GCre) (Tronche et al., 1999; Zhuo et al., 2001) we obtained the final strains NTv-

a; NCre; LSL-Cas9 and Gtv-a; GCre; LSL-Cas9 (Figure 23A).  

 

The second component of the RCAS/Tva system is the RCAS retroviral plasmid.  

We generated different RCAS-sgRNA plasmids that would allow the expression 

of any sgRNA of interest under the control of the human U6 promoter (Figure 

23B). We also developed bicistronic RCAS-sgRNA with a driver oncogene 

PDGFB cassette in order to increase the efficacy of the system. In this way, all 

cells infected with the RCAS-sgRNA-Puro-PDGFB will contain not only the 
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PDGFB for tumorigenesis but also the sgRNA for the genome editing (Figure 

23B). Additionally, we generated the RCAS-dualsgRNA-PuroBFP and the RCAS-

sgRNA-Puro-HDR (Figure 23B) used to generate genomic rearrangements and 

point mutations respectively (Oldrini et al., 2018). 

 

 

 
Figure 23: A) Scheme of the strains crossed for the generation of the Ntv-a; NCre; 
LSL-Cas9 andGtv-a; GCre; LSL-Cas9 mice. Cas9 is expressed in the TVA positive 
cells in both Ntv-a; NCre; LSL-Cas9 and Gtv-a; GCre; LSL-Cas9 mice. B) Schematic 
illustration of the RCAS-sgRNAs plasmids developed to be used in the RCAS/Tva-
CRISPR/Cas9 system.  
 

 

By using this new RCAS/Tva-CRISPR/Cas9 model, our aim was to generate 

precise glioma models exploiting the applicability that genome editing offered by 

the CRISPR/Cas9 system (KO, Knock-in, genomic rearrangements). To do so, 

either pups or adult mice from the strains developed can be injected with the 

RCAS retroviral plasmids for the generation of tumors with the desired alterations 

(Figure 24). Moreover, mouse neurospheres (mNSC) isolated from the strains 

generated in our laboratory can be infected in vitro with a lentiviral or retroviral 

plasmid that contains the sgRNA of interest. Then, the infected spheres can then 
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be transplanted orthotopically into nude mice to mimic glioma features (Figure 

24). This strategy can help us study the biology of the tumors and, therefore, 

accelerate the pre-clinical testing of novel targeted therapies.  

 

 

 
Figure 24: Workflow of the RCAS-CRISPR-Cas9 system to           
generate gliomas with tailored genetic alterations. 

 
 

     4.2 Efficient gene knockouts by RCAS-sgRNA vectors 

CRISPR/Cas9 system is mostly used to generate gene knock-out (KO). Hence, 

in order to check whether our novel model is useful for the generation of “KO 

tumors” we cloned sgRNAs for tumor suppressor genes (TSGs) frequently 

altered in GBM: TP53, CDKN2a and PTEN, in addition to a non-targeting (sgNT) 

sgRNA as a control. The CDKN2A locus codes for two different proteins p16INK4a 

and p14ARF (p19ARF in mouse), both having tumor suppressor activity in gliomas 

(Shu et al., 2002; Weber et al., 2000). For our analysis, we have used a sgRNA 

targeting Cdkn2a exon 1β and therefore specific for p19ARF. 
 

First of all, to test the KO efficiency of the RCAS-sgRNA plasmids carrying the 

different guides for TSGs (RCAS-sgRNA-TSGs), we isolated and infected 

mNSCs from NTva; LSL-Cas9 mice with a Cre-expressing plasmid to induce 

Cas9 expression (mNSC-Tva-Cas9). In parallel we also generated NIH-3T3 

mouse fibroblasts expressing both the Tva and the Cas9 genes (3T3Tva-Cas9). 
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We then infected both cell lines with the supernatant from DF1 cells transduced 

with the different RCAS-sgRNAs. After either drug-selection (for the mNSC-Tva-

Cas9) or fluorescent-activated cell sorting (FACS) (for the BFP in the 3T3Tva-

Cas9) we observed a clear reduction of Trp53, Cdkn2a and Pten by western blot 

analysis (Figure 25). Since NIH-3T3 cells are Cdkn2a null, we tested the Cdkn2a 

sgRNA efficacy only in the mNSC (Figure 25 – right panel).  

 

 
Figure 25: In vitro validation of the RCAS-sgRNA against Trp53, Pten, p19ARF 
(Cdkn2a) or non-targeting control (NT). Western blot analysis, using the indicated 
antibodies, on whole cell extracts from 3T3Tva-Cas9 fibroblasts and mNSC-Tva-Cas9. 
For p53 analysis, its expression was induced by exposition to 10Gy of IR and cells were 
collected after 24 h. 
 
