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“Imperfect engines (...) have lent themselves to the game of selection, as happened 

for the first vertebrate’s brain appeared on our planet between 300 and 400 million 

years ago. The empty vesicles of that ancestral brain lent themselves to the selective 

pressure of evolution by creating endless variations, expressed now in the diverse 

brains of the living and extinct forms of vertebrates. The most recent among them is 

the wonderful and utterly imperfect brain of Homo sapiens. On the contrary, the solid 

and perfect brain of invertebrates did not play the game of selective pressure, and 

propagated in submerged and emerged areas of the planet. Among them, in 

particular, stands the model that it can be considered the most successful: the insects. 

However, neither Hitler nor Einstein will rise ever from their progeny, even if their 

descendants will survive in all likelihood for the next hundreds of millions of years.” 

RITA LEVI MONTALCINI ‒ Praise upon imperfection 
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1 GLIOBLASTOMA MULTIFORME 

1.1 CLASSIFICATION 

Glioblastoma Multiforme (GBM) is the most frequent and malignant primary brain 

tumor. According to the World Health Organization (WHO), GBM is assigned to the 

WHO grade IV, typically characterized by cytologically malignant, mitotically active, 

necrosis-prone neoplasms typically associated with rapid pre- and postoperative 

disease evolution and a fatal outcome (Louis et al., 2007b). In developed countries, 

every year 3 to 4 new cases are diagnosed per 100.000 persons (Louis et al., 2007a). 

The vast majority of GBM develops rapidly de novo in elderly patients (primary GBM; 

90%). In those cases, the diagnosis of GBM occurs at the first biopsy without clinical 

or histologic evidences of a preexisting less malignant precursor lesion. Oppositely, 

secondary GBM progresses from preceding low-grade or anaplastic astrocytoma, 

accounts for 10 % of all GBM and preferentially arises in younger patients (Ohgaki & 

Kleihues, 2013). Primary and secondary GBM bear distinct clinical, prognostic and 

genetic features (Figure 1), but until 2008, with the identification of mutation in IDH1/2 

(Parsons et al., 2008; Yan et al., 2009), it was not possible to separate the two types 

unequivocally on a molecular basis. These findings set the stage for a major revision 

of the last Central Nervous System (CNS) WHO classification (2007 CNS WHO; Louis 

et al., 2007a). The new CNS WHO classification (2016 CNS WHO; Louis et al., 2016) 

combines as diagnostic tools the old, well-established histopathological features with 

new molecular parameters. The use of this “integrated” approach is hoped to help 

improved diagnostic accuracy and patient management. According to the 2016 CNS 

WHO, GBM are divided into Glioblastoma, IDH-wildtype that roughly correspond to 

the clinically defined primary GBM, and Glioblastoma, IDH-mutant, which correspond 

to the so-called secondary GBM (Figure 1). The study of primary GBM (WHO grade IV) 

was at the core of this PhD thesis. 



24 | GLIOBLASTOMA MULTIFORME 

 

 

Figure 1: Key characteristics of IDH-wildtype and IDH-mutant glioblastomas 

(Modified from Louis et al., 2016) 

1.2 CLINICAL DATA, STANDARD THERAPEUTIC 
STRATEGY AND TREATMENT FAILURE 

Clinical GBM presentation includes headaches, seizures, focal neurologic deficits, 

confusion, memory loss, cognitive dysfunction, and personality changes and 

symptoms typically worsen rapidly (Wen & Kesari, 2008). 

According to EANO (The European Association of Neuro-Oncology) and ESMO (The 

European Society for Medical Oncology) guidelines’ the current standard of care for 

adult patient with diagnosed GBM is surgery followed by radiotherapy (RT) plus 

concomitant and adjuvant temozolomide (TMZ) chemotherapy (Stupp et al., 2014a; 

Weller et al., 2014). The protocol, also called “Stupp regimen”, was established in 2005 

following the pivotal randomized trial coordinated by the European Organization for 

Research and Treatment of Cancer (EORTC)/National Cancer Institute of Canada 

(NCIC; Stupp et al., 2005).  

Surgery is the key initial therapeutic approach, useful for both tumor debulking and 

collection of diagnostic biopsies. Due to the infiltrative nature of GBM, the lesion 
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cannot be eliminated completely. Even though, maximal extensive resection is 

attempted if feasible within protection of neurological functions. In addition to the 

diagnostic value of biopsies, surgical removal reduces significantly symptoms 

associated to mass effect and intracranial pressure (Wen & Kesari, 2008). 

Surgery is followed by fractionated focal radiotherapy administered Monday to Friday 

for 6–7 weeks (60 Gy, 30–33 fractions of 1.8–2 Gy, or equivalent doses/fractionations). 

TMZ, an oral alkylating agent capable to cross the blood-brain barrier, is administered 

to patient, on a daily basis during radiotherapy, and in six five-days long cycles as 

maintenance (adjuvant) treatment after the end of radiation (Stupp et al., 2014a). 

Concomitant and adjuvant TMZ chemotherapy significantly improved median, 2- and 

5-year survival, and is the current standard of care for patients with glioblastoma up 

to age 70 (Stupp et al., 2005). 

Patients with IDH-wildtype GBM, have a mean length of preceding clinical symptoms 

of 4 months, and a median overall survival of 15 month when treated after surgery 

with chemo radiotherapy (Figure 1; Louis et al., 2016). Only a limited fraction of patient 

(3-5%) survives for more than 3 years. A comparative study of the so-called “long-

survivors”, revealed that favorable outcome is significantly associated with young age 

at diagnosis, a good initial performance score, and importantly MGMT promoter 

hypermethylation (Krex et al., 2007). MGMT (O6-methylguanine methyltransferase) 

encodes for a DNA repair protein capable to restore guanine from O-6-

methylguanine, which is the type of genomic lesion induced by alkylating agents, TMZ 

included. Consequently, MGMT likely can modulate sensitivity and cause resistance to 

alkylating drugs. Apart from long-survivors, it has been described prominent benefit 

for TMZ in patients with MGMT promoter methylation (Stupp et al., 2009). Even 

though, recent investigation on TCGA samples, revealed significant MGMT prognostic 

value exclusively for GBM classical subtype but not for GBM expressing other 

molecular profiles (Brennan et al., 2013). 

Despite intense patient management, conventional therapies are not able to achieve 

long-term remissions and eventually almost every tumor recurs. The rapid tumor 

recurrence or even the tumor progression despite aggressive treatments, result in 

patients’ mortality. The impossibility of extensive tumor debulking, the marked 

heterogeneity of lesions and the poor drug delivery in the brain contribute 

significantly to the lack of effective treatment options. These features make of GBM 

one of the most challenging cancers to treat. 

Standards of care for patients with recurrent or progressive GBM are not established 

yet. Repeat surgery as well as re-irradiation remain controversial. The therapeutic 
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values of different treatment regimens including DNA alkylating agents as 

nitrosoureas (e.g., carmustine [BCNU], lomustine [CCNU], nimustine [ACNU]) or TMZ, 

anti-angiogenic agents, targeted therapies, administered as either monotherapy or in 

combination regimens, or novel concepts including immunotherapy are still under 

revision (Seystahl et al., 2016). 

1.3 HETEROGENEITY IN HISTOPATHOLOGICAL AND 
GENETIC FEATURES 

Glioblastoma are named “Multiforme” due to their high degree of heterogeneity at 

both histological and genomic level. Most of GBM are poorly delineated and show 

epicenter in the white matter. Macroscopically, tumor mass presents central area of 

necrosis with an extensive peritumoral edema. Despite the short clinical history, these 

tumors are often surprisingly extended at diagnosis, occupying most of the cerebral 

lobe (Louis et al., 2007a; Figure 2-A). Interestingly, GBM lacking IDH mutations show 

widespread anatomic distribution within the supratentorial region, in contrast with 

IDH-mutant glioblastomas that predominantly involve the frontal lobe (Figure 1 and 

Figure 2). 

Glioblastoma is characterized by a remarkable intratumoral histological heterogeneity 

and cell are often poorly differentiated. According to the 2007 CNS WHO classification, 

histologic criteria for GBM diagnosis include nuclear atypia, cellular pleomorphism, 

mitotic activity, vascular thrombosis, microvascular proliferation and the distinctive 

necrotic area typically specified as pseudopalisading necrosis (Louis et al., 2007b; 

Figure 2-C).  
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Figure 2: Macroscopic and Microscopic features of GBM 

(A-B) Axial (A) and coronal (B) magnetic resonance images showing a heterogeneously enhancing 

mass with central necrosis (A and B modified from Altman et al., 2007). (C-D) Histologic appearance 

of a glioblastoma in hematoxylin and eosin stain. (C) Picture with recognizable nuclear pleomorphism, 

dense cellularity and pseudopalisading necrosis (asterisk). (D) Panel showing vascular endothelial 

proliferation (asterisk) and mitotic figures (arrows) (C and D modified from Wen & Kesari, 2008). 

On the genomic point of view, large scale molecular profiling of gliomas, coordinated 

by The Cancer Genomic Atlas (TCGA) network, have led to an improved insight of the 

pathways commonly disrupted in several cancer types. GBM was among the earliest 

tumor types investigated by the network. In the first GBM TCGA report (TCGA network, 

2008) a highly interconnected network of aberrations has been identified, suggesting 

a marked intertumoral genetic heterogeneity. Using an integrative approach, three 

core pathways were found dysregulated: the p53 and RB tumor suppressor pathways, 

and PI3K pathway (Figure 3).  
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Figure 3: Core signaling pathways found altered in GBM 

Most of the identified GBM genetic aberrations can be connected to three major signaling pathways: 

(A) RTK/RAS/PI3K, (B) p53 and (C) RB. (A-C) Red indicates both activating mutations and genetic 

amplifications, blue indicates inactivating alterations (loss-of-function mutations or deletions). Darker 

shades correspond to higher percentage of tumors affected by the single alteration. Boxes contain 

the percentages of GBM specimens with alterations in at least one component gene of the indicated 

pathway (picture from TCGA network, 2008). 

The key tumor suppressor gene CDKN2A report in GBM frequent homozygous 

deletion. CDKN2A encodes for both Ink4A (p16) and Arf (p14ARF) that are activators of 

Rb and p53 respectively. MDM2 (p53 repressor) and CDK4 (upstream inhibitor of Rb) 

are often amplified, leading to a significant repression of p53 and Rb signaling 

pathways. 

Receptor tyrosine kinases (RTKs) upstream of PI3K, catalytic and regulatory PI3K 

domains, and the key PI3K negative regulator, PTEN, are all frequently altered in GBM. 

Briefly, genomic amplification of EGFR, often depicted by the constitutively active 

variant III (EGFRvIII), along with PDGFRA and MET point to a global activation of RTKs 
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pathways. Activating mutation of the PI3K complex and deletion, silencing mutations 

or deletion of PTEN or mutation in the Ras antagonist NF1 suggest an unconditional 

activation of PI3K in GBM specimens. Even though, proteomic profiling of TCGA 

samples lysates revealed that RTKs amplification do not reflect significantly RTKs 

downstream pathway activation as measured by p-AKT, p-S6 and p-MAPK clusters 

(Brennan et al., 2013). Conversely, PTEN loss match with a significant enhancement of 

AKT pathway, and mutant PI3K samples have lower PI3K activity when compared to 

samples lacking PI3K mutation. Similarly, samples harboring NF1 mutation/deletion 

show elevated MAP kinase activity (via p-ERK and p-MEK; Brennan et al., 2013). 

Subsequently, several studies have drawn attention to a significant intratumoral 

heterogeneity. Importantly, it has been described that focal amplification of two or 

more RTKs (most commonly PDGFRA and EGFR) can occur redundantly within the 

same GBM (Figure 4-A). Nevertheless, the genetic landscape of these amplifications is 

not homogeneous as documented by in situ hybridization (Little et al., 2012; Snuderl 

et al., 2011; Szerlip et al., 2012). The majority of the amplifications exhibit a mutual 

exclusivity, with distinct cellular subclones containing diverse amplified receptor genes 

reflecting a pattern of intratumoral heterogeneity (Figure 4-B). In a wider picture, 

Sottoriva and colleagues interrogated the mutational spectrum of GBM in a spatial 

point of view (Sottoriva et al., 2013). Through multiple sampling of spatially separated 

tumor regions, it was possible to uncover extensive intratumoral heterogeneity based 

on a number of different mutations. More recently, analysis of single-cells derived 

from the same GBM sample showed distinct somatic aberration supporting a marked 

intratumoral heterogeneity even at single cell level (Patel et al., 2014; Figure 4-C). 

Intratumoral heterogeneity together with redundant signaling routes are one of the 

possible drivers of treatment failure. This peculiar GBM feature reflects genomic 

instability and focal new clones arising from the bulk as a result of additional genetic 

alterations (Ohgaki & Kleihues, 2013). 
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Figure 4: Molecular intratumoral heterogeneity 

(A-B) Mosaic amplification of RTKs. (A) Venn diagram depicting the incidence of individual RTK 

amplifications and the co-occurrence of two or more RTKs amplification in the same tumor (picture 

from Szerlip et al., 2012). (B) Multicolor FISH mapping for multiple RTKs amplification. Three 

subpopulations of GBM cells with mutually exclusive amplification of EGFR (red), MET (green) and 

PDGFRA (yellow) (picture from Villanueva, 2012). (C) Multidimensional scaling plot illustrates the 

single-cell distribution according to expression profiles. Color code indicates the five different tumors 

of origin, whereas the control samples (Pop Ctrl) are non-tumorigenic cells derived from the same 

patient. The distance between any two cells reflects the similarity of their expression profiles. Cells 

group by tumor, but each tumor also contains outliers that are more similar to cells derived from 

other tumors (picture from Patel et al., 2014). 

1.4 TRANSCRIPTIONAL SUBTYPES 

The analysis of high-throughput genomic platforms for mRNA expression has allowed 

the identification of distinct transcriptional profiles within TCGA samples. Based on 

four consistent transcriptomic signatures, TCGA network described four GBM 

subtypes, termed classical (CL), proneural (PN), neural (N) and mesenchymal (Mes; 

Verhaak et al., 2010). Interestingly, the majority of genetic aberrations already 

identified in GBM were found particularly enriched in specific subtypes: EGFR (CL), 

PDGFRA, TP53 and IDH1/2 (PN) and NF1 (Mes; Figure 5; Brennan et al., 2013; Verhaak 

et al., 2010). In the case of N-GBMs, particular molecular abnormalities remain 

unidentified. Importantly, the PN subtype is further subdivided into two subgroups 

based on the DNA methylation patterns. GBM displaying coordinated 

hypermethylation at a large number of loci are defined as Glioma CpG Island 

Methylator Phenotype (G-CIMP). All G-CIMP tumors display IDH1 mutation and even 

if at transcriptional level resemble PN subtype, their biology is significantly different 

and are associated with improved prognosis (Noushmehr et al., 2010).  
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Figure 5: Transcriptional subtypes of Glioblastomas  

(A) The common patterns of somatic mutations and DNA copy number alterations along with key 

gene defining the transcriptional signature are indicated for each subtype. (B) Genomic alterations 

associated with GBM molecular subtypes (picture from Brennan et al., 2013).  

It has been reported that each profile significantly correlates with distinct CNS cell 

types’ transcriptional signature. In its initial description, the PN signature was 

associated to oligodendrocytic signature, whereas CL and Mes to astrocytic and N to 
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astrocytic and oligodendrocytic (Verhaak et al., 2010). Conversely, according to more 

recent findings, PN and CL subtypes are strongly associated to stemness signature, 

thus resembling progenitor compartment, while Mes and N profiles are close to 

astrocytic and oligodendrocytic lineages respectively (Patel et al., 2014).  

In addition, proteomic profiling of TCGA samples revealed diverse key pathways 

activated in the different GBM subtypes. Classical subtype shows relative 

downregulation of MAPK signaling and proapoptotic proteins (cleaved caspase 7 and 

9, Bid and Bak). Mesenchymal profile exhibits elevated amount of endothelial markers 

(CD31 and VEGFR2), inflammation markers (FN1 and COX2) and activation of MAPK 

pathway (high levels of p-Raf, p-MEK and p-ERK). Proneural GBMs show relatively 

elevated activation of PI3K pathway. G-CIMP samples share features with their PN 

superfamily and in addition exhibited decreased amount of several proteins, including 

COX2, IGFRBP2 and Annexin 1 (Brennan et al., 2013). 

Given the heterogeneous nature of GBM, it was not surprising to discover fragments 

from the same tumor expressing different subtype profiles (Sottoriva et al., 2013) and 

mixed population of cells expressing multiple subtypes within a dominant 

transcriptional program, which coincides with the profile detected globally for each 

sample (Patel et al., 2014; Figure 6-A).  

On the predictive power of GBM subtypes for the patient outcome, full agreement has 

not been reached yet. A clear and unquestionable prognostic advantage has been 

demonstrated for G-CIMP patients (Noushmehr et al., 2010). Whether the non-G-

CIMP PN and Mes signatures, as well as the other GBM subtypes, could serve as 

predictor factors for patient outcome is still being investigated. Initially, the proneural 

signature was associated with a better outcome (Phillips et al., 2006). Then, following 

G-CIMP phenotype description, it was uncovered that prognostic advantage was likely 

provoked by those G-CIMP IDH1/2 mutant gliomas initially included in PN group as 

transcriptionally indistinguishable from their superfamily (Brennan et al., 2013). 

Conversely, Bhat and colleagues reported correlation among PN/Mes status and 

radiation response, being Mes-GBM associated to progression following RT and PN-

GBM to initial response, even in patient with IDH-wt tumors (Bhat et al., 2013; Figure 

6-B). Patel and colleagues described as well significant clinical advantage for pure PN 

tumors when compared with samples showing global PN transcriptome mixed with 

either modest or strong signal for other subtypes (Patel et al., 2014; Figure 6-C). 

In addition, the recent interest on Circulating Tumor Cells (CTC) in GBM patient blood 

samples leads to uncover their predominant Mes identity regardless the prevailing 

trait of the original tumor (Sullivan et al., 2014).  
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Figure 6: heterogeneous expression of GBM subtypes and their clinical implications 

(A) Individual tumors contain a spectrum of glioblastoma subtypes and hybrid cellular states. Plots 

indicates expression subtype scores for single cells extracted from each tumor (five different samples 

are depicted). Each data point corresponds to a single-cell and it is plotted along three axes according 

to its relative scores for the indicated subtypes (picture from Patel et al., 2014). (B) Kaplan Meier 

curves show survival of GBM patients based on PN/MES subtype considering or not the IDH1 status 

(picture from Bhat et al., 2013). (C) Kaplan-Meier survival curves for PN tumors analyzed by TCGA 

network. Samples were grouped according to estimated heterogeneity, based on the detection of 

alternative subtypes within the predominant PN trait or on the relative strength of alternative subtype 

signatures (group size in parentheses; picture from Patel et al., 2014). 

In view of the fact thart CTC intravasate in the absence of therapy-mediated blood-

brain barrier disruption, CTC are expected to provide biologic insights into the process 

of GBM invasion. Consequently, it was not surprising to find cells with predominant 

Mes trait at the invasive edge of the deep white-matter tracts and surrounding the 

necrotic foci of patient’s tumors and patient-derived xenografts in mouse (Sullivan et 

al., 2014). 
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1.5 TUMOR PROGRESSION AND 
TRANSDIFFERENTIATION 

The extensive heterogeneity of GBM leads to infer complex tumor evolution, with 

divergent development of cancer cells subpopulations within the same lesion (Ozawa 

et al., 2014; Sottoriva et al., 2013). Particularly, Ozawa and colleagues suggest a 

temporal sequence of genetic alterations during tumorigenesis being PN the profile 

of primordial tumors, and the other subtypes evolve from them. This evolutionary view 

is consistent with the detection of cells exhibiting a PN signature in all GBM analyzed 

regardless of the dominant subtype of the tumor (Patel et al., 2014). Despite these 

studies, the tumor evolution in GBM is still point at issue, especially for the difficulties 

related to ascertain the influence of microenvironment in the early stages of GBM. 

Importantly, STAT3 along with C/EBPβ and TAZ were described as master regulators 

of Mes related transcriptome (Carro et al., 2010). In addition, it has been described a 

potential crosstalk between macrophages/glia in the surrounding tissue and cancer 

cells via TNF-α/NF-κB in triggering the transdifferentiation of PN GBM to Mes (Bhat 

et al., 2013).  Finally, several studies reported a shift in molecular subtype toward Mes 

signature upon recurrence in astrocytomas (Phillips et al., 2006; Figure 7). This GBM 

molecular subtype shift, which resemble the known epithelial-to-mesenchymal 

transition process (EMT), has been recently described to occur in vivo in irradiated 

proneural GBM (Halliday et al., 2014).  

Figure 7: Tumors tend to shift toward the Mes phenotype upon recurrence 

(A) Matched specimens that represent primary and recurrent astrocytomas from the same patients. 

Each pair of matched specimens is connected by an arrow that is solid and boldin case of signature 

class shift. Proliferative subgroup in Phillips classification has been divided into Neural and Classical 

subtypes (Verhaak et al., 2010). (B) Immunohistochemistry of YKL40 and OLIG2 in matched primary 

and recurrent tumors (picture from Phillips et al., 2006). 
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2 RADIOTHERAPY 

Radiation therapy (RT) remains a mainstay of modern cancer management for both 

benign and malignant tumors. In high-income countries, half of newly diagnosed 

cancer patients benefit from receiving RT (alone or multimodality treatment) at some 

point during the course of their treatment (Atun et al., 2015). Therefore, RT is an 

integral component of localized cancer’s treatment. It allows to achieve cancer 

regression or local control and palliation in case of incurable and metastatic tumors. 

As anti-cancer tools, RT is characterized by high-energy beam of Ionizing Radiation 

(IR) capable to free electrons from targeted atoms, thereby ionizing them (Figure 8). 

At present, in the context of GBM, patients are treated with radiotherapy in order to 

reduce as much as possible the radiation-related adverse effects, including 

neurotoxicity and cognitive impairment. Thanks to significant technological advances 

IR now can selectively target the post-surgical cavity with nearly acceptable side 

effects on normal surrounding tissues. Indeed, nowadays IR are usually delivered with 

External Beam Radiation Therapy (EBRT) administrated mainly following two distinct 

procedures: three-dimensional Conformal Radiotherapy (3D-CRT) or Intensity-

modulated radiotherapy (IMRT; Clarke et al., 2010). The latter strategy corresponds to 

a more sophisticated 3D-CRT, as it is able to precisely target tumor volumes and spare 

the surrounding radiosensitive organs often located in close proximity (brainstem, 

optic chiasm, lens, optic nerves, and cerebral cortex). Several studies compared IMRT 

to 3D-CRT and reported equal local control without exhibiting clear survival benefit 

(Chen et al., 2013; Fuller et al., 2007). EBRT can deliver two types of radiations: photons, 

such as X-rays and γ-rays, and charged particles, such as protons and electrons. 

Photons are conventionally used as standard treatment, and even though they differ 

in the source of generation, X-rays and γ-rays share the same radio-physical properties 

(Miao et al., 2014; Figure 8). 

The main objective of RT in cancer is the impairment of tumoral cell capacity for 

unlimited proliferation (Barendsen, 1997). The biological effects of ionizing radiation 

on cells are different and mainly related to DNA damage: single strand break (SSB), 

double strand break (DSB) and other lesions leading to chromosomal aberrations. 

Damaged cells that are not able to repair lesions undergo severe consequences, 

including mutagenesis and eventually cell death via G2/M arrest, mitotic catastrophe, 

senescence and apoptosis (Ivanov & Hei, 2014; Tu et al., 2013). Importantly, radiation 

sterilizes cells not properly kills them, meaning that cells do not die immediately, but 

at the time of the next cell division, or a few divisions later (Fowler, 2006).  
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Figure 8: Electromagnetic spectrum of radiation 

Ionizing radiations, as X-ray and γ-ray, are employed as treatment tools against cancer. Picture 

modified from Miao et al., 2014. 

2.1 BIOLOGICAL CONSEQUENCES OF RADIATION 

In living cells, the energy deposition from ionizing radiation tracks can either directly 

disrupt biomolecules, producing chemical modifications, or act indirectly through 

radiolysis of water (Figure 9; Azzam et al., 2012). Being water the major component of 

cells (~80%), the indirect effect, with the consequent generation of Reactive Oxygen 

Species (ROS), represents the most likely occurring event after ionizing radiation 

exposure. Indeed, only ~1/3 of the IR-dependent DNA damage is thought to be 

generated from direct interaction of the radiation tracks with biomolecules (Azzam et 

al., 2012). Endogenous bursts of ROS are recorded in and around the radiation track 

within targeted cells and in the extracellular matrix. Moreover, IR can also stimulate 

inducible nitric oxide synthase (NOS) activity in targeted cells, thereby producing large 

amounts of Reactive Nitrogen Species (RNS; Azzam et al., 2012; Hei et al., 2008). Free 

radicals can rapidly diffuse, damage critical biomolecules (DNA, protein and lipid) and 

trigger the activation of signaling cascades to compensate the oxidative stress. 

Moreover, imbalance of ROS intracellular amount may significantly lead to 

perturbation in the redox-based reactions and mitochondrial respiratory chain. In 

addition, excess of radicals may cause mutation in mitochondrial DNA (mtDNA) 

leading to the disruption of expression and assembly of proteins required for the 

electron transport chain. Changes in the structure of mitochondrial respiratory chain 

proteins driven by mutations in mtDNA can give rise to increased oxidative 

metabolism-derived ROS production and consequent enhancement of DNA damage 

(Azzam et al., 2012; Richardson & Harper, 2016). 
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Figure 9: The direct and indirect cellular effects of ionizing radiation on macromolecules 

Picture modified from Azzam et al., 2012. 

Beyond the induction of DNA damage, ionizing radiation (IR) triggers a complex series 

of signaling cascades (Allen & Tresini, 2000; Azzam et al., 2012; Hamada et al., 2007; 

Maier et al., 2016; Miao et al., 2014; Valerie et al., 2007). RT-dependent pathways’ 

activation is believed to be mediated mostly by free radical production after water 

radiolysis, which get possibly amplified via mitochondria. Most of the studies reported 

a substantial alteration in cytokines’ expression (e.g. IL1β, IL6, IL8, TNF-α and TGB-β) 

leading to activation of MAPK superfamily and crucial transcription factors, mostly NF-

κB, AP-1 and STATs, thereby modulating target genes’ expression and in turn 

upregulating cytokines in a positive feedback loop (Miao et al., 2014). Moreover, the 

generated positive loop can amplify the radiation or ROS-induced oxidative stress and 

inflammation, which may persist chronically (Miao et al., 2014). In addition, large 

amount of ROS and RNS inhibits protein tyrosine phosphatases (PTPase) activity which 

leads to RTKs constitutive activation and downstream enhancement of prosurvival 

pathways (Herrlich & Böhmer, 2000; Valerie et al., 2007). Importantly, even though the 

exact function of these pathway’s activation remains unclear, some of them are likely 

to contribute to radioresistance phenomenon and tumor progression (Craft & 

Hallahan, 2012; Miao et al., 2014). 

Remarkably, damaging effects can be maintained after the initial exposure for days 

and months, and even in the progeny of irradiated cells. Particularly, radiation-induced 

mitochondrial dysfunctions may be involved in the persistence of ROS in irradiated 
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cells’ progeny (Azzam et al., 2012). In addition, oxidative stress may spread from 

targeted cells to neighboring non-irradiated cells though bystander effect. The 

bystander phenomenon involves intercellular communication mechanisms and/or key 

soluble factors, especially cytokines and ROS, which might mediate the activation of 

critical pathways ending up enhancing the inflammatory response, thus providing a 

continuous supply of radicals in surrounding unirradiated cells, eventually (Hei et al., 

2008; Prise & O’Sullivan, 2009). 

2.2 DNA DAMAGE RESPONSE PATHWAYS 

RT response studies mainly focus on induced DNA damage as it represents the major 

biomolecule of interest. Particularly, IR-effects on DNA molecule either by direct 

ionization or indirect radicals formation include DNA breaks, base damage, 

destruction of sugars, telomere dysfunction and DNA–DNA/DNA-protein crosslinks 

(Kakarougkas & Jeggo, 2014; Maier et al., 2016; Figure 10). Approximately 3000 

damaged bases, 1000 SSBs and 40 DSBs are induced in a cell by an X-ray dose of 1 

Gy. DNA breaks (SSB and DSB) are disruptions in the phosphodiester backbone which 

can occur within both strands, separated by up to 10 bp (DSB), or on single strand 

(SSB). Due to its cytotoxicity, DSB are thought to be the most RT-induced deleterious 

lesion. Contrarily base damage and SSB are of minor relevance for cell survival, as 

these lesions are essentially all repaired by the highly efficient Base Excision Repair 

(BER) mechanism, explained in details later. DSB are processed by either non-

homologous end joining (NHEJ) or homologous recombination (HR). The DSB repair 

pathway’s choice depend mainly on the cell-cycle phase of the damaged cell 

(Shrivastav et al., 2008). Irrespectively from the activated pathway, the DNA Damage 

Response (DDR) is carried out by a plethora of enzymes able to chemically modify 

DNA (e.g. nucleases, helicases, polymerases, topoisomerases, recombinases, ligases, 

glycosylases, demethylases, kinases, and phosphatases; Ciccia & Elledge, 2010). 

Importantly, the most of the proteins involved in DDR, are tightly regulated by post-

translational modifications, as phosphorylation, ubiquitination and sumoylation.  
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Figure 10: DNA damage induced by various genotoxic events 

The diagram illustrates common DNA lesions caused by specific DNA damaging agents and the 

corresponding DNA repair mechanisms. Picture modified from Dexheimer, 2013. 

The early DDR following DNA lesions formation is mediated by proteins of the 

phosphatidylinositol 3-kinase-like protein kinase (PIKKs) family — ATM, ATR, and 

DNA-PK — and by members of the poly(ADP-ribose) polymerase (PARP) family (Ciccia 

& Elledge, 2010). Both ATM and DNA-PK are activated by DSBs generated by IR, while 

ATR is mainly rectruited following stalled replication forks or UV light and 

chemoterapic genotoxic effects. PARP family members exert their major role on SSB 

repair via BER. 

ATM is constitutively present in its dimer-inactive form and, given its activity on a vast 

number of substrates, ATM activation represents the master regulator of DDR sensing 

DSB induced by IR. After recruitment at the DNA break site, ATM dissociates and 

autophosphorylates on multiple residues and subsequently mediates the activation of 

key signaling cascades: phosphorylation of Chk2, which in turns mark CDC25A/B/C for 

proteosomal degradation, resulting in G1/S arrest; phosphorylation and activation of 

p53, which transactivates p21, thus inhibiting CDK2 and CDK4, two G1/S-promoting 

Cyclin-Dependent Kinases (CDKs); phosphorylation of the key histone variant H2AX 

on Ser139 residues (pH2AX or γH2AX) close to the break site (Figure 11). The 

described cascade massively leads to G1 arrest (Hakem, 2008) and help recruit to the 

DNA lesion site the DNA repair machinery. The arrest of the cell cycle is an essential 
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part of DDR as it facilitates DNA repair and maintenance of genomic stability. 

Importantly, if the DNA lesion can not be repaired, p53 activates the pro-apoptotic 

program through the induction of BAX and PUMA expression (Ciccia & Elledge, 2010). 

Histone H2AX undergo rapid phosphorylation and marks the presence of damage, 

thus directing the recruitment of DNA repair complexes (Chapman et al., 2012). 

Phosphorylation at H2AX can be conveniently visualized by immunofluorescence like 

aggregates frequently named as “foci”. Generation of γH2AX foci corresponds to IR-

induced DNA DSBs and their decay correlates with DSB repair, thus providing a 

measure of radiosensitivity (Jamal et al., 2012; Revet et al., 2011; Ropolo et al., 2009). 

Moreover, H2AX removal of phosphorylations is important for attenuating the 

checkpoint signal in order to allow the cell cycle to resume (Shrivastav et al., 2008). 

Figure 11: Induction of cell cycle arrest after irradiation 

In response to DNA lesion, ATM phosphorylates the checkpoint effector kinase CHK2, which can 

arrest cell cycle at the intra-S phase or G2/M checkpoints by inhibiting via phosphorylation the cell 

division cycle 25A (CDC25A), CDC25B and CDC25C. Picture adapted from Bouwman & Jonkers, 2012. 

After cell cycle arrest, either NHEJ or HR mechanisms are activated (Figure 12). The 

phosphorylation of H2AX recruits on site MDC1 and either 53BP1 or BRCA1, as 

upstream regulators of NHEJ and HR repair respectively (Chapman et al., 2012). 
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The NHEJ corresponds to the main mechanism by which the DSBs get repaired 

throughout all the phases of cell cycle with a preferential activation in G1. However, 

NHEJ provides less repair fidelity than HR (Chapman et al., 2012). NHEJ involves the 

recruitment of Ku70/80 heterodimer and DNA-PKcs to the DSB loci, followed by 

processing of the DSB by the DNA Ligase IV and Artemis among others. Importantly, 

while Ku70/80 is recruited to all DSB, DNA-PKcs is involved only in the repair of initially 

unsolved DSB (Lomax et al., 2013). Once Ku70/80 is recruited on the DSB, NHEJ 

machinery promotes direct ligation of the DSB ends, but in an error-prone fashion, 

leading frequently to small insertions, deletion or substitution at the break site 

(Chapman et al., 2012). Furthermore, misrepair due to ligation of DNA ends of different 

DSBs will cause translocations, rearrangements and di- or acentric chromosomes, 

which results in chromosomic aberration and formation of micronuclei (Maier et al., 

2016). 

Figure 12: Non-Homologous End-Joining (NHEJ) and Homologous Recombination (HR) 

Summary of the DSB repair key proteins involved in HRR and NHEJ are shown separated based on 

protein function (modified from Bouwman & Jonkers, 2012; Mladenov & Iliakis, 2011). 
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On the contrary, HR is largely error-free and prevalent after DNA replication (late S/G2 

phase), since an identical sister chromatid is available as a template for repair. The HR 

damage sensor is the MNR complex (MRE11-RAD50-NBS1) and recruits subsequently 

the HR core repair machinery to the DNA lesion. The HR mediators are RAD51, RAD52 

and BRCA2 among others (Kakarougkas & Jeggo, 2014). 

Importantly, while most of the DSBs repair proteins seems to function exclusively in 

NHEJ or HR, a core of common proteins is believed to interact with both. ATM, H2AX, 

DNA-PK and the MNR complex are required, even if at different levels, for both NHEJ 

and HR programs (Ciccia & Elledge, 2010; Shrivastav et al., 2008). 

SSB lesions and base damages are repaired in cells by the BER pathway, mainly 

promoted by Poly (ADP-ribose) polymerase (PARP; Javle & Curtin, 2011). Especially, 

BER removes very efficiently DNA bases that are damaged by oxidation (Bouwman & 

Jonkers, 2012). Incomplete repair, caused by PARP inhibitor, lead to cell death (Figure 

13). Unsolved SSB can be converted to DSB upon DNA replication, as the replication 

fork meet the unrepaired SSB foci (Lomax et al., 2013), and then can be equally 

repaired or not.  

