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Abstract 

The brain is one of the most relevant and complex organs in the human body. 

With aging, cellular damage gets gradually accumulated, promoting a time-dependent 

functional decline of the brain. This fact leads to cognitive decline, neurodegeneration, and 

disease. In fact, brain aging constitutes one of the main risk factors in the development of 

glioblastoma (GB), the most common and aggressive form of glioma in adults, with a median 

patient survival of around 12-15 months. 

GB tumors are characterized by a significant inter-tumor and intra-tumor 

heterogeneity at molecular and cellular level. Among the latest, the presence of a small 

subpopulation of glioma stem cells (GSCs) has been described as responsible for tumor 

initiation, progression, clonal heterogeneity, therapy resistance and tumor recurrence. This 

subpopulation is regulated by molecular and epigenetic mechanisms, which have been 

explored in the present doctoral thesis. 

GB cells, and specifically, GSCs, need to maintain proteostasis in order to survive. 

For that, balanced activity of protein synthesis, folding, quality control and degradation is 

crucial. Regarding protein degradative systems, macroautophagy presents both tumor 

promoting and suppressor effects in GB, and it has been shown to regulate GSC activity. On 

the contrary, the impact of chaperone-mediated autophagy (CMA), a selective type of 

autophagy specialized in the individual degradation of targeted proteins after their binding 

to LAMP2A lysosomal transmembrane protein, on GB and GSCs remains elusive.   

In this thesis, we have first characterized the expression of LAMP2A in GB, 

revealing its enrichment in the GSC subpopulation. In this line, we demonstrate for the first 

time that LAMP2A regulates tumorigenic properties of GSCs. Underlying molecular signature 

of CMA in GSCs comprises several proteomic and transcriptomic pathways, with special 

relevance of mitochondrial function, interferon pathway and extracellular matrix 

interactions. In fact, the effect of CMA in such pathways is translated into phenotypic 

alterations, as LAMP2A reduction impairs mitochondrial metabolism, cytokine secretion and 

migration and invasion abilities of GSCs. Remarkably, this effect is also translated into a 

clinical scenario, as samples from GB patients show increased expression of the gene LAMP2 

compared to healthy control tissue, being this expression positively associated with 

malignancy grade, Temozolomide (TMZ) resistance and lower patient survival. These results 
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reveal a novel function of CMA as an intrinsic regulator of GSC activity that highlights its 

relevance in GB progression. 

Epigenetic mechanisms comprise reversible and heritable modifications in gene 

expression patterns, which do not constitute changes in DNA sequence. Among them, 

histone acetylation is based on the addition of an acetyl group into the lysine residues of 

histone tails. This modification is mainly associated with gene expression activation, and it is 

negatively regulated by the activity of histone deacetylases (HDACs). In fact, HDACs not only 

promote gene expression repression, but also non-histone protein deacetylation, modulating 

their activity and stability. 

HDAC expression and activity is upregulated in multiples cancer types, including 

GB. In fact, currently available HDAC inhibitors (HDACi) have showed promising preclinical 

results in GB. However, the lack of specificity and therefore, the presence of side effects, 

significantly limit their therapeutic efficacy as anti-cancer treatment. In this line, HDAC6 is an 

interesting therapeutic target as, unlike other HDACs, HDAC6 knock out mice are viable and 

fertile, with no apparent abnormalities, indicating that it may be a ‘safe’ target.  

In the present work, we reveal upregulated levels of HDAC6 in GB samples 

compared to healthy tissue. These levels correlate with glioma grade and poor prognosis in 

various large cohorts. Besides, we show that HDAC6 expression is enriched in the GSC 

subpopulation, and it correlates with stem molecular signature. Moreover, we have 

described a new small-molecule inhibitor of HDAC6, which presents stronger sensitivity for 

HDAC6 inhibition and exerts higher cytotoxic activity than the pan-inhibitor SAHA or the 

HDAC6-selective inhibitor Tubastatin A. Indeed, the new inhibitor significantly reduces tumor 

growth in vivo, even when administered after tumor occurrence. Transcriptomic analysis 

performed in treated GSCs confirms the increase in cell differentiation and cell death 

pathways, as well as a reduction in cell-cycle activity and cell division. Importantly, the novel 

HDAC6 inhibitor presents a remarkable cytotoxic effect both as a single agent or in 

combination with TMZ, indicating its potential in the preclinical setting. 

At first sight, both aging and cancer seem to be opposite scenarios. However, 

their common origin based on the accumulation of cellular damage and their common 

molecular hallmarks indicate that they are different manifestations of the same underlying 

processes. In this sense, dysregulation in the stem cell pool and epigenetic modifications are 

two of the overlapping hallmarks in brain aging and cancer. Microenvironment contributes 
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to age-associated physiological neural stem cell (NSC) exhaustion. In particular, microglial 

cells play an important regulatory role in neurogenesis, as they phagocyte cell debris and 

apoptotic cells during this process and contribute to NSC self-renewal and differentiation in 

a paracrine manner. It has been described that HDACs regulate microglial function during 

development and neurodegeneration. However, no evidence has been published describing 

the role of HDACs in microglia during physiological aging. In this thesis, we show preliminary 

results suggesting that HDAC expression is upregulated upon microglial aging in vitro and in 

vivo in both mice and human samples. In the case of human samples, this upregulation is 

observed in different regions, including hippocampal neurogenic niche, where it shows a 

positive and significant correlation with microglial markers. These results highlight a possible 

role of HDACs in microglia with aging, which could influence NSCs and neurogenesis. 

 

Overall, this thesis identifies two therapeutic strategies for GSC targeting, based 

on proteomic and epigenetic pathways. On the one hand, we demonstrate that CMA acts as 

GSC tumor promoting process, by regulating proteomic and transcriptomic pathways in a 

specific manner. On the other hand, we reveal the enrichment of HDAC6 in the GSC 

subpopulation, and we describe a novel small-molecule inhibitor of HDAC6 with great target 

selectivity and cytotoxic effect in GSCs, which is even more potent that other currently 

available HDACis. Furthermore, we extend the study of HDACs to the context of brain aging, 

showing preliminary evidence that highlights the upregulation of HDAC expression in several 

brain regions, such as, hippocampal neurogenic niche, which correlate with microglial aging. 
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Resumen 

El cerebro es uno de los órganos más complejos del cuerpo humano, ya que 

coordina numerosas funciones importantes para el organismo. Con el paso de los años, el 

cerebro va acumulando daño celular que provoca un envejecimiento progresivo del tejido, 

su correspondiente pérdida de funcionalidad y la aparición de enfermedad. A su vez, el 

envejecimiento supone uno de los mayores factores de riesgo en el desarrollo de 

glioblastoma (GB), el glioma más común y agresivo en adultos. A pesar del tratamiento actual 

basado en la resección quirúrgica del tumor, seguido de radioterapia y quimioterapia con el 

agente alquilante Temozolomida (TMZ), los pacientes de GB presentan un pronóstico 

devastador, con una supervivencia media en torno a los 12-15 meses. 

Los GB se caracterizan por una heterogeneidad inter-tumoral e intra-tumoral 

tanto a nivel celular como a nivel molecular. En relación a este último punto, se ha descrito 

la existencia de una subpoblación celular, llamada células madre de glioma (GSC, del inglés 

‘glioma stem cell’), responsable de la iniciación y progresión tumoral, además de la 

heterogeneidad clonal, resistencia a terapias y finalmente, recurrencia de los tumores. Esta 

subpoblación es estrictamente regulada por múltiples mecanismos moleculares y 

epigenéticos, procesos que han sido estudiados en esta tesis doctoral. 

En las células de GB, y específicamente en las GSCs, la regulación de la 

proteostasis es vital. Para ello, procesos tales como la síntesis, el plegamiento, el control de 

calidad y la degradación de las proteínas deben estar estrictamente coordinados. Dentro de 

los procesos de degradación, mecanismos como la vía ubiquitina-proteasoma o la autofagia 

son de los más estudiados. En concreto, el interés por el proceso de autofagia ha aumentado 

en las últimas décadas. La autofagia es un proceso homeostático por el que las células 

degradan componentes dañados o innecesarios dentro del lisosoma. La macroautofagia (MA) 

fue el primer tipo de autofagia que se descubrió, y, en consonancia, es también el más 

estudiado hasta el momento. Este proceso se basa en la formación de autofagosomas para 

la captación de los orgánulos o moléculas diana, que posteriormente se fusionan con el 

lisososoma donde serán degradados. En el GB, la MA presenta un papel dual, tanto 

promoviendo como suprimiendo la progresión tumoral en los distintos estudios publicados. 

Además, la MA regula la actividad de las GSCs. Sin embargo, este tipo de autofagia, junto con 

la no tan conocida microautofagia, son procesos no-selectivos, centrados en la degradación 
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masiva de orgánulos y proteína dañadas. Por el contrario, la autofagia mediada por 

chaperonas (CMA, del inglés ‘chaperone-mediated autophagy’) es una forma selectiva de 

autofagia especializada en la degradación individual de proteínas diana. Aunque el proceso 

de CMA actúe como supresor tumoral en células sanas, en presencia de cierta acumulación 

de daño celular, las células tumorales elevan la actividad de CMA para su supervivencia. En 

este sentido, el aumento de la actividad de CMA se ha descrito en varios tipos de cáncer, 

pero no en el caso del GB, sobre el que se han publicado muy pocos estudios hasta el día de 

hoy. 

El proceso de CMA consta de varios pasos. Por un lado, la proteína diana, de 

manera intrínseca, debe contener la secuencia consenso de aminoácidos “KFERQ”, la cual 

será reconocida por la chaperona HSC70. Así, esta chaperona dirige la proteina al lisosoma, 

donde se unirá a la proteina transmembrana LAMP2A. A partir de este momento, LAMP2A 

se multimeriza, formándose un complejo por el cual la proteína diana desplegada podrá 

translocarse al lumen del lisosoma y ser degradada. Es importante destacar que, por el 

momento, el estudio de LAMP2A es una de las maneras más específicas de caracterizar el 

proceso de CMA, ya que proteínas como HSC70 también ejercen su función en otros procesos 

independientes. 

En relación al estudio del CMA en GB, se ha mostrado recientemente que su 

desregulación en los pericitos tumorales contribuye a la progresión tumoral del propio GB. 

Aunque este estudio haya demostrado de manera interesante la función del proceso del CMA 

en el microambiente tumoral, su función en la heterogeneidad clonal dentro del mismo 

tumor aún no se ha llegado a explorar. En este sentido, se ha descrito que los tumores de 

pacientes tratados con TMZ presentan una mayor expresión de LAMP2A comparando con el 

estado de pre-tratamiento. Siendo este dato representativo de la resistencia a terapia y 

recurrencia del tumor, podría indicar una posible asociación entre la CMA y la subpoblación 

de GSCs. Sin embargo, hasta el momento, no se ha publicado ninguna evidencia sobre el 

papel de CMA en ningún tipo de célula madre tumoral.  

En esta tesis doctoral, hemos caracterizado la expresión de LAMP2A en GB, 

revelando su enriquecimiento en la subpoblación de GSCs. En esta línea, demostramos por 

primera vez que la reducción en la expresión de LAMP2A disminuye la proliferación y la auto-

renovación, e induce la apoptosis de las GSCs. Además, revelamos que la CMA también regula 

las propiedades tumorigénicas in vivo de las GSCs. Las alteraciones moleculares asociadas a 
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la reducción de los niveles de LAMP2A en las GSCs comprenden varias vías proteómicas y 

transcriptómicas, lo que indica el complejo papel regulador de la CMA en el mantenimiento 

de las GSCs. Entre las alteraciones más significativas, destacan el deterioro de la función 

mitocondrial, la vía del interferón y las interacciones con la matriz extracelular. El efecto de 

CMA en dichas vías a su vez se traduce en alteraciones fenotípicas, ya que la reducción de 

LAMP2A desregula el metabolismo mitocondrial, la secreción de citoquinas y la capacidad de 

migración e invasión de las GSCs. De manera destacable, este efecto se extiende a un 

escenario clínico, ya que muestras de pacientes de GB muestran mayor expresión del gen 

LAMP2 que el tejido control sano, y se asocia positivamente con el grado de malignidad, 

resistencia a TMZ y una menor supervivencia. Así, nuestro trabajo revela la nueva función del 

proceso de CMA como regulador intrínseco de la actividad de las GSCs, e indica su revelancia 

en la progresión del GB. 

Los mecanismos epigenéticos comprenden modificaciones reversibles y 

heredables en los patrones de expresión génica, sin alterar la secuencia del ADN. Entre ellos 

se encuentran mecanismos como la metilación del ADN, la regulación de las secuencias no 

codificantes del ARN, las variantes de las histonas, o las modificaciones post-transcripcionales 

en las histonas. Dentro de este último grupo encontramos la acetilación de las histonas. Este 

último mecanismo se basa en la adición de un grupo acetilo a residuos de lisina de las colas 

de las histonas. A nivel funcional, esta modificación está asociada principalmente a la 

activación de la expresión génica, y está regulada por varias enzimas. Por un lado, están las 

acetiltransferasas de histonas, las cuales catalizan dicha reacción. Por otro lado, se 

encuentran las deacetilasas de histonas (HDAC, del inglés ‘histone deacetylase’), las cuales 

eliminan los grupos acetilo, catalizando la reacción contraria a la acetilación. De manera 

notable, las HDACs no sólo reprimen la expresión génica, sino que también promueven la 

deacetilación de proteínas no histónicas, modulando su actividad y estabilidad. 

Tanto la expresión, como la actividad de las HDACs están elevadas en GB. De 

hecho, los inhibidores de HDACs (iHDAC) actualmente disponibles, como el SAHA, han 

mostrado resultados prometedores en ensayos preclínicos en GB. Sin embargo, la falta de 

especificidad de estos iHDAC puede presentar diversos efectos secundarios que repercuten 

directamente en la ventana terapéutica del compuesto y, así, en su eficacia como 

tratamiento anticanceroso. En esta línea, el interés por la HDAC6 como diana terapéutica 

está aumentando en los últimos años. A diferencia de otras HDACs, los ratones knock out de 
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HDAC6 son viables y fértiles, sin anomalías aparentes, dato que indica que podría ser una 

diana segura. 

En el presente trabajo, mostramos que la expresión de HDAC6 está aumentada 

en muestras de GB en comparación con tejido sano, asociándose además con el grado de 

malignidad y con un mal pronóstico en varias cohortes. Asimismo, revelamos que la expresión 

de HDAC6 está enriquecida en la subpoblación de GSCs, y se correlaciona con la expresión de 

varios marcadores específicos de célula madre. En esta línea, hemos descrito un nuevo 

inhibidor de HDAC6 que presenta una sensibilidad para la inhibición de HDAC6 y una actividad 

citotóxica superior al inhibidor no selectivo SAHA e incluso el inhibidor selectivo de HDAC6 

Tubastatina A. Además, el nuevo inhibidor reduce significativamente el crecimiento tumoral 

in vivo, incluso al administrarse después de la aparición tumoral. En cuanto al efecto 

molecular de este compuesto, nuestro análisis transcriptómico realizado en GSCs tratadas 

revela un aumento de las vías de diferenciación y muerte celular, así como una disminución 

de la actividad del ciclo celular y de la división celular. Es importante destacar que el nuevo 

inhibidor de HDAC6 presenta un efecto citotoxico significativo no solo como tratamiento 

único, sino también en combinación con TMZ, hecho que indica su potencial en el contexto 

preclínico. 

En un primer momento, los procesos de envejecimiento y cáncer podrían 

parecer opuestos. Sin embargo, el hecho de que compartan tanto la acumulación del daño 

celular como origen común, como un sello molecular similar, hace que se conviertan en dos 

manifestaciones distintas de los mismos procesos subyacentes. En este sentido, la 

desregulación del conjunto de células madre o las modificaciones epigenéticas constituyen 

dos de los procesos comunes en el envejecimiento y cáncer cerebral.  

El envejecimiento se caracteriza por un fenotipo pro-inflamatorio generalizado, 

conocido por el término en inglés ‘inflammaging’. Además, el microambiente contribuye al 

agotamiento de las células madre neurales (NSC, del inglés ‘neural stem cell’) asociado a la 

edad, como es el caso de la microglia. En un contexto de homeostasis, la microglia 

desempeña un papel regulador importante en la neurogénesis, ya que fagocita los restos 

celulares y las células apoptóticas durante este proceso y contribuye a la auto-renovación y 

diferenciación de las NSC de forma paracrina. Sin embargo, con el envejecimiento, la 

población microglial va perdiendo su eficacia, disminuyendo su capacidad de fagocitosis y 

promoviendo la secreción aberrante de factores pro-inflamatorios. El estudio de los cambios 
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epigenéticos en las células microgliales está ganando interés en los últimos años. En 

concreto, se ha descrito recientemente que las HDACs regulan la función microglial durante 

el desarrollo y la neurodegeneración. Sin embargo, no se ha publicado ninguna evidencia que 

describa el papel de las HDACs durante el envejecimiento fisiológico. En esta tesis doctoral, 

mostramos resultados preliminares que sugieren que la expresión de las HDACs en la 

microglía se ve aumentada con el envejecimiento en un modelo in vitro. Además, 

caracterizamos la expresión de una serie de HDACs en hipocampos de individuos jóvenes y 

viejos, murinos y humanos, revelando su aumento con el envejecimiento. En el caso de 

muestras humanas, este incremento se observa en distintas regiones del cerebro, incluyendo 

el hipocampo, donde muestra una correlación positiva y significativa con marcadores 

microgliales.  Estos resultados revelan el posible impacto de las HDACs en la microglia con el 

envejecimiento, hecho que podría afectar a las NSCs y al proceso de neurogénesis. 

 

En definitiva, esta tesis revela dos estrategias terapéuticas basadas en vías 

proteómicas y epigenéticas dirigidas a la eliminación de la subpoblación de GSCs. Por un lado, 

demostramos que la CMA promueve la capacidad tumorigénica de las GSCs, regulando vías 

proteómicas y transcriptómicas asociadas a la proliferación, auto-renovación, metabolismo, 

respuesta immune e interacciones con la matriz extracelular. Por otro lado, revelamos el 

enriquecimiento de la expresión de HDAC6 en la subpoblación de GSCs, e identificamos un 

nuevo inhibidor de HDAC6 con gran selectividad de diana y efecto citotóxico en GSCs, incluso 

más potente que la de otros iHDAC actualmente disponibles. Además, ampliamos el estudio 

de las HDACs al contexto del envejecimiento cerebral, mostrando evidencias preliminares 

que indican el aumento en la expresión de las HDACs en varias regiones del cerebro, como 

es el caso del hipocampo, con el envejecimiento, correlacionando a su vez con el 

envejecimiento microglial.
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 Abbreviations 

A ACTB Actin Beta 

 ADP Adenosine Diphosphate 

 AGS Astrocyte Growth Supplement 

 AIF1 Allograft Inflammatory Factor 1 

 AKB ligase /  
GCAT 

2-amino-3-ketobutyrate coenzyme A ligase /  
Glycine C-acetyltransferase 

 ANG Angiogenin 

 ASCL1 Achaete-Scute Family BHLH Transcription Factor 1 

 ATCC American Type Culture Collection 

 ATP Adenosine triphosphate 

 ATRX ATRX Chromatin Remodeler 

 AUC Area Under the Curve 

   

B BAX Bcl-2 Associated X-protein 

 BBB Blood-Brain Barrier 

 BCA Bicinchoninic acid 

 BHA Butylated hydroxyanisole 

 BLAST Basic Local Alignment Search Tool 

 BMI-1 BMI1 Proto-Oncogene, Polycomb Ring Finger 

 BSA Bovine Serum Albumin 

 BSANP@JOC1 Bovine Serum Albumin Nanoparticles of JOC1 

 BSC-A Back Scatter-Area 

   

C C Celsius 

 CASA Chaperone-Assisted Selective Autophagy 

 CCT/TriC Chaperonin Containing TCP-1 / T-complex protein Ring Complex 

 CD133 Cluster of Differentiation 133 

 CDK Cyclin-Dependent Kinases 

 CDKN2A Cyclin Dependent Kinase Inhibitor 2A 

 cDNA Complementary Deoxyribonucleic Acid 

 CDX Caudal Type Homeobox 

 CHK1 Checkpoint kinase 1 

 Chr Chromosome 

 cIMPACT-NOW Consortium to Inform Molecular and Practical Approaches to 
CNS Tumor Taxonomy 

 CMA Chaperone-Mediated autophagy 

 c-Myc MYC Proto-Oncogene, BHLH Transcription Factor 

 CNS Central Nervous System 

 CO2 Carbon Dioxide 

 COL4A5 Collagen Type IV Alpha 5 Chain 

 COX Vib-1 Cytochrome C Oxidase Subunit 6B1 

 CSC Cancer Stem Cell 

 CSF1R Colony Stimulating Factor 1 Receptor 

 CSN2 Casein Beta 

 CTSD Cathepsin D 

 CXCL10 C-X-C motif chemokine ligand 10 
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D DAB 3,3'-Diaminobenzidine 

 DEPC Diethyl Pyrocarbonate 

 DG Dentate Gyrus 

 DLL3 Delta-Like Ligand 3 

 DLS Dynamic Light Scattering 

 DMEM Dulbecco's Modified Eagle Medium 

 DMSO Dimethyl sulfoxide 

 DNA Deoxyribonucleic Acid 

 dNTP Deoxynucleotide Triphosphate 

 DPBS Dulbecco's Phosphate-Buffered Saline 

 DPP1 /CTSC Dipeptidyl Peptidase 1 / Cathepsin C 

 DTT Dithiothreitol 

   

E ECAR Extracellular Acidification Rate 

 ECM Extracellular Matrix 

 EDTA Ethylenediamine Tetraacetic Acid 

 EGF Epidermal Growth Factor 

 EGFR Epidermal Growth Factor Receptor 

 ESC Embryonic stem cell 

   

F FASP Filter-aided Sample Preparation 

 FBS Fetal Bovine Serum 

 FCCP Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

 FDA Food and Drug Administration 

 FDR False Discovery Rate 

 FGF Fibroblast growth factor 

 FN1 Fibronectin-1 

 FSC-A Forward Scatter-Area 

 FSC-H Forward Scatter-Height 

 FSC-W Forward Scatter-Width 

 FWM Forebrain White Matter 

   

G GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase 

 GB Glioblastoma 

 GEO Gene Expression Omnibus 

 GFP Green Fluorescent Protein 

 GNS Glioma Neural Stem cell 

 GSC Glioma Stem Cell 

 GSEA Gene Set Enrichment Analysis 

 GSH Glutathione 

 GTP/GFAP/EF1α Guanosine 5'-Triphosphate / Glial fibrillary acidic protein / 
Elongation factor 1-alpha 

   

H h Hour 

 H Histone 

 H2O Water 

 HAT Histone Acetyltransferases 

 HBSS Hank's Balanced Salt Solution 

 HDAC Histone Deacetylase 

 HDACi Histone Deacetylase inhibitor 
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 HIF1 α Hypoxia-inducible Factor 1-alpha 

 HIP Hippocampus 

 HIV-1 Human Immunodeficiency Virus-1 

 HMC3 Human Microglial Clone 3 

 HMGB1 High Mobility Group box 1 

 HRP Horse Peroxidase 

 HSC Hematopoietic Stem Cell 

 HSC70 Heat Shock Cognate 70 

   

I IC50 Half maximal inhibitory concentration 

 IDH 1 Isocitrate dehydrogenase 1 

 IFN-γ Interferon Gamma 

 IGFBP Insulin-like Growth Factor-Binding Protein 

 IgG Immunoglobulin G 

 IHC Immunohistochemistry 

 IL6 Interleukin 6 

 IP10 Interferon γ-induced Protein 10 kDa 

 ITGA/B Integrin Subunit Alpha / Beta 

 ITGAM Integrin Subunit Alpha M 

   

K K Lysine 

 KEGG Kyoto Encyclopedia of Genes and Genomes 

 KFERQ Lysine-Phenylalanine-Glutamic Acid-Arginine-Glutamine 

   

L LAMA/B/C Laminin Subunit Alpha / Beta / Gamma 

 LAMP2A/B/C Lysosomal Associated Membrane Protein 2-A/B/C 

 LC3B Microtubule-associated proteins 1A/1B light chain 3B 

 LC-MS Liquid Chromatography-Mass Spectrometry 

 LPS Lipopolysaccharide 

   

M MA Macroautophagy 

 MARCHF5 Membrane Associated Ring-CH-Type Finger 5 

 MGMT O6-Methylguanine-DNA Methyltransferase 

 MHC Major Histocompatibility Complex 

 MiDAC Mitotic Deacetylase Complex 

 min Minute 

 MKP1 Mitogen-activated protein kinase phosphatase 

 MOI Multiplicity Of Infection 

 MRI Magnetic Resonance Imaging 

 mRNA Messenger Ribonucleic Acid 

 MR-PET Magnetic resonance-Positron emission tomography 

 MRP Mitochondrial Ribosomal Protein 

 mTOR Mammalian Target Of Rapamycin 

 mTORC2/PHLPP1/Akt mTOR Complex 2 / PH domain leucine-rich repeats protein 
phosphatase 1 / Protein kinase B 

 MTT 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide 

 MX1 MX Dynamin Like GTPase 1 

   

N Na2HPO4 Disodium hydrogen phosphate 

 Na4P2O7 Tetrasodium pyrophosphate 
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 NaCl Sodium chloride 

 NADH Nicotinamide Adenine Dinucleotide 

 NaF Sodium fluoride 

 NCoR Nuclear Receptor Corepressor 

 NDUFAF7 NADH:Ubiquinone Oxidoreductase Complex Assembly Factor 7 

 NES Nestin 

 NF1 Neurofibromatosis 1 

 NFAT1 Nuclear factor of activated T-cells-1 

 NF-κB Nuclear Factor Kappa light chain enhancer of activated B cells 

 NHA Normal Human Astrocytes 

 NLS Nuclear Localization Signal 

 NPC Neural Progenitor Cell 

 NRF2 Nuclear factor erythroid 2-Related Factor 2 

 NSC Neural Stem Cell 

 NuRD Nucleosome Remodeling and Deacetylase complex 

   

O O2 Oxygen 

 OB Olfactory Bulb 

 OCR Oxygen Consumption Rate 

 OCT4 Octamer-binding Transcription factor 4 

 Olig2 Oligodendrocyte Transcription Factor 2 
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1. The brain 

The human brain is a key organ of the central nervous system (CNS) which 

commands movement, emotions, communication, thinking and memory, among others [1]. 

Its development starts with the neurulation process from the ectodermic layer of the embryo, 

and it is completed 20-25 years after birth [2]. It consists of three main areas: (1) the 

cerebrum, which is the major part of the brain and takes control over motor and sensory 

information, (un)conscious behaviors, feelings, intelligence and memory; (2) the cerebellum, 

which controls the coordination of voluntary movement; and (3) the brainstem, which acts 

as a bridge that connects both cerebellum and cerebrum to the spinal cord, and contains the 

principal centers to perform autonomic functions such as breathing or heart rate [1]. In this 

doctoral thesis we will focus our attention on the cerebrum. 

1.1. Main characters: glial cells and neurons 

The brain is considered as one of the most structurally and functionally complex 

organs in mammals [3]. Human brain contains billions of neurons and hundreds of trillion 

nerve connections [4, 5]. Moreover, neurons are surrounded by vast number of glial cells, 

whose presence in the brain, compared with neuronal amount, is equivalent or even greater 

in some brain regions [5]. 

1.1.1. Glial cells 

When glial cells were identified, they were suggested to only contribute to the 

structure of the brain, also reflected in their name, as ‘glia’ from the ancient Greek means 

‘glue’ in English [6]. However, research during the following decades has demonstrated that 

glial cells contribute to the correct neurotransmission, neural damage repair or even adult 

neurogenesis, among others [1, 7]. Main glial cells from CNS include oligodendrocytes, 

ependymal cells, astrocytes, and microglia [8]. In particular, in this thesis we will employ 

astrocytes and microglial cells. 

1.1.1.1. Astrocytes 

Human astrocytes comprise ~ 20% of glia with varying ratios to neurons 

depending on the CNS region [5]. Although they have been popularly defined as star-shaped 
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cells as its name indicates (‘Astron’ from Greek means ‘star’), the truth is that astrocytes have 

a huge structural and functional diversity that makes human brain unique [9]. In line with this 

heterogeneity, astrocytes are implicated in a variety of structural, metabolic, and 

homeostatic functions [10]. In particular, processes such as metabolic regulation, support of 

synaptic transmission and blood-brain barrier formation [11] are tightly regulated by 

astrocytes. 

1.1.1.2. Microglia 

While astrocytes are formed from ectoderm germ layer in embryonic 

development, microglia are originated from the mesodermal-derived yolk sac macrophages 

[12]. Microglial progenitors infiltrate the brain during embryogenesis and early postnatal 

development and subsequently, they differentiate shifting from amoeboid to ramified 

morphology. Microglia stay in this ramified ‘resting’ state until activated, when processes 

such as chemotaxis, phagocytosis and cytokine secretion are induced [13]. Microglial function 

is focused in two key features. On the one hand, microglia are part of the innate immune 

system, playing a key role in the detection of signals of external danger such as invading 

pathogens and internal damaged or dying cells, and subsequent tissue repair. On the other 

hand, microglial function is also crucial for brain homeostasis through the control of neuronal 

proliferation and differentiation, as well as influencing formation of synaptic connections 

[14].  

1.1.2. Neurons 

Neurons are the structural and functional unit of the CNS, originated from 

ectoderm germ layer in embryonic development and composed by a cell body, dendrites, 

and an axon. As responsible for the processing and transmission of nerve impulses, neurons 

are electrically excitable, and they communicate between then and with other cells via 

synapsis [1]. In this sense, neuronal axons are covered with a multilamellar membrane of 

myelin, which facilitates rapid signal conduction promoting insulating properties [15]. 

Neuronal bodies are located in the grey matter of the cerebrum, whereas myelinated axons 

are mainly located in the white matter [1].  
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1.2. Concepts of radial glia and neural stem cells 

During the mammalian embryonic formation of the CNS, neuroepithelial cells-

derived radial glia give rise to neurons, and afterwards to astrocytes and oligodendrocytes 

[16, 17]. Afterwards, many radial glia differentiate directly into mature astrocytes, whereas 

radial glia-derived progenitors persist through adulthood, giving rise to adult neural stem cells 

(NSCs) [18]. In the adult mammalian brain, NSCs are mainly found in neurogenic niches, which 

comprehend the subventricular zone (SVZ) around the lateral ventricles and the subgranular 

zone of the dentate gyrus (DG) in the hippocampus (Figure I1). NSCs are characterized by stay 

dormant or in a quiescent state for prolonged periods, providing a reserve pool of cells 

available for tissue regeneration and cell replacement [19, 20]. In response to stimuli, NSCs 

get activated, triggering their proliferation and self-renewal. Activated NSCs give rise to 

neural progenitor cells, which have the potential to differentiate primarily into new neurons, 

and in smaller proportion, into astrocytes and oligodendrocytes [21].  

Figure I1. Sagittal view of rodent and human brain showing the neurogenic niches: the subventricular zone 

(SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampus. 

(A) In rodent brain (left), neural progenitor cells (NPC) generated in SVZ proliferate (1), migrate through 

the rostral migratory stream (RMS) (2) and differentiate in the olfactory bulb (OB) (3); in human brain 

(right), proliferated cells from the SVZ migrate into the striatum where they develop into mature neurons 

(B) In both rodent and human brain, NPCs generated in the SGZ of the DG proliferate (1), migrate into the 

granule cell layer (2) and mature into new neurons (3), extending projections into the CA3 region. Modified 

from Borsini A. et al 2014. 

Rodent brain Human brain 
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Importantly, these neurogenic niches are specialized microenvironments that, 

together with NSCs, contain a variety of other cell types, such as endothelial cells and 

microglia [22]. In particular, microglia significantly contribute to the maintenance of 

homeostasis in the adult hippocampal neurogenic niche. They eliminate by phagocytosis 

neural progenitor cells that undergo apoptosis before becoming neuroblast [23] and, during 

the process, they secrete factors that limit the production of new neurons [24]. 

1.3. The blood-brain barrier 

The blood-brain barrier (BBB) is a diffusion barrier essential for the homeostasis 

and protection of the brain against external substances and pathogens. It is the central 

element of a tightly regulated neurovascular unit, composed by endothelial cells connected 

by tight junctions, surrounded by a specialized basal lamina shared with pericytes and 

astrocytic end-feet interconnected with neuronal endings and microglia [25]. The tight 

regulation of molecular influx and the existence of highly efficient efflux systems complicates 

the entry of therapeutic agents into the brain [26]. 

2. Brain cancer 

According to GLOBOCAN 2020 database developed by the World Health 

Organization (WHO), cancer is one of the leading causes of death worldwide, accounting for 

19.3 million new cases and 10 million deaths in 2020. It is estimated that cancer cases will 

increase in the following years, reaching approximately 30.2 million cases in 2040 (available 

in: https://gco.iarc.fr/today/home; accessed 20/01/2022). 

In particular, tumors from the CNS account for a total of 308,102 new cases and 

251,329 deaths in 2020 (available from: https://gco.iarc.fr/today/home; accessed 

20/01/2022). Although incidence of brain cancer is not as high as breast, lung or colorectal 

cancer types, brain tumors are characterized by high morbidity and mortality caused by their 

delicate location and invasive growth [27]. Gliomas are the most common primary brain 

tumors, accounting for almost 30% of all primary tumors, and 80% of all malignant ones [27].

