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Chapter 1



General introduction

Glioblastoma: “The terminator”

Glioblastoma (GB) is the highest-grade glioma tumor and one
of the most common primary malignant brain tumor (3.5 GB cases per
100,000 people per year) [1]. The GB hallmarks consist in aggressive
growth, angiogenesis, resistence to radiation and chemotherapy,
infiltrative ability and invasion. The tumor cells are able to invade the
surrounding tissue making this tumor a surgically incurable disease
and tumor recurrence almost inevitable, with 90% of patients
developing new lesions within 2-3 cm of the original site or at distant
sites in the brain [1-3]. For these reasons, GB is one of the most lethal
human cancers: patients have a median survival of 12—15 months and
only the 3% 5-year survival rate, significantly worse than the 60%
survival rate seen for other brain tumors such as oligodendroglioma
and medulloblastoma [4—6]. In addition, GB is typically characterized
by complex chromosome abnormalities and extensive cytogenetic and
histological heterogeneity. Indeed, cytogenetically related or unrelated
clones coexist in different regions within the same tumor increasing

the difficulty in targeting and eradicating the tumor [7].

The current standard-of-care therapies of GB patients is the
same of the last decade and consist in surgery resections of as much of

the tumor as is safe, followed by radio- and chemotherapy (to induce



DNA damage or inhibits DNA replication); thus, given the poor
outcome of this treatment, new therapies and targeted treatments are

necessary [8, 9].

The WHO (World Health Organization) classifies gliomas on
the basis of their histologial and immunohistochemical features. GBs
present a highly malignant behavior associated with several biological
characteristics such as necrosis, mitotic features, neo-angiogenesis,
nuclear atypia. Clinically GBs are subdivided in primary and
secondary. The majority of patients present a primary GB with de
novo lesions, while the remaining 5-10% show a secondary GB [10].
Even though these two GBs are histopathologically indistinguishable,
they have distinct genetic profiles and distinct treatment implications.
Genetic changes associated with de novo GBs include amplification
and/or overexpression of Epidermal Growth Factor Receptor (EGFR)
and Mouse double minute 2 (Mdm?2), inactivating mutations of
Phosphatase and Tensin Homolog Deleted on Chromosome 10
(PTEN), deletion mutations of Cyclin-Dependent Kinase inhibitor 2A
(CDKN2A). Thus, these alterations result in the activation of proto-
oncogenes involved in cancer pathways that arise in older patients
with a predominant wild-type isocitrate dehydrogenase 1 (IDHI)
genotype and a worse prognosis. While, secondary GBs develop from
the low-grade glioma progression by the accumulation of molecular
alterations, such as TP53 lesion, retinoblastoma protein 1 (RB1) loss
or mutation and EGFR amplification. In this case, the tumor occurs in
younger patients with a frequent mutant IDH1 genotype that confers a

better prognosis (Figure 1) [1, 6, 11, 12].
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Figure 1 adapted from Dunn G.P. et al. Genes & Development 2012 and Ohgaki H.
et al. Clinical Cancer Research 2013.

Glioblastoma: Molecular Classification

Glioblastoma is a product of accumulated genetic and
epigenetic alterations, characterized by genetic instability and
complex alterations in chromosome structure and copy number. The
most important somatically alterated genes are TP53, PTEN,
neurofibromatosis type 1 (NF1), EGFR, RB1, IDH1 PIK3R1 and
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PIK3CA (Figure 2). All these genetic lesions lead to alterations
especially into three pathways: receptor tyrosine kinase (RTK)/ Ras/
phosphoinositide 3-kinas (PI3K) signaling is alterated in 88% of GB;
p53 signaling is impaired in 87% of the GB through CDKN2A
deletion, MDM2 and MDM4 amplification and mutation and deletion
of TP53; Rb signaling is alterated in 78% of GB through CDKN2
family deletion, amplification of CDK4/6 and CCND2 and mutation
or delation of RB1. Recently, somatic mutations of FATI, a regulator

of Wnt signaling, were found in 20% of GB [1, 6, 13].
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Figure 2 adapted from Breannan C. Curr Neurol Neurosci Rep 2011.
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In the last years different groups tried to define the molecular
hallmarks of GBs. Phillips et al in 2006 [14] classified GBs in three
different subtype based on several genes whose expression was most
strongly correlated with survival. This analysis identified three
different groups which rappresent the three different subtype of GBs
defined as proneural, proliferative and mesenchymal. The proneural
subclass (PN) contains a mixture of grade III tumors (AA) and grade
IV (GB) with or without necrosis; the patients are younger with a
longer median survival rate than the other subtypes. The PN molecular
signature is associated with an intact PTEN, normal EGFR and
activation of the Notch pathway. The proliferative (Prolif) and
mesenchymal (Mes) sublclasses are predominantly or exclusively
grade IV tumors characterized by the presence of necrosis, with a
worst outcome and common in older patients. These signatures are
characterized by PTEN loss, Akt pathway activation and EGFR could
be amplified. They are distinguished by a preponderance of either
proliferation or angiogenesis, while PN are characterized by a low
proliferation rate and express neuroblasts and immature neuronal

markers.

In 2010 Verhaak et al. [15] used the TGCA (The Cancer
Genome Atlas) data to identify the molecular subclasses of malignant
glioma. Starting from 200 tumor specimens and 2 normal brain tissues
they defined four subtype of malignant gliomas: proneural, neural,
classic and mesenchymal on the basis of prior naming and the
expression of signature genes (Figure 3). The proneural subtype
includes the alterations of PDGFRA, point mutations in IDHI, is

enriched for p53 mutations and is associated with younger patients.



The classical subtype shows a chromosome 7 amplification, loss of
the 10, CDKN2A deletions, high-level EGFR amplification and lack
of TP53 mutations. The major features of the mesenchymal subtype
are the deletion/mutations of the NFI gene. Both classical and
mesenchymal subtypes respond better to the aggressive treatments

with radio- and chemotherapy.

Proneural Neural Classical Mesenchymal

TP53  mut
IDHT  mut

PDGFRA cn

ge
CDKN2A
cn

-2 0 2

E"“‘ Copy Number

a ' ;
Gene Expression Mutation ~ TPS3LOH  EGFRVIII Ih'gh'e"e'amp"ﬁca""“

low level amplification
normal copy number
hemizygous deletion
homozygous deletion

Figure 3 from Verhaak R.G.W. et al. Cancer Cell 2011.

In 2012 De Bacco et al. [16] classified GBs in three different
substype according to gene expression profile: classical, mesenchymal
and proneural. They show that mesenchymal and proneural subtypes
are characterized by the expression of the MET oncogene, while
EGFR alteration and transcription is preferentially associated with the

classical subtype. Neurospheres (NS), considered as the appropriate
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way to grow glioma stem cells in vitro, maintain in vitro many
features of their original subclassification, defined in agreement to
Verhaak et al. Notably, Met expression was absent from NS
expressing the classical signature and expecially was mutually

exclusive with amplification and expression of the EGFR gene.

GB is one of the most molecularly profiled of all human
tumors; all these genomic analysis are intended to provide new
biological knowledges of this tumor for the development of innovative

and personalized therapies.

Glioblastoma: Treatments

The current treatment for glioblastoma patients is radiotheraoy
and temozolomide [17] and MGMT (O6 -methylguanine-DNA
methyltransferase) promoter methylation has the most powerful
molecular prognosticator in malignant gliomas and is predictive for

response to alkylating agent chemotherapy in glioblastoma [18].

In the last decades several studies have been made and
consequent significant progresses in understanding the biology of GB
have been obtained. Therefore, why is so hard to find a new
treatments?  Glioblastoma is characterized by the alteration of
different pathways and different driver mutations contributing to the
formation of different subclasses of GBs. In addition, there are

numerous mechanisms of resistance due to the formation of new
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mutations induced by chemotherapy that allow the tumor to resume

growth.

EGFR is amplified in 40% of GB patients, in particular the
variant EGFRVIII, but several clinical trials of EGFR kinase
inhibitors have been unsuccessful. Another target used in various
clinical trials is the platelet-derived growth factor receptor (PDGF),
which is overexpressed in some GBs and lower-grade gliomas [19—

21].