Figure 13: DNA SSB repair 

DNA SSBs are repaired by PARP-dependent BER/SSBR. PARP inhibition leads to stall in BER, 

incomplete SSB accumulation and eventually cell death. If repair is incomplete, then in proliferating 

cells, the SSBs will cause replication fork stalling and replication-associated DSBs. These are 

preferentially repaired by error-free HR, but in case of defective HR, DSBs are repaired by error-prone 

NHEJ (picture modified from Javle & Curtin, 2011; Lomax et al., 2013).  
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2.3 LINEAR QUADRATIC MODEL 

The Linear Quadratic Model (LQM) is a well-validated mathematical model used in 

clinical radiation oncology (Astrahan, 2008; Emami et al., 2015; Fowler, 2006). It allows 

quantitative prediction of dose/fractionation dependencies and biological effects with 

an experimental-based approach. The model has been applied to normal tissues, 

tumors and cell cultures as well. To date, LQM represent the most common tool used 

to fit cell survival curves obtained with fractionated doses in-vitro. The model is based 

upon the assumption that the biological response to radiation can be described by an 

equation with two principle components: one proportional to the dose (α) and another 

proportional to the square of the dose (β). 

𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐷2) 

Where D is the fraction dose, α is the linear component, β the quadratic component and SF is the 

cells’ surviving fraction. 

Alpha is associated to the non-repairable Sublethal Damage (SLD) induced by ionizing 

radiation on DNA. In terms of radiobiological meaning, α corresponds to cell/tissue 

intrinsic radiosensitivity, defined as how many logs (to the exponential base e) of cell 

are killed (sterilized) per Gy in a “non-repairable” way. In the equation α is the linear 

component, being the SLD directly proportional to the dose received.  

Conversely, β is associated to the repairable portion of DNA damage, also called 

Potentially Lethal Damage (PLD). Cell repair include both good-repair and mis-repair, 

being the mis-repair the accountable of cell mitotic death. β-component, in terms of 

radiobiological meaning, corresponds to cell/tissue repair capacity.  

The β-component derives from evidences of strong association between mitotic death 

and presence of chromosome aberrations (e.g., dicentric, acentric or centric ring 

chromosomes; Figure 14).  Mis-repair requires cell wrong rejoin of two nearby 

chromosome breaks caused in a reduced period by two different charged particles. 

The probability that two chromosomes will be hit by two independent events is 

proportional to the square of the dose (Brenner, 2008). Consequently, β is the 

quadratic component of the Linear Quadratic (LQ) equation. 
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Figure 14: Examples of chromosome aberrations 

(A) The picture shows two chromosomes, each one with a DSB. Most DSB are correctly repaired, but 

a few undergo wrong rejoining. (B) Binary mis-repair can result in dicentric and acentric fragments 

that generally destroy the proliferative capacity of the cell. (C) Sometimes, the binary mis-repair 

events produce chromosome reciprocal translocations, which generate large-scale rearrangements 

and possible oncogenic transformation. (D) A single chromosome with two breaks. (E) Mis-rejoining 

can give simple intrachromosomal aberrations as pericentric inversion. (F) A second possibility is 

production of a centric ring with accompanying acentric fragment. DSB are indicated as a gap, 

centromeres are shown as black constrictions (modified from Brenner, 2008). 

Analysis of α and β individual contributions to the LQ curve (Figure 15) shows that 

lethal lesions, defined by α, determine the initial slope of the curve. Conversely, at low 

dose β-contribution is highly restricted, indicating that SLD is fully repaired. The β-

component starts to dominate at larger doses, where the increasing accumulation of 

SLD lead to a progressive bend of the curves (Barendsen, 1997). For these 

characteristics, the LQM describes with a good fit the mammalian cell survival curves 

that show on a semilogarithmic scale a gradual bending until at least 10 Gy and a 

trend close to linearity at higher doses (Fowler, 2006). 

Figure 15: Individual contribution of α- and β-component to the LQ curve 

The cell survival curve interpreted by the LQ model.   (legend continued on next page) 
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The α-component increases linearly with dose. The β-component increases with the square of the 

dose (D2), thus contributing to bend the curve (image from Fowler, 2006). 

The third radiobiological parameter is α/β ratio and corresponds to the dose in which 

single and multi-target mechanisms contribute equally to cell killing in-vitro. If α- and 

β- component curves are plotted individually (Figure 16) the ratio represent the point 

of intersection between the two curves (Astrahan, 2008). 

Figure 16: Survival curve according to LQ formula with α- and β- individual curves 

The components of cell killing are equal where the curves e-αD and e-βD2 intersect. This occurs at dose 

D = α/β (5.06 Gy in this example). 

Importantly, the LQ model and its radiobiological parameters can be employed in 

order to quantify cultures radiosensitivity. In fact, as indicated in Figure 17, a curve 

with high α describes a radiosensitive cultures, being higher the initial slope with 

increasing values of α. Similarly, high values of β are associated with a more bended 

curve and reduced cells’ capacity to repair DNA damage (Astrahan, 2008).  

On the contrary, the α/β value is mainly employed to evaluate the efficacy of non-

conventional fractionation therapy. Briefly, in cultures with high α/β, it is the 

irreparable PLD produced by single-hit events that exclusively determines the efficacy 

of fractionated radiotherapy, with no effective benefit given by hypofractionated 

regimens. In cultures with low α/β ratio, the hypofractionation acquires significant 

benefit, as β-inactivation mechanism plays a significant role in tumor response 

(Chapman, 2003; Emami et al., 2015). 
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Figure 17: Experimental survival curves fitted according the LQM 

The LQ model has been applied to survival curves of a number of human and rodent cell lines 

(modified from Astrahan, 2008). For a better understanding α, β values and their ratio are reported 

for every curve following the color code. Red curves are all characterized by α = 0.05 and increasing 

β. The other curves are characterized by increasing values of α and consequently show higher 

radiosensitivity. The relative α/β ratios are also indicated at the end of every curves. 
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3 GLIOBLASTOMA INITIATING CELLS 

The Cancer Stem Cell (CSC) hypothesis postulated at the beginning of this century 

provided a new concept to understand the biology of several tumors (Reya et al., 

2001). Briefly, the CSC hypothesis proposes that only a limited population of 

transformed cells within the bulk of the tumor is able to give rise to cancer and to 

infinitely drive its growth. CSCs are defined as cancer cells that share stem cell 

properties: self-renewal, asymmetric cell division, infinite growth, and multipotency, 

the latter exerted by the capacity to differentiate into distinct mature cell types 

(Vescovi et al., 2006). In addition, CSCs should demonstrate the capability to generate 

a tumor that summarize key histopathological features of the parental tumor when 

injected orthotopically in nude mice. Among solid tumors, GBM became paradigmatic 

for the crucial role of CSC. In fact, although CSCs account for the minority of the cells 

within the bulk tumor, they appear to be critical for the generation of GBM (Wen & 

Kesari, 2008). 

Within normal tissues, organogenesis and tissue homeostasis occur following a stiff 

hierarchical organization. In the apex, few somatic organ-specific multipotent stem 

cells give rise to a progressively differentiated progeny covering the complex 

architecture of distinct tissues (Figure 18). In a similar fashion, it was hypothesized that 

some cancers might mirror the same organization, with cancer-stem like cells being 

capable to generate a wide array of phenotypically different cells within a single tumor 

(Figure 18). The above mentioned theory, along with the belief that GBM originated 

mostly from the subventricular zone (SVZ; Hopewell & Wright, 1969), which contains 

the highest density of astrocyte-like stem cells (Alvarez-Buylla et al., 2002), push 

researchers efforts toward the isolation and characterization of Glioblastoma Initiating 

Cells (GICs) within GBM (Galli et al., 2004; Hemmati et al., 2003; Sanai et al., 2005). 

Remarkably, it is still under investigation whether GICs arise from transformed Neural 

Stem Cells (NSC) or from differentiated cell type that loses tissue commitment and 

acquires stem-like features (Figure 18; Zhou et al., 2009).  

The CSC hypothesis also suggests that CSCs may contribute to the therapeutic 

resistance (Reya et al., 2001; Wen & Kesari, 2008). According to that, a therapy will 

always fail if it is not able to eliminate residual CSC, eventually (Baumann et al., 2008). 

Consequently, efficacy of the treatment strategies virtually depends on their capability 

to eradicate both the CSCs and cells composing the bulk tumor (Figure 18). 
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Figure 18: Normal tissue hierarchy and proposed tumor organization 

The heterogeneity of cells in normal tissues reflects a hierarchical program of differentiation in which 

a plethora of differentiated cell types are derived from a common multipotent stem cell through 

intermediate progenitors. Heterogeneous tumor may be the result of both acquired mutations and 

aberrant but hierarchical differentiation programs. Picture from Zhou et al., 2009. 

In GBM a number of studies proved GICs radio- and chemo-resistance (Bao et al., 

2006; Beier et al., 2011; Liu et al., 2006), but still better understanding is needed. In 

particular, GICs radioresistance was related to preferential activation of DNA damage 

checkpoint (Bao et al., 2006) and to nuclear translocation of L1CAM intracellular 

domain (Cheng et al., 2011). Concerning chemoresistance, many potential 

mechanisms were identified (e.g. MGMT promoter methylation, mutations of the 

mismatch repair system, insufficient drug delivery and presence of drug efflux pumps), 

but still the issue remains controversial (Beier et al., 2011). 

Recent works investigated whether GICs share the same molecular profiles described 

in GBM (proneural, neural, mesenchymal and classical; Verhaak et al., 2010). Bhat and 

colleagues identified two mutually exclusive GICs populations bearing distinct 

molecular signatures (Bhat et al., 2013; Figure 19). The two populations described in 

Bhat’s work strikingly matched with already described Mes and PN GBM subtypes, 

with the first class showing marked activation of NF-κB pathway while the second 

relied more on Notch and PDGFR downstream pathways. In addition, Mes GICs 

transcriptome showed enrichment of wound response, vasculature formation, and cell 

motility signatures, whereas PN GICs correlates with differentiated neural or glial cell 

functions gene sets (Figure 19). Importantly, Mes GICs displayed a more aggressive 

and radio-resistant phenotype when compared with PN GICs (Bhat et al., 2013). 

Improved survival after RT of PN mice model was associated to better capacity of PN 

GICs to induce heterogeneous cell death, including apoptosis and mitotic arrest with 
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G2/M blockade (Bhat et al., 2013; Halliday et al., 2014). Likewise GBM, in GICs context 

has been identified the same molecular drivers of the PN to Mes transition, being NF-

κB, STAT3, C/EBPβ and TAZ the leading transcription factors (Bhat et al., 2013). 

Figure 19: Features Associated with PN and MES transcriptome in GICs 

PN GICs tend to be CIMP+ although derived from G-CIMP- tumors that lack the IDH1 mutation. In 

contrast, MES GICs are CIMP-, predominantly express CD44, are radioresistant, and exhibit 

constitutive activation of NF-κB and downstream master regulator TFs (STAT3, C/EBPβ, and TAZ). 

Modified from Bhat et al., 2013. 
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3.1 ISOLATION OF GICS 

Given the increasing interest on GICs for their potential role in GBM outbreak, 

progression and relapse, many laboratories have tried to selectively isolate and culture 

them in-vitro in order to investigate GICs’ biology and learn how to sensitize them to 

therapies. Nowadays, there is still a lack of overall standardization concerning 

methods to isolate GICs efficiently. Many efforts have been made to define a set of 

molecular markers capable to identify selectively GICs within a GBM specimen (see 

Table 1; Table 2). Despite that, current techniques have not yet defined a molecular 

profile absolutely representative of the stem-like subpopulation in GBM. Although 

several markers may be informative, there is still no universal and specific marker that 

might be faithfully used to discriminate NSCs from CSCs as well as CSCs from their 

derived progenitors (Brescia et al., 2012).  

 

 

NAME SYNONIMS ROLE 

CD15 
FUT4; SSEA-1; 

Lewis X 
Expressed in adult NSCs and ESC during neural development. 

CD133 Prominin-1 Unknown biological function 

CD44 - 

Cell-surface glycoprotein involved in cell-cell interactions, 

cell adhesion and migration. Receptor for hyaluronic acid, 

but can also interact with other ligands (osteopontin, 

collagens, and matrix metalloproteinases) 

L1CAM 

L1 cell 

adhesion 

molecule; 

NCAM-L1 

Glycoprotein belonging to the immunoglobulin supergene 

family. Plays an important role in nervous system 

development, including neuronal migration and 

differentiation 

ITGA6 
Integrin 

subunit α6 

Upon heterodimer formation, ITGA6 interacts with ECM 

proteins including members of the laminin family. In 

addition, it plays a critical structural role in the 

hemidesmosome 

Table 1: Surface markers commonly used to isolate via FACS cells with CSC features 

Data collected from bibliography (Hemmati et al., 2003) and the GeneCards human gene database 

(Weizmann Institute of Science; www.genecards.org). 
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NAME SYNONIMS FUNCTION ROLE 

NANOG - 
Transcription 

factor 

Involved in ES-cells proliferation, renewal 

and pluripotency. 

OCT4 POU5F1 
Transcription 

factor 

Plays a key role in embryonic development 

and ES cells pluripotency. 

SOX2 

SRY-related 

HMG-box 

gene 2 

Transcription 

factor 

Works in partnership with OCT4. Expressed 

in NSCs and the developing neural tube. 

Required for embryonic development and 

determination of cell fate, involved in stem-

cell maintenance in the CNS. 

NES Nestin 

Intermediate 

filament 

protein 

Required for brain and eye development. 

Expressed in neural progenitor cells. 

CD15 
FUT4; SSEA-1; 

Lewis X 

Surface 

protein 

Expressed in adult NSCs and ESC during 

neural development. 

CD133 Prominin-1 
Surface 

protein 
Unknown biological function 

MSI1 Musashi-1 
RNA-binding 

protein 

Plays central roles in post-transcriptional 

gene regulation.  

Table 2: Common Embryonic Stem Cell Markers 

Data collected from bibliography (Hemmati et al., 2003) and the GeneCards human gene database 

(Weizmann Institute of Science; www.genecards.org). 

A lot of disagreement exists regarding the use of a specific marker or a combination 

of different markers to selectively identify and isolate GBM CSCs in-vitro. Particularly, 

any of the surface proteins used for isolate CSCs have shown to be necessary or 

sufficient to isolate cells with stem-cell-like properties. The main concern is given by 

the expression instability of most of the markers that oscillate in a cell-cycle-

dependent manner or in response to environmental clues. Contrarily, there is strong 

agreement regarding the steps required to validate CSCs stemness. The assessment 

of indefinite proliferation, self-renewal capability, multi-lineage differentiation and 

tumor initiating capacity are thought to reliably corroborate the stemness of isolated 

cells (Vescovi et al., 2006). 

http://www.genecards.org/
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3.2 GBM MICROENVIRONMENT AND GICS NICHE 

An additional layer of complexity and heterogeneity has been added to GBM biology 

since different GICs types were detected within the same GBM (Chen et al., 2010) and 

the key microenvironmental influence on GICs pool has been emphasized 

(Hambardzumyan & Bergers, 2015). GBM microenvironment is heavily infiltrated with 

endothelial cells, astrocytes, fibroblast, pericytes, brain-resident microglia, peripheral 

macrophages and myeloid-derived suppressor cells (Charles et al., 2011). 

Consequently, it is likely to believe that those non-neoplastic stromal and myeloid 

cells are establishing fundamental interactions with cancer cells. 

It is well known that normal stem cells are tightly regulated and influenced by the 

surrounding microenvironment or by stem cell niche (Zhou et al., 2009). The stem cell 

niche is a complex and dynamic microenvironment that actively provides unique 

support and instructional hint to the stem cells in order to generate and maintain a 

stable functional stem cell pool (Ellis & Tanentzapf, 2010). In a bidirectional fashion 

stem cells, as well, appear to influence and modulate the microenvironment that 

support and fuel their own maintenance. Experimental evidences on GBM reported 

that GICs are enriched in specific niches, located around tumor vessels or close to 

areas of necrosis (Heddleston et al., 2011). Recently, three distinct specialized tumor 

niches have been extensively described in GBM even within the same tumor: the 

perivascular niche, the invasive niche and the hypoxic niche (Figure 20; 

Hambardzumyan & Bergers, 2015). All three niches display different morphology and 

elicit different and specific key functions, including tumor growth, angiogenesis, and 

tumor invasion. Similarly to normal stem-cell’s niche, it has been reported that the 

composition of GICs niche and various microenvironmental clues, mainly the hypoxic 

state, may modulate the GICs phenotype, or selectively promote the growth of a 

specific GICs subtype (Stopschinski et al., 2013). Similarly, GICs niche are believed to 

not only harbor GICs cells, but also to actively support their growth and crosstalk with 

tumor stroma via cell-to-cell contact or paracrine stimuli (Gilbertson & Rich, 2007). In 

addition, GICs niche has been suggested to potentially contribute to the therapeutical 

resistance through the stimulation of prosurvival and proangiogenic pathways 

(Fidoamore et al., 2016). An intriguing hypothesis still to be confirmed, is that 

alterations of the niche itself might drive the transformation of stem cells into cancer 

stem cells (Ellis & Tanentzapf, 2010). 
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Figure 20: Different Glioblastoma niches 

The perivascular GBM niche (A), the hypoxic GBM niche (B) and the invasive GBM niche (C). Picture 

modified from Hambardzumyan & Bergers, 2015. 

The constitutive components of normal stem-cell niches are variable, but commonly 

include various stromal cell types, matrix glycoproteins, locally and distally secreted 

signal proteins and local metabolites (Gilbertson & Rich, 2007). In CNS context, the 

mayor components of the NSC niche Extracellular Matrix (ECM), are chondroitin 

sulfate proteoglycans, heparan sulfate proteoglycan, laminin, collagen and fibronectin 

(Bernstock et al., 2014; Mannino & Chalmers, 2011). Importantly, ECM components in 

GBM are expected to influence GICs survival, migration and resistance to treatment 

(Fidoamore et al., 2016).  

Abnormal degradation and remodeling of ECM occurs during neo-angiogenesis and 

tumor invasion processes, both crucial hallmarks of GBM and key events of GBM 

progression (Shimizu et al., 2016). Neo-angiogenesis is the formation of new vessels 

by redirection of preexisting vascular networks to sustain the avid demands for 
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nutrients of the rapidly growing tumor (Gilbertson & Rich, 2007). After the breakdown 

of basement membrane mediated by MMPs, ADAM, uPA/uPAR and cathepsin B 

(Nakada et al., 2007), endothelial cells are able to proliferate and migrate toward 

cancer cells following chemotactic and pro-angiogenic molecules (VEGF, 

angiopoietin-1/2). The neo-angiogenic process requires a complex crosstalk between 

endothelia, tumor cells, ECM components and stromal element of the host 

microenvironment. Importantly, the GBM abnormal vessel proliferation is believed to 

potentially generate aberrant cancer stem cell niches, thus favoring GBM progression 

(Gilbertson & Rich, 2007).  

3.3 INTEGRIN FAMILY AND α6 SUBUNIT 

The effects of the ECM alteration and remodeling on cells are mainly mediated by the 

integrins. Integrins are cell type-I transmembrane proteins that establish a 

bidirectional communication between ECM and adjacent cells. These cell surface 

receptors essentially bind to ECM and simultaneously establish connection with the 

cytoskeleton inside the cytoplasmic membrane (Bellail et al., 2004; Shattil et al., 2010). 

Integrin activation can be triggered by interactions of their cytoplasmic domain with 

different cytoplasmic factors (inside-out activation) or by the interactions with 

extracellular ligands (outside-in activation; Shattil et al., 2010). In GBM context, 

integrins mediate the interaction of cancer cells with ECM and with non-neoplastic 

elements of the perivascular niche like pericytes and endothelial cells, thus regulating 

the niche functions (Fidoamore et al., 2016). 

Integrin is a large family, composed by several α and β subunit that form heterodimers 

to constitute a complete integrin receptor. Each combination of heterodimers can 

recognize distinct ECM components, including laminin, fibronectin, vitronectin, 

collagen, thrombospondin, and osteopontin; or specific cell surface counter-receptors 

of the immunoglobulin superfamily (Figure 21).  
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Figure 21: Classification of integrin family of heterodimers based on their ECM affinity 

Subunits depicted as line-connected are able to form heterodimers. Picture from Srichai & Zent, 2010. 

The link of integrin to ECM establishes cell polarity and mediates cell adhesion, motility 

and migration, through the reorganization of the cytoskeleton. In addition, integrins 

regulates proliferation, gene expression and the production of ECM and proteases, 

leading to the ECM remodeling (Bellail et al., 2004). Unlike growth factor receptors, 

integrins have no intrinsic enzymatic or kinase activities, but promote signaling 

cascades by co-clustering with kinases and adaptor proteins in focal adhesion 

complexes. In detail, the signaling cascades activated by complexed integrins pass 

through the phosphorylation of the second messenger Focal Adhesion Kinase (FAK) 

and consequent activation of MAPK, PI3K, NF-κB, and Src cascades (Figure 22; Guo & 

Giancotti, 2004). Further complexity arises from the existence of integrin-specific 

downstream pathways. For example, the α6β4 integrin has been reported to 

specifically cooperate with members of the growth factor receptor family (ERBB2 and 

MET) and it is likely to promote tumor growth via PI3K (Gambaletta et al., 2000; 

Trusolino et al., 2001). Importantly, integrins have the ability to enhance either cell 

survival or apoptotic death depending on their interaction with ECM. Unbounded 

integrin complex can promote pro-apoptotic cascade via activation of caspase 8 in a 

process termed integrin-mediated death (Desgrosellier & Cheresh, 2010). 

In the stem niche, integrins help define and shape the niche architecture. In particular, 

they are involved in stem cells homing and maintenance into their niche, they regulate 

stem cell proliferation and self-renewal, and finally, control the orientation of dividing 

stem cells (Ellis & Tanentzapf, 2010). 
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Figure 22: Integrin signaling 

Most integrins through their β subunit recruit FAK that once phosphorylated functions as scaffold for 

the Src-family kinases (SFKs). Complexed SFKs lead to activate NF-κB and JUN TFs, while FAK has 

been reported to activate also PI3K and ERK/MAPK cascades. Integrin α6β4 has been demonstrated 

to actively communicate with RTKs for enhancement of downstream signaling pathways. Picture from 

Guo & Giancotti, 2004. 

Integrin subunit α6 (ITGA6; CD49f) forms heterodimer with integrin β1 or β4 subunits 

to generate the surface receptor for laminin. ITGA6 was reported to be commonly 

expressed in independent signatures describing stemness identity in ESC, NSC and 

hematopoietic stem cells (Fortunel et al., 2003). In human mesenchymal stem cells 

Integrin α6 has been described to maintain pluripotency through prolonged activation 

of PI3K/AKT pathway and suppression of p53 levels (Yu et al., 2012). Furthermore, adult 

progenitor cells of the SVZ express on their surface the Integrin α6β1 receptor, which 

has been demonstrated to play a central role in binding SVZ stem cells to the vascular 

niche (Shen et al., 2008). In GBM, ITGα6 has been described as hallmark of GICs, being 
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capable to enrich GICs more efficiently than CD133 (Lathia et al., 2010). In this work, 

Lathia and coworkers underlined the crucial role of ITGA6 in regulating GICs within 

the GBM perivascular niche and in sustaining GICs stemness and maintenance. 
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“The limits of my language are the limits 

of my mind. All I know is what I have 

words for.” LUDWIG WITTGENSTEIN ‒ 

Tractatus Logico-Philosophicus – 

Proposition number 5.6 
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The main goal of this PhD thesis was to uncover the mechanisms driving GBM 

resistance to radiotherapy, with a strong in-focus investigation on Glioblastoma 

Initiating Cells (GICs).  

Toward this end, the research process was developed following these three particular 

projects: 

1. To establish and characterize GICs from patient-derived cultures. 

2. To study the radiation-induced molecular mechanisms of established GICs in 

comparison to non-GICs. 

3. To assess the role of Integrin subunit α6 in GICs radioresistance. 
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“Imagine two engines, the one being 

driven by complete and the other by 

incomplete combustion of coal. A man 

who knows nothing at all about engines, 

their structure, and their purpose, may 

discover the difference. He may, for 

example, smell it.” OTTO WARBURG ‒ On 

Respiratory Impairment in Cancer Cells 

(1956) 
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1 GLIOBLASTOMA PRIMARY CULTURES 

1.1 SAMPLING AND CULTURES ESTABLISHMENT 

Tumor samples were collected during surgery according to the protocol approved by 

the Hospital de Bellvitge Ethics Committee. Histological diagnosis was Glioblastoma 

multiforme (GBM, W.H.O grade IV; Louis et al., 2007a). Specimens were collected in 

sterile FBS-free DMEM/F12 media (Invitrogen) supplemented with penicillin and 

streptomycin cocktail at final concentration 100 U/ml and 0.1 mg/ml respectively. Tissue 

pieces were rinsed several times in HBSS (GIBCO) previously warmed at 37ºC and then 

weighted in a sterile eppendorf. Finally, in accordance to laboratory timing, samples 

were processed or stored at -80ºC in FBS + 10 % DMSO. In particular, samples 

collected within 1 month from great days off were not processed, as the establishment 

of primary cultures requires an intense follow-up. Moreover, to frost cells before the 

achievement of a full-established culture is not recommended.  

To achieve a good rate of culture establishment in vitro, tissue piece should weigh at 

least 300 mg. Samples weighting more than 400 mg were processed following two 

different protocols: one for the establishment of primary Differentiated Glioblastoma 

Cells (DGC) and one for the establishment of Glioblastoma Initiating Cells (GICs). In 

case of smaller piece of tissue, samples were processed exclusively following the 

protocol for the establishment of GICs. When specimen exceed 500 mg, a small piece 

of tissue was collected and stored for further molecular analysis at -80ºC without FBS. 

! PAY ATTENTION!!! Expect lower establishment efficiency when: 

 Specimen has been stored at -80ªC 

 Sample weight less than 300 m 

Either processed or not, each specimen was recorded following the internal lab code 

(PG* for DGC and PG*s for GICs). Clinical data of each patient (age, gender, PFS, OS) 

were noted as well.  

1.1.1 ESTABLISHMENT OF PRIMARY DIFFERENTIATED 

GLIOBLASTOMA CELLS (DGC) 

1. Move the tissue to an empty 100 mm plate and start to break it up 

mechanically with a pair of sterile tweezers and bistoury. Obtained pieces 

should pass easily through a 5 ml pipette. 
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2. Add 9 ml of HBSS previously warmed at 37ºC and move the suspension to a 

50 ml falcon. 

3. Add 1 ml of collagenase type I (2000 U/ml; Sigma-Aldrich). 

4. Incubate the sample at 37ºC for 1 hour on a shaking surface. 

5. Ensure that the suspension can pass through a 1000 μl tip. 

6. Centrifuge at 300 g for 5 min. 

7. Remove all the supernatant and add 1 ml of red blood lysis buffer ACK (Lonza). 

Dissociate the pellet with a 1000 μl tip. Add 2-3 ml more of ACK and incubate 

the sample for 4 min at 4ºC. At the end of the incubation time, add 20-30 ml 

of Primary media (see Table M1) to stop the lysing process. 

! In case of not clear and defined pellet, it is better to keep the entire 

suspension through the following steps, in order to avoid culture loss. 

Erythrocytes will autonomously decrease through time. 

8. Filter the suspension using a 70 μm cell strainer (BD Falcon). 

! In case of low cells yield, tissue pieces that remained unstrained in the 

upper part of filter could be placed in culture as last attempt, even if 

normally cells are not able to migrate out of the tissue pieces that 

remained undigested. 

9. Centrifuge at 300 g for 5 min. Remove the supernatant. 

! Once again, in case of not clear and defined pellet do not discard the 

supernatant and seed it too to culture, in order to avoid culture loss. 

10. Suspend the pellet in 3 ml of Primary media and seed the cells in a 6-well 

plate. 

 

REAGENT CONCENTRATION COMPANY 

DMEM High Glucose, w/o Sodium 

Pyruvate, w/o L-Glutamine 
 Biological industries 

iFBS 10% Biological industries 

L-Glutamine 2 mM Biological industries 

Penicillin 100 U/ml Biological industries 

Streptomycin 0.1 mg/ml Biological industries 

Table M1: Primary media used for maintenance of primary DGC cultures 

FBS was previously heat inactivated (iFBS) at 56ºC for 30 min and then rapidly cooled down on ice. 
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1.1.2 ESTABLISHMENT OF PRIMARY GLIOBLASTMA INITIATING 

CELLS (GICS) 

1. Move the tissue to an empty plate and start to break it up mechanically using 

sterile tweezers and bistoury. Pieces should pass easily through a 5 ml pipette. 

2. Add 10 ml of pre-warmed and filtered digestion buffer (see Table M2) and 

transfer the suspension to a 50 ml falcon. 

3. Incubate the sample at 37ºC for 20-30 min on a shaking surface. 

4. Ensure that the suspension can pass through a 1000 μl tip. 

5. Centrifuge at 300 g for 5 min. 

6. Remove all the supernatant and add 1 ml of red blood lysis buffer ACK (Lonza). 

Dissociate the pellet with a 1000 μl tip. Add 2-3 ml more of ACK and incubate 

the sample for 4 min at 4ºC. At the end of the incubation time, add 20-30 ml 

of primary media to cells suspension to stop action of the lysing process. 

! In case of not clear and defined pellet, it is better to skip this step and 

keep the entire suspension through the following steps, in order to avoid 

culture loss. Erythrocytes will autonomously decrease through time. 

7. Filter the suspension in 50 ml falcon using 70 μm cell strainer (BD Falcon). 

! In case of low cells yield, tissue pieces that remain unstrained in the 

upper part of filter could be placed in culture, even if normally cells are 

not able to migrate out of the tissue pieces that remain undigested. 

8. Centrifuge at 300 g for 5 min. Remove the supernatant. 

! Once again, in case of not clear and defined pellet do not discard the 

supernatant and seed it too to culture, in order to avoid culture loss. 

9. Suspend the pellet in 3 ml of Stem media (see Table M3) and seed the cells in 

a 6-well plate. 

REAGENT CONCENTRATION COMPANY 

Papain 900 μg/ml Worthington 

Cysteine 100 μg/ml Sigma-Aldrich 

EDTA 100 μg/ml (0.34 mM) Panreac 

DNase I 10 μg/ml Roche 

Table M2: Digestion buffer recipe 

Prepare fresh 10 ml digestion buffer per sample. Dissolve reagents in HBSS with exception of DNase 

and filter it with 0.22 μm membrane. Add then DNase under flow hood. Warm it to 37ºC.  
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1.2 MAINTENANCE OF CULTURES 

Cultures were maintained ad 37ºC and 5% CO2 and experiments were always 

performed before passage 20. All cultures were routinely tested to be Mycoplasma-

free (see paragraph 1.2.3). 

1.2.1 MAINTENANCE OF DGC 

Differentiated Glioblastoma Cells were maintained in Primary media (Table M1). Cells 

were passed after rinsing with Ca2+/Mg2+ free PBS, by means of Trypsin-EDTA 

digestion (Biological Industries). A sub-cultivation rate of 1:10 was performed twice a 

week. In order to maintain primary cultures at low working passages cells were stored 

at -80ºC or in liquid nitrogen. Primary DGC were frosted in FBS + 10 % DMSO.  

1.2.2 MAINTENANCE OF GICS 

Primary GICs were maintained in Stem media (see Table M3). Cultures were passed 

every week with a sub-cultivation rate of 1:10. Spheroid clusters were mechanically 

dissociated at every passage with P200 pipette set at 180 μl until the achievement of 

a single cell suspension.  

! The best seeding concentration for fully established primary GICs is 

around 15-20.000 cell/ml.  

Stem media was prepared following the S. Raffaele Hospital Stem Cell Research 

Institute (Milan, IT) instructions (Galli et al., 2004; Gritti et al., 1996). Stem media and 

Hormone mix (Table M4) should be prepared under the flow hood and then filtered 

with 0.22 μm vacuum filtration systems (Sarstedt). In order to maintain primary 

cultures at low working passages cells were stored at -80ºC or in liquid nitrogen in 

Stem media + 10 % DMSO. All experiments were performed before passage 20. 

Sometimes, in order to clean up culture from cellular debris and fibers, a differential 

centrifugation was performed. Cells were collected in 50-ml falcon and centrifuged at 

70 g during 15 minutes prior addition of DMEM/F12 until 40 ml of total volume. 
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REAGENT CONCENTRATION COMPANY 

DMEM/F12 1X Invitrogen 

D-Glucose 33 mM Sigma-Aldrich 

NaHCO3 0.105% GIBCO Invitrogen 

HEPES 5 mM GIBCO Invitrogen 

L-Glutamine 2 mM Biological industries 

Penicillin 100 u/ml Biological industries 

Streptomycin 0,1 mg/ml Biological industries 

Heparin 4 g/ml GIBCO Invitrogen 

Hormone Mix (see Table M4) 1X  

BSA 2 g/ml Sigma-Aldrich 

EGF 20 ng/ml PrepoTech 

bFGF 10 ng/ml PrepoTech 

Table M3: “Stem” media recipe 

Final concentration of each reagent is reported. Add BSA to Milli-Q® water during continuous stirring 

and then add remaining reagents under the flow hood. Stock solution concentrations of all reagents 

are reported in Table M5.  

Table M4: “Hormone mix” 10X recipe 

Final concentration of each reagent is reported. Add putrescine, apo-transferrin, insulin, selenium and 

progesterone to Milli-Q® water while stirring. Then, complete the mix under flow hood. Stock 

solution concentrations of different reagents are reported in Table M5. 

REAGENT CONCENTRATION COMPANY 

D-Glucose 33 mM Sigma-Aldrich 

NaHCO3 0.1125% GIBCO Invitrogen 

HEPES 5 mM GIBCO Invitrogen 

Putrescine 96.5 g/ml Sigma-Aldrich 

Insulin 0.25 mg/ml Sigma-Aldrich 

Apo-transferrin 1 mg/ml Sigma-Aldrich 

Selenium 0.3 μM Sigma-Aldrich 

Progesterone 0.2 μM Sigma-Aldrich 

Penicillin 100 u/ml Biological industries 

Streptomycin 0.1 mg/ml Biological industries 
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REAGENT CONCENTRATION SOLUTION PREPARED IN 

DMEM/F12 10X Milli-Q® H2O  

D-Glucose 1.66 M Milli-Q® H2O  

Heparin 2 mg/ml Milli-Q® H2O  

EGF 500 μg/ml Milli-Q® H2O+ 0.1% BSA 

bFGF 25 μg/ml 10 mM Tris+ 0.1% BSA 

Insulin 4 mg/ml HCl 0.1N 

Selenium 3 mM Milli-Q® H2O 

Progesterone 2 mM EtOH 95% 

Table M5: Stem media reagent stock solution preparation 

Elution buffer for each reagent and relative stock solution concentrations are reported. After 

preparation DMEM/F12, D-Glucose and Heparin should be filtered with 0.22 μm pore membrane 

(Millipore). EGF and bFGF should be prepared under flow hood. 

1.2.3 MYCOPLASMA DETECTION TEST 

Mycoplasma is a prokaryotic organism that is a frequent contaminant of cell cultures. Because of their small 
size, Mycoplasmas can be maintained in culture as occult contamination. This organism can modify many 
aspects of cell physiology, rendering experiments that are conducted with contaminated cells unreproducible 
and worthless.  

