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ABSTRACT

The main topic of this study is the endothelium, which involves elucidating several
physiological and pathological processes that affect its function such as: cancer
angiogenesis and glomerular endothelial dysfunction. In the first part of this thesis
we will consider endothelial physiology, describing the main endothelial functions,
such as angiogenesis, glomerular endothelial permeability and endothelial activation
to an inflammatory response. From a pathological point of view, we will focus on
renal cancer and in particular tumor angiogenesis, since this process is crucial for
tumor progression. We will describe the kidney tumor-derived endothelial cells
(TECs) properties and their pathological effects. In our review entitled “Alternative
strategies to inhibit tumor vascularization” (Brossa et al.,2019) we studied different
anti-angiogenic factors, such as human liver stem cells derived extracellular vesicles
(HLSC-EVs) and new targets, such as ERG (ETS family related gene), which both
exhibit potential anti-angiogenic properties. In another study “Extra-cellular vesicles
from human liver stem cells inhibit tumor angiogenesis” (Lopatina et al., 2019), we
investigated, the anti-angiogenic effects of HLSC-EVs on renal TECs both in vitro
and in vivo, in comparison with mesenchymal stem cells EVs (MSC-EVs) which also
possess anti-angiogenic properties. We demonstrated that HLSC-EVs down-regulate
pro-angiogenic genes such as ITGB3, FGF1, EPHB4 and PLAU in renal TECs,
because of the the presence of the specific microRNAs (miRNAs) miR-15a,
miR-181b, miR-320c and miR-874 in HLSC-EVs, which exhibit an anti-angiogenic
potential.

In the second part of the study, the aim was to investigate the role of the endothelial
transcription factor ERG in glomerular endothelial damage. Endothelial damage 1s
characterized by an increased permeability of the glomerular filtration barrier (GFB),
leading to edema, inflammation and proteinuria, which are also some of the main
features of Diabetic Nephropathy (DN). In our work, we showed that ERG activation
through phosphorylation in glomerular endothelial cells (GECs), is VEGF dependent.
Furthermore, we observed a significant increase in permeability in ERG
Knock-Down (ERG KD) GECs compared with control GECs, indicating that ERG is
a key regulator in VEGF-induced permeability of GECs. We also studied the

expression of ERG in the glomeruli of mice with DN, where we observed a



downregulation of ERG at both molecular and protein level. The study was then
extended to understand whether downregulation of ERG in the kidney could be a
trigger of Endothelial to mesenchymal transition (EndMT), which is already shown
to occur in DN. In our experiments, we found that loss of ERG expression led to
EndMT in vitro in ERG KD GECs, as well as in the glomeruli of ERG Knock-out
mice (ERG KO). We observed an increased expression of TGF-f1, TGF-B2 and
a-SMA in ERG KD GECs, an increased expression of SNAIL1 in diabetic mice, and
finally an increase of a-SMA in ERG KO mice, which are all considered to be well
known markers of EndMT. In addition, this find was extended to the glomeruli of
patients with diffuse diabetic glomerulosclerosis whereby ERG was also found to be

downregulated.

AIM

The aim of this work is to investigate the endothelium under two different
pathological states: cancer tumor angiogenesis, and glomerular endothelial damage.
In the context of cancer, we will investigate the anti-angiogenic potential of
HLSC-EVs in the treatment of renal tumor progression concentrating on the
molecular content enriched in these vesicles including miRNAs and their effects on
angiogenesis. Glomerular endothelial damage is a common feature of many types of
kidney diseases including Diabetic Nephropathy (DN). We will investigate the role
of ERG in glomerular endothelial dysfunction related to DN, and EndMT both in

vitro and in vivo as well as in clinical samples of diffuse diabetic glomerulosclerosis.



THE PHYSIOLOGY OF THE ENDOTHELIUM

The endothelium: structural heterogeneity

The endothelium, a monolayer of endothelial cells, constitutes the inner cellular
lining of the blood vessels (arteries, veins and capillaries) and the lymphatic system,
and therefore is in direct contact with the blood/lymph and the circulating cells. The
endothelial cells (ECs) are anchored to the inner side of an 80-nm-thick basal lamina,
that represents the scaffold of arteries, veins and capillaries. The outside of the
scaffold is covered with smooth muscle cells or pericytes (Figure a,b). The
endothelial cells can synthesize all the proteins constituting the basal lamina and can
produce all the enzymes that are necessary for its remodeling, such as matrix
metalloproteinases that degrade this extracellular matrix, crucial event for
angiogenesis. The ECs are generally thin and slightly elongated, their dimension is
about 50—70 pum long, 10-30 um wide and 0.1-10 pum thick. In the blood vessel wall,
endothelial cells are orientated along the axis of the vessel, minimizing the shear
stress forces exerted by the flowing blood.

The most important feature of the ECs is their structural heterogeneity : the electron
microscopy observations of the several different types of intercellular junctions of
ECs led to a classification of the endothelium in: “Continuous endothelium”,
“Fenestrated endothelium” and “Discontinuous endothelium (Bennett, Luft, and
Hampton 1959) (Figure 2).The continuous endothelium is the most common since it
is found in arteries, veins and capillaries of the brain, skin, lung, heart and muscle :
here, the ECs are bound tight junctions and anchored to a continuous basal
membrane. The tissues involved in trans-endothelial transport or high filtration, like
endocrine and exocrine systems, gastrointestinal tract, kidney glomeruli and
subpopulations of renal tubules, present a fenestrated endothelium. Fenestrated
endothelium is also characterized by a continuous basal membrane (like continuous
endothelium), but it has some transcellular wide pores (50—60 nm), which are sealed
by diaphragm (5-6 nm). Lastly, the discontinuous endothelium is associated with a
poorly structured basal membrane and it presents large nm-wide fenestrations (100-

200 nm), without diaphragm. This type of endothelium is predominantly found in
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liver sinusoidal vasculature, but also in the spleen and bone marrow. Structural
heterogeneity of ECs also includes various cellular shapes and all those structural
components needed for the Endocytosis and Transcytosis processes. Endocytosis
consists of targeting macromolecules to the lysosomal compartment for degradation.
i.e. by clathrin-coated pits; at variance transcytosis refers to the transcellular transfer
of molecules across the endothelium, through the caveolaec. Moreover, ECs can
present various levels of expression and types of intercellular junctions, tight
junctions, adherens junctions or gap junctions, and various compositions of the
glycocalyx, together with the associated endothelial surface layer (Schott et al.
2016). This heterogeneity in endothelial cells depends on the genetic and
environmental components, but also on other causes like location, mediation with
soluble factors, cell to cell contact, cell-matrix interactions, pH and pO.,.
Furthermore, the origin of ECs has to be considered: ECs, together with
hematopoietic cells, derive from the mesoderm by the differentiation of the same
precursor hemangioblasts (Choi et al. 1998). Hemangioblasts give rise to angioblasts
or endothelial progenitor cells, which can differentiate into endothelial cells of
arteries, veins and capillaries, identified by the expression of specific genes. Other
cell lineages, such as adipose or neural stem cells, can trans-differentiate into

endothelial cells.
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Figure 1. (a) Histology image of vein and artery (b) Anatomical structure of a blood
vessel wall (artery, vein and capillary). (www.openstax.org)
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Figure 2. The three principal types of endothelium: Continuous, Fenestrated and
Sinusoid (or Discontinuos). (www.openstax.org)

Endothelial permeability: transcellular and paracellular pathways

The endothelium is a semi-permeable barrier that controls the transfer of
macromolecules across the blood vessel wall to the surrounding tissues. Endothelium
permeability can be basal (at the level of capillaries), or can be induced, when it is
associated with inflammation, which predominantly involves post-capillary venules.
Fluids and small solutes move passively across the barrier via a paracellular route,
while macromolecules use either transcellular or paracellular pathways (Figure 3).

The transcellular transport involves membrane-attached and cytosolic “Caveolae”
that migrate across the capillary endothelial cells and shuttle macromolecules from

the blood to the interstitium. Transcellular transport of macromolecules may involve



receptor-dependent or independent mechanisms. The “Caveolae” are vesicle carriers,
resulting by invaginations in the cell membrane, and they regulate the transcytosis in
endothelial cells: an example is the transfer of albumin across endothelium. The
key-signaling event regulating transcytosis is the Src-dependent tyrosine
phosphorylation of Caveolin-1 (a scaffolding protein), which promotes the formation
of membrane-attached vesicles. Then the endocytosis, the trans-migration of the
vesicle across the endothelium, the fusion of the vesicle to the basolateral can occur.
Moreover, ECs express only two among the seven families of glucose transporters:
GLUT-1 and GLUT-4. They are expressed mainly in the brain and blood endothelial
barrier, and they are crucial in the modulation of glucose transport, including
pathological conditions, i.e., diabetes and hypoxaemia. Other isoforms of glucose
transporters have also been detected in ECs throughout the body, including umbilical
vein, adrenal capillaries, aorta, retina, heart, placenta, the eye, and testis. The most
relevant transport systems for amino acids expressed in ECs is the “System y+
cationic amino acid transporter”, which is the transporter of L-arginine, the substrate
of the nitric oxide. Several studies have shown that cytokines such as tumour
necrosis factor a (TNF) are able to stimulate L -arginine transport in ECs, resulting in
increased nitric oxide. Moreover, the paracellular pathway involves ECs intercellular
junctions, that are normally impermeable to macromolecules. Tight junctions and
adherens junctions interact with the endothelial actin cytoskeleton, and act as a
selective barrier to the enter of molecules from the blood circulation.

Endothelial adherens junctions consist of transmembrane VE-cadherins molecules,
which are linked to the actin cytoskeleton. In pathological conditions, like acute or
chronic inflammation, injury, angiogenesis or tumor metastasis, mediators, cytokines
or growth factors such as vascular endothelial growth factor (VEGF) can induce
endothelial cell activation: this event leads to an increased contraction of endothelial
cells, increase of intercellular space and subsequently increase of endothelial
permeability. Alteration of endothelial barrier function causes an abnormal
extravasation of fluid and macromolecules, resulting in edema and endothelial

dysfunction.
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Figure 3. Transcellular and paracellular pathways {Azzi, Hedba and Gavard 2013)

Endothelial activation and inflammation

ECs play an important role in the initiation, amplification, and resolution of the
inflammatory response. A dysregulation in the inflammatory response causes a
variety of diseases such as atherosclerosis, obesity, diabetes, and hypertension.
Several studies have clarified the complex molecular pathways mediating the pro-
and anti-inflammatory signaling in endothelial cells. Specifically, they have
demonstrated that many macromolecular complexes can regulate the signaling from
the membrane receptors to key transcription factors such as nuclear factor-xB
(NF-xB). These molecules are associated with receptors such as Toll-like receptors
(TLRs), nucleotide-binding oligomerization-domain (NOD)-like receptors (NLRs) to
mediate innate immunity responses. Therefore, the endothelium not only provides a
highly selective physical barrier to control the vascular permeability, but it also
secretes a large number of vasoactive substances to regulate the vascular tone and the
remodeling of vessel walls (Tousoulis et al.). Vasodilation increases blood flow and

causes the redness (rubor) and an elevated focal heat. Increased endothelial
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permeability results in a leakage of plasma proteins and fluid into the tissue, which
leads to swelling. Lastly, the mediators released from ECs and leukocytes, such as
bradykinin and prostaglandins, contribute to the sensitivity to pain.

Inflammation is pathologically defined as “The local infiltration and activation of
leukocytes”, and the endothelium plays a crucial role in regulating this process.
Inflammatory activation of ECs is a key pathophysiological step in many diseases
including infections, autoimmunity, and cancer, hypertension, coronary heart disease,
obesity, and diabetes.

ECs are constantly exposed to various biological, chemical, and mechanical events,
but they maintain a quiescent state in which they are not adhesive to circulating
leukocytes and they have antithrombotic, anti-inflammatory, and antiproliferative
properties. During inflammatory responses, ECs are phenotypically converted and
activated, leading to several events: they promote an increase of vessel permeability,
induction of leukocyte adhesion, and a prothrombotic process (Pober et al.). ECs can
lose their junctions, in order to increase the permeability and they release molecules
as the vonWillebrand factor (vVWF) (normally stored in Weibel-Palade bodies),
P-selectin or E-selectin initiating the “tethering” and “rolling” of leukocytes onto the
inflamed endothelium. E-selectin and P-selectin to their low affinity ligands
Sialyl-LewisX and P-selectin glycoprotein ligand 1 (PSGL-1). ECs (and vascular
residing macrophages) also secrete chemokines such as monocyte chemotactic
protein-1 (MCP-1 or CCL2), which binds to the receptor C-C chemokine receptor
type 2 (CCR2) and CCR4 on monocytes and T lymphocytes, and interleukin-8
(IL-8), which binds to the IL-8 receptor a (CXCRI1 or IL§RA) and f (CXCR2 or
IL8RB) on neutrophils (Campbell. Et al.). Induced surface expression of intercellular
adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1 (VCAM-1) on
ECs interacts with integrins counter receptors on leukocyte and, hence, mediates the
firm adhesion (arrest) and transmigration of leukocytes into the subendothelial
spaces of vessel wall or extravasation into injured tissue, to initiate inflammation
process (Cook-Mills et al.). One of the principal regulators of proinflammatory
responses in ECs is the Nuclear factor (NF)-«B, activated by various agonists such as
oxidized low-density lipoprotein (LDL) or angiotensin II (ANG II) (Pueyo et al.).
NF-kB is transcription factor activates transcription of proinflammatory genes like
TNF-a, interleukin-1 (IL-1), interleukin-8 (IL-8), E-selectin, VCAM-1, and ICAM-1

by its binding to the promoters or enhancers of the target genes. In mammals, NF-xB

8



has five members: NF-kB1 (p50 and the precursor p105), NF-kB2 (p52 and the
precursor pl100), Rel A (p65), Rel B, and c-Rel. In the NH, terminal is responsible
for DNA binding and interaction with the inhibitor of NF-xB (IxkB) (Shih, Wang, and
Yang 2015).

Angiogenesis

Formation of the vascular network occurs through three main mechanisms:
vasculogenesis, angiogenesis and arteriogenesis. Vasculogenesis is defined as “De
novo formation of vessels”, during embryogenesis, from the mesoderm-derived
endothelial precursors that differentiate and assemble into the primitive vessel plexus
(Figure 4). Additionally, after birth, bone-marrow endothelial progenitor cells are
recruited to stimulate new vessel growth, by releasing pro-angiogenic stimuli.
Angiogenesis is defined as “The sprouting of new capillaries and blood vessels
derived from pre-existing blood vessels, and it is a fundamental process in
reproduction, development and repair. In the adult, angiogenesis is crucial for
reproduction and development, but it is also involved in wound repair, responding to
stimuli like inflammation or hypoxia (Félétou 2011). After release of angiogenic
factors, the endothelium is activated: ECs destroy the extracellular matrix and the
basal lamina, lose their junctions, proliferate and organize in tubular structures new
blood vessels. Angiogenic process by ECs finely involves growth factors and
chemokines that all together contribute to the tubes formation and also arrest the
process at the end.

Among the growth factors released, Vascular Endothelial Growth Factor (VEGF)
plays an essential role in this phenomenon, together with other molecules such as
angiopoietin-1, integrins, FGF-2, IGF-1, and TNF-a. Ephrins play an important role
in the guiding of the forming vessel toward its target. Factors such as
thrombospondin-1, canstatin, tumstatin, angiostatin are also released in order to
switch off the angiogenic process. Lasly, the angiogenic phenomenon can largely

differ, based on the origin, if it is physiological or pathological.
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Figure 4. Physiological processes in angiogenesis (Yoo and Kwon 2013)

Vessel sprouting: tip and stalk cells

The angiogenic sprouting is a complex process involving different cell behaviours
and regulated by several signalling pathways: it leads to the formation of vessels,
critical for the passage of nutrients and oxygen throughout the body (Gerhardt et al.
2003). After an angiogenic stimulus of VEGF has “selected” one endothelial cell,
“Sprouting initiation” occurs and the cell starts to extend its filopodia. Then, other
ECs are activated and start to migrate out of the parent vessel, but they are still
connected to the neighbouring cells. The activated endothelial cells are called a “Tip
cells”: they start the sprouting but, in the same time, they prevent neighboring
endothelial cells from sprouting. The adjacent neighbouring cells that trail the tip
cell, assume a secondary position behind them, and start dividing, in order to support
sprout elongation. These cells are called “Stalk cells”: they increase the surface area

and the mass of tip cells, and also, unlike the tip cells, they form the vascular lumen.
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Most sprouts can eventually find other sprouts or other vessels and set up cell
junctions with one or more endothelial cells in that structure. The newborn blood
vessels then may act as the parent vessel for another round of sprouting, setting up
again the angiogenic process (Chappell, Wiley, and Bautch 2011).

The tip cells differ from the stalk cells also in the genetic profile: they express higher
levels of the Notch ligand Delta Like Ligand (Dll4), VEGFR-2, growth factor
subunit B, vascular endothelial growth factor receptor (VEGF-R2) and VEGFR3
(Thurston and Kitajewski 2008). The differences in cell morphology and gene

expression indicate that endothelial tip and stalk cells have specialized functions.

Crosstalk between VEGF and Notch signalling pathways

VEGF signaling pathway is crucial in the regulation of sprouting angiogenesis in
both physiological and pathological conditions. (Ferrara et al. 2003). In mammals,
the VEGF family of growth factors include six different glycoproteins (VEGF-A, -B,
-C, -D, -E, and placenta growth factor [PIGF]), that bind to three types of receptors
(VEGF-R1/R2/R3).

VEGF-A is the most important in the prominently involved in the angiogenic
process: VEGF-A expression is induced by hypoxic conditions (in a
hypoxia-inducible factor Hifl/2—-dependent manner), cytokines, growth factors,
hormones, oncogenes, and tumor-suppressor genes (Dvorak 2005). VEGF-A has
different isoforms (expressed in different tissues), which interact mostly with
VEGF-R1: binding of VEGF with its receptor VEGF-R2, leads to proangiogenic
signalling in the endothelium. Several studies showed that , the homozygous as well
the heterozygous and knock-out of VEGF ligands (especially VEGF-A) and
VEGF-Rs in mice, lead to embryonic death in utero, caused by an aberrant vascular
network formation development (Dumont et al. 1998).

Another signalling pathway that plays a key role in vascular development and
angiogenesis sprouting, is the Notch signalling. In vertebrates, there are four Notch
receptors (from Notchl to Notch4) and five Notch transmembrane ligands (Jagged1
and Jagged2, homologs to Serrate, and Delta-like ligand 1 [DIl1], 3 [DII3], and 4
[Dll4]). Among the four Notch ligands expressed in the endothelium, only loss of
DIl4 or Jagl lead to vascular defects (Hofmann and Luisa Iruela-Arispe 2007). These
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two Notch ligands show different spatial expression: DII4 is highly expressed in tip
cells, while Jagl expression is low/absent in tips cells, but higher in adjacent stalk
cells (Benedito et al. 2009).- However, both these two Notch ligands are required for
the formation of fully functional a vascular networks. Endothelial deletion or
overexpression of Jaggedl lead respectively to an in vivo reduction or increase in
angiogenic sprouting. /n vitro studies showed that Jagl regulates negatively Notch
activity, indeed Notch signalling results to be more active in the absence of Jagl.
Benedito et al. showed that Jagl interferes with the capacity of D114 to activate Notch
signalling in tip cells. Moreover, It has been shown that D114 is upregulated by VEGF
in the angiogenic process, suggesting a crosstalk between VEGF and NOTCH
pathways in the regulation of physiological and pathological angiogenesis (Lobov et
al. 2007). In vitro studies reported that the treatment of human umbilical vein
endothelial cells (HUVECs) with VEGF-A, causes an increased expression of DII4.
Treatment of in human umbilical vein endothelial cells (HUVECs) with VEGF-A
consistently increases the expression of DIl4 protein (Ridgway et al. 2006).
Therefore, the expression of DIl4 mRNA increased in tumor blood vessels, after an
increase of VEGF-A, compared with vessels in the surrounding healthy tissue (Patel
et al. 2005). In contrast, after blocking of VEGF-A in mice, a reduction of DIl4
endothelial levels was observed (Noguera-Troise et al. 2006) (Thurston and
Kitajewski 2008). VEGF stimulated ECs, and acquired phenotypic features, which
result in becoming tip cells: they exhibit filopodial projections, increased migratory
properties and express high VEGFR2, also known as KDR (Blanco and Gerhardt
2013). In tip cell D14 binds and activates Notch receptors on adjacent stalk cells.
Notch activity in stalk cells induces the transcription of Notch-dependent genes (such
as members of transcription factor families HEY and HES), suppresses filopodia
formation and migration capacity and reduces VEGFR2 expression. Importantly, tip
and stalk cell phenotypes are dynamic, and tip cells can transform to stalk cell can,
and vice versa (Jakobsson et al. 2010). Molecular mechanisms that regulate tip and
stalk cell formation and their conversion is not totally known, and how VEGF
promotes transcriptional activation of DII4 gene is still unclear.

However, Fish et al. identified one potential mechanism for the transient
VEGF-dependent transcriptional activation of D14 in ECs: this involves VEGF
stimulation of MAPK/ERK pathway and it it requires the ETS transcription factor
ERG, together with its coactivator p300 (Fish, Gutierrez, and Wythe 2016). This

12



VEGF/ERK/ERG/p300 signalling transcriptional pathway leads to the transcriptional
activation of a network of genes necessary to (NDRG HLX, FIX1, EGR3, MAP2)
(Prahst et al. 2014) (Pin et al. 2012) (Al-Greene et al. 2013). It was shown that
VEGEF signalling leads to the activation of MAPK/ERK pathway, through the ERK
-dependent phosphorylation of ERG. ERG activation is fundamental for the p300
recruitment to DII4 enhancers, that finally cause transcriptional DIl4 expression.
Moreover, other studies found a linkage between VEGF-A signalling and MEF2
transcriptional factors. In ECs, VEGF-A-induces the release of repressive histone
deacetylases and the recruitment of EP300 to MEF2 target gene regulatory elements,
that links to MEF2 target gene activation. MEF2 transcriptional activation was found
to result in further transcriptional production of DII4 and many other key genes
overexpressed in both angiogenesis physiological and tumor vascularization

(Sacilotto, Chouliaras, and Val 2015).
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ENDOTHELIUM AND CANCER

Angiogenesis process plays a key role in cancer growth and development, since
tumor vessels supply tumors with oxygen and nutrients, and remove waste products
from it. Therefore, tumor vessels formation is essential for the metastasis process
(Hida et al., 2018).

The tumor blood vessels consist of tumor endothelial cells (TECs) and perivascular
cells: TECs line the internal part of blood vessels, while perivascular cells (pericytes
in microvessels and smooth muscle cells for arteries and veins) form the external part
of which blood vessels externally and can regulate their contraction and relaxation.
Tumor blood vessels have recently become a strategic therapeutic target to block
cancer. The first antiangiogenic drug against cancer, Bevacizumab, was approved in
2004 by US Food and Drug Administration (FDA) and it is a neutralizing antibody
against VEGF: the benefits of Bevacizumab, as all the antiangiogenic drugs that
mainly target VEGF/VEGF-Rs signalling pathways, consist in a minor toxicity
compare with the canonical chemotherapy treatment. However they can induce many
severe side effects like lethal hemoptysis (Keedy & Sandler, 2007) and intestinal
perforation (Saif et al., 2007). The goal of cancer antiangiogenic treatment is to find

a safe therapy that will depend on studying about the tumor endothelial cells.

Tumor endothelial cells (TECs) and abnormalities of tumor blood vessels

Tumor angiogenesis results in enhanced vascularization, and consequently in
enhanced tumor development: the new fresh vessels network tumor represents a way
for tumor cells to escape from the solid tumor, leading to metastasis in distant organs.
Tumor blood vessels differ dramatically from the normal vessels (Kindler et al.,
2005): first of all, they are not organized in a hierarchical branching pattern which is
typical for the normal vasculature, but they are very chaotic (McDonald & Choyke,
2003). Tumor vessels usually are morphologically immature: pericytes coverage is
lower, they associate with TECs through loose junctions, and the vessels underlying
basement membranes have not a regular thickness (Baluk et al., 2005). Therefore,

also the morphology of TECs is irregular: they do not form monolayers and present
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long cyto-plasmic projections extending across the lumen. Notably, the wall of TECs
present irregular gaps and transcellular fenestrae, resulting in plasma leakage and
increased vascular permeability. Cancer tissues are usually hypoxic, although they

are usually highly vascularized (Figure 1).
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Phenotypic, functionals and genetic alterations of tumor endothelial cells
(TECs)

In the past, most studies on tumor angiogenesis have been performed using normal
endothelial cells (NECs) like HUVECs, due to the technical complexity of TECs
isotation and to the fact that, at times, TECs were considered to loose their specific
phenotype after isolation of tumor tissue (Hida et al., 2018). Later on, it has been

shown that TECs, once isolated from tumors possess a distinct phenotype, different
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from normal endothelial cells phenotype, at both molecular and functional levels. In
2000, for the first time, St. Croix et al. could isolate ECs from colon carcinoma and
compared their gene expression profile to the one of ECs from normal colonic
mucosa: they demonstrated a genetic difference between the two profiles, by the
identification of a specific set of tumor endothelial markers (TEMs) (St. Croix et al.,
2000). Then, following studies identified other tumor-specific markers, upregulated
in isolated TECs of primary tumors, (such as breast, glioma or ovarian cancer) if
compared to normal tissue (Parker et al., 2004) (Buckanovich et al., 2007): these
TEMs consist of transmembrane proteins associated with the endothelial cell surface.
Several different TEMs genes have been identified,
including TEM1, TEMS, TEM7, TEM7R, and TEMS8. TEM7 and TEM7R are the
most specific for tumor endothelial cells, together with TEMS8 (Nanda, Buckhaults, et
al., 2004). TEMS interacts with a COOH-terminal C5 domain of collagen alpha
3(VI) region, which is also mainly expressed in tumor endothelium: thus, TEMS has
been reported to be a key target in cancer antiangiogenic therapy (Nanda,
Carson-Walter, et al., 2004). Since this study, several other works have been
conducted in order to elucidate the molecular differences between TECs and NECs,
using different types of analysis (Lu et al., 2007). In some reports, TECs have been
compared to NECs in normal conditions, in order to understand the difference in the
tissues under physiological angiogenesis. Seaman et al., focusing on angiogenesis in
corpo luteum, succeeded in identification of several TEMs such as CD276, a
regulator of T cell-mediated immune response (Seaman et al., 2007). Moreover, by
comparing placental TECs and NECs genetic profiles, it has been demonstrated that
high mobility group box 1 protein (HMGBI10) is expressed mainly during tumor
angiogenesis (Van Beijnum et al., 2013). Other studies based on cultured TECs
isolated from human renal carcinoma, have reported that they may derive from an
intratumor embryonic like vasculogenesis, in which cancer or progenitor stem cells
can differentiate into TECs. It has been reported that TECs express typical
embryonic gene markers, even if the expression of these markers is usually a
restricted feature of normal endothelial cells. Indeed, renal TECs, but not renal
NECs, have been found to express the transcription factor Paired-box2 (Pax2) and
the protein Pax2, which confer angiogenic, adhesion and invasion properties to
TECs. Therefore, renal TECs did not undergo the senescence which is typical of

NECs, and were resistant to serum starvation and vincristine-induced
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apoptosis (Bussolati et al., 2003). Pax2 has been shown to be involved in renal tumor
angiogenesis and its expression can antagonize PTEN tumor suppressor gene
expression through Akt pathway (Fonsato et al., 2006). Hence, the expression of
embryonic markers by TECs may indicate that they originate from normal adult or
cancer stem and progenitor cells differentiated into TECs. Another possibility
regarding the origin of TECs, is that they can derive from the normal endothelium or
tumor adjacent vessels that change their phenotype due to the tumor
microenvironment. In this context, extracellular microvesicles, apoptotic bodies or
exosomes released from tumor cells, has been reported to induce epigenetic
alteration of NECs, reprogramming them through the transfer of genetic material,
such as mRNAs, microRNAs (miRNAs) or oncogenes (Ratajczak et al., 2006).