 
 
Once we confirmed that the sgRNA worked as expected, we performed 

intracranial injection into NTv-a and GTv-a, either in pups or in adults, using 

RCAS-PDGFB as an oncogene driver to induce tumorigenesis in combination 

with RCAS-sgRNA vectors (either for Trp53, Cdkn2a, Pten or non-targeting 

sgRNA). Additionally, we injected the bicistronic RCAS-PDGFB construct 

carrying Cdkn2a sgRNA.  
 

In pups, co-injections of RCAS-PDGFB and RCAS-sgRNA-TSGs both in NTva 

or GTva accelerated tumor formation.  In addition, tumor incidence was 

increased when compared to co-injections RCAS-PDGFB and RCAS-sgRNA 

non-targeting control (NT) (Figure 26), where the tumorigenesis was very 

limited. In some cases, we did not even observe tumor formation in the co-

injections of the RCAS-PDGFB and RCAS-sgRNA-NT. Finally, we observed 

similar median survival in NTva and GTva mice (Figure 26). In NTva and GTva 
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adult mice, the co-injections of RCAS-PDGFB and RCAS-sgRNA-TSGs also 

accelerated tumor formation. Mice injected with RCAS-PDGFB and RCAS-

sgRNA-NT did not show tumor formation (Figure 26). We decided to have a 

timeframe of 120 days for the experiments (Figure 26).  
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Figure 26: Coinjections with RCAS-PDGFB and RCAS-sgRNA-TSGs accelerate 
tumor formation and increase tumor incidence. A & B) Table summarizing the 
injections performed in the Ntv-a; NCre; LSL-Cas9 and Gtv-a; GCre; LSL-Cas9 pups and 
adult mice. Co-injection of RCAS-PDGFB and the RCAS-sgRNA against different tumor 
suppressor genes accelerate tumor formation, increases the tumor penetrance and the 
frequency of high-grade gliomas. C) Kaplan-Meier survival curves of Ntv-a; NCre; LSL-
Cas9 and Gtv-a; GCre; LSL-Cas9 mice injected with the indicated RCAS plasmids.  
 
 

All mice injected with the RCAS-sgRNA-TSGs displayed histological features 

of high-grade gliomas: microvascular proliferation and pseudopalisading 

necrosis (Figure 27 A). Further characterization of these tumors by 

immunohistochemistry (IHC) of paraffin-embedded tumor tissue showed high KI-

67 positive cells and low amount of Cleaved caspase 3 positive cells (Figure 

27B). To note, low grade gliomas where developed only in mice injected with 

RCAS-sgRNA-NT and displayed low proliferation and Cleaved caspase 3 

positive cells (Figure 27B). Loss of p19ARF and PTEN expression in tumors 

injected with the corresponding RCAS-sgRNA-TSGs plasmids were verified by 

IHC (Figure 27A) and also by western blot in tumor-derived neurospheres 

(tumorspheres) (Figure 28A). Moreover, spheres derived from the PTEN KO 

tumors showed an increased activation of AKT signaling pathway by high 

phospho-AKT and phospho-S6 as compared to CDKN2a KO cells (Figure 28A).  

We also confirmed that the Cdkn2a sgRNA only targeted in the p19ARF locus and 

did not affect the expression of p16INK4a (Figure 27A, 28A). Finally, we proved the 

presence of deletions and/or insertions at the sgRNA target sites in tumorspheres 

from the various TSG models (from Pten and Cdkn2a) by sanger sequencing 

(Figure 28B).  

 

In case of the RCAS-sgRNA-Trp53 induced tumors, we exposed tumor-bearing 

mice as well as tumorspheres to ionizing radiation (IR) in order to activate the 

p53 signaling pathway. As observed in figure 28A, neither p53 nor its negative 

regulator p21 were detectable in the Trp53 null tumors as compared to the other 

tumors (Figure 29A). We also detected the deletion in the p53 locus as well as 

the absence of p21 from the tumorspheres (Figure 29B). Additionally, real-time 

quantitative PCR (RT qPCR) analysis on IR treated tumorspheres showed lack 

of expression of a panel of p53 transcriptional targets (p21, Noxa, Mdm2 and 



Results 
____________________________________________________________________________________ 

 - 91 - 

Puma) (Figure 29C). As before, the presence of deletions and/or insertions at the 

sgRNA locus in tumorspheres from p53 was verified (Figure 29D).  

