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Preface 

 

Glioblastoma (GBM) is the most common and fatal cancer of the adult brain, with an annual incidence rate of 2-3 

per 100 000 (US) and a median survival time around 14 months. GBM is characterized by an infiltrative growth 

pattern that makes its complete surgical resection arduous. Moreover, the presence of a therapy-refractory cancer 

stem cell (CSC) component has been linked to the unavoidable insurgence of tumor recurrence experienced by 

patients.  

The failure of current therapeutic standards at completely eradicate this tumor fuels an intense research effort for the 

identification and development of new therapeutic strategies. To achieve the cure of this malignancy, while 

preventing its recurrence, the ideal treatment should target both the invasive behavior of GBM and the cancer stem 

cell population (the latter with so called “differentiation therapy”). 

MicroRNAs (endogenous small non-coding RNAs regulating the gene expression at the post transcriptional level) 

show dysregulated expression in tumors compared to healthy tissues and are involved in several of the “hallmarks 

of cancer”: hence, they have raised attention for their therapeutic potential. The development of miRNA-based 

therapies is an expanding field of research: in recent years several formulations entered into clinical trials for treating 

various malignancies, but none for brain cancers, indicating room for improvement. The functional synergism of 

multiple, different miRNA, also known as cooperation or convergence, has been proposed as one of the mechanisms 

that confer robustness to miRNA-mediated regulation of large number of genes, allowing these tiny RNAs to 

orchestrate essential cellular pathways. MiRNA-based therapies for cancer could benefit from the functional 

synergism of different miRNAs, especially considering the high intra-tumoral heterogeneity and the number of 

redundant and compensatory mechanisms of therapy-resistance that characterize refractory tumors as GBM, that are 

unlikely to be effectively targeted by a single molecule.  

Our lab previously identified a “pool” of 11 miRNAs necessary and sufficient to sustain neuronal differentiation of 

adult neural stem cells in mice by the synergic repression of targets involved in cell morphogenesis and neuron 

differentiation (Pons-Espinal et al., 2017). This pool is conserved in human and dysregulated in GBM. The molecular 

and cellular similarities between GBM stem cells (GSC) and neural stem cells (NSC) led to the hypothesis to employ 

the 11-miRNA pool in GBM, with the originary idea to target the GSC component of this tumor with potential 

benefit. 

Building on the combinatorial nature of the miRNA pathway and on previous results by the host lab, indicating an 

essential role of the miRNA pool to control NSCs differentiation, the overarching goal of my PhD project was to 

deploy the 11-miRNA pool in an anticancer therapy against GBM, to test its tumor-suppressive potential and to 

identify the molecular mechanisms underlying its therapeutic effects. Main results achieved by this work are: 
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I. The identification of a fundamentally anti-invasive role of the 11 miRNAs, achieved in GBM by synergistic 

regulation of a wide network of proteins involved in cell-adhesion, cytoskeleton reorganization and 

extracellular matrix remodeling. Importantly, many of the proteins downregulated by the pool are relevant 

in GBM pathogenesis and thereby possible targets for future development of conventional drug-based 

therapies. 

II. The development of a delivery strategy that possesses a realistic translational potential, taking the example 

from clinically approved lipid nanoparticles formulations, considered a leading-edge vector for small RNAs 

delivery.  

III. The demonstration that the functional synergism of the 11-miRNA pool, enhanced in vivo by nano-delivery, 

is an effective strategy to slow-down the in vivo growth of an aggressive model of human GBM. 

This work is currently submitted for publication in a high impact journal. In addition, over the years I established 

several internal collaborations, which led me to two publications as coauthor in “iScience” and “Advanced 

biosystems” (See section 6 “Publications”). 
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1 State of the art 

1.1 Glioblastoma  

Gliomas represent nearly 80% of the adult brain tumors (Lukas et al., 2019): this heterogeneous group of 

malignancies are classified by astrocytic or oligodendroglial phenotype and are clinically staged in four groups (from 

grade I to IV) following the World Health Organization (WHO) classification (Louis et al., 2016). Glioblastoma 

(GBM) is IV grade glioma and it is the most common and most aggressive form of brain tumor, with a median 

overall survival of 14,6 months (Stupp et al., 2005). The vast majority of cases (∼90%) are diagnosed as primary 

GBM that develops rapidly and without prior diagnosis of a lower-grade lesion, on average around 65 years of age; 

they have a worse prognosis compared to the less-frequent secondary GBM  (Ohgaki & Kleihues, 2013). A molecular 

classification of GBM patients was proposed in 2010 from The Cancer Genome Atlas (TCGA) integrated expression 

data: four GBM subtypes were identified (Proneural, Classical, Mesenchymal and Neural) based on the expression 

of a 840-genes classification panel. The four molecular subtypes have been associated with tumor response to 

therapies (for example, Classical GBM has the higher benefit from standard therapies) and to overall survival time 

(that is lower for the Mesenchymal type) (Verhaak et al., 2010).   

Therapeutic management of de novo GBM typically starts with surgical resection, employed to reduce the tumoral 

mass, to alleviate the tumor load, and importantly to provide the tumor tissue that is necessary for the 

histopathological and molecular diagnosis (Louis et al., 2016). Subsequently, in most cases the best results in terms 

of survival are obtained with a protocol of focal radiation therapy plus concomitant and adjuvant chemotherapy (the 

“Stupp’s protocol”) (Stupp et al., 2005). The chemotherapeutic drug employed in GBM patients is Temozolomide 

(TMZ), an alkylating agent that causes DNA damage leading to tumor cell death; TMZ is the preferred choice in 

virtue of its ability to cross the blood-brain barrier (BBB), achieving relevant therapeutic concentration in the brain. 

More recently, alternate electrical fields therapy has been added to the standard-of-care (Lukas et al., 2019). 

Regardless of these therapeutic improvements, the overall survival time was only raised of few months in the last 

decades and a cure for GBM is never achieved: tumor progression or relapse remains an unavoidable outcome. The 

therapeutic challenges posed by GBM can be summarized in three main issues:  

The existence of several chemo- and radio-therapy resistance mechanisms put in act by GBM that, after initial tumor 

recession in response to therapies, lead to tumor recurrence after 6-9 months in most of the patient (1.1.1);  

A widespread infiltrative pattern inside the brain parenchyma, due to the extreme invasiveness of GBM cells, which 

makes surgical resection very complex and often incomplete (1.1.2);  

A pronounced cellular and molecular intra-tumoral heterogeneity, that is also partially responsible of therapy 

resistance, owing to clonal plasticity and cell-types interconversion mechanisms. The tumoral mass is composed of 

heterogeneous cancer cell populations, including a cancer stem cell compartment (Glioblastoma Stem Cells, GSC) 
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that plays a key role in tumor initiation and maintenance, and is considered one of the main causes of GBM therapy-

refractoriness and ultimately of tumor relapse (1.1.3). 

1.1.1 Therapy resistance mechanisms 

TMZ is the only approved drug with therapeutic activity toward GBM, owing especially to its lipophilic properties 

that allow it to pass the blood-brain barrier (BBB) and reach the tumor site. This alkylating drug adds methyl groups 

at N7 and O6 on guanine and at O3 sites on adenine, triggering DNA repair pathways that lead to mutations. The 

enzyme O6-methylguanine-DNA methyl-transferase (MGMT) is a suicide DNA repair enzyme that is able to 

counteract this modification by O6-demethylation of the guanine. Thus, the epigenetic status of MGMT promoter 

is a clinically relevant GBM biomarker, predictive of patient response to chemotherapy: if MGMT promoter is not 

silenced by methylation, the expression of this enzyme is a main mechanism of TMZ resistance. A peril of GBM 

cells is that, even if MGMT is silenced, its expression can be induced upon TMZ treatment (Oliver et al., 2020).  

Other molecular mechanisms have been involved in TMZ resistance in GBM, such as apoptosis inhibition through 

Bcl-2 pathway, p53 mutational status, expression of drug-efflux pumps such as the family of adenosine triphosphate 

(ATP)-dependent pumps. Moreover, therapy-resistance mechanisms in GBM can be ascribed to the activation of key 

cell-survival programs, such as autophagy, senescence induction and metabolic adaptations linked to reactive oxygen 

species (ROS) production (Oliver et al., 2020). Among the therapy-resistance strategies of GBM, it is worth 

mentioning a conserved cellular program of phenotypic switch called “Epithelial-to-mesenchymal transition” (EMT) 

(Shibue & Weinberg, 2017), that also has a pro-invasive role and will be described in the next chapter. In general, 

the existence of such a variety of resistance mechanisms can be ascribed to the highly heterogeneous nature of GBM 

(that is reflected in its original denomination of multiforme) and to the extreme plasticity that characterize GBM cell 

populations, conferring them a unique ability to adapt to external cues by switching between different cellular 

states (Dirkse et al., 2019). 

1.1.2 Invasiveness 

The typical pattern of diffuse infiltration inside the brain parenchyma is a clinical (and diagnostic) hallmark of GBM, 

and represents a major obstacle for its therapeutic management. Due to infiltrative cells, tumor margins are not 

clearly defined and difficult to identify, even with the help of advanced imaging techniques employed to guide the 

surgery (Lukas et al., 2019); as a consequence, tumor recurrence often occurs within 1 cm from the surgical resection 

margin (Hatoum et al., 2019). Infiltrative cells are also poorly targeted by chemo- and radio-therapies. The 

heterogeneity that characterizes GBM in all his manifestations is also represented in this context by the existence of 

a multiplicity of invasive mechanisms: GBM cells can migrate as individual cells or in coordinated groups 

(“collective invasion”), they can cross different and distant cerebral areas using the brain pre-existing structures, and 

they interact in various way with different types of brain resident cells to promote the tumor growth (for example 

attracting microglia, astrocytes and endothelial cells to enhance migration) (Vollmann-Zwerenz et al., 2020). 
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These invasive routes are made possible by a continuous bidirectional talk between the tumor cells and the 

microenvironment, and are directed by different signaling pathways and genetically conserved programs, with a high 

level of redundancy at the molecular level. Some of the key players regulating GBM invasion are: receptors 

involved in cell-cell adhesion (Cadherins) and especially cell-ECM interaction (CD44, Integrins, Focal Adhesion 

complexes and downstream signaling, mediated by GTPase Rac/Cdc42 pathway); cytoskeleton remodeling proteins 

(filamins, myosin II, dynein) and proteases involved in ECM-remodeling (membrane and secreted Matrix 

Metalloproteases, MMPs; A Disintegrin And Metalloproteinases, ADAMs) (Claes et al., 2007). 

There are some aspects of GBM invasiveness that is worth to highlight for the scopes of this thesis: first, the 

importance of extracellular matrix (ECM) composition, that shapes the tumor microenvironment and is in turn 

remodeled by tumor cells, determining the invasive patterns; second, the “vascular invasion route”, as the 

characteristic route of GBM infiltration inside the brain parenchyma; third, Epithelial-to-mesenchymal Transition, 

as one of the conserved cellular programs underlying cell motility and leading to cancer cell invasiveness.  

03/11/2020, 15 12

Page 1 of  1ht tps://stat ic- 01.hindawi.com/ar t ic les/jo/volume- 2019/1740763/f igures/1740763.f ig.001.svgz

Figure 1: Schematic representation of some of the main cellular processes involved in 

GBM invasion (Velásquez et al., 2019). 
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The ECM is involved in all the aspects of cell migration and cancer invasion: first, cell-ECM interactions, mediated 

by different receptors in a cell- and tissue-specific pattern, determine the cell propensity to migrate; second, cell 

motility depends on cytoskeleton reorganization that is directed by ECM-contacting receptors and intracellular 

adaptors, in a dynamic balance between cell adhesion and detachment from the matrix; third, the invasion process 

implies the active degradation and remodeling of ECM components, mediated by proteolytic enzymes expressed on  

cancer cell membranes or secreted in the pericellular space. For these reasons, cancer cell invasion requires a niche-

specific balance between ECM destruction, remodeling and de novo production of tumor-derived ECM (Lefranc et 

al., 2018). Thus, the ECM impacts GBM invasion not only as a simple structural scaffold, but it works as an interface 

of bidirectional signaling and also as a reservoir of growth factors, chemoattractants and chemokines (Vollmann-

Zwerenz et al., 2020), that further influence cell migration and directionality.  

The composition of the brain ECM participates in the determination of different tumoral niches, to which GBM cells 

profitably adapt in specialized ways. Three main GBM niches have been described (Fig. 2): the hypoxic niche, far 

from the blood vessels and characterized by necrotic tumoral areas surrounded by typical palisading cells; the 

perivascular niche, where tumor cells profit of nutrients from both normal and neoangiogenic vessels; and the 

vascular invasive niche, constituted by tumor cells that co-opt blood vessels using them as migratory supports 

(Hambardzumyan & Bergers, 2015). In fact, unlike other solid tumors, GBM does not metastasize outside the brain; 

instead, it invades distant brain areas, taking advantage of pre-existing brain structures and using them as invasion 

routes. In addition to blood vessels (constituting the vascular invasion route), also the white matter tracts and 

subarachnoid space constitutes common invasive tumor fronts  (Friedl & Gilmour, 2009; Mehta & lo Cascio, 2018; 

Vollmann-Zwerenz et al., 2020). The vascular invasion route is favored by the fact that, in brain, the stiffer ECM 

components (such as collagens, laminins and fibronectins) are concentrated and abundant especially around the BBB 

that covers the blood vessels; instead, the brain parenchyma is mainly composed of “softer” ECM components such 

as proteoglycans and hyaluronic acid (Hatoum et al., 2019). 

Another mechanism involved in GBM invasiveness is the Epithelial-to-Mesenchymal Transition: EMT is a 

conserved cell program crucially involved in many stages of embryonic development and in wound healing, that is 

aberrantly re-activated in many cancers. It is characterized by a phenotypic switch between an epithelial morphology 

to a spindle-like mesenchymal morphology, conferring motility to the cells. This program promotes tumor 

aggressiveness by increasing its invasiveness but it is also involved in other aspects, such as stemness features, DNA 

repair, immunosuppression and especially in therapy-refractoriness (Brabletz et al., 2018; Shibue & Weinberg, 

2017). EMT is activated is response to different stress cues (such as radiations and chemotherapies, but also local 

microenvironmental factors such as low oxygen or nutrients), representing an example of plasticity and of survival 

mechanism in GBM; in fact, EMT markers are generally induced upon chemotherapies and have been shown to be 

up-regulated in recurrent tumors compared to the primary ones (Fedele et al., 2019). EMT program is directed by a 

group of transcription factors (TF) (ZEB1, SNAI1, SNAI2, TWIST1) that activate the expression of mesenchymal 

genes that act as downstream EMT effectors, and are represented by ECM receptors (CD44, integrins, cadherins), 
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ECM-remodeling proteases (MMPs) as well as the up-regulation of some ECM-structural components (such as 

fibronectin and vimentin). EMT is, by definition, a typical feature of epithelial tumors such as carcinomas and 

mesotheliomas, but EMT-driving TF are expressed also by non-epithelial tumors such as GBM (Siebzehnrubl et al., 

2013; Yang et al., 2010); this observation is in line with the fact that GBM has an embryonic origin in a primitive 

epithelium: the neuroectoderm. In GBM this transition can be better described as “Proneural-to-Mesenchymal”, but 

the same TF are involved  (Brabletz et al., 2018); importantly, the acquisition of mesenchymal phenotype is 

correlated to worst overall survival in GBM patients (Behnan et al., 2019). 

 

1.1.3 Glioblastoma Stem Cells (GSC)  

CSC are defined by some key functional features: tumorigenicity (they possess tumor-initiating potential), self-

renewal ability and multi-lineage differentiation capability (they can generate more differentiated progeny) (Vescovi 

et al., 2006). As it happens in other tumors with a CSC component, the presence of GSC has important therapeutics 

Figure 2: GBM niches in the brain parenchyma. (a) Perivascular niche; (b) hypoxic niche; (c) invasive niche 

(constituting the “vascular invasion route”). The intratumoral heterogeneity is evident at the level of cancer 

cell populations and in their interactions with host cell populations. (Hambardzumyan & Bergers, 2015). 
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and prognostic implications, especially because this cell compartment has been linked to the development of 

therapy-resistance through different mechanisms such as efflux pumps expression, DNA damage response repair, 

clonal plasticity, metabolic adaptations and quiescence (Ahmed et al., 2013; Lathia et al., 2011, 2015; Mancini et 

al., 2018; Ortensi et al., 2013; Vescovi et al., 2006). As a consequence, GSC can survive after treatments and are 

able to reform the tumoral mass, being responsible for the unavoidable GBM recurrence on the long-term. GSC have 

also been involved in almost any features of GBM aggressiveness, such as invasiveness, angiogenesis, immune 

evasion and maintenance of the hypoxic niche (Lathia et al., 2015; Mehta & lo Cascio, 2018; Vescovi et al., 2006). 