Mycoplasma detection was performed by DAPI staining (1 μg/ml) or PCR following 

published guidelines (Young et al., 2010). In case of mycoplasma contamination of 

highly valuable cultures, cells were treated with Plasmocin (InvivoGen) following the 

company guideline. Briefly, cells underwent 2 weeks of intensive treatment with 

Plasmocin at 25 μg/ml in combination with penicillin and streptomycin. Media and 

reagent were replaced every 3-4 days. Subsequently, cells were maintained for a 

month with Plasmocin at 5 μg/ml as a prophylactic measure. Effective Mycoplasma 

decontamination was always performed at the end of every treatment.  

 



                                    MATERIALS AND METHODS | 71 

 

 

2 PROTEIN DETECTION 

2.1 WESTERN BLOT 

Protein were extracted from samples after being snap-frozen in liquid nitrogen. DGCs 

samples were previously PBS rinsed and cells were collected by scraping. Trypsin 

digestion was not employed to detach cells in order to avoid disruption of membrane 

proteins. Extraction was performed with 0.3% CHAPS buffer supplemented with 

protease and phosphatase inhibitors (Table M6). Proteins were then kept on shacking 

surface for 40-60 min at 4ºC and finally sonicated (Branson Sonifier) following these 

parameters:  

 Timer: Hold 

 Duty Cycle: 20% 

 Output Control: 3 

 Sonicate 3 times 

! Do not escape the sonication! Samples would be extremely mucous and 

impossible to load otherwise. 

! Do not centrifuge samples to clarify proteins if you are interested in 

analyzing membrane proteins! 

Glycerol was added at 10 % concentration to support protein stability once stored at 

-20ºC. Samples were quantified using Pierce™ BCA Protein Assay Kit (Thermo-

Scientific) following the manufacturer instructions.  

! Protein concentration can be increased if needed by evaporation. 

Samples can be concentrated in SpeedVac™ System (Thermo-Scientific) 

or Concentrator 5301 (Eppendorf) set at 45ºC/max with vacuum for 10-

20 minutes. Check the tube at 10, 15 and 20 minutes. 

Samples were then mixed with Protein Loading Buffer (Table M8) at 1 μg/ml protein 

concentration and boiled for 10 min at 98ºC. Twenty g of protein per sample was 

loaded into Acrylamide/Bis-Acrylamide gel 37.5:1 (Bio-Rad) prepared at different 

concentration (8%, 12% or 15%) depending on which proteins were analyzed. Protein 

electrophoresis was carried out at constant 110 mV (Mini-Protean, Bio-Rad). The 

buffer used for protein electrophoresis is described in Table M8. Resolved protein 

were then blotted onto a PVDF membrane with 0.45 μm pores size (Millipore). Over 

the years protein blotting was achieved by means of two different equipment: wet 
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(Mini Trans-Blot, Bio-Rad) and semi-dry (Trans-Blot Turbo, Bio-Rad) transference 

systems. Wet transference was performed at constant 350 mA for 90 min, whereas 

semi-dry blotting system allows protein transference in 30 min at 1 A set as maximum 

and constant 25 V.  

 

REAGENT 
FINAL 

CONCENTRATION 
COMPANY 

Tris-HCl pH 7.5 10 mM  

NaCl 100 mM  

DTT   1 mM Sigma-Aldrich 

CHAPS 0.3% Sigma-Aldrich 

Phosphatase inhibitors 

NaF 50 mM AppliChem 

Β-glycerophosphate 50 mM Fluka 

PhosSTOP 1X Roche 

Protease inhibitors 

Pepstatin A 1 μg/ml AppliChem 

Complete 1X Roche 

Table M6: Protein lysis buffer 

DTT, Pepstatin, Complete and PhosSTOP should be added at the moment of use. Other reagents 

could be mixed and stored at 4ºC. When needed stock solution concentration and preparation of 

reagent are reported in Table M7.  

REAGENT CONCENTRATION SOLUTION PREPARED IN 

PhosSTOP 10X Water 

DTT 1 M Water  

Pepstatin A 1 mg/ml MetOH + 10% Acetic acid  

Complete 25X Water  

Table M7: Reagents stock solution for protein lysis buffer  

For the preparation of Pepstatin A, heat may be required. Warm solution at 37ºC as long as required 

to dissolve the powder. 

Blotted membrane was blocked at room temperature during 1 h with TBS-T 5% non-

fat dry milk, and subsequently incubated overnight at 4ºC with the primary antibody 
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chosen (see Table M9). The day after, membrane was washed for 7 min three times 

with TBS-S and then incubated for 1 h at room temperature with secondary antibody 

horseradish peroxidase-conjugated. After three further washes of 7 min each in TBS-

T, membrane was finally incubated with ECL-Prime (GE Healthcare). Buffers used for 

protein blotting and detection are listed in Table M8. Capture of chemo-luminescence 

was performed with LAS-3000 (FujiFilm) by means of ImageReader software (version 

2.2, FujiFilm). Images were captured with machine set as described: 

 Lite version 

 Exposure type: Increment 

 Exposure time: 30 sec 

 Sensitivity: standard 

! Amino acids phosphorylation and difficult proteins detection could 

benefit from longer exposure time (3 minutes, 5 minutes or even 10 

minutes) with Exposure type still set in Increment mode. 

Densitometric analysis were carried out using Multi-Gauge software (FujiFilm 

Corporation). Unless otherwise specified, densitometric data were normalized to β-

actin expression. 

! Membrane could be re-incubated with further primary antibody, after 

being re-blocked with TBS-T 5% nonfat dry milk for at least 30 min. 
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BUFFER COMPOSITION 

Protein Loading Buffer 

1X Sample Buffer (4X) 

100 mM DTT 

0.002% bromophenol blue 

Sample Buffer (4X) 

320 mM Tris-HCl pH 6.8 

8% SDS 

10% Glycerol 

Running Buffer (10X) 

250 mM Tris-base 

1.92 M Glycine 

1% SDS 

pH 8.3 

Transfer Buffer (10X) 

250 mM Tris-base 

1.92 M Glycine 

pH 8.3 

Transfer Buffer  
1X Transfer Buffer (10X) 

20 % MetOH 

Anode Transfer Buffer 
0.3 M Tris-base 

20% MetOH 

Cathode Transfer Buffer 
40 mM 6-aminocaproic acid 

20% MetOH 

TBS (10X) 

200 mM Tris-HCl 

1.37 mM NaCl 

pH 7.6 

TBS-T 
1x TBS (10X) 

0.1 % Tween 

Table M8: Buffers used for Protein Manipulation 

When not indicated, buffers concentration correspond to 1X. Transfer Buffer was applied for wet 

protein blotting system, whereas Anode and Cathode Transfer Buffer were employed for semi-dry 

transference. 
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ANTIGEN DIL. S. DILUTED IN 
CLONE / 

#REF 
COMPANY 

 Primary antibodies 

L1CAM 1:1000 [M] 5% BSA 2C2 Abcam 

ITGA6 1:500 [R] 5% BSA HPA012696 
Novus 

Biologicals 

CD44 1:100 [M] 5% BSA 156-3C11 
Thermo-

Scientific  

p-STAT3 

(Tyr705) 
1:2000 [R] 5% BSA D3A7 CST 

p-STAT3 

(Ser727) 
1:500 [M] 5% BSA 788335 RD System 

STAT3 1:2000 [R] 5% BSA 79D7 CST 

p-AKT (Ser473) 1:1000 [R] 5% BSA #9271 CST 

p-PDH (Ser293) 1:10000 [R] 5% BSA AP1062 Calbiochem 

PEPCK-M 1:1000 [R] 5% BSA 70359 Abcam 

β-Actin 1:5000 [M] 5% dry milk AC-15 Sigma-Aldrich  

 Secondary antibodies 

anti-Mouse  1:5000 [S] 5% dry milk #NA931V GE Healthcare 

anti-Rabbit  1:5000 [D] 5% dry milk #NA934V GE Healthcare 

anti-Mouse  1:80,000 [G] 5% dry milk #A9917 Sigma-Aldrich  

anti-Rabbit  1:50,000 [G] 5% dry milk #A0545 Sigma-Aldrich  

anti-Rabbit 1:10,000 [G] 5% dry milk R-05072 Advasta 

Table M9: Antibodies employed in Western Blot detection 

For all antibodies used it is reported the working dilution (DIL.), the biological source (S.), the dilution 

buffer, the clone number or antibody reference (#REF) and the company. Biological source of both 

primary and secondary antibodies is indicated as [M] mouse; [R] rabbit; [S] sheep; [D] donkey; [G] 

goat. Antibodies were diluted in TBS-T plus either 5% BSA or 5% nonfat dry milk. Sigma-Aldrich 

secondary antibodies were previously diluted 1:20 in TBS-T with 5% BSA.  
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2.2 IMMUNOFLUORESCENCE 

Cells were seeded in 12-well plate onto Ø15 mm sterile coverslips at specific 

concentration defined for both DGC and GICs in following paragraphs (2.2.1 and 2.2.2). 

Then, cells were PBS rinsed and fixed with fresh 4% paraformaldehyde (PFA) during 20 

min at room temperature. The following steps were then executed: 

1. Rinse twice coverslip with PBS. 

! Cells can be stored over a month at 4ºC after this step, if abundantly 

covered with PBS. 

2. Permeabilize samples with PBS containing 0.1% Triton X-100 during 10 

minutes at room temperature. 

3. Block unspecific interaction throughout 2 hours with 10% Normal Goat Serum 

(NGS; GIBCO) in PBS containing 0.1% Triton X-100. 

4. Incubate samples overnight at 4ºC with selected primary antibody (Table 

M10). Incubate negative control sample with only PBS containing 0.1% Triton-

X and 1% of NGS. 

! Samples were incubated in a humid chamber with antibody diluted in 

a 40 μl drop upon the coverslip. It’s a good tip to reduce significantly 

the amount of reagent employed. 

! If co-localization of two or three antigens is required, incubate cells 

together with all antibodies. In this case, it is mandatory to add all 

negative controls needed to exclude antibodies cross-reactivity. 

5. Rinse three times coverslip with PBS. 

6. Incubate samples along with negative controls with secondary antibody 

during 1 hour at room temperature and protected from the light (see Table 

M11). 

7. Rinse three times coverslip with PBS. 

8. Incubate samples with DRAQ5 (1:2500; Biostatus) during 1 hour at room 

temperature and protected from the light. 

9. Rinse three times coverslip with PBS. 

10. Mount coverslips onto slides with a drop of Fluoroshield (Sigma-Aldrich). 

Samples were stored protected from light at 4ºC and evaluated within a month. 

Micrographs were captured with a Leica TCS-SL Spectral Confocal Microscope (Leica 

Microsystems) coupled with LCS image processing software (Leica).  
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2.2.1 IMMUNOFLUORESCENCE OF DGC 

Primary DGC were seeded onto sterile coverslip at defined concentration of 4 x 104 

cells/well. Then, cells were allowed to settle down and to grow for 24 hours before 

proceeding with staining procedure. 

2.2.2 IMMUNOFLUORESCENCE OF GICS 

GICs samples were processed following the same procedure described previously 

(paragraph 2.2) with minor modification. According to previous works (Sasaki et al., 

2010) samples were left without moving for 5 minutes after every steps, especially 

rinses, to reduce the cell loss during staining protocol. 

The protein expression assessment of GICs in single-cell culture was carried out by 

seeding 1 x 105 cells per coverslip. GICs were seeded in excess due to the high 

percentage of cell loss throughout the protocol. Then, cells were allowed to settle 

down for 24 hours and subsequently samples were processed as described previously.  

On the contrary, when the protein distribution was analyzed in cells associated in 

spheres, an additional step was required. Cells were grown and let proliferate until the 

state of spheres in 75 cm2 flask. Then, 1 ml was collected from culture. Cells were 

pelleted down, dissociated and counted. Then, the volume of culture needed to catch 

3 x 105 cells was seeded onto each coverslip. Cells were allowed to settle down for 3-

6 hours and then were processed for immunofluorescence. 

2.2.3 γ-H2AX ASSAY 

The detection of histone H2AX phosphorylated at Ser139 (γ-H2AX) was performed by 

immunofluorescence. Cells were irradiated with the indicated doses, and at the 

indicated time, samples were rinsed, fixed and processed as described below 

(paragraph 2.2). Nuclei and foci were counted using Image J software (National 

Institute of Health, United States) following these parameters:  

 Binary 

 Particles size: 3-140 cm2  

 Particles circularity: 0.00-1.00 

Between five and eight images were analyzed for each condition. 
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ANTIGEN DILUTION SOURCE 
CLONE / 

#REFERENCE 
COMPANY 

CNPase 1:100 [M] 11-5B Sigma 

GFAP 1:50 [R] #Z0334 Dako 

TUJ1 1:1000 [R] #PRB-435P Covance 

MAP2 1:100 [M] HM-2 Sigma 

VIMENTIN 1:100 [M] 3B4 Dako 

CD44 1:100 [M] AC-15 
Thermo-

scientific 

L1CAM 1:1000 [M] 2C2 Abcam 

ITGA6 1:100 [Rt] NKI-GoH3 Millipore 

γ-H2AX 

(Ser139) 
1:500 [M] JBW301 Millipore 

Table M10: Primary antibodies employed in Immunofluorescence protocol 

Antibodies were prepared in PBS containing 0.1% Triton-X and 1% of Normal Goat Serum (GIBCO). 

Biological source of primary antibodies is indicated as [M] mouse; [R] rabbit; [Rt] rat. 

SPECIFICITY DYE  COMPANY REFERENCE 

anti-Rat Alexa-488 Goat IgG (H+L) Invitrogen A11006 

anti-Mouse Alexa-488 Goat IgG (H+L) Invitrogen A11001 

anti-Rabbit Alexa-488 Goat IgG (H+L) Invitrogen A11034 

anti-rabbit Alexa-555 Goat IgG (H+L) Invitrogen A21430 

anti-mouse Alexa-555 Donkey IgG (H+L) Invitrogen A31570 

anti-mouse Alexa-647 Donkey IgG (H+L) Invitrogen A31571 

anti-mouse Cy3 Donkey IgG (H+L) Jackson 715-166-151 

Table M11: Secondary antibodies employed in immunofluorescence technique 

Secondary antibodies and DRAQ5 were diluted in PBS at a working concentration of 1:400. 
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2.3 HISTOLOGICAL TECHNIQUES 

Histological samples were obtained from mouse brain after intracranial injection and 

patient post-surgical specimens, both paraffin embedded. Mouse brains were 

sampled in proper cassette, fixed with 4% PFA for 6 hours at 4ºC and then dehydrated 

with increasing EtOH concentration. The dehydration process is accomplished by 

passing the tissue through the steps indicated below: 

1. Incubate samples 3 hours in EtOH 70º  

2. Leave sample overnight in EtOH 96º 

3. Incubate 4 hours in absolute EtOH 

After dehydration, the tissues were cleared in xylene during 30-45 minutes and then 

immersed in paraffin: 1-step paraffin for 3 hours plus a 2-step with pure paraffin 

overnight.  Finally, brain pieces were included in paraffin wax individually.  

! Each change should be performed at least into 4-times more volume 

compared to the volume of the cassettes treated. 

! The paraffin tissue block can be stored at room temperature for years. 

Section were cut at 4-μm thickness in a microtome and mounted on 0.05% poly-L-

lysine (Sigma-Aldrich; dilution 1:1 in water) coated glass microscope slide. Slides were 

then heated at 56ºC for 1 hour and left overnight at 37ºC. 

2.3.1 HEMATOXYLIN/EOSIN STAINING 

Slides were stained in rectangular staining glass dishes as indicated below: 

1. Deparaffinize slides in four changes of xylene, 5 min each. 

2. Re-hydrate section in a series of decreasing ethanols: three changes in 100º 

EtOH, three changes in 96º, final transfer in 70º and 50º EtOH, respectively for 

5 minutes each. 

3. Stain in Harris Hematoxylin (Sigma-Aldrich) during 5 minutes 

! Filter hematoxylin with a filter paper every time before use. 

4. Wash in running tap water for 5 minutes. 

! BE CAREFULL, tap water stream should be placed at the corner of the 

cuvette, to avoid section detachment and lost. 

5. Differentiate in 1% Acid alcohol (1% HCl in 100º EtOH) with three quick dips. 

Hematoxylin stain turn into a winy red-purple color. 

6. Wash in running tap water for 5 minutes. 
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7. Bluing in 0.2% ammonia water for 5-9 dips until sections turn into shiny blue 

color. 

8. Wash in running tap water for 5 minutes. 

9. Counterstain in Eosin solution (Sigma-Aldrich) for 9 dips. 

10. Dehydrate sections through a series of ethanols, three changes at 96º EtOH 

plus three more changes in 100º EtOH. Passages are direct, with no incubation 

time. 

11. Clear in four changes of xylene. 

12. Mount section with DPX mounting medium (Sigma-Aldrich). 

2.3.2 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was performed in rectangular staining glass dishes until step 

n.6 following the protocol indicated below: 

1. Deparaffinize slides in four changes of xylene, 5 min each. 

! For human brain sections elongate dewaxing period from 5 minutes to 

10 minutes. 

2. Re-hydrate section in a series of decreasing ethanols: three changes in 100º 

EtOH, three changes in 96º, final transfer in 70º and 50º EtOH, respectively for 

5 minutes each. 

3. Wash sections in distilled H2O for 10 minutes and after in PBS for 10 more 

minutes. 

4. Block endogenous peroxidases with 3% hydrogen peroxide solution (3% H2O2 

+ 30% MetOH in PBS) during 15 minutes protected from light. 

5. Rinse sections in distilled H2O for 10 minutes and then perform two changes 

in PBS of 5 minutes each. 

6. Treat slides for heat-mediated antigen unmasking using boiling citrate buffer 

(1.8 mM citric acid monohydrate and 8.2 mM tri-sodium citrate, pH 6.0) during 

20 minutes. 

7. After antigen-retrieval assemble slices in Sequenza Slide Rack (Shandon) 

coupled with Coverplate™ (Shandon). 

! The volume/sample of reagent from now on is 100 μl. 
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! Sections of human brain should be maintained in rectangular glass 

dishes, until incubation with NGS blocking solution or antibodies. 

Incubations are performed horizontally with reagent-drop placed onto 

the slice and covered with a piece of Parafilm®. Slides were then placed 

into a humidified chamber for the indicated incubation time. 

8. Rinse slides with two changes of PBS of 5 minutes each, plus three additional 

washes with 0.2% PBS-Triton X (PBS-T) of 5 minutes each. 

9. Block non-specific staining with 10% NGS in 0.2% PBS-T during 2 hours 

protected from light. 

10. Incubate samples overnight at 4ºC with the indicated concentration of primary 

antibody (see Table M12) diluted in 1% NGS in 0.2% PBS-T or in Dako REAL™ 

antibody diluent (Dako; S2022). 

! Dako REAL™ antibody diluent ensures a better and cleaner stain of 

sections. Use it preferentially for human brain slices.  

11. Leave slide rack 30 minutes at room temperature and then rinse samples with 

three changes of 0.2% PBS-T, and three changes of PBS, of 5 minute each. 

12. Incubate sections during 1 hour at room temperature with biotinylated 

secondary antibody (see Table M13) prepared at 1:100 and diluted in PBS with 

0.1% NGS. 

13. Rinse slides three times with PBS with 5 minutes incubation time. 

14. Incubated sections during 1 hour at room temperature with streptavidin-HRP 

diluted 1:400 in PBS. 

15. Rinse slides with three changes of PBS of 5 minutes each. 

16. Develop sections with DAB+ Chromogen (DAKO) diluted 1:50 in PBS. 

Incubation time could vary between 2 and 20 minutes. 

! Do not forget that DAB is a suspected carcinogen. 

17. Counterstain with pure Harris Hematoxylin (Sigma-Aldrich) for 3 minutes. 

18. Stop reaction with running tap water for 5 minutes. 

! BE CAREFULL, tap water stream should be placed at the corner of the 

cuvette, to avoid section detachment and lost. 

19. Dehydrate sections through a series of ethanols, three changes at 96º EtOH 

plus three more changes in 100º EtOH. Passages are direct, with no incubation 

time. 

20. Clear in four changes of clean xylene. 

21. Mount section with DPX mounting medium (Sigma-Aldrich). 
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ANTIGEN DILUTION-M DILUTION-H CLONE COMPANY 

Vimentin [M] 1:100 1:10 3B4 Dako 

GFAP [R] 1:500 (*) 1:500 (*) 6F2 Dako 

CD44 [M] 1:100 1:5 AC-15 Thermo-Scientific 

Table M12: Antibodies employed for immunohistochemistry 

Dilution is differentially specified for mouse brain samples (M) and for human brain samples (H). 

Biological source of reported antibodies is indicated as [M] mouse; [R] rabbit. (*) Performed in the 

pathological service of Bellvitge Hospital.  

REAGENT  REFERENCE COMPANY 

Biotinylated horse anti-mouse IgG (H+L) BA-2001 Vector 

Biotinylated goat anti-rabbit IgG (H+L) BA-1000 Vector 

Streptavidin-biotinylated 

horseradish peroxidase complex 
- RPN1051V GE Healthcare 

Table M13: Reagent used for immunohistochemistry 
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3 FLUORESCENCE-ACTIVATED CELL SORTING (FACS) 

Cells were collected, dissociated and counted to prepare tubes with 2 x 106 cells (GICs 

samples), 5 x 105 cells (DGC samples) plus 2 x 105 cells per control tube. ITGA6 was 

labeled indirectly by means of immunofluorescence staining method (protocol 

detailed below). Dilution and washes were performed in dilution buffer (0.5% BSA and 

2 mM EDTA dissolved in PBS; pH 7.2) warmed at 37ºC. Tubes not incubated with 

primary antibody were added to the experiment as negative control. Cells were sorted 

using MoFlo Astrios (Beckman Coulter). 

1. To prevent unspecific signals block cells during 15 minutes with 300-

μl/sample (1 ml for GICs tubes) of 10% NGS prepared in dilution buffer. 

Perform incubation at room temperature protected from light. 

2. Add dilution buffer to samples and then centrifuge at 300 g for 5 minutes. 

3. Resuspend cells with 200 μl of anti-ITGA6 antibody solution prepared at 1:100 

(500 μl for GICs tubes; Table M10) in dilution buffer with 10% NGS. Incubate 

samples protected from light during 8 minutes at room temperature and then 

8 additional minutes at 4ºC. 

4. Add dilution buffer to samples and then centrifuge at 300 g for 5 minutes. 

5. Rinse cells twice with 500 μl of dilution buffer. Between washes, pellet down 

cells at 300 g for 5 minutes. 

! From now on samples should be kept protected from light to avoid 

decay of fluorescent signal. 

6. Incubate samples during 15 minutes at 4ºC with 100 μ of secondary 

antibody (Alexa-488 anti-rat; Table M11) diluted at 1:400 in dilution buffer 

with 1% NGS (500 μl for GICs tubes).  

7. Add dilution buffer to samples and then centrifuge at 300 g for 5 minutes. 

8. Rinse cells twice with 500 μl of dilution buffer. Between washes, pellet down 

cells at 300 g for 5 minutes. 

9. Resuspend cells in 500 μl of dilution buffer and then filter cells with cell-

strainer (polystyrene round-bottom tube with cell-strainer cap, Falcon) to 

avoid cell aggregates. 

! A part of the sample could be stained with DAPI to set gate and to 

discard dead cells. 
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4 RNA DETECTION 

RNA was retro-transcribed and expression was normally analyzed by means of Real-

Time PCR assay (qPCR, paragraph 4.1). Semi-quantitative RNA detection by PCR is 

illustrated in paragraph 4.3. Instead, the extraction of whole transcriptome and 

analysis by means of Microarray chip are described aside in paragraph 4.4.   

4.1 RNA EXTRACTION AND REVERSE-TRANSCRIPTION 

Total RNA was extracted from either tissue or cells after being snap-frozen in liquid 

nitrogen. In particular, DGCs samples were previously PBS rinsed and cells were 

collected by scraping. Extraction was performed with TRIsure (Bioline) following the 

manufacturer guidelines. For details on brain-tissue RNA extraction and analysis see 

paragraph 4.2.1. 

! 4 μl of Glycogen type III (20 mg/ml, Sigma-Aldrich) were added per 

500 μto each tube along with isopropyl alcohol, to ease pellet 

visualization. 

! Pellets were air-dried for 1-2 hours underneath a light at room 

temperature, paying attention not to over-dry. 

Total RNA concentration and quality were assessed by Nanodrop® 

Spectrophotometer (Thermo-Scientific). 

! RNA concentration can be increased if needed by evaporation. Samples 

can be concentrated in SpeedVac™ System (Thermo-Scientific) or 

Concentrator 5301 (Eppendorf) set at 30ºC/max with vacuum for 10-

20 minutes. Just be careful not to over-dry. Check the tube at 10, 15 

and 20 minutes. 

Reverse transcription was performed with the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems) following manufacturer’s instruction.  
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4.2 REAL-TIME PCR 

To quantify the gene expression the quantitative Real-Time PCR (qPCR) was employed. 

Some of the assay probes used do not span an exon-exon boundary and may detect 

genomic DNA as well. Consequently, RNA was treated with RNase-free DNase I 

(Thermo-Scientific) prior to Reverse-Transcription reaction. 1 μg of RNA was treated 

per 10-μl reaction (100 ng/μl reaction concentration) and RNA concentration was 

newly determined by spectrophotometry (Nanodrop®).  

! Exclusively probes with Assay ID suffix “_m1” span an exon junction. 

Reverse transcription was then performed with minor modification required by the 

drastic decrease of RNA concentration induced because of DNase treatment. In 

particular, only 1 μg of treated RNA was retro transcribed per 20-μl reaction. Finally, 

qPCR was performed in the ABI Prism 7900HT fast real-time PCR System (Applied 

Biosystems) employing SensiFAST™ Probe Hi-ROX mix (Bioline) and the validated 

Taqman® Gene Expression Assays (Applied Biosystems, see table ). Samples were 

loaded on MicroAmp® Optical 384-well plate (Applied Biosystems) in duplicate 

following the 11-μl reaction mix indicated below: 

SensiFAST™ Hi-ROX mix (2x) 5.5 μl 

Assay Probe (20x)  0.5 μl 

50 ng cDNA   5 μl 

Mix total volume  11 μl 

! cDNA was diluted in Milli-Q® water recently collected.  

Gene expression analysis was performed with SDS Software (version 2.2.2, Applied 

Biosystems). Data analysis is based on ΔCt method. The ΔCt value was obtained by 

subtracting the mean of Ct values from housekeeping genes to the target gene Ct 

value, as detailed below. Housekeeping genes used were GAPDH and GUSB if not 

otherwise specified (see Table M14). In particular, for RNA extracted from tissue 

samples, specific genes were employed as normalizer (see paragraph 4.2.1). 

∆𝐶𝑡 = 𝐶𝑡𝑡𝑎𝑟𝑔𝑒𝑡 −
(𝐶𝑡𝐺𝐴𝑃𝐷𝐻 + 𝐶𝑡𝐺𝑈𝑆𝐵)

2
 

The relative mRNA expression level of each gene was obtained by the formula [2-ΔCt]. 

When plot indicates gene relative amount, data were obtained by the ΔΔCt method. 

The ΔΔCt value was calculated as follow: 

∆∆𝐶𝑡 =
2−∆𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒

2−∆𝐶𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
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In case of molecular subtype analysis, data are presented in a comparative heatmap 

as metagene score after Z-score correction (see paragraph 4.2.2). For details on the 

transcriptomic response to RT displayed as clusters see paragraph 4.2.3. 

GENE 

NAME 
ALIAS FUNCTION 

GAPDH 
Glyceraldehyde-3-Phosphate 

Dehydrogenase 
Glycolytic and gluconeogenic enzyme 

GUSB Glucuronidase β 
Lysosomal hydrolase, degradates 

glycosaminoglycans 

IPO8 Importin 8 Nuclear import of proteins 

HPRT1 
Hypoxanthine 

Phosphoribosyltransferase 1 
Synthesis of purine nucleotides  

TBP TATA Box Binding Protein 

Subunit of TFIID which coordinates the 

initiation of transcription by RNA 

polymerase II 

Table M14: Housekeeping genes employed for RealTime-qPCR normalization 

GAPDH and GUSB were employed to normalize mRNA levels obtained from in-vitro samples, either 

GICs or DGC. IPO8, HRPT1 and TBP were tested as housekeeping genes for normalization of mRNA 

content in GBM tissue samples (further details in paragraph 4.2.1).  

4.2.1 RNA DETECTION IN TISSUE 

Samples previously stored at -80ºC were weighted and 20-50 mg of tissue was 

crushed with a pestle in a ceramic mortar maintained in liquid nitrogen. The frost 

powder obtained were dissolved in 1 ml of Trisure per 25 mg of weight. Samples were 

then were processed as described above. Gene expression level of tissue samples were 

indicated as gene relative amount after standardization with a control sample. Brain 

frontal cortex sample from healthy donor was kindly provided by I. Ferrer’s lab (Sample 

code: #07A9CF). The microdissection of the control sample was performed trying to 

achieve the maximum amount possible of white matter. 

According to bibliography (Kreth et al., 2010; Valente et al., 2009), it was necessary to 

define suitable endogenous control genes for the normalization of mRNA levels in 

GBM tissue samples. Consequently, it was investigated the stability of a pool of five 

putative housekeeping genes: TBP, IPO8, HRPT1, GUSB and GAPDH. Transcriptional 

levels of the selected genes were determined by q-PCR in a panel of 11 different tissue 
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samples, including 7 GBT and 4 control tissues. To compare the expression levels 

among samples, the cycle threshold values were directly plotted (Figure M1). Among 

the analyzed set of genes, GAPDH displayed a diverse tendency and consequently it 

was discarded. Within the group of candidates with better correlation, TBP and IPO8 

were selected as putative endogenous controls to normalize the expression of target 

genes. 

Figure M1: Selection of Housekeeping genes for tissue GBM sample 

Ct values were plotted as raw data. Sample 07A9.1 was the internal control from a healthy brain 

specimen. Samples 07A9.1-G and 07A9.1-W1/2 were extracted from the internal control trying to 

isolate respectively grey matter (G) and white matter (W). 
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4.2.2 METAGENE SCORE AND Z-SCORE CORRECTION 

A Z-Score is a statistical tool to standardize individual element in a group. It is a measure of the relationship 
between the specific element and the mean of the group. A Z-score of zero means that the element is equal 
to the mean. A Z-score can also be positive or negative, indicating whether the element in analysis is above 
or below the mean and by how many standard deviations it is from the mean.  

For the PN/Mes metagene calculation, the expression of four PN (SOX9, OLIG2, SOX2 

and CD133) and four Mes (FN1, YLK-40, CD44 and CTGF) genes were analyzed by q-

PCR. The relative mRNA expression level of each gene was calculated by the formula 

[2-ΔCt]. For each in-vitro sample the mRNA expression level of genes were obtained 

from at least three independent samples.  Conversely, genes expression level from 

post-surgical specimens were obtained from one-single tissue piece. Individual mRNA 

expression level for each gene was then corrected with Z-score as indicated.  

𝑍𝑖 =
𝑋𝑖 −

∑ 𝑋𝑖
𝑛
𝑖=1

𝑛
𝜎

 

“i” stands for the individual gene analyzed, Zi indicates the Z-score, Xi indicates the calculated [2-ΔCt] 

value for a gene and σ is the standard deviation between all mRNA level obtained within the analyzed 

sample for the genes analyzed.  

Subsequently, individual PN and Mes scores were calculated for each sample by 

averaging respectively PN and Mes gene expression level after Z-score correction. To 

generate values for a comparative heatmap, composite metagenes were obtained 

within each sample by subtracting from the calculated Mes score the PN score (Bhat 

et al., 2013). Heatmaps were visualized using GENE-E software (Broad Intitute). 

4.2.3 UNSUPERVISED CLUSTERING AND HEATPLOT 

The unsupervised hierarchical clustering and heatmaps were obtained in collaboration 

with Miquel Angel Pujana’s team (IDIBELL; Breast cancer unit) using the R 

(http://www.r-project.org/) functions hclust and heatmap.3 in Bioconductor. Data 

analyzed through indicated softwares correspond to gene relative amount and the 

values were calculated by the ΔΔCt method as detailed before (chapter 4.1).  

To generate unclustered comparative heatmap, the software GENE-E  was employed 

(Broad Intitute). 
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4.3 RT-PCR 

The RT-PCR method can be used not only to detect specific mRNAs but also to semi-quantitate their levels. 
Thus, one can compare levels of transcripts in different samples as a pilot study.  

Total RNA was extracted and retro-transcribed as above indicated in paragraph 4.1. 

PCR reaction was performed using GeneAmp® PCR System 9700 thermocycler 

(Applied Biosystems). The sequences of primers used were chosen among the ones 

described in bibliography (Table M15). Sequences were analyzed with Primer-BLAST 

tool (NCBI web site) and primers selection was carried out taking into account PCR 

product size, primer length, GC%, predicted melting temperature and self-

complementarity.  

PCR cycle conditions were optimized individually for each primer pair (see Table M16). 

In particular, the following parameters were adjusted in order to achieve the most 

efficient amplification of specific template: 

 MgCl2 concentration, which could span among 1.5 and 2.2 mM 

 Annealing temperature 

 Number of cycles 

To identify quickly the best combination of annealing temperature and cycles, the PCR 

optimization was performed using C1000™ Thermal Cycler (BIO-RAD) which allows 

simultaneously the amplification of template with a gradient range of annealing 

temperature along the block and two different possibilities of cycle number. In 

conclusion, PCR conditions were set as indicated below: 

Hot-Start (*) 95°C 5 minutes 

Cycles (**)  94°C 15 seconds  [denaturation step] 

Ta (***) 30 seconds  [annealing step] 

72°C 30 seconds (****) [extension step] 

Extension  72°C 5 minutes   [final extension] 

End  4°C indefinite period  

(*) AmpliTaq Gold is a Hot-Start polymerase and requires a preliminary activation step at 95ºC for 5 

minutes. (**) and (***) Optimized cycles and annealing temperatures were specified in Table M16 for 

every primer pair. (****) Unless otherwise specified. Ta indicates the annealing temperature. 
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Table M15: Forward and Reverse Primer sequences 

Primers were purchased to Roche and eluted at 50 μM in Milli-Q® water.  
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TARGET GENE 
CYCLE 

NUMBER 
Ta (ºC) 

EXTENSION 

(sec) 

CD133-L 40 56 60 

CD133-S 37 58 30 

SOX2 37 57 60 

MUSH1 37 57 30 

OCT4 37 55 30 

NESTIN 37 58 30 

CD15 37 57 30 

CD44 37 59 30 

L1CAM 37 62 30 

GAPDH 40 54 30 

Table M16: RT-PCR conditions for every primer used 

Ta indicates the annealing temperature. To optimize CD133 amplification program, RNA extracted 

from Saos-2 osteosarcoma cell line was used as control positive (Tirino et al., 2008).  

PCR reaction was performed in 20-μl total volume employing AmpliTaq Gold® 

(Applied Biosystems) and 1 μg of cDNA according to Table M17. 

 

REAGENT CONCENTRATION 

cDNA 1 μg 

AmpliTaq Gold® (5 U/μl) 1 U 

PCR Gold Buffer (10X) 1X 

MgCl2 (25 mM) 2 mM 

dNTPs (10 mM) 0.2 mM 

Primer F (20 μM) 0.2 μM 

Primer R (20 μM) 0.2 μM 

Table M17: RT-PCR reaction mix 

Mix was prepared on iced-block to maintain the stability of parts. 