From a genetical point of view, as mentioned before, TECs may present different sets
of genes, compared to NECs. It has been shown that endothelial cells in solid tumors
are cytogenetically abnormal: these cells are aneuploid with multiple chromosomes
and multiple centrosomes. The aneuploid characteristic of TECs have been observed
in culture cells, in contrast to NECs, which remain diploid also in long-term cultures.
Hida et al. compared mouse TECs (melanoma and liposarcoma) and NECs (skin and
adipose), after isolating the two lines. TECs were isolated from a xenograft model of
human tumor growing in nude mice, in order to obtain mouse TECs and understand
the effects of tumor microenvironment on ECs behaviour. Mouse TECs express
typical endothelial cells markers, such as CD31, VEGF, VEGF-Rs but also TEM1,
TEMS, TEM7 and TEMS. Moreover, TECs grew faster, had a lower serum
requirement and had larger nuclei, indicating the different DNA content compared to
NECs. Karyotype analysis showed that TECs had multiple chromosomes
characteristic of aneuploidy, whereas NECs grown under the same conditions were
strictly diploid. Lastly, by using multiple-colored fluorescent in situ hybridization
(M-FISH) analysis TECs presented structural aberrations such as nonreciprocal
translocations, missing chromosomes, marker chromosomes, and double minutes
(Hida et al., 2004). Hida et al., observed in TECs also abnormalities in the
centrosomes, then associated with aneuploidic characteristics. These defects in
centrosomes lead to a loss of polarity and chromosome missegregation, features
detected also in aggressive human tumors. In high-risk human papillomavirus
(HPV)-associated cervical neoplasia, the two HPV-encoded oncoproteins E6 and E7

are able to induce centrosome-related mitotic disturbances (Duensing & Miinger,
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2002). How TECs become cytogenetically abnormal is still not well understood:
however, many studies have suggested hypotheses about the mechanisms involved.
First of all, the interactions between tumor environment and TECs was considered
crucial: growth factors or cytokines (for example VEGF or EGFR), released by
tumor or stromal cells within the tumors, were identified causing genetic instability
in TECs, through the activation of Akt signalling pathway, which is known to
promote genetic instability. Other studies were focused on the crucial roles of tumor
suppressors, like p53. The loss or mutational inactivation of p53 can cause abnormal
amplification of centrosomes, leading to increased frequency of defective mitoses
and resulting in missegregation of chromosomes into daughter cells (Vogelstein &
Kinzler, 2004). A number of studies described the involvement of oncogenes: Fest et
al., showed that overexpression of cMyc in nonadherent murine pro-B lymphocytic
cells induced structural and genomic instability such as gene amplification,
chromosomal breakage and deletions, increased aneuploidy and polyploidization
(Fest et al., 2002). Transdifferentiation of tumor cells, cancer stem cells or vascular
progenitor cells into endothelial cells is a possibly alternative mechanism: Streubel at
al., suggested that microvascular endothelial cells in B-cell lymphomas are in part
tumor related. However, how TECs in lymphoma acquires the specific genetic
alterations of lymphoma cells remains to be elucidated (Streubel et al., 2004). Lastly,
it has been suggested that cell fusion may be involved: malignant tumor cells or stem
cells may fuse with normal endothelial cells or circulating vascular progenitor cells,
resulting in aberrant endothelial cells. In fact, endothelial Progenitor Cells (EPC), a
subset of stem cells derived from bone marrow, has shown to be incorporated into
tumor blood vessels (Rafii & Lyden, 2003). Cytogenetic abnormalities of TECs and
their aneuploid character may suggest that acquired drug resistance to anticancer
therapy can be a consequence of aneuploidy: indeed, it has been shown that some
antiangiogenic drugs lose their efficacy over time, due to acquired resistance. Kerbel
et al., suggested that TECs can develop resistance to many types of antiangiogenic
drugs, including those specific for endothelial cells (Kerbel et al., 2001). Other
examples are the renal carcinoma-derived TECs resistance to vincristine (Bussolati et
al., 2003), hepatocellular carcinoma-derived TEC resistance to 5-fluorouracil and
adriamycin (Xiong et al., 2009) and tumor-derived VEGF-mediated TEC resistance
to paclitaxel with ATP-binding Cassette Sub-family B Member 1 (ABCBI1)
upregulation (Akiyama et al., 2012).
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On the other hand, TECs may be more sensitive to specific drugs in comparison with
normal ECs. Amin et al. found that Epidermal Growth Factor Receptor (EGFR) is
not expressed in TECs, while high levels of EGF protein 1 were detected. EGFR is
activated by EGF and other ligands, after phosphorylation, and it leads to tumor
endothelial cells proliferation. In contrast, in NECs this EGF phosphorylation does
not occur since NECs do not express EGFR. Subsequently, EGFR kinase inhibitors
may represent possible therapeutic molecules, which target EGFR in TECs, in order

to block TECs proliferation (Amin et al., 2006).

Mechanisms of tumor angiogenesis

Although tumor-associated angiogenesis has traditionally been defined as the
sprouting of new vessels from preexisting vessels, it is becoming clear that blood
vessels supporting tumor growth can also originate from cells recruited from bone
marrow or can even differentiate from tumor stem cells. However, in all these cases,
the tumor environment plays a pivotal role in cancer development: any stimulus from
the environment, such as hypoxia and nutrient deprivation, triggers an “angiogenic
switch” and allows tumor progression (Folkman & Hanahan, 1991). The
“angiogenic switch” consists of a combination of signals in the tumor
microenvironment, which lead to changes in multiple cell types. Tumor cells start to
release cytokines and growth factors that activate the quiescent cells around them,
promoting a cascade of events (Hida et al., 2018). The most relevant growth factor
released is VEGF (with their associated receptors), and its expression can be induced
by several events occurring in cells, such as activation of oncogenes or tumor
suppressor genes mutations, or hypoxia. Upregulated levels of VEGF stimulate
tumor ECs migration and proliferation, resulting in induction of tumor angiogenesis
(Senger et al., 1983). Among VEGF-Rs, VEGFR-2 is mostly expressed in ECs and it
plays a key role in angiogenic signaling. VEGF-R2, expressed in monocytes and
macrophages, is also involved in angiogenesis by stimulating mobilization of these
cells from bone marrow. In addition to VEGF, cancer cells secrete other factors
crucial tumor expansion and angiogenesis, such as basic fibroblast growth factor
(bFGF), angiopoietins (Ang), hepatocyte growth factor, epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF) (Du et al., 2008). Although the
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induction of angiogenesis may initially provide the tumor with more oxygen and
nutrients, finally it results to be poor, with leaky vessels and consequent irregular
blood flow, and increased permeability. Exposition of vessels basal lamina due to
vascular leak, leads to recruitment and activation of platelets, which also can release
angiogenic and permeability factors within the environment. High levels of PDGF
released by platelets lead to ECs and perivascular cells activation. Perivascular cells,
when persistently exposed to stimulatory signals, lose their capacity in regulating
vessels stability and maturation. Tumor associated fibroblasts recruitment also
occurs, leading to aberrant deposits of extracellular matrix (ECM) and releasing of
metalloproteinases (MMPs), which remodel the ECM. The action of MMPs, like
MMP-2, MMP-9 and MT1-MMP, consists of the proteolytic degradation of ECM:
the effect is balanced by the expression of natural tissue inhibitors of MMPs, and
regulated by the availability of its substrate (Deryugina & Quigley, 2010). ECM also
produce molecules which regulate the release or the sequestration of soluble factors
in the matrigel, such as bone morphogenetic proteins (BMPs), thrombospondins
(TSPs), a disintegrin and metalloprotease (ADAM) family members, secreted
protein, acidic and rich in cysteine (SPARC), syndecans and perlecan.

In this dynamic environment, cancer cells, integrins and receptors on the surface of
endothelial cells bind factors that promote several signaling pathways, leading to
phenotypic events, like cell migration, invasion, survival and proliferation, all
involved in vessels sprouting. Receptors from different pathways can crosstalk in
order to suppress or activate cells, and the interaction between ECs and tumor
environment can regulate the cells faith, including their possibility to be tip or stalk
cell. The principal pathways involved in cancer angiogenesis, like Notch,
Semaphorins, Slits involve all their ligands and receptors, which drive the signals in
both paracrine and autocrine ways. The response of ligands on different receptors,
lead to activation of several different pathways: for example, Slit ligands bind to
ROBO4-R that inhibit the signalling of VEGF and pathways with opposite effects in
angiogenesis (Jones et al., 2008). Crosstalk between growth factors and integrins also
plays a crucial role: integrin a,3; binds to angiogenic factors including VEGF-R2, the
hepatocyte growth factor receptor c-Met, FGF-R1, PDGF-R and EGF receptors,
while integrin osf, interacts with some of these same receptors, as well as TIE2,
which binds angiopoietins (Serini et al., 2008) (Somanath et al., 2009). In addition,

some integrins can mediate directly with the ligand: in endothelial cells integrins
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binds to VEGEF, causing in vitro ECs adhesion and spread, independently of VEGF
receptor binding (Hutchings et al., 2003).

Anti-angiogenic strategies for cancer treatment

As described above, tumor angiogenesis process is essential for tumor growth,
progression, and metastasis: thus, anti-angiogenesis strategies have been developed
overtime, in order to inhibit tumor vascularization. The classic anti-angiogenic drugs
mainly have four different targets: they act on principal endogenous proangiogenic
factors, they are natural angiogenesis inhibitors and then can be clinically
administered, they can inhibit molecules which promote TECs invasion within tumor
environment, and they can inhibit TECs proliferation (Mousa & Davis, 2017). At
present, among the currently available anti-angiogenic drugs, the most effective in
the treatment of various type of solid cancer are bevacizumab, sunitinib, sorafenib,
pazopanib, axitinib, regorafenib, cabozantinib, nintedanib, ranibizumab, lenvatinib,
vandetanib, and aflibercept (Wang et al., 2014), (Kikuchi et al., 2019). Bevacizumab
was the first anti-angiogenic drug approved in 2004 by FDA for clinical application,
as a first-line treatment for metastatic colorectal cancer in combination with
chemotherapy. Bevacizumab is a humanized monoclonal IgG antibody against all the
isoforms of VEGF-A: binding to VEGF-a, it blocks TECs vascularization, resulting
in inhibition of tumor growth and cancer cells metastatic ability. (Ferrara et al.,
2004). Nowadays, it is used for many types of cancer including, lung, breast,
fallopian tubes, carcinoma, ovarian and peritoneal cancer. However, treatment with
bevacizumab has been associated with several side effects, including hypertension,
proteinuria, and gastrointestinal perforations and bleeding. Differently, most of the
anti-angiogenic drugs mentioned above consist of anti-angiogenic receptor tyrosine
kinase inhibitors (TKIs). TKIs target proangiogenic receptors, mainly VEGF-Rs
family and PDGF-Rs but also FGF-Rs, c-Kit, and c-Met, and they can block kinase
activity of receptor and so the transduction of downstream signal involved in cell
proliferation, migration, and survival. The tyrosine kinase receptors group is the
major subclass of the human protein kinases and can be subdivided into receptor
tyrosine kinases (RTKs) and non-receptor tyrosine kinases (nRTKs) (Manning et al.,

2002) (Ling et al., 2018). RTKs family present an extracellular domain which binds
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specific ligands, and an intracellular region, containing a protein tyrosine kinase
domain, called kinase domain (Liu et al., 2018). The ligand’s binding to the
extracellular domain induces auto-phosphorylation of the intracellular domain, and
finally receptor’s tyrosine kinase activation (Beniston, 2011). The RTK family
includes the insulin receptor and the receptors for many growth factor families such
as VEGF, FGF, PDGF, and EGF. VEGF-A with the high-affinity binding to its RTKs
VEGF-R1 and VEGF-R2 is the most important factor related to angiogenesis.
Moreover, PDGF with its main receptors PDGFR-a and PDGFR- is also a key
regulator in tumor vascularization (Andrae et al., 2008). The first anti-angiogenic
receptor TKI approved by FDA in 2005 was Sorafenib, which targets VEGFR-1/2/3,
PDGFR-B, and c-Kit receptor. It was initially approved for treatment of advanced
renal cell carcinoma (RCC) based on a phase III clinical trial, where 903 patients
resistant to standard anticancer therapy, were randomly assigned into two groups:
sorafenib or placebo. The study demonstrated a significant improvement in median
progression-free survival (PFS) in sorafenib group compared with placebo group,
and the partial response was elevated from 2% to 10% (Escudier et al., 2007).
Currently, Sorafenib is recognized as a standard treatment for patients with RCC,
advanced hepatocellular carcinoma (HCC), liver and thyroid cancer. Pazopanib and
Axitinib are both multi-kinase inhibitors of VEGFR-1/2/3, PDGFR-a/f, and c-Kit
receptor (Frampton, 2017).Axitinib was approved by the FDA in 2012 for the
second-line treatment of patients with advanced RCC (Zarrabi et al., 2017).
Cabozantinib is a small pan-tyrosine kinase inhibitor forVEGFR-1/2/3, c-Kit
receptor, c-Met, and FLT-3 approved in 2012 for metastatic medullary thyroid cancer
(MTC) (Ranieri et al., 2017). Nintedanib is a multiple angio-kinase inhibitor
targeting VEGFR-1/2/3, PDGFR-0/B, and FGFR-1/2 (Dhillon, 2015). Apatinib can
simultaneously suppress the kinase activities of VEGFR-2, c-Kit, and c-Src and was
approved by the China Food and Drug Administration (CFDA) for the treatment of
advanced gastric cancer (GC) in October 2014 (Aoyama & Yoshikawa, 2016).
Endostar is a new human recombinant more effective and stable version of
endostatin (rh-endostatin) expressed in Escherichia coli. It was approved by FDA in
2005 for treatment of non-small cell lung cancer. Additionally, other strategies inhibit
mTOR (the mammalian target of rapamycin), acting at the catalytic subunit of two
protein kinase complexes: mTOR complexes 1 and 2 (mTORC1/2). mTOR plays a
key role in cell growth and proliferation and mTORCI1 signaling is activated by
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several oncogenic signaling pathways, and upregulated in many types of cancers
(Giuliano & Pages, 2013).

Although these clinically approved anti-angiogenic drugs have shown their
effectiveness in inhibiting tumor angiogenesis, cancer progression and metastasis
still occur after treatment. This is mainly due to the expression of alternative
angiogenic pathways: since tumor angiogenesis is regulated by several different
pathways, many interconnected pathways can compensate for the effect of single
inhibition of VEGF signaling. Indeed, multi-targeted TKIs have a therapeutic
advantage as compared to monoclonal antibodies since they can block multiple
angiogenic signaling pathways simultaneously (Teleanu et al., 2019). However, also
in the case of TKIs, the therapeutic effect is not complete: the administration of
anti-angiogenic drugs can result in the development of resistance, mainly caused by
revascularization, tumor vasculature protection, higher capacity in metastasis through
new models of vascularization. For example, treatment with anti-VEGF leads to the
upregulation of placental growth factor (PIGF), which binds to VEGF-R1 and causes
transphosphorylation of VEGF-R2 (Fischer et al., 2007). PIGF leads to the
recruitment of bone marrow endothelial progenitor cells, which confers resistance to
anti-VEGF therapies (Loges et al., 2009). Despite the cessation of anti-VEGF
therapy, it has been shown in multiple mouse models of cancer that the tumor
became too aggressive and metastatic to regress. This suggested that the tumor has
probably gained new strategies to trace VEGF, and express new angiogenic pathways
(Paez-Ribes et al., 2009). Moreover, anti-angiogenic treatment may increase hypoxia
at both tumor and metastatic sites, promoting cancer stem cells survival and
maintaining tumor growth and resistance to therapy (Mancuso et al., 2006). Notably,
although anti-angiogenic drugs therapy has shown to inhibit tumor progression, there
are only a few examples supporting the efficacy of any antiangiogenic monotherapy;
thus, novel strategies have been focusing on combining anti-angiogenic agents with
chemotherapy or immunotherapy. Association of different types of drugs has led to
improved therapeutic effects and reduction of side effects (Letellier et al., 2017).
Clinical studies have proved that the combination of bevacizumab and conventional
chemotherapy can increase the survival and response rates in patients with
gastrointestinal cancer, non-small cell lung cancer, breast cancer (Robert et al., 2011)
and ovarian cancer. Specifically, administration of bevacizumab combined with

gemcitabine and carboplatin for the treatment of recurrent ovarian cancer (OCEANS
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trial), has shown to improve median progression-free survival (Wieser & Marth,
2019). Similar results have been observed using the combination of bevacizumab
with PEGylated liposomal doxorubicin, weekly paclitaxel, or topotecan for the
therapy of platinum-resistant ovarian cancer. Similarly, there are emerging evidences
on beneficial effects in cancer, by combinating TKIs and immunotherapy. A study
conducted by Choueiri et al. (JAVELIN Renal 100), has reported the improvement of
patients with advanced RCC, after a combined therapy with axitinib and avelumab (a
PD-L1 mAb), compared with sunitinib (Motzer et al., 2019). Other combinations like
lenvatinib with pembrolizumab or SHR 1210 with apatinib in patients with HCC
have been shown to be therapeutically effective (Kudo, 2018).

In the light of the latest observations, anti-angiogenic therapy cannot eradicate
tumors fully the tumors, even if different drugs are combined. Anti-angiogenic drugs
resistance remains a challenge in anti-cancer therapy, resulting in the study of new,
alternative strategies in order to obtain a more substantial and lasting therapeutic
effect. In this respect, in the next chapter some of alternative antiangiogenic
strategies will be described, referring to the review of 2019 entitled “Alternative
Strategies to inhibit tumor vascularization” (Alessia Brossa, Lola Buono, Sofia
Fallo, Alessandra Fiorio Pla, Luca Munaron and Benedetta Bussolati, Dec 2019).
These alternative strategies include the use of new mAbs, the study of new possible
targets such as Calcium permeable channels and the endothelial transcription factor
ERG, the vaccinations with endothelial antigens, the use of extracellular vesicles and

new drugs with vascular normalizing effects.

Extracellular vesicles as anti-angiogenic treatment

Extracellular vesicles (EVs) are small-membrane bound vesicles (50 nm-lum),
enclosed by a lipid bilayer ranging from 30 m to 2000 nm in diameter, and secreted
by a wide variety of cells (Figure 2). In the past decade, they emerged as a new
mechanism of cell-to-cell communication, due to their capability to transfer proteins,
lipids and nucleic acids to target cells, resulting in modifying their function and
phenotype. They have unique molecular profiles acquired from originating cells and
they are present in a number of body fluids, including blood and urine. Generally,

EVs are produced by all types of cells in basal condition; however, their production
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is higher in specific cell types (stem cells, progenitor cells and cancer cells) and may
increase during cell proliferation and activation, or under stress conditions
(Yanez-Mo et al., 2015). Since EVs are vehicles for crosstalk between cells, they can
influence several physiological and pathological functions of both recipient and
parent cells. EVs target specific cells binding to surface receptors or bioactive lipids,
merging their membrane contents into the recipient cell plasma membrane and
finally delivering their bio-active cargo including oncogenes, transcription factors,
DNA and extracellular secreted RNA (exRNA), including long-non-coding RNA,
messenger-RNA (mRNA) and microRNAs (miRNAs), which allow them to produce
epigenetic changes in target cells both locally and systemically (Camussi & J., 2013).
Cancer-derived EVs play critical roles in tumorigenesis: they activate all cellular
mechanisms altered in cancer, such as cell proliferation, migration, invasion,
apoptosis and angiogenesis. Therefore, EVs can induce metastasis, evasion of host
immune defense, chemo-resistance and promote a pre-metastatic niche inducing
tumor formation (Tompkins et al., 2015). On the other hand, EVs secreted by normal
cells have their innate therapeutic potential: several studies have previously
demonstrated that EVs released by stem cells or progenitor cells may deliver
informations to target cells on tissue regeneration or on immune response
modulation, including activation of angiogenic programmes, suppression of
apoptosis and stimulation of cell proliferation. Several studies, have reported the
therapeutic application of EVs, isolated from multipotent stem cells, such as
mesenchymal stem cells (MSCs) or human liver stem cells (HLSCs), in the field of
regenerative medicine (EL Andaloussi et al., 2013) Administration of EVs has been
clinically used for the treatment of various diseases, including cardiovascular
disease, kidney fibrosis and also in model of acute kidney injury (AKI) In regard to
these studies, MSC-EVs therapy has shown an increased survival in a lethal mouse
model of AKI and an amelioration of Kidney injury in a mouse model of aristolochic
acid Nephropathy (Bruno et al.,, 2012) (Kholia et al., 2020). Moreover, also
HLSC-EVs somministration led to a remarkable improvement of survival in the
mouse model of AKI (Sanchez et al., 2014).

Regarding the potential application of EVs for cancer therapy, several studies have
been conducted on the anticancer and anti-angiogenic effect of stem cellsA-derived
EVs, mainly based on the delivery of their miRNAs cargo into tumor target cells.

microRNAs are are endogenous ~23-nt RNAs, and are the most investigated and best
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characterized molecules in the class of small regulatory noncoding RNAs (Bartel,
2009): they are involved in several important physiological and pathological
processes and functions through the post-transcriptional regulation of mRNAs. A
great number of miRNAs with anti-tumor and anti-angiogenic properties have been
described, such as let-7 family, miRNA200 family, miRNA15-16 cluster, and
miRNA 451 (Lopatina et al., 2016). Among the possible EVs sources, most studies
for anticancer therapy have employed EVs isolated from stem cells such as
mesenchymal stem cells isolated from different sources, adipose stem cells (ASCs)
or, more recently, HLSCs. Indeed, Camussi et al., has shown the emergent and
promising therapeutic role of HLSC-EVs in vitro in HepG2 hepatoma and primary
HCC, by inhibition of tumor growth and stimulation of apoptosis. The study was
confirmed also in vivo, where after injection of HLSC-EVs in SCID mice with
HepG2, the tumor size importantly reduced. Anti-tumor effects of HLSC-EVs were
observed also in lymphoblastoma and glioblastoma (Fonsato et al., 2012). However,
few studies investigated their direct effects on tumor angiogenesis. Lee et al. showed
that EVs isolated from mesenchymal stem cells (MSC) were able to inhibit tumor
growth and angiogenesis in a murine model of breast cancer, by downregulating
VEGF production in breast cancer cells (Lee et al., 2014). EVs isolated from
cardiosphere-derived cells were able to inhibit tumor angiogenesis in a murine model
of fibrosarcoma (Grigorian-Shamagian et al., 2017). More recently, Lopatina et al.
have showed both in vivo and in vivo the antitumor potential of HLSC-EVs, which
exhibit direct anti-angiogenic effects on TECs isolated from human renal carcinoma
(HRC). The work of Lopatina et al. will be described in the third chapter of the
thesis, in the article entitled “Extracellular vesicles from human liver stem cells
inhibit tumor angiogenesis” (Tatiana Lopatina, Cristina Grange, Valentina Fonsato,
Marta Tapparo, Alessia Brossa, Sofia Fallo, Adriana Pitino, Maria Beatriz
Herrera-Sanchez, Sharad Kholia, Giovanni Camussi, Benedetta Bussolati.Pub. Aug

2018).
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Figure 2 Representation of Extracellular vesicles. Extracelluar vesicles are essentially
membrane-bound samples of cellular cytosol that transport cargoes such as miRNA,
mENA, and proteins, Exosomes form from fusion of multivesicular bodies with the
plasma membrane, whereas microvesicles bud directly from live cells. Apoptotic bodies

result from outward blebbing of the cell surface during apoptosis but are not secreted
from healthy cells. (Brindley D.A)
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THE GLOMERULAR FILTRATION BARRIER (GFB) AND
ENDOTHELIAL DYSFUNCTION

The renal glomerulus is an intricate elegant structure, in which the renal function
takes place, by blood filtering and concentration of waste metabolites into the
ultrafiltrate or urine. The glomerulusis a tuft of capillaries surrounded by the
Bowman’s capsule, situated in the Nephron, that is the structural and functional unit
of the kidney (Figure 1 a). This capillary system receives the blood from the afferent
arteriole of the renal arterial circulation. After passing through the capillaries and
undergoing the process of Ultrafiltration, the blood exits into efferent arterioles. The
glomerulus and its surrounding Bowman’s capsule represent the basic filtration unit
of the kidney. The rate at which blood is filtered through all of the glomeruli, and
thus the measure of the overall kidney function, is defined as the glomerular filtration
rate (GFR) (Salgado et al., 2010).The glomerulus is structurally supported by the
mesangium: it is situated in the space between the capillaries, and it is continuous
with the smooth muscles of the arterioles, and also with the podocytes. The
mesangium consists of the intraglomerular mesangial cells and in the mesangial
matrix, an amorphous basement membrane. The intraglomerular mesangial cells are
specialized pericytes that, thanks to actin and myosin filaments, participate in the

filtration process (Singh et al., 2007).