The isolation and characterization of GSC (Galli et al., 2004; Ignatova et al., 2002; Singh et al., 2004) has represented 

a milestone in the field, also because of the existing controversy about the “cell of origin” of GBM (i.e., the cell 

type that undergo a sequence of driver mutations that ultimately lead to tumorigenesis). In fact, since the discovery 

of the permanence of neurogenic niches in the adult brain, aNSC have been pointed out as the potential cell of origin 

of GBM (S. Alcantara Llaguno et al., 2009; Altmann et al., 2019; Bhaduri et al., 2020; Galli et al., 2004; Matarredona 

& Pastor, 2019; Singh et al., 2004). In opposition, other reports suggest that differentiated brain cells can undergo 

de-differentiation and lead to gliomagenesis (Friedmann-Morvinski et al., 2012; Zong et al., 2015). Selectively-

induced mutations in tumor-suppressors or oncogenes have shown that the tumorigenic potential of brain cell 

populations decreases progressively in more differentiated, lineage-restricted cells. As a consequence, NSC are 

considered the more prone to be cell-of-origin of GBM (S. Alcantara Llaguno et al., 2019), also considering that 

their self-renewal potential and cell cycle re-entry ability make them compatible with the accumulation of mutations 

that is required for malignant transformation. Moreover, several developmental programs that regulate normal 

neurogenesis have been involved in GBM tumorigenesis: cancer cells are able to “hijack” these pathways, activating 

them in a dysregulated form to sustain tumor progression (Mehta & lo Cascio, 2018). Therefore, there is now good 

accordance on the “stem cell theory” that postulates that GBM originates from the malignant transformation of NSC; 

this is in line with the hierarchical model of tumorigenesis proposed for GBM, in which CSC are the “cells of origin” 

and sit at the apex of tumor hierarchy, being able to self-renew and to give rise to the variously differentiated cells 

composing the tumor, recapitulating the tissue ontogeny. (This is opposite to the stochastic model, in which virtually 

all types of cancer cell composing the tumor can be the tumor-funding cells) (Lathia et al., 2015; Vescovi et al., 

2006).  

Indeed, adult NSC and GSC share many similarities, both in terms of markers expression (such as CD133, SOX2, 

NANOG, OLIG2, NESTIN) (Lathia et al., 2015) and for their functional features of self-renewal and multi-lineage 

differentiation ability. Consistently, GSC were first isolated and enriched in a similar way as it is done with aNSC, 

by growing them as neurospheres (in serum-free medium, in presence of EGF and bFGF) that can be dissociated and 

re-plated to generate secondary neurospheres (owing to their clonogenic potential)(Galli et al., 2004; Vescovi et al., 

2006; Lee et al., 2006).  
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Considerable efforts are put in the GSC research field, especially because the selective eradication of this cell 

compartment could confer a big clinical benefit and ideally would lead to overcome tumor recurrence. However, one 

main obstacle is GSC heterogeneity: even if several GSC markers were identified and used to isolate them, none of 

them alone is sufficient to exclusively and comprehensively mark this population (Bhaduri et al., 2020; Dirkse et al., 

2019; Lathia et al., 2011). Recent studies employing single-cell sequencing techniques revealed an even more 

complex situation: GSC marker are heterogeneously expressed in different GBM sub-populations, showing a 

continuum spectrum of stemness profiles rather than a universally definable CSC population (Bhaduri et al., 2020; 

Patel et al., 2014). In addition, the extreme plasticity possessed by GBM cells, and their ability to convert into other 

tumor cell subtypes in response to microenvironmental changes, questions the existence of a genetically-intrinsic 

definition of GSC; rather, stemness has been suggested to represent a reversible phenotypic state adopted by the cells 

to survive to external changes (Dirkse et al., 2019; Suvà & Tirosh, 2020). 

1.1.4 The need for new therapeutic strategies  

The therapeutic failure of current GBM treatments, despite intense efforts for improvement that couldn’t eliminate 

the problem of GBM recurrence, points at the necessity, from one side, to identify novel targets or “Achille’s heels” 

of this malignancy and, from the other side, to develop new therapeutic tools that are suitable to target them. 

From what concerns the identification of new targets in GBM, a promising one is obviously the CSC population: the 

so called “differentiation therapies” point at eradicating this cell compartment by reducing their stemness-related 

features. Many efforts have been made to target key GSC signaling pathways with the goal to drive their 

differentiation. Just to mention some, bone morphogenetic protein (BMP)-induced differentiation (Piccirillo et al., 

2006), Notch pathway inhibition (Fan et al., 2006) and Hedgehog pathway inhibition (Bar et al., 2007) have been 

attempted; other promising strategies were designed to reprogram GSC-specific metabolism, for example through 

targeting the metabolic genes IDH1 and PKM2 (Agnihotri & Zadeh, 2016; Garnier et al., 2019) or using cAMP 

activators to induce the metabolic switch to oxidative phosphorylation (that is a driver of differentiation in GBM) 

(Xing et al., 2017). The already mentioned intra-tumoral heterogeneity and plasticity possessed by GSC represent 

major obstacles to the complete elimination of these cells; in fact, recent perspectives on GSC populations dynamics 

warn that strategies that target some specific GSC-associated cellular states could merely induce a phenotypic switch, 

selecting for adaptative subclones (Dirkse et al., 2019; Prager et al., 2020).  

Another source of promising druggable targets has been identified in the angiogenesis pathways, or in the invasive 

mechanisms of GBM (for example the integrin signaling, just to cite one of the most studied (Malric et al., 2017)). 

Also, more innovative strategies have been proposed, such as targeting ion channel and transporters that facilitate 

GBM cell migration by regulating cellular volume and shape (Lefranc et al., 2018). A major drawback in finding 

appropriate targets for conventional drug-therapies is the existence of diverse and redundant molecular pathways 

that can exert similar biological functions in GBM cells. So, the “one-drug one-molecule” approach risks to end up 

in the activation of compensatory mechanisms, bypassing the targeted molecular step; not to mention that this 
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strategy is more prone to the insurgence of therapy-resistance. An example of this is the FDA-approval in 2009 of 

the anti-angiogenic drug bevacizumab, a neutralizing antibody targeting VEGF. After initial enthusiasm owing to 

very promising results in preclinical models, the improvements in progression-free survival did not translated into 

an extended overall survival in phase II and III trials. Moreover, as it happened for TMZ, it was soon reported the 

insurgence of drug-resistance mechanisms able to bypass the targeted mechanism, including for example the 

upregulation of alternative angiogenic pathways (Castro & Aghi, 2014; Lukas et al., 2019). As a consequence, 

bevacizumab is not included in the main treatment protocol for de novo GBM; it is still administered in some specific 

cases, for example it has been suggested to be beneficial specifically for elderly patients, and it is employed by some 

physicians as a way to reduce the use of corticosteroids, but uncertainties remain about the appropriate indications 

for its use (Lyon & Huang, 2018).  

 

1.2 MicroRNAs and their use as anti-cancer molecules 

MiRNAs are endogenous small non-coding RNAs that regulate the majority of protein-coding genes in mammals 

(Friedman et al., 2008); they also represent a promising anticancer tool whose potential applications emerged in the 

last decade. Indeed, in virtue of miRNA ability to direct the repression of a multiplicity of target genes at the post-

transcriptional level, this class of non-coding RNAs could offer a new hope for cancers that remain elusive to any 

attempt of therapeutic options. In the following section I will summarize the state of the art on miRNAs biology, 

their involvement in cancer and their therapeutic use.  

MiRNAs are single-stranded RNA molecules of ∼23 nucleotides length that recognize and bind their target mRNAs 

through partial sequence complementarity, leading to transcripts degradation or translational repression (Agarwal et 

al., 2015; Bartel, 2009; Ha & Kim, 2014). The majority of miRNAs are produced through the so-called “canonical” 

biogenesis pathway (Fig. 3): miRNA-coding genes are transcribed by RNA Polymerase II as primary miRNA (pri-

miRNA), whose typical stem-loop structure is recognized and cleaved in the nucleus into 60-100 nt “hairpins” (pre-

miRNA) by the Microprocessor complex (ribonuclease type III Drosha and its cofactor DGCR8). Pre-miRNAs are 

then translocated by exportin 5-Ran GTPase shuttle system in the cytoplasm and cleaved by Dicer ribonuclease, that 

generates mature, double stranded miRNAs (17-25 nt). One of the two strands is incorporated into the RNA-Induced 

Silencing Complex (RISC) where the mature miRNA recognizes its targets by imperfect base-pairing, resulting in 

translation inhibition or directing the degradation of the mRNA. The miRNA “seed” region is a 6-8 nt sequence 

located at the 5’ end that mediates the recognition of miRNA-binding sites (typically located in the 3’UTR region of 

mRNAs, but they can also be found in 5’ or coding region) (Agarwal et al., 2015; Lewis et al., 2005).  
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1.2.1 Functional synergism of miRNAs 

One important feature of miRNA-mediated regulation of the mammalian transcriptome is that they exert their 

function in a highly combinatorial way: one miRNA can recognize different mRNAs and, viceversa, the same 

mRNA can be targeted by different miRNAs. In the last case, for example, the presence of different miRNA-binding 

sites on the same mRNA can potentiate the extent of miRNA-mediated repression (“miRNA cooperativity”) 

(Schouten et al., 2015). But cooperativity alone doesn’t account for the complexity of relationships existing between 

groups of co-expressed miRNAs that regulate cellular programs by acting on related parallel pathways. In a wider 

perspective, aimed at including different types of combinatorial miRNA-target interactions, it was proposed the 

paradigm of “convergent miRNA action” (Fig. 4): in this definition, miRNA combinatorial action is not limited to 

the cooperative repression of a single mRNA (“convergence on target”, fig. 4a), but it includes the cooperative 

repression of different targets in the same pathway (“convergence on pathway”, fig. 4b), and also the case in which 

multiple miRNAs target different genes in different pathways that exert similar biological functions (“convergence 

on function”, fig. 4c) (Barca-Mayo & Tonelli, 2014).  

Functional synergism has been proposed as the mechanism that confers redundancy and robustness to miRNA-

mediated regulation of large gene networks (Ambros, 2003; Schmiedel et al., 2015; Siciliano et al., 2013), allowing 

them to orchestrate complex cellular programs, among which the developmental processes are particularly relevant. 

Focusing on the CNS, miRNAs are particularly abundant and they emerged as fundamental regulators of brain 

development and function, and miRNA synergy became an emerging theme in neurobiology (Barca-Mayo & Tonelli, 

2014; Santos et al., 2016; Schouten et al., 2015); accordingly, there are many examples of synergic miRNAs 

Figure 3: Schematic representation of miRNA biogenesis (canonical 

pathway) and target repression mechanism (Shea et al., 2016). 
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regulating the balance between self-renewal, differentiation and survival in neural stem cells (Barca-Mayo & Tonelli, 

2014; Bian et al., 2013; Bielefeld et al., 2017; Clovis et al., 2012; Nigro et al., 2012; Pons-Espinal et al., 2017; Rago 

et al., 2014; Schouten et al., 2015). Perhaps the most dramatic example of miRNA functional synergism was 

demonstrated in our lab in the context of adult neurogenesis. In vivo depletion of Dicer-dependent miRNAs by 

conditional Dicer knock-out in adult Neural Stem Cells (aNSC) of mice hippocampus (Pons-Espinal et al., 2017), 

led to impaired aNSC neurogenic differentiation. Expression profiling of miRNAs dynamic expression led to the 

identification of a “pool” of 11 miRNAs significantly enriched during neuronal differentiation, whose re-

administration was able to rescue the Dicer-dependent impairment of neurogenesis. Interestingly, none of the 11 

miRNAs, individually, was able to revert the phenotype, implying that all the 11 miRNAs were required and 

sufficient to drive the neurogenic fate of aNSC. The predicted targets of the miRNA pool are involved in pathways 

with biologically similar functions, related to nervous system development and neuronal differentiation. This is an 

example of the above mentioned “convergence on function”: the 11 miRNAs of the pool synergize, regulating targets 

situated in different parallel pathways, to direct neuronal differentiation of aNSC.  

 

 

1.2.2 MiRNAs in cancer  

The physiological pathways modulated by miRNAs can be dysregulated in various pathologic states, connecting this 

class of small ncRNA to the onset and evolution of numerous kinds of diseases, among which human cancers are 

perhaps the most studied: virtually all tumor types show dysregulated pattern of miRNA expression and it was 

estimated that nearly half of the miRNA-coding genes are located in chromosomal sites associated with cancer (Calin 

et al., 2004). Different types of alterations can affect miRNAs in cancer (Fig. 5), for example mutations in miRNA 

sequence, ectopic expression, alterations in miRNA biogenesis machinery or chromosomal gains/losses, resulting in 

Figure 4: Examples of convergent miRNA action on targets (Barca-Mayo and Tonelli 2014). 
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altered miRNA expression. Tumor-specific, upregulated oncogenic miRNAs (“onco-miR”) or downregulated tumor-

suppressor miRNAs have been identified for different cancer classes, acting in the same way as this happens for 

protein-coding genes (Andrea L Kasinski & Slack, 2011; Ryan et al., 2010; Rzeszutek & Singh, 2020). To complicate 

the picture, the same miRNA can have opposite roles in different cancer types (revealing the complexity underlying 

the spatiotemporal regulation of miRNAs expression and their resulting combinatorial targetome, that is context-

dependent). In the last fifteen years, the advances in high-throughput analysis techniques (such as microarray 

expression profiling, first, and NGS, later) allowed to investigate the extent of miRNA dysregulation in tumors, 

identifying specific expression profiling for different cancer types. MiRNA profiling can be linked to the 

developmental lineage and differentiation stage of the tumor, and the expression of selected miRNAs can be 

correlated to important clinical parameter such as tumor grade and prognosis (Lu et al., 2005). This opened a vast 

research field on the use of miRNA as cancer biomarkers, especially for what concerns blood-circulating miRNAs. 

A peculiar feature of miRNAs, that already emerged from the first studies on their functions in C. elegans (R. C. Lee 

et al., 1993; Wightman et al., 1993), is their “preference” for targeting developmental genes, making them 

particularly important in the regulation of cell-fate transitions. MiRNAs are fundamental regulator of proliferation, 

differentiation and apoptosis pathways, and that their dysregulation was shown to affect all the main “hallmarks of 

cancer” (Hanahan & Weinberg, 2000) such as sustained proliferative signaling, apoptosis evasion, resistance to cell 

Figure 5: MiRNA alterations in cancer and their consequences at the target level: (a) allelic amplification; (b) 

genomic deletion; (c) miRNA sequence mutations; (d) Cis-acting (promoter methylation, mutation) and trans-

acting (transcription factors) elements regulating miRNA at the transcriptional level; miRNA biogenesis steps can 

also be subject to alterations in cancer cells, affecting their miRnome (Andrea L Kasinski & Slack, 2011). 



 19 

death, induction of invasion, angiogenesis and metastasis. Finally, in many cancer types including GBM, miRNAs 

have been also implicated in drug resistance and stemness features (Shea et al., 2016a). 

1.2.3 MiRNA-based therapies  

The involvement of miRNAs in several key cancer pathways, and their combinatorial way of action (sometimes 

called their “pleiotropic nature” (Hanna et al., 2019) made emerge their potential as therapeutic molecules with the 

intrinsic ability to target multiple key cancer pathways in a multi-pronged fashion (Andrea L Kasinski & Slack, 

2011).  