PCR fragments were separated and visualized in 4%, 6% or 8% 19:1 Acrylamide 

(AppliChem) gel depending on the expected product size. Gels were polymerized in 

Tris-borate-EDTA (TBE) buffer (89 mM Tris-Base, 89 mM Boric acid and 2 mM EDTA), 

and PCR fragment were loaded 1:1 with STOP buffer (95% Formamide, 20 mM EDTA 
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and 0.05% Bromophenol Blue). Electrophoresis was carried out at constant 90 mV 

(Mini-Protean, Bio-Rad) and gels were then stained in TBE with BrEt for 10 minutes. 

Product were finally visualized under a transilluminator with a UV filter. Gene 

expression level was approximated by means of signal quantification after 

normalization with GAPDH density using ImageJ (National Institute of Health, USA). 

4.4 WHOLE TRANSCRIPTOME ANALYSIS 

Whole transcriptome was measured by means of GeneChip® Human Gene 1.0 ST 

array (Affymetrix). RNA was extracted from samples after one hour from the last 2 Gy 

fraction using RNeasy® Mini Kit (Qiagen) that ensures extraction of higher RNA 

quality. Microarray technique requires sample with RNA absorbance ratios at 260/280 

and 260/230 equal or higher than 2. In order to achieve the necessary level of RNA 

purity some additional steps were added to manufacturer instruction: 

 Add 10 μl of β-mercaptoetahnol to each 1 ml RTL lysis buffer (optional in 

company instruction) 

 Warm RTL lysis buffer at 37ºC before use  

 Use 70% EtOH prepared exclusively at the moment of use (it increases the 

RNA yield) 

 Aspire the flow through out of the collection tubes with vacuum device 

instead of just dumping them out  

 During washes (RW1 and RPE) invert and roll the column several times to 

make sure the buffer has really washed the inside of the tube 

 Let RW1 wash remain in the cartridge for about 2 minutes 

 Perform an extra wash with RW1 (it helps to decrease 280 nm contamination) 

 Perform an extra wash with RPE and let it on the cartridge for about 2 minutes 

to make sure all the salt is removed 

 Allow the columns to air dry & evaporate EtOH with the caps open for ~5min 

before elution (it increases yield and decreases 230 peak) 

 Pre-warm the water (~45ºC) before elution and let it sit for 2-3 minutes (it 

increases yield) 

Ten μl of RNA at concentration of 100 ng/μl were then sent to Centro de Investigación 

del Cáncer (Universidad de Salamanca-CSIC). RNA quality control was performed in a 

2100 Bioanalyzer (Agilent Technologies). In all cases, the RNA integrity number was 

equal to 10. Following quality control, samples were labelled and hybridized according 

to protocols from Affymetrix. Briefly, 100-300 ng of total RNA were amplified and 
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labeled using the WT Expression Kit de Ambion and then hybridized to Human Gene 

1.0 ST Array (Affymetrix). Washing and scanning were performed using GeneChip 

System of Affymetrix (GeneChip Hybridization Oven 640, GeneChip Fluidics Station 

450 and GeneChip Scanner 7G). 
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5 BIOINFORMATIC TOOLS 

5.1 MICROARRAY DATA ANALYSIS 

The data were analysed in collaboration with Miquel Angel Pujana’s team (IDIBELL; 

Breast cancer unit) using Microarray Suite version 5.0 (MAS 5.0), Affymetrix default 

analysis settings and global scaling as normalization method. The data were deposited 

under the GEO reference GSE82139 (private data). Principal Component Analysis (PCA) 

was realized using the R (http://www.r-project.org/) in Bioconductor.  

To correct for multiple hypothesis testing, a False Discovery Rate (FDR) of 5% was used 

(FDR < 0.05). 

Microarray data were also examined using the Gene Set Expression Analysis 

(GSEA) tool, run using default values for all parameters (Subramanian et al., 2005). 

GSEA pathways enrichment was evaluated using pathways annotation from the Kyoto 

Encyclopedia of Genes and Genomes (KEGG; Kanehisa et al., 2012), BioCarta (National 

Cancer Institute) and Reactome (Croft et al., 2014; Fabregat et al., 2016). GSEA tool 

was interrogated also to estimate Transcription Factor (TF) binding site enrichment, 

by means of TFT collection, and to identify specific well-defined biological states or 

processes, through the Hallmark collection (H).  

The Gene Ontology (GO) biological processes were identified using GO enRIchment 

anaLysis and visuaLizAtion tool (GOrilla; http://cbl-gorilla.cs.technion.ac.il/; Eden et al., 

2009). The list of genes differentially expressed in cluster 3 compared to cluster 2 (R-

fold higher than 2.00 and FDR < 0.05) were run against the background list, 

corresponding to the whole genes composing Microarray platform. A P-value 

threshold of 10-09 was used. 

DAVID conversion tool (https://david.ncifcrf.gov/conversion.jsp; Huang et al., 2009) 

and WebGestalt (http://www.webgestalt.org/; Wang et al., 2013) were used to convert 

Affymetrix gene ID format to the universally accepted gene symbol. 

5.2 TCGA DATABASES 

5.2.1 ITGA6 EXPRESSION IN PUBLIC DATASETS 

In order to analyze ITGA6 expression within public multidimensional cancer genomics 

data, various databases were examined. The cBio Cancer Genomics Portal (cBioPortal; 
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http://www.cbioportal.org/; Cerami et al., 2012; Gao et al., 2013) was employed to 

compare two provisional data sets from TCGA project: 

 Glioblastoma Multiforme (TCGA, Provisional) 

 Brain Lower Grade Glioma (TCGA, Provisional) 

Oncomine database (www.oncomine.org) was employed to compare ITGA6 

expression in a restricted set of human glial brain tumors (Bredel et al., 2005) and in 

TCGA healthy brain and GBM specimens, data extracted from Human Genome U133A 

Array platform (no associated paper).  

In addition, the following TCGA GBM gene expression datasets were extracted from 

the Cancer Genomic Browser (UC Santa Cruz; https://genome-cancer.ucsc.edu/) and 

analyzed: 

 AgilentG4502A_07_2 array (Data set ID: TCGA_GBM_G4502A_07_2) measured 

experimentally using Agilent 244K custom gene expression G4502A_07_2 

microarrays from 483 samples (University of North Carolina TCGA genomic 

characterization center) 

 AffyU133a array (Data set ID: TCGA_GBM_exp_u133a) measured 

experimentally using the Affymetrix HT Human Genome U133a microarray 

platform from 539 samples (Broad Institute of MIT and Harvard University 

cancer genomic characterization center) 

5.2.2 EXPRESSION IN PUBLIC DATASETS OF THE GENESET DEFINED 

AFTER TRANSCRIPTOMIC ANALYSIS OF IRRADIATED SAMPLES 

Data extracted from the Cancer Genomic Browser (UC Santa Cruz; https://genome-

cancer.ucsc.edu/) belongs to the up-mentioned AgilentG4502A_07_2 array (Data set 

ID: TCGA_GBM_G4502A_07_2). Unsupervised hierarchical clustering was performed as 

indicated in paragraph 4.2.3 “Unsupervised clustering”. 

In order to analyze COX2, LIF, ICAM1, IL6 and NNMT expression impact on GBM clinical 

attributes, it was employed the cBio Cancer Genomics Portal (cBioPortal; 

http://www.cbioportal.org/; Cerami et al., 2012; Gao et al., 2013). Public 

multidimensional data were extracted from Glioblastoma Multiforme (TCGA, 

Provisional) and Overall Survival/Progression Free Survival were analyzed. 
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6 DNA ANALYSIS 

DNA was extracted from both cell cultures and flash-freeze brain tissues with 

QIAamp® DNA Mini Kit (Qiagen) following the manufacturer guidelines. In order to 

obtain RNA-free genomic DNA, it was performed the optional treatment with RNase 

A suggested by the company at final concentration of 1.8 μg/μl (AppliChem). 

6.1 MLPA TECHNIQUE 

Multiplex Ligation-dependent Probe Amplification (MLPA) is a semi-quantitative technique employed to 
determine amplifications or deletions of several target genes in a single multiplex PCR-based reaction. This 
method can evaluate gross alteration in the relative copy number variation but does not detect point mutation 
that could lead to protein loss or gain-of-function.  

Copy number alteration of genes PDGFRA, EGFR, CDKN2A, PTEN, CDK4, MIR26A2, 

MDM2, NFKBIA and TP53 were investigated through SALSA MLPA (kit P105, MRC-

Holland) following the company guidelines. DNA from both primary cells and brain 

tissue were analyzed. Among 100-400 ng of DNA was loaded in 5-μl total volume with 

AE buffer (Quiagen). A minimum of two reference samples extracted from healthy 

donors and a No-DNA control tube (5-μl of AE buffer) were included per MLPA run. 

The product of PCR reaction was load into MicroAmp™ Optical 96-well plate (Applied 

Biosystems) along with Size Standard GeneScan™ 500 LIZ (Applied Biosystems) and 

Hi-Di™ Formamide (Applied Biosystems). PCR product were then submitted to 

capillary electrophoresis employing the ABI-Prism 3730 Genetic Analyzer (Applied 

Biosystems). Peaks area were finally analyzed using Coffalyzer freeware software 

(Coffalyser.net; MRC-Holland). Only those samples that pass quality control, evaluated 

by means of D-fragment and Q-fragment, were considered. For each sample, copy 

number were determined the Final Probe Ratio (FPR) obtained by comparing each 

gene relative probe peak to peaks detected in reference samples. Following the 

company guidelines, the FPR was interpreted as explained in Table M18. 
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FINAL PROBE RATIO (FPR) COPY NUMBER STATUS 

FPR = 0 0 copies (homologous deletion) 

0.40 < FPR < 0.65 1 copy (heterozygous deletion) 

0.80 < FPR < 1.20 
Normal copy number (identical to 

reference samples) 

FPR < 1.30  >2 copies (duplication)  

All other values Ambiguous results 

Table M18: Relation between copy number status and the obtained FPR 

Ambiguous results were interpreted considering FPR of all samples replica. 

6.2 MGMT PROMOTER METHYLATION STATUS 

This assay allows to analyze MGMT promoter methylation pattern in the CpG islands and consequently to 
infer the presence or absence of MGMT protein in samples. The methylation status was determined by sodium 
bisulfite conversion, a chemical modification of unmethylated, but not methylated, cytosine to uracil  (Herman 
et al., 1996), followed by PCR amplification with primers specific for either methylated or the modified 
unmethylated DNA (MSP, Methylation-Specific PCR). 

Around to 200-500 ng DNA per sample was treated with EZ DNA Methylation-Gold 

kit™ (Zymo Research) following manufacturer instruction. A universally methylated 

sample and Human genomic DNA (Roche) were added to the analysis as positive and 

negative control respectively. Sample without DNA was used as negative PCR control. 

Complete bisulfite conversion was followed by a two-stage MSP amplification for 

MGMT promoter (Palmisano et al., 2000). In particular, the primers chosen for stage-

1 recognize a portion of MGMT CpG-rich promoter region, but do not discriminate 

between methylated and unmethylated alleles. PCR products from stage-1 were then 

diluted 50-fold in H2O, and subjected to a stage-2 PCR in which primers specific to 

methylated or unmethylated template were used. Primers employed are detailed in 

Table M19. PCR reaction mix PCR reaction was performed in both stages loading 1-μl 

of DNA, either bisulfite treated or 1-step product, in 20-μl total volume as indicated 

in Table M17.  
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 PRIMER SEQUENCE 
PRODUCT 

SIZE 
Ta REF 

MGMT-F GGATATGTTGGGATAGTT 
289 bp 52ºC (*) 

MGMT-R CCAAAAACCCCAAACCC 

MET-F TTTCGACGTTCGTAGGTTTTCGC 
80 bp 62ºC (**) 

MET-R GCACTCTTCCGAAAACGAAACG 

UM-F TTTGTGTTTTGATGTTTGTAGGTTTTTGT 
90 bp 62ºC (**) 

UM-R AACTCCACACTCTTCCAAAAACAAAACA 

Table M19: MGMT Primer sequences and MSP specific conditions 

MGMT primers were employed for the stage-1 PCR, whereas MET/UM methylation specific primers 

were used for stage-2 PCR. Ta indicates the annealing temperature. (*) Primer sequences from 

Palmisano et al., 2000. (**) Primer sequences from Esteller et al., 1999. 

PCR conditions were set as indicated below: 

Hot-Start (*) 95°C 5 minutes 

30 Cycles  95°C 30 seconds  [denaturation step] 

Ta (**) 30 seconds  [annealing step] 

72°C 30 seconds   [extension step] 

Extension  72°C 10 minutes   [final extension] 

End  4°C indefinite period  

(*) AmpliTaq Gold is a Hot-Start polymerase and requires a preliminary activation step at 95ºC for 5 

minutes. (**) Annealing temperatures were specified in Table M19 for 1- and 2-step PCR. 

PCR fragments were visualized as described in paragraph 4.3. 
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7 CSCs FUNCTIONAL FEATURES ASSESSMENT 

7.1 COLONY FORMING CAPACITY  

Colony Forming Capacity (CFC) is the ability of cell to proliferate at low cell density as multicellular clusters, 
either colonies or neurospheres. CFC could be obtained by the Plating Efficiency (PE) that is the ratio of the 
number of colonies or spheres to the number of cells seeded. 

Low numbers of cells were seeded as single-cell suspension at two different densities 

as indicated in Table M20. Seeding concentrations were established according to 

preliminary studies about the growth rate of each primary culture in both Monolayer 

and Neurospheres condition (details in paragraph 7.1.3). Cells were maintained for 14 

days in their culturing condition without any media renewal. At the fixed end-point, 

plates were evaluated with different approaches depending on culture conditions for 

the formation either of colonies or of neurospheres (see paragraphs 7.1.1 and 7.1.2). 

Plating Efficiency (PE) was calculated according to Franken et al., 2006:  

𝑃𝐸 =
𝑛. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑛. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
% 

PRIMARY 

CULTURE 
CELL SEEDED - DGC CELL SEEDED - GICs 

#35 750, 1000 100, 200 

#82 750, 1000 50, 100 

#88 500, 750 40, 80 

#90 500, 750 25, 50 

Table M20: Seeding concentration for the Colony forming assay 

Indicated numbers stand for number of cells/well. 

7.1.1 CFC EVALUATION IN MONOLAYER CONDITION 

DGC were seeded in 6-well plates at the indicated concentrations in triplicates. At the 

end-point, wells were processed as indicated below: 

1. Rinse gently wells once with PBS. 

2. Fix-stain colonies with 0.2% Crystal Violet + 2% EtOH in PBS. Incubate plates 

at 37ºC for 30 minutes. 
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3. Score wells by manual counting, consider as colonies only multicellular 

aggregates dimensionally bigger than a 50-cells colony size.  

4. Scan plates to digitalize the experiment.  

7.1.2 CFC EVALUATION IN NEUROSPHERE CONDITION 

GICs were seeded in 96-well flat-bottomed plate at the indicated concentrations in 

quadruplicates. At the end-point, wells were visually scanned using the inverted light 

microscope DM-IRB (Leica). Spheres were measured by means of ProgRes CapturePro 

software (Jenoptik) and only multicellular clusters exceeding 100 µm were counted as 

neurospheres. Diameter value was calculated as mean of all radius*2 obtained from 

each ProgRes output parameters (width, height, circumference and area). 

7.1.3 PLATING EFFICIENCY ESTIMATION 

Plating efficiency detection should be optimized to determine the best cell seeding concentration in a specific 
growth condition. Especially, linearity of PE should be tested first within a range, before choosing the cell 
seeding concentration in a clonogenic assays. In fact, PE is strongly dependent on the number of cell seeded, 
as with increasing numbers of cells the plating efficiency decreases (Pomp et al., 1996). 

To optimize the seeding concentration of each primary cultures established, cells were 

seeded at increasing concentrations in triplicates, maintained in culture for 14 days 

and then, growth as either colonies or neurospheres was assessed as detailed in 

paragraph 7.1.1 and 7.1.2, respectively. Cell seeding concentration for DGC cultures 

were 250, 500, 750, 1000, 1250, 1500, 1750 and 2000. Cell seeding concentration for 

GICs cultures varied among cultures analyzed. The optimal concentrations were 

chosen in order to be in a range of PE linearity and to avoid overcrowded conditions 

that were making wells almost uncountable (Figure M2 and Figure M3). 
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Figure M2: Plating Efficiency assessment of DGC culture 

(A) Representative picture of PE analysis of DGC cultures PG35, PG82, PG88 and PG90 after Crystal 

Violet staining. (B) Number of colonies counted per cell seeded of PG35, PG82, PG88 and PG90. Data 

are presented as mean ± SEM (n=3). 
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Figure M3: Plating Efficiency assessment of GICs culture 

(A) Representative picture of PE analysis in GICs culture PG35s. (B-C) Number of neurospheres 

counted per cell seeded for PG88s (A) and PG90s (B). 

7.2 SOFT AGAR COLONY FORMATION ASSAY 

The Soft Agar assay allows evaluating the capacity of cell to growth in an anchorage-independent condition. 
This method is considered as a highly stringent in-vitro assay to confirm the tumorigenic potential of 
transformed cells. 

The Soft Agar assay was performed over a 0.5% agar layer, with single-cell suspension 

dissolved in 0.3% agar as thereafter indicated in details. GICs were seeded in triplicate 

at two different concentrations: 1000 and 2000 cells per well. DGC were seeded as well 

in triplicate but at four different concentrations: 1000, 2000, 5000 and 20000 cells per 

well. 

1. Prepare in 6-well plates the first layer of Agar 0.5% (w/v). Place Bacto™ Agar 

(BD) in Erlenmeyer flask containing the correct proportion of sterile PBS. Tap 

the flask with cotton cap and with the aid of microwave dissolve the powder. 

Quickly pour 1 ml of the prepared solution in each well of a 6-well plate under 

sterile conditions. Let the plates to cool down uncovered for 15 minutes at 

room temperature. Finally, place the plates at 4ºC closed and upside down. 

! Use 10-ml pipette to aliquot the hot solution inside the well. P-1000 is 

not suitable to handle this dense and hot solution. 

! Plates can be prepared up to one month before use. Store plates at 4ºC 

in a sealed plastic bag with a bit of PBS in it, to maintain humidity.  
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2. Pellet down and suspend cells to count their concentration. In case of GICs, 

dissociate spheres and strain sample with 70 μm Cell Strainer (BD Falcon) in 

order to avoid carrying spheres along in the single-cell suspension. 

3. In 1.5-ml eppendorf, seed the desired number of cell in 500-μl total volume 

of their growing media.  

4. Set the thermoblock at 38ºC and warm up the plates with 0.5% Agar layer. 

! This is a very crucial step; check the thermometer to ensure the correct 

temperature. One degree less will polymerize agar. Then, to avoid 

killing the cell, cool down agarose for a couple of second right before 

mixing it with the cell suspension. 

5. Prepare Agar 0.6% solution (w/v) placing Agarose (Ecogene) in Erlenmeyer 

flask containing the correct proportion of sterile PBS. Tap the flask with cotton 

cap and with the aid of microwave dissolve the powder. Aliquot the solution 

placing 500 μl in 1.5-ml eppendorfs. Maintain the agarose unpolymerized by 

placing eppendorfs in the heated thermoblock. 

! Again, use 5-ml pipette to aliquot 0.6% Agar. 

! Prepare Agarose solution in excess and leave it in the warm bath, in 

case it polymerizes and a supplement will be needed. 

! Meanwhile, cell-aliquots should be stored in the incubator. 

6. Mix one-to-one the Agar aliquot with the cell suspension. Homogenize 

properly and seed the mixture onto 0.5% Agar layer. Allow the new layer to 

polymerize and store the plate in the incubator. After 15 minutes add 500 μl 

of corresponding media on top. 

Cells were maintained in culture for three weeks and media layer was replenished 

every 4-5 days. Then, plates were stained after removing media layer with 150 μl of 

0.5 mg/ml MTT diluted in the proper growth media. Staining was carried out in the 

incubator, at 37ºC during six hours.  

Stained colonies were counted by ImageJ (National Institute of Health, USA) following 

these parameters:  

 Binary 

 Particles size: 8-600 Pixel2  

 Particles circularity: 0.00-1.00 

Counted colonies were then plotted referred to number of cells seeded. 
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7.3 SINGLE-CELL PROLIFERATION ASSAY 

For the self-renewal assay, neurosphere were mechanically dissociated and then 

seeded in 96-well flat-bottomed plate with 200-μl media. Cells were seeded by means 

of serial dilution at extremely low cell density: expected concentration of one cell per 

well. Cells were then allowed to settle down overnight in the incubator. After 24 hours 

from seeding, plates were visually scanned with inverted light microscope DM-IRB 

(Leica) to select well containing indeed a single cell. Fourteen days after seeding plates 

were again visually scanned at inverted light microscope. Spheres were measured by 

means of ProgRes CapturePro software (Jenoptik) and only multicellular clusters 

exceeding 100 µm were counted as neurospheres. Sphere formation was scored from 

selected well and the percentage of growth as neurosphere was calculated. 

7.4 DIFFERENTIATION ASSAY 

In order to assess GICs capacity to differentiate along the main CNS lineages, 

differentiation was induced with 10% FBS. Briefly, cells were seeded and maintained 

in Primary media for 14 days, samples were sub-cultured following the ratio required 

to avoid cell confluency. 24 hours before the end-point cells were seeded onto 

coverslips and then processed for detection of selected markers by 

immunofluorescence (see paragraph 2.2).  

7.5 INTRACANIAL TUMOR-INITIATING CAPACITY 
ASSESSMENT 

All mouse experiments were approved by and performed according to the guidelines 

of the IDIBELL Animal Care Committee in agreement with the European Union and 

national directives. Per culture analyzed, five male athymic mice (Harlan) aged 7 weeks 

were anesthetized with isoflurane and were inoculated with 105 viable cells. Single-cell 

suspension was prepared in 30 μl of Hank’s balanced salt solution (NaCl 0.9% B. Braun) 

and was injected into the right hemisphere using a U-100 insuline syringe (BD) syringe 

with an unbeveled 29-gauge needle. Animals were followed daily for the development 

of neurologic deficits. After 7 weeks mice were euthanatized, brain collected, formalin-

fixed and paraffin-embedded. Details of tissue processing and paraffin section analysis 

are indicated in paragraph 2.3.  
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8 RADIATION SCHEDULE 

Treatment of cells was carried out at room temperature using the X-ray beam from 

the Varian linear accelerator unit (Clinac 600 CD, M/S Varian AG) located at Institut 

Català d'Oncologia (ICO-Hospitalet). Dose was absorbed at dose-rate of 2.67 

Gy/minute with the machine set with these parameters:  

 Nominal energy: 6 MV 

 Distance: 100 cm 

 Field: 40x40 cm  

 Arm rotation: 180º (from the bottom) 

Samples were irradiated every 24 hours following an increasing fractionated schedule 

as indicated in Figure M4. Experiment were performed using 2.0 Gy/fraction as 

repeated unit and total absorbed doses were 2.0, 4.0, 6.0 and 8.0 Gy. Control plates 

underwent the same handling procedure with exception of being irradiated. 

Figure M4: Radiation schedule of fractionated dose 

Single radiation dose of 2 Gy every 24 hours. 
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9 CELL VIABILITY EVALUTATION 

9.1 CLONOGENIC ASSAY  

Clonogenic assay (or colony formation assay) is an in-vitro cell survival assay based on the ability of a single 
cell to grow indefinitely even at low density. The assay essentially tests every cell in the popu lation for its 
ability to form colonies of more than 50 cells, equivalent to six cell divisions, in a period of 1 -3 weeks. 
Clonogenic assay is the method of choice to establish cells residual proliferative potential after treatment with 
either ionizing radiation or cytotoxic agents. In fact, from a treated pool of cells only a fraction is able to retain 
the capacity to form colonies (Franken et al., 2006).  

Cultures were dissociated, counted and seeded as single-cell suspension at the 

indicated concentration (Table M21).  

Cells were let to settle down for 24 hours and then plates were irradiated according 

to the defined schedule (paragraph 8). Cells were allowed to proliferate for 14 days 

without any media renewal and finally cell proliferation in either colonies or 

neurospheres was evaluated as detailed in paragraph 9.1.1 and 9.1.2, respectively. The 

Surviving Fraction (SF) at each RT dose (D) was calculated after normalization with PE 

of non-irradiated control sample, indicated as PE(0).  

𝑆𝐹(𝐷) =
𝑛. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑(D)

𝑛. 𝑐𝑒𝑙𝑙 𝑠𝑒𝑒𝑑𝑒𝑑 × 𝑃𝐸(0)
 

PE(0) was calculated as indicated in paragraph 7.1 from control sample. Doses evaluated (D) were 2, 

4, 6 and 8 Gy. 

Mean SF obtained from at least four independent experiment of each primary culture 

were fit by a linear regression according to the linear–quadratic formula (LQ): 

𝑆𝐹 = 𝑒−(𝛼𝐷+𝛽𝐷2) 

To estimate the α and β parameters of the LQ model, it was used the least square 

regression method of the function:  

𝑌 = ln(𝑆𝐹) = −(𝛼𝐷 + 𝛽𝐷2) 

SF at 2 Gy (SF2) was used to determine α and β parameters presented in the results. 

We evaluated differential radiosensitivity by means of the surviving fraction after 2 Gy 

(SF2) and 8 Gy (SF8), the area under the curve (AUC) calculated using GraphPad Prism 
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(v 5.0; GraphPad Software) along with LQ values α, β and their ratio α/β (Brenner, 2008; 

De Llobet et al., 2013; Franken et al., 2002, 2006). 

 

PRIMARY 

CULTURE 
DGC – CTR, 2 GY DGC – 4, 6, 8 GY GICs 

#35 750, 1000 1500, 2000 100, 200 

#82 500, 750 1500, 2000 50, 100 

#88 750, 1000 1750, 2000 40, 80 

#90 250, 500 750, 1000 25, 50 

Table M21: Seeding concentration for Clonogenic assay 

Indicated numbers stand for number of cells/well. 

9.1.1 CLONOGENIC ASSAY FOR DGC 

DGC were seeded in 6-well plates in triplicate at two different concentrations (3-ml 

volume), which were optimized for each primary culture as detailed in paragraph 7.1 

(Table M21). Clonogenic assay plates were divided into two groups according to the 

treatment dose received. Control plates and samples treated with 2 Gy were 

composing the first group, whereas second group was made up of plates receiving 4, 

6, and 8 Gy. Seeding concentrations of the first group were comparable to the one 

defined for CFC, while cell number for the second group was increased in order to 

better define the drop down of Surviving Fraction noticed at high doses. 

At the end-point, cells were fixed with 2% ethanol and stained with 0.2% crystal violet 

as described in paragraph 7.1.1. Colonies of 50 cells or more were scored as capable 

to proliferate after radiation treatment. Furthermore, an additional step was 

performed to the protocol detailed before:   

1. Dissolve Crystal Violet in 1-ml of 1% SDS in PBS on gentle shaking during 1 

hour.  

2. Aliquot 100-μl of each 6-well dissolved dye in triplicate in 96-well flat-

bottomed plate.  

3. Quantify absorbance with Sunrise spectrophotometer microplate reader 

(TECAN) coupled with XFluor4™ software (version 4.51; Tecan) at 550 nm.  

Absorbance was referred to values detected in control samples and were plotted 

together with manual counting to improve accuracy of colony formation score.  
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9.1.2 CLONOGENIC ASSAY FOR GICS 

Clonogenic assay was adapted to peculiar condition of free-floating spheres. GICs 

were seeded at low density (Table M21) in quadruplicate in 96-well flat-bottomed 

plate along with 200-μl of Stem media. Optimal concentration of cell per well for each 

GICs culture was defined considering Colony Forming Capacity (see paragraph 7.1.3) 

and reduction rate of AlamarBlue (see paragraph 9.2.1). At the end-point plates were 

visually scanned using the inverted light microscope DM-IRB (Leica) coupled with 

ProgRes CapturePro software (Jenoptik). Total number of formed neurospheres with 

diameter bigger than 100 mm was scored. Diameter value was calculated as mean of 

all radius*2 obtained from each ProgRes output parameters (width, height, 

circumference and area). Diameter of every single sphere bigger than 70 μm was 

plotted for each treatment dose in order to appreciate the variation of sphere 

dimension. 

9.2 ALAMARBLUE VIABILITY ASSAY 

AlamarBlue® proliferation assay is an in-vitro assay based on indirect measurement of cell metabolic activity. 
Resazurin, the active ingredient of AlamarBlue® reagent (AB), is a non-toxic, cell-permeable compound, 
non-fluorescent and blue in color. Upon entering cells, Resazurin is reduced to Resorufin, as it acts as an 
intermediate electron acceptor in the electron transport chain (Pagé et al., 1993). The reduced compound 
is red in color and highly fluorescent. By using the reducing power of living cells, it allows to measure 
quantitatively cell proliferation. Viable cells continuously convert the reagent, thus increasing the overall 
fluorescence of media. The amount of Resorufin can be detected by fluorescence (excitation/emission peaks 
at 570/585 nm) or absorbance (570 nm; Figure M5). Furthermore, AB is extremely stable and allows live 
monitoring of cultures. 

Figure M5: Absorbance and emission spectra of Resorufin (reduced AB reagent) 
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The assay was carried out on clonogenic assay plates after microscope count, about 

17 days after the seeding of experiment. AlamarBlue® proliferation assay was 

performed in order to confirm data obtained from microscope counting and to 

improve accuracy of neurosphere formation score. AB assay was optimized for every 

GICs primary culture according to the manufacturer’s guidelines (see paragraph 9.2.1). 

50-μl of media was removed from each well and replaced with 50-μl of 40% 

AlamarBlue® (AB, Invitrogen) diluted in Stem media (final concentration in the well of 

10%). 

! Add to unseeded well 150 μl of Stem media + 50 μl of 40% AB 

solution as negative control. 

! Add at least to one well per experiment 100%-reduced sample, required 

as internal control. To obtain 100%-reduced AB, autoclave at 121°C for 

15 min a solution of 10% AB prepared in Stem media, as suggested by 

AB technical datasheet (AdD Serotec). 

Plates were then incubated in humidified condition at 37°C and 5% CO2. Then, reagent 

detection was performed every hour until achievement of 5 hour post AB addition. AB 

reduction was measured through fluorescence emission using the FLUOstar OPTIMA 

microplate reader (BMG labtech; λexc = 550 nm, λem = 590 nm). Data obtained were 

referred to non-irradiated control condition and then, calculated average values for 

each treatment point detected at various hours were plotted. 

9.2.1 ALAMARBLUE ASSAY OPTIMIZATION 

In order to establish the best reagent incubation time and the optimal range of cell 

concentration, a pilot test was carried out. Cells were seeded at increasing 

concentrations in 96-well plate in quadruplicate and then were let proliferate for 14 

days. At the end-point, AB reagent was added to wells as indicated in paragraph 9.2. 

Plates were then incubated in humidified condition at 37°C and 5% CO2 and 

fluorescence was detected every hour until 5-6 hours. According to data obtained and 

plotted in Figure M6, the optimal cell seeding concentrations were diverse for every 

GICs culture. The chosen concentrations, which were plotted with dashed lines, 

exhibited separated curves and consequently they allowed to discriminate a reduction 

in cell number. Moreover, the fluorescence intensity for selected concentrations was 

raising linearly from 1 hour up to 5 hour, with exception of PG90s that reached already 

at 5 hour the reduction plateau. Consequently, the time of reagent incubation was 
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scheduled at 1, 2, 3, 4 and 5 hours, with exception of PG90s that was incubated until 

a maximum of 4 hours. 

Figure M6: AlamarBlue® incubation time optimization 

Percentage of reduction of AB referred to AB 100%-reduced is plotted in relation to either number 

of cell seeded or incubation time.  
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9.3 DOUBLING TIME 

Cells were plated in triplicate at a density of 2.5×104 per well in 6-well plates, irradiated 

following standard fractionated radiation schedule (see paragraph 8 Radiation 

schedule) and then prepared for doubling time determination. Unirradiated control 

plates were processed alongside following the same procedure. Samples were 

manually counted after 4, 7, 10, 15 and 21 days from the beginning of the experiment. 

At each time-point samples were dissociated and counted. Triplicate samples were 

then mixed together to avoid clonal selection, re-counted and seeded in triplicate for 

the next time point at 2.5x104 cell density. Doubling time (Td) was calculated from the 

following equation: 

𝑇𝑑 = (𝑡2 − 𝑡1) ×
log(2)

log (
𝑞2

𝑞1
)

 

Parameters q1 and q2 represent the average number of cells at times t1 and t2, respectively. 

9.4 EXTREME LIMITING DILUTION ASSAY 

Extreme Limiting Dilution Assay (ELDA) is an in-vitro experimental technique for quantifying the proportion 
of biologically active particles in a population. ELDA it has been used also to quantify Glioblastoma cells 
bearing stem features within a mixed population (Flavahan et al., 2013). 

GICs cells were sorted by FACS selecting for GFP+ cells with decreasing numbers of 

cells per well (10, 5 and 1) plated in 96-well plates containing Stem media. Cells were 

then allowed to settle down overnight in the incubator. After 24 hours from seeding, 

plates were visually scanned with inverted light microscope DM-IRB (Leica) to verify 

the exact number of cell seeded. The same day plates were irradiated with the first 

dose of 2 Gy. Plates underwent 8 Gy total exposure in fractioned doses following the 

schedule indicated in paragraph 8. A control non-irradiated plate seeded and handled 

under the same conditions was always included to each experiment. Fourteen days 

after seeding, plates were again visually scanned at inverted light microscope. Spheres 

were measured by means of ProgRes CapturePro software (Jenoptik) and only 

multicellular clusters exceeding 100 µm were counted as neurospheres. Sphere 

formation was scored and analysis was performed using the web-based tool available 

at http://bioinf.wehi.edu.au/software/elda/ (Walter and Eliza Hall Institute of Medical 

Research) following bibliography instructions (Hu & Smyth, 2009). ELDA tool accepts 
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an input data table of data with three or four columns, separated by any combination 

of commas, spaces or tabs. The input columns are: 

1. Dose, that indicates the number of cells seeded per well 

2. Tested, that specifies number of wells bearing the concentration specified in 

Dose 

3. Response, which indicates the number of wells exhibiting at least one 

neurosphere with size bigger than 100 μm. 

4. Group, that stands for the experimental group code analyzed (typically CTR 

and RDT). 

Below is indicated an example text input for the ELDA web tool: 

 

Analysis was performed with default 95% confidence, selecting checkboxes in order 

to test for inequality in stem cell frequency between multiple groups and stating that 

the input numbers correspond to the actual number of cells observed. 

ELDA web tool return a file displaying the estimated confidence interval for stem cell 

frequency in each group (1 cell bearing stem features every X number of cell seeded) 

and a statistical test for pair-wise differences in stem cell frequencies between the 

groups analyzed. 
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10 LENTIVIRAL INHIBITION 

Lentiviral infection was implemented to inhibit ITGA6 translation by means of shRNA approach (Short hairpin 
RNA). Lentiviral vector can infect both non-dividing and actively dividing cell types and can integrate their 
genomes into host cell chromosomes achieving a stable inhibition of target gene.  

Lentiviral particles were purchased from Thermo-Scientific (Catalog Number: 

VGH5523; Lot Number: V14051506). ITGA6 shRNA constructs were cloned into the 

pGIPZ™ lentiviral vector which allows gene silencing with minimized cellular toxicity. 