 

 

 
Figure 27: A) Hematoxylin and eosin (H&E) and immunohistochemical stainings (IHCs), 
using the indicated antibodies, of representative RCAS-PDGFB/sgRNA tumors. To note 
PTEN expression in the normal vasculature but not in the tumor cells of the RCAS-
PDGFB + RCAS-sgRNA-Pten tumor. Scale bars: 100 μm. B) IHCs for Ki67 and Cleaved 
caspase 3 on the low- or high-grade gliomas. Scale bars:100 μm.  
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Figure 28: A) Western blot analysis, using the indicated antibodies, on whole cell 
extracts from tumorspheres. B) CRISPR/Cas9 editing in the targeted tumor suppressor 
genes Cdkn2a and Pten. The targeted loci were amplified from tumor-derived 
neurospheres. The PCR products were ligated into a cloning vector and sequenced via 
Sanger sequencing (n=2 tumors, 4 clones each). Deletions or insertions were found. 
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Figure 29: A) IHCs for p53 (left panel) and p21 (right panel) on the indicated tumors 1 h 
after exposure to 10 Gy IR. Scale bars: 50 μm. B) Western blot analysis, using the 
indicated antibodies, on whole cell extracts from tumorspheres 24 h after exposure to 
10 Gy IR. C) Quantitative real-time PCR (qPCR) analysis on mRNA extracted from 
tumorspheres 3 h after exposure to 10 Gy IR. Data presented as mean ± SD (n = 3); A.U. 
arbitrary unit. D) CRISPR/Cas9 editing in the targeted tumor suppressor gene Trp53. 
The targeted loci were amplified from tumor-derived neurospheres. The PCR product 
was ligated into a cloning vector and sequenced via Sanger sequencing (n=2 tumors, 3 
clones each). Deletions or insertions were found in all sequences and are displayed as 
dashes and red nucleotides, respectively. The gRNA target region is displayed in green 
and the 3′-PAM sequence in blue. 
 

 

Altogether, all of these data demonstrate that the RCAS/Tva-CRISPR/Cas9 

model is a powerful system to generates efficient KO tumors. The different TSGs 

cloned into the new RCAS-sgRNA plasmid induced loss of the gene of interest in 

an in vivo setting.  Also, KO cells for TSGs acquired proliferative advantage that 

led to the generation of gene-specific null tumors that closely resemble their 

human features. 
 
 
4.3. RCAS/Tva-CRISPR/Cas9 system allows to study the role of loss-of-funcition 

genes in a time-controlled manner 

Besides exploring the role of TSGs genes in tumor initiation, we were also 

interested to check whether the RCAS/Tva-CRISPR/Cas9 model was suited to 

study the role of a gene of interest in tumor progression. In order to have an in 

vivo model for time-controlled gene editing, we crossed the NTva; LSL-Cas9 mice 

with the hUBC-CreERT2 (Ruzankina et al., 2007), that ubiquitously express a 

tamoxifen-regulated Cre. 
 

Four-week-old adult NTva; LSL-Ca9; hUBC-CreERT2 mice were injected 

intracranially with the RCAS-PDGFB in combination with either RCAS-sgRNA-

Trp53 or RCAS-sgRNA-NT. Two weeks after injection, mice were divided in two 

groups and treated for two weeks with either mock-treatment or tamoxifen (see 

Methods for details) (Figure 30A). Mice were then killed either upon sign of tumor 

development (seizures, lethargy, hunched posture, weight loss, …) or at the end 

of the experiment (90 days). All the NTva; LSL-Cas9; hUBC-CreERT2+/T mice 

injected with the RCAS-PDGFB and RCAS-sgRNA-Trp53 and treated with 

tamoxifen were killed at an earlier time due to high-grade gliomas (Figure 30B-
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D).  As for the NTva; NCre; LSL-Cas9 adult injections, none of the NTva; LSL-

Cas9; hUBC-CreERT2+/T mice injected with the RCAS-PDGFB and RCAS-

sgRNA-NT developed tumors (Figure 30C). However, Only one out of three of 

the mock-treated mice, injected with the RCAS-PDGFB and RCAS-sgRNA-Trp53 

developed tumor, thought was a low-grade tumor (Figure 30B). Since we 

confirmed that this mouse had no expression of Cas9 (Figure 30B), we could 

exclude a possible relationship between the low-grade tumor observed and 

leakiness of the CreERT2 system. Although very rarely, the RCAS-PDGFB alone 

is sufficient to induce tumor formation in adult Ntv-a mice (Hambardzumyan et 

al., 2009).  