The development of miRNA-based drugs became an animated research field and they gained interest in the last 

decade as new biopharmaceuticals: at present moment, various Pharma companies are working at development of 

therapeutic miRNAs, following the path of other successful RNAi-based strategies. SiRNA (small interfering 

RNAs), in particular, are increasingly entering clinical trials for a variety of conditions including several cancer types 

(Dammes & Peer, 2020) and gained attention recently thanks to the FDA approval of a siRNA-based drug, Patisiran, 

that represents the first RNAi-based approved formulation (Adams et al., 2018; Akinc et al., 2019). At present, 

several miRNA formulations are in initial phases of clinical trials, but none of them has been approved 

(Chakraborty et al., 2020) and this class of small RNA is still paving its way to the pharmaceutical market 

breakthrough (Forterre et al., 2020). It was pointed out how an important advantage of miRNA over siRNA is that 

the latter are limited to a “one-drug-one-target” approach (with a selectivity that is ultimately similar to conventional 

drugs), while the multi-targeted action of miRNAs could emerge as a more beneficial strategy: they could represent 

a hope where conventional therapies failed, for example in aggressive, therapy-refractory and ultimately incurable 

tumors such as GBM  (Lozada-Delgado et al., 2017; Nishimura et al., 2013).  

MiRNA-based therapies are either based on the re-administration of tumor-suppressor miRNA (in the form of 

synthetic miRNA mimics) or, in the case of onco-miR, treating them with inhibitors (using antisense-like compounds 

called antagomir) (Rupaimoole & Slack, 2017; Dammes & Peer, 2020). Another option is the use of artificial 

miRNA sponges: viral construct expressing multiple binding sites for miRNAs that act as decoys and repress their 

functions through competitive inhibition (Ebert & Sharp, 2010). However, two limitations that we envise in the 

currently proposed miRNA-based strategies for GBM, and that will be discussed in the next two chapters, are: 

The use of single-miRNA formulations: it is known that the effect of a single miRNA on the protein output is 

usually mild; actually, endogenous miRNA expression is organized in coordinated, redundant networks, allowing 

them to collectively achieve a powerful impact on gene expression. As a consequence, the combination of multiple, 

biologically-related miRNAs might represent a more effective approach, resembling more their endogenous way of 

action (1.2.4).  

The clinical translation of therapeutic miRNAs is hampered by their poor pharmacokinetic properties: miRNAs 

are subject to fast enzymatic degradation by nucleases and their physicochemical properties make them unable to 



 20 

diffuse across biological barriers, especially tightly regulated ones as the BBB. As such, one main aspect to take into 

account in the development of miRNA-drugs is the choice and development of appropriate delivery systems (1.2.5). 

1.2.4 Advantages of multiple miRNA administration 

Among the vast number of miRNA-manipulation studies performed in GBM and other cancer types, the majority of 

them are conducted on cultured cells by forced overexpression of a miRNA mimic or an antagomir by viral vectors 

or transient transfection at relatively high doses (Andrea L Kasinski & Slack, 2011; Shea et al., 2016a): these 

researches shed light on the involvement of selected miRNAs in various aspects of cancer pathobiology, and 

identified some of their targets and mechanisms of action. Just a minority of publications explored the simultaneous 

manipulation of different miRNAs: in these studies, the combination of multiple miRNAs (or miRNA-inhibitors) 

was shown to exert a greater antitumor efficacy compared to a single miRNA (Hossian et al., 2018; A L Kasinski et 

al., 2015; Nishimura et al., 2013; Pagliuca et al., 2013; Zhang et al., 2016). These reports prospect that miRNA-

based therapies for cancer could benefit from the multiple-miRNA manipulation approach: an example is the variety 

of redundant and compensatory survival mechanisms that characterize GBM, that are unlikely to be effectively 

targeted by a single miRNA. Another obvious advantage of the “synergic miRNAs” approach is its minor propensity 

to induce therapy resistance, that frequently take place upon the administration of standard therapeutic agents that 

target an individual molecule (Andrea L Kasinski & Slack, 2011).  

One recent publication from Bhaskaran and colleagues represents an example of co-administration of multiple 

miRNAs in GBM by employing an artificially engineered miRNA cluster (Bhaskaran et al., 2019): GBM cells are 

transduced with a lentiviral vector expressing a polycistronic sequence of 3 miRNA precursors and they are then 

transplanted in immunosuppressed mice. The authors show that the 3 miRNAs of the cluster have a synergistic 

antitumoral efficacy (that slows the in vivo growth of pre-treated cells) and that the miRNA-transgene is transferred 

via extracellular vesicles to the neighboring tumor cells. The authors suggest that the result of combining 3 miRNAs 

is to expand the total number of targets rather than to potentiate the effect on common targets. While supporting the 

functional importance of the synergic nature of miRNAs, this study is based on a viral strategy for miRNA delivery 

that suffers some limitations, weakening its translational potential: this approach relies on viral tropism, with the 

drawback of inequal transduction of different GBM cells populations; moreover, it is not possible to administer the 

virus multiple times for repeated treatments; also, the transgene encodes for miRNA precursors, which require 

functional endogenous miRNA-biogenesis machinery for their maturation, such as Drosha, DGCR8 and Dicer, that 

are often dysregulated in cancer cells (Kian et al., 2018); and finally, this construct does not guarantee equimolar 

expression of the different miRNAs and/or constant transcription of the polycistronic miRNA precursors over time. 

In general, viral strategies of miRNA delivery are an efficient way to overexpress a miRNA mimic or antagomiR 

and to study its effects and targetome, but are unlikely to be the preferred strategy for pursuing the road to clinical 

translation, also because of safety concerns regarding immunogenic response, toxicity and viral integration into host 
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genome (Forterre et al., 2020; Andrea L Kasinski & Slack, 2011). Instead, non-viral vectors are generally considered 

a safer and more reliable option for the delivery of RNAi-based therapies.  

1.2.5 MiRNA delivery: Lipid Nanoparticles  

Among the variety of non-viral delivery systems, lipid nanoparticles (LNP) are currently considered the most 

advanced vector for small-RNA delivery, with the advantages of low immunogenicity, high loading capacity and 

especially easy and quick manufacturing (microfluidic mixing). Accordingly, the recently FDA-approved siRNA-

drug Patisiran is developed as an LNP-based formulation (Wood, 2018). Not to mention the breaking news of just 

few days ago (December 2020), that the first approved vaccine against SARS-CoV-2, the virus causing Coronavirus 

pandemic disease 2019, is a lipid nanoparticle-formulated mRNA (Food and Drug Administration, 2020). 

Several types of LNP have been proposed, profiting of various lipid compositions and, as a consequence, of different 

liposomes structures, but they are typically composed by: ionizable lipids (typically cationic lipids, that complex 

with negatively charged small RNAs, allowing their encapsulation); “helper” lipids; and lipid-PEG conjugates 

(PEGylated lipids) that confer structural stability and increase the circulation time. To be internalized by the cells, 

LNP interact with the cell membrane and enter via endocytosis, being entrapped into early endosomes (Fig. 6). One 

key point in this process is the endosomal escape: the ability of LNP to fuse with endosomal membrane allows to 

release their cargo into the cytoplasm, avoiding the routes of endosomal trafficking that would bring to their 

degradation into lysosomes (Dammes & Peer, 2020). An important advantage of LNP formulations is the possibility 

to achieve active cellular targeting, by coating them with targeting moieties: antibodies, aptamers, proteins or 

natural ligands attached to the LNP surface have been shown to confer specificity to the delivery in different cellular 

and tissues contexts. Targeting moieties are also employed to enhance the transfection efficiency (with the advantage 

Figure 6: Schematic representation of LNP-mediated intracellular delivery of nucleic acids. ApoE coated 

LNP enter the cell membrane in receptor-mediated way (LDLR) and nucleic acids cargo is intracellularly 

released by endosomal escape (Thomas et al., 2018). 
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of reducing the amount of small RNAs required to achieve a therapeutic benefit) and to minimize toxicity to 

neighboring cells (Rietwyk & Peer, 2017).  

Apolipoproteins are structural component of endogenous lipoproteins that act as ligands for receptors: they are 

adsorbed on lipoprotein particles in the bloodstream, regulating lipid trafficking and metabolism in the body 

(Yamada et al., 2020). In the same way, they are adsorbed on artificial LNP and thus represent a natural targeting 

ligand. In particular, apolipoprotein E (ApoE) has been shown to significantly improve the therapeutic potential of 

LNP that contains ionizable lipids, by enhancing their uptake inside cells in a receptor-mediated way. It has been 

demonstrated that LNPs injected in the bloodstream spontaneously associate with circulating ApoE, which promotes 

their uptake by hepatocytes (Akinc et al., 2010): this intrinsic tropism towards the liver explains the high proportion 

of LNP-based siRNA formulation proposed for hepatic diseases.  

For what concerns the application of (mi)RNA-based therapies to brain diseases, one main obstacle to the 

systemic administration of therapeutics miRNA is crossing the BBB, the specialized neurovascular unit that maintain 

brain homeostasis through a tight control of its permeability, that excludes the majority of therapeutic molecules. In 

GBM (and other brain tumors) the BBB is partially disrupted and leaky, making it virtually more permeable to 

potential treatments, but the extent of this permeability is very heterogeneous among the different types of tumor 

niches, that present a different degree of perfusion (for example the hypoxic niches, enriched in GSC populations, 

are basically non-vascularized): this contributes to suboptimal delivery/accumulation of therapeutic agents 

(Arvanitis et al., 2020). As a consequence, even though the systemic delivery of small RNAs via LNPs has been 

successful for liver diseases, their application for brain cancers remains challenging. However, given that more than 

80% of GBM patients undergo debulking surgery, post-operatory, localized administration of LNPs represent a 

possible opportunity to deliver therapeutic relevant concentrations of miRNAs at the tumor site. 
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2 Rationale and Aims of the thesis 

This project aims at tackling the two main therapeutic hurdles posed by GBM, that contribute to its dismal 

prognosis and to the unavoidable outcome of tumor recurrence: i) both chemio- and radio-therapies are at some point 

circumvented by a fraction of refractory GBM cells, involved in the activation of a multiplicity of therapy-resistance 

mechanisms; ii), the extreme invasiveness of this tumor is not effectively tackled by current clinical management, 

despite improvements in surgical methods. 

The role of miRNAs as regulators of essential cancer pathways, and their typical combinatorial way of action, 

brought them out as next-generation therapeutics with the intrinsic, game-changing potential to target multiple 

oncogenic processes in a pleiotropic way. Although a few clinical trials were launched on miRNA-based anticancer 

therapies (Rupaimoole & Slack, 2017), none of them is currently ongoing in brain malignancies, indicating room for 

improvement. The dysregulation of groups of synergic miRNAs has been demonstrated in several cancers (Calin et 

al., 2002; He et al., 2005) and also in GBM (Shahar et al., 2016; Silber, et al., 2008). Of note, several of the miRNAs 

dysregulated in GBM are involved in neural development (Møller et al., 2013; Shea et al., 2016b; Silber et al., 2008), 

in line with the hypothesis that GBM may arise from the aberrant execution of differentiation programs in NSC (S. 

Alcantara Llaguno et al., 2019; Bhaduri et al., 2020; Vescovi et al., 2006). Indeed, the simultaneous manipulation of 

multiple miRNAs has demonstrated a greater antitumor activity compared to a single miRNA in various cancers 

(Hossian et al., 2018; A L Kasinski et al., 2015; Nishimura et al., 2013; Pagliuca et al., 2013; Zhang et al., 2016) as 

well as in GBM (Brognara et al., 2016; Esposito et al., 2016; Silber et al., 2008 and Bhaskaran 2019), supporting the 

functional synergism as a strategy to improve the efficacy of miRNA-based therapies.  However, the exploration 

of suitable combinations of multiple tumor-suppressive miRNAs is just at the beginning, and even if these researches 

uncovered the extent of synergic miRNAs anti-tumoral properties, they do not propose a realistic miRNA-delivery 

strategy that could make them potentially translatable into the clinics.  

Hence, this project will exploit the functional synergism of an 11-miRNA pool that is necessary and sufficient for 

NSC differentiation and is downregulated in human GBM. The well characterized similarities between NSC and 

GSC (considered their malignant, tumorigenic counterpart) sets the ground of the hypothesis to employ the miRNA 

pool in GBM. Importantly, the miRNAs seeds are conserved in human, all the 11 miRNAs are downregulated in 

GBM cells or tissue and many of them possess a tumor-suppressive activity in this cancer (Chen et al., 2019; Jiang 

et al., 2014a; Laddha et al., 2013; Møller et al., 2013; Shea et al., 2016b), supporting the rationale of beneficial re-

administration of the 11 miRNAs in GBM.  

For what concerns the necessity of efficient and safe delivery of miRNA-based therapeutics, an ever-expanding 

variety of non-viral system are being developed and is from this heterogeneous and diversified group of vectors that 

more likely will emerge the first generation of clinically approved miRNA-based drug formulations (Rietwyk & 

Peer, 2017). In this context, LNPs have recently gained attention for their safety profile and conveniency: LNPs 

currently represent the leading strategy for oligonucleotide therapy, being employed in the first clinically 
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approved RNAi formulation. Interestingly, LNPs can be surface-modified with different kind of active-targeting 

moieties, improving their cell- and tissue- specificity. In particular, ApoE has been shown to significantly improve 

the therapeutic potential of LNP by enhancing their uptake inside cells. (Akinc et al., 2010). ApoE-associated uptake 

is mediated by multiple receptors of the LDLR family, highly expressed on glioma cells (Maletínská et al., 2000; 

Rudling et al., 1990; Villa et al., 2016; Yamamoto et al., 1997). Thus, in order to achieve effective intracellular 

delivery of the 11 miRNAs in GBM cells in vitro, and subsequently achieve the same in vivo, in this project it was 

employed the well-characterized LNP-mediated delivery, taking advantage of the ApoE coating to improve the 

miRNA uptake in cancer cells.  

With respect to in vivo administration route, one main obstacle in the delivery of therapeutic agents for brain diseases 

is the presence of the BBB, that filter out the majority of molecules. In the case of such an aggressive tumor as GBM, 

it becomes even more important to ensure that the therapeutic miRNAs reach the tumor site at meaningful 

concentration, to elicit a strong effect. Thus, this project opted for the local administration of LNP at the tumor site 

as proposed way to overcome the barrier and to maximize the beneficial effect of the delivered miRNAs, minimizing 

at the same time the problems of side effects and unfavorable biodistribution in other tissues (Chen et al., 2015). 

The overarching goal of my PhD project is to demonstrate the therapeutic potential of the miRNA pool in GBM, 

taking advantage of the differentiative and synergic functions demonstrated by the 11 miRNAs in aNSC and 

translating it into a beneficial, tumor-suppressive activity in the context of this brain tumor. This project has been 

implemented in three specific Aims:  

Aim 1: To assess the consequences of the 11-miRNA pool re-administration in GBM at the cellular and molecular 

level. First, 2D and 3D in vitro functional assays were performed to test proliferation, invasion, adhesion and 

clonogenicity of patient-derived GBM cells upon transfection with the 11-miRNA pool, to evaluate its anti-tumoral 

activity; then, to identify the molecular mechanisms involved, pool-treated PD-GBM were analyzed at the level of 

protein output by liquid-chromatography/mass spectrometry proteomic (see Results sections 3.1, 3.2 and 3.3).  

Aim 2: To implement a reliable delivery strategy enabling the simultaneous co-delivery of multiple miRNAs, that 

possesses a realistic clinical translation potential and that can be employed for in vivo preclinical application. We 

setup and tested in vitro the ApoE-LNPs formulation as delivery vector for the 11 miRNAs, evaluating particle 

uptake and transfection efficiency in GBM cells (see Results section 3.4).  