The glomerulus, synonymous with the glomerular filtration barrier (GFB), is

classically described as a three-layer structure (Figure 1 b):

e Endothelial cells of glomerular capillaries
e Glomerular basement membrane (GBM)

e Podocytes (specific epithelial cells)

The glomerular endothelial cells are very specialized cells that are extraordinarily
flattened and present gaps, called fenestrae. In this form, they allow the formation of
glomerular ultrafiltrate at a prodigious rate. The fenestrae, which are pores about
50-100 nm in size, do not restrict the movement of water, proteins or large molecules

but instead they limit the filtration of cellular components.
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Surrounding the luminal surface of the endothelial cells is glycocalyx consisting of
negatively charged glycosaminoglycans, which function to hinder the diffusion of
negatively charged molecules.

The GBM is situated between the endothelium and the podocytes: it is made by
collagen (types I, IV, VI, and XVIIII subunits), laminins (a5, B2, and y1) and heparan
sulfate proteoglycans. The most abundant collagen type is collagen IV that, with its
poligonal reticulum, represents a physical barrier against the passage of the large
molecules, like proteins such as albumin and globulin, into the filtrate. The GBM is
thicker compared to the basement membranes of other tissues, and it consists of 3
layers: they are an inner thin layer (lamina rara interna), a thick layer (lamina densa)
and an outer dense layer (lamina rara externa). The two layers of lamina rara are rich
in heparan sulfate, that gives them a negative charge necessary for the formation of
the charge barrier. Hence, the GBM functions as a mediator for the cellular
communication between podocytes and GECs, since it is a way for the passage of
pro-angiogenic ligands and secreted factors (Abrahamson, 2012).

Podocytes are highly specialized epithelial cells, that present processes called foot
processes (FPs) These foot processes or pedicels, wrap around the capillaries and
leave gaps, called slits diaphragm (STs), between them. The foot processes increase
the surface area of the cells, enabling ultrafiltration; on the other hand, they prevent
large molecules such as proteins,from entering in the ultrafiltrate. In contrast, small
molecules like water, glucose and ionic salts can pass through the slits, forming the
ultrafiltrate,that is further processed to produce urine. The slits diaphragm are
composed by a great number of cell-surface proteins including Nephrinl/2,
podocalyxin, P-cadherin, podocin, ZO-1, CD2AP and and catenins, that have a key
importance in the establishment and maintenance of the GFB. Indeed, any mutations
genes encoding for these type of proteins, can cause congenital nephropathy
characterized by the collapse of FPs and the absence of SDs (Quaggin & Kreidberg,
2008). Moreover, similar to the glycocalyx around endothelial cells, negatively
charged glycoproteins cover the podocytes, restricting filtration of large anions
(Reiser & Altintas, 2016). Lastly, podocytes produce growth factors, like VEGF, that

is required for the GECs homeostasis.
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Figure 1 (a) Structure of a renal glomerulus surronded by the Bowmann's capsule
(Pollak et al., 2014) (b) Schematic representation of the three-laver structure of the
glomerular filtration barrier.

The glomerular filtration

Human blood filtration by the kidneys generates on average 1 liter of urine per day.
Urine is produced and concentrated along the length of nephrons: they are from 1 to
2, 5 millions for each kidney. Despite their relatively small size, the kidneys receive
approximately 20% of the cardiac input: the blood enters in the kidneys, through the
afferent arteriole, that receive it from the renal arteries. After filtration occurs in the
nephron, the blood moves through a small network of small veins, venules, that
converge, at the end, into the renal veins which exit the kidney. The kidneys excrete a
variety of waste products produced by metabolism into the urine: the nephron
processes the blood supplied to it via the four stages of filtration, reabsorption,
secretion and excretion: the consequence of these processes is the production
of urine. The filtration process, that produces the ultrafiltrate, is a mechanism where
large molecules, like proteins, are retained, while materials of smaller molecular

weights are filtered. The benefits of the filtration process are that it eliminates the
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excess fluid, solutes, and waste metabolites, and that it serves to detoxify the system
(Carrol et al. book, The renal system). The volume of blood filtered from the
glomerular capillaries into the Bowman’s capsule per unit time is defined as
Glomerular filtration rate (GFR). The GFR is based on the differential basal tone of
the afferent and efferent arterioles: it depends on the difference between the higher
blood pressure created by vasoconstriction of the input or afferent arteriole, versus
the lower blood pressure created by lesser vasoconstriction of the output or efferent
arteriole. The GFR is about 125 mL/min filtrate in men (range of 90 to 140 mL/min)
and 105 mL/min filtrate in women (range of 80 to 125 mL/min). The estimated GFR
(eGFR) can be calculated using several formulas. The following formula only applies

for GFR calculation when it is equal to the Clearance Rate:

e¢GFR= Urine Concentration x Urine Flow/ Plasma Concentration

Glomerular filtration is carefully controlled by two different mechanisms: the kidney
can control itself locally through intrinsic mechanism, the renal autoregulation, and
through other two extrinsic controls, from the nervous and from the endocrine
systems. Autoregulation include myogenic mechanism and tubuloglomerular
feedback: the first one regulates the vasoconstriction or the vasorelaxation of the
afferent arteriole in response to the changes of the body pressure, in order to bring
the GFR back to normal levels. The tubule-glomerular feedback mechanism involves
the juxtaglomerular (JG) cells, or granular cells, from the juxtaglomerular apparatus
(JGA) and a paracrine signaling mechanism regulated by the macula densa cells. The
JG cells are modified, smooth muscle cells lining the afferent arteriole that can
contract or relax, in response to the paracrine secretion released by the macula densa,
that respond to changes in the fluid flow rate and Na" concentration. Regarding the
extrinsic mechanisms, the kidneys are innervated by the sympathetic neurons of the
autonomic nervous system via the celiac plexus and splanchnic nerves. Reduction of
sympathetic stimulation results in vasodilation and increased blood flow through the
kidneys during resting conditions. Under conditions of stress, sympathetic nervous
activity increases, resulting in the direct vasoconstriction of afferent arterioles
(norepinephrine effect) as well as in a stimulation of the adrenal medulla that
produces a generalized vasoconstriction through the release of epinephrine. Lastly,

there is the hormone system of renin-angiotensin-aldosterone (SRAA): renin,
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produced by the JGA, enzymatically converts angiotensinogen (made by the liver,
freely circulating) into angiotensin I. Its release is stimulated by paracrine signals
from the JGA in response to decreased extracellular fluid volume. Angiotensin I is
then converted by the enzyme Angiotensin-converting enzyme (ACE) (situated in the
lung) into active angiotensin II. Angiotensin II is a potent vasoconstrictor that acts
systemically in both the afferent and efferent arterioles of the glomerulus. In
response to angiotensin I, Aldosterone is released by the adrenal cortex: it promotes
water and Na+ reabsorption by the nephron, and also K+ excretion. This increases
the volume of extracellular fluid in the body, which thus leads to the increase of

blood pressure.

The glomerular endothelial dysfunction

Many diseases affect kidney function by acting on the glomeruli. Several genetic or
environmental causes can lead to glomerular diseases; however, they can be divided
into two main groups: glomerulonephritis and  glomerulosclerosis.
Glomerulonephritis consists mainly of inflammation of the membrane tissue, instead
glomerulosclerosis causes the scarring and the hardening of the small blood vessels
within the kidney. The two groups can overlap, and they can also occur in other
more complex diseases like Nephrotic and Nephritic Syndrome, Lupus Nephropathy,
Focal segmental glomerulosclerosis (FSGS) and Diabetic nephropathy (DN). Most
forms of glomerular disease develop gradually, often causing no symptoms for many
years: Chronic kidney disease (CKD) is the slowest, gradual loss of kidney function.
Some forms of CKD can be controlled or slowed down, like DN, but CKD cannot be
cured. In many cases, CKD leads to kidney failure, which leads to the acute or
chronic loss of at least 85% kidney function. The End-stage renal disease (ESRD)

consists in kidney failure, treated only by dialysis or kidney transplant.

The Endothelial Dysfunction, in the glomerular endothelium, occurs when the
endothelium reduces its capacity to maintain homeostasis, and leads to the
development of pathological inflammatory processes and vascular disease (Esper et
al., 2006). The endothelial dysfunction in the kidney can lead to Glomerular

Endotheliosis: it represents a specific variant of thrombotic microangiopathy, and it
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is characterized by glomerular endothelial swelling, with loss of endothelial
fenestrae, reduction of endothelial tight junction proteins expression (Ve-cadherin,
Z0-1), and occlusion of the capillary lumens (Xu et al., 2014). All these features can
cause overall damage of the GFB, with the resultant increase of glomerular
permeability. The hyperfiltration of water, large-size molecules (like proteins), waste
products, and sometimes red blood cells, can cross the barrier, leading to edema,
proteinuria and hematuria. The next part of my report will consider three types of
pathological processes, in which Glomerular Endotheliosis represents one of the
main feature: they are Preeclampsia, Endothelial to Mesenchymal Transition (which

mainly leads to Fibrosis) and Diabetic nephropathy (result of Diabetes).

Endothelial to mesenchymal transition (EndMT)

Endothelial to mesenchymal transition (EndMT) is a complex biological process,
recently recognized as a type of cellular transdifferentiation. During EndMT,
endothelial cells lose their phenotypic profile and progressively evolve into cells with
a mesenchymal phenotype, which include a spindle-shaped elongated cell
morphology, loss of cell-cell junctions and polarity, and the acquisition of cellular
motility coupled to invasive and contractile properties (Figure 2). At the genetic
level, EndMT leads to the increase of expression and production of mesenchymal
cell-specific genes and the corresponding proteins, including a-smooth muscle actin
(a-SMA), extra domain A (EDA) fibronectin, N-cadherin, vimentin,
fibroblast-specific protein-1 (FSP-1; also known as S100A4 protein), fibroblast
activating protein (FAP), and fibrillar collagens type I and type III. Expression of
mesenchymal cell-specific genes occurs in parallel to the progressive reduction and
the eventual loss of endothelial cell-specific proteins, including von Willebrand
factor (VWF), CD31/platelet-endothelial cell adhesion molecule-1
(CD31/PECAM-1), and vascular endothelial cadherin  (VE-cadherin)
(Piera-Velazquez & Jimenez, 2012) (Piera-Velazquez et al., 2011) (Sanchez-Duffhues
et al,, 2016). It has been shown that EndMT consists of a trans-differentiation
process which does not require DNA replication and, therefore, is mediated by the
combined effects of activation of previously silent genes and/or silencing of genes
expressed in the cells which display the original phenotype. This concept, named

“Epigenetic landscape” was firstly introduced by Waddington in 1942, referring to
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important changes caused by DNA-sequence independent mechanisms and
pathways, which lead to the formation of a specific cellular phenotype (Boland et al.,
2014) (Dambacher et al., 2013). It has been shown that the main inducers of the
trigger of EndMT are the transforming growth factor-f (TGF-f) family, and mainly
the TGF-B1 isoforms (Medici et al., 2011) (Mihira et al., 2011) (van Meeteren & ten
Dijke, 2012). Both canonical and non-canonical TGF-f signaling pathways, as well
as other different pathways, can modulate the EndMT process by multiple molecular
mechanisms, depending on the physiological or pathological status of the cells.
TGF-B1, TGF-B2 and TGF-B3 are the principal inducers and initiators of EndMT
under most physiological and pathological conditions (Pardali et al., 2017). However,
from a direct comparison of their effects on EndMT in human microvascular ECs,
TGF-B2 turned out to be the most potent (Sabbineni et al., 2018). Moreover, it has
subsequently shown that both Smad-dependent or canonical and Smad-independent
or non canonical TGF-B signaling pathways may be involved in the EndMB and that
this process is mediated by numerous transcriptional regulators such as Snaill,
Snail2 (or Slug), Twist, and some members of Zeb family of proteins. TGF-f} binding
to its two types of receptors (ALKS5 and TGF-B receptor type II) leads to the
phosphorylation of Smad2/Smad3, which forms a complex with the co-Smad,
Smad4, that allows its translocation to the nucleus. Inside the nucleus, the
Smad2/Smad3/Smad4 complex binds the promoter regions of various TGF-f target
genes, stimulating their transcription. By contrast, Smad6 and Smad7 are potent
negative regulators of TGF-B induced signaling cascades (Nakao et al., 1997)
(Imamura et al., 1997). Although the canonical Smad2/3-mediated pathway is the
principal inducer of EndMT, several other molecular Smad2/3-dependent pathways
can regulate the EndMT process:these pathways involve molecules modulated by
TGF-B, such as Toll-like receptor (TLR) and proteins such as TLRS, the Friend
leukemia virus integration 1 (Fli-1) protein, and SIRTUIN 1 and 3 (SIRT1/SIRT3).
SIRT3 is a key regulator of EndMT in mice glomerular endothelial cells: the results
of an in vitro study indeed confirmed that transgenic mice with SIRT3 deficiency can
lead to development of EndMT, coupled to renal disease and fibrosis (Maynard et al.,
2003) (Lin et al., 2018). Besides the canonical TGF- § pathways, there are a number
of non-canonical Smad2/3-independent signaling pathways activated by TGF- J,
such as the three well known mitogen-activated protein kinase MAPK pathways:

extracellular signal-regulated kinase (ERK), p38 MAPK, and c-Jun NH -terminal
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kinases (JNK) (Moustakas & Heldin, 2005) (Zhang, 2009). In addition, the
noncanonical pathways activated by TGF-B also include the phosphatidylinositol
3-kinase (PI3K), RhoA, Rac, protein kinase C Abl kinase (c-Abl), the PKC-6 isoform
of the PKC family of kinases and the Janus kinase 2 (JAK2). Regarding JAK?2, it has
been shown that high levels of phosphorylated JAK2 (JAK2p) are correlated with
EndMT during the pulmonary arterial hypertension (PAH) associated with idiopathic
pulmonary fibrosis (IPF) in patients (Milara et al., 2018. ). EndMT can be also
regulated by signalling pathways, which are TGF-  independent. These pathways
include Notch signaling, the canonical Wnt pathway and other signalling cascades
mediated by inflammatory cytokines such as caveolin-1 (CAV1), endothelin-1
(ET-1), the hypoxia inducible factor (HIF)-1. Finally, EndMT can be induced by
pathological conditions such as metabolic alterations like hyperglycemia, hypoxia,
and shear stress and oxidative stress. Indeed, Murdoch at al., reported that the
reactive oxygen species (ROS)- generating enzyme, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-2 (NOX2) is a major driver of endothelial
dysfunction, since it drives to EndMT mediated by Angiotensin II activation. NOX2
overexpression in transgenic mice (TG) increase NOX2 protein level and NOX2
activation in response to Angll, leading to diastolic dysfunction, hypertension,
cardiac hypertrophy and fibrosis and proinflammatory effects induced by
superoxide-mediated inactivation of nitric oxide (during chronic AnglI elevation).

Regarding hyperglycemia, some studies investigated the key role of EndMT in the
severe vascular pathology of diabetes, mainly affecting the microvascular system of
kidneys (L1 et al., 2009) (Li et al., 2010). High glucose levels on cultured human
aortic ECs can induce EndMT, through a mechanism mediated by angiotensin II (R.
Tang et al., 2010). This was further confirmed by the abrogation of
high-glucose-induced EndMT after treatment of ECs with an angiotensin II receptor
1 inhibitor (Ibesartam) (R.-N. Tang et al., 2013). Zeisberg at al., conducted for the
first time a in vivo study on three different mouse model (unilateral ureteral
obstruction, streptozotocin induced diabetic nephropathy and alpha4 chain of
collagen type 4 (COL4A3) knockout mice), which confirmed the contribution of
EndMT in renal fibrosis. They found that myofibroblasts co-express CD31, and
a-SMA and fibroblast specific protein 1 (FSP-1) in all three models and that these
activated fibroblasts originated from EC. Furthermore, 6 months after a single

injection of STZ kidneys developed glomerulosclerosis and tubulointerstitial fibrosis.
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Li et al., also confirmed that EndMT occurs and contributes to generation of
fibroblasts and myofibroblasts in early diabetic renal fibrosis. Using
endothelial-lineage tracing transgenic mice, they revealed o-SMA positive cells
(myofibroblasts) of endothelial origin from mice induced with STZ. They also
observed that only one month after STZ injection without albuminuria, renal EC
underwent EndMT and contributed to the accumulation of renal myofibroblasts.
These findings suggest that EC may play a role in renal fibrosis through the process
of EndMT.

In conclusion, EndMT appears to be especially important in the pathogenesis of
numerous human disorders, although further studies are required to elucidate the
molecular mechanisms of this process. However, EndMT may provide a novel

therapeutic approach for the treatment of several human diseases.
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Figure 2. Biochemical changes during EndMT (Shu et al., 2020}
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Diabetic nephropathy (DN)

Diabetic nephropathy (DN) or diabetic kidney disease (DKD) is the leading cause of
chronic kidney disease (CKD) and end-stage renal failure (ESRF). It affects 40% of
type 1 and type 2 diabetic mellitus (DM) patients, and it consists of the primary
microvascular complication of this pathology. DN syndrome is defined by a
pathological quantity of urine albumin excretion (UAE). Based on UAE values, it is
categorized into two stages: microalbuminuria (UAE >20 pg/min and <199 pg/min)
and macroalbuminuria (UAE >200 pg/min), although the progression is variable.
The exact causes of DN are still unknown, however the main modifiable factor risks
for the development of the pathology include hypertension, glycemia, and
dyslipidemia. DN is characterized by structural and functional changes, mainly in the
glomeruli. They present mesangial expansion, thickening of the basement membrane,
and accumulation of extracellular matrix in tubular and glomerular membranes. In
early DN, tubular hypertrophy occurs, accompanied with interstitial fibrosis and
tubular atrophy. In advanced cases, kidneys present also infiltrates macrophages and
T-lymphocytes. Moreover, there is podocyte injury and loss and podocyturia, and a
reduction of endothelial cell fenestration, due to the loss of cell-to-cell junctions and
adhesive proteins (Weil et al., 2012) Other pathological features of DN include
glomerular endothelial lesions, accompanied by glomerular hyperfiltration,
glomerular hypertrophy, glomerulosclerosis, and tubule-interstitial inflammation and
fibrosis. Subsequently all these pathological events lead to glomerular hyperfiltration
and increase of albumin excretion, resulting in proteinuria and reduction of
glomerular filtration rate (GFR). In DN, several different mechanisms are involved,
which have been observed and investigated. First of all, activation of immune system
and inflammation play a key role in the pathogenesis of DM, and therefore of DN
(Navarro-Gonzalez & Mora-Ferndndez, 2008) (Navarro-Gonzalez et al., 2009).
Macrophages, monocytes, and lymphocytes are recognized as the principal
inflammatory cells involved in diabetic kidney damage, as well as other factors such
as chemokines, growth factors, adhesion molecules, nuclear factors and cytokines.
Among cytokines, TGF-B1 plays a key role in the pathogenesis of DN, since it is
related to renal damage and promotion of renal fibrosis (Figure 3). Upregulation of
TGF-B1 and of its downstream cytokine CTGF, promotes extracellular matrix

proliferation and therefore, it causes glomerulosclerosis and glomerulonephritis;
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moreover, it induces EndMT process and the transformation of endothelial cells into
fibroblasts, resulting in chronic inflammation and renal fibrosis. Proinflammatory
and profibrotic activity of TGF-B1 has been investigated in DM patients with DN:
TGF-B1 and CTGF levels were higher, as well as UAE, compared to normal
individuals (El Mesallamy et al., 2012). In addition, nephropathy in diabetic mice
and in humans is associated with high levels of angiotensin converting enzyme
(ACE), leading to elevated levels of endothelin-1 and urotensin II (Huang et al.,
2001) (Rudberg et al., 2000). Dysregulation of nitric oxide and nitric oxide synthase
has been described in DN, resulting in vasodilation. It has been shown that nitric
oxide synthase knockout mice develop more glomerular lesions and proteinuria,
respect with control mice (Kanetsuna et al., 2007). The responsible mechanism for
nitric oxide dysregulation and therefore endothelial dysfunction can be the activation
of PKC. Activation of intracellular kinases such as PKC and MAPK promote the
nuclear transcription of factors including NF-kB, which regulate gene expression of
various cytokines, chemokines, and adhesion molecules. Activation of p38a isoform
of the p38 MAPK pathway is strongly associated with renal inflammation and DN
(Sakai et al., 2005). In addition, toll-like receptors (TLR2, TLR4) and B7-1 play an
important role in inflammation and injury in DN (Fiorina et al., 2014). To conclude,
inflammation plays an essential role in the development of DN, involving increased
chemokine production, infiltration of inflammatory cells into the kidney,
pro-inflammatory cytokine production, and tissue damage. Therefore, a better
understanding of inflammatory response in diabetic kidneys is essential in order to

identify new anti-inflammatory strategies for the potential treatment of human DN.
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Figure 3 Schematic illustration of proposed mechanism of TGF-f action in
podocytes and mesangial cells leading to the development of diabetic nephropathy,
High glucose stimulates TGF-Ji secretion in mesangial cells and TGF-p receptor (TGF-
R) expression in podocytes. Soluble forms of latent TGF-B complex released from
mesangial matrix may be localized to the podocyte surface and activated by angiotensin
(Ang) 11, Activated TGF-f/Smad signalling pathway in podocytes may induce 3(IV)
collagen, connective tissue growth factor (CTGF) and vascular endothelial growth factor
(VEGF) overexpression, leading to glomerular basement membrane (GBM) thickening
and mesangial matrix expansion, culminating in diabetic glomerulosclerosis.(Lee, 2013)
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Abstract: Endothelial cells present in tumors show different origin, phenotype, and genotype with
respect to the normal counterpart. Various mechanisms of intra-tumor vasculogenesis sustain the
complexity of tumor vasculature, which can be further modified by signals deriving from the tumor
microenvironment. As a result, resistance to anti-VEGF therapy and activation of compensatory
pathways remain a challenge in the treatment of cancer patients, revealing the need to explore
alternative strategies to the classical anti-angiogenic drugs. In this review, we will describe some
alternative strategies to inhibit tumor vascularization, including targeting of antigens and signaling
pathways overexpressed by tumor endothelial cells, the development of endothelial vaccinations, and
the use of extracellular vesicles. In addition, anti-angiogenic drugs with normalizing effects on tumor
vessels will be discussed. Finally, we will present the concept of endothelial demesenchymalization
as an alternative approach to restore normal endothelial cell phenotype.

Keywords: tumor vasculogenesis; endothelial cells; anti-angiogenic drugs; normalization; endothelial
demesenchymalization; endothelial vaccination

1. Introduction

1.1. Tumor Endothelial Cell Characterization

In 1971, Judah Folkman observed that solid tumors show a diffuse vascular network, often
hemorrhagic, and that poorly vascularized tumors were unable to grow beyond 2-3 mm [1].
These observations led Folkman to hypothesize that to grow and expand, tumors need new blood
vessels, introducing the concept of tumor angiogenesis [1]. It is now well established that, during
the early phases of tumor angiogenesis, a process called “angiogenic switch” occurs, characterized
by overexpression of pro-angiogenic factors, neoangiogenesis, and tumor cell survival [2]. Indeed,
tumor angiogenesis significantly differs from physiological angiogenesis. Tumor vessels have an
irregular aspect, are dilated and tortuous, and this chaotic organization results in the absence of distinct
venules, arterioles, and capillaries, with the formation of a leaky and hemorrhagic vascular network [3].
They have an incomplete basal membrane, with large joints and fenestrations which increase the
interstitial fluid pressure, possibly resulting in intra-tumor bleeding [4].

Tumor endothelial cells (TEC) themselves substantially differ from the normal counterpart. In 2000,
Croix et al. identified for the first time genes differentially expressed in TEC with respect to normal
endothelial cells, most of which are involved in the formation of collagen, in angiogenesis and in the
wound healing process, demonstrating that tumor endothelium is different from normal endothelium
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at a molecular level [5]. In addition, TEC can be aneuploid, express embryonic markers, and can
undergo endothelial-mesenchymal transition. Hida et al. first demonstrated that freshly isolated
TEC present structural aberrations, such as nonreciprocal translocations, missing chromosomes, and
have multiple centrosomes [6]. Functionally, TEC display an increased proliferation rate and delayed
senescence with respect to normal endothelial cells due to autocrine production of proangiogenic
factors [7] and are resistant to classical anti-angiogenic drugs [8,9].

1.2. Tumor Endothelial Cell Origin

The evidence that tumor vessels differ from normal vessels, both, genotypically and functionally
suggests that tumor vasculature could either be modified by factors deriving from the tumor
microenvironment or directly originate by intra-tumor vasculogenesis as alternative mechanisms other
than the recruitment from pre-existing vessels in adjacent tissues [10]. The strategies of intra-tumor
vasculogenesis are shown in Figure 1.
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Figure 1. Alternative strategies of tumor vascularization. Tumor vessels may be generated by

intra-tumor vasculogenesis as an alternative to endothelial cell recruitment from adjacent vessels.
TEC may originate from the recruitment of bone marrow-derived cells (BMDC), such as endothelial
progenitor cells, or directly from tumor cells acquiring an endothelial phenotype in a process called
vasculogenic mimicry. Moreover, a subpopulation of cancer cells with stem features (CSCs) can directly
differentiate into tumor endothelial cells (TEC) or can reprogram normal endothelial cells by the release
of extracellular vesicles (CSC-EVs). Finally, intussusceptive microvascular growth allows the generation
of a new vessel by the split of a pre-existing one.

There are several pieces of evidence that factors secreted by tumor cells, and in primis extracellular
vesicles (EVs), may reprogram normal quiescent endothelial cells through the transfer of proteins and
genetic material (INRNAs, miRNAs, or proteins) [11-13]. In parallel, the intratumor vasculogenesis
might be dependent on the differentiation of normal or cancer stem cells or by endothelial mimicry of
differentiated tumor cells [10]. Bone marrow-derived cells, and in particular endothelial progenitor
cells, actively participate to tumor growth, not only through the secretion of pro-angiogenic factors but
also through their incorporation within the vessels [14,15]. Resident normal tissue stem cells were
also shown to differentiate into endothelial cells in the presence of growth factors released by the
tumor [15]. Cancer stem cells (CSC), a subpopulation of tumor cells with stem properties, can generate
all different tumor cell types, becoming responsible for tumor growth and progression. Several groups
demonstrated the ability of CSC to differentiate into endothelial cells and pericytes and thus their
contribution to tumor vasculogenesis [16-18].
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Differentiated cancer cells themselves can also generate vascular structures by a process called
vasculogenic mimicry. First identified in melanoma [19], the presence of vascular mimicry has been
subsequently confirmed in a number of tumors, such as lung, breast, prostate, bladder, and renal
carcinomas and glioblastoma [20]. Finally, to rapidly adapt to the surrounding microenvironment,
tumors may generate new vessels trough intussusceptive microvascular growth. This mechanism, also
known as non-sprouting or splitting angiogenesis, is characterized by the generation of new blood
vessels by splitting an existing one [21]. The capillary network can, therefore, increase its complexity
and vascular surface, generating vessels more rapidly with a minor metabolic demand as compared to
sprouting angiogenesis.