  



 Introduction 
 

37 
 

2.1. Gliomas and malignancy grades 

The first recorded reports of primary CNS tumors were described based on gross 

morphological observations. Herein, Berns in 1800 and Abernety in 1804 defined them as 

diffuse tumors generated in the CNS, with no clear border with health tissue, but presenting 

significant differences with it. In this point, ‘Medullary Sarcoma’, ‘Encephaloide’ or ‘Fungus 

Medullare’ terms were attributed to these tumor types, in English, French and German 

literature, respectively [28]. The first comprehensive histo-morphological description was 

given in 1865 by the German pathologist Rudolf Virchow [29]. Using for the first time the 

term ‘Glioma’, he claimed that this tumor type is originated from the glial cells of the CNS, 

showing clear structural differences at tissue and cellular level, comparing to healthy brain 

tissue and invading neighboring structures. At that time, Virchow separated gliomas in two 

groups, according to their cellularity and general differences comparing to healthy brain 

tissue [29]. In 1926 the American neuropathologist Percival Bailey and the neurosurgeon 

Harvey Cushing, after histologically analyzing over 400 glioma sections, updated glioma 

classification. Herein, they described 14 glioma subtypes, which correlated with clinical 

outcome [30]. Those initial studies sustained the base of the current WHO glioma 

classification [31, 32]. 

Nowadays, gliomas are classified based on histological features, genetic 

alterations and location, among others. Among the histological features, the loss of structural 

and functional differentiation of cells, also known as anaplasia, has been classically used for 

associating malignancy WHO grade I to IV with tumor types, being considered grade I-II low 

grade and III-IV high grade gliomas [27]. Together with this, other pathological features such 

as mitotic activity, vascular proliferation, necrosis or proliferative potential have been 

associated with clinical course and treatment outcome [33]. Thus, while grade I tumors are 

often curable when surgically removed, grade IV tumors are highly malignant, presenting 

poor survival [32].  

2.2. Glioblastoma: CNS WHO grade 4 glioma 

2.2.1. Concept of glioblastoma: from its discovery to the present 

The first specific comprehensive description of glioblastoma (GB, or GBM) was 

made by Strauss and Globus in 1925, assigning the name ‘spongioblastoma’ for it. They 
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reported that this tumor type presented intense vascularity, marked necrotic zones, large 

hemorrhagic foci, cystic degenerative changes, multiple growth centers at distant points and 

poor clinical outcome [34]. One year later, the histological classification of gliomas performed 

by Bailey and Cushing led to change the name to ‘Glioblastoma Multiforme’, defined as the 

most clinically malignant and histologically atypical form of glioma [35]. 

To date, GB is the most common and aggressive primary malignant tumors in the 

adulthood, considered as grade 4 glioma attending to the 2021 CNS WHO classification [32, 

36]. The average incidence rate of GB is 3.19 per 100,000 population, whose median age of 

presentation is 64 years [37]. Although GB is considered a rare cancer type based on its low 

incidence, it presents a devastating prognosis. Patients diagnosed with GB show a median 

survival around 12 to 15 months, with a 5-year survival rate of 5% [36, 38]. 

2.2.2. Risk factors 

The role of age as a negative prognostic factor in GB is well established. The 

incidence of GB is highest in patients around 65 years of age, and those over 70 years old 

present an even poorer prognosis, with a median survival of 4.5 months [39]. This is caused 

due to the aggressive biological features of the tumors, greater patient comorbidity and few 

therapeutic options [40]. Besides, GB is more common in Caucasians relative to other 

ethnicities, and males are slightly more affected than females [41]. Among other risk factors, 

previous familial glioma cases [42], ionizing radiation [43], the presence of rare syndromes 

such as Li-Fraumeni or neurofibromatosis I-II [44] and infection with cytomegalovirus [45] or 

Epstein-Barr virus [46] have been proposed. 

2.2.3. Diagnosis 

Among all GB cases, approximately 90% develop de novo, without evidence of a 

less malignant precursor lesion. These cases are classified as primary GBs. On the contrary, 

some other GB cases, named as secondary GBs, arise after the occurrence of a previous low-

grade glioma [47]. This latter case is more common in younger patients, presents a slower 

progression and thus, carries a significantly better prognosis. On the contrary, primary GBs 

are very aggressive and present a dramatic clinical course [47, 48]. 

Most GBs are diagnosed following symptomatic presentation, as it expands, 

infiltrates, and affects brain structures rapidly [49]. The clinical presentation of GB varies 

depending on the size and location of the tumor, together with the degree of the peritumoral 
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edema [50]. Among common symptomatology, headache and focal or progressive neurologic 

deficits usually occur. Depending on the area where the tumor is located, these neurologic 

deficits may include persistent weakness, numbness, loss of vision, seizures, alteration of 

language, mood disorders or mild memory disorders, among others [51].  

In the presence of symptoms, imaging techniques are the first step towards the 

diagnosis of a GB. Herein, gadolinium-enhanced magnetic resonance imaging (MRI) is the 

gold standard [52], where an irregular mass with a dense ring of enhancement and 

hypointense center of necrosis is observed [53]. Besides, surrounding vasogenic edema, 

hemorrhage and ventricular displacement may also be present on diagnostic image [54]. 

Together with MRI, positron emission tomography (PET) or magnetic resonance spectroscopy 

can also provide additional information about the tumor [49]. 

The next step in the diagnosis of a GB is the histological analysis of the tumor.  

GBs present astroglial appearance cellular polymorphism, nuclear atypia, high mitotic index, 

pseudopalisading necrosis, and microvascular hyperplasia or neovascularization [36]. In 

parallel, several molecular markers may be also analyzed by immunohistochemistry, 

fluorescence in situ hybridization or other techniques, due to their prognostic or predictive 

potential [55]. Among them, mutational status of isocitrate dehydrogenase-1 (IDH1) is 

relevant in the diagnosis of GB. IDH1 is a cytoplasmic enzyme which catalyzes the oxidative 

decarboxylation of isocitrate into alpha-ketoglutarate and nicotinamide adenine dinucleotide 

(NADPH). Mutated IDH1, which is unable to catalyze this reaction, and instead converts 

isocitrate into 2-hydroxyglutarate, occur more commonly in grade 2 and 3 adult gliomas and 

secondary GBs [56]. Besides, overexpression of epidermal growth factor receptor (EGFR) is 

detected in approximately 50% of GB patients [57]. EGFR is a transmembrane receptor with 

a cytoplasmatic domain containing a tyrosine kinase, which turns on oncogenic pathways. 

The specific EGFR vIII mutant, expressed in ~ 20-30% of GB cases, results in constitutive 

tyrosine kinase activity, promoting enhanced proliferation, therapy resistance, migration, 

and inhibition of apoptosis [58]. The proliferation marker Ki-67 has also been associated with 

higher glioma grade, and poorer progression-free survival and overall survival in GB patients 

[59]. On the contrary, ATRX mutations and 1p/19q chromosomal deletions are used for the 

identification of other glioma types [55]. 
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2.2.4. Treatment 

Since 2005, current standard therapy for GB patients includes maximal surgical 

resection of the tumor, followed by concurrent radiotherapy and chemotherapy based on 

the administration of temozolomide (TMZ) [36]. 

When possible, gross total or subtotal resection to immediately relieve the 

tumor-associated mass effect, delay recurrence and obtain tissue to confirm diagnosis is the 

first step in GB therapy. Indeed, a greater extend of surgical resection has been associated 

with better clinical outcome [53]. However, this process gets complicated when the tumor is 

located in eloquent areas, crucial in the control speech, motor function and the senses. 

Moreover, GB tumor cells are highly infiltrative, so that not all tumor cells can be removed 

by surgical procedure. 

After craniotomy wound heal, the next step in the standard of care is post-

operative radiotherapy and TMZ chemotherapy. This protocol was implemented in 2005, 

when Stupp R and collaborators demonstrated in a phase III clinical trial that patients who 

received TMZ and radiotherapy presented increased median survival [38] and 5-year term 

survival proportion [60]. TMZ is an alkylating agent, which methylates DNA at the O6, N3 and 

N7 positions, and produces DNA strand breaks [61]. In fact, in the same study Stupp R and 

collaborators indicated that TMZ response could depend on O6-methylguanine-DNA 

methyltransferase (MGMT) methylation status [38]. MGMT is a DNA repair enzyme that 

participates in the removal of the alkylation induced by TMZ, and whose methylation is 

associated with a reduced expression of the gene [62]. Thus, while methylated MGMT 

showed improved TMZ response, unmethylated MGMT reduced TMZ sensitivity due to the 

increased DNA repair mechanism [63, 64]. However, MGMT methylation has not shown 

predictive potential in other cohorts [65], suggesting that its potential as a therapy response 

biomarker is not complete. 

2.2.5. Tumor recurrence 

Despite the standard of care discussed above, prognosis of GB patients is still 

very poor, as almost all patients recur. Re-resection and additional radiotherapy are an option 

for some patients, but it is limited due to the uncertain benefit and increased risk of radiation 

necrosis [53]. In this context, in 2009, Bevacizumab, an anti-angiogenic humanized 

monoclonal antibody targeting vascular endothelial growth factor, was approved by the U.S. 
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Food and Drug Administration (FDA) for recurrent GB [66]. Besides, the novel therapeutic 

approach Optune® has been approved by the FDA both for recurrent (2011) and newly 

diagnosed supratentorial GB (2015) [67, 68]. This technology is based on a noninvasive 

portable device which delivers alternating electric fields (TTFs) to disrupt cell division [69].  

Although this new device presents some benefit, its use has been limited due to cost and 

patient inconvenience [70]. 

Several efforts have been done in order to find successful treatments for GB 

therapy, but the vast majority have failed [36, 71]. In this sense, the huge tumor 

heterogeneity, and the poor BBB penetration of newly developed therapeutic agents 

represent main obstacles [71]. 

2.2.6. Tumor heterogeneity: responsible for therapy resistance 

GB tumors from different patients comprise differences among them, 

representing a significant inter-tumor heterogeneity. Not only that, but the presence of 

distinct tumor clusters and genetic alterations within a specific tumor from a single patient 

have been also described, representing the relevant intra-tumor heterogeneity [72]. Huge 

efforts have been done in order to characterize this heterogeneity in GB patients with the 

aim of classifying them in specific tumor subtypes and thus, display potential personalized 

therapeutic strategies.  

2.2.6.1. Molecular heterogeneity: classification of GB subtypes 

In 2008 The Cancer Genome Atlas (TCGA) project sequenced more than 600 

genes in more than 200 human tumors, revealing a complicated genomic landscape in GB 

[64]. Herein, alterations in the tumor suppressor protein p53, the receptor tyrosine 

kinase/Ras/phosphoinositide 3-kinase and retinoblastoma signaling pathways, as well as 

mutations in neurofibromin 1 (NF1), EGFR, PI3K complex and MGMT have been described 

[53, 64].  

In 2011 Verhaak RGW and collaborators, based on transcriptomic features, 

reported a novel GB classification [73]. Herein, classical, mesenchymal, proneural and neural 

subtypes were addressed. However, although this original classification has been intriguingly 

informative, it included the transcriptomes of tumor-associated nonmalignant cells in the 

analysis. In fact, a previous study found that a high-grade astrocytoma tumor class displaying 

neuronal lineage markers presented exceptionally longer survival compared with others [74]. 
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In this context, a subsequent transcriptomic study published in 2017 by Wang Q and 

collaborators, which presents more-stringent transcriptomic separation of tumoral and non-

tumoral cells, have shown that neural subtype arose from contamination of the original 

samples with non-malignant cells [75]. Thus, currently three GB subtypes can be 

distinguished: classical, mesenchymal, and proneural (Table I1).  

Table I1. Main characteristics of GB subtypes.  

 Mesenchymal Classical Proneural 

Lineage 

enrichment 

Astroglia, with 

microglial/macrophage 

gene signature 

Astrocytic, with activated 

dendritic cell gene 

signature 

Oligodendrocytic 

Alterations 

Focal hemizygous 

deletion at 17q11.2, 

containing NF1 /   Lower 

NF1 expression / NF1 

mutations 

Chr 7 amplification / Chr 

10 loss 

Amplifications of the 

locus at 4q12 harboring 

PDGFRA / Mutations in 

PDGFRA 

PTEN mutations 
EGFR amplification / 

EGFR vIII mutation 
Point mutations in IDH1 

High expression of genes 

in TNF and NF-κB 

pathways 

Lack TP53 mutations 
Frequent TP53 mutations, 

loss of heterozygosity 

Focal 9p21.3 homozygous 

deletion, targeting 

CDKN2A 

Low CDKN1A expression 

High overall necrosis and 

associated inflammatory 

infiltrates 

RB pathway aberrations 

PIK3CA/PIK3R1 mutations 

High expression of 

oligodendrocytic 

development genes 

Expression of 

mesenchymal markers 

High expression of NES, 

and markers of Notch and 

Sonic Hedgehog signaling 

pathways 

High expression of 

proneural development 

genes such as SOX, CDX, 

DLL3, ASCL1 and TCF4  

Mediumn 

survival 

(months) 

11.5 14.7 17 

 

Sources: Verhaak RGW et al 2010 [73] and Wang Q et al 2017 [75]. 

Chr: chromosome. 
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Of note, proneural subtype is over-represented by younger patients, which show 

a better clinical outcome [73]. Indeed, younger age of the patient, together with PDGFRA 

abnormalities or IDH1 and TP53 mutations have been previously associated with secondary 

GB [76-78]. Overall, most known secondary GBs were classified as proneural [73]. In this 

sense, the new 2021 CNS WHO classification of gliomas and cIMPACT-NOW update 5 have 

distinguished the terms glioblastoma IDH-wildtype and astrocytoma IDH-mutant WHO grade 

4 as different tumor types [32, 79].  

It has been shown that GB presents phenotypic plasticity related to subtypes. In 

fact, proneural to mesenchymal subtype switching upon disease recurrence has been 

associated with therapy resistance [74, 80]. In this sense, Wang Q and collaborators, besides 

the update on GB subtypes, also performed a longitudinal study obtaining samples from 

patient at primary GB and recurrent status [75]. Herein, they observed that only 55% of GB 

samples retained their original subtype, reinforcing the idea of the huge plasticity of GB. In 

this line, in 2019, Neftel C and collaborators described four cellular states based on single cell 

ribonucleic acid (RNA) sequencing data of GB samples [81]: (i) neural progenitor-like, (ii) 

oligodendrocyte-progenitor-like, (iii) astrocyte-like and (iv) mesenchymal-like states. 

Importantly, authors show that relative frequency of each state varies between samples, and 

they demonstrate plasticity between different states. 

Besides GB classification based on genomic and transcriptional data, other 

classifications based on DNA methylation [82, 83] or active biological functions [84] have 

been reported. These new classifications contributed to the better understanding of GB at 

diagnosis and prognosis level. However, its translation into treatment efficacy has not been 

successful so far, as GB present also a huge cellular heterogeneity.  

2.2.6.2. Cellular heterogeneity: Concept of Cancer Stem Cells 

A tumor is composed by heterogeneous populations of cells, which include 

malignant cancer cells, supportive cells and tumor infiltrating cells. This cellular heterogeneity 

is further enhanced by clonal variation and microenvironmental influences on cancer cells 

[85]. Regarding clonal variation, two models have been proposed (Figure I2).  

The first theory is named clonal evolution model or stochastic model [85, 86], in 

which genetic instability of cancer cells leads to different clones of cells. Thus, mutations in 

genes such as oncogenes or tumor suppressors will contribute to carcinogenesis, and the 
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clone which outcompete other clones will become the driving cell population in a tumor, as 

a result of natural selection. Indeed, during the course of the disease or in response to a 

treatment, these clones may change spatially and temporally, generating a tumor-bulk 

composed by multiple subclones.  

The second theory is the cancer stem cell (CSC) model [85]. This model suggests 

that only a small proportion of cancer cells, specifically the CSCs, can self-renew and initiate 

and maintain tumor growth. Thus, this model supports a hierarchical cellular structure, which 

is equivalent to normal tissue supported by healthy stem cells. On the one hand, CSCs present 

self-renewing ability. Thus, they divide symmetrically, generating cells with the same 

stemness capacity than the mother cell. On the other hand, CSCs asymmetric division leads 

to the maintenance of CSC pool, together with a heterogeneous progeny of differentiated 

cancer cells.  

Although this latter model has been classically considered as unidirectional, the 

concept of cellular plasticity shows that this is not the case. In fact, terminally differentiated 

cells have shown the potential of dedifferentiating and gaining CSCs properties under specific 

conditions [87, 88]. 

 

 

Figure I2. Main models for tumor heterogeneity. According to clonal evolution model (left), somatic 

alterations in a cell give rise to multiple clones which differ in sensitivity against therapy and proliferatiove 

rate. Genomic instability in such clones generate genetic alterations in the progeny, being all malignant 

cells able to maintain and expand the tumor. In contrast, cancer stem cell (CSC) model (right) claims that 

only a specific subpopulation of cells, named CSCs, are able to self-renew and proliferate, generating 

highly heterogeneous clones. Figure created with Biorender.com.  
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The connection between cancer and stem cells was firstly originated in the mid-

19th century by Rudolf Virchow, as he observed that certain adult tumors and embryonic 

tissue present various histological similarities [89]. These observations culminated in a 

comprehensive ‘embryonal rest’ theory put forward by his student Julius Cohnheim in 1875. 

This theory stated that tumors may arise from embryonic cells that lie dormant in the adult 

tissue until activated to become malignant [89]. Since that theory, many studies have been 

published characterizing in further detail the link between stem cells and cancer, by the 

discovery of protein markers on the surface of these cells. The first experimental evidence 

proving the activity of CSCs was showed in 1994 by Lapidot T and collaborators in 

hematological malignances, in which CD34+/CD38- subpopulation from acute myeloid 

leukemia was able to form leukemia after transplantation into NOD.SCID mice [90]. Following 

studies extended the presence of CSCs to additional cancer types, such as breast [91], 

prostate [92], colorectal [93, 94], pancreatic [95] and brain cancer [96-99], and currently they 

have been described in the majority of cancer types. 

2.2.7. Glioma Stem Cells 

2.2.7.1. Concept 

Glioma stem cells (GSCs), also known as glioma initiating cells, are a small 

subpopulation of slow growing cells possessing tumor-propagating potential in vivo, 

sustained self-renewal and differentiation potential and infiltrative capacity [100, 101].  

Quiescence is a main characteristic of GSCs, a dormant but reversible cellular 

condition in which cell-cycle entry and proliferation are prevented in the absence of specific 

stimuli. This feature hides GSCs from the cytotoxic effect of alkylating agents such as TMZ, 

and other therapeutic agents, which target highly proliferative cells [86, 102]. The high 

expression of drug transporters in the cellular membrane of GSCs makes even more 

challenging to target them, as a huge number of therapeutic agents are pumped out [103]. 

Chemotherapy resistance is also extended to radiotherapy, as GSCs activate DNA damage 

checkpoint response upon ionizing radiation, thus increasing DNA repair capacity more 

effectively than non-GSC tumoral cells [104]. Thus, GSCs have been proposed as key 

contributors towards therapy resistance and subsequently, tumor relapse. 
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2.2.7.2. Origin of GSCs: NSCs 

GSCs share many features with adult NSCs at multiple levels and therefore, they 

have been proposed as the cells of origin of GB. On the one hand, both subpopulations 

present self-renewal and differentiation ability, crucial for their maintenance and generation 

of differentiated progeny [105]. Besides, both GSCs and NSC are quiescent cells, and they 

present a smaller size, reduced metabolic activity and substance efflux [105, 106]. On the 

other hand, since the discovery of CD133 as a cell surface antigen in GSCs [97], multiple 

signaling pathways involved in both normal NSC and GSCs biology have been identified, such 

as Notch, Bone Morphogenetic Protein, Wnt/β-catenin, Sonic Hedgehog, STAT3 or EGFR 

pathways [107]. Not only complete signaling pathways, but the activity of multiple 

transcription factors have been also observed to be common in the maintenance of NSCs and 

GSCs. Among them, Bmi1, c-Myc, Oct4, Nanog, Nestin and Olig2 have been described as 

regulators of the balance between ‘stemness’ and differentiation [107]. Together with these 

transcription factors, Sox family members are also crucial in the maintenance of embryonic 

and NSCs, which are aberrantly expressed in GBs and enriched in GSCs [108-110]. As an 

example, SOX2 and SOX9 expression has been linked to GSC activity and TMZ resistance [111].  

In line with this, GSCs have been described to be originated from mutations in 

adult NSCs. This idea arises from experimental evidence obtained from the genetic 

manipulation of oncogenes or tumor suppressor genes in murine models. Herein, the 

overexpression of the oncogenic forms of Ras, Akt, EGFR, PDGFR, in some cases in 

combination with Ink4A/Arf or Pten deletion, in embryonic or early postnatal cells resulted in 

astrocytoma formation in mice [112-114]. On the other hand, knock out mice for tumor 

suppressor genes such as p53, Pten and Nf1 also gave rise to astrocytoma [115, 116]. 

Subsequent analysis of these mice revealed that lesions were located in the SVZ, suggesting 

that mutations in NSCs have an impact on tumor formation. For testing directly this 

hypothesis, the same strategy was applied directly into NSCs and their progeny, using Cre 

recombinase [117]. In this approach, mice developed tumors, indicating that NSC may be the 

origin of GB. In fact, a recent publication by Lee JH and collaborators provides direct evidence 

which demonstrates that driver mutations within NSCs direct the origin of GB [118, 119]. 

On the other hand, GSCs can be originated from the de-differentiation of mature 

cells, such as astrocytes, neurons, or oligodendrocytes. In this line, the transduction of Ras 

[120] or Nanog [121] oncogenes in p53-deficient mice directed the de-differentiation of 

astrocytes into GSCs. This effect has been also observed in vivo by the inactivation of Nf1 and 
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p53 in astrocytes and neurons [122]. Besides, Mario L. Suvà and collaborators, using an 

epigenomic mapping of the chromatin status, identified POU3F2, SOX2, SALL2 and OLIG2 

stem cell transcription factors to be able to reprogram differentiated tumor cells into GSCs in 

proneural GB [123]. These factors were essential for the maintenance of tumorigenic 

properties of GSCs, indicating that stem cell mediators are crucial in the activity of GSC 

subpopulation. 

2.2.7.3. Plasticity  of GSCs 

GSCs constitute a highly dynamic and adaptative cellular type at multiple levels, 

which compromises patient outcome. As an example, GSCs can intrinsically shift between 

different metabolic pathways, allowing them to survive nutrient deprivation [124]. GSC can 

also modulate their microenvironment for their own maintenance, generating a niche which 

contributes to their proliferation, cell-fate decisions, and protection from environmental 

insults such as therapeutic agents [125, 126]. In this sense, extracellular matrix (ECM) protein 

secretion, and perivascular and hypoxic niches have been shown to sustain maintenance of 

GSCs [127-129]. Hypoxia can also enhance the trans-differentiation of GSCs into endothelial-

like cells contributing to blood vessel formation and thus, tumor growth [130]. Conversely, 

dedifferentiation of non-GSCs towards GSC phenotype can also occur, induced by several 

stimuli such as environment acidification [131], metabolic stress [132] or even hypoxia [133]. 

Recent studies have also revealed the direct interaction of GSCs with immune cells, 

promoting a pro-tumorigenic inflammatory environment [134]. All this evidence highlights 

the complex regulation of GSC maintenance and its interaction with the microenvironment. 

 

The crucial role of GSC subpopulation in GB, and its relevant characteristics 

(Figure I3) make it a promising therapeutical target. Thus, its elimination, or at least, 

differentiation, could improve treatment outcome. Understanding the molecular regulatory 

mechanisms that control GSC maintenance is therefore critical in the development of novel 

anti-tumor therapies that success in the complete and lasting tumor elimination. 

 

 

 



Jaione Auzmendi Iriarte | PhD Thesis | 2022 

48 
 

 

3.  Cancer and aging: overlapping processes 

For most cancer types, incidence and mortality increase with age, as it is the case 

of CNS tumors. Indeed, while the incidence of both benign and malignant primary CNS tumors 

is 18.16 per 100,000 individuals in the general population, it reaches up to 63.75 per 100,000 

individuals in the age range of 75 to 84 years old. Moreover, advanced age is a well-known 

prognostic factor linked to poor survival in brain tumors [135].  

Glioma 

stem cell 

 

Infiltrative capacity 

Figure I3. Characteristics of glioma stem cells (GSC). GSCs are a small subpopulation of cells responsible for 

tumor initiation and progression. In this sense, they present self-renewal and infiltrative capacities, and 

they share many molecular pathways with NSC. Besides, they are responsible for therapy resistance, as 

they are quiescent or ‘dormant’ cells, which hides them from alkylating agents. GSCs also present a huge 

plasticity, and they can modulate their microenvironment for their maintenance. Figure created with 

Biorender.com. 
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The effect of aging as a risk factor can be observed at two levels. On the one 

hand, chronological aging provides time for intrinsic and extrinsic factors to exert their 

effects. On the other hand, the generalized decline in cellular and molecular functions 

observed upon biological aging has been strongly associated with cancer formation [136]. 

Cancer and aging may seem opposite processes, as cancer is the consequence of 

an aberrant gain of cellular fitness, whilst aging is based on its loss. However, cancer and 

aging share a common origin: accumulation of cellular damage [137]. Indeed, both hallmarks 

of aging [137] and cancer [138] show numerous overlaps between them, such as genomic 

instability, telomere attrition, epigenetic alterations, loss of proteostasis, mitochondrial 

dysfunction, deregulated nutrient sensing, cellular senescence, stem cell exhaustion and 

altered intercellular communication [136]. Thus, cancer and aging have been proposed to 

behave as two manifestations of the same underlying processes [137, 139].  

4. Brain aging 

Aging is a time-dependent functional decline of organs and tissues of most living 

organisms occurred due to the gradual accumulation of cellular damage [137, 140]. In the 

last two centuries, human life expectancy has doubled in most developed countries [141]. 

However, this increase in life expectancy contributed to the onset of many common diseases, 

such as neurodegenerative diseases or cancer, with death rates rising significantly with 

advancing age [142].  

Although human aging affects the entire organism, brain aging is especially 

distinctive.  At macroscopic level, aging alters human brain structure, as it shrinks grey and 

white matter volume, and subsequently enlarges the ventricles [143]. At cellular level, the 

majority of neurons are highly differentiated postmitotic cells whose lifespan is almost 

equivalent to the one of the whole organism [140], making them susceptible to aging process. 

Thus, brain aging is characterized by the loss of nerve fibers and their demyelination, the 

reduction of dendritic length and branching or the partial loss of synapses [144]. Besides 

neurons, aging also affects to other cell types, such as NSCs and glial cells [145] [146]. All 

these changes contribute to a decline in cognitive abilities, sensory perception, and motor 

function and coordination [147]. 
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4.1. NSC aging 

The decline of the stem cell pool is one of the nine hallmarks of aging described 

in 2013 by López-Otín and collaborators [137]. Specifically in the brain, in homeostatic 

conditions, impaired neurons could be partially replaced and compensated through the 

neurogenesis process occurred in the neurogenic niches. In rodents, during aging, the ability 

of NSCs to proliferate and differentiate into new neurons decreases in a devastating manner 

[145, 148]. This decline in neurogenesis observed in both SVZ and hippocampus involves 

processes such as increased NSC dormancy, decreased self-renewal, reduced neural 

differentiation, and induced cell death [145]. Human hippocampal neurogenesis occurs at 

postnatal stages, although there are discrepancies regarding its activity during the adulthood 

and upon aging [149-152]. Importantly, besides the dysregulation of intrinsic pathways 

crucial for NSC maintenance, external factors have been also described to have an impact on 

neurogenesis. 

4.2. Microglial aging: a pro-inflammatory signature 

Aging alters overall intercellular communications, which indeed constitute 

another hallmark of aging [137]. One of the most prominent alterations is ‘inflammaging’, the 

pro-inflammatory phenotype that an organism adopts with age. It might present various 

causes, such as the accumulation of pro-inflammatory tissue damage, dysfunction of the 

immune system or the secretion of pro-inflammatory cytokines by senescent cells [137].  

Glial cells are the first cells responding to stress signals in CNS, being quite 

susceptible to brain aging. In fact, a gene expression study has demonstrated that glial-

specific genes predict age with greater precision than neuron-specific genes, as their regional 

specific pattern is shifted upon human brain aging [146]. Interestingly, studies performed in 

rats and monkeys reported that microglial cells presented more dramatic alterations than 

other glial cell types upon aging, in terms of number of inclusions, and overall number of cells 

[153, 154]. Those alterations were also observed in mice, as well as morphological changes 

such as increased soma volume and shortening of processes, in old animals compared to 

young ones [155]. Human brains show a distinctive microglial morphology upon aging, with 

beaded and fragmented processes and a disrupted cytoplasmic structure [156]. As this 

phenotype reflects the degeneration of microglia, the difference observed in mice and 
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human aged brains could be partly explained by the different lifespan of each species [157]. 

Regarding microglial function, both murine and human aged microglia adopt an aberrant 

activation (primed) and pro-inflammatory status, accompanied by dysfunction in 

phagocytosis and impaired in vivo motility, among others [147, 158]. Overall, these 

alterations in microglial cells contribute to the aged phenotype of other cell types, altogether 

limiting brain function [147]. 

4.3. Impact of aged microglia in NSCs  

The microenvironment present within the neurogenic niches is necessary for the 

maintenance and function of NSCs. In fact, NSCs transplanted beyond this brain regions lose 

their ability to self-renew and differentiate into new neurons [159]. During aging, cellular 

composition of neurogenic niches and their response to local or systemic signals changes 

significantly [145]. Importantly, microglial phagocytosis is impaired in brain aging, which may 

contribute to the accumulation of debris and aggregates in the NSCs niches [145]. Besides, 

the aberrant pro-inflammatory factor secretion by aged microglia reduces NSC proliferation 

in both SVZ and hippocampus [160-162]. These studies may suggest that the removal of aged 

microglia may be a promising strategy for delaying NSC decline. In this sense, the rapid 

depletion of aged microglia by the administration of an inhibitor of the colony-stimulating 

factor 1 receptor (CSF1R) in mice, and subsequent natural cell repopulation showed 

improved spatial learning and increased hippocampal dendritic spine density and 

neurogenesis [163]. Thus, the pro-inflammatory status of microglia in aged neurogenic niches 

impairs NSC activity and neurogenesis, which eventually contribute to cognitive decline 

(Figure I4). 
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Overall, a proper homeostasis of the cell is essential for the correct function of 

the organ. In this sense, dysregulation of proteomic and epigenetic processes have been 

linked to the development of GB and physiological brain aging. 

5. Proteostasis in GB: role of chaperone-mediated autophagy 

5.1. The concept of proteostasis 

Protein homeostasis, also named proteostasis, refers to the ability of cells to 

maintain a correct balance between protein synthesis, folding and degradation [164]. A 

correct preservation of proteostasis is essential for optimal proteome renewal, cell growth 

and adaptation to environmental conditions [165]. Several stressors, such as heat shock, 

oxidative stress or aging-related modifications, cause protein misfolding, aggregation and a 

general imbalanced proteostasis, triggering the development of several diseases [165]. In this 

Figure I4. Changes in microglial activity in neurogenic niches upon aging. Microglia participate in the 

elimination of apoptotic cells and cell debris in the process of neurogenesis. Upon aging, microglial cells 

adopt a pro-inflammatory phenotype and present impaired phagocytosis, affecting to NSC proliferation and 

differentiation process. Figure created with Biorender.com. 
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context, a balanced activity of protein quality control orchestrated by molecular chaperones, 

together with the degradative ubiquitin proteasomal system and autophagy processes is 

crucial [165]. 

5.2. Autophagy 

Autophagy, term that originally comes from the Ancient Greek meaning ‘self-

eating’, refers to the catabolic process that cells use to recycle their own constituents or to 

eliminate damaged proteins, within the lysosome [166, 167]. So far, three main types of 

autophagy have been described (Figure I5).  

The first discoveries were based on the bulk trapping of the cargo, such as 

damaged organelles or protein aggregates, in double-membrane autophagosomes that fuse 

with lysosomes, process that afterwards was named ‘macroautophagy’ (MA) [168]. This type 

of autophagy has been the most studied one since its discovery, showing a great implication 

in cancer and aging processes [169, 170]. Further studies indicated the existence of a second 

type of autophagy, named ‘microautophagy’. This process involves the uptake of soluble or 

membrane-bound material directly into the lysosome by invagination [171, 172]. In contrast 

to MA, the role of microautophagy in cancer and aging is still poorly understood. 

Both MA and microautophagy overall represent mainly non-selective forms of 

autophagy, although recent studies have reported selective forms within them [173]. Among 

them, ‘chaperone-assisted selective autophagy’ (CASA) is a selective-type of MA, which 

targets ubiquitin-positive protein aggregates via autophagosomes [174]. Besides, the 

‘endosomal-microautophagy’ process is based on a mechanism in which cytosolic proteins 

enter endosomal compartments inside vesicles generated at the surface of the late 

endosomes [175]. The study of these subtypes of autophagy is still a young field, with very 

few evidence in the fields of cancer and aging. 

In 1986 Dice JF and collaborators described a third main type of autophagy, 

nowadays known as ‘chaperone-mediated autophagy’ (CMA), which is selective for protein 

degradation, and whose impact on cancer and aging has been established. This finding came 

from the identification a pentapeptide region on ribonuclease A required for its enhanced 

degradation during serum deprivation [176], a well-established inductor of CMA process. 