Anti-angiogenic therapies have been tested in clinical trials.
Bevacizumab is a  recombinant humanized monoclonal
immunoglobulin G1 antibody neutralizes the biologic activity of
VEGF by blocking the bind between VEGF and its receptors (Figure
4). A phase III study in addition to standard radiotherapy is ongoing

and shows a significantly increased survival of the patients [22, 23].
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Figure 4 from Clarke J.M. et al. J Gastrointest Oncol 2013.
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Hovewer, only about 8% of all investigational cancer drugs
that enter phase I clinical testing will ultimately enter the market; the
failure rate of cancer drugs in Phase III clinical trials is 50%. [24]. For
this reason novel therapeutic approaches are desirable. In recent years
there is increasing evidence suggesting that miRNAs are promising
agents in cancer therapy also thanks to the success of existing and new

delivery technologies [24-26].

MicroRNAs: the functions

Mammalian microRNA (miRNAs) are short (20-23 nt), higly
conserved, non-coding RNA molecules which regulate the expression
of more than 30% of protein-coding genes at the post-transcriptional
and translational level [27]. There are more than 24,000 miRNA
entries in the miRbase database, including 1872 precursors and 2578
mature miRNAs for Homo Sapiens (miRbase release 20, June 2013).
On the basis of the function and chromosomal location of miRNAs,
miRNAs have been assigned to different families in various biological

processes [28].

Most miRNAs are located in intergenic regions, while a
sizeable minority was found in the intronic regions of known genes in
the sense or antisense orientation. Moreover, ~50% of known

miRNAs are found in proximity to other miRNAs, which raised the
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possibility that these clustered miRNAs might be transcribed from a
single polycistronic transcription unit, althrought different analysis
showed that miRNA genes can be transcribed from their own
promoters, and that the clustered miRNAs are generated as

polycistronic primary transcripts (pri-miRNAs) [29, 30].

The canonical miRNA biogenesis starts into the nucleus where
RNA polymerase II transcribes for a primary microRNA (pri-
miRNA), a 100 nucleotides RNA precursor with a 5’cap and 3’poly A
tails. This pri-miRNA is recognized and processed in a miRNA
precursor (pre-miRNA) by a microprocessor complex composed by
Drosha (nuclear RNase III), dsRBS (double-stranded RNA binding
domain) and DGCRS8 (DiGeorge syndrome critical region 8). The pre-
miRNA is 70 nucleotide long with a stem-loop structure: it is
transported into cytoplasm by Exportin 5 and is further processed into
the 19-24 nucleotide double-stranded miRNA miRNA* complex by
Dicer (RNase III enzyme) together with its dsSRBD (double-stranded
RNA binding domain) partner TRBP. Finally, the mature miRNA
sequences enter into thr RISC complex (RNA-induced silence

complex) and target expression of specific genes while the opposite

strand is degraded (Figure 5) [30, 31].

MiRNA-binding sites are mostly located in the 3’UTR of the
target mRNA, but can also be located in the 5" UTR or the gene
coding region. Given that binding between miRNAs and their targets
is imperfect, a single miRNA can affect a broad range of mRNAs and
can potentially regulate thousands of genes. The estimation that

approximately one third of the protein-coding genes are controlled by
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miRNAs indicates that almost all cellular pathways are directly or
indirectly influenced by miRNAs. Perfect complementarity is required
only between the “seed” region of the miRNA (nt 2—7 of the mature
sequence) and the target mRNA leads to degradation or translational
inhibition of the mRNA and consequently silences gene expression.
The binding sites are primarily located in the 3" UTR of the target
mRNA, some genes avoid miRNA regulation with the help of very
short 3’ UTRs that are specifically depleted of these sites [32—35].

Strand selection; ‘/

miIRNP assembly i

Figure 5 adapted form Filipowicz W. Nat Rev Genet 2008.
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Over the past several years, a lot of studies had demonstrated
that regulation of gene expression by miRNAs has major implications
in various areas of cell biology and that the aberrant expression of
miRNAs contributes to a variety of pathological conditions, including
carcinogenesis by promoting the expression of proto-oncogenes or by
inhibiting the expression of tumor suppressor genes. In addition, more
than 50% of microRNA genes are located in cancer-associated
genomic regions or in fragile sites, suggesting that miRNAs may play

a more important role in the pathogenesis [36].

In GB, various miRNAs have been identified acting as
oncogenes such as miR-21, miR- 221/222, miR-125 and miR-10b; or
as tumor suppressor genes like miR-34a, miR-326 and miR-145 [37,
38].

MiR-145 and cancer

MiR-145 was identified for the first time in mice from heart
tissue using small RNA cloning techniques. In human miR-145 is
located on the long arm of chromosome 5 (5q32-33) within a 4.09 kb
region that co-trascribed miR-145 and miR-143 and that is often
deleted in cancer. This microRNA is enriched in germline and
mesoderm-derived tissues, such as uterus, ovary, testis, prostate,

spleen, and heart while its downregulation has been reported in
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different kinds of tumors, such as breast cancer, colon cancer, lung
cancer, prostate cancer, colon-rectal cancer, bladder cancer and
malignant gliomas [39-43]. MiR-145 is regulated by several factor
including p53 [44], Foxo [45], RREBI [46] and C/EBPbeta [47]

(Figure 6), but mechanisms of its down-regulation are unclearb.
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Figure 6 from M. Xu and YY. M, Cell Mol. Life Sci. 2012.

Generally, miR-145 acts as tumor suppressor and is able to
inhibit proliferation, invasion and apoptosis by targeting different
genes such as Fascin homologue 1 (FSCN1), JAM-A, Rhotekin
(RTKN), DNA Fragmentation Factor-45 (DFF-45), ADAM17, c-Myc,
EGFR, Neural precursor cell Expressed Developmentally Down-
regulated 9 (NEDD?9) [38, 39, 44, 47-53]. Moreover, miR-145 is able
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to suppress the pluripotency of embryonic stem cells by binding

SOX2, OCT4 and KLF4 (Figure 7) [54].
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Figure 7 from N. Xu et al. Cell. 2009.

In 2012 Yi-Ping Yang [55] showed that miR-145 is a key
regulator of the mechanisms involved in reducing cancer stem-like
cells and in chemoradioresistance thanks to down-regulation of
downstream targets like Sox2 and Oct4. Sang-Jin Lee [56]
demonstrated that the over-expression of miR-145 in combination
with HSVtk might enhance anti-tumor activity and therefore they
confirmed the roles of miR-145 in glioma invasion, migration and
tumor growth in vivo. Similarly, we demostrateted the miR-145 does
not exert significant effects on the proliferation of the glioblastoma
stem-like cells, but rather suppresses the invasion by inhibiting

NEDD?9 expression [38].
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More recently Lu Y. et al. [53], Rani S.B. et al. [57], Lee H.K.
et al. [37] confirmed the miR-145 is downregulated in malignant
gliomas and that is able to inhibit invasion, migration and proliferation
of glioblastoma stem cells. Lu et al. [53] demostrated that miR-145
functions as an anti-oncogene in glioma cells and that its ectopic
expression is correlated with a lower protein expression of ADAM17
and EGFR. Rani et al. [57] showed that down-regulation of miR-145
in GB leads to activation of Sox9 and ADD3, causing a proinvasive
behavior of glioblastoma cells. Lee et al. [37] described as a novel
target of miR-145 the connective tissue growth factor (CTGF), able to

mediate its effects on cell migration via downregulation of SPARC.

HEF1/CAS-L/NEDD9

NEDD?9, Neural precursor cell Expressed, Developmentally
Down-regulated 9 also known as HEF1 or Cas-L, is a member of the
Cas family and is an adhesion docking protein forming part of a
signaling hub at integrin-mediated adhesion sites. Lacking enzymatic
activity [58], NEDDO regulates the formation of signalling complexes
via its protein—protein interaction domains: Src homology 3 (SH3), in
the N-terminus, SH2 binding sites in a substrate domain, a serine rich
domain and a HLH motif in the highly-conserved C terminus [59].
Phosphorylation of serines, threonines and tyrosines in the NEDD9
sequence modulates NEDD9 interaction with down-stream signalling

partners and regulates NEDD9 signalling function [60].

22



NEDD?9 was identified for the first time in 1996 for its ability
to induce pseudohyphal growth in Saccharomyces cerevisiae [61] and
its expression is confined to epithelial tissues [62]. Although part of
the HEF1/NEDDY9/Cas-L protein pool is cytoplasmic, in response to
intrinsic and extrinsic cues HEF1/NEDD9/Cas-L concentrates at focal
adhesions, and at the centrosome and mitotic spindle. Cell cycle-
regulated processing produces four isoforms of this protein. Isoform
p115 arises from p105 phosphorylation, is predominantly cytoplasmic,
associated with focal adhesions and appears later in the cell cycle.
Isoform p55 arises from pl05 as a result of cleavage at a caspase
cleavage-related site, is associated with mitotic spindle and appears
just during the mitosis, whereas the last isoform, p65, is poorly
detected. NEDD?9 has 4 isoforms the most common have 105 and 115
kDa mw, significantly higher than its predicted molecular weight of
~93  kDa, reflecting the extensive phosphorylation of
HEF1/NEDDY9/Cas-L [58].