Features of the Thermo-Scientific™ pGIPZ™ lentiviral vector were indicated in Figure 

M7 and Table M22 (for a more detailed view see Figure M8). In particular, the pGIPZ 

lentiviral vector includes among others: 

 microRNA-adapted shRNA for gene knockdown, based on Human miR-30 

(Figure M9). The hairpin stem consists of approximately 22 nt from target 

gene dsRNA and a 19 nt loop from human miR-30. The addition of miR-30 

loop and further 125 nt of miR-30 flanking sequence on either side of the 

hairpin results in 10-fold increase in Drosha and Dicer processing of the 

expressed hairpins when compared with conventional shRNA designs. This 

implies greater shRNA production.  

 TurboGFP (tGFP, Evrogen; excitation/ emission max = 482/ 502 nm), an 

improved variant of the green fluorescent protein which appears earlier than 

other green fluorescent proteins (reduced maturation half time). 

 PuromycinR, a drug resistance flag to allow selection of stable cell lines. 

Moreover, tGFP and shRNAmir are part of a bicistronic transcript allowing the visual 

marking of shRNAmir expressing cells.  

Figure M7: pGIPZ lentiviral vector 

Picture from the manufacturer datasheet. 
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VECTOR 

ELEMENT 
UTILITY 

hCMV  Human cytomegalovirus promoter drives strong transgene expression 

tGFP TurboGFP reporter for visual tracking of transduction and expression 

PuroR 
Puromycin resistance permits antibiotic-selective pressure and 

propagation of stable integrants 

IRES 
Internal ribosomal entry site allows expression of TurboGFP and puromycin 

resistance genes in a single transcript 

shRNA microRNA-adapted shRNA (based on miR-30) for gene knockdown 

5' LTR 5' long terminal repeat 

3' SIN LTR 3' self-inactivating long terminal repeat for increased lentivirus safety 

Ψ 
Psi packaging sequence allows viral genome packaging using lentiviral 

packaging systems 

RRE 
Rev response element enhances titer by increasing packaging efficiency of 

full-length viral genomes 

WPRE 
Woodchuck hepatitis posttranscriptional regulatory element enhances 

transgene expression in the target cells 

Table M22: Features of the pGIPZ vector 

Figure M8: Detailed vector map of pGIPZ lentiviral vector. 

Picture from the manufacturer datasheet. 
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Figure M9: microRNA-30 Based hairpin design 

Picture from the manufacturer datasheet. 

Primary cultures were seeded in a 24-well plate with 500 μl of media (5x104 cells per 

well). After a minimum of 4 hours, cells were infected with lentiviral particles using 

MOI (Multiplicity of Infection) equal to 5.  

! Due to the absence of FBS in GICs culture media, a preliminary period 

of serum removal was not necessary. 

Each well was infected individually with one of the purchased particle (see Table M23), 

plus an additional well infected with non-silencing-pGIPZ sequence (mock viral 

particle). To ease transduction, Polybrene was added at 5 μg/ml (Hexadimethrine 

bromide, Sigma-Aldrich) and plates were centrifuged at 300 g for 5 minutes (Avanti™ 

J-20XP centrifuge, Beckman Coulter). At 24 hours post-transduction, cells were 

collected, washed by centrifugation (300 g for 5 min) and re-seeded in 1 ml of fresh 

media. At 48 hours post-transduction, cells were examined microscopically for the 

presence of reporter gene expression (tGFP). At 96 hours post-transduction, cultures 

were selected with Puromycin 5 μg/ml during 48 hours (Sigma-Aldrich). Even if 

lentiviral infection should ensure a long-term RNAi effect, a decay in ITGA6 inhibition 

was detected. Consequently, Puromycin selection pressure was maintained at 1 μg/ml 

concentration over all culture handling and even during experiments. 

! It is important to seed an additional uninfected well in order to verify 

the proper and effective antibiotic selection. 
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PARTICLE SOURCE CLONE ID GENE TARGET SEQUENCE EXON 

shITGA6_1 V2LHS_77129 CAGCAAGGCAGATGGAATA 7 

shITGA6_2 V2LHS_77130 CTCTCAGATTCAGTAACTA 9 

shITGA6_3 V3LHS_326014 AGGATATTGCTTTAGAAAT 15 

shGAPDH RHS4372 - - 

mock RHS4348 Non-silencing sequence - 

Table M23: Lentiviral particles 

Particles were stored at -80ºC in small aliquots corresponding to 5 MOI in a well containing 5x104 

cells. shGAPDH was a GAPDH-GIPZ viral particle employed as positive control, to set up the infection 

protocol. Mock particle bears a non-silencing-GIPZ sequence, and it was used in all experiment as 

negative control. 

The Puromycin treatment concentration of 5 μg/ml was chosen among a range of 

doses: 1, 3, 5 and 7 μg/ml. The indicated concentrations were tested in two different 

un-infected GICs cultures, and samples were visually scanned after 24 and 48 hours of 

treatment. The lowest dose with 100% of dead cell after 48 hours was designated as 

treatment dose. 

The conditions of lentiviral infection were optimized in a pilot study employing 

shGAPDH lentiviral particles (Figure M10).  

Figure M10: shGAPDH lentiviral infection 

GAPDH fold inhibition after infection with shGAPDH lentiviral particles. GICs primary cultures tested 

were PG82s (A) and PG88s (B). Expression levels were calculated after normalization to GUSB 

expression. Data are presented as mean ± SEM (n=2); * P < .05; with unpaired t-test in comparison 

to control sample. 
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11 METABOLITES ANALYSIS 

The detection of metabolites from DGC and GICs samples was performed in 

collaboration with Jose Carlos Perales group (Unit of Biophysics: Cellular 

Bioenergetics). 

11.1 LACTATE QUANTIFICATION 

Lactic dehydrogenase (LDH) may be used for the indirect quantitative enzymatic determination of either 
lactate or pyruvate. LDH catalyzes the reversible conversion of lactate to pyruvate in presence of excess 
nicotinamide adenine dinucleotide oxidized-form (NAD) or, for the opposite reaction, of nicotinamide adenine 
dinucleotide reduced-form (NADH). To force the reaction to completion in the reduced-form direction, it is 
necessary to trap the formed pyruvate with hydrazine. Because the reduced forms of these molecules differ 
from the oxidized forms in their ability to absorb light, it is possible to quantitate amount of NADH based on 
light absorbance at 340 nm or by the fluorescent emission of light at 445 nm. Consequently, the catalytic 
action of LDH allows measurement of lactate in terms of the generation of NADH, which is proportional to the 
lactate content originally present in the sample. 

The quantitation of lactate production was performed on both D     GC and GICs in 

triplicate from 10 cm plates containing 3x105 cells. 200 μl of media from culturing 

plates was collected every 24 hours until day four. An aliquot at time zero was sampled 

as well. Aliquots were maintained at -80ºC until end-point analysis. Lactate was 

quantified indirectly in terms of NADH production during the reaction catalyzed by 

LDH enzyme. The standard curve was realized from decreasing concentrations of 

sodium L-lactate (Sigma-Aldrich; dilutions realized in water: 10, 5, 2.5, 1.25, 0.625 and 

0.3125 mM). A blank sample, containing exclusively water, was prepared as well.  

Measurement of lactate was performed following the protocol detailed below: 

1. In a 96-well black plate (Corning) place 10 μl of each sample/blank/standards, 

one sample per well, and mix with 200 μl Reaction mix (see Table M24) which 

contains excess NAD and glycine-hydrazine buffer. 

2. Measure absorbance at 360 nm using FLUOstar OPTIMA microplate reader 

(BMG labtech). This measurement represent time T0. 

3. Add to each well add 20 μl of LDH solution (see Table M24). 

4. Incubate samples at room temperature protected from light during 20 

minutes. 
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5. Measure absorbance again at 360 nm using FLUOstar OPTIMA microplate 

reader. 

Absorbance at T0 was subtracted to absorbance detected at T1. In order to estimate 

lactate concentration, the calculated T1-T0 was interpolated into the obtained 

absorbance standard curve.  

 

SOLUTION COMPOSITION 

Reaction mix 

0.3 M Hydrazine sulfate (Merk) 

0.87 M Glycine (AppliChem) 

2.5 M NAD (Roche) 

0.19 M EDTA (Panreac) 

pH 9.5 

LDH solution 

0.15 M Hydrazine sulfate (Merk) 

0.435 M Glycine (AppliChem) 

344 U/ml LDH 

pH 9.5 

Table M24: Solutions used for Lactate quantification 

LDH solution is prepared diluted in Milli-Q® water. 

11.2 GLUCOSE QUANTIFICATION 

Glucose may be quantified indirectly from aqueous solutions by the coupled enzymatic reaction of Glucose 
Oxidase/Peroxidase (PGO). In the first reaction step, glucose is employed as substrate of Glucose oxidase 
enzyme to produce Gluconic acid and H2O2. Hydrogen peroxide itself works as substrate for the second 
reaction, which converts colorless o-Dianisidine (ODD) to brown oxidized o-Dianisidine. The amount of 
oxidized ODD could be measured at 425-475 nm. The final absorbance is proportional to the glucose amount 
contained in analyzed sample. 

The analysis of glucose consumption was performed on both DGC and GICs in 

triplicate from 10 cm plates containing 3x105 cells. 200 μl of media from culturing 

plates was collected every 24 hours until day four. An aliquot at time zero was sampled 

as well. Aliquots were maintained at -80ºC until end-point analysis. Glucose 

concentration measurement was carried out by means of Glucose Oxidase/Peroxidase 

enzymes reaction solution (PGO; Sigma-Aldrich) according to manufacturer 

instructions. The PGO solution was prepared by mixing 100 ml of the PGO enzyme 
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solution with 1.6 ml of the o-Dianisidine solution (ODD; Sigma-Aldrich). The standard 

curve was realized from decreasing concentrations of glucose stock solution prepared 

at 1 mg/ml corresponding to glucose 5.55 mM (dilutions realized in water: 1, 0.5, 0.25, 

0.125, 0.0625 and 0.03125 mg/ml). According to all media component’s datasheet, the 

estimated concentration of Glucose was 55 mM for Stem media and 25 mM for DGC 

media. Consequently, media sampled during experiment was respectively diluted 1:60 

and 1:30 in order to drag Glucose concentration between ranges covered by standard 

curve. A blank sample, containing exclusively water, was prepared as well. Enzymatic 

reaction was carried out mixing 15 μl of sample/blank/standards with 200 μl of PGO 

solution in a 96-well plate. Plate was then incubated 30 minutes at 37ºC and 

absorbance detected at 450 nm with Sunrise spectrophotometer microplate reader 

(TECAN) coupled with XFluor4™ software (version 4.51; Tecan). 

11.3 OXYGEN CONSUMPTION 

The measure of cells’ oxygen consumption rate was performed employing the 

Oxygraph-2k device (Oroboros). The oxygen consumption was detected from 2.3 ml 

of a suspension prepared at 5x105 single-cells per ml diluted in growth media. 
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12 STATISTICAL ANALYSIS 

Data graphs are usually presented as means ± standard error of the mean (SEM). 

Unpaired Student’s t-test, Mann-Whitney test and two-way ANOVA were performed 

for statistical analysis using GraphPad Prism (v 5.0; GraphPad Software). All tests were 

two-sided and differences were considered statistically significant at P < .05: * P < .05, 

** P < .01, and *** P < .001. 
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“And the air was full of Thoughts and 

Things to Say. But at times like these, 

only the Small Things are ever said. Big 

Things lurk unsaid inside.” ARUNDHATI 

ROY ‒ The God of Small Things 
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1 PRIMARY CULTURES ESTABLISHMENT 

During this PhD thesis, 27 patient-derived brain tissue samples (classified as GBT) were 

collected from the pathology service of Hospital Universitari de Bellvitge (Table R1). 

Sampling was performed from consenting patients in accordance to protocol 

approved by the Hospital de Bellvitge Ethics Committee. Fifteen specimens were 

directly processed within 1 hour from the surgical resection.  Mechanical and 

enzymatic disruption were performed following the protocols defined for the 

establishment of Differentiated Glioblastoma Cells (DGC) and Glioblastoma Initiating 

Cells (GICs). In particular, DGC were maintained under conditions optimal for growth 

of glioblastoma and most of other cancer cell lines (“Monolayer” culture conditions: 

DMEM media containing 10% fetal bovine serum). Conversely, GICs were cultured 

under conditions optimal for propagation and non-differentiation of normal NSCs 

(“Neurosphere” culture conditions: serum-free media supplemented with bFGF and 

EGF). Of note, GICs were not selected based on specific marker, but exclusively 

employing the neurosphere culture method (Galli et al., 2004; Gritti et al., 1996; Lee et 

al., 2006). In this media stem-like cells were capable to expand and were positively 

selected in-vitro, whereas differentiating/differentiated cells were automatically 

selected away.  

Among the fifteen processed specimens, 12 were further diagnosed as GBM (WHO 

grade IV) and five samples were successfully established in both culture conditions: 

#82, #88, #90, #94 and #104 (Table R1). According to this data, the establishment rate 

of patient-derived culture was 42%. Primary culture pair #35 was formerly settled up 

in both conditions. Interestingly, only GBM tissue samples were capable to grow under 

the selected in-vitro conditions. The molecular IDH state of processed GBM was not 

defined, as the IDH detection was not yet included as diagnostic tool in 

neuropathological service routines. 

Given the composite nomenclature used to identify established cultures and samples, 

a short guide has been included (Figure R1). 



124 | PRIMARY CULTURES ESTABLISHMENT 

 

 

SAMPLE WEIGHT (mg) DIAGNOSIS  OUTCOME YEAR 

GBT81 - GBM Processed Only DGC 2011 

GBT82 2765 GBM Processed Established 2011 

GBT83 498 GBM Processed Not growing 2012 

GBT84 873 Metastasis Processed Not growing 2012 

GBT85 134 OA III Processed Not growing 2012 

GBT86 253 Meningioma Processed Not growing 2012 

GBT87 833 GBM Processed Not growing 2012 

GBT88 340 GBM Processed Established 2012 

GBT89 326 GBM Processed Not growing 2012 

GBT90 579 GBM Processed Established 2012 

GBT91 277 GBM Processed Not growing 2012 

GBT92 492 GBM Stored - 2012 

GBT93 660 GBM Processed Not growing 2012 

GBT94 1014 GBM Processed Established 2012 

GBT95 389 GBM Stored - 2012 

GBT96 755 GBM Stored - 2012 

GBT97 499 GBM Stored - 2013 

GBT98 704 GBM Stored - 2013 

GBT99 535 Infectious Discarded - 2013 

GBT100 322 GBM Stored - 2013 

GBT101 245 GBM Stored - 2013 

GBT102 519 GBM Stored - 2014 

GBT103 593 GBM Stored - 2014 

GBT104 391 GBM Processed Established 2014 

GBT105 700 GBM Stored - 2014 

GBT106 673 GBM Processed Not growing 2015 

GBT107 683 GBM Stored - 2015 

Table R1: Post-surgical specimens collected 

For each tissue sample, it is indicated whether they were stored at -80ºC or directly processed 

following the two protocols. Moreover, among processed samples it is specified if the establishment 

was successful (Established) or not (Not growing). GBT81 was processed but only the Monolayer 

counterpart was capable to grow under the established in-vitro conditions (only DGC). GBT35 was 

established in 2006 from a GBM post-surgical specimen of 407 mg. OA III stands for 

oligoastrocytomas (WHO grade III). 
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Figure R1: Nomenclature used to identify cultures and samples 

Initially, cultures presented highly heterogeneous morphology, while within a month, 

expanding cells turned out as more homogeneous culture (Figure R2). Established 

cells maintained in Neurosphere condition proliferated as floating phase-bright cells 

organized in multicellular clusters with spheroid-shape. Whereas, Monolayer cultures 

were growing with a highly varied morphology, sometimes as fibrous or protoplasmic 

astrocytes together with cells with morphology similar to fibroblasts or epithelial cells. 

Once cells reached a stable and constant proliferation rate, cultures were considered 

as effectively established in-vitro and samples were subjected to all experiments. 

Analysis were always performed before passage 15. Of note, single cells obtained from 

dissociation of Neurospheres showed diverse proliferative potentials; some form 

abortive non-growing colonies, whereas others form spheres varying in size. 

Figure R2: Primary derived culture establishment in “Stem” or “Monolayer” media 

Sequence showing autonomous selection of proliferating clones during time. Scale bar of 200 μm. 
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2 CHARACTERIZATION OF ESTABLISHED CULTURES 

2.1 PATIENT-DERIVED CULTURES RETAIN MAJOR 
ALTERATION FROM ORIGINAL GBT 

First, the common genetic context was verified in each sample trio, constituted by 

individual GBT and the derived cultures in Neurosphere and Monolayer conditions. In 

particular, the key GBM alterations analyzed in each sample trio were the molecular 

signature class, MGMT promoter methylation status and copy number aberration of 

specific genes. These analysis were performed to assess whether cells maintained in-

vitro were able to retain the same GBT original alterations, and whether DGC and GICs 

were characterized by the same genetic background, in order to empower the side-

by-side comparison between the two compartments.  

2.1.1 ESTABLISHED GBT AND DERIVED NEUROSPHERE CULTURES 

EXHIBIT A STRONG MES SIGNATURE 

In the last decade, deep molecular analyses of primary GBMs allowed to classify them 

into four subtypes: proneural (PN), mesenchymal (Mes), classical (CL), and neural (NL) 

(Phillips et al., 2006; Verhaak et al., 2010; Brennan et al., 2013). In particular, these 

subclasses can be associated with canonical GBM mutations such as PDGFRA 

amplification in PN, loss of NF1 in Mes, and amplification of EGFR in CL. Among them, 

two subtypes appear to be well characterized, robust and generally consistent: the 

Mes and PN. Especially these two subtypes were demonstrated to have a prognostic 

value, as the patients with a Mes signature belong to the poor prognosis subclass and 

are mostly resistant to current standard of care (Bhat et al., 2013; Patel et al., 2014). In 

addition, it has been confirmed that PN tumors can recur with a signature class shift 

toward the Mes state (Halliday et al., 2014; Phillips et al., 2006). 

To first determine the GBM molecular subtype of established samples, the expression 

of a set of genes was analyzed in GBT specimens and derived Neurosphere cultures by 

qPCR. The mRNA of four PN (SOX9, OLIG2, SOX2 and CD133) and Mes (FN1, YLK-40, 

CD44 and CTGF) genes was quantified (Figure R3). Samples with strong PN and Mes 

signature, kindly provided by Dra. de la Iglesia, were included in the analysis as internal 

controls (Figure R4).  
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Figure R3: Evaluation of molecular signature from established GBT 

Detection of Mesenchymal (black bars) and Proneural (white bars) markers through qPCR analysis. 

Tumoral tissue sample (GBT) mRNA expression levels were calculated from a unique post-surgical 

specimen according to ΔΔCt method. Ct were normalized with TBP and IPO8 levels and each gene 

was referred to its level detected in white matter of healthy donor brain (dashed line). Conversely, 

GICs mRNA expression levels were obtained after normalization with GAPDH and GUSB levels. Data 

are presented as mean ± SEM (n=3).  

Figure R4: Internal control samples with strong PN and Mes signature 

Detection of Mesenchymal (black bars) and Proneural (white bars) genes through qPCR analysis. 

Plotted mRNA expression levels were obtained from only one replica, after normalization with GAPDH 

and GUSB levels. 
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A comparative heatmap was generated from samples’ composite metagene score 

(Figure R5-A). Using this approach, each sample could be ranked according to 

calculated metagene score as being predominantly PN or predominantly Mes. All GBT 

established in-vitro exhibited a strong Mes metagene score, which was maintained in 

the corresponding Neurosphere conditions. This data in particular indicated that GICs 

retained the molecular signature class from the original tumor tissue. Furthermore, 

those GBTs unable to grow in-vitro were analyzed employing the same metagene 

approach (Figure R5-B). According to the metagene score obtained, three proneural 

GBT were detected, accounting to 23% of processed post-surgical specimens and to 

43% of not growing GBT. Interestingly, no GBT belonging to proneural subtype was 

able to grow in-vitro under the selected growth condition. 

Figure R5: Comparative heatmap of GBM molecular subtypes 

Metagene score was calculated for each sample and then compared to each other after Z-score 

correction. Blue shades represent a predominant PN signature, red a MES one, and white a relatively 

balanced expression of both, as indicated in figure legend. Grey shade indicates undetermined data. 

(A) Comparative heatmap of established samples. The metagene scores of internal control samples 

were indicated as well (GSC28 and GIC4). (B) Comparative heatmap of GBT not growing in-vitro. 

Additionally, GBT82 derived cultures were tested via immunofluorescence for the 

expression of vimentin, a classic marker of mesenchymal tissues (Phillips et al., 2006). 

Both GICs and DGC were homogeneously positive for the expression of this marker, 

thus supporting their association with a Mes signature (Figure R6).  
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Figure R6: Vimentin IF staining 

Representative picture of vimentin immunofluorescence detection. Vimentin is reported with Alexa-

488. Nuclei are stained with Draq5. Scale bar of 50 μm. 

2.1.2 ESTABLISHED PATIENT-DERIVED CULTURES RETAIN MGMT 

PROMOTER STATUS AND MAJOR GENOMIC ALTERATIONS FROM 

THEIR MATCHING POST-SURGICAL SPECIMEN 

The MGMT promoter methylation status was then analyzed in GBT samples and the 

corresponding primary culture pairs by bisulfite treatment coupled with MSP 

(Methylation-Specific PCR). Samples presenting no PCR product in the methylation 

specific reaction, but demonstrating presence of unmethylated product, similar to the 

unmethylated control, were designated as unmethylated. On the contrary, samples 

that contained a clearly visible methylated product, with or without an additional 

unmethylated signal, were interpreted as positive for the MGMT promoter 

methylation (Brell et al., 2005; Cankovic et al., 2007; Smith-Sorensen et al., 2002). In 

fact, the presence of both products within the same sample could indicate 

heterogeneity in the patterns of methylation in the tumor itself as well as infiltrating 

normal cells with unmethylated MGMT promoter (Esteller et al., 1999). 

All GBT specimens likewise their derived cultures exhibited promoter methylation even 

if with various grades (Figure R7). In primary tumors, hypermethylation of MGMT 

promoter was always accompanied by amplification of the unmethylated specific PCR 

reaction. On the contrary, Neurospheres counterpart showed exclusively the 

methylated product. Monolayer cultures exhibit variable pattern between the two 

tendencies above described.  
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Figure R7: Detection of MGMT promoter Methylation status by MSP 

PCR products of nested-MSP visualized in Acrylamide gel under UV light. Samples analyzed for each 

trio were post-surgical (GBT) and in-vitro derived cultures under Neurosphere (GICs) and Monolayer 

(DGC) conditions. The presence of a PCR product in lane UM indicates unmethylated status of MGMT 

promoter; the presence of product in lane M indicates methylated status of MGMT promoter. 

Unmethylated product size is 90 bp, whereas methylated is 80 bp.  

Key genetic copy number alteration commonly found in GBM were then investigated 

in each sample trio by means of MLPA-based technique. The major alterations found 

in primary tumor tissues and the matching patient-derived cultures were EGFR 

amplification and loss of PTEN locus (Figure R8). Clear amplification of EGFR was 

detected in GBT82 and GBT104, whereas the other samples exhibited a marked 

tendency that should be validated using a more sensitive technique (i.e. Fluorescence 

in situ hybridization, FISH). TP53 and CDK4 exhibited no alternation in gene copy 

number in any of the analyzed samples. The others genes analyzed gave inconsistent 

results among triplicates probably due to unsolved technical problems. 

Figure R8: MLPA-based analysis of genomic alteration 

Samples analyzed for each trio were post-surgical GBT (T) and in-vitro derived cultures under 

Neurosphere (G) and Monolayer (M) conditions (n = 3).  Copy number data of post-surgical specimens 

(T) were obtained from one-single tissue piece. 
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2.2 PRIMARY CULTURES SELECTED UNDER 
NEUROSPHERE CONDITION EXHIBIT FUNCTIONAL 
CSCs FEATURES 

CSCs own the capacity to extensively proliferate, self-renew, differentiate along the 

main lineages of the tissue they belong to and recapitulate the original tumors from 

a limited number of cells when injected orthotopically in nude mice (Vescovi et al., 

2006). In order to verify the stemness of cells maintained in Neurosphere condition, 

the CSCs cardinal features were investigated in the established cultures. Most of 

experiments were carried out in DGC counterpart as well as internal control, therefore 

allowing a side-by-side comparison within the same genetic background. 

2.2.1 GICS CULTURES DISPLAY A GREATER COLONY FORMATION 

CAPACITY COMPARED TO DGC  

First, established cultures were tested for their capacity to proliferate extensively in-

vitro. Cells were able to proliferate for at least 25 passages with a  growth rate 

comparable to others GICs described in literature (Reynolds & Vescovi, 2009). In 

particular, cells were sub-cultured with a ratio of 50 times per year. Colony Formation 

Capacity (CFC) was then assessed by means of Plating Efficiency (PE) and Soft Agar 

assay. GICs cultures, when analyzed for PE, showed a great capacity to form colonies 

(Figure R9). In particular, GICs average growth efficiency was more than 10-fold higher 

than their monolayer counterpart (81.78 ± 8.50 % vs 7.55 ± 0.68 %, respectively; P < 

.001). 

Figure R9: CFC of established cultures analyzed by means of PE assay 

Data are plotted as mean growth ratio as either colonies or spheres in reference to cell seeded (n=4 

at the least; *** P < .001, with Mann-Whitney test in comparison to DGC counterpart). Error bars 

represent SEM. 
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Data obtained with Soft Agar assay, where cells are cultured in an anchorage-

independent condition, confirmed the same findings. Established GICs were more 

capable to grow and proliferate at low cell density than their monolayer counterpart 

(Figure R10-A). CFC ratio (GICs number of colonies/DGC number of colonies) proved 

again that GICs cultures owned a higher Colony Forming Capacity in comparison to 

DGC compartment (CFC ratio: 12.71 ± 0.51). Interestingly, only when DGC were seeded 

at extremely high concentration (i.e. 2x104) a proper colony growth was appreciated, 

but still colonies generated by GICs culture were substantially bigger (Figure R10-B).  

Figure R10: Soft Agar Assay of established cultures 

(A) Soft Agar assay of primaries PG82, PG88 and PG90 in both culture conditions. The number of 

colonies scored after 21 days was plotted per concentration of cell seeded (1000 and 2000); * P < .05, 

** P < .01, *** P < .001, with Mann-Whitney test; n = 9 for all groups. (B) Representative picture of 

Soft Agar Assay carried out for PG88 and PG88s after MTT staining. Cell seeded for each well is 

reported. 

2.2.2 GICS CULTURES ARE ABLE TO SELF-RENEW AND TO 

DIFFERENTIATE ALONG CNS LINEAGES  

GICs were tested for self-renewal capacity through a single-cell proliferation assay 

(Figure R11). More than 50% of cells from GICs cultures exhibited the capacity to 

proliferate from a single-cell unit (PG35s: 49.5 %; PG82s: 49.5 %; PG88s: 63.5 %; PG90s: 

56.00 %). This data suggested that GICs cultures presented a high frequency of stem-

like cells capable of self-renew independently from both cell-to-cell interactions and 

any paracrine stimuli.  
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Figure R11: Single-cell proliferation assay of GICs cultures 

Data are plotted as percentage mean of cells capable to growth as sphere bigger than 100 μm from 

a single-cell. Error bars represent SEM. Dashed line represent 50%. 

Figure R12: Differentiation of GICs along major CNS lineages 

Immunofluorescence of differentiated PG82s and PG90s for neuronal markers (MAP2 and TUJ1), 

astrocytic marker (GFAP) and oligodendroglial marker (CNPase). Nuclei are counterstained with 

Draq5. Scale bar of 10 μm. 
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GICs were then analyzed for their capacity to differentiate under the appropriate 

stimuli along the major CNS lineages: astrocytic, oligodendrocytic and neuronal. Cells 

were cultured in 10% FBS media for 14 days. Expression of GFAP, CNPase and MAP2-

TUJ1 was assessed by immunofluorescence as markers of astrocytes, oligodendrocytes 

and neurons, respectively. As indicated in Figure R12, GICs cultures demonstrated 

capability to differentiate toward all lineages mentioned. 

2.2.3 GICS CULTURES GENERATE TUMORS WITH GBM 

HISTOLOGICAL FEATURES 

Finally, in order to assess whether GICs cultures owned cancer-initiating capacity, a 

series of athymic mice were inoculated in the forebrain with 105 cells, five mice each 

for PG82s and PG90s. By 7 weeks, some of them started to show clinical impairment. 

Therefore, mice were sacrificed and brains collected. Samples were then formalin-fixed 

and paraffin-embedded for histological analysis. Slices were stained with 

Hematoxylin/Eosin and immunostained for GFAP, CD44 and Vimentin detection. 

Sections from patients’ tumor were processed alongside. Tumors arose in three out of 

five mice for both GICs inoculated. Histological analysis of grafts revealed typical GBM 

histological features comparable to lesions found in corresponding patients (Figure 

R13). Moreover, grafts demonstrated a good correspondence with the expression 

pattern of the analyzed proteins in original tumor. In addition, grafts displayed diffuse 

borders between tumor and mouse brain with elongated tumorigenic cells infiltrating 

into brain parenchyma. 
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Figure R13: Histological analysis of xenografts and related patients’ tumor 

Stains depicted are hematoxylin and eosin (H/E) and immunohistochemistry for GFAP, CD44 and 

Vimentin. Samples analyzed were PG82s (A) and PG90s (B) and associated patient surgical biopsies. 

Scale bar of 100 µm.  
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2.3 GICS CULTURES DEMONSTRATE HIGH 
EXPRESSION OF STEM RELATED MARKERS 

In addition to the mandatory assessment of GICs functional characteristics, the 

expression of specific markers associated to a more undifferentiated state should be 

verified as well (Heddleston et al., 2011; Vescovi et al., 2006). First, a panel of genes 

were chosen among ESCs markers and genes enriched more specifically in GICs. The 

expression of the selected markers was then screened for a quick presence/absence 

test using the semi-quantitative technique of RT-PCR (Figure R14). According to data 

obtained, mRNA of CD133 and L1CAM could be detected exclusively in GICs cultures. 

On the contrary, CD44 and CD15 along with markers specific of ESCs, were found in 

both culture conditions. Taking into account that relative gene expression levels could 

not be calculated on RT-PCR results, to quantify the relative mRNA amount of genes, 

samples were then analyzed by means of qPCR. 

Figure R14: RT-PCR detection of genes related to an undifferentiated state 

Four culture pairs were screened in both GICs and Monolayer (M) conditions. GAPDH was included in 

the panel as loading control. Due the complexity of the detection of CD133 template, Saos-2 mRNA 

was added to the analysis as positive control. CD133 expression was detected through two different 

couple of primers, one amplifying a long product of 337 bp (CD133-L) and the other a shorter product 

of 83 bp (CD133-s). 
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Given the increasing concern on markers specific of GICs, exclusively CD133 (Bao et 

al., 2006), CD44 (Anido et al., 2010), and L1CAM (Cheng et al., 2011) were detected 

using qPCR technique. Taking into account recent findings, ITGA6 was included in the 

study (Lathia et al., 2010). Detection of CD133, L1CAM and ITGA6 mRNA amount 

reported different expression levels between GICs and DGC cultures, being genes 

almost undetectable in Monolayer counterpart (Figure R15). The same difference was 

not found when analyzing CD44 expression. It is important to note that among all 

markers CD133 is the least transcribed, although the difference detected between 

GICs and DGC cultures is still significant. 

Figure R15: Quantification of GICs markers mRNA in cultures  

Expression of CD133, CD44, L1CAM and ITGA6 genes. mRNA levels were normalized by GAPDH - 

GUSB expression and plotted as mean ± SEM (n=3 at least); *P < .05, ** P < .01, *** P < .001, with 

unpaired t-test in comparison to DGC counterpart. GICs R-fold were reported below each plot. R-fold 

was obtained from the same data subjected to the ΔΔCt method using DGC mean expression level 

within each culture pair as internal control. 

The differential expression of selected genes was then confirmed at protein level using 

western blot technique (Figure R16). In order to avoid false-negative signals, being all 

markers surface proteins, DGC were recollected without trypsin digestion using 

scrapers. Data obtained were consistent with mRNA analysis. L1CAM and ITGA6 

protein amount in GICs culture was statistically higher when compared to DGC 



138 | CHARACTERIZATION OF ESTABLISHED CULTURES 

 

 

counterpart. The same difference in protein amount was observed for CD44 as well, 

suggesting protein stabilization. This increase was statistically significant in most of 

the established GICs cultures. The high level of different glycosylation states of CD133 

and its limited amount in samples, made difficult its immunoblotting detection 

(Kemper et al., 2010). Therefore, CD133 expression was exclusively evaluated through 

mRNA analysis.  

Taken together, all data collected concerning functional features and markers 

expression, established GICs were considered from now on as effectively enriched in 

Glioblastoma Initiating Cells. 

Figure R16: Quantification of GICs markers at protein level in cultures 

(A) Representative Western Blot analysis of CD44, ITGA6 and L1CAM. (B) Western blot quantification 

of CD44, ITGA6 and L1CAM amount through densitometric analysis. Data are normalized to β-actin 

and plotted as mean ± SEM from at least 3 independent samples. * P < .05, ** P < .01, *** P < .001, 

with unpaired t-test in comparison to DGC counterpart. GICs R-fold indicates the relative fold 

difference between GICs culture and the relative DGC. 

2.3.1 INDUCED DIFFERENTIATION CORRELATES WITH REDUCED 

EXPRESSION OF STEM-RELATED MARKERS 

In order to assess the specificity of stem-related gene expression in the neurosphere 

condition, GICs were cultured in 10% FBS containing media for 7 days to promote 

differentiation. Expression levels of ESCs markers NES and MSI1 along with GICs 

markers ITGA6, L1CAM and CD44 were then quantified by qPCR technique. As 

indicated in Figure R17, cells under differentiating stimuli expressed significantly less 

selected genes. These data confirmed that the expression of stem-related markers is 
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the result of the Neurosphere media selective pressure on culture that select away 

differentiated cells. Once this pressure is removed, cells started to differentiate and to 

generate culture where GICs are progressively disappearing. 

Figure R17: Expression of stem-related markers under differentiation stimuli 

Expression of NES, MSI1, ITGA6, L1CAM and CD44 after 7 days in cultures with media supplemented 

by 10% FBS. Cells were subcultured following the cell proliferation rate. Relative mRNA levels were 

normalized by GUSB expression and plotted according to the ΔΔCt method as mean ± SEM (n=3); * 

P < .05, ** P < .01, *** P < .001, with unpaired t-test in comparison to undifferentiated counterpart.  

2.4 GICS BELONG TO HIGHLY HETEROGENEOUS 
CULTURES 

In order to investigate the expression pattern of selected markers, the protein 

distribution among cells in cultures was analyzed. The concurrent localization of 

ITGA6-L1CAM and ITGA6-CD44 was assessed by means of immunofluorescence 

staining (Figure R18). Confocal images were taken with same acquisition settings in 

order to allow an effective comparison of fluorescence intensity between cultures. 