Importantly, among all currently known forms of autophagy, CMA is the only process that 
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enables the direct translocation of an individual cargo protein across the lysosomal 

membrane for its degradation [177]. 

 

 

5.3. CMA process 

5.3.1. Mechanism of action 

The targeting and degradation of proteins through CMA process comprehend a 

subset of critical steps (Figure I5).  

Figure I5. Main types of autophagy: macroautophagy (MA), microautophagy and chaperone-mediated 

autophagy (CMA). MA is specialized in the bulk degradation of damaged organelles and protein aggregates 

by the formation of phagophore and autophagosomes. These autophagosomes fuse with lysosomes, 

where cargo is degraded. Microautophagy is based on the bulk degradation of soluble or membrane 

bound material by direct invagination of lysosomal membrane. CMA is a unique selective form of 

autophagy. Proteins containing a KFERQ-like motif are recognized by the chaperone HSC70, which 

eventually targets the protein to the lysosomal membrane. Herein, protein is bound to lysosome-

associated membrane protein type 2A (LAMP2A) protein, which subsequently is multimerized. Unfolded 

protein is finally translocated through the complex and it is degraded in the lysosomal lumen. Modified 

from https://www.ibric.org/myboard/read.php?id=156992&Page=298&Board=new_protech& 
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The first requirement for a protein to be a CMA substrate is that it must contain 

a KFERQ-like motif, which consist of a sequence of amino acids with specific charge and 

hydrophobicity [177]. In fact, post-translational modifications, such as phosphorylation or 

ubiquitination, can recreate this motif conferring the necessary properties, or they can 

induce conformational changes that expose or mask an existing motif [177, 178]. Next, this 

KFERQ-like motif is recognized by a heat shock cognate 71kDa protein (HSC70), which 

subsequently is going to target the protein to the lysosome [179]. Within the lysosomal 

membrane, the substrate binds to the cytosolic tail of the lysosome-associated membrane 

protein type 2A (LAMP2A) [180]. After this interaction, two processes occur. First, the 

substrate acquires an unfolded state to be translocated into the lumen of the lysosome [181]. 

Herein, HSC70 and other co-chaperones located in the surface of the lysosome are thought 

to be mediating this process [182]. Second, LAMP2A monomers are multimerized, in order 

to form the translocation complex [183]. As lysosomal membrane is enriched in proteases, 

heat shock cognate 90 kDa (HSC90) chaperone stabilizes the complex from the luminal part, 

hiding the protease-sensitive regions of LAMP2A.  When these two latter steps are fulfilled, 

the substrate enter the lumen of the lysosome through LAMP2A complex, where degradation 

occurs. This process is facilitated by a form of HSC70 located in the lumen, which pulls the 

substrate and prevents its return into the cytosol [184]. 

5.3.2. Biological processes 

The best characterized function of CMA is its role in cellular protein quality 

control, promoting the degradation of misfolded or unfunctional proteins [185]. As a 

consequence, CMA inhibition turns cells sensitive to oxidative stress, or protein-damaging 

chemicals, leading to the accumulation of oxidized and aggregated proteins [186, 187].  

Cellular energetics has been linked to CMA since its discovery, as it is upregulated 

upon starvation [188]. At that time, this effect was proposed to be caused by the need of free 

amino acids for the synthesis of essential proteins. Further advances in the field have 

revealed that CMA selectively degrades fully functional key enzymes in lipid and glucose 

metabolism, affecting the activity of these pathways [189]. 

CMA also contributes to cell cycle regulation in the presence of stressors. In this 

line, after DNA repair, CMA induces cell cycle re-entry through the degradation of Chk1, a 

protein required for checkpoint mediated cell cycle arrest [190]. Thus, in CMA-deficient cells 

nuclear phospho-Chk1 gets aberrantly accumulated, thus disrupting DNA repair machinery 
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[190]. In hypoxic conditions, CMA also regulates cell cycle through the degradation of HIF1α 

[191, 192]. 

The implication of CMA in immune function has been also emerged, having 

observed that CMA targets the ubiquitin ligase Itch and the calcineurin inhibitor RCAN1 for 

degradation to maintain activation status in T cells [193].  

Very recent studies have revealed the role of CMA in stem cell maintenance. Low 

activity of CMA promotes self-renewal in embryonic stem cells (ESC), whereas its 

upregulation enhances their differentiation [194]. On the contrary, CMA has been shown to 

be crucial in sustaining quality control, appropriate energetics, and overall long-term function 

in adult hematopoietic stem cells (HSC) [195]. In fact, CMA function decreases with age, being 

its genetic or pharmacological activation able to restore the functionality of old mouse and 

human HSCs [195]. This evidence highlights the dual role of CMA in stem cell maintenance in 

embryonic and adult stages of an organism. 

5.3.3. CMA regulation 

LAMP2A activity is the best criteria to determine specifically CMA activity [177], 

as other proteins, such as HSC70 also participate in other processes [174, 175]. LAMP2A is 

one of the three splicing variants of the LAMP2 gene, which contains a cytosolic tail that 

differs from its isoforms LAMP2B and LAMP2C. However, none of these two additional 

isoforms can compensate LAMP2A absence and its role in CMA process [196]. 

In the process of CMA, regulation of the expression, trafficking, and stability of 

LAMP2A are crucial. Regarding its expression, transcription factors such as NFAT1 [193] or 

NRF2 [197], or PI3K/AKT/mTOR pathway [198] modulate LAMP2A expression de novo. 

LAMP2A trafficking to the lysosomal membrane is also important, where cystinosin, Rab11 

and Rab7/RILP proteins play a key role [198]. Besides, in resting conditions, LAMP2A 

monomers are located in lipid-enriched microdomains within the lysosomal membrane, 

whereas their multimerization occurs outside these regions [199]. These microdomains make 

LAMP2A more susceptible to proteolytic cleavage and degradation. The stability of the 

translocation complex is also a relevant point in the regulation of CMA. Herein, 

GTP/GFAP/EF1α [200] and mTORC2/PHLPP1/Akt [201] axes play a crucial role. Recent studies 

also indicate the impact of post-translational modifications on HSC70 and HSC90, and 

subsequently, in CMA activity [202]. 
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Compensatory mechanisms between CMA, MA or ubiquitin-proteasomal 

systems have been described in the literature [202], which reflects the complex scenario of 

interactions between the distinct protein degradative systems within the cell. 

A proper regulation of CMA process is crucial for the homeostasis of a cell, so 

that its dysregulation has been linked to aging and cancer. Upon physiological aging, 

functionality of CMA process declines [203], whereas the activation of an extra copy of 

LAMP2A in aging liver reduces damaged proteins and improves organ function [204]. 

Regarding malignant transformation, CMA presents anti-oncogenic effects in untransformed 

cells [205]. In this context, the decline in CMA upon aging may also be a risk factor for 

carcinogenesis. However, once transformation occurs due to damage accumulation, 

malignant cells activate CMA constitutively, promoting cancer progression [205]. The tumor 

promoting role of CMA has been identified in several cancer-types, such as lung, liver, or 

breast cancer [206]. 

5.4. Role of CMA in GB and brain aging 

Most of the evidence linking autophagy to human brain aging field are focused 

on MA process, describing an age-related decline of this form of autophagy in animal models 

[207]. However, current knowledge regarding the impact of CMA on brain aging is limited to 

few preliminary studies [202]. Among them, a significant decline in HSC70 [208] and little 

changes in LAMP2 [209] concentration have been found in cerebrospinal fluid. In brain 

disease, research in the field of CMA has been focused on its role of in neurodegenerative 

diseases, being Parkinson’s disease the first disorder associated with this form of autophagy 

[202]. 

When studying the implication of autophagy in brain cancer, most of the efforts 

have also focused on MA [210]. In fact, MA shows a dual role in GB, both suppressing or 

promoting tumor progression [211]. While it has been demonstrated that MA promotes 

apoptosis in response to several stressors in glioma cells [212], others have shown that, 

during advanced stages, MA promotes cell survival, providing metabolic support and 

preventing senescence [213]. 

Nevertheless, the study of CMA in brain cancer is still a relatively new field. In 

this context, surgical samples from patients after TMZ chemotherapy have shown induced 
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expression of LAMP2A, together with MA markers LC3B and LAMP1, compared to pre-

treatment samples [214]. Besides, a recent study showed that GB-induced upregulation of 

CMA activity in pericytes is essential for their effective interaction with GB cells that help 

tumor growth [215]. Besides, this study shows that a GB mouse model grafted with CMA-

defective pericytes exhibits reduced GB proliferation and effective immune response when 

comparing to others grafted with control pericytes [215]. 

The regulatory role of MA in GSC metabolism and maintenance has been 

described [216, 217]. Regarding CMA, the high levels of LAMP2A in TMZ resistant samples 

could suggest that it is involved in the regulation of GSC subpopulation. However, no 

evidence has been published studying the intrinsic function of CMA in GSC or in any CSC type.  

6. Epigenetics in the brain: role of histone deacetylases 

6.1. Concept of epigenetics 

The concept of epigenetics, which was firstly introduced by Waddington C. in the 

early 1940s, refers to the study of changes in gene expression patterns that are heritable and 

do not constitute a change in DNA sequence [218]. Processes such as the conversion of a 

pluripotent stem cell into a differentiated cell-type are therefore explained by epigenetic 

mechanisms [219]. Differences in environmental and lifestyle factors have been also 

described as modulators of the epigenetic landscape, which suggests the relevance of 

epigenetics during adulthood and in physiological aging [137, 220, 221]. To date, DNA 

methylation [222], noncoding RNAs [223], histone variants [224] and histone modifications 

are the mainly described epigenetic processes. Importantly, although heritable, epigenetic 

modifications have been described as dynamic and reversible, making them targets for the 

development of strategies against neurodegenerative diseases and brain cancer, among 

others [138, 225-227]. 

The role of histones in gene expression and chromatin structure has been widely 

described, as they are a key component of the basic structure of the chromatin unit known 

as the nucleosome. The nucleosome is a unit composed by 146 bp DNA wrapped around an 

octamer consisting of two copies of H2A, H2B, H3 and H4 core histones, and held together 

with the linker histone H1 [228]. Structure of nucleosome arrays can form euchromatin or 
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heterochromatin conformations, which represent lax and active chromatin, or tight and 

repressed chromatin, respectively [224]. Histones are subjected to modifications such as 

phosphorylation, methylation, ubiquitination, biotinylation, sumoylation, ADP ribosylation, 

and acetylation on the amino-terminal tails, which can modify configuration and accessibility 

of the chromatin [229]. Thus, by modulating electrostatic charge of the histone and its affinity 

for the DNA, recruitment of transcriptional regulators can be altered, which eventually may 

modify gene expression. Among these modifications, histone methylation and acetylation are 

the most prevalent ones. Herein, while methylation of lysine residues may be either 

associated with transcriptional repression or activation depending on the amino acid and to 

what extend (mono-/di-/tri-methylation) the residue is modified, all acetylation of lysine 

residues on H3 and H4 have been associated with transcriptional activation [230].  

6.2. Histone acetylation 

Acetylation of lysine residues of histone tails neutralizes their positive charge, 

decreasing the ionic interactions between histones and the negatively charged DNA. The 

main consequence of this histone modification is the conversion into a more relaxed 

chromatin state and transcriptional activation [231]. As the other main epigenetic 

modifications, histone acetylation is regulated by ‘writers’ or enzymes that establish the 

epigenetic change, and ‘erasers’ or enzymes that remove these modifications [232]. 

Acetylation is controlled by two antagonistic enzyme families: the ‘writers’ histone 

acetyltransferases (HAT) and the ‘erasers’ histone deacetylases (HDAC). HDACs catalyze the 

removal of acetyl groups from histone tails and thus provoke a ‘compacted’ chromatin status, 

while HATs have the opposite effect (Figure I6). 
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6.3. Histone deacetylases 

The enzymatic activity of deacetylation of histones was firstly discovered by 

Inoue A and Fujimoto D in 1969, in calf thymus extract [233]. In the following years, various 

molecular studies on HDACs were performed in Saccharomyces cerevisiae yeast organism 

[234]. The first human HDAC was identified in 1998, which was named HDAC1 [235]. Since 

then, research on HDACs exploded, being human HDAC11 the last member of human HDAC 

family, discovered in 2002 [236, 237].  

Besides the initially discovered and best studied epigenetic activity of HDACs, 

recent studies revealed that certain HDACs can also modulate the acetylation status of 

numerous cytoplasmatic proteins and transcription factors, thus regulating their stability and 

function [238] (Figure I6). As an example, HDAC6 catalyzes α-tubulin deacetylation [239], 

whereas HDAC1,2 and 3 present this effect in p53 tumor suppressor [240]. 

Figure I6. Regulation of histone and non-histone protein acetylation. Acetylation is regulated by the 

balanced activity of histone acetyltransferases (HAT) and histone deacetylases (HDACs). HATs act as 

‘writers’, adding an acetyl group to these proteins, whereas HDACs act as ‘erasers’, removing the acetyl 

groups. The addition of acetyl groups into histone tails neutralizes the positive charge of lysines, reducing 

their interaction with the negatively charged DNA. Thus, chromatin structure changes, which gets more 

accessible to transcription factors, and thus, transcription can be activated. Non-histone protein 

acetylation regulates protein function, activity, stability, and interaction with other proteins. HDACis 

negatively regulate the function of HDACs. Figure created with Biorender.com. 
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6.3.1. Human HDAC classification 

To date, 18 human HDACs have been identified (Table I2), which are classified in 

four groups based on sequence similarity with yeast HDACs. Among them, class I, II, and IV 

HDACs, also known as classical HDACs, depend on Zn2+ ion located in their catalytic pocket, 

whereas class III HDACs, known as Sirtuins (SIRTs), are nicotinamide adenine dinucleotide 

(NAD+)-dependent enzymes [241].  

 

Table I2. Classification of human HDACs. 

Group Class Name Location in cell 

Zn2+ 

dependent 

Class I HDAC1, 2, 3, 8 
Mainly nucleus 

(HDAC8 mainly cytoplasm) 

Class IIa HDAC4, 5, 7, 9 
Nucleus / cytoplasm 

(HDAC7 also in mitochondria) 

Class IIb HDAC6, 10 
Mainly cytoplasm 

(HDAC10 also in the nucleus) 

Class IV HDAC11 Nucleus / cytoplasm 

NAD+ 

dependent 
Class III SIRT1-7 Nucleus/ cytoplasm/ mitochondria 

 
Source: Shukla S & Tekwani BL 2020 [241]. 
HDAC: histone deacetylase; SIRT: sirtuin; NAD: nicotinamide adenine dinucleotide 

 

Class I HDACs, which are homologous to Rpd3 in yeast, include HDAC1, 2, 3 and 

8. Their catalytic activity depend on their respective co-repressor complexes. Based on the 

similar structure of both HDAC1 and HDAC2, they are often recruited to the same co-

repressor complexes, such as NuRD, RCOR1/CoREST, Sin3A and MiDAC [231]. On the 

contrary, HDAC3 associates with NCoR and SMRT complexes [231]. HDAC8 has the unique 

property of accommodating substrates with a flexible L1 loop in its N-terminal region, which 

is absent in the rest of HDACs [231]. 

Class II HDACs, which are homologous to yeast Hda1, are further divided in two 

subgroups: class IIa and IIb. Class IIa includes HDAC4, 5, 7, and 9, while class IIb includes 

HDAC6 and 10. Members of class IIa include an extended N-terminal domain that contains 

conserved serine residues, which can be phosphorylated by several kinases and eventually, 

facilitate nuclear export of HDACs [231]. For the opposite effect, class IIa HDACs contain 
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nuclear localization sequences (NLS), indicating their ability to shuttle between the nucleus 

and the cytoplasm. Within class IIb HDACs, HDAC6 is predominantly localized in the 

cytoplasm and contains two catalytic domains, conferring differential substrate recognition 

[242]. Besides, it contains zinc-finger ubiquitin binding domains that negatively regulate 

polyubiquitin chain turnover [243]. Furthermore, HDAC10 contains leucine-rich domain, a 

deacetylase domain, and an inactivity domain [244]. As class IIa HDACs, HDAC10 associates 

with HDAC2, HDAC3, SMRT and NCOR2 to enhance transcriptional repression [231].  

Class III HDACs, or SIRTs, are homologous to yeast Sirt2 and include SIRT1-7. 

While SIRTs such as SIRT1 are distributed in the cytoplasm, nucleus, and mitochondria [231, 

245], others such as SIRT3 are primarily found in the mitochondria [246]. 

Class IV HDACs include only HDAC11, which might be predominantly involved in 

the fatty acylation of proteins compared to its weak deacetylation capacity [231, 247]. 

6.3.2. Biological functions of HDACs 

HDACs are implicated in a wide range of processes, as a result of the direct and 

indirect modulation of multiple histone and non-histone protein acetylation [231, 248]. In 

fact, knock out mice of almost all HDACs present embryonic and perinatal aberrations and 

lethality [238], indicating the pivotal role of HDACs in cellular homeostasis. In particular, 

knock out mice for HDAC1, 3 and 7 present embryonic lethality. Other HDACs dysregulation 

presents a milder but still significant effect, as it is the case of HDAC2, 5 and 9, whose knock 

out mice present cardiac defects, or HDAC4 knock out, which show premature and ectopic 

ossification [238]. On the contrary, knock out mice for HDAC6, which show a global tubulin 

acetylation, are viable and do not present significant defects [249]. 

The epigenetic activity of HDACs mainly results in the negative regulation of gene 

transcription, forming a complex with transcription factors or by indirectly regulating their 

transcription or acetylation [250]. As an example, HDACs regulate p53 tumor suppressor 

pathway, crucial for mediating gene expression, by modulating its activity [251, 252]. In 

addition to transcription factors, HDACs also modulate the activity of super enhancers [253], 

and the maintenance of DNA methylation [253]. 

HDACs are often involved in cell cycle checkpoints, regulating G1/S and G2/M 

transitions. In this line, HDACs regulate the expression of key cell-cycle regulation proteins, 

being p21CIP1 the main target [254]. Other regulators such as p27KIP1 [255] and Cyclin A [231] 
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have been also described to be modulated by HDACs. In fact, HDAC6 knock down results in 

reduced proliferation and induction of cell cycle arrest [256]. Moreover, HDACs also regulate 

apoptosis, mediated in part by their effect in p53 expression and acetylation [231, 240]. 

Interestingly, the inhibition of HDACs induces cell differentiation [257]. In this sense, it has 

been shown that the target of HDACs, p27Kip1, directly represses Sox2 stem cell factor during 

ESC differentiation [258]. Together with these functions, HDAC activity has been also 

associated with the regulation of migration, metabolism, hypoxia, angiogenesis, oxidative 

stress, DNA damage response, degradative systems such as autophagy and immune functions 

[231, 259].  

6.3.3. HDAC inhibitors 

The development of HDAC inhibitors (HDACi) has facilitated the understanding 

of molecular and phenotypical functions of HDACs. In the 1970s, sodium butyrate was 

identified as the first HDACi [260], and since then, multiple natural and synthetic HDACis have 

been discovered. At present, HDACi are classified into four categories: (i) hydroxamic acids 

or hydroxamates, such as Suberoylanilide hydroxamic acid (SAHA), Trichostatin A (TSA), 

Panobinostat and Belinostat; (ii) cyclic peptides, including Depsipeptide; (iii) benzamides, 

such as Chidamide; and (iv) short chain fatty acids, including Valproic acid [231].  

From preclinical studies to clinical trials, HDACis have demonstrated potent 

therapeutic effects in various cancers. In fact, SAHA (2006) and Belinostat (2014) have been 

already approved by the FDA for the treatment of relapsed cutaneous and peripheral T-cell 

lymphomas, respectively [231]. However, most of the currently available HDACis are 

unselective, inhibiting various HDAC members [231]. Therefore, they present numerous side 

effects, affecting directly to their clinical efficacy. 

6.1. HDACs in GB 

A typical characteristic of human cancer is the deregulation of histone 

modifications, which has fatal consequences at gene transcription level. Indeed, the loss of 

acetylated lysine 16 (K16-H4) and trimethylated lysine 20 (K20-H4) of histone H4 is a common 

event in human cancer [261]. These histone marks are a result of the aberrant expression or 

activity of enzymes involved in adding, removing, or signaling histone modifications.  In this 
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line, overexpression of HDACs is frequently observed in cancer patients [262], regulating both 

histone and non-histone proteins. 

In GB, the overexpression of HDACs, such as HDAC1 or HDAC6, has been 

associated with aberrant proliferation, invasion, tumor growth and TMZ resistance [263-267]. 

Interestingly, elevated expression and activity of HDAC4, HDAC6 and several SIRTs has been 

reported in GSCs compared to non-stem cancer cells or NSCs, correlating with glioma 

progression [268-271]. In this context, the interest of using HDACis as a promising anticancer 

strategy in GB has been increased in the last years. HDACis such as SAHA have been shown 

to reduce GSC subpopulation by modulating their stemness, proliferation, differentiation, cell 

cycle arrest, apoptosis, autophagy and vasculogenic mimicry, among others [272, 273]. The 

potential of several HDACis, most prominently SAHA, has been tested in preclinical and even 

clinical trials in GB, with promising results [274]. Not only as single agents, but also in 

combination with other anti-cancer agents such as TMZ or bevacizumab, and in some cases 

with radiotherapy, are being tested in various clinical trials of GB patients [274]. However, 

the lack of specificity of pan-inhibitors still remains a clinical issue since high and, for some 

cases, active doses elicit deleterious side effects. 

HDAC6 is becoming an attractive pharmacological target in cancer, also in GB. 

Besides its relevant role in GB tumor initiation and progression, HDAC6 could be considered 

a ‘safe’ target, as its homozygous knock out mice, in contrast to class I, II and III knock out 

conditions, remain viable and fertile, with no clear developmental alterations [249]. This fact 

indicates that the use of HDAC6-specific inhibitors could offer a wider therapeutic window 

than other pan-HDACis. 

6.2. HDACs in brain aging 

Epigenetic mechanisms are increasingly appreciated to be crucial for a variety of 

processes related to aging, such as cellular and organismal senescence, genomic instability, 

and carcinogenesis [275].  

Among all HDAC classes, although the role of SIRTs is better established [276], 

several evidence have suggested the impact of classical HDACs on brain function and aging. 

In this sense, recent studies performed in rodent models have revealed that both classical 

HDAC expression [277, 278] and activity [279] are increased with age in hippocampus. In this 
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line, HDAC1, 3, 5, and 7 are highly expressed in NSCs, whereas HDAC2 is more widespread in 

the brain [280, 281]. Importantly, treatment of adult NSCs with HDACis induce differentiation 

and upregulates neuronal-specific genes, such as NeuroD, Neurogenin 1, and Math1 [282], 

altogether indicating the relevance of classical HDAC activity in NSC maintenance. Consistent 

with this, HDAC1 [283], HDAC2 [284], HDAC3 [285], HDAC4 [286] and HDAC6 [287] play a key 

role in associative and spatial memory, learning, and synaptic plasticity. However, the exact 

mechanism and the affected cell-types that are consequently dysregulated remain to be 

elucidated. 

The impact of HDAC enzymes is also extended to the maintenance of other cell-

types, such as microglia, which, as discussed in a previous section, are relevant in the 

maintenance and activity of NSCs. Particularly, HDAC1 and HDAC2 regulate microglial 

function during development and neurodegeneration [288]. However, the implication of 

HDACs in microglial aging and their effect in NSCs has not been explored. 
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 Hypothesis 

 

Given the role of CMA in tumor formation and progression, we hypothesize that 

this process may be involved in GB and may regulate GSC maintenance and activity. Besides, 

the selective inhibition of the oncogenic histone deacetylase 6 may present strong cytotoxic 

and anti-tumor effect in GSCs, possibly in a safer way than other pan-HDACis. Finally, the role 

of HDACs in microglia and its paracrine effect in hippocampus may have an impact on 

physiological aging.
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 Objectives 

 

1. To determine the role of CMA in GSC subpopulation 

1.1. To characterize the expression of LAMP2A and activity of CMA in GB and GSCs 

1.2. To study the role of LAMP2A in GSC activity 

1.3. To unravel the underlying proteomic and transcriptomic pathways of LAMP2A in 

GSCs 

1.4. To associate the molecular signature of LAMP2A impairment with phenotypic 

alterations 

1.5. To establish the impact of LAMP2A expression on patient survival 

 

2. To study the potential of a novel HDAC6 inhibitor against GSCs and GB progression 

2.1. To characterize the expression of HDAC6 in GB and GSCs 

2.2. To test the target specificity and cytotoxic activity of a novel small-molecule inhibitor 

of HDAC6 in GB cell lines and GSCs  

2.3. To compare the activity of the novel HDAC6 inhibitor with currently available HDACis 

2.4. To determine the effect of the novel HDAC6 inhibitor in tumor initiation and 

progression in vivo 

2.5. To develop a vehiculation strategy for the novel HDAC6 inhibitor  

 

3. To characterize the expression of HDACs in aged brain and explore its implication in 

microglial aging 

3.1. To study the expression of HDACs in microglial aging in vitro 

3.2. To determine the expression of HDACs in young and aged, murine, and human, 

hippocampus and correlate it with microglial markers 

3.3. To extend the characterization of HDACs and microglial marker expression to other 

brain regions
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1. Human samples 

1.1. GB samples 

Control and glioma patient clinical and transcriptomic data have been partly 

collected from GlioVis database (http://gliovis.bioinfo.cnio.es/) [289]. RNA sequencing 

(RNAseq) and microarray results from TCGA (10 controls, 226 grade II, 244 grade III and 528 

grade IV or GB), Rembrandt (28 controls, 98 grade II, 85 grade III and 219 grade IV or GB), 

Phillips (76 GB) and Joo (57 GB) cohorts were extracted for the study of HDACs and LAMP2 

expression and its impact on patient survival. Expression cutoffs for Kaplan Maier curves have 

been designated as optimal by GlioVis database. For the specific characterization of LAMP2 

gene expression among distinct subpopulations of cells within GB tumors, data from single 

cell RNAseq of 11 GB primary tumors obtained from UCSC Cell Browser 

(https://cells.ucsc.edu/?ds=gbm) [290] were analyzed. Moreover, for the analysis of the 

impact of LAMP2 in TMZ response, microarray data from 319 GB samples from ROC plotter 

online tool (http://www.rocplot.org/) [291] were included, which comprise gene expression 

data from 154 non-responder and 165 responder patients.  

Association studies have been developed based on transcriptomic data from 

TCGA cohort using the website ‘R2: Genomics Analysis and Visualization Platform’ 

(http://r2.amc.nl) and cBioPortal database (https://www.cbioportal.org/) [292, 293]. 

In the first chapter of this doctoral thesis, all clinical data obtained from publicly 

available databases constantly refer to LAMP2 gene expression; they do not contain 

information regarding any specific isoform, as it is the case of LAMP2A, B and C. Thus, in order 

to see whether the results obtained in these cohorts could be attributable to LAMP2A 

transcript by itself, LAMP2A expression was studied in a total of 20 frozen biopsies at mRNA 

level and 98 biopsies by tissue microarray (TMA) immunohistochemical analysis, which were 

obtained from patients seen at Donostia University Hospital (San Sebastian, Spain) and 

diagnosed as primary GB according to the WHO criteria. All participants of the study signed 

an informed consent form approved by the Clinical Research Ethics Committee. For the 

mRNA expression analysis, total human brain RNA (AM7962, InvitrogenTM) was used as 

healthy control tissue. 
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Given the acquisition timeline of the tumor specimens and associated clinical 

long-term follow-up that predate the 2016 WHO classification [294], the definition of 

glioblastoma, IDH wildtype is not as strict as currently defined in the upcoming 2021 WHO 

classification of central nervous system tumors [32]. 

2.  Healthy brain samples of young and aged individuals 

For the study of the expression of HDACs and microglial markers, hippocampal 

samples from 33 individuals from the Basque Country were analyzed. In particular, this cohort 

comprises young individuals ranged from 27-45 years old (female n=8, male n=8) and elderly 

people from 76 to 96 (female n=8, male n=9). 

RNAseq data from white matter of forebrain, hippocampus, parietal neocortex 

and temporal neocortex from aged individuals were obtained from ‘Aging, Dementia and TBI 

Study’ (https://aging.brain-map.org/rnaseq/search) [295]. This cohort encompasses 54 

participants from 78 to 100+ years old (female n=22, male n=32), among which 24 presented 

dementia (Alzheimer’s disease, vascular dementia, multiple etiologies, or other medical 

dementia), while other 30 did not present any of these disorders. 

For the study of the expression of HDACs directly in microglia, RNAseq data 

originated from the bulk human dorsolateral prefrontal cortex (n=540) and from purified 

human microglia (n=10) from the same brain region were studied 

(http://shiny.maths.usyd.edu.au/Ellis/MicrogliaPlots/)  [296]. 

 

3. Experimental mouse models 

Several mouse strains have been used for the development of this doctoral 

thesis, whose main characteristics and application have been summarized in Table M1.  
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Table M1. Mice strains used in this work. 

Name in this 

thesis 
Strain Description Assay Source 

Foxn1nu/Foxn1nu 

Hsd:Athymic 

Nude-Foxn1 

nu 

Athymic and hairless mice, 

T-cell deficient 

Generation of 

subcutaneous 

glioma 

xenografts 

subjected to 

intraperitoneal 

treatment 

Envigo, 

order code 069 

NOD.SCID 

NOD.CB17-

Prkdc 

scid/NCrHsd 

Altered T- and B-

lymphocyte development. 

Reduced NK, macrophage 

and granulocyte numbers 

and function 

Generation of 

orthotopic 

glioma 

xenografts 

Envigo, 

order code 170  

C57BL6 C57BL/6J No genetic alterations 

Study of the 

expression of 

HDAC and 

microglial 

markers in 

neurogenic 

niches 

The Jackson 

Laboratory, 

Stock. No. 

000664 

 

All mice have been housed in specific pathogen-free barrier areas of the 

Biodonostia Health Research Institute, maintained in ventilated racks, under controlled 

humidity, light cycle, temperature, food, and water. 

Experiments have been performed in age-matched mice paired by sex, and blind 

to the experimental condition. According to the principles of bioethics in animal 

experimentation, for intracranial injection of tumor cells analgesia with 0.07 mg/kg 

Buprenorphine (CN 679588) was applied prior the surgical procedure and anesthesia with 

isoflurane (880393HO, Abbvie) during the process. Ophthalmic gel was also applied in the 

eyes of the mice to avoid dryness. In all experiments mice weight and wellbeing were 

monitored, and experimental endpoint was considered when > 10-20% weight loss [297] or 

in the presence of other cognitive or motor alterations. For brain and subcutaneous tumor 
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extraction, mice were anesthetized with isoflurane and culled by either CO2 or decapitation, 

depending on the collected tissues. 

Animal research regulations specified in the European Union Directive 

[2010/63/EU] and guidelines from the Animal Care and Use Committee from Biodonostia 

Health Research Institute have been followed and fulfilled in this work. 

Together with these experimental models, in situ hybridization data were 

obtained from sagittal sections of P56 male adult C57BL6 mice from Allen Brain Atlas data 

portal (https://mouse.brain-map.org/) [298]. 

4. Cell culture 

GB cell lines U87, U373, U251, T98, and A172, and the embryonic kidney cell line 

HEK293T were obtained from the American Type Culture Collection (ATCC) (Table M2). All 

these adherent cell lines were cultured in treated culture plates (130182, Thermo Scientific), 

in Dulbecco's Modified Eagle Medium (DMEM, 41966029, Gibco), supplemented by 10 % 

Fetal Bovine Serum (FBS, 10270106, Gibco), 2 mM L-Glutamine (25030024, Gibco), 100 U/mL 

penicillin and 100 µg/mL streptomycin (P/S, 15140122, Gibco). For cell splitting, 0.05 % 

trypsin-EDTA (25300054, Gibco) was used, with incubations of 2-5 min at 37 °C. DPBS was 

used for cell wash (14190094, Gibco), and cells were centrifuged at 1,500 rpm for 5 min. 

Glioma Neural Stem 166 (GNS166), 179 (GNS179) and 144 (GNS144) cell lines 

(Table M2) were kindly provided by Dr. Steve Pollard (MRC Centre for Regenerative Medicine 

and Edinburgh Cancer Research Centre, University of Edinburgh). These cell lines were 

cultured in adhesion in treated culture plates, in Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F-12) medium (31331028, Gibco), supplemented by 2 µg/mL laminin 

(L2020, Sigma-Aldrich), 1 % N2 (11520536, Gibco), 2 % B27 (11500446, Gibco), 1.34 % D-(+)-

Glucose solution 45 % (G8769, Sigma-Aldrich), 2 mM L-Glutamine, 100 U/mL penicillin, 100 

µM/mL streptomycin, 20  ng/mL basic fibroblast growth factor (bFGF, PHG0023, Gibco) and 

20  ng/mL epidermal growth factor (EGF, A15E9644, Sigma-Aldrich). This medium was also 

employed for culturing GB cell lines in suspension and generation of oncospheres, but in this 

case, in absence of laminin and using non-treated 6-well plates (351146, Becton Dickinson). 

In the same way, GB2 cell line, which was generated previously in our group [111], was also 

cultured in suspension, generating oncospheres in the mentioned medium with double 
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concentrated bFGF and EGF. For both splitting GNS cell lines, or disaggregating GB2 cells or 

oncospheres, accutase (11599686, Gibco) was used, with incubations of 2-5 min at 37 °C. 

DPBS was used for cell wash, and cells were centrifuged at 1,200 rpm for 4 min. 

