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Abstract

Pericytes (PCs) are important regulators of the vascular development
promoting vessel growth and stabilization. They have recently emerged as a
therapeutic target to promote or inhibit angiogenesis. Therefore, advancing our
basic understanding on PCs biology and its molecular regulators during
physiological angiogenesis is essential to develop PC-related therapies. One of
the major pathways leading to cellular proliferation, migration, and survival is
relayed by PI3K. Data from our laboratory and others have demonstrated
isoform selectivity stimulating PI3K signalling in the regulation of both, the ECs
and vSMCs. Interestingly, in these two cell populations’ p110a seems to be the

major isoform.

By using pharmacological and genetic tools together with cultured PCs
and retinal systems we have found that PCs pass through different states
during vessel development, and that PI3K signalling regulates these cells in an
isoform-specific manner. We have seen that immature and active PCs promote
vessel growth while, mature and quiescent PCs result in vascular stabilization
and remodelling. Moreover and unexpectedly, our results have identified p1103
as the key regulator of PCs proliferation and growth. Inactivation of p1108 in
PCs, but not p110a, results in PC proliferation arrest and in several
morphological changes, which resemble a more mature PC. Lack of p1108 in
PCs also leads to a more mature vascular plexus. We observed reduced vessel
density, EC proliferation arrest and increased deposition of collagen IV.
Furthermore, PTEN seems to be the regulator of PI3K in PCs, opposing the
p110B effects and, leading to a more mature and stable PC and subsequently

also more mature vasculature.

Since p110B-PI3K controls PC growth and proliferation, it suggests that
target therapy directed to p110p in cancer could affect PCs. Using a pancreatic
neuroendocrine tumour mouse model (RIP1-Tag2) we have seen that
pharmacological inhibition of p110p impacts on tumour progression and in PCs
growth. However, it also results in a slight reduction in the overall survival of the
animal, without affecting their metastatic potential. Therefore, other studies are

needed to further investigate p110B as a possible PC-specific target therapy.
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1. Introduction

1.1. Blood vessels and their origin

The cardiovascular system is formed by the heart, blood and a large
network of blood vessels, comprised of arteries and veins (large vessels),
arterioles, venules and capillaries (smaller vessels). It supplies the body with
oxygen and nutrients and removes the waste products of metabolism. This
system starts to develop early during embryonic development. In fact, this
network constitutes the first organ system that is developed in the embryo and
after birth, blood vessel formation continues to facilitate growth and repair.
Problems in the formation of blood vessels during early stages of development
are often lethal (Adams and Alitalo, 2007; Carmeliet, 2005).

Blood vessels are formed by several layers that differ between different
vessel types, depending on their size and function. Thus, large vessels (arteries
and veins) are formed by three layers: 1) the tunica intima, formed by
endothelial cells (ECs), the basement membrane (BM) and an elastic layer; 2)
the tunica media, formed by multiple layers of a type of mural cells (MCs) called
vascular smooth muscle cells (vSMC) and elastin and 3) the tunica adventitia
formed by connective tissue. Smaller vessels, like capillaries, are formed by
ECs, the MCs from the microvessels called pericytes (PCs) and the BM. During
development, blood vessels can be mainly formed by two sequential processes:
vasculogenesis and angiogenesis (Figure 1.1) (Adair and Montani, 2010;
Carmeliet, 2005).

Vasculogenesis is the formation of blood vessels from mesoderm-derived
EC precursors called angioblasts. Mesodermal stem cells differentiate into
hemangioblasts that give rise to hematopoietic stem cells and angioblasts.
Angioblasts, in turn, have the capacity to differentiate into ECs, they start to
migrate and aggregate forming blood islands, finally lining up to form a network
of tubes formed by differentiated ECs. This process involves cell to cell and cell

to extracellular matrix (ECM) interactions that are regulated spatially and
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temporally by different kinds of molecular factors. Vasculogenesis takes place
mainly during early development, however, it can also occur in certain
pathologies like tumours, ischemia and endometriosis (Adair and Montani,
2010; Potente et al., 2011).

Angiogenesis, on the other hand, is the formation of the vessels from pre-
existing ones. It takes place after early embryogenesis and proceeds
throughout life, in both health and disease. Angiogenesis starts with the
sprouting of new vessels followed by the formation of vascular loops by the
connection with other vessels (anastomosis) and the stabilization of the
vascular network by vessel pruning (Adair and Montani, 2010; Betz et al., 2016;
Potente et al., 2011). This process is complex and tightly regulated by multiple
molecular pathways that control not only ECs but also perivascular cells. There
are different types of angiogenesis: the intussusceptive angiogenesis and
sprouting angiogenesis:

1.1.1. Intussusceptive angiogenesis

This type of angiogenesis involves the formation of blood vessels through
a splitting process, where the vessel wall extends into the lumen causing a
single cell to split into two (Adair and Montani, 2010; De Spiegelaere et al.,
2012). PCs actively participate in this type of angiogenesis, where they are
responsible for the secretion of ECM components and for the maturation and
stabilization of the newly formed vessels (Diaz-Flores et al., 2009). Blood
vessels are remodelled with minimal ECs proliferation and migration, and
without proteolysis of ECM components. Therefore, this type of angiogenesis is
faster and more efficient when compared to the sprouting angiogenesis as it
only requires reorganization of ECs and does not rely on cell proliferation or
migration. Intussusceptive angiogenesis plays a major role in the vascular
development of embryos, where growth is fast and the nutrients and gases are
limited (Adair and Montani, 2010; De Spiegelaere et al., 2012).

36



1. Introduction
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Vasculogenesis l

Primitive vascular plexus

Angiogenesis .
Vacuole fusion and lumen

formation
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angiogenesis
Figure 1.1. Blood vessel formation. Blood vessels can be formed mainly by two types of
processes: the vasculogenesis and the angiogenesis. In the vasculogenesis EC differentiate
from precursor angioblasts cells to form a primitive plexus of capillaries, which remodel and
expand by angiogenesis. Angiogenesis can occur by intussusceptive or sprouting angiogenesis.
Intussusceptive angiogenesis (on the left) involves the splitting, by the formation of translumen
pillars (arrow), and growing of vessels in a metabolically efficient manner. In sprouting
angiogenesis (on the right), EC proliferate behind the tip cell of a growing branch in response to
different types of cytokines such as vascular endothelial growth factor (VEGF). Both forms of
angiogenesis require the recruitment of MCs that, among others, can be regulated by platelet-
derived growth factor subunit B (PDFB) secreted by the ECs (Adapted from (ten Dijke and
Arthur, 2007).

1.1.2. Sprouting Angiogenesis

Sprouting angiogenesis is the most common process by which vessels
expand during the vascular development. In hypoxic or nutrient-deficient
conditions, different types of growth factors and chemokines start to be secreted
from tissues, stimulating ECs from the vessel wall to form a new sprout and,
thus, supply the tissues with nutrients (Adair and Montani, 2010; De

Spiegelaere et al., 2012). Therefore, during this process several signalling
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pathways are involved promoting the correct vascular development. Briefly,
upon the release of pro-angiogenic factors, ECs and PCs become active in
promoting (by matrix metalloproteinases (MMPs)-dependent mechanisms)
remodelling processes in the cell-cell junctions (vascular endothelial (VE)-
cadherin, ZO-1, and others) and the enzymatic degradation of the BM. PCs
start to detach from the vessel and migrate, allowing tip cells’ migration in
response to guidance signals. Subsequently, the sprout elongates by
proliferation of stalk cells, which ends up with the formation of a lumen. Tip cells
from the neighbouring sprouts encounter and anastomose to form a perfused
branch. Upon perfusion, ECs become quiescent phalanx cells, deposit BM,
establish a barrier and are covered by mature PCs (Diaz-Flores et al., 2009;
Welti et al., 2013) (Figure 1.2).

Sprout initiation Sprout elongation Sprout anastomosis Vessel remodeling Reestablishment of quiescence

Figure 1.2. The different cellular events occurring during sprouting angiogenesis. The
sprout initiation and elongation, sprout anastomosis, vessel remodelling, and the
reestablishment of vessel quiescence (Adapted from ( Potente and Carmeliet, 2016)).

1.1.2.1. Activation of a quiescent vessel and basement membrane

degradation

ECs and PCs share the BM which is formed by proteins that create a
sleeve around the endothelial tubules (Eble and Niland, 2009). In fact, the BM
and the coat of PCs prevent ECs from leaving their positions and therefore

allowing vessel stabilization.

During the initial phase of vascular sprouting, quiescent vessels must be
activated and ECs liberated in a process that requires proteolytic breakdown of
the BM and detachment of PCs. Different pro-angiogenic factors, such as the

vascular endothelial growth factor A (VEGF-A) and proteases of the class of
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matrix metalloproteinases (MMPs) can promote this process (Potente et al.,
2011).

VEGF-A promotes changes in endothelial polarity, junctions and in the
degradation of the BM (Glaser et al., 2010; Potente et al., 2011). Additionally
both, ECs and PCs when activated can degrade the BM via secretion of MMPs.
In fact, PCs, can produce MMPs such as MMP2, MMP3 and MMP9 promoting
EC migration in the surrounding ECM (Caporali et al., 2016)

Moreover, activated PCs start to swell in order to shorten their metabolic
processes and to increase their somatic volume, adopting an “angiogenic
phenotype” (Diaz-Flores et al., 2009). The PCs detachment is stimulated by
angiopoietin-2 (Ang-2), an angiogenic growth factor stored by ECs for rapid
release (Augustin et al., 2009). In this stage, PCs start to migrate, their number
in the parent vessels decreases and PC/endothelium surface contacts become
markedly lower (Figure 1.3.) (Diaz-Flores et al., 1991, 2009).

1.1.2.2. Tip and stalk cell selection

Sprouting blood vessels are formed by two different types of ECs
populations: the tip cells, which guide the sprouts allowing attractive and
repulsive directional signals through present dynamic filopodia; (Phng and
Gerhardt, 2009) and the stalk cells, which constitute the base of the sprout and
maintain the connection to the parental vessel (Phng and Gerhardt, 2009;
Siekmann et al., 2013).

VEGF stimulates the VEGF receptor 2 (VEGFR2) that when internalized,
triggers the activation of ERK1/2 signalling pathway promoting tip cell migration
towards the gradient of VEGF-A (Welti et al., 2013). The filopodia facilitate the
migration towards the ECM area, secreting large amounts of proteolytic
enzymes and they act as a sensor of VEGF-VEGFR, pulling the tip along the
VEGF-A stimulus (Adair and Montani, 2010; Welti et al., 2013). It is also known
that PCs can determine the sprout formation and guidance of the new vessel
formed, migrating ahead of ECs and expressing VEGF (Bergers and Song,
2005; Diaz-Flores et al., 2009; Morikawa et al., 2002; Ozerdem et al., 2005).
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The neighbouring ECs in the vessel wall then follow the tip cell to form
stalk cells, that elongate the newly formed vascular sprout through cell
proliferation (Caporali et al., 2016) and are responsible for the formation of a
vascular lumen and the establishment of adherent and tight junctions to
maintain the integrity of the new sprout (Dejana et al., 2009; Gerhardt et al.,
2003).

Additionally, Notch pathway controls the tip and stalk EC specification
upon VEGFR activation (Eilken and Adams, 2010; Phng and Gerhardt, 2009).
Therefore, VEGFR2 activation in ECs leads to an increased expression of the
Notch ligand Delta-like 4 (DIl4), which binds to Notch receptors in the
neighbouring ECs. The signalling triggers the release of the Notch intracellular
domain (NCID) that acts as a transcriptional factor, down-regulating DII4
expression and up-regulating canonical target genes such as Hes, Hey and
Nrap, leading to the inhibition of tip cell phenotype, and thus, promoting the
differentiation into stalk cell (a process named lateral inhibition). Moreover, the
activation of DlI4 leads to a reduction of VEGFR2 expression in stalk cells and
increase of the levels of VEGFR1, making those cells less sensitive to VEGF
(Welti et al., 2013).

Hypoxic- and nutrient-deprived tissue

Basement
membrane

Dormant
phalanx cell

Perfused vessel
lumen

Figure 1.3. Activation of quiescent vessel. Upon secretion of different pro-angiogenic factors
quiescent vessels are activated. PCs started too detached from the vessel allowing EC
migration and growth. In the leading edge of the vasculature sprouting blood vessels are formed
by two types of EC populations: the tip cell that guide the sprout and the stalk cell, which
maintain the connection to the parental vessel (Adapted from ( Potente and Carmeliet, 2016)).
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1.1.2.3. Sprout anastomosis

Vascular anastomosis is the process that generates connections between
angiogenic sprouts and blood vessels, being fundamental for vascular network
formation. This process can happen between two sprouts, involving two tip cells
(‘head-to-head’ anastomosis), or between sprouts and a functional blood
vessel, involving only one tip cell (‘head-to-side’ anastomosis) (Figure 1.4)
(Betz et al., 2016).

Anastomosis starts from the formation of filopodia contacts between
sprouts that stabilize in one location and that are reinforced by the deposition of
adherent junction (AJ) proteins, such as Cdh5/VE-cadherin, at the contact site
(Lenard et al., 2013; Phng et al., 2013). An apical membrane initiation site
(AMIS) is formed at this contact site and an apical membrane is added. After
the formation of such contacts and EC polarization, an interconnected luminal
space and multicellular perfused tubes start to develop by two different cellular
mechanism: anastomosis type | (for lumenized sprouts) and anastomosis type Il

(non-lumenized sprouts) (Betz et al., 2016).

In type | anastomosis, apical membrane starts to form invaginations
through blood pressure and fuse at the contact sites, generating a unicellular
tube containing cells with a transcellular lumen. The transition from a unicellular
to a multicellular tube in type | anastomosis involves cell rearrangements and
cell splitting (Gebala et al., 2016; Lenard et al., 2013). The type Il anastomosis
occurs in the absence of blood. The occurrence of this mechanism is different
between the vascular beds and depends on the degree of blood pressure and
the presence or absence of a lumen in the participating tip cells (Helker et al.,
2013).
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Tip cell
anastomosis
7

Basement
membrane
production
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Figure 1.4.Vascular anastomosis and lumen formation. Sprout anastomosis can be initiated
by the formation of filopodia contacts between two sprouts involving two tip cells ("head-to-
head anastomosis), which eventually stabilize in one location. To give rise a functional vessel a

proper lumen have to be formed and expanded (Adapted from ( Potente and Carmeliet, 2016)).

1.1.2.4. Lumen formation

Vessels need lumen for a proper function (Figure 1.4). Lumen formation
can occur by means of different types of mechanisms in the vasculature, such
as cord hollowing, cell hollowing, transcellular lumen formation and lumen
ensheathment. In angiogenic sprouts, the formation of lumen is still a matter of
discussion as different blood vessels may use different mechanisms for lumen
formation. It was shown that the main mechanisms are the cell hollowing,
during which the lumen is generated by intracellular (pinocytic) vacuoles that
interconnect with vacuoles from neighbouring ECs; and the cord hollowing,
where ECs go through shape changes and rearrange their junctions to create a
central lumen (Herwig et al., 2011; Lenard et al., 2013). However, Gebala et al.
recently have proposed the formation of “inverse blebs” that protrude into the
surrounding EC and start to recruit actomyosin to respond to the local
deformation, allowing the progression of lumen formation (Gebala et al., 2016).
Also, Helker et al. suggest that ECs migrate collectively as a sheet over the
blood stream and eventually at the lateral edge start to migrate downwards and

engulf the lumen, in a process called lumen ensheathment (Helker et al., 2013).
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A

Pericyte
recruitment

Figure 1.5. PCs recruitment. The recruitment of PCs is essential to vascular stabilization
and maturation. (Adapted from (Potente and Carmeliet, 2016)).

1.1.2.5. Vascular maturation and stabilization

In order to become functional, vessels must mature and stabilize. At the
network level, maturation involves remodelling into a hierarchically branched
network and adaptation of vascular patterning to local tissue needs (Potente et
al., 2011). Blood flow is a determinant factor that is decisive for vessel fate:
vessels with a high flow expand and vessels with a low flow regress (le Noble et
al.,, 2004). Arteries form a high-pressure system that allows the blood
transportation into capillaries, whereas veins face low-pressure gradients
(Potente et al., 2011).

Different cellular and non-cellular components in the blood vessels are co-
ordinately involved in the regulation of vessel stability, which includes three
major steps: the formation of tight junctions between ECs and the vessels, the
formation of an ECM and the recruitment of PCs (Patel-Hett and D’Amore,
2011; Stratman and Davis, 2012; Xu and Cleaver, 2011).

EC-EC junctions play a key role in maintaining vessel integrity and vessel
permeability, being considered as essential for vascular maturation. In the
endothelium, junctional complexes include AJs, tight junctions (TJs) and Gap
junctions (Bazzoni and Dejana, 2004). AJs are responsible for the initiation of

cell-to-cell contacts and are formed by members of the cadherin family, where
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the transmembrane adhesive protein - VE-cadherin - is one of the most
important ones (Bazzoni and Dejana, 2004; Dejana et al.,, 2009; Vestweber,
2007). TJs, such as claudin family (principally Claudin-5), also mediate
adhesion and communication between neighbouring cells, and are specifically
involved in the regulation of paracellular permeability and cell polarity (Bazzoni
and Dejana, 2004). Finally, the formation of Gap junctions structures allows the

passage of small molecular weight solutes between neighbouring cells.

The other important aspect of the vascular stabilization is the deposition of
the ECM into the BM. The ECM provides necessary contacts between ECs and
the surrounding tissues, preventing the vessels from collapsing. In quiescent
vessels, ECs and PCs share the same BM that is formed by collagen IV,
laminin, elastin and other components (Carmeliet, 2003). The newly formed
vessels then start to recruit PCs to ensure stabilization and maturation of the
vasculature (Figure 1.5 and 1.6). ECs release chemokines, such as platelet-
derived-growth factor B (PDGFB) that bind to its receptor platelet-derived-
growth factor receptor beta (PDGFRB) on PCs, leading to their recruitment
(Caporali et al., 2016). This PCs coverage first contributes to the stability of new
vessels by creating the BM in cooperation with ECs and then promotes
endothelial maturation and endothelial barrier formation by the release of
paracrine factors like transforming growth factor beta (TGFB) and Ang-1.
Additionally, TGFB secreted by ECs triggers the activation of TGFf receptor 2
on PCs, which in turn promotes the inhibition of PCs proliferation and stimulate
the production of contractile and ECM proteins, leading to PCs attachment by

upregulation of N-cadherin through Notch signalling (Caporali et al., 2016).
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Figure 1.6. Vessel maturation and stabilization. Sprouting angiogenesis results in new
formed and stable vessels. (Adapted from (Potente and Carmeliet, 2016)).

1.1.2.6. Vessel regression

The other process of sprouting angiogenesis is a vessel regression (or
pruning) that occurs during vessel network remodelling and maturation. Vessel
regression is a mechanism of vasculature reorganization that allows the
vascular system to adapt to changes in hemodynamical and metabolic effects.
Thereby, pruning helps in the acquisition of a mature hierarchical and more

efficient angioarchitecture (Ferrara and Kerbel, 2005).

Although, few studies have addressed the specific mechanisms it has
been established that vascular regression happens as a coordination of two
different phases: cessation of blood flow to the formed vessels and a gradual
removal of vessel wall components (Baluk et al., 2004). Therefore, for
regression to occur, vessels have to lose their integrity and stability as a result
of degradation of the vascular BM, detachment of PCs from the vessels and/or

unstable EC junctions (Benjamin et al., 1999).

The soluble proteases MMP-1 and MMP-10 increase tube regression by
degradation of collagen type | (Davis and Senger, 2005; Saunders et al., 2005).
MMP-10 cleaves collagen IV, laminin and perlecan, which are responsible for

the establishment of vessel BM and the maintenance of vascular tube networks.
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Moreover, overexpression of Ang2 results in impairment in the association
of tumoural PCs and ECs leading to tumour vessel regression (Cao et al.,
2007). Ang2 antagonizes Angl-mediated Tie2 signalling and causes
detachment or loss of PCs leading to vessel destabilization (Hammes et al.,
2004).

VE-cadherin plays an important role in the maintenance of ECs junctions.
However, VE-cadherin cleavage by proteases such as the disintegrin and
metalloprotease ADAM10, diminishes the tight adhesion between cells. (Schulz
et al., 2008).

ECs apoptosis induced mainly by Wnt signalling pathway and also ECs
contractility mediated by Rho-kinase signalling result in retraction of vessel
sprouting (Lobov et al., 2005; Mavria et al., 2006). Vessel regression may also
be a consequence of loss or decrease in signals that promote EC survival and
vessel stability such as PI3K/AKT and the ERK1/2-MAPK pathways (Im and
Kazlauskas, 2007; Mavria et al., 2006).

1.1.2.7. Vessel quiescence

Once tissues are supplied with sufficient oxygen and nutrients, vessels
start becoming quiescent. Therefore, VEGF expression is hampered and the
endothelial oxygen sensors are inactivated, finally leading to a shift in the
endothelial behaviour towards a quiescent phenotype (Potente et al., 2011).
These ECs reduce their proliferation and blood vessels mature, however they
still need to maintain their integrity. In this way VEGF released from ECs can
act as a survival factor due to activation of pro-survival pathways such as the
PI3K signalling cascade (Warren and Iruela-Arispe, 2010). Thereby, VEGF
expression in blood vessels prevents ECs from becoming apoptotic and
disrupting vessel integrity. Moreover, fibroblast growth factors (FGFs) and the
Ang-1 / Tie-2 signalling pathways can also help to maintain vessel quiescence
and survival by stabilizing EC-EC junctions and by suppressing mediators of the
apoptotic pathway, respectively (Augustin et al., 2009; Beenken and
Mohammadi, 2009).
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1.2. PC Cells

All blood vessels are formed by an inner wall of ECs that is surrounded by
the supportive cells called MCs. MCs, depending on their localization, are
commonly subdivided into vSMC and PCs. vSMC are associated with vessels
of a big calibre (arteries and veins), whereas PCs are present in the smallest

ones (arterioles, venules and capillaries) (van Dijk et al., 2015).

PCs were described for the first time in the 1870s by Eberth (Eberth, C.J.,
1871) and Rouget (Rouget, C., 1873) and called as “Rouget Cells”. Later on,
Zimmermann (Zimmermann, K.W, 1923) renamed them as “PCs” referring to
their localization in close proximity with ECs. The currently definition of a mature
PC states that it is a cell embedded within the vascular BM of small blood
vessels, being formed by a huge nucleus oriented to the abluminal side of the
microvessel and with extended structures used to directly interact with the
adjacent ECs (Allt and Lawrenson, 2001). Among other functions, PCs are key
regulators of vascular development, being considered as the important
angioregulators participating in vessel formation, remodelling and stabilization
(Armulik, 2005; Kelly-Goss et al., 2014).

1.2.1. Ontogeny

The different cell types that form the vasculature do not arise from a single
embryonic source, and cells from several sources can acquire the same fate
(Bautch, 2011). PCs can be generated during embryonic and postnatal
development (Armulik et al., 2011; Winkler et al., 2011) and, like vSMC, they
can have different development origins (Majesky, 2007; Majesky et al., 2011).

During the embryonic development, MCs from the head and thymus come,
in the majority, from the neural crest, whereas in the gut, lung, liver and heart a
mesothelium origin has been suggested. Mesothelial cells undergo epithelial-to-
mesenchymal transition (EMT), migrating into the organs where they can

differentiate into fibroblasts, vSMCs and PCs. In the aorta, at least four
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developmental origins were found (secondary heart field, neural crest, somities,
and splanchnic mesoderm) (Armulik et al., 2011) (Figure 1.7). Bone marrow
cells can also differentiate into cells that morphologically resemble PCs
(Ozerdem et al., 2005). In addition, transdifferentiation from ECs has been
suggested, although this is not a major route of PC formation during normal

development (DeRuiter et al., 1997).
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Figure 1. 7. Developmental Origin of Mural Cells. Ectoderm-derived neural crest gives rise
to vSMCs and PCs in the (Central Nervous System) CNS and thymus (Gray). Mural cells in
coleomic organs are all mesoderm- and mesothelium-derived (pink). Epicardial mesothelium
gives rise to mural cells in heart, lung mesothelium to PCs in the lung, etc. The vSMC around
aorta has a multiple developmental origins, indicated by different colours (yellow-secondary
heart field; grey-neural crest; green-somite) (Adapted from (Armulik et al., 2011)

Less is known about how PCs grow and extend along growing vessels
during postnatal development. PCs may be considered as progenitors and/or
descendent cells (Diaz-Flores et al., 2009). It is not clear whether they can
develop by the cell division of pre-existing ones, through the recruitment of pre-
existing vSMCs and/or by differentiation from immature mesenchymal cells, or
both. For example, in the CNS there is a lack of immature mesenchymal cells,
which could suggest that the new PCs develop mainly by division of pre-existing
ones (Armulik et al., 2011)
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1.2.2. Distribution and morphology

PCs and vSMCs are thought to derive from the same lineage sharing
different kinds of features such has the perivascular position in blood vessels
(van Dijk et al., 2015). Despite the similarities, PCs and vSMC have different
characteristics: vSMC are founded in large vessels that are exposed to high
levels of hemodynamic stress (arteries and veins), while PCs are mainly
localized in the microvasculature (pre-capillary arterioles, capillaries and
collecting venules) in a single layer of cells (Armulik et al., 2011; van Dijk et al.,
2015). Even so, there is a gradual transition (a continuum of phenotypes)
between PCs and vSMC in both terminal arterioles and venules (Valladares F.
et al., 1991a). It was classically established by Zimmermann three types of PCs
according their localization: precapillary, capillary and postcapillary
(Zimmermann, K.W, 1923). Also, vSMC are placed in a perpendicular way
along the whole length of the vessel, encircling the entire endothelial surface. In
contrast, PCs are attached to the longitudinal axis of the capillaries. Moreover,
vSMCs normally maintain an elongated and flattened nucleus, while PCs are
formed by a prominent nucleus, with a small amount of perinuclear cytoplasm
that extends processes along the abluminal surface of blood microvessels
(Figure 1.8 A) (Armulik et al., 2011; van Dijk et al., 2015).

PCs and ECs share the same BM, which cover the majority of PC-EC
interface (Gerhardt and Betsholtz, 2003). It is known that PCs and ECs regulate
BM assembly and that PCs probably contribute to BM products. Mature PCs are
embedded within the BM, however it was also described an incomplete or even
absent BM coverage in the immature vasculature or in the pathological
conditions where the BM is still synthesized or shows a height turnover (Figure
1.8 B) (Armulik et al., 2011; van Dijk et al., 2015). Distinct places where the BM
is interrupted allow the direct contact between both cell types. Different types of
connections are created between PCs and ECs and the number and size of
these contacts may vary between the tissues. Peg-socket, close or occluding
contacts, adhesion plaques, GAP and TJs are different types of connections
between PCs and ECs: (1) in the peg-socket structures, PCs form

cytoplasmatic elongations (pegs) that are inserted in the invaginations of the
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endothelial membrane (sockets) - these contacts are enriched in Connexin 43
mediated gap and (N-cadherin-based) adherence junctions; (2) the occluding
contacts happens when the two membranes come very close together, and are
located at the edge of the PCs processes playing an anchor role; (3) the
adhesion plaques anchor PCs to the ECs via a matrix of fibronectin
microfilament bundles that is connected to the cell's actin cytoskeleton via
integrins; (4) Gap and TJs-like structures have also been reported. These
junctional complexes facilitate the transmission of biological and mechanical
signals between PCs and ECs (Armulik et al., 2011; van Dijk et al., 2015).

arteriole °
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amis> -
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Figure 1. 8. PCs Anatomy. (A) Localization of MCs in the different types of vessel (from
arteriole to venule). The arterioles and precapillary arterioles are formed by a single vSMC
layer that encircles the entire abluminal side of the endothelium. vSMCs around arterioles
have a flattened shape with few cytoplasmatic process, whereas around precapillary
arterioles the cell bodies are distinctly protruding and there are more cytoplasmatic
processes. The capillaries are surrounded by PCs formed by rounded cell body and present
primary and secondary cytoplasmatic processes. On postcapillary venules the vSMC body
are flatted and present several branching processes, whereas vSMCs covering venules have
a relatively big cell body with many branching processes, which, unlike arteriolar vSMCs, do
not wrap circularly around the endothelium. (B) Ultrastructural characteristics of PCs and PC-
EC interactions. The mature capillary PC (marked with P) has a discoid nucleus that is
surrounded by a small amount of cytoplasm containing protein-producing organelles and
mitochondria. Despite being separated by the shared BM, PCs and ECs (marked with E)
make numerous direct contacts of different type: schematically depicted are peg-socket
contacts and adhesion plaques (Adapted from (Armulik et al., 2011).

adhesion plaques

basement membrane
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PCs are not present in all organs in the same proportion. PCs-ECs ratios
can vary between 1:1 and 10:1, also PC coverage in the endothelial abluminal
surface can range between 70% and 10% (Sims, 1986). These differences are:
(1) organ specific, being positively correlated with endothelial barrier proprieties,
for example the CNS is thought to be the organ with highest PCs coverage
around microvessels; (2) are dependent of EC turnover, where more coverage
of PCs is associated with less EC turnover; (3) and also linked with blood
pressure, where we see large coverage in lower body parts (reviewed by
(Armulik et al., 2011). Lymphatic capillaries lack MCs, by a Foxc2 and VEGFR3
dependent mechanism that blocks its recruitment, whereas collecting lymphatic

vessels show an vSMC layer with a absent BM (Petrova et al., 2004).

1.2.3. Identification

Although, morphologic, structural and spatial characteristics are used to
identify PCs, the inherent complexity of these cells make difficult their
identification since there are different types of perivascular cells in the
microvasculature (Sims, 2000) and several types of PCs may co-exist in the
same vascular bed (Kurz et al., 2008). Thus, the usage of several markers is
important for the identification of PCs (Armulik et al., 2011), nevertheless none
of them is specific or a general pan-PC marker (none recognizes all PCs) (Diaz-
Flores et al., 2009).

There is a great number and variety of macromolecules that PCs may
express, including growth factors, receptors, cytokines, enzymes and adhesion
molecules (Table 1).
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Tablel.1. Murine PC Markers

Other cell types

PC marker : Comments References
expressing the marker
Interstitial mesenchymal Receptor tyrosine
cells during development; kinase;
PDGFRB. Smooth muscle; Functionally Lindahl et
(Platelet-derived . . . )
In the CNS certain involved in PC al., 1997;
growth factor d | . duri Winkl
receptor — beta) neurons and neurona recruitment during inkler et
progenitors; angiogenesis; al., 2010;
Myofibroblasts; Useful markers for
Mesenchymal stem cells brain PCs
Devbe loping cartllz';\ge, Integral membrane
one, muscle; hondroiti i Ozerd t
Early postnatal skin; chon romT su gte zlerzemlfa
(chondroitin sulfate Adipocytes; : T
) recruitment to 1993;
proteoglycan 4) VSMC; _
. ) tumour vasculature; | Huang et al.,
Neuronal progenitors;
. Useful marker for 2010
Oligodendrocyte :
; retinal PCs
progenitors
vSMC, inflamed and Type Il membrane Demietzel
CD13 tumour endothelium; zinc-dependent and Krause,
(alanyl (membrane) Myeloid cells; metalloprotease; 1991,
aminopeptidase) Epithelial cells in the Useful marker for Kunz et al.,
kidney and gut brain PCs 1994
Structural protein;
Quiescent PC do
not express aSMA;
aSMA Smooth muscle; Ex?srecsosrlr?;ér:“PCs Nehls and
(alpha-smooth Myofibroblasts; y Drenckhahn,
) o upregulated in
muscle actin) Myoepithilium 1993
tumours and
inflammation:
Not expressed in
retinal PC
. Structural protein;
, Skelgtal: Useful PC marker | Nehls et al.,
Desmin Cardiac: .
outside skeletal 1992
Smooth muscle
muscle and heart
Regulate
RGS5 heterotrimeric G Bondjers et
(regulator of G Cardiomyocytes?; protein by activating al., 2003;
rotei% signalling 5) vSMC GTPase activity; Cho et al.,
P 9 9 Angiogenic PC 2003

marker
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The most common are the membrane markers, which include the
PDGFRp, CD146, aminopeptidase A and N (CD13), endoglin, and neural-glial 2
(NG2); and cytosolic markers such as aSMA, non-muscle myosin, desmin,
vimentin, nestin and G protein signalling 5 (RGS5). However, all these markers
showed a dynamic expression, being dependent on several factors: a) species-
specificity (aSMA is expressed in PCs from chicken embryo brain, but not in
PCs of mouse embryo and human brain do not express aSMA (Gerhardt et al.,
2000); b) vessel type; c) quiescent or angiogenic stages of the blood vessels;
d) tissue-specificity, and e) pathological conditions (Buschard et al., 1996;
Dvorak and Feng, 2001; Schlingemann et al.,, 1996; Sundberg et al., 1993).
Therefore, in order to identify the PC populations, a set of markers is used
(Diaz-Flores et al., 2009). For instance, the PCs from capillaries of mouse retina
are NG2'/a-SMA’, whereas the PCs from arterioles and venules are
respectively NG2*/ a-SMA™ and NG2/ a-SMA’, but they all equally express
CD146 and PDGFR} (Figure 1.9) (Crisan et al., 2012).

1.2.4. Functions

Over the last decades, several functions have been assigned to PCs such
as: regulation of blood flow, immune functions, blood hemostasis and, the

regulation of vascular development.

1.2.4.1. Regulation of blood flow

Several studies claim that PCs have the capacity to contract and to relax
leading to the maintenance of local and tissue homeostasis, by the regulation of
microvascular blood flow and modification of vessel calibre (Diaz-Flores et al.,
1991; Sims, 2000). Therefore, there is much evidence that confirms these
contractile proprieties: (1) PCs extend multiple processes that envelop and
compress ECs, presenting several cytoskeletal elements that form a contractile

apparatus; (2) they produce several contractile proteins, like actin, myosin,
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tropomyosyn and cyclic GMP-dependent protein kinase, whose expression is
dependent on the tissue and the blood flow requirements; and also (3) express
different kind of receptors that regulate contractility, such as endothelin receptor
(endothelin-a vasoconstrictor produced by ECs), cholinergic and adrenergic
receptors; (4) PCs respond to vasoactive substances like angiotensin Il and
nitric oxid, that are produced by ECs (Diaz-Flores et al., 2009).

1.2.4.2. Immune function

PCs were shown to display characteristics that resemble macrophage cells,
such as the presence of lysosomes and an efficient capacity to uptake soluble
small molecules (pinocytosis) and macromolecules (phagocytosis) (Diaz-Flores
et al., 2009; Thomas, 1999). They also express the major histocompatibility
complex (MHC) class Il proteins, acting as antigen-presentingcells for T-
lymphocytes, and are known to up-regulate their activity in response to tissue
injury, specific diseases and bacterial infection. PCs that behave as
macrophages (pericytal macrophages) may originate from bone marrow
mesenchymal progenitors, named fibrocytes, and along with lymphocytes they

can contribute to an immune response (Diaz-Flores et al., 2009).