Aim 3: To conduct an in vivo test of the efficacy of the miRNA pool as ApoE-LNPs formulation. This was 

performed by intra-tumoral injection of the formulation in nude mice after the establishment of orthotopic xenograft 

tumors with human GBM cells (see Results section 3.5).  
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3 Results 

3.1 The 11-miRNA pool modulates adhesion pathways and inhibits invasion ability 

of patient derived GBM (PD-GBM) cells. [Fig. 7] 

The expression levels of the 11 miRNAs were quantified by real-time quantitative PCR (qPCR) in PD-GBM cultures 

and in U87 MG cell line (from ATCC) using total RNA from normal human brain as a comparison (Fig. 7A). The 

three patient-derived GBM cultures (PD-GBM) were obtained from grade IV glioma surgical samples cultured in 

GSC medium, and were classified as neural (GBM1, GBM2) and mesenchymal (GBM3) subtype (Monticone et al., 

2012), while U87 cells are a widely used human GBM model. Indeed, 6 miRNAs were significantly downregulated 

in all the three PD-GBM, all the 11 miRNAs were downregulated in GBM1 and 9 miRNAs were downregulated in 

GBM2 cells (Fig. 7A). This result is in accordance with the literature  (Chen et al., 2019; Jiang et al., 2014a; Laddha 

et al., 2013; Møller et al., 2013; Shea et al., 2016b) and confirms that the miRNAs of the pool are generally 

downregulated in human GBM.  

To investigate the impact of the miRNA re-administration in GBM, we focused on protein expression, as miRNAs 

mostly exert their regulatory functions at the post-transcriptional level, affecting the protein output (Baek et al., 2008; 

Selbach et al., 2008). GBM1 and GBM2 were transiently transfected with equimolar ratio (25 nM each miR; “Pool”) 

of the 11 miRNA “mimics” (i.e. double-stranded, synthetic oligonucleotides that mimic the endogenous mature 

miRNAs) or with a negative scrambled control (250 nM; “Ctrl”) and then cultured as free-floating spheroids in 

serum-free medium, a condition previously shown to preserve the GSC component (J. Lee et al., 2006) and their 

tumor-initiating properties (Griffero et al., 2009). Untargeted proteomics (Liquid Cromatography/ Mass 

Spectrometry) identified ~ 4,000 unique proteins expressed in each of the two PD-GBMs (3962 proteins in GBM1 

and 4206 in GBM2). Re-administration of the pool significantly altered 8,8% and 11% of proteins in GBM1 and 

GBM2, respectively (~50% of them being up- or downregulated), compared to control-treated PD-GBM cells. 

Principal component analysis (PCA) of the significantly altered proteome (Fig. 7G) indicated a clear segregation of 

the control-treated PD-GBM along the PC1, in agreement with the inter-patient heterogeneity usually observed in 

this malignancy (Verhaak et al., 2010) and with the different genetic aberrations present in the two samples 

(Monticone et al., 2012). Moreover, we found an evident and concordant segregation of the pool-treated and ctrl-

treated samples along PC2, indicating that the re-administration of the 11 miRNAs in GBM significantly affects a 

substantial portion proteome in both PD-GBM cell. 

To identify possible targets of the 11 miRNAs in GBM, we focused on the proteins that were downregulated upon 

pool re-administration, as miRNAs are mostly repressor (Rupaimoole & Slack, 2017). Proteomics data indicated that 

the miRNA pool treatment downregulated 200 proteins in each of the two PD-GBM (Fig.7B). As expected for such 

heterogeneous malignancy, the majority of the downregulated proteins were different between the two PD-GBM, 

but surprisingly we found a subset of 37 shared proteins (Fig. 7C). Western blotting (WB) confirmed the 
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downregulation of two representative proteins among the 37 (Fig. 7D): FKBP9 and PLP2, both reported to be up-

regulated in high-grade gliomas compared to lower-grade, and whose over-expression is linked to tumor 

aggressiveness (Chen et al., 2018; Feng et al., 2020; Xu et al., 2020) (see WBs for other target proteins in Fig. 8B). 

Data retrieved from different miRNA-target interaction databases (MiRWalk, MirTarBase and TargetScan) indicated 

that >70% of the transcripts encoding the 37 downregulated proteins are validated or predicted targets of at least one 

of the 11 miRNAs of the pool and several are targets of more than one miRNA (Fig. 7E). In turn, each of the 11 

miRNAs was predicted to interact with at least one of the 37. This analysis suggests that the downregulation of the 

majority of these 37 proteins likely reflects miRNA-dependent regulation, rather than indirect effects.  

Gene-ontology (GO) analysis of all the downregulated proteome in pool-treated PD-GBMs (Fig. 7F), indicated a 

statistically significant enrichment for a large number of GO terms related to pathways involved in cell-to-cell or 

cell-to-ECM adhesion, cytoskeleton reorganization, focal adhesion and extracellular matrix remodeling. This result 

suggests that one main impact of the miRNA pool on PD-GBM could be to affect the interactions with the 

extracellular environment, and that it could be involved in the regulation of migration and invasion properties of 

GBM.  

To investigate this possibility, we performed trans-well invasion assay on pool- or control-transfected PD-GBMs, 

demonstrating that re-administration of the pool significantly reduced their invasion ability (Fig. 7 H, I). To ascertain 

the synergic action of the pool, we compared the effect of transfections with the 11 miRNAs or with miR-124 alone: 

this miRNA is well-known for its strong tumor-suppressive properties and thus is the best candidate among the 11 

to be tested against the total pool (Qiao et al., 2017; Shea et al., 2016b; Silber et al., 2008; Sun et al., 2015; Xia et 

al., 2012). Administration of miR-124 (25 nM, i.e., equimolar to its concentration in the pool) did not inhibit PD-

GBM cell invasion compared to the pool in trans-well invasion assay (Fig. 7I). This indicates that the pool inhibits 

migration of human GBM cells more efficiently than a single miRNA, supporting the functional synergism of the 

11 miRNAs. Together, these results indicate that the functional synergism of the 11-miRNA pool tunes proteins and 

pathways involved in GBM cell adhesion, inhibiting their invasiveness. 
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Figure 7 

(A) Expression levels of the eleven miRNAs of the pool in three different patient-derived GBM (PD-GBM) and U87MG (U87) cells, compared 

to total RNA from human brain. Data are the mean ΔΔct ± St.Dev of n=1 experiment in technical triplicate; two-tailed t-test *p<0,05. (B) 

Venn diagram showing the number of individual proteins significantly downregulated in each of the two PD-GBM upon transfection with the 

pool (two-tailed t-test p<0,05). (C) Proteomics data: Fold-change (pool vs ctrl) of the 37 downregulated proteins upon administration of the 

11-miRNA pool in the two PD-GBM. Proteins are ranked on the x-axis from left to right based on their downregulation levels in both PD-

GBM cells. (D) WB of two representative proteins (out of the 37) in ctrl- and pool-transfected PD-GBM (GBM2) (kDa ladder, left) (E) 
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MiRNA-target prediction analysis performed on three different databases (indicated). (F) List of the significantly enriched Gene Ontology 

(GO) terms in the downregulated proteome upon pool transfection; only GO terms that are common to both PD-GBM are shown, for brevity; 

(GO terms are ranked by negative Log of Benjamini-adjusted p-value). (G) Principal Component Analysis (PCA) of the significantly altered 

proteome in control- or pool- treated GBM1 and GBM2 (n=5 samples/condition per each PD-GBM). (H, I) Trans-well invasion assay: 

representative images (H) and quantification (I) of Hoechst-stained PD-GBM cells (GBM2) that invaded the trans-well membranes 24 hours 

after transfection with scrambled ctrl (250 nM); or the pool (each 25nM); or miR-124 (25nM). Data are the mean of n=3 independent 

experiments ± St.Dev, each in three technical replicate. One-way ANOVA and Tukey’s multiple comparisons test: *p<0,05. Scalebar 250μm. 

 

3.2 The 11-miRNA pool downregulates proteins involved in Collagen pathway and 

inhibits invasion of PD-GBM cells in a 3D Collagen matrix. [Fig.8] 

To infer the mechanisms underlying pool function in GBM, we searched for possible functional correlations between 

the 37 proteins downregulated in both PD-GBM upon re-administration of the 11 miRNAs. Protein-protein 

interactions (PPI) analysis indicated that the majority of them are functionally interconnected (Fig. 8A, STRING 

PPI enrichment p-value: 9.9310-13) and 12 of them (Fig. 8A, in red), are involved in Collagen synthesis, post-

translational modification, binding, degradation and recycling. This subset of proteins includes Collage type IV alpha 

2 chain (COL4A2), that constitutes a central “cluster” of interconnections in this network, around which the other 

proteins are positioned (Fig. 8A). Collagen IV is the most abundant component of the basement membrane that lines 

the brain blood vessels: this microenvironment constitutes the “vascular invasion route” that supports GBM cells 

invasion. Indeed, many of the collagen-related proteins repressed by the pool are involved in the interaction between 

GBM cells and this extracellular niche (Fig. 8G), suggesting that the pool might affect the PD-GBM ability to interact 

with the basement membrane and thus impact the vascular route of invasion. However, to test this hypothesis, in 

vivo models of GBM would be required. 

Western Blot (Fig. 8B) confirmed that the levels of COL4A2, ITGB1 and MMP14 are downregulated in pool-treated 

PD-GBM as from proteomics data. ITGB1 and its interacting protein TLN1 are two fundamental components of the 

focal adhesion complexes, mediating the binding of tumor cells to collagen and other ECM components: to verify if 

their downregulation could impair the adhesion ability of GBM cells, we assessed the efficiency of PD-GBM cells 

(GBM2) binding on Collagen IV substrate upon pool transfection. Indeed, we found that pool treatment reduced the 

number of PD-GBM cells attached to Collagen type IV coating after 5 minutes of incubation (Fig. 8C).  

To investigate whether re-administration of the pool could inhibit GBM invasion in Collagen, we setup a 3D culture 

system of PD-GBM cells (GBM1 and GBM2) by embedding tumor spheroids in Collagen hydrogels (Fig. 8 D) to 

mimic the tumor ECM (Pampaloni et al., 2007), and imaged them in situ at different timepoints (Fig. 8 E, F). 

Quantification of the spheroid core area (dashed circles in Fig. 8E) and invasion area (i.e. the projection of the 

surface occupied by invasive cells protruding out of the spheroids core, white lines in Fig. 8E) indicated a significant 

reduction of the invasion area in both PD-GBM (Fig. 8F, left). No significant effect of the 11-miRNA pool was noted 

on the spheroid core areas (Fig. 8F, right). These results confirmed that the pool inhibits the invasiveness of PD-

GBM cells in Collagen.  
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It is known that increased motility of tumor cells can be characterized by activation of EMT programs; GBM cells 

undergoing EMT change the expression levels of several adhesion proteins and cell-ECM interaction receptors 

(Ortensi et al., 2013). To investigate whether the pool affects the activation of this cellular program, we quantified 

the expression of transcripts encoding for known EMT markers in the two PD-GBMs upon re-administration of the 

pool (Fig. 8H). Real-time qPCR results indicated that the pool significantly decreased expression of mRNA encoding 

for both EMT regulators (transcription factors ZEB1 and SNAI2) and EMT effectors (N-Cadherin and MMP2), 

suggesting that the 11 miRNAs may inhibit PD-GBM propensity toward acquisition of a mesenchymal-like 

phenotype.  

Together, these results indicate that the functional synergism of the pool elicits a multipronged anti-invasive effect 

in GBM by tuning levels of several proteins involved in Collagen synthesis, adhesion and remodeling, and possibly 

also by inhibiting the pro-invasive EMT program. 
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Figure 8 

(A) STRING network analysis of the 37 proteins downregulated by the pool in GBM1 and GBM2. Legend shows numbers of protein-protein 

interactions (PPI) and statistics of the network, generated with STRING algorithm. The 12 proteins highlighted in red are the ones involved 

in collagen-related pathways. (B) WB of some representative proteins among the ones involved in Collagen pathway, in ctrl- and pool-

transfected PD-GBM samples (GBM2) (kDa ladder, left). (C) Quantification of attached cells after 5 minutes on collagen IV-coated coverslips 

(n=1 experiment in technical triplicate). Two-tailed unpaired t-test, **p<0,005. (D) Scheme depicting the workflow of the 3D spheroid culture 

model with collagen hydrogels. (E) Representative images of quantification of PD-GBM spheroids cores (dashed circles) and invasion (area 

between the dashed circle and the white line) at day 7 in 3D culture. (F) Invasion area (left) and spheroid cores radius (right) quantification of 

GBM1 (top) and GBM2 (bottom). Data are expressed as means ± St.Dev. of n > 3 independent experiments (each >5 spheroids per condition). 
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Two-way ANOVA and Sidak’s test: *p<0.05; **p<0.005 ****p < 0.0001. Scale bar 100 μm. (G) Schematic representation of GBM cells 

interactions with basement membrane of the brain vasculature (constituting the “vascular invasion route”). The 12 Collagen-related protein 

downregulated by the pool are depicted in their cellular location. (H) MRNA levels of EMT markers assessed by qPCR in PD-GBM cells 

(GBM1 and GBM2) 72h upon transfection with ctrl or miRNA pool. Data are expressed as mean of ΔΔct ± St.Dev, n=3 independent 

experiments, each in technical triplicate. Unpaired t-test, * p<0,05, ** p<0,005.  

 

 

3.3 The 11-miRNA pool downregulates proteins associated to GSC-like populations 

and reduces PD-GBM clonogenicity. [Fig 9] 

An important aspect of GBM biology is the presence of GSC populations within the malignant mass, that has been 

implicated in therapy resistance, tumor recurrence and dismal prognosis (Lathia et al., 2015; Vescovi et al., 2006). 

GSC component contributes to various degree to the tumor bulk in different tumors (inter-tumoral heterogeneity); 

moreover, many different GSC subtypes exist within a single GBM (intra-tumoral heterogeneity) and they express 

multiple GSC markers in various combinations (Bhaduri et al., 2020; Dirkse et al., 2019; Lathia et al., 2011; Patel et 

al., 2014). Bhaduri and colleagues recently compiled a “tumor atlas” of GBM cell populations based on clustering 

analysis from single-cell RNA sequencing (scRNA-seq): by comparing primary GBM tissues with previously 

described transcriptomic signatures of adult (Velmeshev et al., 2019) and developing (Nowakowski et al., 2017) 

human brain, they identified the closest “normal” brain cell types for each GBM cell cluster (Bhaduri et al., 2020). 

To analyze our PD-GBM for GSC subpopulations, we compared our proteomic dataset with the GBM cell-type 

clusters of gene expression identified by Bhaduri et al., that include both GSC-like and more differentiated cell types 

(Fig. 9A). This analysis revealed that the protein-coding genes expressed in GBM1 and GBM2 (from proteomics 

data) were mostly enriched for the gene cluster of “neuronal-like” cancer cell (neuron cluster, fig. 9A); this is 

consistent with the previous classification of the two PD-GBM cultures as “neural” (Monticone et al., 2012). This 

analysis shows that our PD-GBM cultures also express several protein-coding genes that characterize GSC-like 

clusters.  

Next, we employed the same kind of analysis to assess the impact of the 11 miRNAs re-administration, wondering 

whether the pool, known for its essential pro-neurogenic role in NSCs (Pons-Espinal et al., 2017), could alter the 

proportions of GSC-like clusters in GBM: we defined each cluster as up- or down- regulated by the pool according 

to the ratio of up- to down- regulated genes belonging to that cluster. Indeed, we found that some GSC clusters from 

Bhaduri’s paper were mostly downregulated in both pool-transfected PD-GBMs cultures (Fig. 9 B), and in particular 

several genes from the Radial glia cluster were downregulated by the pool (85 and 58 protein-coding genes from 

Radial Glia cluster are downregulated in GBM1 and GBM2, representing the 43% and 25% of total downregulated 

proteins in each PD-GBM, respectively). Radial glia is a fetal population of progenitor cells that accounts for the 

generation of neurons and glial cells in the developing human cortex; radial-glia like cells were recently identified 

in GBM by two groups (Bhaduri et al., 2020; Wang et al., 2020), that linked this GSC population to tumor 

propagation and invasiveness. Conversely, several gene clusters expressed in more “differentiated” GBM cell 

subtypes were mainly upregulated by the pool, such as Neuron and Newborn neuron (Fig. 9B). 



 32 

To ascertain whether the downregulation of GSC-associated genes upon re-administration of the pool could reflect 

a reduction of GBM cells stemness properties, we performed a clonogenic assay by seeding single‐cell 

(untransfected, pool-transfected or ctrl-transfected PD-GBM) on Matrigel‐coated coverslips and quantified colony 

formation after 2 weeks. The percentage of colony-forming wells was quantified in each of the two transfection 

conditions and normalized on the number of colony-forming wells in the un-transfected condition (to take into 

account the negative effect of lipofectamine on cell viability) (Fig. 9 C, D). We found a slight but significant decrease 

in the percentage of colony-forming wells in pool-transfected PD-GBM (Fig. 9D).  