Consistently with previous findings, fluorescence signal of ITGA6 and L1CAM was 

almost undetectable in DGC whereas GICs exhibited a clear and intense staining. 

Fluorescence detected in DGC for L1CAM was weaker and diffuse along cytoplasm 

and nuclei but not on cell membrane, suggesting an unspecific staining. As observed 

previously, CD44 was expressed under both culturing conditions, although a 

difference of fluorescence intensity could be noticed, being higher in GICs than in 

DGC. In addition, a clear heterogeneity of markers distribution was observed within 

GICs cultures. Cultures showed multiple clones expressing a various combination of 

markers or none of them, being cell expressing all of them the minority.  
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Figure R18: GICs markers distribution within cultures 

Confocal images of ITGA6 (Alexa-488, green), CD44 (Alexa-555, red) and nuclei (DRAQ5, blue). Scale 

bar of 50 µm. 
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2.5 GICS RELY MORE ON OXIDATIVE METABOLISM 
THAN THEIR DIFFERENTIATED COUNTERPART 

In order to assess the metabolic state of established cultures, the consumption of 

glucose and oxygen along with the production of lactate were evaluated. Metabolites 

were quantified after 4 days in standard culture conditions from the same number of 

seeding cells. Data obtained were further normalized to the number of cells counted 

at the end-point.  

According to data obtained, GICs showed significantly lower consumption of glucose 

compared to DGC (P < .001; Figure R19-A), even though the production and 

extracellular accumulation of lactate was equal between both culturing conditions 

(Figure R19-B). Quantification of the oxygen consumption rate (OCR) revealed that 

GICs consumed significantly more oxygen than DGC (P < .01; Figure R19-C).  

Figure R19: Analysis of metabolic profile of established cultures 

Quantification of glucose (A) and lactic acid (B) in media after 4 days of culture. Dot plot of OCR 

values in standard proliferation condition (C). Data were plotted as mean ± SEM from analysis carried 

out on #82, #88 and #90 culture pairs; ** P < .01, *** P < .001, with unpaired t-test in comparison to 

DGC counterpart. 

Moreover, to investigate the molecular basis of the observed metabolic preferences, 

the levels and activation state of key metabolic pathways were evaluated. Constitutive 

PI3K/AKT activation, a hallmark of several tumors, stimulates glucose uptake and 

utilization through AKT phosphorylation (Buzzai et al., 2005; Elstrom et al., 2004; 

Heiden et al., 2009). At the branching point between glycolysis and oxidative 
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metabolism, the mitochondrial complex Pyruvate dehydrogenase (PDH) regulates the 

irreversible oxidative decarboxylation of pyruvate to acetyl-CoA to enter the TCA cycle. 

Serine phosphorylation of PDHE1α subunit (phosphorylation sites in Ser264; Ser271; 

Ser203) results in inhibition of enzyme activity. Blockade of carbon flux through PDH 

shunt pyruvate away from the TCA cycle toward glycolysis and impair OXPHOS 

(Korotchkina & Patel, 2001; Rardin et al., 2009; Wolf et al., 2010; Yeaman et al., 1978). 

In addition, mitochondrial isoenzyme of phosphoenolpyruvate carboxykinase (PEPCK-

M) catalyzes the conversion of oxaloacetate to phosphoenolpyruvate (PEP). PEPCK-M 

is the only enzyme able to connect mitochondrial intermediates via oxaloacetate with 

the glycolytic intermediary pool above PEP (Méndez-Lucas et al., 2014). Expression of 

mitochondrial PEPCK correlates with glycolysis-TCA crosstalk and activation of 

gluconeogenetic/glyceroneogenesis pathways. 

The phosphorylation of AKT (Ser473) and PDH (Ser293) along with the expression of 

PEPCK mitochondrial isoenzyme (PEPCK-M) were detected by western blot (Figure 

R20). 

Figure R20: Analysis of metabolic enzymes 

(A) Representative Western Blot analysis of metabolic enzymes PEPCK-M, pPDH and pAKT in four 

different cultures pairs. Matching DGC and GICs were blotted on the same membrane. (B) Western 

blot quantification of pPDH, PCK2 and pAKT amount through densitometric analysis. Data are 

normalized to β-actin and plotted as mean ± SEM from at least 2 independent experiments. ** P < 

.01, *** P < .001, with unpaired t-test in comparison to DGC counterpart.  

A common pattern of PI3K/AKT pathway activation and PDH blockade was revealed 

in DGC cultures. The arrangement was consistent with previous results and confirmed 

a more glycolytic state. Conversely, reduced phosphorylation of PDH enzyme together 

with higher OCR suggested robust mitochondrial respiration and higher activity of 
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TCA cycle in GICs. Moreover, higher PEPCK-M expression was detected in GICs. 

Together with observed reduced glucose uptake, PEPCK-M could point to a different 

source of carbon for energy production and anabolic processes in GICs. 
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3 RADIOTHERAPY RESPONSE STUDY 

3.1 GICS CULTURES EXHIBIT A RADIORESISTANT 
PHENOTYPE 

In the last decade, experimental findings progressively support the pivotal role of CSC 

in tumor resistance to common therapies (Clevers, 2011; Dick, 2008). In GBM several 

noteworthy data support the involvement of CSC in tumor progression and recurrence 

after treatment (Bao et al., 2006). Following the common belief that tumor recurrence 

is essentially due to marked radioresistance (Cheng et al., 2011), established cultures 

were investigated in order to identify a radioresistant phenotype.  

3.1.1 GICS CULTURES ARE MORE RADIORESISTANT THAN THEIR 

DIFFERENTIATED COUNTERPART 

First, in order to determine established cultures’ sensitivity to RT, irradiated cells were 

analyzed employing clonogenic assay, the gold standard technique to investigate 

long-term effects of ionizing radiation on cultures (Franken et al., 2006). Cultures were 

tested in their standard culture conditions and four different doses were evaluated (2, 

4, 6 and 8 Gy) and compared with unirradiated samples (0 Gy). Treatment doses were 

given fractionated at daily dose of 2 Gy. In the case of GICs, traditional clonogenic 

assay was adapted to fit with the free-floating spheres condition. Surviving fraction at 

each dose was calculated and the obtained survival curves were represented in a 

logarithmic scale (Figure R21). According to the obtained survival curve parameters 

(SF2; SF8; AUC; Figure R22), in three out of four cases analyzed, GICs-enriched 

compartment exhibited a more radioresistant phenotype compared to DGC (#82; #88; 

#90; two-way ANOVA P < .001). SF2 and SF8 were in all primaries significantly higher 

in GICs than in their DGC counterparts (SF2 P < .0001 for #82 and #90, P < .01 for #88; 

SF8 P < .0001 for #88 and #90, P < .01 for #82). GICs compartment of #35 reported a 

more radiosensitive curve (two-way ANOVA P < .01) with no substantial difference 

between GICs and DGC at 2 Gy (P = .8). 
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Figure R21: Survival curves after RT in fractionated doses 

Curves were obtained through the clonogenic assay from at least 4 independent experiments. 

Indicated P-values were calculated by two-way ANOVA comparing GICs with DGC curves. Data are 

plotted in Log(2) scale as mean ± SEM. 

Proliferation impairment of cultures was then modeled according to the Linear 

Quadratic Model (LQM; Astrahan, 2008; Fowler, 2006; Franken et al., 2006). The LQM 

is used to fit the survival curves obtained from RT dose-response experiments into a 

mathematical model. This model is the most popular approach to predict 

dose/fraction dependencies and to explain the biological effect of fractionated dose. 

In order to quantify the biological response and to allow comparison among cultures 

α- and β-component at 2 Gy were calculated (Figure R22). The smaller the two 

radiobiological components are the less RT impairs cellular proliferation. With 

exception of PG35s, all GICs-enriched compartments were characterized by lower α- 

and β- values indicating higher intrinsic radioresistance and better repair of sublethal 

DNA damage respectively (Fowler, 2006). The third informative radiobiological 

parameter calculated was α/β ratio, associated to fractionation sensitivity. In PG82s, 

PG88s and PG90s, α/β ratio was significantly higher compared to DGC counterpart, 

suggesting a reduced sensitivity to fractionated doses. A minor sensitivity to 

fractionation implies higher cumulative dose (D > α/β) needed to achieve an 

exponential (quadratic) correlation between the dose and the cellular requirement to 
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repair damage (Emami et al., 2015). Consequently, higher doses are necessary to 

increase responsiveness to fractionation and to impair cell resilience. Finally, a 

substantial variability among GICs cultures was detected with respect to 

radiosensitivity. As indicated by α values, PG90s was the most radioresistant with the 

lowest α and PG35s the most radiosensitive, with the highest α. 

Figure R22: Survival curves parameters and values obtained from the LQ modeling 

Table indicates parameters defining DGC and GICs radiation sensitivity. Data obtained from survival 

curves: Surviving Fraction at 2 Gy (SF2) and 8 Gy (SF8); Area Under the Curve (AUC). SF2 and SF8 are 

indicated as mean ± SEM. Values obtained following the LQM interpretation of the curves: α- and β-

value. Obtained parameters were subsequently processed to calculate the α/β ratio, the Intrinsic 

Radioresistance and the Repair Capacity. (1) Calculated comparing cultures derived from the same 

patient: α-DGC/α-GICs. (2) Calculated comparing cultures derived from the same patient: β-DGC/β-

GICs. (1) and (2) calculated according to bibliography (Fowler, 2006; Franken et al., 2002).  

3.1.2 GICs’ INTRINSIC RADIOSENSITIVITY PREDICTS CLINICAL 

RESPONSE TO TREATMENT 

In order to evaluate the association between observed in-vitro radiobiological 

response and effective clinical evolution, obtained LQ parameters were compared to 

patient Disease-Free Survival (DFS) and Overall Survival (OS) and clinical response to 

treatment (see Figure R23-A). All patients analyzed were treated with Stupp chemo-

radiotherapy regimen (Stupp et al., 2005). A correlation was observed primarily 

between LQ parameters obtained from GICs cultures and patients’ DFS. In particular, 

the smaller the α- and β-value, the shorter the patient’s DFS (Figure R23-B). The same 

tendency was found between GICs LQ parameters and OS, even if with a weaker 

association. Importantly, the same correlation was not found between clinical 

parameters and the obtained LQ values of DGCs compartment. Collectively, these 
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findings suggest that patients clinical outcome may be preferentially determined by 

GICs intrinsic sensitivity to fractionated RT, while the radiosensitivity grade of the bulk 

of the tumor has only a marginal role. Moreover, the characterization of GICs’ intrinsic 

radiosensitivity could be employed as a powerful tool to predict clinical response to 

standard therapy based on ionizing radiation. 

Figure R23: Clinical data of analyzed patients 

(A) For each patient it is indicated the Disease-Free Survival (DFS) and the Overall Survival (OS) in 

month (m). In addition, response to treatment as either complete response or progression of the 

disease is displayed. (B) In order to visualize better the association between LQ parameters and 

patient clinical data, calculated α- and β-value were plot along with patients’ OS and DFS. 
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3.1.3 HIGHLY RESISTANT GICS SHOWED BIGGER SPHERE SIZE 

The adapted clonogenic assay protocol for GICs cultures allowed the additional and 

accurate evaluation of spheres dimension when scored at the end-point. Sphere size 

is connected to proliferative capacity in culture. Data collected were represented in 

Figure R24. As expected, the sphere dimension was significantly reduced after 

treatment in a manner proportional to the dose received. Interestingly, those GICs 

displaying higher resistance to radiation (PG88s and PG90S) generated bigger spheres 

in both control and post-radiation conditions. 

Figure R24: Sphere dimension analysis after RT 

(A) Scatter plot of GICs spheres sizes after 14 days in culture at control and treated condition; * P < 

.05, ** P < .01, *** P < .001, with Mann-Whitney test in comparison to control sample (0 Gy). (B) 

Representative picture of PG82s and PG88s spheres at every condition. Scale bars of 200 μm.  
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3.2 REPEATED RADIATION CYCLES PROVOKE A GICS’ 
SWITCH TOWARD A MORE RADIORESISTANT 
PHENOTYPE 

According to data obtained from clonogenic assay, #35 was the unique culture pair 

that did not adhere to the common belief of GICs being more resistant to therapies. 

In order to examine in depth the radiosensitivity of #35 culture pair, the response to 

repeated cycles of RT was studied. Cultures were exposed to standard 4-days cycles 

of fractionated doses (2 Gy per fraction) scheduled every 3 weeks according to the 

regimen displayed in Figure R25-A. The recovery period within two consecutive cycles 

was calculated according to data obtained from Doubling Time evaluation (Figure 

R25-B) in order to allow the complete cell cycle restoration. After 21 days from the 

beginning of the experiment both cultures maintained in standard growing conditions 

reached their initial proliferation rate. Following the recovery period, cultures were 

named PG35R and PG35sR where R stands for one completed cycle of radiation and 

recovery. Subsequently, PG35R and PG35sR underwent a second cycle of radiation 

and cell viability was tested using the clonogenic assay. After an additional recovery 

period, cultures were then named PG35RR and PG35sRR and were treated with a third 

cycle of fractioned RT. Thereafter, the cell proliferation impairment was again assessed 

by means of clonogenic assay. 

Interestingly, the survival curve obtained from PG35sR revealed a significant switch 

toward a more radioresistant phenotype (Figure R25-C). When compared to PG35s, 

PG35sR displayed significantly higher SF2 and SF8 (P < .0001) and an overall statistical 

difference between the two curves (two-way ANOVA P < .0001). Moreover, PG35sR 

curve showed an important reduction of α- and β-values at 2 Gy indicating an 

increased intrinsic radioresistance and higher repair capacity, respectively (Figure R25-

E). On the contrary, PG35R showed a weak radiosensitization compared to PG35 (two-

way ANOVA P < .05) but no statistical variation of SF2 and SF8 (P = .5 and P = .1 

respectively). Comprehensively, the curves obtained from PG35R and PG35sR 

diverged statistically being PG35sR significantly more radioresistant than PG35R (two-

way ANOVA P < .0001).  
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Figure R25: PG35s switched toward a more radioresistant phenotype 

(A) Design of the repeated cycles of fractioned RT carried out on #35 culture pair. (B) Doubling Time 

data after 8 Gy exposure (RDT) of PG35 and PG35s referred to the unirradiated control (CTR). Data 

were plotted as mean ± SEM; * P < .05, ** P < .01, with unpaired t-test in comparison to control 

sample. (C) Clonogenic assay survival curves after second and third radiation schedule (n=4 at the 

least; two-way ANOVA P calculated comparing PG35R with PG35sR and PG35RR with PG35sRR). 

  (legend continued on next page) 
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Data are plotted in Log(2) scale as mean ± SEM. Black and grey dashed lines represented respectively 

PG35 and PG35s survival curves and were indicated as internal reference. (D) Table indicate measures 

of DGC and GICs radiation sensitivity obtained from the survival curves: cell Surviving Fraction at 2 

(SF2) and 8 Gy (SF8) and Area Under the Curve (AUC). SF2 and SF8 are plotted as mean ± SEM. In 

addition, measure of DGC and GICs radiosensitivity according to the LQM were indicated: α- and β-

value at 2 Gy and their ratio. 

Finally after the third radiation cycle, PG35RR reported a dramatic radiosensitization 

(two-way ANOVA P < .0001) with a striking drop in SF8 (P < .0001) compared to PG35R 

(Figure R25-D). Concurrently, PG35sRR showed a slight increase in α- and β- values 

when compared to PG35sR, but importantly SF8 reported no significant variation (P = 

.67) and PG35sRR maintained a more radioresistant phenotype compared to PG35s. 

In conclusion, repeated cycles of fractioned RT induced in PG35 and PG35s opposite 

responses based on the acquisition of different grades of radiosensitivity. 

3.3 ALAMARBLUE REDUCTION RATE POSITIVELY 
CORRELATES WITH GICS SURVIVAL FRACTION 

Viability of neurospheres was also determined using AlamarBlue™ (AB, Invitrogen) 

reagent after 14 days of radiation treatment. The assay allows to evaluate repeatedly 

the reducing power of cells in real-time schedule with no need of serial washes and 

sample transfer. These characteristics made AlamarBlue™ reliable for neurospheres 

cultures viability detection post RT. The fluorescence intensity was found to be linear 

from 1 to 4 hours of AB incubation (Figure M6: AlamarBlue® incubation time 

optimization). AB reduction rate of clonogenic assay plates was detected by 

fluorescence every hour from 1 to 4 hours and the mean fluorescence from all lectures 

was calculated for each plate (Figure R26). The correlation coefficient between 

calculated GICs surviving fraction and the reagent reduction rate was >0.9 for most of 

the tested primaries, with exception of PG88s (r2 = 0.51). Values of r-squared greater 

than 0.9 indicate a good correlation and prove that 90% of the variance in AB 

reduction can be explained by variation in the number of neurospheres. The verified 

correlation suggested that AB reduction could be effectively used to predict quickly 

neurosphere surviving fraction after radiotherapy with a good fit.  
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Figure R26: Correlation between GICs survival curves and AlamarBlue reduction rate 

Data are plotted as mean ± SEM for both axis. The coefficient r-squared was calculated from the 

Pearson correlation coefficient using GraphPad Prism (v 5.0; GraphPad Software). The significance of 

correlation is indicated by p-values displayed for each plot. 

3.4 TRANSCRIPTOME OF IRRADIATED CULTURES 
DEFINES INFLAMMATORY AND EMT-RELATED 
PATHWAYS AS KEY RESPONSES OF GICS 

3.4.1 IRRADIATED GBT35-DERIVED CULTURES DO NO 

CONSIDERABLY DIFFER FROM UNIRRADIATED SAMPLES 

In order to identify mechanisms mediating GBM radioresistance, the molecular basis 

driving GICs and DGC different RT response were analyzed by genome-wide 

microarray analysis. To this end, repeated RT cycles on #35 culture pair was considered 

to provide a good platform to define determinants and regulators driving GICs 

radioresistance. Transcriptome of fourteen samples representing five different #35 

experimental conditions were analyzed (conditions are indicated in Figure R27-A). 

Control condition samples were collected together with IR samples one hour after the 

last 2 Gy fraction treatment. Irradiated PG35sR was included to the analysis as it 

represents the condition of the peculiar radioresistant switch. Gene expression profiles 

were measured using Human Gene 1.0 ST Array (Affymetrix).  

First, to visualize the overall transcriptome status of analyzed conditions, unsupervised 

principal component analysis (PCA) of microarray data was conducted (Figure R27-B). 
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Two major clusters were identified: control samples grouped with their corresponding 

first-cycle 8 Gy-treated condition, while a clear separation was observed between 

differentiated (cluster 1) and GICs-enriched samples (cluster 2). Interestingly, 

irradiated PG35sR displayed a strong segregation from the above-mentioned clusters, 

thus defining a third cluster. 

A dedicated chapter was realized to investigate the diverse molecular basis of DGC 

and GICs clusters in control condition (Chapter 3.5). 

Figure R27: Transcriptomic analysis of irradiated #35 cultures 

(A) Analyzed cultures were PG35 and PG35s 8 Gy irradiated and control condition plus PG35sR 

following a second cycle of fractioned RT. PG35sR stands for PG35s after a complete cycle of RT and 

subsequent recovery (Figure R25-A). (B) Genome-wide transcriptomic analysis of microarray data 

using unsupervised PCA plot of microarray data. 

As expected from the reduced segregation between CT and IR groups observed in the 

PCA plot, comparative analysis of the transcriptomes was unable to identify genes 

significantly upregulated or downregulated (level of significance: FDR < 0.05). 

To investigate the biological significance of microarray data, a Gene Set Enrichment 

Analysis (GSEA, Broad Institute; Mootha et al., 2003; Subramanian et al., 2005) was 

performed. This approach favors an overall insight of the obtained data through the 
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identification of changes in canonical signaling pathways or co-regulated gene sets. 

GSEA allows highlighting even subtle changes that might remain undetected when 

analyzing individual genes. In order to identify gene sets positively or negatively 

enriched following RT, first-cycle treated groups were compared to their 

corresponding control conditions and three different pathway databases were 

interrogated for gene set enrichment (BioCarta, KEGG and Reactome). According to 

data obtained, few gene sets recorded a significant enrichment (FDR < 0.05; Figure 

R28 and Figure R29).  

Both DGC and GICs showed a mild positive enrichment in inflammatory pathway after 

IR as indicated by BioCarta LAIR_PATHWAY, IL1R_PATHWAY and IL10_PATHWAY for 

DGC and BioCarta IL6_PATHWAY for GICs (Figure R28) with IL6 and IL8 genes 

contributing the most to enrich the indicated gene sets.  

Figure R28: GSEA gene sets positively enriched after IR in PG35 and PG35s samples 

List of gene sets significantly enriched after IR in PG35 and PG35s contexts. Gene sets were obtained 

interrogating three different databases (Reactome, KEGG and BioCarta) through GSEA. Gene sets 

were indicated following GSEA nomenclature and were ranked according to Normalized Enrichment 

Score (NES). GSEA FDR q-values were indicated for each gene set (FDR < 0.05).  

In addition, both DGC and GICs displayed after IR weak enhancement of 

transcriptional process, enrichment mediated mostly by a number of different Zinc 

Finger Proteins. Curiously, several negatively enriched gene sets in DGC after IR 

reported inhibition of transcription, DNA replication, overall maintenance of 

chromosomes, mitotic process and as well meiosis (Figure R29). An inspection of the 

leading edge of the bizarre meiotic-related gene sets revealed that their significance 
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is driven largely by down-regulation of core histones (H2A, H2B, H3, and H4) 

superfamilies. The same alterations contributed to the majority of negatively enriched 

gene sets: AMYLOIDS, transcription-related pathways, telomeres maintenance and 

centromeres formation. In addition, centromeres formation negative enrichment was 

driven by CENPA and others centromere-associated network protein. A more complex 

pool of genes contributed to negatively enrich DNA replication and mitotic-related 

process, including kinesin-like protein family, a group of microtubule-dependent 

motor proteins that transport organelles and move chromosomes during cell division. 

Altogether down-regulated genes suggested an important deregulation of cell-cycle 

and loss of chromosomal stability.  

Interestingly, any of the differentially expressed gene sets was negatively enriched 

after IR in GICs compartment with FDR < 0.05. 

Figure R29: GSEA gene sets negatively enriched after IR in PG35 

List of gene sets significantly downregulated after IR in PG35 context. Gene sets were obtained 

interrogating three different databases (Reactome, KEGG and BioCarta) through GSEA. Gene sets 

were indicated following GSEA nomenclature and were ranked according to Normalized Enrichment 

Score (NES). GSEA FDR q-values were indicated for each gene set (FDR < 0.05).  
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3.4.2 IRRADIATED PG35SR EXHIBIT SIGNIFICANT ENRICHMENT OF 

PATHWAYS ASSOCIATED WITH EMT, INFLAMMATION AND 

MIGRATION 

To identify determinants of the radioresistant switch, double-treated GICs (cluster 3) 

were compared to samples composing cluster 2. GSEA analysis revealed significant 

positive enrichment of several gene sets (Figure R30). When BioCarta database was 

interrogated, inflammation-related processes were the pathways predominantly 

enriched, as indicated by STEM_PATHWAY, INFLAM_PATHWAY, IL1R_PATHWAY, 

LAIR_PATHWAY, ERYTH_PATHWAY, IL17_PATHWAY and IL10_PATHWAY. 

Interestingly, IL6, IL8 and CSF3 genes contributed the most to those gene sets 

upregulation. At the same time, KEGG and Reactome databases highlighted the 

enrichment of pathways regulating Extracellular Matrix (ECM) remodeling and cell-to-

cell or cell-to-ECM interaction. Surprisingly, no significant downregulation of gene 

sets was detected when interrogating the three databases. 

Then, in order to associate the observed transcriptomic differences with biological 

functions, the GOrilla web application tool (http://cbl-gorilla.cs.technion.ac.il/; Eden et 

al., 2009) was interrogated. A total of 506 genes showing more than 2-fold higher 

expression in cluster 3 compared to cluster 2 (FDR < 0.05) were run against the 

complete background list of genes composing the microarray. With a fixed P-value 

threshold of 10-09, the analysis identified 20 gene ontology (GO) terms ‘‘biological 

process’’ enriched in cluster 3. Among them, 6 GO categories (30%) correlated 

positively with cell migration and cell-to-cell communication (Figure R31). 

Moreover, to identify specific biological states or processes, GSEA was interrogated 

through the Hallmark collection (H). Interestingly, hallmarks associated with 

Epithelial/Mesenchymal Transition (EMT), activation of IL6/JAK/STAT3 axis, and 

inflammatory response were significantly enriched in radiated PG35sR (Figure R32). Of 

note, the most enriched inflammatory pathways were associated with TNF-α, IFN-γ, 

IFN-α and IL6-family signaling response. 

Next, to identify which Transcription Factors (TFs) might be responsible for the 

observed transcriptional changes in GICs after radioresistant shift, a GSEA using the 

TF targets (TFT) gene sets was performed. TFT collection allow to identify TF whose 

binding motifs were most commonly found in the promoters of genes differentially 

expressed. Interestingly the most significantly enriched TF in cluster 3 compared with 

cluster 2 was STAT3 (Figure R33).  
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Figure R30: GSEA gene sets positively enriched in cluster 3 compared to cluster 2 

List of gene sets significantly enriched in cluster 3 compared to cluster 2. GSEA databases (Reactome, 

KEGG and BioCarta) were interrogated. Gene sets were ranked according to Normalized Enrichment 

Score (NES). GSEA FDR q-values were indicated (FDR < 0.05).  



158 | RADIOTHERAPY RESPONSE STUDY 

 

 

Figure R31: GO biological process enriched in cluster 3 compared to cluster 2 

(A) List of biological processes identified as GO categories ranked according to Enrichment Score (ES) 

using P-value threshold of 10-09 (GOrilla web tool). (legend continued on next page) 
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(B) GOrilla output with enriched GO terms, color code indicates the significance (see legend). 

Figure R32: GSEA Hallmarks significantly enriched in cluster 3 compared with cluster 2 
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(legend continued from previous page)     (A) GSEA list of Hallmark gene sets 

significantly enriched in cluster 3 compared to cluster 2. Gene sets were ranked according to NES. 

GSEA significance level: FDR < 0.05. (B) Comparative heat-plot indicating genes that contributed to 

enrichment of selected pathways. Plot was performed using individual genes expression levels in 

samples composing custer 1 (CT and IR) and cluster 3 (D_IR). (C) GSEA enrichment plot of indicated 

gene sets. 

Taking into consideration that the TF STAT3 has been described together with C/EBPβ 

as potential driver of mesenchymal transition in GBM (Carro et al., 2010), the activation 

of C/EBPβ by IR was verified within enriched GSEA-TFT gene sets as well (Figure R33-

C). Different C/EBPβ recognizing region were significantly enriched in cluster 3: 

V$CEBPB_02 (position #31), TTGCWCAAY_V$CEBPB_02 (position #44) and 

V$CEBPB_01 (position #184). Interestingly, the TNF-α signaling pathway via NF-κB that 

stands in the second position among hallmark significantly enriched after IR (), was 

recently described in PN-GICs as potent driver of PN/MES transition (Bhat et al., 2013). 

Of note, among the top-twenty TF, NF-κB reported a significant activation (Figure R33-

A and Figure R33-B). In addition, one of the classical EMT inducers, SNAIL1 reported 

significant upregulation in cluster 3 compared to cluster 2 (R-fold: 3.50; FDR = 0.0005). 

Finally, to determine whether repeated radiation cycles induced in PG35s a global shift 

toward a more Mes transcriptome, a GSEA on proneural and mesenchymal gene 

signatures from Verhaak work (Verhaak et al., 2010) was performed. Cluster 3 when 

compared to cluster 2 effectively exhibited highly significant enrichment of genes in 

the mesenchymal gene signature (FDR = 0.000), while the opposite PN signature did 

not display a significant expression change (FDR = 0.936; Figure R33-D).  

In order to validate the activation of STAT3 mediated by IR, its phosphorylation status 

after IR was investigated in a bigger panel of primary GICs (Figure R34). The canonical 

STAT3 phosphorylation site Tyr705 (Y705) responding to IL6-family signaling was 

investigated concomitantly with the alternative site Ser727 (S727) which relevancy in 

GBM cell lines and patients has been recently described (Lin et al., 2014; Ouédraogo 

et al., 2015). Three different patient-derived GICs (PG82s, PG88s and PG90s) were 

analyzed at protein level. Samples were irradiated following the standard fractionated 

schedule until 8 Gy. Then, one hour after the last fraction, samples were collected and 

analyzed. According to data obtained the highly radioresistant GICs PG88s and PG90s 

showed a significant phosphorylation at Y705 but not at S727 compared to 

unirradiated samples (Figure R34). Of note, the two bands observed when analyzing 

protein blotting likely corresponds to the two major isoforms of STAT3 (α: 89 kDa and 

β: 80 kDa) generated by alternative splicing (Qi & Yang, 2014). 
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Figure R33: TF activated in cluster 3 compared to cluster 2 

(A) Top twenty TFT gene sets that correlates with radiated PG35sR when compared with PG35s CT 

and IR. Gene sets were ranked according to NES. GSEA FDR q-values were indicated (FDR < 0.05). (B) 

GSEA enrichment plot of indicated STAT3 and NF-κB gene sets (C) GSEA enrichment plot of indicated 

C/EBP gene sets. As C/EBP gene sets were not included within the top twenty mostly enriched TF, 

their individual NES and FDR were reported. (D) GSEA enrichment plot of Verhaak signatures for Mes 

and PN traits. 
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Figure R34: Irradiated GICs showed STAT3 activation via Tyr705 phosphorylation 

(A) Representative Western Blot analysis of STAT3 phosphorylation status in three different GICs 

cultures. (B) WB quantification of pSTAT3(Y705), pSTAT3(S727) and STAT3 through densitometric 

analysis. Data are normalized to either β-actin or total STAT3 and plotted as mean ± SEM from at 

least 3 independent experiments. * P < .05; ** P < .01; with unpaired t-test in comparison to 

unirradiated samples.  

As the last investigation on microarray samples, global transcriptomic data from 

cluster 2 and cluster 3 were compared in order to identify specific genes. The 

comparison revealed 955 differentially expressed genes with FDR < 0.05. In particular, 

expression level of 161 genes was more than four-fold higher in cluster 3, while 9 

genes were downregulated below 0.25 R-fold (Figure R35-A; for more details and the 

complete list see Annex 1). Among them, various growth factor and cytokines were 

significantly upregulated (CTGF, CSF3, LIF, IL6, IL1B, IL1F8 and IL8). In addition, CHI3L1 

(also known as YLK40) as well as CTGF, among the most well described indicators of 

Mes signature in GBM (Bhat et al., 2013), displayed increased expression. Of note, also 

HES1 gene, a Notch downstream target required for the maintenance of the self-

renewing ability of CNS progenitors and for the inhibition of the commitment to a 

neuronal fate (Nakamura et al., 2000; Solecki et al., 2001), reported significant 

upregulation. 
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Figure R35: Genes differentially expressed in cluster 3 

versus cluster 2 

(A) List of genes significantly upregulated by more than five-

fold and genes significantly downregulated below 0.20 R-fold 

after the second cycle of RT (D_IR) compared to unirradiated 

(CT) and single irradiated samples (IR).  Significance level: FDR 

< 0.05. Genes were ranked according to R-fold; heat-plot was 

realized upon z-score corrected R-fold. The complete list of 

genes differentially expressed with FDR < 0.05 can be found in 

Annex 1. (B) Preliminary confirmation of microarray finding of 

a small set of genes that showed great fold changes after two 

IR cycles (D_IR). Selected genes were indicated with * in the 

heat-plot. ** P < .01; with unpaired t-test in comparison to 

unirradiated samples (CT).  
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In order to validate microarray results, expression of three genes among the most 

differentially expressed were analyzed using qPCR (Figure R35-B). Upregulation of 

BPM2 and COX2 together with downregulation of L1CAM were confirmed with a good 

level of significance (P < .01). 

3.4.3 A DEFINED PANEL OF GENES EXHIBITS PREFERENTIAL 

UPREGULATION IN GICS CONTEXT AFTER IR 

To complete the picture and to validate the reliability of array findings, q-PCR was 

performed in all established cultures on a small subset of genes (Figure R36). The 

selected gene set was compiled among the mostly upregulated genes with FDR < 0.05 

and taking into consideration the genes contributing to enrich EMT, inflammatory 

pathways (flagged with a black triangle in Figure R35-A). 

Figure R36: Selected subset of genes to validate microarray data 

List of genes further investigated in other patient-derived cultures to validate microarray data. Genes 

are ranked according to R-fold and all reported significative upregulation in cluster 3 compared to 

cluster 2 (FDR < 0.05). Hallmark (H) GSEA geneset that those gene contributed to enrich were 

indicated: (1) EPITHELIAL_MESENCHYMAL_TRANSITION; (2) TNFA_SIGNALING_VIA_NFKB; (3) 

INTERFERON_GAMMA_RESPONSE; (4) INFLAMMATORY_RESPONSE and (5) 

IL6_JAK_STAT3_SIGNALING. 

Upregulation of the defined gene set was first confirmed by qPCR in #35 culture pair 

treated according to the previously described protocol (Figure R25) following the 

standard fractionated protocol. Samples were collected one hour after the last fraction 

of the first (PG35/PG35s) and second (PG35R/PG35sR) IR cycle, corresponding 

respectively to 8 Gy and 16 Gy of total dose. The whole set of genes, with exception 

of BMP2, showed after the second IR cycle significant upregulation in GICs 
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compartment (Figure R37). Of note, ICAM1, NNMT and IL6 exhibited significant 

upregulation already after the first treatment cycle. Conversely, irradiated DGC 

samples reported either significant downregulation or no variation in all the genes 

analyzed. 

Figure R37: Expression modulation of the defined panel of genes in #35 culture pair after 

radiotherapy 

Expression of the previously defined gene set one hour after treatment finalization of 8 Gy (#35 IR), 

16 Gy (#35R IR) and in control condition (CT). mRNA levels were normalized by GAPDH - GUSB 

expression and the relative amounts were calculated using the ΔΔCt method referred to control 

sample (either PG35 CT or PG35s CT). Data were plotted as mean ± SEM (n=3 at least); *P < .05, ** P 

< .01, *** P < .001, with unpaired t-test in comparison to unirradiated control (#35 CT); $ P < .05, $$ P 

< .01, $$$ P < .001, with unpaired t-test in comparison to samples recovered completely after the first 

IR cycle and non-treated with the second cycle (#35R). 

Next, the expression alteration of the gene set mediated by IR was investigated in the 

remaining established patient-derived culture pairs. According to LQM parameters 

obtained from clonogenic assay survival curves, the cultures enriched in GICs exhibited 

great radioresistance compared to DGC, already after a single 8 Gy cycle. 

Consequently, the analysis was carried out directly one hour after the last fraction of 

the 8 Gy schedule. In all culture pairs analyzed, the panel showed significant higher 

upregulation in GICs cultures after RT compared to DGC (Figure R38).  

