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Résumé

L’angiogenése est définie comme la formation de nouveaux capillaires a partir des
vaisseaux sanguins pré-existants. Elle contribue a I’extension du réseau vasculaire et
assure ainsi 1’efficacité des échanges gazeux et du transport des cellules, nutriments,
métabolites et molécules de signalisation vers les tissus. L’angiogenése par
bourgeonnement passe par la spécification d’une cellule endothéliale en cellule meneuse
et la formation d’un réseau de cellules suiveuses a la base du bourgeon vasculaire. Toute
perturbation de ce mode de néovascularisation génere des vaisseaux fortement tortueux,
immatures et non-étanches qui soit affectent les fonctions physiologiques des organes en
causant ainsi des pathologies potentiellement fatales, ou accélérent la progression des
conditions telles que le cancer. Dans 1’oeil, 1’angiogenése pathologique des vaisseaux
choroidiens et rétiniens cause une perte de la vue. Particulicrement, la dégénérescence
maculaire liée a 1’dge (DMLA) de type néovasculaire, une maladie oculaire caractérisée
par le bourgeonnement anormal de la choroide dans I’espace sous-rétinien, représente la
cause majeure de cécité au sein des populations des pays industrialisés. Les thérapies
conventionnelles contre la DMLA humide reposent sur 1'usage des médicaments qui
ciblent la signalisation du facteur de croissance de I’endothélium vasculaire (VEGF).
Bien que démontrant des résultats cliniques, ces traitements anti-VEGFs sont invasifs et
présentent multiples effets secondaires. Par ailleurs, ils n’induisent aucun effet chez une
portion des patients traités. De ces faits, il existe présentement un grand besoin de
thérapies alternatives aux anti-VEGFs. De fagon intéressante, la protéine de
morphogénese osseuse 9 (BMP9), qui active son récepteur “activin receptor-like kinase
1” (ALK1), régule I’angiogenéese développementale des vaisseaux rétiniens de I’oeil de la
souris. Par ailleurs, les mutations au sein du BMP9, de son récepteur ALK1 ou de ses
intermédiaires de signalisation sont associées a la morphogénése anormale des vaisseaux
qui contribue ultimement a la pathogénese de diverses maladies néovasculaires. De fagon
additionnelle, le récepteur ALK1 au BMP9 est restreint a la cellule endothéliale;
contrairement a ceux des ligands angiogéniques tels que le VEGF, exprimés par une
diversité de cellules. Par ailleurs, au sein de cette cellule, le BMP9 contribue a la

régulation des phénotypes meneur et suiveur qui sont induits par le VEGF et requis pour



le déroulement de 1’angiogenése par bourgeonnement. De ces faits qui précedent, nous
avons émis 1’hypothése du réle du BMP9 dans la régulation de la néovascularisation
pathologique relative a la DMLA humide. Ainsi, les travaux de la présente thése
déterminent spécifiquement 1’effet du BMP9 sur 1’angiogenése pathologique a I’aide des
modeles oculaires pertinents a la DMLA humide et examine aussi sa base mécanistique.
Les travaux de cette thése démontrent I’effet anti-angiogénique du BMP9 sous les
conditions expérimentales de néovascularisation choroidienne induite au laser (CNV) et
de rétinopathie induite par I’oxygeéne (OIR). Ils montrent aussi les effets régulateurs de la
signalisation du BMP9 sur les voies de signalisation endothéliales du VEGF et de Notch,
respectivement de fagon dépendante de VEGFRI1 et de JAG1. En somme, les présentes
¢tudes démontrent les effets anti-angiogéniques du BMP9 sur la néovascularisation
pathologique relative a la DMLA humide et identifient les facteurs moléculaires qui

contribuent a son action inhibitrice du bourgeonnement vasculaire induit par le VEGF.

Mots-clés: BMP9, ALK, angiogenese, VEGF, Notch, VEGFRI1.



Abstract

Angiogenesis is defined as the formation of new capillaries from existing blood
vessels. It extends the vasculature and thereby sustains the efficient exchange of gases
and transport of cells, nutrients, metabolites and signalling molecules to tissues.
Sprouting angiogenesis proceeds through the selective specification of an endothelial cell
into a leading tip cell and the formation of stalk cells at the base of the sprout. A
disturbance in this modality of neovascularisation leads to highly tortuous, immature and
leaky vessels that either impair the physiological functions of organs, thereby causing
life-threatening diseases, or accelerate the progression of conditions such as cancer. In the
eye, the pathological angiogenesis of choroidal and retinal vessels specifically results in
vision loss. Particularly, the neovascular form of the age-related macular degeneration
(AMD), an ocular disease characterized by the abnormal sprouting of the choroidal
network into the subretinal space, represents the leading cause of blindness in populations
of industrialized countries. Conventional therapies against wet AMD are based on drugs
that target the signaling of the vascular endothelium growth factor (VEGF). Despite their
clinical achievements, the anti-VEGFs treatments are invasive and show multiple adverse
effects. Moreover, they are not effective in a portion of treated patients. Thus, there
currently is a substantial need of therapy alternatives to anti-VEGFs. Interestingly, the
bone morphogenetic protein 9 (BMP9), that activates its activin receptor-like kinase 1
(ALK1) transducer, regulates the developmental angiogenesis of the mouse eye retina
vasculature. Moreover, mutations in BMP9, its receptor ALK1 or its signaling mediators
correlate with the abnormal vessel morphogenesis that ultimately drives the pathogenesis
of various neovascular diseases. Additionally, the BMP9-specific receptor ALK1 is
restricted to endothelial cells; in contrast to those of neovascularisation-inducing ligands
such as VEGF, expressed by a range of cells. Particularly within these cells, BMP9
contributes to regulate the VEGF-induced tip/stalk phenotypes required for sprouting
angiogenesis. Given the aforementioned, we hypothesized the role of BMP9 in regulating
the pathological angiogenesis associated with wet AMD. Thus, the studies from the
current thesis specifically determine the effect of BMP9 on pathological NV using ocular

models relevant to AMD and further investigate its mechanical basis. The current work



demonstrates the antiangiogenic effects of BMP9 under experimentally induced oxygen-
induced retinopathy (OIR) and laser-induced choroid neovascularisation (CNV)
conditions. Moreover, this thesis shows the regulatory effects of BMP9 signaling on the
VEGEF and Notch endothelial pathways, respectively in VEGFR1 and JAG1 -dependent
manners. Collectively, the current studies demonstrate the anti-angiogenic effects of
BMP9 on pathological NV associated with wet AMD and identify the molecular players

that mediate its inhibitory action on VEGF-mediated sprouting.
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CHAPTER I - Introduction

1. Physiological neovascularisation

1.1. Definitions

Angiogenesis is defined as the formation of new capillaries from existing blood
vessels [1]. Angiogenesis differs from embryonic vasculogenesis where endothelial
precursors, the angioblasts, derive from multipotent mesodermal cells and further
differentiate into a primitive capillary network [2]-[7] (Fig.1). In most developmental and
physiological conditions, angiogenesis occurs via vessel sprouting where tip endothelial
cells (ECs), migrating from pre-existing vessels, are followed by proliferative ECs to
create new branches and thereby extend the vasculature [3], [8], [9]. Angiogenesis can
also proceed through intussusception, in which pre-existing vessels split to expand the
vasculature [10], [11]. Other angiogenesis modalities that characterize cancer include
vessel co-option or vascular mimicry whereby tumor cells can either incorporate the
surrounding vasculature, line pre-existing vessels or generate tumor endothelium from
putative cancer stem-like cells [10], [11]. Ultimately, the newly established sprout
capillaries should allow an efficient perfusion and a supply of tissues in nutrients and
oxygen while clearing metabolic waste products. Thus, following a correctly tuned
sprouting angiogenesis, the new branches undergo extension, acquisition of a lumen,
interconnecting anastomosis and maturation. The maturation steps of neovascularisation
consist of recruitment of mural cells [12]-[16], strengthening of cell—cell junctions [17],

pruning of excessive vessels [18], deposition of a basement membrane and formation of a
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lumen [19]. Subsequently in adults, angiogenesis of the predominantly quiescent
vasculature enables the establishment of vascular networks that contribute to
physiological or pathological responses under biological, injury or illness conditions [20].
Such processes include fetal growth, wound healing and tissue repair, menstrual cycle,

cancer, ischemia and various inflammatory diseases [20]—[23].

Angiogenesis consists of multiple cellular responses that are spatially and
temporally regulated by growth factors and microenvironmental cues [24]-[26]. These
responses can be grouped in three main stages. First, angiogenic stimuli cause an increase
in vessel permeability, subsequent to the mural cell detachment, and proliferation of
endothelial cell (EC) [27]. Second, the proteolysis of the basement membrane and
matricellular components promotes the stroma invasion of the neighboring tissue by the
migratory EC [25], [28] and the elongation of the new capillary sprout. Third, migrated
ECs trigger the lumen formation in the sprout multicellular structure to form the capillary
channel. Finally, the capillary is stabilized through the formation of the basement

membrane and the establishment of adherens junctions.
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Fig.1 Primitive formation of blood vessels

Arterial and venous endothelial cells result from the differentiation of endothelial
progenitors and form the primitive capillary plexus (vasculogenesis). New vessels sprout
from this network (sprouting angiogenesis) and mature after SMC recruitment.
Hematopoietic stem cell-derived leukocytes and platelets indirectly contribute to

angiogenesis. Adapted from Carmeliet, 2003.
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1.2. Histology of the vascular system

The vasculature of higher organisms is a closed circulatory system of arteries,
veins and interconnecting capillaries that transports gases, nutrients, metabolites, cells
and signalling molecules to tissues [2]. Arteries and arterioles allow the blood to flow
from the heart to the organs, whereas veins and venules drain back the peripheral blood to
the heart. Capillary beds, arterioles and venules constitute the microvasculature sites

where metabolic exchange and most intercellular communication occur [29], [30].

Histologically, large arteries and veins are characterized by a lining of ECs, a basement
membrane (BM), extra-cellular matrix (ECM) proteins and layers of mural cells. These
components are organised to limit or connect the intima, the media and the adventitia

vascular layers [2], [29]-[31].
The tunica intima

The intima is the innermost layer of blood vessels. It consists of a BM lined by
endothelial cells on the apical side of the vessel [29]. The BM contains collagens,
laminins and the platelet-recruiting von Willebrand factor [32]-[34]; whereas ECs exhibit
distinct organ-specific molecular and functional properties that give rise to substantial
heterogeneity in the vascular network [2], [29], [35]-[42]. These EC properties are linked
to cell-intrinsic developmental pathways and transcriptional programs [42]-[46] that are
regulated by microenvironment signals, such as growth factors [45], [47]-[50],
mechanical forces [44], [51]-[54], metabolic stimuli [55]-[60], cell-matrix and cell—cell

interactions [2]. Thus, the endothelium made by ECs constitutes a continuous, fenestrated
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or discontinued layer that differentially contributes to the normal development and
function of vessels and various organs. For instance, ECs from the endothelium assume
organ-dependent functions such as protection [61], preferential metabolite absorption
including the transendothelial transport at the blood—brain barrier (BBB) [43], [62]-[67],
endocytic clearance, size and charge selective filtration [42], homing and entry of

immune cells [68]-[70].
The tunica media

The media is the thickest layer of arteries and mainly consists of the differentiated
mesenchymal mural cells such as the vascular smooth muscle cells (VSMC) [71], [72],
the pericytes in capillaries [29], [73], [74] and hepatic stellate cells. The mural cells
interact and interplay with ECs during angiogenesis processes [11], [75]. VSMCs are
concentrically organized in multilayers attached to elastic lamellae through dense plaques
of focal adhesion complexes in large vessels, or a loosely dispersed monolayer within the
ECM in small vessels [2], [73], [76], [77]. They are essential for tone of vessels, as well
as blood pressure regulation in large arteries [2], [62], [63]. Pericytes wrap capillaries and
venules, make contacts with the endothelium and regulate the stability of vessels and the
formation of vascular barriers such as BBB [2]. The media of elastic arteries is
particularly enriched with ECM elastin and connecting fibrillins that mechanically
support their conduction of blood influx and proliferation of VSMCs [78]-[82].
Moreover, the media in muscular arteries particularly characterized by concentric sheets

of VSMC:s that contribute to their sphincter function [29], [76], [77], [83].
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The tunica adventitia

The adventitia is the most external layer of vessels and specifically thick in veins. It is a
fibroelastic layer, at the junction of vessels and the surrounding connective tissues,

characterized by the self-perfusing capillary network called vasa vasorum [29].
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1.3. Sprout-specific tip and stalk cells

Sprouting angiogenesis mainly proceeds through dynamic vessel extensions
called sprouts. These are microvascular structures formed by an endothelial tip cell
leading a group of following endothelial stalk cells. In addition to the phalanx phenotype
of quiescent EC cells, EC plasticity implies the pivotal but transient tip and stalk
phenotypes that contribute to the fine tuning of angiogenesis [84]. All three EC subtypes
interact during capillary sprouting [85]. Tip cells are specialized migratory endothelial
cells characterized by filopodial protrusions and directed by extracellular guidance
signals [12] (Fig.2). During angiogenesis initiation, the vascular endothelial growth factor
(VEGF) gradients trigger the downstream activation of ETS factors that induce the
membrane-bound Delta-like ligand (DLL) 4, a tip cell marker [19]. Furthermore, DLL4
expression in tip cells mediates the transactivation of Notch and expression of Notch
targets in adjacent stalk cells. The adequate ratio between these tip and stalk cells is
required for the regulation of sprouting and branching patterns [86]-[89]. It is controlled
by the interplay between DLL4-Notch signaling and the VEGF pathway; at the level of
crosstalks that regulate and dynamically re-evaluate the tip/stalk specification between

adjacent ECs during sprouting [90]-[92].
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1.4. Regulation of angiogenesis

During angiogenesis, ECs are exposed to cues that regulate vessel formation.
These are molecules that specifically mediate processes such as the basal membrane
disintegration, EC differentiation, cell-cell junction dynamics, migration, proliferation,
apoptosis, anastomosis, lumen formation and mural cell recruitment (Fig.2). These
processes can be grouped in angiogenesis stages that are characterized by various
molecular markers. First, angiogenic factors such as VEGF or fibroblast growth factor
(FGF) bind to EC receptors and activate angiogenic cascades [93], [94]. Matrix metallo-
proteinases (MMP) and urokinase-type plasminogen activator receptor (uPAR) degrade
the basement membrane and the ECM. This enables the formation and elongation of
sprouts via the migration and proliferation of ECs. Tube formation and remodeling follow
upon the mediation by regulators such as integrins. Finally, factors such as the
transforming growth factor (TGF)-f and Angiopoietin (ANG)-1 mediate vessel

maturation that involves pericytes and smooth muscle cells [95]-[100].

The state of the balance between the regulators of angiogenesis determines its
progression [101]-[103]. Thus, angiogenic regulators could be manipulated clinically to
treat conditions such as ocular angiogenesis [104], hemangiomas [105], tumor growth
and metastasis [106]-[109], psoriasis [110], rtheumatoid arthritis [111], atherosclerosis
[112], ischemia [113], or in wound healing and reconstructive surgery [114]. Overall,

angiogenesis mediators comprise signaling inducers or inhibitors involved in complex
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angiogenic cascades, as well as proteolytic enzymes lysing extracellular matrix

components [22], [23], [101].

24



1.4.1. Proteolytic enzymes

Proteolytic enzymes comprise the MMPs and plasminogen activator (PA) system
[28], [115]-[117]. MMPs are extracellular or membrane-bound molecules that target
different substrates such as collagen, gelatin, laminin, fibronectin, proteoglycans and pro-
MMPs. Moreover, the cooperative activity of MMPs and PA system is required in the

proteolysis of the basement membrane and matricellular components [25].
1.4.2. Angiogenesis inducers

The VEGF group of proteins are members of the Platelet-derived growth factor
(PDGF) family that constitute key inducers of angiogenesis, along with the FGF family
members [93]. They regulate EC proliferation, migration, survival and differentiation
[21], [25], [118]-[120]. Other mediators recruited by these agonists include molecules
such as ANG-1, TGF-B, hepatocyte growth factor/scatter factor (HGF/SF), tumor
necrosis factor-alpha (TNFa), interleukin-1/8, angiogenin, ephrins, integrins and

cyclooxygenase-2 (COX-2) [110], [121]-[123].
1.4.3. Angiogenesis inhibitors

Various cells such as platelet or mesenchymal cells inhibit EC
proliferation/migration, induce their apoptosis, inhibit blood vessel maturation or counter
MMPs or uPA activity. They contribute to the modulation of angiogenesis along with
antiangiogenic factors. The antiangiogenic molecules include thrombospondin-1/2 (TSP-
1/2), angiostatin/kringle 5 (plasminogen fragment), endostatin (collagen XVIII fragment),

vasostatin (calreticulin fragment), tumstatin, platelet factor-4 (PF4), antiangiogenic

25



antithrombin III, prolactin 16-kD fragment, fragment of SPARC, 2-methoxyestradiol,
tissue inhibitors of metalloproteinase (TIMPs), interferon-alpha/beta/gamma (IFN o/B/y),

interleukin-12 (IL-12), IP-10, ANG-2 [99], [100], [124]-[129].
1.4.4. Guidance signals in angiogenesis

Similarly to the exploration of surroundings by axonal growth cones, tip cells
sense guidance cues that include molecules such as Ephrins, Semaphorins (SEMA), Slits
and Netrins. These guidance proteins are evolutionarily conserved between ECs and
axons or shared in the instance of VEGF. Moreover, migrating ECs express axon-specific
guidance receptors. These include Neuropilins (NRP), Plexins and EPH receptors binding
SEMA and/or Ephrins; the ROBO4 specific to Slit proteins; and uncoordinated (UNC)5B
for Netrin proteins. Most ligands of the guidance system are transmembrane proteins that
generally regulate cell-cell dependent vessel morphogenesis or segregation patterning.
Moreover, their ligand-receptor complex can generate a bidirectional signaling. For
instance, the interaction between EPH receptors and Ephrins generates forward and
reverse signaling respectively in EPHB4- and EphrinB2- expressing cells. During
angiogenesis, the reverse signaling of guidance molecules such as Ephrin-B2 induces
filopodia extension in tip-cells through a VEGF receptor (VEGFR)-2 internalization
mechanism or promote the recruitment of mural cells and bone-marrow-derived
endothelial progenitor cells. During vasculogenesis, the segregation pattern of arterial and
venous territories results from repulsive actions of respective Ephrin-B2 and EPHB4. In
tumours, the EPHB4 receptor has prevailingly a pro-angiogenic effect that correlates
directly with its upregulation. Guidance molecules such as EPH-A2 and Ephrin-Al

contribute to vessel growth and tumor resistance to anti-VEGFs. Ephrin-A1l increases in
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tumors during treatment with VEGF blockers. Moreover, most SEMA are repulsive cues
and show antiangiogenic activity. These include SEMA3-A, B, D, E, F and SEMA4A that
inhibit tumour angiogenesis. In contrast, SEMA3C and SEMA4D favor tumour
angiogenesis. Overall, the guidance system contributes to refining the formation of
vessels during angiogenesis. In fact, the loss of cues or their receptors results in the
inhibition of vascularisation due to defective VEGF signaling or erroneous navigation as

observed in mice and embryos deficient in regulators such as PLXN-D1 or NRP-1.
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Fig.2 Regulators of activation and maturation phases of sprouting angiogenesis

Signaling molecules and their receptors contribute to angiogenesis by inducing changes
on the perivascular cells, the basement membrane, the extracellular matrix (ECM) and
endothelial cells during the activation and maturation phases. The elongating sprout

consists of a migratory tip cell leading proliferative stalk cells. Adapted from David et al,

2009.
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. VEGF in sprouting angiogenesis

2.1. VEGF expression

VEGF represents a hallmark of angiogenesis and vasculogenesis as it plays a
critical role in these processes [25]. For instance, the expression of VEGF and its
receptors (VEGFRs) is important during foetal development as their inactivation in a
knockout mouse model results in vasculogenesis defects at early stages of development
and embryo death [94]. Moreover, the paracrine VEGF-A expressed by Muller cells,
retina glial cells (RGC) and reactive astrocytes is the main sprouting clue for vessel in the

retina and the choroid [130]-[133].

