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Abstract



The Eph receptor family of tyrosine kinases and its ligands, ephrins, are membrane-
anchored molecules that regulate cell-cell interactions. They are expressed in most cells
and tissue types. An increasing body of evidence is accumulating, showing that
Eph/ephrin signalling regulates migration, proliferation, differentiation, adhesion,
morphological changes and survival through cell-cell communication. Moreover,
Eph/ephrin signaling is involved in tumorigenesis, metastasis and angiogenesis. Every
member of this molecular system may act as tumor promoter or tumor suppressor,
depending on the cellular context and type of cancer. EphB1 receptor expression is
altered in different brain tumors. In glioblastoma EphB1 downregulation is correlated
with aggressive cancer phenotypes, as this receptor may act as tumor suppressor.
Starting from these evidences, we aimed at characterizing the role played by EphB1l
receptor in glioblastoma by investigating its expression and modulation in U87 human
glioblastoma cells.

The loss of EphB1 receptor expression and its subsequent reduced activity are
relevant pro-tumoral events in glioblastoma cells. Consistently, treating U87 cells with
the EphB1 receptor agonist or antagonist further reduces or increases cancer cell
aggressiveness, respectively. Other different peptides, designed starting from the
antagonist already available, affected U87 cell migration. Furthermore, the discordant
levels of EphB1 mRNA and protein seem to indicate that the loss of EphB1 receptor
expression in glioblastoma cells is due to some post-transcriptional events involving
miRNAS.

The Eph/ephrin signaling pathway is also involved in angiogenesis. Cardio-vascular
diseases, such as peripheral artery disease (PAD) and coronary artery disease (CAD),
are the leading causes of death and disability in Western countries. Current procedures
are insufficient to treat CAD and PAD patients. Therefore, therapeutic angiogenesis,
which aims at inducing normal, stable and functional blood vessels by delivering
growth factors to ischemic tissues, is an attractive strategy for these patients. VEGF is
the master regulator of vascular growth both in development and postnatal life, and it
represents the major molecular target for therapeutic angiogenesis. VEGF delivery
appears to have a very limited therapeutic window in vivo, such that low doses are safe,
but mostly inefficient, and higher doses become rapidly unsafe. However, previous
studies in the host group show that the induction of normal or aberrant angiogenesis by
VEGF depends strictly on the amount secreted in the microenvironment around each

producing cell, and not on the total dose delivered. They recently found that stimulating
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the EphrinB2/EphB4 pathway could prevent aberrant angiogenesis by excessive VEGF
doses and convert it to normal. Preliminary data showed that targeting the endothelial-
specific Notch4 pathway could induce a similar phenotype as activating EphBA4.
Therefore, here | investigated the Notch4 signaling pathway as a target for therapeutic
angiogenesis. We found that Notch4 inhibition: 1) did not impair normal angiogenesis
by low and safe levels of VEGF; 2) did not impair the initial formation of vascular
enlargements; and 3) normalized aberrant angiogenesis by high VEGF levels of

expression by limiting the degree of initial vascular enlargement induced by VEGF.
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1. Ephrin ligands and Eph receptors

Eph receptors, the largest family of receptor tyrosine kinases (RTKSs), and their ephrin
ligands are membrane-anchored molecules that regulate cell-cell interactions’. They are
expressed in a variety of cell and tissue types. Increasing evidences show that Eph/ephrin
signalling regulates several cellular functions such as cell migration, proliferation,
differentiaton, adhesion, morphological changes and survival through cell—cell
communication®. Eph/ephrin-mediated effects are also involved in specialized processes
such as synaptic plasticity, insulin secretion, bone remodeling and immune function®. Eph
receptors are classified on the basis of sequence homology and binding preferences: in the
human genome there are 10 EphA receptors (EphA1-A10), which preferentially bind 6
glycosylphosphatidylinositol (GPI)-linked ephrin-A ligands (ephrins-A1-A6), and 6 EphB
receptors (EphB1-B6), which preferentially bind 3 transmembrane ephrin-B ligands
(ephrins-B1-B3)3. Furthermore, Ephs and ephrins interact promiscuously within each
subclass, but cross-class interactions are known for EphA4, interacting with B-type

ephrins*®, and ephrin-A5, activating EphB2 as well as EphAs®.

1.1 Ephrin and Eph receptor structures

Eph—ephrin signalling relies on specific functional domains present in Ephs and ephrins
(shown schematically on the left panel of Figure 1). On the extracellular side, Eph
receptors are composed of a ligand-binding domain (LBD), which binds to the receptor-
binding domain (RBD) of ephrins, followed by a Cys-rich domain (encompassing the sushi
and epidermal growth factor (EGF)-like domain) and two fibronectin (FN) domains. The
intracellular side of Eph receptors is composed of the transmembrane region (TM), the Tyr
kinase domain (TK), the sterile alpha motif (SAM) and the PDZ domain. Ephrins, by
contrast, are composed of a receptor-binding globular domain and a GPI link in the case of
ephrin-A ligands, or a transmembrane domain and PDZ domains in the case of ephrin-B

ligands®.
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Figure 1: Structure of Eph receptors and ephrin ligands. PDZ: Post synaptic density 95-Discs large
Zonula occludentes-1-protein, SAM: Sterile alpha motif, GPI: glycosylphosphatidylinositol.?

1.2 Eph/ephrin complex formation and activation

Eph receptors are not activated in a similar way as other RTK’s, but require pre-clustered
ligands to induce efficient downstream signaling’. Prior to activation, the Eph receptors are
loosely distributed on the cell surface and display minimal kinase activity, unless receptor
expression levels are considerably high™®. After activation, clusters of Eph receptors
appear fairly rapidly at discrete spots on cell surface and ephrins localize to, and are
concentrated in, membrane microdomains or rafts®. Thus, in contrast to other RTK’s where
receptor dimerization is enough to trigger biological activity, Eph receptors need high local
density of ligands to induce downstream signaling. Moreover, the oligomerization state of
the ligands seems to control not only the architecture of the receptor/ligand signaling
assemblies, but also the precise downstream cellular responses™.

Biochemical and X-ray crystallographic investigations allowed to determine the high-
resolution structures of the interaction domains of EphB2 and ephrin-B2 and of their
complex***?. The EphB2—ephrin-B2 complex is a tetrameric, ring-like assembly in which
two receptor and two ligand molecules interact via two distinct interfaces. One interface is
very extensive and is responsible for high-affinity ligand-receptor dimerization, whereas
the second interface is smaller and is responsible for the assembly of the EphB—ephrin-B
dimers into the circular tetramer**. The second, lower-affinity Eph-ephrin tetramerization
interface shows a clear structural basis for subclass discrimination centered around an Eph

surface loop (called the ‘class-specificity’ loop), whose length is invariant within each



subclass but differs by four residues between the two subclasses™®. By contrast, the high-
affinity dimerization interface, although showing structural features that could mediate
subclass selectivity, does not provide a clear view into Eph class discrimination and

suggests the possibility of cross-subclass Eph-ephrin interactions™*.

1.3 Bidirectional signalling: forward and reverse signalling

“Forward” signaling corresponds to the prototypical RTK mode of signaling, which is
triggered by ligand binding and involves activation of the kinase domain. However, the
activation mechanisms of Eph receptors have unique features as compared to other RTK
families as described above.

Using soluble monomeric ephrin ligands, this interaction has been shown to occur through
the insertion of the conserved hydrophobic loop (G-H loop) of the ephrin RBD into a
hydrophobic cavity within the Eph receptor LBD'*. This ligand/receptor interaction
induces conformational rearrangements in the receptor LBD, which further facilitates the
formation of complementary Eph/Eph interaction interfaces and clustering®®. Other
domains, such as the CRD, SAM, and a portion of the FN-111 domain within the receptor,
favor additional Eph/Eph interactions thus stabilizing Eph/ephrin tetramers'?'*®. The
conformational changes upon the Eph/ephrin interaction are followed by the receptor
autophosphorylation at two tyrosine residues within the juxtamembrane domain and one
tyrosine residue within the activation segment of the kinase domain'’. This disrupts the
inhibitory interaction with the kinase domain, enhancing the Kkinase activity and
transphosphorylation of additional tyrosine residues’’. As typical for RTKs, the
phosphorylated tyrosine residues serve as docking sites for Src Homology 2 (SH2) and
phospho tyrosine binding (PTB) domain-containing adaptor proteins. These interactions
can mediate signal transduction with variable duration and kinetics through multiple
downstream signaling pathways, including phosphatidylinositol 3’-kinase (P13K)-AKT,
Janus kinase/Signal transducer and activator of transcription (JAK/STAT), Ras/mitogen-
activated protein kinase (RAS/MAPK), as well as focal adhesion kinase (FAK) and Src
kinase-mediated signals™*®* (Fig. 2). Through their PDZ-binding motif, Eph receptors
associate with PDZ-domain-containing proteins such as AF6, Pickl, syntenin, and Grip1/2
to further regulate clustering, trafficking, and signaling®%*.

Eph/ephrin interactions trigger signaling events also in cells expressing the membrane-

bound ligand, a mechanism referred to as “reverse signaling”. Intracellular signals
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transduced by both ephrins A and ephrins B have been found to modify multiple responses
at the cellular level. However, reverse signals through GPI ancore ephrinAs rely on lipid
raft-mediated interaction with transmembrane protein complexes. Although ephrinAs lack
an intracellular domain for phosphorylation-dependent recruitment of signaling molecules,
clustered ephrinA5 has been found to recruit the Src family kinase Fyn to the same
caveolae-like membrane domains, upon receptor binding (Figure 2). This promotes
activation of Bl integrin and ERK and increases cell-substrate adhesion®%. In contrast,
EphB/ephrinB interaction triggers ephrinB phosphorylation on conserved tyrosine residues
by Src family kinases, thus creating docking sites for SH2-domain-containing proteins
such as Grb4?" (Fig. 2). Like Eph receptors, ephrinBs also recruit PDZ-domain-containing
proteins through their C-terminus, such as the protein tyrosine phosphatase PTP-BL, which
in turn can dephosphorylate both ephrinBs and Src as a mechanism of reverse signaling
attenuation?®. The reverse ephrinB signaling has been found to regulate cell invasion via,
e.g., matrix metalloproteinase 8 (MMP8) secretion and Racl activation®". Interaction of
non-phosphorylated ephrinB1 with the PAR6 polarity protein instead regulates epithelial
tight junction formation®. EphrinB2 can also exert cellcell contact independent functions
by stimulating actomyosin-dependent cell contraction through its PDZ-motif with a

mechanism that does not require Eph receptor binding®*%*,
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Figure 2: Eph/ephrin forward and reverse signaling®.

1.4 Signaling termination

Following ligand-dependent activation, RTKSs are typically internalized by endocytosis and
can continue to signal from intracellular compartments until they are inactivated by
dephosphorylation and degradation or trafficked back to the cell surface®®. For the Eph
receptors, this process has unique features as a result of the plasma membrane association
of the ephrins®"*°. Eph receptor—ephrin complexes can be internalized into either the Eph
receptor- or the ephrin-expressing cells through the formation of vesicles containing
plasma membrane fragments derived from both cells. This Racl-dependent process, which
has been defined “trans-endocytosis™, is critical for removal of adhesive complexes from
cell—cell contact sites to allow cell separation and repulsive effects. Another protein that
contributes to Eph receptor internalization and degradation is the ubiquitin ligase Cbl,

which can interact with several Eph receptors promoting their ubiquitination“®*!. Besides
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trans-endocytosis, Eph receptor-ephrin complexes can convert adhesive interactions into
cell repulsion by activating metalloproteases, such as ADAM family members.

2. Cellular and molecular mechanisms of angiogenesis

2.1 Vasculogenesis, angiogenesis and arteriogenesis

In vertebrate embryos, two distinct mechanisms, named respectively vasculogenesis and
angiogenesis, fulfill the formation of the vascular network®**®. Vasculogenesis is defined
as the differentiation of endothelial precursor cells (angioblasts) into endothelial cells and
the de novo formation of a primitive vascular network. Vasculogenesis starts with in situ
differentiation of mesodermal cells into angioblasts or hemangioblasts, which in turn
differentiate into endothelial cells and hematopoietic cells respectively. Endothelial cells
coalesce to form aggregates named blood islands which fuse together and generate tube-
like capillaries, which form de facto a primary capillary plexus in the yolk sac*.
Vasculogenesis is largely governed by fixed genetic programs, even though environmental
factors, such as hemodynamics and tissue oxygenation, can modify the vasculogenic
program in the embryo®. The molecular mechanisms underlying angioblast induction are
mostly unknown. However, an important role is played by the secretion of Hedgehog
proteins and vascular endothelial grow factor (VEGF) from the interacting mesoderm“.
Furthermore, other soluble factors and molecular pathways are involved in vascular
morphogenesis, such as Transforming Growth Factor-beta (TGF-B), Angiopoietins/Tie,
Wnt and Delta/Notch pathways*’.

In post-natal life, the main mechanism accounting for the formation of blood vessel is
angiogenesis, even though vasculogenesis may still occurs®®. Angiogenesis is defined as
the formation of new blood vessels starting from pre-existing ones, and occurs mainly in
response to a low level of oxygen inside a tissue®®. Angiogenesis can occur by two
different cellular processes, namely sprouting (or branching) angiogenesis and
intussusception (also known as splitting angiogenesis). In the embryo, the vascularization
of tissues and organs of non-mesodermal origin (e.g. the brain and the visceral organs) is
mediated by sprouting®®, whereas the expansion of already formed microcapillary beds is
gained by intussusception®’. The newly generated vessels are immature, unstable and
therefore prone to regression. The stabilization of newly induced vessels is achieved
through a two-step maturation process. During the first step, ECs stop to proliferate and>?
in response to VEGF, secrete Plated-Derived Growth Factor-BB (PDGF-BB). PDGF-BB is
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responsible for the recruitment of mesenchymal cells, which will cover the newly induced
vascular structure®**. Once coated, the endothelium produces and secretes transforming
growth factor-B (TGF-B), which further inhibits EC division (stabilizing the vessel), and
induces mesenchymal cell proliferation and differentiation into mature mural cells, named
pericytes for small vessels (e.g. capillaries) and vascular smooth muscle cells (vSMC) for
larger vessels (e.g. arteries and veins)®. In the absence of perivascular cells, newly formed
vessels start to regress after cessation of the angiogenic stimulus®®. The second step of the
maturation process lead to the deposition of the endothelial basement membrane (BM) on
the external surface of the vessel and the secretion of an extracellular matrix (ECM) rich in
collagens, fibronectin, laminin and elastin®®. BM and ECM together provide mechanical
support to the ECs, prevent large vessels from collapsing, reduce vascular leakage and
avoid blood wvessel regression. Also, ECM controls EC survival, migration and
proliferation®’. Lastly, vascular networks undergo extensive vascular remodeling to form a
functional and mature vasculature. This “trimming” includes distinct processes of vascular
pruning, i.e. the regression of selected vascular branches®®.

A second mechanism involved in post-natal vascular growth is arteriogenesis®. This
process is characterized by the formation of mature functional arteries from pre-existing
and poor-perfused interconnecting arterioles after an arterial occlusion, thereby bypassing
the block and restoring blood flow to ischemic tissue downstream®. This process is driven
mostly by hemodynamic factors. The perception of these forces is allowed by several
mechanosensory complexes located on the ECs membrane®®. The stimulation of these
molecular sensors initiates an integrin-mediated pathway, which in turn activates a certain
number of transcription factors such as early growth response protein 1 (Egr-1), activator
protein 1 (AP-1) and Rho and induces consequently the expression of the arteriogenesis-

related genes®.