In addition, unsupervised hierarchical clustering of the obtained mRNA expression 

levels, placed together the majority of irradiated GICs samples, indicating the influence 

of those genes in shaping specifically the overall radiation response of GICs-enriched 

cultures (Figure R39), the most radioresistant compartment of tumoral cells in GBM. 
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Figure R38: Expression modulation of the defined panel of genes in #82, #88 and #90 

culture pairs after radiotherapy 

(A-C) Expression of the gene set one hour after 8 Gy treatment finalization (IR) and in control 

condition (CT). Culture pairs analyzed were #82 (A), #88 (B) and #90 (C). mRNA levels were normalized 

by GAPDH - GUSB expression and the relative amounts were calculated using the ΔΔCt method 

referred to control sample. Data were plotted as mean ± SEM (n=3 at least); *P < .05, ** P < .01, *** 

P < .001, with unpaired t-test in comparison to unirradiated control. 
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Figure R39: Unsupervised hierarchical clustering of gene set expression levels 

(A-B) Unsupervised cluster of normalized and Z-score corrected mRNA expression levels of indicated 

genes obtained by means of qPCR. Data analyzed correspond to #35-Figure R37 (A) and #82, #88, 

#90-Figure R38 (B).  
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In order to explore IL6/STAT3-related pathway, the receptor IL6Rα was quantified at 

mRNA level in primary cultures one hour after fractionated 8 Gy exposure and in 

control condition (Figure R40). Interestingly, the majority of GICs reported in 

unirradiated condition statistically higher expression level of IL6R when compared with 

matching differentiated cultures (#35; #35R; #82; #90). Strikingly, although culture pair 

#88 did not exhibit remarkable difference in IL6R amount in control condition, IR 

induced significantly its expression exclusively in GICs cultures. These data collectively 

indicate an increased responsiveness of GICs-enriched cultures to IL6 ligand in both 

basal and irradiated states. 

Figure R40: IL6R expression in primary cultures 

Primary culture pairs were analyzed one hour after the last dose of fractionated 8 Gy (IR) and in 

control conditions (CT). Cellular amount of IL6R mRNA normalized by GAPDH and GUSB expression. 

Analyzed primary cultures were #35, #35R, #82, #88 and #90. Data are plotted as mean ± SEM (n=3). 

*P < .05, *** P < .001, with unpaired t-test in comparison to unirradiated DGC (DGC CT). $ P < .05, $$ 

P < .01, $$$ P < .001, with unpaired t-test in comparison to corresponding unirradiated control. 

Then, to investigate the clinical impact of the defined gene set in GBM patients, the 

expression levels of the selected gene set were investigated in using an in silico 

approach. Data were extracted from dataset collected by The Cancer Genome Atlas 

(TCGA) using the TCGA cancer browser (extracted array: AgilentG4502A_07_2). The 

unsupervised hierarchical clustering of TCGA data revealed a significant association 

between basal expression of the selected panel and GBM Mes subtype (Figure R41). 

Particularly, the mRNA level of a selected group of genes revealed a significantly 

higher expression in Mes subtype (Figure R42), defining a subgroup of genes named 
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RT-induced Mes genes (RT-Mes genes: COX2, LIF, ICAM1, IL6, CTGF and NNMT). These 

findings supported a higher basal expression of RT-Mes genes in the more aggressive 

GBM subtype, thus indicating a potential association between their expression and a 

worst response to therapies and eventually poor prognosis.  

Figure R41: Unsupervised hierarchical clustering of gene set expression levels within a 

TCGA dataset 

Unsupervised clustering of the panel expression levels in GBM patients according to the TCGA array 

platform AgilentG4502A_07_2 extracted from the TCGA cancer browser. For each patient’s specimen 

the GBM molecular subtype was indicated as defined by the TCGA consortium. 

The correlation between higher expression of RT-Mes genes and patient prognosis 

was investigated using TCGA data extracted from cBioPortal 

(http://www.cbioportal.org/). 607 samples with mRNA data available were included in 

the study. Basal upregulation of individual LIF, ICAM1, IL6, CTGF and NNMT genes was 

detected in 27 cases (5%; Figure R43-A) whereas no cases were found with COX2 

expression alteration. Low expression of the RT-Mes genes was significantly 

associated with longer progression free survival and overall survival. Median PFS was 

4.07 months for patients with high expression of the gene set, whereas 7.62 months 

for those with low expression (P < .001; Figure R43-B). in addition, median OS was 

11.83 and 14.62 months for patients with high and low expression of the selected 

group of genes, respectively (P < .05; Figure R43-C). Taken together, the results 

suggest a potential involvement of COX2, LIF, ICAM1, IL6, CTGF and NNMT genes in 

GBM treatment response and outcome of GBM patients. 
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Figure R42: Expression of COX2, LIF, ICAM1, IL6 and NNMT genes showed significant 

upregulation in GBM Mes subtype 

Box-plot diagram showing the expression of the indicated genes across the different molecular 

subtypes of GBM. Data were obtained from the TCGA array platform (AgilentG4502A_07_2) extracted 

from the TCGA cancer browser. *P < .05, ** P < .01, *** P < .001, with ANOVA test in comparison to 

expression in Mes subtype. 
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Figure R43: Expression of COX2, LIF, ICAM1, IL6, CTGF and NNMT genes reported 

significant correlation with GBM patients’ poor OS and PFS 

(A) Oncoprint of cBioPortal study for the selected genes. (B-C) Kaplan Meier curves showing 

Progression-Free Survival (B) and Overall Survival (C) of GBM specimens with upregulation of the 

gene set versus GBM with no expression alteration of these genes. 

3.5 BRIEF DIGRESSION ON UNIRRADIATED SAMPLES’ 
MICROARRAY DATA 

Microarray data were further exploited in order to deepen the molecular differences 

between unirradiated PG35 and PG35s. Again, a GSEA was executed to define which 

gene sets were positively or negatively enriched in GICs context compared to DGC. 

Leading pathways with FDR < 0.05 were identified interrogating previously mentioned 

databases (KEGG, BioCarta and Reactome). The majority of significant pathways were 

connected with genes upregulated in GICs context (Figure R44-A). Analysis with KEGG 

and Reactome databases revealed significant upregulation of pathways associated 

with immune response, lipid and purine-pyrimidine metabolism. Of note, enrichment 

of CAMs-related pathway confirmed significant upregulation of well-known GICs 

markers: ITGA6 and L1CAM (Figure R44-B and Figure R45). Any of BioCarta gene sets 

were significantly enriched, either positively or negatively. Furthermore, 138 genes 

reported significantly different expression within GICs and DGC context (P < .05). 
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Particularly, 116 genes showed upregulation in GICs context with an R-fold higher 

than 4, whereas 22 were downregulated below 0.20 in compare to DGC (Annex 2). The 

genes that contributed the most to enrich indicated GSEA pathways were reported in 

Figure R45 grouped by biological function. 

 

Figure R44: GSEA pathways differentially enriched in PG35s CT versus PG35 CT 

(A) GSEA analysis using pathways annotation from KEGG and Reactome databases. Indicated gene 

sets were ranked according to Normalized Enrichment Score (NES). Listed gene sets were selected 

using FDR < 0.05. (B) GSEA enrichment plots of KEGG pathway Cell Adhesion Molecules (CAMs). The 

NES and the p-value are shown. 
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Figure R45: Selection of genes highly upregulated in PG35s versus PG35 

Listed genes were the one that mostly enriched KEGG annotated pathways. Selected genes has R-

fold > 4.00 (P < .05). 
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4 INTEGRIN α6 

The Integrin subunit α6 (ITGA6; also known as CD49f) was described in 2010 as a 

functional marker of GBM CSC capable to enrich GICs population alone or in 

combination with CD133 (Lathia et al., 2010). At the present time, the implication of 

ITGA6 expression in cell response to radiation therapy has not been investigated yet. 

Given the high expression of this marker in established GICs-enriched cultures, the 

potential role of ITGA6 in response to RT was examined.  

4.1 ITGA6 IS HIGHLY EXPRESSED IN NON G-CIMP GBM 
SPECIMENS 

First, the mRNA expression of ITGA6 was analyzed in brain tumors specimens with an 

in-silico approach from a number of databases using The Cancer Genome Atlas (TCGA) 

data. According to data extracted from cBioPortal (http://www.cbioportal.org/), the 

ITGA6 mRNA level is significantly higher in GBM tissue (n = 166) compared to low 

grade Glioma (n = 530; P < .01; Figure R46-A). This difference was consistent with 

previous studies (Bredel et al., 2005) whose data were implemented in Oncomine 

database (www.oncomine.org; Figure R46-B). Moreover, additional analysis on TCGA 

data displayed from Oncomine revealed significantly higher ITGA6 mRNA expression 

in GBM (n = 542) when compared with healthy brain specimens (n = 10; P < .001; 

Figure R46-C). Finally, GBM data extracted from two distinct datasets of TCGA Cancer 

Browser (Affymetrix U133A and AgilentG4502A_07_2 array) were grouped according 

to molecular subtypes and ITGA6 mRNA level was compared between groups. Both 

analysis reported a significant lower expression of ITGA6 in G-CIMP GBM (Figure R46-

D and Figure R46-E) when compared with others subtypes. Interestingly, data 

extracted from AgilentG4502A_07_2 array reported a significant ITGA6 higher 

expression in Mes compared to PN subtype (P < .01). These data suggested that ITGA6 

in the context of cerebral tissue might be associated to primary brain tumors and 

particularly to the most aggressive subtype of GBM. 
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Figure R46: ITGA6 mRNA expression in Gliomas 

(A) Box-plot diagram showing ITGA6 mRNA expression in GBM and low grade Gliomas. Picture 

modified from cBioPortal database using Plotly software (https://plot.ly/). Reported p-value 

calculated with Mann-Whitney test. (B) Diagram showing Oncomine data (from Bredel et al., 2005) 

displaying ITGA6 mRNA expression levels in Astrocytomas (n = 4), GBM (n = 31), Mixed Glioma (n = 

6) and Oligodendroglial tumors (OD; n = 8). Displayed p-value is calculated from Oncomine. (C) 

Diagram showing TCGA data (Affymetrix U133A platform) displaying ITGA6 mRNA expression levels 

in normal brain (n = 10) and GBM (n = 542). Displayed p-value is calculated from Oncomine. (D-E) 

ITGA6 mRNA level in the different GBM molecular subtypes. (D) Data extracted from Affymetrix 

U133A platform. Displayed p-values were calculated with Mann-Whitney test compared to G-CIMP 

mRNA levels                   (legend continued on next page) 
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(n.s. = not significant; ** P < .01, *** P < .001). (E) Data extracted from AgilentG4502A_07_2 dataset. 

Displayed p-values were calculated with Mann-Whitney test; * obtained comparing G-CIMP to other 

subtypes (* P < .05, *** P < .001); $ obtained comparing PN and Mes mRNA levels ($$ P = .007). 

4.2 GICS EXPRESSING HIGHER LEVELS OF ITGA6 ARE 
MORE RADIORESISTANT 

Given the strong Mes molecular signature of established cultures and ITGA6 greater 

expression in GBM non-G-CIMP and non-PN subtypes, established GICs were 

expected to provide an attractive insight into ITGA6 role in GBM biology. Particularly, 

GICs cultures were employed to investigate the implication of ITGA6 expression in 

radioresistance-related mechanisms. 

First, three GICs cultures were sorted by means of fluorescence-activated cell sorting 

(FACS) according to ITGA6 expression (Figure R47-A). Two distinct subpopulations 

were obtained per GICs culture: one enriched in cells expressing high levels of ITGA6 

(ITGA6HI), the other containing cells expressing low levels of ITGA6 (ITGA6LO). To set 

fluorescence intensity gates HI and LO, DGC cultures were employed. Fluorescence 

level of HI gate was assumed to exclude the majority of DGC cells, whereas LO gate 

was set to include the greatest part of DGC (Figure R47-B). Sorted cells were 

immediately plated under Neurosphere culture condition and ITGA6 differential 

expression was validated at protein level (Figure R47-C). According to protein analysis, 

ITGA6LO cells derived from PG90s culture revealed almost undetectable levels of 

ITGA6. Consequently, sorted PG90s were employed in following studies. 

In order to investigate the role of ITGA6 in RT response, the radiosensitivity of PG90s 

ITGA6HI and ITGA6LO was compared. Cultures were treated at 2 and 4 Gy in their 

standard culture conditions following the standard schedule of fractionated doses (2 

Gy per fraction). Surviving fractions were calculated based on plating efficiency of 

relative unirradiated control samples (Figure R48-A). According to obtained curves 

and SF2, SF4 and AUC parameters (Figure R48-B) ITGA6HI reported a more 

radioresistant phenotype compared to ITGA6LO (two-way ANOVA P < .0001). 

Interestingly, PG90s ITGA6HI survival curve did not differ statistically from PG90s curve 

(two-way ANOVA P < .7; Figure R22). The LQM parameters showed lower α- and β- 

values for ITGA6HI indicating respectively higher intrinsic radioresistance and better 

repair of sublethal DNA damage compared to ITGA6LO. In addition, ITGA6HI α/β ratio 

was significantly higher suggesting a reduced sensitivity to fractionated doses. 
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Figure R47: Isolation of ITGA6HI and ITGA6LO cells from three GICs-enriched cultures 

(A) ITGA6HI and ITGA6LO cells were isolated from GICs culture using FACS analysis. Percentages of 

sorted cells are indicated respectively as HI and LO. Under each FACS plot is reported the fluorescence 

intensity of analyzed samples (dark grey profile) compared to fluorescence of cells incubated only 

with secondary antibody (light grey profile). (B) ITGA6 FACS analysis performed in DGC cultures to 

set the gates. Percentages of cells included per gate are indicated. The fluorescence intensity of 

analyzed samples (dark grey profile) is compared to fluorescence of cells incubated only with 

secondary antibody (light grey profile). (C) ITGA6 Western Blot analysis of sorted ITGA6HI and ITGA6LO 

cells. 
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Figure R48: PG90s ITGA6HI and ITGA6LO reported different sensitivity to RT 

(A) Survival curves obtained through the clonogenic assay from 4 independent experiments. Indicated 

P-values were calculated by two-way ANOVA comparing PG90s ITGA6HI and ITGA6LO curves. Data are 

plotted in Log(2) scale as mean ± SEM. (B) Cell radiation sensitivity quantified by survival curves 

parameters (SF2; SF4 and AUC) and values obtained from the LQ modeling (α, β and α/β). Surviving 

Fraction at 2 Gy (SF2) and 4 Gy (SF4); Area Under the Curve (AUC). SF2 and SF4 are indicated as mean 

± SEM. (C) Extreme limiting dilution assay plot as obtained from ELDA web tool. Data are plotted as 

the log proportion of not dividing cells vs. the number of cells seeded. The trend line represents the 

estimated active cell frequency. The dotted lines give the 95% confidence interval. Estimated GICs 

frequency within each population analyzed is indicated at the bottom of the plot. Reported p-values 

were calculated from ELDA tool.  

Then, to compare GICs frequency within ITGA6HI and ITGA6LO after IR, the Extreme 

Limiting Dilution Assay (ELDA) was performed (Figure R48-C). Cells were seeded at 

extremely low density in their standard growing condition and were treated with 8 Gy 

using standard fractionated schedule (2 Gy per fraction). After 14 days their capacity 

to form colonies was scored and data were processed employing ELDA web-based 

tool (http://bioinf.wehi.edu.au/software/elda/; Hu & Smyth, 2009). The estimation for 
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stem cell frequency after IR in ITGA6HI reported a 2-fold reduction compared to 

corresponding unirradiated sample (P < .01), whereas ITGA6LO showed a dramatic 

drop down of 7-fold (P < .0001). Of note, the calculated GICs frequency in unirradiated 

ITGA6HI and ITGA6LO did not differ significantly (P = .09), whereas when IR samples 

were compared the difference was statistically significant (P = .02). These data 

suggested that GICs expressing higher levels of ITGA6 display a more radioresistant 

phenotype.  

4.3 LENTIVIRAL INHIBITION OF ITGA6 EXPRESSION 
TRIGGERS GICS RADIOSENSITIZATION 

To investigate thoroughly the molecular mechanism supporting ITGA6 involvement 

into radioresistance, a loss-of-function study was performed. ITGA6 was knocked-

down using lentiviral-based shRNA. Sequences of shRNA was mapping in the shared 

region of the most frequent ITGA6 splicing variants (ITGA6A and ITGA6B; Figure R49). 

First, three different shRNA sequences against ITGA6 were tested and knockdown 

verified by qPCR (Figure R50-A). according to data obtained, shRNA_3 was the shRNA 

that most efficiently knocked down ITGA6 transcript.  

Figure R49: ITGA6 splicing variants A and B 

Picture executed according to ITGA6 GenBank sequences (NM_001079818.2 and NM_000210.3) and 

UniProt data (P23229). Image was edited with Benchling Web Platfrom (https://benchling.com/; 

Galdzicki et al., 2014).         (legend continued on next page) 

https://benchling.com/
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Localization of shRNA sequences was displayed as orange triangles. The amino acid sequence 

recognized by the WB antibody (HPA012696) was included. ITGA6 variant 1 represents the shorter 

transcript and encodes the longer isoform (A). Transcript variant 2 contains an alternate coding exon 

(exon 25) compared to variant 1, which results in a frameshift. The resulting isoform (B) is shorter and 

has a distinct C-terminus compared to isoform A. 

Next, three different GICs cultures (PG82s, PG88s and PG90s) were infected with 

shRNA_3 particle and ITGA6 knockdown was confirmed by western blot and qPCR 

analysis (Figure R50-B, Figure R50-C and Figure R50-D). Importantly, shRNA_3 

significantly reduced the amount of ITGA6 in all GICs cultures tested. Of note, the 

observed inhibition was significant for both ITGA6 fragment detected at protein level, 

usually interpreted as the integrin heavy chain (120 kDa) and the entire un-cleaved 

protein (150 kDa).  

Figure R50: ITGA6 knockdown after transfection with lentiviral particles.  

(A) Screening of different shRNA in PG82s and PG90s by qPCR. Expression levels were calculated after 

normalization to GAPDH and GUSB. (B) Western Blot analysis of ITGA6 amount following shRNA_3 

knockdown in GICs cultures. (C) ITGA6 protein quantification through densitometric analysis. Data 

are normalized to β-actin protein level (at least n=3). (D) qPCR analysis of ITGA6 level after 

transfection. mRNA levels were plotted normalized by GAPDH and GUSB expression (n=3). All data 

are presented as mean ± SEM; * P < .05; ** P < .01; *** P < .001; with unpaired t-test in comparison 

to mock sample. 
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The radiosensitivity of transfected cultures was evaluated by means of clonogenic 

assay and ELDA estimation of GICs frequency. In line with our previous results, loss of 

ITGA6 in GICs enhances radiosensitivity in all cultures tested (Figure R51). In order to 

define cultures survival following RT, cells were plated for clonogenic assay in standard 

culture conditions and treated with established IR schedule of fractioned doses at 2 

and 4 Gy (Figure R51-A). Surviving fractions at each dose were calculated along with 

AUC and LQM parameters at 2 Gy (Figure R51-B). In all cultures mock samples showed 

a more radioresistant phenotype compared to shITGA6 (two-way ANOVA P < .01) as 

indicated by higher values of SF2, SF4 and AUC. Moreover, according to calculated 

LQM parameters, shITGA6 samples reported higher α- and β- values indicating an 

increased RT radiosensitivity and an impaired capacity to repair sublethal DNA 

damage. In addition, lower α/β ratio of shITGA6 suggested an enhanced sensitivity to 

fractionated doses. 

Subsequently, the capacity of GICs to overcome treatment was assessed in shITGA6 

and mock cultures by means of ELDA. Cells were treated at 8 Gy with standard 

fractionated schedule and neurosphere growth was scored after 14 days. The 

estimation for stem cell frequency reported an increased capacity to retain stemness 

after treatment in mock samples when compared to samples with ITGA6 knockdown 

(Figure R51-C). The reduction of GICs frequency was in all tested cultures statistically 

more significant in shITGA6 cultures. 

Finally, the capability to repair double strand breaks (DSB) in a time-dependent 

manner was investigated through quantification of γ-H2AX foci/cell. Foci formation 

and decay were analyzed by means of immunofluorescence after 4 Gy delivered in 

unique fraction. The standard RT treatment of 8 Gy in fractionated doses was changed 

to 4 Gy schedule given the peculiar sensitivity of the technique employed. As pointed 

out by other groups, foci detection through confocal microsections is able to 

discriminate foci with a good sensitivity at low IR doses, up to 4 or 6 Gy (Bulat et al., 

2016). On the contrary, if foci detection is needed after higher IR doses, 

immunoblotting techniques should be employed. The data obtained in PG82s 

reported a significantly higher γ-H2AX foci decay ratio in mock samples after 4 and 

24 hours from IR exposure, thus indicating that ITGA6 knockdown impaired the DNA 

damage repair (Figure R52). Preliminary data obtained from PG90s culture exhibited 

comparable impairment of γ-H2AX foci decay in samples with ITGA6 knockdown 

(Figure R52). 
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Taken together, all these data suggest that ITGA6 may play a role in GICs 

radioresistance, and consequently ITGA6 could be considered as a putative 

therapeutic candidate to radiosensitize GBM GICs. 

 

 Figure R51: Lentiviral-based knockdown of ITGA6 enhance GICs radiosensitivity 

(A) Survival curves obtained through the clonogenic assay from 4 independent experiments. Data are 

plotted in Log(2) scale as mean ± SEM. Indicated P-values were calculated by two-way ANOVA 

comparing matching mock and shITGA6 curves.       (legend continued on next page) 
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(B) Cell radiation sensitivity quantified by survival curves parameters (SF2; SF4 and AUC) and values 

obtained from the LQ modeling (α, β and α/β). Surviving Fraction at 2 Gy (SF2) and 4 Gy (SF4); Area 

Under the Curve (AUC). SF2 and SF4 are indicated as mean ± SEM. (C) Extreme limiting dilution assay 

plot as obtained from ELDA web tool. In each plot the calculated log of active cell frequency after 8 

Gy was compared with the control unirradiated condition (0 Gy). The dotted lines give the 95% 

confidence interval. Estimated GICs frequency within each population analyzed is indicated at the 

bottom of the plot. Reported p-values were calculated from ELDA tool. 

Figure R52: γH2AX decay after ITGA6 knockdown 

(A) Time-course of γH2AX foci after single-fraction of 4 Gy. Two GICs-enriched cultures were tested: 

PG82s (n=3) and PG90s (n=1). All data are presented as mean ± SEM; * P < .05; *** P < .001 with 

unpaired t-test in comparison to mock sample. (B) Representative microsections of the time-course 

detection of γH2AX in PG82s following 4 Gy. γH2AX foci are stained in red, nuclei are counterstained 

with DRAQ5. Scale bar of 25 μm. 
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“When I came into the field as a hospital 

physicist in September 1950, I was told 

“don’t go into ‘radiotherapy’—that 

subject will soon be considered a crude 

old method—cancer will be cured by ‘a 

spot of the jabs’.” (They were talking 

about immunotherapy then.) But just 

look at radiation oncology now.” JACK F 

FOWLER ‒ Development of radiobiology 

for oncology - a personal view (2006) 
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1 PRIMARY CULTURES ESTABLISHMENT AND 
CHARACTERIZATION 

Glioblastoma Multiforme remains an incurable disease despite aggressive and 

multimodal advanced treatment. GBM progression and recurrence are believed to be 

mainly driven by a marked invasiveness and resistance to treatment, thus pointing 

out the exclusive palliative role of current therapies (Gilbertson & Rich, 2007). 

Following comparison between serial CT scans and correlative autopsy data, it was 

reported that GBM in 90% of cases recurs in the field of high-dose irradiation, within 

2-3 cm from the resection cavity (Hochberg & Pruitt, 1980; Lee et al., 1999). In 

addition, a recent study on low grade glioma indicates that GBM recurrences originate 

from cancer cells present in the original lesion, but that are not necessarily sharing 

the full set of parental mutations (Johnson et al., 2014). Considering the spatial 

recurrence pattern and the clonal phylogeny of tumor relapse elucidated in up-

mentioned works, it is reasonable to think about recurrence as originated from pre-

existing clones that after treatment acquire a proliferation advantage over the bulk of 

the tumor. Given the intratumoral heterogeneity and the increasing relevance of GBM 

cancer stem cells in tumor recurrence, we ought to develop an in-vitro model to 

investigate molecular mechanisms underlying GBM radioresistance based on two 

major cornerstones: (i) the key duality between GICs and cells of the bulk tumor; and 

(ii) the intratumoral heterogeneity. 

First, we conceived a paired model where both GICs and differentiated GBM cells 

depicting the bulk of the tumor were represented. Both culture models were derived 

from the same GBM post-surgical specimen, but were established and maintained in 

different culturing conditions. In this way, we were able to analyze both GICs-enriched 

population and differentiated cells from the same sample, and to compare cell-

behavior and cell-response of matching cultures sharing the same major genomic 

alterations. Of note, in order to uncover clinically relevant findings, several studies 

recommend to work with primary cultures instead of cell lines, as their transcriptomic 

environment is closer to patient tumor than standardized GBM cell lines (Lee et al., 

2006; Li et al., 2008). 

Secondly, we aimed to design a model that could preserve as much as possible the 

intratumoral heterogeneity of GBM, within the known limits of in-vitro cultures. 

Consequently, cultures obtained from GBM specimens were not sorted for expression 

of putative cancer stem-cell markers. To this end, GICs-enriched cultures were 
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established using the neurosphere culture method (Galli et al., 2004; Lee et al., 2006; 

Svendsen et al., 1998) and stemness was validated based on functional characteristics 

(Heddleston et al., 2011; Vescovi et al., 2006).  

Beyond the up mentioned purpose, the choice of working with unsorted cultures 

arose from the remarkable detection of ambiguous literature related on cancer stem 

cell markers, especially concerning CD133 (Campos & Herold-Mende, 2011). 

Controversial findings in literature warn against the over-reliance on "markers" for the 

isolation of the tumor-initiating cell population. In fact, a unique marker or a 

combination of them, able to solely and entirely isolate the small fraction of GICs 

subpopulation within the bulk of the tumor has not been identified yet (Gerweck & 

Wakimoto, 2016). CD133 (also known as Prominin-1), a transmembrane protein with 

still unknown biological function, was initially described as an efficient marker for 

isolation of hematopoietic stem cells (Miraglia et al., 1997). Its application has been 

extended to the isolation of CSCs and in 2003 CD133 was first described as useful 

marker to enrich CSCs with tumor-initiating capacity from different types of brain 

tumors (Singh et al., 2003, 2004). However, the use of CD133 faces limitations as it 

was reported later that also CD133-negative cells can generate tumor in nude mice 

(Beier et al., 2007) and that those tumors unexpectedly contained fractions of CD133+ 

cells (Wang et al., 2008). In addition, intriguing works uncovered similarities between 

CD133+ GICs and the PN subtype, whereas CD133- CSC exhibited a marked 

association with the Mes one (Joo et al., 2008; Lottaz et al., 2010). Finally, it was 

proposed that different expression levels of CD133 in GICs may reflect different stages 

of differentiation, where CD133- FABP7+/NESTIN+ are progenitor clones, CD133+ cells 

have less stem potential and finally CD133- TBR2+/DLX2+ cells are markedly more 

differentiated (Chen et al., 2010). Consequently, CD133 seems to be insufficiently 

informative in segregating GICs and considerable disagreement arose over the 

reproducibility and usefulness of this marker.  

In this PhD thesis, six different GBM patients’ samples were processed and successfully 

established as both Differentiated Glial Cells (DGC) and Glioblastoma Initiating Cells 

(GICs). For chronological reasons only four of them were subjected to the full body of 

experimental analysis. 

First, in order to verify the common genetic context of established cultures and 

parental tumors we investigated their transcriptomic subtype, the MGMT promoter 

state and the presence of copy number alteration in core pathways. These analyses 
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confirmed that established cultures retained most of primary tumors alterations, 

bearing Mes trait, MGMT promoter methylation and PTEN deletion.  

To define the transcriptomic subtype, we focused exclusively on Mes-PN, as among 

the GBM subclasses these subtypes represent the more robust and generally 

consistent ones. Moreover, recent works identified in GICs subpopulations exclusively 

Mes and PN molecular signatures (Bhat et al., 2013; Halliday et al., 2014). According 

to data obtained in the present study, all established tumor samples displayed mixed 

transcriptional subtypes, with Mes being the predominant one. The detection of non-

pure signature is consistent with the GBM heterogeneous nature, described even at 

single-cell level, and with the presence of a small fraction of cells displaying PN trait 

in all GBM (Patel et al., 2014). Surprisingly, we found in all established GICs a pure 

Mes profile, suggesting a potential proliferative advantage of Mes cells for growing 

under the selected Stem media conditions. On the contrary, Bhat and colleagues 

found that GICs isolated from MES tumors had lost MES trait in-vitro and exhibited a 

marked PN signature (Bhat et al., 2013). Of note, to establish GICs cultures, Bhat and 

colleagues used DMEM/F12 supplemented with B27, EGF and bFGF. B27 is an 

optimized serum-free supplement developed to support long-term cultures of 

hippocampal and cortical neurons (Brewer et al., 1993). However, researchers had 

expanded its application to other type of cells, including glial cells and NSC. The Stem 

media employed in this thesis to maintain GICs was developed to sustain in vitro Stem 

Cells isolated from adult murine striatum (Gritti et al., 1996). All the components 

supplemented to DMEM/F12 in Stem media are included without exceptions in B27, 

although B27 contains, in addition, high levels of different antioxidants. It is likely that 

within the heterogeneous pool of cells predominantly expressing a Mes signature in 

a GBM specimen, B27 primarily enables the isolation of those GICs bearing a marked 

neuronal trait, fitting with the PN profile, whereas Stem media facilitates the 

proliferation of Mes-GICs. Taking into account that the authors reported the 

expression of PN signature at very early passages, they themselves hypothesized a 

selective enrichment of PN GICs under in vitro proliferating condition. Interestingly, 

the totality of tumor samples displaying PN predominant signature were unable to 

grow in our culturing condition, endorsing the hypothesis that Stem media primarily 

enable the proliferation of cells bearing Mes trait. In conclusion, we cannot exclude 

that different culture media may lead to an enrichment of GICs bearing distinct 

phenotype. 
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Regarding detection of aberrant copy number alterations, established cultures 

displayed clear PTEN deficiency, even if in few cases parental tumors did not show 

PTEN deletion. A possible explanation could be found in GBM spatial heterogeneity. 

To this end it is important to specify that different specimens of the same patient 

were used for genomic analyses and for culture establishment. In fact, spatial 

intratumoral GBM heterogeneity leaded researchers to underline the criticism of 

using single biopsy for diagnostic purposes, as a unique specimen is unlikely to 

represent the full set of patient’s mutations (Sottoriva et al., 2013). Curiously, PTEN 

deficiency has been described as the sole genomic alteration required for the 

successful neurosphere propagation in cultures. On the contrary, molecular subtype, 

MGMT methylation status, TP53 mutation, CDKN2A deletion, PDGFR amplification, 

and EGFR amplification have not shown a significant correlation with in-vitro 

neurosphere growth (Chen et al., 2010). Of note, loss of heterozygosity of 

chromosome 10q, which include PTEN locus, has been used to discard the hypothesis 

of non-neoplastic cells growing in established GBM cultures (Bhat et al., 2013). 

Consequently, given the observed PTEN deletion in all established cultures we could 

infer with a good confidence their neoplastic origin. Importantly, according to data 

obtained on patient’s sample concerning the alteration in core pathways, we can not 

rule out the presence of cells with classical traits. In fact, given the EGFR and PTEN 

status, a mixed signature with CL subtype could be possible (Brennan et al., 2013). To 

obtain a more detailed classification, further investigations would be required. 

After these preliminary analyses, we investigated cultures’ functional features to 

validate stemness of established neurospheres. To this end, DGC provided a valuable 

internal control of differentiated cells sharing the same GICs genetic aberrations. 

Established cultures were tested with regards to proliferation, self-renewal capacity, 

clonogenic capacity, multipotency, tumor initiating capability and CSCs markers 

expression eventually. According to data obtained, exclusively the neurosphere 

cultures displayed the full CSCs phenotype and resembled GICs already described in 

literature (Vescovi et al., 2006). Importantly, GICs cultures exhibited high expression 

levels of CD44, L1CAM and ITGA6 GICs markers in a heterogeneous manner. Taken 

together, these observations demonstrate that established neurosphere cultures are 

enriched in GICs, while monolayer cultures are not, as indicated by their poor 

clonogenic capacity and absent CSCs markers expression. Interestingly, the lack of a 

homogeneous pattern of CSCs markers expression in GICs cultures highlighted the 

GICs heterogeneous nature. 
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Concerning metabolic study, it is a common misunderstanding that tumor cells are 

strictly dependent on glucose catabolism for energy production and various 

anaplerotic reactions. Since early 1920s, when Otto Warburg published his studies on 

the marked increase of glucose uptake and lactate production in tumor cells, the 

energy metabolism reprogramming of cancer cells is achieving global agreement 

(Warburg, 1925; Warburg et al., 1927). His theory, known as the Warburg Effect, states 

that malignant transformation of cells shifts glucose metabolism away from efficient 

mitochondria energy-production towards a less efficient metabolic platform, in which 

glycolysis is the major source of energy (Liberti & Locasale, 2016; Warburg, 1956). 

Transformed cell lines display excess of glycolysis with high rate of lactate production 

even in the presence of oxygen (Heiden et al., 2009; Liberti & Locasale, 2016; Warburg, 

1956) with a minor contribution of TCA coupled with oxidative phosphorylation 

(oxphos) for the oxidation of pyruvate. This feature is exploited for the Positron 

Emission Tomography imaging of solid cancers (PET) based on the avidity of cancer 

cell for 2-[18F]fluoro-2-deoxy-D-glucose, a glucose analog. However, it is now well 

established that tumors rely on a more complex metabolic pattern. In order to define 

the metabolic state of established cultures, we evaluated the oxygen consumption 

rate, lactate production and glucose uptake. Data obtained suggested that GICs rely 

more on TCA and oxphos than their differentiated counterpart. In particular, DGC 

metabolism corresponded fully to anaerobic glycolysis, a profile traditionally 

attributed to highly cycling cancer cells and described by the Warburg effect. 

Moreover, the use of a not uniform source of energy production was hypothesized 

between the two culturing conditions. GICs higher amounts of PEPCK-M and reduced 

glucose consumption, along with equal lactate production, could point to a higher 

consumption of alternative carbon sources in neurosphere cultures different from 

glucose (i.e., glutamine). Data obtained from in-vitro analysis always require caution, 

as cells adapted to culture conditions could acquire extensive genomic and gene 

expression changes (Lee et al., 2006). This phenomenon should be especially taken 

into account when evaluating cell metabolic state, since culture lose interaction with 

their native surrounding niche which for sure influence and support metabolism of 

tumor cells. Even though, data collected from our cultures are consistent with findings 

obtained in-vitro from neurosphere cultures (Vlashi et al., 2011), and in-vivo from 

GBM mice xenografts (Marin-Valencia et al., 2012) and in human GBM patients (Maher 

et al., 2012). 