Normal human astrocytes (NHA) from cerebral cortex were purchased in 

ScienCell (Table M2). This cell line was cultured in adhesion in culture plates pre-treated with 

15 µg/mL poly-L-lysine (0413, ScienCell) for 1 h. Astrocyte medium kit (1801, ScienCell) was 

employed, which contains supplements such as FBS, P/S and astrocyte growth supplement 

(AGS). For cell splitting, 0.05 % trypsin-EDTA was used, with incubations of 2 min at 37 °C. 

DPBS was used for cell wash, and cells were centrifuged at 1,000 rpm for 5 min. 

Human microglial cells (HMC3) were purchased from ATCC (Table M2). This cell 

line was cultured in adhesion in treated culture plates, in StableCell™ DMEM – high glucose 

medium (D0819, Sigma-Aldrich), supplemented by 10 % FBS, 2 mM L-Glutamine and 100 

U/mL penicillin and 100 µM/mL streptomycin. For cell splitting, 0.05 % trypsin-EDTA was 

used, with incubations of 2 min at 37 °C. DPBS was used for cell wash, and cells were 

centrifuged at 1,000rpm for 5 min. 

All cell lines were maintained in standard culture conditions, at 37 °C, 95 % 

humidity, 21 % O2 and under 5 % CO2 pressure. All cell culture procedures were performed 

in class II security laminar flow hoods (Class II Biohazard Safety Cabinets, ESCO). Cell lines 

were tested regularly for Mycoplasma (90021, Biotools). 
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Table M2. Main characteristics of cell lines used in this thesis. 

Cell line Origin Culture medium Reference 

U87-MG (U87) GB DMEM + 10 % FBS ATCC® HTB-14™ 

U373-MG (U373) GB DMEM + 10 % FBS ATCC® HTB-17™ 

U251-MG (U251) GB DMEM + 10 % FBS ATCC 

T98-G (T98) GB DMEM + 10 % FBS ATCC® CRL-1690™ 

A172 GB DMEM + 10 % FBS ATCC® CRL-1620TM 

GNS166 GSC DMEM/F12 + EGF/FGF Dr. Steve Pollard (MRC) 

GNS179 GSC DMEM/F12 + EGF/FGF Dr. Steve Pollard (MRC) 

GNS144 GSC DMEM/F12 + EGF/FGF Dr. Steve Pollard (MRC) 

GB2 GSC DMEM/F12 + EGF/FGF (x2) Generated in our lab 

NHA 

Normal human 

astrocytes from 

cerebral cortex 

NHA medium ScienCell 1800 

HMC3 
Human embryo 

microglia 
DMEM + 10 % FBS ATCC® CRL-3304TM 

HEK293T Embryonic kidney DMEM + 10 % FBS ATCC® CRL-1573™ 

 

 

5. Treatments 

During this work, several compounds have been used, whose main 

characteristics are summarized in Table M3.  Bleomycin was dissolved in DPBS, whereas all 

other free compounds were dissolved in DMSO (D2650, Sigma-Aldrich). 

The new molecule studied in this PhD thesis was designed to selectively inhibit 

HDAC6 activity, as previously described [299]. The name was changed to JOC1 for strategy 

purposes [300]. For the vehiculization of JOC1, which has been performed in Dr. Aitziber 

Cortajarena’s laboratory at CIC biomaGUNE (San Sebastian, Spain), bovine serum albumin 

(BSA) based nanoparticles (NPs) have been used (BSANP@JOC1). Thus, BSANP@JOC1 were 

formulated following a coprecipitation method based on the FDA approved Paclitaxel 

formulation [301]. 40 mg/mL BSA (Sigma-Aldrich) was dissolved in phosphate buffer 50 mM 

NaCl, 10 mM Na2HPO4 pH 11.5 (PBS-11.5) and incubated under continuous stirring at 27 °C 

for 5 min. Then, reduced L-Glutathione (GSH, Thermo Fisher) was added in excess at 1:80 
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(BSA:GSH) molar ratio to reduce the intramolecular di-sulfide bonds. This solution was 

incubated under stirring during 3–5 h, and then dialyzed (3.5 kDa cutoff membrane) in PBS-

11.5 overnight at room temperature in order to eliminate the GSH. The dialyzed solution was 

incubated under stirring at 27 °C during 5 min and JOC1 was added at 10 mg/mL. When JOC1 

was properly dissolved, 96% ethanol (Scharlau) was added at 1:3 (v/v) and incubated for 10 

min. Then, microparticles were eliminated by centrifugation (1.5 × 104 g, 5 min) and the non-

encapsulated JOC1 and ethanol were eliminated by dialysis (6–8 kDa cutoff membrane) in 

phosphate buffer at pH 7.4 (50 mM NaCl, 10 mM Na2HPO4 pH 7.4). Samples were stable for 

at least 1 week at room temperature. 

For the characterization of BSANP@JOC1, size distribution was measured by 

Dynamic Light Scattering (DLS) in NanoSizer (Malvern Nano-Zs, UK) with 173° scattering angle 

at 25 °C directly from the final formulation in PBS pH 7.4 and the data were analyzed in 

Zetasizer Software 7.11. The amount of JOC1 loaded was determined after BSANP@JOC1 

digestion in acetonitrile (1:19) by liquid chromatography-mass spectrometry (LC-MS) using 

an Ultra Performance Liquid Chromatography (UPLC) linked to a LCT XE time-of-flight mass 

spectrometer at the Mass Spectroscopy Platform in CIC biomaGUNE. 
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Table M3. List of compounds used in this study and their main characteristics. 

Name in this 

thesis 

Complete name of 

the compound 
Function Tested conditions Reference 

JOC1 JOC1 HDAC6 inhibitor 

In vitro: 0.01-100 µM, 

48 h-72 h                                        

In vivo: 40-50 mg/kg, 

5 days on, 2 days off. 

16-30 days. 

Previously 

described in [299] 

BSANP@JOC1 BSANP@JOC1 
BSA-bound HDAC6 

inhibitor 

In vitro: 0.01-6 µM, 

48-72 h 
CIC BiomaGUNE 

SAHA 

Suberoylanilide 

hydroxamic acid, 

Vorinostat 

Pan-HDACi 
In vitro: 0.01-100 µM,  

48-72 h 

Cayman, 

10009929 

Tubastatin A Tubastatin A HDAC6 inhibitor 
In vitro: 0.01-18 µM,  

48-72 h 

Cayman,  

15785 

TMZ Temozolomide Alkylating agent 
In vitro: 50-250 µM, 

72 h 

Sigma-Aldrich, 

T2577 

BHA 
Butylated 

hydroxyanisole 
ROS scavenger 

In vitro: 100 µM, 

24 h 

Sigma-Aldrich, 

B1253 

Bleomycin Bleomycin sulfate 
Senescence 

inductor 

In vitro: 50 µg/mL,  

24 h 

BioServ, 

BS-7621A 

LPS Lipopolysaccharide Microglial activator 
In vitro: 1 µg/mL,  

12 h 

Sigma-Aldrich, 

LPS25 

 

6. Transfections and lenti-/retroviral infections 

In order to modulate the expression of those genes studied in this thesis, 

lentiviral and retroviral infections have been performed. Main characteristics of the plasmids 

used are summarized in Table M4.  We took advantage of ampicillin resistance of the plasmids 

to amplify them by transforming DH5α™ competent Escherichia coli (18265017, Thermo 

Fisher). Plasmid extraction was then performed using NucleoBond Xtra Midi Plus kit 

(740412.50, Macherey-Nagel).  

In particular, for the study of MKP1 overexpression, we used empty pLXSN and 

pLXSN-MKP1 plasmids, which have been kindly provided by Dr. Rosario Perona (Table M4). 
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Retroviruses were generated in the Viral Vector Unit of Inbiomed (San Sebastian, Spain). 3 · 

105 U87 cells were retrovirally infected with a multiplicity of infection (MOI) of 10 for 6 h at 

37°C and 5 % CO2 in DMEM medium supplemented by 2 µg/mL polybrene (H9268, Sigma-

Aldrich). At 48 h post-infection, 1.5 mg/mL geneticin (G-418, A1720, Sigma-Aldrich) was 

added for other 48 h in order to select infected cells.  

For LAMP2A downregulation, short hairpin RNA (shRNA) technique was 

employed. In particular, lentiviral green fluorescent protein (GFP) containing empty vector 

pGK and pGK-shL2A plasmid have been used, kindly provided by Dr. Ana María Cuervo (Table 

M4). In this case, lentiviruses were generated by transfection of the HEK293T cell line with 

third generation lentiviral packaging plasmids. Herein, 3 · 106 HEK293T cells were seeded in 

100 mm diameter culture plates (130182, Thermo Fisher). After 24 h, transfection mix was 

prepared with 0.6 mL DMEM medium, 8 µg pGK or pGK-shL2A, 5.2 µg MDL, 2.8 µg VSV-g, 2 

µg REV and 30 µL transfection agent TurboFect (R0531, Thermo Fisher), and incubated at 

room temperature for 20 min. HEK293T medium was replaced by 6 mL fresh DMEM medium 

and transfection cocktail was added dropwise. HEK293T cells were transduced for 6 h at 37°C 

and 5% CO2, and consecutively, medium was replaced by 4 mL DMEM + 10% FBS. After 48 h, 

lentiviral HEK293T supernatant was filtered with 0.45 μm filters (17598K, Sartorius), 

supplemented by 2 µg/mL polybrene and transferred to 4 · 105 cells of interest plated 24 h 

before in 100 mm diameter culture plates, for 6 h. This procedure was repeated with 

HEK293T lentiviral supernatant at 72 h post-transduction, as a reinfection step, in order to 

increment infection efficiency. When infecting GNS166 or GNS179, viral supernatants were 

previously incubated overnight at 4 °C with 1 mL lenti-X concentrator (631231, Clontech 

Takara) per 3 mL of viral supernatant. After this step, viral medium was centrifuged at 1,500 

g for 40 min at 4 °C, so that generated virus formed a pellet and could be resuspended in the 

appropriate culture medium for the GNS. 5 days after re-infection, which comprises the 

estimated half-life of LAMP2A protein, transduction efficiency was certified by observing GFP 

signal under a Nikon Eclipse TS-100 microscope. In the case of rescue experiments, where 

LAMP2A was upregulated using PAMC1 plasmid kindly provided by Dr. Ana María Cuervo 

(Table M4), viral supernatants were generated following the same protocol, and they were 

stored at -80 °C until LAMP2A downregulation was verified. Once this occurred, LAMP2A 

overexpression viral supernatants were thawed and 2 µg/mL polybrene was added. After 
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infection and re-infection steps, cells were incubated 48 h at 37 °C and 5 % CO2 and 

experiments were performed. 

For HDAC1 and HDAC2 overexpression in microglia, transient transfections were 

performed, using empty pGal4, pGal4-HDAC1 OE and pGal4-HDAC2 OE plasmids, kindly 

provided by Dr. Ian C. Wood (Table M4). Thus, 7 · 105 HMC3 cells were seeded in one 100 

mm treated plate and after 24 h at 37 °C and 5 % CO2, transfection protocol was performed. 

Herein, 10 µg plasmid and 1.5 mL DMEM without FBS were firstly incubated for 5 min at room 

temperature. Meanwhile, 25 µL lipofectamineTM 2000 (11668019, InvitrogenTM) and 1.5 mL 

DMEM without FBS were incubated for 5 min at room temperature. After this time, both 

cocktails were mixed and incubated for 20 min at room temperature. Next, HMC3 cells were 

washed with DPBS and 5 mL DMEM without FBS were added. Finally, transfection cocktail 

was added dropwise to the cells, which were then incubated for 4 h at 37 °C. After this time, 

cell medium was replaced by 8 mL DMEM 10 % FBS and cells were incubated overnight at 37 

°C and 5 % CO2 till bleomycin and/or LPS treatments. 
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Table M4. Plasmids used in this thesis. 

Name of the plasmid Transgene 
Selection  

(bacterial / mammalian) 
Origin 

pLXSN 
Control, empty 

vector 

Ampicillin /           

Geneticin (G-418) 

Dr. Rosario Perona 

(CSIC/UAM, Spain) [302] 

pLXSN-MKP1 
Overexpression 

of MKP1 

Ampicillin /           

Geneticin (G-418) 

Dr. Rosario Perona 

(CSIC/UAM, Spain) [302] 

pGK 
Control, empty 

vector 

Ampicillin /                     

GFP 

Dr. Ana María Cuervo 

(Albert Einstein College 

of Medicine, USA) [185] 

pGK-shL2A 
shRNA for 

LAMP2A 

Ampicillin /                     

GFP 

Dr. Ana María Cuervo 

(Albert Einstein College 

of Medicine, USA) 

[185] 

PAMC1 
Overexpression 

of LAMP2A 
Ampicillin 

Dr. Ana María Cuervo 

(Albert Einstein College 

of Medicine, USA) 

[185] 

pGal4 
Control, empty 

vector 
Ampicillin 

Dr. Ian C Wood 

(University of Leeds, UK) 

[303] 

pGal4-HDAC1 OE 
Overexpression 

of HDAC1 
Ampicillin 

Dr. Ian C Wood 

(University of Leeds, UK) 

[303] 

pGal4-HDAC2 OE 
Overexpression 

of HDAC2 
Ampicillin 

Dr. Ian C Wood 

(University of Leeds, UK) 

[303] 

  

7. Functional assays 

7.1. Proliferation assay 

To assess cell proliferation, cells were plated in duplicate in 6-well-treated plates 

(3506, CorningTM) in appropriate culture medium (Table M2), in a density of 2.5·104 cells per 

well in 2 mL, and counted with Neubauer chamber at day 1, 3 and 5 after seeding. To test the 
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effect of a compound in cell proliferation, treatment was applied once cells got attached into 

the surface of the culture plate, which was considered as day 0. For cell dissociation 0.05 % 

trypsin-EDTA or accutase were used and data have been represented indicating the total 

number of cells per experimental condition in each time point. 

7.2. Senescence assays 

7.2.1. Replicative senescence measurement 

Microglia were cultured in 6-well-treated plates in a density of 3·104 cells per 

well, appropriate culture medium (Table M2) with vehicle or 50 µg/mL bleomycin. This 

culture was maintained for 48 h and subsequently, cells were counted. Next, cells were 

seeded again in the same density, and the procedure was repeated for another 48 h. With 

these data, cumulation of population doubling level (ΔPDL) was calculated, which represents 

the number of times in which cells were doubled. For that, the following formula was used: 

PDL = Log10 (number of HMC3 at day 2/number of HMC3 at day 0)/Log10 (2). 

7.2.2. Senescence-associated-β-Galactosidase assay 

For the analysis of the activity of β-galactosidase in senescent cells, a commercial 

kit was used (9860S, Cell Signaling). This kit measures the activity of this enzyme at pH6, which 

is a distinctive characteristic of senescent cells. Thus, the substrate X-Gal is metabolized by 

senescent cells, generating a blue and insoluble product visible by optical microscope. For 

the performance of the assay, manufacturer’s instructions were followed. Briefly, 2.5·104 

HMC3 cells were seeded in 6-well-treated plates in 2 mL of appropriate culture medium 

(Table M2) with vehicle or 50 µg/mL Bleomycin. After 48 h of treatment, cells were washed 

with PBS and fixation and staining steps were performed. In particular, staining was done 

keeping cell plates overnight with the pH 6-adjusted-staining-reagent in a non-CO2 incubator. 

Finally, blue cells were observed in an optical microscope, and quantification was done. 

7.3. Oncospheres formation assay 

For the performance of this assay, conventional cells were first washed with 

DPBS in order to eliminate all FBS from the previous culture medium, as it can induce the 

differentiation of GSCs. Next, cells were harvested with 0.05 % trypsin-EDTA, counted and 

centrifuged for pellet obtention. Then, cells were plated in non-treated 6-well plates in a 
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density of 7,000-10,000 cells per well resuspended in DMEM/F12 medium supplemented by 

20 ng/mL hEGF and hFGF, in triplicate. Primary oncosphere culture was maintained for 10 

days, adding 300 µL fresh stem cell medium three times a week. After this time, oncospheres 

were counted in an optical microscope. 

In order to measure self-renewal properties, primary oncospheres were 

disaggregated by mechanical and chemical digestion during 2 min with 200 µL accutase per 

three wells at 37 °C. After that, accutase was removed by centrifugation and cells were 

seeded in non-treated 6-well plates at the same density as in the previous assay. This culture 

was also maintained for other 10 days, renewing culture medium as explained before, and 

afterwards, secondary oncospheres were counted following the same procedure. 

To test the effect of a compound, treatment was applied directly in oncosphere 

assay culture medium at the day of experiment seeding. 

7.4. Colony formation assay 

For colony generation, 5·102 cells were seeded in 6-well-treated plates in 

appropriate culture medium (Table M2), in triplicate. Cells were maintained in culture for 9 

days and during this time, fresh medium was added twice a week. At day 9, cells were fixed 

with 0.5 mL formaldehyde 37 % (104002, Merck Millipore) for 30 min under stirring at room 

temperature. After that, medium was removed, and cells were stained with 10 % Giemsa 

(1.09204.0500, Merck) diluted in DPBS for 30 min at room temperature in agitation. Excess 

of staining was washed with distilled water, colonies were dried and then, they were 

manually counted. 

7.5. Cell viability and half maximal inhibitory concentration (IC50) measurement  

In order to measure the effect of compounds previously mentioned in Table M3 

on cell viability, colorimetric MTT assay was performed. This assay is based on the reduction 

of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or 

MTT) to purple formazan crystals by metabolically active cells. Viable cells contain NAD(P)H-

dependent oxidoreductase enzymes that reduce the MTT to formazan. 
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Thus, depending on the cell type, 1.5·103 or 8·103 cells per well were seeded in 

96-well-treated plates (3585, CorningTM), in appropriate culture medium (Table M2), in 

sextuplicate. After 24 h, treatments were applied (Table M3) at concentrations and timings 

indicated in each experiment. After this time, 30 µL of 1.9 mg/mL MTT reagent (M2128, 

Sigma-Aldrich) were added per well and incubated at 37 °C and 5 % CO2 during 3.5 h. 

Consecutively, medium was removed and 150 µL DMSO were added per well in order to 

dissolve formed crystals. Absorbance at 570 nm was measured by Halo LED 96 microplate 

reader (Dynamica) and data were relativized against DMSO control condition. 

To test the cytotoxic efficacy of a compound, the half maximal inhibitory 

concentration (IC50) parameter was calculated, which is representative of the concentration 

needed for eliminating 50 % of total cells. For that, different concentrations of each 

compound were chosen and after 72 h, absorbance was measured and IC50 was calculated 

by Graphpad software. 

7.6. Analysis of metabolic activity by Seahorse assay 

For the study of both mitochondrial and glycolytic metabolism, XF96 

Extracellular Flux Analyzer (Seahorse Bioscience) was used, which measures simultaneously 

the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of living cells.  

 

7.6.1. Mitochondrial function 

For mitochondrial metabolism detection, XF Cell Mito Stress (103015, Seahorse 

Bioscience) kit was used, and manufacturer’s instructions were followed. Thus, 1.5 ·104 cells 

were seeded in appropriate culture medium (Table M2) the day prior to the experiment, in a 

XF 96-well plate. This plate was pre-coated by 10 µg/mL laminin (L2020, Sigma-Aldrich) for 3 

h in the case of GNS166 cells, and by 15 µg/mL poly-L-lysine (0413, ScienCell) for 1 h in the 

case of U251 cell line at 37 °C and 5 % CO2. After 24 h, culture medium was replaced by Mito 

Stress medium pH 7.4 (Table M5), and basal levels of OCR and ECAR were measured. Next, in 

order to modulate the activity of several mitochondrial effectors, a set of compounds were 

injected into the wells in the following order: (1) Oligomycin, (2) Trifluoromethoxy 

carbonylcyanide phenylhydrazone (FCCP) and (3) a combination of Rotenone and Antimycin 
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A (Table M6). Three measurements of OCR and ECAR were performed after the injection of 

each compound, and mean values were analyzed.  

 

Table M5. Composition of Mito Stress assay medium. 

Compound Concentration Reference 

DMEM 0.83 g in 100 mL D5030, Sigma-Aldrich 

Glucose 10 mM G8769, Sigma-Aldrich 

Pyruvate 1 mM 11360070, Gibco 

L-Glutamine 2 mM 25030024, Gibco 

 

After experiment completion, cell plates were stained with crystal violet, in order 

to normalize values to total cell number. For that, cells were washed twice with DPBS and 

stained with 0.5 % crystal violet (HT90132, Sigma-Aldrich)-4%formaldehyde (818708, Merck 

Millipore) for 20 min. To eliminate the remaining staining, cell plates were washed with 

water, and dried. Stained cells were then dissolved in 5 % glacial acetic acid  (1.00063, Merck 

Millipore) and absorbance was measured at 570 nm in Halo LED 96 microplate reader 

(Dynamica). 
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Table M6. Main characteristics of compounds used in Mito Stress assay. 

Compound Target Result Concentration Reference 

Oligomycin 
ATP synthase 

(complex V) 

Decreases electron flow 

through the ETC, resulting 

in a reduction in 

mitochondrial respiration, 

and ATP production 

1 µM 

75351, 

Sigma-

Aldrich 

Carbonyl cyanide-

4 

(trifluoromethoxy) 

phenylhydrazone 

(FCCP) 

Proton gradient 

and mitochondrial 

membrane 

potential 

Electron flow through ETC 

is uninhibited and oxygen 

consumption by complex IV 

reaches the maximum 

1 µM 

C2920, 

Sigma-

Aldrich 

Rotenone Complex I 

This combination shuts 

down mitochondrial 

respiration and enables the 

calculation of respiration 

driven by processes outside 

the mitochondria 

1 µM 

R8875, 

Sigma-

Aldrich 

Antimycin A Complex III 1 µM 

A8674, 

Sigma-

Aldrich 

ETC: Electron Transport Chain. 

Thus, several parameters associated with mitochondrial function were obtained: 

 Basal respiration: Oxygen consumption used to meet cellular ATP demand 

resulting from mitochondrial proton leak, under baseline conditions. 

 ATP production: The decrease in OCR upon injection of the oligomycin 

represents the portion of basal respiration that was being used to drive ATP 

production.  

 Proton leak: Remaining basal respiration not linked to ATP production.  

 Maximal respiration: The maximal OCR attained by adding FCCP. FCCP mimics 

a physiological “energy demand” by stimulating the respiratory chain to 

operate at maximum capacity, which causes rapid oxidation of substrates 

(sugars, fats, and amino acids) to meet this metabolic challenge.  

 Spare respiratory capacity: Capability of the cell to respond to an energetic 

demand as well as how close the cell is to respire at its maximum level. 
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 Non-mitochondrial respiration: Oxygen consumption that persists due to 

cellular enzymes that continue consuming oxygen after the addition of 

Rotenone and Antimycin A. 

 

7.6.2. Glycolysis activity 

In this case, XF Glycolysis Stress kit (103020, Seahorse Bioscience) was used, 

following again manufacturer’s guidelines. Thus, 1.5 ·104 GNS166 cells were seeded in 

DMEM/F12 + EGF/FGF medium the day prior to the experiment, in a XF 96-well plate pre-

coated by 10 µg/mL laminin (L2020, Sigma-Aldrich) for 3 h at 37 °C and 5 % CO2. After 24 h, 

culture medium was replaced by Glyco Stress medium pH 7.4 (Table M7) and basal level of 

ECAR was measured. In this case, in order to analyze glycolytic activity, a set of compounds 

were injected (Table M8), in an ordered manner: (1) Glucose, (2) Oligomycin and (3) 2-deoxy-

D-glucose. Three measurements of ECAR were performed after the injection of each 

compound, and mean values were analyzed. As in the case of Mito Stress assay, for data 

normalization against total cell number, crystal violet staining was performed and 

absorbance at 570 nm was measured in Halo LED 96 microplate reader (Dynamica). 

 

Table M7. Composition of Glyco Stress assay medium. 

Compound Concentration Reference 

DMEM 0.83 g in 100 mL D5030, Sigma-Aldrich 

L-Glutamine 2 mM 25030024, Gibco 

 

This assay gave us data about the following points: 

 Glycolysis: It is defined as the process of converting glucose to pyruvate. It is 

measured as the ECAR rate reached by a given cell after the addition of 

saturating amounts of glucose. 

 Glycolytic capacity: The maximum ECAR rate reached by a cell following the 

addition of oligomycin, shutting down oxidative phosphorylation and driving 

the cell to use glycolysis to its maximum capacity. 
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 Glycolytic reserve: This measure indicates the capability of a cell to respond 

to an energetic demand as well as how close the glycolytic function is to 

maximum level. 

 

Table M8. Main characteristics of compounds used in Glyco Stress assay. 

Compound Target Result Concentration Reference 

Glucose Glycolysis 

Saturating conditions of glucose 

induce glycolytic pathway, 

producing ATP, NADH, water and 

protons, increasing rapidly ECAR 

10 mM 

G8769, 

Sigma-

Aldrich 

Oligomycin 

ATP 

synthase 

(complex V) 

Inhibition of mitochondrial ATP 

production and thus, shift of the 

energy production to glycolysis. 

ECAR associated with cellular 

maximum glycolytic capacity 

1 µM 

75351, 

Sigma-

Aldrich 

2-Deoxy-D-

Glucose 
Hexokinase 

This glucose analog inhibits 

glycolysis, resulting in a decreased 

ECAR 

50 mM 

D6134, 

Sigma-

Aldrich 

 

7.7. Analysis of mitochondrial polarization and reactive oxygen species (ROS) 

Mitochondrial depolarization and ROS production were studied by flow 

cytometry (SH800, Sony). For that, MitoTrackerTM Red FM dye (M22425, InvitrogenTM), which 

stains active and polarized mitochondria, and MitoSoxTM Red dye (M36008, InvitrogenTM), 

whose mitochondrial oxidation by superoxide produces red fluorescence, were employed. 

Both dyes were diluted in HBSS (14025050, Gibco) and studied separately to avoid spectral 

overlapping. Thus, infected GNS166 were collected with accutase, centrifuged and incubated 

with control HBSS, 5 µM MitoSox or 0.2 µM MitoTracker for 25 min at 37 °C at a density of 2 

· 105 cells per condition. After this time, cells were centrifuged, resuspended in 200 µL HBSS 

and analyzed with Cell Sorter Software version 2.1 (Sony). First, the population was gated by 

backward scatter-area (BSC-A) vs. forward scatter-area (FSC-A), and doublets were excluded 

by forward scatter-height (FSC-H) vs. forward scatter- width (FSC-W). As both GNS166 pGK 

and shL2A conditions were GFP+, manual compensation was applied, where, besides MitoSox 
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and MitoTracker unstained controls, wild type GNS166 cells were used as a negative control 

for GFP. Thus, gates were set for both dyes and analysis were performed reaching 104 final 

events per condition. Fluorescence intensity percentage was represented, which comprises 

the number of positive events multiplied by the mean fluorescence intensity of them. For 

ROS scavenging experiment, cells were incubated for 24 h with 100µM Butylated 

hydroxyanisole (Table M3) antioxidant agent and/or 10 µM Antimycin A (Table M6) as positive 

control of ROS induction. 

7.8. Migration and invasion assays 

7.8.1. Migration assay 

In order to assess cell migration capacity, 6.5 mm Transwell® chambers with 8.0 

µm pore polycarbonate membrane inserts (3422, CorningTM) were used, pre-coated with 2 

µg/mL laminin for 3 h at 37 °C and 5 % CO2. Inserts were then placed in 24-well plates with 

500 µL DMEM/F12 medium without EGF nor FGF per well and other 300 µL of the same 

medium were added inside each insert, so that they get humidified for 2 h at 37 °C and 5 % 

CO2. After that, 2.5·104 GNS166 pGK or shL2A cells were seeded per insert, in 100 µL 

DMEM/F12 medium without EGF nor FGF. After 12 h, inserts were placed in new 24-well 

plates (P24, 3527, CorningTM), which, in this case, contain 500 µL DMEM/F12 medium with 

40 ng/µL EGF and 40 ng/µL FGF per well. These two growth factors were used as 

chemoattractant, so that cells would migrate through the polycarbonate membrane. Cells 

were incubated for 72 h at 37 °C and 5 % CO2. 

Cells that migrated through the inserts were next stained with 300 µL cell stain 

solution (90144, Millipore) in a 24-well-plate, for 20 min at room temperature under stirring. 

Inserts were then washed with distilled water and cotton swabs for elimination of remaining 

staining, and dried. Pictures were taken by Eclipse TS100 (Nikon) microscope and for 

quantification of migrated cells, 200 µL extraction buffer (90145, Millipore) was applied in a 

new 24-well-plate for 15 min at room temperature under stirring. Absorbance at 570 nm was 

measured in Halo LED 96 microplate reader (Dynamica). 

7.8.2. Invasion assay 

For the study of the invasion capacity, 8µm pore collagen cell invasion assay 

(ECM551, Merck Millipore) was performed, whose inserts were pre-coated with 2 µg/mL 
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laminin for 3 h at 37 °C and 5 % CO2. Inserts were then placed in 24-well plates with 300 µL 

DMEM/F12 medium without EGF nor FGF per well and other 300 µL of the same medium 

were added inside each insert, so that they get humidified for 2 h at 37 °C and 5 % CO2. Next, 

2.5·104 GNS166 pGK or shL2A cells were seeded per insert, in 500 µL DMEM/F12 medium 

without EGF nor FGF. Next, inserts were placed in new 24-well-plates (3527, CorningTM), 

which, in this case, contain 750 µL DMEM/F12 medium with 40 ng/µL EGF and 40 ng/µL FGF 

per well. As in the case of migration assay, these two growth factors were used as 

chemoattractant, so that cells would degrade collagen matrix, invading the insert. Cells were 

incubated for 72 h at 37 °C and 5 % CO2. 

For insert staining, the same procedure as for migration assay was performed. 

8.  Protein analysis 

8.1. Protein extraction and quantification 

For protein extraction, cells were collected in conical centrifuge tubes, 

centrifuged, and washed with DPBS. Resulting cell pellets were lysed in 100-120 µL lysis buffer 

(1% NP-40, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 30 mM Na4P2O7, 1 mM Na3VO4, 50 mM 

Tris-HCl pH 7.4), supplemented by 100 µM protease inhibitor cocktail (P8340, Sigma-Aldrich), 

100 µM phosphatase inhibitor mix (P5726, Sigma-Aldrich) and 100 µM serine protease 

inhibitor Phenylmethanesulfonyl fluoride (PMSF, P7626, Sigma-Aldrich), for 30 min on ice. 

After that, cell lysates were centrifuged at 1.2 · 104 g for 10 min at 4 °C in order to precipitate 

cell debris. Supernatants containing whole cell protein extracts were then collected and 

placed in new tubes. 

For protein quantification, colorimetric bicinchoninic acid (BCA) assay (Pierce 

BCA Protein Assay 23227, Thermo Fisher) was used. This process combines the reduction of 

Cu++ to Cu+ by proteins in an alkaline medium with the highly sensitive colorimetric detection 

of the Cu+ by BCA. Thus, following manufacturer’s instructions, 1 µL whole protein extract 

was incubated with BCA for 20 min at 37 °C and colorimetric intensity was measured at 560 

nm in a Halo LED 96 microplate reader (Dynamica). In parallel, a calibration line was 

performed with five different concentrations of BSA provided by the kit in order to 

extrapolate protein concentration of the samples of interest. Protein samples were stored at 

-80 °C until use. 



Materials and Methods 
 

95 
 

8.2. High-throughput proteomic study 

High-throughput proteomic study was performed by the Proteomics Facility at 

CIC bioGUNE (Derio, Spain). Cellular pellets obtained as previously mentioned were sent to 

this department, and they followed the protocol detailed in the next lines.  

Samples were incubated in 7 M urea, 2 M Thiourea, 4 % CHAPS detergent and 5 

mM dithiothreitol (DTT) for 30 min at room temperature under agitation, and digested 

following the previously described filter-aided sample preparation (FASP) protocol [304] with 

minor modifications. Trypsin was added to a trypsin:protein ratio of 1:50, and this mixture 

was incubated overnight at 37 °C, dried out in a RVC2 25 speedvac concentrator (Christ), and 

resuspended in 0.1 % formic acid. Peptides were desalted and resuspended in 0.1 % FA using 

C18 stage tips (Millipore). 

Samples were then analyzed in a novel hybrid trapped ion mobility spectrometry 

– quadrupole time of flight mass spectrometer (timsTOF Pro with PASEF, Bruker Daltonics) 

coupled online to a nanoElute liquid chromatograph (Bruker). A sample of 200 ng was directly 

loaded in a 15 cm Bruker nanoelute FIFTEEN C18 analytical column (Bruker) and resolved at 

400 nL/min with a 100 min gradient. Column was heated to 50 °C using an oven. 

Protein identification and quantification was carried out using MaxQuant 

software with default settings. Searches were carried out against a database consisting of 

human protein entries (Uniprot/Swissprot), with precursor and fragment tolerances of 

20ppm and 0.05 Da. Only proteins identified with at least two peptides at false discovery rate 

(FDR)<1% were considered for further analysis. Data were loaded onto Perseus platform 

[305] and further processed (log2 transformation, imputation). Significantly differentially 

expressed proteins (p<0.05) with a ratio>1.5 in either direction were analyzed using DAVID 

(https://david.ncifcrf.gov/) in order to characterize the biological pathways they are involved 

in. Processes enriched with a p≤0.05 were considered as significantly correlated to the set of 

differential proteins. 