2.2 Cellular mechanisms of vascular growth: Sprouting and Intussusception

After embryonic development, the main mechanism responsible for neovascularization is
angiogenesis, i.e. the growth of new blood vessels from pre-existing ones. Angiogenesis is
a multi-step process during which endothelial cell behavior has to be tightly controlled.
Vascular endothelial growth factor (VEGF) is the master regulator of vascular growth both
in development and disease and, upon expression as a single factor, is capable of initiating

the cascade of events leading from endothelial activation to the generation of new
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functional and stable vascular networks®. The best understood mode of vascular growth is
sprouting, by which new vessels invade avascular areas of tissue guided by gradients of
factors, e.g. during embryonic development. However, sprouting is not the only cellular
process by which vessels can grow. In fact, several studies found that vascular growth can
also take place through another complementary mechanism called intussusception, or
splitting angiogenesis®®. Intussusception can be initiated very rapidly, e.g. by increased
blood flow and shear stress even in the absence of growth factors®®. Recently it has been
shown that over-expression of VEGF in skeletal muscle induces angiogenesis by
intussusception rather than sprouting®. It is still unclear what determines whether VEGF
induces angiogenesis by sprouting or intussuception. However spatial and temporal
distribution of VEGF in the microenvironment can play a crucial role. In fact, if a VEGF
gradient is lacking, e.g. when the non-matrix-binding isoform VEGFi,; is expressed,
endothelial cells proliferate without migrating and lead to vessel enlargement instead of
vessel sprouts??,

Sprouting angiogenesis relies on the functional specification of endothelial cells into either
tip or stalk cells. Tip cells can sense VEGF gradients, and migrate towards the VEGF
source, thereby guiding the nascent sprout. Stalk cells, which instead proliferate just
behind the tip, form the body of the sprout and start the process of lumen formation (Figure
3A)%. In contrast, the hallmark of intussusception is the formation of trans-luminal tissue
pillars, which can occur either through a zone of contact between the endothelial cells of
opposite capillary walls, with subsequent reorganization of the endothelial junctions and
invasion of the pillar core by myofibroblasts, or through the extension and fusion of
intraluminal protrusions made exclusively of endothelial cells (intraluminal sprouting).
Subsequently, transluminal tissue pillars align along the length of the preexisting vessel,
progressively fuse together and divide the affected vascular segment longitudinally into

new, individual vascular structures (figure 3B)%"°8

The molecular regulation of
intussusception remains poorly understood due to a paucity of appropriate models, and its
elucidation will be key to providing a rational basis for the design of therapeutic

angiogenesis strategies.
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Figure 3: Mechanisms of angiogenesis: sprouting (A) vs intussusception, or splitting (B). (A) VEGF
gradients in the extracellular matrix induce the functional specification of endothelial tip cells (in red), which
migrate towards the gradient source, and stalk cells (in yellow), which proliferate behind the tip, forming ab-
luminal sprouts that fuse together and generate new vessels. (B). In the absence of a gradient, all endothelial
cells respond to VEGF by assuming a stalk phenotype without tip cells. The subsequent proliferation without

migration leads to circumferential enlargement of vessels without sprouting followed by formation of intra-

luminal endothelial pillars which fuse together and cause longitudinal splitting into two new vessels®*.

2.3 Vascular endothelial growth factors and receptors

VEGEF is a family of signaling proteins secreted by various cell populations such as T-cells,
macrophages, keratinocytes and ECs, but also essentially every cell type in the body®® 2.
The mammalian VEGF family consists of five structurally related members: VEGF-A,
VEGF-B, VEGF-C, VEGF-D (also known as FIGF) and placental growth factor (PIGF),
which can all occur in different splice variants and processed forms’®. Homologous
polypeptides have been recently identified in non-mammalian organisms. They include Orf

virus-encoded VEGF-E’* and Eastern Cottonmouth snake’s venom-isolated VEGF-F"°.
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VEGFs fulfill their role by binding to three structurally related tyrosine kinase receptors
(RTKSs): Vascular Endothelial Growth Factor Receptor-1, -2 and -3 (VEGF-R1, VEGF-R2
and VEGF-R3, respectively). VEGFR-1 and VEGFR-2 are characterized by seven
immunoglobulin (Ig)-like folds in the extracellular domain (ECD), a single-helix
transmembrane region (TMD), and an intracellular domain (ICD), which, in turns, consists
of a juxtamembrane domain (JMD), a split tyrosine kinase domain (TDK1 and TDK2) that
is interrupted by a kinase insert domain (KID), and a carboxyl-terminal domain (CTD).
Thanks to an alternative splicing process, they can also exist as soluble forms, called
SVEGFR-1 and SVEGFR-2 respectively’®. VEGFR-3 has the same domain organization
and molecular structure observed in the two other receptors. However, due to the
substitution of two cysteine residues, it lacks a disulfide bridge in the fifth Ig-like
domain’’. In addition to these receptors, VEGFs may also interact with co-receptors such
as neuropilin-1 (NRP-1) and neuropilin-2 (NRP-2), macromolecules such as heparan
sulfate (HS) and proteoglycans (i.e. syndecan and glypican) and also with non-VEGF
binding auxiliary proteins, including vascular endothelial cadherin (VE-cadherin),
integrins, ephrin-B2 and protein tyrosine phosphatase (PTP)"®.

VEGF-R1 can be bound with high affinity by VEGF-A, VEGF-B and PIGF. Nevertheless,
it is characterized by a weak tyrosine autophosphorylation activity in response to the
interaction with the growth factor’®. VEGF-R1 acts as negative regulator of angiogenesis
by reducing the amount of VEGFs available to bind VEGF-R2%. The same decoy activity
was described for sVEGF-R1%".

VEGF-R2 is the main VEGF receptor expressed on ECs. It is able to bind VEGF-A and the
processed forms of VEGF-C and VEGF-D. This receptor has a 10-folds lower affinity for
VEGF-A when compared to VEGF-R1%®, still it is the main mediator of VEGF-A-
induced stimulus on ECs differentiation, proliferation, and migration’.

VEGFR-3 can bind VEGF-C and VEGF-D. It has an important role in early development
during cardiac remodeling® and later to induce and to preserve the lymphatic ECs from
apoptosis®. sVEGF-R2, by interacting with the same VEGF isoforms bound by VEGF-R3,
inhibits the proliferation of lymphatic ECs®.

Finally, in vivo studies on transgenic NRP1” and NRP2”" mice demonstrate that NRP1 is
important during embryonic vascular system formation, whereas NRP2 is required for a

correct formation of the lymphatic system®’.
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The VEGF family members have a critical function in the differentiation of vascular and
lymphatic ECs, and in blood vessel growth and maturation. In particular, VEGF-A is the
major regulator of angiogenesis both in physiological and pathological conditions®.
VEGF-A gene expression is mainly influenced by oxygen tension, as its transcription is
heavily upregulated under hypoxic conditions, through to the stabilization of the hypoxia-
inducible factor-1 (HIF-1)®. HIF-1 is an oxygen-sensitive transcriptional activator
composed by two subunits, HIF-1a and HIF-1B. Both these proteins are constitutively
expressed, but HIF-1a is rapidly degraded in normoxia conditions (t¥2 ~ 5 min).
Conversely, under hypoxic conditions HIF-1a becomes stable and translocates to the
nucleus where it forms a complex with HIF-1p, the resulting dimer binds the hypoxia
response element (HRE) of VEGF-A thus inducing its transcription®. Furthermore, nitric
oxide (NO), a certain number of cytokines and oncogenic mutations can also up-regulate
VEGF-A gene expression®.

In addition to transcriptional regulation, VEGF-A activity is also controlled at the
translational level thanks to two internal ribosome entry sites (IRES) located in its
mRNA® and the stability of this ribonucleic molecule can also be modulated®.

The human VEGF-A gene is located on chromosome 6 and is organized in eight exons,
separated by seven introns®. There are at least 12 subtypes of VEGF-A, generated through
alternative splicing. This subtypes can be divided in two groups differing by their
carboxyl-terminal six amino acids, termed respectively VEGF-Axxx (pro-angiogenic) and
VEGF-Axxxb (anti-angiogenic), where xxx indicates the number of amino acids in the
mature protein®.

VEGF-B can bind VEGF-R1 and NRP-1 and is important for the protection of the brain
from ischemic injury and for proper heart functionality during adult life®™°.

Both VEGF-C and VEGF-D bind VEGF-R2, VEGF-R3 and NRP-2. VEGF-C is required
for proper lymphangiogenesis’ and VEGF-D promotes the metastatic spread of tumor
cells via the lymphatic vessels®. Lastly, PIGF seems to augment the ECs responsiveness to
VEGF-A in a number of pathological conditions®.

2.4 Notch signaling pathway
Notch signaling is an evolutionarily conserved pathway in multicellular organisms and
impacts the fate of a variety of cell types during morphogenesis as it can affect

differentiation, proliferation, and apoptosis®™. In particular, Notch can perform its
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regulatory functions through two different signaling modalities: “lateral inhibition” and
“boundary formation”®. The Notch family in mammals comprises four receptors: Notch1,
Notch2, Notch3 and Notch4 and five DSL (Delta/Serrate/Lag-2) ligands: Jaggedl (JAG1),
Jagged2 (JAG2), Delta-like 1 (DIll1), Delta-like 3 (DII3) and Delta-like 4 (DIl4). An
interesting hallmark of the Notch signaling pathway is that Notch receptors have been
found to be promiscuous with regard to ligand binding and no ligand specificity of Notch
receptors has yet been fully characterized.

Notch receptors are type | single-pass trans-membrane proteins heterodimers. Namely, the
extracellular domain of Notch receptors (NECD), composed of tandem epidermal growth
factor (EGF)-like repeats, is responsible for the ligand binding, while the intracellular
domain (NICD) constitutes the catalytic part of the molecule. Notch ligands are also type |
single-pass trans-membrane proteins and therefore the activation of Notch signaling
cascade requires close cell-to-cell interaction (juxtacrine signaling). When the interaction
occurs, a series of proteolytic events take place. Initially a protease of the disintegrin and
metalloprotease (ADAM) family cleaves Notch at site 2 (S2), creating an intermediate
truncated version of Notch that is subsequently cleaved at site 3 (S3) and site 4 (S4) by the
y-secretase, an integral membrane protease complex. Consequently the NICD is released
and can translocate into the nucleus where it interacts with the DNA-binding-protein CSL
(CBF1/Suppressor of Hairless/LAG-1), forming a transcriptional complex. In turn, the
newly formed complex can associate with the mammalian MAML (Mastermind/Lag-3),
which displaces transcriptional co-repressors and recruits co-activators. This way, the up-
regulation of downstream target genes, such as Hes (Hairy Enhancer of Split) 1, 5, and 6 is
induced'® (Figure 4).

In mammals, Notchl and Notch4 receptors and Jagl, DII1 and DIl4 ligands are mainly

expressed by the vascular ECs™™ 103-105

. Loss-of-function and gain-of-function studies
showed that Notch signaling has an essential role in coordinating multiple aspects during
vascular development, such as arteriovenous differentiation and regulation of sprouting

and branching during sprouting angiogenesis'%?
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Figure 4: The Notch signaling pathway. NECD: NOTCH extracellular domain; NICD: NOTCH
intracellular domain; NEXT: NOTCH extracellular truncated domain; CSL: CBF1/Suppressor of
Hairless/LAG-1; MAML.: Mastermind/Lag-3; Co-A: co-activators; Co-R: co-repressors; NB: short peptide
released after cleavage at site 4'%.

2.4.1 Notchl

The Notchl signaling pathway plays a fundamental role in sprouting angiogenesis. In
particular, signaling between Notchl and DIl4 has been shown to regulate the formation of
appropriate numbers of tip cells by VEGF and to control vessel sprouting. In response to
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VEGEF, the first endothelial cells that increase their expression of VEGFR-2 and DIl4
acquire a tip cell phenotype. The up-regulated DII4 on tip cells activates Notch signaling in
neighboring cells and high Notch levels result in the inhibition of VEGFR-2 activity that
makes these cells less responsive to VEGF and therefore excludes them from becoming tip
cells (lateral inhibition) and induces them to acquire a stalk cell phenotype instead. Further
studies showed that endothelial cells actively compete to acquire the leading tip cell
position and this competition is driven by the fine-tuning of their VEGFR-1 and VEGFR-2
expression™®®%,

Jagl, a proangiogenic protein expressed by stalk cells, is also important in the process of
tip cell selection. Jagl competes with DII4 for the binding of Notchl receptor and
functions by downregulating Notch1 signaling. This prevents Notchl activation in adjacent
tip cells and ensures the maintenance of VEGFR-2 expression and therefore the ability of
these cells to detect VEGF'®. Furthermore, Jagl can also counteract DII4/Notchl
interactions between stalk cells, sustaining VEGF receptor expression in the newly formed,
immature vascular plexus at the angiogenic front. The effect of Jagl on Notchl depends on
the activity of the gucosaminyl-transferase Fringe. In fact, the different level of
glycosylation can modify the receptor affinity binding for the different ligands and in
particular a reduction of Notch1 activation upon Jagl interaction'®.

2.4.2 Notch4

The Notch4 receptor is expressed in the endothelium and can be activated by DI14 and Jagl
ligands. Notch4 constitutive activation can elicit abnormal vascular enlargement in mice*.
In particular, the over-expression of a constitutively active form of Notch4 in an inducible
transgenic murine model led to abnormal dilated vessels and the development of brain
arteriovenous malformations (AVM), which originated from the enlargement of
preexisting micro-vessels and displayed poor smooth muscle cell coverage™'. Recently it
has also been shown that, by switching off the expression of the same constitutively active
form of Notch4, the induced AV shunts are not permanent, but rather regress and revert to

capillary-like microvessels**?.

3. Eph receptors and ephrins in cancer and angiogenesis

3.1 Eph receptors and ephrins in cancer
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In the last two decades an increasing body of evidence has accumulated showing the
involvement of Eph receptors and ephrins with different facets of tumorigenesis and cancer
progression, such as tumor angiogenesis and vasculo-mimicry, tumor immunity and
microenvironment, metastasis development and tumor stem cell propagation and
maintenance. Overall, the emerging picture about this system in cancer appears often
incongruous and, apparently, even paradoxical. In fact, every member of this complex
communication cellular system was reported to have both negative and positive effects on
tumorigenesis and tumor progression depending on cancer type; notably, even in the same
tumor opposite outcomes are reported**. This apparent paradox is related to the
“phosphorylation status” and the fact that Eph receptors and ephrins can signaling
dependently of each other through cross-talk with other signaling systems. For example,
EphA2 has been found to enhance tumor cell proliferation and motility in cells
overexpressing EGF receptors, an activity that likely contributes to tumorigenesis and
metastatic progression in a mouse ErbB2 mammary adenocarcinoma model, promoting
Erk and RhoA GTPase activity**. In glioblastoma and prostate cancer cell lines EphA2 was
shown to promote oncogenic signals when it was overexpressed but not activated by ephrin
ligands becoming a key substrate of the Akt-mTORC1 axis. Conversely, EphA2 was able
to block Akt activation after ephrin-Al stimulation in a tyrosine kinase-dependent
manner**>®_ EphA2 is also expressed in mesenchymal and epithelial embryonic and adult
tissues and is frequently overexpressed in melanoma, gliomas, breast, prostate, lung, colon,
gastric, oesophageal, cervical, ovarian, bladder and renal cell carcinomas™’***. EphA2
forward signalling promotes tumour neovascularization'??. In breast cancer, increased
EphB2, EphB4 and EphA2 expression levels have been associated with poor
prognosis'>>***. EphA2 is one of the four most highly phosphorylated proteins in basal
breast carcinoma cells, and its overexpression facilitates anchorage-independent growth
and tumorigenicity in non-transformed MCF10A mammary epithelial cells®.

The roles of EphB2 and EphB4 during tumour progression are controversial. These
receptors interact with ephrin B2, which is an important marker of normal and tumour
vasculature, and increased expression of EphB2 and EphB4 causes the tumorigenic
activation of angiogenic reverse signalling'?°. In addition, EphB4 high levels are found to
be prognostic for poor survival of patients with breast cancer'?’. By contrast, the
proliferation, viability and invasion of MDA-MB-231, MDA-MB-435 and MCF7 breast

cancer cells are decreased by ephrin B2-activated EphB4 signalling*®, although a more
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recent study suggests the opposite, underlining that EphB4 forward signalling triggers
RAS-MAPK-dependent proliferation of MCF7 cancer cells'®®. Likewise, although
progressive loss of EphB2 or EphB4 expression during carcinoma progression seems to

130 3 recent survey of mRNA transcripts of paired

correlate with reduced survival rates
stage I-IV colon cancer samples identified EphB2, EphB4 and EphAl as the most
significantly increased Ephs™. This dichotomous role of Eph receptors could be explained
thug detailed analysis of Eph-mediated prostate carcinoma cell migration, in which the
lack of contact inhibition of metastatic PC3 cells was found to be due to adhesive
ephrin B2—EphB3/EphB4 signalling overriding repulsive ephrin A5—-EphA2/EphA4
signalling in the same cells. This would suggest that the sum of Eph signalling capacities in
a tumour cell determine its invasive and metastatic properties™2. In addition, some of these
apparent disparities could be due to differences in the disease stages of the analyzed
tumours and variability in methods, reagents and mRNA stability. EphA2 and EphA3
protein and mRNA overexpression correlate with poor patient prognosis in an aggressive
mesenchymal subtype of glioblastoma, in which both Eph receptors seem to have kinase-
independent roles in maintaining the glioma-initiating cell population in an

undifferentiated, proliferative state'****

. EphA3 has a role in the maintenance of
leukaemic stem cells and it is significantly increased in abroad range of haematopoietic
tumours but is undetectable in normal human lymphocytes and haematopoietic progenitors,
making it an attractive therapeutic target for clinical development™"’.