Given the different origin, phenotype, and genotype of TEC with respect to the normal counterpart,
in the last decades, many researchers focused on the isolation of TEC from solid tumors (Table 1) [22],
to obtain an in vitro model resembling tumor angiogenesis.

Table 1. TEC isolation from solid tumors.

Tumor Type Species Year References
Glioblastoma Human 1999 Alessandri et al. [23]
Colon Human 2000 St. Croix et al. [5]
Brain tumors Human 2002 Unger et al. [24]
Renal Human 2003 Bussolati et al. [7]
Lung Mouse 2003 Allport et al. [25]
B-Cell lymphoma Human 2004 Streubel et al. [26]
Liposarcoma and melanoma Mouse 2004 Hida et al. [27]
Breast Human 2006 Grange et al. [28]
Breast Mouse 2006 Amin et al. [29]
Liver Human 2007 Wu et al. [30]
Ovary Human 2007 BuCkE}j:fZit;? g;]l' [31]
Glossal lymphangioma Human 2010 You et al. [33]
Prostate Human 2014 Fiorio et al. [8]

1.3. Classic Anti-Angiogenic Therapies

A number of anti-angiogenic drugs have been developed and proposed to limit tumor growth
and expansion [34]. At present, the main anti-angiogenic therapies approved by the FDA are described
in Table 2 [34]. The use of anti-angiogenic drugs in clinical practice, however, only showed an initial
benefit in patients, followed by limited effectiveness and only a moderate disease-free survival [35].
This is mainly due to the expression of alternative angiogenic pathways [36,37]. Although inhibitors
of the VEGF pathway are substantially effective in reducing tumor vascularization, after treatment
discontinuation the tumor vascular network is able to re-grow, acquiring overexpression of vascular
growth factor receptors [36]. This overexpression leads the survived vessels to VEGF-independency
and, therefore, to the development of resistance [37]. In addition, anti-angiogenic treatment can lead to
the formation of a hypoxic microenvironment, which regulates the cancer stem cell population and can
contribute both to the maintenance of the tumor and to the resistance to therapies [36].

Anti-angiogenic agents, such as the monoclonal antibody (mAb) bevacizumab, only showed
significant activity when combined with cytotoxic chemotherapy [36]. Moreover, despite the success of
the dual blockade of VEGFR and PDGEFR by the tyrosine kinase inhibitor (TKI) sunitinib, a combination
strategy using bevacizumab and imatinib, another inhibitor of PDGF signaling, was not effective but
rather toxic during renal cancer treatment [38]. After 10 years of approval by the FDA of the first
anti-VEGF drug, bevacizumab, resistance to anti-VEGF therapy remains a challenge in the treatment
of cancer patients, revealing the need to explore alternative strategies to classical anti-angiogenic
therapies, to obtain a durable therapeutic effect. In this review, we will describe some alternative
strategies to inhibit tumor vascularization, such as the use of new mAbs, the target of alternative
signaling pathways, the vaccination with endothelial antigens, and the use of extracellular vesicles
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(Figure 2). In addition, the use of alternative anti-angiogenic drugs with normalizing effects on tumor
vessels will be described.

Table 2. Main anti-angiogenic drugs for solid tumors treatment.

Drug Name Type Targets Tumor Type Combined Therapy
Colorectal, lung, glioblastoma, e
1 cell . breast. brai Fluoropirimidine,
Bevacizumab mAb VEGF-A renal cell carcmorma, breast, brain, Cisplatinum, Paclitaxel,
ovarian, cervical, fallopian tube,
. Interferon a-2a
and peritoneal cancer
. VEGFR1/2/3, Renal cell carcinoma, liver,
Sorafenib TKI PDGEFR, c-kit thyroid, desmoid tumors
Renal cell carcinoma,
. VEGFR1/2/3, gastrointestinal stromal,
Sunitinib TKI PDGEFR, c-kit, FLT-3, Ret pancreatic neuroendocrine cancer,
and leukemia
Pazopanib TKI  VEGFR1/2/3, PDGFR, c-kit, FGFR ~ Renal cell carcinoma and soft
tissue sarcoma
. VEGFR1/2/3, .
Axitinib TKI o-kit, PDGFR Renal cell carcinoma
Gz PDGHRals, et e
Regorafenib TKI FGFR1/2, ced gastromntestinal stro
. . cancer and advanced
Tie2, c-Kit .
hepatocellular carcinoma
Cabozantinib TKI ¢-MET, VEGFR2, AXL, Ret Medullary thyroid cancer and
renal cell carcinoma
Nintedanib TKI VEGFR1/2/3, PDGFR, FLT-3 Idiopatic Pulnggzig’ fibrosis, lung Docetaxel
Levantinib TKI VEGFR1/2/3, PDGFR, FGFR, Ret, Thyroid canct?r and renal cell Everolimus
c-Kit carcinoma
Vandetanib TKI VEGFR1/2/3, EGFR, and Ret Medullary thyroid cancer
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Figure 2. Alternative strategies to target tumor vascularization. Approaches to overcome the

resistance to classical anti-angiogenic agents may involve the target of different molecules, such as

calcium-permeable channels (Ca?* channels), the transcription factor ERG, endoglin (CD105), or
angiopoietin (Ang-2). TEC could also be targeted by stem cell-derived extracellular vesicles with
anti-angiogenic effect (anti-angiogenic EVs), or by a specific multi-targeted cytotoxic immune response

driven by anti-angiogenic vaccination. The irregular vascular network could be targeted by new

normalizing agents, such as Sema 3. Finally, endothelial-mesenchymal transition (EndoMT), involving

the downregulation of angiogenic molecules, represents an additional strategy for anti-angiogenic

therapy resistance. Vascular detransformation represents, therefore, a novel strategy to block tumor

abnormal vascularization.
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2. Alternative Molecular Targets

2.1. Alternative Anti-Angiogenic Antibodies

The therapeutic use of classical anti-angiogenic drugs, as the anti-VEGF Ab bevacizumab,
lacked the expected results observed in experimental models [35]. As mentioned earlier, anti-VEGF
therapy-resistant tumors increase the expression of molecules that activate alternative angiogenic
pathways [36,37,39], they can represent a new target of antibody-mediated therapies. For example,
Abs against anti-angiopoietin-2 (like nesvacumab, AMG780, MEI3617, and vanucizumab), and Abs
anti-integrin av(33 have been successfully tested in phase I/II study [40,41]. Another example of an
antibody targeting alternative angiogenic pathways is MP0250, a genetically engineered designed
ankyrin repeat protein (DARPin®) that specifically binds to VEGF-A, hepatocyte growth factor (HGF),
and human serum albumin (HSA) [42,43]. The antibody is currently being studied in phase I and II
clinical trials on multiple myeloma relapses (NIH N. NCT03136653) [44] on EGFR-mutated non-small
cell lung cancer (NIH N. NCT03418532) and on other neoplasms (NIH N. NCT02194426). With
its target specificities, MP0250 may thus help to overcome the resistance due to single targeting
mAbs. Moreover, transforming growth factor (TGF-f3) pathway has been found over-expressed
after anti-VEGEF therapy [45], suggesting that it might play an important role in the acquisition of
therapy resistance. Endoglin (CD105) is a cell membrane glycoprotein overexpressed on proliferating
endothelial cells that binds several factors of the TGF-f3 superfamily, suggesting that activation of
this pathway may be responsible for tumor VEGF-independency [46]. In 1995, CD105 was described
as a receptor overexpressed in tumor vasculature [47] and, more recently, it has been shown that
high CD105 expression on vessels is correlated with poor prognosis in many solid tumors, such as
kidney [48], prostate [49], and ovarian cancer [50]. CD105 was also described as a marker of CSC in
renal cell carcinoma [16]. TRC105 (carotuximab) is a novel, clinical-stage antibody against CD105, that
inhibits tumor vessel formation through the blockade of CD105. In a recent study, the TRC105 effect on
both TEC lines and CSC-TEC was described [51]. In particular, TRC105 alone affected the ability of
TEC and CSC-TEC to organize in tubular structures [51]. Moreover, TRC105 increased the effect of the
tyrosine kinase inhibitor Sunitinib in inhibiting tumor endothelial proliferation, survival, and new
vessel formation [51]. Taken together, these findings indicate that the combined inhibition of VEGF
and TGF-f3 pathways may have potential use in renal carcinoma therapy. Indeed, TRC105 is currently
being studied in phase III clinical trial in combination with pazopanib for the treatment of advanced
angiosarcoma [52] and in multiple phase I and II clinical trials combination with VEGF inhibitors for
the treatment of different solid tumors. For example, clinical trials in phase I and II are testing the
efficacy of TRC105 in combination with bevacizumab in refractory gestational trophoblastic neoplasia
and choriocarcinoma (NIH N. NCT02396511) [53], metastatic renal cancer (NIH N. NCT01727089),
and glioblastoma (NIH N. NCT01564914 and NCT01648348). Other studies tested the combination of
TRC105 with tyrosine kinase inhibitors, such as Axitinib in renal cell carcinoma (NIH N. NCT01806064),
and sorafenib in hepatocellular carcinoma [54]. Encouraging evidence of activity to date was observed,
and the study is now continuing to recruit in the phase Il stage to confirm the activity of the combination
therapy [54].

2.2. Ca?*-Permeable Channels

Accumulating evidence demonstrates that the development of several cancers involves altered
Ca?* homeostasis and aberrant ion channel expression [55,56]. This is not surprising considering the
multifaceted role of Ca?* as an ubiquitous second messenger, which is involved in the tuning of multiple
fundamental cellular functions [57]. Indeed, ion channels represent good potential pharmacological
targets due to their location on the plasma membrane, where they can be easily accessed by drugs.
As the first reports suggesting a role for ion channels in cancer progression, the field has undergone
an exponential development giving rise to a large consensus in the scientific community to include
“channelopathy” among the causal factors in cancer development [58,59]. In particular, it has been
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clearly established a key role for Ca?*-permeable channels in tumor vascularization both in vitro and
in vivo [60-63]. Many pro-angiogenic growth factors, as well as chemokines, trigger Ca?* signals
directly involved in the angiogenic switch by mediating endothelial cells proliferation, migration, and
sprouting [64-67].

Among Ca?*-permeable channels, transient receptor potential (TRP) superfamily has been deeply
investigated for their functions in endothelial cells where they emerged as important factors contributing
to several key vascular processes, such as vascular tone, permeability, and cell migration [68-70].
In addition, different TRP channels have been described as mediators of VEGE-mediated Ca2*
signals [71,72]. As previously stated, TEC significantly differ from healthy endothelial cells, showing
aberrant phenotypes and physiology. It is, therefore, expected that Ca?* homeostasis is also severely
altered in TEC; indeed, Ca?* signals mediated by different growth factors, such as VEGF or ATP and
their downstream second messengers (arachidonic acid, nitric oxide, hydrogen sulfide, and cyclic
AMP) are drastically remodeled in TEC where they play key roles in cell migration as compared
to healthy endothelial cells [73-77]. Intriguingly, recent studies reported that TRP channels are
differentially expressed in TEC. In particular, TRPV4 has been shown to exert a proangiogenic role
on TEC by promoting cell migration and normalization [78,79]. On the contrary, TRPMS exerts a
protective role in endothelium by inhibiting cell migration via a Rap1/Bintegrin mechanism [80].
Comparative TRP expression profile has been recently performed on prostate cancer TEC (PTEC) and
their heathy counterpart, as well as on other TEC and endothelial cells. Interestingly, TRPA1, TRPV2,
and TRPC3 are overexpressed in PTEC. TRPA1 showed a clear proangiogenic role by promoting an
increase in intracellular [Ca?*] and consequent endothelial cells migration in vitro as well as sprouting
angiogenesis in the retina in vivo model [81].

2.3. ERG

ERG (ETS related gene) is part of the E-26 transformation specific (ETS) family of transcription
factors, and it was first discovered in 1987 by Reddy et al. in human colorectal carcinoma cells [82].
These factors function as either transcription activators or repressors, depending on the target gene or
on the post-transcriptional modification required [83]. From the embryonic developmental stage, ERG
is widely expressed in a variety of mesodermic tissues, and in particular in the endothelium, where
it'’s highly expressed in the endothelial cells of the majority of adult tissues [83]. In endothelial cells,
ERG plays a key role in the regulation of endothelial homeostasis by influencing numerous biological
processes, such as vasculogenesis, angiogenesis, junction stability, cell migration, and survival [83].
In fact, ERG has been shown to act as a controller of the balance between pro- and anti-angiogenic
processes, by regulating the expression of key genes like VEGFR1, VEGFR2, FZDL4, and EGF-like
protein 7 [83]. Furthermore, in vitro studies have shown that ERG is essential for endothelial tube
formation [84]. For instance, ERG inhibition studies in human endothelial cells revealed a lowered
expression of the adhesion molecule VE-cadherin that resulted in the loss of cell-cell contacts, cell
death, and, therefore, malformation of endothelial tubes [84]. These results were confirmed in vivo,
whereby a postnatal deletion of ERG in inducible endothelial-specific ERG knockout mice led to
defective angiogenesis in the retina, therefore confirming the crucial role of ERG in the regulation of
angiogenesis [84,85].

Many studies reported the involvement of abnormal ectopic expression of ERG fusion proteins
in many cancer types [86-88], however, limited studies reported the role of ERG in the regulation
of tumor neovascularization. For instance, Nagai et al. in a mouse xenograft B16F0 tumor model,
which depends on angiogenesis for growth, observed that knocking out endothelial ERG significantly
reduced the size of melanoma tumors, and significantly reduced tumor blood vessel density and
pericyte coverage compared to controls [89]. This study, therefore, confirms that ERG could play an
essential role in tumor angiogenesis and growth and that downregulation of ERG expression could be
an effective strategy towards developing new anticancer therapies.
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As ERG is largely involved in the biology of cancer, it can be considered as a potential new
target for cancer therapies itself. Indeed, ERG is one of the most overexpressed oncogenes in
prostate cancer, where a chromosomal translocation results in the fusion of the promoter region of
androgen-regulated transmembrane protease serine 2 (TMPRSS2) with the DNA-binding domain of
ERG [86]. TMPRSS2-ERG expression leads to the upregulation of the histone deacetylase 1 (HDAC)
gene and the downregulation of its target genes. A therapy based on the inhibition of HDAC can be,
therefore, effective against prostate cancer development. The HDAC inhibitors can indeed reduce
cancer growth by inducing apoptosis of ERG positive prostate cancer cells [88]. Moreover, the
development of YK-4-279, a small molecule inhibitor of ETS factors, reduced invasion, motility, and
metastasis of ERG positive cells in prostate cancer [90].

The ERG DNA-binding activity can also be targeted by modulators, such as DB1255, which
prevents ERG DNA binding [91]. Finally, the degradation of ERG by targeting an ubiquitin-specific
peptidase 9, resulted in prostate tumor growth inhibition, both, in vitro and in vivo [92]. Altogether,
these therapeutic approaches, developed at present as anti-tumor strategies, might also influence
tumor angiogenesis in view of its upregulation in TEC.

3. Extracellular Vesicles

Extracellular vesicles (EVs) are bio-active particles delimited by a lipid bilayer, secreted by a wide
variety of cells, nowadays emerging as one of the main effectors of intercellular communication [93].
Depending on the cell source, EVs have been shown to exert multiple effects on specific cell targets by
modifying their function and phenotype [93].

The clinical use of EVs for the treatment of cancer is currently under evaluation, being these
bioactive molecules an efficient tool to allow the delivery of therapeutic cargos to neoplastic cells [94].
In oncology, the use of EVs has been proposed not only as a biological carrier for anti-tumor drugs but
also as an immunomodulator and tumor vaccination [95].

Among the possible EV sources, EVs isolated from stem cells are one of the most studied
as an anticancer strategy [96]. However, few studies investigated their direct effects on tumor
angiogenesis [97-99]. Lee et al. showed that EVs isolated from mesenchymal stem cells (MSC) were
able to inhibit tumor growth and angiogenesis in a murine model of breast cancer, by downregulating
VEGEF production in breast cancer cells [98]. On the other hand, EVs isolated from cardiosphere-derived
cells were able to inhibit tumor angiogenesis in a murine model of fibrosarcoma [99].

More recently, Lopatina et al. showed that EVs derived from human liver stem cells (HLSC)
exhibit a direct anti-angiogenic effect on tumor-derived endothelial cells isolated from human renal
carcinoma [97]. Treatment of renal tumor endothelial cells with HLSC-EVs in vitro inhibited the
angiogenic and migration properties of TEC in a dose-dependent manner. The inhibitory effects on
angiogenesis were mainly attributed to a down-regulation of different proangiogenic genes, targets of
specific miRNAs enriched in HLSC-EVs. In addition, the anti-angiogenic activity of HLSC-EVs has been
observed in vivo in a model of tumor angiogenesis in SCID mice. HLSC-EVs treated tumor endothelial
cells showed a limited ability to connect with murine vasculature, and treatment of pre-existent tumor
vessels with HLSC-EVs reduced vessel density [97].

These studies reveal a complex effect of EVs on tumor vascularization, which may result from the
modulation of multiple targets on different tumor cell types, including a direct effect on TEC and an
indirect one on tumor cells.

4. Anti-Angiogenic Vaccination

Cancer vaccines are emerging as one of the most promising tools for tumor eradication. Recently,
new vaccination strategies against TEC, rather than against cancer cells, have been proposed [100].
Being TEC phenotypically and genotypically different from a normal endothelium [22], anti-angiogenic
vaccination would theoretically target the activated tumor endothelium only, without affecting
other angiogenic processes involving normal endothelial cells. On the other hand, targeting one
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specific molecule could activate compensatory angiogenic pathways and resistance mechanisms, that
could be overcome by the combination with tumor immunotherapy or chemotherapy, or with other
endothelial-cell vaccines.

Vaccination protocols involve the use of different vaccine types, such as DNA or peptide vaccines,
or directly the injection of blocking antibodies against different immunogenic epitopes of proteins
overexpressed by TEC [98-102]. However, both in preclinical and in clinical studies, the efficacy and
the observed adverse events were variable, according to vaccine type, route of administration and to
the adjuvant choice [98-102]. At present, different anti-angiogenic vaccination protocols, involving the
use of peptide-based vaccines, are undergoing clinical trials, as summarized in Table 3 [101-108].

Preclinical studies involving the development of an immune response against different antigens
overexpressed by TEC, such as bFGEF, angiomotin, endoglin, Robo4, PDGFR(, Tie-2, and tumor
endothelial markers (TEM1 and TEMS) show that endothelial vaccination successfully reduces
tumor growth in different tumor models, both in vitro and in vivo [100]. However, TEC genetic
instability, together with the activation of compensatory pathways, may lead to an incomplete
response to vaccination therapies against specific targets. Therefore, further clinical studies using
whole endothelial [106] or placental cells [107] to induce a polyvalent immune response are currently
under evaluation.

Table 3. Main anti-angiogenic vaccination approaches currently undergoing clinical trials.

Antigens Vaccine Type Tumor Type Phase REF/NIH N.
Recombinant human . .
VEGF-A VEGE-A-121 isoform Advanced solid tumors I Gavilondo 2014 [108]
VEGFR2-169 peptide I Miyazawa 2010 [101]
VEGER1-1084 and Pancreatic cancer
VEGFR2-169 peptides i NCT00655785
VEGFRs VEGFR1-A2-770 peptide 7 NCT00683085
VEGFR2-169 peptide Advanced solid tumors I Okamoto 2012 [102]
VEGFR1-1084 peptide I Hayashi 2013 [103]
VEGFR2, VEGFR1, URLC10, . )
TTK, CDCA1 multipeptide Non small cell lung cancer I Suzuki 2013 [104]
RTERT/survivin/CMV Breast cancer I NCT01660529
multipeptide
Survivin Survivin long peptide Neuroendocrine tumors I NCT03879694
Salmonella-based Survivin Multiple myeloma il NCT03762291
peptide
I Garcia 2008 [105]
Non-small cell lung cancer /111 NCT00516685
Recombinant Human
EGF EGF-rP64K/Montanide ISA 51 1 NCT02187367
peptide 11 NCT01444118

Non-small cell lung cancer,

squamous head and neck cancer i NCT02955290

5. Vascular Normalization and Detransformation

Vessel normalization is defined as a vascular remodeling that leads to the re-acquisition of a
normal structure and function of abnormal vessels [109].

The concept of vascular normalization as a therapeutic strategy to improve chemotherapeutic
drug delivery to tumor cells was introduced in 1996 when Yuan et al. observed an increase of
permeability in tumors treated with a VEGF-neutralizing antibody [110]. Several combinations of
classical anti-angiogenic agents and cytotoxic drugs (used in a low dose and continuous protocol, the
so-called metronomic dose) were, therefore, studied in clinical trials, but only a marginal increase
of antitumor efficacy was observed [111]. Indeed, both the dose and the temporal window of
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anti-angiogenic treatment needed to achieve a transient normalized vasculature, which allows an
adequate drug delivery to the inner tumor mass showed high variability [112,113].

Alternative strategies to achieve an increased response to anti-tumor therapies involving vascular
normalization have been proposed during the past years. Class 3 semaphorins (Sema3) are secreted
proteins that regulate cell adhesion through the signaling mediated by their receptors, composed
by the dimerization of neuropilins and plexins [114]. In endothelial cells, neuropilins were found
to bind VEGF receptors, regulating vascular development [114]. Sema3 acts as a tumor suppressor
by blocking tumor cell growth and invasion, as well as by inducing endothelial cell apoptosis [114].
In addition, Sema3A has been identified as a novel normalizing agent that can overcome the resistance
to anti-angiogenic therapies by extending the normalization window in mouse models [115].

Moreover, combined therapies involving activation of immune response and classical
anti-angiogenic agents used at a normalizing dose are under study. Several groups recently
demonstrated that the immunotherapy effect is enhanced by vessel normalization [109,113,116-119].
In particular, the immune checkpoint blockade of the programmed death receptor-1 (PD-1)/PD ligand 1
(PD-L1) pathway, combined with the VEGF-pathway blockade, can enhance both anti-tumor immunity
and a structural normalization of tumor vessels [116,118,119]. In particular, Schmittnaegel et al.
observed that blocking both angiopoietin and VEGF pathways induced tumor vessel normalization
that favored a cytotoxic immune response [118]. Allen et al. contemporarily observed that combination
therapy using blocking antibodies against VEGFR2 and PD-L1 resulted in enhanced cytotoxic activity,
together with an increased normalizing effect of VEGF blockade on tumor vasculature [119]. Clinical
trials investigating the efficacy of a combined therapy that involves the use of immune checkpoint
inhibitors and anti-angiogenic agents are currently undergoing [120].

All the anti-angiogenic therapies mentioned above, including normalizing therapies, may induce
overtime a transformation of the tumor-associated endothelial cells towards a mesenchymal profile,
called endothelial to mesenchymal transition (EndMT) [121]. In the course of EndMT, resident
endothelial cells delaminate from an organized cell layer and acquire a mesenchymal phenotype
characterized by loss of cell—cell junctions, loss of endothelial markers, the gain of mesenchymal
markers, and acquisition of invasive and migratory properties [120]. In cancer, EndMT supports
the formation of cancer-associated fibroblasts, which are known to facilitate tumor progression.
Furthermore, EndMT could also modify the endothelium abnormally, therefore, assisting tumor-cell
extravasation. Lastly, EndMT has also been reported to be induced by events such as hypoxia, high
glucose levels, as well as through the release of soluble factors in the tumor microenvironment [121].

Nagai et al. showed that EndMT can be triggered through a reduction in the expression of ERG
together with friend leukemia integration 1 transcription factor (FLI1), which has been reported to
play a pivotal role in endothelial cell homeostasis. A combined knockdown of both ERG and FLI-1
through short interfering RNA (siRNAs) in endothelial cells, caused the downregulation of endothelial
genes accompanied by a consistent upregulation of genes involved in EndMT, such as alphaSMA and
CollagenAl in vitro [89].

It can, therefore, be concluded that dysregulation of angiogenic signaling pathways that play a
crucial role in the homeostasis of endothelial cells, can cause an imbalance in endothelial physiology,
leading to EndMT, which has been implicated in cancer progression.

Aslow doses of anti-angiogenic therapies from one side may induce the transformation of aberrant
vases towards normal vessels, and from the other side may favor the activation of a mesenchymal
phenotype in endothelial cells, an optimal therapy should take into consideration both vascular
normalization and endothelial de-mesenchymalization.

For example, the combination of VEGF-targeting agents and TGFf signaling inhibition, such
as Sunitinib and TRC105 [51], as discussed above, could represent a valid therapy to block both
endothelial and mesenchymal-related pathways.
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Human liver stem-like cells (HLSC) and derived extracellular vesicles (EVs) were previously shown to exhibit anti-tumor activity.
In our study, we investigated whether HLSC-derived EVs (HLSC-EVs) were able to inhibit tumor angiogenesis in vitro and

in vivo, in comparison with EVs derived from mesenchymal stem cells (MSC-EVs). The results obtained indicated that HLSC-EVs,
but not MSC-EVs, inhibited the angiogenic properties of tumor-derived endothelial cells (TEC) both in vitro and in vivo in a
model of subcutaneous implantation in Matrigel. Treatment of TEC with HLSC-EVs led to the down-regulation of pro-angiogenic
genes. Since HLSC-EVs carry a specific set of microRNAs (miRNAs) that could target these genes, we investigated their
potential role by transfecting TEC with HLSC-EV specific miRNAs. We observed that four miRNAs, namely miR-15a, miR-181b,
miR-320c and miR-874, significantly inhibited the angiogenic properties of TEC in vitro, and decreased the expression of some
predicted target genes (ITGB3, FGF1, EPHB4 and PLAU). In parallel, TEC treated with HLSC-EVs significantly enhanced
expression of miR-15a, miR-181b, miR-320c and miR-874 associated with the down-regulation of FGF1 and PLAU. In summary,
HLSC-EVs possess an anti-tumorigenic effect, based on their ability to inhibit tumor angiogenesis.