1.2.4.3. Blood hemostasis

PCs can participate in the coagulation process after microvascular injury
or rupture by the regulation and expression of several molecules. They interfere
with the activation of the tissue factor, which is fundamental for the initiation of
the extrinsic pathway of blood coagulation, coactivating factor IX and X, but also
providing a membrane surface for the prothrombinase complex (Diaz-Flores et
al., 2009; Kim et al., 2006).
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1.2.4.4. Regulation of vascular development

PCs play an active role in new blood vessel formation and stabilization.
The process of angiogenesis is complex and is regulated by multiple molecular
pathways in which PCs are key regulators, controlling the recruitment, ECM
modulation, paracrine signalling and direct interactions with ECs, which will be
further discussed below (Armulik et al., 2011; Caporali et al., 2016; Diaz-Flores
et al., 2009).

Figure 1. 9. PCs identification. Several markers are used to identify PCs but any of them is
PC specific. In the upper panel the vascular BM of a brain capillary was identified by collagen
IV (Col-IV, green) and PCs by PDGFRf (red) immunostaining. PC is well embedded in vessel
BM, as seen by the yellow appearance on the merged image. The white arrow points to a
typical PC cell body and the arrowheads indicate PC processes that stretch horizontally along
the capillary.In the middle panel a tridimensional view of brain EC (CD105, red) and PCs
(desmin, green). In the lower panel the triple immunostaining of endothelium (CD31, blue)
and PCs (NG2, green) and vSMCs (aSMA, red) in the retina. vSMCs covering the vein (v)
are positive for aSMA and occasionally also for NG2, whereas PCs surrounding the
capillaries are aSMA negative and NG2 positive.
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1.3. Signalling pathways implicated in PCs and in their
paracrine regulation with the endothelium during sprouting

angiogenesis

The paracrine and juxtacrine cross-talk between PCs and ECs is
fundamental for angiogenesis and vessel stabilization. Therefore, several
molecules and pathways are involved in this process allowing the correct
vascular development (Figure 1.10) (Armulik et al., 2011; Caporali et al., 2016).
The critical growth factors and signalling molecules involved in PCs biology and
in their regulation with the endothelium are described below.

1.3.1. PDGF-B/PDGFRB

During angiogenesis the new formed vessel, susceptible to degradation,
needs to be covered with PCs to be stabilized (Caporali et al., 2016). ECs starts
to secrete platelet-derived growth factor beta (PDGF-B) which interacts with
PDGFRp expressed on the surface of PC cells, triggering a cascade of events
that leads to PC proliferation and migration into the new formed vessel
(Betsholtz, 2004; Hoch and Soriano, 2003).

PDGF-B is not required for the initial induction of PCs but allows their
expansion and spreading along the micro-vessels (Hellstrom et al., 1999).
Knockout of the PDGFB or PDGFRB genes in mice results in identical
phenotypes and into perinatal lethality due to vascular defects that rise from PC
loss leading to endothelial hyperplasia and abnormal vascular morphogenesis
(Crosby et al., 1998; Hellstrom et al., 2001a; Levéen et al., 1994; Lindahl et al.,
1997; Soriano, 1994). Depletion of PDGFB specifically in ECs leads to
reduction of PCs, showing that ECs are the main source of PDGF-B protein
(Bjarnegard et al., 2004).

PDGF-B expression is only substantial at places of active angiogenesis
(Hellstrom et al., 1999) and once secreted by tip cells it normally bonds to the

extracellular matrix or on the cell surface by a C-terminal retention motif, which
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has affinity for heparin and heparin sulfate proteoglycans (HSPGs) (Abramsson
et al., 2007; Gerhardt and Betsholtz, 2003; Kurup et al., 2006; Ostman et al.,
1991). The location of PDGF-B in the cell surface or in the matrix-bound is
essential for the correct signalling. Deletion of the retention motif (PDGFB ")
or the global reduction of N-sulfated heparan sulfate by knockout of N-
deacetylase/N-sulfotransfeRASe (NDST)-1 enzyme in mice, leads to hypoplasia
and partial detachment of PCs (Abramsson et al., 2007; Lindblom et al., 2003).

To maintain a normal angiogenesis the interplay between PDGF-B and
PDGFRp is essential. Moreover, in many pathologies this signalling pathway is
compromised. In humans, null or loss of function mutations on both PDGF-B
and PDGFR-f in heterozygosis leads to the onset of a pathology called primary
familial brain calcification (PFBC), characterized by brain vessel calcifications,
with accumulation of calcification deposits in PCs. Conversely, an increased
expression of PDGF-B is associated with an increased angiogenesis in different

type of tumours (reviewed by (Caporali et al., 2016)).

1.3.2. Sphingosine-1-phosphate

Sphingosine-1-phosphate (S1P) is secreted by PCs and it binds to a G-
protein coupled receptor (S1P1-5) in ECs leading to adhesive, junctional and
cytoskeletal changes and also affecting cellular proliferation, survival and
migration (Allende and Proia, 2002). Therefore, S1P leads to PCs recruitment
cooperating with PDGF-B/PDGFRf signalling. S1P-S1P1 receptor activation
results in ECs adhesion to PCs promoting microtubule polymerization via Rac
signalling and to the consequent trafficking of N-cadherin to polarized plasma
membrane domains on ECs (Paik et al., 2004). Knockout of S1P1 (edgl) in
mice resulted in PC depletion and as a consequence to an incomplete vascular
maturation (Liu et al., 2000). Also, endothelial specific depletion of the receptor
S1P1-5 leads to the same vascular defects as a global knockout, suggesting its

endothelial-specific functioning (Allende et al., 2003).
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” PDGFB
/ PDGFB-R
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Figure 1.10. Signalling pathways regulating PCs and ECs cross-talk during the
sprouting angiogenesis. (A) Before angiogenesis, PCs are attached to the long axis of
capillaries, embracing ECs. (B) During the initial phase of vascular sprouting, angiogenic
factors stimulate ECs to degrade the BM via secretion of MMPs. Activated PCs also produce
several MMPs to support EC migration in the surrounding ECM. ANG-2-TIE2 and TGF-
ALK1 signallings contributes to the detachment of PCs from ECs. Detached EC from the pre-
existing vessel is led by so-called endothelial tip cells, which become activated by stimulation
of angiogenic factors. Neighbouring ECs follow the tip cell to form stalk cells, which elongate
the newly formed vascular sprout by cell proliferation. (C) Since newly formed blood vessels
are highly unstable with limited endothelial barrier integrity, ECs release chemokines, like
PDGFB, to recruit PCs and initiate the vascular stabilization process. Recruited PCs further
promote endothelial maturation and endothelial barrier formation by releasing paracrine
factors, like Ang1 and TGFp, to suppress EC growth and migratory response. Vice versa,
TGFp secreted by ECs binds to ALK5 in PCs, which inhibits PCs proliferation and stimulates
the production of contractile and BM/ECM proteins (Adapted from (van Dijk et al., 2014)).
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1.3.3. Angiopoetin-1 and 2

Angiopoietin-1 (Ang-1) is produced by perivascular cells in a region that is
far from the leading edge of the new vessels, once secreted it stimulates the
activation of its main receptor Tie-2 that is predominantly expressed in ECs
(Armulik et al., 2011; Caporali et al., 2016; Ribatti et al., 2011). Tie-2 in ECs
directly regulates adherent junctions reducing the phosphorylation of VE-
chaderin and PECAM-1 (Gamble et al., 2000), leading to vascular maturation
and stabilization. Also, Tie-2 activation can regulate PCs in a paracrine
manner, stimulating ECs to secret PDGF-B and TGF-B resulting in PC
recruitment and vessel stabilization (Davis et al., 1996; Suri et al., 1996; Vontell
et al., 2006). Ang-1 or Tie-2 loss of function causes mice to die at mid-gestation
with cardiovascular problems (Dumont et al., 1994). These embryos present
severe vascular defects, with the basement membrane of blood vessels poorly
organized and reduced coverage and detachment of PCs (Patan, 1998; Suri et
al., 1996). Mutations in TIE-2 gene in humans also lead to venous malformation

where loss of venous mural cells is shown (Vikkula et al., 1996).

Moreover, over-expression of Ang-2, a Tie-2 antagonist, results in PCs
loss. Ang-2 is produced by ECs from the leading edge and acts autocrinally
through interaction with Tie2 receptor, mediating PC loss and vessel

destabilization (Hammes et al., 2004).

Vessel stabilization and maturation is dependent on the balance of Ang-1
and Ang2. The unbalance favouring Ang-2 leads to the impairment of
angiogenesis, a common characteristic in pathological events such as diabetic

retinopathy and tumour metastatisation (Durham & Herman, 2011).

1.3.4. Transforming growth factor-8

TGF-B is a cytokine implicated in many processes of the vascular
development where it can have a pro- or anti-angiogenic role, depending on
their context and concentration (Goumans et al., 2002; Vontell et al., 2006).
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ECs and PCs express a latent form of TGF-3 that can be activated upon
contact of PCs with ECs by gap junction’s formation between both cell types
(Sato and Rifkin, 1989). Conenexin-43 junction is expressed by ECs and PCs,
and connexin-45 is MC specific. Mesenchymal cells deficient in connexin-43
when co-cultured with ECs do not complete MC differentiation and are able to
produce latent TGF-f but not the activated molecule. Moreover, treatment with
TGF-B restores the differentiation capacity and the production of the active
molecule (Hirschi et al., 2003; Theis et al., 2001).

Also TGF-B receptors - activin receptor-like kinase (Alk)-1 and Alk-5 - are
important regulators of the two cell types promoting opposite cellular events
(Goumans et al.,, 2002, 2003; Oh et al., 2000). Activation of Alk-5 in
mesenchymal cells leads to the phosphorylation of Smad2/3 leading to
differentiation into MCs. On the other hand, activation of Alk-1 in ECs opposes
this effect leading to the phosphorylation of Smadl/5 and inducing MCs
proliferation and migration (Chen et al., 2003; Goumans et al., 2002; Ota et al.,
2002). Aditionally, Alk-1 signalling promotes EC proliferation and migration with
Alk-5 involved in EC stabilization and maturation. However, a complex
interaction between the two proteins has been suggested in this cell type, where
Alk-1 inhibits Alk-5 but this last one is required for Alk-1 signalling. Alk-1
signalling is in this way more active in early phases of angiogenesis, stimulating
cell proliferation and migration, and Alk-5 dominates in the latest phases,
promoting cell differentiation, maturation and extracellular matrix production
(Armulik et al., 2011).

Several knockout mutants related to the TGF-B signalling where
described, tgfb1 (Dickson et al., 1995), alkl (Urness et al., 2000), alk5 (Larsson
et al.,, 2001), tgfbr2 (Oshima et al., 1996), smad4 (Lan et al., 2007), smad5
(Yang et al., 1999), and endoglin (Li et al., 1999), showing all embryonic
lethality with severe vascular abnormalities, such as remodelling defects in the
yolk sac vasculature, arterio-venous anastomoses, MCs formation deficiencies,

and in some of them defective hematopoiesis (Armulik et al., 2011).

In humans, mutations in ENDOGLIN, ALK1, and SMAD4 are related with
the occurrence of a severe hereditary disorder, hereditary hemorrhagic

telangiectasia (HHT), that is an autosomal-dominant disorder characterized by
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vascular malformations such us the formation of arterio-venous anastomoses
(Berg et al., 1997; Gallione et al., 2004).

1.3.5. Other regulators

Others regulators have been also implicated in PCs functions during
angiogenesis, promoting their recruitment, migration and proliferation or even

maturation and stabilization.

HB-EGF, produced by ECs, have been implicated in PC migration,
proliferation and protection of the cells from oxidative stress (Yu et al., 2012),
leading to the activation of ErbB1, ErbB2 and ErbB4 receptors in MCs and as a
result, cell migration is stimulated (livanainen et al., 2003; Stratman et al.,
2010). Different in vivo studies have verified that PDGFB and EGF may
collaborate in PC recruitment; HB-EGF inhibition also leads to reduced PC
recruitment and vascular defects that remind PDGF-B/PDGFRB (Armulik, 2005;
Armulik et al., 2011).

PDGFB-PDGFRp also leads to the activation of stromal cell-derived factor
(SDF)-1a promoting endothelial tube formation and maturation by stimulation of

PC migration and vascular BM assembly (Song et al., 2009).

Shh signalling is also implicated in PC recruitment, by the activation of
Patched (Ptc) receptor in this cells (Lindahl et al., 1997).

Notch signalling is critical for sprouting angiogenesis where it plays a
major role on ECs (Chappell and Bautch, 2010; Sainson and Harris, 2008)
however, it was also implicated in MCs regulation and in the interaction of both
cells. Jagged-1 (Jag-1) expressed in ECs leads to the activation of Notch3
signalling in MCs promoting their maturation. Knockout mice of Notch3 presents
a reduced expression of arterial vSMC markers, and also its over-expression in
MCs leads to increased expression of certain vSMC markers (Domenga et al.,
2004; Jin et al., 2008; Liu et al., 2009, 2010). During retinal angiogenesis
Notch3 was also implicated in MCs recruitment and vessel maturation by a Ang-

2 mediated mechanism (Liu et al., 2010). However this Ang-2 implication is not
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clear, once other studies have implicated this protein as a vessel destabilizing
factor (Hammes et al., 2004).

Ephrin-Eph receptor signalling was also implicated in MC biology,
controlling PC migration and association with vessels probably by the regulation
of focal adhesions. A MC-specific knockout of ephrin-B2 results in association
defects of MCs with the vessels surrounded and abnormal extracellular matrix
deposits (Foo et al., 2006).

Semaphorin-3-A (Sem3A) has also been related to vessel stabilization,
promoting the increment of PCs coverage. This protein appears to work in
synergy with TGF-f inducing vessel stability, by an unknown mechanism
(Groppa et al., 2015). Down- regulation of this protein has been observed in
different types of cancer with high metastatic potential, conferring poor

prognosis to the patients (Jiang et al., 2015).

Also different cytokines are related to PCs and their paracrine
communication with ECs promoting the correct vascular development. For
instance, activation of NF-kB in PCs leads to the up-regulation of different
cytokines such us IL-8, IP-10 and RANTES stimulating ECs proliferation and
promoting angiogenesis (LaBarbera et al., 2015).

1.4. PCs in cancer therapy

In normal tissues there is a balance between pro-angiogenic and anti-
angiogenic factors that maintain tissue homeostasis and functions. However, in
tumours, it was originally proposed that genetic (e.g., oncogenes) and
epigenetic (e.g., hypoxia) mechanisms were deregulated, leading to an
unbalance of these mechanisms promoting a more pro-angiogenic side.
Aberrant tumour vessels promote tumour growth, metastasis and reduced
efficacy of therapies especially in solid tumours, where the vessels are not able
to adequately perfuse the tissue (Caporali et al., 2016). Therefore, vascular
normalization constitutes, in theory, a good approach in order to prevent

metastasis and increase oxygenation, thereby enhancing the effects of therapy
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and decreasing tumour volume (Cooke et al., 2012; Jain, 2009; Xian et al.,
2006).

The first studies in tumoural PCs have shown increased coverage within
the tumour vasculature, promoting tumour growth and resistance to anti-cancer
agents (Bergers and Hanahan, 2008).Thus, traditional therapies with anti-
angiogenic agents were directed to PCs (Meng et al., 2015) promoting the re-
establishment of a normal structure and function of blood vessels (vascular
normalization) (Jain, 2009, 2013). However, nowadays it is known that PC
coverage of blood vessels in tumours is not homogenous (Eberhard et al.,
2000). Some vessels, especially those surrounding the tumour, present high PC
coverage in fact, creating a barrier that blocks the access to the immune system
cells and to the therapeutic agents (Bergers and Hanahan, 2008). In contrast,
highly metastatic tumours apparently show a reduced PC coverage, which
causes a leakiness of the endothelial wall and cancerous cells extravasations
and dissemination. In this case, a multi-target intervention acting on both
angiogenesis and PC coverage, would be more beneficial for patients (Meng et
al., 2015).

In the tumours with high PC coverage the inhibition of PC is an advantage.
Therefore, several strategies were designed with the purpose of blocking PC
function (Meng et al., 2015). Inhibition of PDGFRB or VEGFR alone seems to
be insufficient in allowing cell-directed cancer therapies to penetrate the PC—EC
shield. However, dual inhibition of VEGFR and PDGFR[ reduces the protection
to cancer cells and potentiates the effects of other therapies (Ktosowska-
Wardega et al., 2009; Taeger et al., 2011). It has been shown that this strategy

is effective in both preclinical and clinical studies (Bergers and Hanahan, 2008).

In contrast, there are tumours with low PC coverage, where pro-
angiogenic factors prevent PC coating of the vessel tips (Cooke et al., 2012;
Greenberg et al., 2008; Korpisalo et al., 2008; Xian et al., 2006). This poor PC
recruitment within the vessel leads to an excessive tumour angiogenesis,
cancer cell extravasation, and further dissemination. Theoretically, multimodal
therapy with agonists of PDGFRB, VEGFR and Tie-2 may reinforce PC-EC
interactions, restricting vascular sprouting and preventing tumour angiogenesis
(Meng et al., 2015).
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1.5. Mouse models for studying vascular development in

physiology and pathology

Several models are used to study angiogenesis, its mediators and new
therapeutic targets. Frequently used in vitro models are: 1) the transwell
chemotactic assays; 2) cell migration in scratch assays; 3) EC proliferation
assays; 4) network formation in Matrigel®; and 5) three-dimensional
angiogenesis assays such as the aortic ring. However, most of those in vitro
tests focus on isolated steps of angiogenesis and do not fully recapitulate
physiological conditions such as blood flow and the variety of EC’s origin
(Pitulescu et al., 2010). Therefore, to improve these limitations and attempt to
accurately recapitulate angiogenesis, in vivo assays started to be used. The
most common model systems for studying physiological and pathological
angiogenesis are mouse and zebra-fish embryos, postnatal mouse retinas and

a variety of tumour models (Pitulescu et al., 2010).

1.5.1. Retinal model

In the retina blood vessels, they undergo extensive changes during
development. During gestation, the hyaloid vasculature supplies the inner eye
and lens with nutrients and oxygen. Immediately after birth, these hyaloid
vessels start to regress and a new vascular plexus starts to forms rapidly on top
of a pre-existing migratory astrocyte plexus (Fruttiger et al., 1996). Retinal
astrocytes are the main VEGF-A source in response to local hypoxia, and
thereby are crucial for retinal vascular development (Alon et al., 1995).

The mouse retinal vasculature develops from birth until postnatal day 7
(P7) (Figure 1.11), where the endothelial network extends gradually from the
capillary ring at the optic nerve disc, sprouting radially toward the periphery.
Sprouting, EC proliferation and migration initially lead to a primitive vascular
plexus, which later undergoes substantial remodelling and matures vascular

plexus, composed by a hierarchical vascular tree of arteries, veins and
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interconnecting capillaries (Adams and Alitalo, 2007; Pitulescu et al., 2010;
Rocha and Adams, 2009).

M Sprouting front

B Plexus zone

B Atery
B Vein

B Peri-arterial zone:
pruning and
arterialisation

Bl Peri-venous
zone: secondary
sprouting and
proliferation

Arterial blood Venous blood
flow flow

Figure 1. 11. Figure 3.6 Growth of retinal blood vessels. (A). Schematic presentation of
retina development and confocal images of isolectinB4 (green) labeled retinas are shown to the
right. The top view shows a representative image of retinal vascular plexus at post-natal day 1
(P1), where the primary vascular network is growing in the fiber layer of the retina. White arrows
in P1 and P5 images show sprouting happening towards the retinal periphery. At P8, sprouting
occurs into deeper layers of the retina (arrows) (Gerhardt et al., 2003). (B). Summary of the
differentiated zones within the developing retinal vascular plexus. (1) In the sprouting zone,
directional extension of tip cells and filopodia promote vascular growth along a gradient of
matrix-bound VEGF-A released by astrocytes in response to hypoxia. (2) Plexus zone,
integrated by a perfused but primitive vascular bed. Limited sprouting occurs in this zone.
Conversely, ECs located at this region are highly proliferative. (3) Artery zone, characterized for
a high pressure blood flow. (4) Vein zone, characterized for a low pressure blood flow. (5) The
peri-arterial zone is characterized for the presence of few side branches, as a consequence of
strong pruning. The process of arterialisation also takes place in the peri-arterial zone. (6) The
peri-venous region is characterized to be a highly branched region, due to secondary sprouting
and ECs proliferation (Adapted from (Roca and Adams, 2007)).

After the initial two-dimensional vascular growth period, sprouting into the
deeper retinal layers begins and within the next 1-2 weeks, depending on the
mouse strain, deep and intermediate vascular plexuses are completely formed
(Figure 1.11 A). (Connor et al., 2009; Pitulescu et al., 2010) Thus, the retinas

are very attractive models to study, both physiological and pathological
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angiogenesis, as it allows to follow the processes in a single system at various
stages of postnatal life (Connor et al., 2009). Therefore, vessel formation,
maturation and specialization are examples of vascular processes that can be
studied and analysed through immunostaining of the retina using several
markers that mediate the vascular development (Figure 1.11 B) (Gerhardt et al.,
2003).

Mouse genetics has allowed tissue-specific control of gene deletion,
facilitating the study of different aspects of the angiogenic processes under
genetically modified conditions. The Cre-loxP strategy is one of the best gene
deletion techniques in vivo. This strategy involves the insertion of two loxP sites
around a critical gene region that is recognized as a substrate by a site-specific
DNA recombinase Cre leading to the deletion of the flanked DNA segment,
generating a non-functional and inactivated allele. Temporal control of the
deletion can be incorporated using tamoxifen-inducible versions of the Cre
(CreERT) (Pitulescu et al., 2010). Consequently, the mouse retinal model
combined with the advanced gene modification techniques, offer an excellent
tool to uncover the contribution of a variety of genes in different aspects of
vascular development (Pitulescu et al., 2010).

1.5.2. The RIP1-Tag2 transgenic mouse model

The RiplTag2 is a transgenic mouse model of pancreatic neuroendocrine
tumours (PNETSs) that is frequently used to study several aspects of tumour
angiogenesis. In this model, the simian virus 40 large T-antigen (Tag) oncogene
is expressed under the control of the rat insulin gene promoter (Rip), leading to
the development of insulin-producing B-cell carcinoma (insulinoma) in the islets
of Langerhans in the pancreas (Hanahan, 1985). In these animals a normal
Tag oncogene expression starts within the pancreatic embryonic development,
where it is expressed in all B-cells in the islets of Langerhans (approximately
400 islets in the pancreas). However, 4 weeks after birth the p—cells start to
proliferate extensively, followed by hyperplasia and dysplasia of the islets
(Bergers et al., 1999; Hanahan, 1985). Approximately 50% of the islets develop
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into hyperplastic and dysphasic islets during the first 5 weeks (Figure 1.12).
Then, about 8-12% of these hyperplastic islands become angiogenic,
presenting an active vasculature due to the induction of “angiogenic switch” (7-
10 weeks after birth). This switch of angiogenesis in the Langerhans islets is
characterized by EC proliferation and migration, vascular dilation and a micro-
haemorrhage, leading to the reddish colour that these angiogenic islets present.
A few weeks later (10-12 weeks of age) around 3% of the islets become
encapsulated adenomas that are necessary for further development into
invasive tumors (carcinoma). Therefore, approximately 25% of these adenomas
progress to invasive carcinoma, highly vascularized, with hemorrhagic dilated
vessels. These invasive carcinomas then start to metastasize, mainly to the
liver and pancreatic lymph nodes. Finally, at approximately 13-15 weeks of age,
mice die due to severe hypoglycemia (Bergers et al., 1999; Bill and Christofori,
2016; Hanahan, 1985).

Large Tumour/
Small Tumour Invasive
Carcinoma

Pre-Angiogenic
Hyperplasia/
Dysplasia

Angiogenic
Dysplasia

<5 weeks 5-7 weeks 7-12 weeks 12-14 weeks
2-4%

100% ~ 50% 10%
Normal islets Hyperplastic islets Islets/ angiogenic tumours tumours
L 1 1 ] I ]
I 1 I 1 ' 1
Prevention Intervention Regression
5-10 weeks 10-13.5 weeks 12-? weeks

Figure 1.12. The tumour progression of RIP1-TAG2 mice model. In RIP1-TAG2 mice
normal insulin-producing 8 cells of the pancreatic islets are converted into islet cell carcinomas
under the influence of the SV40 T antigen (Tag). In this model the normal Langerhans islet
express the Tag oncogene and are morphologically asymptomatic until 3 to 4 weeks of age.
Hyperplastic islets then begin to appear stochastically displaying B-cell hyperproliferation and
features of dysplasia and carcinoma in situ. Angiogenic islets arise from hyperplastic/dysplastic
islets by switching on angiogenesis in the normally quiescent islet capillaries. Solid tumours
arise at 10 weeks as small encapsulated tumours (adenomas) that progress by 12 to 13 weeks
into large adenomas and (less frequently) invasive carcinomas, both of which are intensely
vascularized by dilated hemorrhagic vessels (Adapted from (Bergers et al., 1999)).
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Therefore, the RiplTag2 model has revealed important insights into the
tumor progression, angiogenesis and metastasis. Moreover, the use of this
model has allowed the validation of eligible biological or pharmacological anti-
angiogenic compounds, some of which have been subsequently successfully
implemented into clinical practice (Bergers et al., 1999; Bill and Christofori,
2016; Bill et al., 2015; Casanovas et al., 2005).

1.6. PI3K signalling pathway

Phosphoinositide 3-kinases (PI3Ks) signalling is a key regulator of
different cellular processes including cell cycle progression, cell growth,
survival, migration, and intracellular vesicular transport. Due to its clear
importance at biological level, this pathway is also implicated in the aetiology
and maintenance of various diseases, most prominently in cancer, overgrowth
syndromes, inflammation and autoimmunity, with emerging potential roles in

metabolic and cardiovascular disorders (Vanhaesebroeck et al., 2010, 2016).

PI3Ks are members of a conserved family of lipid kinases located in the
cellular membrane that share a common and defining feature, which is their
ability to phosphorylate the 3-hydroxyl group of the inositol ring of
phosphatidylinositol (PtdIns) lipid substrates. There are three possible lipid
substrates of PI3K: Ptdins, Ptdins-4-phosphate (Ptdins4P) and Ptdins-4,5-
bisphosphate (PtdIins(4,5)P,). These 3-phosphoinositides coordinate the
localization and function of multiple effectors proteins including: adaptor
proteins, protein kinases (e.g. phosphoinositide-dependent kinase 1 and
AKT/PKB) and nucleotide-exchange factors or GTPase-activating proteins
(GAPs) for GTPases of the Rho, RAS and Arf families, resulting in their
activation. These effector proteins bind the lipids through specific lipid binding
domains: the pleckstrin homology (PH) domain, the phox homology (PX)
domain and the FYVE domain (Vanhaesebroeck et al., 2010).

Based on their structure, substrate preference, distribution, mechanism of

activation and functions PI3Ks in mammals are divided into three classes: class
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I, class Il and class Il (Figure 1.13) (Jiang and Liu, 2009; Vanhaesebroeck et
al., 2010).

Lipid substrate in vivo Catalytic subunit Regulatory subunit
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Figure 1.13. PI3Ks family. PI3K are divided into three classes based on their structural and
biochemical characteristics. All PI3K catalytic subunits have a PI3K core structure formed by a
C2 domain, a helical domain and a catalytic domain. (a) Class | PI3Ks are formed by a p85
regulatory subunit (for p110a, p110B and p1108) or p101 or p87 regulatory subunit (for p110y).
All p85 isoforms have two Src homology 2 (SH2) domains and p101 and p87 lack this SH2
domains. (b) Class Il PI3Ks lack regulatory subunits but have amino- and carboxy-terminal
extensions to the PI3K core structure, which could mediate protein—protein interactions.(c)
Class Il PI3K has one catalytic member, vacuolar protein sorting 34 (Vps34 and to binds
Vps15. Vpsl5 consists of a catalytic domain (which is thought to be inactive), HEAT domains
(which probably mediate protein—protein interactions) and WD repeats, which have structural
and functional characteristics similar to a G subunit (Vanhaesebroeck et al., 2010).

The class | PI3Ks works as heterodimers formed by a p110 catalytic sub-
unit and a regulatory sub-unit. Depending on their ability to bind p85-type
regulatory sub-units class | PI3Ks are subdivided into class IA (that binds to
p85) and class IB (that does not bind to p85) (Graupera and Potente, 2013).
The class IA is formed by three catalytic sub-units: p110a, B and & (encoded by
three distinct genes: PIK3CA, PIK3CB, and PIK3CD, respectively). These
isoforms can associate with any of the five regulatory sub-units: p85a (and its
splicing variants p55a and p50a, encoded by PIK3R1), p85B (encoded by
PIK3R2) and p55y (encoded by PIK3R3), collectively called p85-type regulatory
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sub-units (Thorpe et al., 2015). On the other hand, class IB PI3Ks is composed
of the solely p110y catalytic sub-unit (encoded by PIK3CG) and differs from the
class IA PI3K by binding to one of the two regulatory sub-units p101 (encoded
by PIK3R5) and p87 (also known as p84 or p87PIKAP, encoded by PIK3R6),
which have no homology to p85 sub-unit. In mammalian cells, class | PI3Ks are
present in all cell types, being p1105 and p110y highly enriched in leukocytes
(Graupera and Potente, 2013) .

This class is mainly characterized by their catalytic activity in response to
receptor tyrosine kinases (RTKs), G protein-coupled receptors (GPCRs) and
RAS proteins, however it can also function as scaffolds for other proteins
(Figure 1.14) (Jean and Kiger, 2014; Vanhaesebroeck et al., 2010).

The Class Il PI3Ks is the least understood. Little is known about their
mechanism(s) of action, specific downstream effectors and functional roles in
cells, and exhibits relative resistance to PI3K inhibitors. In mammals this class
counts with three isoforms: PI3K-C2a, PI3K-C23 and PI3K-C2y. PI3K-C2a and
PI3K-C2B are expressed in a large amount of tissues (but not ubiquitous),
whereas the expression of PI3K-C2y seems to be more restricted
(Vanhaesebroeck et al., 2010). The class Il are constitutively associated with
intracellular membranes and unlike class I, it is only formed by a single catalytic
sub-unit, lacking the binding site for regulatory sub-unit recruitment. These sub-
units possess a RAS binding domain and a PI3K core domain, and are
constitutively associated with intracellular membranes. In the absence of an
activating signal, class Il PI3Ks predominantly localize to endosomes where
they generate Ptdins(3)P for effectors molecules through PX and FYVE binding
domains. In addition RTKs and GPCRs have also been reported to activate
class Il PI3Ks (Figure 1.14) (Graupera and Potente, 2013).

Class lll PI3Ks is formed by the only catalytic member, VPS34. VPS34
activity can be regulated by nutrients such as amino acids and glucose, and by
GPCRs. (Vanhaesebroeck et al., 2010). This catalytic member, is constitutively
bound to VPS15, a serine/threonine kinase, which acts as a regulatory sub-unit.
The lipid kinase activity of VPS34 generates Ptdins(3)P and has been involved
in vesicular trafficking, autophagy and nutrient signalling (Figure 1.14)
(Graupera and Potente, 2013).
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Figure 1.14. Classes of mammalian PI3Ks. Mammalian PI3Ks are grouped in three classes
based on their structure and substrates characteristics. The Class | use PtdIns(4,5)P, as a
substrate forming Ptdins(3,4,5)P, and consist of four catalytic subunits p110a, p110B and
p1108 that are bound to the p85 regulatory subunit and p110y connected with p101 or p87
regulatory subunit. PI3Ks can be activated by several extracellular stimuli, being that p110a and
p1100 are preferentially activated by receptor tyrosine kinases (RTK), whereas p110B is
activated by G-protein coupled receptors (GPCRs) and RTKs and p110y is mainly activated by
G-proteins. Class Il and Class Ill PI3Ks are localized in membrane and produce PtdIns(3)P.
Class Il PI3Ks consist of a single p110-like catalytic subunit and VPS34 the only isoform in
class Il is constitutively bound to its regulatory subunit VPS15.The signals that activate class I
and class Il PI3Ks are not fully understood. It is thought that class Il can be activated by RTKs
and GPCRs, while class Ill can be regulated by GPCRs and nutrient availability (Graupera e
Potent., 2013).

1.6.1. Class | PI3K

Class | as described previously can be divided into two different classes:
class IA and class IB. Under basal conditions, class IA PI3Ks are thought to
exist mainly as heterodimers, with the regulatory and catalytic sub-units
constitutively bound to each other (Kok et al., 2009), and seems that both the
catalytic (Yu et al., 1998a) and the regulatory sub-units (Brachmann et al.,
2005a; Zhao et al., 2009).

Therefore, in quiescent cells, a pre-existing p85—p110 complex is cytosolic and

2006) are unstable as monomers (Kok et al.,

pl10-encoded PI3K activity is repressed. It is known that p85 regulatory sub-
units at least have three regulatory functions: 1) the stabilization of the p110
catalytic sub-unit, avoiding their degradation, 2) the inactivation of their kinase

activity in the basal state and 3) the recruitment to phosporilated Tyr (pTyr)
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residues in receptors and adaptor molecules (Mellor et al., 2012;
Vanhaesebroeck et al., 2010). In response to upstream activating signals
ligand-activated RTKs or GPCRs at the plasma membrane recruit the p85-p110
complex via two SH2 domains present in p85 that binds to specific
phosphorylated tyrosine residues (Tyr-Y-X-X-Met motif) in activated receptors
or associated adapter proteins. This binding allows the relive of p85 from the
complex leading to the activation of p110 proteins and their connection with lipid
subtracts in the membrane (Vanhaesebroeck et al., 2010). In the class IA PI3K,
p110a and p1108 are more associated with RTKs and RAS protein whereas,
p110B can bind to both RTKs and to GBy sub-units of GPCRs and appears to
act as an integrator of signalling through both pathways (Yuan and Cantley,
2010).

In the case of class IB, there is only one catalytic sub-unit p110y that can
form two heterodimeric PI3Ky variants, p87—p110y and p101—p110y. The p101
and p84 regulate p110y signalling, being important in the relay of signals by
GBy and RAS. These isoforms are encoded by two separate genes, and are
highly expressed in leukocytes (Kok et al., 2009; S et al., 2005; Voigt et al.,
2006). Moreover, they have a distinct tissue distribution, respond differentially to
upstream signals and generate distinct pools of PIP3. PIP3; generated by p101—
p110y, unlike that generated by p87—p110y, it is rapidly endocytosed to motile,

microtubule-associated vesicles (Vanhaesebroeck et al., 2010).