The major regulators of NEDD9 phoshorylation are FAK
(Focal Adhesion Kinase) and Src family kinases, which phosphorylate
NEDD9 on a tyrosine near the C-terminus, creating a binding site for
Src. This last protein phosphorylates NEDD9 in the substrate domain,
producing the binding of HEF1 to the downstream effectors that
promote migration, invasion, and proliferation-related signaling

(Figure 8) [62].

23



Activated
integrin

Cell membrane
naOeCRSRRRI00000aaR oo aa000000000000000000n,
OO BBBa00000RBaCIbO000d BB LT ToRR000000n
,,,,,
AERBOS0000E0R00

Hormone receptor

-----

\
®®®®/

| p130CAS or NEDD9
D) [ TR|P6] CRK PG A N
FALS R J_ ;
» DOCK3 \‘ 1
; . B
}
| Transformatnon
Nuclear
e R |

/N

Figure 8 from Cabodi S et al. Nature 2010.

NEDD9 and cancer

NEDDO has key roles in the regulation of several biological

processes, such as apoptosis, cell cycle, migration and invasion. Law

et al. [63] demonstrated that NEDD9 overexpression in MCF-7 or

HeLa cells causes extensive apoptosis. The proteolytic cleavage of

NEDD9Y by caspase 3/7 releases a 65- and 55-kDa fragments and a

new isoform of 28 kDa in response to the induction of apoptosis. The

production of this new detected form is associated with the death-

24



promoting activity of over-expressed NEDD9.

The abundance of NEDD? is regulated by cell cycle, starting
with low levels in G1, an increased expression during S phase and a
peack in late G2/M. Cells over-expressing NEDD9 accumulate
multipolar spindles and centrosomes, while a depletion of this protein
causes prematurely separated centrosomes in interphase leading to
high levels of monopolar or asymmetric spindles. Cells with aberrant
expression of NEDD?9 that pass through mitosis commonly arrest in
Gl phase of cell cycle, compatible with triggering of mitotic
checkpoints, and ultimately are cleared by apoptosis (Figure 9) [58,
64].
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More important, elevate protein level of NEDDO is positively
correlated to an increase of migration and invasion of tumor cells.
NEDD?9 has been identified as a metastasis gene in melanoma [65], in
head and neck squamous cell carcinoma (HNSCC) [66] and in
primary lung carcinomas [67]. In colorectal cancer is associated with
increased migration and cancer progression [68]. Natarajan et al [69]
demonstrated that NEDD9 is a specific and necessary downstream
effector of FAK and is involved in conferring an invasive behaviour
of glioblastomas. In 2012, our group showed that NEDDO is
correlated with a lower survival of low-grade glioma patients and that
the inhibition of NEDD9 expression in glioblastoma cell-like cells

leads to a significant reduction of invasion in vitro [38].

In melanoma the role of NEDD9 as a pro-migratory protein
has been determined on the basis of its ability to activate RACI
resulting in a switch from amoeboid to mesenchymal movement. In
Jin Y et al in 2013 [70] have demonstrated that in lung cancer NEDD9
promotes metastasis through the epithelial to mesenchymal transition
(EMT) potentially via FAK activation. In this way NEDDO is also
responsible for a more migratory and invasive behavior of the cancer

cells.

Taken together, all these results show the important role of
NEDD? in cancer and its role as a coordinator of apoptosis, cell cycle
and invasion. The key functions of this protein identify NEDD?9 as a

potential target for potential metastatic therapies.
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Scope of the Thesis

Glioblastoma is one of the most lethal human cancers and
despite the advances in the last decades, standard therapies based on
neuro-surgery followed by radio- and chemotherapy with the alkylant
agent temozolomide, are associated with overall survival shorter than
18 months. The search for new treatments requires a deepened

understanding of GB biology.

Given the important role of miR-145 in cancer and stem cell
biology, our first aim was to investigate its expression in our GB
samples. We found that miR-145 is strongly downregulated in
glioblastoma (GB) specimens, in the corresponding glioblastoma-
neurospheres (GB-NS) and in low-grade gliomas (LGG) compared to
normal brain. More importantly, we demonstrated that a lower
expression of miR-145 is associated with a poor prognosis in both

LGG and GB patients.

The second step was to find new targets of miR-145 by gene
expression profiling comparing GB-NS over-expressing miR-145 with
GB-NS transduced with empty vector. Consequently we focused our
attention on HEF1/Cas-L/NEDD9, a scaffold protein involved in
invasion in several types of cancer. We confirmed a significant down-
regulation of NEDD9 in miRover-NS and we also found a higher
expression in GB and GB-NS. LGG patients are characterized by a
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heterogeneous expression of NEDD9 and patients with higher NEDD9

expression showed a shorter progression free survival than others.

The third aim was to evaluate the effect of miR-145 expression
in vivo: mice injected with miRover-NS survived significantly longer
than the controls and showed a significant down-regulation of
NEDD?9. In addition, we demonstrated a significant inhibition of
invasion in silencing experiments with ssINEDD9Y, and we observed an
up-regulation of miR-145 in shNEDD9Y, thereby suggesting a double-
negative feedback loop between miR-145 and NEDDO.
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ABSTRACT

miR-145 is an important repressor of pluripotency in embryonic
stem cells and a tumor suppressor in different cancers. Here, we found that
miR-145 is strongly down-regulated in glioblastoma (GB) specimens and
corresponding glioblastoma-neurospheres (GB-NS, containing GB stem-like
cells) compared to normal brain (NB) and to low-grade gliomas (LGG). We
observed a direct correlation between miR-145 expression and the
progression-free survival (PFS) in LGG patients and overall survival (OS) in
GB patients. Using microarray analysis, we identified relevant differences in
gene expression profiles between GB-NS over-expressing miR-145
(miRover-NS) and GB-NS Empty (Empty-NS). We focused our attention on
HEF1/Cas-L/NEDD9, a scaffold protein involved in invasion in several
types of cancer. We confirmed a significant down-regulation of NEDD9 in
miRover-NS and we found a higher expression in GB and GB-NS compared
to NB. Approximately 50% of LGG patients expressed higher levels of
NEDD9 than NB, and the PFS of such patients was shorter than in patients
expressing lower levels of NEDD9. We observed that intracranial injection
of GB-NS over-expressing miR-145 delays significantly tumor development
:deriving tumors showed a significant down-regulation of NEDD9. In
addition, we demonstrated a significant inhibition of invasion in silencing
experiments with GB-NS shNEDD9 (shNEDD?9), and an up-regulation of
miR-145 in shNEDD?Y, suggesting a double-negative feedback loop between
miR-145 and NEDD?9. Our results demonstrate the critical role of miR-145
and NEDD?9 in regulating glioblastoma invasion and suggest a potential role

of NEDD?9 as a biomarker for glioma progression.

Keywords: miR-145, NEDD?Y, invasion, progression, glioma, glioblastoma
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INTRODUCTION

Glioblastomas (GB) and other cancers may contain a
populations of cells expressing stem cell programs and sharing
expression patterns with embryonic stem cells [1]. Oct-4, Sox-2 and
Nanog are core genes in embryonic stem cell maintenance and they
are all up-regulated in GB and malignant gliomas [2]. Recent data
suggest that their expression is tightly regulated by one microRNA,
miR-145 [3]. MicroRNAs (miRNAs) are small non-coding RNA
molecules with length of 20-22 nucleotides and are generated by the
cleavage of 70-100 nucleotide hairpin pre-miRNA precursors [4].
miRNAs are able to regulate the expression of more than 30% of
human genes via specific base pairing to the 3’-UTRs of messenger
RNAs, which either blocks translation or promotes the degradation of
the mRNA target. miRNAs are post-transcriptional modulators of
gene expression and are involved in the regulation of several cellular
processes, such as the cell cycle, apoptosis, proliferation and
development. In particular, the abnormal expression of miRNAs is
associated with several examples of human tumorigenesis: as such
miRNAs may represent a novel, important class of oncogenes or
tumor suppressor genes [5], [6]. MiR-145 is induced by the tumor
suppressor gene TP53 through a p53 responsive element in its
promoter and contributes to the silencing of the c-Myc oncogene [7],
[8]. MiR-145 may also down-regulate the expression of MDM2, an E3
ubiquitin ligase promoting p53 degradation, creating a feedback loop
with TP53 [9]. In mice, EGFR plays a negative role on miR-145
expression [10]. MiR-145 may also target VEGF-A expression in

breast cancer [11].



