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Abstract
Glioblastoma (GBM) is a fast growing, highly vascularized and chemoresistant cancer, being
the most common and malignant type of brain tumor. Despite recent advances in the
identification of genomic/molecular alterations that fuel the tumor and the aggressive standard
post-surgery treatment regimen of radiotherapy and concomitant or adjuvant chemotherapy
with temozolomide (TMZ), the average patient survival post-diagnosis remains very low (14.6months). In this work, we aim at finding new therapeutic targets for GBM treatment and
eradication. Abnormal microRNA (miRNA) expression has been clearly associated with cancer
development and progression, including GBM pathogenesis and resistance to therapy.
Therefore, we hypothesized that a gene therapy based on the modulation of miRNAs aberrantly
expressed in GBM cells might promote cancer cell killing and tumor eradication, either per se
or in combination with chemotherapy. We have found that the transient increase in the levels
of miR-128 and miR-302a, downregulated in two human GBM cell lines (U87 and DBTRG),
including isolated CD133+ cells, promoted anti-proliferative effects, which were strengthened
upon cell treatement with TMZ, sunitinib and axitinib. On the other hand, we have
demonstrated that miR-302a arrested cell cycle in S phase, which was further potentiated by
chemotherapeutic drug combination. Next, we conducted in vivo studies using an orthotopic
GBM mouse model to test the anti-tumoral potential of the combined therapy involving miR21 modulation and sunitinib treatment, which previous studies in our laboratory had
demonstrated to constitute a promising approach for GBM treatment. We demonstrated that
stable nucleic acid lipid particles targeted to GBM cells, through covalent coupling of
chlorotoxin (CTX-SNALPs) were able to specifically deliver nucleic acids to intracranial
tumors in mice upon intravenous injection, without causing toxicity. Moreover, silencing of
miR-21 (overexpressed in GBM) via CTX-SNALPs containing anti-miR-21 oligonucleotides
rendered GBM cells highly susceptible to the anti-angiogenic drug sunitinib. Altogether, our
results clearly show that miRNA modulation working alongside chemotherapy constitutes a
promising strategy towards GBM eradication. Importantly, the CTX-SNALP formulations
show to be an appropriate vehicle for a clinical application towards GBM.
Keywords

Glioblastoma (GBM), chemotherapy, microRNA modulation, chlorotoxin-coupled stable
nucleic acid lipid particles (CTX-SNALPs)
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RESUMO
O glioblastoma (GBM) é o tipo de cancro cerebral mais comum e mais maligno, caracterizandose por elevada taxa de proliferação, abundante vascularização e alta resistência à quimioterapia.
Apesar dos recentes avanços científicos na identificação das alterações genómicas e
moleculares responsáveis pela progressão deste tumor e do agressivo tratamento pós-cirúrgico,
que tipicamente alia à radioterapia a administração do fármaco temozolomide (TMZ), a verdade
é que a sobrevivência dos pacientes após diagnóstico desta patologia permanece muito baixa
(em média 14,6 meses). O objetivo do presente trabalho reside em encontrar novos alvos para
o tratamento de GBM, com vista à sua erradicação. A expressão anómala de microRNAs
(miRNAs) tem sido claramente associada ao desenvolvimento e progressão de tumores,
incluindo GBM, e à aquisição de resistência aos tratamentos convencionais. Desta forma, o
trabalho realizado no âmbito da presente tese emergiu da hipótese de que uma terapia génica,
baseada na manipulação dos níveis de expressão de miRNAs em GBM, per se ou coadjuvada
com quimioterapia, seria capaz de conduzir à morte das células cancerígenas e, assim, à
erradicação do tumor. Consistentemente, demonstrou-se neste trabalho que um aumento
transitório dos níveis de miR-128 e miR-302a, que se encontravam sub-expressos em duas
linhas celulares humanas de GBM (U87 e DBTRG), e inclusivamente nas células CD133+
isoladas a partir dessas linhas, promovia efeitos antiproliferativos que se tornavam mais
acentuados após tratamento das células com TMZ, sunitinib e axitinib. Por outro lado,
verificou-se que miR-302a induzia a paragem do ciclo celular na fase S, efeito que era
potenciado pela combinação com fármacos antitumorais. Posteriormente, foram conduzidas
experiências in vivo, com recurso a um modelo animal ortotópico de GBM, de forma a testar o
potencial antitumoral de uma estratégia combinada, envolvendo regulação dos níveis de
expressão de miR-21 e administração de sunitinib, que estudos prévios in vitro, levados a cabo
no nosso laboratório, haviam demonstrado constituir uma abordagem promissora para o
tratamento de GBM. Partículas lipídicas estáveis de ácidos nucleicos, endereçadas a células de
GBM através da conjugação de clorotoxina (CTX-SNALPs), mostraram a capacidade de
entregar os ácidos nucleicos a tumores intracranianos em murganhos, após administração
intravenosa, sem causarem toxicidade. Para além disso, o silenciamento de miR-21 (sobreexpresso em GBM) através de CTX-SNALPs contendo oligonucleótidos anti-miR-21 tornou as
células de GBM mais susceptíveis ao fármaco antiangiogénico sunitinib. No seu conjunto, os
nossos resultados mostraram claramente que a manipulação dos níveis de miRNAs em paralelo
com quimioterapia constitui uma estratégia promissora visando a erradicação de GBM.
Adicionalmente, CTX-SNALPs revelaram-se formulações adequadas ao transporte de
fármacos, com potencial aplicação clínica para o tratamento de GBM.
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INTRODUCTION

1

2

1.1 HALLMARKS OF CANCER
Due to the prevalence of cancer worldwide, the understanding of the biology of this
pathology and development of novel and effective therapeutic anti-cancer approaches have
been the focus of intense scientific research. In 2000 1 and more recently in 20112, Warburg
and Hanahan reviewed the main hallmarks that drive this deadly disease: the capability of
sustaining proliferative signaling, evading growth suppressors and immune defense,
resisting cell death, enabling replicative immortality, inducing angiogenesis and
inflammation, activating invasion and metastasis and reprogramming energy metabolism,
while presenting genome instability. Tumors are able to mobilize surrounding nonmalignant cells that play an active role in these cancer hallmarks3. A distinct
microenvironment is thus formed around tumors contributing to the malignancy and therapy
resistance3. Heterogeneity, not only among the different human malignancies but also within
a single tumor, constitutes another important obstacle for the development of effective anticancer treatments. As a result, cancer is the most lethal disease in developed nations and the
second most fatal among developing countries, killing over 8 million people each year 4.
GLOBOCAN statistics from 2012 points to 14.1 million cases worldwide, with an expected
increase to 24 million by 2035 due to the widespread unhealthy habits, such as a bad diet,
tobacco consumption and the lack of exercise5.
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1.2 GLIOBLASTOMA PATHOGENESIS
Clinical classification. Among the different types of brain cancer, gliomas account for 30%
of all tumors and 80% of malignant tumors (USA statistics) 6. The vast majority of gliomas
are related to astrocytes (classified as astrocytomas), oligodendrocytes (classified as
oligodendrogliomas), or to a mixture of both types (oligoastrocytomas)7. According to a
2007 report from the World Health Organization (WHO)8, gliomas can be divided into 4
different grades, based on their malignancy and aggressiveness. The low grade tumors (I and
II) are slow growing tumors that share histological similarity to normal brain tissue
(astrocytes and oligodendrocytes) and can be treated with surgical removal (although type II
might sometimes recur as a higher grade glioma); grade III tumors result in increased
morbidity over the lower grades owed to the pronounced anaplastic features, higher vessel
density and proliferation rates; grade IV gliomas, also known as glioblastoma (GBM),
present the most malignant and aggressive phenotype with rapid proliferation and diffuse
infiltration, high angiogenesis, resistance to apoptosis and development of necrosis, as well
as extensive cellular heterogeneity. GBM accounts for more than half of all gliomas and
predominantly develops de novo within 3-6 months and in older patients (primary GBM),
while tumors that evolve from lower grade gliomas - secondary GBM- over 10-15 years are
less than 10% and are mainly present in younger patients7,9.
Molecular subtypes. The Cancer Genome Atlas (TCGA) reported the common genomic
abnormalities identified in GBM and based on these genetic alterations, four distinct
molecular subtypes were recognized10. The first subtype, labeled ‘‘classical’’, includes GBM
tumors with astrocytic-related gene expression, with epithelial growth factor receptor
(EGFR) amplification and loss of the phosphatase and tensin homolog (PTEN) and cyclindependent kinase inhibitor 2A (CDKN2A) gene loci. The inactivation of the neurofibromin
1 (NF1) and PTEN genes are part of a different subtype that exhibits a mesenchymal
expression profile, therefore termed “mesenchymal”. The proneural subtype is characterized
by tumor protein p53 (TP53) and isocitrate dehydrogenase 1 (IDH1) mutations and mainly
resembles the expression of oligodendrocytic cells, with high expression of platelet-derived
growth factor receptor alpha (PDGFRA), oligodendrocyte lineage transcription factor 2
(OLIG2), transcription factor 3 (TCF3), and NK2 homeobox 2 (NKX2-2). Finally, the neural
subtype exhibits mainly a normal brain tissue expression profile, while presenting also
similarities to astrocytic and oligodendrocytic gene profile.
4

Etiology. Some environmental risk factors may lead to the GBM malignancy including
therapeutic ionizing radiation, vinyl chloride, pesticides and tobacco smoke. On the other
hand, occupational risk factors have also been associated with petroleum refining or
synthetic rubber manufacturing11. Regarding a possible influence of cell phone irradiation,
a metanalysis dated from 2007 showed increased incidence among people who used cell
phones for at least 10 years and especially those who had mostly unilateral exposure12.
Although GBM is rare, with 2-3 cases appearing in a universe of 100000 people in Europe
and North America, it accounts as one of the deadliest human cancers, with a 5-year survival
rate of only 5%6.
Symptomology. Symptoms of GBM depend on tumor size and location, but typically the
tumor growth and invasion of surrounding parenchyma results in impairment of the normal
functional architecture of the brain, leading to seizures, nausea, headaches, imbalance and
hemiparesis13.
Diagnosis and standard therapy. Diagnosis is based on computed tomography (CT),
magnetic resonance imaging (MRI), or positron emission tomography (PET) scans, biopsy
or post-operative histological analysis13. Despite aggressive standard treatment regimen of
radiotherapy and concomitant or adjuvant temozolomide administration14, the average
patient survival time post-diagnosis remains very low (14.6 months)15. The high resistance
to both ionizing radiation and chemotherapy that enables tumor resurgence is the primary
cause of the poor efficacy of the treatment 16,17. The topic of standard therapy for GBM will
be discussed in more detail in chapter 1.4.1.

1.2.1 The alterations that fuel glioblastoma malignancy hallmarks
The classical genetic and epigenetic alterations in GBM target signaling pathways governing
cellular proliferation, cellular survival (apoptosis and necrosis), invasion, and angiogenesis,
are intrinsically amplified in GBM. The following subsections cover these hallmark
biological processes and their links to specific genetic aberrations and associated signaling
pathways.
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1.2.1.1 Tumor cell proliferation and cell cycle deregulation
p53 signaling axis. Cellular tumor antigen p53 (p53) is an important tumor suppressor
molecule that responds to DNA damage and cytotoxic stresses by inducing cell cycle arrest
and apoptosis. The gene loci of p53 (TP53) is mutated in about 50% of GBM tumors18.
Normally p53 is a rapid turnover protein that is negatively regulated MDM2 proto-oncogene
(MDM2) and MDM419,20. Upon cellular damage, p53 protein is stabilized mainly by the
disruption of its interaction with the E3 ubiquitin ligase MDM2, post-translationally
modified, and accumulated in the nucleus acting as a transcription factor, ultimately leading
to growth arrest or cell death21,22. For instance, p53 induces cyclin dependent kinase inhibitor
1A (CDKN1A/p21) which arrests cells in G2 phase of the cell cycle and blocks the apoptosis
induction by p5323. The tumor suppressor protein cyclin dependent kinase inhibitor 2A
(CDKN2A/p14ARF) is another upstream regulator of the p53 pathway that regulates the
ubiquitin ligase activity of MDM2, thus controlling p53 turnover24. Inactivation or mutation
of the components of the p53 pathway is commonly found in both low-grade and high-grade
gliomas (Fig.1), leading to accelerated growth and further resistance to apoptosis.

Figure 1. Mapping genomic changes in the p53 pathway from 91 GBM samples. Red shading indicates
activating genetic alterations, while blue color indicates inactivating alterations. Darker shades represent a
higher percentage of alteration. Adapted from The Cancer Genome Atlas Research Network (2008) 18.

pRB signaling axis. The tumor suppressor retinoblastoma protein (pRB) plays a crucial role
in apoptosis inhibition, chromatin structure maintenance, genetic homeostasis and cell cycle
progression through the G1 phase by binding and repressing transcription factors of the
6

elongation 2 factor (E2F) family25,26. Normally, pRB is phosphorylated in the G1 phase by
D-type cyclins (e.g. Cyclin D2 (CCND2)) that form active kinase complexes with cyclin
dependent kinases 4/6 (CDK4/6). The phosphorylation inactivates .pRB and disrupts the
interaction with E2F, enabling the progression to S phase. The CDK inhibitors 2A, 2B and
2C are by contrast negative regulators of cell proliferation due to the inhibition the CDK4/6
mediated phosphorylation of pRB, which prevents the dissociation of E2F and therefore the
progression of the cell cycle from G1 to the S phase. In the cancer context, including GBM,
several players of the pRB pathway are often mutated, leading to an uncontrolled cell growth
and proliferation (Fig. 2).

Figure 2. Mapping genomic changes in the pRB pathway from 91 GBM samples. The retinoblastoma 1 (RB1)
gene codes for pRB. Red shading indicates activating genetic alterations while the blue color indicates
inactivating alterations. Darker shades represent a higher percentage of alteration. Adapted from The Cancer
Genome Atlas Research Network (2008)18.

RTK-RAS-PI3K signaling axis. Cellular receptors with tyrosine kinase activity (RTK)
catalyze the transfer of phosphate groups and adenosine triphosphate (ATP) towards
hydroxyl groups present in the tyrosine residues of proteins. These transmembrane receptors
are activated by growth factors, cytokines and hormones and can transduce signals that
influence crucial processes such as proliferation, apoptosis, motility, angiogenesis,
metabolism and cell differentiation27. In general, the ligand binding to the extracellular
subunits leads to receptor dimerization and activation of the tyrosine kinase domain in the
intracellular portion28. The phosphorylation of tyrosine residues, either within the dimer or
in residues from neighbor RTKs, enables the assembly and activation of intracellular
proteins, being therefore essential to the signal transduction28. In GBM, and as in other
7

malignancies, an exacerbated RTK signaling is frequently detected, namely related to EGFR,
PDGFRα and MET proto-oncogene (MET)18. EGFR allele aberrations are well studied and
may serve as poor prognostic indicators for GBM29. The most common mutation in GBM
cells with amplified EGFR consists of a deletion of exons 2-7 that encode part of the
extracellular domain30. This mutant receptor variant, which is known as EGFRvIII, is
constitutively active and therefore capable of initiating signaling without ligand binding. The
PDGFRA gene, that codes for PDGFRα, can also be overexpressed in gliomas and it
correlates with tumor malignancy31. A deletion of exons 8 and 9 commonly present in GBM
tumors with increased PDGFRα activity leads to a receptor variant (PDGFRAΔ8,9) that
exhibits high tyrosine kinase activity32. The overexpression of MET RTK in GBM cells is
mainly driven by co-activation with increased levels of EGFR/EGFRvIII and in a smaller
extent by a mutation in MET

33

. The amplification of these RTKs inevitably drives an

exacerbation of the downstream signaling, which is also potentiated by further mutational
events in the various pathway effector proteins.
The signaling pathway mediated by phosphatidylinositol 3-kinase (PI3K) and v-akt murine
thymoma viral oncogene homolog 1 (AKT/PKB) regulates several important cellular
functions in normal cells that can be critical for tumorigenesis, including proliferation, cell
migration and apoptosis34. This signaling cascade is initiated by PI3K activation with RTK
phosphorylation, mainly mediated by the EGFR. Activated PI3K phosphorylates
phosphatidylinositol 4,5-bisphosphate (PIP2) producing phosphatidylinositol 3,4,5triphosphate (PIP3), which activates the serine/threonine kinase AKT. AKT then activates
the mechanistic target of rapamycin (mTOR), which ultimately controls the expression of
downstream targets involved in cell growth and apoptosis, including CCND1, BCL2associated X protein (BAX) and MDM2. The tumor suppressor PTEN is one of the main
inhibitors of this pathway. Alterations of the PI3K signaling cascade in GBM tumors are
attributed to the amplification of EGFR and/or PDGFRα35, the mutation/deletion of PTEN36
and in a smaller extent to mutation in the PI3K or AKT proteins18. Furthermore, increased
PI3K signaling results in AKT protein overload, leading to the phosphorylation and
subsequent inactivation of Forkhead box O (FOXO) transcription factor family37.
Inactivated FOXO can no longer bind to the tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and CDKN1A gene promotors, which triggers cell survival and proliferation,
respectively (reviewed by Fu and Tindall, 2008)38.
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The RAS/Mitogen-activated protein kinase (MAPK) signaling pathway is the main
mitogenic route initiated by RTK. RAS proteins are small guanosine triphosphatases
(GTPases) that act as transforming oncogenes and are tightly regulated upon the binding to
GTP (activated) or GDP (inactivated). The GDP/GTP exchange factors (GEFs) facilitate the
exchange of GDP for GTP, while the GTPase activity proteins (GAPs) catalyze the reverse
process. Some small GTPases are also regulated by GDP-dissociation inhibitors (GDIs) to
stabilize the inactive GDP-bound state (reviewed by Buday and Downward, 200839). RAS
family includes harvey rat sarcoma viral oncogene homolog (HRAS), neuroblastoma RAS
viral (v-ras) oncogene homolog (NRAS), and Kirsten rat sarcoma viral oncogene homolog
(KRAS). The KRAS GTPase is of particular interest since it is increased in all types of
gliomas. However, in contrast to other malignancies, KRAS is rarely mutated in GBM40, its
amplification resulting from RTK overactivity, such as that mediated by EGFR41. Activated
RAS mobilize RAF kinases to induce the mitogen-activated protein kinase kinase (MEK)
and the extracellular-signal-regulated kinases (ERK) - MAPK kinase pathway42. RAS
further regulate the activities of other pathways including the PI3K pathway43. NF1, a critical
GAP that regulates the function of RAS proteins39 is, in addition to the RTK deregulation,
responsible for RAS overactivation due to mutations in its gene loci that are common in
GBM tumors18. Aberrant expression or defects in the RAS/MAPK pathway results in
abnormal cell growth and proliferation, inducing other abnormal cellular activities such as
apoptosis inhibition (Fig. 3).