Introduction

Tumor vascularization is a fundamental step in tumor growth
and metastasis. Solid tumors are in fact unable to grow more
than a few millimeters per square in the absence of a vascular
supply of oxygen and nutrients. Moreover, the number of
metastases was reported to correlate with the vessel density of
the primary tumor." Tumor endothelial cells (TEC) are dis-
tinct from normal endothelial cells and display a pro-
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extracellular vesicles, microRNA, tumor angiogenesis, exosomes
Abbreviations: EPHB4: ephrin receptor p4; ITGB3: integrin f3; EGF:
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cells; HMEC: human microvascular endothelial cells; miRNA: micro-
RNA; MSC: mesenchymal stem cells; PDGF: platelet-derived growth
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thelial cells; VEGF: vascular endothelial growth factor
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angiogenic phenotype.” For instance, TEC demonstrate a
higher in vitro motility and proliferation independent of
serum and enhanced survival through Akt signaling.” From a
phenotypic point of view, TEC have an altered expression of
growth factors and their receptors, including VEGF and EGF
receptors,” integrins™® and extracellular matrix proteins.” TEC
are also resistant to chemotherapeutic drugs and less sensitive
to anti-angiogenic drugs targeting VEGE.” Furthermore, TEC
genetically differ from normal endothelial cells.* "

Extracellular vesicles (EVs) are an important mechanism
for cell-to-cell communication, and their active cargo may
reprogram recipient cells, modifying their function and phe-
notype. In fact, the activity of EVs seems to rely on the trans-
fer of a number of different factors, including proteins, RNA,
DNA and lipids."*"* Stem cell-derived EVs and in particular
human bone marrow-derived mesenchymal stromal cells
(MSC) have been shown to display both pro-tumorigenic and
anti-tumorigenic activities, depending on tumor type and
stage of development. In analogy, MSC-EVs may also modu-
late tumor vascularization in a positive or negative manner.
For instance, MSC-EVs were reported to be pro-angiogenic
after in vivo administration into tumor-bearing mice."* Other
studies'>'® detected an indirect inhibitory effect of MSC-EVs
on VEGF secretion by tumor cells. The mechanisms of this
inhibition have been suggested to be due to the VEGF-
targeting effect of miR-16" and the down-regulation of
PDGF/PDGFR axis."®
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Tumor vascularization is a fundamental step in tumor growth and metastasis. In this study, extracellular vesicles (EVs) released
from human liver stem-like cells (HLSC) inhibited migration of tumor endothelial cells and significantly reduced vessel-like
formation in vitro. Experiments performed in vivo in a SCID mouse model of tumor angiogenesis also showed that HLSC-EVs
were able to inhibit vessel formation and growth. This effect appeared to be specific to HLSC-EVs, as bone marrow-derived
mesenchymal stem cells EVs displayed no effect. In addition, this anti-angiogenic feature of HLSC-EVs was mediated by
transfer of specific anti-angiogenic miRNAs and down-regulation of predicted target genes.

Recently, we showed that the human liver stem-like cells
(HLSC), another source of human resident mesenchymal stro-
mal cells isolated from the liver,'”” may display anti-tumor
effects. In particular, HLSC-EVs decreased the growth and
survival of a number of different tumors, such as hepatocellu-
lar carcinoma, lymphoblastoma and glioblastoma."®

In our study, we aimed to investigate the effect of MSC-
EVs and HLSC-EVs on the angiogenic properties of tumor-
derived endothelial cells. We found that HLSC-EVs but not
MSC-EVs were able to inhibit tumor angiogenesis in vitro and
in vivo by transfer of specific anti-angiogenic miRNAs and
down-regulation of FGF1 and PLAU.

Materials and Methods

Cell cultures

TEC have been previously isolated and cultured in our labora-
tory from surgical specimens of patients with renal carcino-
mas.” TEC were isolated from digested tissue using anti-
CD105 positive selection by magnetic cell sorting (MACS sys-
tem, Miltenyi Biotech) and grown in EndoGro complete
medium (Millipore), as described previously.”

HLSC were isolated in our laboratory from human cryopre-
served normal hepatocytes obtained from Lonza as described
previously.'” Briefly, cells were plated in hepatocyte serum-free
medium (Gibco Hepatozyme-SEM; Invitrogen) at a density of
1.0-1.5 x 10° viable cells per cm® on collagen-coated culture
plates for 2 weeks. After 2 weeks of culture, the medium was
substituted to o -minimum essential medium/endothelial cell
basal medium-1 (a-MEM/EBM) (3:1) (Gibco/Euroclone) sup-
plemented with L-glutamine (5 mM), Hepes (12 mM, pH 7.4),
penicillin (50 IU/mL), streptomycin (50 pg/mL), (all from
Sigma) and 10% FBS (Lonza). At this moment, individually
attached cells were cloned after 3 weeks and expanded. HLSC
were positive for CD73, CD90, CD29 and CD44 and negative
for CD45, CD34, CD117 (c-kit) and CD133."

MSC were purchased from Lonza and cultured in MSCBM
complete medium (Lonza). HMEC were purchased from
ATCC and cultured in EBM complete medium (Lonza).

EV isolation and characterization

Isolation of EVs was performed as described previously'® with
minor modifications. Briefly, confluent HLSC or MSC were
cultured in serum-free RPMI for 18 h. Post culture, the
medium was centrifuged for 30 min at 3,000g to remove cell
debris and apoptotic bodies. After which, the supernatant was
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ultracentrifuged for 2 h at 100,000g, 4 °C using the Beckman
Coulter Optima L-100 K Ultracentrifuge with the rotor type
45 Ti 45,000rpm. The pellet of EVs obtained was resuspended
in RPMI supplemented with 10% DMSO. Suspension of
HLSC-EVs was then stored at —80 °C until further use. EVs
were analyzed using NTA analysis using the NanoSight
NS300 system (Malvern Instruments, Ltd) and electron
microscopy. Mean size of EVs evaluated by electron micros-
copy was 90 nm (£20) (Supporting Information Fig. 1).

Viability and migration tests

For proliferation, TEC were seeded in a 96 well plate at the
density of 2 X 10°/well. The next day, cells were treated with
HLSC-EVs or MSC-EVs at the concentrations of 1 x 107
5% 107,10 x 10%, or 20 x 10 EVs per TEC in EndoGro com-
plete medium (Lonza). Proliferation was measured by BrdU
incorporation at 24, 48 and 72 h post EVs stimulation using
Cell Proliferation ELISA BrdU (colorimetric) kit (Roche,
11647229001) according to the manufacturer’s instructions.

Measurement of apoptotic cells was performed on TEC
stimulated with HLSC-EVs or MSC-EVs as described above
using Muse® Annexin V Dead cell Kit (Millipore,
MCH100105) according to manufacturer’s instructions.

For the migration test, TEC were seeded in a 24-well plate
and grown to confluence. EVs were then added in the concen-
trations of 1 X 10", or 5 x 10" or 10 x 10" EVs/well just
after the scratch was done. Images were captured using a light
microscope with the magnification of 10X at the time points
of 0, 3, 7 and 24 h after the scratch. The distance was mea-
sured by LAS software (Leica) and, the results were expressed
as mean +SEM of three independent experiments.

Vessel-like structure formation in vitro

TEC were seeded onto Matrigel-coated 24-well plates at the
density of 25 x 10> cells per well and cultured in EndoGro
complete medium in the presence of 1 X 10°, 5 x 10°
10 X 10 or 20 x 10> EVs per TEC. TEC without EVs served
as a control. After incubating for 24 h, phase-contrast images
(magnification 10x) were recorded and the total length of the
network structures was measured using LAS software (Leica).
The total length per field was calculated in five random fields
and expressed as a ratio respective to the control. Data were
expressed as mean =SEM.
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In vivo angiogenesis model

Animal studies were conducted in accordance with the
national guidelines and regulations and were approved by the
Ethics Committee of the University of Torino (Protocol Num-
ber: 338/2016-PR). A model of in vivo tumor angiogenesis
obtained by injection of TEC incorporated within Matrigel
was used to assess the effect of stem cell-derived EVs, as
described previously.? For this purpose SCID mice (6-8 weeks
old) (Charles River Laboratories) were subcutaneously injected
with 1 x 10° TEC incorporated within Matrigel, pretreated or
not with HLSC-EVs/MSC-EVs (10 x 10° EV per cell): (n =8
each group). After 7 days, Matrigel plugs were excised and
vessel density was analyzed by Masson’s trichromic reaction
staining. To evaluate the influence of EVs on established
tumor vessels, Matrigel incorporated with 1 x 10° TEC was
subcutaneously injected in SCID mice. HLSC-EVs or MSC-
EVs (10 x 10®> EVs per cell or 1 x 10'® EVs per plug) were
injected twice into Matrigel plugs on day 3 and 7 post injec-
tion. Control mice were injected with the vehicle (PBS). At
day 10 of the experiment, mice were sacrificed and Matrigel
plugs excised for histochemical analysis (n = 8 for each

group).

Gene expression study and Real-time PCR
miRNA expression levels in HLSC-EVs or MSC-EVs were
evaluated using the Applied Biosystems TaqgMan® Array
Human MicroRNA A/B Cards (Applied Biosystems, Foster
City, CA) to profile 754 mature miRNAs by qRT-PCR. The
kit used miRNA-specific stem-loop reverse transcription
primers and TaqMan probes to detect mature miRNA
transcripts in a 2-step real-time reverse-transcription PCR
assay. Briefly, single-stranded cDNA was generated from
total RNA sample (80 ng) by reverse transcription using a
mixture of looped primers (Multiplex RT kit, Applied Bio-
systems) following the manufacturer’s protocol. The RT
reactions were then diluted and mixed with a Tagman uni-
versal master Mix (Applied) in a ratio of 1:1, and loaded in
the TagMan microfluid card to analyze via qRT-PCR. All
reactions were performed using an Applied Biosystems
7900HT real-time PCR instrument equipped with a
384 well reaction plate. Raw Ct values were calculated
using the SDS software version 2.3 using automatic base-
line and threshold. We analyzed the expression of miRNAs
in 3 replicate samples of HLSC-EVs. All miRNAs that were
amplified after 35 cycles of PCR were classified as unex-
pressed. Furthermore, only miRNAs that were detected or
undetected in more than two replicate samples were taken
into consideration.

qRT-PCR was used to confirm miRNAs or target gene
expression in TEC. Briefly, 200 ng of input RNA from all
samples were reverse transcribed with the miScript Reverse
Transcription Kit and the cDNA was then used to detect and
quantify miRNAs or genes of interest by qRT-PCR using the
miScript SYBR Green PCR Kit (all from Qiagen). All samples

HLSC extracellular vesicles inhibit tumor angiogenesis

were run in triplicate using 3 ng of cDNA for each reaction as
described by the manufacturer’s protocol (Qiagen). Relative
expression data were then normalized using the mean expres-
sion value, calculated on the overall miRNA expression in
each array, according to a Ct detection cut-off of 35 PCR
cycles as described by Mestdagh et al.*°

PCR analysis of the expression of pro-angiogenic genes in
TEC, treated or not with HLSC-EVs, was done using Human
Angiogenesis PCR Array (RT” Profiler PCR array, 96/well
Format, Qiagen) in triplicate according to the manufacturers’
instructions. Data were analyzed using SaBioscience (Qiagen)
online software and expressed as Relative Quantification £CI
(Confidence interval). To compare the list of genes down-
regulated in TEC after HLSC-EVs stimulation (miRNAs car-
ried by these EVs) the online software FunRich (http://
funrich.org) and  MirWalk  (http://mirwalk. umm.uni-
heidelberg.de) were used.

Cell transfection

Transfection of TEC was performed using HiPerfect reagent
(Qiagen). To identify the optimal concentration for transfec-
tion, TEC were transfected with a scramble control RNA
marked with FITC. FACS analysis performed the day after
transfection revealed that more than 60% of TEC were trans-
fected with no effect on their viability and proliferation.

Transfection of TEC was performed using the following
mimic miRNAs: miR-15a, miR-20b, miR-23a, miR-93, miR-
181b, miR-320c, miR-424 and miR-874 (all from Qiagen, Sup-
porting Information table 1) in concentration 20 pM. The day
after transfection fresh growth medium was replaced and at day
two the cells were used for in vitro experiments (proliferation,
apoptosis tests, angiogenesis in vitro assay) or gene expression
analysis (Real-time PCR, Western blot, FACS analysis).

To verify miRNA transfer, HLSC were transfected with the
fluorescence labeled mimic miR-320c-FAM (Ambion, Supporting
Information table 1) using HiPerfect reagent. HLSC transfected
with scramble mimic were used as control. After 18 h the
medium was changed on FBS-free EndoGro medium for EV col-
lection. Transfected HLSC and their EVs were analyzed by FACS.
Then, EVs from transfected and control HLSC were added to
TEC. After 24 h incubation, TEC were analyzed by FACS.

To demonstrate the role of the selected miRNAs in the
inhibition of tumoral angiogenesis, we transfected TEC with
antagomirs for miR-15a, miR-181b, miR-320c and miR-874
(in concentration 50 pM) using HiPerfect reagent (Qiagen,
Supporting Information table 1). After 24 h, cells were stimu-
lated or not with HLSC-EV. The day after, transfected cells
were used for vessel-like structure formation in vitro.

Fluorescence-activated cell sorting (FACS) analysis

FACS analysis of HLSC-EVs and MSC-EV's was performed using
CytoFLEX Flow Cytometer (Beckman Coulter) (Supporting
Information Fig. 1). The following antibodies were used: FITC-
conjugated antibodies against CD63 (Abnova), CD105 (Dako
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Cytomation), CD90 (BD Pharmigen), CD44 (Miltenyi Biotech),
CD45 (BD Pharmigen), ICAM and VCAM (Serotec), CD31
(BioLegend), integrin subunit a4, a5, a6 (from BD Pharmigen);
PE- conjugated antibodies against CD73 (BD Pharmigen), integ-
rin subunit a4, a5 (all from BD Pharmigen) and VE-cadherin
(BioLegend). FITC or PE mouse nonimmune isotypic IgG (Dako
Cytomation) were used as a control.

Western blot

Protein samples were separated by 4% to 15% gradient
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS PAGE) and subjected to immunoblotting with anti-
bodies to PLAU (Abcam, ab131433) or FGF1 (Abcam,
ab9588), actin (Santa Cruz, sc-1616) and vinculin (Santa Cruz,
sc-7648). The protein bands were visualized with an enhanced
chemiluminescence detection kit and ChemiDoc™ XRS+ Sys-
tem (BioRad). Cell lysates (20 pg protein) were loaded
per well.

Inhibition of TEC transcription with amanitin

TEC were seeded in 6-well plate (200 X 10°/well). After 12 h
incubation, cells were incubated with the transcriptional
inhibitor a-amanitin (50 pg/mL) either in the absence or in
the presence of HLSC-EVs (10 X 10%/cell, equal to 2 X 10°/
well). Twenty-four hours after treatment, TEC were collected
for RNA extraction and real-time PCR analysis. Expression of
actin, RNU6b and 18S RNA were used for normalization.

Statistics

Data were assessed for normality of distribution using the
Kolmogorov-Smirnov test. Statistical analysis was performed
using SigmaPlot 11.0 Software. Differences between treatment
and control groups were then analyzed using Dunnett’s test
when the distribution was normal. Data are expressed as
mean +SEM. We considered differences to be significant
when p < 0.05.

Results
HLSC-EVs inhibit the angiogenic potential and migration of
renal TEC in vitro
Stimulation with HLSC-EV's significantly inhibited the angio-
genic properties of human renal TEC in vitro in a dose-
depended manner (Figs. 1a, 1b, and 1d). At variance, MSC-
EVs did not show pro- or anti-angiogenic effects on TEC
(Figs. 1a, 1c, and 1d). Both EVs did not change TEC viability
(Supporting Information Fig. 2). We also evaluated the effect
of MSC-EVs and HLSC-EVs on the motility of TEC through
a wound-healing assay. Both EVs significantly inhibited the
migration of TEC at the dose of 10 x 10°> EVs per TEC. How-
ever, HLSC-EVs were already effective at the lower dose of
1 x 10° EVs per TEC (Fig. le) compared to MSC-EVs.

As control experiments, we evaluated the effect of MSC-
EVs and HLSC-EVs on normal endothelial cells: MSC-EVs
were able to enhance the angiogenic property of human
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microvascular endothelial cells (HMEC), in line with their
reported pro-angiogenic activity,”’ whereas HLSC-EVs did
not show any effect (Fig. 1f). The anti-angiogenic effect of
HLSC-EVs was evident on TEC but not on HMEC. As previ-
ously shown TEC are significantly more pro-angiogenic than
normal endothelial cells and are able to sustain angiogenesis
in autocrine manner.” In contrast MSC-EV did not display
any anti-angiogenic activity on TEC but rather stimulated the
angiogenesis in HMEC. This indicates that EVs from MSC
and HLSC have different action on normal and tumor
angiogenesis.

HLSC-EVs prevent tumor angiogenesis in vivo

We subsequently evaluated the effect of MSC-EVs and HLSC-
EVs in vivo by using a model of human tumor angiogenesis
induced by TEC implanted subcutaneously in SCID mice
within Matrigel.” In this model, TEC organize in patent struc-
tures connected with the mouse circulation within 7 days. In a
pretreatment setting, TEC were incubated with HLSC-EV's or
MSC-EVs for 24 h and implanted subcutaneously into SCID
mice. Seven days after implantation, Matrigel plugs were
excised and vessel density analyzed by trichrome staining. The
analysis of control plugs showed, as expected, the presence of
erythrocyte containing vessels (Fig. 2a). Plugs of TEC treated
with HLSC-EVs for 24 h before implantation did not present
vessels (Figs. 2b and 2d), whereas those treated with MSC-
EVs were highly angiogenic (Figs. 2c and 2d).

To evaluate whether EVs were able to affect formed tumor
vessels, HLSC-EVs or MSC-EVs were injected at day 3 and
7 in Matrigel plugs containing an established TEC network.
Plugs were explanted at day 10. The treatment with HLSC-
EVs significantly reduced vessel density with respect to con-
trol and to treatment with MSC-EVs (Fig. 2e), confirming the
in vitro results.

Molecular effects of HLSC-EVs on TEC

Based on these results, a molecular analysis of the changes
occurring in TEC after HLSC-EVs stimulation during in vitro
vessel-like structure organization was conducted using an
Angiogenesis PCR array. Briefly, TEC were treated with
HLSC-EVs (10 x 10> EVs/TEC) during in vitro angiogenesis
and subsequently harvested for the PCR array. Among the
84 genes tested, we identified 11 pro-angiogenic factors signif-
icantly down-regulated in TEC treated with HLSC-EVs
(Fig. 3a). In particular, HLSC-EVs down-regulated pro-
angiogenic surface receptors including Tie-1, beta 3 integrin
(ITGB3), ephrin receptor B4 (EPHB4) and endoglin (ENG or
CD105), as well as growth factors such as fibroblast growth
factor 1 (FGF1), TGF family members, urokinase-type plas-
minogen activator (PLAU) and tissue factor (F3). Addition-
ally, Aktl, known to be involved in the pro-angiogenic effects
of TEC,** was also down-regulated.
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Vessel-like structure formation by TEC
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Figure 1. Effect of HLSC-EVs or MSC-EVs on the angiogenic properties of TEC in vitro. (a-c) Representative micrographs showing the formation of

vessel-like structures by control TEC (a), by TEC treated with HLSC-EVs (b)

or with MSC-EVs (¢); (d) diagram of the total length of vessel-like

structures per field, formed by control TEC or TEC treated with different doses of EVs; (e) diagram of the TEC migration during wound healing
assay in the presence or absence of different doses of EVs; (f) diagram of the total length of vessel-like structures per field, formed by HMEC,
treated with different doses of EVs. Data are expressed as mean + SEM of 3 experiments performed in duplicate. Statistical analysis was

performed using Dunnett’s test versus control stimulated with vehicle alo

Identification of anti-angiogenic miRNAs carried by
HLSC-EVs

To dissect the possible effectors of the observed gene regula-
tion, we focused on miRNA content of HLSC-EVs. In order
to accomplish this, we performed a bioinformatic analysis, fol-
lowed by in vitro functional validation.

Using Funrich V3 software,”> we predicted miRNAs that
could target the 11 down-regulated genes. We identified
136 miRNAs and we matched them with miRNAs carried by
HLSC-EVs. Among them, we identified 42 miRNAs expressed
by HLSC-EVs (Fig. 3b). A subsequent analysis was performed

ne. * - p < 0.05. [Color figure can be viewed at wileyonlinelibrary.com]

to exclude those also present in MSC-EVs,** due to their lack-
ing effect on TEC (Fig. 3¢). The complete list of HLSC- and
MSC-EV microRNAs can be found in the exocarta repository
(http://exocarta.org, August 2018 release, number under
request). Fifteen out of forty-two miRNAs targeting the mod-
ulated genes were identified to be present only in HLSC-EVs
and were adopted for further functional studies (Fig. 3d).
Among them, three described as pro-tumorigenic (has-miR-
30e-5p, has-miR-301a-3p,  has-miR-212-3p)***"  were
excluded. Therefore, we took in consideration 8 miRNAs
(testing one member only of miR-181, miR-320 and miR-23
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(d) Angiogenesis in vivo by TEC
pre-treated with EVs
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Figure 2. Tumor angiogenesis in vivo. Representative images of Matrigel sections, stained with Masson’s trichromic reaction (extracellular matrix
is stained in blue, cells in red and erythrocytes in yellow): (a) Matrigel plugs containing control TEC treated with vehicle alone; (b) Matrigel plugs
containing TEC, pretreated with 10 x 103 HLSC-EVs per cell; () Matrigel plugs containing TEC, pretreated with 10 x 10 MSC-EVs per cell.
(Original magnification x20; erythrocytes containing vessels are indicated by arrows). (d) Diagram of vessel density in Matrigel containing control
TEC or TEC pretreated with HLSC-EVs or MSC-EVs. (e) Diagram of vessel density in TEC contained Matrigel, injected or not with HLSC-EVs or MSC-
EVs on day 3 and 7 after TEC injection. Data are expressed as mean &+ SEM of 8 experiments performed independently. Statistical analysis was
performed using Dunnett’s test versus control group stimulated with vehicle alone. * - p < 0.05; ***- p < 0.001.

families): miR-15a, miR-20b, miR-23a, miR-93, miR-181b,
miR-320c, miR-424 and miR-874 (Fig. 3d, in bold). According
to Mirwalk software (http://mirwalk.umm.uni-heidelberg.de)
these miRNAs could target pro-angiogenic genes down-
regulated by HLSC-EVs in TEC. Of importance, miR-15a was
not expressed and other selected miRNAs were expressed in
low-level in control TEC (Ct > 30, not shown).

Effect of HLSC-EV miRNAs on TEC angiogenesis

To demonstrate the specificity of these selected miRNAs on
the angiogenic properties of TEC, we transfected cells with

Int. J. Cancer: 144, 322-333 (2019) © 2018 UICC

the corresponding miRNA mimics. Two days after transfec-
tion, angiogenesis in vitro assay was performed. Four miR-
NAs (miR-15a, miR-181b, miR-320c and miR-874)
significantly inhibited in vitro vessel-like structure forma-
tion (Fig. 4a), whereas miR-20b, miR-23a, miR-93 and
miR-424 had no effect. Furthermore, all mimics had no
effect on proliferation or apoptosis (Supporting Informa-
tion Fig. 3).

To study which miRNA could have a predominant effect
on TEC, we transfected TEC with antagomir for the selected
four miRNAs (miR-15a, miR-181b, miR-320c and miR-874)
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(b) (c) :
— HLSC-EV specific miRNAs

Predicted miRNAs (136)

HLSC-EV miRNAs
(240)

15
HLSC-EV miRNAs. that could target
down-regulated genes from first table

MSC-EV miRNAs. that could target
down-regulated genes from first table

Figure 3. Selection of miRNAs, specific to HLSC-EVs, responsible for the anti-angiogenic effect on TEC. (a) List of the genes down-regulated in
TEC after treatment with HLSC-EVs (n = 3 experiments; data are expressed as average Fold change 4Cl); these genes could be targeted by

136 miRNAs (b), 42 of which are carried by HLSC-EVs. Among these 42 miRNAs, 27 are also carried by MSC-EVs and were excluded from the
study, as MSC-EVs did not show anti-angiogenic effect on TEC (c). Fifteen miRNAs, specific for HLSC-EVs, could be relevant towards the biologic
action of HLSC-EVs on TEC. From these 15 miRNAs, 8 were selected for further studies (in bold: one only for the families miR-181, miR-23, miR-
320) (d). Three miRNAs were described as pro-tumorigenic and were excluded (in gray). [Color figure can be viewed at wileyonlinelibrary.com]

and stimulated them with HLSC-EVs. This transfection
completely abrogated the in vitro anti-angiogenic effect of
HLSC-EVs according to angiogenesis in vitro assay (Fig. 4b).
Since miR-181b, miR-320c and miR-874 were expressed at
low level in TEC, their down-regulation had enhanced the
pro-angiogenic activity of nonstimulated TEC.

We evaluated the effective transfer of these miRNAs by
HLSC-EVs in TEC. After 24 h of incubation with HLSC-EVs,
the TEC expression of miRNAs was significantly up-regulated
(Fig. 5a), therefore validating ours in silico data. To investigate
if the observed miRNA increase was due to transfer or to
induction, we blocked the transcription in TEC using a-ama-
nitin. Twenty-four hours after HLSC-EV treatment, the con-
tent of the selected miRNAs in TEC was analyzed by Real-
time PCR. The expression of miR-181b, miR-320c and miR-
874 was significantly enhanced in TEC treated with amanitin
and HLSC-EVs, in respect to TEC treated with amanitin only
(Fig. 5b). The increase of miR-15a did not reach statistical sig-
nificance. In addition, miRNA transfer was also demonstrated
by use of a fluorescent mimic. For this purpose, we transfected

HLSC with miRNA-320c-FAM, and incubated TEC with the
deriving fluorescent HLSC-EVs (Figs. 5¢-5e). FACS analysis
of TEC, treated with these EVs, showed the effective transfer
miR-320c-FAM from the transfected HLSC to TEC (mean
intensity of TEC, treated with fluorescent HLSC-EV
8,220.6 £987, whereas mean intensity of control TEC, treated
with control EVs, 5,422.4 +1,235). Altogether, these experi-
ments suggest that HLSC-EVs transfer miRNAs to recipient
cells.