192 | DISCUSSION 

 

 

2 RADIOTHERAPY RESPONSE STUDY 

Radiotherapy alone has been the unique standardized GBM therapy for decades until 

2005, with an unquestionable major survival benefit (Laperriere et al., 2002). Dose 

studies dating back to late 1970s ended up defining a RT treatment that conferred a 

significant survival advantage with acceptable toxicity (Walker et al., 1978, 1979). Since 

then and until 2005, the standard RT dose for patient aged up to 70 years and in good 

general and neurological condition consists of fractionated focal irradiation in daily 

standard fractions of 1.8-2 Gy given 5 days per week over a period of 6 weeks, for a 

total dose of 50-60 Gy. The implementation of RT after surgery increased GBM 

patients’ survival from a range of 3 to 4 months to a range of 7 to 12 months 

(Delgado-López & Corrales-García, 2016; Wen & Kesari, 2008). In 2005, a milestone 

study proposed a new therapeutic strategy based on the combination of RT with TMZ 

a concomitant and adjuvant chemotherapeutic agent (Stupp et al., 2005). Nowadays, 

after the decisive improvement of surgical procedures (Eljamel, 2015) and the 

introduction of TMZ, median patients’ survival was extended from 12.1 months to 

14.6 months (Stupp et al., 2005, 2009). Currently, although many GBM initially 

respond, they essentially all recur and 90% of them relapse at the original site 

(Hochberg & Pruitt, 1980; Lee et al., 1999). The inability of conventional therapies to 

achieve durable remissions makes GBM an incurable disease (Aldape et al., 2015), and 

still the exact molecular mechanisms driving GBM resistance are unknown.  

In the last decade, increasing evidence reinforced the hypothesis of CSCs having 

unique biologic properties leading to a phenotype more resistant to conventional 

therapies compared to the bulk of the tumor (Dick, 2008; Diehn et al., 2009; Visvader 

& Lindeman, 2008). In the context of GBM, most of the literature bases the evaluation 

of cultures and tumors radiosensitivity on the different expression level of CD133 as 

marker of GICs. Several studies supported a significant association of cancer stem cell 

markers’ expression, CD133 and Nestin, with poor outcome (Pallini et al., 2008; 

Strojnik et al., 2007; Zeppernick et al., 2008). Coupled analysis, before and after 

radiation therapy, pointed out an increased amount of CD133+ cells in GBM patients 

(Pallini et al., 2011; Tamura et al., 2013) and in orthotopic xenografts (Jamal et al., 

2012) after RT. Finally, the landmark paper from J. Rich’s lab proved that CD133+ 

Glioblastoma Initiating Cells were more radioresistant than CD133- cells (Bao et al., 

2006). Nonetheless, the majority of following works revealed that not all CD133+ cells 

were radioresistant compared to CD133- (Jamal et al., 2012; McCord et al., 2009; 
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Ropolo et al., 2009) and reluctantly concluded that GICs RT response do not 

significantly differ in-vitro from the one of non-GICs. Yet, the forced association 

between non-GICs and cells non-expressing CD133 marker could lead to 

misinterpretations. To this end, it is important to consider that in most of the above-

mentioned studies CD133- cells were maintained under non-differentiating 

conditions, as well as CD133+ cells. Moreover, a significant association between 

CD133- GICs and Mes trait (Joo et al., 2008; Lottaz et al., 2010), itself characterized by 

an aggressive and radio-resistant phenotype (Bhat et al., 2013), was observed. Thus, 

the unexpected picture could be explained by the over-reliance on a unique and 

problematic marker for the selection of GICs. Consequently, we considered that a new 

and more updated investigation was needed.  

By means of clonogenic assay, we investigated the radiation sensitivity of four culture 

pairs. Again, DGC and GICs deriving from the same patient were compared side-by-

side. Cells were treated with fractionated doses of ionizing radiation up to 8 Gy using 

2 Gy per fraction. Radiation schedule was defined in order to closely mimic the clinical 

fractionated treatment. Interestingly, GICs cultures exhibited among them a marked 

diversification with respect to radiosensitivity. In addition, three out of four GICs-

enriched culture displayed a clear radioresistant phenotype when compared to 

matching DGC, as indicated by smaller GICs’ α- and β- values. Concerning #35 culture 

pair, GICs reported initially a higher sensitivity to radiation than PG35 counterpart. 

Given this unexpected result, we decided to explore the effect of longer RT schedule 

on #35. To this end, we evaluated the response to a second and third full cycle of IR. 

Analyzing the effect of repeated RT by means of clonogenic assay, opposite responses 

were detected. While PG35 exhibited enhanced responsiveness to treatment, PG35s 

displayed increased radioresistance. According to data collected, it was not possible 

to establish whether the variation in PG35s response was due to an acquisition of 

better DSB repair capacity plus a reduced radiosensitivity or to a selection of a 

preexisting radio-resistant clone. Taken together, these data demonstrate that all 

established unsorted GICs-enriched cultures ended up being more radioresistant than 

their differentiated counterparts. 

To our knowledge, these data represent the first rigorous study of in-vitro radiation 

response carried out on unsorted-unselected GICs and matched monolayer 

counterparts. Other groups investigated RT response on similar paired culture 

systems, composed by unsorted GICs and differentiated counterpart (Fouse et al., 

2014; Schneider et al., 2016). Both studies reported no significant differences in 
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response (Schneider et al., 2016), or even enhanced sensitivity (Fouse et al., 2014) of 

GICs cultures when compared to matched non-GICs cultures. However, in both cases 

RT response was evaluated shortly after treatment (from 24 hours to 5 days) which 

might be an insufficient time period to appreciate RT effects. Moreover, 

radiosensitivity was inferred from unconventional cytometry-based analysis, probably 

not enough sensitive to evaluate proliferative impairment triggered by IR. In fact, 

proliferation impairment induced by IR is a long-term effect and direct activation of 

death pathways is unlikely to be observed within the first 48 hours from the IR 

exposure (Fowler, 2006).  

Several works demonstrated that in-vitro findings scarcely recapitulate in-vivo data 

especially due to the lack of microenvironmental stimuli and crosstalk among 

different cell types (Jamal et al., 2012). Nevertheless, we verified whether cultures 

response to RT had a clinical relevance by comparing patient’s clinical data to 

matching cultures radiosensitivity. Strikingly, the LQM parameters obtained from 

irradiated GICs, but not from DGC, correlates with patient’s outcome. In particular, the 

smaller the α- and β-values, the shorter the patient disease free survival and overall 

survival. Obtained data collectively supported the GICs leading role in defining patient 

treatment response. In particular, GICs intrinsic radiosensitivity was found to likely 

influence patient clinical outcome, whereas the radiosensitive grade of the bulk of the 

tumor had only a marginal role. Similarly, Gerweck and Wakimoto demonstrated in 

spontaneous murine tumors that the radiation sensitivity of mouse-derived GICs 

cultures predicts the radiocurability of the corresponding parental tumors (Gerweck 

& Wakimoto, 2016). These findings confirmed that unsorted GICs do represent a 

suitable subpopulation to estimate and eventually target the radiation sensitivity of 

parental tumor. Surely, a bigger collection of biopsies from each patient would cover 

better the spatial heterogeneity and provide an even more objective prediction of 

clinical outcome. In addition, an extended cohort of analyzed samples is needed to 

achieve more convincing results.  

In conclusion, we propose a quick and affordable method to faithfully determine 

cancer cells’ treatment response and potentially predict patient outcome based on 

empirical data. This strategy could help drive therapeutic decisions and might allow 

rapid screen for second line drugs, thus moving closer to the attractive “personalized 

medicine”. Notably, this approach allows researchers to investigate in respect of 

Replacement concept presented in 3R principle concerning the protection of animals 

(Russell & Burch, 1959). 
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Given the peculiar radioresistant shift of PG35s culture after multiple radiation cycles, 

we performed a whole transcriptomic analysis on irradiated and re-irradiated samples 

to identify the molecular determinants that were driving the observed acquisition of 

resistance. 

It was reported that gene expression alteration in response to RT occurs primarily 

through the regulation of translation, while minor role is left to transcription (Lü et al., 

2006). Even though, other works specified that post-IR pivotal regulation of protein 

synthesis may be specific of non-transformed cells exclusively (Braunstein et al., 2009). 

Consequently, to avoid loss of data, we decided to perform transcriptional analysis 

on the total pools of mRNA extracted. More recently, new findings supported the 

limited effect of the translation on gene expression modulation after RT (Halliday et 

al., 2014). Importantly, given the therapy-induced re-organization and phenotypic 

transformation of cancer cells (Liu et al., 2006; Phillips et al., 2006), the characterization 

of pathways in conventional untreated cancer cells might miss the focus on real 

molecular determinants of the GBM post-therapeutic recurrence (Nakano, 2014).  

By means of transcriptomic analysis, we detected in both 8 Gy irradiated DGC and 

GICs contexts little variations of expression, with no genes displaying significant 

changes. Even though, we performed GSEA in order to identify coordinated changes 

in gene expression that could be related to known pathways or biological functions. 

Both components displayed subtle enhancement of inflammatory pathway, but 

interestingly only DGC exhibited significant mitotic blockade, disruption of 

chromosomal integrity and of DNA replication. The latter observations are consistent 

with in vivo studies carried out on a GBM mouse model PDGF-driven Ink4A/Arf-/- 

PTEN-/- (Halliday et al., 2014). In his work Halliday described negative regulation of 

mitosis, RNA processing and DNA replication after a single-dose of 10 Gy. This finding 

mirrored our data on DGC culture, thus supporting our hypothesis that DGC are 

closely mimicking of the bulk of the tumor.  

According to data obtained from PCA plot, the re-irradiated GICs clearly segregated 

from their initial transcriptomic identity and acquired a new phenotype. Different 

analyses carried out using GSEA and GOrilla tools highlighted marked activation of 

inflammatory-related pathways, ECM remodeling, cell migration and intercellular 

crosstalk. Importantly, any gene set reported a significant downregulation, similarly 

to previous studies (Halliday et al., 2014). Strikingly, a number of gene-sets pointed 

to epithelial/mesenchymal transition processes, operated via IL6/JAK/STAT3 and TNF-

α/NF-κB pathways. Notably, both of them have been reported to drive, in 
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collaboration with others TFs (C/EBPβ and TAZ), the malignant shift from PN to Mes 

signature in GBM samples both in-vitro and in-vivo (Bhat et al., 2013; Carro et al., 

2010; Halliday et al., 2014). The analysis of the TFs that were more consistently driving 

the observed transcriptional changes highlighted among others STAT3, NF-κB and 

C/EBPβ. Moreover, as already described on PN or CL GBM tumors (Halliday et al., 

2014; Phillips et al., 2006), we detected a significant enhancement of the Mes 

signature following the double-cycle of RT. Of note, unirradiated GICs were already 

classified as Mes based on metagene score analysis. However, taking into account 

that the signature analysis was not complete, as it did not include CL and N gene sets, 

we can not discard that established GICs belong to a mixed Mes/CL subtype and that 

IR enhanced the Mes trait. 

Previous work described that single 10-Gy fraction on PN PDGFR-driven tumors in 

mouse model induced a transient p53-dependent cell cycle arrest and partial 

apoptosis, beyond the PN/Mes shift mediated by STAT3 and C/EBPβ (Halliday et al., 

2014). None of the cell-cycle and death-related pathways were found transcriptionally 

activated following double-IR exposure in our established Mes GICs. These findings 

are consistent with previous works suggesting that G2/M phase arrest and profound 

apoptosis are exclusive features of post-irradiated PN GBM (Bhat et al., 2013). 

Given the key role of STAT3 TF in PN/Mes transition, we verified its phosphorylation 

status after IR treatment in three different GICs. Taking into account the complexity 

of a proper time course evaluation after fractionated doses, STAT3 phosphorylation 

was investigated one hour after the last fraction. At this point, we detected a slight 

but still significant gain of phosphorylation of STAT3 on residues Y705 in those GICs 

displaying a more radioresistant phenotype (PG88s and PG90s). Similarly, Halliday 

and colleagues reported analogous enhancement of phosphorylation at 6 and 24 

hours after single 10-Gy fraction in PN mouse models (Halliday et al., 2014). According 

to our data, the observed radiotherapy-induced activation of STAT3 concern mainly 

the Y705 residues, as p-STAT3(S727) did not exhibit significant enhancement. 

Importantly, the two phosphorylation sites commonly respond to distinct stimuli. The 

canonical activation of STAT3 mediated by phosphorylation in Y705 responds to the 

IL6-family cytokines (IL-6, IL-11, LIF and OSM among others), which bind to gp130 

receptor and activate the downstream JAK kinases. Alternative phosphorylation of 

Y705 residues is mediated by other signals, including tyrosine kinases as Src (Walker 

et al., 2014). STAT3 once phosphorylated forms homo- or heterodimers and 

translocates to the nucleus, where it regulates genes expression to promote 
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proliferation, survival, pluripotency, and motility. Phosphorylation on S727 

corresponds to an alternative activation of STAT3, independent to gp130/JAK 

pathway, mediated by MAPK, PKC and JNK pathways. The unconventional activation 

via S727 is mostly associated to recently described STAT3 mitochondrial functions (Qi 

& Yang, 2014). Of note, S727 phosphorylation was recently described to correlates 

with GBM cell lines intrinsic radioresistance (Ouédraogo et al., 2015). Interestingly, it 

has been reported in mouse Embryonic Stem Cells (mESC) that STAT3 Y705 activated 

by LIF/JAK maintains pluripotency and self-renewal, while under differentiating 

conditions, FGF/ERK pathways is required to phosphorylate STAT3 on S727 and thus 

to trigger the commitment of cells toward the neuronal differentiation (Huang et al., 

2014). Taken together, our results indicate radiation-induced STAT3 activation 

through phosphorylation on Y705 in those GICs displaying a more radioresistant 

phenotype. Considering the absence of S727 phosphorylation, STAT3 activation likely 

responds to IL6-family or TRK signaling and triggers STAT3 nuclear translocation and 

activation of its TF-related functions. 

Detailed analysis of gene expression changes in re-irradiated GICs uncovered 955 

differentially expressed genes. Within the most upregulated genes, 161 exhibited 

inductions beyond four-times. Among them, we selected a small subset of genes 

tightly associated with inflammatory pathways and EMT (COX2, BMP2, PLA2G4A, 

ICAM1, LIF, IL6, CTGF and NNMT) in order to validate microarray findings in #35 

culture pairs and in other established GICs-enriched cultures. Interestingly, all of them 

displayed enhancement at transcriptional level in irradiated cultures and reported a 

significant preferential upregulation in irradiated GICs. Further analysis allowed us to 

uncover ICAM1, COX2, LIF, IL6, CTGF and NNMT tight association with Mes signature 

within TCGA samples and a significant correlation with poor patient outcome, thus 

defining a subset of RT-induced Mes genes. Taking into account the results obtained, 

we can not conclude whether the RT-induced Mes-associated signature is cause or 

consequence of GICs radioresistance. However, given the significant association of 

signature with poor patient outcome, we could speculate that somehow these genes 

can promote radioresistance mechanisms. 

ICAM1 is a membrane glycoprotein member of the immunoglobulin superfamily, 

involved in adhesion-dependent cellular interactions and it is typically expressed on 

endothelial cells and also on cells of the immune system. It also plays a key role in 

inflammatory processes where is involved in leukocytes adhesion to endothelial cells 

and extravasation (Ley et al., 2007). In GBM, ICAM1 is expressed in high levels 
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compared to normal brain (Mäenpää et al., 1997) and matches with Mes signature 

(Bhat et al., 2013). ICAM1 expression becomes upregulated at sites of inflammation, 

especially in response to TNF-α, INF-γ, LPS and IL1 in endothelial cells (Woodfin et al., 

2016), while in GBM its expression has been described after TNF-α/ NF-κB (Bhat et 

al., 2013) and STAT3 (Carro et al., 2010) stimulation. Importantly, enhanced expression 

of ICAM1 via cooperative NF-κB/STAT3 interaction has been reported following RT in 

GBM cell lines (Kesanakurti et al., 2013). 

PLA2G4A gene encodes for the Ca2+-sensitive cytosolic phospholipase A2 (cPLA2) 

group IV family, member α. The group IV includes at least four paralogues (α, β, γ and 

δ), and cPLA2α is the most ubiquitously expressed enzyme. cPLA2α initiates the 

inflammatory response catalyzing the hydrolysis of membrane phospholipids to 

lysophospholipids (e.g. lysophosphatidylcholine, LPC) and arachidonic acid (AA), thus 

leading to lipid second messenger release. LPC production leads to the activation of 

the pro-survival pathways PI3K/AKT and MAP/ERK, which result in increased cell 

viability, proliferation, migration, growth factor production, apoptosis and expression 

of adhesion molecules (Schulte et al., 2011). Free AA is rapidly metabolized by either 

cyclooxygenases (COX) or lipoxygenases (LOX) to yield a wide spectrum of eicosanoid 

metabolites, particularly prostaglandin and leukotrienes respectively. Eicosanoids are 

lipid-based cellular hormones that regulate vascular permeability, inflammatory 

responses and other intracellular pathways (Linkous & Yazlovitskaya, 2010). 

Importantly, it has been described that clinically relevant doses of IR trigger the 

immediate activation of cPLA2 in vascular endothelial cells promoting pro-survival 

effects via PI3K/AKT and MAP/ERK pathways, potentially stimulating the formation of 

a functional vascular network (Linkous et al., 2009; Yazlovitskaya et al., 2008). cPLA2 

inhibition has been reported to radiosensitize, impair angiogenesis, cell proliferation 

and invasion in non-small cell lung cancer (Thotala et al., 2013) and to decreases cell 

survival and tumor growth in irradiated ovarian cancer (Schulte et al., 2011). 

Importantly, heterotopic injection of glioma cell line in cPLA2α-/- mice dramatically 

impairs tumor growth (Linkous et al., 2010). COX2 is an inducible form of 

cyclooxygenase and acts downstream of cPLA2. COX2 expression is promoted by 

various stimuli, including inflammatory signals, mitogens, cytokines, and growth 

factors (e.g. IL1β, IL6, IL8, VEGF, TNFα; Kuwano et al., 2004). Transcription factors 

described to regulate COX2 expression are NF-κB (Bhat et al., 2013) and STAT3 (Yu et 

al., 2014). Importantly, higher expression of COX2 has been observed in GBM, where 

it positively correlates with tumor grade and it is associated with aggressive 
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phenotype, thus being a strong predictor of poor survival (Bhat et al., 2013; Shono et 

al., 2001). Recently, TCGA network detailed higher expression of COX2 in Mes subtype 

and its significant inhibition in G-CIMP+ tumors (Brennan et al., 2013). Moreover, it 

has been reported that COX2 increases the aggressiveness of GBM cell lines, 

promoting colony growth and migration/invasion (Xu et al., 2014). Interestingly, 

inhibition of COX2 provoked significant radiosensitization of glioblastoma cell lines 

and CD133+ GICs (Ma et al., 2011; Petersen et al., 2000). 

NNMT (Nicotinamide N-Methyltransferase) is a cytosolic methyltransferase that plays 

a crucial role in the detoxification of many xenobiotic compounds, through N-

methylation of nicotinamide (NAM) and pyridines. NNMT is predominantly expressed 

in liver, although high abnormal levels have been detected in various tumors, 

Glioblastoma included (Lal et al., 1999; Markert et al., 2001). The upregulation of this 

enzyme has been associated to growth, migration and metastasis in bladder cancer 

(Wu et al., 2008), and to radioresistance in immortalized human mesenchymal stem 

cells and bladder cancer cell lines (D’Andrea et al., 2011; Kassem et al., 2002). The 

potential role of NNMT in radiosensitizing cells has been explained by its ability to 

catalyze intracellular NAM. This amine has the ability to impair the maintenance on 

genome integrity and the repair of DNA single-stranded breaks via BER for its 

inhibitory effect on PARP (Kassem et al., 2002). Consequently, the decrease in 

concentration of intracellular NAM operated by NNMT might attenuate the inhibitory 

effect on PARP, leading to a more efficient SSB repair. Moreover, Colman and 

colleagues reported a mild association of high NNMT expression in GBM to poor 

outcome and Mes signature (Colman et al., 2010). Finally, several works reported 

upregulation of NNMT mediated by STAT3 activation (Azare et al., 2007; Tomida et 

al., 2008). 

Following clinically relevant fractionated IR, we found a marked upregulation of 

ICAM1, PLA2G4A, COX2 and NNMT in GICs, suggesting the preferential activation of 

inflammatory pathways and the improvement of SSB repair, through the removal of 

the inhibitory effect on PARP. Remarkably, also IL6 and LIF, crucial activators of STAT3 

via gp130/JAK signaling (Heinrich et al., 2003; Yu et al., 2014), were upregulated 

following IR in GICs-enriched cultures. Interestingly, IL-6 and STAT3 are involved in a 

positive regulatory loop, as IL-6 initiates STAT3 activation via the complex gp130/ IL-

6Rα and activated STAT3 in turn induces IL6 transcription and secretion (Wang et al., 

2004). Consequently, IL6 and LIF upregulation may potentially support, together with 

CTGF upregulation, the observed enhancement of Mes trait operated by STAT3 TF, 
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among others. Recently, GBM resident macrophages and microglia were identified as 

potential inducer of Mes differentiation in GBM, via TNFα production and consequent 

activation of NF-κB downstream pathway in GBM cells (Bhat et al., 2013). Similarly, we 

could hypothesize a paracrine effect of the GICs-secreted cytokines IL6 and LIF on the 

cancer cell that escaped surgical ablation and are located in spatial proximity of 

radiated GICs. On this base, GICs might drive and orchestrate a global shift toward a 

Mes identity of surrounding cancer cells, pushing them to a more aggressive state. 

Importantly, we found that IL6 receptor (IL6Rα) is preferentially expressed in GICs 

compartment and that when it is not, its expression is significantly induced after IR. 

The difference observed, consistent with previous findings (Wang et al., 2009), 

potentially indicates a higher responsiveness to IL6 cytokine and an enhanced 

transition to Mes identity for GICs-enriched cultures. Moreover, the results suggest 

that an autocrine effect mediated by IL6 signaling in GICs upon RT is likely to occur. 

Of note, the radiation-induced mesenchymal shift, already observed in PN GBM 

mouse models (Halliday et al., 2014), may represent an important mechanism of 

resistance of GBM, given the higher radioresistance of Mes GICs compared to PN GICs 

(Bhat et al., 2013).  

Recently, great interest has invested GICs niche, tumor microenvironment and the 

possible “interclonal cooperativity” (Parker et al., 2015). The complex tumor stroma, 

consisting of reactive astrocytes, microglial cells and immune infiltrate, is thought to 

cooperate to create a favorable microenvironment and to enhance tumor progression 

and treatment resistance via coordinated crosstalk with cancer cells. In this context, 

inflammatory pathway has gained a leading role (Aggarwal et al., 2014; Elinav et al., 

2013; Locatelli et al., 2013; Mantovani et al., 2008). 

Importantly, radiotherapy itself strongly activates the inflammatory pathway in a ROS-

dependent manner. Free radical burst in irradiated cells has been shown to be tightly 

associated with the enhancement of an inflammatory state in targeted cells and in 

surrounding tissues via bystander effect (Azzam et al., 2012; Hei et al., 2008; Miao et 

al., 2014; Prise & O’Sullivan, 2009). Irradiated cells get affected in several signaling 

pathways and ended up changing the regulation of genes’ expression. Numerous 

cytokines result induced, including IL1β, IL6, IL8, TNF-α, TGF-β and INF-γ, driving to 

perturbation of targeted cells’ secretome and activation of key TF: NF-κB, AP-1 and 

STATs (Miao et al., 2014). The triggered pro-inflammatory network enhances even 

more the generation of inflammatory mediators and ROS in an amplificatory loop, 

which has its core in the TFs’ activation. The activated cascades have crucial 
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prosurvival function and promotes cancer progression, angiogenesis and invasiveness 

(Ivanov & Hei, 2014; Multhoff & Radons, 2012; Prise & O’Sullivan, 2009; Valerie et al., 

2007).  

In addition, pro-inflammatory molecules can recruit and activate various tumor-

associated macrophages (TAMs) into targeted sites (Azzam et al., 2012; Miao et al., 

2014; Multhoff & Radons, 2012). Activated macrophages can in turn increase the 

microenvironment content of reactive species and secrete cytokines that collectively 

may play a contrasting role. On one hand they can limit tumor growth, on the other 

hand they may amplify the preexisting perturbations of the GICs’ niche secretome 

pushing it toward an enhanced tumor-promoting microenvironment. Importantly, 

TNF, IL-6 and IL-17 represent crucial players of those inflammatory processes 

mediating immune escape. Moreover, Prostaglandin E2 (PGE2), synthesized by COX2, 

has been associated in GBM context with suppression of T-cells activation and 

proliferation (Li & Graeber, 2012). TAMs in CNS are closely related to resident 

microglia and are believed to be a key components of the GBM microenvironment 

(Hambardzumyan & Bergers, 2015; Liebelt et al., 2016). TAMs are especially enriched 

in Mes subtypes and in those GBM patient with poorest outcome (Engler et al., 2012; 

Verhaak et al., 2010). M2-“alternatively activated” TAMs have been associated with 

phenomenon of immune tolerance (Quatromoni & Eruslanov, 2012; Rőszer, 2015) and 

in GBM have been reported to promote neovascularization and to play a supportive 

role in tumor progression (Frey et al., 2015; Pyonteck et al., 2013). Interestingly, in 

ovarian cancer and cervical carcinoma the combinations of cytokines IL-6 with LIF or 

PGE2 with IL6 respectively, have been identified as crucial factors that skew blood 

monocytes into M2-TAM thus promoting an immune suppressive effect (Duluc et al., 

2007; Heusinkveld et al., 2011). 

Taking into consideration our results, the significantly higher radioresistance of GICs 

compared to corresponding DGC makes reasonable to assume that among cancer 

cells evading surgical ablation, GICs have an intrinsic survival advantage over the more 

differentiated cells upon RT. Moreover, considering GICs’ ability to better upregulate 

LIF, IL6, COX2, PLA2G4A in response to IR in-vitro, it might be speculated that GICs 

can more efficiently activate the inflammatory cascade and polarize surrounding 

TAMs toward M2 phenotype to promote eventually prosurvival bystander effect and 

immune evasion, respectively. Interestingly, it has been already suggested that GICs 

may recruit TAMs more efficiently than their differentiated neoplastic counterparts (Yi 

et al., 2011). Hambardzumyan and Bergers hypothesized that the difference observed 
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by Yi’s group might be explained by a GICs higher expression of chemoattractants as 

VEGF, colony stimulating factor 1 (CSF1), IL6 and IL1β, which potentially will polarize 

macrophages and immature monocytes to an immune-suppressive phenotype 

(Hambardzumyan & Bergers, 2015). 

To this end, considering the relevance of RT for GBM patient management, the 

therapy-induced acquisition of a more aggressive phenotype and the activation of 

prosurvival pathways observed in our GICs model could have severe implications.  The 

proposed model may help to better understand the mechanisms driving GICs 

radioresistance and in the long run to improve radiation therapeutical effects in 

humans. In addition, our results support the relevance of targeting the pro-

inflammatory signaling pathways as potential strategy for GBM radiosensitization, 

approach that have already reported promising results in-vitro and in-vivo (Kim et al., 

2014; Multhoff & Radons, 2012; Wang et al., 2015; Yang et al., 2012). 
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3 INTEGRIN α6 SUBUNIT 

Integrins are a family of adhesion molecules driving cell-to-cell and cell–ECM 

communication. These transmembrane proteins are involved in various cellular 

processes including cell survival, proliferation, migration, invasion, and angiogenesis 

and consequently their functions are expected to potentially support tumor 

development (Desgrosellier & Cheresh, 2010; Guo & Giancotti, 2004).  

In the last years, a promising peptide, named Cilengitide, was developed to target 

and selectively inhibit Integrin heterodimers αvβ3 and αvβ5. Despite encouraging 

preclinical trials on GBM mouse models and phase I/II studies in GBM patients 

(Nabors et al., 2007; Reardon et al., 2008), Cilengitide did not report any significant 

clinical improvement when combined with standard therapies (Nabors et al., 2015; 

Stupp et al., 2014b). Nevertheless, to target integrins still remains an attractive goal 

as these adhesion molecules are implicated in crucial aspects of malignant 

progression. Furthermore, integrins expression patterns in neoplastic lesions differ 

from those of non-neoplastic tissues, thus allowing selective targeting of tumoral 

cells.  

Integrin α6 has been described in GBM as a strong GICs marker capable to selectively 

enrich CSCs independently of CD133 expression and to sustain their self-renewal, 

proliferation and tumor initiating capacities (Lathia et al., 2010). Given the lack of 

information on ITGA6 role in GICs response to conventional treatment and the high 

expression level of this marker in established GICs cultures, we decided to explore the 

relevance of Integrin subunit α6 in GICs’ radioresistance. 

First, we detected a significantly higher ITGA6 expression level in those GBM classified 

as Mes in TCGA databases. Importantly, Mes molecular trait in GBM has been 

associated to the most radioresistant phenotype among the other described profiles 

(Bhat et al., 2013; Patel et al., 2014). Given the predominant Mes signature in 

established GICs-enriched cultures, the obtained in-silico data supported the belief 

that our cultures could work as a promising platform to explore Integrin α6 role in 

GICs radioresistance. 

Next, we decided to compare the RT-response of GICs pools derived from the same 

cultures but expressing ITGA6 at different levels. First, we analyzed the difference 

between populations obtained from GICs-enriched cultures by means of FACs sorting 

for ITGA6 (ITGA6HI and ITGA6LO). Then, similar evaluations were carried out on cultures 

knocked-down for the ITGA6 with a lentiviral-based shRNA. Cultures response to RT 
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was evaluated by means of the well-established clonogenic assay. In addition, ELDA 

was performed to explore the capacity of the compared populations to retain 

stemness phenotype following IR. According to data obtained in both models, GICs 

cultures expressing lower amount of ITGA6 reported enhanced radiosensitivity, 

indicating a potential improvement of tumor radiocurability. Moreover, both ITGA6LO 

and ITGA6shRNA-inhibited GICs cultures reported decreased capacity to retain 

stemness upon RT. In addition, quantification of γH2AX foci after IR proved that ITGA6 

knockdown effectively impairs DNA damage repair. Importantly, the radiosensitizing 

effect was much more strong in sorted GICs compared to shRNA-inhibited cultures. 

This difference can be explained by the dissimilar capacity of the two models to 

achieve reduced ITGA6 amount in cultures. Indeed, shITGA6 reported inhibition 

around the 50% of the total amount, while ITGA6LO reported much lower ITGA6 yield. 

However, the decision to move to a lentiviral-based knock-down was made on the 

evidence that sorted pools tended over time to an equal expression of ITGA6, 

suggesting a dynamic and inducible expression of this marker. Of note, a tight 

connection between EGF, a constitutive component of our Stem media, and Integrin 

α6/β1 level has been reported in ovarian cancer in the context of a JAK2/STAT3 

mediated EMT (Colomiere et al., 2009). 

Importantly, accumulating evidences across cancer types suggest the relevance of 

cell-ECM crosstalk in modulating the cancer response to radiotherapy (Mannino & 

Chalmers, 2011; Sandfort et al., 2007). In particular, Integrin β1 expression and 

activation were reported as significantly associated with an increased radioresistance 

in human glioma cell lines (Cordes et al., 2006). To our knowledge, these data 

correspond to the first work exploring the relevance of Integrin α6 in GICs 

radioresistance.  

Taken together our data suggest a possible involvement of ITGA6 in GICs response 

at ionizing radiation and indicated that, once elucidated the ITGA6-associated 

mechanisms in radioresistance, ITGA6 may represent an attractive target to enhance 

GBM radiocurability. 
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To sum up, the data obtained in this doctoral thesis highlighted the crucial relevance 

of GICs in the radioresistance of GBM and the potential role exerted by the GICs 

marker, Integrin α6, in radioresistant mechanisms. Moreover, our data highlighted 

inflammatory response and PN to Mes transition as key features of GICs-enriched 

cultures following ionizing radiation. Finally, the data collected in this thesis support 

the strength of the proposed paired in-vitro model to explore GBM biology and the 

phenomena of radioresistance. 
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1. Established patient-derived neurosphere cultures exhibit functional CSCs 

phenotype with marked clonogenic and self-renewal capability, tumor 

formation capacity and noticeable differentiation along the central nervous 

system major lineages. 

2. Established patient-derived neurosphere cultures express high level of CSCs-

related markers CD133, L1CAM, CD44 and ITGA6.  

3. The neurosphere culture method is a proper approach to isolate GICs within 

the GBM tumor mass, preserving GICs heterogenic nature. Selective culture 

conditions obviate the application of cell-sorting techniques based on a 

unique marker that would underestimate the GICs complexity.  

4. Matching differentiated cultures exhibit negligible clonogenic capacity and 

do not express CD133, L1CAM and ITGA6 markers, thus indicating the 

absence of cells bearing CSCs features. 

5. GICs-enriched cultures rely on oxidative metabolism and consumption of 

alternative carbon sources. Conversely, DGC metabolism correspond fully to 

anaerobic glycolysis as described by the Warburg effect.  

6. GICs-enriched cultures report noticeable intrinsic radioresistance and 

capacity to repair sublethal DNA damage according to calculated α- and β- 

values, respectively. Importantly, DGC ended up being more radiosensitive 

than matching GICs cultures. 

7. AlamarBlue reduction can be used to predict quickly neurosphere surviving 

fraction after radiotherapy with a good fit. 

8. GICs-enriched cultures display different grades of radiosensitivity, which 

correlates with patients’ DFS and OS. Thus, the in-vitro model proposed in 

this thesis is a suitable and affordable method to predict patients’ outcome. 

9. Genome-wide transcriptional profiling of irradiated DGC indicates an 

enhancement of pathways related to mitotic blockade, disruption of 

chromosomal integrity and DNA replication. 

10. Double-irradiated GICs exhibit activation of pathways related to 

inflammation, ECM remodeling, cell migration and intercellular crosstalk, 

being IL6/JAK/STAT3 and TNFα/ NF-κB signaling, master regulators of PN to 

Mes transition, the most relevant. 

11. Defined RT-Mes genes, COX2, LIF, ICAM1, IL6, CTGF and NNMT, display 

preferential upregulation in GICs after RT and are associated with Mes 

subtype and poor patient outcome. 

12. GICs expressing ITGA6HIGH exhibit higher radioresistant phenotype and 

greater capacity to retain stemness upon RT, when compared to ITGA6LOW. 

13. Observed higher α- and β- values in shITGA6 cultures indicates increased 

radiosensitivity and an impaired capacity to repair sublethal DNA damage, 

respectively. Moreover, ITGA6 knockdown compromises DNA damage repair 

capacity, as indicated by γH2AX immunostaining.  
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Annex 1: List of genes differentially expressed in cluster 3 versus cluster 2 

Genes significantly upregulated by more than four-fold and genes significantly downregulated below 

0.25 R-fold. Significance level: FDR < 0.05. Indicated nominal P-value was calculated with two-tailed 

unpaired t-test. 
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Annex 1: List of genes differentially expressed in cluster 3 versus cluster 2 (continued) 
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Annex 1: List of genes differentially expressed in cluster 3 versus cluster 2 (continued) 
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Annex 1: List of genes differentially expressed in cluster 3 versus cluster 2 (continued) 
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Annex 2: List of genes differentially expressed in unirradiated PG35s versus PG35 

Genes significantly upregulated by more than four-fold and genes significantly downregulated below 

0.25 R-fold. Significance level: P < 0.05. Indicated nominal P-value was calculated with two-tailed 

unpaired t-test. 
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Annex 2: List of genes differentially expressed in unirradiated PG35s versus PG35 

(continued) 
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Annex 2: List of genes differentially expressed in unirradiated PG35s versus PG35 

(continued) 
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Annex 3: References of reagent and kits employ 
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