These results suggest that the re-administration of the 11 miRNAs down-regulates proteins associated to radial glia-

like GSC type and that the pool reduces colony-formation ability in PD-GBM, a functional feature of CSC that is 

related to their self-renewal ability.  

 
 

Figure 9 

(A) Graph depicting the % of proteins expressed in ctrl-treated PD-GBM (GBM1 and GBM2) that are in common with each of the indicated 

GBM cluster from (Bhaduri et al., 2020). Next to each cluster name is reported the total number of genes composing each cluster.  (B) Ratio 

of the number of up- to down- regulated genes upon miRNA pool administration in the two PD-GBM: protein-coding genes significantly 

affected by the pool are grouped by the cell type cluster from (BHADURI) to which they belong. (C) Images showing representative wells 

with (right) or without (left) colonies formed by GBM2 cells after 2 weeks (stained with Toluidine Blue; scalebar 100 µm). (D) Quantification 

of colony-forming wells 2 weeks after seeding single cells of pool- or ctrl- transfected PD-GBM cultures, normalized to the number of colony-

forming wells from un-transfected PD-GBM cells (n=3 independent experiments, at least 30 wells/condition; two-tailed, paired t-test; 

*p<0,05).  
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3.4 The 11-miRNA pool loaded in ApoE-decorated lipid nanoparticles is efficiently 

delivered in PD-GBM cells. [Fig. 10] 

To implement a strategy of multiple miRNA delivery to GBM that possesses a clinical translation potential, we 

employed lipid nanoparticles (LNPs) synthetized via microfluidic-based mixing. The 11-miRNA pool mimics are 

neutralized by ionizable lipids, mixed with neutral lipids and PEGylated lipids to generate a ~100 nm particle (Fig. 

10 A, B). A similar formulation has been approved by the US Food and Drug Administration (FDA) in 2018 to 

deliver siRNA to hepatocytes in the treatment of transthyretin amyloidosis (Adams et al., 2018): it is the first FDA 

approval of a siRNA-based drug (Wood, 2018). The cell uptake of uncoated, quasi-neutral LNPs is usually 

negligible, unless they are coated with targeting moieties that can trigger their receptor-mediated internalization 

(Akinc et al., 2010; Cohen et al., 2015). Therefore, to enable the intracellular delivery of the LNPs together with the 

therapeutic cargo in GBM cells, we adsorbed on the surface of the particles Apolipoprotein E (ApoE) (Fig. 10A), 

which is the ligand of Lipoprotein receptor family members overexpressed on several cancer cell types, including 

GBM (Monticone et al., 2012).  

Cryo-electron microscopy-mediated characterization of the LNPs showed a multi-lamellar structure (Fig. 10B), in 

accordance with previous reports for similar particles (Kulkarni et al., 2018). The LNP and ApoE-LNP 

hydrodynamic diameters were 127 nm and 135 nm, respectively (Fig. 10C, in black). A low polydispersity index 

(PdI) was observed (Fig. 10C, in blue), indicating a homogenous size distribution of the particles for both 

preparations. As expected, the Z potential of ApoE-LNPs was negative compared to LNPs and thus consistent with 

the negative charge of this protein (Fig. 10D).  

To test whether these nanocarriers could deliver miRNAs inside GBM cells, we loaded a FAM-labelled double-

strand small RNA reporter (similar in size to miRNA mimics) in LNPs with and without ApoE coating, and 

administered them to U87 cells. As a positive control of transfection, we transfected in U87 the same RNA reporter 

with lipofectamine. Indeed, FAM-labelled RNA loaded in uncoated LPNs was almost not uptaken by U87 cells, as 

indicated by flow cytometry analysis (Fig. 10E). This result was consistent with previous evidences (Akinc et al., 

2010; Cohen et al., 2015). Conversely, ApoE-coating of LNP promoted the successful uptake of FAM-labelled RNA 

in U87 cells, with a transfection efficiency comparable to the one obtained by lipofection. Confocal imaging of U87 

cells treated with ApoE-LNPs indicates the intracellular localization of FAM-labelled RNA (Fig. 10F).  

Next, we loaded the 11-miRNA pool or ctrl RNA (scramble) in ApoE-LNPs. The encapsulation efficiency was 79.5 

± 5.3 % for the 11-miRNA pool and 86.3 ± 2.0 % for the scramble miRNA. QPCR confirmed that 5h after treatment 

the intracellular levels of the 11 miRNAs were significantly increased when delivered through pool-loaded ApoE-

LNPs, compared to untreated cells, and that the transfection efficiency achieved with ApoE-LNPs was essentially 

comparable to the one of lipofectamine (Fig. 10G). These results indicate that ApoE-LNPs allow to efficiently co-

deliver multiple synthetic miRNAs in human GBM cells. 
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Figure 10 

(A) Schematic structure of ApoE-LNP. (B) Cryo-electron microscopy images showing single LNPs. (C) Diameter (in black) and polydispersity 

index (PdI, in blue) measurement of LNP with or without ApoE coating. Values represent the mean ± St.Dev of at least 4 independent batches 

measurements. (D) Z potential measurement of LNP with or without ApoE coating (mean ± St.Dev) (n=4 batches measurements). (E) 

Percentage of U87 cells transfected by a fluorescent (FAM) RNA delivered through lipofectamine (positive control), LNPs, or ApoE-LNP, as 

determined by flow cytometry analysis 2h or 5h after transfection (n=2 technical replicates). (F) Representative confocal image of U87 cells, 

5h after treatment with 100nM FAM-RNA loaded in ApoE-LNP. Note the lack of co-localization between RNA (FAM, Green) signal, the cell 

surface marker WGA (Alexa 633, Red) and cell nuclei (DAPI, blue). Maximum projection of the (12 µM-thick) z-stack are shown on the right 

and bottom of the image to visualize that FAM-RNA is localized inside the cells (scalebar 20 µm). (G) QPCR levels of the 11-miRNAs in 

PD-GBM cells (GBM2) 5h after transfection of the pool with lipofectamine, or after treatment with pool- or ctrl-loaded ApoE-LNPs. Data are 

expressed as fold-change expression and normalized to untransfected condition (∆∆ct mean ± St.Dev; ApoE-LNP samples are n=2 and all 

qPCR samples are analyzed in technical triplicate). 
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3.5 A single administration of the 11-miRNA pool loaded in ApoE-LNPs inhibits 

tumor growth and increase survival in an orthotopic mice model of human GBM.     

[Fig. 11] 

As entry point to explore whether the 11-miRNA pool can inhibit GBM in vivo, we used a well-established and 

widely characterized orthotopic mouse model of human GBM, based on the intracerebral transplantation of U87 

cells, constitutively expressing luciferase (Luc), in immune-compromised nude mice (Fig. 11A). Tumor growth, as 

determined by the bioluminescence signal, was monitored longitudinally. Animals were treated with a single intra-

tumor injection of ApoE-LNP, loaded with either the miRNA pool or the scrambled control RNA, only after a similar 

bioluminescence level was reached for all mice (Fig. 11A, day 0). We set this threshold to a bioluminescence index 

between 0.5106 and 1106 p/s/cm2/sr: this value was compatible with a well-developed tumor mass, reducing the 

risk of spontaneous tumor regression. Tumor growth, mouse weight and survival time were monitored over the 

subsequent days until death or sacrifice (human end point).  

Orthotopic tumors growth was observed to be significantly slower in the 11-miRNA pool-treated mice as compared 

to the control group until 16 days post-injection (Fig. 11B, C), suggesting a prolonged effect of the nanoparticle 

formulation in vivo. Moreover, the weight of the mice treated with pool-loaded ApoE-LNPs did not change 

significantly over time (Fig. 11D), indicating that the formulation (i.e., ApoE-LNPs plus miRNAs) and dosage 

injected is well-tolerated in vivo. In contrast, the mice treated with ctrl-loaded ApoE-LNPs experienced a reduction 

in weight, likely due to the lack of therapeutic activity and, of consequence, to tumor growth (Fig. 11D). Remarkably, 

a single intratumor administration of the 11-miRNA pool-loaded ApoE-LNPs extended mice survival by over 50% 

compared to controls (Fig. 11E). This result demonstrated that the delivery of the 11-miRNA pool via ApoE-LNPs 

has an effective therapeutic benefit and slow-down the growth of human GBM in vivo. 



 36 

 

 

Figure 11 

(A) Experimental scheme of the in vivo model. Day 0: treatment with the 11-miRNA pool- or control-loaded ApoE-LNPs. (B) Images of mice 

16 days after treatment during IVIS bioluminescence quantification. Color scale represents radiance (p/s/cm2/sr). (C) Graph showing total flux 

(photons/sec) of bioluminescence signal measured every 2 days (from day 0 to day 16) of the animals treated with control- (blue) or pool-(red) 

loaded ApoE-LNPs. (Day 16 is the last timepoint in which at least n=3 mice per group were still alive); unpaired t-test for each time-point, 

*p<0,05. (D) Average animals weight measured every 2 days normalized on day 0; (n=4 mice per group). (E) Kaplan-Meier graph showing 

percent survival of the animals treated with control- or pool-loaded ApoE-LNPs (n=4 mice per group; Log-rank Mantel-Cox test p=0,0169. 

Median survival: Ctrl=17 days; Pool=26,5 days (corresponding to a 53% increase in survival compared to controls). 
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4 Discussion and future directions 

Discussion 

In this thesis we show that re-administration of a pool of 11-miRNAs, required for differentiation of NSCs (Pons-

Espinal et al., 2017) and downregulated in GBM (Chen et al., 2019; Jiang et al., 2014a; Laddha et al., 2013; Møller 

et al., 2013; Shea et al., 2016b and this work), inhibits brain cancer cells invasion in vitro and tumor growth in vivo. 

Our results further support the functional synergism as a possible strategy to improve the efficacy of miRNA-based 

therapies for cancer. Indeed, this topic in GBM is gaining momentum (Bhaskaran et al., 2019; Esposito et al., 2016; 

Shahar et al., 2016; Silber., 2008), in parallel with the development of appropriate delivery strategy to target this 

incurable malignancy.  

At the molecular level, our results indicate that the pool modulates the expression of several proteins that participate 

in the control of cell adhesion, cytoskeleton remodeling and interactions with the ECM (Fig. 7). Hence, we speculate 

that the therapeutic use of the 11-miRNA pool might help to deal with one of the main therapeutic challenges of 

GBM, reducing invasiveness. When looking more closely at the subset of 37 common proteins downregulated by 

the pool in both PD-GBM, we observed that they possess a significant level of functional interconnection, and 

especially we found an enrichment for collagen-related genes (involved in collagen biosynthesis, uptake, binding 

and remodeling) (Fig 8). Collagen is present at low levels in normal brain parenchyma, but it is enriched in the 

perivascular regions. Collagen type IV is the major component of the basement membrane surrounding the brain 

blood vessels (Payne & Huang, 2013): this microenvironment constitutes an important GBM invasive niche, the so 

called “vascular invasion route” (Hambardzumyan & Bergers, 2015). By functional assays on PD-GBM cultures 

we demonstrated that the miRNA pool is able to inhibit GBM cell adhesion and invasiveness inside a 3D collagen 

matrix (Fig 8). Moreover, many collagen-related proteins repressed by the pool are implicated in GBM interactions 

with the basement membrane components (Fig. 8G), suggesting that our treatment may inhibit invasiveness by 

targeting this GBM-specific invasion route. However, to demonstrate this hypothesis it would be necessary to test 

the miRNA pool on appropriate in vivo GBM models that possess this histologic microenvironment, constituted by 

a complex interplay between many different cellular components and the host- and tumor- derived ECM. These 

experiments are in progress (see Future directions below). 

Collagen synthesis is upregulated in tumor cells (constituting the tumor-derived ECM) and its structural organization 

has been linked to GBM invasiveness (Mammoto et al., 2013), angiogenesis (Pointer et al., 2017) and ultimately to 

patient survival (Pointer et al., 2017). Thus, collagen pathway has been pinpointed as a promising druggable target 

in GBM (Payne & Huang, 2013; Pencheva et al., 2017). Interestingly, the pool treatment in PD-GBM not only leads 

to a reduction in collagen IV (COL4A2) and laminin (LAMC1), two main structural components of the basement 

membrane, but also to downregulation of proteins involved in distinct but parallel pathways of collagen-mediated 

signaling and invasion: 
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Collagen-binding integrins all comprise the beta-1 subunit (ITGB1), that is commonly upregulated in GBM and 

linked to enhanced invasiveness (Hatoum et al., 2019). Talin, an adaptor protein of the focal adhesion complexes (or 

adhesomes), connects integrin beta subunit to the actin cytoskeleton. Integrin signaling is thus transduced in a 

bidirectional way through these complexes by the Rho-GTPase family members (RHO, RAC, CDC42), directing 

cytoskeleton remodeling and cell shape adaptations that confer motility, such as lamellipodia and filopodia. In this 

pathway, IQGAP1 is a CDC42 activator that enhances cell migration, extravasation and metastasis (Hebert et al., 

2020). Moreover, the GO term “focal adhesion” is among the most significantly affected in both PD-GBM (see Fig. 

7F). Thus, the simultaneous downregulation of ITGB1, TLN1 and IQGAP1 directed by the pool could impact 

different steps of integrin signaling pathway, reducing cell invasiveness by affecting lamellipodia and filopodia 

formation.  

Among collagen receptors, Endo180 (product of MRC2 gene) is a major mediator of collagen internalization and 

intracellular degradation in GBM cells (Huijbers et al., 2010). As such, Endo180 activity is critical for the ability of 

GBM cells to invade through collagen matrices (Payne & Huang, 2013). Moreover, it has been suggested that 

Endo180 ability in disrupting epithelial cell-cell interactions could have a relevance during EMT in breast cancer 

(Wienke et al., 2007). Interestingly, Endo180 and the membrane-bound metalloprotease MMP14 works together as 

cooperative partners in the cell-associated degradome (Kogianni et al., 2008): thus, our data suggest that by 

downregulating both Endo180 and MMP14, the pool might impact an ECM remodeling mechanism that is needed 

to promote GBM invasion. 

Furthermore, among the downregulated proteins in both PD-GBM we found three endoplasmic reticulum enzymes 

involved in consecutive steps of collagen synthesis: PLOD1 and PLOD3, catalyzing the hydroxylation of lysine 

residues, and COLGALT1, that transfers galactose moieties to these hydroxylated residues. These post-translational 

modifications are required for collagen maturation and secretion (Qi & Xu, 2018); thus, since deposition of newly-

synthetized collagen is a fundamental competence for invasive GBM cells, the simultaneous downregulation of 

PLOD1, PLOD3 and COLGALT1 could represent another level of the anti-invasive action of the pool.  

Finally, another pro-invasive mechanism affected by the pool is the EMT: in this work, we show that the 11 miRNAs 

re-administration tunes down some EMT regulators (ZEB1, SNAI2) and effectors (N-CAD, MMP2, VIM) at the 

mRNA level. The acquisition of mesenchymal phenotype in GBM is not solely driven by EMT program, but it does 

represent a negative prognostic indicator in patients. It’s worth noticing that among the 37 proteins downregulated 

by the pool in both PD-GBM there are three markers of mesenchymal GBM included in the 840-genes panel from 

TCGA classification (Verhaak et al., 2010): IQGAP1, MRC2 and SYPL1. Moreover, ITGB1 is generally recognized 

as an indicator of mesenchymal GBM phenotype. This suggests that the pool might possess a wider anti-

mesenchymal action in GBM.  

The results discussed above exemplify how the miRNA pool targets the expression of key proteins involved in 

different but redundant pro-invasive pathways, thus tuning in a multi-pronged way the same biological function, i.e. 
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cell motility/invasiveness. As such, the way of action of the 11-miRNA pool can be described as an example of 

“convergence on function” (Barca-Mayo & Tonelli, 2014) (see Fig. 4), recapitulating in the context of GBM the 

same type of functional synergism demonstrated in adult neurogenesis, although on a different targetome. This might 

be the strength of our strategy: the “multi-pronged attack” that impacts multiple invasive pathways could help 

overcoming the insurgence of resistance and compensatory mechanisms put in place by the tumor. 