This information and recent data indicate that miR-145 is a
tumor suppressor capable of inhibiting proliferation in colon cancer
and lung adenocarcinomas by targeting EGFR and NUDT1 [12-14].
Moreover, miR-145 is able to down-regulate several genes implicated
in cell invasion, such as JAM-A, MUCI1 and FSCNI, in breast,
bladder and prostate cancer [15-18].

We have investigated the expression of miR-145 in gliomas.
Our results show that its expression is down-regulated in these tumors
and particularly in malignant subtypes, is associated to survival. We
also identified a novel target of miR-145, NEDD9 and found that its
regulation modulates the invasion potential of gliomas. Interestingly,

NEDD?9 and miR-145 expression appear reciprocally inter-connected.

RESULT

miR-145 is strongly down-regulated in malignant gliomas

In previous unpublished studies, we attempted an in-depth
characterization of the microRNA expression profiles of glioblastoma
(GB) specimens, primary cell lines derived from GB growing as
neurospheres (GB-NS) in the presence of b-fibroblast growth factor
(b-FGF) and epidermal growth factor (EGF).
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We evaluated the expression levels of different microRNAs
previously known to be down-regulated in both tumors and stem cells:
miR128a [15], let7a [16], miR181a [17], miR101 [18], and miR-145.
miR128a is a typical brain-enriched miRNA that is usually up-
regulated during differentiation and development; we found miR128a
down-regulated in GB-NS compared to normal brain tissue. miRNA
let7a is typically down-regulated in many cancers [19-21], whereas
miR181 is mainly up-regulated during differentiation [22]. Both of
these miRNAs are weakly expressed or down-regulated in GB [23].
miR101 is a well-known negative regulator of EZH2 [18], a histone
methyltransferase of polycomb repressive complex 2 (PRC2) that
catalyzes the trimethylation of histone H3 at lysine 27. H3K27
methylation causes gene silencing and is important for stem cell
maintenance and proliferation [24], and miR101 was found to be
moderately down-regulated in GB-NS. The most interesting result was
found for miR-145; this miRNA, which is usually down-regulated in
human embryonic stem cells and acts as a negative regulator of
stemness [25-27], was expressed in low-grade gliomas but strongly

down-regulated in both GB specimens and GB-NS.

To investigate miR-145 expression in gliomas we studied 27 low-
grade gliomas (LGG), 18 glioblastomas (GB) and 18 GB primary cell
lines growing in culture as neurospheres (GB-NS). We found that
miR-145 is expressed at much lower levels in GB compared to normal
brain tissue and LGG (P < 10-10; p < 0.001, respectively). We also
observed that miR-145 expression was very low or undetectable in

GB-NS (P < 10-10 vs. normal brain; P < 10-6 vs. GB) (Figure 1A).
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The expression of miR-145 was correlated with the progression-free
survival (PFS) of LGG patients and with overall survival (OS) of GB
patients. We compared LGG with higher and lower expression of
miR-145 (LGG-miR-H, n = 10, relative expression vs. normal brain
expressed as 2-DDCt = 0.3; LGG-miR-L, n = 10, 2-DDCt < 0.3 vs.
normal brain). LGG-miR-H patients showed significantly greater
survival than LGG-miR-L (median PFS: 85.5 months in LGG-miR-H,
41 months in LGG-miR-L; P < 0.008) (Figure 1B). OS in LGG could
not be evaluated, as the number of deceased patients was insufficient
for the analysis. MiR-145 expression could be correlated with OS in a
subgroup of 15 GB: GB with higher expression of miR-145 (GB-miR-
H, 2-DDCt = 0.08, n = 8) had significantly longer survival than GB
with lower expression of miR-145 (GB-miR-L, 2-DDCt < 0.08, n =7,
P = 0.0183); median OS was 6.5 months in GB-miR-L and 10.4
months in GB-miR-H, (P = 0.018; Figure 1C). A trend for longer PFS
in GB-miR-H was present (P < 0.09). These data indicate that low
expression of miR-145 in gliomas is associated with a more

aggressive phenotype.

miR-145 affects glioblastoma stemness and migration

To verify the involvement of miR-145 in glioblastoma stemness
and migration, we over-expressed miR-145 in seven GB-NS cell lines
(Figure 2A, left panel), subsequently defined as miRover-NS. MiR-
145 mRNA levels were up-regulated 3 days only after infection, and

the level of expression significantly increased after 15 days.
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First, we observed that in all GB-NS SOX2 was up-regulated (P =
0.0038), whereas the astrocyte marker GFAP was absent (P = 1.7x10-
10). To assess the inverse relationship between expression of SOX2
and miR-145, we analyzed SOX2 levels in GB-NS following miR-145
over-expression. We found a significant decrease of SOX2 expression
and a concomitant increase of GFAP in miRover-NS compared to
cells infected with the empty vector (Empty-NS; P = 0.0001 and P =
0.04, respectively).

We also observed an increased level of miR-145 expression in
GB-NS exposed to 3% serum. The expression pattern of SOX2 was
symmetric, as it decreased after one day of exposure to serum (P =
0.005). Differentiation was also associated with an increased

expression of GFAP (P = 0.0003) (Figure 2A, central panel).

Next, the effects of miR-145 over-expression on migration and
proliferation were evaluated in miRover-NS and Empty-NS. MiRover-

NS had a significantly lower migration capacity compared to Empty-

NS (P = 6.4x10-6; Figure 2B).

An analysis of the proliferation kinetics revealed some
decrease in cell proliferation in miRover-NS relative to Empty-NS but

not significant (P = 0.6, data not shown) [28].

These data show that in miR-145 over-expression affects

migration but not proliferation of GB-NS.
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miR-145 and NEDD?9 expression are negatively correlated in GB-
NS

To further characterize the effect of miR-145 on GB-NS, we
compared gene expression profiles of miRover-NS and Empty-NS
using the GeneChip Human Genome U133Plus Array, which includes
over 47,000 human transcripts. We used a filter based on an
expression value threshold of 100 and eliminated 32,438 of the 54,675
probe sets. The remaining 22,237 probe sets were used for the
identification of DEGs using a fold change (FC) threshold. A total of
249 DEGs passed the FC cut-off in all the sample comparisons that
were considered (Table S1). Functional classifications based on Gene
Ontology annotations are listed in Table S2. We focused our
validation experiments on NEDDO, as this gene is a putative target of
miR-145 (mirSVR score of -0.766 on ww.microRNA.org). The
potential for regulation of the 3> UTR of NEDD9 by miR-145 has
been demonstrated in a bioinformatic study [29]. Moreover, the 3’
UTR of NEDD?9 exactly matches positions 2-8 of the mature miR-145
(8-mer, probability of conserved targeting — PCT > 0.75,

www.TargetScanHuman.org).

Using real-time PCR, we observed that NEDD9 is down-
regulated in miRover-NS compared to Empty-NS six days after
infection (P = 0.0001) (Figure 2C). Down-regulation of NEDD9
expression was also demonstrated in GB-NS after serum exposure (P

=4.8x10-5) (Figure 2D).

51



The down-regulation of NEDD9 was also confirmed by Western
blot analysis performed on seven samples of GB-NS over-expressing

miR-145 relative to Empty-NS (Figure 2E).

Overall we found a strong inverse correlation between NEDD9
and miR-145 expression. These data support the assertion that miR-
145 is responsible for NEDD?9 regulation in GB-NS.

miR-145 affects glioblastoma invasion by NEDD9 modulation in

vivo

To elucidate the involvement of miR-145 in tumorigenesis, we
stereotaxically implanted miRover-NS and Empty-NS into the nucleus
caudatum of immunodeficient mice. The overexpression of miR-145
reduced the tumorigenicity of GB-NS, and mice injected with
miRover-NS had a significantly higher survival rate (P = 0.003 vs.
Empty-NS)  (Figures 3A and S2). Histological and
immunohistochemical analyses of the tumors derived from miRover-
NS and Empty-NS showed a similar proliferation index measured by
Ki67+ cells, in agreement with in vitro data. miRover tumors showed
a significant down-regulation of the neural stem cell marker nestin, a
strong up-regulation of GFAP and a significant decrease in the
number of migrating cells evaluated as doublecortin (DCX) positive
cells [30], [31] (P = 8.7x10-8, P = 4.9x10-7, and P = 0.0001,
respectively, compared to Empty tumors). Notably, a significant
reduction in tumor-invading cells, as measured in NEDD9+ cells, was

detected in miRover tumors (P = 2.5x10-8 vs. Empty tumors) (Figure
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3B). These data suggest that miR-145 overexpression reduces the
invasion potential of GB-NS in vivo. A significantly higher expression
of miR-145 was observed by real-time PCR performed on paraffin-
embedded, serial sections derived from the miRover tumors (P =
1.59x10-6 vs. Empty tumors), indicating that overexpression of miR-
145 was maintained during tumor formation. Concurrently, NEDD9
was significantly down-regulated (P = 10-4 vs. Empty tumors) (Figure
30).