VEGEF is normally synthesized in response to local hypoxia that originates from
vascular compression or ischemia. In fact, hypoxia causes oxidative stress, by increasing
mitochondrial superoxide production, and stimulates the hypoxia-inducible factor (HIF)-
la. HIF-1a binds to its response element (HRE) within the VEGF promoter and induces

VEGEF expression [25].

VEGF can also be expressed in well-oxygenated and non-ischemic endothelium
in growing collaterals. Thus, ischemia is not a VEGF stimulus during arteriogenesis.
Under these conditions, factors such as mechanical forces (shear stress and cell stretch)
stimulate VEGF synthesis. The steep pressure gradient between pre- and post-occlusive
regions in arteries can lead to increased pulsatile fluid shear stress (FSS), expression of
all nitric oxide (NO) synthase (NOS) isoforms, production of NO and induction of VEGF

and monocyte chemoattractant protein 1 (MCP-1) in SMCs, monocytes or T-cells. These
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events result in the proliferation of endothelial and VSMCs and thereafter lead to the
outward remodeling of pre-existent inter-connecting arterioles in collateral vessels

following an arterial occlusion [134].

Additionally, a variety of stimuli may regulate VEGF expression. These include
tumor promoters, transformation, P53 mutation, growth factors, hormones and
inflammatory mediators. For instance, VEGF expression can be regulated positively by
oncoproteins such as Ras and negatively by tumor suppressors such as von Hippel-
Lindau (VHL) [135]. Moreover, VEGF expression can be induced by the
cyclooxygenase-2 (COX-2)-increased prostaglandin (PG)-E2, estrogens, thyroid-

stimulating hormone (TSH), IL-1 and TGF-B [25], [136].
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2.2. VEGF subfamily and biological effects

VEGFs represent a subfamily of proteins that belong to the PDGF-like proteins, a
family that displays a motif of conserved cystine knot core with backbone loops between
successive cystine residues [137]. VEGFs contain a homology domain of eight
characteristically spaced cysteines. Despite of their common domain, VEGFs have
different physical and biological properties. Thus, they selectively bind VEGFRs as well
as the SEMA-specific NRPs and, thereby, differentially regulate various cell responses
including angiogenesis [138]-[146] (Fig.3). The VEGF subfamily consists of seven
members that include VEGF -A, -B, -C, -D, -E, -F and the placenta growth factor (PIGF)

[138], [147].

VEGF-A expression and level are crucial during embryonic development as well
as physiological and pathological conditions. In fact, homozygous and heterozygous
VEGF-A knockout mice die on embryonic days E8—E9 and E11-E12 respectively, during
embryogenesis [138], [147], [148]. VEGF-A regulates vascularisation in a variety of
conditions including embryogenesis, corpus luteum formation, tumor growth, wound
healing and compensatory angiogenesis in the heart [148]. However, its overexpression
results in large, dilated and leaky vessels [149]-[151]. VEGF-A mainly binds to VEGFR-
1 and VEGFR-2, as well as NRP-1 and NRP-2 [139]. It induces several angiogenic
processes including proliferation, sprouting, migration and tube formation); as well as EC
survival via the activation of phosphatidyl-inositol-3 kinase and BCL-2 anti-apoptotic

pathways [141]-[145], [148]. Moreover, VEGF-A was discovered as the vascular
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permeability factor secreted by carcinoma cell lines where it mediates the extravasation
of fluid and plasma proteins, including fibrin, that might also contribute to the enhanced
migration of ECs in extracellular matrix [152]. Additionally, VEGF-A causes
vasodilatation through the induction of endothelial (¢)-NOS and increase of NO
production [153]. VEGF enhances the permeability of skin blood vessels and also
stimulates the production of ascites [152], probably via cGMP-mediated increase of
vesico-vascular organelles, fenestrations and transcellular gaps, following VEGFR2-

induced and NO-mediated activation of guanylyl cyclase (GC) [148].

At least six different isoforms of VEGF-A polypeptides of different sizes (121, 145, 165,
183, 189 and 206 amino acids) are known to exist. VEGF-A isoforms also have distinct
but overlapping functions in angiogenesis due to their differential binding to heparan
sulphate and NRPs [138], [147], [148]. For instance, VEGF-A121 does not bind to
heparin or extracellular matrix while VEGF-A165 has moderate heparin binding ability.
Knockout studies in mice have suggested VEGF165 as the isoform responsible for most
VEGF-A effects. VEGF-A145 also contains a heparin binding domain and elements that
enable the binding of VEGF-A145 to the extracellular matrix. VEGF-A189 and VEGF-
A206 bind heparin more strongly and are sequestered both in the extracellular matrix and
at the cell surface. These two isoforms are probably less active than either VEGF-A121
or VEGF-A165 in vivo. Only three VEGF-A splice forms are soluble and include VEGF-
Al121, VEGF-A145, and VEGF-A165 while the VEGF-A183, VEGF-A189 and VEGF-
A206 are the matrix bound forms. With exception of the placental VEGF-A 145 and 206,
the VEGF-A isoforms can be simultaneously expressed by various VEGF producing cell

[138], [147], [148].
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Finally, aside from ECs, VEGF-A also has effects on other cell types. VEGF-A is
mitogenic for retinal pigment epithelium (RPE) and Schwann cells; and a neuro-
protective factor for hypoxic motor neurons that can regulate amyotrophic lateral
sclerosis [144], [148]. Its role has been reported during vascular smooth muscle cell
(VSMC) proliferation and migration [145]. VEGF-A hematopoietic effects have also been
reported. It induces colony formation of mature granulocyte-macrophage progenitor cells,
regulates hematopoietic stem cell survival via an autocrine mechanism and promotes
monocyte chemotaxis [146]. It also induces procoagulant activity in ECs and monocytes

via its stimulation of coagulation factor [148], [154].

PIGFs were first identified in placenta and have later been found to be expressed
in the heart and lungs [148]. The PIGF gene encodes four PIGF1-4 isoforms [155], [156].
Unlike PIGF -2 and -4, PIGF -1 and -3 lack heparin-binding domains and represent two
diffusible isoforms. Additionally, their carboxy termini also lack the NRP1/2-binding
insert of 21 basic amino acids [148], [156]. In general, PIGFs have direct amplifying
effects on EC VEGF signaling and angiogenesis via the induction of their own signaling
or the increase of VEGF availability [157]-[160]. More specifically, they either activate
VEGFRI [155] to transphosphorylate VEGFR2, bind VEGFRs to signal through them,
heterodimerize with VEGF-A to bind VEGFR1/VEGFR2, or simply displace the trapped
VEGF-A from VEGFR-1 to increase its availability for VEGFR2 [159]. For instance,
PIGF2 has been reported to induce angiogenesis through VEGFRI1-dependent
mechanisms; whereas overexpression of soluble VEGFRs 1 and 2 inhibited its effects

[148], [158], [160], [161].
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VEGF-B gene promoter, similarly to VEGF-A, also contains binding sites for SP1
and AP-2 transcription factors. But in contrast to the latter, it contains no site for HIF-1
[162]. Therefore hypoxia does not appear to induce VEGF-B expression [148]. Its two
isoforms are the abundantly expressed heparin-binding VEGF-Bi¢7 and the diffusible
VEGF-Bigs. VEGF-B can bind VEGFR-1 and NRP-1 or heterodimerizes with VEGF-A
but doesn’t bind VEGFR -2 or -3 [138], [148], [163]. VEGF-B precise function in
angiogenesis is not well-known despite few reports on its weak role in coronary collateral

formation and inflammatory angiogenesis in arthritis [149], [151], [164], [165].

The VEGF-C proteolytic activation in the extracellular space by proteases
generates a homodimeric protein with high affinity for both VEGFR-2 and VEGFR-3
respectively in blood vessel permeability or angiogenesis and lymphangiogenesis [149],
[151], [166]-[168]. In adults, it has a limited expression in organs such as the heart, small
intestine, placenta, ovary and the thyroid gland and can induce mitogenesis, migration

and survival of ECs [148].

VEGF-D gene expresses a glycoprotein with half homology to VEGF-C, later
processed at N- and C- terminal ends. It has been proposed to have similar affinities and
functions as VEGF-C as it binds to VEGFR2/3 [168] with roles in vitro, in vivo or tumor
angiogenesis [145], [149], [169]; while it is suggested to be dispensable or redundant in

lymphangiogenesis [170]-[172].

VEGF-E originates from the sheep and goat infecting parapox/orf virus [173]. Its
variants depend on the virus strain and specifically bind to VEGFR-2 and NRP-1. They
induce EC mitogenesis, vascular permeability and a strong angiogenic response [148],

[174], [175].
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VEGF-F is of snake (viper) venom origin and has 50% homology with VEGF-A
165 [176]. It has two isoforms, Vammin and VR-1, that respectively have 110 and 109
residues and specifically bind to VEGFR2 [177]. VEGF-F C-terminal end has a heparin-

binding region and a peptide that selectively blocks VEGF-A165 activity [178].
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2.3. VEGF receptors

VEGFs act through structurally related VEGF receptors (VEGFRs) on ECs and
various types of cells (Fig.3). In amphibians and mammals, three full-length receptors
VEGFRI1-3 and a soluble (s) VEGFR-1/Fms-like tyrosine kinase (FLT)1 are encoded by
three VEGFR genes that regulate blood and lymph vessel formation [179]; in contrast to
the single VEGFR homolog from invertebrates [180], [181]. These FLT family receptors
share 7-Immunoglobulin (Ig)-like domains in the extracellular region and a kinase insert
in the middle of the kinase domain. Unlike their related 5 Ig-type PDGFR receptors,
VEGFR kinase inserts domains do not have tyrosine-X-X-methionine recognition motif
for the binding of its phosphorylated protein to the phosphatidylinositol 3 kinase (PI3K)
SH2 domain [182], [183]. Therefore, VEGF stimulation doesn’t usually highly activate

PI3K-Akt and Ras pathways in comparison to PDGF [181].

VEGFR2, also termed Kinase-insert domain receptor (KDR) or Fetal liver kinase
(FLK)-1, is a specific tyrosine kinase receptor and the main transducer of VEGF
signaling in ECs [184]. It binds to VEGF-A, -C and —D to induce EC proliferation,
migration and vasodilatation. VEGFR2-mediated migration of EC might be integrin-

dependent, as it forms a complex with integrin avf3 upon binding VEGF-A [148], [185].

Aside from ECs, other cells also express VEGFR2. These include circulating endothelial
progenitor cells, pancreatic duct cells, retinal progenitor cells and megakaryocytes [148].
Through its consensus sites, ETS-1 has been shown to be essential in the transcription of

VEGFR2 in cooperation with HIF2a [186]—-[188].
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VEGFRI, also known as FLT-1, binds VEGF-A with higher affinity than
VEGFR?2, as well as VEGF-B and PIGF [181], [189]-[192]. VEGF and PIGF trapping by
VEGFR1 and sVEGFRI1 negatively regulates angiogenesis. For instance, sVEGFRI1
maintains the cornea avascularity in the eye, forms a trophoblastic barrier against the
abnormal fusion of foetal umbilical capillaries and maternal vessels, induces
preeclampsia symptoms such as hypertension and proteinuria, by preventing
vasodilatation and scavenging VEGF [181], [193]-[197]. Moreover, FLT-1 TK-deficient
(FTK”") mice are healthy with normal angiogenesis. However, VEGFR-1 only transmits
weak mitogenic signals in ECs and complexes with the highly signaling VEGFR-2 [198].
Additionally, VEGF-induced signaling of FLT1 TK is involved in tumour growth,
metastasis, chronic arthritis, bone marrow formation and neuron physiology [148], [199]-

[203].

VEGFR-3, also known as FLT4, mediates lymphangiogenesis upon binding to its

ligands VEGF -C and —D and becomes restricted to lymphatic ECs in adults [148], [204].

NRP -1 and -2, two receptors of class 3 repulsive SEMA3 and VEGF coreceptors,
have roles in angiogenesis [205]-[207], but also in neuronal development and immune
system [181], [208]. NRP-1 recognizes VEGF-A165, VEGF-B and PIGF whereas NRP-
2 is specific to VEGF-A165, VEGF- C and PIGF [2], [206]. During angiogenesis, the
NRP-1 co-receptor form complexes with VEGFR-1 and thereby potentiates the
interaction of free VEGF with VEGFR-2; as shown by its overexpression in chimeric
mice that resulted in excessive capillaries and blood vessels formation, hemorrhages and

cardiac malformations [181].
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VEGEF receptors are shown with their binding ligands (top) and interacting co-receptors

(side). Adapted from Patel-Hett and D’ Amore, 2011.
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2.4. VEGF signaling
2.4.1. VEGF activity and pathways

Most of VEGF angiogenic effects result from VEGFR2. Upon ligand binding,
VEGFR2  dimerizes, changes conformation and becomes activated by
autophosphorylation on tyrosine residues. Phosphorylation of VEGFR2 leads to the
recruitment of adaptors such as SHB and the activation of mediators involved in several
downstream signaling pathways, mostly the Ca®'-rheum-cRaf-MEK-MAPK1/3
phosphorylation cascade [25]. Aside from MAPK, activated effectors include PLC-y
producing the signaling diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) for
Protein Kinase (PK) C activation; Phosphatidylinositol 3-kinase (PI3K) that regulates the
PIP3-mediated activation of Aktl/PKB; and Src that regulates PTK2/FAK1 [182]. These
effectors often lead to the induction of targets genes involved in the reorganisation of

Actin, survival, migration and proliferation of ECs (Fig.4).

39



VEGFR-2

0 0

P
Endothelial — Tyr 951 TsAd
cell motility {_‘_"',”. ~y
| ,-]L _] _} Vascular
Endothelial __ — permeability

cell motility 1
O Hr 18?9; Endothelial

F cell migration
m.::wr |Tyr 1175—
~Tyr 12)48
Endnthulinl

cell migration l

! !
@ G @
Epnrdulljlltf:?a:;:a: Endnlllullal Erli:lthellﬂl

migration l cell survival cell migration

g

-0
@

End:rthallal cell Vascular
proliferation permeability

Fig.4 The VEGFR2 signaling cascade and its biological effects
The VEGFR2 receptor is represented with its phosphorylations sites (Tyr951, Tyr1054,

Tyr1059, Tyr1175 and Tyr1214), binding proteins (green), downstream effectors (purple),
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2.4.2 Regulation of VEGF signaling

In addition to VEGF synthesis that modulates its bioavailability upstream of
signaling, the downstream regulation of VEGF activity could be achieved at various
levels such as receptors or mediators of its pathways. The fine downregulation of the
VEGF signaling and associated pathways is necessary to establish a mature vessel
network matching the tissue requirements. For instance, VEGFR1 negative role in VEGF
signaling has generally been suggested to suppress proangiogenic signals in the early
embryo [25]. Fong et al. observed that VEGFR1-null mutant mice die at embryonic stage
E-8.5-9.0 due to the overgrowth and disorganization of blood vessels. Hiratsuka et al.
also investigated whether the negative role of VEGFRI involves the ligand-binding
domain. Knock-out mice lacking the tyrosine kinase domain of VEGFR1 were basically
healthy with nearly normal blood vessels but showed a defect in the migration of
macrophages toward VEGF-A. Their results indicate that the ligand-binding and
transmembrane domains of VEGFR1 are required together for a suppressive effect on
angiogenesis during embryogenesis. However, in contrast to its negative role during
embryogenesis, a positive role of VEGFR1 has been described in tumor growth,
metastasis and inflammation. On the one hand, the tumor growth rate is rescued in
VEGFRI1 tyrosine kinase (TK) '~ mice in comparison to wildtype; on the other hand, this
rate is oppositely affected by the overexpression of PIGF, a VEGFR1-specific ligand
[209]. Moreover, some VEGF-induced proteins including HLX (H2.0-like homeobox)
negatively regulate the sprouting of endothelial cells under normoxic conditions by
balancing attractive with repulsive vessel guidance through the up-regulation of cues

such as UNC5B [210].
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3. VEGTF and Notch cooperation during sprouting angiogenesis

3.1. Notch signaling and biological responses

The first relevant role of Notch signaling has been reported during embryonic
vascularisation where it contributes to the arterial specification [211]. The Notch pathway
is also critical in determining the developmental fate in invertebrates and vertebrates non-
vascular cells [212], [213]. For instance, its developmental role has been well
characterized in mouse induced-pluripotent [214] and embryonic stem cells [215],
fibroblasts and neural progenitors [216]—-[218]. In these cells, Notch activity results in the
heterogeneously fated population of hairy and enhancer of split (HES1)-high and HES1-
low cells [215], and reinforces or alleviates HES1-mediated repression of cell cycle [46]
or fate-controlling genes [219]-[222] through its induction of ID proteins, along with

Smad 1,5 [216], [223].