The small GTPase RAS can be activated by tyrosin kinases and GPCRs
leading to the activation of class | PI3K. In fact, RAS can promote signalling by
p110a and p110y through direct interaction with a RAS binding domain (RBD)
found in pll0 catalytic sub-units (Graupera and Potente, 2013;
Vanhaesebroeck et al., 2010).

Class | PI3K activation leads to the phosphorylation of the
phosphatidylinositol 4,5-bisphosphate (PIP,;) producing phosphatidylinositol
3,4,5-tryphosphate (PIP3) in the membranes in which they are activated
(Graupera and Potente, 2013; Vanhaesebroeck et al., 2010). PIP3 is mainly
generated at the plasma membrane, however it might also be present in
endosomes and the nucleus (Lindsay et al.,, 2006). PIP3; coordinate the

localization and function of multiple effector proteins, such as Ser/Thr and Tyr
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protein kinases (like AKT and BTK, respectively), adaptor proteins (such as
GAB2) and regulators of small GTPasa (GAPs and GEFs) (Lemmon, 2008;
Vanhaesebroeck et al., 2001, 2010).

Moreover, PIP3 signalling is regulated by the lipid phosphatases tensin
homologue deleted on chromosome ten (PTEN) and Src-homology 2 (SH2)
domain-containing inositol 5’-phosphatase (SHIP), which convert this lipid to
phosphatidylinositol 4,5-bisphosphate (Ptdins(4,5)P2) and phosphatidylinositol
(3,4)-bisphosphate (Ptdins(3,4)P2), respectively, and therefore functionally
antagonizes PI3K activity (Parsons, 2004; Vanhaesebroeck et al., 2005).

1.6.1.1. Signalling inputs and isoform specificity

Class | PI3K catalytic isoforms have several similarities: 1) they share a
conserved domain structure; 2) they use the same lipid substrates; and also 3)
generate the same lipid products. However, despite the similarities its
increasing evidence that they mediate PI3K signalling in different ways in both,

physiological and pathological contexts.

Input through RTKs. Specific growth factor ligands connect with RTKs
leading to their dimerization, activation and auto-phosphorylation of tyrosin-
containing YXXM motifs. Class IA p110-p85 heterodimers cooperate with these
activated receptors through the interaction of p85-SH2 domains with the
phosphorylated YXXM motifs (Rameh et al., 1995; Yu et al., 1998a, 1998b). All
class IA isoforms (PI3Ka, PI3KB, and PI3Kd) can interact with activated RTKs.
However, several pharmacological or genetic studies using isoform-selective
inactivation strategies have shown that loss of p110a activity was sufficient to
block PI3K signalling after RTKs activation (Foukas et al., 2006; Graupera et al.,
2008; Knight et al., 2006; Sopasakis et al., 2010; Utermark et al., 2012; Zhao et
al., 2006), and that p110p had only a slight effect after acute RTK activation
(Ciraolo et al., 2008; Guillermet-Guibert et al., 2008a; Jia et al., 2008a). It has
also been shown that p1100 is the primary isoform downstream of RTKs in
leucocytes (where they are mainly expressed), mast cells and macrophages (Ali
et al., 2004; Geering et al., 2007; Papakonstanti et al., 2008). It was suggested
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that the differential expression of the catalytic isoforms in a particular tissue
might dictate which of these isoforms are dominant in mediating RTK signalling.
However, differential expression does not completely explain the isoform
specificity as in many tissues p110B levels are comparable to, or even higher

than, levels of p110a (Geering et al., 2007).

In a study of Utermark et al it was described that while p110a inactivation
blocks normal mammary development and mammary tumorigenesis driven by
polyoma middle T (PyMT) or HER2, p1108 inactivation increased mammary
gland outgrowth and accelerated tumour formation driven by oncogenic RTKs.
Biochemical analyses also showed that in p1108 knock-out cells, the activated
RTKs had more bound to p110a and higher associated lipid kinase activity.
Moreover, the pharmacologically inactivation of p110f could still compete with
p110a for binding sites on activated receptors, slightly reducing signalling and
tumour growth. To explain this negative role a competition model was
suggested: p110a may have higher lipid kinase activity than p1108 when
associated to RTKs. Thus, less-active p110B competes with the more active
p110a for receptor-binding sites, leading to a decrease of lipid kinase activity
associated with these receptors (Thorpe et al., 2015; Utermark et al., 2012).

The PI3K class-IB might also function downstream of RTKs through the
regulatory isoform p87 in mouse myeloid cells mediating p110y activation
(Schmid et al., 2011; Thorpe et al., 2015).

Input through GPCR. GPCRs are a family of receptors composed by
seven-transmembranar domains that transmit their intracellular signalling
through the allosteric activation of heterotrimeric G proteins. The G proteins are
formed by Ga and GBy sub-units (Thorpe et al., 2015). GBy sub-units directly
activate p110B and p110y, but not p110a and p1108 (Vanhaesebroeck et al.,
2010). In fact, both p110B and p110y isoforms have a similar region in the C2-
helical domain linker that bind to GBy sub-units and that is not present in other
class IA isoforms (Vadas et al., 2013). Abrogation of p1108—-Gy interaction,
blocked p110B-mediated signalling downstream of GPCRs, and leads to
inhibition of proliferation and invasiveness in cancer cells (Zhao et al., 2003).
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In the p110y isoform, p101 regulatory sub-unit is the main regulatory
isoform in GPCR signalling and both p110y and p101 interact directly with GBy
heterodimers (Schmid et al., 2011; Thorpe et al., 2015). However, also p87
regulatory isoform can increase the activation response to GBy (Brock et al.,
2003; S et al., 2005; Stephens et al., 1997). Different studies have shown that
p110y-mediated signalling may contribute to tumorigenesis via GPCR
dependent mechanisms (Schmid et al., 2011, 2013).

Although p1106 does not directly interact with G proteins, unknown
GPCRs can also activate Tyr kinases and RAS, which could in turn activate
class | PI3K isoforms that are not directly responsive to GBy sub-units, such as
p1106 (Durand et al., 2009; Reif et al., 2004; Saudemont et al., 2009;
Vanhaesebroeck et al., 2010).

Input through RAS and other small GTPases. All class | PI3K catalytic
isoforms have an amino-terminal RAS-binding domain (RBD), allowing them to
interact with RAS GTPases or other RAS super family members (Thorpe et al.,
2015). Activated or oncogenic RAS protein can directly activate p110a and
p110y catalytic isoforms, and the RAS family member TC21 (also known as
RRAS2) can also lead to p11006 activation (Delgado et al., 2009; Rodriguez-
Viciana et al., 2004).

Apparently, p85—p110a complexes are only responsive to RAS following
the activation of Tyr kinase pathways. The p85 regulatory sub-unit can inhibit
RAS-mediated p110a activation, and this blockade can only be released when
the SH2 domains of p85 are connected with pTyr complexes (Jimenez et al.,
2002).

In the case of p110y isoform, the association with RAS leads to the
translocation of p110y to the membrane and increases its kinase activity (Kurig
et al., 2009; Pacold et al., 2000). The activation of p110y through RAS seems to
be mediated by the regulatory sub-unit p87 and not p101 (Kurig et al., 2009) in
fact, disabling the RBD of p110y in mice blocks the responsiveness of p110y to
GPCRs more than deleting the p101 regulatory sub-unit of p110y does (Suire et
al., 2006).
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Although p1108 was shown to bind to RAS in vitro (Fritsch et al., 2013;
Vanhaesebroeck et al., 1997), some studies indicated that p110d kinase activity
was not stimulated by HRAS, NRAS or KRAS, but instead by RRAS and TC21.
Also, TC21-KO mice had diminished PI3K activity and recruitment of p11006to T
cell receptors (TCRs) and B cell receptors (BCRs), suggesting that p110d
activity may be regulated by additional RAS sub-family members (Delgado et
al., 2009).

In the case of the p110p isoform, activation through RAS is less clear. In
vitro studies suggested that the kinase activity of p1103 was not stimulated by
any RAS subfamily members (Rodriguez-Viciana et al., 2004), instead this
isoform is regulated by RAC1 and CDC42 RHO family GTPases (Fritsch et al.,
2013). Direct interactions between the p1103 RBD and RAC1 are important for
GPCR-mediated activation of p110p, both GBy and RHO GTPase cooperate to
promote p110B-mediated signalling (Fritsch et al., 2013). Remarkably, RAC1
and CDC42 can also be activated downstream of PI3K by Ptdins(3,4,5)P3-
dependent guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs) (Klarlund et al., 1997; Krugmann et al., 2002; Welch et al.,
2002).

1.6.1.2. Signalling outputs and downstream effectors

Following activation, class | PI3Ks generate PIP3 lipid at the plasma
membrane, which will induce the recruitment and activation of several effector
proteins that bind to the lipid through a pleckstrin homology (PH) domain (the
most predominant), Phox (PX), C1, C2 and other lipid-binding domains,
regulating many aspects of cell function. These effectors proteins include
Ser/Thr and Tyr protein kinases (such as AKT and BTK, respectively), adaptor
proteins (such as GRB2 associated binding GAB1 and GAB2, TAPP1, and
DAPP) and regulators of small GTPases (GAPs and GEFs) (Vanhaesebroeck
et al., 2001, 2010, 2012). Also PI3K can control intermediates that are not
present at the cell membrane, but drive gene expression programs in the

nucleus. This is the case of Forkhead box O (FOXO) transcriptor factors, that
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are directly regulated by PI3K activity through AKT dependent phosphorylation
(Figure 1.15) (Graupera and Potente, 2013; Oellerich and Potente, 2012).
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Figure 1.15. Downstream class I-PI3K signalling. Upon receptor tyrosine kinase (RTK) or
G-protein coupled receptor (GPCR) activation, class | PI3Ks are recruited to the plasma
membrane by interaction with phosphorylated YXXM motifs on RTKs or their adaptors, or with
GPCR-associated GBy subunits. In the membrane they phosphorylate PIP, into PIP; leading to
the activation of a number of AKT-dependent and AKT-independent downstream signalling
pathways; these regulate several cellular functions, such as growth, metabolism, motility,
survival. The PTEN lipid phosphatase removes the 3" phosphate from PIP3 to inactivate class |
PI3K signalling and thus regulating its effect.

AKT a close partner. The Ser/Thr kinase AKT is the major downstream
mediator of the PI3K effects. To date, three AKT isoforms were described,
which are encoded by different genes: the AKT1 (PKBa), the AKT2 (PKBg) and
the AKT3 (PKBy) (Alessi et al., 1996; Blume-Jensen and Hunter, 2001,
Hennessy et al., 2005). Some evidence points out that these isoforms have
differential effects: AKT1 promotes growth and survival whereas, AKT2 controls
cellular invasiveness and mesenchymal characteristics (Dummler et al., 2006;
Paz-Ares et al., 2009; Mundi et al., 2016).

The PH domain in the N-terminal region of AKT interacts with 3'-
phosphoinositides, contributing to recruitment of AKT to the plasma membrane.

The AKT recruitment results in conformational changes exposing two crucial

77



1. Introduction

amino acids, the threonine 308 and the serine 473, which need to be
phosphorylated to AKT activation. The threonine 308 is phosphorylated by the
constitutively active phosphoinositide-dependent kinase 1 (PDK1), stabilizing
the activation loop; whereas, PDK2 leads to the phosphorylation of the serine
473 in the hydrophobic C-terminal domain promoting the AKT full activation
(Alessi et al., 1996; Blume-Jensen and Hunter, 2001; Hennessy et al., 2005).
PDK1 itself is activated by PIP3, while PDK2 has been recently identified as a
member of the mammalian target of rapamycin complex (nMTORC) 2 (Hennessy
et al., 2005; Sarbassov et al., 2005; Mundi et al., 2016). Phosphorylated AKT
(p-AKT) represents the active form (Mundi et al., 2016). Following activation,
AKT ultimately results in cell survival, proliferation, growth and metabolism,
promoting the phosphorylation and consequent activation of a vast number of
downstream effectors (Ji et al., 2014; Mundi et al., 2016).

AKT controls cell survival promoting the down-regulation of pro-apoptotic
factors such as BAD, procaspase-9 and Forkhead (FKHR). In addition, several
anti-apoptotic genes are also up-regulated upon AKT activation, including
cyclic-AMP response element-binding protein (CREB), IkB kinase (IKK) leading
to the phosphorylation of IkB (inhibitor of NF-kB) that ultimately results in its
proteasomal degradation and NF-kB nuclear localization. Activation of AKT also
leads to MDM2 phosphorylation and its translocation to the nucleus, where it
decreased the tumour protein 53 (p53). The p53 protein is a tumour suppressor
protein responsible for cell-cycle arrest and apoptosis. Thereby, reduced p53
levels upon AKT activation result in pro-growth and pro-survival signals (Carroll
et al., 1999; Hennessy et al., 2005; McCann et al., 1995; Sherr and Weber,
2000). Also, PI3K/AKT signalling directly controls FOXOs transcriptor factors. In
the absence of active PISK/AKT, FOXOs localized in the nucleus promote cell
cycle arrest, reactive oxygen species detoxification and programmed cell death.
Upon PI3K activation, FOXO isoforms are directly phosphorylated by AKT
protein, which results in their nuclear exclusion and proteasomal degradation
(Graupera and Potente, 2013; Oellerich and Potente, 2012).

PI3K AKT-mediated also controls cell growth through the induction of
insulin-stimulated protein synthesis by phosphorylating tuberous sclerosis 2

(TSC2) at serine 939 and thus activating mTORC1 signalling (Huang and
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Manning, 2008). When AKT phosphorylate TSC-2 inhibits its function, allowing
the RAS homologue enriched in brain (RHEB) protein to activate mTROCI1.
This activation of mMTORCL1 leads to the phosphorylation of 4E-binding protein 1
(4E-BP1) and P70-S6 kinase 1, which are both crucial to ribosomal protein
synthesis (Manning and Cantley, 2007). AKT can also directly activate
MTORCL1 independently of TSC-2 (Vander Haar et al.,, 2007), inducing the
phosphorylation of proline-rich AKT substrate (PRAS40) and the subsequent
activation of mTORC1, independently of TSC-2 (Bhaskar and Hay, 2007).

AKT can directly stimulate cell proliferation by preventing the nuclear
localization of the cell-cycle arresters p27 and p21 and thus attenuating its cell-
cycle inhibitory effects, such as apoptosis and senescence (Manning and
Cantley, 2007; Sekimoto et al, 2004). Moreover, AKT-mediated
phosphorylation of GSK-3A at Ser21 and GSK-3B at Ser9 results in inhibition of
GSK-3 kinase activity (which controls cyclinD1 proteasome degradation),
resulting in the up-regulation of cyclin D1 and consequent cell proliferation
(Shimura et al., 2012). The AKT dependent inhibition of TSC-2 can also
promote the stability of some cyclins and transcription factors that results into
cell-cycle progression (Manning and Cantley, 2007).

AKT activity have been associated with cell migration and invasion, a
mechanism that apparently is cell specific, in which AKT play different roles
among the different cell types. In epithelial cells, activation of AKT1 leads to the
degradation of the nuclear factor of activated T cells (NFAT) transcriptor factor
by an unknown mechanism, resulting in the decreased epithelial cell migration
(Irie et al., 2005; Yoeli-Lerner et al., 2005). Also loss of AKT1, but not AKT2,
results in an increased activation of ERK1 and ERK2, which was found to be
required for enhanced migration (Hutchinson et al., 2004). Mouse tumour
models have suggested that AKT1 inhibits metastases (Hutchinson et al.,
2004), whereas AKT2 promotes metastases (Arboleda et al., 2003). In
fibroblasts, an opposite mechanism has been proposed, with AKT1 promoting
migration and with AKT2 inhibiting it (Zhou et al., 2006). Similarly, in ECs, AKT1
but not AKT2 play an important role in migration through regulation of NO
signalling pathway (Zhou et al., 2006). These facts demonstrate both the

importance of crosstalk between the PI3SK-AKT pathway and other pathways,
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and also the AKT isoform specificity among the different cell types (Manning
and Cantley, 2007).

Downstream signalling beyond AKT. AKT activation is usually
concomitant with PI3K activation, however this is not always the case, and there
are exceptions to this paradigm. Other PH domain-containing effector proteins
in the class | PI3K signalling where identified, including GEFs and GAPs for
small GTPases of the RHO, RAC, RAS and ADP-ribosylation factor (ARF)
families, together with several protein kinases and signalling adaptors. These
molecules can regulate PI3K-mediated signalling in an isoform dependent
manner (Vanhaesebroeck et al., 2010, 2012). For example, RAC is positively
regulated by all PI3K isoforms, RhoA is negatively regulated by p1108 (Eickholt
et al.,, 2007; Papakonstanti et al., 2008, 2008) and is not affected by p110a
(Graupera et al., 2008). Also, in 3T3-L1 adipocytes p110B isoform function
independent of AKT. Upon insulin stimulation on this cells, AKT phosphorylation
still occurs after PIP; and PIP, substantial reduction due to p110B inhibition
(Knight et al., 2006). Moreover, there is no a strict correlation between p110a
mutations and the activation of AKT. Certain tumours with activating mutations
in p110a (encoded by PIK3CA gene) do not exhibit increased levels of AKT
phosphorylation (Vasudevan et al., 2009). Therefore, the role of individual PI3K
isoforms is not fully understood, and other effectors beyond AKT can also play
pivotal roles in cell signalling transduction mediating important cellular

processes.

1.6.1.3. Regulation by PTEN

Phosphatase and tensin homologue deleted on chromosome ten (PTEN)
was first described as a tumour suppressor protein with a highly regulated gene
transcription that contained an intrinsic tyrosine phosphatase activity (Li and
Sun, 1997). In a variety of tumours, including those of the brain, breast, and
prostate PTEN is frequently lost from a region of chromosome 10923 (Li et al.,
1997; Steck et al., 1997). Moreover, PTEN is one of the most frequently
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mutated genes in human cancer, and its inactivation occurs in several types of

tumours (Carracedo et al., 2011).

PTEN function as both, a specific protein and a lipid phosphatase, and its
primary cellular substrate is the second messenger PIP3, which hydrolyzes to
PIP, (Hopkins et al., 2014; Li and Sun, 1997; Stambolic et al., 1998). Therefore,
PTEN antagonize PI3K-mediated signalling of growth, proliferation, survival and
migration, by inhibiting PIP3; dependent processes such as the membrane
recruitment and activation of AKT. PTEN thus occupies a critical node for the

inhibition of oncogenic transformation.

Apart from its lipid phosphatase activity, PTEN presents PIP;-independent
functions, such us the protein phosphatase activity that is critical for the
inhibition of cellular migration, invasion and focal adhesion formation by
dephosphorylate the focal adhesion kinase (FAK) (Leslie et al., 2007).
Moreover, in glioma cells the protein phosphatase activity of PTEN is essential
to induce PTEN phosphorylation and inhibit cellular migration (Raftopoulou et
al., 2004) where it can be also involved in the regulation glioma cell migration by
inhibition of Src family kinases (Dey et al., 2008). In addition, PTEN
phosphatase activity blocks the phosphorylation of the nitrogen-activated
protein kinase (MAPK), impairing its activation, leading to reduced levels of
nuclear cyclinD1 and thus inhibiting cell-cycle progression (Planchon et al.,
2008; Weng et al., 2001). PTEN also presents nuclear functions, where several
proteins have been shown to affect PTEN nuclear localization, thereby
impacting PTEN’s ability to act in the nucleus and promote genomic stability
(Mayo and Donner, 2002; Song et al., 2012).

Additionally to its function as a lipid and protein phosphatase, PTEN has
also been proposed to exert other functions unrelated to its phosphatase
activity. In pathological situations PTEN is down-regulated promoting
methylation in thyroid, breast, lung, endometrial, ovarian, gastric, and brain
tumours (Song et al., 2012), suggesting that these other functions of PTEN can
also control several cellular processes. PTEN was also found silenced by the
expression of a number of micro-RNAs and non-coding RNAs (Song et al.,
2012).
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PTEN ubiquitination by NEDD4-1 leads to PTEN nuclear import (Wang et
al., 2007). In the nucleus, PTEN interacts with anaphase-promoting complex or
cyclosome (APC/C) (Song et al., 2011), facilitating its association with its co-
activator CDHL1 that recognize and recruit specific targets of the APC/C complex
for degradation. The APC/C targets include mitotic cyclins (cyclin A and B),
mitotic kinases (Aurora kinases, PLK1, Nek2A), proteins involved in
chromosome segregation (Securin, Sgol), DNA replication proteins (Geminin,
Cdc6), F-box protein (SKP2) and transcription factors (Ets2, FoxM1) (Manchado
et al., 2010), therefore nuclear PTEN regulate cell-cycle progression.

1.7. PI3K and angiogenesis

Several studies have been published in the last decades revealing the
importance of PI3K signalling during the vascular development, both in
physiological and in pathological process. Moreover, PI3K affects not only ECs
but also MCs, macrophages and immune cells, being the class | PI3K the most
relevant and intensively study in this context. Therefore, class | PI3K isoforms
are key integrators of angiogenic signalling. However, the isoform specificity in
the different cell types and also the mechanisms in which the pro-angiogenic
signals integrate PI3K signalling to achieve a correct cellular response, need to
be further elucidated (Soler et al., 2015).

1.7.1. Class | PI3K and regulation of EC biology

Signal inputs of class I. Cell-based studies have demonstrated that PI3K
signalling can be activated downstream of different proteins including: the
VEGF family (namely VEGF-A and VEGF-C), the Angl and Ang2 proteins, VE-

cadherin, DIl4, and ephrins, among others (Graupera and Potente, 2013).

VEGFs family is formed by three receptors (VEGFR1/FLT1,
VEGFR2/FLK21 and VEGFR3/FLT4) and five ligands (VEGF-A, VEGF-B,
VEGF-C, VEGF-D and PIGF) (Potente et al.,, 2011). PI3K can be active and
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signal transduce downstream of VEGFR2 (upon VEGF-A stimulation) and
VEGFR3 (upon VEGF-C stimulation), but not VEGFR1 (upon PIGF stimulation),
in a complex interplay between the two proteins. VEGFR2 and VEGFR3 use
different cellular mechanisms, but both activate PI3SK/AKT signalling (Dayanir et
al., 2001; Gerber et al.,, 1998; Graupera and Potente, 2013; Mé&kinen et al.,
2001; Thakker et al., 1999). Upon VEGF-A stimulation, SRC kinases are
activated by VEGFR2 leading to the phosphorylation of two Tyr-X-X-Met motifs
and subsequent recruitment and activation of p85-p110 complex. Apparently,
VEGFR3 activate PI3K upon VEGF-C stimulation in a RAS dependent manner,
where this protein works as a connector between VEGFR3 and the p85-p110s
once, VEGFRS3 lack of a p85-binding motif (Graupera and Potente, 2013; Ruan
and Kazlauskas, 2012; Wang et al.,, 2004). Therefore, the activation of
PI3K/AKT pathway downstream of VEGF / VEGFRs signalling can control many
aspects of ECs functions, including: cell migration, differentiation and

proliferation (Graupera and Potente, 2013).

The ANG-TIE signalling also plays an important role in PI3K activation
during vascular morphogenesis and maturation. This family is formed by two
receptors (TIE1 and TIE2) and three ligands (ANG1, ANG2 and ANG3)
(Augustin et al., 2009). ANG1, as previously described, is expressed mostly by
PCs acting as an activator of TIE2 in ECs and is required for EC survival and
vessel stabilization, being more active in quiescent vessels. On the other hand,
ANG2 expressed in ECs acts as an antagonist of ANG1, leading to the vessel
destabilization (Augustin et al., 2009). Both, ANG1 and ANG2 can activate
PISK/AKT, trough unknown mechanisms that lead to the p85-p110s recruitment
(Augustin et al., 2009; Kontos et al., 2002; Papapetropoulos et al., 2000;
Saharinen et al., 2008). In the case of ANG1, activation of PI3K happens in
more quiescent vessels promoting TIE2 activation and the formation of TIE2-
TIE2 trans-association complexes at cell junctions (Fukuhara et al., 2008;
Graupera and Potente, 2013; Saharinen et al., 2008). ANG2 can induce PI3K
signalling via TIE2 (Papapetropoulos et al., 2000), and also can be regulated by
activated PI3K/AKT signal that can reduce the levels of ANG2 expression
through a FOXO1 (transcriptional activator of ANGZ2) inhibition dependent
manner (Daly et al., 2004, 2006; Potente et al., 2005).
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VE-cadherin can also activate PI3K signalling during the vascular
development promoting the vessel stabilization by a FOXO1 dependent
mechanism, promoting its inactivation and therefore the de-repression of a tight
junction protein CLAUDINS (Taddei et al., 2008).

Signal outputs of class I. During angiogenesis PI3K activation in ECs is
mostly linked to AKT activation and its downstream cellular response.
Therefore, PI3BK/AKT controls many cellular processes that are important for the
correct vascular development, including cell survival, growth, proliferation and
motility. PI3K signalling can also mediate angiogenesis by direct regulation of
other effector proteins such as hypoxia inducible factor a (HIF-1a and HIF-2a),
that in turn regulate the expression of VEGF and other angiogenic factors,
which finally promote angiogenesis (Gordan et al., 2007; Jiang and Liu, 2009;
Semenza, 2003; Wang et al., 1995). In addition, activated PI3K/AKT signalling
promotes the activation of the endothelial nitric oxide (NO) synthase (eNOS)
protein and the subsequent release of NO, which in turn can stimulate
vasodilation, vascular remodelling and angiogenesis (Manning and Cantley,
2007).

Inside the in vivo models. Different studies in zebra-fish and mice have
revealed essential functions of PI3Ks in vascular development (Lelievre et al.,
2005; Nicoli et al., 2012). Most of them had characterized the specific roles of
the different PI3K isoforms in angiogenesis (Graupera and Potente, 2013). EC-
specific deletion of four (p85a, p55a, p50a and p85B), of the five class IA
regulatory sub-units, results in embryonic lethality at mid-digestion due to
defects in the vessel integrity. However, when a single allele of p85a is
maintained the embryonic lethality is rescued, meaning that the regulatory sub-
units can compensate for each other’s loss (Graupera and Potente, 2013; Yuan
et al., 2008). On the other hand, the different catalytic sub-units have revealed
distinct and non-redundant functions during the angiogenesis process. With

regard to this, it has been described that p110a isoform of PI3K is the only
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isoform absolutely required for a proper vascular development and remodelling
(Graupera et al., 2008).

The first studies describing an essential role of p110a in angiogenesis
were carried out in mice with ubiquitous mutation of p110a catalytic sub-unit.
Constitutive inactivation of p110a resulted in multiple vascular defects, including
dilated vessels in the head, reduced branching morphogenesis in the
endocardium, lack of hierarchical order of large and small braches in the yolk
sac and impaired development of anterior cardial veins. These vascular defects
were similar to those in mice defective in the Tie2 signalling pathway. Indeed,
Tie2 protein levels were significantly lower in p110a-deficient mice. These
findings strongly suggested an essential role of p110a in vascular development
(Lelievre et al., 2005).

Graupera et al. corroborate these data, also showing that ubiquitous or EC
specific inactivation of p110a, and not p110f or p1108, led to embryonic
lethality at mid-digestion due to severe defects in angiogenic sprouting and
vascular remodelling. In contrast, vascular development in p1108 and p110&
mutant mice was normal, viable and displayed no obvious vascular abnormities,
corroborating the unique role of p110a among PI3K family in controlling
angiogenic development and remodelling. The p110a activity is high in ECs and
preferentially induced by tyrosine kinase ligands (such as VEGF-A). In contrast,
p110B signals downstream of GPCR ligands such as SDF-1a, whereas p1100
is expressed at low level and contributes only minimally to PI3K activity in EC.
Thereby, it was seen that EC migration during angiogenic sprouting selectively
required signalling through p110a isoform, downstream of VEGF receptor
activation. Specifically, p110a was shown to control migration through up-
regulation of the RHO-A-dependent signals required for tail release during cell
motility. The RHO-A activity is regulated by ARAP3, a specific RHO-A GAP that
is activated upon PIP3 production. Both, the genetic deletion of ARAP3, or a
knock-in mutation that make ARAP3 unable to bind PIP; leads to severe
vascular defects, which are similar to the phenotypes observed upon p110a

inactivation (Graupera et al., 2008).

In zebra-fish it was also described that p110a is the key isoform during

vasculogenesis, promoting ventral migration of venous angioblasts and thus
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allowing vein formation. This process can be blocked by p110a-selective
inhibitors (Herbert et al., 2009). Moreover, p110a-PI3K signalling negatively
mediated arterial morphogenesis, leading to the ERK1/ 2 MAP Kinase pathways
activation, and arterial specification (Herbert et al., 2009). PI3K signalling also
promotes tip cell migration and vessel branching during intersegmental vessel
sprouting in zebra-fish embryos by a microRNAs (miRs) depending mechanism
(Nicoli et al., 2012).

During the vascular development FOXOs family acts as negative regulator
of endothelial angiogenic process. A PI3K/AKT activation leads to the
phosphorilation of FOXOs, restraining is function and thereby promoting cell
survival, proliferation and vessel growth (Daly et al., 2004; Goettsch et al., 2008;
Potente et al., 2005). FOXOL1 is the most relevant suppressor of EC growth and
its inactivation causes early embryonic lethality in mice due to defective
angiogenesis (Furuyama et al., 2004; Hosaka et al., 2004).

1.7.2. Class | PI3K and regulation of PCs biology

Little is known about the direct role that PI3K signalling plays in the
regulation of PCs biology and so far, no studies have addressed the role of
each PI3K isoform in PCs during angiogenesis in vivo. Most of the published

work came from the in vitro experiments using vSMC.

The signalling cascade stimulated by PDGFR-B in PCs is critical for their
recruitment into the growing vessels and for their proliferation, migration, and
survival (Armulik et al., 2011). Once activated, distinct phosphorylated tyrosine
residues of PDGFR- are bound by specific Src homology 2 (SH2) domain—
containing proteins, including PI3K. In vitro assays suggest that PI3K binding to
the PDGFR-B leads to cell migration, differentiation, and proliferation
improvements (Alimandi et al., 1997; Higaki et al., 1996; Kundra et al., 1994,
Wennstrém et al., 1994). However, mutant mice (PDGFRB™"3) carrying point
mutations that inactivate both, PI3K and Phosphoinositide phospholipase C
(PLCy), have shown that loss in the binding of these molecules to PDGFR-f

does not significantly disrupt the receptor function, especially when compared to
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the phenotype of PDGFRB ™ mice. Moreover, only when used mutant vSMCs,
extracted from the PDGFRB™ transgenic mice, the defects were evident
leading to deregulation in migration and proliferation. These differences
between in vivo and in vitro data may be due to the in vivo complexity where
other compensatory signalling pathways can be somehow compensated for the
loss of PI3K or PLCy (Tallquist et al., 2000).

Another study of Vantler et al. has shown that p110a and p1108, but not
p110B, are recruited to the activated PDGFRB in vSMC. Instead, p110pB is
stimulated by GPCRs in those cells. Using specific Class IA inhibitors, PIK-75
(p110a-specific), TGX-221 (p110B-specific) and IC-87114 (p1108-specific) and
genetic inactivation by specific siRNAs, they demonstrate that AKT
phosphorylation, downstream of PDFR}, is largely depended on p110a activity.
Therefore, only p110a activity promotes proliferation, migration, and cell survival
responses in vSMCs. Although p1108 binds to the activated PDGFRp, its
catalytic activity seems to be of minor importance once p1108-specific inhibition
had no significant effect. vSMC-specific p110a-deficient mice (sm-p110a-/-)
have also shown that p110a is important for neointima formation and growth via

SMC proliferation and migration, after balloon angioplasty (Vantler et al., 2015).

Other mediators were also implicated in PI3K signalling in vSMCs apart
from PDGFB/PFDGFR. Bai et al. have seen that VEGF produced by PCs in
hypoxic conditions is a crucial factor in the cross-talk between these cells and
ECs during angiogenesis. Therefore, exposure of PCs to sodium cyanide
(NaCN) and glucose deprivation resulted in increased expression of VEGF via
activation of MAPKs and PI3K/AKT signalling pathways, which in turn promotes
the activation of NF-kB transcription factor, resulting in increased expression of
VEGF and subsequent increase in the permeability of ECs (Bai et al., 2015).
Brain PCs are also activated by TNF-a which - when phosphorylated - leads to
the activation of several proteins, including p42/p44 MAPK, p38 MAPK, JNK
and PI3K-AKT, resulting in the secretion of MMP-9 that regulates PCs migration
(Takata et al., 2011). Activation of GPCR-PI3K pathways interferes with cell
cycle proteins in vSMC. The thrombin receptor activation in vSMCs leads to the

subsequent activation of PI3K and reduced levels of p27P* (family member of
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cyclin-dependent kinase inhibitor (CDKI)), and thusincreasing cellular
proliferation (Seasholtz et al., 2001).

In vSMC, p110a, p110pB, and surprisingly also p110d isoforms, are widely
expressed compared to p110y (Vantler et al., 2015). However, p110a appears
to be the key isoform mainly engaged by RTKs, and possibly p110p can

mediate GPCR signalling in this cells.

1.7.3. PTEN regulation during angiogenesis

During the vascular development PI3K signalling is mainly regulated by
lipid phosphatases. The class | PI3K is mainly regulated by the 3-phosphatase
PTEN, as described previously, which converts the PIP3 into PIP, antagonizing
its effect. The balance between PI3K and PTEN determines the intracellular

level of PIP3 and its intracellular activity (Graupera and Potente, 2013).

Constitutive homozygous PTEN deletion in mice (PTEN™) resulted in early
embryonic lethality (E9.5). Otherwise, mice carrying heterozygous PTEN loss
(PTEN") could undergo embryogenesis but developed different types of cancer
and autoimmune diseases. PTEN deletion in different types of tissues using the
Cre-loxP system revealed increased activation of AKT and ERK signalling
pathways in the targeted cells, associated with hiper-proliferation that in some
tissues culminate in hyperplasia and carcinoma development (Suzuki et al.,
2008).

In Zebra-fish embryos, lacking functional PTEN (ptena’ptenb”) also
displays increased angiogenesis (associated with excessive sprouting and
filopodia formation resulting in hyperbranching), which is related to PI3K hyper-
activation associated with increased pAKT and VEGF levels (Choorapoikayil et
al., 2013). Moreover, this hyperbranching phenotype is rescued by treatment
with the P13K-specific inhibitor LY294002 (Choorapoikayil et al., 2013).