Figure 3. Mapping genomic changes in the RTK-RAS-PI3K signaling cascade from 91 tumor samples. Red
shading indicates activating genetic alterations while the blue color indicates inactivating alterations. Darker
shades represent a higher percentage of alteration. Adapted from The Cancer Genome Atlas Research Network
(2008)18.
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1.2.1.2 Tumor cell evasion from apoptosis
A hallmark feature of GBM is the ability to evade cell apoptosis under castratophic genetic
damage or external death-inducing stimuli such as radiotherapy and chemotherapy. This
inherent property of GBM cells has been attributed to defects in the mitogenic signalling
pathways, such as in the described RTK-PI3K signaling cascade, and in the cell death related
networks (reviewed by Furnari et al. 200744). The TRAIL receptor and the B-cell lymphoma
2 (BCL2) family of proteins are of particular relevance in the GBM context. The TRAIL
death receptor has been positively correlated to GBM-bearing patient survival45, and upon
its induction in human glioma xenograft, cell apoptosis occurred, thus suppressing the
growth46 and resistance to chemotherapy47. The expression of anti-apoptotic BCL2 proteins
(e.g BCL2, BCL2-like 1 (BCL2L1/BCL-xL), Myeloid Cell Leukemia 1 (MCL-1)) is, on the
other hand, related to bad prognosis, being specially overexpressed in recurrent GBM48.
BCL2L1, for instance, is upregulated by EGFRvIII, which was found to increase GBM cell
survival49. In addition to the apoptosis resistance, GBM cells possess a series of other therapy
resistance mechanisms, which help explain the highly recurrence rates of GBM tumors and
that will be described below.

1.2.1.3 Tumor cell migration and invasion
The ability of tumor cells to infiltrate the surrounding tissues is dependent on the degradation
of the extracellular matrix (ECM) and on the inactivation of anoikis, a cell death process
typically triggered upon cell detachment from this matrix. Although GBM cells rarely
metastasize50, tumor cell invasion is still of particular relevance to the course of disease,
since it rapidly destroys the normal brain function and leads to the lack of definition of the
malignant lesion, hampering complete tumor resection and favoring tumor recurrence.
Metalloproteinases (MMP) and their endogenous tissue inhibitors (TIMPs) are directly
responsible for the invasive capacity of glioma cells, namely MMP-2 and, to a lesser extent,
MMP-951. However in the most severe grades, including GBM tumors, other non-MMP
proteases are elevated, such as the urokinase (uPA) and cysteine proteases like cathepsin
B52. Integrins, especially αVβ3 complexes, are commonly overexpressed in GBM tumor and
in the surrounding vasculature, and further contribute for the invasive phenotype 53.
Neuropilin-2 (NRP2), a protein involved in neuronal development and tumorigenesis, was
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also found to play an important role in GBM cell motility54. Finally, the Eph/ephrin RTK,
normally involved in neurodevelopment and axon guidance, was also described as drivers
of GBM cell migration and invasion, namely the EPH receptor A2 and B2 (EPHA2 and
EPHB2) (reviewed by Nakada et al. 201155).
PTEN mutations in GBM tumors have been implicated in the invasiveness, not only with the
deregulation of PI3K signaling but also due to a stabilization of E-cadherin and cell matrix
modulation56. Through non-canonical functions, some BCL2 family members, which are
enhanced in GBM, are able to induce the migration and invasion of GBM cells by altering
the expression of a set of MMP and TIMPs57.

1.2.1.4 Tumor angiogenesis
GBMs are among the most vascular of all solid tumors58. Increasing evidence has shown
that the tumor-associated angiogenesis is not simply a physiological adaptation to the
increase in tumor cell mass and the subsequent hypoxia. Rather it appears to be the result of
critical genetic mutations that activate a transcriptional program for angiogenesis even with
normal oxygen supply59. Although not fully understood, it is believed that both mechanisms
operate to different extents in different tumors or even in different regions of the same tumor.
In GBM, for instance, the commonly mutated PTEN and EGFR may act as “angiogenic
switchs” by stabilizing the hypoxia-inducible factor 1-alpha (HIF-1α) (normally expressed
and rapidly degraded) or one of its downstream targets, the vascular endothelian growth
factor (VEGF)60. HIF-1α stabilization (under hypoxia or normoxia) appears to be a crucial
step for angiogenesis induction, since the inhibition of this protein results in a decrease of
VEGF secretion and tumor growth61. RTK have a fundamental role in driving the
angiogenesis process, with particular action of the VEGF receptor (VEGFR), angiopoitein
receptor, ephrin receptor, MET, PDGFR and the already mentioned EGFR (reviewed by
Fischer et al. 2005)62. The newly formed tumor microvessels are highly permeable and form
a diffuse vascular architecture. In addition to that, GBM vasculature fails to associate with
endothelial cells to form tight junctions and have few associated pericytes or astrocytes,
leaving the integrity of the blood brain barrier (BBB) compromised, which results in
increased interstitial edema63. This edema may disturb the normal blood flow and exacerbate
tumor hypoxia leading to areas of necrosis, known to fuel the GBM maligancy64.
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1.2.1.5 Tumor therapy resistance
Radiotherapy and chemotherapy have been used aiming at improving the quality of life and
median survival of cancer patients. Unfortunately, these treatments have shown to be
ineffective for a dramatic percentage of patients, due either to intrinsic tumor cell resilience
or acquired resistance, accompanied by tumor relapse (revised by Goldie JH, 200165).
Although temozolomide (TMZ), the standard chemotherapeutic for GBM, can induce severe
DNA damage leading to cell death, most GBM cells present or develop several strategies
that enable resistance to this drug (further described in Section 1.4). The strong angiogenic
signaling in GBM cells cannot avoid that some areas of the tumor remain in hypoxia, which
is not necessarily deleterious for the tumor as a whole. In GBM, cells can thrive in these
hypoxic areas and resist to therapy, taking advantage of: missing surrounding vasculature,
which hampers the access of the drugs66; being non-proliferative, hence not affected by antiproliferative drugs67; and being deprived of oxygen reactive species, which could be induced
by many chemotherapeutic drugs in normoxia68. As mentioned earlier, HIF-1α expression
remains stable in hypoxic conditions. Thus, in addition to contributing to the angiogenic
signaling via VEGF induction, HIF-1aα activates the expression of ATP-binding cassette
from sub-family B, member 1 (ABCB1)69, a member of the superfamily which function, in
this particular context, as active transporters of drugs from the intracellular to the
extracellular space70.

1.2.2 Cancer stem-like cells and their role in glioblastoma malignancy
1.2.2.1 Cancer stem-like cells: origin and common features
Origin. The tumor cell evolution and heterogeneity are currently conceived as being
governed (simultaneously or not) according to two models: the stochastic model, in which
biologically equivalent tumor cells behave variably due to random intrinsic and extrinsic
influences, thus possessing tumorigenic capacity; and the hierarchy model, stating that
tumors are composed of biologically distinct cell classes, the cancer stem-like cells (CSCs)
with their potential of multilineage differentiation and self-renewal being the tumor initiating
cells71 (Fig. 4).
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Figure 4. Two alternative models to explain cancer onset and development. According to the stochastic model
(a) tumors are heterogeneous and contain cells with the same tumorigenic potential; on the other hand, the
hierarchy model (b) implies that only a subpopulation of cells (the cancer stem cells) have the tumorigenic
capacity, being responsible for the tumor heterogeneity. Adapted from Vescovi et al. 200672.

There is still ongoing debate regarding the origin of CSCs. They might derive from
transformed normal tissue-resident stem cells, which is suggested by the common features
shared between CSCs and normal stem cells, including the capacity to self-renew, proliferate
and differentiate into cells of various lineages. In this case, the increased accumulation of
mutations and epimutations owed to the extended longevity of normal stem cells in tissues
would increase the probability of malformations73. Another hypothesis is that CSCs derive
from differentiated cells that acquired pleiotropic features as a consequence of malignant
transformation74.
The first evidence of CSC existence resulted from studies of acute myelogenous leukemia,
in which only a specific subset of tumor cells – the leukemic stem cells – showed the capacity
of initiating tumorigenesis in immunodeficient mice. Additionally, those cells displayed a
cell surface phenotype similar to that of the hematopoietic stem cells75,76. A few years later,
Al-Haji and coworkers74 were able to identify and isolate a stem cell population from a solid
tumor in breast cancer, demonstrating that only cells expressing CD44 molecule (CD44) had
the ability of initiating tumor in vivo. Since then, numerous other cancers, including GBM77,
were associated with the presence of CSCs78 and a variety of other specific surface markers
were identified for these cells.
Common features. CSCs are currently defined as cells demonstrating self-renewal,
sustained proliferation and tumor propagation capability78. Also similarly to normal stem
cells, CSCs have potent angiogenic properties, are normally quiescent and express drug
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pumps such as ABC-transporters, being consequently resistant to the conventional therapies,
aspect potentially implicated in tumor recurrence79.
Functionally, the characteristic that better differentiates CSCs from the remaining population
of cancer cells is the induction of tumor formation following in vivo serial transplantation in
immunocompromised mice78. Such assay can therefore be used for CSC identification and
enrichment, in alternative to the identification of a number of markers (e.g. CD133, CD44,
epithelial cell adhesion molecule (EPCAM), aldhyde dehydrogenase (ALDH) activity) that
have guided CSC isolation from solid tumors (reviewed by Visvader et al. 201280). However,
none of these markers is exclusive or universal for CSCs. There are also variations among
types of cancer, patients and even within the same subpopulation of CSCs16. The capacity of
CSCs to grow and form spheres in low adhesion conditions has been recognized as another
unique characteristic of these cells that might be explored for their isolation and
enrichment81.
Maintenance and survival of CSCs is managed intrinsically, by proliferative and survival
pathways, including those involving v-myc avian myelocytomatosis viral oncogene
homolog (MYC), POU class 5 homeobox 1 (POU5F1/Oct4), Olig2, and BMI1 protooncogene polycomb ring finger (BMI1)

82

, and extrinsically by growth factors and cell-

cell/cell-ECM interactions in the microenvironment or niche context 83. These tight
regulation mechanisms, together with the drug resistance feature mentioned above, underlie
the difficulty of CSC eradication upon application of common treatments.

1.2.2.2 Glioblastoma stem-like cells
Specific features. Glioblastoma stem-like cells (GSCs), were identified in the GBM context
by Singh and colleagues in 200377. Since then, their presence was recognized to be the reason
for GBM treatment failure and tumor recurrence, due to their survival advantage over the
proliferative non-tumorigenic glioma cells16. A direct link to the normal neural stem cells
(NSCs) is still to be fully understood, but a wide analysis of biopsies from all the glioma
WHO grades (I-IV) revealed a propensity of the NSC niches to be involved in the II-IV
grades, while their presence in glioma tumors also correlated with high recurrence rates (36
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out of the 41 samples analyzed) and decreased time to recurrence84. Consistently, high GSC
percentages in resected tumors have been related with poor GBM prognosis85.
In agreement with other CSC subtypes, GSCs are an intense source of aggressive hallmarks
to GBM, thus underlying processes like: (1) chemoresistance86, related with the
overexpression of drug resistance genes such as the ATP-binding cassette, sub-family G
,member 2 (ABCG2) and O-6-methylguanine-DNA methyl- transferase and of antiapoptotic
proteins; (2) radioresistance16, through phosphorylation of the checkpoint kinases 1 and 2
(CHEK1/2), leading to cell cycle arrest and damage repair; (4) angiogenesis and invasion87,
with generation of either angiogenic or highly proliferative tumor cells, allegedly capable of
undergoing mesenchymal transition, a fundamental step for invasiveness; (5) evasion of
immune surveillance88 owed to cell-to-cell contacts and chemical intermediate release,
which inhibit T-cell proliferation and function, while recruiting regulatory T-cells (TREGS)
and microglia. The activated form of signal transducer and activator of transcription 3
(STAT3) was reported as being a key mediator of this immunosuppressive feature89.
Factors involved in normal neurogenesis driving self-renewal and differentiation of NSCs
are also emerging as vital regulators of GSC activity. Binda and colleagues 90 recently
reviewed the pathways generally amplified in GSCs, which involve WNT, NOTCH, Sonic
Hedgehog (SHH), and those mediated by RTKs, such as the EGFR, VEGFR or the Eph
receptor. Silencing or inhibition of such pathways have shown to attenuate in vivo tumor
growth and GSC aggressive features (e.g. proliferation, migration), both in vitro and in vivo.
Inhibition of the SHH pathway further decreased the chemoresistance to temozolomide91.
Sunayama and colleagues92 described the downregulation of PI3K/AKT pathway in GSCs,
identifying FOXO3 as a key integrator molecule. FOXO3 constitutive activation suppressed
GSC self-renewal and tumorigenicity while inducing differentiation. More recently, the gap
junction protein alpha 3 (GJA3/Cx46) was identified by Hitomi and coworkers93 as an
important component of GSCs, facilitating cell-cell communication through gap-junctions
and being responsible for the decreased membrane potential presented by these cells.
GSCs isolation. A mechanistic knowledge of cancer stem cell functioning, namely
understanding the factors that regulate CSC self-renewal, requires the isolation of CSCs. The
study of CSCs is crucial, particularly when the objective is to promote a targeted therapy, by
inducing death of tumor cells, including CSCs, and thus GBM regression and eradication.
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GSCs share with NSCs the capacity to grow as 3D structures termed neurospheres when
cultured in serum-free conditions supplemented with EGF and fibroblast growth factor
(FGF)77. This is a feature that has been explored in GSC isolation from glioma cell lines
(non stem-like glioma cells lacking this characteristic are eliminated). However, this
approach holds some limitations (reviewed by Wan et al., 201094) since it does not prove
that isolated cells are in fact GSCs.
Isolation of GSCs can also be accomplished by flow cytometry, due to their increased
capacity of extruding the DNA-staining fluorescent dye Hoechst, as compared to other
proliferating non-tumorigenic glioma cells58. The obtained side population is enriched in
cells characterized by high tumorigenicity and the capacity to form neurospheres.
Perhaps the most straightforward strategy for GSC sorting is via specific surface markers.
The first marker, CD133 (prominin-1), was described by Singh and collaborators

77

. First

discovered in hepatoma cell surface and expressed in hematopoietic stem cells, endothelial
precursor cells and NSCs, CD133 is a 120 kDa transmembrane glycoprotein located in
membrane protrusions, therefore with possible implications in cell polarity, migration and
cell-cell/cell-ECM interactions95. A study by Zeppernick and coworkers85 showed that upon
treatment, patients with grade III gliomas containing >1% of CD133+ cells relapsed rapidly,
whereas the tumor resurged only in one third of patients with <1% of CD133+ cells.
Therefore, CD133 can be seen as a prognostic factor. Indeed, evidences indicate that CD133 +
glioma cells have stem properties in vitro and are able to initiate tumors in vivo with similar
phenotypic properties, which supports that CD133 is a marker for GSCs96. However, Singh
and colleagues also reported the capacity of some CD133- cells to recapitulate the original
tumor in vivo77. The identification of other markers is therefore demanded97 and a review by
Heddleston and collaborators98 indicated the fucosyltransferase 4 (FUT4/CD15), integrin α6,
A2B5, and CD44 as possible alternatives.
Normally, a combination of the aforementioned strategies (e.g. neurosphere assay and
isolation through one or more surface markers) in the isolation of GSCs allows to more
accurate studies of GSC specific features, hence facilitating approaches aiming at their
targeting and eradication, which would massively shorten the path towards an effective
GBM therapy.
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1.3 MIRNAS IN GLIOBLASTOMA MALIGNANCY
MicroRNAs (miRNAs), a class of small non-coding RNAs that control gene expression posttranscriptionally, function as important cell regulators by controlling the output of most
cellular pathways, including those involved in the control of cell cycle, proliferation and
death99.