EphA3 seems to have a protective role in small cell lung cancer (SCLC). Recently it was
shown that this receptor was downregulated in SCLC patients and its expression positively
correlated with overall survival. The clinical evidence was supported by both in vitro data,
where EphA3 downregulation promoted cellular chemoresistance, and preclinical animal
model, where its upregulation inhibited the growth of SCLC cell lines subcutaneously
injected in BALB/C-nude mice'®.

EphA4 expression was positively correlated with patients survival in non-small cell lung
cancer (NSCLC)*® and this putative protective role was supported by in vitro evidence
showing that EphA4 upregulation inhibited cellular migration and invasion in several lung
cancer cell lines*’. Similarly to EphA4, both EphA5 and EphA7 were positively correlated
with overall survival in NSCLC patients™*®, but some reports showed opposite results.
Indeed, EphA7 downregulation was able to inhibit proliferation and/or migration and

invasion in different NSCLC cell lines. Regarding EphA5 instead, it mediated SCLC
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radiation resistance in a kinase-dependent manner, thus suggesting the pharmacological
inhibition of its activity as a promising therapeutic approach®.

In NSCLC cell lines proliferation, cell migration and invasion was inhibited by ephrin-B3
downregulation'®®. Regarding EphB2 instead, clinical data negatively correlated its
expression with lung adenocarcinoma patients overall survival'*.

EphB6 seems to exert a protective role in colorectal cancer (CRC). Clinical evidence
showed that mMRNA and protein levels of EphB6 are significantly lower in CRC when
compared to normal and adenoma tissues. Moreover, EphB6 expression positively
correlated with the time of survival and negatively correlated with lymph node metastasis
and depth of the local intestinal invasion*'.

Likewise, recent clinical data addressed EphA5 and EphALl as tumor suppressors. The loss
of EphAS5 protein positively correlated with lymph node metastasis, depth of intestinal wall
invasion, poor tumor differentiation and TNM stage. Instead, EphAl expression was
reduced in patients with low survival and in vitro data demonstrated that EphAl
downregulation increased invasion of HRT18 human rectum adenocarcinoma cell

Iinel42,143-

3.1.1 Dichotomous function of EphB1 receptor in malignant brain tumor

3.1.1.1 EphB1 in normal nerve tissue

It has been reported that both EphB receptors and ephrin-B ligands are expressed in
different regions within the central nervous system, including the adult olfactory bulb,
cerebellum and hippocampus™*. Increasing evidence has shown the involvement of Eph
receptors and ephrin ligands in the regulation of synapse development and maturation,
migration of neural progenitors, establishment of tissue patterns, topographic maps and
plasticity in different areas of the developing brain'*.

It has been demonstrated that EphB1, EphB2 play the major roles in dendritic spine
morphogenesis and synapse formation in the hippocampus®*. Moreover, Eph/ephrin
system is also involved in contact-dependent neuron-—astrocyte communication at
synapses**’.

EphB1 is required for neurogenesis and migration of neural progenitors. For example,
EphB1/ephrin-B3 signalling regulates the proliferation and migration of neural progenitors
in the hippocampus. A lack of EphB1 significantly decreases the amount of neural
progenitors and nestin-positive stem cells in the hippocampus, impairs organization and
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migration of neural progenitors, and affects polarity, cell positioning and proliferation'*®,
EphB1 is also required for rerouting retinal ganglion cell projections ipsilaterally™*.

EphB1 regulates the development of the neuronal system by increased expression of
Nurrl, which promotes dopaminergic neuron differentiation, axonal growth arrest, synapse
formation and neuronal survival™. EphB1 receptor recruits Nck to stimulate the JNK
pathway that promotes Nurrl expression by binding to the AP1/c-jun binding site in the 5'-
flanking region of the Nurrl gene'®. Moreover, EphBl leads to the formation of
membrane ion channels upregulating the expression of N-methyl-D-aspartate receptors*®.
lon channels are permeable to Ca2+ that binds to the cCAMP response element (CRE)-
binding site on Nurrl and stimulates its expression*®,

The EphB1 receptor major ligands are ephrin-B1, ephrin-B2 and ephrin-B3.
EphB1/ephrins reverse signaling has a distinctive effect on neurons produced at the same
time and site. It can have a repulsive function, migrating cortical neurons or it can also
inhibit the migration of striatal neurons. The difference in the downstream molecular
machinery of neurons may contribute to the different physiological responses of the same

ligand/receptor combination™*.

3.1.1.2 Tumor-suppressing and -promoting roles of EphB1

EphB1/ephrins signaling has perplexing dichotomous roles with tumor-suppressing and —
promoting functions depending on the cellular context. The functions of EphBl/ephrins
signaling in glioma are now beginning to be uncovered. Alterations in the expression of
EphB1 have been involved in 1.49% of the cases of glioma™. In glioblastoma multiforme
(GBM) patients with higher EphB1 expression levels showed longer survival rates®.
Therefore, the overexpression and ligand-dependent EphB1 signaling can inhibit cell
migration and invasion upon ephrin-B2 ligand stimulation which is considered as a
negative regulator for glioma cell motility and invasion and a positive predictor for glioma
patient survival'>,

A reduction in EphB1 expression level was detected in different tumors such as glioma,
colorectal cancer, gastric cancer, renal cell carcinoma and ovary serous carcinoma. The
mechanism that causes the decrease of EphB1 expression in these tumors remains unclear.
One possible reason may be due to alternation of hypermethylation in CpG islands located
in EphB1 promoter. The alternation of hypermethylation in promoter regions can influence

gene expression levels in both normal and tumor cells*>>. For example, hypermethylation
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of the promoter regions of almost all Eph receptors and ephrin ligands, including EphB1
and ephrin-B2, has been found in acute lymphoblastic leukemia bone marrow samples and
cell lines™. The reduction of EphB1 expression in some tumors may be caused by
different mechanisms of Eph/ephrin complex processing. The first mechanism involves
protease-mediated degradation of Eph/ephrin complexes, where phosphatase with tensin
homology (PTEN) impairs EphB1-dependent cell attachment and migration and releases
tyrosine phosphatases and ubiquitin ligase Cbl to degrade EphB1®®. Another proposed
mechanism involves endocytosis mediated by cell membrane-derived vesicles, which leads
to the removal of Eph/ephrin complexes from the cell surface™’.

In addition to the tumor-suppressing roles of EphBl in diverse tumor types, it
controversially has tumor-promoting roles. This dichotomous function of EphB1 in tumors
can be partially explained by the fact that Eph receptors are highly context-dependent and
can vary across cancer types*®. In addition to the tumor-suppressing role in glioma, EphB1
also promotes tumorigenesis in medulloblastoma®® where EphB1 expression have an
important role in radiation resistance and in cell migration. In Daoy cells the lack of EphB1
receptor reduces cell growth, viability and migration, as well as, the expression of
important cell cycle regulators as cyclin E, besides increases the percentage of cells in G1
phase and enhancements radiation sensitivity. Moreover, EphB1 can interact with other
tyrosine kinases receptors such as epidermal growth factor receptor (EGFR), contributing
to the metastatic behavior of medulloblastoma cells as well as interacts with B1-integrin
producing cell migration and chemotaxis via stimulation of Src activity®®1°%6%.

Forward signaling EphB1/ephrinB2 activates several adaptor proteins that promotes cell
migration, such as Grb2, p52%" and Src whereby can activate MAPK/ERK regulating
events involved in cell motility?®, as well as, can induce tyrosine phosphorylation of
paxillin and form complex with Grb2, Grb7, integrins, Nck, paxillin, and FAK proteins in

a c-Src-dependent manner™>.

3.1.1.3 EphB1 in glioma

Exploring the role of EphB1 receptor in glioblastoma is still in its infancy, and further
studies are necessary to generate more comprehensive data. The action mechanism of
EphB1/ephrins signaling appears to be complex in brain tumors. The function of EphBL1 in
regulating chemotactic migration and invasion of glioma cells has opposite effects

depending on whether EphB1 is functioning ligand dependently or ligand independently. It
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has been shown that in patients with malignant glioma, high EphB1 expression level is
associated with longer survival and ligand-dependent EphB1 signaling significantly
suppresses glioma invasion. These results support the role of EphB1 as a negative regulator
of glioma cell invasion in a ligand-dependent mechanism; clinically, EphB1 expression
serves as a favorable predictor for clinical outcome of glioma patients. In particular,
EphB1 ligand-dependent signaling, but not ligand-independent signaling, reduced
migration. This may be caused by distinct downstream signaling. EphB1 forward signaling
reversed cytoskeletal changes provoked by ephrin-B2 and abrogated the effects of
migration and invasion induced by ephrin-B2 signaling. It is unknown what molecules are
involved in these phenotypic changes downstream of ephrin-B2 signaling in glioma cells.
Furthermore, overexpression of EphB1 acts as a favorable prognosis predictor for glioma

patients™®.

3.2 EphrinB2-EphB4 in angiogenesis

It was shown that the ephrinB2/EphB4 pathway, in particular ephrin-B2 reverse signaling
involving PDZ interactions, regulates endothelial tip cell guidance to control angiogenic
sprouting and branching in physiological and pathological angiogenesis. Furthermore,
ephrin-B2 was found to localize on the filopodia of tip cells and to control both VEGFR2
and VEGFR3%2!% internalization and signaling, but it does not appear to affect
endothelial proliferation during sprouting®®?. These studies provide evidence that ephrin-
B2 functions as a general modulator of the VEGF pathway in all endothelial cell types
during angiogenesis. On the other hand, the role of EphB4 remains to be elucidated.
EphB4 is absent in tip cells and it is expressed on cells behind the growing front. It was
also shown that EphB4 overexpression suppressed sprouting and switched vascular growth
to circumferential enlargement, but independently of its kinase activity and rather through
stimulation of ephrinB2 reverse signaling*®*. On the contrary, it was recently shown that
EphB4 forward signaling is crucial to regulate intussusceptive angiogenesis, which takes
place essentially without migration and rather only through proliferation*®. Indeed,
administration of monomeric sEphB4 not only inhibits activation of endogenous EphB4,
but also interferes with ephrinB2 reverse signaling, by preventing interaction and
productive multimerization of the two binding partners. From a therapeutic perspective, it
is particularly important that EphB4 stimulation did not completely abolish VEGF-induced
endothelial proliferation, but rather only reduced it by about 40%, thereby preventing
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aberrant angiogenesis without interfering with normal vascular growth. These results
identify EphB4 as a druggable target to modulate the outcome of VEGF gene delivery and

support further investigation of its therapeutic potential ®.

4. Tumor angiogenesis in glioblastoma

Glioblastoma (GBM) tumors are highly vascularized tumors, and glioma growth depends
on the formation of new blood vessels. Angiogenesis is a highly regulated process
involving migration, proliferation and differentiation of vascular endothelial cells (ECs)
under the stimulation of specific signals. It is controlled by the balance between its
promoting and inhibiting factors*®®. Angiogenesis is essential for tumor growth and
progression. Tumors create abnormal and functionally immature blood vessels due to
deregulated factors such angiogenic growth factors, angiogenesis inhibitors, and other
genetic factors by a process known as pathological angiogenesis*®’. The disorderly grown
tumor vasculature alters the tumor microenvironment and influences different aspects of
tumor progression, allows penetration of the tumor cells and its ability to metastasize to
distant sites'®®. Brain tumor angiogenesis is mediated through the action of many
angiogenic factors, such as VEGF, basic fibroblast growth factor (bFGF), hepatocyte
growth factor (HGF), platelet-derived growth factor (PDGF), TGF-B, MMPs, and
angiopoietins (Angs). These angiogenic factors are generally upregulated and impact
tumor progression*®.

Due to the role played by angiogenesis in tumor growth, targeting tumor vasculature and
inhibition of growth factors and signaling pathways required for endothelial cell growth
and proliferation is one of the practical approaches for anti-angiogenic cancer therapy.
Importantly, the use of angiogenesis inhibitory factors and drugs can inhibit glioma
proliferation, inhibiting the formation of new tumor vessels'®®. Several anti-angiogenic
therapies have been evaluated in clinical trials as an alternative or complementary to
conventional cancer treatments. Most of the anti-angiogenic agents currently in phase 1/11
trials for brain tumors target the VEGF pathway as VEGF family and its receptors function

as the central signaling pathway of glioma angiogenesis®®.

5. Innovative therapeutic approaches to target EphB1 receptor

5.1 Eph receptor-binding peptides
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The Eph/ephrin signaling response can be modulated by agonist and antagonist peptides
with high selectivity and binding affinity towards the ligand-binding domain (LBD) of Eph

169,170 As

receptors LBD is extracellular, this peptides do not need to cross the plasma

membrane solving a major problem encountered in the use therapeutics that bind to
intracellular targets'™.

These peptides present similarity sequence with 15 amino acid motifs found in the G-H
loop of the ephrin-B ligands which is the region that mediate high- affinity interaction with
the EphB receptors'®°.

Peptides present several advantages and some disadvantages; they can bind with high
affinity to protein interfaces even in the absence of the highly concave pockets and also

present low toxicity'"*.

But peptides have also potentially poor pharmacokinetic
parameters and oral bioavailability. Furthermore, in vivo, peptides need high resistance to
plasma proteases and persistence in the blood circulation; for that they have been bound
with unnatural amino acids in process as cyclization, PEGylation or inclusion into
nanoparticles, obtaining novel peptides with a reduced digestion, metabolically stability
and prolonged peptide lifetime in the circulation®’2.

A series of dodecapeptides that can selectively target the ligand binding domains of several
Eph receptors, or subset of receptors, were identified by phage display™®.

Additional evidence that some of the peptides bind to the ligand binding domain includes
NMR chemical shift perturbations that suggest an interaction of the peptides with residues

of the ligand binding domain®"*"*

and mutations of residues in the ligand binding domain
that affected peptide binding'’®. However, the most direct evidence comes from several X-
ray crystal structures of peptide-Eph receptor complexes. To date, the crystal structures of
4 peptides in complex with the EphA4, EphB2 or EphB4 LBDs have been solved,
revealing that peptides can bind to the ephrin-binding pocket in a variety of orientations*">
177

YSA, SWL and derivative peptides are agonists that can promote EphA2 tyrosine
phosphorylation and downstream signaling as well as cause EphA2 degradation"**"®,

The KYL, VTM and APY peptides are antagonists that can inhibit ephrin-induced EphA4
activation in in vitro biochemical assays, in cultured cells, and in mouse hippocampal
slices™17%18  Blockage of the EphA4 LBD complex by KYL can inhibit EphA4
activation by amyloid-p oligomero which are believed to play an important role in the

synaptic dysfunction and cognitive impairment characteristic of Alzheimer's disease'’?.
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Phage display screens identified SNEW as a dodecameric peptide that selectively binds to
EphB2 with moderate affinity and inhibits EphB2/ephrin-B2 interaction in ELISAs with an
IC50 value of 15 pM***17.

Notably, 8 of the 13 peptides identified by panning on EphB2 also bound to EphB1,
suggest a close similarity between the ephrin-binding pockets of the two receptors. EWLS
antagonist peptide binds selectively to EphB1 inhibiting EphB1/ephrin-B2 interaction with
an IC50 value of 10 uM and also competing for EphB1 binding with the other 4 peptides
identified by panning on EphB1®°.