Mice lacking PTEN specific in ECs (Tie2Cre-PTEN™™) died during
embryogenesis (E11.5) due to bleeding and cardiac failure, caused by impaired

recruitment of MCs to blood vessels, and cardiomyocytes to the endocardium
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(Hamada et al., 2005a; Suzuki et al., 2008). This vascular abnormalities were
partially rescued by a (co-) deletion of p85a and p110y indicating that PTEN
desphosphorylates PIP3; produced by RTKs and GPCRs. Loss of PC in these
mice is associated with overexpression of Ang-2 protein, and is not related with
defects in PDGFB/PDGFRB or with TGF-B signalling pathways (Hamada et al.,
2005).

Tie2CrePTEN*" mice, which presented a constitutive heterozygous loss of
PTEN in ECs, could successfully go through embryogenesis, but displayed
increased vascularisation associated with enhanced angiogenesis both in
physiological and pathological conditions. Also, in vitro assays using
Tie2CrePTEN'" ECs revealed increased proliferation and migration (Suzuki et
al., 2008).

PdgfbiCreERT2;PTEN""* mice also leads to the specific inactivation of
PTEN in ECs however, this deletion was induced postnhatally revealing that
PTEN have PI3K-dependent and independent functions, in which DIl4/Notch
signalling arrest stalk cell proliferation by inducing the expression of PTEN.
Currently, the tip cell phenotype is usually associated with high levels of Delta-
like 4 (DIl4), which activate Notch in neighbouring stalk cells, preventing them
from becoming a new tip cell. Consequently, PTEN inactivation in ECs results in
ECs stalk cells numbers unbalancing, which culminate in vascular hyperplasia,
due to a failure in this Notch-induced proliferation arrest. Moreover, no PC
dissociation were observed in this study (Serra et al., 2015). As follows, a
major role of PTEN in ECs appear to be the suppression of EC proliferation and
growth, however, up to now, EC proliferation is only arrested when all class |
PI3K are inactivated while, specific blocking of each one of PI3K isoforms does
not interfere with EC proliferation. Therefore, it is possible that PTEN regulates
EC proliferation and growth independent of its lipid phosphatase activity
(Graupera and Potente, 2013).

Different studies have also demonstrated that PTEN plays an important
role in MCs regulation, both in physiology and in pathology. The majority of
these studies were, however, as it has been happening for PI3K, developed in a
vSMC context (Hamada et al., 2005). PTEN activity is correlated with significant

alterations in vSMC growth rate during vascular development and after
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experimental vascular injury (Garl et al., 2004; Mourani et al., 2004) and its
inactivation leads to constitutive AKT activation (Hamada et al., 2005). Using a
SM22a-CrePTEN™1°% it was shown that deletion of PTEN specific in vSMC
resulted in widespread vSMC hyperplasia due to increased proliferation. This
downregulation was associated with increased AKT phosphorylation in the
major vessels, hearts, and lungs of mutant mice. Therefore, PTEN depletion
results in hypoxia-inducible factor (HIF)-1o—mediated production of the
chemokine stromal cell-derived factor (SDF-1a), which induces an autocrine
SMC growth loop, and increases progenitor cell migration through a paracrine
signalling mechanism. Moreover, this mutant exhibits many features associated
with pathological vascular remodelling, including remarkable SMC hyperplasia
as well as vascular recruitment of progenitor cells, suggesting that an alteration
in SMC - PTEN signalling serves as one of the initiating keys driving to

pathological vascular remodelling (Nemenoff et al., 2008).

1.8. PI3K and cancer

Several pathological conditions are related to PI3K signalling deregulation,
leading to different type of signal events associated with cellular transformation,
cancer, and metastasis (Okkenhaug et al., 2016). In cancer, this pathway is
frequently up-regulated as a consequence of oncogenic RTK and RAS,
amplification or mutational activation of PIK3CA, and/or inactivation of the
tumour suppressor PTEN. In fact, cancer genetic studies suggest that in human
tumours: the PIK3CA gene is the second most frequently mutated oncogene,
and PTEN is among the most frequently mutated tumour suppressor genes
(Brachmann et al., 2005b; Okkenhaug et al., 2002).
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Figure 1.16. Isoform-specific roles of class | PI3Ks. Schematic illustration of isoform specific
roles of class | PI3K isoforms in normal physiology and cancer (Soler et al., 2015).

Moreover, PI3K signalling is also important in the regulation of tumour
stroma functions. Classically, the stroma includes the vasculature, infiltrating
immune cells, fibroblasts and connective tissue. PI3K activity thus,
hypothetically can have an important role in the regulation not only on cancer
cells but also in their microenvironment (Figure 1.16) (Geudens and Gerhardt,
2011; Hirsch et al., 2014a; Murillo et al., 2014; Soler et al., 2013).

In this context, different strategies, that are currently being tested in
clinical trials, were designed to interfere with PI3K cascade, including pan-class
| PI3K inhibitors, isoform-selective PI3K inhibitors, rapamycin analogs
(rapalogues), active-site mTOR inhibitors, dual PI3K mTOR inhibitors, and AKT
inhibitors, that interfere not only with cancer cells itself but also, with the tumour
stroma (Soler et al., 2015). However, counterbalancing this opportunity, the
challenge is targeting enzymes that are also active and have crucial roles in

normal cells and tissues (Hennessy et al., 2005).

The initial results from pre-clinical and clinical trials, despite some solid
tumours, are showing limited single agent activity of PI3K inhibitors (Okkenhaug
et al.,, 2016). These limitations may be due to several reasons (reviewed by

(Okkenhaug et al., 2016)): 1) lack of selectivity, insufficient target inhibition, off
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target effects, intrinsic and acquired drug resistance, and lack of tolerability to
the different PI3K inhibitors (Toska and Baselga, 2016). Isoform-selectivity PI3K
inhibitors seem to be safer than pan-PI3K inhibitors (Mayer et al., 2016). Also, a
transient administration of the drugs affecting PI3K, with periods of interruption,
increased their therapeutic index, maintaining the same efficacy (Yang et al.,
2016). 2) Although pan—class | PI3K inhibitors are less well tolerated, quite
often they are more efficient, once the effect of isoform-selective class | PI3K
inhibitors can be compensated by other PI3K isoform, as it was observed by
activation of PI3KB upon selective blockade of PI3Ka (Costa et al., 2015) and
vice versa (Schwartz et al.,, 2015) 3) Cancer cells can easily resist to PI3K
inhibition, by increasing intrinsic feedback mechanisms, which may overlap with
those promoted by the PI3K inhibitors, upon short-term inactivation. Also, they
can develop genetic resistance upon long-term PI3K blockade (Juric et al.,
2015; Wei et al., 2016). 4) Inhibition of PI3K in cancer cells in vitro is more
cytostatic than cytotoxic. This can reflect the fundamental role of PI3K in these
cells, working more as a growth factor/nutrient sensor, in which cells with
blocked PI3K signalling are in a more quiescent status, but not necessarily dead
(Okkenhaug et al., 2016). 5) Also, cancer cells can activate PI3K in many ways
(Josephs and Sarker, 2015; Weigelt and Downward, 2012). Although the
specific mutations, such as PIK3CA amplification/mutation, bring some
predictive value in determining the sensitivity to PI3K inhibitors, this correlation
is not always absolute and linear, seeing that other genetic parameters also
affect this response (Fritsch et al., 2014). Consequently, combination therapies
are being developed and evaluated in both preclinical and clinical settings, and
will be necessary to maximize clinical efficacy of PI3K inhibitors (Thorpe et al.,
2015).

1.8.1. PI3K in tumour vasculature

Tumours need new blood vessels to grow and spread, therefore many
antiangiogenic therapies have been documented in multiple preclinical models
of cancer (Fang et al., 2007; Hu et al., 2005; Kong et al., 2009; Murillo et al.,
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2014; Schnell et al., 2008; Soler et al., 2013; Yuan et al., 2008). Several of
these antiangiogenic treatments rely on the use of PI3K inhibitors, which can
modulate the vasculature directly by the inhibition of ECs, or indirectly by
inhibition of the angiogenesis promoting tumour-associated myeloid cells and
VEGF production by tumour cells (Figura 1.17). (Okkenhaug et al., 2016).

The pan—class | PI3K inhibitors used in high doses have revealed that
continued PI3K inhibition results in reduced total intra-tumour vessel area,
reduced vessel function (Fang et al., 2007; Hu et al., 2005; Kong et al., 2009;
Murillo et al., 2014; Schnell et al., 2008; Soler et al., 2013; Yuan et al., 2008),
antitumor activity, and also a smaller antiangiogenic impact than VEGF-targeted
therapies (Paez-Ribes et al., 2009; Soler et al., 2016), indicating that high doses
of PI3K inhibitors have less impact on vessel eradication than VEGF-targeted
therapies (Paez-Ribes et al., 2009). Interestingly, low doses of PI3K inhibitors
leads to vessel normalization, associated with either reduced or no changes in
vessel density (Fokas et al., 2012; Qayum et al., 2009, 2012). These vessels
are more functional and thus, they had additional capacity to deliver
chemotherapy to the tumour (Qayum et al., 2012). The direct vascular effects of
low doses-PI3K inhibitors on tumour angiogenesis appears to improve vessel
function, enhance drug delivery and potentially also increase the influx of

antitumor immune cells to improve immunotherapy (Okkenhaug et al., 2016).

Apart, from the use of pan-PI3K, several studies addressed the isoform-
specific PI3K inhibition. Given that tumour cells express all 4 class | PI3K
isoforms, pan-class | PI3K inhibitors are expected to offer higher effectiveness.
However, it was described that the uses of these agents present off-target
effects. Therefore, isoform-selective PI3K inhibitors may have the ability to
block the relevant target with fewer side effects (Jia et al., 2009; Rodon et al.,
2013)
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Figure 1.17. Vascular targeting strategies in cancer with PI3K inhibitors. PI3K inhibitors
(PI3Ki), at high doses can induce a mild vessel eradication response, whereas at low doses
they can lead to vessel normalization, associated with either reduced or no changes in vessel
density. The vessel eradication aimed to reduce the tumour vasculature. The problems with
this strategy is that there is a reduced chemotherapy delivery to the tumour and induction of
hypoxia, which can accelerate tumour progression; vessel normalization, aimed at improving
vascular perfusion and oxygenation, allowing enhanced drug delivery and immunotherapy; the
vessel promotion strategy is based on stimulating vessel growth, together with promotion of
vasodilatation, and is aimed at enhancing delivery of chemotherapy and other anticancer
agents to the tumour (Adapted from (Okkenhaug et al., 2016)).

Apparently, several studies have shown that block p110a selectively have
the same antiangiogenic proprieties that the pan-PI3K inhibition, suggesting that
p110a-selective agents may be a better antiangiogenic option due to their
reduced toxicity, and also that this isoform is the most important one for the
tumour vasculature development. However, also the inhibition of the other class
| isoforms have shown positive insights affecting the microenvironment (Soler et
al., 2015). Thus, blocking p110y isoform leads to decreased tumour growth by
inhibiting recruitment of inflammatory cells (Schmid et al., 2013). Moreover,
inhibiting p110d suppresses the function of regulatory T cells, allowing cytotoxic
T-cell responses to tumours (Ali et al., 2014), leading to a reduction in the
tumour growth and metastasis. Another strategy is the use of dual inhibitors,
such as p110a/d inhibition, affecting directly the vasculature and their

microenvironment. However, hypothetically this strategy may result in immune
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suppression once, upon p1108 inhibition, p110a compensates for B cell
development in the bone marrow and B cell survival in the spleen. An
alternative would be to use p110a-selective and p11086-selective inhibitors
sequentially, which would offer the advantage of inhibiting each isoform

individually without inducing immune suppression (Soler et al., 2015).
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2. Objectives

PCs have gained increased attention as important regulators of vascular
development, participating in vessel formation, stabilization and maturation. As
a result, new therapies aim to target these cells to promote or inhibit
angiogenesis. Several signalling pathways have been implicated in PC
regulation and in their intercellular communication with the EC. Although
signalling through p110a/PI3K is critical for the correct vascular development,
little is known about the direct role that PI3K signalling plays in the regulation of

PCs biology during angiogenesis. Thus, the aims of my PhD are:

1. Study PC physiology and differentiation during sprouting angiogenesis.

2. Address the relevance and specificity of PI3K isoforms in the regulation of
PCs biology in physiological angiogenesis.

3. Investigate the relevance of PI3K signalling regulation by PTEN in PCs
during physiological angiogenesis.

4. Investigate the role of PI3K in PCs during pathological angiogenesis.
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3. Materials and Methods

3.1. Mouse experiments

3.1.1. Mouse care

All mice analysed in this work were kept in individually ventilated cages
and cared for according to the guidelines and legislation of the Catalan DARP
(Departament d’ Agricultura, Ramaderia i Pesca), with procedures accepted by
the Ethics Committees of IDIBELL-CEEA.

3.1.2. Genetically modified mice and inducible genetic experiments

To investigate the role of p110a, p110B8 and PTEN inactivation specific in
PCs during physiological angiogenesis we have used different transgenic mice

models available in the laboratory (Table 3.1).

> p110a and p110p inactivation in PCs:

% p1100°%%** and p1108°**** mice: These mice present a germline
mutation in the ATP binding site that change DFG motif to a AFG motif (knock-
in strategy) in the Pik3ca and Pik3cb, respectively. This point mutation
inactivates p110a and p110p kinase function but p110a®®*** and p110pP%4
proteins are not degraded. In contrast to gene deletion, this approach preserves
signalling complex stoichiometry and avoids possible compensation from other

D933A/D933A

pl110 isoforms (Foukas et al., 2006). Homozygous of p110a mice die

at embryonic day 10 (Graupera et al., 2008) while p110pP%AP9S1A mice also
presents embryonic lethality at different points of the embryonic development

D933A/WT

(Guillermet-Guibert et al., 2015). The heterozygous p110a mice are
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viable and only present a slight retardation in the vascular development that

D933A/WT

overcomes. Adult p110a mice show similar vasculature compared to

D933A/WT

wild-type mice. The heterozygous p110B are also viable but showed

reduction in the fertility.

< p110a™°XF°X and p110p™°*F°* mice: In an attempt to circumvent
the embryonic lethality exhibited by p110a and p110f homozygous mutants
(Graupera et al.,, 2008; Guillermet-Guibert et al., 2008b) and to study the
specific role of p110a and p110pB specific in PCs we have used a tamoxifen-
inducible PC Cre line, PdgfrB(BAC)-CreERT2 transgenic mouse line (Chen et
al., 2016a) (kindly provided by Ralf Adams laboratory), in which the Cre is only
active in PCs after 4-OH tamoxifen administration. Therefore, these models
have allowed the postnatally depletion of p110a and p110B specifically in PCs
by 4-OH tamoxifen administration (knock-out strategy). With this model we
would expect to have full deletion of p110a and p110p ; however, total deletion
of both isoforms depend on the efficiency of recombination and the absence of
p110a and p110pB proteins could lead to possible compensations by the other

PI3K members (Utermark et al., 2012).

< p110aP%31oX and p110pPeAMX mice: For the majority of the
experiments of this work we have used PDGFRB(BAC)-CreERT2;p110qP933//flox
and PdgfrB(BAC)-CreERT2; p110pP%¥4M* mice. Both of these models present
one allele with the constitutive kinase-death mutation D933A or D931A and
other allele with p110a or p1008 floxed under the expression of CreERT2
specifically in PCs. After 4-OH tamoxifen administration we obtained a
PdgfrB(BAC)-CreERT2; p110aP®*MAPC mice and a PdgfrB(BAC)-CreERT2;
p110BPSWIAPC mice, where only inactive p110a°%*** and p110BP%*!* protein are
expressed. The advantage of this model is that we get full inactivation of the
isoforms without changes in the signalling complex stoichiometry and without

compensations from other PI3K family members.
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For experiments with the p110a and the p110p isoform, breeding were set
up between p110a®¥34"* mice and a PdgfrB(BAC)-CreERT2;p110a"™"* mice

D931AMflox ica were crossed with

in the case of p110a inactivation; and the p1108
PdgfrB(BAC)-CreERT2;p110p""°% o allow p110B inactivation in PCs. In this
way we could obtain as offspring the principal transgenic mice models used in
this thesis work. In the case of p110a inactivation: p110a/®/1ox
Control), p110aP%%1ox (referred as heterozygous), PdgfrB(BAC)-CreERT2;
p110a""* (also referred as PC specific inducible knock-out) and PdgfrB(BAC)-

CreERT2;p110aP%***1°% (principal model of study). For the p110B inactivation:

(referred as

p110p"Mo% (referred as Control), p110p°3'4™* (referred as heterozygous),
PdgfrB(BAC)-CreERT2; p110p"™1°% (also referred as PC specific inducible
knock-out) and PdgfrB(BAC)-CreERT2;p110pP%341°% (principal model of study).

The PdgfrB(BAC)-CreERT2 transgenic mice incorporate Cre recombinase
protein fused to the mutant form of the human estrogen receptor (ERT2) that is
insensitive to estrogen but is responsible to the artificial ligand 4-OH tamoxifen.
CreERT2 is expressed under the PC-specific promoter PDGFR.
Consequently, Cre-mediated recombination and deletion of floxed p110a and
pl10B can be induced in PCs expressing PDGFRB upon 4-OH tamoxifen
administration. As a consequence, in the absence of 4-OH tamoxifen, the
CreERT?2 protein remains in the cell cytoplasm sequestrated by the heat shock
protein 90 (Hsp90) whereas, in the presence of 4-OH tamoxifen, the CreERT2
is translocated to the nucleus to mediate loxP-specific recombination events. In
the absence of Cre-ERT2 upon 4-OH tamoxifen administration, floxed p110a
and p110B cannot be recombined and therefore, p110a™™* and p110p "X

mice were used as control.

To verify the PdgfrB(BAC)-CreERT2 specificity for the PCs in the retina the
PdgfrB(BAC)-CreERT2; p110a™ " mice was crossed with a Rosa26-eYFP
transgenic mice allowing the detection of Cre activity by the YFP expression
signal (Srinivas et al, 2001); and also the Pdgfrb(BAC)-
CreERT2;p110aP%3¥*1% mice that only express one allele flox was crossed with
Rosa26-mTmG fluorescent reporter line, which allows the detection of Cre

activity by recombination-induced expression of membrane-bound green
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fluorescent protein (GFP) and inactivation of the red fluorescent protein Tomato
expression (Muzumdar et al., 2007). The recombination was induced upon 4-
OH tamoxifen administration in mice at postnatal (P) day 1 and P2 and the

retinas isolated at P6.

> PTEN inactivation in PCs:

To investigate the loss of PTEN in PCs, PTENT™F mice (Suzuki et al.,
2001) were also bred to the PdgfrB(BAC)-CreERT2 transgenic mice. For
experiments, breeding were set up between PdgfrB(BAC)-CreERT2-
PTENFOFoX and  PTENTF™  thus, obtaining a similar proportion of
PDGFRB(BAC)-CreERT2;PTENTF* (also referred as Cre positive) and
PTENFF% (3|50 referred as Cre negative that was used has control) within the
offspring. Therefore, in this mouse model the Cre mediated recombination and
deletion of PTEN in PCs expressing PDGFRB can be activated upon 4-

hydroxytamoxifen (40OH-tamoxifen) administration.

Table 3.1. Mouse lines

Mouse Line Description Source

Pi3kca knock-in mouse (carrying a germline
mutation in the DFG motif of the p110a ATP

p110a°%%4 binding site) that express a kinase-dead
p110a®?*** protein. Homozygous lethal at
E10.5. It is viable in heterozygosity.

(Foukas et al.,
2006)

Pi3kcb knock-in mouse (carrying a germline
mutation in the DFG motif of the p110p3 ATP .

. . . (Guillermet-
binding site) that express a kinase-dead .

DI33A _ Guibert et al.,
p110pB protein. Homozygous lethal at 2015)
different types of the embryonic
development and is viable in heterozygosity.

p1 1 OBD931A

(Graupera et al.,

p110qaox/Mox Pi3kca conditional knock-out mouse.
2008)
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(Guillermet-
p110pMoxMox Pi3kcb conditional knock-out mouse. Guibert et al.,
2008)

One Pi3kca allele is carried the germiline

mutation in DGF motif of the of the p110a
p110qP933A/Mox ATP binding site that express a kinase-dead In this study

p110a°®*** protein. Second Pi3kca allele is

floxed.

One Pi3kcb allele is carried the germiline

mutation in DGF motif of the of the p110
p110pPo31A/Mox ATP binding site that express a kinase-dead  In this Study

p110B°%™* protein. Second Pi3kca allele is

floxed.

(Suzuki et al.,

PTENox/flox PTEN conditional knockout mouse.
2001)

Tamoxifen-inducible Cre recombinase
PdgirB(BAC)- re;(lsionl urledler PDGFRB PC s Iecific (Chenetal,
CreERT2 P P 2016)
promoter.

Expression of membrane-bound green

fluorescent protein (GFP) and inactivation of (Muzumdar et al.,
the red fluorescent protein Tomato 2007)
expression after Cre-recombinase activity.

Rosa26-mTmG

Expression of eYFP protein after Cre- (Srinivas et al.,

Rosa26-eYFP . L
recombinase activity. 2001)

3.1.3. RIP1-Tag2 mice

To investigate the role of p110f in a pathological condition the RIP1-Tag2
tumoral mice model (Hanahan, 1985) were backcrossed onto the C57/BL6
background for >10 generations and WT littermates used as controls (kindly

provided by Oriol Casanovas laboratory).
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3.1.4. Induction of Cre mediated gene deletion

Cre activity and gene deletion were induced by intraperitoneal injections of
4-OH tamoxifen (Sigma, #H7904). 25 mg of 4-OH tamoxifen powder were
dissolved in ethanol to obtain a working solution of 10mg/ml. The solution was
aliquoted under sterile conditions and stored at -20°C. New born mice were

injected at specific postnatal days with 25 ug/pup/day of 4-OH tamoxifen.

Remarkably, 4-OH tamoxifen solution needed to be previously
homogenized to avoid precipitates. A Hamilton syringe (Hamilton Company,
#80087) was used for injection. Pups derived were injected with 4-OH
tamoxifen at postnatal days 1 (P1) and P2 and tissue of interest was collected
at P6 and P9.

3.1.5. Mouse genotyping

3.1.5.1. Tissue digestion

New born mice were weaned once they turned 3-weeks old. Upon
weaning tail biopsies were kept for genotyping. Tissue was lysated with 600 pl
of 50 mM NaOH (Sigma). Samples were incubated at 100°C for 15 min and
were vortexed and kept at room temperature (RT) until they reached 50-70°C.
To neutralize the samples, 100 pl of 1M Tris HCI pH 7.4 (Sigma) were added to
each sample. Samples were vortexed, centrifuged at maximum speed for 1 min

and kept at 4°C until samples were processed for DNA amplification.

3.1.5.2. PCR

Polymerase chain reactions (PCR) were performed using two different

protocols referred as PCR reaction | and PCR reaction Il (Table 3.2).
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X PCR reaction | (to a final volume of 30 pl): 2 yl DNA sample,
15.75 ul H20, 3 pl MgCI2 15mM (diluted from MgCI2 50 mM Ecogen, #MG-
110C), 3 pl of 10X reaction buffer without Mg (Ecogen), 3 pl of 10M primer pool
(forward+reverse), 3 pl dNTPs and 0.35 pl Ecotaqg DNA polymeRASe (Ecogen,
#BT-314106).

<> PCR reaction |l (to a final volume of 25 pl): 1.5 pl DNA sample,
15.875 yl H20, 2.5 yl 10X Titanium taq reaction buffer, 2.5 pl of 10 M primer
pool (forward+reverse), 2.5 pl dNTPs and 0.125 uyl 50X titanium taq
polymeRASe (Clontech, #K1915- y).

Mastercycler (Eppendorf) was used to perform PCRs. PCR reactions were
then separated on a 2% agarose (Sigma) gel diluted in TAE buffer 1X (from a
TAE 50X stock: 242 g Tris base (Sigma), 57.1 ml acetic acid glacial (Panreac)
and 100ml EDTA 0.5 M pH8 (Gibco, #15575) in dH20) with ethidium bromide
(Sigma).

Table 3.2. PCR conditions and primers

Gen PCR type & Primers Program Type

1. 94°C_3 min
2.94°C_30s

3. 65°C_30s
4.72°C_30s Il
5. 2-4 for 39

cycles

6. 72°C_7 min
7.16°C_hold

ma36:5-CCTAAGCCCTTAAAGCCTTAC-3
p110a

ma47:5-ACTGCCATGCAGTGGAGAAGCC-

3’

.94° 3min

. 94 °C_30s
60 °C_30s
72 °C_30s
.goto 239
times

6. 72 °C_7min

b11:5-CTTAGGGAAGAGCGAGGA-3’

P110B  Boeq2:5-AAGAAGTATGTACACCTCTCT-3

OrWNP

NeoF2:5-CTGTCATCTCACCTTGCTCC-3'

FW:5'-ACTCAAGGCAGGGATGAGC-3' o o
PTEN  RV:5-GCCCCGATGCAATAAATATG-3' > gj og —3202'” !
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PDGFRB
(BAC)-
CreERT2

Rosa26-
mTmG

Rosa26R-
YFP

RIP1-
Tag?2

CRE1: 5-GCCTGCATT ACCGG CGATGC
AACGA-3

CRE2:5GTGGCAGATGGCGCGGCAACAC
CATT-3

IL-2 FW: 5’ -
CTAGGCCACAGAATTGAAAGATCT-3

IL-2 RV: &'-
GTAGGTGGAAATTCTAGCATCATCC-3’

Primer 1: 5-CTC TGC TGC CTC CTG GCT
TCT-3'

Primer 2:5’- CGA GGC GGA TCA CAA GCA
ATA-3

Primer 3:5'- TCA ATG GGC GGG GGT CGT
T-3

R1:5’- AAA GTC GCT CTG AGT TGT TAT-3’
R2: 5-GCG AAG AGT TTG TCC TCA ACC-3

R3: 5-GGA GCG GGA GAA ATG GAT ATG-
3’

Tag:5 GCTCAAAGTTCAGCCTGTCC-3'
5 GGTGGGTTAAAGGAGCATGA-3

B2-globulina:5’
ATTCACCCCCACTGAGACTG-3
5 TGGAGGAAGCTCAGGAAAGA-3’

106

3. From 65°C to
55°C.
0.5°C/Cycle_1min
4-72 °C_1min

5. From 2 to 4 x
20 cycles

6. 94 °C_30s

7. 55°C_ 1min
30s

8. 72°C_1min 30s
9. From 6 to 8 x
20 cycles

10. 72°C_5min
11. 4°C_hold

1. 94°C_3min
2. 94°C_30s
3. 65°C_30s
4. 72°C_30s
5. 2-4 for 39
cycles

6. 72°C_7 min
7. 16°C_hold

1. 94°C_5 min
2.94°C _30s
3.65°C_30s
4.72°C _30s
5.2 4for 39
cycles

6. 72°C _ 7 min
7.16°C_ hold

1. 94°C_ 2 min
2.94°C_30s
3.65°C_30s

4.50°C _30s

5.2 4for 40 Il
cycles

6.72°C_40s

7. 72°C_5 min

8. 16°C_ hold

94°C_ 3 min

.94°C 30s

.65°C_ 30s

.72°C _30s Il
. repetir 2_4

durant 39 cicles

6. 72°C _ 7 min

arWN P
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3.1.6. Postnatal mouse retina isolation and staining

3.1.6.1. Eyes extraction and retina isolation

Pups were sacrificed by decapitation and eyes were quickly removed
using scissors and forceps. Eyes were fixed in a solution of 4%
paraformaldehyde (PFA, Sigma, #15.812-7) in phosphate-buffered saline (PBS)
for 45 min at 4°C. Then eyes were washed in PBS followed by dissection of
retinas. The procedure of retina isolation was done with the help of a binocular
dissecting microscope (Carl Zeiss). Briefly, eyes were collected in a clean
culture dish filled with PBS and the cornea was incised with the help of a
needle. Using micro-scissors (Fine Science Tools, #15000-10), the cornea was
cut and removed. Next, the iris was also removed using two forceps (Fine
Science Tools, #11252-00) and the outer layer of the eye, the sclera and the
pigmented retina layer started to be separated. The outer layer should be
dissected carefully, in small increments, to avoid damaging the retina layer
beneath. At this point, the lens and the vitrous humor, which appear as a single
jelly-like structure need to be removed. Finally, the hyaloids vessels were
carefully detached from the inner side of the eye using fine movements. Isolated
retinas were fixed for 1h at 4°C and were kept in PBS at 4°C until they were
processed for immunofluorescence (IF). Procedure details are shown in Figure
3.1.
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Figure 3.1.Tamoxifen injection, eye isolation and retina dissection. a, Intragastric

tamoxifen injection in a P1 and P2 mouse pup. b, Image showing where to make the incisions
around the eye of the pup. ¢, Dissected eyeball from a P6, P7, P10 or P15 pup. Arrow points to
the cornea surface. d, Overview of cornea dissection. e, Eyeball without cornea. Arrow
indicates dissected cornea. f, Image showing eye without sclera, choroid, cornea layers,
pigmented layers and without the iris. g, Dissected eye without lens. Arrow shows hyaloid

vessels. h, Retina with four radial incisions. Figure modified from (Pitulescu et al., 2010).

3.1.6.2. Staining of whole-mount retinas

3.1.6.2.1. Immunofluorescence staining with primary antibodies

Retinas were blocked with permeabilization buffer (1% bovine serum
albumin (BSA, Sigma), 0.3% Triton X-100 in PBS) ON at 4°C with gentle
rocking. Then, retinas were incubated with primary antibodies in appropriate
dilutions (Table 3.3) in permeabilization buffer ON at 4°C with gentle rocking.
The following day, primary antibodies were removed and retinas were washed 3
times (10 min each) with PBT buffer (0,1% Tween-20 in PBS). Retinas were
further incubated 30min at RT in Pblec buffer (1% Triton X-100, 1 mM CacCl2, 1
mM MgCI2 and 1 mM MnCI2 in PBS pH6.8) and then, they were incubated ON
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at 4°C or 2h at RT with the appropriate dilution of secondary antibodies (Table

3.4). Conjugated isolectin-B4 and NG2 were added together with the secondary

antibodies in the appropriate dilution (Table 3.3). Then, retinas were washed 3

times, 10 min each with PBT. After antibody staining, retinas were post-fixed in

4% PFA for 2min. It the end, between 4-5 incision were made in the retinas to

flat mounted them on glass slides using Mowiol (Calbiochem, #475904) with

DAKO (Sigma) as mounting medium. All the incubations were done in 2 ml

tubes (Eppendorf).

Table 3.3. List of primary antibodies used for immunofluorescence in mouse

Antibody

CD31

Desmin

Erg 1,2,3

Erg 1,2,3

p-S6

Collagen IV

Cleavege
caspase-3

Isolectin GS-1B4

Isolectin GS-IB4

Isolectin GS-IB4

NG2

NG2

Conj

488

568

647

488

Host

Rat

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

109

Dilution

1:100

1:100

1:100

1:400

1:100

1:50

1:100

1:300

1:300

1:300

1:100

1:100

Company

BD
Pharmingen

Abcam,

Santa Cruz

Abcam

Cell
Signalling

Millipore

Cell
Signalling

Mol. probes

Mol. probes

Mol. probes

Millipore

Millipore

Catalogue#

550274

15200

sc-353

ab92513

2215S

AB756P

9664

121411

121412

132450

AB5320

AB5320A4
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Table 3.4. List of secondary antibodies used for immunofluorescence in mouse

Antibody Conj Dilution Company Catalogue#
Goatanti- Ao Fluor 488 1:300 Invitrogen A11008
rabbit
Goat anti- . i
: Alexa Fluor 568  1:300 Invitrogen Al11011
rabbit
Goarta?”“' Alexa Fluor 488  1:300  Invitrogen  A11006
Goat anti- . '
ot Alexa Fluor 568 1:300 Invitrogen A11077
Goatantl:  AlexaFluor633  1:300  Invitogen  A21004
Goat anti- Alexa Fluor 488  1:300 Invitrogen A11001
mouse
Goatanti- - \jovaFluor568  1:300  Invirogen  A21236
mouse
Goat anti- Alexa Fluor 633  1:300 Invitrogen Al11031
mouse ' J

3.1.6.2.2. In vivo proliferation assay by EdU detection

EdU is a synthetic analogue of thymidine, and therefore, it can be
incorporated into DNA during S phase. The Click-iT EdU Imaging Kit
(Invitrogen, #C10337 and #C10340) was used for EdU injection and detection.
To determine the number of proliferating ECs and PCs in the growing retinal
vasculature, baby mice were injected intraperitoneally with 60 uyl of component
A from the kit (diluted to 0.5 mg/ml in 50% DMSO: 50% PBS) 2h before they
were sacrificed for retina extraction as described in section 3.1.6.1. Then, the
reaction for EdU detection was performed following the instructions the Click-iT
Imaging Kit. Briefly, each pair of retinas were incubated for 1h at RT with gentle
rocking in 100 pl of EAU detection solution (8,6 pl )of 10X Click-iT EdU reaction
buffer in 77,4 pl of H20 (component D), 4 ul of CuSO4 (component E), 1 ul of
10X azyde-conjugated Alexa-Fluor in 9 pl of H20 (component F) and 0,24 ul of

alexa 633 (component B)). Retinas were washed twice with PBS and then, they
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were incubated with permeabilization buffer ON at 4°C with gentle rocking.
Thereatfter, retinas were incubated in appropriate dilution of Erg 1,2,3 antibody
(Table 3.3) in permeabilization buffer ON at 4°C with gentle rocking. The day
after, retinas were washed 3 times with PBT at RT, followed by 30 min
incubation with Pblec buffer at RT. Secondary antibody against Ergl,2,3 and
isolectin-B4 were incubated ON agitating at 4°C in appropriate dilutions (Table
3.4). Retinas were washed 3 times (10 min each) with PBT and postfixed for 5
minutes with 4% PFA at RT. Finally, they were flat-mounted on glass slides
using Mowiol with DAKO. Quantification of proliferative PCs and ECs was done

as describe in 3.1.8

3.1.7. Confocal imaging

Leica TCS SP5 confocal microscope was used. Images were taken with
objectives: 10x, 20x, 40x (oil) and 63x (oil) objectives. All images are maximal z-
stack projections (unless specified otherwise). Images were processed using
Volocity, Fiji and Adobe Photoshop CS5.

3.1.8. Methods used for quantifying vessel features

3.1.8.1. Radial expansion

The migratory length of the vascular plexus was analyzed by measuring
the total length of the retinal vasculature from the optic nerve towards the retinal
periphery (Figure 3.2). Four measurements were taken from each retina. The
average distance of vessel migration per retina was used in comparisons
between animals of different genotypes. Images for the radial expansion

guantification were taken with the 4x objective of the Nikon 801 microscope.