1.3.1 miRNAs: biogenesis, mode of action and detection
Biogenesis. Mature miRNAs arise from precursor double-stranded pre-miRNA molecules,
which result either from processed long pri-miRNA transcripts (Drosha-mediated) or from
spliced-out introns that contain the pre-miRNA sequence. After being exported to the
cytoplasm, the pre-miRNAs are cleaved by the endoribonuclease Dicer into miRNA
duplexes of 18-24 nucleotides in length; one strand (the guide) is selected to be the mature
miRNA molecule and incorporated into an effector microRNA/protein (miRNP) complex,
while the complementary strand (the passenger) is rejected, although some biological effects
had also been attributed to this strand100 (Fig. 5).
Mode of action. Once incorporated in the miRNP complex, the mature miRNA seed region
is positioned by the argonaute (AGO) protein for correct base-pairing with the target mRNA
(seed region is usually near the 5’ end of miRNAs, although other base-pairing sites have
been described)101,102. The effector function of miRNP complex is governed by the extent of
complementarity between miRNAs and sequences on the 3' untransteled reagion (3’UTR)
of the target mRNA. An imperfect miRNA-mRNA pair match leads to translational
inhibition followed by deadenylation and degradation of the mRNA103, while a perfect
complementary generally promotes mRNA slicing by AGO104. A translational repression of
the mRNA can also occur in the presence of AGO proteins lacking endonucleolytic
activity105. However, some miRNAs might act as translational activators of target mRNAs,
either by increasing their half-life and/or by facilitating the translational machinery
assembly106.
Detection. Abnormal miRNA expression has been clearly associated with the progression
and prognosis of cancer diseases107,108, including GBM109. Upon identification, miRNAs can
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therefore be used for therapeutic and biomarker purposes. Dong et al.110 reviewed the
conventional miRNAs analysis strategies in in vitro studies. Northern blotting is capable of
locating specific RNA sequences in a solution of mixed RNAs, but requires a large sample
amount which can restrict the capacity to spot less abundant miRNAs. miRNA microarray
is often used as a screening tool rather than as a quantitative platform due to the lower
sensitivity and the wide range of dynamic variation (miRNA expression level can vary
between 4 others of magnitude100), requiring therefore target amplification. Quantitative
polymerase chain reaction (qPCR), the most trustworthy technique due to its sensitivity and
wide range analysis, is capable of providing quantitative data, but has as major disadvantage
the need for miRNA isolation. Although new emerging techniques, such as the use of
metallic nanoparticles, semiconductor quantum dots and bioluminescent proteins, present
higher sensitivity, specificity and multiplexing capability, the traditional methods are still
more widespread in miRNAs bioanalysis110.

Figure 5. The biogenesis and action of miRNAs. Transcribed from specific sequences or originated from
spliced sequences, a pre-miRNA molecule is transported to the cytoplasm (via exportin 5), where the
maturation of the double stranded pre-miRNA occurs (resulting in a ~22 nucleotide single stranded miRNA
molecule), followed by cleavage of the target mRNA or repression/activation of its translation. Adapted from
Loohuis et al. 2011111.
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1.3.2 Functional roles of miRNAs in glioblastoma
Numerous studies provided evidence for the pivotal contribution of miRNAs to the
pathogenesis of most – if not all – human malignancies. Calin and collaborators first noticed
that the loss of the two clustered miR-15a and miR-16-1 genes was associated with the
frequent 13q14 chromosomal region deletion present in chronic lymphocytic leukaemia 112.
The same research group also found that more than 50% of miRNA genes were located at
fragile sites or cancer associated genomic regions 113. MiRNAs can enhance tumorigenesis
by promoting the downregulation of tumor suppressors (as a consequence of “oncogenic”
miRNA overexpression) and/or allowing abnormal pro-oncogenic signaling (as a
consequence of “suppressor” miRNA downregulation) 107. The deregulation can be caused
by mutations involving the miRNA loci, epigenetic alterations, defects in the miRNA
biogenesis machinery or aberrant levels of the transcription factors that target and regulate
miRNA levels (discussed by Croce in 2009114).
The discovery of an increased number of miRNAs in the context of cancer was mainly made
by a comparative analysis of malignant cells with cells of the corresponding healthy tissue.
The first evidence of miRNA aberrant expression in GBM employed this strategy109. Since
then, a large number of miRNAs were established as key regulators in GBM onset,
malignancy, aggressiveness and maintenance, their molecular targets being recognized
mainly upon overexpression or repression. Since most miRNAs are involved in more than
one cellular process, a functional miRNA classification is difficult. In the following sections
several examples of how miRNAs contribute to support the already described GBM
hallmarks are presented. Additionally, Tables 1-3, based on a review from Moller and
coworkers115 and updated with the most recent finding, provide a general overview on the
role of miRNAs in the different GBM hallmarks.
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Table 1: Upregulated miRNAs and their functional implication in GBM hallmarks
miRNA

Target

Proliferation/ Evasion
Migration/
ChemoCell cycle
from
Angiogenesis
Invasion
resistance
deregulation apoptosis

hsa-miR-9

CAMTA1,
PTCH1

●

has-miR-10b

HOXD10,
CDKN1A

●

hsa-miR-15b

CCNE1

●

hsa-miR-17

TGFβ-RII,
CTGF,
CAMTA1,
POLD2, PTEN

●

hsa-miR-18a

SMAD4, CTGF

●

hsa-miR-18a*

DDL3

hsa-miR-20a

TGFβ-RII,
CTGF, TIMP2

●

hsa-miR-21a

RECK,MMP9,
TIMP3, PTEN,
PDPD4

●

MDM2, TSC1

●

hsa-miR-26a a

PTEN, PHB

●

hsa-miR-30e a

IκBα

●

hsa-miR-92

CTGF

●

hsa-miR-93a

Integrin-β8

●

hsa-miR-138

MSI1, MXD1,
BLCAP

●

hsa-miR-146a a

NOTCH1

●

hsa-miR-148a a

MIG6,
BCL2L11

●

●

hsa-miR-155

MX1, FOXO3

●

●

hsa-miR-182a

LRRC4

●

hsa-miR-204

SOX4, EPHB2

hsa-miR-221a

P27, PTEN,
PUMA, P57,
PTPµ

●

LRRC4, NEFL

●

hsa-miR-25a

hsa-miR-381 a
a

●

GSC
maintenance
●

●

Ref

116,117

109,118–121

119,122

●

●
118,119,122,123

●

●

●

119,123,124

125

●
●

●

●

119,120,124,126

●
109,120,127–129

119,120,130

●

●

131

●

119,132

119,120,123,124

●

120,133

●

●

●

134,135

136

●

●
●

137

138,139

140

●
●

●

141

●
109,142–145

●

MicroRNAs whose downregulation showed to inhibit tumour growth in vivo.
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140,146

Table 2: Downregulated miRNAs and their functional implication in GBM hallmarks
miRNA

Target

hsa-miR-7a

FAK, EGFR,
IRS1/2

hsa-miR-16

BCL2, MMP9

hsa-miR-29b

PDPN

●

hsa-miR-101

EZH2, MSI1

●

hsa-miR-107

NOTCH2

●

hsa-miR-124

PTBP1, RB1,
CDK4/6,
PPP1R13L,
SNAI2, RRAS
NRAS, CLOCK

●

●

●

148

●

119,149

●

●

150

151

●

●

●

●

●

155,157

●
●

158

●

●

●
119,159–164

●

PDPN

hsa-miR-128a

WEEI1,
P70S6K1, MSI1,
E2F3A, BMI1,
SUZ12, EGFR,
PDGFRA,
EPHB2, SP1

●

hsa-miR-134a

KRAS, STAT5B,
NANOG

●

hsa-miR-135a

STAT6, SMAD5,
BMPR2

hsa-miR-137a

CDK6, RB1,
MSI1

●

hsa-miR-153

BCL2, MCL1

●

●

●

●

BCL2, KRAS

●

152–156

hsa-miR 125a

a

Ref

119,147

●
●

hsa-miR-181d

GSC
maintenance

●

RDX
CCND1, E2F1,
MET, MSI1,
NOTCH1/2,
RICTOR

hsa-miR-34aa

Chemoresistance

●

●

hsa-miR-29c
hsa-miR-31

Proliferation/ Evasion
Migration/
Cell cycle
from
Angiogenesis
Invasion
deregulation apoptosis

●

149

●

●
109,119,155,164–
171

●

●

●

hsa-miR-200b

CREB1, RAB
family members

●

hsa-miR-218

IKKβ, BMI1

●

172,173

174

●

●

119,155,159

120,175

176

177,178

●

21

●

119,179

hsa-miR-302a

CXCR4

●

●

180,181

hsa-miR-302b

CXCR4, E2F3

●

●

180–182

hsa-miR-326a

SMO,
NOTCH1/2,

●

●

183,184

hsa-miR-328

ABCG2, E2F1,
KIF23,
DAPK1,
SFRP1

●

●

hsa-miR-331p

NRP2

●

●

hsa-miR-483-5p

ERK1

●

hsa-miR-491-5p

MMP9

●

●

183,184

54

164,185

●

hsa-miR-519c

ABCG2, PTEN

●

hsa-miR-873

IMP1

●

a

●

186

●

187

●

109,188•

MicroRNAs whose upregulation showed to inhibit tumour growth in vivo.

Table 3: miRNAs with disputed expression levels and their functional implication in GBM hallmarks
miRNA

Target

Proliferation/ Evasion
Migration/
Cell cycle
from
Angiogenesis
Invasion
deregulation apoptosis

hsa-miR-26b

EphA2

●

hsa-miR-27b

WEE1

●

●

●

●

●

●

●

E2F1
hsa-miR-106a

TIMP2

hsa-miR-125b

BMF, BAK1

●

hsa-miR-143 a

HK2

●

hsa-miR-145 a

POU5F1, SOX2,
NEDD9, ABCG2

●

hsa-miR-205

VEGFA

●

hsa-miR-451

PI3K pathway
CAB39

●

a

●

●
●

Chemoresistance

GSC
maintenance

●

120,189,190

●

119,120

120,126,164,191

●

192–195

●

●

120,196

●

●

197–199

●
●

MicroRNAs whose modulation showed to inhibit tumour growth in vivo.
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Ref

120,200

●

201,202

1.3.2.1 miRNA involvement in tumor cell proliferation and cell cycle deregulation
The p53 pathway, important to the response to DNA damage and cytotoxic stresses by
inducing cell cycle arrest and apoptosis, is commonly altered in tumorigenesis, GBM
included18. In addition to TP53 mutations already described, several miRNAs are involved
in the deregulation of p53 pathway in GBM. The miR-34 family, widely associated with
tumor development, including GBM, has been described as a p53 effector, leading to an antiproliferative and pro-apoptotic environment 203. The decreased miR-34a expression in glioma
was shown to contribute to the upregulation of several growth-promoting genes, such as the
E2F transcription factor 1 (E2F1), MET and CCND1, both in vitro and in glioma xenografts
in vivo152,153.
Another signaling cascade deregulated in GBM that is also clearly influenced by miRNAs
is the pRB pathway. CDK6 and RB1 are recognized targets of miR-124 and miR-137, two
frequently downregulated miRNAs in GBM. Silber and colleagues transiently overexpressed
the levels of miR-124 and miR-137, which decreased the proliferative capacity of primary
GBM cells in low passages by arresting the cell cycle in phase G0/G1159. Recently, Teplyuk
and coworkers121 found that miR-10b, upregulated in GBM, is also important in the
regulation of the cell cycle. The authors found that the downregulation of miR-10b repressed
the E2F1 signaling, and therefore the cell cycle progression through the S phase, due to the
increase in CDKN1A translation, a direct target of miR-10b and a negative effector of E2F1.
GBM cells expressing CDKN1A are unable to inhibit E2F1 signaling because the
overexpressed miR-10b represses the CDKN1A translation. Thus, in those cells, but not in
cells with low CDKN1A levels, the miR-10b inhibition has a beneficial effect toward E2F1
signaling inhibition and cell cycle arrest.
Xie and collaborators204 reported that miR-221, which is overexpressed in GBM, is involved
in cell proliferation and survival by directly targeting PTEN and activating AKT. Another
miRNA overexpressed in high-grade glioma tissues that also promotes glioma tumor growth
by targeting PTEN is mR-26a205. This miRNA has been shown to further target prohibitin
(PHB), a widely expressed protein believed to be involved in PI3K/AKT and RAS cascades,
through which it plays important functions in cell cycle, senescence and apoptosis131. The
authors of this study demonstrated that miR-26a and PHB levels are inversely correlated in
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glioma cells and that forced expression of miR-26a or knockdown of PHB recapitulate the
results obtained following activation of AKT and ERK1/2 (effectors of the RAS cascade).

1.3.2.2 miRNA involvement in evasion of tumor cells from apoptosis
Cancer cells are continuously able to grow, overcome anoikis and resist to certain therapies
because they override the modulatory networks responsible for controlling cell survival,
usually through suppression of pro-apoptotic factors and overactivation of anti-apoptotic
proteins. Recent studies have shown that miRNA deregulation in GBM can contribute to the
impairment of cell death mechanisms, thus promoting disease progression and high
resistance to conventional therapies.
Yang and colleagues148 have shown that miR-16 is downregulated in high-grade gliomas
and is able to trigger apoptosis of human glioma cell lines by targeting and downregulating
Bcl-2. Wu and collaborators174 found that miR-135a, enriched in glial cells, is downregulated
in malignant glioma and negatively correlate with pathological grading. Recovery of miR135a expression was capable of inducing mitochondria-dependent apoptosis in several
glioma cell lines but not in neurons or glial cells. The authors of this study correlated the
impressive increase in the number of apoptotic cells with a downregulation of STAT6,
SMAD family member 5 (SMAD5) and bone morphogenetic protein receptor type II
(BMPR2). Both STAT6 and SMAD5 are directly linked to mitochondria associated cell
death pathways by participating in the transcription of BCL2L1 and survivin and in the
modulation of BAX, while BMPR2 supports glioma cell survival by stabilizing X-linked
inhibitor of apoptosis (XIAP), a potent inhibitor of the effector caspases 3 and 7. The specific
and strong induction of glioma cell apoptosis makes miR-135a an interesting target for
therapeutic approaches towards GBM, an issue that will be further explored in this work.
The involvement miR-125b in cancer progression has been extensively investigated, and
particularly in GBM this miRNA directly represses many targets of the p53 network and
p38MAPK network, thus suppressing cell apoptosis194. Nevertheless the authors recognized
that these pathways were not strictly required for mitochondria mediated GBM cell death,
because although they were downregulated by miR-125b, cell apoptosis with concomitant
caspase 3 and 7 activation was still observed when p53 was silenced and miR-125b was
inhibited. miR-155 was also shown to inhibit apoptosis in GBM tissue samples and cell lines
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by targeting FOXO3A139, a negative regulator of AKT. In another study, Kim and
colleagues137 reported that miR-148a is upregulated in human GBM cell lines as compared
with normal brain tissue and astrocytes, and is associated with tumor cell growth, migration
and invasion. The authors showed that miR-148a targets both the EGFR regulator mitogeninducible gene-6 (MIG6) and the mitochondrial apoptosis regulator BCL2-like 11
(BCL2L11/BIM) mRNAs and, by performing functional rescue experiments, further
demonstrated that BCL2L11 suppression is an essential step to mediate the oncogenic
activity of this miRNA.

1.3.2.3 miRNA involvement in tumor migration and invasion
Cell invasiveness is among the most dramatic features of GBM, since the damage inflicted
toward the surrounding tissue, i.e the brain, rapidly compromises the quality of life of the
patients. Several reports highlight miRNAs as active contributors to GBM invasion mainly
due to their interference with the expression of the MMP family of proteins.
miR-21, an important oncomiR related with GBM, has been shown to contribute to tumor
invasion by targeting two inhibitors of MMP9, TIMP3 and reversion-inducing-cysteine-rich
protein with kazal motifs (RECK), resulting in MMP-9 upregulation and increased tumor
cell invasion, both in vitro and in orthotopic xenograft models128,129. By contrast, miR-16
has an inhibitory effect in several GBM cell lines regarding MMP9 expression, in addition
to suppressing BCL2 expression148. Cortez and coworkers149 presented evidence for the
involvement of miR-29b and miR-125a in the suppression of GBM cell invasion that is
driven by the targeting of podoplanin (PDPN), a mucin-type transmembrane
sialoglycoprotein involved in invasion and malignancy of astrocytic tumors. Using data from
491 GBM patients collected from TCGA, Epis and colleagues54 were able to establish a
significant inverse correlation between miR-331-3p and NRP2. In fact, NRP2 is directly
targeted by miR-331-3p, which is downregulated in GBM cell lines. The transient
overexpression of this miRNA inhibits U251 GBM cell proliferation and migration. More
recently, Wang and colleagues188 reported that the induction of the expression of miR-873,
downregulated in GBM, resulted in a decrease in the invasive potential of U87 and U373
GBM cells. They further noticed that the effects that follow miR-873 modulation are
mediated by the insulin growth factor 2 mRNA binding protein (IMP1), validated by the
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authors as a direct target of this miRNA. IMP1 contains two RNA recognition motifs and
functions by binding to the mRNAs and regulating their translation206. The authors found
that some of the IMP1 target mRNA transcripts (PTEN, CD44, MYC) were downregulated
with miR-873 transfection.

1.3.2.4 miRNA involvement in tumor angiogenesis
The rapid growth and sustainability of cancer cells demands, at a certain limit, nutrient and
oxygen delivery which in the absence of nearby blood supply, is achieved through the
activation of a strong angiogenic signaling, in order to increase the vascular density of the
tumor. miRNAs have been implicated in the formation of new blood vessels in tumors,
including GBM. The majority of the involved miRNAs, usually downregulated in GBM,
have shown to directly target VEGF or other related effector proteins, thus contributing to
angiogenesis repression. For example, in their study reporting miR-29c downregulation in
GBM cell lines and tumor samples, Fan and colleagues150 also demonstrated that
overexpression of this miRNA can inhibit angiogenesis through the decrease of VEGF
expression. miR-125b downregulation in endothelial cells that surround GBM tumors results
in increased expression of its target MYC-associated zinc finger protein (MAZ), a
transcription factor involved in the regulation of VEGF expression, therefore contributing
for angiogenesis193. miR-124, downregulated in GBM, was shown to inhibit GBM cell
angiogenesis, growth and invasion, by negatively regulating the Ras signaling axis, which
also controls VEGF expression162. In contrast to the examples presented above, several
miRNAs lead to an increase in VEGF and platelet derived growth factor (PDGF) expression
in GBM. An example is the work by Qian and colleagues131 regarding the role of miR-26a
in PHB repression and GBM progression, that pointed miR-26a as an active contributor to
tumor growth and angiogenesis.