Mammals express four single-pass transmembrane Notch receptors (Notch 1-4)
[224], [225]. On the cell surface, Notch receptors interact with five single-pass
transmembrane ligands: Jagged (Jag) 1,2, Delta-like (DLL) 1,4 and the decoy DLL3
[219], [226]-[228] (Fig.5). In fact, post-transcriptional modifications such as
glycosylation [229]-[233] and proteolytic cleavages at sites S1-4 [234]-[236] can
regulate Notch activation [227]. Initially, the S1 Furin-mediated cleavage at the carboxyl
end of the sequence RQRR (1651-1654) occurs during the ER/golgi secretory pathway
and results in non-covalently attached amino- and carboxy- terminal segments in the cell

membrane [237]-[241]. Regulatory proteins including Notchless, Numb and Deltex, as

42



well as the Notchl S1 cleavage regulate the receptor availability at the membrane [242].
Upon ligand binding, juxta- and intra-membraneous cleavages sequentially occur at the
extracellular and intracellular ends of Notch transmembrane domain. (TMD). In fact, the
a secretase, a Disintegrin and Metalloproteinase (ADAM) 10 or 17/TACE cleaves Notch
segments at S2 sites to release the Notch extracellular truncation (NEXT) fragment and a
NB peptide [234]. Then, the ADAM-induced conformational change enables the y
secretase-mediated S3/S4 cleavages that in turn progressively generate the Notch
intracellular domain (NICD) within the signal-receiving cell [227], [243], [244]. Upon
cleavage, the NICD forms a transcriptional complex in which CSL (CBF1, Su(H), Lag-1)
[245] and directs it to specific targets such as genes encoding the HES [246], [247] or
hairy/enhancer-of- split-related with YRPW motif (HEY) proteins [19], [248], [249]
(Fig.6). HES and HEY proteins are subfamilies of the basic helix—loop—helix (bHLH)
transcription factors that subsequently regulate various genes, including the differential
repression or upregulation of targets such as VEGFR2 and VEGFR1 genes [219], [250]-

[253]. Other Notch-upregulated targets include JAGI, JAG2 and UNC5B genes [254].

43



A Notch Receptors: B DSL/DOS/EGF Ligands:

=rich

TAD ,\ LP S eor e
EGF repeats (1-36) | NRHD Q"::” v’“ &g QMHHLH.F dSerrate
anotch  [T]II] l_“_uu-ﬂllLM[H}—l*"‘-" e oI [H— doette
NECD NTMIC
- S T
i B eSO~ e
“'ﬂul:ﬂfﬁ ) o 1HTT l-l— moll1
mioteh2 GIITTTT [T - = lo--_--— i
rﬂ lI L “ll‘ TI 1 DSL/EGF Ligands:
s o= o - e 1
miotchs I [TTTTTTTTTEITIIITICECIEITH0 = o -~
c6LP-1 [T {]]} -~
cLIN-12 dilll +-- -

S4.53

Fig.5 Domains of Notch receptors and ligands

A) The extracellular EGF-like repeats (yellow) of mammalian (m), Drosophila (d) and C-
elegans (c) Notch1-4 are shown with their ligand interacting regions (orange and green).
Underneath mNotch 1 and 2, their common (green) or unique sites of fucosylation (cyan)
and glycosylation (magenta) are represented. The Lin-12 Notch repeats (LNR A, B and
C) and the heterodimerization domain (HD) negative regulatory regions (NRR) next to
EGF-like repeats are followed by S1-4 cleavage sites. B) Classical ligands found in
Drosophila and mammalian contain DOS (blue), DSL (pink) and EGF (yellow) domains.
TMD: transmembrane domain; RAM: RBPjc-associated module; NLS: nuclear
localization signal; ANK: Ankyrin repeats; TAD: transcriptional activation domain;
PEST: proline, glutamate, serine, threonine degron domain. Adapted from Kopan and

Ilagan, 2009.
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The post-translational modifications and maturation of Notch include the O-fut- and

Rumi- mediated glycosylation as well as Furin-catalyzed S1 proteolysis during the

ER/Golgi pathway. In Fringe-expressing cells, the extension of O-fucose glycosylation

alters the stimulatory ability of specific ligands of Notch. The processed receptor is

expressed at the cell surface as a heterodimer held by non-covalent bonds. Notch is
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transactivated by the binding of a ligand that induces its conformational change and
exposes it to ADAM-mediated S2 cleavage that subsequently generates a NP} peptide and
a NEXT fragment. The later fragment is digested by the y-secretase between TMD S3-S4
sites at the cell surface or in the endosomes to respectively produce stable or proteasome-
destined NICD fragments. Upon the nuclear translocation of the stable NICD, its
interaction with CSL displaces the ubiquitous CoR and HDACs from the repressor
complex and recruits MAML and other co-activators to activate the transcription of

Notch targeted genes. Adapted from Kopan and Ilagan, 2009.
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3.2. Regulation of Notch signaling

The nuclear microenvironment mainly contributes to the regulation of NICD
activity following its translocation [255]. On the one hand, intrinsic repressor complexes
interfere with Notch activity by inhibiting the expression of its target genes. They include
proteins such as NCoR/CIR, FLHIC/KyoT2 and the silencing assembly containing the
SMRT/HDACT-assosciated repressor protein (SHARP) and MINT/SPEN. Following the
interaction of NICD with CSL/RBPj (recombination signal-binding protein 1 for Jk), this
repressor is displaced from its counterpart. Thus, the CSL repressor complex switches to
an activator within its complex with NICD [219], [256]. Moreover, the NICD-CSL
complex includes additional co-activators such as Skip, the Ankyrin- and CSL- binding
Mastermind-like proteins (MAMLs) [256] and histone acetyl transferases (HATs) such as
the MAML-acetyling P300 involved RNA polymerase-recruitment [257] (Fig.6). On the
other hand, the Notch/CSL binding affinity doesn’t prevent CSL interactions with other
activators. The presence or absence of competing factors affect the amount of CSL or
MAML co-activators available for NICD binding. Thus, extrinsic activators in the
nucleus contribute to determine the type of responses induced by Notch in specific
cellular conditions. For instance, the bHLH protein P48/PTF1a competes with NICD for
binding at low concentrations of RBPjy.. Moreover, when RBPj« concentration is limiting,
free NICD could be redirected to associate with other factors such as Smad, HIFla or
nuclear factor kappa B (NFxB). However, as there often is a stoichiometric excess of

RBPj coupled to low nuclear concentration of NICD, no significant NICD should be
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available to associate with other partners such as Smad under physiological conditions

and in vitro.
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3.3. Notch regulation of VEGF-induced tip/stalk phenotypes

In the angiogenic context, Notch has been reported as a relevant player that insures the

smooth progression of sprouting. It collaborates with VEGF to prevent a dysregulated
transformation of ECs by VEGF into tip cells [85], [86], [90], [213], and to retro-inhibit the
VEGEF responsiveness of selected tip cells on short-range intervals [11], [19], [84], [216].
Briefly, VEGF induces DLL4 that in turn triggers the transactivation of Notch in the
neighboring cells and the expression of targeted proteins, including the Notch ligand
JAG1 [86], [258]. Thus, VEGF and DLL4 establish a heterogenic population of tip
senders and stalk receivers of Notch signals among ECs [19], [90], [213]. These opposite
states of Notch signaling and their patterns of expressed proteins in neighboring ECs
contribute to sustain their differential processing of VEGF cues by tip and stalk cells. On
the one hand, the activation of Notch pathway in the stalk cells represses the transcription
of own proangiogenic proteins, while it stimulates antiangiogenic effectors including
VEGFRI1. On the other hand, Notch-inactive tip cells become enriched in markers such
as DLL4, VEGFR2, UNC5B, VEGFR3, Nidogen-1, uPAR, Integrinl, Apelin,
Endothelial-specific molecule (ESM)-1, PECAM, CXCR4 and PDGFb [91], [219], [254].
Overall, the inactivity of endogenous Notch extends the VEGF responsiveness advantage
of the initially exposed tip cell [213] and thereby favors its VEGF-directed migratory
property at the leading edge of the sprout; in contrast to Notch-active stalk cells that only

proliferate at the base of the sprout and respond less to VEGF (Fig.7).
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Fig.7 VEGF-Notch signaling during sprouting angiogenesis.
VEGF induces DLL4 in the selected tip cell that in turn transactivates Notch in adjacent

stalk cells. Notch activation results into the lateral inhibition of tip markers and

phenotype in stalk cells. Adapted from Geudens and Gerhardt, 2011.
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4. BMPs in angiogenesis

During angiogenesis, the regulation of the tip/stalk phenotypes by the Notch-
VEGF system also implies other proteins such as bone morphogenetic proteins (BMPs).
In fact, there is an interplay between BMPs and VEGF-Notch pathway that originates
from their ability to co-regulate target genes. This reciprocal relation is mainly based on
the ability of BMP-induceable Smads to interact with the components of the
Notch/VEGF signaling including NICD and some of their cytoplasmic or transcriptional
binding partners or targets [19], [259], [260]. Overall, the BMP-Smad signaling

contributes to the regulation of levels of Notch targets in ECs during sprouting [19].

4.1. Definitions and roles

BMPs represent a group of twenty or so proteins that play key roles in the
regulation of biological processes including the maintenance of vascular homeostasis
[74], [261], [262]. They belong to the transforming growth factor beta (TGF-p)
superfamily [263], [264]. The BMP family includes the BMP proteins (Fig.8), most
growth and differentiation factors (GDFs) and the anti-mullerian hormone (AMH). The
other group from this superfamily, the TGFB-like proteins, is composed of TGF-fs,

activins, Nodals and some GDFs [2].

BMPs pertinence is reflected by the importance of processes they control. They
were identified based on their properties to trigger ectopic bone and cartilage formation
[265]-[268] following subdermal injection, whilst TGF-fs were first characterized based

on the ability to confer a transformed phenotype. BMPs have also been found to regulate
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cellular functions pertinent to organ development and physiology, alike members of the
TGFB superfamily [269] [270]. These cellular functions include differentiation,
proliferation, axon guidance and apoptosis [270] [271]. Moreover, BMPs are clinically
implicated in the treatment of bone disorders and injuries [271] or associated with tumor
angiogenesis [272] and physiopathogenesis of various diseases [273]. Other BMP-
associated pathologies include fibrosis [272], hereditary hemorrhagic telangiectasia
(HHT) [273] or pulmonary arterial hypertension (PAH) where a counterbalance exists

between their signaling and those of TGF-f [61].
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Fig.8 The relationship between BMPs, type I and II receptors and Smads
The phylogenetic tree of the BMP subgroups and the specificity of BMPs towards their

receptors are presented. BMP-2/4 bind to BMPR-IA/IB. BMP-6/7 bind strongly to ALK-
2 but weakly to BMPR-IB. BMP-9/10 bind to ALK-1 and ALK-2; whereas the GDF-5

group preferentially binds to BMPR-IB. Adapted from Miyazono and Morikawa, 2009.
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4.2. BMP signaling

BMPs can interact with 7 type I receptors (T1R) termed activin-like kinase (ALK
1-7), type II receptors (T2R) and accessory receptors that transduce their biological
signals [274] (Fig.8). Briefly, the BMPs bind to the constitutively active T2Rs that recruit
and transphosphorylate ALK receptors in their Gly-Ser (GS) domains [275], [276]. The
active ALKs specifically recruits and phosphorylates Smad 1,5,8 within the TIR/T2R
heterocomplex [277]. Smads are well-conserved across various species and mediate
signals from the TGF-f superfamily class of ligands. According to the current dogma, the
BMPs and some GDFs mainly signal via Smad1/5/8, in contrast to TGF-fs, activins and
Nodals that activate Smad2/3 [270], [274], [278]. However, some studies have reported
the activation of Smad2 by BMP9 in pulmonary ECs [279]. The active Smadl1/5,8 and
Smad4 form complexes that translocate to the nucleus to interact with factors that

regulate the transcription of BMP target genes [275] (Fig.9).

Among the seven TiRs, ALK -1, -2, -3 and -6 are highly specific to BMPs and
signal via Smadl1/5/8; with ALK2 exceptionally showing phosphorylation of Smadl/5
alone [277]. ALK -4, -5 and -7 have been shown to be activated by Activins and the TGF-
B via Smad2/3 [277], [278]. Additionally, BMPs bind to T:Rs including the BMP
receptor (BMPR)-II and the Activin receptors (ACVR) -1la and -1Ib [280]. The other T2R
members such as TPR-II and MISR-II respectively bind TGFB and the Mullerian

inhibiting substance (MISR) [280].

54



Co-receptors such as the EC-specific Endoglin (ENG) and TGF- type III receptor (TR
or Betaglycan) are also components of the BMP-2,7,9, Activin-A and TGFp-1/3 signaling
pathways [281]-[283]. ENG is a membrane glycoprotein that generally requires a co-
expression and association with corresponding T2R receptors to bind to its ligands; except
for its assembly with BMP2 that requires ALK3 or ALK 6 [281], [282]. ENG regulates
BMP9/BMP10 signaling via ALKI1-Smadl,5,8 as well as the TGF-B1 pathway via
ALKS/TBRII-Smad2,3 [281]. Moreover, the co-receptor role of ENG during TGF-B1
activity can be mediated through sequential phosphorylations at its cytosolic Ser®#¢%
and Thr%06>* respectively by TPR-II and ALKI1 [281], [284]-[286]. Except for

pulmonary vessels and neovascularising tissues, ENG is downregulated in adult tissues in

contrast to its wide expression throughout the developing embryo vasculature [277].

In addition to ENG, members of the glycosylphosphatidylinositol-anchored repulsive
guidance molecule (RGM) family, such as RGMA, dragon and hemojuvelin (RGMC)
[287], as well as the low-density lipoprotein receptor-related protein 1 (LRP-1) [288],
have been characterized as co-receptors that potentiate BMP, but not TGF-f, signalling
[74]. For instance, co-receptors RGMA and dragon are required for BMP2- and BMP12-
mediated gene expression, whereas hemojuvelin is involved in regulating BMP-
dependent iron homeostasis via hepcidin expression in liver. Another co-receptor named

CRIPTO interacts with ALK4 during Nodal signaling [265], [289].
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Fig.9 BMP canonical signaling.
Upon binding of BMPs to types I and II receptors on the cell surface, type II

phosphorylates type I receptor kinase. Once active, the later kinase in turn phosphorylates
two serine residues at the c-terminus of R-Smads (Smad1/5/8) that subsequently form
heterocomplexes with Smad4 (co-Smad). The R-Smad-Smad4 complexes translocate to

the nucleus where they drive the transcription of targeted genes. Adapted from Kokabu et

al, 2012.
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4.3. Regulatory features of the BMP pathways

Like other members of the family, BMPs and their receptors have domains and
features that function and exist independently from the rest of the protein structure. They
are characterized by protease-cleaved prodomains regions and disulfide bonds that
regulate their activity [266]. Unlike T2Rs, T1Rs mainly feature the GS N-terminal domain
formed by juxtamembrane repeats of the respective amino acids, and a neighboring
Ser/Thr kinase domain [280]. Additionally, there are accessory differences between TiR
and T2R ligand-binding extracellular domains that determines their orientation within the
ligand-receptors complex [280]. TiRs also have an L45 loop located between kinase
subdomains IV and V. This loop protrudes from the kinase domain to interact with the
corresponding regions on receptor-activated Smads (R-Smad) [274], [290]. The L45 is
conserved between subgroups of BMP T1Rs and mediates their affinity in interacting with
and phosphorylating Smad1/5,8 [81]-[84]. Thus, the type I receptor overall confers to the
TiR/T2R heteromeric complex its signaling specificity [276], [291] toward Smad1/5/8

[292]-[295].

Structurally, Smads are characterized by two regions of homology named Mad-
homology domains (MH) 1 and 2, respectively located at the amino and carboxy ends,
and a proline-rich linker region. In their inactive configurations, the Smad MH1 and
MH?2 domains interact with each other. The MH2 domain serves as an effector domain in
signal transduction whereas the MH1 recognizes the Smad binding element (SBE) in

promoter regions of BMP or TGFp targets [296]-[298]. Smad6 however negatively feeds
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back on its inducer BMPs (Fig.10) [74], [299].