Given that the synergic function of the 11 miRNAs was originally ascertained in their pro-differentiative action in 

aNSC (Pons-Espinal et al., 2017), we also explored the impact of the pool on GSC populations. Two recent studies 

employed scRNA-seq for characterizing tumor cell populations (and especially GSC) in primary GBM (Bhaduri et 

al., 2020; Wang et al., 2020). Interestingly, both groups identified a GSC type possessing cellular and transcriptional 

features of human outer radial glia and implicated in tumor propagation and invasive behavior. RG is a fetal cell 

population that give rise to both neuronal and glial lineage cells, including the NSC that will be responsible for adult 

neurogenesis (Malatesta et al., 2008); since RG cells are not believed to be present in the adult brain, the two groups 

suggest that their presence in GBM could indicate RG persistence in adulthood, as a latent or quiescent population 

that undergo malignant transformation into GSC. Transformation could be driven by the aberrant re-activation of 

developmental programs in adult RG cells, resembling the activation of quiescent NSC in neurogenic niches of the 

adult brain.  

We took advantages of GBM cell-types clusters compiled by Bhaduri to have a look at the global impact of the 11-

miRNA pool at the GBM populations level: with this analysis we observed that some GSC-like cell cluster are more 

affected by the pool and in particular the RG-like cluster is downregulated in both PD-GBM, suggesting that the 

pool may affect this GSC compartment, or at least repress some of its marker genes (Fig. 9B). This is in accordance 

with the known function of this pool in adult NSCs (Pons-Espinal et al., 2017) and could mean that it is able to 

modulate RG-like fate toward more differentiated GBM cell subtypes, possibly targeting conserved genes between 

mice and human. Based on this reasoning, some of the proteins tuned by the 11-miRNA pool might represent 

potential targets of future “differentiation therapies”, aimed at impacting GSC features responsible for tumor 

recurrence.  

However, in spite of the new technologies employed to look at cancer populations dynamics, the CSC picture in 

GBM emerges as even more complicated than previously thought: an increasing number of independent studies 

indicate that GSC markers are broadly expressed in different tumor cell types, and that the expression of specific 

markers combinations could reflect reversible cellular states, rather than mark cell populations with an intrinsic 

genetic identity. Thus, they call for caution in interpreting experimental results based only on GSC marker 

enrichment, and warn about the necessity to define GSC-like cells in virtue of their functional features (Dirkse et al., 

2019; Lathia et al., 2011; Vescovi et al., 2006). For these reasons, in this project we employed a functional assay of 

GBM cell stemness, showing that the miRNA pool reduces the clonogenicity of PD-GBM cell, one of the main 

functional features of GSC-like cells. (Fig 9 C, D), linked to their self-renewal ability.  
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Conclusions and perspectives 

The most promising result, perhaps, obtained with our strategy, is that a single intratumor administration of ApoE-

LNPs loaded with the 11-miRNA pool delays tumor growth in vivo and increases survival in an orthotopic mouse 

model of human GBM, in absence of any additional treatment (such as chemotherapeutics or radiation) (Fig. 11). In 

brief, the beneficial effects of the miRNA pool led to a > 50% survival extension (Fig. 11 E). We envisage that 

multiple administrations of the LNP-formulated miRNAs could improve the efficacy of this approach, prolonging 

its activity at the tumor site with longer-lasting benefits.  

U87MG have been criticized both for in vitro and for in vivo preclinical modeling of glioblastoma, since concerns 

have been raised on the consistency of their DNA profile to the original tumor and on the morphology of the tumors 

they induce when orthotopically implanted (lacking some of the infiltrative growth features of GBM). The rationale 

for the choice of this cell line is that it is well-characterized and widely used to model human GBM, and suitable as 

a starting point to address our formulation in in vivo experiments. This allowed us to set up the conditions for the in 

vivo treatments and to gain initial insights on the potential of our nanomedicine approach, in a comparable manner 

to others reported in literature. Indeed, in vivo validation experiments with PD-GBM cells are being conducted at 

present moment, employing more clinically relevant models, such as orthotopically implanted NOD-SCID mice. 

Beside this being a better setting for preclinical testing, this model will also allow us to better relate the anti-invasive 

potential of the pool observed in vitro in the same PD-GBM. Moreover, this preclinical model will enable to test the 

therapeutic benefit of the LNP-encapsulated miRNA pool in combination with systemic chemotherapy, thus allowing 

us to provide further validation to our formulation. In perspective, as nanomedicines proved as an effective method 

to deliver multiple, different miRNAs, future studies will analyze the efficacy of combination therapies bringing 

together oncogene modulation via miRNAs and conventional chemotherapeutic drugs. Hence, this work sets the 

ground for future clinical translation of combinatorial therapies with RNAs/drugs to treat one of the most fatal brain 

tumors in human. 

Looking at the translational applicability, the development of RNA-based nanomedicine for GBM should go in 

parallel with reliable delivery routes for clinical testing in patients. The delivery routes for brain tumors are 

essentially divided into invasive and non-invasive, the latter with the prerequisite of bypassing the BBB when 

administered systemically. Our ApoE-LNP formulation is similar to the one developed and approved for 

Transthyretin Amyloidosis (Patisiran), based on the ApoE-mediated uptake from hepatocytes of circulating LNPs. 

Of consequence, any administration route involving systemic administration of our formulation is to be excluded as 

it would lead to major hepatic accumulation of the miRNAs. Instead, the invasive routes for delivering therapeutic 

agents to brain tumors require surgical intervention to circumvent the BBB. An early approach already used in GBM 

is represented by intracerebroventricular infusion: the therapeutic agent is continuously injected into the 

cerebrospinal fluid by an intraventricular catheter system (Ommaya Reservoir) implanted under the scalp. This 
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method has the drawbacks of poor drug distribution and requires refilling, and its use in clinical trials decreased after 

initial enthusiasm. A more recent proposal is convention-enhanced diffusion (CED), relying on a pressure gradient 

created by the active pumping of microcatheters placed intratumorally or peritumorally. The drawback of continuous 

refilling is compensated by the direct targeting of tumor area and a wider penetration of the infusate compared with 

direct injection (Chaichana et al., 2015). CED has been employed since 2003 in clinical trials to deliver 

chemotherapeutics and monoclonal antibodies in GBM patients (Sampson et al., 2003), and is currently adopted in 

a Phase 1 clinical trial for the intra-parenchymal delivery of a liposome-formulated drug (irinotecan) 

(ClinicalTrials.gov identifier NCT02022644). From one side, the liposomal formulation confers the advantage to 

reduce the toxicity of the antineoplastic agent to healthy tissues and, from the other side, CED infusion further 

minimize systemic exposure. Thus, the combination of these two delivery modalities represents a valid option for 

directing the anti-tumoral potential of LNP formulations at the tumor site in a localized manner, circumventing the 

majority of side-effect and nonspecific uptake issues while, at the same time, maximizing its potency on cancer cells. 

Another interesting option among the local delivery routes for brain tumors is represented by drug-eluting polymers: 

implanting a biocompatible matrix in the tumor resection cavity after surgery allows for sustained release of the anti-

tumoral agent at the tumor site and surrounding tissue. In fact, this is the area typically subjected to secondary tumor 

reformation, thus, drug-impregnated polymers are seen as a promising option to counteract GBM recurrence, if 

combined with appropriate chemotherapic agents. Noteworthy, an important boost to implement local administration 

routes, is that they allow to broaden the range of drugs that is possible to employ in GBM, removing the constraint 

of selecting only the BBB-permeable ones (such as TMZ, that is mainly used for this reason). In perspective, the 

combination of polymeric scaffolds with liposome-formulated therapies could revolutionize the field of drug-

delivery routes for therapy-refractory cancers, overcoming the suboptimal delivery issues of lipid nanoparticle 

formulations (Tan et al., 2021). 

Apart from their interest in oncology, miRNAs also represent an alternative way to increase the repertoire of 

approaches to treat neurodegenerative and age-related diseases. Among the miRNAs involved in the regulation 

of brain development and cell differentiation, many have been found to be important biomarkers in the pathogenesis 

of motor- and neuro-cognitive diseases such as Parkinson’s, Alzheimer’s Disease and amyotrophic lateral sclerosis, 

and could be used for targeting these progressive and incurable neurodegenerative diseases (Titze de Almeida et al., 

2020). The identification of the 11 miRNAs as a synergic pool that determines the neuronal fate of aNSC opens up 

interesting perspectives especially in regard to age-dependent loss of hippocampal neurogenesis (Stappert et al., 

2018) or pathological generation of undesirable cells occurring upon brain insults such as stroke, epilepsy and 

neuroinflammation, (Dibajnia et al., 2013; Shimada et al., 2012) that involve the differentiation of reactive astrocyte 

from NSC. The differentiating potential of the miRNA pool could represent a possible tool to sustain neurogenesis 

in the aging brain or, in regenerative medicine, to improve the efficacy (and the yield) of cell-therapies based on 

NSC transplantation (Tang et al., 2017). Of course, all these applications rely on advances in drug 

delivery/nanomedicine to implement appropriate, non-invasive, administration routes. This will be a major obstacle 

https://clinicaltrials.gov/ct2/show/NCT02022644
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to overcome in order to make RNA-based therapies a feasible opportunity also for patients with neurodegenerative 

or age-related diseases. 

In order to maximize the potential of the functional synergism of miRNAs for applications in cancer and other 

diseases, an important challenge will be to identify the most suitable miRNA combinations, also in the perspective 

of personalized medicine. Indeed, machine-learning based approaches have been used to identify miRNA biomarkers 

in various diseases (Kayvanpour et al., 2021). This is a hot topic, not only in cancer, since miRNA (especially 

circulating ones) can be integrated with other biomarkers to add information on diagnosis, prognosis and response 

to therapies. In light of our results, proteomic analysis of proteins downregulated by the pool in GBM cells from 

different patients enabled us to prospect for potential biomarkers and drug targets. In fact, we are investigating 

the correlation between some predicted pool targets and prognostic clinical features in large cohort of GBM patients. 

To pursue this objective, one approach we are taking into consideration is to implement a Neural Network to identify 

suitable combinations of our biomarkers, inferring the ones that may possess a predictive value in the diagnostic 

phase, to further validate them in another patient-derived GBM panel.  

The intrinsic combinatorial nature of miRNAs action would perhaps require more attention in the design of RNA-

based therapies for cancer and other diseases, in fact, miRNA synergy can improve the desired beneficial effect but 

the promiscuous binding of miRNAs can also provoke unwanted off-target effects. Given the availability of big-

data, we can now address this challenge through Artificial Intelligence and Deep Learning approaches. These 

methods have been extensively employed to develop miRNA-target prediction tool, but they are also increasingly 

applied to infer miRNA synergism, as this theme emerges as a relevant aspect to consider when studying miRNA-

mediated gene regulation. The integration of different types of datasets (miRNA sequence and expression data, RNA 

expression data, miRNA-target prediction tools, protein-protein interactions, protein expression data, functional 

enrichment databases…) emerges as the prerequisite for a reliable identification of bona fide synergic miRNAs. 

However, most of the existing approaches are not meant to explicitly look at the simultaneous co-regulation exerted 

by multiple miRNAs on target genes, and they assume that a group of miRNA work in a synergistic way if they 

share targets at the sequence level. This level of analysis doesn’t take into account the dynamic expression pattern 

of miRNAs: actually, it has been noted that synergic miRNAs should be co-expressed to regulate gene networks in 

a coordinate way (Li et al., 2013). An example of computational tool for the identification of synergic miRNA 

modules has been provided by Zhang et colleagues using a network approach to infer cooperative regulation among 

miRNA (Zhang et al., 2019). Interestingly, the authors pointed out that most of the identified synergistic miRNA 

pairs show the same expression pattern. This finding supports the working hypothesis that stands at the basis of the 

choice of the miRNA pool: in fact, the 11 miRNAs were originally selected because of their co-expression pattern 

observed during aNSC differentiation (Pons et al., 2017). In sum, computational approaches represent a valid help 

in the optimization of experiment design, as well as in the validation of experimentally-discovered miRNA-target 

interactions, not only for the identification of new synergic miRNA modules, but also to identify the cooperative 

network structures and conserved hubs in different kind of cancers. In a recent example (Shao et al., 2018), miRNA 
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cooperative modules were found to be associated with patient survival in several cancer types, thus the synergic 

functions of this ncRNA species can represent an innovative paradigm to understand cancer mechanisms and to 

assist in the development of innovative strategies.  

In conclusion, the functionally interconnected network of potential miRNA targets that we identified by proteomics 

analysis shed light on the molecular mechanisms underlying the anti-invasive action of the pool and in particular on 

the involvement of collagen pathway. Further validation experiments are needed to clarify which of these protein-

coding genes are direct or indirect targets of the 11 miRNAs, and especially if a hierarchy exists among them. In 

perspective, by identifying the key upstream regulators of the network, it would be possible to phenocopy the effect 

of the miRNA pool by targeting only a subset of genes, for example with siRNA or specific inhibitors. This would 

be a completely different approach from the synergic miRNA formulation we described here, but could represent a 

way to reduce the number of therapeutic molecules employed, minimizing off-targets effect. Following this idea, the 

miRNA pool can be view as a “targets prospector”: by dissecting the endogenous miRNA functions discovered in 

aNSC and dysregulated in GBM, we can identify novel molecular mechanisms underlying the aggressiveness of this 

type of tumor; this kind of analysis can procure both biologically relevant cancer targets as well as indicators of the 

tumor progression, that can be employed as GBM biomarkers. 
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5 Materials and methods 

Cell cultures, transfection and in vitro assays 

PD-GBM were cultured in GSC medium, composed of Neurobasal (Gibco), DMEM Hi-glucose (Sigma), DMEM-

F12 (Sigma) respectively at 2:1:1 ratio, and supplemented with: B-27 (Gibco), 2mM L-Glutamine (Gibco), 15 ug/ml 

insulin (Sigma), 2 ug/ml heparin (Sigma), bFGF and EGF 20 ng/ml (Peprotech). U87MG (from ATCC) were 

cultured in EMEM medium supplemented with 2mM L-Glutamine and 10% FBS (Fetal Bovine Serum, Sigma). 

Transfection: Lipofectamine 2000 was used to transfect miRNA mimics or the scrambled control RNA (miRIDIAN, 

Dharmacon) at the final concentration of 25nM each (miRNAs) or 250 nM (scrambled) as previously described 

(Pons-Espinal et al., 2017). Trans-well assay: 24h after transfection, PD-GBM cells were detached and 15000 

cells/insert were seeded on Millicell ® Hanging inserts (Millipore, PET membrane, 8 µm pores) for 24-well plates 

coated with Matrigel (Corning, 1:40 in DMEM) and cultured in complete medium. DMEM with 10% FBS was added 

in the bottom wells as chemoattractant. 24h later, non-invaded cells were removed. Inserts were fixed in 100% 

Methanol (-20°C), stained with Toluidine Blue 1% (in Borax 1%) and Hoechst (1:300 in PBS), and imaged for cell 

quantification. 3D cultures in Collagen hydrogels: PD-GBM cells were transfected as described for 24h, then 500 

cells/well were seeded in an ultra-low attachment 96-wells plate (InSphero) and briefly centrifuged to improve 

spheroids formation for 24h. Each spheroid was then transferred into collagen type I hydrogels (2mg/ml at 

physiological pH). Hydrogel preparation: Collagen type I solution (3 mg/ml, SigmaAldrich) was mixed with a PBS, 

EMEM (5x) with phenol red, 0.1 M NaOH and sterile water to yield a final collagen concentration of 2 mg/ml at pH 

of 7.4. Spheroids were maintained in culture for 7 days. Clonogenic Assay: PD-GBM cells were transfected as 

indicated. 24 hours after, single cells were seeded in Matrigel-coated 96-wells and observed under light transmitted 

microscope. Cells were maintained in complete medium for 2 weeks to allow the growth of colonies. Number of 

colony-forming wells were stained with Toluidine Blue, counted and normalized on colony-forming wells of non-

transfected condition. Cell adhesion on collagen: 5000 cells/coverslip of control-, or pool-transfected PD-GBM cells 

were seeded 72 hours after transfection on 18 mm ⌀ glass coverslips pre-coated with human collagen IV (Corning; 

10 mg/mL) and incubated for 5 minutes. Cells were removed and cultured for two hours in fresh medium. Cells were 

fixed with 4% PFA, stained with Hoechst (1:1000) and counted. 