1.3.2.5 miRNA involvement in chemoresistance
Chemotherapy resistance is the main contributor for the high mortality among the most
severe malignancies. Being highly aggressive, GBM tumor cells (in particular the GSCs)
possess intrinsic mechanisms of chemoresistance to evade cell death and inactivate or pump26

out the chemotherapeutic drugs. Regardless the mechanistic route, miRNAs have long been
implicated in resistance to therapy and therefore in tumor recurrence. The majority of these
studies focus on the resistance mechanism to TMZ, the drug approved for GBM first line of
treatment.
In a study by Chen and coworkers195, miR-125b, increased in both stem-like and non stemlike glioma cells, was related to TMZ-mediated apoptosis by controlling the expression of
the BCL2-antagonist/killer 1 (BAK1). Xie and colleagues204 showed that the overexpression
of miR-221 also led to a reduced cell apoptosis induced by carmustine (BCNU), a DNA
alkylating agent. The authors further linked this chemoresistance to the upregulation of the
RAS/PI3K signaling cascade, with the RAS silencing being able to rescue the capacity of the
cells to undergo apoptosis after BCNU exposure. Recently, Wang and coworkers146 provided
evidence for a possible role of the upregulated miR-381 in the chemoresistance of GBM
cells to TMZ. They have identified neurofilament light polypeptide (NEFL), a potential
tumor suppressor, as a direct target of miR-381. Anti-miR-381 transfection or
overexpression of NEFL increased the sensitivity of GBM U251 cells to TMZ by inhibiting
resistance- and stemness-related genes. In TMZ resistant U87 and T98G GBM cells, Munoz
and collaborators117 found that the miR-9 levels were elevated in comparison to the nontreated cells, further identifying patched 1 (PTCH1), the SHH receptor, as its direct mRNA
target. Of note, PTCH1 downregulation induces the SHH pathway activation (normally
activated by the repression of PTCH1 that occurs upon SHH binding, which enables the
translocation of the Smoothened (SMO) to the membrane and the consequent signal
transduction91). The authors provided evidence for the involvement of miR-9 in ABCB1 and
ABCG2 increased expression, both downstream targets of the SHH signalling. Thus, TMZ
resistance led to the upregulation of miR-9, which in turn, regulated SHH signaling by
targeting and downregulating PTCH1. Together, this led to the upregulation of the ABC
transporters aforementioned.

1.3.2.6 miRNA involvement in GSC maintenance
The cancer stem-like cells are nowadays widely recognized as major contributors for the
various cancer hallmarks. In particular, the GSCs are active players in cell proliferation and
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invasion, angiogenesis and apoptosis resistance. Increased evidence suggests an active
involvement of several GSC-specific miRNAs in the maintenance of stem cell properties.
Turchi and colleagues125 reported that the overexpressed miR-18a* positively regulates ERK
and NOTCH pathways which activates the SHH- GLI family zinc finger 1 (GLI1)-NANOG
signaling network, critical for GSC maintenance. Ying and coworkers141 provided evidence
that miR-204, overexpressed in GSCs, was implicated in stemness and migration by
targeting SRY (sex determining region Y)-box 4 (SOX4) and EPHB2, respectively. Chan
and collaborators135 found that miR-138 was increased in GSCs as compared to the nonneoplastic brain cells. The functional inhibition of this miRNA in GSCs decreased
tumorsphere formation in vitro and tumorigenesis in vivo. In another study, Yang and
collaborators197 increased the levels of miR-145, which is typically downregulated in GSCs,
resulting

in

a

feedback

mechanism

capable

of

suppressing

stemness

and

chemo/radioresistance features in GSCs (mediated by SOX2, POU5F1 and Kruppel-like
factor 4 (Klf4)). miRNA-128 was also found by Peruzzi and coworkers171 to be
downregulated in GBM cells, including GSCs, leading to increased expression of policomb
repressor complexes that sustain self-renewal and radioresistance of GSCs. In addition, a
genome analysis of GSCs transfected with miR-128 mimics found 1321 proteins
significantly downregulated, although only 34% of the corresponding mRNAs are predicted
targets of miR-128207. Interestingly, miR-128 serves as a potential prognostic factor for
GBM tumors, because it was found to be upregulated in extracellular vesicles secreted by
GBM cells208. Fareh and collaborators180 have found that the cluster miR-302/367
(consisting of miR-302a, -302b, -302c and 302d and miR-367) is downregulated in GSCs,
this deregulation being crucial to maintain the undifferentiated state of these cells through
the SHH-GLI1-Nanog network. A recent report by Yang and coworkers181 demonstrated that
the induction of miR-302/367 cluster affected the expression of POU5F1, SRY (sex
determining region Y)-box 2 (SOX2), KLF4 and MYC, required for the maintenance of the
GSCs. Indeed, the miR-302/367 cluster expressing cells were no longer capable of forming
of forming tumors and establish liver metastasis in nude mice.
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1.4 THERAPEUTIC STRATEGIES TOWARDS HUMAN GLIOBLASTOMA
1.4.1 Current treatment
For a long time, post-operative radiotherapy was the only treatment used for newly
diagnosed GBM. However, since the European Organization for the Research and Treatment
of Cancer (EORTC)/National Cancer Institute of Canada (NCIC) study dating 2005, the
standard therapy for GBM has been post-operative adjuvant radiotherapy with concomitant
and adjuvant TMZ, the so-called Stupp's regimen14. The authors of the study showed that
radiation therapy plus TMZ followed by up to 6 cycles of adjuvant TMZ significantly
prolonged the survival of newly diagnosed patients over radiotherapy per se (14.6 months
radiotherapy plus TMZ versus 12.1 months only with radiotherapy). TMZ was first
synthetized in the late 80s by Stevens and coworkers209 and employed in the first clinical
trial in 1992210. TMZ (Fig. 6), a small lipophilic molecule able to cross the BBB, is an
alkylating agent prodrug that transfers a methyl group to DNA purine bases (O6-guanine;
N7-guanine and N3-adenine)211.

Figure 6. Chemical 2D structure of temozolomide (Temodal, Temodar, Temcad).

Although more abundant, N7-MeG and N3-MeA lesions are rapidly repaired by DNA base
excision repair (BER) and, while N7-MeG alterations does not demonstrate marked toxicity,
the N3-MeA may be harmful for the cell if not corrected212. O6-methylguanine (O6-MeG)
lesions account as the main contributors for the TMZ driven toxicity due to the mispair of
O6-MeG with thymine during DNA replication, which activates the DNA mismatch repair
(MMR)213. MMR successfully removes the thymine, but as the O6-MeG continues to exist,
a futile cycle of thymine insertion and excision is initiated, resulting in persistent double
strand breaks in the newly replicated DNA214. The replication fork collapses and cells are
arrested in the G2/M phase of the cell cycle via ATR/CHEK1-dependent signaling ultimately
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leading to cell death by apoptosis215. Nevertheless, O6-MeG can be repaired by MGMT
(when the MGMT promotor is unmethylated and the gene is actively expressed in tumors)
or tolerated in MMR-deficient tumors, conferring resistance to TMZ in these tumors (Fig.
7) (reviewed by Zhang et al., 2011

216

). Additional cellular responses to TMZ and other

drugs involve the overexpression of ABC transporters and apoptosis resistance,
characteristics that may be intrinsic or acquired by GBM cells.

Figure 7. Temozolomide response is mediated by O6-Me-G and dependent on MGMT and MMR activity.
GBM cells expressing MGMT are able to survive and correct the O6-Me-G induced by TMZ. However, cells
lacking MGMT expression depend on a functional MMR system so that the propagation of the DNA damage
induced by O6-Me-G can become catastrophic, leading to GBM cell death, MMR-deficient cells tolerate TMZinduced damage in the DNA and are able to survive. The other base methylations induced by TMZ (N7-, N3Me-Purine) are rapidly corrected by BER and do not impact on the GBM cell normal functioning Adapted
from Zhang et al. 2012.216

TMZ resistance often leads to tumor resurgence. A new tumor resection is performed when
possible and a second line of treatment using bevacizumab (a VEGF monoclonal antibody
approved for colorectal, lung and breast cancers), with or without chemotherapy, is initiated.
For treatment of recurrent GBM, the use of bevacizumab combined with irinotecan, a wide
used topoisomerase I inhibitor, showed to increase in 25% the progression-free survival
(PFS) at 6 months as compared to TMZ217. Bevacizumab plus TMZ and radiotherapy is
expected to become frontline treatment for GBM, being increasingly accepted as a standard
of care. The administration of nitrosourea or vincristine, and the use of cyclophosphamide
and platinum-based regimens are a third line of treatment, although their efficacy has not
been widely studied (reviewed by Nishikawa, 2010)218.
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1.4.2 Prospects for future treatments
Although, in the last 30 years, no effective treatment for GBM has been achieved, the
understanding of the hallmarks that are essential for this malignancy has led to the
development of new strategies targeting the tumor vasculature, microenvironment and
common genetic alterations. Some of these strategies are indeed under phase II and phase
III clinical trials, giving hope for a future successful eradication of GBM tumors.
1.4.2.1 Immunotherapy
The immunotherapy is an increasingly investigated therapeutic modality for cancer
treatment, because it employs the natural defenses of the body to target tumor cells while
sparing the normal tissue. There are currently two main immunotherapy strategies being
tested against gliomas: the adaptive immunotherapy, in which immune cells from the
patients are stimulated ex vivo and reintroduced in the blood stream; and the active
immunotherapy, promoting tumor eradication by administration of tumor-related sources of
antigen (whole tumor cells, tumor protein lysates, mRNA, synthetic peptides) alone or
combined with dendritic cells, powerful antigen-presenting cells219.
Jin and colleagues220 reported a synergistic response with the combined use of cytokineinduced Killer cells and TMZ in orthotopic mice bearing U87 GBM tumors. In another
study, by Ahmed and coworkers, T cells were modified ex vivo to specifically target the
human epidermal growth factor receptor 2 (ERBB2), expressed in about 80% of GBM cells.
This strategy showed to induce regression in ERBB2-positive autologous tumor xenografts
and to specifically target the GSCs, being currently in phase I clinical trials. DCVax-L, from
Northwest Biotherapeutics, is another attempt to activate the innate immunity toward GBM
cell recognition and eradication. This therapy, employing tumor biopsies to educate healthy
dendritic cells, has demonstrated to be safe and efficient, being currently under phase III
trials221,222.
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1.4.2.2 Anti-angiogenic therapy
The increase awareness of the importance of angiogenesis for GBM tumor growth and
malignancy has led to the use of drugs and strategies that may hamper tumor vascularization.
Although bevacizumab is already used as antiangiogenic therapy for recurrent GBM,
increasing the survival when compared with TMZ treatment, it only postpones a new tumor
resurgence. GBM cells overexpress VEGFR90, PDGFR31 and Eph receptor90. These
receptors are angiogenesis-related and are members of RTK family, therefore being
susceptible to the action of multitargeted tyrosine kinase inhibitors (MTKIs), which have
been used as anti-angiogenic drugs223,224. On the other hand, the use of MTKIs might
additionally halt GBM proliferation and invasion, since other GBM signal pathways such as
the PI3K and Ras signaling also rely on RTKs90.
Sunitinib. Sunitinib (Fig. 8) is a MTKI with activity against VEGFR (1-3), PDGFRs, v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT), FMS-like tyrosine
kinase 3 (FLT3), RET and the colony stimulating factor-1 receptor (CSF1R)225, thus
displaying anti-angiogenic and anti-invasive characteristics in various tumors223, including
GBM226.

Figure 8. Chemical 2D structure of sunitinib (Sutent, SU11248, Pfizer, NY, USA)
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Axitinib. Axitinib (Fig. 9) is another MTKI molecule, which was shown by biochemical
studies to be more potent and selective against VEGF receptors than sunitinib and at
subnanomolar concentrations224. Axitinib also blocks PDGFRβ and KIT, while producing a
rapid and potent inhibition of endothelial cell nitric oxide synthase 3 (NOS3), AKT, and
ERK 1/2 phosphorylation227. Wang and colleagues228 have reported a direct inhibition of the
drug transport function of ABCG2 by axitinib in CSCs and, therefore, in addition to its antiangiogenic activity, axitinib can act as a chemotherapeutic enhancer.

Figure 9. Chemical 2D structure of axitinib (AG-013736, Pfizer, NY, USA)

Both sunitinib and axitinib are being currently evaluated in phase II clinical trials for GBM
to be orally administered229,230. While sunitinib has revealed hepatic and heart toxicity231,
axitinib clinical studies reported manageable, generally reversible side effects such as
hypertension, fatigue and gastrointestinal toxicity227.
The main obstacle for an effective therapy for GBM is the high drug resistance presented by
GBM cells, especially by GSCs86. Therefore, an adjuvant strategy aiming at sensitizing
GBM to chemotherapy might enhance the rate of therapeutic success.
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1.4.2.3 Gene therapy
Gene therapy is defined as a therapeutic modality that aims to modify the genetic background
of cells to obtain therapeutic benefit. To date, several studies indicated that gene therapy can
be positively used for GBM tumor eradication, as an alternative to chemotherapeutic drugs
or when these no longer produce an effect. The translation of these studies from the bench
side to the clinical practice demands however a targeted, safe and stable transfer strategy of
the genetic material. To overcome these problems, nucleic acid delivery requires a viral or
non-viral carrier to confer stability and protect the nucleic acids from serum protein
opsonization and nuclease degradation, and a targeting ligand towards the malignant cell
population, to avoid possible side effects in healthy tissues.
The delivery issue
Viral vectors. Viral vectors have been used in the cancer context to deliver tumor
suppressors, small interfering RNAs (siRNAs), to knockdown oncogene expression, or
genes of interest. However, viral vectors may also be the direct source of cytotoxicity, when
they specifically infect and replicate in the tumor cells, ultimately causing cell lysis and
death. The use of adenovirus for GBM treatment is currently under phase I clinical trials.
The generated adenoviral vectors are dependent on functionally inactive pRB, a common
event in GBM cells, in order to replicate, and contain a RGD-4C peptide that confers an
increase in GBM-targeted oncolytic activity due to the recognition of integrins ανβ3 and
ανβ5232. A single injection of these adenovirus resulted in stabilization, partial or complete
regression of GBM tumors in 52% of the 24 patients analysed233. The results hold promise,
although further studies about safety and survival benefit of these type of strategies as
compared to standard therapies are still to be performed. The use of viruses may in fact
provoke some undesired effects, such as immune response and mutagenesis (due to random
insertion of viral sequences), while showing limitations in the size of the nucleic acid
molecule to be inserted234.
Non viral vectors. In contrast with the viral strategies, the non-viral nanocarriers are able to
transfer into cells a greater amount of genetic material into the cells, without the risk of
causing permanent damage in healthy tissues since the expression is transient. Most of these
nanocarriers are composed of polymers and liposomes, and are able to specifically target the
desired tissue if conjugated to certain molecules. The transported cargo may consist of
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antibodies, oligonucleotides and also chemotherapeutic drugs. In GBM, several
experimental strategies have been tested with relative good success rates in animal models.
One example of successful gene delivery is given by a study by Guerrero-Cázares and
colaborators235, with biodegradable polymeric nanoparticles composed of the cationic
polymer poly(β-amino ester). In this study, GBM tumors were induced in nude athymic mice
using green fluorescent protein (GFP)-labeled human GSCs and treated via intratumoral
injection of the nanoparticles containing a transgene. The cationic polymers showed a
tropism for tumor cells while sparing the normal brain tissue. Jin and coworkers236 developed
cationic liposomes able to specifically deliver MET siRNA into an U87 xenograft tumor
model, suppressing tumor growth. To date none of these or other non-viral nanocarriers was
employed in clinical trial experiments.
However, among the non-viral systems for gene delivery, the designated stable nucleic acid
lipid particles (SNALPs), composed of a cationic lipid, a neutral lipids and a
polyethilenoglycol (PEG)-fused lipid have shown great potential237. Importantly, SNALPbased formulations were shown to have an extended half-life in plasma and liver, to provide
siRNA increased protection from ribonuclease (RNase) degradation238 and to efficiently and
specifically deliver siRNAs and anti-miRNA oligonucleotides to leukemia237 and GBM
cells239. The GBM cell targeting was achieved through coupling of chlorotoxin (CTX), a
small 36 amino acid peptide isolated from the venom of the scorpion Leiurus quinquestriatus
(Fig. 10). Dardevet and collaborators240 reviewed the tropism that CTX demonstrates
towards GBM cells, and the chloride channels (CLCs), namely CLC3 seem indeed to play a
role in the targeting event. CLCs are overexpressed in GBM cells to potentially facilitate cell
volume and shape adjustments required for the migrative phenotype, an observation however
made in rat glioma cells241. Furthermore, CTX also interacts with matrix metallopeptidase
14 (MMP14), MMP2 and with the TIMP2, all overexpressed in GBM and also involved in
migration and invasion242. Moreover, these proteins constitute a lipid raft-anchored complex
to which CTX binds, inducing its internalization243. Independently of the CTX receptor,
there seem to be plenty molecular candidates for a selective targeting in in vivo therapies
addressing GBM.
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Figure 10. a) Amino acid sequence; b) 3D representation of chlorotoxin, α-helix in red, β-sheet in yellow and
disulfide bonds in orange.

microRNA modulation
miRNAs are promising targets for the development of new therapies aiming at cancer
treatment and also GBM eradication, because they are intrinsically deregulated throughout
the different malignancies. Moreover, a miRNA is able to modulate several downstream
targets, and in most of the cases, it is implicated in more than one hallmark of cancer, as
described above specifically for the GBM hallmarks.
miRNA manipulation can involve either silencing or reduction of pro-oncogenic miRNAs,
using anti-miRNA oligonucleotides, or restauration of downregulated or dysfunctional
tumor-suppressive miRNAs, using miRNA mimics (gain of function). Several of the
aforementioned miRNAs are suitable targets for therapy, which frequently leads to antitumorigenic events e.g apoptosis induction, chemosensitization, angiogenesis inhibition and
halted proliferation. Although no miRNA has, at the moment, been introduced in a clinical
trial for GBM treatment, miRNA-34, extensively studied and downregulated in several
maligancies244, became in 2013 the first microRNA to be used in human clinical trials245.
The trials aim at the treatment of unresectable primary liver cancer or solid cancers with
liver involvement, but also contemplates a separate cohort of patients with hematological
malignancies. miR-34 mimics were encapsulated in a liposomal formulation called
SMARTICLES®, which was intravenously administered to the patients. The final data
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collection for primary outcome measure is set to December 2015. A successful outcome may
open a window of opportunity for the use of other miRNAs for additional clinical trials and
also for the GBM treatment.