Furthermore, we investigated the expression of the pre-
dicted pro-angiogenic target proteins after TEC transfection
with the four selected miRNA mimics. We detected signifi-
cant down-regulation of EPHB4, ITGB3, FGF1 and PLAU
at mRNA level after transfection (Figs. 6a-6d). Then we
evaluated their protein levels after TEC transfection or
HLSC-EV stimulation. We confirmed the down-regulation
of FGF1 in TEC transfected with miR-15a or stimulated
with HLSC-EVs, as well as down-regulation of PLAU in
TEC transfected with miR-181b or stimulated with HLSC-
EV (Figs. 6e and 6f).
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Angiogenesis in vitro by TEC transfected with mimics
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Figure 4. Influence of selected miRNAs on pro-angiogenic properties of
TEC transfected with selected mimic miRNAs or scramble miRNAs; (b) in
selected miRNA and stimulated with HLSC-EVs. In different colors are sh

HLSC-EVs. The diagrams show: (a) in vitro vessel-like structure formation by
vitro vessel-like structure formation by TEC transfected with antagomirs for
own TEC transfected with different molecules. Data are normalized to

Scramble (100%) and expressed as mean + SEM of 3 experiments performed independently. Statistical analysis was performed using Dunnett’s
test versus control transfected with scramble RNA. * - p < 0.05 versus scramble. [Color figure can be viewed at wileyonlinelibrary.com]

Discussion

In our study, we found that EVs from a stromal stem cell
population obtained from the human liver inhibited migration
of tumor endothelial cells and significantly reduced vessel-like
formation in vitro. Experiments performed in vivo in a model
of tumor angiogenesis in SCID mice also showed that HLSC-
EVs were able to inhibit vessel formation and growth. This
effect appeared to be specific to HLSC-EVs, as bone marrow-
derived MSC-EVs did not display any effect. In addition, this
anti-angiogenic feature of HLSC-EVs was dependent on the
presence of a specific miRNA subset.

Tumor angiogenesis has different characteristics and mech-
anisms in respect to normal angiogenesis. TEC derived from
renal carcinoma were shown to be able to form in vivo a
human vascular network connected with mouse vasculature

Int. ). Cancer: 144, 322-333 (2019) © 2018 UICC

once implanted within Matrigel in mice.>” These cells main-
tain a pro-angiogenic program in an autocrine manner.””.
Several studies have previously shown that endothelial cells
derived from different tumors are different from the normal
endothelium as they express a distinct and unique molecular
and functional phenotype.” EVs released from stem cells were
shown to be able to reprogram target cells by inducing epige-
netic changes.”* This observation prompted us to investigate
whether EVs derived from MSC and HLSC were able to mod-
ify the pro-angiogenic phenotype of TEC.

Previous studies of the effect of MSC and MSC-derived
EVs provided conflicting results on in vivo tumor
growth.'*'>% These contradictory results probably depend on
cell growth conditions and on timing of administration.®!
MSC-EVs are described as strictly pro-angiogenic for healthy
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Figure 5. Transfer of miRNAs by HLSC-EVs to TEC. (a) enhanced expression of the selected miRNAs in TEC after 24 h stimulation with HLSC-
EVs; data are expressed as mean & SEM of 3 experiments performed independently. * - p < 0.05 versus control. (b) enhanced expression of
the selected miRNAs in TEC, treated for 24 h with HLSC-EVs in the presence or absence of a-amanitin; data are expressed as mean + SEM of

3 experiments performed independently. * - p < 0.05 versus a-amanitin.

(¢) representative image of FACS analysis of HLSC transfected with

miR-320c-FAM; (d) representative image of FACS analysis of HLSC-EVs derived from cells transfected with miR-320c-FAM; (e) representative
image of FACS analysis of TEC incubated with miR-320c-FAM carrying HLSC-EVs showing increase in TEC fluorescence after HLSC-EV

incubation. [Color figure can be viewed at wileyonlinelibrary.com]

endothelial cells.”*** Lindoso et al. showed that EVs derived
from MSC primed by tumor cells acquired a pro-angiogenic
and pro-tumorigenic activity.”* In our study, we found that
MSC-EVs were able to inhibit migration but not influence
proliferation and angiogenesis of TEC. Pretreatment of TEC
with MSC-EVs was unable to modify the formation of an
in vivo vascular network. In contrast to MSC-EVs, HLSC-EV's
were found to possess an intrinsic anti-angiogenic activity.
Previous studies have shown that HLSC-EVs inhibited tumor
growth both in vitro and in vivo and the mechanism was
related to the delivery of anti-tumor miRNAs that were able
to down-regulate oncogenic targets.'"® Herein, we have found
that HLSC-EVs were able to almost completely abrogate
tumor angiogenesis in vitro and in vivo without affecting nor-
mal endothelial cells. The specificity of this effect on tumor
angiogenesis could be possibly related to reduced angiogenic
properties of HMEC and therefore to the expression of a
diverse gene profile differently modified by HLSC-EV
treatment.

EVs are complex structures composed of specific functional
proteins, lipids and nucleic acids. The biological activity of
EVs depends on the coordinated action of all these compo-
nents. However, a number of reports have indicated the rele-
vant role of EV mediated miRNA transfer in inducing
epigenetic changes in target cells. In our study, we identified

four miRNAs carried by HLSC-EVs, but not by MSC-EVs,
with an anti-angiogenic function. These miRNAs, miR-15a,
mir-181b, miR-320c and miR-874, were able to inhibit tumor
angiogenesis when transfected in TEC mainly by down-
regulating the expression of their target genes (FGF1, PLAU,
ITGB3 and EPHB4). In parallel, when TEC were stimulated
with HLSC-EVs, a significantly enhanced expression of these
miRNAs was observed. EVs represent a heterogeneous popu-
lation, composed of vesicles that differ for biogenesis, size,
molecular composition and possibly function. For instance, it
was recently shown that the regenerative properties of MSC-
EVs were restricted to the exosomal-enriched population.’®*¢
The exact function of HLSC-EV subpopulations would be of
interest, since potential subsets, including exosomes, may
carry the specific microRNAs.

The effective down-regulation of the predicted target
genes was observed only for FGF1 and PLAU. These miR-
NAs were previously described to have different function in
tumors. MiR-15a is a well-known tumor suppressor. This
miRNA inhibits cell proliferation, promotes apoptosis of
cancer cells and suppresses tumor growth by targeting mul-
tiple oncogenes, including BCL2, MCL1, CCND1 and
WNT3A.*”” MiR-181b could play a contradictory role in
tumor development depending on the type of tumor and cell
being studied.’® Mir-874 is described not only as a tumor

Int. ). Cancer: 144, 322-333 (2019) © 2018 UICC
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Figure 6. Modulation of miRNA targets in TEC transfected with the selected mimic miRNAs. (a) TEC expression of miR-15a and its target genes
FGF1, EPHB4; (b) expression of miR-181b and its target genes PLAU, ITGB3, FGF1, EPHB4; (c) expression of miR-320c and its target genes
PLAU, ITGB4, FGF1; (d) expression of miR-874 and its target genes EPHB4, PLAU, ITGB3, FGF1; Data are expressed as mean RQ & SEM of

5 experiments performed. Statistical analysis was performed using Dunnett’s test versus control transfected with scramble RNA. * - p < 0.05.
(e) Representative image of Western blot analysis of the FGF1 expression in control TEC, TEC transfected with scrambled sequence or miR-15a
or stimulated with HLSC-EVs. (f) Representative image of Western blots showing the expression of PLAU in control TEC, TEC transfected with

scrambled sequence or miR-181b or stimulated with HLSC-EVs.

suppressor”” but also as an inhibitor of tumor angiogenesis
through STAT3/VEGEF-A pathway.*® miR-320c, on the other
hand, has been shown to be down-regulated in many types
of cancer, such as myeloma,*' colorectal cancer** and blad-
der cancer.*”” Predicted targets that we have found by Fun-
Rich online software for every miRNA have not been
previously described or confirmed, except for EPHB4 as a
target for miR-181.** After the transfection of TEC with the
selected miRNAs or stimulation with HLSC-EVs, two pre-
dicted pro-angiogenic genes were significantly down-
regulated at mRNA and protein level. FGF1 is one of the
most important pro-angiogenic factor involved in tumor
angiogenesis.”> FGF1 is able to regulate angiogenesis

Int. J. Cancer: 144, 322-333 (2019) © 2018 UICC

independently from VEGF*® and an enhanced expression of
this factor has been reported in different types of
tumors.””*® PLAU is a gene that codes for urokinase-type
plasminogen activator (uPA), an enzyme that activates plas-
min from plasminogen. Plasmin participates in the proteo-
lytic processes of extracellular matrix degradation which is
important for angiogenesis and cancer progression.*” FGF1
and PLAU are connected through the receptors of FGF1
(FGFRs) that could activate uPA and enhance the expres-
sion of its receptor uPAR. Furthermore, FGF1, uPA and
uPAR are all linked through FGFRs creating a positive feed-
back loop. In fact, cells overexpressing FGFRs were shown
to be more invasive and tumorigenic.
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In conclusion, we have shown that HLSC-EVs specifically
and significantly inhibit tumor angiogenesis in vitro and

HLSC extracellular vesicles inhibit tumor angiogenesis

FGF1 and PLAU.

in vivo. Furthermore, based on the bioinformatic analysis and

the characterization of anti-angiogenic miRNAs carried by
HLSC-EVs, we postulate that EV mediated transfer of miR-
NAs may be involved in the inhibition of tumor angiogenesis
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THE TRANSCRIPTION FACTOR ERG (ETS related gene)

The ETS (E-26 transformation specific) transcription factors family

The ETS (E-26 transformation specific) family consists of 28 mammalian transcription
factors. The first identified ETS factor was ETS1, which was discovered as a homolog
of the avian leukaemia virus E26 oncogene in 1983 (Leprince et al., 1983). Subsequent
analyses have identified a total of 27 and 26 ETS-family members in human and mouse
genomes, respectively (Bult et al., 2008). All ETS family members have in common a
highly conserved 85 amino acid DNA-binding domain (ETS domain or EBD), that
presents a winged helix-turn-helix (HTH) structure, binding to the specific DNA core
sequence 5’GGA(A/T)3’. The direct contact with DNA is made between two arginines
within the third helix and the two guanines of the GGA(A/T) sequence. The HTH motif
1s the major structural motif capable of binding DNA: each monomer incorporates two o
helices, joined by a short strand of amino acids, that bind to the major groove of DNA.
The ETS family is further divided in 12 subfamilies, (ELF, ELG, ERG, ETS, ERF, ESE,
ETS, PDEF, PEA3, ER71, SPI, TCF, TEL) based on the homology of their ETS domain
and the presence of another conserved domain (Figure 1 a). Other domains are also
present and vary from ETS member to ETS member, including the 65 amino acid
monomeric pointed domain (PNT), consisting of four a-helices and a short B-helix
(Hollenhorst et al., 2011), and representing a site of interaction with kinases and
transcriptional regulators, and of dimerization with other ETS transcription factors
(Figure 1 b). The ETS family members can function as either activators or repressors of
the transcription process, depending on the target gene or the post-transcriptional
modification. They can also act together with some other transcription factors: this
ability is shown through the presence of composite DNA binding sites, such as
FOXC/ETS and AP-1/ETS (De Val et al., 2008). Some ETS factors, like ETV-2, are
expressed only in specific time periods during development, and they are ubiquitous
(ELK-1); in contrast, others factors such as ERG, FLI-1 and ETV-1, are expressed
during the entire development and adulthood, and they are tissue-specific. ETS
members are involved in a wide variety of functions, such as cell differentiation, cell
cycle control, cell proliferation, apoptosis and angiogenesis. They can also act as proto

oncogenes (ETS-1, ETS-2, SPI1, FLI-1), for examples through gene fusion processes
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(ERG to EWG gene, TEL to JACK2 protein) and therefore associated with progression
of several different types of cancer (Seth & Watson, 2005).

Subfamily Members Structure
a ETS ETS1, ETS2, POINTED
ERG ERG, FLI1, FEV
ELG GABPg, ELG
ELF ELF1, NERF/ELF2,
MEF/ELF4
ESE ESE1/ESX/ELFa,
ESE2/ELF5, ESE3/EHF
ERF ERF/PEZ, ETV3/PE1
TEL TEL/ETVE, TELZ/ETV7?
YAN
PEA3 PEAS/E1AF/ETVA,
ERMETVS, ER81/ETV1,
ER7T1/ETV2
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Nature Reviews | Molecular Cell Biology

Figure 1 (a) The 12 subfamilies and family members of ETS family. (b) Structures
of the pointed domain (blue) and ETS domain (red): location of helices (H) and
f-strands (5} are shown

ETS family in the endothelium

A number of ETS family members are expressed in the endothelial cells (ECs), during
development but also adulthood. In general, they act as promoters or enhancers of genes

including vascular endothelial growth factor receptorl (VEGF-R1), vascular endothelial

growth factor receptor 2 (VEGF-R2), TIE1, TIE2, endothelial nitric oxide synthase
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(eNOS). All these genes are crucial for endothelial homeostasis and processes like
angiogenesis. Angiogenesis is a complex phenomenon that requires migration,
proliferation, and tubular morphogenesis of ECs: Salto Y. et al. observed that ETS-1 is
able to promote angiogenesis by inducing the expression of matrix metalloproteinases
and integrin B3 in ECs (Iwasaka et al., 1996). Another ETS member, ERG, mediates
ECs junctional integrity by regulating the transcription of endothelial junctional
adhesion molecules such as VE-cadherin (Ve-cadh) and CLAUDINS (CLDNS) through
binding to their promoters (Birdsey et al., 2008).

ERG: genomic structure and isoforms

The ETS family member ERG was first discovered in 1987 by Reddy et al. in human
colorectal carcinoma cells. Full-length ERG is a 486 amino acid 54 kDa transcription
factor and It is situated in the long arm of chromosome 21 at position 22.2 (21q22.2).
As all members of ETS family, it presents the ETS domain, which recognises specific
DNA sequences. Zammarchi ef al. in 2013 gave a detailed description of ERG gene and
exon/intron structure, which is shown in Figure 2 A (Zammarchi et al., 2013).The ERG
locus is approximately 300 kb long and includes at least 12 exons. There are three
alternative promoters (PI-III) and three alternative first exons (la, 1b and 1c) and
translation start sites. In addition, 30 alternative ERG transcripts (ERG isoforms) are
expressed and encode at least 15 protein variants (Figure 2 B). The protein variants can
include three different N-termini, two alternative transactivation domains and three
different C-termini. ERG2, and ERG3 are the main isoforms expressed in most
endothelial, myeloid and lymphoid haematopoietic progenitor cells (Rainis et al., 2005).
ERGS8 was shown to interact with other ERG isoforms to inhibit their transcriptional
activity (Rastogi et al., 2014). Furthermore, knockdown of ERGS8 in EC results in
upregulation of endogenous ERG transcriptional activity, suggesting that ERGS
functions as an inhibitor of ERG's active isoforms (Ginsberg et al., 2012).

In cancer, ERG promoters can cooperate between each other: ERG binds ETS motifs
within its own promoter. This mechanism has been found in prostate cancer, where it
results in an increase of tumor cells invasiveness (Thurston & Kitajewski, 2008)
(Thurston & Kitajewski, 2008) (Mani et al., 2009) (Mani et al., 2011). In respect to the

genomic structure, ERG contains the PNT domain. PNT is localized on the N-terminus
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of ERG protein and it mediates heterodimerization with protein partners, including
other members of the ETS family (ETSI and 2, ETV1, ETV6, FLI1 and ELK3), and
with associated factors including DNA-dependent protein kinases, the androgen
receptor (AR) and the AP-1 complex (Salek-Ardakani et al., 2009). Moreover, some
studies have shown that ERG may also form homodimers with itself through both the
PNT and the ETS binding domains (Verger et al., 2001). Therefore, ERG contains
another transcriptional activation domain (TAD): TAD is located in the C-terminus of
the protein, near the ETS-binding site. TAD can be inhibited by the negative regulatory
domain (NID) and the C-terminal inhibitory domain (CID), by a mechanism of
autoinhibition, activated by the ETS domain.

The binding specificity of ERG, like that of other ETS members, is not fully known,
although all they share a GGA(A/T) core sequence. In general, ETS transcription
factor-binding targets include sequences of 15-20 bp in length (Shore et al., 1996).
Some classifications of ETS members, based on the similarity of the ETS binding
domain, have been proposed: Wei et al., defined five classes (I, Ila, IIb, III and IV),
based on the sequences which surround the main core sequence GGA(A/T). ERG
belongs to class I, containing the largest number of ETS factors (ERG, ETS1 and 2,
ETV1-5, ELK1, ELK3, ELK4, ERF, FEV, FLI1 and GABPa) (Wei et al., 2010).
Binding specificity is also affected by post-translational modifications and
protein—protein interactions. It has been demonstrated that ERG can cooperate with
other proteins, to alter DNA structure locally: for example, ERG works with the
SRY-related HMG box transcription factor SoxD to bind the major and minor groove of
DNA, or with the AP-1 complex (Fos+Jun), to form a pincer-like structure around the

major groove of a DNA double helix.
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Figure 2 (A) Human ERG gene structure. Alignment of the exons forming the main
ORF (Open Reading Frame) with the protein domains. Numbers indicate size in amino
acids. PNT = pointed domain, AD = alternative domain, Ets = Ets domain,
TAD = transactivation domain. (B) Human ERG main variants. Alignment of exons
forming the 30 main RNA variants of human ERG. Blue indicates the ORF, light blue
the additional region from the ATG in exon 3. For each variant, the proposed name is
indicated next to previous nomenclature (if available). The proposed protein name is
reported along the predicted size in aa and KDa. Variants derived from the alternative
usage of promoter la and 1b are paired as they lead to related mRNAs and identical
proteins. (Zanmarchi et al. 2013)

ERG: localization, target-genes and regulation of endothelial pathways

ERG is widely expressed from the embryonic developmental stage in a variety of
mesodermal tissues, in particular the endothelium, where it remains highly expressed in
the endothelial cells, and in the majority of adult tissues. Genomic studies on ECs
showed the ERG, among the ETS family members, is the most expressed in

differentiated quiescent ECs, with no differences between arteries, veins and micro
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endothelium. Some studies have shown that, during mouse embryonic development,
ERG is initially expressed in ECs, mainly in the amniotic membrane, in the blood
vessels surrounding the neural tube, in the vasculature of the heart and in (Wythe et al.,
2013). ERG is located mainly in the nucleus of ECs, although some isoforms, like
ERGS, were found in the cytoplasm. ERG plays a key role in the regulation of
endothelial homeostasis by influencing numerous biological processes, such as
vasculogenesis, angiogenesis, junction stability, cell migration and survival. ERG
influences endothelial homeostasis through regulation of multiple ECs genes that
directly or indirectly control the various endothelial processes mentioned above. For
example, Fish et al.,, found the NOTCH/VEGF/MAPK transcriptional pathway that
induced one of the earliest essential ligands for artery specification DLL4 (Figure 3 a)
(Fish et al., 2017). Importantly, they found that VEGF signaling activates MAP kinase
(MAPK)-dependent ERG in arterial endothelium to drive expression of DLL4, as well
as Notch4. Moreover, ERG mediates ECs junctional integrity and stability by regulating
the transcription of endothelial adherens glycoprotein VE-cadherin and the tight
junction protein claudin protein 5 (CLDNS), by binding to their promoters. Indeed,
knockdown of ERG in human umbilical vein ECs is associated with significant
increases in endothelial permeability, as a consequence of changes in cell structure, loss
of cell-to-cell contact and angiogenesis inhibition (Birdsey et al., 2008) (McLaughlin et
al., 2001). ERG also inhibits vascular inflammation, suppressing genes such as
ICAM-1, interleukin-8 (IL-8) and vascular cell adhesion protein (VCAM). The
Wnht/beta-catenin signalling pathway plays an important role in ECs where it supports
ECs proliferation, junctional stabilization, ECs survival and overall vessel stability. All
these processes, together with the transcriptional control of EC-specific genes
(angiopoietin 2, endoglin, vWF, VEGF-A and VE-cadherin), are maintained through a
stable localization and activity of beta-catenin, which has been shown to be tightly
regulated by ERG (Vijayaraj et al., 2012). Birdsey et al. reported that ERG may
promote B-catenin stability, by regulating transcription of both VE-cadherin and the
Wnt receptor Frizzled-4 (Figure 3 a). (Birdsey et al., 2015). ERG has also been shown
to be a key regulator of the Angiogenesis process. Angiogenesis is defined as the
formation of new blood vessels from existing ones: it is crucial for the development of
physiological functions but also pathological conditions including cancer. Angiogenesis
is regulated by maintaining a delicate balance between its promoting and inhibiting

factors. It has been demonstrated that ERG finely acts as a controller of this balance, as
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it binds to the enhancers or promoters of ECs pro-angiogenic genes such as VEGF-R1,
VEGF-R2, FZDL4 and EGF-like protein 7 (EGFL7). For instance, in vitro studies have
shown that ERG is essential for endothelial tube formation: depletion of ERG in
HUVEC:s led to a lower expression of the adhesion molecule VE-cadherin, that resulted
in loss of cell-cell contacts, cell death and therefore malformation of endothelial vessels.
These effects were further confirmed in vivo, whereby a postnatal deletion of ERG in

PO also led to defective

inducible endothelial-specific ERG knock-out mice Erg
angiogenesis in the retina (Birdsey et al.). Recently it has been shown that, depletion of
ERG in HUVECs or in ERG KO mice model can lead to the complex process of
“Endothelial to Mesenchymal Transition” (EndMT), in which ECs adopt a
mesenchymal phenotype, displaying typical mesenchymal cell morphology and
functions, including acquisition of cellular motility and contractile properties. ERG can
regulate the canonical TGF-B/SMAD signalling pathway by promoting SMAD1/5/8
signalling, which mediates ECs homeostasis, andeby repressing SMAD2/3 signalling,
which is a key regulator of EndMT (Figure 3b). Dunfton et al., have shown the negative
correlation between EndMT and ERG: they have reported that, the ablation of ERG
(using ERG siRNAs) can cause EndMT in HUVECs and it is correlated with EndMT in
end-stage liver fibrosis patients. Moreover, ERG depletion can lead spontaneous liver

iEC-KO

fibrogenesis in mice Erg and in EC-specific constitutive hemi-deficient mice

cEC-Het

Erg , in a SMAD3-dependent manner, confirming the key role of ERG in the
signalling pathway (Dufton et al., 2017). It has been also demonstrated that ERG is a
mediator in Angl-dependent regulation of Notch ligands (B-catenin and DLL4), and it is
required for the stabilizing effects of Angl in vivo. Thus, ERG coordinates the Angl,
Notch and Wnt/B-catenin pathways to promote vascular maturation and stability
(Birdsey et al., 2015). The involvement of ERG in the pathways described above,
confirmed the crucial role of ERG (and of others ETS transcription factors) in the
endothelial function. Furthermore, ERG plays an important role in haematopoiesis,
normal haematopoietic stem cell function and in the maintenance of peripheral blood
platelets (Thoms et al., 2011). ERG expression is found in B-lymphocytes and during
the entire maturation process and in T-lymphocytes (Anderson et al., 1999). The
abnormal expression of ERG in T cells causes T-cell acute lymphoblastic leukaemia,
and the aberrant genetic modification in the DNA-binding domain of ERG, can lead to
reduction of mature platelets, erythrocytes, and leukocytes. Lastly, although the role of

ERG is mainly specific for the endothelium, its ectopic expression in non-endothelial
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tissues, can largely promote the oncogenesis process.
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Figure 3 (a) Schematic of the VEGF/MEK/ERK/ERG/p300 transcriptional pathway.
Image taken from Fish et al., 2017. (b) Schematic of the SMAD-dependent TGF/BMP
canonical signalling pathways in ECs and schematic of ERG regulation of SMAD1 and
SMAD3. ERG controls canonical TGFB-SMAD signalling, driving the SMAD1 pathway while
repressing SMAD?3 activity. Image taken from Dufton et al., 2017.

ERG and cancer: tumour neovascularization and vascular malignancies

While several studies have reported the involvement of abnormal ectopic expression of

ERG fusion proteins in many types of cancer, there are few studies on the role of ERG

in the regulation of tumour neovascularization. Birdsey et al., using a mouse xenograft

66



B16F0 tumor model, which depends on angiogenesis for growth, observed that
knocking out endothelial ERG, significantly reduced the size of the melanoma tumors,
tumour blood vessel density and pericyte coverage of blood vessels compared to
controls (Birdsey et al., 2008). This study therefore confirmed that ERG could play an
essential role in tumour angiogenesis and growth, and that, downregulating the
expression of ERG in tumours, could represent an effective strategy for developing new
anticancer therapies. Other studies on vascular malignancies have only reported ERG as
a marker for tumour endothelial cells, and an active role of ERG in these malignancies

has to be further elucidated.

The role of ERG in cancer

ERG has been linked to multiple cancers through the formation of oncogenic ERG
fusion proteins as a result of chromosomal translocation. In several types of human
myeloid leukemias, TLS/FUS gene shows recurrent chromosomal translocation
t(16;21)(p11:q22). The TLS/FUS gene is fused to the transcriptional activator ERG,
causing the replacement of the RNA-binding domain of TLS/FUS with the
DNA-binding domain of ERG (Prasad et al., 1994). In Ewing sarcoma (ES), there is a
canonical fusion between the EWSR1 gene and two members of the ETS family: FLI1
and ERG. The EWSRI-FLI1 fusion has been identified in 90% of cases, while
EWSRI1-Erg fusion has a low occurrence rate (in 5-10% of cases), and represents the
second most common molecular alteration (Chen et al., 2016). The ERG fusion results
in a loss of endogenous ERG promoter activity, leading to a dysregulation of ERG and
its target genes. Moreover, ERG has been reported to be one of the most overexpressed
oncogene in prostate cancer: A combined loss of PTEN and TP53 associated with an
overexpression of ERG is considered to be the principal driver of high grade prostate
intraepithelial neoplasia (PIN) to invasive carcinoma (Tomlins et al., 2005). In prostate
cancer, a chromosomal translocation results in the fusion between the androgen
receptor-regulated gene promoter of transmembrane protease serine 2 (TMPRSS-)2 and
the DNA-binding domain of ERG. This leads to the overexpression of TMPRSS: ERG
fusion protein. The chromosomal translocation can be distinguished into two main
types: ETS™, which involves fusion with ERG or another ETS gene, and ETS-* in
which the fusion is not with ERG/ETS. The ETS™ fusion leads to an abnormal
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overexpression of ERG protein in the prostate epithelium, and has been correlated with
increased cell invasiveness, a poor prognosis and an increased level of malignancy

(Adamo & Ladomery, 2016).

ERG as anticancer therapy

Since ERG is largely involved in the biology of cancer, it can be considered to be a
marker for diagnosis and prognosis as well as a potential target for cancer therapies.