111



3. Materials and Methods

Figure 3.2. Radial Expansion.

3.1.8.2. Vascular branching

The number of branch points per field of 10* pm? behind the vascular
sprouting front or in the capillary area was quantified as shown in Figure 3.3.
Six images of the sprouting front or of the capillary area were taken from each
retina and, at least five retinas per genotype were analyzed. Quantified images

were taken with the 40x objective.

Figure 3.3. Branching Points.
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3.1.8.3. Number of sprouts

The number of sprouts was expressed as number of sprouts per 1um of
the perimeter of the sprouting front. For this, the total vessel length of the
sprouting front was determined using images taken with the 40x objective with
the proper scale set up, as shown in Figure 3.4. Thereafter, the number of
sprouts present throughout the sprouting membrane were quantified. Six
images of the sprouting front were taken from each retina and at least four
retinas per genotype were analyzed. Graphs represent the number of sprout in

1 um of sprouting front.

3.1.8.4. Filopodia quantification

The number of filopodia in the perimeter of the sprouting front was
quantified (Figure 3.4 highlight). The number of filopodia/um distance was
plotted. Six images of the sprouting front were taken from each retina and at
least four retinas per genotype were analyzed.

Figure 3.4. Number of Sprouts and Filopodia.

3.1.8.5. PC coverage

The quantifications were done using the Image J software in images taken

with the 40x objective and the proper scale set up. PC coverage was gquantified
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as NG2 or Desmin positive area per isolectin-B4 positive area as shown in
Figure 3.5. For that, first the channels were splitted from maximal z-stack
projections. The isolectin-B4 channel and the NG2 or desmin channel thereafter
were used to establish the vascular area by setting a manual threshold and by
manually “add selection”. Six images of the sprouting front and remodelling
plexus were taken from each retina and at least four retinas per genotype were
analyzed. Graphs represent the percentage of NG2 or Desmin positive area per

isolectin-B4 area.

Manual threshold Manual threshold
isolectin-B4 NG2

Manual selection
isolectin-B4 NG2

Figure 3.5. PC coverage in the vessel area.

3.1.8.6. Quantification of proliferative PCs

A field of 100 um x 100 pum (Figure 3.6, yellow square) was determined
in the vascular sprouting front and remodelling plexus of images taken with the
40x objective from retinas stained for EdU, NG2 and isolectin-B4. The number
of EdU+ (blue — yellow stars) was divided by the total number of PCs NG2 (red)
within this visual field and was represented as % of proliferative PCs. For WT

retinas the number of EdU+ cells in the NG2 area within the field was quantified
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and represented as number of proliferative PCs. At least three images of both,
the sprouting front and remodelling plexus were taken from each retina and at

least four retinas per genotype were analysed.

Figure 3.6. PC proliferation.

3.1.8.7. Quantification of proliferative ECs

A field of 100x100 pm (Figure 3.7, yellow square) was determined
behind the vascular sprouting front and remodelling plexus of images taken with
the 40x objective from retinas stained for EdU, Ergl,2,3 and isolectin-B4. The
number of Edu+ (green) were divided by the total number of Erg+ (red) EC
nuclei within this visual field of 100x100um and was represented as % of
proliferative ECs. In the case of WT retinas EC proliferation was quantified as
the number of EdU+ (green) per isolectin-B4 positive area in the field. At least
three images of both, the sprouting front and remodelling plexus were taken

from each retina and at least four retinas per genotype were analyzed.
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Quantification proliferative ECs

50um

Figure 3.7. Number of proliferative EC

3.1.8.8. Quantification of collagen IV staining intensity

The quantification was done using the Image J software in images taken
with the 40x objective and proper scale set up. The total intensity of collagen IV
staining over the isolectin-B4 positive area was quantified as shown in Figure
3.8. For that, first the channels were splitted from maximal z-stack projections.
The isolectin-B4 channel was used to establish the vascular area by setting a
manual threshold to have a binary image. Isolectin-B4 positive area was used
as template to measure the intensity of the collagen IV staining in this area.
Area and integrated density parameters were measured. Then, to calculate the

corrected total fluorescence (CTF) the following formula was used:

* CTF = Integrated Density — (Area selected for Isolectin-B4 positivity x

Mean fluorescence of background readings).

The background readings were taken from three areas close to the
vasculature but negative for isolectin-B4. The average of the CTF of different
retinas is the value represented in the graphs named as integrated density.
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Manual threshold
isolectin-B4 Template from 1B4

Figure 3.8. Collagen IV integrate density.

3.1.9. Pharmacological inactivation of p110f in vivo using the RIP1-Tag2

model

To study the role of p110B in a pathological condition the KIN-193 was
used to pharmacologic inhibits p1108 in the RIP1-Tag2 mice model. The RIP1-
Tag2 mice used for this study were provided by Dr. Oriol Casanovas IDIBELL-
ICO. When the animals reached the 12 weeks of age, they were randomly
distributed within the treatment and control groups. Both males and females
were used in the same proportion since females generally have less tumour
burden and survive less than males. The KIN-193 was kindly provided by Dr.
Violeta Serra VHIO’s. RIP1-Tag2 mice were treated daily by oral gavage
starting at 12 weeks of age until 16 weeks of age with KIN-193 [(10 mg/kg/d)
MedChemexpress (Shanghai, China)] and vehicle [0.5% (w/v) methylcellulose

and 0.2% (w/v) polysorbate 80 in deionized water].

The animals were sacrificed by cervical dislocation and the pancreas with

the tumours, the spleen and liver were collected and stored in paraffin or OCT.

3.1.9.1. Evaluation of the animal status and determination of endpoint

survival

To evaluate the animal survival we took into account the animal condition

in the endpoint. This endpoint was determined because the pharmacological
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treatment period had arrived to the end or the animal was presenting illness or
suffering signs. In the end of the study, a survival curve was performed to
evaluate the efficiency of the pharmacological treatment and the overall survival
of the animal. The pancreas and liver of the animal were collected in the
endpoint to evaluate the antitumor, the angiogenic and the metastatic effect of
the pharmacological treatment (Figure 3.9).

3.1.9.2. Determination of pancreatic tumour number and burden of
RIP1 -Tag2

The pancreas of the animals were surgically isolated and the tumour
number and burden were determined. In the end of the study the average per
animal of the tumour number and burden ware calculated and the treated group

(KIN-193) and the vehicle were compared.

A B

tumours

Figure 3.9. RIP1-Tag2 tumoral model. (A) Image of pancreas with multiple tumours, the
mesentery and the liver. (B) The pancreas it is well connected with the spleen and the
mesentery.

The tumour burden, expressed as mm?®, was calculated by the sum of all
individual tumour volume collected for each mouse. To calculate the volume of
each tumour the formula for a spheroid was applied (Figure 3.10).
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Va=x(mi6xa2xb) @@ la
"o

Figure 3.10. Formula to determine the tumour volume (Va).

3.1.9.3. Determination of the hemorrhagic phenotype of the tumours

In order to determine the grade of effectiveness of the KIN-193, we
evaluated the colour of each tumour present in the pancreas of each animal
where three colours degrees were considered: red (fully haemorrhagic), pink
and white. Thereafter, we calculated the percentage of each of the three

phenotypes and we compared to the total number of tumours per animal.
3.1.9.4. Determination of macro-metastasis in liver and mesentery

We also analysed whether the animal had secondary tumours in other
organs that were not the pancreatic ones, focusing mostly on the liver, which is
the organ more affected with metastasis in the RIP1-Tag2 mice model. We also
focus on the mesenteric lymph nodes once they become enlarged and change
colour (darker) when they are infiltrated. We also registered the presence or
absence of mesenteric lymph nodes infiltrations and its size and colour.
Moreover, the RIP1-Tag2 mice can also present carcinoids in the intestine
however, this was not considered as metastasis once the presence of
carcinoids is not caused by the beta cells but rather by cells that secrete

glucagon.
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3.1.9.5. Immunodetection of proteins

3.1.9.5.1. Immunohistochemistry

The tumour tissue was preserved in paraffin blocks and cut into sections
of 5um of thickness, using a microtome, then transferred to poly-lysine slides
and the subsequent detection of proteins was performed by

immunohistochemistry.

First, the sections were deparaffinised and rehydrated using a battery xylol
and ethanol, thereafter the antigen retrieval was performed using a pressure
cooker with sodium citrate at pH = 6. The samples were left to cool in citrate for
20 minutes. Then, the endogenous peroxidases were inactivated by a solution
of 3% H,0; in distilled H,O (H20d) for 10 minutes and washed with PBS 1X -
0.05% Triton X-100 (PBS-T) during other 10 minutes. Thereafter, samples were
incubated for 1 hour at room temperature (RT) in a blocking solution with 5%
goat serum diluted in 1X in a humid chamber. The sections were then incubated
overnight with the primary antibody diluted in the blocking solution at 4°C (Table
3.5). In the next day, samples were washed 3 times with PBS-T for 10 minutes
and incubated in horseradish peroxidase (HRP) conjugated secondary antibody
(Dako) for 90 minutes at RT. The samples were washed again 3 times with
PBS-T for 10 minutes, and finally revealed with diaminobenzidine (Dako)
according to the different antibodies, whereas the negative control did not react.
Subsequently, samples were washed with tap water to stop the reaction and
were stained with hematoxylin. Finally, the samples were re-dehydrated with

ethanol and xylol battery and mounted slides with mounting medium.

3.1.9.5.2. Immunofluorescence

The fresh tumour tissue preserved in OCT at -80 ° C were cut into
sections of 5um using the cryostat and transferred to the poly-lysinate slides

and the subsequent detection of proteins by immunofluorescence was
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performed. The samples were fixed with acetone (kept at -20 ° C) for 10
minutes at 4°C. After leaving the samples drying to remove all the acetone, the
sections were washed 3 times with PBS 1X for 10 minutes. Thereafter, the
sections were blocked using blocking solution consisting of 5% goat serum in
1X PBS for 1 hour at RT in a humid chamber. After that, the sections were
incubated with primary antibody diluted in blocking solution ON at 4°C (table
3.5). In the next day, the samples were washed with PBS and incubated with
the secondary antibodies diluted at 1/200 (Table 3.4) in blocking solution in a
humid chamber, protected from light for 90 minutes at RT. The samples were
washed 3 times with PBS and incubated with DAPI to 1/5000 in PBS for 5
minutes. The sections were finally mounted with mounting medium consisting

mowiol and Dako.

Table 3.5. List of primary antibodies used in RIP1-Tag2 studies

Antibody Host Assay Dilution Company Catalogue#
CD31 rat IF 1:100 BD Pharmigen 550274
Desmin rabbit IF 1:150 Abcam Ab15200
Homemade
Tag rabbit IF/IHC 1:10.000 (Paez-Ribes et -
al., 2009)
3.1.9.6. Immunohistochemistry and immunofluorescent analysis

The different analysis and parameters evaluated were based on a number
of samples (N) with a minimum of five animals per group and a minimum of 3
tumours per group. In the RIP1-Tag2 mice tumours were considered individual

data.
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3.1.9.6.1. Vascular analysis

In the vascular analysis the number of vessels and PCs was determined
using the CD31 and desmin marker, respectively. The quantifications were
made using 20x images, taken with a Nikon-80I, and four images were analyzed
for each tumour and a minimum of four tumours were considered. For the
vessels analysis the data are represented as number of vessels (CD31+) by
section, and for the PCs the data are represented as the number of PCs

(Desmin+) per number of vessels (CD31+).

3.1.9.6.2. Micro-metastasis analysis

The presence of tumour cells in the liver or lymph nodes was assessed by
T-antigen (Tag) immunostaining in either OCT or paraffin embedded. The
incidence of liver/lymph node metastasis was determined by scoring for
presence or absence in each animal from a minimum of 10 mice per group
(Figure 3.11).

Figure 3.11. Immunochemistry image with T-antigen staining.
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3.2. Cell Culture

3.2.1. Culturing of mouse brain PC cells

To isolate PCs from the brain we followed the protocol described by
Tigges., et al (Tigges et al., 2012). First, we have done the coating of two wells
of a 12-well plate with 500 pl of 2% collagen type 1(BD Biosciences 354249) for
at least 2 h at 37 °C ( we have previously dissolved 200 ul of high concentration
collagen type 1 in 10 ml of PBS). Then, six mice were sacrificed by cervical
dislocation, shortly before their brains were extracted and placed in cold Hank’s
balanced salt solution (Gibco) containing 1% penicillin/streptomycin (P/S,
Gibco). The olfactory bulb, cerebellum and medulla were dissected away and
the rest of the brain was minced thoroughly with a sterilized razor blade. The
minced brain tissue was washed once with the Hank’s balanced salt solution
and then washed by centrifuging in a 15 ml falcon tube centrifuge at 1200 rpm
for 5 min and incubated in an enzymatic solution (Worthington LK003150),
containing 30 U/ml papain and 40 ug/ml DNase | in Earl's Balanced Salt
Solution (EBSS) avoiding vigorous mixing for 70 min at 37 °C (To reconstituted
one papain vial with 250 ul of EBBS-DNAse and add 3.75 ml of EBSS for a final

volume of 4 ml).

After incubation the digested brain tissue was homogenized by passing it
10 x through an 18 gauge needle and subsequently 10 x through a 21 gauge
needle. The homogenized brain cells were then mixed with 1.7 volumes of 22%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) in 15 ml
Falcon and centrifuged at 4000 rpm for 10 min. The lipid layer on top of the vial
was carefully removed, and the cell pellet was re-suspended in 5 ml of EC
growth medium (ECGM) consisting of Hams F12, supplemented with 10% FBS,
Heparin, ascorbic acid, |-glutamine, penicillin/streptomycin (all from Sigma, St.
Louis, MO) and EC growth supplement (ECGS) (EBM-2 basal medium (Lonza
CC-3156) + EGM-2 Bulletkit (Lonza CC-4176), and centrifuged for 5 min at
1200 rpm. Subsequently, the cells were re-suspended in ECGM and plated on

two wells of a 12-well plate coated with collagen I. After 20 h, cells were washed
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3 times with PBS and fresh ECGM added. Cells were grown in ECGM, with the
medium changed every 3 days. After 7-9 days, the cells reach confluence, and
the cultures were harvested with trypsin and passed 1:2 onto fresh collagen-
coated 12-well plates. Cells were grown to confluence and then passed again
as described previously. During the first two passages, the cells were kept in
ECGM; following the third passage, cells were maintained in PC medium
(ScienCell 1201): basal medium + 2% FBS and supplements (included)
containing 2% FBS.

3.2.2. Culturing of mouse lung EC (mLECS)

3.2.2.1. EC isolation from mouse lungs

3.2.2.1.1. Tissue digestion

The WT mice were sacrificed by cervical dislocation and their lungs were
removed and kept in ice cold Hank’s balanced salt solution (Gibco) containing
1% penicillin/streptomycin (P/S, Gibco). Once in the cell culture primary hood,
lungs were minced with a scalpel. Then, lung pieces were poured through a 40
pm cell strainer, placed on a 50 ml Falcon tube, to remove blood constituents.
Tissue pieces were digested in 5ml 4U/ml of dispase Il (Gibco,#17105-041) for
1h at 37°C. Thereafter, the suspension containing lung pieces was
homogenized by pippetting up and down to release single cells from the tissue
pieces. Then, DMEM (Lonza, #BE12-604F) containing 10% of inactivated FBS
(Gibco, #10270-106) and 1% P/S was added to the cell suspension and the
homogenate was filtered through a 40 um cell strainer, placed on a 50ml. A
pellet containing mouse cells was obtained by centrifugation (5min 1200rpm).
The pellet was washed twice with PBS/BSA (PBS containing 0.5% BSA (diluted
from PAA, #K11-022), performing a 5 min centrifugation (1200rpm) after every

wash.
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3.2.2.1.2. First selection

The resulting cell pellet from the last centrifugation was re-suspended in
100ul of PBS/BSA. Previously, we have prepared magnetic beads coated with
VEcadherin (BD Pharmigen, #555289) used to isolate specifically ECs from the
lung homogenate. 6ul/lung of magnetic beads were placed into a 1.5ml
eppendorf and were washed five times with PBS/BSA using a Dynal magnet
(Dynal, MCP-S). After the last wash, magnetic beads were re-suspended in 6l
of PBS/BSA and finally, 1.25pl/lung of VE-cadherin antibody were added. The
mixture of magnetic beads and VE-cadherin was incubated 1h at RT with gentle
shaking. Magnetic beads were then washed four times with PBS/BSA using a
magnet for cell separation. Then, 100 yl of PBS/BSA were added into the
eppendorf and the mixture was homogenized and transferred to incubate with
the 100 pl of cell suspension for 30 min at RT. Then, magnetic beads were
washed four times with PBS/BSA using a magnet for cell separation. After the
final wash, magnetic beads coupled with ECs were re-suspended in F-12
complete medium containing: DMEM F-12 (Gibco, #21041-025), supplemented
with 20% of inactivated FBS (Gibco, #10270-106), 4 ml of EC growth factor
(Promocell, #C-30140) and 1% P/S. Then, the suspension was seeded on 12-
well culture dishes coated with 0.5% gelatine (Sigma) in sterile H2O (this
moment is considered as passage 0 (P0)). The following day, the wells were
carefully washed twice with PBS/BSA and F-12 complete medium was

replaced. The medium was changed every second day.

3.2.2.1.3. Second selection

Once the cells had been in culture for 7 days, they were re-purified by
removing the culture medium and incubating the cells for 1h with a solution
containing VE-cadherin antibody-coated magnetic beads (prepared as
described in 3.2.2.1.2). After 1h of incubation at RT, cells were trypsinized and
centrifuged for 5 min at 1200 rpm. Then, the pellet was washed three times with
PBS/BSA and finally re-suspended in DMEN F-12 complete medium. Cells
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were seeded on 12-well culture dishes coated with 0.5% gelatine in sterile H20O.
The following day, the wells were carefully washed twice with PBS/BSA and
DMEN F-12 complete medium was replaced. From here on, cells were cultured
and split following standard procedures, always guaranteeing a confluence of at

least 70% and never exceeding from passage 5.

3.2.3. Co-cultures of PCs and mLECs

3.2.3.1. Migration Assay

For the migration assay co-cultured, first, four 8uM PET filters of the
transwells (Falcon, #35097) were pre-coated with Gelatin 0.5%, and let it dry
overnight in the hood. In the same day 4 wells of a 24-well plate were coated
with 2% of collagen type | during at least 2 hours and WT PCs were seeded
(re-suspended in 600pL of PC medium) to reach a 100% of confluence (0.8x10°
cells/well). In the next day, the PET filters were first re-hydrated and incubated
with DMEM to balance the pH and then WT mLECs were seeded carefully (re-
suspended in 150pL) to obtain a monolayer (0.5x10°) with the different
conditions (Figure 3.12): (1) as a negative control, EC monoculture (without
PCs (PC -)) in DMEM-F12 starving medium condition (SM - without growth
factors and FBS) was used; (2) ECs were co-cultured with the PC (PC +) in
DMEM-F12 starving medium (SM - without growth factors and FBS); as positive
controls, we have used (3) the EC monoculture (PC -) in their optimal culture
conditions (DMEM-F12 EC complete medium (with growth factors and FBS) -
CM); and 4) ECs and PCs co-cultured (PC +) in EC optimal culture conditions
DMEM-F12 EC complete medium (with growth factors and FBS) - CM).

The PCs were watched twice with PBS1x and the same mediums
conditions were used. The ECs were placed on the top and incubated during 72
hours. Then the medium was aspirated and washed carefully two times with
PBS. Therefore, 0.5% crystal violet staining solution was used for each well and
incubated for 20 min at room temperature. Then, the transwell was carefully

washed again four times with PBS1x to remove the excess of crystal violet and
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cotton swaps were used in the upper part of the PET filter to remove the ECs
that did not migrate. Then filters were removed from the transwell using a blade

and mounted with Mowiol with DAKO for posterior microscopy analysis

Starving Medium (SM) EC Complete Medium (CM)

PC - + - +
[ [ Q00 Qoo [ [
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() Endothelial cell (EC)

Figure 3.12. Migration assay for EC-PC co-cultures.

3.2.3.2. Proliferation Assay

For the co-cultured migration assay first four 0.4uM PET filters of the
transwells (Corning® 24 Well HTS Transwell® , # EK-680170) were pre-coated
with collagen type | 2%, and let it dry overnight in the hood. In the next day, the
PET membranes were first re-hydrate and incubated with DMEM to balance the
pH and then the PCs were seeded carefully (re-suspended in 150uL of PC
medium) to obtain a monolayer (0.5x10°). In the next day, 4 wells of a 24-well
plate with cover sleeps were coated with 0.5% of gelatin during 30 minutes and
WT ECs were seeded (re-suspended in 600uL with the different conditions) to
reach a 30% of confluence (0.3x10° cells/well). The PC in the transwells were
then washed two times with PBS1x and placed in the ECs with the same
different conditions described in 3.2.3.1 (Figure 3.13): (1) as a negative control,
EC monoculture (without PCs (PC -)) in DMEM-F12 starving medium condition
(SM - without growth factors and FBS)was used; (2) ECs were co-cultured with
the PC (PC +) in DMEM-F12 starving medium (SM - without growth factors and

FBS); as positive controls, we have used (3) the EC monoculture (PC -) in their
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optimal culture conditions (DMEM-F12 EC complete medium (with growth
factors and FBS) - CM); and 4) ECs and PCs co-cultured (PC +) in EC optimal
culture conditions (DMEM-F12 EC complete medium (with growth factors and
FBS) - CM). The cells were incubated during 24hours. And the BrdU stained
was performed in the ECs as described in the 3.2.4.5 section.

Starving Medium (SM) EC Complete Medium (CM)

PC - + - +
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Figure 3.13. Proliferation assay for EC-PC co-cultures.

3.2.4. Pharmacological treatments in PCs

To evaluate the inhibition of the PI3K pathway in vitro, different types of
PI3K inhibitors were used namely: the pan-PI3K - GDC-0941 (1.0 uM); the
p110a specific - GDC0326 (1.0 uM); the p110B specific - TGX-221 (0.5 uM);
and the p1100 specific - D030 (IC-87114) (0.5uM) or vehicle (DMSO) (Table
3.6).

3.24.1. PCs migration assay upon PI3K specific inhibition (wound

healing assay)

First, a 6-well plate was coated with 2% of collagen type | during at least 2
hours, thereafter WT PCs were seeded into PCs medium to reach a 100% of
confluence in order to obtain a monolayer of cells (0.2x10° cells/well). The next
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day, using a (yellow) pipette tip a straight scratch was made, simulating a
wound. Then the cells were washed twice with PBS1x and the mediums with
the different inhibitors added, namely the p110a-specific GDC0326 (1.0 pM);
the p110B-specific TGX221 (0.5 uM); and the vehicle (DMSO). Photos were

taken immediately after wound (time Oh) and after 18h (time 18h).

3.2.4.2. PCs proliferation assay upon PI3K specific inhibition

First, a 24-well plate was used with the cover slips and coated with 2% of
collagen type | during at least 2 hours, thereafter WT PCs were seeded into
PCs medium to reach a 30% of confluence (0.3x10° cells/well) with the different
medium conditions using the different inhibitors, namely the pl1l0a-specific
GDCO0326 (1.0 uM); the p110B-specifi TGX221 (0.5 puM); and the vehicle
(DMSO) and incubated during 24hours. The next day the BrdU assay was

performed as described in the section 3.2.4.5.

Table 3.6. PI3K inhibitors used in vitro

Isoform Work
NEUNE Specificity Concent, G50
3 nM p110a, 33 nM p110B,
GDC-0941 pan-PI3K 1.0 uM 3nM  p1106 and 75nM
p110y
(KI*: 0.2 nM p110a, 133nM
GDC0326 p110a 1.0 uyM p110B, 20 nM p11038 and 51
nM p110y)
5 nM p1108
TGX-221 p110B 0.5 uM (5 uM p110qa, 210 nM p110d
i >10uM p110y)
0.5 uM p1105
D030 (IC-87114) p1105 0.5 uM (75 uM p110B/p110a and 29
MM p110y)

* Kl (inhibitory constant): for the GDC0326 we did not have access to the IC50, therefore the Ki
values are represented. The Kl refers to the affinity of a particular drug; indicates the
concentration of inhibitor required to hold 50% of the receptors for a particular therapeutic
target. The IC50 is the average of the highest inhibitory concentration, indicates the
concentration required to inhibit 50% of a process.
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3.2.4.3. PCs viability assay using MTS assay upon PI3K specific
inhibition

PCs were seeded in 96-well culture plates (2000cells/100ul culture
medium per well) with the different medium conditions using the inhibitors:
p110a-specific GDC0326 (1.0 uM); the p110B-specific TGX221 (0.5 pM); and
the vehicle (DMSOQO). The next day, 20ul of MTS reagent (Promega, CellTiter 96
Aqueous Non Radioactive Proliferation Assay, #G5421) were added to each
well 4h before the desired end-point. Cells were incubated with MTS compound
at 37°C for 4h and absorbance was recorded at 490nm. If pharmacological
treatments were required for the experiment, drugs were incorporated at the

desired concentrations before cells were seeded into the 96-well plates.

3.24.4. PCs treatment to Western immunoblotting

First, a 6-well plate was coated with 2% of collagen type | during at least 2
hours, thereafter WT PCs were seeded into PCs medium to reach a 50% of
confluence (0.1x10° cells/well). The next day, the mediums with the different
inhibitors were added, namely the pl10a-specific GDC0326 (1.0 uM); the
p110B-specific TGX221 (0.5 uM); the p1106-specific DO30 (0.5 uM); the pan-
PI3K GDC0941 (1.0 pM) and the vehicle (DMSO). Treatments were made
during 2 hours and the protein lysates and the immunoblotting were made as

described in the section 3.2.5.

3.2.45. Immunofluorescence of cultured PCs and mLECs

For this purpose, 10uM BrdU (Amersham) was incorporated to the cell
culture medium and was incubated for 2h. Then cells were rinsed three times
with PBS and fixed with 4% PFA for 20min. Two more washes with PBS were
performed after fixation and thereafter cells were permeabilized with PBS-0.2%
Triton X-100 for 5min, treated with HCI 2N for 10min and blocked for 45min at
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RT in PBS containing 3% BSA. BrdU incorporated in DNA was immunodetected
by incubation with a mouse monoclonal anti-BrdU (BD Bioscience, #347580)
incubated 1:50 in PBS containing 3% BSA, ON at 4°C in wet chamber. The
following day, cover-slips were washed three times (5min each with TBS-T),
and secondary antibody (Molecular Probes, goat anti-mouse 488 #A-11001)
was incubated at the appropriate dilution (1:200) in PBS containing 3% BSA, for
1h at RT. Cover-slips were then washed three times with TBS-T, adding DAPI
(1pg/ml) in the last one. A final wash with PBS was performed before mounting
the cover-slips on microscope slides using Mowiol as mounting medium.
Immunofluorescence was visualized with a Nikon microscope 801 (20x lens).
For analysis, the number of BrdU positive cells per field was rectified by the

total number of cells present at the field (DAPI positive).

3.2.5. Protein extraction and Western immunoblotting

3.2.5.1. Protein lyses and sample processing

For Western blot analysis, PCs and mLECs were lysed with lysis buffer B
(150 mM NaCl, 1mM EDTA, 50 mM Tris-HCI pH 7.4 and 1% Triton X-100 in
H20) supplemented with 1ImM DTT, 2 mg/ml aprotinin, 1 mM pepstatin A, 1 M
leupeptin, 10 g/ml TLCK, 1 mM PMSF, 50 mM NaF, 1 mM NaVO3 and 1 uM
okadaic acid. Lysates were collected in a 1.5ml eppendorf and were kept on ice
for 15min. Then, lysates were centrifuged for 15min, at maximum speed at 4°C.
Supernatants were collected in a new ice-cold 1.5ml eppendorfs and were kept
frozen at -80°C until processed for experiment. The protein content of the
samples was quantified using the BCA protein assay kit (Pierce) following the
instructions recommended by the manufacturer. Protein samples were then
diluted in sample buffer 4X (250 mM Tris-HCI pH 6.8, 40% glycerol, 8% SDS,
0.04% bromophenol blue and 250mM DTT in H20) in a proportion of 3 volumes
of protein sample: 1 volume of 4X SDS sample buffer. Samples were heated at

100°C for 5 min and spinned for 30sec to recover all the volume.

131



3. Materials and Methods

3.2.5.2. Protein electrophoresis and membrane transference

Samples were resolved on 8%, 10% or 12,5% SDS poli-acrylamide gels.
SDS-PAGE gels were composed of a stacking part (4% acrylamide, 125mM
Tris-HCI pH 6.8, 0.4% SDS, 0.1% ammonium persulfate (APS) and 0.1%
tetrametiletiiendiamina (TEMED) in H20) and a resolution part (10%
acrylamide, 375mM Tris-HCI pH8.8/0.4% SDS, 0.1% APS and 0.1% TEMED in
H20). Samples were run for 1- 2h at 130V with running buffer 1X (25mM Tris,
192 mM glycine and 0.1% SDS in H20). Thereafter, proteins separated in the
acrylamide gels were transferred generally onto PVDF membranes (Roche)
previously activated in methanol (Emsure). For the detection of MYPT were
used nitrocellulose membranes (Roche). Gel to membrane transference was
performed at 4°C at 250 mA for 2h in Transfer buffer 1X (25mM Tris, 192mM
glycine and 20% methanol). After transference, membranes were washed for
5min in 1X TBS (For 500mL of TBS 10x: 6g Tris, 43.85 g NaCl, pH7.5)
containing 0.05% Tween (referred as TBS-T). Membranes were then incubated
for 1h at RT with TBS-T containing 5% of milk. Membranes were washed twice
(5min each time) with TBS-T and incubated ON at 4°C with incubation solution
(2% BSA in TBS-T with 0.02% sodium azide) containing the desired primary
antibody at the appropriate dilution. Table 3.8 details primary antibodies used
for immunoblotting. The following day, membranes were washed three times
(10min each) with TBST and were incubated for 1h at RT with 5% milk in TBS-T
containing the appropriate dilution of secondary antibodies (Table 3.9). Upon
incubation with secondary antibody, membranes were washed three times
(10min each) with TBS-T and protein detection was performed by enhanced
chemiluminescence (ECL) following the protocol described in Table 3.10.
Quantification of band intensities by densitometry was carried out using the

Image J software.
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Table 3.7 Reducing agents, phosphatase and protease inhibitors used for the different
lysis buffers

Product Company-Catalogue #
DL-Dithiothreitol (DTT) Sigma ; #D0632
Aprotinin Sigma ; #A6279
Pepstatin A Sigma ; #P4265
Leupeptin Sigma ; #L.2884

Na-p-tosyl-L-lysine chloromethyl

ketone (TLCK) Sigma ; #T7254

Phenylmethylsulfonylfluoride Sigma ; #P7626

(PMSF)
Sodium fluoride (NaF) Sigma ; #57920
Sodium orthovanadate (NaVO3) Sigma ; #S6508
Okadaic acid Cayman Chemical

Company; #10011490

Table 3.8. Primary antibodies used for immunoblotting

Antibody Host Company Dilution Catalogue #
VE-cadherin Goat Santa Cruz 1:200 sc-6458
Cell
PTEN Rabbit Signalling 1:1000 9559
Technology
B-actin Mouse ABCAM 1:25000 49900
Cell
p-akt (S473) Rabbit Signalling 1:2000 4060
Technology
-6 Cell
(Serg 40/244) Rabbit Signalling 1:1000 2215S
Technology
PDGFRB eBioscience .
(cd140b) Rat 1:500 14-1402-82
Home made iopel |
Antibody U3A
p1108 Rabbit Santa Cruz 1:300 sc-602
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_ sc-7176
p1103 Rabbit Santa Cruz 1:500
pan-p85 Rabbit Upstate 1/5000 06-195
_ _Cell 9102
p-Erk Rabbit Signalling 1/1000
Technology
_ _cell 9272
t-Akt Rabbit Signalling 1/1000
Technology
Cell
t-Erk1/2 Rabbit Signalling 1/1000 9102
Technology
Desmin Rabbit Abcam 1:1000 Ab15200
Tubulin Mouse Sigma 1:25000 T6074
Table 3.9. Secondary antibodies used for immunoblotting
Antibody Host Company Dilution Catalogue #
Anti-Rabbit | o ;e DAKO 1:5000 P 0399
HRP
ﬁg:;mouse Rabbit DAKO 1:5000 P 0260
Anti-goat HRP | Rabbit DAKO 1:5000 P 0160

Table 3.10. ECL protocol

Solution A Solution B

5ml 1M Tris pH8.5
45ml H20 110 pl H202 30%
110ul 90mM coumaric acid (Sigma) 900 ul H20

250 pl 250mM luminol (Sigma)

*Solutions A and B need to be mixed in a 1:3 ratio
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Part | - PI3K in PCs during physiological angiogenesis

4.1. PCs during vascular development

4.1.1. PCs differentiation during vessels maturation

The first aim of the study was to investigate PCs biology during
angiogenesis using mice retinas at different time points of their development.
For this purpose, we collected wild type (WT) mice retinas at the following time
points: at postnatal day 3 (P3), where the vascular plexus is growing through
sprouting angiogenesis and the vasculature looks immature — at this time point
it is difficult to distinguish arteries and veins; at postnatal day 6 (P6), where two
different areas can be distinguished: 1) the sprouting front area, where the
plexus is immature, similarly to the P3 retinas (P6a); 2) and the distal area close
to the optic nerve, where vessels remodelling and regression started to occur
(P6b). At this time point it is already possible to differentiate a well- established
hierarchical vascular tree of arteries, veins and capillaries; and at postnatal
day 9 (P9), where primary plexus is mature and stable and has reached the
retinal periphery. Vessels undergo extensive remodelling and regression
similarly to what is happening in the P6b retinal area (Figure 4.1). This strategy
allowed the characterization of PC differentiation from an immature (Angiogenic

Front) to a mature (Remodelling Plexus) vasculature.
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4:NG2:EdU

Figure 4.1. Vessel maturation during the sprouting angiogenesis. Whole-mount WT
retinas at P3, P6 and P9 of the retinal vessel development, stained for isolectin-B4 (green),
NG2 (red) and EdU (blue). The P3 retinas are in active sprouting angiogenesis and the plexus
is very immature, where it is not possible to distinguish between vessel types; at P6 we can
define two areas in the same preparation: a) sprouting angiogenesis area; and b) the
remodelling and stabilization area. We can already differentiate between arteries (A), veins (V)
and capillaries (C); at P9 all the plexus is mature and stable.

To understand PCs behaviour during retinal angiogenesis, we decided to

analyse different parameters in the growing vasculature.