8.3. Western Blot 

In western blot experiments 20 ng protein were usually used. Thus, the 

appropriate sample volume was collected, to which one fifth loading buffer 5X (312.5 mM 

Tris pH 6.8, 10 % sodium dodecyl sulfate (SDS), 50 % glycerol, 0.5 % bromophenol blue and 5 
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% β-mercaptoethanol) was added. For protein denaturation, samples were then heat-

shocked by incubating them 5 min at 95 °C and immediately after placed on ice. 

For protein separation by their molecular weight, sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) technique was performed. Herein, 1.5 mm 

thick polyacrylamide gels were used, composed by stacking gel (4.5 % polyacrylamide) and 

separating gel (10-15 % polyacrylamide, depending on the molecular weight of the protein 

of interest). Electrophoresis was performed using electrophoresis buffer (Tris 20 mM, glycine 

0.2 M, SDS 0.1 %, pH 8.3) and buckets (Mini-PROTEAN® Tetra Cell Precast, Bio-Rad). The 

power supply BioRad HC Power Pac was run first for 10 min at 90 V and then, for 60-90 min 

at 120 V and room temperature, depending on the molecular weight of the protein of 

interest.  

After this process, proteins were transferred into a nitrocellulose membrane 

(Amersham Protran 0.2 µm NC; 10600001, GE Healthcare Life Science). This membrane is 

positively charged so that, in the presence of differential potential, proteins migrate from the 

gel into the membrane. For this, humidified transfer was performed in the first years of this 

PhD project, in transfer buffer (25 mM Tris, 192 mM glycine, 20 % methanol pH 6.8, 0.05 % 

SDS) for 90 min at 90 V and 4 °C. However, thanks to the acquisition of a semi-dry transfer 

apparatus (Trans-Blot Turbo Transfer System, Bio-Rad), protein transfers were then 

performed at 1.3 A, 25 V in 7 min. For that, pre-cast 0.2 µm nitrocellulose transfer packs were 

used (1704158, Bio-Rad). For verification of the efficiency of the protein transfer, Ponceau 

staining was used (P7170, Sigma-Aldrich). 

In order to avoid unspecific bindings of primary antibodies, membranes were 

incubated with blocking solution (Tris Buffered Saline 0.1 M-0.01 % Tween 20 (TBS-T), 5 % 

powder milk) for 1 h in agitation at room temperature. Once membranes were blocked, they 

were incubated for 14-18 h at 4 °C with corresponding primary antibodies (Table M9) diluted 

in blocking solution and following manufacturer recommendations. After this incubation, 

membranes were washed with TBS-T for 5 min 3 times in agitation and horseradish 

peroxidase (HRP)-conjugated secondary antibodies (Table M9) were applied for 1 h in 

blocking solution at room temperature. Three washes with TBS-T were then performed. 

Proteins were finally detected by chemiluminescence. In particular, NOVEL ECL 

Chemi Substrate (WP20005, Thermo Fisher) was used for highly expressed proteins, whereas 

SuperSignal West Femto Maximum Sensitive Substrate (34096, Thermo Fisher) was used for 
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detection of low expressed proteins. Signal was captured and recorded by iBrightFL1000 

imaging system (Invitrogen). 

Table M9. Primary and secondary antibodies used in Western Blot technique. 

Type of 

antibody 
Recognized antigen Applied for 

Working 

dilution 
Produced in Supplier Reference 

Primary 

antibody 

HDAC1 

Human 

1/1000 Rabbit Abcam ab109411 

HDAC6 1/1000 Rabbit Cell Signaling 7558S 

Acetyl-α-tubulin 

(Lys40) 
1/1000 Mouse Abcam ab24610 

α-tubulin 1/1000 Rabbit Abcam ab52866 

Acetyl-histone H3 

(Lys9) 
1/1000 Rabbit Cell Signaling 9649 

Histone H3 1/1000 Rabbit Novus NB500-171 

PARP 1/500 Rabbit Abcam ab32064 

BMI1 1/500 Mouse Millipore 05-637 

SOX2 1/250 Rabbit Millipore AB5603 

SOX9 1/1000 Rabbit Millipore AB5535 

LAMP2A 1/500 Rabbit Abcam ab18528 

p-STAT1 1/1000 Rabbit Cell Signaling 9167S 

STAT1 1/1000 Rabbit Cell Signaling 14994S 

p-STAT3 1/1000 Rabbit Cell Signaling 9145S 

STAT3 1/1000 Mouse Cell Signaling 9139 

MX1 1/500 Rabbit Abcam ab95926 

TIM23 1/1000 Rabbit Proteintech 11123-1-AP 

MRP-S23 1/500 Rabbit Sigma-Aldrich SAB2701383 

ITGA6 1/250 Rabbit Cell Signaling 3750S 

ITGB4 1/500 Rabbit Sigma-Aldrich HPA036348 

p-AKT 1/1000 Rabbit Cell Signaling 9271S 

AKT1/2/3 1/200 Rabbit 

Santa Cruz 

Biotechnology, 

inc. 

sc-8312 

β-actin 1/100,000 Mouse Sigma-Aldrich A5441 

Secondary 

antibody 

Goat anti-rabbit  1/2000 Goat Cell Signaling 7074S 

Horse anti-mouse  1/2000 Horse Cell Signaling 7076S 
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8.4. Cell immunofluorescence 

1-2 ·104 cells were seeded in 8-well immunofluorescence chambers (154534, 

LabTek Thermo), and after cell adhesion or treatment completion, cells were fixed with 4% 

paraformaldehyde (PFA, 158127, Sigma-Aldrich) for 10 min at room temperature. Cells were 

then washed 3 times with 1X PBS (44592, BioSystems) and blocked and permeabilized with 

1X PBS-0.3 % Triton X-100 (T8787, Sigma-Aldrich) supplemented by 5 % FBS for 1 h at room 

temperature. Later on, they were incubated with primary antibodies (Table M10) diluted in 

1X PBS 0.3 % Triton X-100 overnight at 4 °C. Afterwards, 3 washes with 1X PBS were done 

and cells were incubated with fluorophore-conjugated secondary antibodies (Table M10) 

diluted in 1X PBS 0.3 % Triton X-100 for 1 h in darkness at room temperature. After other 

three washes as previously described, chromatin was stained with 1 µg/mL Hoechst (33342, 

Sigma-Aldrich) for 1-2 min. Next, two washes with 1X PBS and a final wash with distilled water 

were performed. Finally, slides were mounted with mounting medium Fluoro-Gel (17985, 

Aname). Immunofluorescence was evaluated with Eclipse 80i microscope and processed with 

NIS Element Advances Research (Nikon) software. In the case of experiments with 

compounds, cells were seeded and after adhesion, treatments were applied for other 48 h. 

 

Table M9. Primary and secondary antibodies used in cell immunofluorescence. 

Type of 

antibody 
Recognized antigen Working dilution Produced in Supplier Reference 

Primary 

antibody 

p-histone H3 1/2000 Mouse Abcam ab14955 

Cleaved-caspase 3 1/500 Rabbit R&D Systems AF835 

Secondary 

antibody 

Alexa Fluor® 555 

Goat anti-mouse 

IgG (H+L) 

1/500 Goat Invitrogen A21422 

Alexa Fluor® 555 

Donkey anti-rabbit 

IgG (H+L) 

1/500 Donkey Invitrogen A31572 
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8.5. Cytokine array 

Cytokine expression from supernatants of GNS166 cells was determined by C-

Series Human Cytokine Array 5 (AAH-CYT-5, RayBiotech), following manufacturer 

instructions. Cell culture medium did not contain FBS, so no interferences occurred in the 

development of this assay. Thus, supernatants were collected and immediately frozen at -80 

°C until the day of the experiment. 

Prior starting the assay, supernatant samples were thawed and centrifuged at 

10,000 rpm for 5 min to eliminate possible cell debris or particulates that could interfere the 

detection of the cytokines. After blocking membranes with blocking buffer provided in the kit 

for 30 min at room temperature, 1 mL undiluted sample was pipetted into each membrane 

and incubated overnight at 4 °C. Membranes were then washed and incubated with a 

biotinylated antibody cocktail overnight at 4 °C. After this incubation, membranes were again 

washed and incubated with 1X HRP-Streptavidin overnight at 4 °C. Finally, a last wash was 

performed and chemiluminescent signal was detected by iBright FL1000 imaging system 

(Invitrogen). All incubation and wash steps were performed under gentle rotation in the 

incubation tray provided by the manufacturer. Spot signal density values were extracted by 

ImageJ as previously described in the literature [306] and then, background subtraction and 

positive control normalization were performed by the analysis tool for AAH-CYT-5 (S02-AAH-

CYT-5, RayBiotech). 

8.6. CMA activity measurement assay 

For direct measurement of CMA activity, GB cells were transduced with lentivirus 

carrying the KFERQ-PS-Dendra reporter [307]. This reporter acts as a CMA substrate, as it 

contains the KFERQ-like sequence needed for the recognition by the HSC70 chaperone and 

posterior degradation by CMA process. Thus, activation of CMA increases the association of 

the reporter with lysosomes, which can be visualized as a change in the intracellular 

fluorescence. 

Once cells were transduced, they were photoactivated by exposure to a 3.5 mA 

(current constant) light emitting diode (LED: Norlux, 405nm) for 3 min and then plated in 

glass-bottom 96-well plates. At the desired times, cells were fixed with 4 % PFA and imaged 

using high-content microscopy (Operetta system, Perkin Elmer). Images were quantified 
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using the manufacturer’s software in a minimum of 1,500 cells per well. In all cases, focal 

plane thickness was set at 0.17 µm and sections with maximal nucleus diameter were 

selected for quantification. Values are presented as number of puncta per cell section that in 

our acquisition conditions represents 10-20 % of the total puncta per cell. 

9.  Gene expression 

9.1. Ribonucleic acid extraction and quantification 

Total RNA was extracted from cell lysates and fresh brain tissues. In the case of 

tissues, samples were firstly homogenized by a tissue-lyser (Qiagen Retsch MM300) with 1 

mL TRI Reagent Solution (AM9738, Life Technologies). In the case of cellular pellets, 1 mL TRI 

Reagent Solution was added as a first step. Once cell lysis was performed, the same protocol 

was applied for both cases. First, 200 µM chloroform (C2432, Sigma-Aldrich) were added, and 

after gently mixing the samples, they were incubated 10 min at room temperature. Samples 

were then centrifuged at 12,000 rpm for 10 min at 4 °C, so that three phases were separated. 

Thus, aqueous phase was collected in a new tube and 500 µL 2-propanol (I9516, Sigma-

Aldrich) and 1 µL 5 µg/µL glycogen (AM9510, Ambion) were added. Samples were gently 

mixed, incubated for 10 min at room temperature and centrifuged at 12,000 rpm for 22 min 

at 4 °C for RNA precipitation. Supernatants were discarded and two washes with 75 % ethanol 

(Scharlau) were done to increase purity of the sample. Finally, RNA pellet was dried at room 

temperature and resuspended in H2O DNase/RNase free (10977035, Invitrogen). All 

procedures with RNA were performed in tubes treated for 24 h with diethyl pyrocarbonate 

(DEPC, 159220, Sigma-Aldrich) for inhibiting RNases. 

RNA concentration and purity were determined by measuring absorbance at 260 

nm and 280 nm in Nanodrop-100 spectrophotometer (Thermo Fisher). RNA samples were 

stored at -80 °C until use. 

9.2. RNAseq study 

RNAseq was performed by CD Genomics company (Shirley, New York). Integrity 

and quality of RNA samples was tested using Agilent RNA 6000 Nano kit, obtaining integrity 

values higher than 8. After this check point, RNA samples were sent to the company and the 
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following protocol was performed. After performing quality control of the samples by Agilent 

2100 Bioanalyzer, 200 ng of high-quality total RNA was proceeded to library construction. 

Magnetic beads with Oligo (dT) were used to isolate messenger RNA (mRNA). The mRNA was 

then fragmented randomly by adding fragmentation buffer, and cDNA was synthesized by 

using mRNA template, random hexamers primer, dNTPs, RNase H and DNA polymerase I by 

ABI StepOnePlus Real-Time polymerase chain reaction (PCR) System. Short fragments were 

next purified and resolved with EB elution buffer for end repair and single nucleotide adenine 

addition. After that, the short fragments were connected to sequencing adapters. The 

double-stranded cDNA library was completed through size selection and PCR enrichment. 

Qualified RNA-seq libraries were sequenced using Illumina NovaSeq6000 after pooling 

according to its effective concentration and expected data volume. The sequencing was 

paired end 150 bp.  

Regarding data analysis, FastQC tool was used to perform basic statistics on the 

quality of raw reads. Then, sequencing adapters and low-quality data of sequencing data 

were removed by Trim Galore. For alignment, HISAT2 software was used, having human 

GRCh38 as the reference genome. HTseq software and DESeq were used to quantify 

transcripts and differential gene expression levels using mapped reads' positional 

information on the gene. During the process, fold change ≥ 2 and FDR <0.01 were set as 

screening criteria. KEGG pathway analysis results have been represented. 

9.3. Microarray expression study 

Whole-transcriptome analysis was performed from 300 ng of RNA using 

ClariomTM S Assay (902927, Applied Biosystems), which covers > 2 · 104 well-annotated genes, 

by the Genomics Facility at Biodonostia Health Research Institute. Raw data were first 

checked for quality purposes through TAC software v4.0. Then, data were normalized using 

the Robust Multi-array Average and analyzed by Limma tool. Probesets with FDR corrected 

p-values smaller than 0.05 were selected. Functional enrichment on Gene Ontology (GO) 

biological processes was performed on a smaller subset of the differentially expressed genes 

(corrected p-value < 0.001) by means of Broad Institute GSEA. Terms with an FDR-corrected 

p-value smaller than 0.05 were treated as significantly enriched. The data that support this 

study have been deposited in NCBI´s Gene Expression Omnibus and are accessible through 

GEO series accession number GSE143887. 
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9.4. Reverse transcription 

For the obtention of complementary desoxyribonucleic acid (cDNA) from RNA 

samples, reverse transcription (RT) was performed by Maxima First Strand cDNA Synthesis 

Kit (K1671, Thermo Fisher), which comprises a first step for double strand DNA degradation 

by DNase to avoid contamination. The employed protocol was based on manufacturer’s 

instructions, and BioRad C1000 thermocycler was used to perform the next incubation steps: 

10 min at 25 °C, 30 min at 50 °C and 5 min at 85 °C. Immediately after, samples were placed 

on ice and diluted to final concentration of 2-4 ng/µL in DNase/RNase free H2O. cDNA samples 

were stored at -20 °C until use. 

9.5. Quantitative Real-Time PCR 

In order to measure the expression level of those genes of interest, quantitative 

real-time PCR (qRT-PCR) was used. Herein, an initial amount of 10-20 ng cDNA as reaction 

template, 10 mM of each gene-specific forward and reverse primer (Table M10) and 6 µL 

Power SYBR® Green Master Mix (4368706, Applied Biosystem) were included per reaction. 

Primer sequences were obtained from PrimerBank database 

(https://pga.mgh.harvard.edu/primerbank/) and from previously published research articles. 

In both cases, primer specificity was verified first by Primer-BLAST tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and by melting curve analysis in each 

qRT-PCR experiment.  

Reactions were performed in triplicate in CFX384 Touch Real-Time PCR Detection 

System (BioRad), following the next incubation cycles: 1 cycle of 2 min at 50 °C, 1 cycle of 10 

min at 95 °C, 41 cycles of 15 seconds at 95 °C and 1 min at 60 °C, and a last cycle of 10 seconds 

at 95 °C followed by 1 min at 60 °C and 1 second at 97 °C. As internal control to correct 

possible variations in cDNA levels, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 

18S ribosomal RNA (18S rRNA) housekeeping genes were used in the case of human samples, 

whereas β-actin was used in mice samples. As GAPDH is a well-defined substrate of CMA 

process, 18s rRNA was used in LAMP2A knock down experiments.  

Relative quantification was calculated using the 2-ΔΔCt formula, which is based on 

the normalization of the expression of the gene of interest with respect to the expression of 
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the housekeeping gene and the sample of reference. Results were represented as fold 

change. 

Table M10. Primer sequences used in qRT-PCR reactions.  

Species Gene Forward primer sequence (5’  3’) Reverse primer sequence (5’  3’) 

Human 

HDAC1 CGC CCT CAC AAA GCC AAT G CTG CTT GCT GTA CTC CGA CA 

HDAC2 ATG GCG TAC AGT CAA GGA GG GCG GAT TCT ATG AGG CTT C 

HDAC3 CAC CCT ATG AAG CCC CAT CG GAG ACC GTA ATG CAG GAC CAG 

HDAC6 AAG AAG ACC TAA TCG TGG GAC T GCT GTG AAC CAA CAT CAG CTC 

HDAC7 GCA CCC AGC AAA CCT TCT AC AGC CCC TAC CTC ATC CAC AG 

SIRT1 TCG CAA CTA TAC CCA GAA CAT AGA CA CTG TTG CAA AGG AAC CAT GAC A 

SIRT3 CAA GGA GCT GTA CCC TGG AAA CGA CAC TCT CTC AAG CCC ATC 

CD68 CTT CTC TCA TTC CCC TAT GGA CA GAA GGA CAC ATT GTA CTC CAC C 

ITGAM ACT GGT GAA GCC AAT AAC GCA TCC GTG ATG ACA ACT AGG ATC TT 

AIF1 AGA CGT TCA GCT ACC CTG ACT T GGC CTG TTG GCT TTT CCT TTT CTC 

BAX CAT GTT TTC TGA CGG CAA CTT CCA GAT CAC GCC ATT TCA C 

MKP1 CCT GTC CAC TCC ACG AAC AGT GCT GGG AGA GGT CGT AAT GG 

TUJ1 GCG AGA TGT ACG AAG ACG AC TTT AGA CAC TGC TGG CTT CG 

SOX2 TAC AGC ATG TCC TAC TCG CAG GAG GAA GAG GTA ACC ACA GGG 

SOX9 AGC GAA CGC ACA TCA AGA C CTG TAG GCG ATC TGT TGG GG 

NESTIN AGA CTT CCC TCA GTT TAG G CAG GTG TCT CAA GGG TAG CAG 

p21Cip1 GAC ACC ACT GGA GGG TGA CT CAG GTC CAC ATG GTC TTC CT 

p16INK4a GGG GGC ACC AGA GGC AGT GGT TGT GGC GGG GGC AGT T 

CHK1 ATG GCA GGG GTG GTT TAT CT ACT GTT GCC AAG CCA AAG TC 

LAMP2A TGA CGA CAA CTT CCT TGT GC AGC ATG ATG GTG CTT CAG AC 

IGFBP2 CAC CGG CAG ATG GGC AA GAA GGC GCA TGG TGG AGA T 

IGFBP4 GAG CTG GGT GAC ACT GCT TG CCC ACG AGG ACC TCT ACA TCA 

ANG CTG GGC GTT TTG TTG TTG GTC GGT TTG GCA TCA TAG TGC TGG 

Eotaxin-3 CTT CCA ATA CAG CCA CAA GCC GAT GGG TAC AGA CTT TCT TGC 

SDF1 ATT CTC AAC ACT CCA AAC TGT GC ACT TTA GCT TCG GGT CAA TGC 

IP10 GTG GCA TTC AAG GAG TAC CTC TGA TGG CCT TCG ATT CTG GAT T 

VEGF ACA TCT TCC AGG AGT ACC C CTT GGT GAG GTT TGA TCC G 

IL6 CCA GGA GCC CAG CTA TGA AC CCC AGG GAG AAG GCA ACT G 

IGFBP1 TTT TAC CTG CCA AAC TGC AAC A CCC ATT CCA AGG GTA GAC GC 

IL1α AGT AGC AAC CAA CGG GAA GG TGG TTG GTC TTC ATC TTG GG 

ITGA3 TGT GGC TTG GAG TGA CTG TG TCA TTG CCT CGC ACG TAG C 

ITGA6 GGC GGT GTTATGTCCTGAGTC AATCGCCCATCACAAAAGCTC 
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ITGAV GCT GTC GGA GAT TTC AAT GGT TCT GCT CGC CAG TAA AAT TGT 

ITGB3 CAT GAA GGA TGA TCT GTG GAG C AAT CCG CAG GTT ACT GGT GAG 

ITGB4 CTC CAC CGA GTC AGC CTT C CGG GTA GTC CTG TGT CCT GTA 

LAMC1 ACT GCC ACT GAC ATC AGA GTA GCT TGC GTG TCC ATT ACA TTT AC 

COL4A5 TGG ACA GGA TGG ATT GCC AG GGG GAC CTC TTT CAC CCT TAA AA 

FN1 GAG AAT AAG CTG TAC CAT CGC AA CGA CCA CAT AGG AAG TCC CAG 

PIK3CA AGT AGG CAA CCG TGA AGA AAA G GAG GTG AAT TGA GGT CCC TAA GA 

mTOR TCC GAG AGA TGA GTC AAG AGG CAC CTT CCA CTC CTA TGA GGC 

PDGFRA TGG CAG TAC CCC ATG TCT GAA CCA AGA CCG TCA CAA AAA GGC 

PTEN TGA GTT CCC TCA GCC GTT ACC T GAG GTT TCC TCT GGT CCT GGT A 

CYCLIN A AGA GCG TGA AGA TGC CCT GTG ATG TCT GGC TGT TTC T 

GAPDH ATG GGG AAG GTG AAG GTC GG GAC GGT GCC ATG GAA TTT GC 

18S rRNA CGC GGT TCT ATT TTG TTG GT   CGG TCC AAG AAT TTC ACC TC   

Mouse 

Hdac1 AGT CTG TTA CTA CTA CGA CGG G TGA GCA GCA AAT TGT GAG TCA T 

Hdac2 ATG GCG TAC AGT CAA GGA GG GCG GAT TCT ATG AGG CTT C 

Hdac3 TCAT CGC CTG GCA TTG ACT C CTC AGA ATG GAA GCG GCA CA 

Hdac6 GGA GAC AAC CCA GTA CAT GAA TGA A CGG AGG ACA GAG CCT GTA G 

Hdac7 TGG TGT CTG CTG GGT TTG ATG ACC CAA AAC ATT TGG CAG AAA CAT 

Sirt1 ATG ACG CTG TGG CAG ATT GTT CCG CAA GGC GAG CAT AGA T 

Sirt3 CCC AAT GTC ACT CAC TAC TT GGG ATC CCA GAT GCT CTC T 

Aif1 ATC AAC AAG CAA TTC CTC GAT GA CAG CAT TCG CTT CAA GGA CAT A 

p16ink4a CCC AAC GCC CCG AAC T GCA GAA GAG CTG CTA CGT GAA 

p21Cip1 GTG GGT CTG ACT CCA GCC C CCT TCT CGT GAG ACG CTT AC 

β-actin GGC ACC ACA CCT TCT ACA ATG GTG GTG GTG AAG CTG TAG CC 

 

10. In vivo assays 

10.1. Carcinogenesis assays 

10.1.1. Subcutaneous assay 

Subcutaneous tumor formation assays were performed in 4-8 weeks old 

immunocompromised Foxn1nu/Foxn1nu mice (Table M1). These mice present an autosomal 

recessive mutation in the Foxn1 gene, impairing the development of the thymus and hair. 

Thus, they are hairless and mature T-cell deficient, not presenting graft versus host response.  
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Injection of U87 cells was performed subcutaneously in the four flanks. For this, 

cells were harvested with 0.05 % trypsin-EDTA, counted, washed with DPBS, and 

resuspended in DPBS at the concentration of interest. 100 µL of cell preparation was 

inoculated in each flank. From this point, two types of experiments were performed in this 

thesis. For tumor initiation assay, 3.5·105 cells per flank were injected, and then, mice were 

treated intraperitoneally with vehicle or 40 mg/kg JOC1 since the following day of cell 

inoculation on a schedule of 5 days on / 2 days off for 30 days. Conversely, for tumor growth 

assay, 5·105 cells per flank were injected, and mice were started being treated only when 

tumor volume reached 50 mm3. In that moment, mice were sorted into two different groups 

of treatment with vehicle and 50 mg/kg JOC1 on a schedule of 5 days on / 2 days off for 16 

days. In both assays, mice weight was measured daily, and external calipers were used to 

measure tumor size twice a week. From these measurements, tumor volume was estimated 

by V = L · W2 · 0.5; where L is tumor length and W is the tumor width. JOC1 was dissolved in 

10 % DMSO: 35 % PEG400: 55 % sterile water, while vehicle condition comprised the same 

formulation in the absence of JOC1. 

10.1.2. Orthotopic intracranial injection assay 

The induction of brain tumors in vivo was performed in 4-8 weeks old NOD.SCID 

mice (Table M1). The homozygous mice for the severe combined immune deficiency 

spontaneous mutation (Prkdcscid) are characterized by the absence of functional T and B cells. 

Thus, this model accepts allogeneic and xenogeneic grafts. 

Prior injection, GNS166 pGK and shL2A cells were harvested with accutase, 

counted, washed with DPBS and resuspended in DPBS. Final samples were prepared so that 

2·105 cells of interest in 5 µl were injected per mice. 

For cell injection, instead of performing a classical individual stereotaxic surgery, 

a novel technique was used. Herein, up to 10 mice could be intracranially injected 

simultaneously [308, 309]. Briefly, after applying analgesia and anesthesia to the mice as 

previously mentioned in section 2, a small incision in the skin of the head was made, so that 

coronal and sagittal sutures of the skull got exposed. Then, a 1 x 1 mm deep hole was done 

by a manual drill (DH-1, Plastics One; drill-bit: D60, Plastics One) at 2.5mm lateral and 1mm 

anterior to bregma, directly above the caudate nucleus. Here, a bolt (C212SG, Plastics One) 

was inserted by a screwdriver (1253, Quick-Wedge) until flush with the skull (Figure M1). 

Next, Hamilton syringes (1701 N, Hamilton) were loaded with the cells of interest and 
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positioned inside the bolts and sustained by an infusion pump (PHD ULTRATM Harvard 

Apparatus). When surgical process of a total of 8-10 mice was finalized, cell infusion was 

performed, by an infusion rate of 0.5µl / min (Figure M1). Finally, skin glue (1050044, Braun 

Surgical) was used to close the wounds. All the procedure was performed ensuring the 

correct temperature of the mice, using a circulating water blanket warmed at 37 °C (TP-700, 

Stryker Gaymar). 

 

 

Mice weight and welfare was monitored during the experiment. In the presence 

of any sign associated with the formation of a brain tumor, such as, cognitive or motor failure 

or weight loss, mice were culled. Brains of mice were extracted and fixed in 3.7 % 

formaldehyde (104002, Merck Millipore) for 48 h for posterior studies. Survival distributions 

were determined using the log-rank test and GraphPad Prism 8 software. 

11. Tissue analysis 

In order to characterize the expression of proteins of interest in human biopsies 

and mice xenografts immunohistochemistry was performed. 

Figure M1. Representative images of surgical procedure for the insertion of the bolt above the caudate 

nucleus (left, modified from Lal S et al, 2000) and the posterior intracranial injection of cells simultaneously 

to 8 mice (right, prepared by the PhD candidate). 
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11.1. GB patient biopsies 

Expression of LAMP2A was studied in 98 human GB biopsies prepared as TMAs. 

TMA blocks were kindly generated and processed by the Pathological Anatomy Department 

from Donostia University Hospital following a standard protocol and staining for LAMP2A 

protein was performed (Table M11). Quantification of the staining was measured and 

categorized based on LAMP2A positive signal percentage. Thus, samples were classified in 

three groups: ‘-‘ (≤ 20 %), ‘+‘ (20-40 %) and ‘++’ (≥40 %). 

11.2. Subcutaneous mice xenografts 

Once subcutaneous tumors generated in mice reach the above-mentioned 

endpoint, tumors were extracted and fixed with 3.7 % formaldehyde for 48 h at room 

temperature. Next, they were moved to DPBS solution at 4 °C no more than a week, until 

they were embedded in paraffin. Posterior tumor processing and immunohistochemistry was 

performed by the Histology Platform from Biodonostia Health Research Institute, following 

standard protocols. Herein, 4 µm sections done using a microtome (HM355S, Thermo 

Scientific) were then deparaffined and rehydrated with increasing concentrations of alcohol. 

Heat-induced antigen retrieval was performed, and subsequently, blocking solution (PBS-0,3 

%-Triton X-100-5 % FBS) was applied to the sections. Next, sections were incubated overnight 

with primary antibodies of interest (Table M11) at 4 °C. After this time, sections were washed 

and secondary antibody was applied (Table M11), incubating it for 1 h at room temperature. 

Finally, 10 min incubation with 3,3'-Diaminobenzidine (DAB, ab64238, Abcam) was 

performed at room temperature, so that DAB got oxidized and could be visualized by its 

brown color. Staining was captured by Eclipse 80i microscope and processed by the NIS 

Elements Advances Research software (Nikon). 



Jaione Auzmendi Iriarte | PhD Thesis | 2022 

108 
 

Table M11. Primary and secondary antibodies used in tissue immunohistochemistry. 

Type of 

antibody 
Recognized antigen Produced in Supplier Reference 

Primary 

antibody 

Ki-67 Rabbit Abcam ab15580 

Acetyl-α-tubulin 

(Lys40) 
Mouse Abcam ab24610 

LAMP2A Rabbit Abcam ab18528 

Secondary 

antibody 

Anti-Rabbit IgG H&L 

(HRP) 
Goat Abcam ab6721 

MACH 3 Rabbit 

HRP-Polymer 
Rabbit 

BioCare 

Medical 
M3R531 

MACH 3 Mouse 

HRP-Polymer 

Detection 

Mouse 
BioCare 

Medical 
M3M530H 

 

12. Statistical analysis 

Data presented in this doctoral thesis show mean values ± standard error of the 

mean (SEM), indicating in each graph symbols representing each individual experiment and 

the number of independent experiments (n) in the figure legend. Mean values were 

compared by t test statistical parameter, where p≤0.1, p≤0.05, p≤ 0.01 and p≤ 0.001 are 

represented as #, *, ** and ***, respectively. In the case of data from GlioVis, pairwise 

comparisons with corrections for multiple testing (p-values with Bonferroni correction) have 

been performed. 

For correlation analysis, after performing normality test, Spearman coefficient 

was indicated in non-normal distributions, whereas Pearson coefficient was used for normal 

distributions. 

In the case of orthotopic intracranial injection assay and data from TCGA, 

Rembrandt, Phillips and Joo cohorts, survival curves were compared by using log-rank 

(Mantel-Cox) test. In these last cohorts, cutoffs for Kaplan Meier curves have been designated 

as optimal by GlioVis database. 

All data were represented by GraphPad software 8.
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1. CMA maintains GSC activity controlling different 

proteomic and transcriptomic pathways 

 

1.1. LAMP2A is overexpressed in human GSCs and GB 

In order to get the first insights regarding the impact of CMA on GSCs, we started 

characterizing the expression of the key protein in this process LAMP2A in a set of 

conventional GB cell lines and patient-derived GSCs. Herein, all studied GB cells presented 

detectable expression of LAMP2A, which varied between cell lines (Figure R1A). Interestingly, 

patient-derived GSCs were the ones with highest levels of LAMP2A. Indeed, LAMP2A 

expression positively correlates with the stem cell marker SOX2 and shows a tendency for the 

same effect with SOX9 (Figure R1A, B). As conventional GB cell lines are representative of the 

tumor bulk, we next moved to test whether the expression of LAMP2A could be enriched in 

the GSC pool of these GB cells. For that, we cultured conventional cell lines in GSC medium, 

and performed oncosphere assays. After 20 days in culture, with a dissection step at day 10, 

we observed that generated oncospheres (2ry CSCs) presented higher expression of LAMP2A 

in all the cases (Figure R1C). Indeed, this in vitro result was also validated in vivo, as the 

subcutaneous xenograft of 2ry CSCs originated from U87 and U373 cells presented higher 

levels of LAMP2A compared to subcutaneous tumors originated from parental cells (Figure 

R1D). 

With the aim of analyzing the translation of LAMP2 association with GSCs into 

clinical data, we checked LAMP2 gene expression, as well as several stem cell markers, in GB 

samples from TCGA cohort. It is noteworthy to say that the following clinical data refer to 

LAMP2 gene expression, as there is not any specific information regarding each isoform in 

TCGA and Rembrandt cohorts. First, we confirmed that LAMP2 positively correlated with the 

GSCs markers SOX2, SOX9, BMI1 and POU5F1 (Figure R1E). Moreover, single cell RNAseq data 

from GB patients available in USCS Browser revealed immature astrocytes, glycolytic 

progenitors and radial glia cells as the cell types with most prominent expression of LAMP2 

within GB tumor bulk (Figure R1F). All these data reveal LAMP2 enrichment in GSCs. 
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Figure R1. LAMP2A is overexpressed in GSCs. (A) Representative immunoblots of LAMP2A, SOX2, SOX9 and β-actin in 

conventional GB (U87, U373, U251, T98, A172) and patient-derived GSC (GNS166, GNS179, GNS144, GB2) lines (n=3); 

(B) Correlation analysis of LAMP2A with SOX2 (left) and SOX9 (right), based on intensities on A; (C) Immunoblot of 

LAMP2A in parental and 2ry CSCs of GB cell lines (n=3); (D) Representative images of immunohistochemical staining of 

LAMP2A in subcutaneous tumors from parental U373 (left) and U87 (right), and their respective 2ry CSCs (n=2), scale 

bar= 100 µm; (E) Association study of LAMP2 with stem cell markers SOX2 (p=2.197e-03), SOX9 (p=0.0103), BMI1 

(p=5.707e-05) and POU5F1 (p=2.456e-03) in TCGA cohort (cBioPortal for cancer genomics, 

https://www.cbioportal.org/); (F) Single cell RNAseq results for the expression of LAMP2 among different cell types in 

GB samples (https://cells.ucsc.edu/?ds=gbm).  
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Next, we wondered whether LAMP2A expression could be also associated with 

malignant properties and therapy resistance in the clinic. In order to test this idea, we firstly 

studied LAMP2 gene expression in both TCGA and Rembrandt cohorts. Herein, we 

determined that LAMP2 expression was higher in GB samples compared to healthy control 

tissue in both cohorts (Figure R2A). Next, we explored the expression according to glioma 

grades, observing that grade IV glioma (GB) displayed higher expression of LAMP2 than grade 

III in both cohorts, and grade II in TCGA cohort (Figure R2B). In order to see if any molecular 

subtype within GB present any difference in LAMP2 expression, we analyzed data from 

classical, mesenchymal and proneural subtypes, where we saw that patients with 

mesenchymal subtype GB presented the highest expression of LAMP2 (Figure R2C). 