The over-expression of miR-145 affects the aggressive and invasive
features of GB-NS, as confirmed by a greater differentiation of the
tumor phenotype and a highly significant decrease in NEDDO9,
supporting the concept that miR-145 plays an important role in
glioblastoma invasiveness by regulating NEDD9.

NEDD9 expression affects low-grade glioma progression and

glioblastoma invasiveness

We studied the contribution of NEDDO to glioma progression
and invasiveness using real-time PCR to analyze mRNA expression
levels in 18 GB specimens, 18 GB-NS cell lines and 27 LGG
specimens previously investigated for expression of miR-145. NEDD9
was differentially expressed in GB (mean + SD: 1.3 +£2.5; P =0.03 vs.
normal brain) and in GB-NS (mean + SD: 1.9 £ 4.5; P = 0.02 vs.
normal brain) (Figure 4A).
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LGG are characterized by the heterogeneous expression of NEDD9
(mean value 1.5 £ 0.8, median 1.3; P = 0.04 vs. normal brain). We
distinguished two groups of LGG, identified by higher (LGG-
NEDDO9-H, 2-DDCt = 1.3, n = 11) and lower (LGG-NEDD9-L, 2-
DDCt < 1.3, n = 11) levels of NEDD9 expression (mean £+ SD: 2.56 +
0.07 and 0.88 = 0.04, respectively, P = 9.9x10-6).

We then compared the level of NEDD9 expression with the PFS in a
subgroup of 22 LGG patients and found that LGG-NEDD9-H patients
had a significantly lower survival than LGG-NEDD9-L patients
(median OS: 41 months for LGG-NEDD9-L, 82 months for LGG-
NEDD9-H; P < 0.05) (Figure 4B).

To confirm the role of NEDD9 in glioblastoma invasion, we
performed silencing experiments using the same cell lines used for
miR-145 over-expression. We observed a strong inhibition of
NEDD9Y, as measured based on protein levels (Figure 4C), and real-
time PCR (data not shown). We further evaluated in sANEDD9-NS
and scrambled-NS the effect of NEDDO inhibition on invasion. We
observed a significant inhibition of invasion in shNEDD9-NS
compared to scrambled-NS (P = 0.008) (Figure 4D). The proliferation
kinetics based on three time points (48, 72 and 96 h) showed no
significant differences between shNEDD9-NS and scrambled-NS

(data not shown).

Notably, we found that sSAINEDD9-NS expressed miR-145 at levels
comparable to that of normal brain and 1000-fold higher than in GB-
NS (Figure 4E).
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DISCUSSION

MiR-145 is down-regulated in several types of cancers, such as

bladder, urothelial, breast, prostate and colon carcinoma [32-35].

In our study, we found down-regulated expression of miR-145
in gliomas, confirming recent reports suggesting a tumor-suppressing
role for this microRNA [27], [36]. We found that the expression levels
of miR-145 are greatly reduced or absent in GB and in glioblastoma
stem-like cells compared to normal brain, suggesting tumor
suppressive functions for this microRNA. In particular, miR-145 is
moderately down-regulated in low-grade gliomas but almost absent in
GB and GB-NS. Interestingly, higher expression of this microRNA is
correlated with better survival in LGG and GB patients, thereby

confirming the involvement of miR-145 in glioma progression.

MiR-145 has been implicated in stemness maintenance. Fang et
al [25] proposed a bistable system involving reciprocal interactions of
SOX2 and miR-145 and suggested the involvement of miR-145 in GB
stemness. Yang et al [27] demonstrated that miR-145 suppresses the
self-renewal and tumor-initiating properties of GB stem-like cells both
in vitro and in vivo. These studies support the concept that the miR-
145-controlled pathways are important for reducing GB stem-like
cells and their chemoradioresistance, partly via the downstream

targets of miR-145 SOX2 and OCT4.
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We confirmed this observation in primary cell lines derived
from glioblastoma specimens growing in culture as neurospheres [37].
We found that the over-expression of miR-145 is correlated with a
reduction in the expression of stem cell marker SOX2 and with

increased expression of the astrocyte marker GFAP.

The over-expression of miR-145 in GB-NS also affects
migration in vitro and in vivo, thus supporting a key role of miR-145
in GB invasion, as observed by Lee [36]. Because the invasive ability
is one of the most important features of GB and one of the causes of
poor prognosis, miR-145 appears to be an important factor for GB

aggressiveness.

As a small, regulatory RNA, miR-145 has the potential to
regulate several genes implicated in cell proliferation, apoptosis,

stemness and invasion [6], [25], [26], [32], [33], [38], [39].

Gene expression profiling was used to identify three main
signatures involved in stemness, apoptosis and invasion in GB-NS

over-expressing miR-145.

We focused our validation experiments on the gene NEDDO to

test the relationship of miR-145 with invasion ability.

HEF1/CAS-L/NEDD?Y is a non-catalytic scaffolding protein
implicated in the invasion ability of several types of cancer [40—42].
NEDD?9 has been proposed as a biomarker of invasiveness in lung
cancer [43] and melanoma due to its role in the regulation and
activation of transcriptional pathways relevant for metastasis and

cancer progression, including FAK and Src [44]. The interactions of
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NEDD9 with FAK and Src lead to the tyrosine phosphorylation of
NEDD? to create binding sites for effector proteins such as Rac and
the Cas-Crk complex, which have been previously studied in the
context of cell migration [45]. In the past several years, NEDD9 has
been studied in breast cancer, as a cancer cell-intrinsic protein with a
pro-oncogenic role and as a candidate biomarker of tumor
aggressiveness [40]. In GB, NEDD? is a downstream effector of FAK
that causes an increase in migration capacity [46]: in HNSCC,

NEDD?9 functions as an invasion regulator via VEGF activation [42].

We found that NEDD9 is up-regulated in malignant gliomas
and in GB-NS, where the over-expression of miR-145 leads to the
down-regulation of NEDDO9.

NEDD? is also expressed in a subgroup of low-grade glioma
specimens and was show to be correlated with lower patient survival,

indicating a relevant role of NEDD?9 in glioma progression.

In vitro NEDD9 silencing in GB-NS is responsible for the
significant inhibition of invasion ability, thereby confirming the
involvement of NEDD9 in glioblastoma invasiveness. Finally, we
demonstrated that NEDD9 silencing leads to the up-regulation of
miR-145. Together, these results suggest that miR-145 down-regulates
NEDD9, and NEDD9 down-regulates miR-145, forming a double-
negative feedback loop in GB-NS. This hypothesis is supported by the
presence of NEDD9-binding regions in the miR-145 locus, which
would allow the direct binding of the NEDD9 3’UTR to the genomic

region of miR-145 ([29] www.targetscan.org).
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Recent studies [47] [48] support the idea that microRNAs can
be regulated by their target interactions. This mechanism has led to the

concept that “regulation in miRNA pathways is a two-way street”.

In our study, further investigations will be required to
characterize the double-negative feedback loop between NEDD9 and
miR-145.

The high levels of NEDD9 expression in GB and in LGG with
lower PFS, along with the absence of NEDD9 in normal brain tissue,
support the concept that NEDD9 expression is an important requisite

for glioma invasion and progression.
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MATERIALS AND METHODS

Tumor specimens and cell cultures

Primary glioblastomas (GB) and grade II gliomas, including
fibrillary and gemistocytic astrocytomas (low-grade gliomas, LGG),
were obtained from the Department of Neurosurgery of the “Istituto
Neurologico Carlo Besta” with informed consent from the patients.
Human glioma samples were frozen in liquid nitrogen and/or placed in
saline solution immediately after surgery. GB cell lines (GB-NS) were
obtained following the dissociation of GB specimens in collagenase
type I (Invitrogen-Life Technologies, Carlsbad, California, USA) and
were grown in DMEM/F12 (GIBCO- Life Technologies, Carlsbad,
California/lUSA) with penicillin-streptomycin (1:100, EuroClone-
Milan, Italy), B-27 supplement (1:50, GIBCO- Life Technologies,
Carlsbad, California, USA), human recombinant fibroblast growth
factor 2 (bFGF; 20 ng/mL; Tebu-bio, Milan, Italy), epidermal growth
factor (EGF; 20 ng/mL; Tebu-bio, Milan, Italy) and heparin (5
microg/ml; Sigma Aldrich, St Louis, Missouri, USA).