LC/MS SWATH proteomics and Western Blotting 

Samples preparation: 24 hours after transfection, 80000 PD-GBM cells/well were seeded in 24-multiwell (i.e., non-

adherent condition) for 6 days. 5 independents protein extracts per PD-GBM/per condition, were prepared with ice-

cold RIPA buffer containing protease inhibitors (EDTA-free, Roche) and sodium orthovanadate (phosphatase 

inhibitor). Lysates were kept 30 min in agitation, and collected by centrifugation at 4°C, then stored at -80°C. Protein 

digestion: 50 μg of proteins per sample were reduced with dithiothreitol (100 mM DTT) in 50 mM NH4HCO3 at 56 

°C for 30 min, alkylated in 100 mM IAA in 50 mM NH4HCO3 (30 min at room temperature in the dark), then 

precipitated with cold acetone (-20°C), overnight. Samples were then centrifuged (14000 g x 30 min at 4 °C), the 



 45 

pellets were dried under nitrogen stream and resuspended in digestion buffer (50 mM NH4HCO3). Protein digestion 

into peptides was obtained by adding 0,5 μg/ml trypsin and letting (37°C overnight). A desalting procedure was 

conducted with Pierce C18 Spin columns, peptides were then dried and re-dissolved in 3% acetonitrile with 0,1% 

formic acid. LC/MS analysis: The volume corresponding to 1.65 μg of peptides was injected on a NanoAcquity 

chromatographic system.  

LC/MS: The chromatographic method was set as follow: for the trapping phase, an Acquity C18 column (180 μm x 

20 mm, from Waters, Milford, MA,USA) was used and the peptides were loaded at 4.0 μl/min (1% acetonitrile + 

0.1% FA) for 4 minutes; the peptides were then moved into a PicoFrit C18 column (75 μm x 25 cm, from 

NewObjective Inc., Woburn, MA, USA) and eluted at 300 nL/min with a 2 hours gradient of acetonitrile in water 

(3% to 45%, both eluents were added with 0.1 % FA); the system was washed with 90% of acetonitrile for 10 minutes 

and then re-equilibrated at 3% of acetonitrile for 18 minutes. The eluted peptides were analyzed by a TripleTof 

5600+ mass spectrometer equipped with a NanoSpray III ion source and operating in data-independent acquisition 

(DIA) mode, following the SWATH protocol for label free proteomics (Huang et al., 2015). For protein 

quantification, the tandem mass (MS/MS) spectra were searched against a modified version of the PanHuman ion 

library (IL) (Braccia et al., 2019), using only no-shared peptides. The following parameters were used: minimum 

peptide confidence 90%, 50 ppm maximum mass tolerance, 30 minutes maximum RT tolerance, 6 MRM transitions 

per peptide and modified peptides were not allowed. 

Western Blotting: 15 µg of proteins per sample were separated on a 10 % polyacrylamide gel (Bio-Rad) in 

Tris/Glycin/SDS running buffer and transferred to nitro-cellulose membrane (Bio-Rad) using 20% Methanol-

containing buffer. Membranes were blocked in 3% Milk in TBS-Tween and probed overnight with primary and then 

secondary antibodies. Bands were detected with SuperSignal™ West Pico PLUS Chemiluminescent Substrate using 

ImageQuant LAS 4000 Mini (GE Healthcare) and quantified using ImageJ. To normalize for the total amount of 

loaded protein in different lanes, the nitrocellulose membrane was stained with MemCodeTM Reversible Protein 

Stain Kit (Thermo Scientific) and imaged using ChemiDoc™ MP Imaging System (Bio-Rad).  

Antibodies: rabbit anti-PLP2 1:1000 (abcam, ab180131); rabbit anti-FKBP9 1:500 (abcam ab91219); rabbit anti-

Integrin beta-1 (D6S1W, Cell Signaling); rabbit anti-GAPDH (Santa Cruz Biotechnology, sc-25778). rabbit anti-

MMP14 1:1000 (abcam ab51074); rabbit anti-Collagen IV 1:1000 (abcam ab6586). Horseradish peroxidase-

conjugated anti-rabbit immunoglobulin G [IgG] (A16074, Life Technologies) 1:2000. 

RNA extraction and Real-time quantitative PCR (qPCR)  

RNA isolation and extraction were performed with TRIzol (Invitrogen) following manufacturer’s instructions; RNA 

content and quality was checked with NanoDrop (Thermofisher) Reverse transcription and qPCR for 

miRNA/mRNAs was performed as previously described (Pons-Espinal et al., 2017). Sequences of the qPCR human 

primers employed are the following: 

https://www.selectscience.net/products/chemidoc-mp-imaging-system-(170-01402)/?prodID=207911
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miRNA-target prediction 

Three different miRNA-target databases were combined: miRWalk 2.0 (mirwalk.umm.uni-heidelberg.de); 

miRTarBase 7.0 (http://mirtarbase.mbc.nctu.edu.tw/php/index.php); and TargetScanHuman V7.2 

(www.targetscan.org/vert_72/). 

Imaging and image quantification 

Trans-well/3D spheroids in hydrogel: were imaged with a 5X objective in a Leica DMI6000 inverted microscope. 

Trans-well: invaded (Toluidine Blue and Hoechst stained) cells were counted on at least the 42% of each membrane 

surface (13,86 mm2 over 33 mm2 total surface). Cell/mm2 quantification was normalized in each experiment as % of 

cells in the control condition. Hydrogels: Spheroid core area was quantified with Fiji ImageJ software and the 

relative radius is calculated; the external perimeter formed by spheroids protrusions was selected and the spheroid 

core area subtracted to obtain the invasion area of each spheroid. Clonogenic assay was imaged with a 10X objective 

in an Olympus CKX41 inverted microscope. U87 cells treated with FAM-siRNA LNPs were imaged with confocal 

microscope Nikon A1. 

LNPs 

Materials: 1,2-dioleoyl-3-dimethylammonium-propane (DODAP), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-

PEG2k), (Avanti Polar Lipids Inc). Cholesterol (Merck). Human ApoE3 (Peprotech). RNA loading in LNPs: 

Microfluidic mixing (Nanoassemblr, Precision NanoSystems) was used to mix one volume of lipid mixture in 

ethanol (DODAP, DPPC, cholesterol, DSPE-PEG2k at 50/10/38.5/1.5 mol ratio) with 4 volumes of citrate buffer 

(pH 3.9, 50 mM) containing the miRNAs or scramble RNA, or a FAM-labeled siRNA (Merck) at the final lipid/RNA 

ratio of 39:1 (w/w), at a total flow rate of 2 ml/min. LNPs were dialyzed for 16-20 h against 500x volume of PBS 

pH 7.4, then sterilized through 0.22 µm PVDF syringe filters (Millipore). For in vivo experiments LNPs were 

concentrated by centrifugal ultrafiltration units (Amicon Ultra 4, 30kDa MWCO, Millipore). LNP coating with 

ApoE3: 1 mg of human ApoE3 peptide every 140 mg lipids was incubated for 5' at 37°C. Characterization: Diameter, 

polydispersity index (PdI) and z-potential of LNPs were measured using a Nano-ZS Zetasizer (Malvern) in deionized 

water. The RNA encapsulation efficiency was determined by Ribogreen assay (Thermofisher) following the 

manufacturer protocol, with a plate reader (Tecan) before and after the lysis of LNPs with Triton X (0.5% w/w). 

Gene Name Forward Primer Reverse Primer 

ZEB1  CAGCTTGATACCTGTGAATGGG  TATCTGTGGTCGTGTGGGACT  

CDH2 (N-CAD)  CCTGAGGGATCAAAGCCTGGAAC  TTGGAGCCTGAGACACGATTCTG  

MMP2  AGCGAGTGGATGCCGCCTTTAA  CATTCCAGGCATCTGCGATGAG  

SNAI2 (SLUG)  CATGCCTGTCATACCACAAC  GGTGTCAGATGGAGGAGGG  

VIM  AGTCCACTGAGTACCGGAGAC  CATTTCACGCATCTGGCGTTC  

GAPDH  TGCACCACCAACTGCTTAGC  GGCATGGACTGTGGTCATGAG  
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Cryo-electron microscopy of LNPs was done with FEI Tecnai G2-F20). LNPs treatment in vitro and analysis: U87 

cells (5x104 cells/well) were seeded into 8 chambered cover glass system for confocal imaging (Lab Tek II, Thermo 

Scientific) or 8x104/well in multiwell-24 for flow-cytometry analysis and kept in complete medium for 24h. Cells 

were then treated with LNP loaded with either FAM-labelled siRNA (final siRNA concentration100nM) for 2 or 5 

hours and then either fixed with 4% PFA and stained with WGA and DAPI for imaging or analyzed with a FACs 

ariaTM IIIu cytofluorometer. For qPCR, PD-GBM (8x104/well) were seeded in multiwell-24 and kept in complete 

medium for 24h, then treated for 5h with LNP loaded with either miRNA mimics or scrambled RNA (final 

concentration was 25 nM of each miRNA mimic and 250 nM of scrambled RNA). 

In vivo experiments 

All animal procedures were approved by the animal welfare committee of Istituto Italiano di Tecnologia (IIT) and 

by the Italian Ministry of Health according to Italian D.lgs 26/2014 and European Directive 2010/63/EU. A 

maximum of five animals per individually ventilated cages housed at the IIT’s animal facility under a 12-hr light-

dark cycle with ad libitum food and water. Surgery: Six weeks old Foxn1nu mice (Charles River) were anesthetized 

with 2% isoflurane/0.8% oxygen placed into a stereotaxic apparatus and maintained on a warm platform at 37°C for 

the whole duration of the anesthesia. A 5 mm scalp incision was performed to expose bregma and 3 µl of suspension 

containing 5x105 U87MG-luc cells were injected by a Hamilton syringe guided by a stereotaxic apparatus at bregma 

coordinates: anterior-posterior, 1.5 mm; lateral, 1.4 mm left and 1 mm below the skull surface. After surgery, skin 

was sutured with absorbable wire (Johnson & Johnson Ethicon Sutures Vicryl 4/0) and mice were monitored until 

full recovery after transplant. Quantification of tumor growth: mice were administered with luciferin (D-Luciferin 

potassium salt, 150 mg/kg, PerkinElmer) via intraperitoneal injection, anesthetized with 2% isoflurane/0.8% oxygen 

and imaged 10 minutes after injection. In vivo bioluminescence imaging (BLI) was performed three times per week 

using the IVIS Spectrum Imaging System (PerkinElmer), regions of interest were defined using Living Image 

software and the radiance (p/s/cm2/sr) or total photons flux (p/s) were recorded. When the bioluminescence signal 

reached 5x105-1x106 p/s/cm2/sr mice were treated with ApoE-LNP loaded with miRNA pool or with scrambled 

miRNA as a control (6 µg of miRNA per mouse, n=4/group). Surgery was performed as above described and 3 µl 

of ApoE-LPN suspension were injected at the same bregma coordinates previously used for cells transplantation. 

Bioluminescence signal was monitored three times per week and animals were sacrificed at first signs of neurological 

distress or at experiment endpoint.  

In silico analysis 

Gene ontology (GO) enrichment: Significantly downregulated protein lists were analyzed separately on DAVID 

Database V6.8 (https://david.ncifcrf.gov); the whole human genome was used as background. DAVID algorithm 

uses EASE Score Probability (a modified Fisher Exact P-value) for calculating a P value for gene enrichment; The 

GO terms were listed from the most significant using Benjamini-corrected P values. PPI analysis, was performed 

with the STRING software (https://string-db.org) REFaccording to default settings. Proteomics: Quantifications of 

https://string-db.org/
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LC/MS Raw data were normalized using the Most Likely Ratio (MLR) method (58) before the statistical analysis. 

To detect significant changes at protein level, an un-paired, 2 tailed t-test was performed and a total of 351 proteins 

for GBM1 and 462 proteins for GBM2 were found to be significantly (p.value < 0,05) altered. Cell type Cluster 

analysis: Cluster markers and cluster cell type interpretations data from (Bhaduri et al., 2020) were employed to 

obtain the lists of marker genes for each cluster. Non-significant marker genes were filtered out selecting only 

adjusted p-values lower than 0,05; then protein-coding gene lists obtained by proteomics data for both PD-GBM 

(i.e.: total proteome list in ctrl-treated samples; significantly downregulated protein list; significantly up-regulated 

protein list) were compared with each cluster’s marker genes list to obtain the number of genes in common. Non-

tumoral cell type clusters (B Cells, Dividing B Cells, Microglia, Red blood cells, Tumor Associated Macrophage, 

Unknown) were removed from the analysis. The analysis was performed with R-Statistics.
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6 Publications 

“Surface‐Functionalized Self‐Standing Microdevices Exhibit Predictive Localization and 

Seamless Integration in 3D Neural Spheroids” 

https://doi.org/10.1002/adbi.202000114 

 

Affiliations: 

Aziliz Lecomte, Lidia Giantomasi, Fabio Boi, Gian Nicola Angotzi, Luca Berdondini (corresponding 

author): Fondazione Istituto Italiano di Tecnologia (IIT), NetS3 Lab, Genova 16163, Italy 

Silvia Rancati: Fondazione Istituto Italiano di Tecnologia (IIT), Neurobiology of miRNA lab, Genova 

16163, Italy 

Abstract: 

Brain organoids is an exciting technology proposed to advance studies on human brain development, 

diseases, and possible therapies. Establishing and applying such models, however, is hindered by the 

lack of technologies to chronically monitor neural activity. A promising new approach comprising self‐

standing biosensing microdevices capable of achieving seamless tissue integration during cell 

aggregation and culture. To date, there is little information on how to control the aggregation of such 

bioartificial 3D neural assemblies. Here, the growth of hybrid neurospheroids obtained by the 

aggregation of silicon sham microchips (100 × 100 × 50 μm3) with primary cortical cells is investigated. 

Results obtained via protein‐binding microchips with different molecules reveal that surface 

functionalization can tune the integration and final 3D location of self‐standing microdevices into 

neurospheroids. Morphological and functional characterization suggests that the presence of an 

integrated microdevice does not alter spheroid growth, cellular composition, nor functional 

development. Ultimately, cells and microdevices constituting such hybrid neurospheroids can be 

disaggregated for further single‐cell analysis, and quantifications confirm an unaltered ratio of neurons 

and glia. These results uncover the potential of surface‐engineered self‐standing microdevices to grow 

untethered 3D brain tissue models with inbuilt bioelectronic sensors at predefined sites. 