 

 

 
Figure 30: Ubiquitous Cas9 expression in TVA-Cas9 adult mice generates null 
tumors in a time-controlled manner. A) Scheme for the experiments in the Ntv-a; LSL-
Cas9; hUBC-CreERT2+/T adult mice. B) H&E and Cas9 IHCs of RCAS-PDGFB + RCAS-
Trp53-gRNA tumors for the indicated treatment. High-grade glioma features and Cas9 
expression are present only in the tamoxifen-treated mice. Scale bars: 100 μm. C-D) 
Table summarizing the injections performed in the Ntv-a; LSL-Cas9; hUBC-CreERT2+/T 
adult mice. Mice injected with RCAS-PDGFB + RCAS-Trp53-gRNA and treated with 
tamoxifen to induce Cas9 expression, develop high-grade gliomas.  
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To complement these studies, we used NTva; LSL-Cas9 4-week-old mice, either 

hUBC-CreERT2+/+ or hUBC-CreERT2+/T and performed a second set of 

injections of the RCAS-PDGFB in combination only with the RCAS-sgRNA-

Trp53. Two weeks after injection, tamoxifen was administered in the diet in all 

mice. Tumor formation was observed exclusively in the hUBC-CreERT2+/T 

genetic background (Figure 30D). These data suggest that the RCAS/Tva-

CRISPR/Cas9 system would also be useful to generate KO tumors in a time-

controlled manner.  
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The present PhD project has been focused in the study of three important 

aspects: 
a) Explore the mechanisms of resistance to TMZ in GBM. 

The alkylating agent TMZ remains the unique option for GBM patients. Our first 

goal was the perform a genome-wide approach for the study the mechanisms of 

TMZ resistance. Because GBM patients do not respond equally to this treatment, 

and MGMT expression is the unique biomarker accepted so far, it is important to 

define novel TMZ-modulators than can be useful to predict the response. 
b) Test the efficacy of a by-alkylating agent that can either substitute the current 

line of treatment or increase the efficacy of TMZ. 

Taking into account the limitation of TMZ, there are many clinical trials trying to 

develop novel strategies to improve the survival in GBM patients.   
c) Generation of new in vivo system for cancer modeling. 

Recent new glioma classification based on molecular data have contributed to a 

better understanding of the disease. The development of precise models that 

recapitulate glioma alterations will help in the study of the biology of these tumors 

to better understand the disease and identify specific treatments for each type. 

 

Next, we will proceed to the discussion of the results previously exposed, 

organizing it around the most relevant and/or controversial findings. 

 
1) Identification of potential modulators of TMZ response using a forward genetic 

screen approach. 

Forward genetic screens have been used in different studies for the identification 

of novel gene functions related to phenotypes of interest (Hillenmeyer et al.,2010; 

van Leeuwen et al., 2016). The screening in haploid cells is an unbiased 

approach used for genetic analysis. These cells only carry one set of 

chromosomes, which means that any single mutation in their genome will 

produce loss-of-function phenotypes (Li & Shuai, 2017). These screens are fast, 

cheap and reliable because the vast majority of hits obtained are very often 

positively validated (Carette et al., 2009; Carette et al., 2011; Elling et al., 2011). 

Finally, the haploid screens allow the identification of the mutations precisely by 

mapping the integration site. In contrast, evidence for genetic effects based on 
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RNAi or CRISPR methods can be biased due to off-target effects (Elling & 

Penninger, 2014).  
 

The first objective of this project was to perform genome-wide libraries for the 

study of the TMZ resistance mechanisms. For this purpose, we have used a PB-

transposon-mediated insertional mutagenesis approach in human haploid cells. 

Initially, we were able to identify 43 different genes related to the modulation of 

the TMZ response. By genome editing approach using the CRISPR/Cas9 

system, all of these genes were validated in the haploid cells but only MSH6 gene 

was validated in the GBM context (U251Cas9 and U87Cas9; Figure 11). It is known 

that the mechanisms of chemo-resistance are not based only in one phenomenon 

and that many factors can be involved (Holohan et al., 2013). Although CRISPR 

based loss-of-function screens is a powerful strategy for unbiased phenotypic 

screen (Shalem et al., 2015), the number of false positive hits in samples has 

been reported (Sharma & Petsalaki, 2018). Therefore, it is extremely important 

to be aware that pooled screens are only the beginning of a study. All possible 

candidates have to be validated individually. Munoz and colleagues reported that 

the amount of false positive results is increased chromosomally unstable cancer 

lines, such as U251, the GBM cell line chosen for our screening (Munoz et al., 

2016). These false positives could explain the identification of sgRNAs after 

CRISPR-sgRNA library analysis. 
 

We have found some limitations in the course of our study. First of all, Hap1 cells 

are relatively resistant to TMZ due to the expression of MGMT, although MGMT 

levels are not as high as compared to the TMZ-resistant GBM cell line T98G 

(Figure 8B – bottom panel). Moreover, these cells are derived from leukaemia 

and   the CRISPR secondary screening was performed only once in one GBM 

cell line which limits considerably the strength of the results.  