TNYL peptide was the best inhibitor of ephrin-B2 binding to EphB4, even thug its potency
was only 50-150 uM for the biotinylated and non-biotinylated versions, respectively. In
addition, if RAW sequence in the C-terminal extension of TNYL formed TNYL-RAW,
peptide increased potency compared to TNYL".

Stability studies revealed that the TNYL-RAW peptide posseses very short half-life in cell
culture medium and in plasma, suggesting high susceptibility to proteolytic degradation
and clearance from blood circulation. Therefore, fusion to the Fc portion of an antibody,
conjugation to 40 kDa branched polyethyleneglycol (PEG) polymer or nanoparticles and
complexation of the biotinylated peptide with streptavidin have been used to inhibit
peptide degradation and rapid blood clearance®".

It has been shown that SNEW and TNYL-RAW can block human umbilical vein
endothelial (HUVEC) cell retraction caused by ephrin-induced EphB2 activation*’? and
ephrin-induced EphB4 activation respectively®®, indicating the ability of the peptides to
counteract the cell shape changes and anti-migratory effects mediated by the EphB2 and
EphB4 receptors. Finally, EphB2 and EphB4 can promote tumorigenesis by interacting

182

with ephrin-B ligands™*, opening the possibility of using antagonist peptides for cancer

therapy.

5.2 Altered miRNAs in glioblastoma

Micro-RNAs (miRs) have a role in various biological and pathological processes,
including the immune response, development, inflammation, and so on'®. More
importantly, aberrant miRs also take part in the pathogenesis of malignant tumors, like
lung cancer, breast cancer, prostate cancer, and GBM™®**® As a mode of epigenetic
regulation, miRs bind to the 3' untranslated region of target mRNA to repress its

expression. Some studies showed a significant low expression of some miRs and

30



overexpression of the other miRs in GBM'®®. Aberrant miRs are involved in every
aspect of the malignant biological hallmarks of GBM.

MiRs contribute to the eight malignant biological hallmarks of GBM. Aberrant miRs
modulate RTK signaling networks, mainly the PI3K/ AKT and RAS/MAPK pathways,
promoting proliferation in GBM cells, participate in the evasion of growth suppressor
signaling by targeting genes relevant to the Rb and Tp53 pathways, regulate cell death by
modulating the extrinsic and intrinsic pathways of apoptosis signaling, they are involved in
maintaining the stemness of GSCs to promote the immortality of GBM cells, regulate the
invasion and migration of GBM cells, induce angiogenesis in GBM, they are involved in
modulating the immune microenvironment of GBM by post-transcriptional regulation,
alter the metabolic mode of GBM cells by modulating the expression of oncogenes or
tumor suppressor genes, such as glycolytic transporters and metabolic enzymes*,

In our study we identified some interesting miRs, such as miR 129-5p, miR 182 and miR
128, that could be involved in EphB1 dysregulation.

MiR-129 is a miRNA family containing three members, miR-129-5p, miR-129-2-3p and
miR-129-3p. Among them, miR-129-5p has been reported as a tumor suppressor in many
types of carcinoma, including breast cancer’®, hepatocellular malignancy™®, lung
adenocarcinoma’® and is involved in glioma cell processes.

MiR-182-5p is emerging as an important regulator of various physiological and
pathological processes. It’s an oncogene in many types of cancers. In particular miR-182-
5p promoted glioma cell growth, migration, invasion and its clinical relevance was
confirmed in human GBM samples. Therefore, these results firmly established miR-182-5p
as a functional mediator of glioma tumorigenesis****®.

Brain-enriched miR-128 has been shown to be downregulated in glioma tissues and cell
lines'*® and it has also been shown to regulate cell death, survival and invasion by various
types of cancer. miR-128 could target different genes in a certain tissue or cell lines and
have different functions. In particular miR-128 can suppress glioma cell proliferation and
reduce glioma self-renewal'®®'®’. miR-128 can also inhibit tumor growth and

angiogenesis™®.

6. Therapeutic angiogenesis
6.1 Therapeutic considerations for VEGF delivery: the importance of dose

distribution control
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Many patients worldwide suffer from atherosclerotic cardiovascular diseases, including
peripheral artery disease (PAD) and coronary artery disease (CAD). These diseases are
caused by an artery occlusion that leads to an ischemic condition. Treatment of ischemic
diseases is strongly based on prevention of disease progression, with lifestyle changes, i.e.
avoid smoking, sedentary life and poor diet. Moreover, there are no effective
pharmacological treatments to cure ischemic tissue and many patient are even not
amenable to be treated with angioplasty or surgical bypass in order to revascularize their
ischemic tissues. Therefore, therapeutic angiogenesis, which aims at restoring blood flow
in ischemic tissues by delivering angiogenic growth factors, represents an attractive
treatment strategy. VEGF is the most powerful and angiogenic growth factor and was
widely used in pre-clinical and clinical studies. In particular, preclinical data showed a
surprisingly narrow therapeutic window for VEGF gene delivery, i.e. low doses of VEGF
have not sufficient angiogenic effects, and higher doses rapidly become unsafe, leading to
the growth of vessels that often display abnormalities in muscle, heart and other tissues™®”
200.

VEGF can tightly bind the ECM and therefore remains tightly localized at the in vivo
implantation sites and does not diffuse through tissue???. Starting from this observation,
Banfi and co-workers demonstrated that VEGF does not have an intrinsically steep dose-
response curve, but rather that the apparently tight therapeutic window is a consequence of
delivery methods which do not permit control over the microenvironmental distribution of
expression levels in vivo™®. They took advantage of a myoblast-based platform (see later,
Chapter 6.2) to delivery VEGF in vivo. In particular, they produced a retrovirally
transduced primary myoblast population in order to drive constitutive expression of
exogenous VEGF in murine skeletal muscle. Retroviral vectors can integrate stably and
randomly in the genome of each cell and therefore individual cells express different levels
depending on the copy number and integration sites. However, the isolation of single cells
and their expansion permits the generation of monoclonal populations, in which each cells
produces the same amount of VEGF. A library of such monoclonal populations, each
homogeneously secreting a different amount of VEGF over a wide range of levels, were
isolated. On the other hand, VEGF expression by the polyclonal population represented
uncontrolled and heterogeneous levels of VEGF. By implanting the polyclonal parental

myoblast population and different monoclonal populations in skeletal muscle of mice, they
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found that: 1) heterogeneous VEGF levels by polyclonal myoblast population always
caused the growth of aberrant angioma-like vascular structures; 2) reducing the total VEGF
dose by serially diluting the heterogeneous population could not avoid aberrant
angiogenesis; and 3) delivering homogeneous levels of VEGF by the monoclonal
populations instead induced the growth of only physiological microvascular networks over
a wide range of microenvironmental VEGF doses, until a threshold level was reached,

above which aberrant angiogenesis was initiated** (Figures 5 and 6).

Total VEGF dose (ng/10° cells/day)

Hemangiomas

Microenvironmental VEGF level (ng/108 cells/day)
~70 ~ ~100

~200 _

Capillaries

Hemangiomas

Threshold

Figure 5. Total versus microenvironmental control over VEGF dose. Precise control over the VEGF
delivered dose at a microenvironmental level allows to set apart normal angiogenesis from the aberrant

one??,
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Figure 6: Functional outcomes of vascular endothelial growth factor (VEGF) dose distribution in
tissue: (A) heterogeneous and (B) homogeneous VEGF dose distributions®%,

These results were corroborated also by similar findings by the controlled release in vivo of

VEGF protein from ad hoc decorated fibrin hydrogels®®

. Remarkably, later studies
showed the functional effects of different microenvironmental VEGF concentration in a
mouse model of hindlimb ischemia and wound healing?®*?**. The delivery of VEGF levels
below the threshold in the ischemic tissues fully restored perfusion to non-ischemic levels,
induced the growth of collateral arteries and reduced muscle damage, showing the
functional benefits of optimized microenvironmental VEGF levels. When the same total
dose was delivered, but expressed heterogeneously, only a moderate increase in blood flow

was observed and aberrant vessel growth was always induced.

6.2 Cell-based VEGF delivery

Skeletal muscle is one of the target tissues of therapeutic angiogenesis strategies, as it is
the organ affected by peripheral artery disease. Skeletal muscle consists of the fully
differentiated, cylindrical, and polynucleated cellular syncytia called myofibers; and the
unipotent, mononucleated myocytes precursors, named myoblasts. These latter are
normally located between the sarcolemma and basement membrane of terminally-
differentiated muscle fibers, representing a reserve population of precursor cells. They are
able to proliferate and fuse in order to generate new myofibers and they can also join
affected muscle fibers in response to damage, leading to muscle healing. Gene delivery to
skeletal muscle can be achieved by two different strategies: the in vivo delivery, based on
the use of vectors (either viral or nonviral), which are genetically engineered to pack the
gene of interest and directly injected into the muscle tissue. Alternatively, in the ex vivo
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delivery, cells are removed from the patient and expanded in vitro, where they are
genetically engineered (e.g. with retroviral vectors) to carry the gene of interest and finally
introduced back into the muscle, where they fuse into the pre-existing fibers. The
myoblast-based approach is particularly suitable for ex vivo delivery strategies as they can
be easily expanded in vitro from a small muscle biopsy without losing their potential to
differentiate into myofibers, subsequently genetically engineered through a vector carrying
the gene of interest and finally reinjected in the target area where, they fuse to the muscle
fibers and start to produce the therapeutic transgene (Figure 7). Interestingly, after their
implantation into the syngeneic host tissues, genetically engineered myoblasts have shown
to be able to maintain high levels of gene expression for the entire life span of
immunocompetent mice®®. Moreover, the timing regulation of gene expression is
achievable by using an inducible vector system, in which, for example, a tetracycline-
inducible promoter is located upstream of the transcription unit. In this way, the production
of the protein of interest occurs in response to systemic treatment with the antibiotic
doxycycline. On the other hand, it is also possible to control both the level of gene

expression and the distribution of the exogenous protein®.
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Figure 7: Myoblast-mediated gene therapy. Primary myoblasts are isolated from skeletal muscle, grown in
culture and then transduced with a retroviral vector carrying the gene of interest. Later, myoblasts expressing
the recombinant protein are reintroduced in the patient’s skeletal muscle, where they fuse to host muscle

fibers, produce and secrete the exogenous protein®.

6.3 Recombinant factor engineering for matrix decoration

It is desirable to independently control the dose and duration of angiogenic factor delivery
in grafts. Many strategies have been developed to ensure sustained release of recombinant
growth factors from natural and synthetic biomaterials. However, it has also been possible
to create modified versions of growth factors by protein engineering, so that they can be
used to decorate natural matrices and be presented to cells in their physiological context
during tissue regeneration®’. Tissue regeneration after damage starts in all cases with the
deposition of a fibrin-based matrix rich in growth factors®®, which provides ideal
conditions for cell migration, vascular invasion and progenitor differentiation. Therefore,
significant efforts have been directed at mimicking ECM decoration to ensure
physiological presentation of morphogens. Growth factors have been incorporated into
fibrin matrix exploiting the coagulation process itself. For example, murine VEGF 154 Was
fused to the octapeptide NQEQVSPL, which is the substrate of the transglutaminase
coagulation factor Xllla, allowing its covalent crosslinking into fibrin hydrogels and
release only by enzymatic cleavage®®. Further addition of the fibrinolysis inhibitor
aprotinin, also engineered with the same technology, could finely tune the hydrogel
degradation rate and therefore independently control the duration of factor release.
Controlled VEGF delivery to skeletal muscle through this optimized platform was shown
to yield exclusively normal, stable, and functional angiogenesis, over a wide range of

easily control lable doses, and restored blood flow to ischemic tissues.
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Eph receptors and ephrin ligands are expressed in a wide variety of cell and tissue types.
Eph/ephrin signalling regulates different cellular functions such as cell migration,
proliferation, differentiaton, adhesion, morphological changes and survival through cell-
cell communication®. Eph/ephrin signalling can occur in various modalities, depending on
the direction of signal flow: forward signalling involves signal transduction from ephrins to
Ephs; reverse signalling involves signalling from Ephs to ephrins; and bidirectional
signalling involves the simultaneous activation of pathways downstream of ephrins and
Ephs. Parallel signalling occurs when ephrins and Ephs on the same cell signal in response
to Ephs and ephrins, respectively, present on a neighbouring cell. These different
signalling modes can be elicited by either A or B class Ephs and ephrins. Anti-parallel
signalling is a special case of simultaneously occurring forward signalling, whereby
ephrin—Eph signals are propagated in both directions®.

Furthermore, several studies support the role of Eph/ephrin signaling in tumorigenesis,
metastasis, and angiogenesis. Every molecule of this system may act as tumor promoter or
suppressor, dependent on cellular context and type of cancer. EphB1 receptor expression is
altered in different brain tumors™>*°. Regarding glioblastoma, that is among the most
aggressive brain tumors with an exceedingly poor prognosis?®** and lack of effective
treatments, EphB1 downregulation may be correlated with aggressive cancer phenotypes,
as this receptor may act as tumor suppressor-°.

Starting from these evidences, we aimed at characterizing the role played by EphBl
receptor in human glioblastoma by investigating its expression and modulation in U87
human glioblastoma cells.

First, we evaluated EphB1 expression in U87 cells that were either unmodified or
transfected with p-CMV6-EphB1 plasmid and then we set up and characterized a
glioblastoma in vitro model, expressing different levels of EphB1 receptor (low and high)
and high levels of endogenous agonist EphrinB1. Subsequently, the migration assay in
native and EphB1-overexpressing U87 cells has been used as a reliable in vitro research
tool to screen compound libraries seeking for potential EphB1 agonists or antagonists.
Efforts aimed at elucidating the loss of EphB1l receptor expression or increasing its
activation in glioblastoma cells may lead to the development of innovative
pharmacological approches to treat this aggressive malignant brain tumor.

Eph/ephrin system is also involved in angiogenesis, i.e. the growth of new blood vessels

from pre-existing ones. Atherosclerotic cardiovascular diseases, such as peripheral artery
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disease (PAD) and coronary artery disease (PAD), are the leading cause of death in the
Western world. PAD patients with advanced ischemia often are not satisfactorily treated by
current procedures and require limb amputations, with significant morbidity and mortality.
In this context, therapeutic angiogenesis is an alternative and attractive strategy that aims at
inducing the formation of new blood vessels to improve the perfusion of ischemic tissue by
the delivery of growth factors that control vascular growth. VEGF is the master regulator
of vascular growth and the key target of therapeutic angiogenesis approaches. However,
first-generation clinical trials of VEGF gene therapy have been disappointing and clear
clinical benefit has yet to be established?*®. During the last two decades the Banfi group,
that hosted me for 9 months, has studied the therapeutic implications of VEGF dose
distribution in skeletal muscles. They found that VEGF expression can induce either
normal or aberrant angiogenesis depending on its dose localized in the microenvironment
around each producing cell in vivo. A search for the molecular mechanisms underlying the
transition between normal and aberrant angiogenesis by different VEGF doses identified a
role for the EphrinB2/EphB4 pathway, whereby EphB4 is a druggable target to modulate
the outcome of VEGF gene delivery. Preliminary data by the host group further suggest a
similar role for the endothelial-specific Notch4 signaling pathway. In fact, Notch4
inhibition could prevent aberrant angiogenesis by uncontrolled VEGF expression in
skeletal muscle, similarly to the stimulation of EphB4 signaling. In agreement with these
findings, others have previously shown that Notch4 constitutive activation leads to
abnormal dilated vessels and the development of brain arteriovenous malformations
(AVM)'! whereas its inhibition leads to a regression of AV shunts and reversion to
capillary-like microvessels*2.