  

https://doi.org/10.1002/adbi.202000114


 50 

“A Xenotransplant Model of Human Brain Tumors in Wild-Type Mice” 

https://doi.org/10.1016/j.isci.2019.100813 

Affiliations: 

Nadin Hoffmann, Virginia Fernàndez, Rui Cruz Pereira, Silvia Rancati, Roberta Pelizzoli, Davide De 

Pietri Tonelli (corresponding author): Fondazione Istituto Italiano di Tecnologia (IIT), Neurobiology 

of miRNA lab, Genova 16163, Italy 

Abstract: 

The development of adequate model systems to study human malignancies is crucial for basic and 

preclinical research. Here, we exploit the “immune-privileged” developmental time window to achieve 

orthotopic xenotransplantation of human brain tumor cells in wild-type (WT) mice. We find that, when 

https://doi.org/10.1016/j.isci.2019.100813
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transplanted in utero, human glioblastoma (GBM) cells readily integrate in the embryonic mouse brain 

mirroring key tumor-associated pathological features such as infiltration, vascularization, and complex 

tumor microenvironment including reactive astrocytes and host immune cell infiltration. Remarkably, 

activation of the host IBA1 tumor-associated microglia/macrophages depends on the type of glioma 

cell transplanted, suggesting our approach allows one to study human GBM interactions with the 

immune system of WT host mice. The embryonic engraftment model complements existing ones, 

providing a rapid and valuable alternative to study fundamental biology of human brain tumors in 

immune competent mice. 
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Data and results presented in this thesis have been submitted for publication: 

 “A nanoformulated 11-microRNA pool synergistically modulates tumor cell invasion 

and growth in orthotopic glioblastoma murine models” 

Authors:  

Rancati, S.1; Pereira, R.C.1; Schlich, M.2; Macchi, F. 1; Pelizzoli, R.1; Braccia, C.6; Lo Van, A.1; Pons-

Espinal, M.1; Palange A.L. 2, Bajetto, A.4; Daga, A.5; Armirotti, A.3; Florio, T.4,5; Decuzzi, P.2 and De 

Pietri Tonelli D.1* 

Affiliations: 

1) Neurobiology of miRNAs, Istituto Italiano di Tecnologia, Genoa (Italy) 

2) Nanotechnology for Precision Medicine, Istituto Italiano di Tecnologia, Genoa (Italy) 

3) Analytical Chemistry, Istituto Italiano di Tecnologia, Genoa (Italy) 

4) Department of Internal Medicine, University of Genoa (Italy) 

5) IRCCS Policlinico San Martino, Genoa (Italy) 

6) D3Pharmachemistry, Istituto Italiano di Tecnologia, Genoa (Italy) 

*Corresponding author  

Abstract:  

Although small interfering RNAs are being routinely used in the clinic, the therapeutic potential of oncogene 

co-regulation via different microRNAs (miRNAs) is still underexplored. Here, the functional synergism of 

a pool of 11 miRNAs involved in neural stem cell differentiation was investigated in 3 different patient-

derived GBM cultures and in a conventional orthotopic mouse model of human GBM. First, we show that 

the 11 miRNAs are mostly downregulated in all tested human GBM cells. Then, we demonstrate that the 

modulation of the 11-miRNA pool affected the expression of proteins involved in tumor cell adhesion and 

stemness. These findings positively correlate with a significant reduction in cancer cell invasiveness, which 

was documented in monolayer and tumor spheroid cultures. Notably, a single miRNA of the 11 (i.e., miR-

124) cannot recapitulate the functional synergism of the pool. Moreover, the 11 miRNAs downregulated an 

identical subset of proteins in different patient-derived GBM cells, several of them involved in Collagen 

pathway, that correlate with the malignancy grade and subtype, further supporting the ability of the selected 

pool to modulate tumor aggressiveness. Finally, the 11-miRNA pool was efficiently encapsulated into 

Apolipoprotein E-coated lipid nanoparticles and deposited in orthotopic murine models of human GBM. A 

single nanoparticle administration significantly impaired tumor growth, extending survival by >50% 

compared to control experiments, without visible adverse effects. This study highlights the role of miRNAs’ 

functional synergism in treating malignancies with dismal prognosis proving that nanomedicines can be used 

to effectively deliver different miRNAs in vivo, possibly in combination with chemotherapy.  
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Appendix: Review process 

Reviewer 1 – Prof. Francesco Gentile (Associate Professor of Bioengineering, University 

Magna Graecia of Catanzaro) 

Originality of the research 

This is an excellent thesis work where a biomolecular combinatorial approach and a drug delivery 

strategy are used together to tackle problems of biomedical nature and treat Glioblastoma. The 

combination of a pool of 11 miRNAs used as therapeutic agents and their administration to the tumour 

sites using a liposome based strategy to overcome biological barriers and the brain blood barrier is 

new. The formulation of this antineoplastic agent and this nanotechnology for the intracellular delivery 

of drugs is at the forefront of biomedical research. 

Methods 

The PhD candidate used state of the art biomolecular and biochemistry methods, bio nanofabrication 

techniques and characterization methods. Remarkably, some of these methods and strategies are new, 

and have been developed by the PhD candidate in collaboration with his/her colleagues of the research 

group. 

Technical and scientific quality of the work 

The technical and scientific quality of the work is excellent. The methods of the paper are rigorous, the 

experimental evidence supports the hypothesis formulated and the conclusions. Images of the MS are 

explicative of the work and sufficient detail is provided to allow others to reproduce the work. The 

theoretical and experimental approaches taken by the candidate during his/her thesis work are 

rigorous. The work itself has been accomplished in a way that enhances confidence in the veracity of 

the findings 

Author answer: I would like to thank very much Prof. Gentile for the time he dedicated to assessment 

of my thesis, for the critical reading and insightful comments. I am glad for his positive evaluation, 

supporting the theoretical and experimental approach of this work and for considering it worth of 

publication. I will answer point-by-point to his comments and remarks. 

Comments and remarks 

Comment 1: There are some (few) typos throughout the Thesis that should be corrected. The text should 

be revised. 

Author answer to comment 1: I have revised the manuscript and corrected the typos.  
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Comment 2: The Candidate should explain or expound better on the fact that a pool of 11 miRNAs are 

necessary and sufficient to sustain neuronal differentiation of adult neural stem cells in mice. Is the 

opinion of the Candidate that any other combination of miRNAs may not perform as well the proposed 

11 miRNAs pool? 

Author answer to comment 2: The statement that the miRNA pool is necessary and sufficient to drive 

the neurogenic fate choice of aNSC is based on prior art (Pons et al., 2017). In this work it has been 

demonstrated that, in miRNA-depleted aNSC, the re-administration of the 11 miRNAs can drive their 

neurogenic differentiation (thus, they are sufficient to this scope); but when testing all of the miRNAs 

alone or other combinations (sub-pools, or pools with ten miRNAs obtained withdrawing individual 

miRNAs) the same result is not achieved, implying that they are all necessary. We can’t exclude that in 

GBM cells some other combinations of miRNAs could perform as well as the pool, maybe acting on 

different tumor-supporting mechanisms (for example on cell cycle, or DNA damage…). However, this 

work is aimed at demonstrating that the synergic activity of this pool is maintained when translating it 

to GBM cells, giving strength to the fact that they do possess an intrinsic potential as a group. In this 

work, we performed a proof-of-concept experiment challenging the 11 miRNAs versus miR-124 alone 

(which is well known for its tumor-suppressive roles), demonstrating that the anti-invasive potential of 

the pool is superior. At minimum, our results support the rationale of using synergic miRNAs as a better 

performing anti-cancer strategy, thus propelling the research toward the exploitation of multiple-

miRNA combinations for different cancer types and grade. Of course, the proper identification of 

synergic miRNA modules is at the basis of their employment in different contexts, and computational 

methods based on Artificial Intelligence and Deep Learning can represent an optimal tool for this scope 

(I briefly addressed this issue at the end of “Conclusion and perspective” section; see also Comment 3). 

 

Comment 3: The combinational nature of the problem suggests that newly developed methods of data 

analysis can support the study and improve the efficiency of the technique. Because of the significance 

of the work and the possible far reaching consequences of the results, the Reviewer suggests to include 

in the thesis a very short section where the Candidate comments on how Artificial Intelligence, deep 

learning algorithms, big-data analysis, can be possibly integrated with this and other similar studies. 

Author answer to comment 3: I added two paragraphs to shortly address this issue at the end of the 

“Conclusions and Perspectives” section. I totally agree that the assistance of advanced computational 

methods is gaining momentum in cancer biology and it will progressively become a prerequisite tool, 

especially when relating with large patient datasets for retrieving clinical implications of gene-

regulatory elements such as miRNAs. Artificial Intelligence methods such as Neural Networks can also 

represent a paramount tool when addressing miRNA synergy, given the complexity and the kind of 

multi-layer regulation of the biological networks involved. 
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Comment 4: Perhaps the section Rationale and Aims of the thesis should be moved before the remaining 

paragraphs and the Introduction. 

Author answer to comment 4: Thank you for this suggestion. However, I respectfully disagree, since 

the rationale of the work and the main Aims were already summarized in the “Preface” section, at the 

very beginning of the thesis. Thus, moving the “Rationale and Aims” just after would perhaps be 

redundant.  

 

Comment 5: Changing perspective, the proposed tool of miRNA can be possibly used in tissue 

engineering, neuro-regeneration, bioinformatics, to regulate cell growth? The Candidate should 

discuss on these aspects even further. 

Author answer to comment 5: I shortly addressed these issues by adding a paragraph in the 

“Conclusion and Perspectives” section (pages 41-42). 

 

Comment 6: At the beginning of the Results, I would remove the page with the details of the work 

submitted for publication and move them in appendix to the Thesis. 

Author answer to comment 6: I agree: I moved it at the end of the “Publications” section. 

 

Comment 7: In the Results section, the Candidate illustrates in Figure 8A protein-protein interactions 

and cluster analysis. The Candidate should add details on how the analysis was performed and which 

software and algorithms he/she used. 

Author answer to comment 7: Protein-protein interaction analysis was performed with STRING 

software algorithm on its website (https://string-db.org), that provides proteins clusterization and the 

statistics for the resulting functional network. The analysis was run automatically by the online tool 

with standard settings, inserting as input the 37 human protein names; for this reason, I didn’t add details 

on the algorithm in the “Material and Methods” section. 

 

Comment 8: The cryo-electron microscopy image in Figure 10B is the sole image showing the lipid 

nanoparticles used in the work? The Candidate should add more images in a separate Figure. 

Author answer to comment 8: I added more images of the LNP acquired with cryo-TEM in figure 

10B. Lipid Nanoparticles were produced by another group and characterization was performed in 

collaboration with them. They are interested in the further characterization of the physicochemical 

https://string-db.org/
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properties of these LNP and their performances as drug- and RNA-delivery vector in specific settings, 

which will be published by them in a separate study. Indeed, LNP characterization is not the main focus 

of my thesis (neither my principal expertise).  

 

Comment 9: Is the opinion of the Candidate that a liposome formulation is the best approach to deliver 

the therapeutic agents to the tumor sites? The effects of size and shape of engineerable nanocarriers 

have been thoroughly examined, in part by investigators who work in the same institute of the 

Candidate. The candidate should substantiate the fact that spherical nanoliposomes are the best 

candidates for delivery or, if this is not the case, how artificial micro or nano particles with different 

physical, chemical, and geometrical characteristics can possibly improve the efficiency of delivery. 

Author answer to comment 9: In my opinion (and in agreement with our collaborators) a liposome 

formulation is the best choice for our miRNA-based approach and for the intratumoral administration 

route we performed. In fact, a key requisite for our formulation was to efficiently release the miRNA 

cargo inside the cell cytoplasm: LNPs are currently an optimal solution for this scope, given the ability 

to evade the endosomal trafficking (endosomal escape) conferred by ionizable lipids dynamics (Schlich 

et al., 2021). But the most important reason why we chose LNP has to do with the translational 

perspective of our formulation: LNPs are the most clinically relevant nano-vector for small RNA 

delivery. Actually, at present moment there are no other nanoparticles approved for clinical applications 

of RNA-therapy, and this kind of approach is among the best characterized under the safety profile and 

is definitely up-to-date (two examples for all are the first approved vaccines for COVID-19, Moderna 

and Pfizer-Biontech, both based on mRNA delivered via LNP).  

Of course, the engineering of features such as different materials, size and shape allows to modulate 

NPs distribution and accumulation upon administration. In fact, size has a strong influence on 

hemodynamic properties, barrier penetration and clearance pathway/timing of NPs (for example, 

determining if the NPs will undergo renal clearance or will be phagocytized by macrophage cells). 

Stiffness is another parameter to take into account, as it has been shown that softer polymeric 

nanoconstructs are better at evading the uptake by monocyte/macrophage system (Key et al.,2015; 

Palomba et al., 2018). These are just a couple of examples from a vast research field dedicated to 

optimize NPs biodistribution upon systemic injection, that is the less invasive and generally preferable 

administration route. However, as motivated in the Rationale, we choose to intratumorally administrate 

LNP-loaded miRNAs as a way to avoid the drawbacks of systemic biodistribution issues and to 

circumvent the obstacle represented by the BBB. In accordance to what I wrote in Answer 8, we were 

not interested in the development/improvement of a novel nanoparticle system, thus the rationale for 

the choice of LNP was based on prior art, that demonstrated the safety, efficiency of cargo delivery and 

the translational potential of this kind of vectors in similar preclinical settings. 
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Comment 10: The Methods section is perhaps too compact. That is typical of those candidates who 

write a PhD thesis by assembling the different works that they did during their Phd Course. While 

there's nothing wrong with this approach, the Candidate should expand the Methods and in some parts 

reformulate them in a more discursive fashion. In this present form, the Methods are too specific, too 

focused, and do not stimulate the attention of the reader. 

Author answer to comment 10: Despite the biological findings of this work are novel, the majority of 

the methods employed are quite routine in “wet labs” (maybe with the exception of the exact 

composition and assay performing conditions of the collagen gel 3D culture, which was developed by 

our biomaterial expert collaborator). Thus, in my opinion a more detailed formulation of the “Methods” 

section would not deserve a wider space and would not add information, since the reviewers agree it is 

appropriate to gain the minimum insights for reproducibility. 
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Reviewer 2 – Prof. Michele Mazzanti (Professor of Physiology, University of Milan) 

I undersigned, Michele Mazzanti, Professor of Physiology at the University of Milan, as External 

Member of the Examining Committee in charge of evaluating the work and the thesis of Silvia Rancati, 

PhD student in Neurosciences – Curriculum “Neuroscienze e Neurotecnologie” at University of Genoa, 

declare that after carefully reading the thesis by Silvia Rancati, I found it excellent.  

Content: The work aims at developing a nanomedicine approach to deploy a therapeutic pool of 11-

miRNA pool against GBM and to identify the molecular mechanisms underlying its therapeutic effects.  

Main results achieved by this work are: 1) the identification of the anti-invasive role of the 11 miRNAs 

in GBM by the synergistic modulation of a gene network encoding proteins involved in cell-adhesion, 

cytoskeleton reorganization and extracellular matrix remodeling. Interestingly, many of the targets 

downregulated by the pool in GBM correlate with glioma stem cells and thereby are possible candidate 

for future drug development to prevent tumor recurrence. 2) Testing of an RNA delivery strategy (lipid 

nanoparticles) offering a clinical translation potential (e.g. similar to those used by Pfizer-Biontech or 

Moderna to deliver RNA vaccines). 3) preliminary demonstration that nano-delivery of the 11 miRNA 

pool is an effective strategy to slow-down the in vivo growth of an aggressive model of human GBM 

(U87MG).  

Structure: The thesis is composed by a preface, a thorough introduction in chapter 1; Objectives and 

aims in the Chapter 2; Results section in Chapter 3; Discussion and future perspectives in Chapter 4; 

Materials and Methods in Chapter 5. The thesis is well written and easy to follow. Results are well 

described, figures are nicely organized and materials and methods are exhaustive. However the 

discussion/perspective section would have deserved a wider space. I would advice to enclose a 

subsection dealing with possible clinical implications: for example, a paragraph comparing different 

routes/intervals of administration of the nanoformulation of miRNAs in patients; use of the 

nanomedicine approach in combination with current therapies and the clinical implications of the 

different approaches.  

Results: In vitro results are very interesting and in vivo validation is promising. However, the cell line 

chosen for the in vivo validation (U87MG), although widely used and very aggressive human GBM 

model, has been recently criticized for preclinical tests. Rationale for this choice should be discussed.  

Grade suggestion: The candidate’s work has been recently published in two studies. Moreover, based 

on the amount of work presented in this thesis, its perceived relevance and taking into account the 

evaluation standards applied to doctoral theses at the Univ. of Milan and international PhD schools 

where I have acted as external member (i.e., Univ. of Edinburgh, Univ. of Hongkong, University among 

others), I firmly support the acceptance of the thesis and the evaluation of Silvia Rancati as doctoral 

candidate and suggest proceeding to the thesis defense in front of the Examining Committee. 
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Author answer: I wish to thank very much Prof. Mazzanti for his feedbacks and the useful advices to 

improve this thesis. I am pleased for the positive consideration and for the grade suggestion. To answer 

to the reviewer comments, I expanded the “Conclusion and perspectives” section, adding in the first 

paragraph the motivations for the use of U87MG as in vivo model of GBM, and discussing on clinical 

implications and different administration routes in the following paragraphs (pages 40-41). 
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