1.4.2.4 A combined strategy
In view of the development of therapy resistance for human malignancies, including GBM,
efforts have been made towards the improvement of the approved, although often
ineffective, chemotherapeutic drugs and therapeutic strategies. The application of gene
therapy for GBM has become recently a focus of intense research, namely aiming at causing
GBM cell susceptibility to TMZ and radiotherapy. In this context, two examples of non-viral
gene therapy approaches combined with TMZ and/or radiotherapy are provided below
illustrating their successful application in pre-clinical orthotopic models for GBM. Kim and
collaborators246 developed a cationic liposome formulation (SGT-53) able to cross the BBB
and target GBM cells through transferrin coupling. By employing this formulation, the
authors were able to deliver wild-type p53 to an orthotopic GBM mouse model, generated
by U87 injection of U87 cells in nude mice, which resulted in chemosensitization of GBM
cells to TMZ adjuvant administration, leading to a decrease in tumor growth and increase in
tumor apoptosis and animal survival. In another interesting study, Yang and colleagues197
have shown that miR-145 was implied in GBM tumorigenesis and when encapsulated in
cationic polyurethane-short branch polyethylenimine (PU-PEI) could be efficiently
delivered

via

intracranial

injection

to

orthotopic

GBM-CD133+-transplanted

immunocompromised mice. Importantly, in vivo delivery of miR-145 resulted in a
significant inhibition of the tumor growth and synergistically improved the effects of
radiation and TMZ.
Inspired in these studies, the work developed in the context of the present thesis was designed
in order to assess the efficacy of a combined strategy towards the treatment of GBM, as
described in the next section.
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2.1 OBJECTIVES
The main goal of the present work is to develop an innovative therapeutic strategy for GBM,
based on a gene therapy approach, which could, per se or in combination with
chemotherapeutics, to induce GBM cells to undergo apoptosis.
Our work hypothesis is that to fight a very malignant and aggressive cancer, such as GBM,
the chemotherapy can be a weak weapon, mainly when associated with therapeutic
resistance. Therefore, a gene targeted therapy capable of rendering tumor cells more
sensitive to chemotherapy might be a promising option to eradicate GBM.
In this context, miRNAs, by targeting oncogenes and tumor suppressors, emerge as excellent
candidates to be manipulated with a relative predictability of their biological effects, by
affecting key-signaling pathways. On the other hand, it is well known that GSCs, although
constituting a small fraction of the whole GBM cell population, play a crucial role in GBM
chemoresistance and recurrence, and, hence, an effective therapy should also address those
cells.
Thus, the hypothesis-driven issue we intend to experimentally address in this project regards
the development of a multimodal therapeutic intervention towards GBM, based on targeted
modulation of miRNAs, specially those that are deregulated in both stem and non-stem GBM
cells, combined with the administration of the standard chemotherapeutic for GBM
(temozolomide) or one of two multitargeted tyrosine kinase inhibitors (axitinib and
sunitinib).
To reach this main goal, specific objectives were defined in a sequence of different tasks, as
described in the next section.
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2.2 WORK PLAN
In a methodological perspective, this work can be divided into two main parts. In the first
part, in vitro assays are performed using human GBM cell lines, and, in the second one, an
orthotopic GBM mouse model is established and used to test a chemotherapeutic approach,
previously evaluated in in vitro studies with successful results.
Since this study is founded on two main pillars, i.e., the modulation of miRNAs and the
development of a therapeutic strategy that does not overlook the role of GSCs in the GBM
malignant phenotype, our work begins with the characterization of a cell population isolated
from human GBM cell lines (CD133+), supposed to be enriched in cells with the stem-like
phenotype of GSCs. Thereafter, qPCR is used to evaluate the expression levels of several
miRNAs, described in the literature as being involved in GBM malignancy, in CD133 + and
CD133- cells, as compared with healthy human astrocytes. The miR-21, miR-128 and miR302a, selected on the basis of their deregulation in the whole population of GBM cells (i.e.
in CD133+ and CD133- cells), constitute the targets of the gene therapy approach, involving
modulation of miRNA expression levels through the delivery of inhibitors (for the
upregulated miR-21) and mimics (for the downregulated miR-128 and miR-302a).
The next step is centered on the miR-128 and miR-302a modulation in U87 and DBTRG
cell lines. Thus, some of the predictable targets of the fine-tune regulation exerted by those
miRNAs are investigated in these cells after transfection with the respective mimics. The
consequences of the modulation of the miRNA expression levels are also studied at the level
of the cell cycle, apoptosis and migration ability.
The final step of the first part of this work consists of evaluating the therapeutic potential of
the miR-128 and miR-302a modulation strategy, per se or in combination with the
chemotherapeutics TMZ, axitinib or sunitinib.
In the second part of this work, attention is paid to the miR-21, whose modulation was
shown, in previous in vitro studies, to significantly enhance the pharmacological effects of
sunitinib. Therefore, a therapeutic intervention, allying silencing of the oncogenic miR-21
mediated by chlorotoxin-targeted SNALPs with oral administration of sunitinib, is assessed
in an orthotopic GBM mouse model. In parallel, studies are conducted to evaluate the
biodistribution of systemically-administered SNALP formulation and the potential cardioand hepatotoxicity associated to the implemented multimodal therapy.
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MATERIALS AND
METHODS
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3.1 CELL LINES AND CULTURING CONDITIONS
The U-87 MG (U87) human and GL261 mouse GBM cell lines were maintained in
Dulbecco's Modified Eagle Medium (DMEM, Sigma, D5648) supplemented with 10% heatinactivated FBS (Gibco, Paisley, Scotland), 100 U/mL penicillin (Sigma), 100 µg/mL
streptomycin (Sigma), 12 mmol/L sodium bicarbonate and 10 mmol/L HEPES. The
recurrent DBTRG-05MG (DBTRG) GBM cell line was maintained in RPMI 1640 (Sigma,
R4130) supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 µg/mL
streptomycin, and 12 mmol/L sodium bicarbonate. Cells were cultured in adherent
conditions at 37 °C under a humidified atmosphere containing 5% CO2.
Human astrocytes were maintained in DMEM (Sigma, D5648) containing 2% heat
inactivated FBS (Gibco, Paisley, Scotland), 100 U/mL penicillin (Sigma), 100 µg/mL
streptomycin (Sigma), 10 mmol/L sodium bicarbonate and 10 mmol/L HEPES. The media
was freshly supplemented with 1% N2 (SIGMA) and 1% non essential aminoacids (Sigma).
The CD133+ cells isolated from the U87 and DBTRG cell lines were cultures in serum-free
DMEM-F12 (Sigma), containing 100 U/mL penicillin (Sigma), 100 µg/mL streptomycin
(Sigma), 14.2 mmol/L sodium bicarbonate and 0.5 mmol/L sodium pyruvate. For the
maintenance of the isolated CD133+ cells, the media was freshly supplemented with 1x B27,
20 ng/mL basic FGF (bFGF) and 20 ng/mL EGF, as described previously247.

Cells were cultured at 37°C under a humidified atmosphere containing 5% CO 2 in low
attachment conditions, unless stated otherwise.

3.2 ISOLATION OF CD133+ CELLS
CD133+ U87 and DBTRG human GBM cells were isolated by magnetic-activated cell
sorting (MACS). For this purpose, U87 and DBTRG GBM cells were dissociated and
resuspended in 30 µL/107 of beads buffer (phosphate-buffered saline (PBS) containing 0.5%
bovine serum albumin (BSA), 2 mmol/L EDTA), 10 µL/107 of FcR Blocking Reagent and
CD133 MicroBeads (#130-050-801, Miltenyi Biotec) for 15 min at 4ºC under rotation. After
a brief centrifugation remove excess microbeads, cells were resuspended in 1 mL of beads
buffer. After two applications of 500 µL of cells into the MACS column, each one followed
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by a washing step, the columns were further washed and the retained CD133+ cells were
eluted after the removal of the magnetic field. CD133+ cells were cultured in low-adherent
conditions for 4 days in serum-free DMEM-F12 supplemented with 1 x B27 and 20 ng/mL
of EGF and bFGF. CD133- were maintained in the same culture conditions as the CD133+
cells for cell image acquisition and in the same culture condition as the corresponding
parental cell lines for qPCR. Images of the CD133 + and CD133- cells were acquired at 10x
amplification.

3.3 TOTAL RNA EXTRACTION AND CDNA SYNTHESIS
Total RNA, including small non-coding RNA species, was extracted from cells using the
miRCURY Isolation Kit (Exiqon) according to the recommendations of the manufacturer
for cultured cells. Briefly, after cell lysis (10 µL of β-mercaptoethanol per milliliter of lysis
buffer), the total RNA was adsorbed to a silica matrix, washed with the recommended buffer
and eluted with 30 µL of elution buffer. A DNA digestion step was performed either in the
columns (One column DNAse I digestion, Sigma) or after the extraction protocol (TURBO
DNA-free kit, Invitrogen) according to the recommendations of the manufacturer. After
RNA quantification in Nanodrop 2000 (Thermo Scientific), the synthesis of cDNA for
mRNA quantification was performed using the NZY First-Strand cDNA Synthesis Kit
(NZYtech, Lisbon, Portugal) employing up to 500 ng of total RNA for each 11µL reaction,
by applying the following protocol: 10 min at 25oC, 30 min at 50oC and 5 min at 85oC for
the reverse transcriptase inactivation. The samples were further incubated for 20 min at 37 oC
with NZY RNase H (E. coli) to degrade the RNA template in cDNA:RNA hybrids after firststrand cDNA synthesis. The resulting cDNA was diluted 20 times with RNase-free water
and stored at -20ºC. miRNA conversion to cDNA was performed using the Universal cDNA
Synthesis Kit (Exiqon). For each sample, cDNA for miRNA detection was synthetized from
10 ng of total RNA in a 10 µL reaction and according to the following protocol: 1 h at 42oC
followed by heat-inactivation of the reverse transcriptase for 5 min at 95 oC. The obtained
cDNA was diluted 40 times with RNase-free water and stored at 20ºC.
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3.4 QPCR QUANTIFICATION OF MIRNA AND MRNA
Quantitative polymerase chain reaction (qPCR) was performed in a StepOnePlus
thermocycler (Applied Biosystems) using 96-well microtitre plates. miRNA quantification
was performed with SYBR Green Master Mix (Exiqon). The primers for all miRNAs and
the reference gene small nucleolar RNA, C/D box 44 (SNORD44) were also acquired from
Exiqon (primer sequences in table 4). For each primer set, a master mix was prepared
containing 5 µL of SYBR Green and 1 µL of primer (1 μM for each primer pair). Six
microliters of master mix were added to 4 µL of template cDNA for each reaction, performed
in duplicate. Reaction conditions consisted of enzyme activation and well-factor
determination at 95 °C for 10 minutes, followed by 45 cycles at 95 °C for 10 seconds
(denaturation) and 60 seconds at 60 °C (annealing and elongation). For mRNA
quantification, the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) was used.
Primers for the BMI1 and MMP2 genes were purchased to Qiagen (QuantiTect Primer,
Qiagen, Hilden, Germany), primer sequences for NESTIN and TUBB3 were retrived from
previous publications248,249, while the primers for the other tested gene, including those for
the reference gene hypoxanthine phosphoribosyltransferase 1 (HPRT1) were designed with
Beacon8 and IdtDNA primer design tools. Primer sequences are listed in Table 4. Each
reaction, performed in duplicate, contained 4 μL of template cDNA and a master mix
comprising of 5 μL SYBR GREEN supermix and 1 μL of the primer to yield a final
concentration of 1μM for each primer pair. The reaction conditions consisted of enzyme
activation at 95oC for 1 min and 30 s, followed by 45 cycles at 95oC for 10 s (denaturation),
30 s at 55-60oC (annealing temperature, depending of primer melting temperatures), and 30
s at 72oC (elongation phase). For both miRNA and mRNA quantifications, the melting curve
acquisition started immediately after and consisted of 1 minute heating at 55°C followed by
0.5°C increases in temperature (10 seconds steps) until a maximum of 95ºC. The threshold
value for threshold cycle determination (Ct) was set to 10000 and the baselines adjusted
according to each sample. The No Template Control (NTC) and the No Reverse
Transcriptase Control (noRT) were assayed for each primer and in every qPCR run. Relative
miRNA and mRNA levels were determined following the Pfaffl method 250 in the presence
of target and reference genes with different amplification efficiencies obtained from a
standard curve of serial sample dilutions.
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Table 4: List of primer sequences used for qPCR analysis and respective melting temperatures (Tm)
and amplicon sizes

Primer sequence (5'-3')
Forward

CD133
Reverse
Forward

CTGCGTAACTCCATCTGA
ACCGTAATTGGCATCTGT
ATCGCTCAGGTCCTGGAA

NESTIN
Reverse
Forward

FUT4
Reverse
Forward

SUZ12
Reverse
Forward

AAGCTGAGGGAAGTCTTGGA
GCTTTCTCCTTTACAATGC
CACCTTGGCATACATCAT
GAATCCTGACCTCAATCA
CGAGTAAGACTTCACCAT
TCAGGTTGGACTGGGCCTAGT

Tm
(ºC)
60.2
60.5
57.5
57.3
58.5
58.5

Amplicon
lenght
(pb)
103

146

76

57.3
57.4

103

59.7
100

POU5F1
Reverse
Forward

GGAGGTTCCCTCTGAGTTGCTT
ATGCCTCACACGGAGACTGT

NANOG
Reverse
Forward

AAGTGGGTTGTTTGCCTTTG
GCAGAGATGATGGAGCTCAATGACC

59.3
61.2

103

57.3
63.5
266

GFAP
Reverse
Forward

GTTTCATCCTGGAGCTTCTGCCTCA
TAGACCCCAGCGGCAACTAT

64.8
55.0
127

TUBB3
Reverse
Forward

GTTCCAGGTTCCAAGTCCACC
ATGAATCTGGAGGAAGACA

57.1
59.2
82

ABCB1
Reverse
Forward

EPHA2
Reverse
Forward

CDKN1A
Reverse
Forward

GAATGTAAGCAGCAACCA
CATCAAGATGCAGCAGTAT
ATGTCGTCGTTGGTCATC
CTCTCAGGGTCGAAAACGG
GATTAGGGCTTCCTCTTGGAG
TGACACTGGCAAAACAATGCA

59.4
59.2
61.2

87

54.6
54.7

90

59,5
94

HPRT1
Reverse

GGTCCTTTTCACCAGCAAGCT
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61,1

3.5 ASSESSMENT OF FAM-LABELLED OLIGONUCLEOTIDES INTERNALIZATION
IN CD133+ CELLS

Cellular internalization of post-isolated DBTRG CD133+ cells, plated into 6-well suspension
culture plates (Cellstar) at a density of 1.5 x 105 cells/well and allowed to form neurospheres
for 4 days before transfection, with FAM-labelled oligonucleotides complexed with DLS
liposomes. Alternatively, CD133+ were grown in monolayer in wells coated with 10 µL/mL
of laminin. DLS liposomes were prepared as described previously251. Briefly, 1 mg of
dioctadecylamidoglycylspermidine (DOGS) (Promega, Madison, WI) and 1 mg of dioleoyl
phosphatidylethanolamine (DOPE) (Sigma, Munich, Germany) were dissolved in 40 μL of
90% ethanol, followed by the addition of 360 μL of sterile H2O; the mixture was subjected
to a short vortex and further incubated for 30 min at room temperature in order to allow
liposome formation. The final lipid concentration was 5 mg/mL (2.5 mg of DOGS and 2.5
mg of DOPE). DLS lipoplexes were prepared by gently mixing 10 μg of oligonucleotides
with 76 μL of DLS liposomes containing 190 μg of lipid, followed by incubation for 30 min
at room temperature. DLS lipoplexes were prepared fresh for every experiment. Lipoplexes
were added to the cells in 600 µL OPTIMEM (Gibco) at a final concentration of 50 nM
oligonucleotides/well. After a 4 h incubation period, OPTIMEM was replaced with fresh
supplemented DMEM-F12 and cells were further cultured for 48 h. Cells were then rinsed
with PBS and prepared for flow cytometry analysis in FACS Calibur. In order to quench the
fluorescence of the lipoplexes attached to the cell surface, 10 µL of 0.4% Trypan blue were
added to 300 µL of cell suspension. FAM fluorescence associated to the oligonucleotides
was evaluated in the FL-1 channel and a total of 10.000 events were collected, the gate being
adjusted to exclude death cells. All data were analyzed using the Cell Quest software (BD).
For confocal microscopy analysis, 48 h following transfection, cells were washed with PBS
and 5000 of the transfected cells were then plated and confocal images acquired in a point
scanning confocal microscope Zeiss LSM 510 Meta (Zeiss, Germany), using a 60 x oil
objective and the Blue (405nm), Green (488nm) and DIC (633nm) lasers. Digital images
were acquired using the LSM 510 META software.
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3.6 TRANSFECTION OF HUMAN GBM CELL LINES WITH MIR-128 AND MIR-

302A MIMIC
The miRIDIAN microRNA mimics of miR-128 and miR-302a and the double stranded
oligonucleotide control (acquired from Dharmacon) were resuspended and stored in 20 µM
aliquots at -20ºC. For U87 and DBTRG cell transfection, 20000 cells were plated into a 48well plate (Costar) in 300 µL DMEM (U87 cells) or RPMI (DBTRG cells) and 70000 cells
were plated into 12-well multidish (Thermo) in 1 mL of the respective media. Twelve hours
after being plated, cells were transfected with miR-128 or miR-302a complexed with the
commercial transfection reagent DharmaFECT Duo (Dharmacon), according to the
instructions provided by the manufacturer. Briefly, 1 µL of Dharmafect and 10 pmol ( for
48-well plates) or 30 pmol (for 12-well plates) of miRNA mimics or scrambled
oligonucleotides were separately diluted in serum-free OPTIMEM at a final volume of 10
µL. Twenty microliters of the complexes were added to each well, the final oligonucleotide
concentration being 50nM per well. Following 4 h incubation at 37ºC, the media was
replaced by DMEM/RPMI depending on the cell type. Every condition was performed in
duplicate, unless stated otherwise. Total RNA extraction for the quantification by qPCR of
miR-128, miR-302a and the target mRNA levels of both miRNAs was performed 48 h post
transfection in 12-well multidishes (100000 cells were plated in each well).