During my period of research at the Department of Biomedicine, Basel, under the
supervision of PD Dr. Banfi and Dr. Gianni-Barrera, | studied the role of Notch4 in the
switch between normal and aberrant angiogenesis induced by specific doses of VEGF,
through a loss of function approach and taking advantage of a state-of-the-art platform for

the controlled and dose-dependent delivery of engineered growth factors.
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1. First part

1.1 Reagents

p-CMV6-EphB1 plasmid was purchased from OriGene Technologies (Rockville, USA).
Ephrin-B1 Fc (473-EB-200), was from R&D System (Minneapolis, MN). EWLSPN
peptide was produced by the department of Chemistry Ciamician (University of Bologna)
and dissolved in dimethylsulphoxide (DMSO). EWLSPN-derived peptides (A-EWLSPN,
FITC-AEWLSPN, AAA-EWLSPN. FITC-AAAEWLSPN, EGP-EWLSPN, AWLSPN,
EALSPN, EWASPN, EWLAPN, EWLSAN, EWLSPA) were designed and produced by
the department of Chemistry Ciamician (University of Bologna) and dissolved in
dimethylsulphoxide (DMSO). The final concentration of DMSO was less than 0.1% and
did not cause any significant effect on the activities tested in this study. MG132 was
purchased from Sigma (Steinheim, Germany) at a concentration of 10 mM.

Anti EphB1 (diluited 1:2000) and anti actin (diluited 1:5000) were from Cell Signaling
Technologies (EuroClone, Pero, Italy). Anti phospho-EphB1 (diluited 1:2000) was from
Sigma (Steinheim, Germany). Anti-rabbit or anti-mouse (diluited 1:8000) horse radish
peroxidase-conjugated secondary antibodies were from Santa Cruz Biotechnology (Dallas,
TX, USA).

1.2 Cell culture

Human glioblastoma U87 cells were purchased from American Type Culture Collection
(Rockville, MD, USA). Cells were grown in Eagle’s Minimal Essential Medium (EMEM)
(Gibco, Thermo Fisher Scientific) supplemented with 1% L-Glutamine (Lonza Group Ltd,
Basel, Switzerland), 1x non-essential aminoacids (Gibco, Thermo Fisher Scientific) and 1x
antibiotic-antimycotic solution (Gibco by Life Technologies, Thermo Fisher Scientific)
(defined cell culture medium), containing 10% fetal bovine serum (Lonza) and cultured at
37°C in a humidified atmosphere of 5% CO,. Human neuroblastoma SH-SY5Y cells
(European Collection of Cell Culture, Salisbury, UK) were grown in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (Lonza), 1% L-Glutamine (Lonza), 1x non-essential aminoacids (Gibco),
and 1x antibiotic-antimycotic solution (Gibco by Life Technologies) and cultured at 37°C
in a humidified atmosphere of 5% CO2.
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1.3 Cell transfection and treatments

U87 cells were plated in cell culture dishes and at 70-80% confluence were transiently
transfected with 5 ug/dish of p-CMV6-EphB1 plasmid using the Polyethylenimine
branched Transfection Reagent (PEI) (Sigma, Steinheim, Germany), according to the
manufacturer’s protocol and treatments were started 24 h later. U87 native and transfected
cells were treated with EphrinB1-Fc (1pg/ml; 24 h), or EWLSPN (20-200 nM; 18-24 h) or
EWLSPN-derived peptides (20-200 nM; 18-24 h) or MG132 (5 uM; 24 h), or left

untreated.

1.4 Wound healing assay

U87 cells were seeded in 60 mm-dishes until they reached 90% confluence. The cell
monolayer was scraped in three straight lines to create “scratches” with a sterile 200-uL
pipette tip. The debris and non-adherent cells were removed by washing the cells once with
Eagle’s Minimal Essential Medium (EMEM); the same serum-free cell culture medium
with indicated treatments was added for 18 and 24 h. Images were acquired using an
inverted phase-contrast microscope (Nikon; 5% objective) equipped with a Nikon digital
camera. Six images per treatment were measured and analyzed by TScratch program®?, a
software tool for automated analysis of wound healing assays, comparing open area at 18 h
or 24 h to that at 0 h. The migration rate, reflecting the change in the wound area over time,
was expressed as percentage of cell migration calculated as follows: cell migration
(%) = [(At on — At 18h or 24n)/A¢ on] X 100, where, A; onis the area of wound measured
immediately after scratching, and Ay 1gn Or Ay 24n are the areas of wound measured 18 h or

24 h after scratching.

1.5 Cell proliferation assay

U87 cells were plated on 12-well plated and transfected and/or treated for 24 h or

maintained in cell culture medium containing 10% fetal bovine serum. Five hours before

the end of the treatments, [methyl-*H] Thymidine (Perkin Elmer, Milan, Italy) (50 nM final

concentration) was added to serum-free cell culture medium and the plate was incubated at

37 °C. Subsequently, medium was removed and cells were washed twice with PBS. 500 pl
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of PBS was added to each well, the cells were scraped off and centrifuged at 13,0009 for
3min at 4 °C; supernatants were then discarded, pellets resuspended in 500 ul of
cold trichloroacetic acid (10% wi/v), incubated on ice for 20 min and centrifuged at
13,000g for 3 min at 4 °C. The obtained supernatant was then discarded, pellet suspended
in 500 pl of cold methanol and centrifuged at 3 min for 13,0009 at 4 °C. After that, the
pellet was suspended in 200 ul of NaOH 1 N and heated at 55 °C for 10 min. Samples were
then neutralized with 200 ul of HC1 1 N and 350 pl of the labeled DNA incubated in
counting vials with 4 ml of Filter Count scintillation liquid (Perkin Elmer lItalia). Vials
were vortexed and incubated overnight at room temperature and the radioactivity was

determined by liquid scintillation spectrometry.

1.6 Quantitative real time PCR

EphB1 mRNA levels were quantified in U87 native and transfected cells and in SH-SY5Y
native cells by RT-PCR. Cells were transfected, then collected and centrifuged (500 g for 5
min) and rinsed with phosphate-buffered saline. Total cellular RNA was extracted with
Tri-reagent® (Sigma-Aldrich) and digested with Rnase-free Dnase (Thermo Fisher
Scientific) for 15 min at 25°C according to the manufacturer’s instructions. For each
sample, 2 pg of total RNA was converted into cDNA using High-Capacity cDNA Reverse
Transcription Kits (Life Technologies, Italy), according to the manufacturer’s instructions.
Real-time PCR was performed for relative quantification of human EphB1 and Ephrin-B1
transcripts using the StepOne Instrument (Life Technologies) and the GoTag® gPCR
master mix (Promega, Madison, Wisconsin, USA). To amplify EphB1 cDNA, a sense
primer (5-GACTGACGATGATTACAAGTCAGAGC-3') and an antisense primer (5'-
AGATGGCCACCAAGGACACA-3") were used at 0,25 pM final concentration for
producing 101-bp fragment (1953-2053bp; GenBankAccession no. NM_004441.4). To
amplify the Ephrin-B1 cDNA, a sense primer (5’-TTGGCCAAGAACCTGGAG-3") and
an antisense primer (5’-GCCCTTCCCACTTAGGAACT-3") were used at 0,25 uM final
concentration. As a control, a 169-bp fragment of the human L19 ribosomal protein gene
(62-230 bp; GenBank Accession BC062709) was amplified with a sense primer (5°-
CTAGTGTCCTCCGCTGTGG-3") and an antisense primer (5°-
AAGGTGTTTTTCCGGCATC-3’) at 0,25uM final concentration. The three
amplifications follow the same protocol consisting of: 95°C for 10 min followed by 40

cycles of 95°C for 15 s and 60°C for 60 s. After that, the temperature was lowered to 60°C
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for 30 s and the specificity of the reaction was verified by analysis of the melting curve
once the appropriate double-stranded DNA melting temperature had been reached. For data
analysis, relative expression of RT-PCR products was determined using the
AACt method®™; where C. is the threshold cycle, i.e. the cycle number at which the
sample’s relative fluorescence rises above the background fluorescence and AAC= [Cq
gene of interest (unknown sample) — C; L19 (unknown sample)] - [C; gene of interest
(calibrator sample) — C; L19 (calibrator sample)]. One of the control samples was chosen
as the calibrator sample and used in each PCR. Each sample was run in triplicate and the
mean C; was used in the AAC; equation. L19 was chosen for normalization because this
gene showed consistent expression relative to other housekeeping genes among the

treatment groups in our experiments.

1.7 Western blotting analysis

To detect EphB1, pEphB1 and B-actin, U87 native or transfected, treated or non-treated
cells, derived from 60-mm dishes used for wound healing assay, were scraped off and
pelleted after 48 h of transfection and 24 h of exposure to different treatments. Proteins
(30 ug to assay EphB1l and pEphB1 or 20 pg to assay [-actin) were separated by SDS-
PAGE on 10% (w/v) acrylamide/bisacrylamide gels and electrotransferred
onto nitrocellulose membranes. Membranes were incubated in TBS-T (20 mmol/L Tris—
HCI, pH 7.5, 137 mmol/L NaCl, 0.05% (v/v) Tween 20) containing 5% (w/v) bovine
serum albumin for 1 h at room temperature. Membranes were then incubated for 12 h at
4°C with the appropriate primary antibody, rinsed with TBS-T, and incubated with
peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (Santa Cruz
Biotechnology, Dallas, Texas, USA) at room temperature for 1.5 h and the blots were
developed with Clarity™ Western ECL substrate (Bio-RadLaboratories, Segrate, Milan,
Italy). Blot images were digitally acquired by LAS3000 Imager (Fujifilm Corporation,
Stamford, CT, USA) and protein expression semi-quantitatively analyzed using AIDA
software (Raytest Isotopenmessgeraete GmbH, Mannheim, Germany).The same protocols
were performed to determinate changes in protein levels of EphB1 receptor (30 pug) and B-

actin (20 pg) in SH-SY5Y native cells.

1.8 Statistical analysis
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All data are expressed as mean = SEM for the number of experiments indicated. Statistical
analyses were performed via GraphPad Prism (version 5.0; GraphPad Software, Inc., La
Jolla, CA, USA) using one-way ANOVA followed by Newman-Keuls post-test or using

standard Student t test. P values<0.05 were considered significant.
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2. Second part

2.1 Fibrin matrix production and implantation into mice

Fibrin matrices were prepared by mixing a solution containing 25 mg/mL of human
fibrinogen (plasminogen-, von Willebrand Factor-, and fibronectin-depleted; Enzymes
Research Laboratories, Swansea, UK), 2.0 U/mL thrombin (Sigma Aldrich, St Louis,
Buchs, Switzerland), 2.0 U/mL factor Xllla (CSL Behring, Switzerland), combined with
2.5 mM Ca2+ (Sigma Aldrich, St Louis, Buchs, Switzerland) in 4-(2-hydroxyethyl)-1-
piperzineethanesulfonic acid (HEPES; Lonza, Basel, Switzerland). Matrices containing
aprotinin and VEGFis4 wWere obtained by adding the engineered proteins to the cross-
linking enzymes solution before mixing with fibrinogen. The covalent cross-linking of
recombinant VEGF and aprotinin into fibrin hydrogels and its release by enzymatic
cleavage was allowed by using the a,-Plasmin Inhibitor-derived octapeptide NQEQVSPL
(02-Ply-g), which is a substrate for the transglutaminase coagulation factor Xllla, and fusing
it onto the N-terminus of murine VEGF¢4 Or aprotinin by a protein engineering approach
previously developed by J.A. Hubbell at EPFL, Lausanne, Switzerland®**°. The mix with
az-Pl;g-VEGF164 and the cross-linking solution had a final concentrations of 25 pg/mL
(intermediate VEGF dose), or 100 pg/mL (high VEGF dose). Control gels contained all the
reagents except a,-Pl;s-VEGF. The fibrinogen solution was placed into a cloning well of a
plastic mini-tray placed on ice, the cross-linking enzymes were added and mixed three
times. The resulting mix was rapidly aspirated with a 0.3 ml insulin syringe with integrated
30 G needle (Micro-Fine, Becton Dickinson, Allschwill, Switzerland) and immediately
injected into gastrocnemius (GC) and vastus intermedius (V1) muscles of mice, to allow in
situ polymerization. A total volume of 50 pl was injected each time in the following
immunocompetent murine strains: 1) Notch-4-deficient mice (N4°%) (010544 B6;129S1-
Notch4™¢"/3, The Jackson Laboratory supplied by Charles River Laboratories, Sulzfeld,
Germany), 2) Notch-4 knockout (N47) and littermate wild-type mice (N4*"*) (C57BL/6N-
NOTCH4MKOMPVIea - A ystralian Phenomics Facility). After injection of fibrin hydrogels,

in situ polymerization was allowed for 20 seconds before slowly extracting the needle.

2.2 Immunofluorescence tissue staining
All the studies were performed on frozen tissue sections. Mice were anesthetized and

sacrificed by vascular perfusion of 1% paraformaldehyde (PFA) in PBS pH 7.4 for 3 min
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under 120 mm/Hg of pressure. Vastus intermedius (V1) and gastrocnemius (GC) muscles
were harvested, post-fixed in 0.5% PFA for 2 hours, cryoprotected in 30% sucrose in PBS
overnight at 4°C, embedded in OCT compound (CellPath, Newtown, Powys, UK), frozen
in freezing isopentane and cryosectioned. 14-um tissue sections were then immunostained.
The following primary antibodies and dilutions were used: rat monoclonal anti-mouse
endomucin (clone V.7C7, Santa Cruz Biotechnologies, Santa Cruz, CA, USA) at 1:100;
goat polyclonal anti-mouse podocalyxin (R&D Systems) at 1:100; rabbit polyclonal anti-
laminin (Abcam) at 1:200. Fluorescently labeled secondary antibodies (Invitrogen, Basel,
Switzerland) were all used at 1:200. Images were acquired with 40x objective on a Carl
Zeiss LSM710 3-laser scanning confocal microscope (Carl Zeiss, Feldbach, Switzerland)

and analyzed with ImageJ software.

2.3 Vessel measurements

Vessel length density (VLD) and diameters were measured in 14 pm-thick cryosections as
previously described®®>?**. Vessel length density (VLD) was quantified in fluorescently
immunostained cryosections as described?®?. Briefly, 10 fields per muscle were analyzed
by tracing the total length of vessels in the acquired field and dividing it by the area of the
fields. Vessels diameters were analyzed in 10 randomly acquired fields in each area of
effect per sample measuring a total of 1,000 to 5,000 individual vessel diameters per
condition. Fluorescence images were acquired as Z-Stack with 40x objective on a Carl
Zeiss LSM710 3-laser scanning confocal microscope (Carl Zeiss, Feldbach, Switzerland)
and analyzed with ImageJ software.

2.4 Statistics
Data are presented as means + standard error. The significance of differences was assessed
with the GraphPad Prism 8 software, using analysis of variance (ANOVA) followed by the

Bonferroni test (for multiple comparisons). P< 0.05 was considered statistically significant.
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1. First part

The experiments reported in this section were mainly carried out in the human
glioblastoma cell line U87-MG (now on called U87), that is frequently employed in brain
cancer research. In this case U87 cells express low levels of our target receptor EphB1 and
we wanted to study the possible consequences of this low expression in human
glioblastoma cells. We also employed the human neuroblastoma cell line SH-SY5Y,
because it expresses several human-specific protein and protein isoforms, like some
tyrosine kinase receptors. Indeed, we previously identified that SH-SY5Y cells express
EphB1 endogenously. We employed this cell line to compare the expression of EphB1 in

U87 cells with cells that endogenously express the receptor.

1.1 EphB1 is low expressed but functional in U87 cells and it is expressed in
transfected U87 cells

To evaluate EphB1 mRNA and protein levels in U87 cells we performed Real-time PCR
and western blot respectively. We analyzed EphB1 mRNA and protein levels in native U87
cells and after transfection with pCMV6-EphB1 plasmid. EphB1 mRNA and protein levels
were low in native U87 cells. EphB1 mRNA (Fig. 1A) and protein (Fig. 1B and 1C) were
increased in transfected U87 cells after 48h. In this way we set up and characterized a
glioblastoma in vitro cell model, expressing different levels of EphB1 receptor (low and
high). For the EphB1 receptor low levels model we utilized native U87 cells and for
EphB1 high levels model we used transfected U87 cells.