Regarding therapy resistance, we took advantage of a cohort of GB patients, which comprised 

TMZ non-responder and responder individuals. Herein, non-responder patients presented 

higher levels of LAMP2 compared to responder ones (Figure R2D), with a significant area 

under the curve (AUC) in ROC analysis (Figure R2E). All these data confirm that LAMP2 gene 

expression is elevated in GB and correlates with malignant features of GB. 

Figure R2. LAMP2 expression is associated with malignant phenotype in TCGA and Rembrandt cohorts. (A) LAMP2 mRNA 

expression in control and GB samples in TCGA (p=2.4e-13) and Rembrandt (p=4.5e-03) cohorts; (B) LAMP2 mRNA 

expression in grade II, III and IV of glioma in TCGA (p II-III =n.s., p II-IV =1.3e-02, p III-IV =7.5e-03) and Rembrandt (p II-

III =n.s, p II-IV=3.5e-05, p III-IV=3.1e-08) cohorts; (C) mRNA expression of LAMP2 in classical (cla), mesenchymal (me) 

and proneural (pro) subtypes of GB from TCGA (p cla-me=2.9e-09, p cla-pro=2.9e-08, p me-pro=4.5e-27) and 

Rembrandt cohorts (p cla-me=4.8E-02, p cla-pro=n.s., p me-pro=6.3E-04); (D) LAMP2 expression in TMZ treatment 

non-responder (n=154) and responder (n=165) GB patients (http://www.rocplot.org/). Mann-Whitney test p-value: 

0.036; (E) ROC curve of LAMP2 gene expression in GB patients treated with TMZ (n=319, http://www.rocplot.org/). 
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As LAMP2 gene expression is representative of the three isoforms LAMP2A, 

LAMP2B and LAMP2C, we decided to study specifically LAMP2A expression in an additional 

cohort from Donostia Hospital. First, we characterized the mRNA expression of the three 

isoforms of LAMP2 gene in GB samples compared to healthy control tissue. Our results 

demonstrated that both LAMP2A and LAMP2B were augmented in GB samples (Figure R3A). 

Next, we measured LAMP2A protein expression in GB TMAs, where we determined that 60% 

of the samples presented ≥40% of positive staining, whereas only 13% of the samples 

presented ≤20% or no staining (Figure R3B). 

 

 

 

In order to further confirm CMA activity in GSCs, we decided to use a photo-

switchable KFERQ-Dendra CMA reporter [307]. This reporter acts as a CMA substrate, so that, 

when CMA is active, fluorescence puncta can be detected. Thus, we observed that GNS166 

and GNS179 cells present more than three times higher puncta intensity per cell compared 

to control cells (Figure R4A). Indeed, conventional GB cell lines, representative of tumor-bulk, 

also presented higher CMA activity than control cells, but in most of the cases not as much 

as GSC lines (Figure R4B). All these data together confirm that LAMP2A and CMA activity are 

increased in GB and enriched in the GSCs population. 
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Figure R3. LAMP2A expression is upregulated in GB samples from Donostia Hospital cohort. (A) mRNA expression of 

LAMP2A, LAMP2B and LAMP2C in GB samples (n=20) compared to healthy brain tissue; (B) Representative TMA and 

overall quantification for LAMP2A protein expression in GB samples (n=98). 
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1.2. LAMP2A knock down suppresses patient-derived GSCs activity 

Once we revealed that CMA is highly enriched in GSCs, we decided to further 

characterize its role in this subpopulation. With this aim, we firstly performed short hairpin 

RNA technique-mediated lentiviral knock down of LAMP2A in U251, as it was the 

conventional cell line with highest LAMP2A expression (Figure R1A). Once we validated 

LAMP2A knock down (shL2A, Figure R5A, E), we proceeded to study its impact on oncosphere 

formation and self-renewal, a major characteristic of GSCs. In this sense, we saw that shL2A 

cell presented a reduction of an ~ 80% in colony formation ability (Figure R5B), which 

represents a diminished capacity of the cell to grow in limiting dilutions. Moreover, we found 

C+ 
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++ 
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B 

Figure R4. CMA activity is increased in GSC and GB cell lines. (A) Representative images (left) and quantification (right) 

of KFERQ-Dendra reporter puncta per cell fluorescence intensity in GNS cells and (B) conventional GB cell lines, 

compared to control cells NIH3T3 (mouse embryonic fibroblasts) and N2A (mouse neuroblasts) cells (n≥4). Yellow 

fluorescence is representative of CMA activity. 
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that shL2A cells presented a ~ 60% diminishment in the ability to form 1ry and 2ry oncospheres 

(Figure R5C), confirming impaired proliferation and self-renewal capacities. This reduction in 

oncosphere generation was also observed in U373 cells (Figure R5D), but not so drastically, 

probably due to the lower basal expression of LAMP2A. Accordingly, these results were 

accompanied by a significant decrease in the expression of SOX2 and SOX9 stem cell markers 

in shL2A U251 cells (Figure R5E). 

 

To further confirm the impact of CMA on self-renewal of U251, we exogenously 

upregulated LAMP2A in control and shL2A cells. Herein, we found that LAMP2A 

overexpressing pGK U251 cells presented an enhanced oncosphere generation ability (Figure 

R6A). Moreover, LAMP2A restoration in shL2A cells reverted the impairment in oncosphere 
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Figure R5. LAMP2A silencing reduces self-renewal of GSCs. (A) Representative western blot for LAMP2A and β-actin in 

pGK and shL2A U251 cells (n=3); (B) Relative number of colonies formed by pGK and shL2A U251 cells (n=3); (C) Relative 

number of 1ry and 2ry oncospheres generated at 10 and 20 days, respectively, by pGK and shL2A U251 (n=3) and (D) 

U373 (n≥3) cells; (E) Relative mRNA expression of LAMP2A, SOX2 and SOX9 in pGK and shL2A U251 cells (n=3). 
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and colony formation abilities (Figure R6A, C). All these data suggest the relevance of CMA in 

the regulation of GSCs activity. 

 

To directly unravel the impact of CMA on GSC population, we carried out the 

same strategy of silencing LAMP2A in two patient-derived GSCs (GNS166 and GNS179). Thus, 

after validating LAMP2A knock down in both GSCs (Figure R7A), we firstly studied the 

proliferative capacity. Herein, we determined that shL2A GSCs proliferated significantly less 

than pGK control cells, measured by cell counting (Figure R7B) and number of positive cells 

for the mitosis marker phosphor-histone3 (p-H3) by immunofluorescence (Figure R7C). 

Similar results were observed in U251 and U373 cells in these experiments (Figure R7B, C). Of 

note, impaired proliferation was rescued by LAMP2A overexpression in U251 (Figure R7D). 

Reduced proliferation was accompanied by an induction of apoptosis, as the number of cells 

positive for active Caspase-3 (Casp3) was increased in shL2A GSCs. Moreover, shL2A GSCs 

presented significantly reduced expression of the stem cell markers SOX2, SOX9 and NESTIN 

(Figure R7F), indicating that LAMP2A knock down impairs GSC maintenance. 

Since GSC are responsible for therapy resistance, we next measured the 

response to TMZ of LAMP2A knocked down GSCs. We found that these cells were more 

sensitive to TMZ treatment than control cells (Figure R8A, B). This result was similarly 

observed in U251 cell line (Figure R8A, B), whose oncosphere generation ability was even 

more reduced when shL2A cells were treated with TMZ (Figure R8C). Altogether, these results 

reveal the relevant role of LAMP2A in GSC activity and therapy response. 
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Figure R6. LAMP2A upregulation increases self-renewal of U251. (A) Relative number of primary oncospheres generated 

by control and LAMP2A overexpressing cells in pGK or shL2A U251 (n=3); (B) Relative number of colonies formed by 
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Figure R7. LAMP2A silencing reduces patient-derived GSC proliferation and stem properties. (A) Immunoblot of LAMP2A 

in pGK and shL2A GNS166 and GNS179 cells (n=3); (B) Number of proliferating cells at day 5 relative to day 1 in pGK 

and shL2A indicated cells (n≥3); (C) Quantification of immunofluorescence of p-H3 in pGK and shL2A GNS166 (n=3) 

GNS179 (n=4), U251 (n=2) and U373 (n=3) cells; (D) Number of proliferating cells at day 5 relative to day 1 after LAMP2A 

expression rescue (n=3); (E) Quantification of immunofluorescence of caspase-3 in pGK and shL2A GNS166 and GNS179 

cells (n=4); (F) Relative mRNA expression of GSC markers SOX2, SOX9 and NESTIN in pGK and shL2A GNS166 (n=3) and 

GNS179 cells (n=2). 
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1.3. Proteome and transcriptome studies reveal multiple pathways altered 

in LAMP2A knocked down GSCs 

In order to get a deep view regarding molecular changes associated with 

LAMP2A downregulation in GSCs, we next performed a high throughput proteome study in 

control and shL2A GNS166 cells. Herein, we observed a total of 273 significantly altered 

proteins, among which 172 were downregulated and 101 upregulated (Figure R9A). Of note, 

previously described CMA substrates such as Annexin A6 [310] and HSC70 [311] proteins 

were found upregulated (Figure R9B) further validating the inhibition of CMA process. 

Moreover, proteins such as CD44, CD109 and EGFR, whose implication in GB and GSC 

proliferation and maintenance has been previously reported [312-314], appeared to be 

downregulated in our analysis (Figure R9C). With the aim of having a general overview of 

proteomic pathways altered by LAMP2A knock down, we performed an ontology analysis of 

all significantly altered proteins (Figure R9D). Herein, chaperone function and protein 

translation associated pathways were altered, which could be expected as we were reducing 

the activity of a protein quality control system. Intriguingly, pathways related to extracellular 

Figure R8. LAMP2A silencing increases TMZ sensitivity in GSCs. (A) Relative cell viability of pGK and shL2A GNS166 and 

U251 cells after 72 h with control and 2 mM or 250 µM TMZ treatment, respectively (n=3); (B) Relative cell viability of 

shL2A in A; (C) Relative primary oncospheres generated by pGK and shL2A U251 cells, after 50 µM TMZ treatment 

(n=3). 
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matrix (ECM) interaction, interferon (IFN) signaling, and antigen presentation, mitochondrial 

metabolism and others were also differentially expressed (Figure R9D). 
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Figure R9. LAMP2A silencing in GNS166 alters crucial proteomic pathways. (A) Volcano plot of upregulated and 

downregulated pathways in proteome study of GNS166 pGK vs shL2A cells (n=4); (B) Representative heat map of 

upregulated and (C) downregulated proteins in the proteome study; (D) Ontology analysis based on Reactome 

database of altered proteome in A. 
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With these results in mind, we next wondered whether this altered proteomic 

signature could be specific for GSCs, or instead, it could be extended to bulk GB cells. To test 

this idea, we performed the same proteomic study in control and shL2A U251 cells. Herein, 

a total of 464 proteins appeared to be differentially expressed, among which 284 were 

downregulated and 180 upregulated (Figure R10A). Of note, only 60 common altered 

proteins were found when comparing proteomic studies from control and shL2A GNS166 and 

U251 cells (Figure R10B), indicating that CMA regulates distinctly the proteome of bulk tumor 

and GSCs. 

 

 

 

In line with this, when performing ontology analysis of significantly altered 

proteins in U251, processes associated with DNA damage, cell cycle, protein transport and 

degradation, and other signaling pathways seemed to be uniquely altered (Figure R11). On 

the contrary, chaperone function and protein translation, as well as ECM interactions, 

antigen presentation, and mitochondrial metabolism were also significantly altered (Figure 

R11). These data reveal that, although proteome regulation is not identical in tumor bulk and 

GSCs, CMA is involved in some common crucial processes in both populations. 
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Figure R10. LAMP2A silencing alters common and unique proteins in U251 and GNS166. (A) Volcano plot of upregulated 

and downregulated proteins in U251 pGK vs shL2A proteomics (n=4); (B) Venn diagram representing the comparison 

of proteins altered in GNS166 and U251 proteomic studies. 
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Figure R11. LAMP2A silencing alters crucial proteomic pathways in U251. Ontology analysis based on Reactome database 

of altered proteome in pGK and shL2A U251 (n=4). 
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Among dysregulated pathways in the proteomic studies, mRNA processing was 

also highlighted (Figure R9D, R11), suggesting that LAMP2A downregulation may also alter 

the transcriptome of GSCs. Thus, we performed an RNAseq study in control and shL2A 

GNS166 cells. Of note, a total of 2,972 transcripts were dysregulated, among which 1,299 

were downregulated and 1,673 upregulated (Figure R12A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Of note, gene ontology analysis of significantly altered transcripts showed 

changes in processes such as PI3K-Akt or p53 signaling pathways (Figure R12B), whose 

relevance in GSCs proliferation and maintenance has been previously reported [315, 316]. 

Consistent with functional studies presented before, shL2A GNS166 and U251 cells presented 

diminished mRNA levels of the cell cycle regulator Cyclin A (Figure R13A), confirming the 

downregulation of proliferation also at molecular level. Moreover, we observed and further 

validated augmented mRNA levels of PI3KCA and mTOR (Figure R13B) in shL2A cells of both 

GNS166 and U251. Accordingly, we found an upregulation in the phosphorylated form of AKT 

protein (Figure R13C), indicating an overactivation of the pathway. Conversely, significant 

downregulation in mRNA expression of PDGFRA and the negative regulator PTEN were also 

detected in both cell lines upon LAMP2A downregulation (Figure R13D), suggesting a more 

complex regulatory system of the pathway.  
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Figure R12. LAMP2A silencing alters transcriptome of GNS166. (A) Representative heat map of upregulated and 

downregulated transcripts in RNAseq study of pGK vs shL2A GNS166 cells (n=3); (B) Dotplot representation of the main 

altered biological processes after gene ontology analysis of RNAseq study on A. 
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Interestingly, processes associated with the regulation of actin cytoskeleton, 

proteoglycans, focal adhesion, and ECM interactions also appeared to be highly altered in 

RNAseq study (Figure R12B). Notably, pathways related to ECM interactions were also 

dysregulated at proteome level, indicating that CMA regulates multiple pathways at distinct 

levels. 

 

Figure R13. LAMP2A knock down alters Cyclin A and PI3K/AKT/mTOR pathway. (A) Relative mRNA expression of Cyclin A 

in both GNS166 (n=3/4) and U251 (n=4) pGK vs shL2A; (B) Relative mRNA expression of PIK3CA and mTOR in both 

GNS166 and U251 pGK vs shL2A (n=4); (C) Representative immunoblots of p-AKT and total AKT in both GNS166 and 

U251 pGK vs shL2A (n=3); (D) Relative mRNA expression of PDGFRA and PTEN in both GNS166 and U251 pGK vs shL2A 

(n=4). 
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1.4. LAMP2A knock down impairs mitochondrial metabolism in GSCs 

CMA can promote the selective degradation of enzymes operating in glucose or 

lipid metabolism pathways and, therefore, regulate energy homeostasis [189]. In our 

proteomic study, LAMP2A knock down in GNS166 cells showed an impairment in 

mitochondrial metabolism (Figure R9D, R11). However, these cells, instead of an 

accumulation, presented a downregulation of mitochondrial ribosomal proteins such as 

MRP-S23, MRP-S11 or MRP-L3, and proteins regulating mitochondrial functionality such as 

TIM23, COX VIb-1, NDUFAF7 and AKB ligase (also known as GCAT) (Figure R9C). Indeed, 

immunoblot studies further corroborated the diminishment in shL2A cells of TIM23 and MRP-

S23 not only in GNS166, but also in GNS179 and U251 (Figure R14A). Accordingly, these 

results were also translated into clinical data, as LAMP2 presented significant positive 

correlation with MRP-L3, MRP-S23, MRP-S11, COX6B1, NDUFAF7 and GCAT in GB samples 

from TCGA cohort (Figure R14B). These results demonstrate that shL2A GSCs present 

proteomic changes indicative of a possible mitochondrial impairment. 

In order to confirm these molecular results, we decided to carry out 

mitochondrial functional assays using Agilent Seahorse XF technology. Based on the 

measurement of oxygen consumption rate (OCR) of both control and shL2A GNS166 cells 

(Figure R15A), we firstly studied the functionality of the oxidative phosphorylation system 

Figure R14. LAMP2A silencing impairs the expression of mitochondrial markers. (A) Immunoblot of mitochondrial 

markers TIM23 and MRP-S23, and β-actin in pGK and shL2A GNS166, GNS179 and U251 (n≥3) cells; (B) Association 

study of LAMP2 with mitochondrial metabolism genes MRPS23 (p=1.336e-05), MRPS11 (p=2.972e-05), MRPL3 

(p=5.80e-10), COX6B1 (p=2.086e-04), NDUFAF7 (p=3.970e-04) and GCAT (AKB ligase, p=0.0430) in TCGA cohort 

(cBioPortal for cancer genomics, https://www.cbioportal.org/). 
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(OXPHOS). In particular, we found that LAMP2A knocked down GNS166 cells presented a 

reduction of ~ 40% of basal respiration (Figure R15B) and a diminishment of ~ 60% in maximal 

respiration in response to the uncoupler of mitochondrial oxidative phosphorylation FCCP 

(Figure R15C). These alterations lead to a reduction of ~ 75% in the spare respiratory capacity 

of these cells (Figure R15D). As a key product of OXPHOS is the adenosine triphosphate (ATP), 

the observed impairment in respiratory capacity of shL2A cells also triggered a diminishment 

of ~ 45% in OXPHOS-mediated ATP production (Figure R15E). Moreover, this assay also 

showed that shL2A cell presented reduced non-mitochondrial oxygen consumption in a ~ 

50% (Figure R15F). Altogether, these results demonstrate that CMA is relevant for the 

maintenance of OXPHOS functionality. Besides, similar results were observed in U251 cells 

(Figure R15B-F), extending the impact of CMA on the regulation of mitochondrial metabolism 

also to differentiated GB cells. 
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Figure R15. LAMP2A silencing impairs mitochondrial metabolism of GNS166 and U251. (A) Normalized OCR response in 

pGK and shL2A GNS166 in basal conditions and after consecutive addition of 1 μM Oligomycin, 1 μM FCCP and 1 μM 

Rotenone/Antimycin A. A representative experiment in GNS166 is shown from a total of n=3; (B-F) Quantification of 

mitochondrial respiratory functions of pGK and shL2A GNS166 and U251 (n=3). 
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An impaired OXPHOS system can give rise to alterations in mitochondrial 

polarization and generation of reactive oxygen species (ROS) within the mitochondria [317]. 

With the aim of studying whether OXPHOS impairment observed in shL2A GNS166 cells could 

be extended to a generalized mitochondrial damage, we next decided to study these two 

characteristics by flow cytometry. Herein, we observed that shL2A GNS166 cells showed 

more depolarized mitochondria (Figure R16A) and accumulated more mitochondrial ROS 

(Figure R16B), being this latter partially rescued with the antioxidant agent butylated 

hydroxyanisole (BHA) (Figure R16C). Together, these results demonstrate a clear impairment 

of mitochondrial functionality in LAMP2A knocked down GSCs. 
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metabolic alteration. In this line, we decided to study glycolysis, a major metabolic pathway 

for cancer cells. For that, we again used Agilent Seahorse XF technology, but this time, taking 

advantage of the measurement of extracellular acidification (ECAR). Intriguingly, and contrary 

to previous reports in bulk cancer cells [206], shL2A GNS166 cells displayed a ~ 50% increase 

on the levels of glycolysis in glucose saturating conditions (Figure R17A). Moreover, when 
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Figure R16. LAMP2A silencing alters mitochondrial polarization and induces ROS in GNS166. (A) Relative quantification 

of mitochondrial polarization measured by fluorescent intensity of MitoTrackerTM Red FM dye via flow cytometry (n=3); 

(B) Relative quantification of mitochondrial ROS analysed by MitoSoxTM Red via flow cytometry (n=3); (C) Relative 

quantification of mitochondrial ROS by MitoSoxTM Red of pGK and shL2A GNS166, after treatment with antioxidant 100 

µM BHA (n=3). 
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OXPHOS is completely inhibited, both control and shL2A GNS166 cells present no differences 

in glycolytic capacity (Figure R17B). Together, these data could indicate that LAMP2A knocked 

down GNS166 cells upregulate glycolysis, in part, to compensate OXPHOS impairment and 

maintain the necessary ATP production. In this context, shL2A GNS166 cells presented a 

significantly lower glycolytic reserve (Figure R17C), which could be detrimental as the 

mitochondria or other metabolic pathways further degenerate.  

 

1.5. LAMP2A knock down impairs inflammatory and immune response in GSCs 

Among altered proteomic pathways in shL2A GSCs, IFN signaling, and antigen 

presentation were also significantly dysregulated (Figure R9C, D, R11).  In particular, a total 

of 10 IFN signaling proteins were upregulated, including relevant mediators such as STAT1 or 

MX1 (Figure R9C). These results were confirmed by immunoblot and extended to GNS179 

and U251 cell lines (Figure R18A). Indeed, not only increased the total amount of STAT1, but 

the phosphorylated form was also augmented (Figure R18A), indicating the post-

transcriptional activation of the pathway. Accordingly, we found that shL2A cells of both GSC 

and U251 presented elevated mRNA expression of IFN-γ compared to control cells (Figure 

R18B). Together with the IFN pathway, proteomic study revealed significant reduction in 

proteins associated with MHC class II antigen presentation, such as AP2M1, UKHC (also 

known as KIF5B), DPP1 (also known as Cathepsin C or CTSC) and Cathepsin D (CTSD) (Figure 

R9C). Notably, clinical data from TCGA cohort corroborated the positive correlation between 

LAMP2 and CTSD, AP2M1, CTSC and KIF5B (Figure R18C). Surprisingly, however, STAT1 and 

MX1 also showed a positive correlation with LAMP2 in these GB patients (Figure R18C), which 
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Figure R17. LAMP2A silencing upregulated glycolysis in GNS166. Relative quantification of glycolytic functions based on 

kinetic normalized ECAR response of pGK and shL2A GNS166 in basal conditions and after consecutive addition of 

glucose 10 mM, Oligomycin 1 µM and 2-D-Deoxy-Glucose 50 mM (n=3). 
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is contrary to what was expected from the results obtained in LAMP2A knocked down glioma 

cells. 
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Figure R18. LAMP2A silencing activates IFN signalling and reduces antigen presentation in GSCs. (A) Representative 

immunoblots of indicated proteins in pGK vs shL2A GNS166, GNS179 and U251 (n≥3); (B) Relative mRNA expression of 

IFN-γ in pGK and shL2A GNS166, GNS179 and U251 cells (n=4); (C) Association study of LAMP2 with STAT3 (p=1.64e-

11), STAT1 (p=1.32e-08) and MX1 (p=4.960e-04), and CTSD (Cathepsin D, p=4.07e-16), AP2M1 (p=3.86e-11), CTSC 

(DPP1, p=4.78e-11) and KIF5B (UKHC, p=2.82e-08) in TCGA cohort (cBioPortal for cancer genomics, 

https://www.cbioportal.org/). 
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Interestingly, together with IFN signaling and antigen presentation, we also 

found an upregulation of the phosphorylated form of STAT3 (Figure R18A), a major modulator 

of inflammation and immune system, and well stablished downstream effector of cytokines 

and growth factors in GB [318]. Of note, TCGA GB samples also showed a positive correlation 

between LAMP2 and STAT3 (Figure R18C). These data suggest that STAT3 may be associated 

with CMA process, but further studies would be needed to elucidate their relationship in 

detail. 

Having this in mind, and in order to further characterize the impact of CMA 

blockage on immune response, we next studied the comprehensive profile of cytokines 

secreted by shL2A GSCs. For this, we performed a cytokine array with supernatants of control 

and shL2A GNS166 cells. Overall, a total of 50 cytokines were significantly reduced, being 

IGFBP-4, Angiogenin (ANG), VEGF, SDF-1, IL-8, IL-6, IGFBP-2, Eotaxin-3 and TGF-β1, among 

the most diminished ones (Figure R19A).  On the contrary, IP10, also known as CXCL10 and 

which is secreted in response to IFN-γ, was clearly upregulated in shL2A cells (Figure R19A). 

Accordingly, the altered expression of IGFBP2, IGFBP4, ANG, Eotaxin-3, SDF1 and IP10 was 

also validated at mRNA level, not only in GNS166 cells (Figure R19B), but also in GNS179 

(Figure R19C). Nevertheless, VEGF, IL6 and IGFBP1 mRNA expression was upregulated in 

shL2A cells (Figure R19D), suggesting distinct regulatory processes among different cytokines. 

We next wondered whether the reduction of the validated cytokines in shL2A could be 

translated into clinical data. Thus, we took advantage of TCGA cohort GB data, and we found 

a positive correlation between LAMP2 and ANG, Eotaxin-3, SDF-1, and IGFBP-4 (Figure R20A). 

Together with this, the comparative KEGG analysis of LAMP2 high and low expressing GB 

patients from TCGA cohort highlighted inflammation-associated pathways as the most 

differentially expressed ones (Figure R20B). All these data indicated that CMA regulates GSCs 

inflammatory and immune response.  
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Figure R19. LAMP2A silencing reduces the secretion of cytokines in GSCs. (A) Representative heat map of the altered 

secretion of cytokines from supernatants of GNS166 pGK and shL2A (p<0.05, n=4); (B) Relative mRNA expression of 

LAMP2A, IGFBP2, IGFBP4, ANG, Eotaxin-3, SDF-1 and IP10 in pGK and shL2A GNS166 (n=8) and (C) GNS179 (n=3); (D) 

Relative mRNA expression of VEGF, IL6, IGFBP1 and IL1α in GNS166 pGK and shL2A (n=8). 
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1.6. LAMP2A knock down alters ECM related pathways in GSCs 

ECM interaction associated processes appeared to be significantly dysregulated 

both in the proteomic (Figure R9D, R11) and transcriptomic studies (Figure R12B). Among 

dysregulated proteins, several integrin subunits such as ITGB4, ITGA6, ITGAV or ITGA3, and 

ECM components as LAMA5 or LAMB2, were found diminished (Figure R9C). Of note, 

immunoblot studies validated the reduction in ITGA6 and ITGB4 in GNS166 and U251 cells 

(Figure R21A). Moreover, we also looked at the mRNA expression of some dysregulated 

transcripts in RNAseq study, validating the reduction of ITGA3, ITGA6, ITGAV, ITGB3, ITGB4, 

LAMC1, COL4A5 and FN1 in GNS166, GNS179 and U251 (Figure R21B, C). Interestingly, all 

these markers presented significant positive correlation with LAMP2 in GB samples from the 

TCGA cohort (Figure R21D).  
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Figure R20. LAMP2 correlates with inflammation in TCGA cohort. (A) Association study of LAMP2 with ANG (p=2.40e-

13), Eotaxin-3 (p=3.56e-07), SDF-1 (p=1.701e-03) and IGFBP-4 (p=1.904e-03) in the TCGA cohort (cBioPortal for cancer 

genomics, https://www.cbioportal.org/); (B) Dotplot of KEGG enrichment analysis of LAMP2 high vs low in the TCGA 

cohort (p<0.05).  
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Figure R21. LAMP2A silencing reduces ECM interaction and content markers in GSCs. (A) Representative immunoblot of 

ITGA6, ITGB4 and β-actin in GNS166 (n=4) and U251 (n=3) cells; (B) Relative mRNA expression of ECM interaction 

markers ITGA3, ITGA6, ITGAV, ITGB3, ITGB4, LAMC1, COL4A5 and FN1 in pGK and shL2A GNS166, U251 (n=3/4) and (C) 

GNS179 (n=3) cells; (D) Association study of LAMP2 with ITGAV (p= 1.31e-20), ITGA6 (p= 8.90e-10), ITGA3 (p= 8.92e-

09), COL4A5 (p= 1.57e-08), ITGB4 (p=1.98e-08), FN1 (p= 2.787e-05) , ITGB3 (p= 3.949e-05) and LAMC1 (p= 2.826e-04) 

in the TCGA cohort (cBioPortal for cancer genomics, https://www.cbioportal.org/); 
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It has been previously reported that ECM regulates migratory response of GSCs 

[319]. Having seen the impact of CMA modulation on ECM interaction in GSCs, we decided 

to study migration and invasion abilities of CMA impaired GSCs. For that we performed 

transwell migration and collagen invasion assays in control and shL2A GNS166 cells. Herein, 

we found that shL2A cells presented ~ 60% reduced migration (Figure R22A) and ~ 40% 

diminishment in invasion (Figure R22B) capacities. All these data indicate that CMA regulates 

GSC interaction with ECM and its content, having an impact on migratory and invasion ability 

of the cells. 

 

1.7. LAMP2A levels modulate GB survival 

After having demonstrated the role of LAMP2A and CMA in GSC maintenance in 

vitro, we finally moved to study its relevance in an in vivo scenario. For that, we injected 

control and shL2A GNS166 cells intracranially into the caudate nucleus of immunodeficient 

NOD.SCID mice for the evaluation of tumor formation and survival rates. Impressively, shL2A 

GSCs generated delayed and less tumors than controls, leading to significantly extended mice 

survival (Figure R23A). Of note, while control cells formed tumors from day 64 onwards, 

LAMP2A knocked down GSCs did not until day 114 post-inoculation. Indeed, at day 130, 75% 

of control cells generated tumors, whereas only 22% of shL2A GSCs did so. This relevant result 

indicates that LAMP2A and CMA regulate GSCs maintenance and tumorigenicity not only in 

vitro, but also in vivo. 
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Figure R22. LAMP2A knock down impairs migration and invasion in GSCs.  (A) Representative images (left) and 

quantification (right) of migration and (B) invasion of pGK and shL2A GNS166 cells (n=4). 
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With the goal of elucidating directly the impact of CMA on human GB survival, 

we analyzed data from TCGA and Rembrandt cohorts. Herein, in line with the results obtained 

in immunodeficient mice, GB patients with higher levels of LAMP2 expression presented 

decreased overall survival in both cohorts (Figure R23B). 

 

 

 

The results obtained in this first chapter of the doctoral thesis demonstrate for 

the first time that LAMP2A and thus, CMA regulates intrinsic activity of a CSC population. In 

particular, LAMP2A controls mitochondrial metabolism, inflammatory response and 

interactions with ECM in GSCs, having a direct impact on their maintenance and 

tumorigenicity, and eventually, in patient overall survival.
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Figure R23. LAMP2A correlates with poor overall survival in GB. (A) Kaplan Meier survival curve of orthotopic intracranial 

xenograft of GNS166 pGK and shL2A cells in NOD.SCID immunodeficient mice (n=12 per condition); (B) Kaplan Meier 

curves representing survival of patients with low vs high expression of LAMP2 in TCGA (left, n=340 vs n=185, 

respectively) and Rembrandt (right, n=18 vs n=185, respectively) cohorts. Optimal cutoff points for Kaplan Meier curves 

were designated by GlioVis database. 
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2. Characterization of a new small-molecule inhibitor of HDAC6 in GB 

 

2.1. HDAC6 is overexpressed in human GB and GSCs 

In order to determine the expression of the 11 human HDACs in GB samples, we 

firstly took advantage of Rembrandt cohort samples (n=247). Herein, we saw that HDAC1, 3, 

6, 7 were significantly upregulated in GB comparing to healthy control tissue (Figure R24A). 

With the purpose of extending these results to an additional cohort, we analyzed these four 

HDACs in GB samples from the TCGA cohort (n=160), finding very similar results (Figure R24B). 