ERG gene fusion TMPRSS?2 interacts in a DNA-independent manner with the enzyme
poly (ADP-ribose) polymerase 1 (PARPI) and the catalytic subunit of DNA protein
kinase (DNA-PKcs). ETS gene-mediated transcription and cell invasion requires
PARP1 and DNA-PKcs expression and activity. Pharmacological treatment of PARP1
with olaparib has been shown to significantly inhibit ETS-positive, but not
ETS-negative, prostate cancer cells (Brenner et al., 2011). Similarly, TMPRSS2:ERG
leads to upregulation of histone deacetylase 1 (HDACI) gene and downregulation of its
target genes. A therapy based on the inhibition of HDAC, especially in combination
with anti-androgens, can be effective against prostate cancer development. The HDAC
inhibitors Trichostatin A (TSA), MS-275 and suberoylanilide hydroxamic (SAHA),
with or without androgen deprivation, can reduce cancer growth and induce apoptosis of
ERG positive prostate cancer cells (Bjorkman et al., 2008). A different strategy could
involve targeting of ERG itself. For instance, the development of YK-4-279, a small
inhibitor of EWS-FLI1 oncoprotein in Ewing's Sarcoma has been reported. Since ERG
and ETV1 belong to the same class of ETS factors as FLI1, YK-4-279 also works in
ERG positive cells of prostate cancers and has showed its ability to reduce invasion,
motility and metastasis (Rahim et al., 2011).The DNA-binding ability of ERG can also
be targeted by modulators such as DB1255 di-(phenyl-thiophene-amidine), that prevent
ERG binding to the domain. Lastly, the degradation of the ERG gene could also
represent an alternative strategy. Kittler et al. showed indeed that the deubiquitinase
enzyme ubiquitin-specific peptidase 9, X-linked (USP9X) can bind to ERG in ERG
positive prostate cancer inducing its de-ubiquitination in vitro. Knocking down USP9X

also led to the ubiquitination and degradation of ERG. Hence, targeting USP9X with
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inhibitors like the second-generation tyrphostin derivative WP1130, resulted in ERG

degradation both in vivo and in vitro.

ERG and microRNAs

ERG has been reported to be a potential target of miRNA-145, which has consistently
been found to be down-regulated in prostate cancer. In tumour samples, ERG protein
expression is found to be elevated, together with an increased expression of ERG
splicing isoforms. This suggests that the upregulation of ERG oncoprotein, caused by
downregulation of miRNA 145, as well as miRNA 221 are relevant for the development
of prostate cancer (Hart et al., 2013). ERG can also act as a regulator of miRNAs: for
instance, Zhang et al. showed that the miRNA 200b subfamily (miR-200b, 200a and
miRNA 429) is an ERG gene target, therefore implicating an important role in
TMPRSS2/ERG-dependent prostate cancer development. Knockdown of ERG in
prostate cancer cells reduced expression of these three miRNAs, and caused an
overexpression of the miR-200b/a/429 gene, inhibited prostate cancer cell growth and
invasion (Zhang et al., 2016). Furthermore, it has been reported the linkage between
ERG and miRNA-126: loss of ERG and FLT1 induces EndMT coupled with dynamic
epigenetic changes in ECs, while miR-126 blocks TGFB-induced EndMT by targeting
PIK3R2 mRNA (Zhang et al., 2016). Nagai et al. showed that, among microRNAs
related to EndMT/EMT and targeted by ERG and FLT1, the most promising direct
target was mR126. They demonstrated that inhibition of miR126 in HUVECs, induced
partial EndMT, with downregulation of CDHS5 and upregulation of TAGLN, COL1A1
and SNAI2 expression. This study thus suggested that EndMT, mediated by
downregulation of ERG/FLTI, is partially dependent on the reduction of miR-126

expression, under the control of these transcription factors (Nagai et al., 2018).
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MATERIAL AND METHODS

Immortalization of glomerular endothelial cells (GECs)

Primary Kidney glomerular endothelial cells (GECs) purchased from Clinisciences
(Clinisciences Italy, Cat. No. H6014G) were infected (at passage 2) with a retrovirus
containing pPBABE-puro-hTERT plasmid (Addgene plasmid #1771) and selected using
antibiotic resistance (1 pg/mL puromycin, Gibco, Thermo Fisher Scientific, Waltham,

MA, USA) for two weeks (Bernardini et al., 2019).

Cell cultures

Glomerular endothelial cells (GECs)

GECs were cultured in EndoGRO VEGF medium (Merck Millipore, Darmstadt,
Germany) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA,
USA). Prior to seeding, the plastic was coated with a layer of attachment factor as per
manufacturer’s protocol (Cat. No. S006100; Gibco; Thermofisher Scientific). The
media was replaced every two days after one wash with PBS and cells subcultured once

a confluency of 90% was achieved.

Podocytes

Primary cultures of human podocytes were established and lines of differentiated
podocytes we obtained by infection with a hybrid Adeno5/SV40 Virus (Collino et al.,
2008). Podocytes were characterized for the positive expression of nephrin, podocin and
synaptopodin and for negative expression of the Willebrand factor, CD31 and a-SMA,
as previously described (Conaldi PG et al., 1997).
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VEGTF assay

GECs that were used for experiments that involved treatment with Vascular Endothelial
Growth Factor (VEGF) were cultured in a separate EndoGRO medium in which the
VEGF component was omitted from the cell kit medium. For this assay, GECs (50x10%)
were seeded 24 h before experiments in endothelial basal medium-1 (EBM) (Lonza,
Basel, Switzerland) supplemented with L-glutamine (5 mM), HEPES (12 mM, pH 7.4),
penicillin (50 IU/ml), streptomycin (50 pg/ml) (all from Sigma, St. Louis, MO, USA),
and 2% FBS for synchronization and acclimatization. Post 24 h, the cells were treated
with VEGF (5 ng/ml) (Vascular Endothelial Growth Factor human, 10 ug/ml, Cat. No.
V7259, Sigma-Aldrich) in the presence or absence of anti-VEGF antibody (0.12 pg/ml)
(VEGF Monoclonal Antibody, 500 pl, Cat. No. MA5-23719, Thermofisher Scientific)
for 30 minutes. After 30 minutes, the experiment was stopped on ice and cells subjected

to protein isolation using RIPA buffer.

Co-culture model (Permeability assay)

GECs were seeded on the lower side of a 24 well-plate cell culture insert (Transparent
PET membrane 0.4 um pore size, Cat. No. 353095; Falcon-Corning, Glendale, AZ,
USA), at a density of 5 x 10*cells in Endogro with 10% FBS. After 3 h, podocytes
were seeded on the upper side of the insert at the same density in DMEM High Glucose
with 10% FBS. The Transwells were coated with Collagen IV (Collagen IV, 10 mg,
Cat. No. C7521; Sigma-Aldrich) on both sides prior to seeding cells. The following day,
GECs were treated with or without VEGF for 24 h at 37C. Post VEGF treatment, the
media in the Transwell was replaced with complete EBM whereas media on the
underside of the Transwell (containing GECs) was replaced with complete EBM
supplemented with FITC-BSA (1 mg/ml, Sigma) and the plate incubated at 37C for 6 h.
Post incubation, 100 pl of medium was taken from the podocyte compartment (which
would determine the passage of FITC-BSA from the lower to the upper chamber
through GECS and podocytes) and assessed for fluorescence using a fluorescence

reader. All experiments were performed in triplicate. When permeability was tested in
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GEC:s silenced for ERG, the assay was performed on GECs after 3 days of transfection
with siRNA.

Western Blot

GECs were lysed in Radioimmunoprecipitation assay buffer (RIPA) (RIPA Buffer, 500
ml Cat. No. R2078 Sigma-Aldrich; Life Science) supplemented with protease inhibitor
(Cat. No. P8340; Sigma-Aldrich), phosphatase inhibitor cocktail 2 (Cat. NO. P5726;
Sigma-Aldrich), phosphatase inhibitor cocktail 3 (Cat. No. P0044; Sigma-Aldrich), and
Phenylmethanesulfonyl Fluoride (PMSF) (Cat. No. 93282; Sigma-Aldrich) (all diluted
at 1:100). Briefly, cells to be lysed were detached, washed once with PBS and
resuspended in RIPA lysis buffer. For some experiments, RIPA buffer was added
directly to the wells containing cells following a single wash with PBS. The Eppendorf
or plate was then incubated on ice for 30 minutes on a shaker to allow cell lysis. Post
incubation, the lysate was centrifuged at 13000 RPM for 15 min at 4° C. The
supernatant was collected and quantified using the Bradford method (Protein Assay Dye
Reagent Concentrated, Cat. No. 500-0006; Biorad) as per manufacturer’s protocol.
Total cell lysate (30-50pg/ml per sample) was solubilized in 4x Laemmli buffer at 95°
C, and separated by electrophoresis in a 4-20% gradient sodium dodecyl sulfate
(SDS)-polyacrylamide gel (mini-PROTEAN TGX precast gels; Cat. No. 4568094,
Biorad). Transfer of proteins from the gel onto nitrocellulose membrane (iBlot 2NC
Regular stacks Cat. No. IB23001, Invitrogen, Thermofisher) was performed using the
iBlot™ Dry Blotting System with the 7 min. quick transfer program. Post transfer, the
membrane was blocked for 1 h in blocking solution (5% Bovine Serum Albumin,
Sigma-Aldrich, powdered in TBS/ 0.1% Tween) at room temperature on a shaker. This
was followed by an overnight incubation with primary antibodies (resuspended in
5%BSA/TBS-Tween) at 4C on a shaker. The following day, the membrane was washed
three times for 15 min with wash buffer (TBS 0,1% Tween), and then incubated with
the respective horseradish peroxidase-conjugated secondary antibodies (1:3000—1:8000
dilutions) for 1 h at room temperature on a shaker. Post incubation, the membranes were
washed three times for 15 min on a shaker. For the development, the membranes were
incubated with ECL chemiluminescence reagent (Bio-Rad) and images acquired via a

Chemidoc machine (Bio-Rad) as per manufacturer’s protocol.
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For western blotting, the following antibodies were used: Vinculin (Cat. No. V4505;
1:8000 dilution; Sigma-Aldrich, St Louis, MO, USA), GAPDH (Cat. No. ab37168;
1:1500; Abcam, Cambridge, UK), ERG (Cat. No. ab133264; 1:1000 dilution; Abcam,
Cambridge, UK), ERG1/2/3 (Cat. No. sc271048; 1:500; Santa-Cruz, Dallas, TX, USA),
DLL-4 (Cat. No. 96406S; 1:500; Cells Signalling Technologies, Boston, MA, USA),
TGF-B1 (Cat. No. E-ab 33090; 1:1000; R&D System, Minneapolis, USA), TGF-2
(Cat. No. ab36495; 1:1000; Abcam, Cambridge, UK), a-SMA (Cat. No. A5228; 1:1000;
Sigma-Aldrich, St Louis, MO, USA), VE-cadherin (Cat. No. ab33168; 1:500; Abcam,
Cambridge, UK), phospho-ERG (1:500; kindly gifted by Professor Hollenhorst,
University of Indiana, USA). The antibodies were blotted overnight at 4°C in 5%
BSA/TBS-Tween 0,1%. The secondary antibodies used are as follows: Goat anti-mouse
(1:3000) and Goat anti-rabbit (1:3000) horseradish peroxidase (HRP)-conjugated
antibodies. Densitometry analysis was performed using Image lab analysis software ver
5.2.1 (Bio-Rad laboratories).

Protein Immunoprecipitation

In order to conjugate the beads with ERG antibody, 100 pl of magnetic beads (Sure
beads Protein A, Magnetic beads; Cat. No. 181-4013; Bio-rad Laboratories) per sample
were washed three times with PBS 0,1% Tween, and then co-incubated in 200 pl of
0.1% Tween/PBS containing anti-ERG antibody (1:4 dilution) (per each sample)
overnight at 4°C, on a rotator. The following day, GECs (10x10°) were treated with
VEGF (5 ng/ml) in the presence or absence of anti-VEGF antibody (0.12 ug/ml) for 30
min at 37C. Post incubation, proteins were extracted as described previously (WB
section) and left on ice. The beads left overnight with anti-ERG antibody were washed
three times with PBS and co-incubated with protein lysates (1 mg/sample) from above
at 4°C for 2 h. Post incubation, the beads were magnetized and supernatant discarded.
After three washes with PBS, 50 pl of NP-40 cell lysis buffer (50 mM Tris, pH 7.4, 250
mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na,VO,, 1% Nonidet P40 (NP40), 0.02%
NaN;) together with 4x Laemmli buffer (with B-mercaptoethanol 1:10) were added to
the beads and boiled for 10 minutes at 95°C. The heated samples were than subjected to
Western blotting as mentioned above (Western blot section). The Membranes were

incubated with primary antibodies for phospho-ERG and ERG overnight at 4° C on a
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shaker. The following day, after incubation with the respective secondary antibodies,

the membranes were developed using ECL as mentioned above.

Transfection of GECs

The transfection of GECs was performed using the HiPerfect reagent (Qiagen) with
either negative control siRNA (Negative control #1, Silencer Select, Pre-designed
siRNA, 40 nmole, Cat. No. 4390844; Thermofisher Scientific) or siRNA ERG (ERG
Silencer Select Pre-designed siRNA, 40 nmole, Cat. No. 4392422; Thermofisher
Scientific) at a concentration of 20 uM. Briefly, for each sample, 3.5 ul of HiPerfect
reagent, 20 uM of negative control siRNA or 20 pM of siRNA ERG was co-incubated
in 100 pl of serum free media at room temperature for 10 min to form complexes. Post
incubation, the HiPerfect complex was added dropwise to 200 ul of GECs cell
suspension (in Endogro 10% FBS). After 3 hours of incubation at at 37C 200 pl of
EndoGro 10% FBS were added to each well in order to reach a total medium volume of
500 pl for each well. Therefore the 24 well plate was incubated for 3 days at 37C. After
72 h, cells were washed once with PBS and assessed for ERG inhibition at a molecular
(Real-time PCR). Subsequently, cells were also used forin vitro experiments
(permeability assay). For WB analysis, after 72 hours post transfection, the media was
replaced, and GECs were kept in culture for a further 72h before protein extraction and

analysis.

RNA isolation and Real time PCR (q-RT PCR)

Total RNA was isolated from different cell preparations or from mice kidney glomeruli,
using Trizol (TRIzol Reagent, 200 ml, Cat. No. 15596018, Thermo Fisher Scientific)
according to the manufacturer’s protocol or RNA extraction Kit (miRNeasy mini-kit
(50) Cat. No. 16601432; Qiagen). The RNA was then quantified with a
spectrophotometer (Nanodrop ND-1000) and subjected to retro-transcription. For gene
expression analysis, quantitative real-time PCR was performed. Briefly, first-strand
cDNA was produced from 200 ng of total RNA using the High Capacity cDNA Reverse

Transcription Kit (Applied Biosystems) as per manufacturer’s protocol. Real-time PCR
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experiments were performed in 20-pl reaction mixture containing 5 ng of cDNA

template, the sequence-specific oligonucleotide primers (purchased from
MWG-Biotech) and SYBR Green (Power SYBR Green PCR Master Mix, 4368708,
Thermo Fisher Scientific) and assembled into a 96-well StepOne Real Time System
(Applied Biosystems). GAPDH or B-Actin was used as a house-keeping gene for
normalization of RNA inputs. Fold change expression (RQ) with respect to control was

calculated for all samples. The sequence-specific oligonucleotide human and mouse

primers used are listed in the table below:

Target

genes Forward primer Reverse primer
h-GAPDH CCGCTTCGCTCTCTGCTC CGACCAAATCCGTTGACTCC
h-B-Actin TGAAGATCAAGATCA CACATCTGCTGGAAGGTGGAC
h-ERG CGTGCCAGCAGATCCTAC CAAGATGTTGACGTCTGGAAGG
h-DIll4 GGCAGCTGTAAGGACCAGGAG TCACAAGCATAGTTGGCCCC
h-TGFB1 GCCCTGGACACCAACTATTGCT AGGCTCCAAATGTAGGGGCAGG
h-TGFB2 GTCCCTGCTGCACTTTTGTA TGCCATCAATACCTGCAAAT
h-a-SMA ACAGGAATACGATGAAGCCG GCTTTGGCTAGGAATGATTTGG
h-CNN-1 CTGGCTGCAGCTTATTGATG CTGAGAGAGTGGATCGAGGG
m-GAPDH | TGT CAA GCT CAT TTC CTG GTA TGA TCTTACTCCTTGGAGGCCATG
m-ERG TCACATCTCCACTACCTCAGAGAGACT TGGCATGCATTAACCGTG
m-SNAIL1 |CCACACTGGTGAGAAGCCATT CTCTTGGTGCTTGTGGAGCA

Figure 1 Sequence-specific oligonucleotide human and mouse primers.

Mouse model of diabetic nephropathy

Animal studies were conducted in accordance with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals. All procedures were approved
by the Ethics Committee of the University of Turin and the Italian Health.
Eight-week-old male NSG mice were purchased from the animal facility at the
Molecular Biotechnology Centre. Diabetes was induced via the intraperitoneal injection
of STZ (37 mg/kg), dissolved in freshly made 0.1 mol/l citrate buffer, at pH 4.5, for 4
consecutive days in order to avoid acute STZ toxicity, according to the Animal Models

of Diabetic Complications Consortium guidelines.
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Glucose levels were measured, after 4 hours of fasting, in blood from the tail-vein
using a blood glucometer (GlucoMen LX Plus+, A. Menarini diagnostics, Florence, IT).
The onset of diabetes was established by measuring glycaemia (up to 250 mg/ml) 10
days after STZ injection (T0O). Glycaemia was monitored every 2 weeks and body
weight and water up-take every week. At day 28 (T28) or at day 60 (T60), urine
(12 hours collection in metabolic cage) and blood were collected for the evaluation of
albuminuria, creatinuria, plasma creatinine and BUN. Mice were sacrificed either 28- or
60-days post diabetes and the kidneys collected for histological analysis.

For the molecular analysis of glomeruli, mice kidneys were minced into pieces and then
directly resuspended in Trizol for RNA isolation. For protein analysis, glomeruli were
isolated after kidney collection. Briefly, kidneys were minced into small pieces and
pressed through a 100 um cell strainer (Corning Cell Strainer 100 um Nylon; Cat. No.
431752) using a syringe plunger. After three washes with PBS, the glomeruli which
remained on the strainer were collected and resuspended in RIPA buffer ready for

protein extraction as mentioned above.

ERG Knock-out mouse model

A Cre/LoxP strategy was used to develop an inducible homozygous deletion of Erg
using Pdgfb-iCreER-eGFP/Ergfl/fl mice (Erg E“¥°). All experiments with Erg-deficient
mice were conducted with age and gender matched animals at Imperial College London
in accordance with the UK Animals (Scientific Procedures) act of 1986. All animals
used were retained on a C57BL/6 background. Both male and female mice were used
for experiments and were 8—10-weeks old (Dufton et al., 2017). Endothelial deletion
was induced by tamoxifen injection (five injections of 0.5 mg daily). All experiments
were conducted using littermate controls; mice were monitored, and kidney issues were
harvested 30 days post-tamoxifen injection. The set-up of the model was performed at
Imperial College London in the laboratory of Prof. Randi. Histological analysis for the

evaluation of ERG expression was performed at the University of Turin.

Human kidney tissue sections
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Human kidney tissue was collected from diabetic patients with diffuse diabetic
glomerulosclerosis from the hospital of Molinette in Turin. Healthy tissues were used as
control. All tissues were accessed with informed written patient consent and research
ethics committee approval provided by University of Turin. Tissue was formalin fixed
upon collection from patients and paraffin embedded for immunohistochemical

analysis.

Immunofluorescence

Renal tissues from diabetic and healthy mice were embedded in paraffin and 5-pm-thick
sections were subjected to immunofluorescence staining. Briefly, tissue sections were
incubated in boiling citrate buffer (pH6) for 20 min for antigen retrieval, after which
they were permeabilized with PBS-0.2% Triton X-100 (Cat. No. T8787,
Sigma-Aldrich) for 8 minutes at 4°C or at room temperature (RT) respectively,
depending on the specific primary antibodies. The slides were then blocked in PBS-3 %
bovine serum albumin (BSA; Sigma-Aldrich) for 1 h at room temperature followed by
incubation with primary antibodies overnight at 4 °C in a humidified chamber: sections
were labeled for ERG (Cat. No. 97249S; 1:100; Cells Signalling), CD31 (Cat. No.
3528s; 1:100; Cells Signalling) and a-SMA (1:200; Sigma-Aldrich). The following day,
the sections were washed with PBS-0,1% Triton and labelled with the respective
fluorescence conjugated secondary antibodies for 1 h at RT in the dark in a humidified
chamber. The secondary antibodies used are as follows: AlexaFluor 488-labeled
chicken anti-rabbit (Cat. No. A21441; 1:1000; Invitrogen, Thermo Fisher Scientific),
AlexaFluor 488-labeled rabbit anti-mouse (Cat. No. A11059; 1:1000; Invitrogen,
Thermo Fisher Scientific) and Alexa Fluor 594-labeled chicken anti-goat (Cat. No.
A21468; 1:1000; Life Tech, Thermo Fisher Scientific). Post incubation, the slides were
washed twice followed by incubation with Hoechst 33258 dye (Sigma-Aldrich, 1:5000)
for nuclear staining for 8§ minutes. After the final wash, the coverslips were mounted
with Fluoromount mounting medium (Fluromount Aqueous Mounting Medium, F4680,

Sigma-Aldrich).
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Glomerular expression of ERG or a-SMA in diabetic, ERG KO and control mice was
calculated by counting ERG or a-SMA positive cells versus all cells stained with DAPI,
from 12 random pictures per section at 400x magnification (expressed as mean values +
SEM). For ERG analysis we counted at least 50 cells stained with Dapi per glomerulus
and then compared with cells positive for ERG (at least 12 glomeruli for sample). For
a-SMA analysis we counted at least 150 glomeruli for sample and then compared with
glomeruli positive for a-SMA (at least 12 random pictures for sample). We compared 3
mice (n=3) for every condition (DN mice vs healthy mice, ERG KO mice vs WT mice).
Confocal microscopy analysis was performed using a Zeiss LSM 5 Pascal model
confocal microscope (Carl Zeiss International).

Statistics

All data are reported as either mean + SD or mean + SEM. At least three replicates
were performed for each experiment. Two-tailed or one-tailed Student's t-tests were
performed for analysis when two groups of data were compared, while one-way
ANOVA following Bonferroni or Dunnett's multiple comparison t-test was applied
when comparing more than two groups of data. P-values of <0.05 were considered
statistically significant (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.001). All
statistical analyses were performed using GraphPad Prism software version 6.01

(GraphPad Software, Inc, La Jolla, CA, USA).
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RESULTS

Setting of the in vitro permeability assay

In order to mimic the glomerular filtration barrier (GFB), an in vitro permeability assay
was set up in which 50x10° GECs and 50x10° podocytes were seeded respectively on
the under and upper side of a transwell of a 24 well-plate (Figure 1 a). Both surfaces of
the transwell were coated with Collagen IV before seeding the cells. Therefore, FITC-
BSA (1 mg/ml) was added to the lower chamber of the well and incubated for 6 hours at
37° C. Post incubation, transfer of FITC-BSA from the lower chamber to the upper
chamber was measured by collecting the supernatant from the upper chamber and

analyzed by a fluorescence reader.

VEGF inhibition increases permeability in the co-culture model

GECs were treated with VEGF (5 ng/ml) in the presence or absence of anti-VEGF
antibody (0.12 pg/ml) for 24 h. As shown in Figure 1 b, the treatment with VEGF plus
anti-VEGF Ab caused a significant rise in GECs permeability in comparison with
control and with GECs treated with VEGF only, in which a subtle reduction in
permeability was observed. Hence, the blocking of VEGF activity in GECs could lead

to the loss of endothelial integrity, compromising ECs permeability.
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Figure 1 (a) Schematic representation of the in vitro co-culture model. GECs
and podocytes were pre-seeded in the lower and upper part of a transwell chamber
24 h before the experiment. The transwell was coated at both side with Collagen IV.
Lastly, FITC- BSA (1 mg/ml) was added in the lower part of the chamber, and the
filtration, indicating albumin passage from the GECs compartment to the podocytes
compartment, was measured over 6 h. b) Anti-VEGF antibody treatment
compromises permeability in GECs. After 24h of co-culture, GECs were treated
with VEGF (5 ng/ml) in the presence or absence of anti-VEGF Ab (0.12 pg/ml)
GECs treated with VEGF plus anti-VEGF antibody show a significant increase in
permeability (as observed through increased fluorescence in the upper chamber)
compared to GECs treated VEGF only. Data are expressed as the mean fluorescence
of FITC-BSA (collected from the upper chamber) from three independent
experiments performed in triplicate. Statistical analysis was performed using one
way ANOVA with Bonferroni’s multiple comparison test *p < 0.05.
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ERG activation in GEC is VEGF dependent

The next step was to understand the role of ERG in regulating permeability of GECs. In
order to do this, we investigated the activation of ERG at a protein level following
stimulation with VEGF. Briefly, GECs were treated with VEGF (5 ng/ml) in the
presence or absence of anti-VEGF antibody (0.12 ug/ml) for 30 minutes. After the
incubation period, cells were lysed in RIPA buffer and protein isolated and quantified.
The total protein, 1 mg/ml from each treatment, was immunoprecipitated with anti-ERG
antibody beads and subjected to Western blot analyses to identify phosphorylation of
ERG. Experimental analyses revealed an increase in phosphorylated ERG (p-ERG) in
GECs treated with VEGF. On the contrary, the anti-VEGF Ab treatment reverted the
effect induced by VEGF on p-ERG expression, indicating that activation of ERG is
VEGF dependent (Figure 2 a, b).
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Figure 2. Treatment with VEGF induces phosphorylation of ERG in GECs. Western
Blot representative images (a) and quantification (b) depicting phosphorylation of ERG
in immunoprecipitated protein lysates from GECs treated with VEGF (5 ng/ml) or VEGF
plus anti-VEGF antibody (0.12 pg/ml) for 24h. VEGF treatment activates ERG through
phosphorylation, which is significantly reduced in the presence of anti-VEGF antibody.
Data are expressed as mean = SEM of band intensity normalized to ERG of three
independent experiments. Statistical analysis was performed using one way ANOVA
with Bonferroni’s multiple comparison test **p < 0.01.

Phosphorylation of ERG in GEC leads to the activation of the endothelial gene
Delta-like 4 (DLL4)

To investigate the effects of ERG phosphorylation, we considered both molecular and
protein expression of DIl4, a well-known endothelial protein crucial for ECs
homeostasis and barrier function, and activated by ERG in HUVECs (Fish et al. 2017).
GECs were treated with VEGF (5 ng/ml) in the presence or absence of anti-VEGF Ab
(0.12 pg/ml) for 30 minutes. As showed in Figure 3 (a-c) VEGF treatment resulted in a
significant upregulation of DIl4 both at gene (Figure 3 a) and protein level (Figure 3 b,
c). On the other hand, GECs treated with anti-VEGF Ab antibody showed a significant
reduction in DII4 expression both at a gene (Figure 3 a) and protein level (Figure 3 b)
compared to GECS treated with VEGF alone.