RNA extraction and reverse transcription

Total RNA was extracted from GB-NS, human frozen GB and
LGG specimens using TRIzol® Reagent (Invitrogen) according to the
manufacturer’s instructions. Total RNA for miRNA analysis was

reverse-transcribed using the TagMan® microRNA Reverse
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Transcription Kit (Applied Biosystems-Life Technologies, Carlsbad,
California, USA) with miRNA-specific primers. Total RNA for
NEDD9Y analysis was reverse-transcribed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems-Life
Technologies, Carlsbad, California, USA).

The extraction of total RNA from FFPE tissue sections was
performed using the miRNeasy FFPE kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions; the samples used for
these extractions were obtained from the brains of mice injected with
GB-NS over-expressing miR-145 (miRover-NS) or GB-NS Empty
(Empty-NS).

Real-time polymerase chain reaction analyses

Real-time PCR for the quantification of miR-145 was
performed on an ABI PRISM 7900 real-time PCR system (Applied
Biosystems, Foster City, CA, USA) with TagMan chemistry (Applied
Biosystems, Foster City, CA, USA) using 2.5 ng of cDNA from the
RT-PCR solution in a final volume of 20 microL To quantify the
mature miRNA and detect miR-145, we used the TagMan®
MicroRNA Assay kits (Applied Biosystems, Foster City, CA, USA)
and a customized Assay on Demand (assay ID TM: 002278). We
normalized miR-145 with respect to RNU6B (assay ID TM: 001093).
The expression of NEDD9 was detected by SybrGreen chemistry
(Forward: GAGCTGGATGGATGACTACGA; Reverse:
AGCTCTTTCTGTTGCCTCTCA), and normalized relative to beta-2
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microglobulin (Forward: GTGCTCGCGCTACTCTCTCT; Reverse:
CCCAGACACATAGCAATTCAG). Commercial RNA from human
normal brain (Ambion, AB) was used as the calibrator for the

calculation of expression levels using the AACt method [49].

Prediction of microRNA targets

To identify potential target genes and their conserved sites, we
used the TargetScanHuman (release 5.2, http://www.targetscan.org),
microRNA (Www.microrna.org), MicroCosm Targets
(www.ebi.ac.uk/enright.svr/microcosm/), PicTar (www.pictar.mdc-
berlin.de), = miRDB  (www.mirdb.orf), and  miRECORDS

(www.mirecords.biolead.org) databases.

Proliferation and Invasion Assay

Proliferation kinetics were measured by plating 8,000 cells/25
cm?2. The cell count was obtained using the trypan blue exclusion test

performed every 3 days (days 0, 3, 6, 9, and 12).

Invasion was assayed in vitro using the Transwell-96 system (Becton
Dickinson, USA) as recommended by the manufacturer. After 24 h
and 48 h, migrating cells were stained with crystal violet solubilized

with 10% acetic acid, and the absorbance was determined at 570 nm.
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Western blot and antibodies

Protein samples were pelleted in RIPA lysis buffer with
phosphatase and protease inhibitors, resolved using 10% SDS-PAGE
and electroblotted onto nitrocellulose membranes. Membranes with
transferred proteins were incubated with the primary antibody anti-
NEDD?9 (1:2000, Acris, Herford, Germany) or anti-GAPDH (1:5000,
Abcam, Cambridge, UK). The primary antibody incubation was
followed by incubation with the secondary antibody anti-mouse
(1:10000). A chemiluminescence reaction using the ECL (enhanced
chemiluminescence) Plus kit (Amersham, GE Healthcare,

Buckinghamshire, UK) was detected using film.

Plasmids and Infection

pCLNSX-miR-145 and pCLNSX-Empty were used to transfect
packaging cells using Phoenix Ampho. After 48 h of transfection, we
infected GB-NS with supernatant containing virions with miR-145
cDNA or the empty vector (miRover-NS or empty-NS, respectively).
The infection was repeated twice, and cells were selected for

resistance to Neomycin (0.4 mg/ml).

shNEDD9 plasmid DNA (Mission RNAi, TRCN000004967,
Sigma-Aldrich, St Louis, Missouri, USA) for NEDD?9 silencing was
used for transient transfection according to the manufacturer’s
instructions. The transfection was performed using 5 microgrammi of
shNEEDY9/Scrambled plasmids for every 200000 primary GB-NS

cells. The cell pellets for RNA and protein analyses were collected at
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48 h after transfection.

Microarray analysis

Microarray analysis was performed on five different NS cell
lines overexpressing miR-145, and Empty-NS cells were used as

controls.

Fragmented cRNAs were hybridized to the HG-U133 Plus 2.0
GeneChip (Affymetrix, Santa Clara, USA) following standard
procedures. Data processing was mainly performed using
Bioconductor 2.10 and R.15 [50]. The Robust Multichip Average [51]
algorithm was applied to normalize using the quantile method, and
normalized probeset intensities were calculated. A signal-based
filtering was applied to the expression level (>100) of each probeset
for all of the different groups that were considered. Differentially
expressed genes were identified using a fold change (FC) threshold of
1.2 for all sample comparisons. The functional annotation of genes
that passed the FC and expression signal cut-offs was performed using
the Gene Ontology (GO) Biological Process category and the
hypergeometric test (hyperGTest function) [50] for gene over-

representation.
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In vivo experiments

A total of 45 immune-deficient CD1-nude mice received brain
injections of 105 miRover-NS or Empty-NS cells (n = 10/group for
survival, n = 5/group for histological studies) from four GB-NS cell
lines (BT165NS, BT168NS, BT273NS, BT275NS) infected with
retroviral vectors (pCLNSX-miR-145 and pCLNSX-Empty).

Immunohistochemistry and immunofluorescence analyses

Immunohistochemical analyses for Ki67 (1:100, BD, New
Jersey, USA), Nestin (1:100, R&D System, Minnesota, USA), GFAP
(1:100, DAKO, Glostrup, Denmark), DXC (Abcam, 1:100) and
NEDD?9 (Acris, 1:50) were performed on paraffin-embedded sections.

Tumor sections were blocked with 5% goat serum in PBS for 60 min,
incubated overnight with primary antibodies, and incubated with
biotinylated secondary antibodies (1:200 Vector Lab) for 1 h.
Antibody binding was detected using the Vectastain Elite Avidin—
Biotin Complex-Peroxidase kit according to the manufacturer’s

instructions.

All sections were counterstained with Mayer’s hematoxylin and

visualized using a LEICA MDLB light microscope.

The percentages of Ki67-, GFAP-, and NEDD9-positive cells were
calculated in 5 independent high-magnification fields. Positive cells
were counted only within the tumor area. The results are expressed as

percentages.
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The positive rates were counted manually in triplicate by two

observers (F.P. and MC.S.) using the photomicrographs.

Statistical analysis

Statistical comparisons of the data sets were performed using a
two-tailed Student’s T-test, and the results were considered significant

at p<0.05.

Cumulative survival curves were constructed using the Kaplan-Meier

method (MedCalc 9.3).
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Figure 1. Characterization of miR-145 in malignant gliomas.

A) A real-time PCR analysis was performed on 27 LGG samples, 18
GB samples and 18 corresponding GB-NS cell lines. The RNA data
were normalized to the housekeeping gene RNU6B. miR-145
expression in LGG (mean + SD: 0.41 + 0.39, median: 0.3; P < 10-9)
was significantly higher than in GB (mean + SD: 0.07 + 0.049,
median: 0.08; P < 10-10) and in GB-NS (mean + SD: 0.0019 +
0.0029, median: 0.0007; P < 10-10) compared to normal brain
samples (**** P <(0.0001).

B) Kaplan-Meier survival analysis showing the progression-free
survival of 20 LGG patients with low miR-145 expression compared

to other patients.

C) Kaplan-Meier survival analysis showing the OS of GB patients
expressing high levels of miR-145 (n = 8) compared to GB with a

lower expression of miR-145 (n = 7).
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Figure 2. MiR-145 in GB stem-like cells.

A) Real-time PCR analysis showed, as expected, that miR-145
expression was significantly higher in miRover-NS (miRover) than in
Empty-NS (Empty) (*** P <0.001). A strong decrease in SOX2 (***
P < 0.001) and a concomitant increase of GFAP were found in

miRover-NS vs. Empty-NS (* P <0.05).
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B) Significantly decreased invasion was observed in miRover-NS

compared to Empty-NS in seven GB stem-like cell lines analyzed

(*** P < 0.001).