First, we analysed the PCs coverage per vessel area using the well-
defined PC marker NG2, a transmembrane chondroitin sulfate proteoglycan
expressed by PCs during the retinal development, together with the vessel
marker isolectin-B4. Our quantification revealed that: 1) PC coverage increased
over time; and 2) the remodelling areas (P6b and P9) showed more PC
coverage, when compared with those areas where sprouting angiogenesis is
taking place (P3 and P6a) (Figure 4.2). We also noticed that PCs change their
morphology during vessel maturation. In areas, where active angiogenesis is
taking place, PCs have a retracted shape, presenting multiple protrusions
connected with the vessel (Figure 4.3, yellow arrows) but the cell body is less
connected with the blood microvessels. On the other hand, PCs in the
remodelling areas have a more elongated shape and are well- ensheathed

within vessels by multiple contact points (Figure 4.3).

Next, we quantified the percentage of proliferative PCs at the same time
points of the vascular development by injecting EdU (a S-phase marker) at P3,
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P6 and P9. The number of EdU positive PCs in a 10* pm? area was determined
after co-labelling with the PC marker NG2 and isolectin-B4. Interestingly, we
detected that at early time points, where sprouting angiogenesis occurs, there
was a higher number of PCs proliferating (P3 ad P6a), while in the areas of
remodelled vasculature, PCs proliferation decreased (P6b and P9) (Figure 4.4
A-C). In addition, quantifying the EdU positive cells in the isolectin-B4 positive
zone within a 10*um? area, we detected higher proliferative rates of ECs located
at the sprouting front of P6 retinas (P6a). Similarly to the patterns of PC
proliferation, we observed a dramatic reduction of the ECs proliferation in the
remodelling area (P6b and P9). Although both, PCs and ECs proliferate at P3,
we detected higher levels of proliferation in PCs when compared with those of
the ECs, suggesting that PCs expand first than ECs (Figure 4.4 A-B-D).

Taken together, we found that during vessel formation in the retina PCs
differentiate along with the vessels maturation. Active and immature PCs are
associated with angiogenic sprouts during the early phases of vascularisation
where they acquired a retracted position and start to proliferate even earlier
than ECs. Quiescent and mature PCs, concomitant with EC quiescence, appear
in later stages of vascular development allowing the correct remodelling of the

plexus.

4.1.2. Collagen IV and vascular stabilization

PCs recruitment to ECs is necessary to stimulate vascular basement
membrane matrix assembly, a key step in vascular maturation and stabilization.
One of the several components that form the basement membrane matrix is
collagen IV secreted by both, ECs and PCs (Stratman and Davis, 2012).

Thus, following the same strategy used for the Figures 4.2-4.4, we
collected WT retinas at P3, P6 and P9 and we stained them with collagen IV
and isolectin-B4. We found an increase in collagen IV deposition during vessel
maturation with the remodelling plexus areas (P6b and P9) showing increased
collagen IV expression when compared with the sprouting front zones (P3 and

P6a) (Figure 4.5). These data corroborate the importance of collagen IV
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secretion during the remodelling angiogenesis, which facilitates the vascular

stabilization.
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Figure 4.2. PC coverage of vessels increases during maturation. (A) Confocal images of
WT retinas at P3 and P6a during the active sprouting angiogenesis (angiogenic front); and at
P6b and P9 during vessel remodelling and maturation (remodelling plexus). The retinas are
stained with isolectin-B4 (green) and NG2 (red). (B) Quantification of PC coverage shows
increased coverage of vessels along the retinal maturation. N = 3 retinas for each condition.
Error bars are standard error of the mean. *P<0.05 was considered statistically significant.
Statistical analysis was performed by Mann-Whitney test.
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Angiogenic Front Remodelling Plexus

Figure 4.3. PCs change their morphology during the maturation. Confocal images of WT
retinas at P3 and P6a during the active sprouting angiogenesis (angiogenic front); and at P6b
and P9 during vessel remodelling and maturation (remodelling plexus) showing the PC
morphology changes during vessel maturation. The yellow arrows represent the PCs
protrusions. The retinas are stained with isolectin-B4 (red) and NG2 (green).
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Figure 4.4. PC and EC proliferation decreases during maturation. (A) Confocal images of
WT retinas at P3 and P6a during the active sprouting angiogenesis (angiogenic front); and at
P6b and P9 during vessel remodelling and maturation (remodelling plexus). Retinas were
injected with EdU 2h before isolation and were stained with isolectin-B4 (blue), NG2 (red) and
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the EdU (blue). (B) Zoom of zone selected in A highlighting the NG2 and IB4 proliferation (EAU
positive cells). Yellow stars indicate proliferative PCs (NG2+/EdU+) and white stars indicate
proliferative ECs (IB4+/EdU+). (C) Quantification of PC proliferation — number of EdU positive
PC in the NG2 positive area per 10*um? of vessel area. N = 3 retinas for each condition. (D)
Quantification of EC proliferation - EdU positive cells in isolectin-B4 positive area per 1O4pm2. N
2 3 retinas for each condition. Error bars are standard error of the mean. *P<0.05 was
considered statistically significant. Statistical analysis was performed by Mann-Whitney test.
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Figure 4.5. Deposition of collagen IV increases during maturation. (A) Confocal images of
WT retinas at P3 and P6a during the active sprouting angiogenesis (angiogenic front); and at
P6b and P9 during vessel remodelling and maturation (remodelling plexus). Retinas are
stained with isolectin-B4 (red) and collagen IV (green).
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4.1.3. PCs promote EC proliferation and migration

Our retina data suggests that PCs functions may have impact on the ECs
regulation, especially proliferation. To test that, we have co-cultured PCs and
ECs using the transwells system and analysed the effects of PCs on ECs

proliferation and migration in vitro.

First, we have isolated PCs and ECs from WT mice and the purity of the
culture was assessed by western blot using both, PCs and EC markers. The
PDGFRB and desmin are well-established PC-specific markers and thus were
used to identify PCs. The VE-cadherin marker is EC-specific and was used to
identify ECs. PCs were shown to be PDGFRPB and desmin positives and VE-
cadherin negative at passage 6 (P6). Moreover, PCs conserved the same
expression profile even after 16 passages (P16), demonstrating the purity of the
primary cell culture even after several passages. On the other side, ECs were
VE-cadherin positive and PDGFR and desmin negative (Figure 4.6).
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Figure 4.6. Characterization of WT PCs and ECs. Expression of PC markers - PDGFR and
Desmin - and the EC marker — VE-cadherin - in PC and EC WT. For PCs we have used
different cell passages(P), namely P16 and P6, to confirm the purity of the primary cell culture
after several passages.

Moreover, co-culture systems of PCs and ECs were established in order to
analyse if PCs signalling interferes with EC proliferation and/or migration. For
the proliferation experiments, PCs were first seeded onto transwell filters with a
0.4 um pore size membranes, which only allow the diffusion of soluble factors;
after 24 hours ECs were plated in a 24-well plate onto cover slips in a 30% of

confluence and the transwells with the PCs were placed on the top of the ECs
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as described in the material and methods section (3.2.3). The cells were co-
cultured for 24 hours. In order to analyse if PCs regulate ECs proliferation, four
different conditions were established as represented in Figure 4.7A: 1) as a
negative control ECs were seeded without PCs (PC -) in starving medium
(SM); 2) to see the effect of PCs on ECs proliferation, PCs were placed on the
top of ECs (PC+) and co-cultured in starving medium (SM); and as positive
controls we have used 3) the ECs monoculture (PC -) in their optimal culture
conditions ( EC complete medium-CM); and 4) ECs and PCs co-cultured (PC +)
in EC optimal culture conditions (EC complete medium—CM). Our results
suggested that ECs in the presence of PCs (PC+SM) increased their
proliferation, since experienced increase in BrdU incorporation was detected
when compared with the ECs alone (PC- SM) (Figure 4.7 B-C).These results
suggested that PCs communicate with the ECs stimulating their proliferation

through paracrine signalling.

For the migration assays, PCs were first plated in a 24 well plate to obtain
a monolayer. After 24h, ECs were seeded onto transwell filters with an 8.0 ym
pore membrane, which allows the migration of the cells through the pores, and
placed on the top of the PCs as described in the section material and methods
section (3.2.3). The cells were co-cultured for 72 hours. To analyse if PCs
regulate ECs migration, we again used four different conditions as represented
in Figure 4.8A: 1) as a negative control, EC monoculture (PC -) in the transwell
in starving medium condition was used; 2) to see the effect of PCs on ECs
migration, ECs were placed on the top of PC (PC +) and co-cultured in starving
medium (SM); as positive controls, we have used 3) the EC monoculture (PC -)
in their optimal culture conditions (EC complete medium - CM); and 4) ECs and
PCs co-cultured (PC +) in EC optimal culture conditions (EC complete medium -
CM). We have detected a slight increase of ECs in the lower part of the
transwell filter, after crystal violet staining, when co-cultured with the PCs
(PC+SM) compared with the ECs alone (PC-SM), suggesting that PCs also
impact on ECs migration (Figure 4.8B-C). These results suggested that PCs

regulate ECs inducing their migration by paracrine communication.
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Overall, our data suggested the existence of an interplay between PCs
and ECs were PCs apparently regulate by paracrine signalling ECs proliferation

and migration.
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Figure 4.7. EC in co-culture with PCs increased the BrdU incorporation. (A) Schematic
representation of experimental conditions used with the transwells filters. Four conditions were
established: black line — ECs in monoculture (PC-) with starving medium (SM); orange line —
ECs co-cultured with PCs (PC+) in starving medium (SM); pink line- ECs in monoculture (PC-)
in normal growing conditions (EC complete medium - CM); brown line — ECs co-cultured with
PCs (PC+) in ECs normal growing conditions (EC complete medium - CM). (B) Quantification of
the percentage of proliferative ECs in the different culture conditions shown in A. (C)
Representative images of ECs in the different cultures conditions shown in A. After 24h of co-
culture ECs were labelled in situ in the co-culture with BrdU and then fixed and immunostained
for BrdU (Green) and DAPI (blue). Error bars are standard error of the mean. Mean of at least
four independent experiments is shown. *P<0.05 was considered statistically significant.
Statistical analysis was performed by Mann-Whitney test.
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Figure 4.8. EC in co-culture with PCs increased migration (A) Schematic representation of
experimental conditions used with the transwells filters. Four conditions were established: black
line — ECs in monoculture (PC-) with starving medium (SM); orange line — ECs co-cultured with
PCs (PC+) in starving medium (SM); pink line- ECs in monoculture (PC-) in normal growing
conditions (EC complete medium - CM); brown line — ECs co-cultured with PCs (PC+) in ECs
normal growing conditions (EC complete medium - CM). (B) Quantification of the number of
migrate ECs in the different culture conditions shown in A. (C) Representative images of
transwell filters with ECs in the different cultures conditions shown in A. After 72h of co-culture
ECs were fixed and stained with crystal violet (purple). Error bars are standard error of the
mean. Mean of at least four independent experiments is shown. Statistical analysis was
performed by Mann-Whitney test.
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4.2. PI3K regulation of PCs —in vivo and in vitro studies

4.2.1. PI3K activity during angiogenesis

Next, we investigated the level of pS6, which serves as a read out of PI3K
activity, in P6 WT mice retinas. We have focused our attention at P6 retinas as
at that time point it allows the detection in the same sample of both, the active
sprouting area and the remodelling and stabilization area. We found increased
levels of pS6 in the active sprouting angiogenesis areas, when compared with
those areas in remodelling, where pS6 levels were almost undetectable (Figure
4.9 A-B). In addition, it seems that the pS6 level is also enriched in the PCs. In
the Figure 4.9 C there are highlighted (yellow arrows) isolectin-B4 negative
areas in close proximity with vessels (PC localization) that look like PCs
expressing pS6 protein. PI3K activity is thus increased in the places of active
angiogenesis where the new vessels are being formed and apparently could be

regulating both, the ECs and the PCs in the vessel.

Previous data from our laboratory identified p110a-PI3K isoform as an
important regulator of ECs migration during the sprouting angiogenesis (Angulo-
Urarte A., et al unpublished data; Graupera et al., 2008). Moreover, our retina
data suggested that PI3K activity is likewise enriched in PCs, and since during
the angiogenesis the crosstalk between ECs and PCs is fundamental to the
proper vascular development (Caporali et al., 2016), we questioned whether
PI3K signalling (mainly p110a) has possible effects on PCs functions such as

migration, proliferation and viability.
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Angiogenic Front Remodelling Plexus

Figure 4.9. PI3K activity is upregulated during the sprouting angiogenesis. (A) Whole-
mount confocal images of WT retinas at P6 stained with isolectin-B4 (green) and pS6 (grey).
(B) Higher magnification images of P6 WT retinas in the angiogenic front and in the
remodelling plexus showing increased levels of p-S6 in the angiogenic front. (C) Zoom of
zone selected in B highlighting the pS6 levels in the vessels. Yellow arrows indicate a
possible pS6 enrichment in PCs.
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4.2.2. PCs express all class IA isoforms

Data from our laboratory and others have demonstrated isoform selectivity
stimulating PI3K signalling in the regulation of both, the ECs and vSMCs.
Interestingly, in these two cell populations’ p110a seems to be the major
isoform (Graupera et al., 2008; Vantler et al., 2015). Therefore, we
hypothesized that this isoform would also be essential for PCs regulation and

function.

First, we analysed the expression of class IA PI3K isoforms in WT PCs.
We found that WT PCs express all class IA catalytic isoforms, p110a, p11083
and p1109, as well the regulatory sub-unit p85 (Figure 4.10). Although, p1108
expression is believed to be restricted to leukocytes, we found that PCs also
express p1108. Vantler et al., also described that vSMC express all class IA-
PI13K isoforms, including p1100 (Vantler et al., 2015).

(2} 124
o o
w a
p110B
pan-p85 |

B-actin

Figure 4.10. PC cells express all class IA-PI3k isoforms. Analysis by Western Blot of the
catalytic class IA PI3K isoforms expression in WT PCs, namely the (A) p110q, (B) p110B and
(C) p11086. We have also detected that PCs express the class IA regulatory subunit p85. EC
(ECs) and jurkat cells were used as positive controls.

4.2.3. p110a-PI3K regulates AKT phosphorylation

Next, we used a battery of isoform selectivity inhibitors (Table 4.1) to
reveal which isoform account to PI3K signalling in PCs and accessed the pAKT
(Ser473) level, as readout of PI3K activity. Among all the class IA-PI3K

isoforms, only p110a inactivation substantially reduced the pAKT levels (Figure
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4.11), suggesting that p110a isoform regulates AKT activation like it happens
with vSMCs and ECs (Graupera et al., 2008; Vantler et al., 2015).

Table 4. 1. PI3K inhibitors.

Name of Isoform
Inhibitor Specificity
GDC-0941 pan-PI3K
GDC0326 p110a
TGX-221 p110B
D030 p1108
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Figure 4.11. Only p110a-PI3K inactivation in PCs reduced the levels of pAKT. PCs were
treated with isoform-specific PI3K inhibitors: a p110a-specific GDC0326 (1.0uM), a p110B-
specific TGX221 (0.5uM), a p110d-specific D030 (0.5uM), a pan-PI3K (1.0uM) and DMSO
(control) during 2h. (A) Thereafter cells were lysed and immunoblotted using the indicated
antibodies. PDGFR-f as a control of the PCs culture specificity, pAKT (S473) as readout of
PI3K activity and p-ERK as readout of MAPK signalling. (B) Graphs represent the relative
immunoreactivity of pAKT (S473) normalized to B-Actin of the representative experiments in (A).
The results are expressed as the percentage of control (DMSO). Error bars are standard error
of the mean. Mean of at four independent experiments is shown. *P<0.05 was considered
statistically significant. Statistical analysis was performed by Mann-Whitney test.
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4.2.4. PI3K regulates PCs cells in an isoform dependent manner

Next, we assessed the cell migration, viability and proliferation of PCs
upon pharmacological inhibition of p110a and p110B. PCs were treated with
GDCO0326 (p110a-specific inhibitor) and TGX221 (p110B-specific inhibitor) and
DMSO (control). By performing a wound-healing assay (migration assessment)
and a MTS assay (viability assessment), we found that p110a inactivation, but
not p110, leads to a reduction in cell migration (Figure 4.12A-B) and viability
(Figure 4.12C), respectively. However, inhibition of p1108, but not p110aq,
results in the reduction of PCs proliferation detected by BrdU incorporation
(Figure 4.13), demonstrating that in these cells also p110, and not only p110q,
acts as a positive regulator, controlling cell proliferation.

Taking together, these observation revealed that p110a and p110B are
involved in the regulation of PC biology. Our data also suggests that migration
and survival of PCs are regulated by the p110a in an AKT axis while p11083
regulates PC proliferation independent of AKT.
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Figure 4.12. The p110a-PI3K regulates PC viability and migration. PCs were treated with
isoform-specific PI3K inhibitors: a p110a-specific GDC0326 (1.0uM), a p110B-specific TGX221
(0.5uM) and DMSO (control) during 18h. (A) Representative phase contrast images of PCs
monolayers, immediately and 18h hours after scratching (B) Quantification of the percentage of
migrate PCs in the different culture conditions shown in (A). (C) Quantification of PC viability
using the MTS viability assay (absorbance 490). Error bars are standard error of the mean.
Mean of at least four independent experiments is shown. *P<0.05 was considered statistically
significant. Statistical analysis was performed by Mann-Whitney test.
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Figure 4.13. The p110B-PI3K isoform regulates PC proliferation. (A) Representative images
of PCs after 24h treatment with isoform-specific PI3K inhibitors: a p110a-specific GDC0326
(2.0pM), a p110B-specific TGX221 (0.5uM) and DMSO (control). The PCs were labelled in situ
with BrdU and then fixed and immunostained for BrdU (Green) and DAPI (blue). (B)
Quantification of the percentage of proliferative PCs in the different culture conditions shown in
(A). Error bars are standard error of the mean. Mean of at least four independent experiments is
shown. *P<0.05 was considered statistically significant. Statistical analysis was performed by
Mann-Whitney test.

4.2.5. PI3K controls PCs biology in a isoform-dependent manner during

sprouting angiogenesis — The model selection

The in vitro results suggested that PI3K signalling is important for
regulation of PCs fundamental functions in an isoform-dependent manner and
that both, p110a and p110B isoforms are implicated in PCs regulation with
p110a involved in PC migration and p110B controlling PC proliferation. Since,
PCs are key mediators of sprouting angiogenesis, we sought to validate
whether PI3K also relies on PC functions during sprouting angiogenesis in vivo
using the mouse retina model as a tool and the Cre/loxP as a system that
allows the specificity of the genetic inactivation (Albanese et al., 2002; Bouabe
and Okkenhaug, 2013).

For this purpose, we took advantage of the tamoxifen inducible
PdgfrB(BAC)-CreERT?2 transgenic mice, which in the retina have been shown
to be restrictedly expressed in MCs (Chen et al., 2016b).

152



4. Results

In order to inactivate p110a and p110B in PCs we combined one allele
flox and other allele kinase-death. This strategy proved to be the more
efficient based on two observations: 1) the full depletion of p110a may lead to
compensation of other isoforms (Graupera., et al. unpublishead data); and 2)
the comparison of the vascular phenotypes upon two floxed alleles approach
versus the flox/kinase-death alleles approach in ECs, revealed that the last
one exhibits a more efficient recombination and more reproducible and

penetrant phenotypes (Angulo-Urarte., et al. unpublished data).

A disadvantage of the combinatory strategy is that one of the alleles has a
kinase-death protein that is constitutively expressed and that could affect the
PCs specificity. However, in the study of Angulo-Urarte et al. it was found that
the expression of this allele is not interfering significantly with the p110a-specific

roles in ECs (Angulo-Urarte et al unpublished data).

Therefore, the PdgfrB(BAC)-CreERT2;p110a"P933A  (p110qPo33AIAPC)
and the PdgfrB(BAC)-CreERT2;p110p"*/P%14 (n110pPSAMRPCY transgenic mice
were generated to specifically inactivate p110a and p110B isoforms,

respectively, in PCs upon 4-hydroxytamoxifen (4-OH) administration.

4.2.6. The efficiency of PDGFRB(BAC)-CreERT2

First, we started to analyse the efficiency of the PdgfrB(BAC)-CreERT2
promoter. The recombination of the floxed gene was primarily tested by
crossbreeding the PdgfrB(BAC)-CreERT2; p110a™®/1 mice with a Rosa26-
eYFP transgenic mice allowing the detection of Cre activity from YFP
fluorescence signal (Srinivas et al., 2001). The recombination was induced by
injection of 4-OH in mice at P1 and P2 and the retinas were isolated at P6.
Immunofluorescence analysis of the retinas has shown YFP positive signal,
demonstrating the efficacy of the recombination. In addition, co-labelling with
desmin revealed that YFP expression is concomitant with desmin positive cells,
which validate the specificity of the Pdgfr3(BAC)-CreERT2 to PCs in the retina
model (Figure 4.14).
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Rosa26-eYFP; Pdgfr3-CreERT2; p110¢, flox/flox

IB4:Desmin:YFP Desmin:YFP YFP

Figure 4.14. Efficient induction and specificity of PdgfrB-CreERT2. Cre expression detected
by YFP (green) positive signal in the PC nuclei in P6 retinas of Rosa26-eYFP; Pdgfr-B(BAC)-
CreERT2;p110a™" after 4-OH injections at P1 and P2 and the retinas isolated at P6. The
retinas were co-stained with isolectin-B4 (blue) and the PC marker Desmin (red).

Moreover, we further confirm the specificity and efficiency of our promoter
using the Rosa26-mTmG fluorescent reporter line, which allows the detection of
Cre activity by recombination-induced expression of membrane-bound green
fluorescent protein (GFP) and inactivation of the red fluorescent protein Tomato
expression (Muzumdar et al., 2007). Therefore, the Pdgfr-8(BAC)-
CreERT2;p110a"P933A mice expressing only one floxed allele were crossed
with Rosa26-mTmG fluorescent reporter line. Similarly, the 4-OH were

administrated at P1 and P2 and the retinas isolated at P6.

Even with only one floxed allele, using the NG2 marker, it was possible to
observe that a high percentage and that only NG2 positive cells showed GFP
expression. Therefore, PdgfrB(BAC)-CreERT2 has shown to be a highly

efficient and specificity for PCs in the retina mouse model (Figure 4.15).

Taking together, these analysis further validate the PDGFR[( promotor,
which in the retina only recombines into the PCs population with a high ratio of

efficiency.
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Rosa26-mT/mG; Pdgfrp-CreERT2 ; p110¢, P933A/flox

IB4:NG2:mT/mG

Figure 4.15. Efficient induction and specificity of PdgfrB-CreERT2. The Cre expression was
detected by GFP (green) positive signal in PC in P6 retinas of Rosa26-mT/mG; Pdgfr-B(BAC)-
CreERT2;p1 10aP%¥1 even with only one allele floxed. The 4-OH tamoxifen injections were
performed at P1 and P2 and the retinas isolated at P6 were so-stained with isolectin-B4 (blue)
and the PC marker NG2 (red). The Cre-recombination of the Rosa26-mT/mG promotor induces
the expression of membrane — bound green fluorescent protein (GFP) and the inactivation of
the red fluorescent protein tomato.

4.2.7. pl10a-PI3K isoform does not regulate PCs biology during sprouting

angiogenesis

We first focus on the study of PCs coverage in the PdgfrB(BAC)-
CreERT2;p110a”%34M% mice (p110aP9*3*12PC) To validate our genetic strategy
choice (described at the section 4.3.1), in our first analysis we included the
following controls: (1) the full deletion mice PdgfrB(BAC)-CreERT2;p110a%¢fox
(p110a'2PCAPCY. (2) the p110aVTP9%3A mice that have one allele constitutively
expressed and a kinase death form of p110a (p110a°**): and the (3)
p110a"°*M°* mice without Cre-activity that was used as a control. From now on,
unless otherwise stated, pups were injected at P1 and P2 and the retinas
isolated at P6.

Although, we found PI3K activity increased in the sprouting front of WT
retinas, we sought to analyse both areas: the sprouting front (Angiogenic Front)
and the remodelling area (Remodelling Plexus) of the P6 retinas, as it was

previously described. These strategies allowed the study of the PI3K impact on
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the active and in the quiescent vasculature since PCs are important in both

cases.

Using the NG2 marker to stained PCs and isolectin-B4, we found that

WT/D933A

partial inactivation of p110a (p110a ) did not impact on PC coverage in

the angiogenic front, when compared with the control (p110a"®/"°). Moreover,

full depletion of p110a in PCs (p110a4"<4"C

(p1 1 0aD933A/iAPC

) or the combined strategy
) also did not show any difference in PC coverage compared to

the control (Figure 4.16). In addition, we did not detect any change in PCs

coverage in the remodelling area when used p110qgP933MAPC

WT/D933A iIAPC/iAPC

compared with

control (Figure 4.17) or p110a and p110a mice models (data not

shown).

To confirm our results, we have used the well-established cytoskeleton
marker of PCs — desmin — and the vessel marker isolectin-B4, and we did not

D933A/IAPC mice in the

detected differences in PCs coverage in the p110a
angiogenic front (Figure 4.18A-B) or even in the remodelling plexus (Figure
4.18A-C). Thus, p110a isoform apparently does not regulate PCs coverage of

the endothelium in both, the angiogenic and the remodelling areas.

Next, we assessed the PCs” morphology using the co-labelling isolectin-
B4 and NG2 in the angiogenic front and the remodelling plexus of the retina and
we did not find any evident morphological change in the p110aP%3¥APC pc
compared with the control (Figure 4.19).

We also analysed the impact of p110a on PCs proliferation using the
p110aP93MAPC mice. For this, EAU proliferative staining and NG2 marker were
used in the recombined P6 retinas. We quantified the percentage of EdU
positive cells in PCs (NG2") in the angiogenic front and in the remodelling area
and we did not detected differences in PC proliferation upon p110a inactivation
in the angiogenic front (Figure 4.20) nor in the remodelling plexus (Figure

4.21), which suggests that p110a does not regulate PCs proliferation.

Taken together, this data has shown that, surprisingly, p110a does not
have an impact on PC coverage, proliferation or even morphological changes

during the sprouting angiogenesis in the mouse retina.
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Figure 4.16. p110a inactivation did not affect PC coverage using NG2 marker in the
sprouting front of the retina. (A) Confocal images of P6 retinas injected with 4-OH
tamoxifen at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) (B)

Quantification of PC coverage per vessel area in the P6 retinas of the respective genotypes.

N = 4 retinas for each condition. Error bars are standard error of the mean. Statistical

analysis was performed by Mann-Whitney test.
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Figure 4.17. p110a inactivation did not affect PC coverage using the NG2 marker in the
remodelling plexus of the retina. (A) Confocal images of P6 retinas injected with 4-OH
tamoxifen at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) (B)
Quantification of PC coverage per vessel area in P6 retinas of the p110a°****“"® compared
with the control (p110a"”"™). N 2 4 retinas for each condition. Error bars are standard error
of the mean. Statistical analysis was performed by Mann-Whitney test.
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Figure 4.18. p110a inactivation did not affect PC coverage using desmin marker. (A)
Confocal images of P6 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with
isolectin-B4 (green) and Desmin (red) in both areas, the angiogenic front and the remodelling
plexus (B) Quantification of PC coverage per vessel area in P6 retinas of the p1‘100(D933A”APC
compared with the control (p1 10aﬂ°x'ﬂ°x) in the sprouting front. (C) Quantification of PC coverage
per vessel area in P6 retinas of the p110<3([)933’”iAPC compared with the control (p110qf'°"’"°x) in
the remodelling plexus. N = 4 retinas for each condition. Error bars are standard error of the
mean. Statistical analysis was performed by Mann-Whitney test.
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Angiogenic Front Remodelling Plexus

Control p1100,0933A1APC

p1 1 oaD933AliAPC
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Figure 4.19. p110a inactivation did not affect PC morphology (A) Confocal images of P6
retinas of the p110a°™**“"C and the respective control (p110a™"®), injected with 4-OH
tamoxifen at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) in both areas, the
angiogenic front and the remodelling plexus.
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Figure 4.20. p110a inactivation did not affect PC proliferation in the angiogenic front (A)
Confocal images of the angiogenic font of P6 retinas injected with 4-OH tamoxifen at P1 and
P2. Retinas were injected with EdU 2h before isolation and were stained with isolectin-B4
(blue), NG2 (red) and the EdU (green). (B) Quantification of PC proliferation - EdU positive PCs
per total number of PCs in a 10°um? area in P6 retinas of the p110c1('3933A/iAPC compared with the
control (p110cxf'°X/f'°"). N = 4 retinas for each condition. Error bars are standard error of the
mean. Statistical analysis was performed by Mann-Whitney test.
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Figure 4.21. p110a isoform inactivation did not affect PC proliferation in the remodelling
plexus (A) Confocal images of the remodelling plexus of P6 retinas injected with 4-OH
tamoxifen at P1 and P2. Retinas were injected with EAU 2h before isolation and were stained
with isolectin-B4 (blue), NG2 (red) and the EdU (green). (B) Quantification of PC proliferation -
EdU positive PCs per total number of PCs in a 10*um? area in P6 retinas of the p110g°93**4PC
compared with the control (p110a"™™). N > 4 retinas for each condition. Error bars are
standard error of the mean. Statistical analysis was performed by Mann-Whitney test.
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4.2.8. p1l10B-PI3K isoform is the key regulator of PCs biology during

sprouting angiogenesis

The p110p isoform regulates PCs proliferation in vitro therefore, using the
same strategy as for p110a isoform, the impact of p110B on PCs in vivo

sprouting angiogenesis was also investigated.

As for p110a, to study how p110B affects PCs and to validate the
efficiency of our mice strategy, we first assessed the PCs coverage. For this
purpose, we have quantified the PC coverage per vessel area in our combined
strategy using the PdgfrB(BAC)-CreERT2;p110pP%3M0x (5110pPIMAPCY and
to validate our model we have also used: (1) the full deletion mice
PdgfrB(BAC)-CreERT2;p110B™11x (n110p'APC/IAPC). (2) the  p110pWTP93A
mutant mice carrying one kinase death allele expressed in all cell types

(p110B°°**) and the (3) p110B"°*M°* negative for Cre-activity used as a control.

Using the co-staining of NG2 with isolectin-B4, we observed that the
constitutive inactivation of p1108 (p110B""%™) did not affect PCs coverage
per vessel area in the angiogenic front, when compared to the control
(p110B™"™) “Moreover, we have not detected any differences in PCs coverage
upon p110B full inactivation (p110p“""2P%) in the angiogenic front. However,

D931A/IAPC mice

when used the combined strategy taking advantage of the p11083
model, a significant reduction in PCs coverage has been observed (Figure
4.22). It seems that specific inactivation of p110f in PCs results in reduced
coverage of PC in the vessels. A slight reduction of PCs coverage was also

D931A/IAPC

observed in the remodelling area in the p110p3 mice when compared to

the controls (Figure 4.23).

Surprisingly, p110B and not p110q, regulates PCs coverage mainly at the
sprouting front. These results also suggested that the partial inactivation of
p110p in a constitutive manner does not impact on the retinal PCs and that the
total deletion of p110B specifically in PCs quite likely leads to compensatory
effects by the other isoforms, since differences in PC coverage were not

observed. Therefore, the most efficient approach is the inactivation of p1103
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using the combined strategy, which helps to avoid the possible compensatory

effects of p110p full deletion.
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Figure 4.22. pl110B inactivation impacts on PC coverage using NG2 marker in the
sprouting front of the retina. (A) Confocal images of P6 retinas injected with 4-OH tamoxifen
at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) (B) Quantification of PC

coverage per vessel area in the P6 retinas of the respective genotypes. N = 4 retinas for each

condition except for p110p“F“"“"C n=2 retinas. Error bars are standard error of the mean.
*P<0.05 was considered statistically significant. Statistical analysis was performed by Mann-

Whitney test.
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Figure 4.23. p110B inactivation slight reduced PC coverage in the remodelling plexus of
the retina when used the NG2 marker. (A) Confocal images of P6 retinas injected with 4-OH
tamoxifen at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) (B) Quantification
of PC coverage per vessel area in P6 retinas of the p110p°**“P¢ compared with the control
(p1108"™). N = 4 retinas for each condition. Error bars are standard error of the mean.
Statistical analysis was performed by Mann-Whitney test.

To confirm our data with the NG2 marker, we also quantified PCs
coverage using the desmin marker co-stained with isolectin-B4 in the

D931A/IAPC mice. The

angiogenic front and in the remodelling areas of p11083
coverage of desmin-positive cells in the vessels in contrast to what we observed
using NG2, was not altered after p110f inactivation in P6 mouse retinas in both
areas of the retinas. (Figure 4.24 A,B,C,D). Although, not clear at the moment
we think that the differences between NG2 and desmin markers can be related
with the maturation grade of the PC. It was described that in retinas a mature
PC presents NG2 expression, and not desmin, more restricted to the albuminal

cell bodies (Hughes and Chan-Ling, 2004).
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Figure 4.24. p110B inactivation did not affect PC coverage using desmin marker. (A)
Whole-mount of P6 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with
isolectin-B4 (green) and desmin (red) of the pllOBD%lMAPC and respective control (pllOB"')X"'OX).
(B) High magnification confocal images of the angiogenic front and remodelling plexus of the
p1108P%™MAPC and respective control (p1108""™). (C) Quantification of PC coverage per
vessel area in P6 retinas of the p110[3DgalA/iAPC compared with the control (pllOBﬂo"’""X). N =4
retinas for each condition. Error bars are standard error of the mean. Statistical analysis was
performed by Mann-Whitney test.
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During maturation, PCs exhibits several morphological changes and since
we have detected that PCs from the pl1l10f mutant present defects in the
coverage of the vessels, we hypothesised that their morphology could also be
altered. Using high magnification images of PCs from p110pP%="APC mice it
was possible to detect that these PCs, in the angiogenic front, were more
elongated, thinner and they also presented less cytoplasmic protrusion
compared to the control (Figure 4.25A). Moreover, in the remodelling plexus,
these PCs also appeared to be thinner when compared to the PCs from the

control (Figure 4.25B).

Angiogenic Front Remodelling Plexus

Control p110pDe1AiIAPC

Control

1B4:

NG2

Figure 4.25. PCs morphology changes after p110p inactivation (A) Confocal images of P6
retinas of the p110B°*™“PC and the respective control (p110p""™), injected with 4-OH
tamoxifen at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) in both areas, the
angiogenic front and the remodelling plexus. We have detected that PC morphology changes
upon p110B inactivation acquiring a more elongated and thinner shape when compared with
the control.

Next, we investigated the impact of p110p inactivation on PCs proliferation
using p110pP'"™WIAPC mice. After p110B inactivation, the percentage of
proliferative PCs was quantified using the co-staining with EdU and NG2

D931A/IAPC

markers. We observed reduced PC proliferation in the p1103 , When

compared to the control, not only in the sprouting area (Figure 4.26) where
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PI3K activity is higher, but also in the remodelling plexus (Figure 4.27),
demonstrating that p1103 is essential for PCs proliferation in both

circumstances - the more active and the more quiescent plexus.