 

2) Exploring synthetic lethality in MMR-deficient GBM cells. 

Taking into account that the MMR status in GBM patients is very well-

documented (Yip et al., 2009; Kunkel & Eurie., 2015), we decided to identify 

possible synthetic lethal interactions in MSH6-deficient GBM cells. Synthetic 

lethality occurs when alteration of two genes simultaneously results in cellular or 
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organismal death (Figure 12). This concept has been used for the identification 

of novel drugs that can cooperate with a specific genomic alteration or to explore 

their mechanism of action (Luo et al., 2009; Kaelin, 2009).  
 

MMR-defective cells exhibit an “hypermutator phenotype” with a high rate of 

spontaneous mutations (Hunter et al., 2006), leading to an accumulation of 

microsatellite instability (MSI) (Strand et al., 1993). There are already described 

compounds that display synthetic lethality with different MMR components. For 

example, Hanley and colleagues showed that glioma tumor xenografts defective 

in MMR are hypersensitive to vinorelbine, a microtubule-targeting drug (Hanley 

et al., 1998). However, although anti-microtubular targeting has been shown to 

be cell-effective, the lack of specificity for tumor cells is translated into important 

side effects such as myelosuppression or neuropathy (Jordan & Wilson, 2004; 

Penna et al., 2017). Specifically, MSH2-mutant cancers are sensitive to 

methotrexate, an antimetabolite that inhibits DNA synthesis, and psoralen, a DNA 

crosslinking agent, but MLH1-mutant cancers are resistant to both treatments 

(Wu & Vasquez, 2008; Martin et al., 2009). This suggests that it is important to 

identify the MMR deficiency in the tumor as they differ in their therapeutic 

response. 
 

In order to identify compounds that could be more effective in MSH6-defficient 

cells, we performed a compound screen in U251 cells with or without MSH6 

deficiency (Figure 13C). The library of compounds used in this part of the project 

contained 120 antitumoral drugs that are FDA-approved or under clinical trials. 

Regrettably, we have not been able to validate any of the candidate drugs nor in 

the U251 cells transduced with siRNA neither in the U251Cas9 carrying the sgRNA 

for MSH6 depletion (Figure 14). More precise experiments would be necessary 

(also in different GBM cell lines) in order to elucidate whether these candidate 

drugs would be interesting for preclinical assay in the MMR-deficient context.  

In cancer, this strategy has allowed the identification of chemotherapies that now 

are in use, either alone or in combination (Mizuarai et al., 2008; Brägelmann et 

al., 2017). For example, cell viability with BRCA1/2-inactivating mutations was 

dependent on PARP for DNA-damage repair and led to the discovery of the 

synthetic lethality strategy using PARP inhibitors in these cells (Bryant et al., 
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2005; Farmer et al., 2005; Lord & Ashworth, 2015). Thus, in order to identify 

promising drugs capable of sensitizing MSH6-defective tumors, we could perform 

other screens with bigger compound libraries. 

 

 

3) Val-083 activity is independent of MGMT and MMR status.   

Although the last decade highlighted enormous advances in treating other solid 

cancers, survival for GBM stayed nearly the same over the last 50 years, 

averaging 15 months from the time to diagnosis. All GBM patients receive the 

alkylating agent TMZ in addition to surgery and IR (Stupp et al., 2005). The main 

reasons for the use of this drugs in the clinics are its ability to cross BBB and 

possible extend of OS in patients (Figure 2A). Nevertheless, the main problems 

for these patients are the recurrence of the disease as well as the resistance to 

the current treatments with fatal results. For these reasons, many laboratories 

are trying to develop novel therapeutic strategies.  
 

One of these drugs is Val-083, a “first in class” molecule able to cross the BBB 

and accumulate in tumor tissue (Eagan et al., 1979). Previous studies showed 

improved efficacy of this compound compared to TMZ in a MGMT and MMR-

independent manner both in vitro and in vivo (Zhai et al., 2017). More important, 

this compound is already in clinical trials (in combination with radiotherapy in 

patients with newly diagnosed GBM (MGMT unmethylated) and in patients with 

recurrent malignant glioma). Our in vitro data confirmed that the effect of Val-083 

is independent of MGMT (T98G cells) or MMR (U251 cells) status (Figure 16).  

Val-083 treatment led to cell cycle arrest at G2/M phase (Figure 17). This data 

supports the idea that they have different mechanisms of cytotoxicity, indicating 

non-overlapping functions between these two agents. 
 