BMP-responsive elements (BRE) characterize BMP target genes. BREs contain
5’-GTCT-3’ and palindromic GC-rich GGCGCC Smad-binding elements (SBE) that bind
p-Smad1/5/8 and Smad4 [19], [221]. In addition to the inhibitory Smad6, BMP-targeted
genes also comprise repressors of cell differentiation that bind their target DNA and
promote cell cycle progression. These inhibitors include the bHLH transcription factor

such as HEY proteins or ID1 [221], [222], [300].
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Fig.10 Structural domains of human Smads

Smads share Mad Homology domains (MH) 1 (purple) and 2 (blue) that mediate
interactions with membrane, cytoplasmic or nuclear proteins. The MH2 domain contains
a L3 loop that determines the specificity of R-Smad interaction with TGFp-like versus
BMP-like type I receptors and mediates the contacts with the SXS motif in oligomerized
Smads. The C-terminal SSXS motif of R-Smads is phosphorylated at the last two serines
by the type I receptor. The MH1 domain of the I-Smads 6 and 7 lacks the B-hairpin (BH)
residues that is important for DNA interaction and is conserved between R-Smads and
Smad4. The MHI1 of most Smad2 isoforms contain an additional insert (Ex3) that
interferes with their binding to DNA in native states. The linker region of Smads has a
PPXY motif with transcriptional modulation role as it interacts with E3 ubiquitin ligases
and the transcriptional modulators. In Smad4 however, the linker includes a Smad
activation domain (SAD) essential for transcriptional activation. Adapted from Weiss and

Attisano.
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4.4. Non-classical BMP signaling

Upon ligand binding, BMPs and other members of the family can induce non-
classical signaling pathways. Non-Smad pathways include BMP signaling via the
mitogen-activated proteins kinases (MAPKSs) such as P38, ERK, and JNK [301]-[303];
the phosphatidylinositol 3-kinase (PI3K)-Akt pathway and small Rho-like GTPases [74],
[277], [304] (Fig.11). The non-canonical pathways of BMPs result from the crosstalk
between their signaling and those of other ligands [74]. These BMP-crosstalking
pathways includes those of growth factors or receptors such as VEGF, MAPK, JNK,
PI3K, c-Src, P38, Notch, WNT, FGF and VE-cadherin, associated with vessel biology
[305]. For instance, the non-Smad regulation of EC signaling and function by BMPs
includes the mediation of BMP9 and ENG in inhibiting JNK activation [306] and
trafficking of PI3K respectively [307]. BMP6 has been reported to induce ALK2 and
BMPRII interaction with VE-cadherin [308] or c-Src phosphorylation that triggers VE-
cadherin internalization [309], [310] and thereby the increased permeability. It either
induces Smad or non-Smad pathways depending on the endocytic pathway of TR and/or
T2R. On the one hand, the clathrin-dependent endocytosis of T1R and T>R signal into the
canonical activation of Smad. On the other hand, the caveolin-dependent internalisation
specific to ToR leads to the activation of non-Smad effectors such as P38-MAPK, JNK or

possibly ERK [270] [277] [311].
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Fig.11 Canonical vs non-canonical BMP signaling

The heterotetrameric complex of type I and type II receptors forms upon the binding of
specific BMPs. The stimulated receptor complex can either phosphorylate Smad1/5/8 that
in turn propagate the signal via Smad4 binding and translocation (canonical BMP
signaling); or mediate the activation of mitogen-activated proteins kinases (MAPKSs)
independently of Smad1/5/8 (non-canonical BMP signaling). Adapted from Goumans et

al.
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4.5. Regulation of the BMP pathways

Each level of the BMP pathway is tightly regulated to maintain a strict control of
BMP signaling in cells and tissues [265], [312], given that they activate pathways that
finely control developmental and physiological processes [313]. Generally, multiple
mechanisms such as transcriptional regulation, protein degradation, post-translational
modifications and subcellular localization [314] contribute to the modulation of the BMP
pathways. Additional levels of regulation of BMPs or their receptors include the temporal
or tissue-specific synthesis, the splicing of receptor RNA, the activation through the
proteolytic cleavage of pro-regions of inactive precursors and the sequestration by ECM

interfering molecules.

Specifically, the regulation of BMP pathways is mediated by extracellular
antagonists, membrane-bound proteins and intracellular regulators that overall prevent

the activation of R-Smads proteins or cause their degradation [313].

First, BMPs are secreted as larger propeptides and cleaved by proprotein convertases
such as Furin. Mature BMPs form dimers that interact with BMPRI/II forming a
hexameric complex [265], [315], [316]. The dimerization that generates active ligands
requires a disulfide bridge at the seventh conserved cysteine outside of the monomer
cystine knots [74], [311]. BMPs generally form homodimers; except BMP2 that generates
more potent heterodimers with rather BMP -5, -6 or -7 than the corresponding monomer
[74]. The cleaved prodomains remain non-covalently associated with their corresponding

BMP dimers and don’t confer them latency, [74], [280], [317]-[319]. N- and O-
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glycosylation posttranslational modifications additionally regulates BMPs secretion, half-
life, receptor binding and functions [74], [320]. For instance, the glycosylation of BMPs
and inhibitors proteins is likely to regulate their interaction with the ECM and thus

modulates their diffusion and function [265], [316], [321], [322].

Competitive ligands or receptors inhibit BMP signaling either by associating directly with
them to block their access to the receptors, or by competing with them for receptor
binding [313]. Molecules such as Noggin, Chordin, Follistatin, Cerberus, the BMP-
binding EC precursor-derived regulator (BMPER) differentially antagonize BMPs bio-
availability [323]. For instance, Noggin binds with strong affinity to BMP-2, BMP-4, and
BMP-7, with lower affinity to BMP-6, but not to BMP-9 or BMP-10 [74], [277], [324],
[325]. Moreover XNR3 binds to the BMP receptors in competition to ligands [313]
whereas the dominant negative BMP receptors or pseudoreceptors such as BAMBI
prevent receptor activation [313], [326], [327]. Activins can also act as BMP inhibitors by
sequestering the ACVR-II within inactive Activin-ALK2-ACVRII complexes whose

wild-type ALK2 fails to induce Smad1/5/8 activation, [328].

Intracellularly and regardless of the constitutive kinase activity of T2Rs, molecules such
as the FK506-binding protein (FKBP) 12 can interact with T>:Rs and thereby sets a
gatekeeper threshold on T2R —induced TR activation in the absence of the ligand [74],

[290].

Anchor proteins such as Endofin recruit and present Smad1 proteins to the BMP receptors
for phosphorylation and mediate the receptor dephosphorylation via their protein

phosphatase binding motif.
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Smad6 and Smad7 are inhibitory Smads (i-Smads) that compete against r-Smads by
binding to TiR or recruiting protein phosphatases (PPA) [329]-[331], including their
PPATla recruit that dephosphorylates ALK-1 [74], [332]. Additionally, Smad6 competes
by binding Smad4 and is BMP-specific, unlike Smad?7. Thus, the competition between r-
Smad1/5 and i-Smad6 for binding to the type I receptor may cause the kinetics of BMP-
Smad1/5/8 phosphorylation to be relatively slow [265], [333]-[335]. Conversely, the
methyltransferase PRMT1 methylates Smad6 on arginine, leads to its dissociation from
the type I receptor, and eventually facilitates Smadl/5/8 phosphorylation and BMP

signaling [265], [334].

The Smad ubiquitination regulatory factor (Smurf) 1, a recruited E3 ubiquitin ligase,
timely adjusts BMP signaling. In fact, Smurfl interacts with Smad 1 and 5 through their
linker PPXY (PY) motif and thereby mediates the proteasome targeting of their basal

rather than active level [270], [313] (Fig.12).

Unlike Smad downregulators, the protein associated with Smadl (PAWSI) has been
reported to alternatively mediate Smad4-independent BMP2/Smadl signaling, following
its phosphorylation by ALK3/BMPRIA and its binding to Smadl [336]. Finally,

transcriptional repressors such as BF-2 can inhibit BMP expression [313].

In summary, BMPs are substrates whose activity is temporally regulated by their
trafficking, endocytosis or interaction with expressed modulators such as proteases or
post-translation modulatory proteins. Furthermore, the spatial modulation of BMPs
results from their compartmentalization and activation as determined by paracrine
regulators and the ECM interactions. Moreover, the bioavailability of BMPs depends on

their distribution/expression modality [337], [338] and diffusion [74], [318], [339], [340].
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BMPs can act locally or circulate distantly from their site of expression, following their
tightly regulated secretion and activation [74], [316], [324], [341], [342]. Among
circulating BMPs are BMP4, BMP6, BMP9 and BMP10 [342], [343]. Finally, the
combination of expressed type I, II and III receptors is cell- and time- specific, and
thereby, spatially and temporally determines the tissue-specific sensitivity and responses
to BMPs, based on the profile of available receptors and level of R-Smads. Overall,
BMPs and their receptors specify, in concentration- , time- and tissue- dependent
manners, distinct cell fates such as EC differentiation, proliferation and apoptosis [74],

[316].
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Fig.12 Regulation of BMP signaling

The extracellular regulation of BMP signaling occurs via the processing of ligands into
mature dimers or the binding of antagonists such as Gremlin (Grem1) and Noggin (1). At
the level of the plasma membrane the pseudoreceptor BMP and Activin membrane bound
inhibitor (BAMBI) downregulates this pathway (2). Juxtamembrane constraints on
receptor-mediated Smad1/5/8 phosphorylation occur via FK-binding protein 12
(FKBP12) binding and inhibitory Smad6 binding (relieved by the PRMTI
methyltransferase) (3). The intracellular regulation occurs via Smad7, phosphatases and
ubiquitin ligases such as Smurf (4). Additionally, the BMP-mediated gene expression is

modulated at levels of miRNAs (5) and methylation (6). Adapted from Brazil et al, 2015.
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4.6. Vascular roles of BMPs

Most BMPs and their signaling mediators have been reported to play a role in
vascular biology processes such as the development of endothelial and mural cells; as
well as their responses to hypoxia, shear stress and inflammation [11], [74]. For instance,
hypoxic conditions promote the proliferation and migration of the pulmonary artery
SMCs (PASMCs) by inducing HIFla that inhibits the expression of ALK3 along with
BMPRII and interferes with the phosphorylation of Smadl,5. Additionally, the hypoxia-
mediated repression of BMPER in the hypoxic retina ultimately results in BMP enhanced
signaling and revascularisation [74], [344]. Moreover, during hypoxic conditions, BMP9
protects pulmonary microvascular ECs from apoptosis by mediating the activation of the
BMPRII-ALK1 axis [345]. Furthermore, BMP-induced Smad4 contributes to mediate
angiogenic effects as its nuclear translocation corelates with the presence of cell-specific
transcriptional modulators that differentially repress FLKI/KDR within Smad complex

[294], [346], [347].

Additionally, mutations or dysregulation in BMPs, their receptors or coreceptors
lead to vascular diseases such as HHT/Rendu-Osler, PAH and preeclampsia [74], [277],

[348], [349].

Specifically, ENG, ACVRLI, Smad4 and BMP9 mutations are associated with various
HHT types [350]-[353]. HHT is an autosomal dominant disorder characterized by
hemorrhages and associated with vascular lesions and arterio-veinous malformations

(AVM), mucosal and skin telangiectasia as well as pulmonary, cerebral and hepatic
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malformations [277]. Furthermore, alike TGF-f that promotes VSMC differentiation
[354], the deficiency of ENG or ALK1 impairs mural cell development and has been the
aim for preclinical studies that use their respective antibodies to inhibit tumor

angiogenesis [11], [355].

Moreover, BMPR2, ALK and Smad8 mutations cause PAH, a condition characterized by
occlusions in the pulmonary artery vasculature followed by severe hypertension and right
heart failure [74], [277], [356]-[358]. Both BMPRII and ENG levels are also affected by
hypoxia during PAH, as well as HHT, indicating that their levels play pathogenic roles in
the associated oxidative stress and metabolic dysfunction [74], [359]. Moreover, the
increase of ENG and its promotion of ALK signaling has been reported in hypoxic ECs

[360].

Dysregulated levels of sSENG and sVEGFRI1 cause preeclampsia during pregnancy, a
condition characterized by a high systemic blood pressure that causes the maternal, foetal

or neonatal death [277].

Furthermore, BMP9 and BMP10 have their high affinity receptors ALK1 and BMPRII
selectively or particularly enriched in ECs, whereas their low affinity receptor ACVRIIb

is restricted to some cells including ECs [74].

Overall, BMPs contribute to regulate and determine the fates of vascular cells
including ECs, surrounding pericytes and VSMCs during hypoxia and pathological
conditions. Thus, BMPs specifically modulate EC and mural cell responses such as
migration, proliferation or apoptosis; and thereby regulate vessel sprouting, tubulogenesis

and vascular remodeling.
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4.7. Implications of BMP9/ALKI1 axis in angiogenesis
4.7.1. BMP9 expression and structure

BMP9 is encoded by the GDF2 gene and expressed in the liver where abundant
transcripts were determined in non-parenchymal Kupffer cells (KC), hepatic stellate cells,
and liver endothelial cells (LEC). Like other BMPs, the proteolytical processing of the
encoded BMP9 preproprotein is mainly intracellular and generates each subunit of the
disulfide-linked homodimer [74], [361]. BMP9 pro-domain remains non-covalently
associated to the mature homodimer and rapidly separates from the ligand upon biding to
its receptor [361]. However, as the pro-region alone is inactive but does not inhibit BMP9
biological activity, both BMP9 and pro-BMP9 have equivalent signaling and cell-growth
activity [271], [361] (Fig.13). BMP9 folding is driven by a characteristic cysteine knot
with three pairs of disulfide bonds. Its conformation is of a hand with a concave palm
side and two parallel B-sheets fingers. Alike other BMPs, its a-helix on the concave side

binds TR whereas its convex interface interacts with ToR.
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Fig.13 Schematic diagram of BMP9 processing

BMP9 is synthesized as an immature pre-pro-protein containing the signal peptide and

the prodomain. The signal peptide is cleaved during secretory pathway prior to the

protein hodimerization. The resulting dimer is processed through Furin proteolysis to

generate the mature BMP9 dimer that can be non-covalently linked to the prodomain.

Adapted from Li et al, 2016.
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4.7.2. BMP9 signaling activity

BMP9 signals through the type I activin receptor-like kinase 1 (ALK1/ACVRLI)
[65], [105], [106] in complex with BMPRII or ACVRIA [277] (Fig.14). ALKI
additionally binds BMP10 [362]. However, BMP9 binds ALK 1 with much higher affinity
compared to that of BMP10 or other BMPs for their receptors. and, thereby, minimizes
the BMP redundancy towards ALK1 [277], [280], [363]. In endothelial cells, BMP9
signaling through Smad]1 requires the coreceptor ENG. BMP 9 and 10 also bind to ALK2
via ACVRIIB or to ALK6 under certain conditions [277]. However, in its early studies

BMP-9 was reported to bind receptors on the liver-derived HepG2 cell line [364], [365].

The BMP9-specific receptor ALK is enriched in ECs [271], [363], [343]. Along
with other ALKs, ALKI structurally shows the N-terminal signal sequence, the
hydrophilic and Cys-rich domain for ligand binding, the hydrophobic and single-pass
transmembrane region, and the C-terminal and intracellular kinase domain. Despite the
little sequence homology in the extracellular domains, the cysteine residues are conserved
between ALKs. ALK 1-4 form a subfamily that shares a sequence homology between 60-
79%. Moreover, the sequence identity between ALKs and ACVR II and IIB is somewhat
maintained to 40%. In contrast to all other Ti;Rs, ALKl misses the residue Phe85
involved in the hydrophobic interaction between BMPs and corresponding TiRs [277].
Additionally, ALK1 has been demonstrated to bind TGFB1 and TBR-II in ECs where it
inhibits TGFB1-dependent transcriptional activation of ALKS [96], [97]. Thus, ALK-1
has been reported as a lateral inhibitor of TGFB/ALKS signaling pertinent to

vasculogenesis and angiogenesis. However, the overall ALK1 signaling is independent of
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TGFBI/ALKS axis as demonstrated by Shao et al that ALKS suppression does not
interfere with the induction of Smad1/5/8 phosphorylation by BMP9/ALKI1 activity in
bovine aortic ECs [366]. Accordingly, ALKS expression is very low in ECs in contrast to
perivascular cells from where it would rather regulate angiogenesis based on a paracrine
and context—dependent mode of action of TGF-B1 [273], [367], [368], in addition to its

stimulatory effect on VEGF expression [366].
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Fig.14 Components of the BMP9/Smad pathway

Representation of BMP9 signaling showing its binding to its strong interaction with the
heterocomplex of type I ALK1 and type II BMPRII receptors. This complex activates R-
Smad1/5/8 by phosphorylation and allows their interaction with Smad4. The nuclear
translocation of the R-Smads/coSmad complex leads to the expression of target genes

such as Id1/3. Adapted from Goumans et al, 2017
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4.7.3. BMP9 biological responses

Originally, BMP-9 has been described to be involved in cartilage and bone
development. It has also been reported to play a role in the differentiation of cholinergic
central nervous system where it drives in the synthesis and trafficking of acetylcholine
(ACh) [369], [370]. Moreover, BMP9 regulates the iron homeostasis-controlling peptide
hepcidin, in a Smad4-dependent signaling, via the binding to its co-receptor and
hepcidin-inducing hemojuvelin/hemochromatosis type 2 protein (HJV/HFE2/RGMC)
[371]. Furthermore, BMP9 has been associated with tumorigenesis modulation in
osteocarcinoma (OS) [372]. Additional BMP-9 roles have been reported in the regulation
of transcription of several genes involved in glucose or fatty acid metabolism, and
thereby in the decrease of glucose level in cultured cells or the reduction of glycemia in

diabetic mice [373].

Nowadays, BMP9 has emerged as a crucial circulating factor for endothelial
function and pathogenesis of vascular diseases [96], [97], [343], [366], [367]. Its receptor
ALKI is enriched in ECs including microvascular cells where BMP9 inhibits Actin
reorganisation, cellular migration and proliferation through its induction of Smad1/5/8
phosphorylation or ERK/JNK-dependent signaling [301], [374]. Specifically, the
BMPY/ALKI signaling has been reported to suppress VEGF expression in ECs of aortic
vessels [110]. Additionally, ALK1 contributes to the specification of the arterio-venous
identity during the early development of vessels and thereby prevents the appearance of
arteriovenous malformations (AVMs)/shunts in the newly formed endothelial tubes of the

embryo [375]. Moreover, mutations in BMP9 and ALK are associated with HHT AVMs
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during the embryonic development or the postnatal neovascularisation [74], [277]. Some
studies have suggested a hemodynamics-mediated reinduction of ALK1 in preexisting
and new arteries, as well as its role in arteriogenesis and arterial remodeling rather than
venous during wound healing [96], [97] and tumor angiogenesis [272]. Furthermore, the
BMP9/ALKI1 axis has been reported to collaborate with Notch in countering VEGF-
induced signaling and regulating the formation, branching and remodeling of neovessels.
BMP9 inhibits VEGF-mediated processes in ECs and favors the phalanx state by
activating the BMPR2-ALK1 complex; in contrast to TGFP that has a bifunctional effect
on angiogenesis. For instance, BMP9 interferes with VEGF expression [366] and
additionally represses the transcription of its (co)receptors and effectors including KDR,
NRPI, FLT4, ERK, Akt; while it stimulates the expression of VEGF negative regulators

such as FLT1 or Notch target genes including HEYI and HEY?2.