Among the four HDACs, HDAC1 and HDAC6 were of special interest, based on their distinct 

cellular localization, and thus, possible different targetome [238]. Thus, we next decided to 

explore the association of their expression with GB patient survival. Data from Rembrandt, 

Phillips and Joo cohorts showed that high expression of HDAC6 (Figure R24C) or HDAC1 

(Figure R24D) seemed to correlate with poor overall patient survival, with significant results 

in some of the cases. 
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With this results in mind, we next characterized the expression of both HDAC6 

and HDAC1 in a set of conventional GB cell lines and two patient-derived GSCs. GB cell lines 

presented variable expression of both HDAC6 and HDAC1 (Figure R25A). Of note, both 

patient-derived GSCs highly expressed HDAC6. Accordingly, oncospheres generated from 

conventional GB cell lines also presented upregulated expression of both HDAC1 and HDAC6, 

being HDAC6 more prominently expressed (Figure R25B). Interestingly, clinical data from GB 
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Figure R24. HDAC6 is overexpressed in GB samples. (A) mRNA expression of the 11 human HDACs in control and GB 

samples from Rembrandt cohort (GlioVis, http://gliovis.bioinfo.cnio.es); (B) mRNA expression of human HDAC1, 3, 6 

and 7 in control and GB samples from TCGA cohort; (C) Kaplan-Meier curves representing survival of patients with low 

vs. high expression of HDAC6 and (D) HDAC1 in Rembrandt (n=33 vs. n=139; n=121 vs. n=51; respectively), Phillips 

(n=26 vs. n=24; n=42 vs. n=8; respectively) and Joo cohorts (n=10 vs. n=35; n=14 vs. n=31; respectively). Optimal cutoff 

points were designated by GlioVis database. 
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patients from the TCGA cohort showed a significant positive correlation of HDAC6 expression 

with GSC markers SOX2, SOX9, NANOG, NESTIN, OCT4 and CD133 (Figure R25C), whereas 

HDAC1 did not with none of them (Figure R25D).  
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Figure R25. HDAC6 is enriched in GSCs. (A) Representative immunoblots of HDAC1 and HDAC6 expression for a set of 

glioma cell lines, including patient-derived GNS166 and GNS179 stem cells (n=2); (B) HDAC1 and HDAC6 mRNA 

expression in U87, U373 and U251 cells cultured in serum and stem cell conditions (n=4); (C) Association analysis of 

HDAC6 and (D) HDAC1 mRNA expression with SOX2, SOX9, NANOG, NESTIN, OCT4 and CD133 in TCGA cohort (R2: 

Genomics Analysis and Visualization Platform: https://r2.amc.nl). 
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Altogether, these results demonstrate that both HDAC1 and HDAC6 are highly 

expressed in GB and are associated with poor overall survival. Moreover, HDAC6 is 

significantly enriched in GSC subpopulation, correlating positively with many stem cell 

markers. Thus, HDAC6 may be a potential therapeutical target in GSCs. 

2.2. The novel HDAC6 inhibitor JOC1 reduces GB cell viability 

The pharmacological strategy for inhibiting HDACs have been tested in various 

types of cancer, including GB (https://clinicaltrials.gov/). However, their lack of selectivity 

causes several side effects, limiting the therapeutic window of the compounds and 

eventually, their effectiveness. Thus, we decided to collaborate with a company that had 

recently developed an HDAC6 inhibitor with promising preclinical results in mantle cell 

lymphoma [299]. For strategy purposes of the company, the name of the compound in this 

doctoral thesis and in the resulting publication [300] changed to JOC1. 

We firstly tested the capacity of JOC1 for inhibiting HDAC6 in GB cells. For that, 

we studied the expression of HDAC6 and the acetylated form of its main substrate α-tubulin. 

Our results revealed that increasing concentrations of JOC1 clearly induced the acetylation 

of α-tubulin in both U87 conventional GB cells and the patient-derived GNS179 cells (Figure 

R26A), indicating the efficient inhibition of HDAC6 activity. Indeed, JOC1 does not change 

total expression of HDAC6 protein (Figure R26A), which could be expected as this compound 

acts as an inhibitor of HDAC6 function. Of note, we also found an upregulation of the 

acetylated form of histone 3 (H3) (Figure R26A), a main substrate of nuclear HDACs. However, 

this effect was not as strong as α-tubulin acetylation, indicating that the activity of JOC1 is 

more selective inhibiting HDAC6 than nuclear HDACs. This result agrees with in vitro 

enzymatic studies previously performed, which demonstrated an exceptional specificity for 

decreasing HDAC6 enzymatic activity (IC50 < 1nM), being nuclear HDAC1 the second member 

of the family whose activity was more inhibited, with an IC50 value over 50 nM [299]. 

After verifying the HDAC6 inhibitor function of JOC1, we next studied the effect 

of the compound in the viability of GB cell lines. For that, we used a set of conventional GB 

cell lines and compared their sensitivity to the one exhibited by control normal human 

astrocytes (NHA). After 72 h of treatment with increasing concentrations of JOC1, we 
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observed that all GB cell lines presented remarkably lower IC50 values than NHA cells (Figure 

R26B), indicating that JOC1 cytotoxic effect is higher in GB cells than in control ones. 

 

2.3. The novel HDAC6 inhibitor is more efficient than other HDACi available 

In order to assess the potential of JOC1 as an antitumor agent, we next compared 

its efficacy to the pan-HDACi SAHA and the HDAC6-selective inhibitor Tubastatin A. For that, 

we treated U251 cell line with low concentrations of the three compounds for 48 h and we 

studied their effect in HDAC function. Importantly, we found that only JOC1 was able to 

induce α-tubulin acetylation at the concentration of 10 nM, whereas SAHA and Tubastatin A 

were not (Figure R27A). Moreover, 100 nM JOC1 promoted stronger α-tubulin acetylation 

than the other HDACi studied (Figure R27A), indicating its remarkable efficacy as an HDAC6 

inhibitor. As previously mentioned, in this experiment we also observed the upregulation of 

the acetylated form of H3, being this effect similar at 10 nM of all three compounds studied, 

and lower than the α-tubulin hyperacetylation in both concentrations (Figure R27A). 

Interestingly, this molecular pattern was also translated into cellular effects, as JOC1 

presented greater cytotoxic efficacy in all seven GB cell cultures studied (Figure R27B). In line 

with this, JOC1 also promoted higher induction of apoptosis, measured by cleaved PARP 

(Figure R27A), reinforcing its potency as a cytotoxic agent. 
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Figure R26. JOC1 compound inhibits GB cell viability by inhibiting HDAC6. (A) Representative immunoblots of HDAC6, its 

main target (acetyl-) α-tubulin and nuclear HDAC target (acetyl-) histone-3 (H3) after 48 h of control, 1 µM and 5 µM 

JOC1 treatment in patient-derived GNS179 and U87 cells (n=3); (B) IC50 values (µM) measured by MTT assay (n=3), 

after 72 h of increasing concentrations of JOC1 treatment in control (NHA, normal human astrocytes) and glioma cell 

lines. 
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The use of combined therapy as a pharmacological strategy enables treating the 

tumor through various molecular pathways. Thus, we next wondered whether JOC1 could be 

a good candidate for combining it with the gold standard treatment in GB, TMZ. To test this 

idea, we treated U87 cell line with TMZ alone, and in combination with JOC1 or SAHA for 72 

h. Herein, we saw that both combinations presented increased cytotoxic activity than TMZ 

alone, having the combination of JOC1 plus TMZ the strongest effect (30% viability vs. 50% 

SAHA/TMZ and 85% TMZ alone) (Figure R28). These results confirm the potential of JOC1 

compound as a cytotoxic agent in GB, being more efficient than other available HDACis, even 

in combination with TMZ. 
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Figure R28. Combinational therapy of TMZ with JOC1 is more effective than the one with SAHA. Comparative study of 

cell viability in combinational treatments of TMZ and JOC1 or SAHA, after 72 h in U87 (n=3). 
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Figure R27. JOC1 compound is more efficient than other HDACis available. (A) Western blot analysis of the expression 

of HDAC6, (acetyl-)α-tubulin, (acetyl-) H3 and cleaved PARP in U251 cell line after 48 h treatment of control, 0.01 µM 

and 1 µM of JOC1, pan-inhibitor SAHA and HDAC6-selective-inhibitor Tubastatin A; (B) Cell viability IC50 values (µM) of 

JOC1, SAHA and Tubastatin A at cell viability level of conventional and patient-derived GSCs, at 72 h (n≥3). 
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2.4. The novel HDAC6 inhibitor JOC1 suppresses GSC activity in vitro 

To test the effect of JOC1 directly in GSC subpopulation, we studied the cellular 

properties of patient-derived GNS179 in response to increasing concentrations of JOC1. 

Notably, JOC1 reduced the proliferation of GNS179, measured both by immunofluorescence 

analysis of the mitosis marker phosphorylated H3 (Figure R29A) and by cell counting (Figure 

R29B).  

 

 

Similar results were observed in U87 (Figure R29A, B), indicating an effect also in 

tumor bulk. In order to study more deeply the GSC subpopulation, we next performed 

oncospheres assay in the presence of increasing concentrations of JOC1 in U87. Accordingly, 

we found that JOC1 significantly impairs the generation of both 1ry CSCs (reduction of ~ 50 % 

at 1 µM / ~ 95 % at 5 µM) (Figure R30A) and 2ry CSCs (reduction of ~ 80 % at 1 µM / ~ 90 % at 

5 µM) (Figure R30B), demonstrating a robust effect in self-renewal of GSCs. Supporting these 

results, we observed that 48 h of treatment with 1 µM JOC1 reduced the protein expression 

of GSC markers BMI-1, SOX9 and SOX2 in GNS179 (Figure R30C). Similar results were obtained 

for BMI-1 in U87 cells (Figure R30C), a model whose basal expression of SOX9 and SOX2 is not 

detectable [111]. 
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The potential GSC differentiating effect of JOC1 was further confirmed with the 

dose-dependent induction of MKP1 expression (Figure R31A), which we had previously 

associated with impaired GSCs activity and enhanced differentiation [302]. With the purpose 

of elucidating the involvement of MKP1 in JOC1 response, we examined cell viability of U87 

transduced with control or MKP1 overexpressing vector, in the presence of the combination 

of TMZ plus JOC1 (Figure R31B). Herein, we determined that high levels of MKP1 sensitized 

U87 to the tested therapeutic strategy, revealing that MKP1 mediates, at least in part, the 

activity of JOC1.  
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Together with differentiation of GSCs, we wondered whether JOC1 could also 

induce apoptosis. With this aim, we firstly studied caspase-3 activation by 

immunofluorescence, observing that 48h of increasing concentrations of JOC1 promoted 

dose-dependent gain of this marker in GNS179 (Figure R32A). This result was accompanied 

by the upregulation of PARP cleavage (Figure R32B) and BAX mRNA expression (Figure R32C). 

These results show that JOC1 impairs GSC activity inducing both differentiation and 

apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5. The novel HDAC6 inhibitor JOC1 promotes differentiation and cell death, and 

inhibits cell cycle in GSCs 

In order to characterize the comprehensive profile of transcriptional alterations 

induced by JOC1 treatment, we performed a microarray gene expression analysis in patient-

derived GNS166 in the absence and presence of 5µM of the novel compound. Overall, a total 

of more than 1,000 genes were significantly dysregulated by JOC1. For getting a general 

landscape of altered pathways, we carried out a gene ontology analysis of dysregulated 

transcripts. Interestingly, the top canonical pathways within the upregulated networks were 

associated with cell differentiation, cell death, protein modifications, signaling, motility, 

transport, and others, being cell differentiation the most remarkable one (Figure R33A). On 
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the contrary, among downregulated pathways, processes associated with cell cycle were 

clearly the most abundant ones, with a few pathways linked to transcriptional regulation and 

others (Figure R33B). Supporting these data, we observed a dose-dependent induction of the 

differentiation marker TUJ1 (Figure R33C) and the cell cycle inhibitor p21Cip1 (Figure R33D) 

mRNA expression in GNS179 after 48 h of JOC1 treatment. 

The microarray results obtained in GNS166 treated with JOC1 were in line with 

the cellular and molecular alterations that we had seen in GSCs. Accordingly, GB samples 

from TCGA also supported these results, as they presented the previously mentioned 

significant positive correlation of HDAC6 with GSC markers (Figure R25C), as well as with cell 

cycle regulators CDK11, Cyclin D2, CDK19 and EGFR, and a negative correlation with p21Cip1 

(Figure R34A). Of note, there was not significant correlation with almost any of the markers 

in the case of HDAC1 (Figure R25D, R34B). These data reinforce the potential of HDAC6 as a 

promising therapeutic target in GB and demonstrates that JOC1 is an effective and selective 

inhibitor of it.  
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Figure R33.  JOC1 treatment induces cell differentiation and reduces cell cycle associated transcriptomic pathways. (A) 

Representative bar plots of biological processes up-regulated and (B) down-regulated by 48 h of 5 µM JOC1 in GNS166 

cells (n=3), after gene ontology analysis of microarray results. All genes selected for gene ontology analysis presented 

fold change >1.5 and p value < 0.001 in the microarray; (C) TUJ1 and (D) p21Cip1 mRNA expression in GNS179 cells 

treated with control, 1 µM or 5 µM JOC1 for 48 h (n=3). 
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With the aim of further characterizing the difference between JOC1 and the pan-

HDACi SAHA, we performed the same microarray analysis in GNS166 cells upon treatment 

with 5 µM SAHA for 48 h. We found that both JOC1 and SAHA shared a total of 1,822 

upregulated and 1,427 downregulated transcripts, indicating huge similarities in their 

targetome (Figure R35A, B). Notably, however, JOC1 upregulated and downregulated a higher 

number of genes, which might suggest a wider mechanism of action of JOC1. When 

performing gene ontology analysis, although both compounds presented very similar altered 

pathways, such as differentiation and cell cycle, based on obtained q-values, JOC1 altered 

them more significantly than SAHA (Figure R35C). Accordingly, immunoblots corroborated 

the greater potency of JOC1 compared to SAHA in GNS166, as it triggered higher α-tubulin 

hyperacetylation and PARP cleavage (Figure R36), whereas it showed more decreased 

expression of the GSC marker BMI-1.  These results reveal advanced mechanistic insight of 

JOC1 functionality, which further supports its antitumor activity at molecular level. 
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Figure R34.  HDAC6, but not HDAC1, correlates positively with cell cycle regulator markers. (A) Association analysis of 

HDAC6 and (B) HDAC1 with CDK11, Cyclin D2, CDK19, EGFR and p21Cip1 in TCGA cohort (R2: Genomics Analysis and 

Visualization Platform: https://r2.amc.nl). 
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Figure R35.  JOC1 treatment presents more potent anti-oncogenic molecular pattern than SAHA. (A) Venn diagram of 

genes upregulated and (B) downregulated in DMSO vs JOC1, DMSO vs SAHA and DMSO-JOC1 vs DMSO-

SAHA; (C) Comparison of gene ontology analysis of upregulated and downregulated genes, for JOC1 and SAHA drugs, 

based on q-values (n=3). 
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2.6. The novel HDAC6 inhibitor JOC1 reduces GB tumorigenicity in vivo 

Having reported the in vitro potential of JOC1 as an antitumoral agent in GB, we 

decided to analyze its effect in an in vivo scenario. For that, we carried out two different 

experiments. First, we studied the effect of the novel compound in tumor initiation in vivo 

(Figure R37A). For that, we injected 3.5 · 105 U87 cells subcutaneously in the flanks of 

Foxn1nu/Foxn1nu mice and we subsequently started to treat the mice with vehicle or 40 mg/kg 

JOC1, intraperitoneally. The treatment schedule followed during the experiment comprised 

5 consecutive days of treatment and 2 days off, for a total of 30 days (Figure R37A). Mice 

weight was controlled during the experiment, not observing significant changes in any of the 

time points (Figure R37B). Interestingly, we determined that JOC1 treatment delayed tumor 

initiation and reduced tumor growth (Figure R37C). Indeed, after 30 days of experiment, 

tumors from mice treated with JOC1 presented a reduction of ~30% of the final volume, 

compared to control ones (Figure R37D). Thus, these results indicate that, JOC1 reaches 

subcutaneous tumors by intraperitoneal administration, reducing tumor initiation and 

growth, without affecting mice weight.  

Next, we performed immunohistochemical studies of the generated tumors in 

order to confirm the effect of JOC1 molecularly. Meaningfully, tumors from treated mice 

presented higher expression of acetylated α-tubulin (Figure R37E) and reduced number of 

Figure R36.  JOC1 is more potent than the pan-inhibitor SAHA in GSCs. Immunoblots for the validation of samples treated 

with control, 5 µM JOC1 or 5 µM SAHA used for microarray analysis (n=3). 
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cells positive for the proliferation marker Ki-67 (Figure R37E, F). These results confirm the 

specificity and anti-tumor effect of JOC1 in vivo. 

With the purpose of performing an in vivo experiment that could be closer to 

what is observed in the clinic, we planned a second in vivo model where the compound was 

administrated once tumors were formed. In this case, we injected 5 ·105 U87 cells 

subcutaneously in the flanks of Foxn1nu/Foxn1nu and, once detectable tumors were formed, 

mice were grouped for receiving vehicle or 50 mg/kg JOC1 treatment (Figure R38A). We 

followed the same treatment schedule as in the previous in vivo experiment, so that we did 

not detect significant changes in mice weight (Figure R38A, B). Of note, JOC1 diminished 

Figure R37.  JOC1 treatment slows down tumour initiation in vivo. (A) Schematic representation of tumour initiation 

assay. 3.5x105 U87 cells were injected Foxn1nu/Foxn1nu nude mice and since then, vehicle or 40 mg/kg JOC1 treatment 

was applied intraperitoneally by 5 days of dosing/2 days off, for 30 days; (B) Body weight changes of mice relative to 

their initial status. Each bar represents mean% ± SE; (C) Tumour volume scored at the indicated time points (n=12); (D) 

Measurement of tumour volume at final time point of the experiment; (E) Representative images of acetyl-α-tubulin 

and Ki-67 IHC staining from tumours obtained in D (n=4); (F) Quantification of Ki-67+ cells in E (n=4). 
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tumor growth, causing a reduction of ~50% in the final volume of tumors generated 

compared to the ones from vehicle-treated mice (Figure R38C, D). Similarly, 

immunohistochemical analysis of the formed tumors presented hyperacetylation of α-tubulin 

and reduced number of Ki-67 positive cells upon JOC1 treatment (Figure R38E, F), confirming 

its function at molecular level. Together, these data reveal that JOC1 treatment presents 

potent antitumorigenic activity in vivo, even when treatment is initiated once tumors are 

formed, and seems not to alter mice weight. 
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Figure R38.  JOC1 treatment reduces tumour growth in vivo. (A) Schematic representation of tumour growth assay. 

5·105 U87 cells were injected in Foxn1nu/Foxn1nu nude mice and, after tumour occurrence, mice were treated with 

vehicle or 50 mg/kg JOC1 treatment, for 16 days; (B) Body weight changes of mice relative to their initial status. Each 

bar represents mean% ± SE; (C) Tumour growth relative to tumour volume at the beginning of JOC1 treatment at the 

indicated time points; (D) Tumour volume measured at the end of experiment; (E) Representative images of acetyl-α-

tubulin and Ki-67 staining from tumours in D; (F) Relative quantification of Ki-67+ cells in JOC1 treated compared to 

control tumours (n=3). 
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2.7. The vehiculation of JOC1 using protein nanoparticles improves its efficacy 

Every compound designed for treating brain disorders have to meet certain 

characteristics, including the ability of crossing the BBB. Although the in vivo potential of JOC1 

compound seemed to be promising, its structure and solubility hampered reaching into the 

brain. Thus, in collaboration with Aitziber Cortajarena’s group in CIC biomaGUNE (San 

Sebastian, Spain), we decided to develop a vehiculation strategy of JOC1 based on 

nanoparticles of BSA. Herein, JOC1 was added to the reduced BSA solution and then ethanol 

was added in order to form the nanoparticles (BSANP@JOC1) by coprecipitation. Notably, 

encapsulation yield increased more than 100 times from pH 7.4 to 11.5, whereas 

nanoparticle size decreased significantly (Figure R39A, B). Thus, following nanoparticle 

synthesis were done in pH 11.5. Interestingly, the final BSANP@JOC1 nanoformulation had 

high encapsulation yields and a size below 100 nm (Figure R39B), which is ideal for 

nanodelivery applications. Thus, we finally succeeded in generating ~1mg/mL JOC1 

concentration in BSANP@JOC1 form, which presented a homogeneous size distribution 

(Figure R39C). Then, we compared the efficacy of the nanoformulation to the one of the free 

compound in vitro. In particular, we calculated IC50 cell viability parameter for each 

formulation upon 72 h of treatment in U87 cells. Notably, the encapsulation presented a 

tendency for improving free compound efficacy (IC50 BSANP@JOC1=1.819 vs. IC50 JOC1 

free=2.364) (Figure R39D), which demonstrated the successful vehiculation of JOC1. 

 

 

 

 

 

 

 

 

 



Results | Chapter 2 
 

155 
 

 

Data generated in this second chapter reveal the potential of HDAC6 as 

prognostic biomarker and therapeutic target in GB, and describe the antitumor effect of a 

novel HDAC6 inhibitor, JOC1, in GB, with special emphasis in targeting the population of GSCs.
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Figure R39.  BSA-based encapsulation of JOC1 increases free-compound solubility and efficacy. (A) Representation and 

(B) values of encapsulation yields and size of BSANP@JOC1 at pH 7.4 and 11.5; (C) Size-distribution of synthesized 

BSANP@JOC1, at pH 11.5 and 1 mg/mL JOC1; (D) Cell viability of U87 cells after 72 h of control, free JOC1 and 

BSANP@JOC1 treatment (n=3). 
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3. HDAC expression correlates with microglial aging 

 

3.1. HDAC expression is associated with microglial senescence in vitro 

As a first approach for characterizing the impact of HDACs on microglial aging, 

we aimed to recapitulate it by an in vitro model in which we induced senescence in HMC3 

microglial cells with the senescence inductor bleomycin [320]. Herein, we confirmed that 48 

h of bleomycin treatment induced the number of HMC3 cells positive for the senescence-

associated β-galactosidase activity staining (Figure R40A), validating the model. In fact, 

bleomycin stopped proliferation of HMC3 cells, and induced cell death, as we got negative 

values for the cumulative population doubling level (ΔPDL) parameter at day 2 and 4 of 

treatment (Figure R40B). In order to study molecular changes preceding this phenotypic 

effect, we studied HMC3 cells upon 24 h of bleomycin treatment. Treated microglia 

presented significant upregulation of the cell cycle inhibitor p21Cip1 (Figure R40C) and IL6 

expression, a marker of senescence-associated secretory phenotype (SASP) [321] on these 

cells (Figure R40C). In this context, we checked the expression of HDACs. We selected HDAC1, 

2, 3, 6, 7 and SIRT1, based on their link with age-associated brain disorders [322-327]. 

Interestingly, bleomycin treated microglia presented a slight upregulation of HDAC1, HDAC3 

and Sirt1 mRNA levels, with a similar tendency but not significant in the case of HDAC6 and 

HDAC7. (Figure R40C). Of note, when activating both control and senescent microglia with 

lipopolysaccharide (LPS) for 12 h, IL6 expression was increased in both cases, but no clear 

changes were observed in any of the studied HDACs (Figure R40C). These data may suggest 

that HDAC expression increases upon induction of microglial senescence, but not activation.  
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With these results in mind, we next wondered if the upregulation of HDACs could 

have any impact on microglial senescence. Among HDACs studied, HDAC1 was the most 

significantly dysregulated one upon bleomycin treatment, whereas HDAC2, although not 

altered in our study, share some redundant functions with HDAC1 [328]. Thus, we performed 

their individual ectopic overexpression in HMC3. After validating the upregulation of both 

transcripts (Figure R41A), we studied the expression of p21Cip1 in these cells. No changes were 

observed at basal level, but interestingly, when treating cells with bleomycin, HDAC1 or 

HDAC2 overexpressing cells presented a tendency for a greatest induction of p21Cip1 

compared to control cells (Figure R41B). 

 

Figure R40.  HDAC expression is slightly upregulated with microglial senescence. (A) Quantification of microglial cells 

positive for senescence-associated β-galactosidase (S-A-β-Gal) activity staining upon 48 h treatment of 50 µg/mL 

bleomycin (n=4); (B) Cumulative population doubling level (PDL) at day 2 and day 4 treatment of bleomycin (n=4); (C) 

Relative mRNA expression of the indicated transcripts after 24 h with control, 1 µg/mL LPS, 50 µg/mL bleomycin or 50 

µg/mL bleomycin plus 1 µg/mL LPS (n=3). 
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3.2. HDAC and microglial marker expression is upregulated in aged DG 

Aging is a multifactorial process that affects distinct cell types along the brain. 

Consequently, we decided to move to in vivo scenario. First, we studied the expression of 

HDACs in adult mice brain sections. Of note, hereafter we included Sirt3 in our study, based 

on its recent link with microglial senescence upon HIV-1 infection [329]. Interestingly, we 

found that Hdac1, 2, 3, 6, 7 and Sirt3 were highly expressed in the DG from adult C57BL6 

mice (Figure R42A). Indeed, Hdac2 and Hdac3 were also expressed in other regions of the 

brain, but in a lower intensity. When studying microglial marker expression, Cd68 expression 

was as well highly enriched in the DG, whereas no clear signal was detected for Aif1 (Figure 

R42B), suggesting a putative association between microglia and Hdac expression in this brain 

region. 

Figure R41. Upregulation of HDAC1 and HDAC2 tend to increase p21Cip1 in microglia. (A) Relative mRNA expression of 

HDAC1, HDAC2 and (B) p21Cip1 in HMC3 transfected with control and HDAC1 or HDAC2 overexpression (OE) plasmids, 

and treated with control or 50 µg/mL bleomycin for 24 h (n=3). 
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Thus, we subsequently moved to study DG samples from a set of young and aged 

mice. Although variability between samples was high, aged mice DG samples presented a 

tendency for increased expression of the senescence marker p16INK4a and the cell cycle 

Figure R42. HDAC expression is enriched in dentate gyrus of adult C57BL6. (A) Images of in situ hybridization (up) and 

expression (down) of Hdac1, 2, 3, 6, 7 and Sirt1 ,3 and (B) microglial markers Aif1 and Cd68 in brain sections from P56 

C57BL6 mice. 
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inhibitor p21Cip1 (Figure R43A). Interestingly, similar tendency was observed in Hdac1, 2, 3, 6, 

7 and Sirt1 expression (Figure R43A). Moreover, we observed that Aif1 microglial marker was 

upregulated in aged mice compared to young ones (Figure R43A), supporting the idea of a 

possible link between Hdac expression and microglial aging in this brain region.  

 

With the aim of translating the obtained results into human samples, we 

analyzed the same set of HDACs in hippocampal samples from young and aged human 

individuals. Herein, we found that aged individuals presented general increase on the 

A 
Murine 

B 

Figure R43. HDAC and microglial marker expression is upregulated in aged mice and human hippocampus. (A) Relative 

mRNA expression of the indicated Hdac transcripts, together with the microglial marker Aif1, senescence marker 

p16INK4a and cell cycle inhibitor p21Cip1 in dentate gyrus from young (2 months) and aged (24 months) C57BL6 mice 

(n=7 vs. n=9, respectively) and (B) in hippocampus from young (27-45 years old) and aged (76-96 years old) human 

individuals (n=16 vs n=17, respectively). CD68 and ITGAM microglial markers were also analyzed in human samples. 
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expression of HDACs, with significant results in the case of HDAC1, 3 and 7 (Figure R43B). 

Indeed, aged hippocampus also showed significant upregulation of the microglial marker 

AIF1, and the senescence markers p16INK4A and p21CIP1 in aged individuals. 

For the characterization of microglial content, in addition to AIF1, we included 

other microglial markers, such as CD68 and ITGAM. Notably, all microglial markers appeared 

to be significantly upregulated in hippocampus samples from aged individuals compared to 

young ones. Intriguingly, almost all studied HDACs showed positive and significant correlation 

with CD68 (Figure R44A), ITGAM (Figure R44B) and AIF1 (Figure R44C), being HDAC1, HDAC7 

and SIRT1 the ones with strongest Spearman correlation coefficients. These data indicate a 

significant association between HDACs and microglia in human hippocampus with aging. 
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Figure R44. HDACs correlate positively with microglial markers in human hippocampus. (A) Correlation analysis of 

HDAC1, 2, 3, 6, 7, Sirt1 and 3 with CD68, (B) ITGAM and (C) AIF1 microglial markers in young and aged human 

hippocampus (n=33). Linear regression is shown when significant. 
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Taking advantage of data from RNAseq studies in publicly available datasets, we 

further characterized the expression of HDACs in human aged individuals. Herein, we firstly 

found that the expression of HDAC1 and HDAC2 was enriched in the hippocampus (Figure 

R45). Similarly, CD68, ITGAM and AIF1 microglial markers appeared to be enriched in this 

brain region (Figure R45), reinforcing the positive correlation between HDAC expression and 

microglia. Additionally, HDAC1, 2, 6, 7 and SIRT1 expression was also enriched in white matter 

of forebrain, where glial cells are predominantly found (Figure R45). Accordingly, the high 

expression of microglial markers was also observed in this brain region (Figure R45).  

 

 

Next, we decided to check HDAC expression directly in aged microglia. For that, 

we took advantage of RNAseq data from aged human bulk dorsolateral prefrontal cortex 

samples and purified microglia from the same region. Herein, as expected, we observed that 

microglial markers CD68, ITGAM and AIF1 were clearly enriched in microglia compared to 

z-score 

-3 +3 0 

FWM HIP PCx TCx 

- Dementia 

Age Age 

- Dementia 
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Age Age 
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Age Age 

Figure R45. HDAC and microglial marker expression is highly enriched in hippocampus and white matter in aged human 

individuals. RNAseq results for HDAC1, 2, 3, 6, 7, SIRT1, SIRT3 and microglial markers CD68, ITGAM and AIF1 expression 

represented by z-score in white matter of forebrain (FWM), hippocampus (HIP), parietal neocortex (PCx) and temporal 

neocortex (TCx) of aged human individuals ranged between 78-100+ years old (n=30 no-dementia vs. n=24 dementia). 

Dementia was presented as vascular, multiple etiologies, Alzheimer’s disease or other medical form. Data obtained 

from https://aging.brain-map.org/rnaseq/search.  
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bulk cortex (Figure R46A). Interestingly, we found that the expression of HDAC1, 2 and 3 was 

also enriched in microglia (Figure R46B), supporting their association with microglial aging. 

 

 

 

In this third and last chapter of the doctoral thesis we found that HDAC 

expression correlates positively with microglial aging in an in vitro model and in vivo samples 

of aged DG. Among all studied HDACs, HDAC1 seem to be the strongest member associated 

with microglial aging, as it followed the positive tendency in almost all experiments and 

cohorts analyzed.

Figure R46. HDAC1, 2 and 3 are enriched in aged microglia from human dorsolateral prefrontal cortex. RNAseq data for 

the expression of microglial markers CD68, ITGAM and AIF1, and (B) HDAC1, 2, 3, 6, 7, SIRT1, SIRT3 in bulk dorsolateral 

prefrontal cortex (n=540) vs. purified microglia from the same region (n=10). Data obtained from 

http://shiny.maths.usyd.edu.au/Ellis/MicrogliaPlots/. 
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Cancer and aging may be considered opposite processes in terms of cellular 

fitness. However, some evidence suggests that the link between them is strong. First, both 

processes share a common origin: accumulation of DNA damage [137]. Second, they present 

similarities in their main hallmarks, but represented as two different manifestations [137, 

330]. Moreover, incidence of most cancer types increases notably with age, as it is the case 

of GB [331]. In this doctoral thesis, we focused our attention on the intrinsic and extrinsic 

dysregulation of stem cell pool observed within the brain in both scenarios.  

Control of processes modulating proteostasis, as well as regulation of epigenetic 

mechanisms are crucial in stem cell maintenance and activity [145, 330, 332]. In the present 

doctoral thesis, we aimed to study their impact on GB and brain aging. Regarding 

proteostasis, we studied CMA, a unique and selective protein degradative system, whose 

implication in CSCs was completely unknown [202]. In terms of epigenetic mechanisms, 

instead, we put our focus on HDACs, enzymes that catalyze the removal of acetyl groups, 

regulating both chromatin structure and function of non-histone proteins [333]. On the one 

hand, we studied the impact of HDAC expression on GB malignancy and GSC subpopulation, 

and revealed the potential of a novel compound selective for the inhibition of HDAC6 as an 

anti-oncogenic agent for targeting GSCs. On the other hand, we characterized the expression 

of a subset of HDACs in aged brain regions and studied its correlation with microglia in aging. 

1. CMA maintains GSC activity 

1.1. CMA is upregulated in GSCs and GB tissues 

Fast growing GB cells contain numerous misfolded proteins, causing imbalanced 

proteostasis. [211]. In this context, how autophagy affects to GB progression and GSC activity 

is still under research. MA, the most studied type of autophagy, presents a dichotomous 

effect in GB. In particular, it has been shown to promote apoptosis in response to several 

stressors [212], whereas, in advanced stages of the disease, it contributes to cell survival, 

providing metabolic support and preventing senescence [213]. CMA also presents a dual role 

in cancer, being protective in malignant transformation and promoter of cancer progression 

[205]. Thus, CMA activity has been associated with tumor progression in various types of 

cancer [205], but its role is still very poorly understood in the case of GB and completely 

unknown in CSCs. 
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In the first chapter of this doctoral thesis, we revealed that LAMP2A expression 

and CMA process were enriched in GSCs. In fact, we found that LAMP2A correlated with GSC 

markers in different GB cell models in vitro and in vivo. Moreover, our results were extended 

into clinical samples of GB, where we found that total mRNA levels of LAMP2 were positively 

associated with stem cell signature, and were enriched in GSC-like cells [290]. Although 

changes in the abundance of LAMP2A in lysosomes usually correlate with CMA activity [334], 

we took advantage of the photoswitchable KFERQ-Dendra reporter to reveal that GB cells, 

and specially GSCs, presented higher CMA activity than non-transformed cells. This reporter 

acts as a CMA substrate, so that, when CMA is active, the association of the reporter with 

lysosomes increases, changing intracellular fluorescence [307]. Thus, using different 

approaches we unraveled a novel link between CMA and GSCs. 