To investigate if EphB1 receptors were functional in U87 cells, they were exposed to
soluble agonist EphrinB1-Fc for 24h. Cell lysates were analyzed by immunoblotting using
anti-P-EphB1 and anti-EphBl. EphrinB1-Fc  significantly increased EphB1
phosphorylation after 24h (Fig. 1D and 1E).
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Fig. 1. (A) Real-time PCR of EphB1 receptor and Ephrin-B1 mRNA levels in U87 cells after transfection
with pCMV6-EphB1 plasmid or exposure to vehicle. Data are presented as the mean +SEM of n=6. *** =
p<0,001 vs vehicle (Unpaired t test with Welch’s correction). (B) Quantification of Total EPHB1 receptor
levels in U87 cells after transfection with pCMVG6-EphB1 plasmid or exposure to vehicle (C) and
representative blots of U87 cells after transfection with pCMV6-EphB1 plasmid or exposure to vehicle. Data
are presented as the mean +SEM of n=10. *** = p<0,001 vs vehicle (Unpaired t test with Welch’s
correction). (D) Quantification of P-EPHBL levels in U87 cells exposed to 1 pg/mL EphrinB1-Fc or vehicle
at 24h (E) and representative blots of U87 cells exposed to 1 pg/mL EphrinB1-Fc or vehicle at 24h. Data are

presented as the mean + SEM of n=5. * = p<0,05 vs vehicle (Unpaired t test with Welch’s correction).

1.2 EphB1 overexpression and/or activation decreases cell migration in native

and transfected U87 cells

To evaluate cell migration in U87 cells, we used a wound-healing assay and six images per
treatment/ per each experiment were acquired and analyzed by TScratch program. We
observed that the transfection with pCMV6-EphB1 plasmid decreased migration to nearly
half at 18h (Fig. 2A and 2B) and 24h (Fig. 2C and 2D), as compared to vehicle-treated
cells. The administration of EphB1 soluble agonist EphrinB1-Fc (1ug/mL) further reduced

cell migration in native and transfected U87 cells at 18h and 24h.
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Fig. 2. Transfection with pCMV6-EphB1 plasmid decreases cell migration in U87 cells. The effect of the
transfection and/or treatment with 1 pug/mL EphrinB1-Fc on U87 cell migration evaluated by wound closure
in a scratch assay; images were acquired after 18h and 24h. (A) Quantification of cell migration after
maintenance of cells in serum-free medium (vehice); transfection with pCMV6-EphB1 plasmid and/or
treatment with 1 pg/mL EphrinB1-Fc at 18h and (B) representative images of U87 cell migration after
transfection with pCMV6-EphB1 plasmid and/or treatment with 1 pg/mL EphrinB1-Fc at 18h. Data are
presented as the mean +SEM of n=6. *** = p<0,001 vs vehicle; ** = p<0,01 vs vehicle; # = p<0,05 vs
pCMV6-EphB1 (Newman-Keuls test after ANOVA). (C) Quantification of cell migration at 24h in the same
conditions described above and (D) representative images of U87 cell migration at 24h. Data are presented as
the mean £SEM of n=6. *** = p<0,001 vs vehicle; * = p<0,05 vs vehicle; ## = p<0,001 vs pCMV6-EphB1
(Newman-Keuls test after ANOVA).

1.3 EphB1 overexpression and/or activation decreases cell proliferation in

native and transfected U87 cells

To evaluate cell proliferation in U87 cells, we employed a cell proliferation assay,
incorporating [methyl-*H] Thymidine and determining radioactivity by liquid scintillation

spectrometry. In line with the previous data, EphB1 overexpression determined a
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remarkable decrease in U87 cell proliferation at 24h. The exposure to EphB1 soluble
agonist EphrinB1-Fc (1ug/mL) did not influence cell proliferation in native and transfected
u87 cells (Fig 3).
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Fig. 3. Transfection with pCMV6-EphB1 plasmid decreases cell proliferation in U87 cells. The effect of the
transfection and treatment with 1 pg/mL EphrinB1-Fc on U87 cell proliferation evaluated by the
radioactivity of the cells; the proliferation assay was performed at 24h. Quantification of cell proliferation
after transfection with pCMV6-EphB1 plasmid and/or treatment with 1 pg/mL EphrinB1-Fc at 24h. Data are
presented as the mean £ SEM of n=7. ** = p<0,01 vs vehicle; * = p<0,05 vs vehicle (Newman-Keuls test
after ANOVA).

1.4 EphB1 peptide antagonist increases cell migration in a concentration-
dependent manner in native and transfected U87 cells

In previous studies it has been demonstrated that Hexapeptide (EWLSPN) inhibits p42/44
MAPK phosphorylation EphrinB1-Fc-mediated at higher concentration in EphB1-
expressing HEK293. Indeed, Hexapeptide can counteract EphrinB1-Fc-mediated activation
of p42/44 phosphorylation with 1Cs 1,21 uM. In this experiment we investigated the role
of Hexapeptide on cell migration in U87 cells. We administered 20-200 nM Hexapeptide
to native or transfected U87 cells. In line with previous data, has been noted that
Hexapeptide worked as an EphB1 novel peptide antagonist, because its administration to
native or transfected U87 cells caused a concentration-dependent increase in cell migration
at 18h and 24h (Fig 4A-H).

To investigate if Hexapeptide influenced the activation of EphB1 receptors, antagonizing
them, western blottings were performed. Western blot analysis ascertained that EphB1
phosphorylation was significantly reduced in U87 cells tranfected with pCMV6-EphB1
plasmid and treated with Hexapeptide at 20 nM and 200 nM (Fig. 41, J).
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Fig. 4. The Hexapeptide increased cell migration in native and transfected U87 cells and decreased EphB1
receptor phosphorylation in transfected U87 cells. (A-H) The effect of the transfection and/or treatment with
20-200 nM Hexapeptide on U87 cell migration evaluated by wound closure in a scratch assay; images were
acquired after 18h and 24h. (A) Quantification of cell migration at 18h after maintenance of cells in serum-
free medium (vehice) or administration of 20-200 nM Hexapeptide and (B) representative images of U87 cell
migration at 18h after administration of 20-200 nM Hexapeptide. Data are presented as the mean + SEM of
n=12. *** = p<0,001 vs vehicle (Newman-Keuls test after ANOVA). (C) Quantification of cell migration at
24h in the same conditions described above and (D) representative images of U87 cell migration at 24h. Data
are presented as the mean + SEM of n=12. *** = p<0,001 vs vehicle; * = p<0,05 vs vehicle; (Newman-Keuls
test after ANOVA). (E) Quantification of cell migration after transfection with pPCMV6-EphB1 plasmid
and/or administration of 20-200 nM Hexapeptide and (F) representative images of U87 cell migration after
transfection with pCMV6-EphB1 plasmid and/or administration of 20-200 nM Hexapeptide at 18h. Data are
presented as the mean £ SEM of n=12. *** = p<0,001 vs vehicle; ### = p<0,001 vs pCMV6-EphB1
(Newman-Keuls test after ANOVA). (G) Quantification of cell migration after transfection with pPCMV6-
EphB1 plasmid and/or administration of 20-200 nM Hexapeptide at 24h and (H) representative images of
U87 cell migration after transfection with pCMV6-EphB1 plasmid and/or administration of 20-200 nM
Hexapeptide at 24h. Data are presented as the mean + SEM of n=12. *** = p<0,001 vs vehicle; ### =
p<0,001 vs pPCMV6-EphB1 (Newman-Keuls test after ANOVA). (I) Quantification of P-EPHBL1 levels in
U87 cells after transfection with pCMV6-EphB1 plasmid and exposure to 20-200 nM Hexapeptide or vehicle
and (J) representative blot of U87 cells after transfection with pPCMV6-EphB1 plasmid and exposure to 20-
200 nM Hexapeptide or vehicle. Data are presented as the mean + SEM of n=4. * = p<0,05 vs pCMV6-
EphB1 (Newman-Keuls test after ANOVA).

1.5 The addition of a beta-alanine to the N-terminus of the Hexapeptide
increases cell migration in native and transfected U87 cells

Starting from the Hexapeptide, that we observed to display an antagonist effect, the
research group directed by Proff. Alessandra Tolomelli and Walter Cabri at Department of
Chemistry (G. Ciamician) designed novel peptides with modifications at the N-terminus of

the Hexapeptide or an alanine scanning library in order to evaluate if a modification in the
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n-terminus of the Hexapeptide changed its activity or which aminoacid residues were
important for the antagonist activity of the Hexapeptide.

We evaluated the cell migration in native U87 cells exposed to these novel peptides at 24h
(20 nM or 200 nM). Consistently with previous results, we have observed the increase of
cell migration after exposure to the Hexapeptide at 20 nM and 200 nM. The administration
of the Hexapeptide added of a beta-alanine, further increased cell migration especially at
20 nM. The addition of the FITC group, three alanine or another tripeptide to the N-
terminus of the Hexapeptide likely altered the capability of the peptides to bind EphB1 as
their administration to U87 cells did not affect the migration, except for AAAEWLSPN
that increased cell migration at 200 nM (Fig.5A-D).

EphB1 overexpression determined a remarkable decrease in cell migration at 24h. The
administration of 20-200 nM Hexapeptide to the transfected cells increased cell migration.
The administration of the Hexapeptide added of a beta-alanine, further increased cell
migration especially at 20 nM. The addition of a FITC group to AEWLSPN impaired cell
migration increase induced by the addition of a beta-alanine at 20-200 nM. The addition of
triple beta-alanine at 20 nM likely altered the capability of the peptides to bind EphB1 as
their administration to U87 cells did not affect the migration. The addition of triple beta-
alanine at 200 nM increased cell migration as compared to the cells overexpressing EphB1
receptor. The addition of a FITC group to AAAEWLSPN impaired the cell migration
increase induced by the addition of triple beta-alanine at 20-200 nM. The Hexapeptide with
the EGP sequence added to its N-terminus increased cell migration in U87 cells
overexpressing EphB1 as compared to the cells overexpressing EphB1 receptor at 20-200
nM; this effect was not observed in native U87 cells expressing EphB1 receptor at low
levels; thus, suggesting that the EGP sequence added to the Hexapeptide N-terminus may
affect peptide affinity to EphB1 receptor (Fig.5E-H).

55



FITC-AEWLSPN

AEWLSPN

EWLSPN

Vehicle

EGPEWLSPN

FITC-AAAEWLSPN

AAAEWLSPN

501

T T T .
o o o o
< ™ N —

(%) uorresbiw |80

FITC-AEWLSPN

EGPEWLSPN

AEWLSPN

FITC-AAAEWLSPN

EWLSPN

AAAEWLSPN

Vehicle

(%) uomesbiw (@D

56



401
EphB1+EWLSPN

E\i 304 Kok 5
5 =
§ 204 *kk
2
IS
T 101
(@)

C T T T

30+ *kk

Cell migration (%)
N
<
*
i

Fig. 5. The role of novel EWLSPN-derived peptides on cell migration in native and transfected U87 cells.
The effect of the transfection and/or treatment with 20-200 nM EWLSPN-derived peptides on U87 cell
migration evaluated by wound closure in a scratch assay; images were acquired after 24h. (A) Quantification
of cell migration at 24h after maintenance of cells in serum-free medium (vehice) or administration of 20 nM
EWLSPN-derived peptides and (B) representative images of U87 cell migration at 24h after administration of
20 nM EWLSPN-derived peptides. (C) Quantification of cell migration at 24h after maintenance of cells in
serum-free medium (vehice) or administration of 200 nM EWLSPN-derived peptides and (D) representative
images of U87 cell migration at 24h after administration of 200 nM EWLSPN-derived peptides. Data are
presented as the mean £ SEM of n=12. *** = p<0,001 vs vehicle; ** = p<0,01 vs vehicle, * = p<0,05 vs
vehicle (Newman-Keuls test after ANOVA). (E) Quantification of cell migration after transfection with
pCMV6-EphB1 plasmid and administration of 20 nM EWLSPN-derived peptides and (F) representative
images of U87 cell migration after transfection with pCMV6-EphB1 plasmid and administration of 20 nM
EWLSPN-derived peptides at 24h. (G) Quantification of cell migration after transfection with pCMV6-

EphB1 plasmid and administration of 200 nM EWLSPN-derived peptides and (H) representative images of
57




U87 cell migration after transfection with pCMV6-EphB1 plasmid and administration of 200 nM EWLSPN-
derived peptides at 24h. Data are presented as the mean + SEM of n=6. *** = p<0,001 vs vehicle; ### =
p<0,001 vs pPCMV6-EphB1, ## = p<0,01 vs pPCMV6-EphB1, # = p<0,05 vs pPCMV6-EphB1 (Newman-Keuls
test after ANOVA).

1.6 The substitution to beta-alanine in the last position of the Hexapeptide
decreases cell migration in native and transfected U87 cells

An alanine scanning library was designed so that single substitution to alanine was
obtained per each of the six position in the Hexapeptide sequence; this, aiming at
characterizing which residues are crucial to EWLSPN antagonist activity and which
modification may lead to identify a novel EphB1 receptor agonist.

We administered the alanine scanning library at 20 nM in native U87 cells and EWASPN,
EWLAPN and EWLSAN did not alter cell migration at 24h. The administration of
AWLSPN increased cell migration, displaying a lower antagonist effect compared to
Hexapeptide.The administration of EALSPN and EWLSPA decreased cell migration,
displaying a potential agonist activity (Fig. 6A and 6B). We administered the alanine
scanning library at 200 nM in native U87 cells and AWLSPN, EALSPN, EWASPN and
EWLAPN did not alter cell migration at 24h. The administration of EWLSAN and
EWLSPA decreased cell migration, displaying a potential agonist activity (Fig. 6C and
6D).

Alanine scanning library was tested also in U87 cells overexpressing EphB1 receptor. As
we have observed before, EphB1 overexpression reduced cell migration. The Hexapeptide
increased cell migration, as compared to the cells overexpressing EphB1 receptor. The
administration of AWLSPN at 20 nM did not change cell migration at 24h, as compared to
the cells overexpressing EphB1 receptor. The other peptides at 20 nM reduced cell
migration at 24h, showing a potential agonist activity (Fig. 6E and 6F). At 200 nM only
EWLSPA decreased cell migration in transfected U87 cells as compared to the cells

overexpressing EphB1 receptor, displaying an agonist effect (Fig. 6G and 6H).
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Fig. 6. The role of alanine scanning library on cell migration in native and transfected U87 cells. The effect
of the transfection and/or treatment with 20-200 nM alanine scanning library on U87 cell migration evaluated
by wound closure in a scratch assay; images were acquired after 24h. (A) Quantification of cell migration at
24h after maintenance of cells in serum-free medium (vehice) or administration of 20 nM alanine scanning
library and (B) representative images of U87 cell migration at 24h after administration of 20 nM alanine
scanning library. (C) Quantification of cell migration at 24h after maintenance of cells in serum-free medium
(vehice) or administration of 200 nM alanine scanning library and (D) representative images of U87 cell
migration at 24h after administration of 200 nM alanine scanning library. Data are presented as the mean +
SEM of n=6. *** = p<0,001 vs vehicle; * = p<0,05 vs vehicle (Newman-Keuls test after ANOVA). (E)
Quantification of cell migration after transfection with pCMV6-EphB1 plasmid and administration of 20 nM
alanine scanning library and (F) representative images of U87 cell migration after transfection with pPCMV6-
EphB1 plasmid and administration of 20 nM alanine scanning library at 24h. (G) Quantification of cell
migration after transfection with pCMV6-EphB1 plasmid and administration of 200 nM alanine scanning
library and (H) representative images of U87 cell migration after transfection with pCMV6-EphB1 plasmid

and administration of 200 nM alanine scanning library at 24h. Data are presented as the mean + SEM of n=6.
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*** = n<0,001 vs vehicle; ### = p<0,001 vs pPCMV6-EphB1; ## = p<0,01 vs pPCMV6-EphB1; # = p<0,05 vs
pCMV6-EphB1 (Newman-Keuls test after ANOVA).

1.7 Discrepancy of EphB1 and Ephrin-B1 mRNA and protein levels between
U87 and SH-SY5Y cells

To investigate EphB1 mRNA and Ephrin-B1 mRNA levels in U87 and SH-SY5Y cells we
used Real-time PCR, amplifying a cDNA sequence of EphB1 and Ephrin-B1 mRNA, as
previously described. The protein content of EphB1 was then analyzed by western blot.
Similar levels of EphB1 mRNA were observed in U87 and SH-SY5Y cells. As regards
Ephrin-B1 mRNA, we found significantly higher levels of this mRNA in the SH-SY5Y
cell line than in U87 cells (Fig. 7A).