Overall, BMP9 shows a preferential affinity for the EC-specific ALK1 receptor
and collaborates with various EC pathways such as VEGF and Notch. Additionally,
BMP9 and its signaling components including ALK1, ENG and Smads are relevant to
maintaining the vessel morphogenesis. Thus, the aforementioned properties of the BMP9
signaling axis contribute to sustaining its emerging roles in vascular biology, and
physiological [250] or pathological angiogenesis occurring during ocular, systemic or

cancer conditions [368].
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5. Clinical implications of angiogenesis

5.1. Pathological angiogenesis

Uncontrolled or insufficient angiogenesis may lead to several angiogenic or
ischemic disorders affecting various systems or organs, including the eye. On the one
hand, during the pathological angiogenesis, also termed neovascularisation (NV), there is
a balance shift of angiogenesis regulators towards its activators. In atherosclerosis for
instance, local hypoxia and overexpression of VEGF mediate the NV that contributes to
the growth and rupture of atherosclerotic plaques; whereas in benign hemangiomas of
infancy, there is an excessive expression of both VEGF and bFGF leading to a mix of
normal and abnormal vessels [25]. In rheumatoid arthritis, there is an excessive
production of angiogenic factors by infiltrated macrophages and immune or inflammatory
cells that leads to the formation of a vascularised pannus in joints [111]. In psoriasis, an
autoimmune-mediated condition where faulty signals induce the overproduction of skin
cells, along with the angiogenic IL8, while the antiangiogenic thrombospondin 1 (TSP-1)
expression is downregulated [110]. Angiogenesis also contributes to accelerating the
growth and spread of cancer. On the other hand, ischemic vasculopathies result from an
insufficiency in angiogenesis and can lead to heart attacks, stenosis, ununited fractures,
neurodegenerative disease, peripheral blood circulation deficiencies and baldness [20],

[25], [113], [376]-[378].
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5.2. Neovascular AMD and retinal vasculopathies
5.2.1. The retinal and choroidal vessels of the eye

The neovascular diseases of the eye result from the abnormal or excessive
formation of its vessels. Neovessels that invade the outer retina and the subretinal space

originate from the retinal or the choroidal networks [379], [380].

The retinal network first arises during development and consists of superficial and deep
plexi [381]. The superficial plexus of the retina extends outward and, in human, also
vertically towards the deep retina. Their deeper plexus develops from the sprouting of the
inner plexus. In addition to an avascular outer retina, the human retina is characterized by
an avascular perifovea macula [379], [381]. Both avascular regions are limited by a
continuously interconnected arcade of bordering capillaries [381]. The retina comprises
other cell types that associate or not with its mature vascular endothelium. Neuronal and
glial cells are organized into layers that directionally transmit light from the outer to the
inner retina [379]. On the one hand, photoreceptors reside in the outer retina and possess
light-capturing segments located away from vessels; whereas the retinal pigment
epithelial (RPE) cells tightly line the Bruch’s membrane [379], [381]. On the other hand,
mature retinal vessels associate with other cells such as pericytes, smooth muscle cells,
astrocytes, Muller cells and dendritic cells (microglia) [382]. Astrocytes, microglia and
pericytes respectively appear prematurely, concurrently or subsequently to the retina

vasculature [382].
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In contrast to retina vessel layers, the choroid is fenestrated network that is separated
from the retina by the Bruch’s membrane and the RPE (Fig.15). The tightly joined RPE
of the choroid and the retinal ECs constitute the two components of the blood-retina
barrier (BRB) required to protect the photoreceptor integrity by selectively restricting any
leakage of fluid or electrolytes in the subretinal space or the outer retina [379], [383].
Any leakage or disturbance in electrolyte concentration disrupts photoreceptor

transmission or survival and thereby degrades vision

78



Recinal
Vessels

s 5 '\ " N
Awascular — LK - -

S i x " R

= T

| ” I!|||l: “]“ !I|“ et ” 4‘-Inﬂl:r Segments
/ - i - ..--1.--—- i - 'I i *-{}ul_er Segml!nii
] { Ok & it bl n oo

Bruch’s Membrane
Choriocapillaris

Choroidal
Vessels

Fig.15 Retinal and choroidal vessel networks.

The superficial capillary bed of the retina is either branched by arterioles or connected to
the venules that are respective branches of the central artery or vein of the retina. This
superficial network sends branches that partially penetrate the retina to form the
intermediate and deep capillaries. The remaining outer third of the retina is avascular and
consists of cell bodies and photoreceptor inner and outer segments. The neuro-retina sits
on the retinal pigmented epithelium (RPE) that layers the Bruch’s membrane (BM).and
acts as a fluid barrier between the photoreceptor and the underneath choroid capillary
network. The choriocapillaris is fenestrated and allows the plasma to extravate to the BM.

Adapted from Campochiaro, 2013.

79



5.2.2. Age-related Macula Degeneration (AMD)

The neovascular diseases of the eye mostly consist of the pathologies of the
posterior segment of the eye such as the wet Age-related Macular Degeneration (AMD)
and the retinal neovascularisations. Among them, the neovascular AMD affects the
central retina and represents the main cause of blindness in the aging population of
industrialized countries. Its pathogenesis is sustained by multiple factors including age,
sex, smoking, genetics and reactive oxygen species (ROS). The dry AMD is avascular
and represents the most common form of the disease. This form is characterized by
dysfunctional RPE depositions that cause the scaring of the retina and the macula
detachment. However, it often progresses to a severe atrophic geography and a
neovascular AMD. During the wet AMD, neovessels originate from the choroid network,
pass through the Bruch’s membrane and RPE to invade the subretinal space and
photoreceptors [384]. The subretinal outgrowth of choroidal vessels leads to
photoreceptor damage and death. The photoreceptor death in wet AMD also results from
other retinal damages including the subretinal hemorrhage, detachment of the retinal
pigmentary epithelium (RPE) and fibrovascular scarring [148], [385]. Thus, wet AMD
represents a severe form with the highest incidence of vision loss. Unlike ischemic
retinopathies and despite of its significantly high levels of VEGF-A in the vitreous of
patients [386], there is no clear evidence of retinal or choroidal ischemia associated with
the induction of VEGF in AMD subretinal NV [148], [272], [379], [387]. However, HIF-
1 still has an important contribution in wet AMD as mice lacking a hypoxia response

element in the VEGF promoter significantly fail to develop NV at Bruch’s membrane
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rupture sites [379], [387]. The increased oxidative stress in RPE and photoreceptors
during AMD has been reported to contribute to high levels of HIF-1, as mitochondrial
reactive oxygen species stabilize HIF-1 through their inhibition of prolyl hydroxylases
activity [379], [387]-[390]. Thus, oxidative stress promotes [391] whereas antioxidant
vitamins and zinc significantly prevents [392] choroidal NV in dry AMD patients. Apart
from oxidative stress in RPE and photoreceptors, inflammation [393] or other hypoxia-
mediated factors such as SDF-1, FGFs and PDGF-B may contribute to the AMD-related
sprouting of choroidal vessels into the subretinal space [130], [394], [395]. Thus, despite
of the differential dynamics in the pathogenesis of retinal and subretinal NV, there are key

overlaps in their contributing mediators such as VEGF, HIF and ROS [379].

81



5.2.3. Retinal vasculopathies

In addition to AMD, the retinal vasculopathies or ischemic retinopathies are
ocular NV that also affect the retina function and thereby vision. They consist of
conditions such as retinopathy of prematurity (ROP), retinal angiomatous proliferation
(RAP), proliferative diabetic retinopathy (PDR), diabetic macular edema (DME) and
retinal vein occlusions [379]. In RAP, there is an additional outgrowth of the retina
capillary bed that anastomoses with the choroidal vessels in the subretinal space. Retinal
vasculopathies commonly damage the vessels and result in ischemia [379]. Despite of
high concentrations of factors such FGFs 1 and 2 in the retina and their angiogenic
activity [130], recent studies report VEGF to be the main mediator of ischemic
retinopathies [25], [131], [396], [397]. Moreover, VEGF induces RAP in contrast to

FGF2 transgenic mice that do not develop RAP or a spontaneous phenotype [398]-[400].
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5.3. Anti-VEGF s treatments

The extent of abnormal angiogenesis is a key parameter in the prognosis of
various NV conditions and retinopathies. A relation exists between the progression or
recurrence of NV conditions, the measurements of neovessels and the concentration of
angiogenic proteins (biologically active FGF or VEGF) [25], [93], [101], [102], [123],
[401]-[404]. Thus, targeting the molecular markers that specifically mediate neovessel
formation has been considered as the basic approach in the therapy against these
pathologies [405]-[411]. Most of approved antiangiogenic drugs against NV conditions
specifically inhibit VEGF signaling. In the context of ophthalmic diseases, anti-VEGFs
such as anti-VEGFA 65 aptamer pegaptanib (Macugen ribonucleic acid), ranibizumab
(Lucentis) hFab fragment of a monoclonal antibody against VEGFA 65, and VEGF-Trap
(Aflibercept) were approved for AMD treatment [25], [181], [412], [413]. The
neutralizing antibody fragment particularly favors the partial recovery of visual activity,
in addition to slowing down NV progression [181]. Additional antiangiogenic drugs in
trials target various cellular mechanisms including the EC pathways and biological
responses (Table 3) [25]. Moreover, a photodynamic therapy agent called Visudyne (QLT
Therapeutics/CIBA Vision) had shown effectiveness for treating macular degeneration

and was the first FDA-approved treatment the vascular diseases of the eye in 2004 [413].
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Table 3: Antiangiogenic strategies (adapted from [25])

Inhibited angiogenic process/target

Drugs

ECM remodeling

- cartilage-derived TIMP, uPA Ab

Adhesion molecules

- ovP3 Ab or peptides

EC biological responses

- endogenous inhibitors (endostatin,
angiostatin, Ang-2)
- nitric oxide synthase inhibitors

Ligand

- Bevacizumab (Avastin), pegaptanib
(Macugen aptamer)

- bFGF Ab, antisense-bFGF

- sFLT-1 receptor

Kinase activity

- Imatinib (Glivec), Sunitinib
sorafenib (Nexavar), pazopanib (Votrient)
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6. Hypothesis and research objectives

The disturbance of vessel quiescence and integrity subsequent to a dysregulated
angiogenesis often result in organ-specific pathologies. In wet AMD, the subretinal
neovascularisation of the eye causes vision loss. Drugs targeting the VEGF pathway such
as VEGF/VEGFR-neutralizing antibodies, VEGF-trap/VEGFR-derived peptides and
small molecule kinase inhibitors have been successfully developed as clinical treatments
against NV diseases [181]. However, despite of clinical achievements, the anti-VEGFs
show multiple adverse effects. On the one hand, their systemic side-effects include
hypertension, haemorrhages, proteinuria and toxicity [181]. On the other hand, the ocular
burden of anti-VEGFs includes macula and retina degeneration or oedema, conjunctival
bleeding, ocular pain, increase of intraocular pressure, vitreous detachment, cataract,
presence of vitreal floaters, reduction in visual acuity, death of photoreceptors and local
infection resulting from invasiveness and frequency of intravitreal injections [181], [414].
Attempts to minimize these side effects by administrating lower doses of anti-VEGFs
have often resulted in suboptimal concentrations and hence their reduced efficacy.
Moreover, in some patients anti-VEGFs present bystander effects associated with their
impaired delivery, penetration or selectivity [25], [181], [414]. Overall, the invasiveness
and the lack of efficacy or site-specific action of anti-VEGFs treatments represent the
major drawbacks for their use in conventional therapies of ocular NV diseases. Thus,
efficiently targeting neovessels, in a specific and non-aggressive manner, using novel
endothelial markers constitutes an interesting approach for improving the treatment of

ocular neovascular diseases.
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Interestingly, the plasma molecule BMP9 could selectively regulate angiogenesis as it
activates the EC-specific receptor ALK1; in contrast to neovascularisation-triggering
molecules, including VEGF, that present a range of cellular targets [277]. In fact, the
stimulation of ALK1 by its high affinity ligand BMP9 modulates the developmental
angiogenesis in the mouse eye [250] and cooperates with Notch in regulating the VEGF-
induced tip/stalk specification [220]. Moreover, mutations in BMP9 or its signaling
partners such as ALK1, ENG and Smad4 are associated with vessel morphogenesis
pathologies such as HHT. Furthermore, BMP9 co-receptor sSENG, inhibits the hypoxia-
induced NV and vasodilatation in the placenta; while promoting, along with the VEGF
receptor sFLT-1, the degree of preeclampsia [181]. Therefore, we hypothesize that BMP9
signaling would specifically inhibit the VEGF-mediated sprouting and thereby modulate
the pathological angiogenesis that sustains the deleterious effects of wet AMD. Thus, this
thesis specifically investigates the potential antiangiogenic effects of the BMP9/ALK1
axis during wet AMD and further examines their mechanistic basis. Overall, a deeper
understanding of the BMP9/ALK1 axis in ECs and NV models would provide a useful
insight to its emerging role of its components either as new markers for the diagnosis of
neovascular AMD; or as agents for an innovative treatment of AMD, free of adverse

effects of inhibiting the neurotrophic VEGF.
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Abstract

Age-related macular degeneration (AMD) is the leading cause of blindness in
aging populations of industrialized countries. The drawbacks of inhibitors of vascular
endothelial growth factor (VEGFs) currently used in the treatment of AMD include
resistance and potential serious side-effects They require the identification of new
therapeutic targets to modulate angiogenesis. BMP9 signaling through the endothelial
ALK serine-threonine kinase receptor modulates the response of endothelial cells to
VEGF and promotes vessel quiescence and maturation during development. Here we
show that BMP9/ALK1 signaling inhibits neovessel formation in mouse models of
pathological ocular angiogenesis relevant to AMD. Activating ALK signaling in laser-
induced choroidal neovascularisation (CNV) and oxygen-induced retinopathy (OIR)
inhibited neovascularisation and reduced the volume of vascular lesions. ALK signaling
was also found to interfere with VEGF signaling in endothelial cells whereas BMP9
potentiated the inhibitory effects of antibody-mediated VEGFR2 signaling blockade, both
in OIR and laser-induced CNV. Together, the data show that targeting BMP9/ALKI1
efficiently prevents the growth of neovessels in AMD models and introduce a new

approach to improve the therapy based on conventional anti-VEGFs.
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Introduction

AMD is the leading cause of blindness in the aging populations of western
industrialized countries [415], [416]. The dry form of AMD is characterized by the
development and accumulation of drusen associated with environmental, physiological
and genetic factors including smoking, age, gender, inflammation and family history
[416], [417]. Dry AMD can progress to neovascular/wet AMD, a more advanced form of
the disease. Wet AMD accounts for about 10-20% of AMD cases, but is responsible for
80-90% of the severe loss of central vision associated with AMD. This advanced form is
characterized by pathological choroidal neovascularisation (CNV) below the retinal
pigmented epithelium (RPE) or in the subretinal space [384], [417], [418]. Ultimately,
plasma or blood leakage from the pathological neovessels into surrounding tissues lead to
the formation of fibrovascular scars in the retina, photoreceptor dysfunction or death and

AMD-associated visual loss [418].

Paracrine VEGF induces the progression of AMD towards its neovascular form.
It represents a contributory factor in the initiation of angiogenesis as it directs the
migration of the tip cell, a specialized endothelial cells (EC) that guides vessel outgrowth
towards hypoxic or inflamed tissue and leads the EC stalk cells forming the base of the
sprout [12]. The tip/stalk phenotype is controlled by the expression of the DLL4 ligand in
cells exposed to a VEGF gradient, and the subsequent transactivation of Notch in
adjacent cells [86], [419]. The differential signaling of these pathways further ensures the
selection of the initial Notch-inactive cell as a single tip cell leading the neovesssels as

opposed to the Notch-active stalk cells forming the base of the sprout [420]. Ultimately,
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the inhibition of VEGF-mediated sprouting by Notch promotes the maturation and

quiescence of the capillary network [419].

VEGEF signaling inhibitors are conventionally used for the treatment of wet AMD
[421]. Since 2004, approved antagonists of VEGF signaling have successively included
antibodies and small molecule inhibitors targeting VEGF and its receptors [422]-[425].
The intravitreal administration of these agents has shown therapeutic benefits. However,
the adverse effects and the inefficacy of VEGF inhibitors in 7-15% of ocular NV patients
are two major drawbacks of these treatments [426]. Secondary effects of VEGF
inhibitors, both systemic and localized, include increased intra ocular pressure, cataract,
retinal detachment, endophthalmitis, photoreceptor cell death and thinning of the inner
neuronal layer of the retina [427], [428]. Thus, the unmet needs of anti-VEGF therapy

require the identification of new targets to efficiently treat wet AMD.

Multiple pathways including those triggered by Bone Morphogenetic Proteins
(BMPs) and Notch, have been shown to modulate VEGF-directed neovascularisation, and
may also regulate the maturation or quiescence of immature and leaky AMD vessels
[250], [366], [419]. BMPs, as members of the TGF-B superfamily, have been shown to
crosstalk with the VEGF and Notch pathways during developmental angiogenesis [250],
[366]. For instance, BMP9, a high affinity ligand for the endothelial-specific receptor
activin receptor-like kinase 1 (ALK1) [271], [343], has been demonstrated to prevent
VEGF and bFGF induced sprouting angiogenesis in vitro [363], and developmental
retinal neovascularisation in vivo, via the activation of downstream Smad 1,5 pathways
[363]. Mutations in ALKI, its co-receptor Endoglin (ENG) or the common effector

Smad4 are involved in the pathogenesis of hereditary hemorrhagic telangiectasia (HHT)
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[350], [351], [429], [430], a wvascular condition characterized by arteriovenous
malformations (AVM). BMP9 has been shown to modulate the expression of markers
sustaining the tip cell phenotype and to promote the maturation phase of developmental
angiogenesis [250]. ALK 1 has been reported to collaborate with Notch to counter VEGF-
induced signaling and regulate the formation and stabilization of retinal blood vessels
[271]. ALK1 and ALKS signaling are suppressed in tip cells through the guidance
receptor Neuropilin-1 (NRP-1), but signal in stalk cells in cooperation with Notch to
promote stalk cell behavior [220], [250], [431]. As such, the ALK1 signaling pathway
could have important clinical implications for anti-angiogenic treatments for AMD
patients. The present work investigates the role of the BMP9/ALKI1 axis in the formation

of pathological neovessels in models of ocular angiogenesis.
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Materials and Methods

Mice and Adenoviruses

Adenoviruses were cloned and produced as previously reported by Larrivée et al.[250]
C57BL/6 WT mice were purchased from The Jackson Laboratory. Cdh5-CreERT2 mice
were provided by Ralf Adams (Max Planck Institute for Molecular Biomedicine).
ALK1flox mice were kindly provided by Paul S Oh (University of Florida). All animals
were manipulated according to the institutional guidelines as defined by the Canadian

Council on Animal Care (CCAC).