3.7 DRUG STORAGE AND CELL INCUBATION
Sunitinib malate (Sutent) and axitinib were offered by Pfizer, and temozolomide
(Temodarw, Merck) was acquired from Selleckchem. Stock solutions (25 mM sunitinib 10
mM axitinib and 150 mM temozolomide) were prepared in DMSO (Sigma, Germany) and
stored at -20ºC. After transfection of U87 and DBTRG cells with miRNA mimics, cells
were incubated with the drugs for 48 h at 37ºC under a humidified atmosphere containing
5% CO2 incubator, unless stated otherwise.
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3.8 EVALUATION OF THE CELL TOXICITY
Cytotoxicity was evaluated in terms of cell proliferation by measuring the cellular protein
content using the sulforhodamine B (SRB) assay, as previously described 252. Briefly, cells
were fixed by adding to each well 250 µL of a solution at 1% acetic acid in methanol,
followed by 1 week incubation at -80ºC. The solution was then aspirated the cells left drying
for 20 min at 37ºC, before being incubated with 250 µL 0,5% SRB solution containing 1%
acetic acid for 1 h at 37ºC. Cells were then washed 3 times with a solution of 1% acetic acid
in water, and dried again 37ºC for 20 min. Finally, 1 mL of 10 mM Tris base (pH=10) was
added to each well followed by 15 min incubation under gentle agitation to solubilize the
bound protein stain. Two hundred microliters of the resulting solution were transferred to
96-well plates and the optical density (OD) was read at 540 nm in a microplate reader
(SpectraMax Plus 384, Molecular Devices). Protein content was calculated as percentage of
control cells using the equation: (OD540nm) of treated cells × 100/(OD540nm) of control cells.

3.9 ANALYSIS OF THE CELL CYCLE
Forty-eight hours after transfection and 24 h following drug treatment, in 12-well plates,
cells were rinsed with PBS and harvested by incubation with dissociation medium for 5 min
at 37ºC. After a 5 min centrifugation at 600 g, the supernatant was removed and cells were
fixed by adding slowly 200 µL of 70% ethanol under vortex, followed by incubation at 4ºC
for 30 min. Cells were then washed with 2 mL of 2% BSA in PBS and centrifuged 5 min at
600 g. The resulting pellet was resuspended in 400 µL of propidium iodide solution
(PI/RNase, Immunostep, Salamanca, Spain). After a 15 min period incubation at room
temperature, cells were analyzed in a FACS Calibur flow cytometer (BD, Biosciences). The
data were analyzed with Multi Cycle AV for Mac software and presented as percentages in
different phases of the cell cycle. Apoptosis assessment was performed by analyzing the subG1 phase, where the late apoptotic cells can be present.
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3.10 ANALYSIS OF CELL MIGRATION
Cell migration was evaluated by the scratch assay, as previously described 253. After 72 h
following transfection, a 200 µL pipette tip was used to scratch in the DBTRG cells
monolayer. Cells were maintained in RPMI medium for the entire experiment. Images were
captured at the beginning and at 9 and 19 h during cell migration under inverted microscope
(20x objective, Leica). The width of the gap was determined using ImageJ software165 by
taking the average of 10 unbiased gap measurements, and results were expressed as
percentage of the initial gap width.

3.11 PREPARATION OF SNALPS ENCAPSULATING OLIGONUCLEOTIDES
The preparation of SNALPs encapsulating oligonucleotides was performed as described
previously239.

Briefly,

13

μmol

of

a

lipid

mixture

composed

of

DODAP:CHOL:DSPC:CerC16-PEG2000 (25:49:22:4, % molar ratio to total lipid) in 200
μL of 100% ethanol was slowly added under strong vortex to 0.086 μmol of anti-miR21/mismatch(MM) oligonucleotides in 300 μL of 20 mM citrate buffer (pH 4); both solutions
were previously heated to 60 °C and maintained at this temperature during the procedure.
The resulting particles were extruded 13 times through 100-nm-diameter polycarbonate
membranes, using a LiposoFast basic extruder (Avestin, Toronto, Canada). The removal of
ethanol and nonencapsulated anti-miR-21 oligonucleotides (AMOs) was carried out by
running the liposomes through a Sepharose CL-4B column equilibrated with HBS pH 7.4.
The total lipid concentration was assessed by cholesterol quantification using the
Liebermann–Burchard test239.
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3.12 CONJUGATION OF CHLOROTOXIN TO LIPOSOMES AND PURIFICATION OF
THE RESULTING SNALPS

CTX-SNALPs were prepared by the post insertion method239. Briefly, CTX was modified
with the addition of thiol groups upon re-action with freshly prepared 2-iminothiolane (2IT, in HBS pH 8), at a molar ratio of 1:10 (CTX:2-IT). The reaction occurred under magnetic
stirring for 1 h, in the dark at room temperature (RT). Thiolated CTX was then coupled to
DSPE-PEG-Maleimide micelles, prepared in MES buffer pH 6.5, by a thioesther linkage
(1:1, CTX:DSPE-PEG-Maleimide molar ratio). The coupling reaction was performed
overnight in the dark (at RT). Nontargeted (NT) SNALPs were obtained by post-insertion of
plain micelles, which were prepared by adding HBS pH 8.0 to the DSPE-PEG-Maleimide
micelles. The insertion of CTX-DSPE-PEG-Maleimide or plain DSPE-PEG-Maleimide
conjugates onto the preformed liposomes, at 4 mol% (to the total lipid concentration), was
performed upon incubation in a water bath at 39°C for 16 h, in the dark. Targeted and NT
SNALPs were then purified by size exclusion chromatography on a Sepharose CL-4B
column. SNALP characterization was performed as described previously239.

3.13 ESTABLISHMENT OF BRAIN TUMORS
Brain tumors were induced in the right hemisphere of adult male C57BL/6 mice, obtained
from Charles River Laboratories (Chatillonsur-Chalaronne, France), as described
previously239. Briefly, 8-week-old mice anesthetized by intraperitoneal (ip) administration
of ketamine/xylazine (100 and 20 mg/kg) were injected stereotactically with 1.25×105
GL261 glioma cells (coordinates relative to the bregma: −1.06 mm anterior, 3 mm lateral, 3
mm deep) using a Hamilton syringe with a 22-gauge needle (3 μL at 0.2 μL/min). All the
procedures with animals were carried out in accordance with National (Dec.no. 1005/92 23 rd
October) and International (normative 2010/63 from EU) legislation.
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3.14 ASSESSMENT OF BIODISTRIBUTION UPON INTRAVENOUS ADMINISTRATION
OF SNALP- FORMULATED OLIGONUCLEOTIDES

Fourteen days after tumor implantation, mice were randomly administered, via lateral tailvein

injection

with

CTX-coupled/NT

SNALP-formulated

FAM-labeled

MM

oligonucleotides (2.5 mg/kg) or saline. Four hours after injection, animals were sacrificed
by intracardiac perfusion with 30 mL of ice-cold PBS and the brain, lungs, liver, kidneys
and spleen were harvested into polystyrene tubes containing 2% FBS in PBS. The brains
were further dissected to separate tumor from healthy tissue. Tissue processing was
performed on ice and protected from light in order to minimize the loss of viable cells and
protect the fluorescent probe. Healthy brain and tumors were homogenized using a mortar
and pestle (approximately 50 movements were executed, until pieces of tissue were no
longer differentiated); liver, spleen, kidneys and lungs were disrupted into smaller pieces
using a scalpel, and further incubated in 1 mL of filtered lysis buffer (PBS, 2% FBS, 0.6%
BSA, 1 mg/mL colagenase IV) for 30 min (lungs, spleen) or 1 hour (liver, kidneys). Vortex
was performed every 15 min and tissue homogenates were then strained through 40 μm
strainers (BD Biosciences), in order to obtain a homogeneous cell suspension, and
subsequently transferred into 50 mL polystyrene tubes and washed twice with ice-cold PBS.
Erythrocyte lysis was performed in lung and spleen homogenates by incubation with 500 μL
of ACK lysing buffer (Lonza, USA) for 8 min at 37ºC. Cells were centrifuged at 2000 rpm
for 5 (brain, tumor) or 8 (lungs, liver, kidneys, spleen) min (at 4ºC), the supernatant was
removed and the cells were resuspended in 1 (brain, tumor, lung, kidney, spleen) or 2 (liver)
mL of PBS supplemented with 2% FBS. From this suspension, 1 x 106 cells were transferred
into 1.5 mL polystyrene tubes for detection of fluorescence (triplicates per condition were
performed), whereas the remaining cells were processed for cryopreservation. Cells were
centrifuged at 5000 rpm for 5 min (at 4ºC), the supernatant was removed and cells were fixed
with 150 μL of Cytofix/Cytoperm™ solution (BD Biosciences) for 20 min at 4ºC. Cells were
then washed twice with Perm/Wash™ solution (BD Biosciences), centrifuged at 5000 rpm
for 5 min (at 4ºC) and further incubated with 50 μL of anti-FAM antibody (Sigma, clone FLD6, 1:100), prepared in Perm/Wash™ solution, for 30 min (at 4ºC). After incubation with a
primary anti-FAM antibody, cells were washed twice with Perm/Wash™ solution and
further incubated with 50 μL of an Alexa488-conjugated anti-mouse secondary antibody
(1:200; Molecular Probes, Life technologies, USA), prepared in Perm/Wash™ solution, for
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30 min (at 4ºC). After being washed twice with Perm/Wash™ solution, samples were
resuspended in 500 μL of PBS supplemented with 2% FBS and immediately analyzed in a
FACS Calibur flow cytometer. Flow cytometry FAM detection was performed by incubating
approximately 1×106 cells with an anti-FAM antibody for 2 h at 4 °C, followed by a signal
amplification incubation with an Alexa488-conjugated anti-mouse secondary antibody (Life
Technologies, USA; 1:200), for 1 h at RT. All samples were immediately analyzed in a
FACS Calibur flow cytometer, and a total of 30,000 events were collected.

3.15 COMBINED IV ADMINISTRATION OF ANTI-MIR-21 WITH ORAL SUNITINIB
Thirteen days after tumor implantation, mice (n = 7) were randomly administered, via tail
vein injection, with a single dose of CTX-coupled SNALP-formulated anti-miR-21/MM
oligonucleotides (2.5 mg/kg) or saline; oral administration (gavage) of sunitinib (30 mg/kg)
or saline was performed on the three subsequent days. After 1 day of rest, animals received
a second dose of anti-miR-21/MM oligonucleotides (2.5 mg/kg) or saline, which was
followed by oral gavage of sunitinib (30 mg/kg) or saline on the 3 subsequent days. 48 hours
after the last administration of sunitinib/saline, animals were sacrificed by intracardiac
perfusion with 20 mL of ice- cold PBS, followed by 20 mL 4% PFA prior to tissue
harvesting. Brains were collected into polystyrene tubes, fixed overnight at 4 °C in 4% PFA,
placed in PBS containing 25% sucrose for additional 48 h and then frozen at -80 °C.
Sequential coronal cryosections (20 μm) were then obtained by microtome sectioning (Leica
CM 3050S, Leica, Germany).

3.16 DETECTION OF MIR-21 IN BRAIN SECTIONS
Brain sections were incubated in a TBS solution containing 20 μg/mL proteinase K (Roche)
at 37°C for 20 min, rinsed twice in TBS followed by tissue fixation in 4% paraformaldehyde
for 10 min at room temperature. After washing with 0.2% glycine in TBS, slides were
acetylated by incubating for 30 min in a solution of freshly prepared 0.1 M triethanolamine
and 0.5% (v/v) acetic anhydride, in order to ensure the inactivation of tissue enzymes. Slides
were then rinsed twice in TBS and prehybridized (no probe) in hybridization buffer (50%
formamide, 5x SSC, 5x Denhardt’s solution, 250 μg/ml yeast tRNA, 500 μg/mL salmon
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sperm DNA, 2% (w/v) Blocking Reagent, 0.1% CHAPS, 0.5% Tween) for 2 h at a
temperature 22 - 25°C below the Tm of the probe. The hybridization step was carried out
using DIG-labeled LNA probes for miR-21, scrambled (negative control) and U6snRNA
(positive control). Four picomol of probe diluted in 100 μL of hybridization buffer were
applied per section and the slides were incubated in a sealed humidified chamber for 16 h at
the same prehybridization temperature. Stringency washes were performed at the same
temperature as probe hybridization in order to remove unhybridized probe. Endogenous
peroxidase was inactivated by incubation in 3% hydrogen peroxide in TBS with 0.1%
Tween-20 (TBS-T) for 30 min, followed by three washes with TBS-T. The slides were then
placed in blocking solution (TBS-T, 10 % heat-inactivated goat serum, 0.5 % blocking
agent) for 1 h at room temperature, followed by incubation for the same period of time in
blocking solution containing hydrogen peroxidase conjugated anti-DIG Fab fragments
(Roche). In order to amplify the antibody signal, slides were washed with TBS-T and a TSA
plus Cy3 (PerkinElmer, Waltham, MA, USA) working solution was applied onto to the
sections for 10 min in the dark, in accordance with the manufacturer’s protocol. Samples
were then stained with the fluorescent DNA-binding dye Hoechst 33342 (Molecular Probes,
Oregon, USA) (1µg/mL) for 5 min in the dark, washed with cold PBS, and mounted in
Mowiol (Fluka, Sigma). Confocal images were acquired in a point scanning confocal
microscope Zeiss LSM 510 Meta (Zeiss, Germany), with a 40× EC Plan-Neofluar oil
immersion objective.

3.17 HISTOLOGICAL STAINING OF BRAIN SECTIONS AND DETERMINATION OF
TUMOR SIZE

Frozen brain sections were allowed to dry at RT, immersed in cresyl violet solution for 10
min, washed twice in acetate buffer (80% acetic acid, 20% sodium acetate), washed twice
with absolute ethanol and then immersed in xylene for 5 min. Excess solution was removed
between washes. Sections were mounted with two drops of Eukitt mounting medium,
covered with a glass coverslip and stored under dark. To determine tumor volume (TV),
tumor length (considering the set of sections containing the tumor) and width (considering
the area corresponding to the largest tumor width) were identified in cresyl violet-stained
sections, using a light microscope (Zeiss AxioScope, Carl Zeiss Micro Imaging GmbH,
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Germany). Tumor width and length were measured using the Axiovision software (Zeiss)
and the volume was calculated through the following equation: TV (mm3) = (length) ×
(width)2 × 0.5140.

3.18 EVALUATION OF ANIMAL SURVIVAL AND SYSTEMIC TOXICITY
The treatment plan (described in section 3.15) was maintained until any of the humane endpoints (weight loss >20%, respiratory difficulties, reduced mobility) was observed, after
which animals were euthanized by ip administration of sodium pentobarbital (100mg/kg).
Blood samples were collected before euthanasia, via cardiac puncture. The levels of the
cardiac biomarker troponin I (TnI) and the liver biomarker liver-type fatty acid-binding
protein (L-FABP)were determined in the serum of animal blood samples using the mouse
Ultra Sensitive TnI and L-FABP ELISA kits (Life Diagnostics Ltd, Stoke-on-Trent, UK).

3.19 STATISTICAL ANALYSIS
All data are presented as mean ± standard deviation (SD) of at least three independent
experiments, each performed in duplicate, unless stated otherwise. One way analysis of
variance (ANOVA) combined with the Tukey posthoc test was used for multiple
comparisons in cell culture experiments (unless stated otherwise) and considered significant
when p< 0.05. Statistical differences are presented at probability levels of p< 0.05, p< 0.01,
p< 0.001 and p<0.0001. Calculations were performed with standard statistical software
(Prism 6, GraphPad, San Diego, CA, USA).

57

58

RESULTS
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The results included in section 4.2 are part of the following article: Costa, P. M. et al.
MiRNA-21 silencing mediated by tumor-targeted nanoparticles combined with sunitinib: A
new multimodal gene therapy approach for glioblastoma. J. Control. Release 207, 31–39
(2015).