Malignancy in the clinics of GB appeared to be associated with total mRNA levels 

of LAMP2 in our work. Thus, LAMP2 gene was overexpressed in GB compared to control 

human tissue in two large and independent cohorts. As this analysis could not distinguish the 

different isoforms of LAMP2 gene, we studied specifically LAMP2A expression in an additional 

cohort. Thus, we revealed that GB samples showed higher mRNA expression of LAMP2A 

compared to control tissue, and 60% of GB samples presented very high LAMP2A protein 

expression, indicating the upregulation of CMA process in GB. In the same line, other reports 

have shown similar results in smaller cohorts of GB samples at protein level [335, 336], 

extending our results into additional cohorts. Our work also confirmed that GB samples 

presented an enhanced mRNA expression of LAMP2B isoform, which participates in MA 

process and thus, validates also the previously described upregulation of MA in GB [337]. 

Moreover, we revealed that high LAMP2 expression was associated with increased glioma 

grade, mesenchymal GB subtype that shows the worst prognosis [338], and poor overall 

survival in GB patients. Altogether, these data suggest that LAMP2 may present a prognostic 

value in GB, as it has been previously proposed for gastric [339] and breast cancer [340] 

patients. 

1.2. LAMP2A regulates GSC activity 

The study of autophagy in stem cells in an active research line. In the present 

work, we found that LAMP2A downregulation reduced self-renewal and proliferation, and 

induced apoptosis in two patient-derived GSCs, as well as in the GSC subpopulation of 
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conventional glioma cells. Although a possible limitation of our study is that we used a single 

shRNA for targeting LAMP2A, it is noteworthy to say that this shRNA was extensively 

compared with two additional ones in a previous study [185]. In fact, these three shRNAs lead 

to similar changes in cell proliferation and cell death in response to stressors, minimizing 

concerns about unintended off-target effects of our shRNA.  Moreover, an additional study 

reported that LAMP2A silencing in conventional U87 cells enhanced apoptosis and reduced 

tumor growth [335], further validating the effect of CMA in GB. The first study that described 

that CMA contributes to cancer cell proliferation was performed in lung cancer and 

melanoma [206]. Since then, studies performed in gastric cancer, and cervical and 

hepatocellular carcinoma, among others, have shown that CMA degrades cell cycle-related 

proteins RND3/RhoE [339] or HIF1α [341], as well as apoptosis-related proteins cyclin D1 

[342] or HMGB1 [343]. However, all these studies analyze tumor-bulk, being our work the 

first describing the effect of CMA in CSC activity. 

With the aim of further characterizing the intrinsic role of CMA in GSC activity, 

we performed LAMP2A overexpression experiments, where we demonstrated that self-

renewal was increased in control cells and rescued in shL2A cells. The role of autophagy, and 

specifically CMA, in stem cells is being addressed recently. In the case of MA, it is activated in 

oocyte to embryo transition, embryo-to-neonate transition and cell differentiation, among 

others [344]. In fact, the knock out of some MA-related genes in mice leads to lethality during 

mid-embryonic development, and those that survive the postnatal period display some 

developmental abnormalities [344]. In the adulthood, MA may be required for the 

maintenance of quiescence, self-renewal, differentiation and multipotency of hematopoietic, 

cardiac and NSCs [345]. Not only in physiological status, but MA also plays a crucial role in 

the origin, maintenance, and systemic distribution of CSCs [345]. In fact, both MA inhibitors, 

such as chloroquine, and promoters, such as mTOR inhibitors, block tumorigenesis and 

cancer progression by eliminating CSCs [345]. On the contrary, no one had studied the role 

of CMA in any CSCs type, and the studies in embryonic and adult stem cells showed different 

results. The study of CMA in embryonic development has recently started to emerge, with a 

recent paper in which authors report that low CMA activity promotes ESC self-renewal, while 

its upregulation enhances differentiation [194]. In fact, this study shows that Lamp2a 

expression is suppressed by Oct4 and Sox2 for the maintenance of stemness [194]. Moreover, 

CMA is required for protein quality control and metabolism in HSC upon activation [195]. 

Thus, CMA deficiency impairs HSC activation in young and more notably, in aged mice [195]. 
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Overall, our work, together with these data, indicate that CMA activity regulates stem cell 

maintenance not only under physiological state in a time- and context-dependent manner, 

but also in pathological conditions. 

GSCs are considered responsible for tumor initiation, progression, recurrence, 

and therapy resistance in GB patients [86]. DNA alkylating agents, such as TMZ, target 

proliferating cells, but do not attack quiescent GSCs. In the present work we show that TMZ 

treatment non-responder patients present higher expression of LAMP2 compared to 

responder ones. In line with this, it has been previously shown that tissues from GB patients 

present higher expression of LAMP2A protein after TMZ treatment comparing to their pre-

treated status [214]. Besides showing that the levels of LAMP2A correlated with TMZ 

resistance, we experimentally demonstrated that LAMP2A was functionally involved in 

resistance, as its knock down sensitized GSCs to TMZ treatment. Several reports have 

associated CMA with resistance to therapy in various types of cancer, such as hepatocellular 

carcinoma, colorectal cancer, or hepatitis B virus-associated cancer [205], but with no 

mention of the presence of CSCs. Thus, our work reveals that the role of CMA in therapy 

resistance is in part mediated by the intrinsic control of CSC subpopulation. 

1.3. LAMP2A knock down alters proteomic and transcriptomic pathways in GSCs 

Having identified for the first time the role of CMA in CSCs, we characterized the 

molecular pathways regulated by CMA process, related to GSC activity. Proteomic and 

transcriptomic analysis revealed a variety of pathways and processes by which CMA could 

control GSC activity. They seem to be modulated at distinct regulatory levels, as anticipated 

by the variety of functional protein groups normally degraded by this pathway [177]. 

High throughput proteome analysis in LAMP2A knocked down GSC and bulk 

glioma cells presented alterations in chaperone function and protein translation associated 

pathways. In particular, CCT/TriC chaperonin complex function appeared to be dysregulated 

in CMA impaired GSCs, whose potential as a prognostic biomarker in GB has been previously 

reported [346]. Of note, it has been shown that CCT/TriC complex regulates MA functionality 

[347], but no evidence had linked this complex to CMA. Together with protein synthesis and 

folding regulation, our study identified differential expression of proteins involved in ECM 

interaction, IFN signaling, mitochondrial function, response to stress and mRNA processing 

in LAMP2A downregulated GSCs. Although CMA downregulation altered common processes 



  Discussion 
 

173 
 

in both GSCs and tumor-bulk glioma cells, the vast majority of dysregulated proteins were 

different, indicating a distinct regulatory level of CMA among cell types. 

Transcriptomic analysis of LAMP2A knocked down GSCs similarly showed 

alterations in ECM interaction associated processes, as well as dysregulated PI3K-AKT and 

p53 signaling pathways, widely associated with GSC maintenance [315, 316]. In this line, 

several reports have characterized proteomic and transcriptomic processes regulated by 

CMA in certain cellular and animal models. In this line, LAMP2A knocked out murine HSC have 

shown alterations in cellular metabolism, motility, cell cycle and proliferation [195], which 

are partly observed in our study. On the contrary, enrichment analysis of proteins altered in 

neuronal specific LAMP2A knock out mice model showed dysregulation in protein trafficking, 

cation homeostasis and metabolism [348]. Alterations in protein translation have been 

similarly identified upon CMA modulation in ovarian, breast, fibrosarcoma and lung cancer, 

together with intercellular transport, RNA regulation processes, or heat shock protein 

response, among others [349, 350]. Altogether, these data suggest a cell-type-dependent 

regulation of CMA, with important distinctions between differentiated and stem cells. 

1.3.1. LAMP2A knock down impairs mitochondrial function in GSCs 

Besides the role in protein quality control, CMA has been associated with the 

control of cellular energetics [189]. In this line, our proteome analysis performed in LAMP2A 

knocked down GSCs revealed differential expression of proteins regulating mitochondrial 

functionality. Accordingly, we unraveled that this molecular signature was further observed 

functionally, as LAMP2A knock down significantly diminished OXPHOS function in GSCs. A 

growing body of literature reports that OXPHOS plays an important role in addressing the 

energy demands of CSCs [351]. Not only in CSCs, but OXPHOS impairment has been also 

observed in lung cancer cells after CMA blockage [206], extending our result to other cell 

types. Of note, assembly of OXPHOS complexes is largely regulated by mitoribosomes [351], 

which appeared to be downregulated in LAMP2A knocked down GSCs. Indeed, the specific 

inhibition of mitochondrial translation by targeting the function of mitoribosomes has been 

previously shown to dysregulate OXPHOS and suppress GSCs growth [351]. Together with 

OXPHOS impairment, we identified that LAMP2A knock down in GSCs increased in the 

amount of mitochondrial ROS and membrane depolarization, both indicators of impaired 

mitochondrial integrity and function [352]. All these data reveal that CMA regulates 

mitochondrial function in GSCs. 
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GSCs are metabolically heterogeneous and adaptive, able to shift between 

glycolytic and oxidative phenotypes [124, 353]. In fact, our study revealed that GSCs 

upregulated glycolysis upon LAMP2A downregulation. The use of glycolysis by cancer cells is 

known as ‘Warburg effect’, which provides survival and proliferative advantage by decreasing 

their reliance on aerobic respiration [354]. Thus, this evidence could originally indicate a more 

aggressive metabolic phenotype of tumor cells. However, the impaired activity of GSCs 

observed in all functional and molecular studies performed in this doctoral thesis suggest 

that this metabolic change might represent a potential but failed compensatory mechanism 

to cope with mitochondrial impairment. In contrast to our results, a previous study in lung 

cancer demonstrated that LAMP2A knock down reduced glycolysis, together with the 

expression of glycolytic enzymes [206]. In the same line, both dopaminergic neurons and 

HSCs from LAMP2A cell-type-specific knock out mice presented impaired glycolysis [195, 

348]. This evidence could indicate a cell-type and context dependent modulation of 

metabolic pathways upon CMA downregulation.  

1.3.2. LAMP2A knock down reduces ECM content and interactions in GSCs 

The analysis of both proteomic and transcriptomic data performed in LAMP2A 

knocked down GSCs revealed an impairment on ECM interaction pathways. ECM provides 

both structural and biochemical support to regulate proliferation, self-renewal and 

differentiation of CSCs [355]. In fact, important ECM associated proteins such as integrins or 

ECM content proteins have been described as regulators of the maintenance of GSCs and 

their niche [356, 357] [355, 358], which indeed were decreased in our model. Of note, ECM 

remodeling has been shown to be crucial for the extensive infiltrative capacity of GSCs [319]. 

Our study showed that the observed molecular alterations were accompanied by reduced 

migration and collagen invading capacities of LAMP2A knocked down GSCs. Similarly, 

LAMP2A knock down had shown to impair migration of human lung cancer cells [206] and 

colorectal cancer cells [359]. Thus, our work shows the regulatory role of CMA in the 

remodeling of ECM interaction in GSCs, therefore modulating their migration and invasion 

properties. 

1.3.3. LAMP2A knock down alters inflammatory and immune response in GSCs 

Interaction of GB cells with the microenvironment leads to an extrinsic 

heterogeneity that enhances tumor immune evasion [318]. In this respect, our proteomic 
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study revealed upregulated IFN signaling and reduced MHC class II antigen-presentation, 

suggesting a role of CMA in immune response.  

IFNs are a family of endogenous antiviral proteins which also present anti-

oncogenic activity [360]. In particular, LAMP2A downregulated GSCs showed elevated mRNA 

levels of IFN-γ, which has been described to inhibit proliferation and self-renewal of GSCs 

[360]. Notably, the key mediators in IFN signaling STAT1 and MX1 appeared to be upregulated 

in CMA depleted GSCs. In this line, previous studies revealed that overexpression of STAT1 

decreases proliferation, migration and invasion of GB cells [361]. Moreover, it has been 

shown that GSCs present reduced expression of STAT1 comparing to non-stem tumor cells 

[362], suggesting that CMA knock down-mediated STAT1 upregulation could induce the 

differentiation of GSCs. Interestingly, several studies have linked reduced expression of STAT1 

and MX1 to hypoxic conditions [361, 363] and irradiation [364], both important features in 

GSC maintenance [133, 365]. Intriguingly, clinical trials evaluating the administration of IFN 

in recurrent glioma have shown promising results [366]. All these data may indicate that the 

upregulation of IFN signaling by LAMP2A downregulation could impair self-renewal of GSCs.  

Although genes associated with MHC class II molecules are constitutively 

expressed primarily by mature professional antigen presenting cells, they can be also induced 

in tumor cells [367]. In this regard, LAMP2A knocked down GSCs presented a reduction in the 

protein abundance of key regulators of this process [368-370]. By contrast, it has been shown 

that IFN-γ induces the expression of MHC-II [367], which could be indirectly opposite to the 

effect that we observe in our model. Thus, our results indicate that CMA may modulate MHC 

class II presentation in GSCs, but further evidence are needed to elucidate the specific 

mechanism of this modulation and its controversial link with IFN signaling. 

Interestingly, our work extends the relevance of LAMP2A in IFN and MHC class II 

antigen presentation pathways to a general alteration in cytokine secretion. Indeed, LAMP2A 

knocked down GSCs showed reduced abundance of a set of pro-inflammatory cytokines in 

their supernatant, which was accompanied by a downregulation of the phosphorylated active 

form of STAT3, pivotal effector of glioma tumorigenesis and anti-tumor immunity [318]. 

Future work should be done to clarify which cytokines are critical and to elicit their regulatory 

pathway, since some of the factors were not validated at mRNA level. Despite this, the 

diminished secretion of angiogenic factors, such as ANG or VEGF, by CMA depleted GSCs was 

of special interest since a previous study demonstrated the implication of CMA in the 
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crosstalk between glioma cells and pericytes [215], functional and critical contributors of 

tumor angiogenesis. Indeed, there are evidence demonstrating that GSCs can 

transdifferentiate into pericyte-like cells, supporting the interaction between these cell types 

[371]. Thus, our results might suggest that high levels of CMA in GSCs could contribute to the 

secretion of angiogenic factors, inducing the interactions with tumor-associated pericytes, 

and thus, possibly contributing to tumor survival. 

 

Overall, we found that CMA activity is enriched in GSC population, and we reveal 

a novel role of LAMP2A controlling intrinsic tumorigenic activity of GSCs (Figure D1). 

Additionally, we unravel pathways and processes that are differentially altered at proteomic 

and/or transcriptomic level in LAMP2A knocked down GSCs. Among them, we highlight IFN 

signaling, MHC class II antigen presentation, cytokine secretion, mitochondrial function, 

glycolysis rate and ECM interactions (Figure D1). Future studies should investigate whether 

the regulatory role of CMA described in this work is specific of GSCs, or whether it is common 

among all CSC types. 
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2. Characterization of a new small-molecule inhibitor of HDAC6 in GB 

As highlighted within this doctoral thesis, GBs are notorious for resistance to 

therapy, which has been linked to genetic and cellular heterogeneity, as well as limited drug 

delivery into the brain [82, 372-374]. Despite numerous efforts, the addition of compounds 

against specific genetic driver targets or biological hallmarks of GB have largely failed [375]. 

Figure D1. CMA process regulates crucial cellular functions and pathways in GSC activity. Created with 

BioRender.com. GSC: glioma stem cell; TMZ: temozolomide; ROS: reactive oxygen species; OXPHOS: 

oxidative phosphorylation; ECM:extracellular matrix.  
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Therefore, new molecules and targets for GB effective treatment constitute an unmet 

medical need. 

The application of HDACi for treating several types of cancer is an active research 

field. To date, various HDACi compounds have been tested in preclinical or clinical studies in 

GB [376]. However, most of them are considered pan-inhibitors, due to their lack of 

selectivity against a specific HDAC isoform. Among them, Vorinostat, also known as SAHA, is 

the first FDA-approved compound for the treatment of relapsed and refractory cutaneous T-

cell lymphoma [377].  In GB, besides showing a strong preclinical effect, it has been tested in 

various clinical trials, showing acceptable tolerability profile, but still with some side effects, 

such as fatigue, vomiting, hyperglycemia, neutropenia, or anemia [274]. Thus, the use of 

selective HDACi could reduce non-desirable side-effects, improving the efficacy of the 

treatment. HDAC6 is a member of class IIb HDAC family, and it is becoming an attractive 

pharmacological target in cancer [378]. In fact, HDAC6 knocked down mice have been shown 

to be viable and fertile, suggesting that its inhibition could be a relatively safe approach. 

2.1. HDAC6 is overexpressed in GB and GSCs 

In the present work we characterized the mRNA expression of 11 human classical 

HDACs in two large and independent cohorts. Herein, GB samples showed an overexpression 

of HDAC1, 3, 6 and 7 compared to control tissue. In line with our results, a previous 

publication showed upregulated levels of HDACs such as HDAC1, 3 and 6 in a small number 

of GB samples compared to non-neoplastic brain control samples [379], extending our results 

into an additional cohort. In this direction, a large-scale sequencing of protein coding genes 

has described missense mutations in HDAC2 and HDAC9 genes in human GB samples [380], 

but their impact on HDAC expression and functionality remains to be elucidated. 

Translating gene expression into patient survival, our work revealed that patients 

with high expression of HDAC1 and HDAC6 presented worse prognosis than the ones with 

low expression, in three independent cohorts. HDAC6 has been found to be upregulated in 

various types of cancer, such as ovarian [381], oral squamous [382] or acute myeloid 

leukemia [383], among others. In fact, HDAC6 regulates crucial processes in cancer such as 

cell cycle, apoptosis or motility [384]. Moreover, a very recent publication that analyses 

multiple publicly available datasets shows similar results for the case of HDAC1 and extends 

its prognostic value to increased immune infiltration [385]. 
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HDAC6 has been associated with GB cell proliferation and TMZ resistance [386]. 

In this line, in our work we found that HDAC6 expression was enriched in patient-derived 

GSCs and GSC population within conventional glioma cells, in a greater extent than HDAC1. 

In fact, HDAC6 positively correlated with GSC markers in GB patients, whereas HDAC1 did 

not. Accordingly, a previous study reported that the expression HDAC6 was upregulated in 

leukemic stem cells comparing to non-stem leukemic cells [387]. Altogether, these data 

indicate that HDAC6 is highly expressed in GSCs and GB, becoming an interesting 

therapeutical target for attacking GSC and thus, have an impact on patient survival. 

2.2. The novel HDAC6 inhibitor JOC1 presents a superior efficacy as a 

therapeutic agent in GB 

Next, we characterized the effect of a new small-molecule inhibitor of HDAC6, 

named as JOC1 in GB [300]. Notably, we found that JOC1 significantly reduced proliferation 

and induced apoptosis in GB cells. Interestingly, this in vitro effect was translated into in vivo 

scenario, as JOC1 reduced tumor growth, even when the treatment started once tumors 

were formed. Importantly, JOC1 presented greater inhibitory effect of HDAC6, stronger 

cytotoxic effect and more potent activation of signaling pathways compared to SAHA and 

Tubastatin A. Similar results were observed when testing this compound in mantle cell 

lymphoma [299], highlighting its applicability in various types of cancer. 

Besides, we unraveled that JOC1 was able to target GSCs, as it impaired their 

proliferation and self-renewal, and induced apoptosis. These cellular effects were similarly 

observed at molecular level, as microarray analysis and its validation showed augmented 

differentiation and cell death, and diminished cell-cycle regulators in GSCs treated with JOC1. 

In fact, these features are typically modulated by HDACis [274], including SAHA and 

Tubastatin A, whose regulatory role on the activity of GSCs has been previously reported 

[388] [389]. In fact, it has been demonstrated that SAHA reduces stem cell markers such as 

CD133 and NESTIN in GSCs [388] or SOX2 in melanoma [390], and induces TUJ1 in GSCs [388], 

among others. 

The molecular studies performed in this work revealed an altered expression of 

critical genes upon JOC1 treatment. In this sense, MKP1 is a relevant mediator of GSCs 

activity, and its expression is induced by HDACis [302]. Indeed, genetic, and pharmacological 

activation of MKP1 promotes GSC differentiation and reduces tumorigenic activity [302]. In 
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line with this, JOC1 induced MKP1 expression in GSCs, and its overexpression sensitized GSCs 

against combined therapy of TMZ plus JOC1, indicating that MKP1 could mediate JOC1 

response. Together with this, we revealed that JOC1 diminished BMI-1, SOX2 and SOX9 stem 

cell markers. The molecular impairment of stem cell markers was similarly observed in 

tumorigenic embryonic carcinoma CSC models with HDAC6 knock down [391]. In this line, a 

very recent study identified that HDAC1/2/6, together Sp1 transcription factor, a novel 

nuclear substrate of HDAC6, promote self-renewal by upregulating BMI-1 [266]. Besides 

differentiation and stemness, cell-cycle arrest markers were also dysregulated upon JOC1 

treatment, as it is the case of p21CIP1. The transcriptional regulation of p21CIP1 by HDACis has 

been widely described [274], in part by altering the accessibility of regulatory proteins to its 

promoter [392]. As an example, it has been reported that HDAC6 inhibition modulates p53 

acetylation [393], one of the tumor suppressing transcription factors that regulates p21CIP1 

expression and whose relevance in GB has been widely explored [394]. In this line, SAHA has 

shown preferential cytotoxicity in mutant p53 cells by destabilizing it through the inhibition 

of HDAC6 [395]. In our study, we did not observe significant differences between wild-type 

and mutated p53 cell lines, which could be explained, in part, by the strong cytotoxicity of 

JOC1 in all of them. 

HDAC6 activity has been associated with TMZ resistance in GB [386]. In this line, 

our data show that the combination of TMZ plus JOC1 had greater cytotoxic effect than the 

combination between TMZ and SAHA. The synergistic effect of the combination between 

TMZ and SAHA had been previously studied preclinically not only in GB [396], but also in other 

types of cancer, such as melanoma [397]. The fact that JOC1 shows a stronger effect as anti-

oncogenic drug than SAHA, both as monotherapy and in combination with TMZ, highlights its 

promising therapeutical capacity in GB. A future in vivo experiment should study the 

combination of TMZ and JOC1. This experiment would allow us to test the possible effect of 

JOC1 differentiating GSCs, while TMZ would target all proliferating GB cells. 

2.3. JOC1 presents anti-tumor effect in GB in vivo  

In regard to safety and cytotoxic effect, GB cells were more sensitive to JOC1 

than control normal human astrocytes. Besides, JOC1 presented higher IC50 values in normal 

peripheral mononuclear cells, and thus, less cytotoxic effect, than in mantle cell lymphoma 

cells [299]. Besides, mice treated with JOC1 intraperitoneally did not present significant 
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alterations in their weight. Of note, the doses used in our study were similar or even lower 

than the ones reported for the case of SAHA in previous GB studies [388, 398]. These data 

show first insights regarding the tolerability of the compound.  

As a step forward, the next experiment would be an orthotopic xenograft model, 

but JOC1 molecular structure still presents some solubility issues, and it is not able to cross 

the BBB. This latter issue is the most important obstacle that any drug must overcome for the 

treatment of GB. Of note, it has been popularized that BBB is uniformly disrupted in GB 

patients, but clinical evidence demonstrates that there is still a significant tumor burden with 

intact BBB [399]. Thus, we next worked in this point, carrying out a nanoparticle-based 

vehiculation of JOC1. We developed BSA-based nanoparticles for the vehiculation of JOC1, 

obtaining a nanoformulation with homogeneous size distribution and high encapsulation 

yields. Interestingly, the vehiculation of JOC1 presented a tendency for improving the efficacy 

of the free compound in vitro, which indicates that the binding of albumin does not alter the 

functionality of the compound, but even seems to improve it. This strategy has been shown 

to be successful in the clinical scenario, as FDA has already approved an albumin-bound 

nanoparticle of paclitaxel, named as Abraxane ®, as the first line therapy for metastatic breast 

cancer, advanced non-small cell lung cancer and last-stage metastatic pancreatic cancer 

[400]. Albumin possesses encouraging bioconjugation capability, biocompatibility, and in vivo 

half-life in blood circulation [401]. Indeed, it has been shown that compounds bound to 

albumin present increased half-life, which could increase the availability of a construct to 

target the tumor [401]. Importantly, albumin can cross brain capillary endothelial cells barrier 

by interacting with albumin-binding proteins, such as gp60 and SPARC [402]. Remarkably, 

these two molecules are overexpressed in glioma [402], supporting the potential success of 

the vehiculation of a compound by albumin-based nanoparticles for crossing the BBB. 

As BBB shields the brain from most systemically administrated compounds, 

doses are increased with the aim of achieving intracranial therapeutic drug levels [403]. 

However, as discussed before, the dose-related toxicity affects directly to the efficacy of the 

treatment. We tried to move to an in vivo scenario with the vehiculation of JOC1, but we 

could not generate the amount of nanoparticle necessary for performing this type of 

experiment. Thus, future efforts should optimize this point. 
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Overall, our data reveal that HDAC6 expression is upregulated and associated 

with poor prognosis in GB. Notably, its expression is enriched in patient-derived GSCs and we 

show that the novel HDAC6 inhibitor, JOC1, reduces GSC self-renewal and proliferation, and 

diminishes tumor growth even after tumor formation (Figure D2). Importantly, JOC1 effect is 

greater than other currently available pan-HDACi SAHA and the selective HDAC6 inhibitor 

Tubastatin A. For its delivery into the brain, we have developed a vehiculation strategy based 

on albumin nanoparticles which shows promising in vitro results. 

 

 

3.  HDAC expression correlates with microglia in aging 

In addition to the study of HDACs in GB, we were also interested in studying their 

expression in brain aging. Taking advantage of Allen Brain Atlas, we observed that the 

expression of Hdac1, 2, 3, 6, 7 and Sirt3 was specifically intense in DG from adult mice. In line 

with this, we found that aged murine DG tend to present upregulated levels of Hdac1, 2, 3, 

6, 7 and Sirt1 compared to young mice, suggesting the relevance of their activity in this brain 

Figure D2. The novel inhibitor of HDAC6 JOC1 reduces tumorigenic properties of GSC in vitro and in vivo. Created 

with BioRender.com.NHA, normal human astrocytes. HDACi, histone deacetylase inhibitor. 
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region. Differences were only significant for the case of Hdac3, which could be attributed, at 

least in part, to the reduced number of samples and the heterogeneity between them. 

Similarly, previous studies in rodent models show that Hdac2 expression [277, 278] and 

overall HDAC enzymatic activity [279] increase with age in the hippocampus, supporting our 

preliminary data. The dysregulation of HDAC activity has been associated with memory and 

learning cognitive impairments [284, 404, 405], features that are directly associated with an 

age-related decline in adult neurogenesis within DG [406]. In particular, during learning, aged 

mice display a specific deregulation of histone H4 lysine 12 acetylation and fail to initiate a 

hippocampal gene expression program associated with memory consolidation [404]. Besides, 

HDAC2-overexpressing mice presented reduced synapse number and learning impairment, 

which were ameliorated by chronic HDACi treatment [284].  

Importantly, our work further extends these results into human samples, 

wherein we observed significant elevation of HDAC1, 3 and 7 in hippocampus from aged 

individuals compared to young ones. Of note, a similar but not significant tendency was 

observed in HDAC2, suggesting a generalized upregulation of HDAC expression. Accordingly, 

a study based on in vivo neuroimaging of aged human individuals reported not significant, 

but upregulated expression of HDAC1, 2 and 3 in human hippocampus [407]. Herein, authors 

employed MR-PET technique with [11C] Martinostat, a radiotracer selective for HDAC 

paralogs 1,2,3 and putatively 6 [407]. Thus, this methodology could not detect expression of 

other isoforms of HDACs such as HDAC7, which seem to be also promising in our study. 

Altogether, these data suggest that the expression of HDACs is elevated in DG during aging. 

In the same line, at organismal level, HDAC knock down or the use of HDACis have previously 

shown lifespan and healthspan extending properties in yeast, worm, fly and rodent models 

[259, 408]. The exact mechanism by which HDACis exert these actions has not been fully 

resolved. One of the hypotheses claims that, while high doses of HDACis may be toxic, low 

doses would elicit activation of protective genes to regain homeostasis, improving function 

[408].  

Cellular senescence, a stable arrest of the cell cycle coupled to phenotypic 

changes, is one of the main hallmarks of aging [137]. Expression of p16Ink4a [409] and p21Cip1 

[410] has been associated with senescent phenotype, markers that, together with HDACs, 

appeared to be increased in aged hippocampus analyzed in our work. In fact, genetically 

manipulated mice with increased, but otherwise normally regulated, levels of Arf/p53 
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pathway presented significantly elongated lifespan and delayed organismal aging [411, 412]. 

Regarding the brain, these mice also displayed enhanced NSC self-renewal activity, increased 

neurogenesis and enhanced behavioral and neuromuscular coordination activity [412]. The 

fact that HDACs regulate p53 pathway [252] supports the relevance of HDACs in the context 

of aging. 

NSCs in neurogenic niches are very likely to be primed by signals in their 

microenvironment [22]. In fact, a correct microglial activity is relevant for adult neurogenesis 

in the hippocampus during aging [24, 413]. In this line, the dysregulated activity of HDACs has 

been linked to alterations in intercellular communication [408]. Microglia is the most 

abundant immune cell type within the brain and HDAC seem to be involved on their 

regulation [288]. In particular, the deletion of Hdac1 and Hdac2 in mice leads to apoptosis 

and reduced survival of microglia in developmental stages [288]. In this same study, authors 

found that the deletion of Hdac1 and Hdac2 did not affect survival of adult microglia during 

homeostasis, but it enhanced microglial amyloid phagocytosis in a mouse model of 

Alzheimer’s disease [288]. However, no studies have characterized the role of HDACs in 

microglial aging. 

As a first approach of studying microglial aging, we found that bleomycin-

induced senescent microglia showed significant upregulation of ~20% in the levels of HDAC1, 

HDAC3 and Sirt1. In fact, the ectopic overexpression of HDAC1 or its homologous HDAC2 

[328] in microglia cells in vitro tend to promote the upregulation of cell-cycle inhibitor p21CIP1. 

In line with our results, HDAC1 has been previously associated with senescent phenotype in 

melanocytes [414]. Although observed alterations were slight, it is noteworthy to say that 

due to pleiotropic effects of HDACs, small changes could have a large impact [407]. As an 

example, genetic knock down of Hdac2 expression by 25-30% increased transcription of 

memory-related genes and improved spatial memory in an Alzheimer’s disease rodent model 

[415]. When analyzing in vivo samples, we unraveled that the expression of microglial 

markers CD68, ITGAM and AIF1 was increased in aged hippocampal murine and human 

samples. Intriguingly, all studied HDACs were positively associated with microglial markers in 

human hippocampal samples in different cohorts. Our data suggest that elevated HDAC 

expression could be associated with microglial aging. 

To further extend the link between HDACs and microglia in aging, we 

characterized them in the white matter (WM), which is damaged upon aging [416]. Herein, 
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aged samples showed an enriched expression of HDAC1, 2, 6, 7, SIRT1 and microglial markers 

in the WM of forebrain. Similarly, in the previously mentioned in vivo neuroimaging study, 

authors found a significant increase in the protein expression of HDAC1 and 2 with age in 

cerebral WM [407], but no mention was done regarding any specific cell-type. Of note, WM 

is mainly composed of myelinated or unmyelinated axons, and glial cells. Microglial density 

[417] and diversity [416] greatly increases in WM of aged brains. Indeed, reduced expression 

of HDAC2 in microglia has been shown to promote neurological functional recovery and to 

reduce WM injury after intracerebral hemorrhage [418]. Moreover, WM hyperintensities, 

common age-associated findings that impact cognition [419], have been associated with 

decreased prefrontal cortex (PFC) activity in elderly individuals [420]. Intriguingly, data in the 

present doctoral thesis show that microglia from dorsolateral PFC of aged individuals present 

enriched expression of HDAC1, 2 and 3 compared to bulk tissue. These evidence suggest the 

elevated expression of HDACs in microglial aging in different brain regions. 

Altogether, our work reveals that both HDAC and microglial marker expression 

are elevated by age in murine and human DG neurogenic niche, and that this positive 

correlation is extended into other human brain regions such as WM and PFC (Figure D3). 

Indeed, our results indicate that the upregulation of HDAC expression seems to be associated 

with in vitro models of microglial aging, such as microglial senescence. These evidence 

suggest that alterations in the expression of HDACs could play a role in brain aging. 
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Figure D3. HDAC expression is upregulated in aged brain and correlates with microglial senescence. Created 

with BioRender.com. HDAC: histone deacetylase. 
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1. LAMP2A expression is enriched in GSC subpopulation and elevated in GB, correlating 

with malignancy grade, TMZ resistance and poor patient survival. 

 

2. CMA is crucial for GSC activity, regulating processes such as proliferation, self-

renewal and apoptosis. 

 

3. CMA selectively controls several proteomic and transcriptomic pathways in GSCs, 

affecting to the mitochondrial function, IFN signaling and ECM interactions. Such 

alterations provoke changes in the metabolism, cytokine secretion and migration and 

invasion of GSCs. 

 

4. HDAC6 and HDAC1 expression is upregulated in GB, being HDAC6, but not HDAC1, 

enriched in GSC subpopulation. 

 

5. A novel HDAC6 inhibitor presents greater target specificity and cytotoxic effect in GB 

than other currently available HDACis in the preclinical scenario.  

 

6. The novel HDAC6 inhibitor also targets GSC subpopulation, by transcriptionally 

inducing their differentiation and cell death, and reducing cell cycle progression. 

 

7. HDAC expression is elevated in human microglia with aging in vitro and in vivo. 

 

8. HDAC expression correlates with microglial signature in murine and human brain 

regions, including DG neurogenic niche, with aging.
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