Oxygen-induced retinopathy

C57BL/6] mouse pups at postnatal day (P)7 and their fostering mothers (CD1, Charles
River) were submitted to 75% oxygen in oxycycler chamber for 5 days. Pups were then
returned to normoxia and administered 50 ul (1x10% CFU) of either control,
BMP9/ALK1Fc-expressing viruses and/or 50 pg/ g of body weight of DCI101
(InVivoMADb, BioXcell Fermentation) or IgG isotype (intraperitonal [I.P.] injections).

Eyes were enucleated at P17 and processed for immunostaining.

Laser-induced choroid neovascularisation

Eight weeks old C57BL/6J mice were anesthetized with a ketamine/xylazine mix prior to
applying a photocoagulating laser (400mW intensity, 0.05s exposure time). Four spots
were burned around the optical nerve. Mice received 2x10® CFU LP. injections of either
control, BMP9/ALK1Fc-expressing viruses and/or 50 pg DC101/ g of body weight. Eyes

were enucleated after 14 days and processed for immunostaining.
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Immunofluorescence staining

Ocular globes were initially fixed for 15 min in 4% paraformaldehyde (PFA). Retinas or
choroids were collected after eyes dissection in phosphate buffered saline (PBS) and
blocked 1h in PBS 3% BSA 0.1% Triton X-100. Fixation was prolonged in 1% PFA
overnight for choroid extraction or eyes sectioning. Prior to sectioning, eyes were
maintained in sucrose gradients (10-30%), cryo-preserved in a matrix gel and sliced in 14
um sections on a cryostat (Leica CM3050S). Staining with either FITC-labeled isolectin
GS IB4 (Life technologies corporation), thodamine phalloidin (Cedarlane Laboratories)
or goat anti-mouse ALKI1 primary (R&D systems) and anti-goat secondary (Life
technologies) antibodies were performed on whole and/or sectioned retinas/choroids.
Retinas and choroids were then mounted in fluoromount aqueous medium (Sigma-

Aldrich).

Quantification of Retinal Vaso-obliteration and Neovascularisation

Neovascularisation was quantified using imageJ/Swift NV as previously described by
Stahl et al [432]. Briefly, the composite flatmount image was divided into four quadrants
and assigned a manual threshold value based on fluorescence intensity such that only the
areas of greatest intensity (corresponding to neovascularisation) are shown as a
“neovascularisation” map. The individual maps for each quadrant are then combined to
give a neovascularisation overlay for the entire retinal flat mount. The area of the overlay
is then compared to the overall area of the retina, without any avascular areas subject to
vaso-obliteration, to obtain percent neovascularisation for each individual retina. The
vaso-obliterated area was quantified by measuring the central retinal area devoid of blood

vessels and comparing it to the whole retinal surface area. For each flatmount,
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quantification was performed by two independent graders in a masked fashion, and the

average of their measurements was used for subsequent analysis.
ELISA

The BMP9Y levels in mouse serum were determined by ELISA using BMP-9 Duoset kit
(R&D systems) according to the instructions of the manufacturer. Optical density was

measured and corrected at 450nm and 570nm respectively using a plate reader (Tecan).

Real-time PCR

Eyes from OIR or control mice were dissected and lysed in 1% B-mercapto-ethanol RLT
buffer. Total RNA extraction and cDNA synthesis were performed using the RNeasy
extraction (Qiagen) and iscript (BioRad) kits respectively. Real-time amplifications of
various target genes (ALKI, ALK2, BMPR2, ENG and ALK3) were performed on 7500
Fast Real-Time PCR System (Applied Biosystems) using corresponding primers. Primers

were obtained from QIAGEN (Quantitect Primer Assays).

Sprouting Assays

Sprouting assays were performed as previously described by Larrivée et al. Briefly, after
siRNA transfection with control or VEGFR2 siRNA (25 pmol of RNAimax, Life
Technologies), HUVECs (250,000 cells/well in 6-well plates) were resuspended in 300 pl
fibrinogen solution (2.5 mg/ml fibrinogen, Sigma-Aldrich) in EBM-2 (Lonza)
supplemented with 2% FBS and 50 pg/ml aprotinin (Sigma-Aldrich), and plated on top of
a pre-coated fibrin layer (400 pl fibrinogen solution clotted with 1 U thrombin (Sigma-
Aldrich) for 20 min at 37°C). The second layer of fibrin was clotted for 1 hr at 37°C.

NHDF cells (250,000 cells/well), in EBM-2 supplemented with 2% FBS and 25 ng/ml
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VEGF, were then plated on top of the fibrin layers. Cultures were incubated at 37°C, 5%

CO:..

Statistical analyses

All data are shown as mean =+ standard error of the mean (SEM). Statistical analyses were
performed for all quantitative data using Prism 6.0 (Graph Pad). Statistical significance
for paired samples and for multiple comparisons was determined by Student’s t test and
ANOVA, respectively. Data were considered statistically significant if the p value was

less than 0.05.
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Results

BMP9 receptor expression in Pathological Retinal and Choroidal Neovascularisation:

To evaluate the involvement of BMP9 signaling in pathological angiogenesis in the
retina, we first examined the expression of genes involved in BMP9 signaling in retinal
ECs from mice subjected to oxygen-induced retinopathy (OIR). P7 mouse pups were
subjected to OIR and mRNA was harvested from retinas at P17, correlating with timing
of maximal pathological neovascularisation. P17 littermates not subjected to OIR were
used as controls. Transcripts corresponding to BMP receptors (ALK, ALK2, ALKS3,
BMPR2 and ENG) were detected in both groups, but levels of 4ALKI were significantly
increased in OIR retinas compared to controls, suggesting differential use during
pathological retinal angiogenesis (Fig. 1A). The expression of ALK/ in the retinal
endothelium was confirmed by immunofluorescence staining in retinas subjected to OIR,
showing expression in pathological vessels and in vascular tufts in particular (Fig. 1B). In
contrast to receptor expression, the levels of circulating BMP9 remained unchanged in
the plasma of mice subjected to OIR. This was observed both after the vaso-obliteration
(P12) and neovascularisation phases (P17), suggesting that changes in receptor
expression, and not of the circulating ligand, were associated with OIR-induced

angiogenesis (Fig. 1C).

The expression of BMP9 receptors in the choroid-sclera complex of mice undergoing
CNV was also evaluated. Eight-week old mice were subjected to laser photocoagulation
by applying 10 to 15 laser spots per eye, and choroids were harvested after 2 weeks. Gene

expression analysis showed a significant increase in ALK/ and ENG levels in animals
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with CNV compared to control animals (Fig. 1D). Together, these observations show that
the BMP9 receptor ALK is significantly enriched in pathological vessels of the retina

and the choroid.

ALK Signaling during Normal and Pathological Retinal Angiogenesis:

As BMP9/ALKI signaling is a potent inhibitor of developmental retinal angiogenesis
[271], we investigated whether modulation of ALKI1 signaling could affect
neovascularisation in a pathological model of retinal angiogenesis. To manipulate ALK 1
signaling in vivo, we used an adenoviral delivery approach to modulate the circulating
levels of BMP9, using either adenoviral particles encoding BMP9 or the ligand trap
ALKI1Fc as previously described [21]. This strategy resulted in either elevated (BMP9
Ad) or reduced (ALK1Fc Ad) levels of circulating BMP9 (Supp. Fig. 1A). Changes in
circulating BMP9 levels in mice were associated with either increased (BMP9) or
decreased (ALKIFc) levels of Smadl/5,8 phosphorylation (Supp. Fig. 1B),
demonstrating that ALK 1 downstream signaling could be modulated in vivo through this
approach. We evaluated whether changes in circulating BMP9 levels could affect the
vaso-obliteration phase of OIR, which occurs from P7 to P12 due to hyperoxia. P7 pups
were injected with BMP9 or control adenoviral particles and subjected to 75% oxygen for
5 days to trigger vessel regression. Retinas from pups sacrificed at P12 revealed no
differences in the vaso-obliterated retinal area under high or low BMP9 levels (Fig.

2A,0).

The effects of BMP9/ALKI1 signaling on pathological neovascularisation was then
evaluated by injecting adenoviral particles in P12 pups which had been subjected to 75%

oxygen from P7 to P12. Analysis of P17 retinas using ImagelJ/Swift NV quantification of
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neovascular tufts [432] showed that elevated BMP9 levels significantly decreased
pathological retinal angiogenesis (Fig. 2B,D), consistent with the observations during
developmental angiogenesis [420]. Even though we did not observe significant changes
in retinal avascular area, elevated BMP9 levels were associated with increased
occurrence and size of neovascular tufts, a key feature of pathological retinal vessels
(Fig. 2E). Conversely, inhibition of ALK1 signaling during the neovascularisation phase
of OIR through delivery of the ALK1Fc trap or through genetic ablation of ALK1 in the
endothelium using Cdh5Cre-ERT2-ALK1 floxed mice resulted in increased pathological
blood vessel and tuft formation in OIR mice (Fig. 2B,D,E, Fig. 3A,B). The retinal
pathological phenotype was more severe in Cdh5Cre-ERT2-ALK1 floxed mice than that
of ALK 1Fc-treated mice. This relative difference may reflect a partial blockade of ALK 1
ligands by ALKI1Fc in contrast to the nearly complete deletion of ALKI in the retinal
endothelium of Cdh5Cre-ERT2-ALKI1 floxed mice (Supp. Fig. 2). Together, these data
indicate that the activation of ALKI signaling using BMP9 prevents retinal
neovascularisation but doesn’t affect the regression of pre-existing vessels in pathological

models of retinal angiogenesis.

ALK signaling and CNV:

The formation of choroidal neovessels invading the subretinal space is the hallmark of
neovascular AMD. The effects of BMP9/ALKI1 signaling on retinal neovascularisation
led us to investigate whether it could also prevent choroidal angiogenesis. To test this, we
examined the effects of modulating the ALKI1 signaling on laser-induced CNV
progression in C57BL/6 mice. Eight-week old mice subjected to laser impact were I.P.

injected with adenoviral BMP9 and ALK 1Fc adenoviral particles, and CNV was detected
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14 days later by staining choroid-sclera whole-mounts with IsoB4 (blood vessels) and
phalloidin (RPE). We observed a significant decrease in the area of CNV in mice treated
with BMP9 compared with controls (Fig. 4). However, even though there was a small
increase in CNV in ALKI1Fc treated mice, these changes were not significant, which
suggest that choroidal vessels may be less sensitive to ALK inhibition than retinal
vessels. Together, these observations show that stimulating the BMP9-mediated ALK
signaling negatively regulates pathologic choroidal angiogenesis, while inhibiting it does

not exacerbate CNV lesions.

Additive effects of ALK signaling modulation and VEGFR2 inhibition in OIR and CNV:

Current treatments for neovascular AMD focus on the inhibition of angiogenesis through
blockade of VEGF. Previously published data suggest that ALK signaling modulates the
response of endothelial cells to VEGF [250]. Indeed, stimulation of endothelial cells with
BMP9 alters the expression of VEGF receptors, and endothelial tip cell markers
downstream of VEGF (Supp Fig.3A) in HUVECs. In response to BMP9, levels of
VEGFRI1 were increased (8.9 fold) in HUVECs while VEGFR2 expression fell by 47%.
This was also observed in the retinas of mice which received intraocular injections of
BMP9 (500 ng), which showed an overall decrease in tip cell markers such as ANG2 and
Apelin, while the expression of VEGFRI1 and the stalk cell marker Jaggedl were
increased (Supp Fig. 3B). We also observed a non-significant down-regulation of
VEGFR2 expression in BMP9-injected retinas. This likely reflects the fact that, in
contrast to ALK 1-specific ECs, VEGFR2 remains expressed by additional cell types in
the retina (photoreceptors, neurons). Together, these data suggest that BMP9 could alter

the responses of ECs to VEGF signaling in part by modulating the levels of VEGF
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receptors, thereby leading to an overall decrease VEGF-induced angiogenesis. Based on
its effects on VEGF signaling, we investigated whether BMP9 could potentiate the effects
of VEGFR2 inhibition on endothelial sprouting. Using a fibrin co-culture assay
previously described [271], we observed that combination of BMP9 signaling potentiated
the effects of VEGFR2 inhibition on endothelial sprouting, resulting in a 74% decrease in
endothelial tube formation (Supp. Fig. 3C,D). These data led us to evaluate whether
modulation of ALK1 signaling could potentiate the effects of VEGFR2 inhibition in

models of pathological ocular angiogenesis.

Using the neutralizing DC101 antibody, we investigated the effects of blocking VEGFR2
signaling alone or together with BMP9 on OIR-induced neovascularisation. Compared to
controls, both BMP9 and DC101 by themselves suppressed neovascularisation in OIR
mice, as was previously reported for DC101 [433]. The inhibitory efficacy was slightly,
but not significantly higher for BMP9 than DC101. However, a combination of BMP9
and DC101 showed a greater inhibitory efficacy on neovascularisation (51.5% inhibitory
efficacy) than BMP9 or DCI101 alone (Fig. 5). Additionally, while BMP9 or DC101
treatments alone did not affect the avascular area of OIR retinas, the combination of both
factors caused a significantly increased avascular area (Fig. 5B). Interestingly, while
Alk1Fc treatment by itself increased neovascular tuft formation in OIR, combination of
AlklFc with DC101 completely suppressed neovascularisation, suggesting that
hypervascularisation associated with Alk1 inhibition is dependent on VEGFR?2 signaling.
The combinatory effects of BMP9 and DC101 were also assessed on CNV formation.
Mice subjected to laser burns received either BMP9 adenoviral particles or DC101, alone

or in combination. Again, both BMP9 and DC101 significantly reduced CNV (Fig. 6). A
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combination of both factors significantly increased the inhibitory effects over individual
treatments. Together, these data suggest that BMP9/ALKI signaling could potentiate the
effects of VEGF inhibitors used to modulate pathological neovascularisation in wet

AMD.
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Discussion

Current therapies to treat ophthalmic diseases are mostly centered on the
inhibition of a single factor, VEGF. The aims of anti-VEGF treatments are to counteract
pathological neovascularisation and disease progression, to arrest visual impairment and,
in the best case, to gain the recovery of vision. Some molecules targeting VEGF are
currently used in ophthalmology, and many more are under investigation in clinical trials
for either AMD, ROP, or other eye diseases characterized by neovascularisation. While
VEGF blocking agents have provided good clinical benefits, a number of patients show
poor responses to these drugs and some concerns have been raised regarding the long
term use of VEGF inhibitors [434]. It has been proposed that pan-VEGF blockade is
responsible of increasing geographic atrophy in AMD patients, a gradual complication
characterized, among others, by choriocapillaries and RPE atrophy, photoreceptors death,
and leading to a progressive visual loss [418], [435]. It is therefore of great clinical
interest to identify novel targets that could complement or replace current treatments.
Numerous signaling pathways have been shown to modulate VEGF activity, and
therefore could be targeted to improve the therapeutic benefits of current anti-angiogenic
therapies. Among those, signaling components of the Notch, Wnt and Ephrin/Eph
families have been found to be differentially regulated in pathological vessels and could

represent new targets to prevent neovascularisation in ocular diseases [436]-[439].

In this study, we have examined the involvement of ALKI signaling in pathological
models of ocular neovascularisation, in the backdrop of its established role in

physiological angiogenesis in the developing retina [250]. We found that ALK1 was up-
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regulated in the endothelium of mice undergoing pathological angiogenesis, which may
act as a feedback ‘““brake” or negative regulator to restrain VEGF-induced angiogenesis.
As such, inhibition of ALK1 signaling using ALKI1Fc or genetic deletion of ALK/
significantly increased neovascularisation and vascular tuft formation. However, the
activation of ALK1 in pathological vessels is likely suboptimal, as we show that

exogenous BMP9 can reduce pathological angiogenesis in OIR and CNV lesions.

The mechanisms that drive pathological neovascularisation, a process
characterized by the formation of vascular tufts growing towards the vitreous, are distinct
from those driving healthy revascularisation of the avascular region of OIR retinas [440].
The tuft formation is often referred to as ‘pathological angiogenesis’, while the closure of
the avascular area as revascularisation. While the efficient revascularisation reduces
hypoxia and desirably prevents tissue damage, neovascular tufts are characterized by
newly forming vascular sprouts that fail to regenerate the capillary network and instead
cause outgrowths towards the vitreous. It is intriguing that the two processes are usually
inversely correlated; when healthy vascular regeneration is increased, neovascular tufts
are reduced [440]. However, the mechanisms underlying this effect are not entirely clear.
Our data show that modulation of ALK signaling does not appear to affect the avascular
area of OIR retinas (revascularisation),but is highly efficient at reducing the appearance
of vascular tufts (pathological neovascularisation), suggesting that ALK1 agonists would
prevent pathological neovascularisation without adversely affecting normal
revascularisation. The effect of BMP9 on vascular tuft formation may reflect its ability to

modulate VEGF signaling, which is the main driver of tuft formation.
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During retinal angiogenesis, ALK signaling maintains homeostasis by offering a
counterbalance to proangiogenic pathways, such as the VEGF-mediated one , since it
contributes to normalizing the specification of ECs into stalk and tip cells and to properly
remodeling the vasculature [250], [441]. Consistent with this notion, BMP9 decreased
VEGFR2 expression and increased VEGFRI1 expression in ECs, likely altering the
sensitivity of VEGF-VEGFR2 signaling. These changes, combined with the effects of
ALK]1 signaling on the expression of endothelial tip and stalk cell markers, likely

contribute to the BMP9-promoted reduction of pathological angiogenesis.