88



DLL4
2.0+ *k *k
154
g 101
0.5-
0.0
S % )
< QQ’ C;‘v-
4@
&
‘(“‘b
&
Cc
b
Dili4
VEGF 251 . .
Ctrl  VEGF + anti-VEGF
Ab
Dll4 .

GAPDH | e e

Figure 3. Treatment with VEGF induces upregulation of DIl4 in GECs. Pre-seeded
GECs were treated with VEGF in the presence or absence of anti-VEGF antibody for 30
minutes. Following incubation, the RNA and protein were analyzed for the expression of
DIl4. Data analysis revealed a significant upregulation of DLL4 gene (a), and protein (b, c)
in cells treated with VEGF which was significantly downregulated in the presence of anti-
VEGF antibody. Data for RT-qPCR are shown as relative quantification normalized to B-
Actin housekeeping gene and to control GECs from three independent experiments.
Statistical analysis was performed using Dunnett’s multiple comparison test **p < 0.01. The
Western blot analysis (representative images and quantification) are expressed as mean *
SEM of band intensity normalized to GAPDH of three independent experiments. Statistical
analysis was performed using one way ANOVA with Bonferroni’s multiple comparison test
**p < 0.01.

89



Transfection of GEC with siRNA ERG

To investigate the role played by ERG in VEGF mediated permeability of GECs, we
downregulated the expression of ERG in ECs. Briefly, 50x10° cells/well were seeded in
a 24 well-plate (400 ul of GECs media) and treated with transfection mix (100 pl/well)
composed of: negative control siRNA or siRNA ERG (20 uM — calculated to a final
volume of 500 pl), the transfection agent HiPerfect (3.5 pl/well) and serum free media
(100 pl /well) for 72 h at 37° C. The transfection mix was incubated at room
temperature with all the components prior to adding it to the cells. Post experimental
analysis revealed a significant downregulation of ERG both at a molecular level (72 h
post transfection) (Figure 4 a), and at a protein level (6 days after transfection) (Figure 4
b, ¢) in cells transfected with siRNA ERG (ERG knock down GECs). No
downregulation of ERG was observed in cells transfected with scramble siRNA.
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Figure 4. ERG expression is downregulated after siRNA at both molecular and
protein level. GECs were treated with negative control siRNA or siRNA ERG (20 uM)
for 72h. Post incubation, RNA from the treatments was subjected to RT-gPCR analysis to
validate the silencing of ERG. (a) RT-qPCR analysis revealed a significant
downregulation of the ERG gene in GECs transfected with siRNA ERG compared to
GECs transfected with scramble siRNA (Neg ctrl siRNA). Data are shown as relative
quantification, normalized to [-actin and to control GECs of three independent
experiments. Statistical analysis was performed using Dunnett’s multiple comparison test
****p < 0.0001. Western blot analysis (representative images (b) and quantification (c))
of transfected cells cultured under normal conditions 6 days post transfection revealed a
significant downregulation of ERG protein in GECs transfected with siRNA ERG
therefore confirming the efficiency of ERG inhibition over a long period of time. Data
are expressed as mean + SEM of band intensity normalized to Vinculin from three
independent experiments. Statistical analysis was performed using Student’s T-test ****p
< 0.0001.
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Knocking down of ERG in GECs prevents DLL4 activation

To confirm the essential role of ERG in VEGF induced DII4 activation observed earlier,
the expression of DII4 was assessed in ERG deficient GECs post treatment with VEGF.
After three and six days post transfection, GECs were treated with VEGF (5 ng/ml) for
30 minutes. Following treatment, RNA and protein from the cells were isolated and
analyzed for both ERG and DII4 expression. As showed in Figure 5, GECs silenced for
ERG (Figure 5 a, d) failed to upregulate DII4 expression after VEGF stimulation both at
a molecular (Figure 5 b) and protein (Figure 5 c, f) level compared with GECs treated
with negative control siRNA, confirming a crucial role of ERG in VEGF induced

activation of DII4.
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Figure 5. ERG is essential for DIl4 activation in GECs. GECs were treated with
VEGF for 30 min three days or six days after transfection with siRNA ERG or
negative ctrl sSiRNA. Post experimental analysis revealed a significant downregulation
DLL4 (b) at a molecular level in GECs silenced for ERG (a) three days after
transfection following VEGF treatment (a). Data are shown as relative quantification,
normalized to f-actin and to control GECs of three independent experiments.
Statistical analysis was performed using unpaired Student’s t-test. ***p < 0,0001. (c)
A significant downregulation was also observed at a protein level in Dll4
(representative image and quantification) in ERG silenced GECs 6 days after
transfection following VEGF treatment. Data are expressed as mean = SEM of band
intensity normalized to GAPDH of three independent experiments. Statistical
analysis was performed using unpaired Student’s t-test. ***p < 0,0001.
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Knocking down of ERG increases VEGF induced permeability in GEC

After observing an increase in permeability in GECs following total inhibition of VEGF
with an anti-VEGF antibody, we wanted to understand if ERG had a role to play in
VEGF mediated permeability. Three days after transfection, we set a permeability assay
plating GECs in the bottom side and podocytes on the upper side of the transwell. ERG
knock down (KD) GECs or negative control siRNA were treated with or without VEGF
(5 ng/ml) for 24 hours. Following treatment, the media in the lower chamber was
replaced with fresh media supplemented with FITC-BSA (the upper chamber media was
replaced with only fresh media) and incubated for a further 6 hours. Post incubation, the
supernatant from the upper chamber was collected and analyzed in a fluorescence reader
as mentioned before. Data analysis revealed a significant increase in permeability in
GECs silenced for ERG following treatment with VEGF, compared to control GECs
(GEC:s transfected with negative ctrl sSiRNA) treated with VEGF, suggesting that ERG
may play a role in VEGF mediated permeability of GECs. In addition, the increase of
permeability is observed also in ERG KD GECs treated with VEGF respect with control
GECs (negative ctrl siRNA), indicating an interdependent role between ERG and VEGF

towards the regulation of permeability (Figure 6).
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Figure 6. Knocking down of ERG compromises VEGF mediated permeability in
GECs. 72 h post transfection with sSiRNA ERG or negative control siRNA GECs and
podocytes pre-seeded in the lower and upper part of a transwell membrane respectively
were treated with VEGF for 24h. ERG KD GECs treated with VEGF showed an increase
in permeability compared to negative control siRNA GECs. Similarly, also ERG KD
GECs treated with VEGF show an increase in permeability respect with negative ctrl
siRNA ERG treated with VEGF. Data are expressed as the mean fluorescence intensity of
filtered BSA-FITC from three independent experiments performed in triplicate. Statistical
analysis was performed using one way ANOVA with Tukeys multiple comparison test
**p < 0.01.

The role of ERG in regulating EndMT in GECs

Hyperpermeability and endothelial dysfunction are common features of Diabetic
nephropathy (DN), and one of the main causes of loss of function in DN is the
phenomenon of endothelial to mesenchymal transition (EndMT). Since ERG is
considered to be an important factor in the homeostasis of endothelial cells and our

results demonstrated that knocking down of ERG in GECs led to hyperpermeability, we
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wanted to investigate whether ERG would have a role to play in the process of EndMT.
Following transfection of GECs, we analyzed the cells both at a molecular and protein
level for the expression of well-known EndMT markers. Three days post transfection,
we observed a significant upregulation of the EndMT genes: TGF-B1, TGF-f2, a-SMA
and CNN-1 (Figure 7 a-d). Notably, an upregulation of prominent EndMT markers such
as TGF-p1, TGF-p2 and a-SMA was also observed at protein level, six days after
transfection (Figure 8a-c). Taken collectively, this data therefore suggest a significant
role of ERG in the process of EndMT in GECs.
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Figure 7 Silencing of ERG in GECs upregulates EndMT markers at a molecular
level. RT-gPCR was performed on GECs three days after transfection with negative
control siRNA or siRNA ERG. GECs treated with siRNA ERG show an upregulation of
TGF-B1 (a), TGF-B2 (b), a-SMA (c) and CNN-1 (d) compared with GECs treated with
negative control siRNA. Data are shown as relative quantification, normalized to f-Actin
and to control GECs of three independent experiments. Statistical analysis was
performed using unpaired Student’s t-test. *p < 0.05, **p < 0.01.
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Figure 8. Silencing of ERG in GECs causes a protein upregulation of EndMT
markers. Western blot analysis (representative images and quantification) revealed a
significant upregulation of TGF-B1 (a), TGF-2 (b), and a-SMA (c) in ERG KD GECs
with respect to GECs transfected with a control siRNA, six days post transfection. Data
are expressed as mean + SEM band intensity normalized to Vinculin from three
independent experiments. Statistical analysis was performed using unpaired Student’s T-
test. *p <0.05, **p <0.01, ***p < 0.0001.
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Endothelial to Mesenchymal transition in ERG Knock out mice

As EndMT was observed in GECs knocked down for ERG, we wanted to investigate
whether this process was observed in vivo in mice permanently silenced for ERG: a
Cre/LoxP strategy was used to develop a inducible EC-specific homozygous deletion of
Erg using Tie2-Cre-Ergfl/+ (Erg'Ec*%) (Birdsey et al. 2015). All animals used were
retained on a C57BL/6 background. Immunofluorescence staining revealed the
expression of the EndMT marker a-SMA only in glomeruli Erg'=¢%° mice compared to
Wild Type (WT) mice (Figure 9 a,b). In particular, whereas control mice only expressed
a-SMA in the smooth muscle cells of the peritubular arterioles, ERG KO mice
expressed a-SMA in glomeruli also, as a focal process. These data confirm the role of
ERG deletion in EndMT transition of GECs observed in vitro.
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Figure 9. a-SMA is present in glomeruli of ERG knock-out mice (Erg'¥c*°) (a,b)
Immunofluorescence staining of a-SMA (green) and CD31 (red) in glomeruli from ERG
KO mice (n=3) compared with Wild Type mice (n=3). DAPI for nuclear staining is in
blue (Original magnification: 400x). (a,b) a-SMA is expressed in the glomeruli of ERG
KO mice with respect to glomeruli of WT (in figure b, photos are magnified and a-SMA
highlighted in white squares), in which a-SMA is expressed only in endothelial
peritubular capillaries. (c) Histogram depicts the percentage of glomeruli positive for o-
SMA in ERG KO mice compared to WT mice. Data represent mean + SEM of percentage
glomeruli positive for a-SMA versus total number of glomeruli measured by counting
glomeruli from 12 images taken at random from 3 independent samples from ERG KO
and WT mice. Statistical analysis was performed using unpaired Student’s T-test *p <
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Expression of ERG is reduced in glomeruli of mice with Diabetic nephropathy

As both EndMT and hyperpermeability are considered to be hallmarks of DN, and as
our ERG knock out studies revealed an important role of ERG in regulating these
processes in GECs, we wanted to evaluate the expression of ERG in a pathological
setting such as diabetes in vivo whereby the kidney glomeruli are compromised. Briefly,
male immunodeficient NSG (Nod SCID gamma) mice 6-8 weeks old were injected
intraperitoneally with Streptozotomicin (STZ) (37 mg/kg) for 4 consecutive days and
sacrificed one month after the onset of diabetes (Grange et al. 2019). Post sacrifice,
kidneys were collected for histological, molecular and protein analysis (glomeruli from
healthy mice served as controls). The principal histological features associated with DN
that were observed in our model include: extensive mesangial expansion due to
increased extracellular matrix production (Figure 10 D). In addition, Masson’s
trichrome staining revealed increased tubular damage and collagen deposition (blue
fibers) in both glomerular and interstitial renal spaces (Figure 10 E) which are hallmarks
of interstitial fibrosis. Moreover, PAS staining showed thickening of the glomerular
basement membrane together with an increase in the Bowman’s capsule space (Fig 10
F). The above mentioned features were absent in healthy mice which served as controls
(Figure 10 A-C).
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Figure 10. Representative images of renal hematoxylin and eosin (H&E) (A, D),
Masson’s trichrome (B, E) and PAS (C, F) stained sections of healthy and diabetic
mice (magnification: 200X, 200X, 400X respectively). The principal histological
changes features associated to DN are: increased extracellular matrix production (D),
increased tubular damage and collagen deposition (blue fibers) in both glomerular and
interstitial renal spaces shown by Masson’s trichrome staining (E), and thickening of the
glomerular basement membrane together with an increase of Bowman’s capsule space
revealed by PAS staining (F). None of these features are found in healthy mice sections
(A, B, C).

Regarding the molecular analysis, a significant downregulation in the expression of
ERG gene in glomeruli of diabetic mice compared to healthy controls was observed
(Figure 11 a). On the other hand, there was an upregulation of the EndMT gene
SNAIL1 in the diabetic glomeruli compared to healthy controls (Figure 11 b).
Moreover, ERG was also found to be downregulated at a protein level in the glomeruli
of DN mice compared to healthy controls as observed by Western blot analysis,
calculated as the mean of ERG expression normalized versus total VE-cadherin of
diabetic mice experimental group (n=6) versus healthy mice experimental group (n=6)
(Figure 11 d,e). In addition, this was further confirmed via immunofluorescence
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staining of ERG in kidney tissues of diabetic and healthy mice. As shown in Figure 11
f,g ERG expression (highlighted by white circles) in the glomeruli of diabetic mice is
significantly reduced with respect to the glomeruli of control mice. These results
therefore suggest the involvement of ERG in DN, indicating ERG downregulation as a
possible marker of endothelial damage and as a partial contributor to pathological
processes such as hyperpermeability and EndMT observed in DN.
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Figure 11. (a, d, €) Molecular and protein expression of ERG in glomeruli of mice
with diabetic nephropathy is reduced compared to healthy mice’s glomeruli. (a) RT-
gPCR of glomeruli extracted from diabetic mice showed a downregulation in the ERG
gene (b) SNAIL1 molecular expression is upregulated in DN mice compared to
controls. Data are expressed as mean £ SEM of n=6 mice per treatment. Statistical
analysis was performed using unpaired Student’s t-test *p < 0.05. (c) Schematic
representation of glomeruli isolation from mouse kidney. After kidney removal from
mice, kidneys were minced into small pieces and pressed in a 100 pm cells strainer using
a syringe plunger. After three washes with PBS, the glomeruli which remain on the
strainer were collected and resuspended in RIPA buffer. (d, e) Western blot analysis
(representative images and quantification) shows a downregulation of ERG expression in
diabetic mice with respect to controls. Data are expressed as mean + SEM of band
intensity normalized to Ve-cadherin of n=6 mice per treatment. Statistical analysis was
performed using Student’s unpaired t-test. *p < 0.05. The glomeruli were extracted from
12 mice (6 diabetic and 6 controls). (f) Immunofluorescent staining of ERG (green) and
CD31 (red) shows a decreased expression of ERG in glomeruli from diabetic mice (n=3)
compared to control mice (n=3). DAPI for nuclear staining is in blue. (Original
magnification: 400x). The expression of ERG in DN mice is decreased respect with ERG
expression in healthy mice which is abundant. (g) Histogram depicting cells positive for
ERG with respect to total number of cells in the glomeruli from diabetic and control
experimental groups (n=3). Data represent mean + SEM of cells positive for ERG versus
total cells stained with DAPI measured from 12 images taken in a high-power field at
random. Statistical analysis was performed using Student’s unpaired t-test ****p <
0.0001.

Expression of ERG is reduced in the glomeruli of patients with diffuse diabetic

glomerulosclerosis (DGS)

Since we observed ERG downregulation in glomeruli of diabetic mice, we wanted to
further investigate whether ERG would be downregulated in the glomeruli of patients
with diffuse diabetic glomerulosclerosis (DGS). It consists of a gradual and inexorable
scarring of the renal glomerulus, characterized by thickening of the glomerular
basement membrane with increased permeability (Qian et al. 2008). Through
immunofluorescence staining, we found a downregulation in the expression of ERG in
the glomeruli of patients with DGS compared to healthy patients (Figure 12 a,b). ERG
downregulation in sclerotic glomeruli could further confirm the link between the
downregulation of ERG and EndMT.
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Figure 12. The expression of ERG is reduced in the glomeruli of patients with DGS
compared with healthy patients. (a) Immunofluorescence staining of ERG (green) and
CD31 (red) in a glomerulus from patients with diffuse diabetic glomerulosclerosis (n=3)
compared with one from healthy patients (n=3). DAPI for nuclear staining is in blue
(Original magnification: 400x). (b) Histogram depicting cells positive for ERG with
respect to total cells in the human glomerulus from diabetic and control experimental
groups (n=3). Data represents mean = SEM of cells positive for ERG versus cells stained
with DAPI measured from 12 images taken on a high-power field at random from 3
samples per experimental group. Statistical analysis was performed using Student’s
unpaired T-test. Statistical analysis was performed using Student’s unpaired t-test ****p
< 0.0001.
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DISCUSSION

In the current work, we report the role of the transcription factor ERG in glomerular
endothelial function in physiological and pathological conditions, both in vitro and in
vivo. We show for the first time the downregulation of ERG in the glomeruli of
kidneys from mice with diabetic nephropathy and in kidneys of patients with diffuse
diabetic glomerulosclerosis. We also reveal the functional role of ERG in the highly
specialized glomerular endothelial cells (GEC), wherein it is involved in the
regulation of VEGF induced permeability and activation of genes such as DLL4. In
particular, DLL4 has an important role in sprouting angiogenesis and switching of
endothelial cells (ECs) into migratory tip cells or proliferating stalk cells
(DLL4-NOTCH 1 signalling pathway) (Tiemeijer et al. 2018). Lastly, we also report
for the first time in literature, the regulatory role of ERG in the endothelial to
mesenchymal transition (EndMT) in GECs, through knock-down experiments in
vitro, and in vivo in a model of ERG knock-out mice.

Previous works have shown ERG to be a crucial regulator of endothelial
homeostasis, particularly influencing multiple endothelial genes and pathways as a
promoter/enhancer. For instance, Fish et al. found that the VEGF-induced activation
of MAPK through the NOTCH/VEGF/MAPK cascade, was ERG dependent.
Moreover, this transcriptional pathway was responsible for inducing DLL4 which is
one of the earliest essential ligands for endothelial specification, therefore confirming
a significant role of ERG in vascular homeostasis (Fish, Gutierrez, and Wythe 2016).
In another study, Birdsey at al. described the regulatory role of ERG in the
Wnt/B-catenin pathway which is involved in maintaining vascular stability (Birdsey
et al. 2015). They demonstrated that downregulation of ERG in HUVECs decreased
Wnt signalling by regulating transcription of both CDHS5 (Ve-cadherin) and the Wnt
receptor Frizzled-4. Moreover, they also reported that constitutive endothelial
deletion of ERG (Erg ““*°) in mice, led to embryonic lethality with vascular defects,
whereas an inducible endothelial deletion of ERG (Erg FX°) caused pathological
angiogenesis in the postnatal retina and compromised vascular stability. On the other
hand, an over-expression of ERG in vivo reduced permeability and increased stability

of VEGF-induced angiogenesis. Furthermore, ERG has also been shown to mediate
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junctional integrity and stability of ECs by binding to the promoter genes of both
endothelial adherent glycoproteins and tight junction proteins. For instance, a
significant downregulation of VE-cadherin was observed after silencing ERG gene in
HUVECs, which led to changes in cell structure, loss of cell-to-cell contact,
angiogenesis inhibition, and apoptosis ultimately compromising endothelial
permeability (Birdsey et al. 2015). In this case, apoptosis was partially rescued by the
overexpression of VE-cadherin, suggesting it could play a role in the ERG-dependent
survival signals. These results are in line with the data of the present study, showing
the essential role of ERG in glomerular endothelial cells homeostasis.

Here, we report similar findings in GECs, where treatment with VEGF led to an
increased expression of phosphorylated ERG, which was abrogated in the presence
of anti-VEGF antibody. A similar trend was also observed with DIll4, as VEGF
increased the activation of DIl4 both at a gene and protein level and was abolished in
the presence of anti-VEGF antibody, thus confirming pre-existing results (Fish et al.
2017). The role of VEGF as a key regulator of vascular permeability in the kidney is
very well known (Esser et al. 1998). VEGF-A is mainly produced by podocytes and
is required, by the adjacent GECs, to regulate permeability through paracrine
signalling, via VEGF-R2 activation (Bartlett, Jeansson, and Quaggin 2016). We
observed, after treating cells with VEGF together with the anti-VEGF antibody, an
increased permeability of GECs in a significant way. We speculate that the
anti-VEGF antibody sequestered the VEGF produced by podocytes, which were
cultured together with the GECs in the permeability assay. Indeed, ERG silencing in
GECs, exhibited a significant increase in permeability following treatment with
VEGF, compared to negative control siRNA. In addition, this effect was
VEGF-mediated, as no increase in permeability was observed in ERG silenced GECs
in the absence of VEGF; therefore, not only it was confirmed the interdependence of
ERG and VEGF, but also a regulatory role of ERG in VEGF-mediated permeability.
Hyperpermeability, together with glomerular endothelial swelling and proteinuria,
are some of the main features of several kidney pathologies, like diabetic
nephropathy (DN). Moreover, cultured GECs stimulated with high levels of glucose,
exhibit an increase in permeability (Peng et al. 2016). Taking these data into

consideration, together with our recent findings on the role of ERG in
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VEGF-mediated permeability in GECs, we decided to investigate if ERG had a role
to play in DN. Here, we were able to demonstrate for the first time in vivo, that the
expression of ERG is significantly downregulated in the glomeruli of diabetic mice
compared to healthy animals, both at molecular and protein level. In addition, this
finding was extended to the glomeruli of patients with diffuse diabetic
glomerulosclerosis, wherein ERG was found to be downregulated compared to
healthy patients. One explanation for this result could be the onset of endothelial to
mesenchymal transition (EndMT), which is commonly observed in these pathologies.
For instance, Peng et al. reported that GECs exposed to high glucose (HG) conditions
in vitro, ECs of diabetic mice kidneys, as well as ECs of patients with DN, all
underwent EndMT;, as such, typical endothelial marker CD31 was downregulated
and an increase in the mesenchymal marker a-SMA was observed. EndMT is a
gradual, reversible, and dynamic inflammatory-like process, which is correlated with
DN, resulting in hyperfiltration and albuminuria. In response to injury, ECs are
converted to mesenchymal-like-cells, losing their endothelial characteristics and also
downregulating their typical markers, like VE-cadherin, platelet/EC adhesion
molecule-1 (CD31/PECAM-1), and von Willebrand factor (vVF), and acquiring a
mesenchymal profile including markers such as N-cadherin, a-SMA, vimentin,
fibronectin among others which eventually contributes to interstitial fibrosis in DN
and other kidney diseases.

Notably, transforming growth factor f (TGF-B), a multifunctional cytokine with
pleiotropic physiological roles, is one of the most prominent EndMT inducers. The
regulation of TGF- receptor balance, between SMADI1 and SMAD3 signalling, is
crucial in maintaining ECs homeostasis. A recent study by Dufton at al., reported
that ERG could play a key role in maintaining this balance, by promoting the
SMADI pathway and repressing SMAD2/3 activity. Indeed, they revealed that a
reduction of ERG expression in HUVECs in vitro, as well as knock out of ERG in
endothelial cells in vivo in hemi-deficient (ERG *“") and inducible homozygous
deficient (ERG “X9) mice, led to spontaneous liver fibrosis, in a SMAD2/3
dependent manner (Dufton et al. 2017). Furthermore, they also observed a
correlation between loss of ERG and EndMT in tissues from patients with end-stage

liver fibrosis. These findings therefore revealed a correlation between ERG and
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EndMT at a cellular and tissue level. Based on these results, we investigated whether
GECs would undergo EndMT after ERG knock down (KD), and whether EndMT
was extended to the kidneys of ERG knockout (KO) mice. Our studies showed that,
after knocking down of ERG in GECs, a significant upregulation of well-known
mesenchymal markers such as TGF-1, TGF-2, a-SMA and CNN-1 was observed 3
days post siRNA ERG transfection at a molecular level. Interestingly, expression of
TGF-B1, TGF-f2 and a-SMA was observed at a protein level 6 days post
transfection, suggesting an essential role of ERG in regulating EndMT in GECs. In
vivo, we found an upregulation of a-SMA expression in the glomeruli of ERG
knockout (ERG E“X9) mice compared to wild type (WT) mice, therefore suggesting
spontaneous EndMT in the glomeruli in a focal and segmental pattern. In addition,
we also observed a significant upregulation of the EndMT marker SNAIL1 at a gene

level in the glomeruli of mice with diabetic nephropathy.

One of the limitations of this work is the understanding of how ERG is
downregulated in diabetic nephropathy: we observed clearly that ERG is
downregulated in the glomeruli of diabetic mice and patients but we could not study
the pathways or molecular mechanism this downregulation is achieved, due to time
constraints. Moreover, we also observed an upregulation of SNAIL1, which was
recently reported to be a prerequisite for EndMT (Kokudo et al. 2008). However, as
the upregulation of SNAILI cannot solely be attributed to a downregulation of ERG,
other pathological factors can also contribute towards EndMT, which need to be
investigated. In addition, regarding EndMT following silencing of ERG in GEC, we
found an upregulation of EndMT genes and protein such as TGF-B1, TGF-B2,
a-SMA and CNN-1 but we could not observe a downregulation of typical endothelial
markers. We speculate that, as EndMT is a transition process, endothelial genes may
require a longer period to be downregulated, as mesenchymal are manifested. As this
work is at an early stage, further studies are required to understand the complex role
of ERG in GEC both in vitro and in vivo, in physiological and pathological

environments.
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In conclusion, we elucidate for the first time the role of ERG in the homeostasis of
GEC, observing that ERG has a key role in the regulation of glomerular filtration, in
a VEGF dependent manner. In addition, we also showed how the downregulation of
ERG in vitro and in vivo, through silencing or knock-out, could contribute towards
both glomerular endothelial permeability dysfunction and the process of EndMT,
both of which are correlated in kidney diseases such as diabetic nephropathy. Indeed,
we also report a downregulation of ERG in the glomeruli of mice with DN at both
molecular and protein level. Therefore, ERG may represent a promising biomarker to
monitor glomerular endothelial pathologies and its modulation could be of interest
for glomeruli related pathologies. Nonetheless, further work is required to understand

the regulatory function of ERG in DN and the pathways it mediates.
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