On the other hand, U87 cells displayed much lower EphB1 protein levels compared to SH-
SY5Y cells, that express high EphB1 protein levels (Fig.7B and 7C).
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Fig. 7. (A) Real-time PCR of EphB1 and Ephrin-B1 mRNA levels in U87 human glioblastoma cells and SH-
SY5Y human neuroblastoma cells. Data are presented as the mean + SEM of n=6. *** = p<0,001 vs EphB1
U87 and Ephrin-B1 U87 (Newman-Keuls test after ANOVA). (B) Quantification of Total EPHB1 receptor
levels in U87 and SH-SY5Y cells exposed to vehicle (C) and representative blots of U87 and SH-SY5Y cells

exposed to vehicle. Data are presented as the mean + SEM of n=4.

1.8 The exposure to a proteasome inhibitor does not influence EphB1 turnover

in U87 cells

We wondered if EphB1 low protein levels were due to a fast protein turnover in U87 cell
line. We exposed U87 cells to a proteasome inhibitor, MG132 at 5 uM, that is the usual

concentration employed in this context. EphB1 protein levels, detected by western blot, did
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not change after the exposure to MG132 at 24h as compared to the vehicle, in which we
administered the same solution used for the proteasome inhibitor, without it (Fig. 8).
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Fig. 8. (A) Quantification of EPHB1 protein levels in U87 cells exposed to 5 uM MG132 or vehicle at 24h
(B) and representative blots of U87 cells exposed to 5 pM MG132 or vehicle at 24h. Data are presented as
the mean + SEM of n=b5.

1.9 EphB1 expression could be regulated by post-transcriptional events

involving miRNAs

Considering that we showed that EphB1 receptor downregulation in glioblastoma cells,
event that is tightly related to the severe aggressiveness and malignancy of such tumor, is
related to post-transcriptional mechanisms modulating its expression, we started digging
into potential miRNAs involved in such dysregulation.

Through prediction softwares and comparing the data with results present in literature, we
selected the most predicted miRNAs: miR128-3p, miR129-5p, miR182-5p, miR4428.
These miRNAs have the best score for affinity and efficacy on EphB1 3° UTR.

We found the binding sites of this miRNAs (Fig. 9). At the beginning we will analyze
miR182-5p and miR129-5p, because miR182-5p is an oncomir in glioblastoma and is
significantly expressed in U87 cells®, miR129-5p is an oncosoppressor in glioma and
downregulates EphB1 in other cancers®.

Studies about EphB1 3° UTR and miRNAs are ongoing.
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3301 agtcagtcaccaacggcaatggcatgagaactcttgtttcttggggaaggagaggaggga
miR128-3p
3361 aaaggaccagggtcaagggggaccagaggttgaccactgtggaatgtactggagagactg
3421 gcttctcagctgaggaatgcatttccatcagtgaagaatcaaccggacctgttgectagcea
3481 ggcaatctccatttctcagtgacagaagcatgtttgagatgccgtgggaaaccaaatata
3541 taataataaaaatataaaaaggtgatgttcaacagaagtgaagacaaaacaatatgcatc
3601 aggagaacaagagtaaacccagctcccattctcagtgggctgcagttgecccaaccacagg
3661 aagaaagggaaggaggtagagggaagaaacagaagcagtgttccattttcttcctcacca
miR4428
3721 atgacattcttttcttttetectttcgtactcctccctgagagtccectececcttectecca
3781 cactcgtttccctttgctecatgactcctgtagggaagtttcttcaaacaaaacccagcetc
miR182-5p
3841 ctgagtctccagatgttgttctgtcagttgecaaaggactttgectgaccactgcatgggg
3901 atccaaccaattcaattaatgtcttcatattgaagaagagatgtaccttcaattgaaaac
miR129-5p
3961 ctcgtttttcttttgtttgcattttctgecaaaaaggaaaaagaaaccacaaattggggaa
4021 aaaaaaagaagaaaaacctgtttccgtgtgcaaaagcacacatatgtatgtctgtgttat
miR128-3p
4081 aaaatgactgtgcttgttcgtaacagatgcaaacaagaaagaagaactgggaagtctttg
4141 tccctaggaaatccaaaggggctggaatatggtgttggtttggectttcectggttggeccaa
4201 tcggcctattggctcaatgggaagagaggagagggagaaaaataaaatgaaaggaaaaaa
4261 aaaagtttgcaaattcagacaggaaacaggtgagtggtttgaattggatgcagtgtgggce
4321 catcctggaatgatactgactgattaattattcctgataacatctcaagaaaaggagaag
4381 gaaagtgtttctggagaatgttctttcacatcactggaatctgcaattcaagaagtgaca
4441 agggagaattcttgctttacctatggactggcttaagccgtgtggcatccgaggaatgtt
4501 tcaaatgtgtctgtgtttctctttacattccttgttgtacctcattgttcaattcacttt
miR4428 miR4428

4561 tgtaaattccacctaacatttaattattttaaatttcteccttttaccttaatcectececttge
4621 taattttatctgtctaattaaaaagagcagaagcatgtctgggtttacgtaaaa

Fig. 9. TargetScan, miRanda, DIANA Tools were the prediction softwares that we used to select the most

predicted miRNAs and their relative binding sites.
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2. Second part

2.1 High doses of VEGF induce aberrant angiogenesis in WT mice

A clinically-relevant fibrin-based platform has been developed by the host group for
sustained and customizable release of angiogenic factors as recombinant proteins, as
described above in the introduction section (Chapter 6.3). Taking advantage of this
platform, we established a fibrin-based delivery tool for VEGF dose-dependent
angiogenesis. Results showed that delivery of recombinant engineered VEGF proteins in
skeletal muscle of immune-deficient SCID mice induced normal or aberrant angiogenesis
depending on its microenvironmental levels**°. Therefore, we first sought to verify whether
different VEGF doses can induce normal and aberrant vascular growth in immune-
competent wild type mice (WT). Fibrin gels were prepared with 2 different VEGF
concentrations, previously shown to induced normal and aberrant angiogenesis in skeletal

muscle (Va5 = 25 pg/mL and Vo = 100pg/mL, respectively)®©

and injected into hindlimb
muscles of WT mice. Empty fibrin gels (ctrl) were used as negative control.

The V35 dose induced the growth of morphologically normal capillaries, which were
similar to those found with control empty gels, whereas Vg0 induced aberrant vascular
structures, as expected (Fig. 1A). Quantification of vessel diameters, analyzed either as
size distributions (Fig. 1A) or average + SEM (Fig. 1B), showed that ctrl gels and Vs
induced normal capillaries with homogeneous sizes that were uniformly distributed around
a median diameter of 3.31+0.20 pm and 4.40+0.62 um and with a 90" percentile value of
5.96+0.51 and 7.17+1.14 pum, respectively.

In contrast, the aberrant structures induced by Vig were markedly enlarged (average
diameters: ctrl = 3.68+£0.21 um, Vg0 = 5.11+0.72 p<0.01) with 20.9% of vessels larger
than 10 um (Fig. 1A-B). The induced angiogenesis was quantified by measuring the vessel
length density (VLD), calculated as the total length of vessels in the acquired field divided
by the area of the field, independently of their diameter. Both V1p9 and Vs induced robust
angiogenesis compared to control gels and the vascular density was actually higher with
V100 (Fig.1C).
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Fig. 1. High doses of VEGF induce aberrant angiogenesis in WT mice. Mouse WT hindlimb muscles
were injected with fibrin hydrogen Icontaining Vg, V25 0r Ctrl and harvested at 7 days post implantation. A)
Cryosections were immunostained for endothelium (podocalyxin, green). Quantification of vessel diameter
distribution; *lumen of aberrant structures. B) Quantification of vessel diameters. Values represent means of
individual measurements in each sample £ SEM. n=2-6 independent samples/group; * = p<0.05 and ** =
p<0.01 (Newman-Keuls test after ANOVA). C) Quantification of the vessel length density (VLD): i.e., the
total vessel length in the area of each measured field; *** = p<0.001 and * = p<0.05 (Newman-Keuls test
after ANOVA).
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2.2 Loss of Notch4 signaling pathway does not affect normal angiogenesis by
moderate VEGF doses

To determine whether Notch4 was required for VEGF-induced normal angiogenesis by Vs
we adopted a loss of function approach by taking advantage of two different transgenic
murine models: (a) a Notch4 full knock- out mouse (N4KO), in which the whole sequence
of the Notch4 gene is replaced with LacZ and Neo expression cassettes?®’; and (b) a
Notch4-deficient murine model (N4D1), expressing a truncated Notch4 gene lacking the
intracellular domain of Notch4 receptor (NICD4) and in which, therefore, Notch4
activation is prevented, but the extracellular domain of the protein is still present'®,
C57/B6 wild-type mice (WT) were used as control.

All 3 strains were injected with V5 or Ctrl fibrin hydrogels and tissues were harvested at
day 7. In all mice, Vs induced networks of only morphologically normal capillaries,
similar in size to vessels found in control samples (WT average diameters: ctrl = 3.68+0.21
pUm, Va5 = 4.48+0.59; p=n.s.; median diameter: ctrl = 3.31+£0.20 pm, V5 = 4.40£0.62 pm;
and 90™ percentile: ctrl = 5.96+0.51 pm, Va5 = 7.17+1.14 um; N4D1 average diameters:
ctrl = 3.83+0.30 um, V55 = 4.03£0.15; p=n.s.; median diameter: ctrl = 3.50£0.33 um, Vs
=3.68+0.25 pum; and 90™ percentile: ctrl = 5.77+0.28 pm, Vs =5.6620.11 pm; N4KO
average diameters: ctrl = 4.30£0.28 pum, V5 = 4.97£0.16; p=n.s.; median diameter: ctrl
3.83+0.36 pPm, Vo5 =4.53+0.08 pm; and 90" percentile: ctrl = 6.81+0.27 pm, Vs

7.62+0.38 um; Fig. 2A-B). Also, Vo5 alone caused in all murine strains similar vascular

growth, which was significantly increased in VLD compared to fibrin-only controls
(NAWT: ctrl = 9.560.85 pm, Vo5 = 16.18+3.12; p<0.05; N4D1: ctrl = 8.81+0.76 pm, Vas
= 20.7846.43; p<0.01; N4KO: ctrl = 6.95+1.35 pm, V5 = 17.89+1.51; p<0.05; Fig.2C).
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Fig. 2. Loss of Notch4 signaling does not prevent normal angiogenesis by V.. WT/N4D1/N4KO
hindlimb muscles were injected with fibrin hydrogel decorated with V.5 or ctrl fibrin gels. Mice were
sacrificed by 7 days. A) Immunostaining of frozen sections stained for endothelium (podocalyxin, green) and
quantification of vessel diameter distribution. B) Quantification of vessel diameters. Values represent means
of individual measurements in each sample £ SEM. n=2-5 independent samples/group. C) Quantification of
the vessel length density (VLD): i.e., the total vessel length in the area of each measured field; ** = p<0,01
and * = p<0,05 (Newman-Keuls test after ANOVA).

2.3 Notch4 signaling is not required for normal intussusceptive angiogenesis by
moderate doses of VEGF

We have recently found that VEGF over-expression in skeletal muscle at therapeutic doses
induces physiological angiogenesis by the cellular mechanism of intussusception rather
than sprouting®. Here we asked whether Notch4 signaling was necessary for the process of
intussusceptive angiogenesis induced by moderate VEGF doses (V25). To address this
point, we injected hindlimb muscle of WT, N4KO and N4D1 mice with Vs fibrin hydrogel
and ctrl fibrin gels. Animals were sacrificed at 3- and 4-day time points, i.e.at the stage
when VEGF causes pre-existing vessels to enlarge and intussusceptive pillar formation is
starting.

Quantification of vessel diameter distributions and mean values showed that V,5 caused
vascular enlargements in all murine strains. In fact, vessels in areas implanted with control
gels were uniformly distributed whereas Vs gels induced heterogeneous vascular

enlargements, both at 3 days (WT = average diameters: ctrl = 3.85£0.31 um, V5 =
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8.00£1.57; p<0.01; median diameter: ctrl = 3.54+0.25 pm, Va5 =5.72+0.82 um; and 90"
percentile: ctrl = 5.60+£0.57 um, Vs =15.97+3.74 um; N4D1 = average diameters: ctrl =
2.84+0.09 pum, Vys = 6.25+0.82; p<0.01; median diameter: ctrl = 2.57£0.09 um, Vos
=6.25+0.82 pum; and 90™ percentile: ctrl = 4.3040.11 pum, Vo5 =19.66+2.73 pm; N4KO =
average diameters: ctrl = 3.15+£0.41 pm, V55 =15.39 pum; median diameter: ctrl = 2.86+0.40
pm, Vo5 =11.54 pm; and 90" percentile: ctrl = 4.80+0.62 um, V5 =34.09 um; figure 3A
and D) and at 4 days (WT = average diameters: ctrl = 4.01£0.26 pum, V5 = 10.20+1.24;
p<0.01; median diameter: ctrl = 3.72+0.28 um, V25 =6.92+0.86 pm; and 90™ percentile:
ctrl = 6.03+£0.65 pm, Vy5 =21.59+£2.33 um; N4D1 = average diameters: ctrl = 4.94+0.66
pm, Va5 = 9.91+1.62; p<0.01; median diameter: ctrl = 4.02+0.44 um, V5 =7.84+1.54 pm;
and 90™ percentile: ctrl = 8.78+1.87 um, Vi =19.21+2.45 pm; N4KO = average
diameters: ctrl = 3.89£0.50 pum, Vs = 9.81+1.50; p<0.01; median diameter:ctrl =
3.54+0.43 pm, V5 =7.57£1.16 pum; and 90" percentile: ctrl = 5.67+0.71 pm, Vs
=17.96+3.33 um; figure 3B and E).

Further, the samples were stained for two different markers i.e. podocalyxin, which marks
specifically the luminal side of polarized endothelial cells, and laminin, which marks the
basal lamina and therefore defines the external boundary of vessels. As shown in figure 3
A-C, at both time-points, the podocalyxin-positive cells of enlarged vascular structures
were completely contained within the respective basal lamina and no endothelial
extensions could be seen protruding outside of it, thereby confirming the lack of signs of
sprouting. Remarkably, in the enlarged vascular structures it was possible to observe the
hallmark of active intussusceptive angiogenesis, i.e. the formation of pillars as intraluminal

endothelial-only protrusions (arrows in Figure 3C)
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Fig. 3. Vs induced angiogenesis by intussusception. Mouse NAWT/N4D1/N4KO hindlimb muscles were
injected with fibrin hydrogel decorated with V5 or empty fibrin gels. Mice were sacrificed by 3 and 4 days.
A-B) Immunostaining of frozen sections stained for vessel lumen (podocalyxin, green) and basal lamina
(laminin, grey) and quantification of vessel diameter distribution by 3 and 4 days. *lumen of vascular
structures; SM: skeletal muscle. C) High magnification of vascular lumen displaying signs of intraluminal
endothelial protrusions. D-E) Quantification of vessel diameters at 3 and 4 days post fibrin implantation.
Values represent means of individual measurements in each sample + SEM. n=1-4 independent
samples/group; ** = p<0,01 (Newman-Keuls test after ANOVA).

2.4 Loss of Notch4 signaling prevents aberrant angiogenesis by high doses of
VEGF

As it has been shown in figure 1, high levels of VEGF caused aberrant vascular structures

in wild type mice. Therefore, here we asked whether Notch4 is required for the induction
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of aberrant structures by high levels of VEGF. To test this hypothesis, fibrin hydrogels
decorated with V199 or empty fibrin gels were injected into hindlimb muscles of N4KO and
N4D1 mice, and of WT as positive control.