C) Real-time PCR analysis demonstrated down-regulation of NEDD9
in miRover-NS 3- 15 days after infection and in GB-NS during
differentiation taking place 1-7 days after addition of serum. The
histogram is based on a representative cell line; the experiment was
performed on a total of seven different miRover-NS, and NEDD9

showed the same behavior in all lines (** P < 0.01; *** P <0.001).

D) Real-time PCR analysis demonstrated down-regulation of NEDD9
in GB-NS during differentiation taking place 1-7 days after addition of
serum. The histogram represents the average of three different cell

lines compared to normal brain.

E) Western blot analysis of NEDD9 expression in 7 GB-NS
(BT150NS, BT275NS, BT302NS, BT165NS, BT168NS, BT308NS,
and BT273NS) after infection with pCLNSX-miR-145 retroviral
vector. Compared to Empty, the levels of NEDDO9 protein are
significantly reduced. GAPDH was used as housekeeping protein.
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Figure 3. Effects of miR-145 overexpression in vivo.

A) Kaplan-Meier survival analysis shows that mice injected with

miRover-NS survive longer than mice injected with Empty-NS (P =

0.003).

78



B) Immunohistochemistry of miRover and Empty tumors (40X).
Ki67-, Nestin-, GFAP, DCX- and NEDD9-positive cell were counted
on three to five independent 40X fields per tumor in 2-3 animals per
group. miRover tumors present a higher amount of GFAP-positive
cells and a lower amount of cells positive for Ki67, Nestin, DCX and
NEDD9 compared to Empty. Histograms represent the quantification
of positive cells: Ki67 (48 + 1.2 % in miRover vs. 53.2 £ 0.6 in
empty), Nestin (6.2 + 0.7 % in miRover vs. 85.7 = 1.3 in empty),
GFAP (64.4 + 1.1 % in miRover vs. 3.5 £ 0.5 in empty), DCX (12.5 £+
1.7 % in miRover vs. 34.5 = 1.9 in empty), and NEDD9 (0 + 0 % in
miRover vs. 89.3 £ 1.2 in empty). A representative image for each

tumor is displayed (* P < 0.05; *** P <(.001; ****P <(.0001).

C) Real-time PCR analysis of the expression of miR-145 and NEDD9
in tumors derived from miRover-NS relative to Empty-NS paraffin
sections. The RNA inputs were normalized to the housekeeping gene
RNU6B for miR-145 and beta-2 microglobulin for NEDD9. The over-
expression of miR-145 and down-regulation of NEDDO9 were

maintained in vivo (*** P <0.0001).
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Figure 4. NEDD9 expression is associated to glioma survival and

invasion.

A) Real-time PCR analysis performed on 27 LGG and 18 GB and 18
GB-NS compared to normal brain: LGG-NEDD9-L, mean + SD: 0.85
+ 0.33, p < 0.5; LGG-NEDD9-H, mean + SD: 2.18 + 0.85, P < 10-4;
GB 2.55 + 2.17 folds, P < 0.05; GB-NS mean + SD: 4.45 + 537, P <

0.05. Data were normalized against the housekeeping gene beta-2

microglobulin. (* P <0.05; **** P <(0.0001).
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B) Kaplan-Meier survival analysis shows a significant correlation
between the expression of NEDD9 and the PFS of LGG patients. LGG
patients expressing lower levels of NEDD9 survived longer than LGG
patients expressing higher levels of NEDD9 (median survival 41
months for LGG-NEDDO9-L, 82 months for LGG-NEDD9-H, p<0.05).

C) Western blot analysis performed on a representative cell lines
shows a significant reduction of NEDD9 expression in shNEDD9
cells compared to control cells (scrambled). GAPDH was used as a

loading control.

D) The migration assay confirms a significant decrease in the

migration ability in sANEDD?9 relative to scrambled (** P < 0.01).

E) Real-time PCR on BT165NS-shNEDD9 (shNEDD9) shows an up-
regulation of miR-145, which is expressed as in normal brain tissue,
with a fold change > 1000 compared to BT165NS (GB-NS) (*** P <
0.001).
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Supplementary Figure S1. A) FISH analysis confirmed the absence
of miR145 expression in GB-NS as well as the increased levels of
miR 145 after differentiation in the presence of serum (GB-NS 6 days
after 3% serum differentiation). B) Real-time PCR analysis was used
to assess the correlations between the levels of miR145, SOX2 and
GFAP expression in GB-NS. We observed a high level of SOX2
expression and very low levels of miR145 and GFAP expression
compared to normal brain (** P < 0.01; *** P < 0.001). The
histograms represent the mean + SD of three different GB-NS cell
lines compared to normal brain (miR145, mean + SD: 0.00083 =+
0.00062; SOX2, mean + SD: 7.94 + 2.15, GFAP, mean + SD: 0.0026
+ 0.0039). SOX2 and GFAP were normalized to the housekeeping
gene beta-2 microglobulin, and miR145 expression was normalized to
RNUG6B. C) Real-time PCR analysis was performed using GB-NS cell
lines before and after differentiation (1, 3, 5 and 7 days), and the
results showed that miR145 and GFAP were up-regulated and that
SOX2 was down-regulated. The histograms represent the mean = SD
of three different GB-NS cell lines (* P < 0.05; ** P < 0.01; *** P <
0.001).
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Supplementary Figure S2. Histological analysis performed on
miRover and Empty tumors (40X) of two different cell lines
(BT168NS and BT273NS). miRover tumors had a greater amount of
GFAP-positive cells and lower amounts of cells positive for Nestin,
DCX and NEDD9 compared to Empty tumors. The histograms
represent the immunohistochemical quantification of Nestin, GFAP,
DCX, and NEDD9Y in miRover tumors compared to empty tumors.
Positive cell counting was performed on five independent 40X fields.
Three mice from each group were analyzed, and representative images
for each type of tumor are displayed. Staining was performed on
adjacent sections of paraffin-embedded brain samples (* P < 0.05; ***

P <0.001; **** P <0.0001).
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Supplementary Figure S3. Kaplan-Meier survival analysis of
immunodeficient mice injected with 10° NS cells (BT165, BT168,
BT273 and BT275) and infected with the pCLNSX-miR 145 retroviral
vector (n = 10 mice) or pCLNSX-Empty retroviral vector (n = 5
mice). Mice injected with miRover survived significantly longer than

mice injected with Empty.
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Supplementary Methods.

FISH: Non-radioactive in situ hybridization for miR145 was
performed using the FITC-labeled miRCURY™ LNA microRNA
detection probe (Exiqon, Vedbaek, Denmark).

Deparaffinized and rehydrated tumor sections (5 microm) were treated
with proteinase K (10 microg/ml; Qiagen) at 37°C for 5 min and then
fixed with 4% paraformaldehyde for 10 min. All slides were placed in
a Hybrite unit (Vysis) and incubated in a pre-hybridization solution at
60°C for 30 min followed by incubation in a hybridization solution
with miR145 FITC-labeled probe at 60°C for 60 min. Stringent
washes were performed in pre-heated 0.1X SSC buffer at 65°C, and
the slides were placed in 0.2X SSC buffer at room temperature for 5
min. Tyramide signal amplification (PerkinElmer Life and Analytic
Sciences Inc., Shelton, USA) was used to enhance the fluorescent
signal. After quenching the endogenous peroxidase activity, slides
were blocked for 30 min in blocking buffer solution and then
incubated with anti FITC-HRP (1:400, DAKO) for 30 min. After
washing in TNT buffer, tumor sections were incubated in a
Fluorophore Tyramide Amplification Reagent working solution for 10
min. The slides were counterstained with DAPI (4',6-diamidino-2-
phenylindole, Sigma) and examined using a LEICA SP2 confocal

microscope.
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Summary

MiR-145 is a small non-coding RNA molecule that is down-
regulated in several kind of tumors and plays an important role as

tumor suppressor.

In the present study we demonstrated that miR-145 is strongly
down-regulated in primary glioblastoma specimens and in
corresponding cell lines growing in culture in the presence of
mitogenic factors (Epidermal Growth Factor - EGF and b-Fibroblast
Growth Factor — bFGF) as neurospheres (NS) compared to normal

brain.

In addition, we found that the expression of this microRNA
was higher in low-grade glioma than in normal brain or glioblastoma
tumors. Importantly, the expression of miR-145 is also significantly
associated with a better prognosis in low-grade gliomas and in
glioblastoma specimens, suggesting a key role in the development and

manteinance of this tumor.