The mechanism of Val-083 is not well characterized. It induces interstrand 

crosslinks at N7-guanines generating persistent DSB and activating the HR repair 

pathway independent of MGMT, which leads to cell cycle arrest in a p53 

dependent or independent manner (Zhai et al., 2017). There are regulatory 

mechanisms dependent on the cell cycle stage that are involved in the DSB repair 

by HR or NHEJ (Mao et al., 2008). Moreover, the G2/M phase DNA damage 
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signaling pathway is critical for the cellular response to DNA damage caused by 

chemotherapeutics having a great impact on treatment effectiveness. DNA 

damage activates several signaling cascades that ultimately serve to inactivate 

the CDK1-cyclin B1 complex, which causes G2/M cell cycle arrest (Ear et al., 

2013). Our preliminary results showed an increase in DSB generation (Figure 19) 

at very low doses (0,5 µM) of Val-083. Further studies are necessary in order to 

perfectly elucidate the mechanism of action of this compound. 
 

Single drug treatment can have poor therapeutic effect while treatment with 

multitarget drugs can regulate multiple network of the disease simultaneously 

improving the benefits and survival (Chen et al., 2013).  

When the effect with a single drug is lower than that combined effect with a 

second drug, this combination is said to be synergistic. A synergistic interaction 

allows the administration of lower doses of the drug combination components, 

which may diminish adverse reactions such as toxicity or the development of drug 

resistance. This leads to an extension of life expectancy and improvement in the 

quality of life of the patients. Combination therapies are currently being used in 

the clinic for hypertension, asthma, or AIDS (Jeon et al., 2018), among other 

diseases. In cancer, several bioinformatic approaches have been published that 

identifying potential drug combinations that could be translated into the clinics 

(Bansal et al., 2014; Gaybert et al., 2017).  

 

We wanted to explore the combinatory effect between Val-083 and TMZ and we 

abserved a synergistic effect in U251 cells at lower doses for each compound 

(Figure 18). This effect was mediated by G2/M phase arrest with notable 

induction of DNA damage (Figure 19C). As discussed before, further analysis is 

needed to elucidate the mechanism by which Val-083 leads to G2/M phase arrest 

and how the combination potentiates this inhibitory effect.  

In vitro and ex vivo models use characterized cells, replacing animal assays and 

facilitating the identification of the mechanism of action. In vitro models should 

mimic several features shown in human patients: proliferative capabilities and 

morphology of the tumor cells, cellular heterogeneity and drug response profile 

among others (Grotzer et al., 2016). However, some drugs may exhibit promising 

activity in vitro but may not exert similar beneficial properties in vivo or in patients, 
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due to less bioavailability or higher toxic effects on tissues and organs that were 

absent in an in vitro model (Saeidnia et al., 2015). In the context of GBM, the 

processes of cell dissemination, tumor recurrence and treatment resistance 

remain challenging. The development of novel systems where living brain tissue 

can be used for studying tumor cell growth, invasion and novel therapies, such 

as organotypic cultures, has allowed a deeper study of tumor biology (Jung et al., 

2002; Grotzer et al., 2016). These research models also allow to study, not only 

the tumor biology, but also to explore novel therapeutic approaches.  
 

We used an orthotopic approach in order to confirm the effect of Val-083, TMZ 

and their combination. As expected, ex vivo experiments showed a great 

combinatory effect between Val-083 and TMZ at low doses (Figure 22). However, 

preclinical models (in vivo experiments) are necessary to fully understand tumor 

biology and to evaluate drug delivery, particularly in glioblastoma where the BBB 

is the main obstacle to successfully treat patients. Our data could support 

different clinical approaches: First, Val-083 acts independently of MGMT 

expression. In this context, newly diagnosed GBM patients with unmethylated 

MGMT promoter could be treated with Val-083 alone (It is being tested under 

clinical trial in phase II) (Figure 31A). Second, Val-083 activity is also MMR-

independent, so for those patients with recurrent GBM carrying mutations in 

MSH6, Val-083 could also be useful after TMZ treatment (currently under clinical 

trial phase III) (Figure 31B). Finally, newly diagnosed GBM patients with 

hypermethylated MGMT promoter could benefit from a combined treatment of 

Val-083 and TMZ (Figure 31C). Precise knowledge of the molecular mechanisms 

underlying tumor cell cytotoxicity is essential for optimal positioning of 

chemotherapeutic drugs in a clinical context. 
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Figure 31: Schematic illustration of potential use of the compound in the 
clinic. A) Nowadays, patients with newly diagnosed GBM are treated with TMZ as 
a chemotherapy. However, cases with unmethylated MGMT promoter will not 
respond to TMZ. TMZ leads to self-resistance by accumulation of acquired 
mutations. B) Val-083 could be useful for patients with active MGMT in order to 
avoid tumor progression. C) Combinatory treatment with TMZ and Val-083 may be 
effective in patients with inactive MGMT as a first line of treatment. 