Seven days after implantation, control gels without any factor did not alter the pre-existing
vasculature, which consisted of morphologically normal capillaries, and quantification of
vessel diameters showed that capillaries were uniformly distributed, with a 90" percentile
value of 5.96+0.51, 5.77+0.28 and 6.81+£0.27um in WT, N4D1 and N4KO, respectively
(Fig. 4A-B). As expected, Vigo induced aberrant vascular structures which were
significantly enlarged compared to control vessels in wild type mice (average diameters:
ctrl = 3.68+0.21 um, Vo0 = 8.11+0.72, p<0.01, Figure 4A). In contrast, Notch4 signaling
impairment was sufficient to avoid the appearance of aberrant vascular structures. In fact,
high levels of VEGF induced the growth of exclusively normal capillaries, which were
similar to the capillaries found in control samples, in both N4D1 and N4KO mice (average
diameters: N4D1: ctrl = 3.83+0.30 um, Vipp =4.05£0.37, p=n.s.; N4KO: ctrl = 4.30+0.28
pum, Vg0 =3.87£0.31, p=n.s., Fig. 4A-B). Also, the quantification of the amount of induced
angiogenesis (measured as VLD) showed that V1o caused a significant increase in VLD in
the presence of Notch4 inhibition compared to control samples, as aberrant vascular
structures were substituted by networks of normal capillaries (VLD: WT: ctrl = 9.56+0.85
mm/mm?, Vg =23.05+0.85 mm/mm?, p<0.001; N4D1: ctrl = 8.81+0.76 mm/mm?, Vig
=32.29+1.49, p<0.001; N4KO: ctrl = 6.95£1.35 um, Vi =26.63+1.95, p<0.001; figure
4C).
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Fig. 4. Aberrant angiogenesis by high doses of VEGF is prevented by the loss of Notch4. Mouse
NAWT/N4KO/N4D1 hindlimb muscles were injected with fibrin hydrogel decorated with Vg9 Or control
hydrogels. Mice were sacrificed at 7 days. A) Immunostaining of frozen sections stained for endothelium
(podocalyxin, green) and quantification of vessel diameter distribution. *lumen of aberrant structures. B)
Quantification of vessel diameters after 7 days. Values represent means of individual measurements in each
sample £ SEM. n=4-6 independent samples/group; * = p<0,05 and ** = p<0,01 (Dunn’s multiple
comparisons test after Kruskal-Wallis test). C) Quantification of the vessel length density (VLD): i.e., the
total vessel length in the area of each measured field; *** = p<0,001 (Sidak’s multiple comparisons test after
ANOVA).

2.5 Notch4 loss limits the degree of vascular enlargements by high VEGF levels

We previously found that the switch between normal and aberrant angiogenesis correlates
with the size of initial vascular enlargements®. Therefore, here we determined whether the
loss of Notch4 prevents VEGF-induced aberrant angiogenesis by modulating the initial
morphogenic events of VEGF-induced vascular enlargement and splitting. To test this
hypothesis, fibrin hydrogels decorated with Voo or empty fibrin gels were injected into
hindlimb muscles of NAWT and N4KO mice and muscles were harvested at 3 and 4 days
after gel implantation. Normal capillaries in areas implanted with ctrl gels had a very
homogeneous size (3-day time-point: WT ctrl: median = 3.54+0.25, 90" percentile =
5.60+0.57; N4KO ctrl: median = 2.86+0.40, 90" percentile = 4.80+0.62; 4-day time-point:
WT ctrl: median = 3.72+0.28, 90" percentile = 6.03+0.65; N4KO ctrl: median =

3.5440.43, 90" percentile = 5.57+0.71); Vi caused a similar enlargement of the pre-
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existing capillaries at 3 days in both WT and N4KO murine strains (WT V1go: median
9.39+1.81, 90" percentile = 27.1443.80; N4KO V1g: median = 7.10+0.97, 90" percentile

17.90+2.43; Figure 5A and 5C). However, some of these vessels continued to grow at 4-
day time-pointin WT mice, as evidenced both by the further increase in average diameter
by 3 and 4 days (mean diameter day 3 = 10.71+1.23 um; day 4 = 13.2242.10 um, figure
5C and 5D), as well as in the amount of vessels with a diameter > 10 um (40.7% at 4 days
from 34.3% at 3 days; figure 5A-B). On the other hand, the enlarged vessels found at 3
days did not undergo any further increase in growth in N4KO murine strain (mean
diameter day 3 = 10.57+1.35 pum, day 4 = 8.90+1.00 pm, p<0.05; Figure 5C-D) and
quantification of diameter distribution showed a decrease in the amount of vessels with a

diameter >10 um at 4 days compared to 3 days.

A

3 days
NAWT N4KO

100 ug/mL

Ctrl Ctrl 100 ug/mL

03 %

346 %

40 40 40
30 30 _30
Q [7) %
g 12% g 820
L£20 £20 >
X x N
10 10 10
0 1 0 o I,

LIS B B B B B m

|||||||||

O 20208 R PP 20N ERP PP O >0 2O RP PR O 0908

Vessel Diameter (um) Vessel Diameter (um) Vessel Diameter (um) Vessel Diameter (um)

76



4 days
NAWT N4KO
Ctrl 100 ug/mL Ctrl 100 ug/mL
NAWT ctrl NAWT 100 ug/mL N4KO ctrl N4KO 100 ug/mL
40 40 40 40
530 _30 50 _30
2 % 2 . 2 12% 2 286%
§20 0.9 % §20 407 % ;:20 §20
S 8 & ®
10 10 10 | 10
0 l“T T T T T T T 0 0 Yooy T T T T T 0
Q%Qy@,{b@‘b'\%v(i\(ng Q“_)@Q\’L,\%\‘bq:\(bba(i\bex Q'b@fb,{],\%\fb \'I«b"i\" Qn"@q\q’@'\q’fﬁmb"ﬁ@x
Vessel Diameter (im) Vessel Diameter (um) Vessel Diameter (um) Vessel Diameter (um)
C D
3 days 4 days
25 q - *
g ’g 25 *kk
3 Kokk Kkk
= 201 2 204 o
[} o *
= —
g 15 4 . ° g 15 -
© S } °
© 10 - % T__.L S 10 - ° _}
- [] —
(D] [ ] (O]
@ 5- s 2 5 ° o¢
° .
()]
g - o e e -
0 T T T T 0 T T T T
N v Q v Q v Q v
< & ¢ & < & ©
< RN S <
\x N \¥ N
X X
> g
> N & N

Fig. 5. Notch 4 loss limits the degree of vascular enlargements caused by high levels of VEGF. Mouse
N4WT/N4KO hindlimb muscles were injected with fibrin hydrogel containing Vo or control fibrin gels.
Mice were sacrificed at 3 and 4 days post injection. A-B) Immunostaining of frozen sections stained for
endothelium (podocalyxin, green) and quantification of vessel diameter distribution at 3 and 4 days. C-D)
Quantification of vessel diameters at 3 and 4 days. Values represent means of individual measurements in
each sample + SEM. n=4-6 independent samples/group; * = p<0,05 and *** = p<0,001 (Dunn’s multiple
comparisons test after Kruskal-Wallis test).
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Discussion



First part

Increasing evidences support the role of Eph/ephrin signaling in tumorigenesis, metastasis,
and angiogenesis. Every member of this molecular system may play perplexing
dichotomous roles with tumor suppressing or promoting functions depending on the
cellular context and type of cancer. Altered expression of EphB1 receptor was detected in
different brain tumors**>**®. As regards glioblastoma, that is among the most aggressive
brain tumors with an exceedingly poor prognosis®** and lack of effective treatments, it was
shown that EphB1 is downregulated, may act as a tumor suppressor and the loss of its
expression may be correlated with aggressive cancer phenotypes™®.
Moving from these considerations, we aimed at characterizing the role played by EphB1l
receptor in human glioblastoma by investigating its expression and modulation in U87
human glioblastoma cells.
Results presented here demonstrate that the loss of EphB1 receptor expression and its
subsequent reduced activity are relevant pro-tumoral events in glioblastoma cells.
Consistently, EphB1 overexpression significantly reduces cell migration and proliferation.
Moreover, treating U87 cells with the EphB1 receptor agonist (ephrinB1-Fc) further
reduces cancer cell aggressiveness, increasing EphB1 activation, and reducing cell
migration in native and transfected U87 cells. To corroborate these data, the treatment with
an EphB1 peptide antagonist (Hexapeptide) increases cancer cell aggressiveness,
augmenting cell migration in a concentration-dependent manner in native and transfected
U87 cells, and decreasing EphBL1 activation in transfected U87 cells.
Starting from these considerations, different novel peptides were designed starting from the
Hexapeptide, and the migration assay in native versus EphB1 overexpressing U87 cells
was developed within this project as a reliable in vitro research tool to screen compound
libraries seeking for potential EphB1 agonists or antagonists. In particular, the addition of a
beta-alanine improves the antagonist effect of the native Hexapeptide, mostly in native and
transfected U87 cells at 20 nM. The addition of a FITC group seems to prevent the
peptides from binding to EphB1 receptor, spurring us to think about changing FITC
position or finding another labeled probe in order to get to an effective EphB1 receptor
labeled ligand. FITC is indeed a quite large molecule; therefore it is not surprising that its
addition to the N terminus of candidate ephrinic peptides may hamper their ability to
interact with their target receptors (as it has been shown, at least for binding to EphB1, that
the N-terminal EWL sequence plays a relevant role).
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As regards alanine scanning library, we have found discordant results but it seems that the
positions 1%-2"1-3"-4"_5" of the Hexapeptide are important for the antagonist effect of the
hexapeptide. Interestingly, the substitution to beta-alanine in the last position of the
Hexapeptide seems to change its acivity from antagonist to agonist. This result is
confirmed in both native and transfected U87 cells at both concentration (20-200 nM). This
candidate agonist is currently under characterization for its ability to trigger EphB1
receptor and downstream signaling; if agonist activity will be confirmed, this peptide will
be exploited as hit compound aiming at developing innovative EphB1 receptor selective
agonist for the treatment of glioblastoma.

Furthermore, the different levels of EphB1 mRNA and protein seems to correlate the loss
of EphB1 receptor expression in glioblastoma cells to some post-transciptional events
involving miRNAs. In future experiments EphB1 3’UTR will be cloned to perform gene
reporter assay aimed at unraveling the molecular processes responsible for EphB1 receptor
downregulation in glioblastoma cells, elucidating those, we could develop innovative

pharmacological approaches to treat this aggressive malignant brain tumor.
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Second part

Cardio-vascular diseases, such as peripheral artery disease (PAD) and coronary artery
disease (CAD), are the leading causes of death and disability in Western countries. CAD
and PAD patients are often not satisfactorily treated by current procedures despite optimal

pharmacological or surgical therapy®!’

. In this regard, therapeutic angiogenesis, which
aims at restoring blood supply through the delivery of growth factors that stimulate the
growth of new blood vessels, represents an alternative and attractive strategy to treat CAD
and PAD patients. VEGF has already been extensively studied for therapeutic
angiogenesis. VEGF induces either normal or aberrant angiogenesis depending on its dose
in the microenvironment around each producing cell in vivo®®. Recently, it has been
shown by the host group that VEGF over-expression in skeletal muscle induces
microvascular growth by an initial vascular enlargement followed by longitudinal splitting
(intussusception), rather than the widely studied process of sprouting®.

The understanding of molecular mechanisms that induce the VEGF dose-dependent switch
between normal and aberrant angiogenesis is a major target to enable VEGF-induced
angiogenesis for therapeutic approaches, in order to determine targets that can expand
VEGF therapeutic window and prevent its side effects. Here, we investigated the role of
Notch4 in the switch between normal and aberrant angiogenesis induced by VEGF.

The results presented here revealed that the loss of Notch4 did not interfere with normal
angiogenesis induced by low and safe levels of VEGF, as quantified by VLD (Figure 2C).
On the other hand, no aberrant structures were found in any sample implanted with high
levels of VEGF in the absence of Notch4 signalling, whereas the same VEGF dose induced
numerous angioma-like structures in WT mice (Figure 4). Therefore Notch4 inhibition
completely prevented aberrant angiogenesis by high VEGF and yielded normal capillary
networks instead. The results shown here are consistent with previous findings on the
Notch4 signalling pathway. In fact, in a transgenic adult mouse model it was shown that
conditional expression of a constitutively active form of Notch4 in endothelial cells caused
the development of Arterio-Venous Malformations (AVM) in the brain vasculature.
However, by switching off the expression of the same constitutively active form of
Notch4, the AV shunts regressed and reverted to capillary-like microvessels*****2. Here we
extend significantly those results in a therapeutically relevant setting and found that

physiological Notch4 signaling is necessary for the development of aberrant angiogenesis
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by excessive VEGF doses, but is actually dispensable for normal angiogenesis by moderate
VEGF levels.

It is important to recognize that angiogenesis in skeletal muscle can occur through two
alternative mechanisms: sprouting, which is mainly initiated by hypoxia during ischemia®®
and intussusception, or vascular splitting”®?'*. Since VEGF delivery to skeletal muscle at
therapeutically relevant doses induces angiogenesis through the cellular mechanism of
intussusception rather than sprouting®, it is key to understand the molecular regulation of
splitting angiogenesis, which is still poorly understood. Here we show that Notch4
signaling plays an important role in intussusceptive angiogenesis by VEGF. In fact, our
results show that new vascular growth by both moderate and high doses of VEGF took
place essentially without sprouting (Figure 3 and 4), but rather by an initial circumferential
enlargement of pre-existing vessels with the typical sign of intraluminal pillar formation
(Figure 3C). The key effect of Notch4 loss could be the limitation of the size of vascular
enlargements induced by high VEGF that was observed 4 days after treatment (Figure 5).
We previously found that, during intussusceptive angiogenesis the size reached in the
initial stage of circumferential enlargement determines the outcome of the process. In fact,
the limited size induced by moderate doses of VEGF enables complete transluminal pillar
formation and the successful completion of the subsequent step of longitudinal splitting.
On the other hand, in the larger-caliber enlargements induced by excessive VEGF doses
pillar formation starts, but it cannot be successfully completed due to the excessive
vascular diameter to bridge, leading to a failure to split and the continued circumferential
growth of affected vessel into abnormally dilated aberrant structures.

These findings are relevant for the design of rational strategies for therapeutic angiogenesis
and identify Notch4 as an ideal molecular target to ensure safe and efficient induction of
vascular growth through VEGF delivery, since its inhibition selectively targets aberrant
angiogenesis without interfering with normal vascularization. Further studies will aim at
elucidating how Notch4 signaling can modulate VEGF-induced intussusceptive
angiogenesis with the goal to: 1) develop novel strategies for the treatment of peripheral
artery disease and 2) control the occurrence of toxic side effects, such as angioma growth,

of VEGF gene delivery for therapeutic angiogenesis.
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Conclusion



In the last two decades Eph/ephrin molecular system has become more and more relevant
and studied, as it is implicated in tumorigenesis, metastasis and angiogenesis.
Glioblastoma is a highly vascularized tumor and it among the most aggressive brain
tumors with an exceedingly poor prognosis. Eph/ephrin system is involved in this tumor, in
particular EphB1 is downregulated and the loss of its expression is correlated with
aggressive cancer phenotype. The modulation of EphB1l expression can control
glioblastoma cell aggressiveness, as EphB1 overexpression or activation decreases cancer
cell aggressiveness. This receptor could represent an important target to develop novel
strategies to treat glioblastoma.

Eph/ephrin system is also involved in angiogenesis. Angiogenesis is a complex, multistep
process that requires the fine regulation of different cell types and molecular signals in
space and time. Therapeutic angiogenesis aims at restoring blood supply producing
normal, stable and functional blood vessels through the delivery of growth factors to
ischemic tissues and it represents an attractive strategy for many patients affected by
coronary or peripheral artery disease, for whom current medical and surgical therapies are
ineffective. Previous studies in the host group show that VEGF expression can induce
either normal or aberrant angiogenesis depending on its dose localized in the
microenvironment around each producing cell in vivo. They recently identified that
stimulating EphrinB2/EphB4 pathway could prevent aberrant angiogenesis by excessive
VEGF doses and convert it to normal, whereby EphB4 is a druggable target to modulate
the outcome of VEGF gene delivery. Preliminary data by the host group further suggest a
similar role for the endothelial-specific Notch4 signaling pathway, whose absence is
related to the switch from aberrant to normal angiogenesis induced by high dose of VEGF.
Our results show that Notch4 receptor represents an important target to prevent the side
effects of VEGF gene delivery, producing normal and functional angiogenesis despite high
dose of VEGF.

In conclusion Eph/ephrin system is involved in different pathological conditions and its
regulation can be exploit to modulate different signaling pathways to treat tumors and
prevent aberrant angiogenesis. In this regard Notch4 was also important to understand the

mechanism of angiogenesis.
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