Recently, numerous classes of ALK1 inhibitors have been developed for the
prevention of tumor angiogenesis [442], [443]. These inhibitors have been shown to
prevent tumor angiogenesis and increase the anti-angiogenic effects of VEGF inhibitors.
These results may at first seem to contradict ours, which didn’t show inhibition of retinal
and choroidal angiogenesis with ALK1Fc. Some discrepancies in ALK1 signaling in
tumor angiogenesis may be explained in part by the cell context, the dose, ALK1 cross-
talks with other signaling pathways, the micro-tumor environment, as well as the stage of
cancer at the time of treatment. In line with this supposition, tumor vessels are known to
behave aberrantly and are notably more tortuous and leakier than vessels from tissues

such as the retina.

We did however observe in OIR that the combination of ALK 1Fc with DC101 abrogated
the appearance of neovessels caused by ALK inhibition. These data provide evidence
that ALK1 regulates angiogenesis at least partially through the modulation of VEGF
signaling. This is in line with a study showing that treatment with bevacizumab, an

antibody that binds and neutralises human VEGF, decreases the number of dysplastic
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vessels in the brain of mice deficient for ALK1 [444]. In addition, we also show that
BMP9/ALKI1 signaling results in changes in VEGFR1 expression in ECs. This suggest
that in blood vessels stimulated with BMP9, higher VEGFRI1 levels may contribute to
decreased VEGF signaling through the negative regulation of VEGF bioavailability
[445]. These data, along with studies showing that BMP/Smad signaling modulates
Notch activity in ECs [220], [250] demonstrate that ALK is an important regulator of
the response of ECs to angiogenic signals, and that modulators of its signaling may affect
the response of blood vessels to VEGF. Therefore, the approach aiming to the regulation
of ALK1 activity may lead to the development of novel therapeutic strategies to
overcome the resistance to VEGF antagonists in diseases such as AMD. Based on the
present data, ALK1 agonists could also be of interest for the treatment of a variety of
ischemic retinopathies including ROP and diabetic retinopathy. Arguably, components of
the BMP9/ALKI signaling may be implicated as positive effectors of the desired
quiescence of EC but also eventual mediators of lateral side-effects on non-vascular
retina cells. Thus, future studies on targets of ALK signaling might be needed to limit

this possibility.

Overall, the results from the current study reveal BMP9 as an effective and potent
inhibitor of pathological neovascularisation associated with wet AMD. Moreover, BMP9
agonists represent promising complements that would lower the conventional dose of
anti-VEGF agents required to achieve an equivalent therapeutic index. Thus, the BMP9
and anti-VEGF combined therapy would limit the aforementioned adverse effects

commonly associated with anti-VEGFs alone.
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Figure legends

Figure-1. Expression of components ALK1 signaling during pathological ocular

neovascularisation.

(A) qRT-PCR analysis of P17 retinas from pups subjected to OIR revealed the expression
of transcripts corresponding to components of the canonical BMP9 signaling (n=4 control
mice and 4 OIR mice). (B) ALK1 immunofluorescence staining of OIR retinas at P17
shows specific expression of ALK1 in blood vessels. Arrowheads show vascular tufts.
Scale Bar: 20 um. (C) BMP9 ELISA of plasma from mice subjected to OIR collected at
P12 (after vaso-obliteration) (n=3 control and n=3 OIR) and P17 (neovascularisation
phase) (n=3 control and n=4 OIR). (D) qRT-PCR of choroid-sclera complexes subjected
to laser-CNV of genes involved in BMP9 signaling (n=4 mice per group). All histograms

represent mean + standard error of the mean. *P < 0.05.

Figure-2. Perturbations of ALK1 signaling influence neovascularisation but not

vaso-obliteration during OIR.

(A) Effect of BMP9 and ALK1Fc on the vaso-obliterative phase of OIR. P12 retinas of
mice injected with control, BMP9 or ALK 1Fc subjected to 75% oxygen from P7 to P12.
Scale bar: 500 um. (B) Effect of BMP9 and ALK 1Fc on the neovascularisation phase of
OIR. C57/Bl6 mice were subjected to OIR followed by L.P. injections of adenoviral

constructs at the onset of neovascularisation (P12) and morphometric analyses at P17
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following IsoB4 staining. Scale bar: 500 um. (C) Quantification of vaso-obliterated areas
in P12 retinas using ImagelJ/Swift (n=4 controls, n=4 BMP9 and n=3 ALKI1Fc). (D)
Quantification of neovascular and vaso-obliterated areas in P17 retinas subjected to OIR
using ImagelJ/Swift (n=6 control, n=8 BMP9 and n=5 ALK1Fc). (E) Wholemount IsoB4
and Smooth muscle actin staining of wild-type P17 OIR retinal vessels after treatment
with control, ALK1Fc or BMP9 adenovirus Scale bar: 100 pum. All histograms represent

mean =+ standard error of the mean. *P < 0.05, *xxP < 0.005.

Figure-3. Genetic deletion of ALK1 in the endothelium worsens OIR-induced

neovascularisation.

(A) IsoB4 staining of P17 retinas from ALKI-flox and Cdh5Cre-ALKI1 flox mice
subjected to OIR. Injections of tamoxifen were performed at P12, at the onset of
neovascularisation. Scale bar: 500 um. (B) High magnification of the retinal vasculature
shown enlarged vessels accompanied by neovascularisation following deletion of ALKI.
Scale bar: 50 pm. (C) Quantification of neovascular and vaso-obliterated areas in P16
retinas subjected to OIR using Imagel/Swift (n=4 ALKI1 fl/fl, n=4 Cdh5CreERT2-

ALKI1f/f).
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Figure-4. ALK1 signaling regulates neovascularisation in mice subjected to laser-

CNV.

Phalloidin (red) and IsoB4 staining of choroid-sclera complexes two weeks after laser
burn and treatment with adenoviral particles. Graph shows quantification of neovascular
area following laser-burn. (n=8 control, n=8 BMP9 and n=6 ALKI1Fc). All histograms

represent mean + standard error of the mean. ***P < 0.005. Scale bar: 75 um.

Figure-5. Potentiation of the anti-angiogenic effect of VEGFR?2 inhibition by BMP9.

(A) Representative images of P17 OIR retinas subjected to VEGFR2 inhibition and/or
treatment with BMP9 or AlklFc adenoviruses. Neovascular areas are highlighted in red.
(B) Quantification of neovascular and avascular areas in P17 retinas subjected to OIR
using ImagelJ/Swift (n = 5 control adenovirus, n = 3 control IgG, n = 6 BMP9, n = 7
DCI101, n = 5 BMP9+DC101, n = 4 AlklFc, n = 4 AlklFc+DC101). All histograms
represent mean + standard error of the mean. *P < 0.05, **P < 0.01, ***P < (.005. Scale

bar: 500 um.

Figure-6. Effects of BMP9 and VEGFR2 blockade on CNV.

(A) Phalloidin (red) and IsoB4 staining of choroid-sclera complexes two weeks after laser
burn and treatment with adenoviral particles. (B) Quantification of neovascular area
following laser-burn (n=4 animals/group). All histograms represent mean + standard error

of the mean. **P < 0.01, ***P < 0.005. Scale bar: 75 pm.
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Supplementary figure-1. Evaluation of BMP9 circulating levels in animals treated

with adenoviral particles.

(A) BMP9 ELISAs from plasma of P17 mice subjected to OIR and injected with
adenoviruses at P12. (n=5 mice/group). (B) Western blot analysis of lung tissue from P17
mice injected five days prior with control, AlklFc or BMP9 adenoviruses. Membranes
were probed with anti pSmad1/5,8 or Actin antibodies. Protein samples from 3 animals
per group were tested. Histogram represents mean + standard error of the mean. **P <

0.01.

Supplementary figure-2. Tamoxifen injection leads to inhibition of ALK1 expression

in OIR retinas of Cdh5CreERT2-ALK1 f/f mice.

IsoB4 and ALK1 immunostaining of P17 retinas of mice subjected to OIR. Injections of

tamoxifen were performed at P12, at the onset of neovascularisation. Scale bar: 75 um

Supplementary figure-3. BMP9 modulates the response of endothelial cells to VEGF.

(A) qRT-PCR analysis of tip and stalk cell markers in HUVECs treated with VEGF with
or without BMP9 for 3 hours (n=3 repeats). (B) qRT-PCR from retinas of C57/B16 P5
mice 6 hours after intravitreal injections of BMP9 (500 ng) show modulation of
expression of tip and stalk cell markers (n= 3 PBS control and n=4 BMP9). (C)
Representative images of HUVEC sprouting assays following transfection with VEGFR2

siRNA and treatment with BMP9 (10ng/mL). (D) Quantification of tube density using
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software analysis (ImageJ) (n=3 experiments). All histograms represent mean + standard

error of the mean. *P < 0.05, **P < 0.01, **xP < 0.005. Scale bar: 75 pum.

111



Figures

-
o
:

OIR/Non-OIR Fold Change

I I P17-Control I

P17-0OIR

w
*
*

C ns D

150
ns

-]- B Control

BMPS (pg/ml)
@ =]
o o o
—
s
CNVINon-CNV Fold Change
o - n

& & O
\,“g&@

\..*D
&8

(‘?

3
5

(‘?

|
Q,
Yy

2

Fig.1 Expression of components ALK1 signaling during pathological ocular
neovascularisation (OIR).

112



Control

Avascular Area
ns

(@]
w/

150 ns
R |- S—
© g
S = =
< £100 <2 2E
565 sc fofl
30 ER 8o
e ? = 3%
82 %0 £ g
zL g g;\'
z

Fig.2 Perturbations of ALK1 signaling influence neovascularisation but not vaso-
obliteration during OIR

113



\
~

Alk1 fif s Cdh5CreERT2-AIK1 fIf

-

AT, /o Cdh5CreERT2-AIK1 fif

Neovascularization Area Avascular Area

)

ns

g

Neovascular Area
(% of control)
8

3
AVA (% of control)

Fig.3 Genetic deletion of ALK1 in the endothelium worsens OIR-induced
neovascularisation

114



Neovessel relative area

Fig.4 ALK1 signaling regulates neovascularisation in mice subjected to laser-CNV
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CHAPTER III - BMP9 signaling crosstalks with VEGF and Notch pathways to

induce vessel quiescence

Article in preparation:

BMP9 induction of VEGFRI1 crosstalks with VEGF and Notch pathways to induce

vessel quiescence
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Abstract

VEGF-mediated sprouting of blood vessels depends on the formation of the tip
and stalk phenotypes. The cooperation of VEGF and Notch pathways is essential to
regulate these transient fates of endothelial cells (ECs). We and others have previously
shown that BMP9 signaling cooperates with Notch to regulate sprouting angiogenesis.
However, the molecular basis of this cooperation remains poorly characterized. Here we
demonstrate that BMP9 signaling directly and indirectly regulates Notch and VEGF
activities to modulate sprouting angiogenesis. The phosphorylation analysis of
transducers downstream of VEGF revealed that BMP9 significantly inhibited its
signaling effectors, including ERK, Akt, c-Jun and eNOS. Protein and mRNA levels of
VEGFRI1 and key Notch signaling components such as JAG1 were found to be increased
by BMP9 in mouse retina and HUVEC in vifro. We have demonstrated that BMP9-
induced expression of VEGFR1 correlated with the inhibition of both VEGF-controlled
pathways and tip cell formation. Overall, our results indicate that BMP9 signaling
induces the quiescence of ECs in sprouting vessels through its differential regulation of

VEGF and Notch pathways.
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Introduction

Angiogenesis is defined as the formation of new capillaries from existing blood
vessels [446]. It mainly occurs via vessel sprouting, a modality in which a migratory tip
cell leads a group of stalk cells to form new branches that extend the vascular network
[3], [84], [447]. During the sprouting angiogenesis, endothelial cell (ECs) respond to
VEGF cues by expressing various targets including DLL4 [87], [448]. The tip phenotype
is selectively induced in DLL4-expressing cells but laterally inhibited in neighboring ECs
where these ligands transactivate Notch [419]. The tip cell at the leading edge of the
angiogenic sprout migrates toward the VEGF gradient, whereas the group of proximal
stalk cells proliferate at its base to form the lining of the new vessel [419], [449]. The tip
and stalk phenotypes establish a mosaic pattern of ECs in the nascent sprout. On the one
hand, VEGF confers a directional migration advantage to the filopodia-expressing tip
cells enriched in markers such as DLL4, ESM-1, VEGFR2/3 and uPAR [254]. On the
other hand, the proliferating stalk cells at the base of the nascent sprout, show
characteristic Notch activity resulting in the expression of its targets including VEGFR1
and JAGI receptors. Thus, VEGF induces DLL4 and its own transducers in the tip cell,
whereas Notch stimulates the expression of the VEGF-inhibiting receptor VEGFR1 and
its own ligand JAGI. This cross-induction of ligands or receptors results into an interplay
between the DLL4-inducing VEGF and the JAG1/VEGFR1-inducing Notch pathways.
The VEGF-Notch interconnection may give rise to a negative feedback loop on the tip
cell that alleviates its lateral inhibition on stalk cells. Thus, the VEGF-Notch interplay

would transiently reset the phenotypes of neighboring ECs and would periodically

122



contribute to renew their competition for the tip position. Overall, VEGF and Notch
pathways cooperate during sprouting to quantitatively balance and dynamically regulate

the selection of a tip cell among ECs [250].

Aside from VEGF and Notch pathways, the morphogenetic protein (BMP) 9 and
its activin receptor-like kinase 1 (ALK1/ACVRLI1) constitute an endothelium-specific
axis that also contributes to the biological responses of endothelial cells and to the
modulation of the tip/stalk markers [250]. BMP9 is a TGF-B superfamily member that
specifically signals through the EC-enriched ALKI1 type I receptor in complex with
dimers of type II receptors. These include the BMP receptor (BMPR 2) and activin
receptors (ActR2 A and B). Upon BMP9 binding, ALK1 and BMPR2 or ActR2A/B form
a complex that further induces the phosphorylation of receptor-regulated Smad (R-Smad)
1/5/8. Activated R-Smads bind co-Smad and translocate to the nucleus where they act
together as part of a transcriptional assembly that interacts with Smad Binding Elements
(SBE) in target genes. Moreover, the BMP9/ALKI1 signaling crosstalks with the VEGF
and Notch pathways at various levels as they share common signaling components. In
fact, BMP9-activated Smads, VEGF and Notch co-regulate various mediators and targets
either independently or through downstream complexes. For instance, VEGFR1, JAGI,
DLL4, VEGFR2, UNC5B, HES1, HEY1, HEY2, Smadl/5 constitute crossroads between
BMP9, VEGF or Notch signaling activities [250], [248], [450], [300]. These signaling
components constitute either common targets or connectors between these pathways; and
some of them have been reported to share promoter-associated responsive elements for
Smad (SBE), Notch (NRE) and VEGF-controlled transcription factors. As BMP9, VEGF

and Notch signaling activities interplay through hierarchical or feedback regulations, a
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refined integration of these pathways by ECs is thus critical to coordinate their biological

responses and sprouting phenotypes during angiogenesis.

Furthermore, BMP9 has been associated with physiological angiogenesis as well as
vascular diseases. For instance, BMP9 inhibits the developmental vascularisation of the
eye in mice [250] and the pathological angiogenesis in models of retina diseases [451].
Mutations in BMP9 and ALKI1 have also been reported in hereditary hemorrhagic

telangiectasia (HHT) 2 and 4 [351], [430].

Given the aforementioned roles of BMP9 and its crossroads with VEGF and
Notch pathways, we hypothesized that the BMP9/ALK1 axis would modulate the VEGF
and Notch signaling activities, induce the quiescence of vessel endothelium and
ultimately inhibit the sprouting angiogenesis. We aimed to investigate the mechanistic
basis of BMP9 antiangiogenic activity by examining its effects on the tip and stalk
phenotypes as well as its interplay with VEGF and Notch pathways during sprouting.
Thus, the present study specifically investigates BMP9-mediated effects on signaling

components of VEGF and Notch pathways in the context of sprouting.
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Material and methods
1) Material and reagents

Primary HUVECs were purchased from Lonza (cat # cc-2517). The recombinant
human (rh) BMP-9 (cat# 3209-BP/CF), ALK1-Fc (cat# 370-AL) and VEGF-165
(cat# 293-VE-010/CF) were from R&D systems. The iScript cDNA synthesis kit (cat
# 1708840) and qPCR polymerase (cat# 1725121) kits were obtained from Bio-Rad
whereas the RNA extraction kit was purchased from Qiagen (cat# 74134). The human
primers for qPCR were ordered from Invitrogen (DLL4, JAGI, HLX and Nidogen),
Quantitect (FLT1, Apelin, LFNG, HESI, HEYI and HEY?) and IDT (KDR and Actin).
The antibody to py117sVEGFR2, pyosi VEGFR2, VEGFR2, pr202/v204ERK1/2, ERK1/2,
pSmad1/5, Smad1/5/9, psa73Akt, Akt, ;y397FAK, FAK Smad4, cleaved Notchl (vaii744,
p3ps) were ordered from Cell signaling, The antibodies to VEGFR1 (cat# AF321 and
AF471) and ESMI1 (cat# AF1810) were from R&D systems. The ALK (an37807),
Actin, CD144, JAG1@b7771), LENGiepri0391(8),, NRP1[EPR3113] , Ergreprsses) antibodies
were purchased from Abcam. Alexa 488 (cat# A-11055) and 647 (cat# A-31573) -
conjugated secondary antibodies were ordered from Thermo Scientific; whereas
Horse radish peroxidase-labeled antibodies to goat (PI-9500), mouse (PI-2000) and
rabbit (PI-1000) IgG were obtained from Vector. IsolectinB4 conjugated to Alex fluor
488/647 (Sigma, cat # L.2895) were purchased from Sigma. Control and silencing
RNAs (si-RNA) si-FLT1, si-ALK1, si-Smad4, si-JAGI were ordered from Qiagen.

CJ57/BL6 mice were from Jackson.
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2)

3)

Cell culture and transfection:

HUVECs were seeded to reach a density of 2x10° cells/well on a 6-well plate in
EndoGRO basal medium (Millipore, cat# SCME-BM) completed with EndoGRO
supplement kit SCMEQ02-S (containing thVEGF, thEGF, rhFGF, rhIGF-1, ascorbic
acid, hydrocortisone hemisuccinate, heparine sulfate, L-glutamine and FBS). For
transfection, the plated HUVECs were exposed to 25 nmol of si-RNAs from
transfection mixes prepared as per the protocol of the lipofectamine RNAIMAX kit
(ThermoFisher, cat # 13778030). 24 hours later, transfected and non-transfected cells
were starved 18h in 10ng/mL rhBMP-9 0.1% FBS EndoGRO basal medium. These
cells were either concomitantly or subsequently treated with 25ng/mL of VEGF-165

depending on their processing for phosphoarray, Western blot or gPCR (below).