 

 

4) RCAS/Tva-CRISPR/Cas9 system is an efficient tool to study the role of genes 

in the context of glioma initiation and glioma formation. 

Different molecular alterations that occur in GBM have been identified and 

included in the latest glioma classification (Louis et al., 2016). This fact has 

highlighted the need to generate precise preclinical models for this type of 

tumors. Such models will be useful to study the biology of gliomas and to test 

novel, specific and more effective therapeutic alternatives. Few elements should 

be taken into consideration to properly mimic the natural history of a tumor: (a) 

introduction of the same mutations found in human tumors, ideally in their 

endogenous loci; (b) the genetic alterations should be silent during embryonic 

and early postnatal development (except models of familiar or pediatric tumors); 
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(c) the mutant genes should be expressed in particular target tissues or in specific 

cell types and (e) the mutations should be present in a limited number of cells 

(Schuhmacher & Squatrito, 2017).  
 

Classically, to study the role of a gene of interest in cancer, a whole-body knock-

out mouse is developed for in vivo experiments. Although this system is very well 

established, there are some limitations such as embryonic lethality or the 

modification of animal physiology which leads to adaptation and compensation 

mechanisms that can result in biased results (Skarnes et al., 2011). These 

limitations can be bypassed by applying tissue-specificity. As well as in other 

cancer types, for the study of gliomas, the ideal mouse glioma model has to 

recapitulate the human glioma features (Lenting et al., 2017) allowing for an 

accurate prediction of the clinical outcome of novel therapeutic strategies. The 

RCAS/Tva system is a well-known model used in many glioma studies that 

closely resembles human disease (Holland & Varmus, 1998). This system allows 

the incorporation of different genetic tools such as shRNA in order to study loss-

of-function genes. Nowadays, the genome editing capacity by CRISPR/Cas9 

system has been shown to be the best genetic tool capable of producing specific 

alterations (Knock-out, Knock-in and genetic rearrangements).  
 

The last goal of this PhD project was to combine the versatile RCAS/Tva model 

with the CRISPR/Cas9 technology (Oldrini et al., 2018). Taking advantage of the 

possibilities of the genome editing and the precise murine model, the idea was to 

generate an accurate new model to re-create a variety of molecular alterations. 

For this purpose, we first generated specific mouse strains with a conditional 

Cas9 expression under the control of a tissue-specific promoter Nestin or GFAP 

(Figure 20). In addition, we adapted the RCAS vector to generate a set of 

plasmids for the different applications of genome editing (Figure 21).  
 

As a proof of concept, we wanted to check the possibility of producing gliomas 

which lacked expression of TSGs in vivo. To test this, we used sgRNAs targeting 

specific TSGs known to cooperate with PDGFB overexpression to induce high-

grade gliomas: TP53, PTEN and CDKN2A (Hambardzumyan et al., 2009; 

Squatrito et al., 2010). Indeed, co-injections of sgRNAs targeting those TSGs led 

to the formation of GBMs with high frequency in short period of time (Figure 26). 



Discussion 
____________________________________________________________________________________ 

 - 107 - 

These data suggest that combining the expression of specific oncogene drivers, 

such as PDGFB, with sgRNAs for any gene of interest would quickly provide 

information on its contribution to the tumorigenesis process. Moreover, by using 

the hUBC-CreERT2 or other Cre-inducible strains it would be possible to exploit 

the RCAS-Tva/CRISPR-Cas9 system not only to study tumor initiation, but also 

tumor progression and maintenance.  
 

Due to the quite recent advancement in the CRISPR-Cas9 technology, very few 

mouse models have been previously developed to study brain tumorigenesis 

(Zuckerman et al., 2015; Chen et al., 2015; Cook et al.,2017). Plasmids encoding 

Cas9 in combination with sgRNAs targeting Nf1, Trp53 and Pten, were able to 

induce highly aggressive tumors that had histopathological features of human 

GBMs. More recently, injections of adenoviral (Ad) vectors expressing Cas9 and 

the sgRNAs were used to generate the specific Bcan-Ntrk1 rearrangement in the 

brain of adult mice. The drawbacks of these techniques for glioma modeling 

would be: timing of the sgRNA delivery and lack of specificity of the targeted cells. 