4.1 MODULATION OF MIRNAS DEREGULATED IN GLIOBLASTOMA CELLS
COMBINED

WITH

CHEMOTHERAPY

-

A

PROMISING

THERAPEUTIC

APPROACH

4.1.1 Characterization of GSCs isolated from U87 and DBTRG human GBM
cells: morphology and key-markers
GSCs were isolated from two human GBM cell lines (U87 and DBTRG) by MACS,
according to the surface expression of CD133, reported as being a GSC marker77, the
percentage of CD133+ cells isolated from the DBTRG cell line being significantly higher as
compared to the U87 cell line (Fig. 11a). As observed in Figure 11b, DBTRG CD133+, as
opposed to CD133- cells, resemble the GSCs in terms of their capacity to grow as
neurospheres in low attachment and serum-free media, while under the same experimental
conditions, both CD133+ and CD133- cells isolated from the U87 cell line formed
neurospheres. The gene expression profile in CD133+ as compared to CD133- cells in both
cell lines was analyzed for markers related to stemness (CD133, NESTIN, FUT4, BMI1,
SUZ12 polycomb repressive complex 2 subunit (SUZ12), POU5F1 and NANOG), astrocytic
and neuronal lineage differentiation (GFAP and TUBB3 respectively) migration (MMP2),
proliferation/angiogenesis (EPHA2) and drug resistance (ABCB1). As shown in Figure 11c,
CD133, NESTIN and ABCB1 were significantly upregulated in the DBTRG CD133+ cells,
while all the remaining genes showed a trend to increase, with respect to the CD133counterparts. The U87-derived CD133+ cells showed little or no changes in gene expression
when compared to the CD133 -, with the exception of CD133, NANOG and TUBB3 (slightly
decreased) and of NESTIN, SUZ12 and EPHA1 (slightly increased). The ABCB1 expression
was detected neither in U87 CD133+ nor in CD133- cells.
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Figure 11. Morphology and gene expression profile of CD133+ cells isolated from U87 and DBTRG cell lines,
as compared with the corresponding CD133- cells. (a) Percentage of cells isolated by MACS on the basis of
CD133 surface expression. ****p<0.0001 (n=6-10). (b) Representative images of the morphology of CD133+
and CD133- cells isolated from U87 and DBTRG cell lines, maintained in supplemented DMEM-F12 medium
in low adherent conditions for 4 days following isolation. (c) Expression profile of key-genes in the U87- and
DBTRG-derived CD133+ cells (cultured in supplemented DMEM-F12 in low attachment conditions) as
compared to the respective CD133- cells (maintained in the same conditions for the parental cell lines). The
blue line surrounding the bars refers to the genes related with stemness features; the green line, to lineage
differentiation genes; the brown line, to a migration-related gene; the orange line, to a drug resistance gene and
the red line, to a proliferation/angiogenesis-related gene. *p<0.05, **p<0.01, ***p<0.001, as compared to the
corresponding CD133- cells (n=3-7).
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4.1.2 Comparative analysis of miRNA expression in DBTRG CD133+ and
CD133- cells
Quantification by qPCR of the expression of 7 miRNAs, known to be deregulated in GBM
and implicated in the different hallmarks of this malignancy, was performed in DBTRG
CD133+ and CD133- cells and with normal human astrocytes (Fig. 12). As observed, the
expression of the majority of the miRNAs was found to be significantly downregulated, with
the exception of miR-155 (unaltered), miR-125b (slightly downregulated) and miR-21
(upregulated). miR-31, miR-124 and miR-302a were not detected in any of the GBM
subpopulations. On the other hand, although no significant changes in the expression levels
of the tested miRNAs were observed between the CD133+ and CD133- cells, miR-21 levels
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were slightly increased in CD133+ cells as compared to CD133- cells.

Figure 12. miRNA expression levels in DBTRG CD133+ and CD133- cells, as compared to human astrocytes.
Cells were maintained in optimal culture conditions for four days after isolation, as described in Materials and
Methods. miRNA expression levels, normalized to the reference snord44 are presented as relative expression
values to human astrocytes. ** p<0.01, **** p<0.0001, compared to human astrocytes (n=3-4).

4.1.3 Internalization of oligonucleotides in GBM CD133+ cells
Internalization of DLS liposomes carrying FAM-labelled oligonucleotides was evaluated by
flow cytometry and confocal microscopy in DBTRG CD133+ cells, both from adherent or
suspension cultures, as described in Materials and Methods. For flow cytometry, after 4 h
incubation of the cells with FAM-labelled oligonucleotides complexed with DLS liposomes,
Trypan blue was added to quench the fluorescence resulting from lipoplex that remained
bound to the cell surface. Extensive lipoplex internalization was observed (Fig. 13a), the
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uptake percentage in CD133+ cells grown in monolayer being significantly higher (~90%)
as compared to that in cells grown in suspension (~80%). Confocal microscopy analysis
revealed that green fluorescent particles accumulated throughout the cytoplasm of
transfected DBTRG CD133+, either from suspension (Fig. 13c) or adherent cultures (Fig.
13e), whereas no fluorescence was observed in untreated control cells (Fig. 13b and d).

Figure 13. Lipoplex-mediated internalization of FAM-labelled oligonucleotides in DBTRG CD133+ cells,
either from adherent or suspention cultures. After 4 days in low attachment conditions or in laminin-coated
wells, DBTRG CD133+ cells were transfected with lipoplexes for 4 h, followed by 48h incubation in fresh
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media. For flow cytometry analysis, Trypan blue was added to the culture medium (a). For confocal microscopy
analysis, cells were stained with DNA-specific Hoescht 33342 (blue) (b-e). The panel shows representative
images obtained by confocal and DIC microscopy at 60x magnification of DBTRG CD133+ cells from
suspension cultures (b, c) or adherent cultures (d, e), either untreated (b, d) or transfected with lipoplexes (c,
e) at a final concentration of 50 nM FAM-oligonucleotides (green). Results are representative of two
independent experiments. **** p<0.0001.

4.1.4 miRNA modulation and its impact on target mRNA levels
The results obtained for the miRNA levels expression upon transfecting DBTRG cells with
miRCURY LNA™ miR-128 or miR-302a mimics, using the commercial transfection
reagent Dharmafect (final concentration of 50 nM of oligonucleotides per well) according
to manufacturer instructions are displayed in Figure 14. Transfection with miR-128 (Fig.
14a) or miR-302a (Fig. 14b) resulted in an increase in their expression levels and in a
decrease in BMI1 mRNA (Fig. 14c) and CDKN1A mRNA (Fig. 14d), respectively, as
compared to scrambled oligonucleotide transfection.

Figure 14. miR-128, miR-302a and BMI1/CDKN1A expression following miR-128/miR-302a mimic or
scrambled oligonucleotidesion transfection. DBTRG were incubated with miR-128/miR-302a mimic or
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scrambled oligonucleotide (final concentration of 50 nM per well) complexed with Dharmafect for 4 h and
further incubated for 48 h with fresh medium. After that, the expression levels or miR-128 (a) and miR-302a
(b) were assessed. The mRNA levels of BMI1 and CDKN1A were additionaly evaluated following transfection
with scrambled/miR-128 mimic (c) or scrambled/miR-302a mimic (d) (n=2). miR-128 and miR-302a
expression, normalized to the reference snord44, and BMI1 and CDKN1A expression, normalized to the
reference HPRT1, are presented as relative expression values to untreated cells (control cells).

4.1.5 Cytotoxicity induced by chemotherapeutics and miRNA modulation per
se or in combination
In order to select chemotherapeutic concentrations to be used for evaluating the efficiency
of the pharmacological treatment, per se or in combination with miRNA modulation, in
terms of GBM cell proliferation, a previous assay was conducted by exposing DBTRG cells
to different drug concentrations for 48 h. Dose-response curves were then obtained and, for
the subsequent assays, a concentration at which each drug (temozolomide, sunitinib and
axitinib) induced, by its own, a modest decrease (about 10% or less) in the proliferation of
GBM cells was chosen. The concentrations selected were 2.5 µM for axitinib, 7.5 µM for
sunitinib and a significantly higher concentration for temozolomide (100 µM). Data
presented in Figure 15 was obtained by using the SRB assay, as described in Materials and
Methods, and the anti-proliferative effects promoted by chemical drugs, miRNA modulation
or the combined treatment, on GBM cells, was inferred from the decrease of the cellular
protein content, determined as percentage of that observed in untreated cells (control cells).
As observed, a small, although statistically significant, decrease in cell proliferation was
induced upon incubation of DBTRG and U87 cells with Dharmafect-formulated miR-128 or
miR-302a mimics, in contrast with what is observed when cells were incubated with the
same formulation containing a scrambled oligonucleotide. It is notorious that, in most cases,
a more severe inhibition of cell proliferation was achieved through the combination of
miRNA (miR-128 or miR-302a) modulation with cell exposure to chemotherapeutics, an
effect that is evident for both cell lines regardless the chemotherapeutic assayed. In the
perspective of the chemotherapy, it is also remarkable that, with an exception (the
combination of 7.5 µM sunitinib with miR-128 mimics), drug inhibitory effects were
significantly reinforced by miRNA modulation. In order to emphasize the specific
interference of miRNAs, whose levels were enhanced by transfecting cells with the
corresponding mimics, in the severity of the effects exerted by chemotherapeutics, the action
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of the combined therapy was statistically compared with assays conducted in the same
conditions but transfecting cells with a scrambled oligonucleotide. In most cases, the
specificity of the miRNA modulation in reinforcing the inhibitory effect of
chemotherapeutics was observed. Of note, the combination of miR-128 modulation with 2.5
µM axitinib in U87 cells resulted in a synergistic effect (p<0.03) as assessed by Bliss
statistical analysis254.

Figure 15. Proliferation of DBTRG (a) and U87 (b) cells, as assessed by the sulforhodamine B (SRB) assay
(described in Material and Methods), in different conditions: in the absence of transfection and without drug
treatment (control cells); upon transfection with a scrambled oligonucleotide (scrambled); upon transfection
with miR-128 or 302a mimics (miR-128 mimic and miR-3012a, respectively); upon treatment with the drugs
sunitinib, axitinib and temozolomide (7.5 µM Sun; 2.5 µM Axi and 100 µM TMZ, respectively) and upon
transfection with the scrambled oligonucleotide or miRNA 128 or 302a mimics and further incubation with the
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abovementioned drugs (Sun/Axi/TMZ + Scrambled/miR-128 mimic/miR-302a mimic). Cells were incubated
with miR-128/miR-302a mimic or scrambled oligonucleotide (final concentration of 50 nM per well)
complexed with Dharmafect for 4 h and further incubated for 24 h with fresh medium. Cells were subsequently
exposed to 7.5μM sunitinib (Sun), 2.5μM axitinib (Axi) or 100μM TMZ for 48 h, after which cells were fixed
with 1% acetic acid in methanol and stored overnight at -80ºC before the SRB assay. * p<0.05, *** p<0.001,
**** p<0.0001 compared to the respective scrambled transfection. # p<0.05, ## p<0.01, ### p<0.001, ####
p<0.0001 compared with the respective untransfected control. § p<0.05, §§§ p<0.001 relative to transfection
per se (n=3).

4.1.6 GBM cell cycle and apoptosis as affected by miRNA modulation
The distribution of DBTRG cells among the different phases of the cell cycle (G0/G1, S and
G2/M) was determined by FACS analysis (Fig. 16a-d), the sub-G1 phase being used to
assess the amount of late apoptotic cells in the samples (Fig. 16e). As shown in Figure 16a,
the majority (about two thirds) of untreated DBTRG cells were, in the experimental
conditions used, in the G0/G1 phase, and the remaining cells were distributed throughout
the S and G2/M phases. No evident alteration of the cell cycle profile was induced by
transfecting cells with the scrambled oligonucleotide or miR-128 mimics. However, upon
transfection with miR-302a mimics, the percentage of cells in the G0/G1 phase decreased
(to about 50%) with a two-fold increase of the subpopulation in the S phase, and not affecting
the percentage of cells in the G2/M phase. All the chemotherapeutics promoted a decrease
in DBTRG cell population in the G0/G1 phase, which is apparently accompanied by an
increase of the percentage of cells in the S phase, and, in the case of axitinib, by a clear
increase in cells in the G2 phase. The effects promoted by the chemical drugs did not show
relevant changes when cells were transfected with the scrambled oligonucleotide or with
miR-128 mimics. However, cells transfected with miR-302a showed a tendency to shift from
G0/G1 to the S phase, in the presence of the drugs, and, after cell incubation with TMZ and
Sun, the majority of cells were in the S phase. Regarding the analysis of the subG1 phase,
chemotherapeutics, particularly axitinib, apparently induced an increase of the percentage of
cells in late apoptosis as compared to untreated cells. In the case of cells treated with TMZ,
increased levels of apoptosis were observed upon being transfected with miR-128 mimics
and, in the case of cells treated with Sun, apoptosis affected particularly those transfected
with miR-302a mimics.
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Figure 16: Cell cycle distribution (right) and quantitative analysis (left) for DBTRG cells as affected by miR128 and miR-302a transfection and chemotherapeutics. Twenty four hours after transfecting DBTRG cells with
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miR-128/miR-302a mimics or scrambled oligonucleotides using Dharmafect, cells were incubated for 24h with
7.5μM sunitinib (Sun), 2.5μM axitinib (Axi) or 100μM temozolomide (TMZ). Cells were fixed and
permeabilized with 70% ethanol for 30 min, after which they were labelled with PI/RNAse solution for 15 min.
Single cells were gated and analyzed via PI Width and Area signals to avoid doublet acquisition. Percentage
of cells in G0/G1, S and G2/M phases regards to cells not treated with drugs (a) treated with axitinib (b), TMZ
(c) or sunitinib (d) The panels on the right show representative histograms obtained upon transfection with
miR-302a mimics or scrambled oligonucleotides (n=2). (e) Sub G1 phase analysis of cells under late apoptosis
(n=2). For all experiments, conditions with sunitinib only represent one independent experiments.

4.1.7 GBM cell migration as affected by miRNA modulation
The effect of transfecting DBTRG cells with miR-128 and miR-302a mimics on their
migratory phenotype was assessed by the scratch assay. A scratch was created in cell
monolayers, 72h after the incubation with Dharmafect complexed with miR-128/ miR-302a
mimic or scrambled oligonucleotides. The scratch recovery was recorded 0, 7 and 19h after
the scratch was made (Fig. 17a), the percentage of closure being calculated in relation to the
initial scratch width (Fig. 17b). At 19h, the capacity of cells transfected with miR-302a to
recover from the scratch was significantly lower as compared to that observed in the
untransfected cells, although no effects on cell motility were detected in DBTRG cells
transfected with miR-128 mimic oligonucleotides.
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Figure 17. Influence of miR-128 and miR-302a modulation on DBTRG cell motility. Seventy-two hours after
miR-128/miR-302a mimic or scrambled oligonucleotide transfection with Dharmafect, a scratch assay was
made in the cell monolayer using a 200 µL pipette tip. (a) Phase contrast photographs of the cultures taken at
0 h (immediately after scratching) and at 7 and 19 h time points. (b) Average recovery obtained by analysing
the gap size using ImageJ image software with respect to the initial scratch size. * p<0.05, ** p<0.01 (n=3).
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4.2 MIRNA-21 SILENCING MEDIATED BY TUMOR-TARGETED NANOPARTICLES
IN COMBINATION WITH SUNITINIB: AN EFFECTIVE THERAPEUTIC STRATEGY
IN AN ORTHOTOPIC GLIOBLASTOMA MOUSE MODEL

4.2.1 Biodistribution of systemically-administered CTX-SNALP-formulation
In this study, and in agreement with our previously reported data 239, high encapsulation
yields (85 to 95%), small uniform particle size (<190 nm, polydispersity index<0.3) and
neutral surface charge were obtained for targeted and nontargeted (NT) liposomes containing
anti-miR-21 oligonucleotides (AMOs). To evaluate whether the generated targeted
nanoparticles would be efficient in delivering their encapsulated contents to intracranial
tumors upon intravenous (iv) administration, GBM-bearing mice were injected via tail-vein
with SNALP-formulated FAM-labeled mismatch (MM) oligonucleotides (Figure 18) 14
days after tumor cell implantation. The detection of FAM in tissue homogenates, through
indirect immunofluorescence, revealed a significant increase in fluorescence in tumors of
animals injected with CTX-coupled SNALPs encapsulating MM oligonucleotides (Fig.
18a), when compared to that detected in tumors of animals injected with the NT counterpart
or saline, while no significant differences were detected among samples of normal brain
(Fig. 18a). Although not significant, a slight increase in fluorescence was detected in the
liver of animals injected with CTX-coupled or NT SNALPs, in comparison with that
detected in animals injected with saline (Fig. 18b).

Figure 18.. Biodistribution analysis following iv administration of SNALP formulated anti-miR-21
oligonucleotides or saline. Fluorescence intensity plots of (a) tumor and brain or (b) liver, lungs, kidneys and
spleen homogenates from animals injected intravenously with saline or CTX-coupled/NT liposomes
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encapsulating FAM-labelled AMOs. The extent of cellular association was assessed only in viable cells, these
being gated on the basis of morphological features. * p<0.05 compared to animals injected with NT liposomes.
*** p<0.001 compared to animals injected with saline

4.2.2 Modulation of miR-21 combined with sunitinib: detection of miR-21 in
tumors and healthy brain
Based on the capacity of targeted SNALPs to efficiently deliver AMOs to brain tumors and
on previous in vitro data showing synergy of miRNA modulation and treatment with
sunitinib239, experiments were performed to assess whether this multimodal approach could
reduce miR-21 expression. As observed in Figure 19, decreased miR-21 staining in tumor
areas, as assessed by FISH, was detected in samples of animals receiving SNALPformulated anti-miR-21 oligonucleotides (Fig. 19f), as compared to that of animals receiving
MM oligonucleotides (Fig. 19e) or saline (Fig. 19d), while no significant differences in
staining were found in healthy brain (Fig. 19 a-c).