Our results suggest that miR-145 is mainly implicated in
glioblastoma stemness and invasion, both in vitro and in vivo. The
over-expression of this microRNA is correlated with an increased
expression of the astrocytic marker GFAP and with reduction of
expression of the stem cell marker SOX2. Moreover, microarray
analyses showed that over-expression of miR-145 leads to a down-
regulation of HEFI1/CAS-L/NEDDY9, a non-catalytic scaffolding

protein implicated in the invasion ability of several types of cancers.
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NEDD?9 has been proposed as an invasive biomarker in lung cancer
and melanoma and is a downstream effector of FAK in GB. In
addition, we found that NEDD? is also correlated with lower patient
survival in a subgroup of low-grade gliomas and that in vitro silencing
causes a significant inhibition of invasion ability. We also
demonstrated that NEDD?9 silencing leads to an up-regulation of miR-
145, forming a double-negative feedback loop in GB-NS.

Finally, intracranial injection in nude mouse brains of GB-NS
overexpressing miR-145 prolonged significantly survival and
immunohystochemical analysis showed a less invasive and more

differentiated tumors.

These findings demostrated the critical role of miR-145 in
regulating glioblastoma stemness and invasion. We also proposed for
the first time a potential role of NEDD9 as biomarker for glioma

progression.
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Conclusions

Malignant gliomas are the most common type of primary
malignant brain tumor and account for 82% of malignant gliomas. GB
is a grade IV glioma histologically characterized by mitotic activity,
vascular proliferation and necrosis. GB is also one of the most
invasive tumors even if remains confined to the central nervous
system (CNS) and very rarely metastasizes outside the central nervous
system [1-2]. In the past decades, several papers have demonstrated
that a small subpopulation of tumor cells, called glioma stem cells or
glioma initiating cells (GSCs/GIC), have the ability to drive tumor

recurrence [3—4].

In our lab we isolate and culture GSC from fresh GB
specimens, growing as neurospheres in the presence of EGF and
bFGF. We demonstrated that cells derived from GB specimens, if
growing without serum, in the presence of mitogenic factors, are more
similar to the actual biology of GB. In addition, these cells are always
tumorigenic and the tumors are particularly aggressive and invasive,

thus representing a better model of human GB [5].

Glioblastoma is one of the first solid tumors in which was
defined a well characterized genomic landscape and a cell hierarchy
including tumorigenic (stem) and non-tumorigenic (non-stem) [6—7].
The knowledge of glioblastoma-driver genes is increasing and the key

network connections are under active scritiny [8—10]. Nevertheless the
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molecular pathways underlying its heterogeneity remain unclear,
making its therapeutic targeting very challenging. In fact, compared to
the advances in treatment of other types of tumors, GB treatment

remains poorly effective and essentially palliative.

GB GSCs seem to have most important characteristics of
normal neural stem cells (NSC) like expression of CD133 and Nestin
markers, and ability to make neurospheres, aggregates of clonally
derived cells that are able to self-renew and differentiate into
neuronal, astroglial or oligodendroglial cells. Moreover, GSCs seem
to resist to radiation and chemotherapy and stimulate angiogenesis
[11-15]. Recent data show that tumor microenvironment can favor the
amplification of cancer cells exploiting stem cell programs for
survival [16]. Thus, the hierarchic model proposed for different types
of cancers, may not work for all, and could be substituted by a more
flexible concept of GSC that are able to evolve and adapt, depending

on external and internal stimuli.

MicroRNA could have an important role in tumor progression:
the dysregulated expression of these small non-cording RNAs
supports their identification as a novel class of oncogenes or tumor
suppressor genes [17]. MiR-145 was found down-regulated in several
kind of tumors where act as tumor suppressor. In head and neck
cancer its targeting of SOX9 and ADAM17 resulted in the inhibition
of self-renewal, tumor initiation, and metastatic properties of HNC-
TIC cells [18]. Lee H at al. [19] found that microRNA-145 is able to
regulated the migration of glioma cell by targeting the Connective

Tissue Growth Factor. We found that miR-145 is strongly down-
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regulated in glioblastoma specimens and in GB cell lines playing a
critical role in regulating invasion and differentiation of glioma stem-
like cells. Lee S et al. [20] showed that the over-expression of this
miRNA causes a down-regulation of metastasis-related genes leading
to a block of glioma cell migration and invasion. Yang YP et al. [21]
confirmed that expression levels of miR-145 are inversely correlated
with levels of Oct4 and Sox2 in GB-CD133+ cells. More importantly,
by using polyurethane-short branch polyethylenimine (PU-PEI) as a
therapeutic-delivery vehicle, they demonstrated that PU-PEI-mediated
miR-145 delivery to GB-CD133+ significantly inhibited their
tumorigenity, suppressed the expression of drug-resistance and anti-
apoptotic genes and increased the sensitivity of the cells to radiation

and temozolomide.

These results support the idea that miR-145 is an important
microRNA in glioblastoma progression, especially in invasion, and
that its delivery could represent a novel therapeutic tool for malignant

gliomas.
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Future Perspectives

Presently, the field of miRNA in neurological disorders
ranging from neuro-degenerative disease to cancer [22] is booming.
This is due to the realization of the crucial role that these small, non-
coding transcripts may play in a multitude of molecular and biological
processes in normal and pathological tissues. The dysregulated
expression of miRNAs is associated with several examples of human
tumorigenesis, supporting their identification as a novel class of

oncogenes or tumor suppressor genes [23—24].

In glioblastoma there are more than 30 deregulated
microRNAs, which act as oncomiR or tumor suppressor miRNA and
that are involved in several pathways such as proliferation, apoptosis,
invasion, angiogenesis, stemness. In the last decades, several studies
were done in order to understand the role of microRNA in cancer and
the impact on patient prognosis and survival [25-29]. For examle, Mu
Y et al. [30] demonstrated that down-regulation of miR-183 in human
osteosarcoma is significantly associated with a high tumor grade,
positive metastasis and recurrence and poor prognosis. Moreover,
Shapira et al. [31] showed that there are significant differences in
microRNA profiles in pre-surgical plasma from women affected by
ovarian cancer and with a short overall survival when compared with
long overall survival. In particular circulating plasma miRNA profiles
were found useful in distinguishing women with ovarian cancer and in

identifying women who benefited from treatments. In this scenario we
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have contributed describing a direct correlation between miR-145
expression, the progression free survival in LGG patients and overall

survival in GB patients [32].

Overall these observations stimulate to investigate the potential
role of microRNA as cancer therapeutics. However currently their
clinical application is limited mainly due to inefficient delivery
systems [19]. Notably, recent data described an in vivo delivery of
miR 145 using polyurethane-short branch polyethylenimine (PU-PEI)
as a therapeutic-delivery vehicle. PU-PEI-miR145 significantly
suppressed tumorigenesis in glioblastoma-transplanted immune-
compromised mice [21]. We believe that this information provides an

important background for further studies.

First, we plan to test the efficacy of intracranial and peripheral
injection of commercial miR-145 mimic (miRVana) in xenograft
model of human glioblastoma. For the future we are going to develop
nanocarriers as tracking and miR-145 delivery vectors.

Nanomedicine is a tool fwith great potential in clinical reserach
because the endogenous transport mechanisms governing entry and
exit cellular processes operate on a scale of tens of nanometers,
allowing the access of engineered nanoparticles (NPs) to organs and
their sub-cellular location. In the last decade, many efforts have been
made to design multifunctional NPs that can improve drug payload
and targeting to diseased cells [33]. In addition, correct and functional
engineered NPs are able to pass complex biological barriers such as

the blood brain barrier (BBB) [34] working as possible vectors for the
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delivery of CNS therapeutics. Davis et al. [35] have recently
demonstrated that nanocarriers are not limited to the delivery of small-
molecules, but can be used to deliver large bioactive molecules such
as proteins and nucleic acids, including small RNAs. These results
suggest that NPs are the promising candidates for the delivery of
miRNA into the brain.

In order to steer this research translationally we propose to
design nanocarriers for the therapeutic delivery of microRNA into the
brain, followed by a characterization of the biocompatibility and
cytotoxicity of the nanocarriers and nanoplexes in in vitro model
systems. After that, we would evaluate in xenograft models the
therapeutic efficacy of in vivo delivery of miR-145 via traceable
nanocarriers and, finally, observe the impact of miR-145 on tumor

progression.

The main challenge is to develop and characterize
nanoparticles as an innovative solution for in vivo delivery of miRNA

as a potential novel therapeutic approach for glioblastoma.
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