Electroporation is normally performed at E14.5 or E15.5 and genetic alterations 

at this gestational stage might not be necessarily reflecting the biology of gliomas 

in the adult. Additionally, the expression of the Cas9 enzyme constitutively, allows 

the genome editing in all cell types and it could affect the resemblance of human 

features. This latter point is particularly relevant for proper cancer modeling, since 

it has been shown that the same driver mutations can lead to phenotypically and 

molecularly diverse glioma subtypes from different pools of adult CNS progenitor 

cells (Ghazi et al., 2012; Alcantara-Laguno et al., 2015). We have developed an 

extremely powerful and versatile mouse model that combines the somatic 

genome transfer ability of the RCAS-TVA system with the CRISPR-Cas9 genome 

editing technology. Here I only presented the characterization of the model and 

its use to generate KO tumors. However, the RCAS-Tva/CRISPR-Cas9 system 

also gives the possibility to generate specific point mutations and genomic 

rearrangements (Oldrini et al., 2018). Thus, this model allows mimicking these 

characteristics in one single model. We believe that such a flexible model will 

greatly expedite the generation of precise cancer models, therefore accelerating 

the pre-clinical testing of novel targeted therapies. 
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Finally, another aspect of using this novel approach is the possibility to modelling 

other cancer types. Seidler and colleagues have developed an LSL-TVAiLacZ 

knock-in mouse line that expresses TVA in a Cre recombinase-dependent 

manner under control of Rosa26 locus (Seidler et al., 2008; von Werder et al., 

2012). By crossing with a tissue-specific Cre, we can generate specific strains 

that express the TVA receptor specifically in our tissue/organ. The authors then 

generated a specific mouse strain combining the Rosa26-LSLTVA line with the 

Cre-dependent pancreas specific transcription factor (Ptf1a-Cre) line. In this 

manner, they activated TVA expression only in pancreas (Seidler et al., 2008).  

Finally, they combined their Rosa26-LSLTVA; Ptf1a-Cre mouse strain with an 

LSL-KRASG12D/+ for the induction of mouse pancreatic intraepithelial neoplasia. 

Using this new Rosa26-LSLTVA strain, we could generate organ-specific TVA-

expressing mice and by using the RCAS-sgRNA plasmids we can have used 

them for cancer modeling. 
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1. PiggyBac-transposon library in human haploid cells leads to the identification 

of 43 different genes that can modulate TMZ response. We were able to 

validate some candidate genes by genome editing CRISPR/Cas9 system in 

haploid cells 

 

2. MSH6 gene was the unique hit validated in different GBM cells that generated 

resistance to TMZ 

 

3. A pilot study based on 120 antitumor compounds did not display a better 

sensitivity in MSH6-deficient GBM cells 

 
4. Val-083, currently in early clinical trials, exhibits better efficacy in different 

GBM cells as compared to TMZ, independently of MGMT expression and/or 

MMR activity 

 

5. Val-083 shows a synergistic effect with TMZ both in vitro and ex vivo 

 

6. We have established a novel powerful tool for precision glioma modelling by 

combining the versatility of the CRISPR/Cas9 methodology with the specificity 

of somatic gene transfer mediated by the RCAS/Tva system 

 

7. The RCAS/Tva-CRISPR/Cas9 technology allows the generation of specific 

complex genetic alterations that mimics the natural history of gliomas in one 

single model
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1. La biblioteca de transposones basado en el sistema PiggyBac en células 

haploides humanas permitió la identificación de 43 genes diferentes que 

pudieran estar modulando la respuesta a TMZ. Validamos algunos de estos 

genes mediante el sistema de edición génica CRISPR/Cas9 en células 

haploides 

 

2. El gen MSH6 fue el único gen candidato validado en diferentes líneas 

celulares de glioblastoma que generaba resistencia a TMZ 

 
3. Un primer estudio utilizando 120 compuestos antitumorales no mostró una 

mayor sensibilidad en las líneas de glioblastoma deficientes para el gen 

MSH6 

 
4. Val-083, actualmente en ensayos clínicos, presenta una major eficacia en 

diferentes líneas celulares de GBM en comparación con la TMZ, 

independientemente de la expresión de MGMT y/o la actividad de la ruta 

MMR 

 
5. El Val-083 muestra un efecto sinérgico con TMZ in vitro y ex vivo 

 
6. Hemos generado una potente herramienta para el modelaje preciso de 

gliomas combinando el sistema CRISPR/Cas9 con la especifificidad del 

sistema de tranferencia génica RCAS/Tva 
 

7. La tecnología del RCAS/Tva-CRISPR/Cas9 permite la generación de mutaciones 

genéticas complejas que recapitulan la historia natural de los gliomas en un único 

modelo 
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