Figure 19. FISH detection of miR-21 in brain samples of animals treated with a combination of intravenouslyadministered SNALP-formulated anti-miR- 21/MM oligonucleotides and sunitinib. Representative images of
20 μm-thick brain sections incubated with miR-21-targeted probes and observed under a confocal microscope
(400x amplification). (a, b, c) healthy brain, (d, e, f,) tumors
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4.2.3 Modulation of miR-21 combined with sunitinib and its effect on tumor
size
We assessed whether the multimodal approach could result in an anti-tumoral effect in terms
of tumor reduction. As shown in Figure 20, a considerable reduction in tumor volume was
observed in animals treated with a combination of anti-miR-21 oligonucleotides and
sunitinib (53.7 ± 43.7 mm3, Fig. 20c), when compared to that of animals receiving MM
oligonucleotides and sunitinib (90.9 ± 18.2 mm3, Fig. 20b) or saline (untreated) (98.2 ± 43.8
mm3, Fig. 20a).

Figure 20. Cresyl violet staining of miR-21 in brain samples of animals treated with a combination of
intravenously-administered

SNALP-formulated

anti-miR-21/MM

oligonucleotides

and

sunitinib.

Representative images of 20 μm-thick brain sections (a, b, c) stained with cresyl violet and observed under a
light microscope (12.5x amplification; the scale corresponds to 200 mm). (d) Average tumor volumes.
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4.2.4 Animal survival following application of the combined strategy
Having shown that animal treatment with anti-miR-21 oligonucleotides and sunitinib
induces a significant anti-tumoral response, experiments were performed to ascertain
whether this approach could extend animal survival. Following the designed treatment
schedule displayed in Figure 21a, 25% of the animals receiving SNALP-formulated antimiR-21 oligonucleotides and sunitinib survived for longer than 30 days, whereas none of the
animals receiving saline or mismatch oligonucleotides and sunitinib reached this lifetime
(Fig. 21b). On average, a considerable improvement in survival was achieved for animals
treated with SNALP-formulated anti-miR-21 oligonucleotides and sunitinib (25.5 days), in
comparison to that of untreated animals (21 days, p<0.05), while no significant differences
were found between animals receiving anti-miR-21 or mismatch oligonucleotides and
sunitinib.

Figure

21.

Animal

survival

upon

treatment

with

a

combination

of

iv SNALP-formulated anti-miR-21/MM oligonucleotides and sunitinib. (a) Representative scheme of the
animal treatment schedule (b) Kaplan-Meier survival curves for treated and untreated mice (n=8).
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4.2.5 Toxicity associated with the combined therapeutic approach
Following animal treatment with anti-miR-21 oligonucleotides and sunitinib, we evaluated
wether potential side effects would be associated with this treatment. For this purpose, the
levels of the cardiac biomarker troponin I (TnI) and the liver biomarker liver-type fatty acidbinding protein (L-FABP) were assessed. As observed in Figure 22, no evidence of acute
cardio- and hepatotoxicity was found in the serum of animals submitted to this treatment
protocol.

Figure 22. Systemic toxicity upon treatment with a combination of iv SNALP-formulated anti-miR-21/MM
oligonucleotides and sunitinib. Levels of the cardiac marker TnI and the liver marker L-FABP, determined in
serum of the animals (n=6) using a quantitative ELISA kit.
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In this work, we aimed at finding new therapeutic targets for GBM treatment and eradication.
miRNAs are among the most attractive molecular targets for therapies addressed to cancer,
because they are often deregulated in tumor cells, which affects the translation of numerous
genes and tend to sustain key processes underlying cancer onset and propagation107. GBM
is no exception, with a myriad of miRNAs already linked with the several known hallmarks,
as outlined in Tables 1-3 in the Introduction section. Being highly malignant, resistant to
therapy and responsible for tumor relapse, GSCs can in addition be considered promising
target cells towards therapeutic approaches16. We propose that the modulation of miRNAs,
namely those found deregulated in the GSCs, might be a good therapeutic strategy as an
alternative to the standard therapies.
CD133 was described by Singh and collaborators in 2003 as a molecular marker for GSCs77.
Therefore, we have isolated CD133+ cells, through MACS, from two human GBM cell lines,
the U87 cell line, established from a primary malignant glioma255, and the DBTRG cell line,
established from a recurrent GBM256, in the expectation of obtaining populations of GBM
cells that resemble the GSCs. The percentage of CD133+-enriched DBTRG cells was
significantly higher than that obtained from U87 cells (Fig. 11a), suggesting that the
subpopulation of cells apparently similar to GSCs existed in higher abundance in the
DBTRG cells than in the U87 cells, in agreement with the former cell line having been
established from a recurrent GBM. Moreover, we demonstrated that DBTRG CD133 +, but
not CD133- cells were able to form neurospheres, when grown in low attachment conditions
and in a serum-free DMEM F-12 medium. This ability to grow in suspension in the absence
of serum has been considered an intrinsic feature of GSCs77, which made us to believe that
the CD133+ cell population isolated by MACS, from the recurrent GBM-derived cell line,
should be enriched in true GSCs. However, we observed that both CD133+ and CD133- cells
derived from the U87 cell line, through the same methodology, possessed the capacity to
grow as neurospheres in conditions that are supposed to be favorable exclusively to GSCs
(Fig. 11b).
In the absence of a consensual marker for GSCs, we examined the expression of several
genes, whose expression levels have been shown to differ in cancer stem-like cells and
differentiated cells, namely those related to stemness (CD133, NESTIN, FUT4, BMI1,
SUZ12, POU5F1 and NANOG), astrocytic and neuronal lineage differentiation (GFAP and
TUBB3 respectively) migration (MMP2), proliferation/angiogenesis (EPHA2) and drug
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resistance (ABCB1) (Fig. 11c). The DBTRG CD133+ cells showed to follow mainly the
expression profile of typical GSCs, with the exception of an increase in GFAP and TUBB3
mRNA levels, as compared to DBTRG CD133- cells, which supported the hypothesis that
the subpopulation of DBTRG CD133+ cells could be at least enriched in GSCs. In fact,
GFAP, a classical marker of astrocytic differentiation, has been reported as being also
expressed in NSCs and in undifferentiated GBM tumor spheres257. On the other hand, the
expression of TUBB3 has been detected in the first days of GBM tumor sphere cultures,
indicating early neuronal development of some cells within the undifferentiated
population258. In order to further characterize DBTRG CD133+ and CD133- cells, the levels
of several miRNAs, which have been reported as deregulated in GBM, were evaluated in
both DBTRG cell populations, as compared to human astrocytes, used as control (Fig. 12).
Our results, showing the downregulation of the miRNAs tested in GBM cells, with exception
of miR-155, were consistent with those reported in the literature109,119,180,198
Due to the high tumorigenic capacity of GSCs, a great benefit is expected to result from the
development of therapies targeting the subpopulation of GSCs in GBM. In this context, we
were interested to demonstrate the susceptibility of the CD133+ cell population of DBTRG
cell line to be transfected with miRNA mimics carried by a cationic lipid-based commercial
vector (DLS liposomes). With this purpose, internalization assays (confocal microscopy and
flow cytometry) with fluorescence-labelled oligonucleotides were performed, showing (Fig.
13) that oligonucleotides were efficiently delivered into CD133+ DBTRG cells, either grown
as neurospheres in a suspension culture (condition that closely resembles that in vivo) or
grown in monolayer cultures (resembling the in vitro growth adherent conditions, at which
CD133+ cells are supposed to grow together with the differentiated GBM cells).
Attention has, then, been paid to the miR-302a (undetected in DBTRG cells) and miR-128
(with levels significantly lower in DBTRG cells than in astrocytes), whose downregulation
in GBM, and in GSCs in particular, has been reported in in vitro and in vivo studies,
indicating its major role for GSC maintenance, the reposition of their levels leading to a
reduction of stemness-related features and reduction in GBM cell overall malignancy
171,180,181

.

On the other hand, using a high-throughput screening, our group has provided evidence that
an increase in miR-128 and miR-302-367 cluster levels in GBM cells (through the
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transfection of cells with the corresponding mimics) reinforced the inhibitory effect of the
chemotherapeutic sunitinib, as reflected by a significant decrease in cell viability
(unpublished data) . Altogether, these findings prompted us to investigate how the increase
of miR-128 and miR-302a levels, achieved through the delivery of miRNA mimics,
promotes antiproliferative effects per se or by potentiating the action of different
chemotherapeutics (besides sunitinib, axitinib and TMZ), in U87 as well as in DBTRG cells.
Consistently, we observed that transfection of DBTRG and U87 cells with miR-128 and
miR-302a mimic oligonucleotides (mediated by the commercial transfection reagent
Dharmafect Duo, which showed to be less toxic to the cells than DLS liposomes; data not
shown), resulting, as expected, in increased levels of the respective miRNAs (Fig. 14),
promoted a decrease of cell proliferation in both cell lines (Fig. 15). Additionally, transient
expression of these miRNAs in combination with cell exposure to the chemotherapeutics
sunitinib, axitinib or TMZ resulted in an increased toxicity to GBM cells, as compared to
that promoted separately by drugs or miR-128/miR-302a transfection. Moreover, the
combination of axitinib with miR-128 mimic transfection was able to promote a synergistic
cytotoxic effect in U87 cells (Fig. 15b). Interestingly, although the treatment with all the
chemotherapeutics tested, when combined with the enhanced expression of miR-128 or miR302a, promoted anti-proliferative effects on both cell lines, U87 cells showed to be in general
more affected by the combined treatment than DBTRG cells, which is not surprising taking
into account that the latter cell line was established from a recurrent GBM.
Although the proliferation of DBTRG cells was similarly affected by miR-128 and miR302a, per se or in combination with the drugs, it was observed that miR-302a increased
expression has major implications in cell cycle (Fig.16) and migration of DBTRG cells (Fig.
17), in contrast with the miR-128 transient expression, which failed in interfering with these
phenotypic characteristics.
Regarding the cell cycle, miR-302a mimic transfection apparently arrested cells in the Sphase and promoted a decrease in the percentage of cells in the G0/G1 phase, as compared
to the untreated or scrambled transfected cells. This trend was also observed upon exposure
of DBTRG cells to the tyrosine kinase inhibitors axitinib and sunitinib and to the alkylating
agent TMZ. Cell cycle arrest in the S phase has been considered a consequence of a
pronounced DNA instability259, which, in the present work, could result from the damage
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induced by mR-302a transfection, mediated by its targets, and by the chemotherapeutics.
Not surprisingly, the combination of miR-302a transfection with TMZ was the strategy that
arrested more cells in the S-phase, which is consistent with the reported TMZ ability to
activate the intra-S-phase checkpoint, so that cells can correct the TMZ-induced DNA
damage260. However, it was reported that due to ineffective correction of such catastrophic
damage, here presumably enhanced by miR-302a, most of the cells undergo apoptosis261.
The role of miR-302a in cell cycle regulation has been well studied in hESCs, but is poorly
understood in GBM cells. Nevertheless, our findings in GBM cells are in agreement with
those from Card and coworkers262, who found that the induction of miR-302a expression in
non-pluripotent primary and transformed cells increases the percentage of cells in the Sphase and decreases that in G1-phase. Additionally, the authors found that the inhibition of
the miR-302 cluster in hESCs resulted in an increased number of G1 cells, suggesting that
miR-302 is a negative regulator of the phase G1 and/or that it promotes entry into the S phase
of the cell cycle. In this regard, we provided evidence that DBTRG cell transfection with
miR-302a mimics decreased the expression levels of CDKN1A (Fig.14), which governs the
G1/S transition checkpoint. Although in the present work, alterations of CDKN1A protein
content were not directly evaluated, we anticipate that cell transfection with miR-302a may
promote a reduction of the levels of this protein (as a consequence of the decreased levels of
the respective mRNA), thus allowing the progression of the cell cycle through the G1/S
checkpoint in spite of the genomic errors eventually accumulated (data from hESCs263).
However, we have to admit that this view is very simplistic, because numerous targets
related with cell cycle were identified for miR-302a, including CCND1/2, CDK2, CDK4,
CDK6, E2F1, as well as the pRB pathway, which is also implicated in the cell cycle
regulation262.
Yang and colleagues181 provided evidence that, in addition to interfering with stemness
features, the miR-302a plays a role in many other tumorigenic events in GBM. In this
context, we explored the influence of miR-302a in the motility capacity of DBTRG cells and
found that the cells transfected with miR-302a were significantly less motile than untreated
cells (Fig. 17).
Further in vitro studies need to be addressed in order to better understand the biological
implications of miR-128 and miR-302a modulation in GBM cells, before embarking with in
vivo models. However, extensive in vitro studies previously performed in our group with
84

the miR-21, an oncogenic miRNA consistently upregulated in GBM samples and cell lines,
and in the present study to be upregulated in DBTRG cells, especially in the DBTRG
CD133+ cells, as compared to the human astrocytes, prompted us to perform further
experiences in an orthotopic GBM mouse model, towards a new GBM therapy based on
miRNA modulation and chemotherapy. The strategy consisted of systemic delivery of antimiR-oligonucleotides into orthotopic GBM mouse model, established with GL261
intracranial injection, followed by sunitinib chemotherapy.
However, in contrast to in vitro assays using GBM cells, the successful delivery of anti-miR21 oligonucleotide in vivo, by intravenous administration, demanded the use of a vehicle or
nanocarrier to avoid degradation and the fast clearance of the nucleic acids. Additionally, to
circumvent off-target toxicity, the delivery system should specifically target the tumor cells,
while sparing healthy cells Therefore, in the present work, we employed a lipid-based
nanocarrier (SNALPs)239, previously developed in our group, which had shown to be able to
encapsulate genetic material and, upon CTX conjugation, to target GBM cells in vitro and
to efficiently deliver their cargo. Our results demonstrated that CTX-coupled SNALPs
encapsulating oligonucleotides enhanced nanoparticle accumulation in the tumors, when
compared to their NT counterpart (Fig. 18a). Such increase was within the range of the
values reported in other studies involving iv administration of liposomes encapsulating
biologically active molecules to the brain264. Although, at a residual extent, passive
accumulation of NT nanoparticles within brain tumors was observed (Fig. 18a), most
probably due to the dysfunctional and leaky vascular structure present in GL261 induced
tumors265, resembling that towards human GBM63. Remarkably, no significant accumulation
of the administered nanoparticles was detected in other organs, though a slight increase in
the uptake of both CTX-coupled and NT SNALPs was observed in the liver (Fig. 18b),
indicating that some nonspecific retention may occur in organs involved in blood clearance.
In agreement with other studies, showing that miRNA modulation is able to potentiate the
cytotoxic effect of anti-neoplastic drugs in vivo146,162,197, we demonstrated that the
combination of the systemic delivery of anti-miR-21 oligonucleotides formulated in CTXcoupled SNALPs with sunitinib oral administration in mice bearing a GBM tumor not only
induced a strong reduction in miR-21 expression in the tumor (Fig. 19) but also promoted a
decrease in the tumor size (Fig. 20). Interestingly, delivery of mismatch oligonucleotides
also seem to produce a decline of miR-21 levels, in the presence of sunitinib, although not
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affecting significantly the tumor volume. This nonspecific miR-21 reduction might be
related with sunitinib treatment, because the analysis of the miR-21 expression levels by
qPCR confirmed the specific decrease in miR-21 in tumors of animals intravenously injected
with CTX-coupled SNALP-formulated anti-miR-21 nucleotides, but not with the mismatch
oligonucleotides (data not shown). On the other hand, the architecture observed in the tumor
tissue of untreated animals or animals treated with sunitinib and mismatch oligonucletides
was disrupted, whereas the tumor tissue of animals injected with CTX-coupled SNALPformulated AMOs mainly resembled the normal brain (Fig. 19). Moreover, the systemic
administration of CTX-coupled SNALP-formulated anti-miR-21 oligonucleotide combined
with sunitinib treatment (Fig. 21a) improved the animal survival (Fig. 21b), without causing
hepatic or cardiac toxicity (Fig. 22).
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The present study opens new windows for an innovative cancer therapy, in which miRNA
modulation works alongside chemotherapy, towards the eradication of chemoresistant
tumors, including the highly aggressive GBM.
Due to their impact on GBM cell proliferation and susceptibility to chemotherapeutics, miR128 and, particularly, miR-302a, which was shown to arrest GBM cell cycle, effect that was
dramatically strengthened in the presence of the chemical drugs TMZ, sunitinib and axitinib,
appear as interesting therapeutic targets to be further explored in pre-clinical studies.
On the other hand, in vivo studies employing an orthotopic mouse model for GBM, pointed
to two important aspects with clinical relevance. The first one regards the use of CTXcoupled SNALPs as a very reliable, safe and efficient nanosystem for nucleic acid delivery
to GBM, and the second, concerns the employment of miR-21 inhibitors to overcome the
high GBM chemoresistance, as well as the promising role of the anti-angiogenic drug
sunitinib to fight GBM pathogenesis.

Future studies should be addressed in order to further understand the mechanisms through
which miR-128 and miR-302a modulation exerts an anti-tumorigenic activity, namely by
affecting GSCs, aiming at an effective therapy towards GBM. With this purpose,
experiments will be conducted by inducing GBM in nude mice through the inoculation
patient derived GBM cells into nude mice, followed by tumor resection, GSCs isolation and
ex vivo miR-128 and miR-302a modulation in these cells, which upon implantation in the
brain of the animals will be evaluated for their tumorigenic potential.
Furthermore, taking advantage of the versatility of targeted SNALP formulations,
experiments are planned to use this nanosystem for co-encapsulating mimic/anti-miR
oligonucleotides, addressing different target miRNAs, and then evaluate, at a first stage in
patient-derived GBM cell cultures and later in vivo, the effects of modulating multiple
miRNAs in combination with new generation chemotherapeutics.
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