Together, this data suggests that p1108 isoform, but not p110aq, is the key
regulator of PCs function during the sprouting angiogenesis regulating PC
coverage, morphology and proliferation.
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Figure 4.26. p110B inactivation leads to PC proliferation arrest in the angiogenic front (A)
Confocal images of the angiogenic font of P6 retinas injected with 4-OH tamoxifen at P1 and
P2. Retinas were injected with EdU 2h before isolation and were stained with isolectin-B4
(blue), NG2 (red) and the EdU (green). (B) Quantification of PC proliferation - EdU positive PC
cells per total number of PC cells in a 10°pym? area in P6 retinas of the p110p°%***"*F¢ compared
with the control (pllOBﬂ"X’""X). N = 4 retinas for each condition. Error bars are standard error of
the mean. ***P<0.001 was considered statistically significant. Statistical analysis was performed
by Mann-Whitney test.
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Figure 4.27. p110B inactivation leads to PC proliferation arrest in remodelling plexus (A)
Confocal images of the angiogenic font of P6 retinas injected with 4-OH tamoxifen at P1 and
P2. Retinas were injected with EdU 2h before isolation and were stained with isolectin-B4
(blue), NG2 (red) and the EdU (green). (B) Quantification of PC proliferation - EdU positive PC
cells per total number of PC cells in a 10°pm?area in P6 retinas of the p110p°%***"“F¢ compared
with the control (p1108"*/"™). N 2 4 retinas for each condition. Error bars are standard error of
the mean. *P<0.05 was considered statistically significant. Statistical analysis was performed
by Mann-Whitney test.
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4.3. Paracrine regulation of ECs by PI3K signalling in PCs

PCs interact with ECs for tissue homeostasis and regeneration. This
interaction can be done by direct contact between both cell types by diverse
junctional structures that allow the diffusion of several molecules. However,
most of PCs and ECs communication events are exerted
by paracrine mechanisms that are determinants in the regulation
of angiogenesis and vessel stabilization (Caporali et al., 2016). Given that
pl10B is implicated in PC regulation during sprouting angiogenesis we
predicted that this pathway is also regulating the PCs and ECs interaction
previously described.

4.3.1. p110a inactivation in PCs leads to defects in EC motility

We have seen that inactivation of p110a in PCs does not interfere with PC
coverage or proliferation. However, we have analysed even though possible
defects of the vasculature since the cross-talk between PCs and ECs could be

compromised.

First, we have quantified the expansion of the vascular plexus to the
periphery of the P6 retinas, using the isolectin-B4 vessel marker. For this study,
we have used once again the four genotype models to validate our mice

WT/D933A

strategy: (1) the p110a mice were used to exclude any kind of effects of

iAPC/iAPC

the constitutive point mutation; (2) p110a mice were used to analyse the

effects of the complete deletion of p110a in PCs; (3) the combined strategy
p110aP933AAPC that maintains the signalling complex stoichiometry, avoiding
deregulation of PI3-kinase signalling, and also prevents possible combinatory
effects as explained previously, and the (4) p110a"®°* mice without Cre

activity used as a control.

We have seen that the full deletion of p110a in PCs or the constitutive
inactivation of p110a using the p110a“"““"C and the p110a"W7P93%A

respectively, did not show any differences in the radial expansion of the
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D933A/IAPC

vessels. However, p110a mice showed a significant reduction in the

expansion of the plexus (Figure 4.28).

Although, the specific inactivation of p110a in PCs was not regulating PC
coverage or proliferation, it seems to affect the communication between PCs
and ECs, leading to defects in the expansion of the plexus. Additionally, we

DISIANAPC retinas at P9, but we did not

measured the radial expansion in p110a
detect any differences when compared to the control (Figure 4.29). This data
suggests that p110a inactivation on PCs leads to a delay in EC migration, but

not to complete cell motility arrest.
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Figure 4.28. p110a inactivation in PCs results in radial expansion arrest in P6 retinas. (A)
Whole-mount of P6 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with
isolectin-B4. (B) Quantification of radial expansion of blood vessels in P6 retinas of respective
genotypes. n = 3 retinas for each genotype. Error bars are standard error of the mean. *P<0.05,
**P <0.01 and ***P<0.001 was considered statistically significant. Statistical analysis was
performed by Mann-Whitney test.
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Figure 4.29. p110a inactivation in PCs did not results in radial expansion defects in P9
retinas. (A) Whole-mount of P9 retinas injected with 4-OH tamoxifen at P1 and P2 and stained
with isolectin-B4. (B) Quantification of radial expansion of blood vessels in P9 retinas of
respective genotypes. n = 4 retinas for each genotype. Error bars are standard error of the
mean. Statistical analysis was performed by Mann-Whitney test.

Despite of reduced expansion of the plexus we did not observe any other

obvious defects in the vasculature in the p110aP%33/1APC

mice, including defects
in the number of branching, the number of tip cells, tips length or filopodia in the
migrating vascular front (Figure 4.30). Similarly, in the more mature plexus of
the retina we did not find differences in the number of branching points in the
p110aP93MAPC mice, when compared to the respective control littermates
(Figure 4.31). ECs proliferation was also assessed using the EdU staining in
combination with the EC nuclear marker ERG and the vessel marker isolectin-
B4. We did not find any defects in EC proliferation in the p1 10aP9PAEPC mice in
both areas of P6 retinas, the sprouting front (Figure 4.32) and the remodelling
plexus (Figure 4.33). Apparently, the inactivation of this isoform only leads to a
delayed expansion of the plexus that could be explained by defective

interactions between both cell types.
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Figure 4.30. p110a inactivation do not affect the vascular density, sprouts or filopodia in
the vascular front of the retina. (A) Confocal images at the angiogenic front of P6
p110a°**MAPC mice retinas and respective control (p110a™"*), upon 4-OH tamoxifen injection
at P1 and P2. Isolectin-B4 staining was performed. The yellow squares are zoom of the
confocal images highlighting the sprout cell and the yellow arrows indicating the filopodia. (B)
Quantification of the number of branch points in the sprouting front area of p1 10aP9**MAPC mice
and control. (C) Quantification of number of sprouts per vessel length of p110a mice
and control. (D) Quantification of Sprout length of p110a°****“"¢ mice and control. (E)
Quantification of filopodia number per vessel length in the p110a mice and control. n = 4
retinas for each genotype. Error bars are standard error of the mean. Statistical analysis was
performed by Mann-Whitney test.
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Figure 4.31. p110a inactivation do not affect the vascular density in the remodelling
plexus. (A) Confocal images at the remodelling plexus of P6 p110a°**4"¢ mice retinas and
respective control (p110a""™) upon 4-OH tamoxifen injection at P1 and P2. Isolectin-B4
staining was performed. (B) Quantification of the number of branch points in the remodelling
area of p1100(D933NiAPC mice and control. n = 4 retinas for each genotype. Error bars are
standard error of the mean. Statistical analysis was performed by Mann-Whitney test.
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Figure 4.32. p110a inactivation do not affect the EC proliferation in the sprouting front.
(A) Confocal images of the angiogenic front of P6 retinas injected with 4-OH tamoxifen at P1
and P2. Retinas were injected with EdU 2h before isolation and were stained with isolectin-B4
(blue), ERG (red) and the EdU (green). (B) Quantification of EC proliferation - EdU positive cells
per total number of EC (ERG positive) in a 10°um? area- in P6 retinas of the p1100(D%3A/iAPC
compared with the control (p110qf'°”f'°x). N = 4 retinas for each condition. Error bars are
standard error of the mean. Statistical analysis was performed by Mann-Whitney test.

174



4. Results

A B

Il Control
D p 1 1 OaD933A/iAPC

Control
- - N
2 bk S

No. proliferative EC
1102 pm?

[6)]
1

p1 1 OCL D933A/IAPC

o
!

Figure 4.33. p110a inactivation do not affect PC proliferation in the remodelling plexus.
(A) Confocal images of the remodelling plexus of P6 retinas injected with 4-OH tamoxifen at P1
and P2. Retinas were injected with EdU 2h before isolation and were stained with isolectin-B4
(blue), ERG (red) and the EdU (green). (B) Quantification of EC proliferation - EdU positive cells
per total number of EC (ERG positive) in a 10°um? area- in P6 retinas of the p110aP%APC
compared with the control (p110a""™). N > 4 retinas for each condition. Error bars are
standard error of the mean. Statistical analysis was performed by Mann-Whitney test.

4.3.2. p110B inactivation in PCs leads to severe vascular defects

Next, we started to investigate the possible effects of inactivation of p1108
in PC in the vasculature. First, we wanted to analyse the radial expansion of P6
retinas and to exclude that these defects were due to the constitutive
inactivation of p110B four genotypic groups were studied: (1) the combined
strategy using the p110gP%*"W2PC mice, (2) the full inactivation of p110p in PCs
using the p110BAPCAPC (3) the constitutive kinase-death mutant p110p*/ P34
and the control without Cre-activity p1108""* We have only detected radial
expansion defects in the p110pP®'"™APC mice, indicating that these defects are
due to specific p110B inactivation in PCs (Figure 4.34). Additionally, the P9

D931A/IAPC

mouse retinas of p110p were also analysed and no differences in the

radial expansion were found, when compared to the control (Figure 4.35).
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Therefore, p110p inactivation in PCs causes delay in the EC migration but not
full migration arrest, as seen before in p110a mutants.

We also assessed the vascular density of p110pP9'WiAPC

in the sprouting
front area, where we have seen less vascular density when compared to the
control, however, no changes in the formation of sprouts, sprouts length or
filopodia were detected in the perimeter of the sprouting front (Figure 4.36).
Apparently, the effects seen in the vessel migration or density are not due to
defects in the cells at the leading edge of the retina. Similarly, the vascular

density of the remodelling area was slightly reduced in p110gP%'AAPC

mice,
when compared to the control (Figure 4.37), further demonstrating that PC-EC
cross-talk upon p110B inactivation in PC is affecting not only the sprouting and

immature front of the retina, but also the more mature plexus.
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Figure 4.34. p110 inactivation in PCs results in reduced radial expansion in P6 retinas.
(A) Whole-mount of P6 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with
isolectin-B4. (B) Quantification of radial expansion of blood vessels in P6 retinas of respective
genotypes. n = 4 retinas for each genotype. Error bars are standard error of the mean. **P
<0.01 was considered statistically significant. Statistical analysis was performed by Mann-
Whitney test.
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Figure 4.35. p110B inactivation in PCs do not affect radial expansion in P9 retinas. (A)
Whole-mount of P9 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with
isolectin-B4. (B) Quantification of radial expansion of blood vessels in P9 retinas of respective
genotypes. n = 4 retinas for each genotype. Error bars are standard error of the mean.
Statistical analysis was performed by Mann-Whitney test.
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Figure 4.36. p110B inactivation leads to reduced vascular density but not impacts in the
sprouts or filopodia in the vascular front of the retina. (A) Confocal images at the
angiogenic front of P6 p110p°**"~"“"C mice retinas and respective control (p1108""*), upon 4-
OH tamoxifen injection at P1 and P2. Isolectin-B4 staining was performed. The yellow squares
are zoom of the confocal images highlighting the sprout cell and the yellow arrows indicating the
filopodia. (B) Quantification of the number of branch points in the sprouting front area of
p1108°*"M4PC mice and control. (C) Quantification of number of sprouts per vessel length of
p110[3'3931A“APC mice and control. (D) Quantification of Sprout length of p110[3D931A/iAPC
control. (E) Quantification of filopodia number per vessel length in the p110p
control. n = 4 retinas for each genotype. Error bars are standard error of the mean. *P <0.05
was considered statistically significant. Statistical analysis was performed by Mann-Whitney
test.

mice and

D931A/IAPC mice and
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Figure 4.37. pl10B inactivation in PCs results in reduced vascular density in the
remodelling plexus. (A) Confocal images at the remodelling plexus of P6 p110pP%*'AMAPC
retinas and respective control (p1108"™™), upon 4-OH tamoxifen injection at P1 and P2.
Isolectin-B4 staining was performed. (B) Quantification of the number of branch points in the
remodelling area of p110p°**'*"“P® mice and control. n = 4 retinas for each genotype. P <0.053
and only *P <0.05 was considered statistically significant. Error bars are standard error of the
mean. Statistical analysis was performed by Mann-Whitney test

mice

To discern whether the reduced vascular density of p110p inactivation in
PC were due to failure in the EC proliferation, we have used the EdU staining
together with ERG (EC-specific nuclear marker) and isolectin-B4 in the P6
mutant retinas. A significant decrease in the EC proliferation was observed in
both, the angiogenic front (Figure 4.38) and in the remodelling plexus (Figure
4.39) of the pl10pP®'WAPC mice. Additionally, we analysed cell death to
determine whether the observed defects were only a consequence of a cell
arrest or whether a cell death could also be involved. Staining for cleaved
caspase-3 to evaluate EC apoptosis showed no differences between control
and the p110BP%="™APC retinas (Figure 4.40).

The pll10B inactivation in PC leads to ECs migration and proliferation
arrest, both of which resemble a more mature vascular plexus. During the
maturation, there is an abundant collagen 1V deposition as previously described
using the WT retinas. Therefore, we have assessed the levels of this protein in
the P6 retinas of the p110pP%'"™APC mice, which showed higher deposition of
collagen IV in both the sprouting area and the remodelling plexus, when

compared to the control (Figure 4.41).
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Taking together, p110B inactivation affects not only the PCs, but also
leads to defects in the paracrine regulation of the endothelium resulting in

severe vascular defects that resemble a more quiescent phenotype and mature
vasculature.
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Figure 4.38. pl110B inactivation in PCs resulted in EC proliferation arrest in the
sprouting front. (A) Confocal images of the angiogenic front of P6 retinas injected with 4-OH
tamoxifen at P1 and P2. Retinas were injected with EAU 2h before isolation and were stained
with isolectin-B4 (blue), ERG (red) and the EdU (green). (B) Quantification of EC proliferation
- EdU positive cells per total number of EC (ERG positive) in a 104pm2 area- in P6 retinas of
the p110[3D931A/iAPC compared with the control (pllOB""X/ﬂOX). N = 4 retinas for each condition.
Error bars are standard error of the mean. *P <0.05 was considered statistically significant.
Statistical analysis was performed by Mann-Whitney test.
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Figure 4.39. p110B inactivation in PCs resulted in EC proliferation arrest in the
remodelling plexus. (A) Confocal images of the angiogenic front of P6 retinas injected with
4-OH tamoxifen at P1 and P2. Retinas were injected with EdU 2h before isolation and were
stained with isolectin-B4 (blue), ERG (red) and the EdU (green). (B) Quantification of EC
proliferation - EdU positive cells per total number of EC (ERG positive) in a 10*um? area- in
P6 retinas of the p110g°**"“7C compared with the control (p1108""). N = 4 retinas for
each condition. Error bars are standard error of the mean. *P <0.05 was considered
statistically significant. Statistical analysis was performed by Mann-Whitney test.
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Figure 4.40. p110B inactivation in PCs did not affect cell death in the vasculature. (A)
Confocal images of the angiogenic front and remodelling plexus of P6 retinas injected with 4-
OH tamoxifen at P1 and P2. Retinas were stained with isolectin-B4 (red) and cleaved-Caspase

3 (green).
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Figure 4.41. p110B inactivation leads to increased deposition of collagen IV in angiogenic
front. (A) Whole-mount of P9 retinas injected with 4-OH tamoxifen at P1 and P2 and stained
with isolectin-B4 (red) and collagen IV (green). (B) High magnification confocal images of the
angiogenic front and remodelling plexus of p110p°**“P¢ and respective control (p110p""™).
(C) Quantification of collagen IV integrate intensity in vessel area of the angiogenic front area.
The p110p°#*4FC results in increased deposition of collagen IV in the sprouting front (but not
statistically significant). N=3 retinas for each condition. (C) Quantification of collagen IV
integrate intensity in vessel area of the remodeling plexus area. The pllOBD%WiAPC results in no
changes in collagen IV in the remodelling plexus. N=3 retinas for each condition. Error bars
are standard error of the mean. Statistical analysis was performed by Mann-Whitney test.
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4.4. PTEN regulates PI3K function in PCs during the sprouting

angiogenesis (ongoing experiments)

To further understand how PI3K pathway regulates PCs functions during
the sprouting angiogenesis, we also inactivated PTEN specifically in PCs.
PTEN is the major regulator of PI3K class | signalling acting as a lipid
phosphatase, dephosphorylating the PIP3 lipids into PIP2 and thereby,
counterbalancing the PI3K signalling effect (Vanhaesebroeck et al., 2010).
Moreover, PTEN in ECs is required in a cell-autonomous and dose-dependent
manner for the control of vascular density and vessel growth (Serra et al.,
2015). For this purpose, we have used the tamoxifen-inducible PC-specific Cre
line (PdgfrB(BAC)-CreERT2) in combination with loxP-flanked alleles to

genetically inactivate PTEN (PTENFC) in retinal PCs (ongoing experiments).

Analysis of P6 PTEN"FC retinas, using the NG2 and isolectin-B4, showed
increased PC coverage in the sprouting front area, when compared to the
control (Figure 4.42A-B). In contrast, in the remodelling plexus of the retina we

have detected a slight reduction in the PC coverage (Figure 4.42C-D).

Data from our laboratory has shown that PTEN turnover is low and its
ECs-specific inactivation leads to dramatic vascular defects that are maintained
and increased over time (Serra et al., 2015). Thus, we next analysed the P9
retinas that, in agreement with the previous findings, showed an even stronger
phenotype where PTEN"PC present more PCs coverage in the sprouting front
when compared to the controls (Figure 4.43A-B). In contrast, no differences
were detected in the remodelling plexus (Figure 4.43C-D). It seems then that

PTEN controls PC coverage only in the immature plexus of the retina.

We have also seen that PCs in P9 retinas present an aberrant
morphology, when compared with the control. They are larger and the cell body
is more retracted, presenting more protrusions. In contrast, PC from control
retinas are more elongated, thinner and the cell body is highly connected to the
endothelium (Figure 4.44).
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Figure 4.42. PTEN inactivation results in increased PC coverage in the angiogenic front
and slight reduced PC coverage in the remodelling plexus of the P6 retina. (A) Confocal
images of the angiogenic front area of P6 retinas injected with 4-OH tamoxifen at P1 and P2
and stained with isolectin-B4 (green) and NG2 (red) (B) Quantification of PC coverage per
vessel area in P6 retinas of the PTEN"® (N=1 retina) compared with the control (N=2 retinas).
(C) Confocal images of the remodelling plexus area of P6 retinas injected with 4-OH tamoxifen
at P1 and P2 and stained with isolectin-B4 (green) and NG2 (red) (B) Quantification of PC
coverage per vessel area in P6 retinas of the PTEN“F® (N=1 retina) compared with the control
(N=2 retinas). Error bars are standard error of the mean.
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Figure 4.43. PTEN inactivation results in increased PC coverage in the angiogenic front
and no changes in in the remodelling plexus of the P9 retina. (A) Confocal images of the
angiogenic front area of P9 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with
isolectin-B4 (green) and NG2 (red) (B) Quantification of PC coverage per vessel area in P9
retinas of the PTEN""® compared with the control. (C) Confocal images of the remodelling
plexus area of P6 retinas injected with 4-OH tamoxifen at P1 and P2 and stained with isolectin-
B4 (green) and NG2 (red) (B) Quantification of PC coverage per vessel area in P9 retinas of the
PTEN""® compared with the control. n = 4 retinas for each genotype. Error bars are standard
error of the mean. Statistical analysis was performed by Mann-Whitney test.
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Control PTENi:PC

Figure 4.44. PCs morphology changes after PTEN inactivation. (A) Confocal images of P9
retinas of the PTEN"® and the respective control, injected with 4-OH tamoxifen at P1 and P2
and stained with isolectin-B4 (green) and NG2 (red) in the angiogenic front. We have detected
that PC morphology changes upon PTEN inactivation acquiring a more a larger shape, with the
cell body more retracted, when compared with the control.

We further investigated the impact of PTENPC mice on the vasculature
and as we detected a stronger phenotype in PCs at postnatal day 9, we focused
our attention at this time point of the retinal development. Analysis of P9 retinas
revealed reduced radial expansion of the vasculature in the PTEN"C mice,
when compared to the control thus, PTEN inactivation in PCs also affects EC
expansion of the plexus (Figure 4.45). Interestingly, when observing all the
retinal plexus it was possible to identify that the vascular defects where
particularly found in the sprouting frontal zone, suggesting once more that

PTEN regulates the immature PCs located at active sprouting areas.

Analysis of higher magnification images of PTEN“FC retinas showed
increased vascular density in the sprouting front, (Figure 4.46). In contrast, in
the remodelling area no significant differences were detected in the vasculature
(Figure 4.47).
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Figure 4.45. PTEN inactivation in PCs results in reduced expansion of the plexus in P9
retinas. (A) Whole-mount of P9 retinas injected with 4-OH tamoxifen at P1 and P2 and stained
with isolectin-B4. (B) Quantification of radial expansion of blood vessels in P9 retinas of
respective genotypes. n = 4 retinas for each genotype. Error bars are standard error of the
mean. *P <0.05 was considered statistically significant. Statistical analysis was performed by
Mann-Whitney test.
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Figure 4.46. PTEN inactivation results in higher vascular density in the angiogenic front
area. (A) Confocal images at the angiogenic front area of P9 PTEN"“® mice retinas and
respective control, upon 4-OH tamoxifen injection at P1 and P2. Isolectin-B4 staining was
performed. (B) Quantification of the number of branch points in the remodelling area of
PTEN“"® mice and control. n > 4 retinas for each genotype **P <0.01 was considered
statistically significant. Error bars are standard error of the mean. Statistical analysis was
performed by Mann-Whitney test.
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Figure 4.47. PTEN inactivation do not changed the vascular density in the remodelling
plexus area. (A) Confocal images at the remodelling plexus of P9 PTEN“"® mice retinas and
respective control, upon 4-OH tamoxifen injection at P1 and P2. Isolectin-B4 staining was
performed. (B) Quantification of the number of branch points in the remodelling area of
PTEN""° mice and control. n 2 4 retinas for each genotype. Error bars are standard error of
the mean. Statistical analysis was performed by Mann-Whitney test

Taken together, PTEN inactivation in PCs leads to aberrant PCs
morphology and increased PC coverage. These dramatic changes in the PCs
upon PTEN inactivation also have impacts on the vasculature, resulting in

impaired cell migration and increased vascular density.

Our data suggests that in PCs p1108 can be regulated by PTEN, since
inactivation of both isoforms in these cells results in opposite effects. The p110B
inactivation leads to more quiescent PCs and consequently a mature
vasculature whereas, PTEN inactivation results in an aberrant and active PCs

and a more immature vasculature.
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Part Il —= PI3K in PCs during pathological angiogenesis

4.5. Investigating the role of PI3K in PCs during tumoral

angiogenesis

PCs are a ubiquitous part of the tumour microenvironment and have been
proven to be multifaceted cells with an ability to significantly influence tumour
development thus, different therapies have been developed to target these
cells. However, whereas targeting ECs or fibroblasts might represent a
therapeutic advantage, targeting PCs has show different therapeutic effects,
depending on the type of tumour (Armulik et al., 2011; Meng et al., 2015).

Our data suggested a key role of p110B in the regulation of PCs
proliferation and since PI3K pathway is implicated in the regulation and
progression of different types of tumours, we sought to investigate the
therapeutic benefit of inhibiting the p110B isoform in the RIP1-Tag2 mouse

model.

4.5.1. p110B impacts on tumour PCs and impairs tumour progression

To study the impact of pl10p inactivation, the RIP1-Tag2 mice were
treated daily by oral gavage, starting at 12 weeks of age until 16 weeks of age
with KIN-193 (p1108 inhibitor) or vehicle. The RIP1-Tag2 is a transgenic mouse
model of pancreatic neuroendocrine tumours (PNETSs) that synchronously
progress from incipient neoplasia to invasive carcinoma. The tumours develop
spontaneously from the B-cells of the pancreatic islets of Langerhans as a result
of expression of the SV40 large and small T-antigen under the control of the
insulin promoter (Bill et al., 2015; Soler et al., 2015).

The treatment with KIN-193 in the tumour-bearing RIP1-Tag2 mice leads
to a slight decrease in the overall survival of the animals (Figure 4.48A-B).

However, p110f inactivation also prevents tumour burden (Figure 4.48D), but
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not tumour number (Figure 4.48C), when compared to the vehicle-treated
animals. Moreover, in vivo treatment with KIN-193 led to a decrease of red-
tumours and pink and white tumours were also detected when compared to the
controls. The WT or vehicle-treated tumours of the RIP1-Tag2 mice only
present red-coloured tumours thus, the decreased number of red-coloured
tumours in the KIN-193 treated mice suggests an impact on the tumour
vascularisation in these animals (Figure 4.48E). Thereby, we assessed the
tumour vasculature upon KIN-193 treatment using the CD31 marker for vessels
and the desmin to mark the PCs. We have seen that treated tumours showed
no differences in the vessels number, but a significant reduction in the PCs
number (Figure 4.49).

4.5.2. p110g inhibition does not affect the metastatic potential

Although inactivation of p110p using the KIN-193 inhibitor has an impact
on the tumour burden and vascularisation affecting essentially PCs, a slight
decrease in the overall survival of the treated animal has been observed.
Therefore, we hypothesized that p110p inactivation using the KIN-193 inhibitor
leads to an enhanced metastatic potential and thus, affects the overall survival
of the animals. However, we have not seen increased metastasis in both, lymph
nodes or liver (Figure 4.50). This data leads us to speculate that other
mechanisms could affect the overall survival of the animals and further studies

need to be done.
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Figure 4.48. Pharmacological inhibition of p110B-Class | PI3K in RIP1-Tag2 leads to a
slight reduction of overall survival but impairs tumour progression. RIP1-Tag2 mice (12
weeks) treated daily with vehicle (n=21) or KIN-193 (10 mg/kg, n =27) for 4 weeks. A) Kaplan—
Meier survival curve of the 4 weeks treatment. Statistical analysis was made with Log Rank test.
B) Gross pathology images of excised pancreas and liver. Black arrow heads indicate the
tumours. C) Total number of tumours. D) Total tumour burden analysis. E) Quantification of the
percentage of "red, pink and white" tumours per mouse. Error bars are standard error of the
mean. *P <0.05 and ****p < 0.0001 was considered statistically significant. Statistical analysis
was performed by Mann-Whitney test.
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Figure 4.49. Pharmacological inhibition of p110B-Class | PI3K in RIP1-Tag2 leads to PC
depletion. RIP1-Tag2 mice treated daily with vehicle or KIN-193 for 4 weeks. A) Representative
images of immunostaining for CD31 (green), Desmin (red) and DAPI (blue), of tumor sections.
B) Quantification of number of vessels (CD31) per tumour area. C) Quantification of the
percentage of vessels covered with PCs per total number of vessels. Error bars are standard
error of the mean. *P <0.05 was considered statistically significant. Statistical analysis was
performed by Mann-Whitney test.
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Figure 4.50. Pharmacological inhibition of p1108-Class | PI3K in RIP1-Tag2 does not
affect metastasis. RIP1-Tag2 mice treated daily with vehicle or KIN-193 for 4 weeks. (A)
Histologic analysis of liver and lymph node metastasis (Met) in RIP1-Tag2 mice treated with
vehicle or KIN-193 for 4 weeks starting at 12 weeks of age. Paraffin-embedded sections were
immunohistochemical stained for the tumor marker SV40 T antigen (brown). (B) Quantification
of the incidence of animals with microscopic liver micrometastasis and microscopic lymph node
metastasis in the control (black bars) and KIN-193-treated (red bars) treatment arms. (C)
Contingency table relating the number of animals in each treatment/metastasis case.KIN-193—
treated mice did not show differences in the incidence of liver or lymph node metastasis. Error
bars are standard error of the mean. Statistical analysis was performed by the x2 test.
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PCs are specialized MCs located at the abluminal surface of capillary
blood vessels, which control the vascular development and stabilization
(Armulik, 2005). They are intimately associated with the ECs, by sharing the
same BM, and communicating with them via physical contact or by paracrine
signalling (Caporali et al., 2016). These interactions are important for vessel
formation, maturation, remodelling and maintenance (Gerhardt and Betsholtz,
2003). During the angiogenesis, activated PCs in the parental vessels swell,
shorten their processes and project into the perivascular spaces. Thereafter, the
BM is disrupted resulting in PC detachment from the vessel wall allowing ECs
proliferation (Gutiérrez R. and Varela H, 1992a). The growing new vessel
needs to be covered by PCs to be stabilized and preventing to be degraded.
Therefore, PCs are recruited again to the microvessels, suppressing ECs
growth and promoting their stabilization (Armulik et al., 2011; Ribatti et al.,
2011).

In many pathologies, blocking angiogenesis would be beneficial (e.g.
cancer, retinopathies and rheumatoid arthritis) whereas in others, the
promotion of angiogenesis represents an advantage (e.g. myocardial
infarction, stroke and hypertension). PCs have recently emerged as a
therapeutic target to promote or inhibit angiogenesis thus, the basic
understanding of PCs biology is fundamental to develop PC-related
therapies (Stapor et al., 2014).

5.1. PCs differentiate during the retinal development

Although, the role of ECs during sprouting angiogenesis is well
characterised (Hughes and Chan-Ling, 2004), the physiology and differentiation
of PCs in this process is not fully understood. The retina is an ideal system to

study PC development in the microcirculation, since it is possible to observe
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several stages of PC differentiation from the more mature central retina, into the
immature distal vascular plexus (Hughes and Chan-Ling, 2004).

We have investigated different aspects of PC biology in the growing
vasculature of mouse retinas. A number of important observations were noticed:
(1) PCs are closely associated with the ECs at very early time points of vessel
development (P3); (2) PCs start to proliferate earlier than ECs and both cells
become quiescent during the vascular remodelling; (3) PC coverage becomes
more widespread during vessel maturation; (4) PC morphology changes

through different stages in the retinal development.

In agreement with our findings, other authors showed that PCs are in
close association with the ECs at the sprouting front in rat mesentery (Nehls et
al., 1992) and in pancreatic tumours (Morikawa et al., 2002). Furthermore,
Hughes et al. have shown PC involvement in the early vessel development (P0)

of rat retinas (Hughes and Chan-Ling, 2004)

It is not fully understood whether PCs develop by division of pre-existing
cells and/or by differentiation from immature mesenchymal cells (Armulik et al.,
2011). Our study shows, for the first time, that PCs in the retina vasculature
expands at very early time points through cell proliferation, which progressively
decreased during vascular maturation. According to our findings, it has been
previously shown that PCs proliferate during angiogenesis in the CNS, which is
characterized by a seeming lack of immature mesenchyme (Armulik et al.,
2011; Stapor et al., 2014). This suggests that new PCs could develop mainly by
proliferation of the pre-existing ones. However, this observation requires further

investigation and lineage tracing studies would be a good approach.

Interestingly, our results also indicate that PCs population expands first
than the ECs, which suggests that PCs proliferation is required to activate ECs.
In fact, PCs were shown to regulate ECs proliferation during the angiogenesis
(Armulik et al., 2011; Stapor et al., 2014). It would therefore be interesting to
study PCs and ECs proliferation at additional early time points of the retinal

development, confirming this observation.

Dore-Duffy et al.,, described that PCs from the CNS present a

heterogeneous morphological pattern along the capillaries. The most common
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association between PCs and the microvessels is one in which PCs encircling
the capillary, with broad and continuous projections that cover a large surface
area of the microvessel. A second pattern also shows PCs wrapping around
the capillary but the area is more defined and smaller and the PC projections
are finger-like in shape. The third pattern was attributed to active and migrating
PCs that normally are found in the early stages of angiogenesis or in
pathological conditions. At this point the PCs orientation in the microvessel
involves a retraction of projections. The fourth pattern shows that PCs are
positioned longitudinally in a polar fashion along the microvessel, which may
reflect PCs migrating along the vessel or PCs transition (Dore-Duffy and
Cleary, 2011). Anatomically and developmentally, the retina is known as an
extension of the CNS (London et al., 2013). Likewise, we observed that in the
retina microvessels PCs also present morphological changes along the vessel
development. PCs in the sprouting front of the retina have a retracted shape,
with multiple protrusions connected with the endothelium, which resembles the
third type of PC found in the CNS. Conversely, in the remodelling areas, PCs
showed a more elongated shape with tight connections with the endothelium,
similarly with the first and the second morphological pattern described.

Moreover, for vessel stabilization a BM has to be formed. There is a co-
requirement of ECs and PCs to assemble and maintain the vascular BM matrix
(Stratman and Davis, 2012). Collagen type IV is one of the major BM
components that self-assemble to confer structural stability (Pdschl et al.,
2004). We found an increase in the collagen IV deposition concomitant with
vessel maturation, suggesting that its presence is associated with a more
mature phenotype. Interestingly, this finding highlights the importance of PCs to
both forming and stabilizing the new vasculature. It would be interesting to
investigate other BM components, such as laminin, and fibronectin, which are

also necessary for the correct BM assembly (Stapor et al., 2014).

Overall, our data suggests that PCs extend through different states, which
contribute to the regulation of vessel development. Immature and proliferative
PCs are present in areas of active sprouting angiogenesis, promoting vessel
growth. These PCs are less connected with the vessels, present a retracted

shape and possibly are required to activate ECs proliferation. In contrast,
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mature and quiescent PCs are found in more mature vessels promoting their
stabilization. These PCs are well connected with the endothelium, which
promotes ECs quiescence and contributes to the collagen IV deposition. Stapor
et al., have also described transient PCs phenotypes during capillary sprouting
in the brain, suggesting that subpopulations perform specific angiogenic
functions. They found a transient expression of class Ill B-tubulin in brain PCs,
typically associated with the earlier phases of sprouting angiogenesis (Stapor et
al., 2014). Therefore, it is reasonable to assume that different PCs populations
can co-exist in the retina. Future studies using a PC-specific reporter line and
other PC-specific markers would be useful in attempt to investigate different

PCs populations in the retinal vasculature.

5.2. PCs control EC migration and proliferation in vitro

PCs can rapidly differentiate in vitro to other cell types, which make the
study of PCs biology even more challenging. In the past years, different
approaches have been developed to isolate and establish a pure PC culture
(Boroujerdi et al., 2014; Bryan and D’Amore, 2008; Tigges et al., 2012). We
used a protocol described by Tigges et al., which allows to culture stable and

pure PCs even after several passages (Tigges et al., 2012).

PCs and ECs mostly communicate by paracrine signalling pathways. This
crosstalk is determinant in the regulation of angiogenesis and vessel
stabilization. (Caporali et al.,2016). Co-cultures studies that prevented physical
contact, but allowed diffusion of soluble factors, or the use of PCs conditioned
mediums above the ECs, are inconclusive. There are studies where these type
of co-cultures do not interfere with the ECs (Orlidge and D’Amore, 1987),
whereas others claim that PCs can secrete molecules that stimulate the
proliferation and migration of ECs (Watanabe et al., 1997). Additionally, those
studies involving PC-EC directed physical interaction have shown that PCs
have an antiproliferative effect on ECs. (Orlidge and D’Amore, 1987; Sato and
Rifkin, 1989)
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Given that our retina data suggest that PCs regulate ECs, we aimed to
analyse if cultured PCs paracrine controls ECs. Using transwells co-cultures
systems of PCs and ECs, avoiding the direct contact between both cell types,
we found that PCs when co-culture with ECs stimulate their proliferation and
slight impact in the EC migration. In agreement with the retinas, these results
suggest that PCs can promote ECs activation by the secretion of different
molecules, and possibly ECs quiescence by PC-EC direct contacts. Therefore,
it is tempt to speculate that in retinas the active PCs at the sprouting
angiogenesis possibly promote ECs proliferation by paracrine mechanisms. In
contrast, PCs at the remodelling angiogenesis lead to the ECs quiescence

possibly by direct contact communication.

5.3. Class IA-PI3K selectively regulates PCs biology in vitro

The PI3K family is important in almost all aspects of cellular biology
including metabolic control, immunity, angiogenesis and cardiovascular
homeostasis. Moreover, this signalling pathway is one of the most frequently
deregulated pathways in cancer. Among all classes of PI3K the class IA is the
best understood, being implicated in the regulation of several cell functions like
migration, proliferation and survival (Vanhaesebroeck et al., 2010). Data from
our laboratory have identified the p110a/PI3K isoform as the major driver of
PIP3 production in ECs during angiogenesis. Ubiquitous or EC-specific
inactivation of p110a/PI3K leads to embryonic lethality at mid-gestation due to
severe defects in angiogenic sprouting and vascular remodelling (Graupera et
al., 2008). Moreover, pharmacologic inactivation of p110a in vitro ECs leads to
cell migration defects (Soler et al., 2016). Similarly, p110a signalling in vSMC
has been shown to regulate the vascular remodelling (Vantler et al., 2015).

Therefore, we sought to validate whether p110a is also critical to regulate
PC functions. We observed that WT PCs express all class IA isoforms. The
p110a and p110B isoforms are ubiquitously expressed, whereas p1100
expression was found to be mainly enriched in leucocytes (Vanhaesebroeck et

al., 1997). However, similarly to our data also vSMC expresses all class IA
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isoforms including p1100 (Vantler et al., 2015) and low expression levels of
p1100 were found in other cell types (Geng et al., 2004; Graupera et al., 2008;
Puri et al., 2004; Sawyer et al., 2003)

Different studies have described vSMC (Caglayan et al., 2011; Dell et al.,
2006; Nishishita and Lin, 2004) or even PCs (Arimura et al., 2012; Bai et al.,
2015; Liu et al.,, 2007) autonomous functions with PI3K-AKT activation. The
study of Vantler et al, is the only one that goes further and implicates p110a
isoform has the single regulator of vSMC functions, such as proliferation,
migration and survival, beyond PDGFRB-PDGFB signalling and in an AKT
dependent mechanism (Vantler et al., 2015). During angiogenesis the ECs
secrete PDGF-B, which binds with the PC-specific receptor PDGFR[ causing
receptor dimerization, autophosphorylation and activation. Several SH2
domain—containing proteins bind to distinct phosphorylated tyrosine residues,
including PI3K, regulating PC survival, migration, apoptosis, proliferation and
differentiation (Betsholtz, 2004; Sweeney et al., 2016).

We observed that pharmacological inhibition of p110a (GDC0326), but not
inhibition of p110B (TGX221) or p1106 (GDCDO030) in cultured PCs led to
reduced AKT phosphorylation. Moreover, we also found that only inactivation of
p110a, and not p110B, impairs PCs migration and viability like occurs in vSMC
(Vantler et al., 2015). However and surprisingly, in contrast to vSMCs, only
p110pB inactivation leads to reduced PC proliferation. In vSMCs p110a appears
as the only regulator of vSMC functions (proliferation, migration and viability),
and p110B does not show biological implications (Vantler et al., 2015). Our data
together with Vantler et al. suggest that different types of MCs (vSMC and PCs)
show different regulation by the PI3K members. Although at the moment, these
differences between PCs and vSMCs are not fully understood, it is reasonable
to assume that different mediators can regulate PCs biology.

Our results suggest that in PCs p110a isoform seems to control cell
motility in an AKT dependent mechanism. Probably related with RTKs signalling
activation such as PDGFB-PDGFR(, like occurs with vSMC (Vantler et al.,
2015). It has also been shown that PDGF-B induced cell growth and anti-
apoptotic responses through AKT in cultured brain PCs. Furthermore, PDGF-B

in PCs significantly increased the expression of nerve growth factor (NGF) and
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neurotrophin-3 (NT-3) mediated by AKT (Arimura et al., 2012). Would be
therefore interesting, to study if PDGFB stimulation in PCs affect p110a/AKT

activation, stimulating their biological responses of migration and viability.

On the other hand, p110pB isoform controls PC arrest in a mechanism that
could be AKT independent. However, AKT-dependent mechanisms cannot be
excluded at the moment based on two observations: First, the detection of p-
AKT by WB was made after 2h of incubation with the p110p inhibitor. On the
other hand, in the proliferation experiments we have used 24 hours of
incubation. Thus, possibly to inactivate p1108 in PCs a large exposure to its
specific-inhibitor is required. Another explanation is that the AKT studies were
made in basal conditions and perhaps to trigger p110B response there is a need

of a stimulus.

Although it is not clear, which upstream signal regulates p110p in PCs,
different signalling pathways could be involved stimulating both, AKT -
dependent and -independent functions. In line with this, it is well-known that the
noncanonical TGFB signalling can activate PI3K-AKT, inducing epithelial-
mesenchymal transition (Chaudhury and Howe, 2009). Moreover, PI3K- TGFf
signalling have been implicated in the proliferation and differentiation of brain
PCs (Sweeney et al., 2016). Other mediators such as, insulin and the epidermal
growth factor could also activate p110f signalling in PCs. In fibroblasts these
growth factors promote cell proliferation in a p1108 AKT-independent
mechanism (Jia et al., 2008b).

Different studies have point p110a as the major PI3K isoform of RTKs
signalling, with a minimal contribution of p110B (Foukas et al., 2006; Knight et
al., 2006). It has also been shown that PDGFB -PDGFRf signalling is not
involved in p110B biological functions in different cell types (Hooshmand-Rad et
al., 2000; Park et al., 2003; Roche et al., 1998). Likewise, in vSMC activation of
p110B isoform is dependent of GPCRs signals resulting in AKT activation
(Vantler et al., 2015). These observations, indicate that p110f in PCs could act
downstream of GPCRs. Actually, in different cell types it has been shown that
p110B-AKT are activated downstream of GPCRs (Granel3 et al.,, 1998;
Guillermet-Guibert et al., 2008a; Kubo et al., 2005; Kurosu et al., 1997; Maier et

al., 1999; Roche et al., 1998). Further studies using a broader range of ligands
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will be essential to determine the molecular mechanism beyond p110B
responses in PCs.

5.4. Class IA-PI3K selectively regulates PCs biology during sprouting
angiogenesis

PCs are ideally located at the interface between the endothelium and the
surrounding tissue playing an active role during the angiogenesis. Several PCs
functions relevant for angiogenesis have been proposed: (1) PCs detect the
physiological needs of the tissue and the presence of angiogenic stimuli, (2)
sense the hemodynamic forces within the vessel, (3) deposit or degrade
extracellular matrix, (4) control by paracrine mechanisms and by contact-
dependent signals the EC proliferation and differentiation, and (5) are able to
contact many ECs at the same time allowing the integration of the signals along
the vessel length (Trost et al., 2016). PI3Ks are key regulators during the
angiogenesis process, responding to several environmental signals to regulate
many cellular processes that are central to vascular growth and maintenance
(Graupera and Potente, 2013).

There are no available good antibodies to detect the PI3K isoforms or
even AKT by immunofluorescence thus, the pS6 staining is often used as a
readout of PI3K activity (Hutchinson et al., 2011; Roux et al., 2007). Our results
revealed that pS6 levels are stronger in the areas of active sprouting
angiogenesis when compared with the more mature plexus, where the levels of

pS6 are almost undetectable.

Therefore, our next aim was to study the role of PI3K signalling in PCs
biology during the sprouting angiogenesis. Namely, the p110a and the p110p
isoforms, since both are controlling PCs functions in vitro. To selectively
inactivate p110a and p110B isoforms in retinal PCs we have used a tamoxifen-
inducible PdgfrB(BAC)-CreERT2 transgenic mouse line (Chen et al., 2016b).

D933A/flox and

We have crossed this line with the transgenic mice p110a
p110BPSMIX {5 selectively inactivate p110a (p110aP®*4PC) and p110B

(p110BPSBMAPCy i pPCs, respectively. In the p110aP93MAPC gng p110QpPISIAIAPC
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mice one allele allows the selective inactivation of the isoforms in PCs upon 4-
OH administration, but the other allele presented a constitutive inactivating
mutation (p110a”%*** and p110B°%'*). Consequently, half of the protein is
expressed but inactive. This strategy has shown to be efficient in maintaining
the stoichiometry of the protein (Foukas et al., 2006; Graupera et al., 2008) and
possibly avoids the compensatory effects of other PI3K isoforms (Utermark et
al., 2012).

The phosphorylation of S6 is associated with the activation of
PIBK/AKT/mTOR signalling pathway. However, this is not the only signalling
that PI3K can activate. Therefore, we have characterized the p110qP93/iAPC
and p110BPSMIAPC mutants in both areas, the sprouting area where the active
angiogenesis is taking place and the more mature plexus that undergoes in
stabilization and maturation. For that we have used the P6 retinas that are an
intermediate point of the retinal development, allowing to study in the same

preparation both processes, the sprouting and remodelling.

Although, our in vitro results revealed that p110a in PCs controls cell
motility and viability, somewhat unexpectedly, our retina data show that the

genetic inactivation of p110a (p1100°%%3A14P¢

) does not regulate PC coverage,
morphology or proliferation. On the other hand, pl10B inactivation
(p110BPSMIAPCY rasylts into reduced PC coverage in the angiogenic front and
also a slight reduction in the remodelling plexus, when used the NG2 marker.
Moreover, our results show that PCs coverage was not affected with the p110f3
full inactivation specifically in PCs (p110B™F°) or in the constitutive inactivation
(p110BP%™) when compared with the control (p110p"/"). These results
further demonstrate the efficiency of our strategy, which avoids the possible
compensation problems inherent to the p110p3 full deletion, as explained
previously. Furthermore, and in agreement with our in vitro data, we found that
p110B inactivation is not only affecting the coverage but also the proliferation of
the PCs in both areas of the plexus. Together these data suggest that the
coverage of the new plexus is mainly achieved by expanding the PC through
proliferation and not by migration of PC from other locations. Furthermore, our

data also highlight that opposed to what has been described in ECs and vSMC
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(where PI3K signalling is mainly driven by p110a), p1108 isoform is the key
regulator of PCs biology in the vascular development of the retina.

Unexpectedly, our data show that the PCs coverage assessed by the
cytoskeleton marker desmin is not altered in p110B mutants retinas compared
to the control. This finding is surprising, given that NG2 staining revealed
reduced PC coverage and also the PCs proliferation arrest suggests a smaller
number of PCs. Although it is not clear at the moment, the differences between
NG2 and desmin, it is tempting to speculate that the PDGFRf3 promoter is in the
retinas not homogenous and only targets specific PC sub-population. This
observation would imply that different types of PCs populations could co-exist in
the retina vasculature. In this particular case the existence of NG2+/Desmin-
PCs populations. In fact, this concept is not new and Kurz et al., have also
described that several types of PCs may co-exist in the same vascular bed.
They found that desmin and aSMA markers are not mutually exclusive in most
of the PCs in the chicken chorioallantoic membrane (Kurz et al.,, 2008).
Therefore, future studies using the PdgfrB(BAC)-CreERT2 transgenic mice in a
WT background could help to better understand the possible existence of sub-
populations of PCs in the retina vasculature. This strategy would allow to
investigate if the recombined PCs are always Desmin+/NG2+, or other PCs

population could also co-exist.

The differences seen with the two PCs markers could also be explained by
the fact that NG2 mediates signalling through PISK. NG2 has been shown to
promote PCs recruitment during angiogenesis (Cattaruzza et al., 2013; Huang
et al.,, 2010). Moreover, in the NG2 knock-out retina PCs proliferation is
compromised (Ozerdem and Stallcup, 2004). These observations lead us to
speculate that p110B inactivation in PCs could affect NG2 functions inducing
PC proliferation arrest.

Additionally, it was described by Hughes and Chan-Ling., that PC
maturation is characterized by the gradual restriction of NG2 expression, and
not desmin, to the albuminal cell bodies. In the normal development of the
retina at P15 the desmin filaments from PCs start to be distinguished by NG2
positive cell bodies. In adult retina, NG2 labelling became further restricted to

the soma, resulting in the adult-PC phenotype (Hughes and Chan-Ling, 2004).
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Our differences between the NG2 and desmin markers could be therefore
associated with a different maturation status of the PC in the p110@P%3A1APC
retinas. The p110B inactivation in this perspective result in a more mature PC
with the NG2 marker differently expressed to Desmin one. Actually, we also

DI3IAIAPC mice. These PCs

observed morphological changes in the PCs of p110f3
are more elongated and thinner when compared with the control, which
resembled the more mature PC described previously in the WT retinas. We
previously described that PCs during vessel maturation change their
morphology. Our results showed that in WT retinas a retracted PC and less
connected with the vessel is correlated with higher ratios of PCs proliferation
whereas, a more elongated shape and more connection with the vessel wall
leads to vascular stability and cell quiescence. These observations, suggest
that p110pB isoform is not only important for PCs proliferation but also regulates

PCs morphology promoting an active PC status.

In summary, our data show, that p110B is the major regulator of PCs
biology during the sprouting angiogenesis and its inactivation results into PC
coverage defects, cell proliferation arrest and morphological changes, which

resemble a more mature PC.

5.5. Inactivation of PI3K in PCs lead to severe vascular defects

Our results suggest that p110fB isoform is the major regulator of PCs
functions during the sprouting angiogenesis. Interestingly, we observed that
p110B inactivation in PCs is not only affecting these cells autonomously but also

impacts on the ECs, suggesting that PI3K regulates PCs and ECs cross-talk.

It is well-known that during angiogenesis PC and EC communication it is
fundamental for the correct vascular development (Gerhardt and Betsholtz,
2003). However, the majority of the in vivo studies came from ECs autonomous
effects that subsequently affect the PCs population (Bjarnegéard et al., 2004;
Caporali et al., 2016; Lindblom et al., 2003; Liu et al., 2000). Up to date, there
are not many in vivo studies showing that PCs defects impact on the ECs
population. The study of Liu et al., also correlate MCs autonomous defects
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with a compromised vasculature. They show that Notch3” mutant mice
(Notch3 is MC-specific) present defects in the investment of MCs which

results in an abnormal vascular development in the retina (Liu et al., 2010).

Unexpectedly, we have found that reduced PCs coverage and
proliferation leads to ECs hypoplasia and ECs proliferation arrest. Our results
show that p110B inactivation in PCs (p110BP%PC) results in a reduced
number of branching points and less EC proliferation in both, the sprouting front
and the remodelling plexus of the retina. Additionally, we found that these
differences are not related with increased cell death, since the cleaved caspase

D931A/APC

3 staining in the p110pB mice do not show any difference when

compared with the control. We also detected delayed in the expansion of the

DISIAIAPC mjce, which is not related with defects in the cells

plexus in the p110f3
at the very sprouting front of the retina since the sprouts and filopodia are not

affected.

This observation is somewhat at odds with previous reports where the
absence of PCs is accompanied by EC hyperplasia in vivo (Armulik et al., 2010;
Daneman et al., 2010; Hellstrém et al., 2001b; Kofler et al., 2015; Uemura et al.,
2002). Although not clear at the moment, these differences can be in part
explained because PI3K is mediating NG2 functions in PCs. In fact, Ozerdem
et al., also described that NG2 knock-out retinas under hypoxic conditions
result in PCs and ECs proliferation arrest (Ozerdem and Stallcup, 2004).
Moreover, these divergences could be also related with the maturation status of
PCs. Our results suggests that p110p inactivation results in a more mature PC,
which is characterized by a less proliferative — quiescent cell, that is well
connected with the endothelium. As described previously, the NG2 staining
during the maturation gradually becomes more restricted to the PC body,
which reflects a more mature PC. Moreover, in these PCs the desmin
filaments are distinguished from the more restricted NG2 expression (Hughes
and Chan-Ling, 2004). These observations suggest that the differences
detected in PC coverage with the NG2 marker are not related with less
recruitment of PCs but rather implicated with the status of PC maturation.
Thereafter, it is reasonable to speculate that more mature PCs result into

more mature vasculature, which is characterized, like we observed, by ECs
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quiescence. Furthermore, we have also detected an increase in collagen IV

DISIAIAPC mice. The BM matrix production by both cells,

deposition in the p110p
PCs and ECs is a fundamental requirement for vessel maturation and stabilization
(Stratman and Davis, 2012). These observations further demonstrated that

p110B inactivation on PCs could thus promote a more mature plexus.

Our results show that PI3K controls PCs biology not only in an autocrine fashion
way, but also, is involved in their paracrine communication with the ECs. Thus, it would
be interesting to find the molecular mechanism that is mediating PI3K signalling in PCs
and in their cross-talk with the ECs. Our observations led us to speculate that PI3K
signalling could mediate NG2 functions. As described previously, NG2 is involved into
PC recruitment and PC-EC interactions. Additionally, NG2 knock-out retinas resemble

our p110BPSMWIAPC retinas and present PC and EC proliferation arrest, which results

in hypovascularization.

Moreover, although PI3K signalling in vSMC is activated downstream of
PDGFB-PDGFR} signalling our in vitro data suggest that in PCs other mechanism(s)

DISIAIAPC ratinas came to re-inforce this idea and also

is/are involved. Our p11083
suggest that p110B in PCs is not mediating signalling through PDGFB-PDGFR}.
PDGFB-PDGFRp signalling defects in the retina vasculature are not similar to
what we observed upon pl10B inactivation. In general impaired PDGFB-
PDGFRp signalling results in PC recruitment failure and reduce PC coverage,
which results into vascular hyperplasia, atypical vascular morphogenesis and
formation of microaneurysms (Abramsson et al., 2007; Betsholtz, 2004;
Hellstrom et al., 2001b; Lindahl et al., 1997; Lindblom et al., 2003; Trost et al.,
2016). Using an anti-PDGFRB antibody Ogura et al., also mimicked several
aspects of diabetic retinopathy such as the inhibition of PC recruitment to the
vessels, leading to vessel hyperpermeability, hyperperfusion and
neoangiogenesis. These vessels formed aneurism-like structures with actively
proliferating ECs (Ogura et al., 2017). Therefore, as suggested previously other
pathways could be involved in p110B-PI3K signalling in the PCs and in their
cross-talk with the ECs.

Although, p110aP?***PC mice did not reveal any alterations on PCs when
compared with the control, we have seen that the vasculature is affected. We

found that inactivation of p110a in PCs results, as p110p, in delayed expansion
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of the retinal plexus, without affecting the sprouts and filopodia. Moreover, we
observed that p110a inactivation is not affecting the vascular density or EC
proliferation in the sprouting front of the retinas. To confirm that the expansion

D933A

defects were PC dependent we also analysed the p110a (full constitutive

inactivation) and the p110a™"C (full deletion of p110a specific in PCs) mice and
we did not detected any difference when compared with the control

(p1 1 OGﬂOX/ﬂOX) .

PCs have been implicated as active mediators of ECs remodelling by an
endosialin (CD248) receptor dependent mechanism. The endosialin receptor is
expressed by PCs associated with newly forming but not stable quiescent
vessels. The endosialin™ mice do not present defects in PC coverage and have
normal vascular sprouting however, results in a vessel regression defects that
lead to increased vessel density (Simonavicius et al., 2012). This led us to

D933A/IAPC

speculate that in the p110a mice a similar process could be occurring.

However, analyses of the vasculature in the remodelling plexus area of
p110aP9B3MAPC retina did not show any defects. The vasculature seems normal
and no differences in the number of branches or in EC proliferation were
detected. The defect in the radial expansion, often used as readout of EC
migration could be due to the PC migration. We have seen that in vitro
inactivation of p110a impacts on PC migration, which additionally could interfere
with the endothelium. Moreover, the radial expansion defects were recovered
and P9 retinas did not show any difference comparing with the control what
makes the p110a isoform not crucial for PCs functions during sprouting
angiogenesis. The p110f inactivation also results in radial expansion defects
suggesting that the expansion defects are not isoform-specific but rather a

common aspect of PI3K inactivation in PCs.

Summing up, surprisingly we have found that p110p isoform, and not
p110aq, is the key regulator of PC biology during the sprouting angiogenesis and
its inactivation leads to PC arrest and to a more mature PC morphology. This
PC defects also impacts in the endothelium leading to a more quiescent plexus
promoting EC proliferation arrest and BM components deposition. It is
therefore, reasonable to assume that p110B-PI3K in PCs is essential for active

and immature angiogenesis promoting cell proliferation.
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5.6. PTEN opposes PI3K signalling in PCs during the sprouting
angiogenesis

The PTEN is a dual lipid/protein phosphatase often underexpressed in
cancer (Hopkins et al., 2014, Leslie et al., 2009; Song et al., 2012), whose the
main activity is to dephosphorylate PtdIns(3,4,5)P3 at the 3 -position
counterbalancing PI3K signalling. Recent studies have shown that p11083, but
not p110a, has essential roles in tumorigenesis in PTEN-null mouse models
and cell lines (Jia et al., 2008b; Wee et al., 2008).Therefore, we hypothesized
that PTEN could also control p11083 functions in PCs during the sprouting
angiogenesis. To study the PTEN signalling in PCs we have crossed the
tamoxifen-inducible PdgfrB(BAC)-CreERT2 transgenic mouse line (Chen et al.,
2016b) with a PTEN"/"°* mice (Suzuki et al., 2001), which leads upon 4-OH
tamoxifen injection to the deletion of PTEN specifically in PCs (PTEN'P).

Our preliminary results show, so far, that PTEN inactivation on PCs results
in increased PC coverage (NG2 staining) in the angiogenic front of the retinas.
Interestingly, these defects are amplified during the maturation. This
observation goes in accordance with data from our laboratory describing that
PTEN turnover is low and its EC-specific inactivation leads to dramatic vascular
defects that are maintained and increased over time (Serra et al., 2015). The
remodelling area of the P6 -PTEN"“FC retinas showed less PC coverage than
controls however in P9 retinas these differences were no longer detected. This
observation suggests that PTEN inactivation in PCs is affecting more the PCs
located in the active sprouting area than the PCs located into remodelling
zones. Additionally, PTEN inactivation leads to changes in the PC morphology,
which result in a more retracted shape, with more protrusions and less
connection with the endothelium. These changes resemble a more immature
PC. It thus reasonable to speculate that PTEN inactivation in PCs oppose to
pl10p inactivation, since in the latter we observed less PC coverage and a

more mature PC morphology.

Moreover, like with p110p inactivation, also PTEN loss of function in PCs
results in severe vascular defects, which are also maintained and increased

overtime. Analyses of P9 retinas revealed more vascular density in the
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sprouting angiogenesis, reflected by a significant increase in the number of
branching points. Furthermore, the remodelling plexus was not affected.
Inactivation of PTEN on PCs also leads to less expansion of the vascular

plexus.

These preliminary results further suggest that PTEN opposes to the p1108
inactivation on PCs cells, promoting a more immature plexus. In fact, it was
described that under normal growth conditions, the activity of p110p is
antagonized by PTEN, which controls the levels of PIP3;. However, in conditions
where PTEN expression or activity is lost, the activity of p110B is no longer
countered by the phosphatase activity of PTEN, leading to high levels of PIP?
and downstream signalling (Dbouk and Backer, 2010). Additionally, PTEN has
been shown to function downstream of anti-migratory GPCRs (Dbouk and
Backer, 2010; Sanchez et al., 2005).This suggests that PTEN might also be
acting as a negative regulator of p110f activation downstream of GPCRs,

regulating PC proliferation.

Notch signalling has also been also implicated by different studies in the
regulation of PCs and in the PCs and ECs interaction. Mice deficient for
Notch3 display reduced arterial vSMC coverage and impaired vSMC
maturation (Domenga et al., 2004; Henshall et al., 2015; Liu et al., 2010). Also
in zebrafish, Notch3 has been implicated in assuring PC coverage and vessel
integrity (Wang et al., 2014). In vitro studies have shown that Notch signalling
promotes PC survival and adhesion to ECs (Arboleda-Velasquez et al., 2014;
Schulz et al., 2015). Moreover, in Notch1*"; Notch3™ mice, a combined
deficiency of Notchl (EC specific) and Notch3 (PC specific) model, was
observed altered PC interaction with the endothelium and reduced PC
coverage of the retinal vasculature. These defects additionally result into
vascular hyperplasia, and failure in the vascular BM formation (Kofler et al.,
2015). Data from our laboratory has also shown that EC deletion of PTEN
results in vascular hyperplasia due to a failure to mediate Notch-induced
proliferation arrest (Serra et al., 2015). These findings led us to speculate that
PTEN can be involved with Notch3 signalling. Therefore, PTEN inactivation in
PCs could possibly impair Notch3 normal functions of PC arrest and

maturation, leading to a more immature vasculature. Actually, there are
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several lines of evidence that point to a link between the Notch and PI3K
pathways and their regulation by PTEN (Bailis and Pear, 2012).

Taken together, our data suggest that PTEN in PCs seems to
counterbalance the effect of p110B-PI3K promoting a more quiescent and
more mature PC. It is reasonable to speculate that PI3K activation in PCs is
essential for the early processes of angiogenesis, promoting a more immature
PC and vasculature, whereas PTEN activity is increased later, leading to a

more quiescent PC and vessel maturation and stability.

Sprouting angiogenesis Remodelling angiogenesis
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Figure 5.1. Schematic model of PI3K and PTEN regulation of PCs during sprouting
angiogenesis. Our study suggests that PI3K activity is essential to regulate PC biology
during sprouting angiogenesis. PI3K activation in PCs leads to a more immature PC state,
which is more proliferative, retracted, larger, with several protrusions and less connected
with the endothelium. This PC state also affects the vasculature, prmoting ECs

proliferation and vessel growth. In contrast, PTEN possibly is more essential during the
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remodelling angiogenesis. PTEN activation leads to a more mature PC, which is less
proliferative, thinner, elongated and more connected with the endothelium. This mature

PC promotes ECs quiescence and vessel stabilization.

5.7. p110B impacts on tumour PCs and impairs tumour progression

Highly metastatic tumours have reduced PC coverage and targeting these
cells have shown to reduce tumour volume but enhanced metastasis. On the
other hand, in tumours with high coverage, PC-targeting therapies has proved
to be efficient since it facilitates the access of immune system cells and other
therapeutic agents (Bergers and Hanahan, 2008). PI3K pathway is frequently
overexpressed in human cancer as a consequence of multiple molecular
alterations. Moreover, this pathway is not only important for tumoural cells but is
also required for stromal cells functions such as, angiogenesis and recruitment
of inflammatory cells (Fruman and Rommel, 2014; Hirsch et al., 2014b; Murillo
et al., 2014, Soler et al., 2013, 2015). Several strategies aimed to interfere with
the PI3K cascade are currently being tested in clinical trials including isoform-
selective PI3K inhibitors (Fruman and Rommel, 2014; Soler et al., 2015).
However, it is not clear how PI3K pathway inhibition affect the tumour stroma,
including the vasculature (Soler et al., 2015).

Therefore, we sought to investigate the therapeutic benefit of inhibiting the
p110B isoform in the RIP1-Tag2 mouse model. The RIP1-Tag2 is a transgenic
mouse model of pancreatic neuroendocrine tumours (PNETS) that is frequently
used to study several aspects of tumour angiogenesis once it develops
spontaneously and synchronously tumours progressing from incipient neoplasia
to invasive carcinomas (Bill et al., 2015; Soler et al., 2015). Moreover, in RIP1-
Tag2 model all class IA PI3K isoforms are expressed and the PISK/AKT/mTOR
signalling pathway was found to be gradually activated across the disease
progressions. Treatment with a pan-PI3K inhibitor results in reduced tumour
growth with no impact in tumour vessels. However, the selective inactivation of
p110a proved to be more efficient showing reduced tumour growth, reduced
vascular area and also impacts on the tumour metastatic potential (Soler et al.,
2016).
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Since p110B-PI3K controls PC proliferation, it suggests that the use of
p110B inhibitors in cancer may promote metastasis. We sought to investigate
where this pathway could also be involved in PCs biology during tumour
angiogenesis, controlling tumour dissemination and metastasis. Using
pharmacological inhibition of p1108 (KIN-193) in a PanNETs mouse model
(RIP1-Tag2), we detected that inactivation of p110p impacts on tumour
progression comprising PCs growth and reduced vasculature. However, we
have seen a slight reduction in the overall survival that could be associated with
increased metastatic potential. Different studies have shown that targeting PCs
results in decreased tumour volume but enhanced metastasis (Cooke et al.,
2012; Meng et al., 2015). However, we did not find more metastasis in the
treated animals with p110B inhibitor. These effects could be explained by the
fact that KIN-193 could not only affect p110p isoform but also p110d (Ni et al.,
2012), interfering with other cell types, such immune cells or even with PCs.
We have seen that like vSMC (Vantler et al.,, 2015) PCs do express p1105.
Despite the inconclusive results, p110B inactivation appears to affect PCs in
tumour cells and also impacts in the tumour volume. It would be interesting to
analyse pl110B inactivation in a more metastatic tumour model, where the
vessels are less covered with PCs, which is usually associated with cancer

dissemination (Meng et al., 2015).

5.8. Concluding remarks

PCs are known to play a major role in angiogenesis, participating in vessel
formation, remodelling and stabilization. Although, the role of ECs during
sprouting angiogenesis is well characterised, the physiology and differentiation
of PCs in this process is not fully understood. | have followed for the first time
the PCs maturation during the retinal vascular development. | have found that
transient phenotypes of PCs exist during vessel maturation. Immature and
proliferative PCs are present in areas of active sprouting angiogenesis,
promoting vessel growth. In contrast, mature and quiescent PCs are found in

more mature vessels promoting their stabilization.
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Several signalling pathways and factors have been reported to be
important for the intercellular communication between ECs and PCs, providing
suitable molecular targets for pharmacological interventions. One of the major
pathways leading to cellular proliferation, migration, and survival is relayed by
PI3K. The class IA is the best understood and appears to be the central class in
the control of angiogenesis. The p110a appears as the sole class | PI3K
member that is absolutely required for vessel development and remodelling,
being implicated in ECs and vSMCs functions. However, the role of class IA -
PI3K isoforms in PCs during angiogenesis was never explored. | have accessed
for the first time the impact that different PI3K isoforms, namely p110a and
p110B, have in PCs biology and how they interfere with the endothelium during
the vascular development. Overall, | have found that surprisingly it is p110p,
and not p110q, the key regulator of PCs biology during the angiogenesis. The
p110B isoform is controlled by autocrine and paracrine mechanisms the PCs
and the ECs functions, respectively. Thus, p110p promotes cell proliferation and
an immature cell phenotype that is essential for the active sprouting
angiogenesis. The mechanisms behind these functions remain unknown but
GPCRs could perhaps mediate p110B8 functions in PCs. Moreover, PTEN
appears to counterbalance the effect of p110B in PCs, promoting cell maturation
and maybe proliferation arrest contributing to the vascular stabilization of the

new formed vessels.

The implications of p110B in the regulation of PCs during pathological
angiogenesis remain unclear. p110p inactivation in PCs in the RIP1-Tag2 mice
did not show benefits in the overall survival of the animals. However, impacts in
PCs number and in the tumour progression. It would be interesting, to

investigate the impact of p110p inactivation in a more PC-directed therapy.

These findings shed light on new potential therapeutic targets for several
diseases where PCs have a fundamental role. Therefore, targeting p1108 and
promoting vessel quiescence would be more relevant in diseases, such as
cancer, where anti-angiogenics are advantageous. In contrast, therapies
against PTEN in PCs would be more beneficial in those pathologies, like

Alzheimer disease, where the promotion of angiogenesis is essential.
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. PCs are present at very early time points of vessel development and

PC coverage becomes more widespread during vessel maturation.

. PCs start to proliferate earlier than ECs, possibly promoting their
activation. PCs and ECs become quiescent during the vascular remodelling,

promoting vessel stabilization.

. PCs pass through different states during maturation, suggesting the
existence of PCs subpopulations in the retina. A retracted and proliferative
PC (immature PC) promotes an active sprouting angiogenesis while,
quiescent PCs (mature PC) are well connected with the endothelium leading

to vascular remodelling.

. PCs have a dual role in the regulation of ECs. They promote ECs
proliferation and migration by paracrine regulation and ECs proliferation
arrest by direct cell-to-cell contacts.

. Class IA-PI3K selectively regulates PCs biology in vitro. The p110a
isoform regulates PC migration and viability in AKT dependent manner and

p110B controls cell proliferation by an unknown mechanism.

. The p110pB isoform is the key regulator of PCs biology during in vivo
sprouting angiogenesis. Inactivation of p110B in PCs, and not p110q,
promotes cell proliferation arrest and morphological changes that resemble

a more mature PC.

. The p110B isoform mediates PC-ECs cross talk. The inactivation of
p110B in PCs results in EC proliferation arrest, hypovascularization and BM

components deposition, resembling a more quiescent vasculature.
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8.

10.

6. Conclusions

The p110a isoform is not fundamental to PC functions during the
sprouting angiogenesis. Inactivation of p110a in PCs does not interfere
with PC coverage or proliferation, and only causes a delayed in the
expansion of the vasculature, which probably is related to PC migration

defects.

PTEN regulates p110g signalling in PCs. Inactivation of PTEN specifically
in PCs, opposes to the p110B inactivation, which results in increased PC

coverage, in an immature PC morphology and in hypervascularization.

Inactivation of p110 in RIP1-Tag2 model impacts on tumour
progression comprising PCs growth. However, it regulates negatively the
overall survival of the animals without interfering with the metastatic
potential. Therefore, more directed therapies to PC would be needed to

further investigate the role of p110B in PCs during pathological conditions.
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