Western blotting and phospho-kinase array

Control and BMP9-treated (detailed above) HUVECs were subsequently stimulated
or not with 25ng/mL of VEGF-165 for 15 min. Cell lysates were collected and
incubated over night at 4°C with capture antibody-labeled and blocked membranes, as
per protocols of the proteome profiler human phospho-kinase (cat # ARY003B) and
phospho-receptor tyrosine kinase (RTK) (cat # ARY001B) array kits. The membranes
were subsequently washed and successively stained with the detection antibody
cocktail A or B and the streptavidin-horse radish peroxidase (HRP) from the array

kits. Each membrane was exposed to 1-2 mL of freshly prepared mix of chemi
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4)

5)

reagents 1 and 2 prior to development on a luminescent image analyzer (Fuji, cat #

LAS-3000 IDX4).

Real-time PCR

Control and BMP9-treated (detailed above) HUVECs were stimulated or not with
25ng/mL of VEGF-165 for 8h. Cell lysates were collected in RLT and the total RNA
extracted using the RN Aeasy kit reagents and protocol on a thermal cycler (Bio-Rad,
cat # C1000 Touch). The cDNAs were synthesized as per the iScript kit protocol.
Targeted sequences of DLL4, JAGI, HLX, Nidogen, FLTI, Apelin, LFNG, HESI,
HEYI] and HEY2, KDR and Actin genes were amplified on the ABI instrument
(Applied Bio-systems, 7500 real-time PCR system) set to temperature cycles of 95°C

(10sec), 60°C (35sec) and 72°C (30s).

Immunofluorescence staining

P(4) mice were injected intravitreally with BMP9 (500 ng) or ALK1Fc (100 ng) in
phosphate buffered saline (PBS). Eyes were collected at P(5) in 4% PFA for 15min
and dissected in PBS. Retinas were then blocked 2h in 0.1% Tx-100 3% BSA in PBS
and stained O/N with 1:400 (v/v) IsoB4 conjugated to Alex fluor 488 or 647 and
primary antibodies detected with Alexa-labeled secondary antibodies.They were flat-
mounted in fluoroshield (Sigma-Aldrich, cat# F6182,) and imaged by fluorescence

microscopy.
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Results

BMP9 decreases the endothelial tip cell conversion in developing retinas

A previous study by Larrivée et al. (2012) has shown that BMP9 overexpression
is a potent inhibitor of retinal angiogenesis and that treatment of cultured endothelial cells
(HUVECS) results in the inhibition of endothelial tip cell markers (DLL4, Apelin).
Therefore, we evaluated the consequences of BMP9 delivery on tip cell conversion in
developing retinas. P4 mice received intravitreal injections of BMP9 and retinas were
harvested 24 hours later. To evaluate the number of tip cells in the developing
vasculature, retinas were stained with an antibody directed against Endothelial cell-
specific molecule 1 (ESM), a marker highly expressed by tip cell during sprouting. Our
results showed that BMP9 treatment significantly reduced the number of ESMI-
expressing cells in vivo, in contrast to mice which were injected with only PBS (Fig. 1A).
Conversely, injections of ALK1Fc resulted in a significant increase of ESM-1-positive
cells. Interestingly, while ESM-1-positive tip cells were found mainly at the leading edge
of growing capillaries in PBS-injected animals, they were found throughout the whole
retinal plexus in ALK 1Fc-injected pups, suggesting that loss of ALK signaling interferes
with the Notch-induced inhibition of the tip cell phenotype that occurs at the tip/stalk cell
interface. Together, these data confirm that ALKI prevents neovascularisation by

preventing the switch of endothelial cells to the tip cell phenotype.
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BMP9 prevents the VEGF-induced expression of tip cell markers

VEGF drives neovascularisation by inducing the stalk/tip cell switch, which
implies the differential expression of subsets of genes which confers a migratory
phenotype to endothelial cells. Previous studies have shown an enrichment in genes
involved in Notch signaling (DLL4), pericyte recruitment (PDGF-B) and basement
membrane degradation (UPAR, Nidogen-1 and Nidogen-2). We next evaluated whether
BMP9 could block the VEGF-induced expression of tip cell markers. BMP9 significantly
reduced both basal and VEGF-stimulated mRNA levels of DLL4, Apelin, HLX and
Nidogen-2 in vitro (Fig. 2). These effects suggest that BMP9 signaling can interfere with
the VEGF signaling cascade inducing the tip cell markers. Thus, consistent with its
previous inhibitory effect on tip cell conversion, BMP9 represses the expression of the tip
cell markers DLL4, Apelin, HLX and Nidogen-2 in a VEGF-dependent manner. Overall,
these results indicate that BMP9 interferes with the migratory tip cell switch by blocking
the effects of VEGF and, thus, would ultimately inhibit angiogenesis sprouting and lead

to a quiescent vasculature.

As BMP9 interferes with the VEGF-induced expression of endothelial tip cell
markers, we explored the consequences of BMP9 stimulation on VEGF signaling in
endothelial cells. Previous studies have indicated a crucial role in VEGF-dependent
Akt/mTOR, p38 and ERK signaling on tip cell conversion. Thus, BMP9 effects on VEGF
signaling was investigated by determining how the co-treatment with BMP9 affects
downstream signaling mediators. A screening of VEGF signaling mediators by
phosphoarray revealed a significant inhibition of multiple VEGF-dependent pathways in

the presence of BMP9 (Fig. 3). Indeed, we observed a significant reduction in VEGF-
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dependent VEGFR2, ERKI1/2, Aktl/2/3y30s, c-Jun, eNOS, EPHA2, EPHB4, STAT3,
RSK1/2/3, FAK and P70 S6 kinases phosphorylation in the presence of BMP9. These
data were confirmed by immunoblotting and demonstrated that BMP9 blocked the
phosphorylation of VEGF signaling mediators as well as the phosphorylation of VEGFR2
on two distinct tyrosines involved in VEGF-induced proliferation and migration (Y1175)
and permeability (Y951) (Fig. 4). Together, these data demonstrate that BMP9/ALK1
signaling can interfere with VEGF signaling in endothelial cells. Interestingly, the
inhibition of VEGFR2 phosphorylation suggests that BMP9 inhibition occurs early in the

VEGEF signaling cascade.
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BMP9-induced expression of VEGFRI1 leads to the inhibition of VEGF signaling

BMP9-mediated inhibition of VEGFR2 activity indicated that it could act
upstream at the level of VEGF receptors to inhibit VEGF signaling. One of the main
regulators of VEGF signaling is the VEGF receptor VEGFR1, which has been shown to
act as a ligand trap for VEGF. Indeed, numerous studies have previously shown that both
the membrane-bound and soluble versions of VEGFR1 limit the bioavailability of soluble
VEGF, thereby limiting angiogenesis. We thereby questioned whether VEGFR1 could
prevent VEGFR2 phosphorylation and VEGF downstream signaling by regulating the
expression of VEGFRI1. Quantitative PCR analysis revealed that VEGFR1 mRNA was
significantly upregulated in the presence of BMPY, in contrast to VEGFR2 and NRP1
expression, which was not significantly altered (Fig. 5A). An increased expression of
VEGFR1 was confirmed at the protein level by immunoblotting (Fig. 5B). We also
evaluated whether BMP9 could upregulate VEGFR1 expression in vivo. Mice (P4) were
injected with recombinant BMP9 (500ng) and retinas were harvested 24 hours later.
Immunofluorescent staining of the retinal vasculature revealed weak expression of
VEGFRI1 in animals injected with PBS; whereas a significant increase in VEGFRI1
expression was detected throughout the vasculature of mice injected with BMP9 (Fig.
5C). As VEGFRI1 acts as a potent sink of VEGF, its induction by BMP9 would increase
the trapping of VEGF and decrease its availability for VEGFR2 binding and
phosphorylation. Therefore, the VEGFRI1-mediated reduction of VEGF availability

would then decrease VEGFR2 activation and would ultimately cause a partial lack in the
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phosphorylation of effectors downstream of VEGF signaling such ERK, FAK, Akt and

eNOS.

As VEGF signaling mainly directs the formation of tip cells and their migration
during sprouting, the overexpression of VEGFR1 would be one of plausible mechanisms
through which BMP9 inhibits angiogenesis. We therefore evaluated the contribution of
VEGFRI1 in mediating the effects of BMP9 on VEGF signaling. To address this,
HUVECs were transfected with control or VEGFR1 siRNA. Twenty-four hours post-
transfection, HUVECs were treated with BMP9 overnight before stimulation with VEGF
for 15 minutes. Immunoblotting revealed a 70% decrease in VEGFR1 expression. In
control siRNA-treated cells, BMP9 reduced VEGF-induced phosphorylation of several
signaling molecules, including VEGFR2, ERK and Akt as previously shown (Fig. 3, 4).
As expected, the silencing of VEGFRI1 resulted in exacerbated VEGF-induced
phosphorylation of these signaling molecules (Fig. 6). Furthermore, the inhibition of
VEGFRI1 expression also impaired the inhibitory effects of BMP9 on the phosphorylation
of effectors downstream of VEGF signaling (Fig. 6). These results therefore indicate that
the BMP9-induced expression of VEGFR1 mediates the downregulation of VEGF
signaling in ECs and could represent a mechanism through which BMP9 suppresses

neovascularisation.

132



BMP9/ALKI1 signaling leads to Notch cleavage and signaling

Studies have shown that Notch is a potent regulator of tip/stalk cell conversion.
The induction of Notch signaling by its ligand DLL4 was also shown to regulate VEGF
signaling via VEGFR1 up-regulation and VEGFR2 down-regulation. While it has
previously been shown that BMP9 can directly regulates the expression of Notch
canonical targets including the bHLH proteins of the HES/HEY family, its direct effects
on Notch cleavage and signaling have not been investigated. Given the role of BMP9 on
tip/stalk cell conversion and its effects on VEGF signaling, we evaluated whether BMP9
could directly mediate the activation of Notch signaling in ECs. HUVECs were
stimulated with BMP9, VEGF or VEGF+BMP?9 for up to 24 hours, and the expression of
Notch downstream targets were examined by quantitative PCR (Fig. 7A). While VEGF
stimulation alone did not significantly modulate the expression of HES1, HEY1 and
HEY?2, BMP9 rapidly induced robust expression of these factors, independently of VEGF
stimulation. Interestingly, while HES1 and HEY1 were rapidly induced and reached an
expression plateau, HEY2 was gradually increased over a period of 24 hours. The
expression of HEY1 and HEY?2 proteins was confirmed by Western (Fig. 7B). Smad
signaling could account for the direct increase of Notch targets such as HEY1 and HEY?2
in the presence of BMP9, as Smad-responsive elements have been described in the
promoter region of these genes. As no such elements have been described for other
Notch-responsive genes, BMP9 may additionally potentialize Notch targets indirectly

through Smads or in a Smad-independent manner.

Interactions between the BMP and Notch pathways have also been reported.

Indeed, it has been previously demonstrated that some TGF-$ family members can lead
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to Notch cleavage and inhibition. As such, we explored the possibility that BMP9 could
lead to Notch cleavage, and thereby ultimately reinforce its signalling and effects on the
angiogenic response. Thus, Notch activity was then determined following BMP9
treatments. P4 mice were injected with BMP9 and retinas were harvested at PS5.
Immunofluorescent staining with a cleaved Notch antibody of the developing retinal
vasculature revealed a salt and pepper pattern of Notch activation at the growing edge of
capillaries in PBS-injected animals. Strikingly, Notch cleavage was observed in a
majority endothelial cells of retinas injected with BMP9 (Fig. 8A), and the vasculature
displayed a significant reduction in the number of tip cells, as revealed by decreased
number of filopodia. Similarly, an increased cleavage of Notch was observed in HUVECs
treated for 24 hours with BMP9 (Fig. 8B). Interestingly, Notch activation in HUVECsS in
the presence of BMP9 was only observed after 24 hours culture, and not at shorter time
points (data not shown), suggesting that BMP9 may lead to Notch cleavage through the

transcriptional regulation of modulators of Notch signaling.

Notch activation would require signaling through its ligands DLL4 and JAGI.
Quantitative PCR analysis of Notch ligands in HUVECs, revealed that BMP9 induced
robust expression of Jaggedl (Fig.9A). While, as previously reported, VEGF induced
expression of DLL4, BMP9 stimulation resulted in a significant decrease in DLL4
expression in the presence or absence of VEGF. Notch glycosylation by members of the
fringe glycosyltransferases has also been reported to regulate the affinity of Notch for its
ligands and modulate its signaling. Indeed. Lunatic Fringe (LFNG) has been shown to
increase DLL4/Notch interaction and lead to Notch cleavage. Our data showed that

LFNG was significantly induced by BMP9 and may play a role in Notch cleavage and
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activation. Together, these data show that BMP9 up-regulates Jaggedl and LFNG, which

may in turn lead to Notch cleavage and activation.

So far, results suggest that BMP9 might operate through more than one
mechanism to upregulate Notch signaling components LENG, DLL4, JAGI, its targets
HESI1 proteins, and ultimately VEGFR1. Interestingly, Jaggedl represents a crossroad
between BMPs and Notch since it can be induced by both Smadl/5-4 and Notch
intracellular domain (NICD) complexes. Thus, JAG1 expression in response to BMP9
and its contribution in mediating BMP9 effects were of particular interest. First, JAGI
expression was evaluated in vivo in the retinas of mice injected with BMPI.
Immunofluorescent staining of Jaggedl protein levels showed higher expression in the
retinal endothelium of mice injected with BMP9 in comparison to PBS controls (Fig.
10A). To evaluate the specific contribution of Jaggedl in mediating BMP9 effects on
Notch activation, a loss of function approach by siRNA knockdown was used. The
specific knockdown of JAGI caused a loss of the BMP9-induced activation of Notchl
after 24 hours of stimulation. These data suggest that Jaggedl expression is required to
mediate the BMPO9-induced activation of Notchl (Fig. 10B). Furthermore, knocking
down the genes of BMP9 signaling components ALK1 and Smad4 also caused a loss of
BMP9-induced activation of Notchl. These results suggest that BMP9 canonical
signaling through ALK1 and Smad4 leads to required JAGI expression and thereby

Notch activation.
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Discussion

Sprouting angiogenesis depends on the coordinated establishment of tip and stalk
phenotypes through the cooperation of VEGF and Notch pathways. VEGF signaling
through VEGFR2 triggers the endothelial tip cell formation, whereas VEGFRI
expression and Notch activation in neighbouring stalk cells inhibit the VEGF pathways to
control angiogenesis. The current study investigates BMP9 antiangiogenic effects on

VEGF-mediated sprouting.

On the one hand, BMP9 upregulated both transcription and synthesis of VEGFR1
HEY1 and HEY2. On the other hand, these BMP9-induced expressions correlate with
Smad1/5/8 phosphorylations. Thus, the BMP9 signaling through Smad1/5/8 mediate the
transcription of VEGFRI, HEYI and HEY2 genes. Accordingly, Smads have been
reported to bind directly to their promoters since they contain SBE for Smad
transcriptional complexes [220]. Furthermore, the increased expression of VEGFR1 by
BMP9 concomitantly reduced the phosphorylation of VEGFR?2 sites including its Tyr 951
and 1175. This reverse correlation between VEGFR1 expression and VEGFR2
phosphorylation suggests that the BMP9-induced VEGFRI interferes with VEGF
signaling through inhibition of VEGFR2, similarly to the VEGF Ilateral inhibition
observed in stalk cells. In addition to increasing the level of VEGFR1, BMP9-induced

HEY1 and HEY?2 also act as repressors of VEGFR?2 gene.

Along with VEGFR1 expression, Notch transactivation represents a second event

that contributes to the lateral inhibition of VEGF pathways in stalk cells. Thus, Notch
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prevents the stalk-to-tip conversion and thereby controls the VEGF-dependent sprouting
of stalk cells [219]. In fact, BMP9-increased expression of JAGI leads to Notch
activation as knocking down JAGI neutralised the BMP9 effects on Notch. Thus, JAGI
was specifically required by BMP-9 to mediate its activation of Notch and thereby to
indirectly drives the synthesis of its targets such as HES1, LFNG, HEY1,2. and
VEGFRI1. Moreover, BMP9-induced expression of JAG1 and LFNG in vivo and in vitro
ultimately contributes to the transactivation of Notch in a double positive and
intercellular Notch-JAG1/LFNG feedback. This double feedback between neighbor ECs
potentially results in the amplification of additional Notch targets such as members of the
HLH family including HES1, HEY1, HEY2 [250]. Accordingly, Smadl/5 have been
reported to cooperate with Notch to transcriptionally increase stalk cell marker genes
such as VEGFRI, JAG1, HES1, HEYI and HEY?2 [250]. Except HESI, all of these Notch
targets have been demonstrated to additionally bind the BMP9-induceable Smadl/5
through direct interactions at their promoter SBE [300]. Thus, they are directly regulated
by Smadl/5-Smad4 and NICD complexes downstream of BMP9 and Notch signaling.
Therefore, BMP9 signaling downregulates VEGF activity in tip cells through VEGFR1
transcription following its direct binding to Smad1/5. Moreover, BMP9-induced Smad1/5
bind and induce HEY1 and HEY?2 independently or cooperatively with Notch via Smad-
NICD complex. In turn HEY'1 and HEY?2 potentiate the direct transcription of VEGFR1
by Smad1/5; while, significantly or not, downregulating VEGFR2. Furthermore, BMP9-
induced JAG1 amplify Notch activity and thereby the expression of stalk markers

including HES1.
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Overall, ECs integrate BMP9, VEGF and Notch pathways at levels of HESI,
HEY1, HEY2, VEGFRI1 and JAG1. The hierarchical and reciprocal interactions between
these mediators support the model of VEGFR1 and JAG1 as angiogenic check points
induced by BMP9 signaling to induce Notch activity and inhibit VEGF signaling. These
differential regulations of VEGF and Notch pathways by BMP9 inhibit the tip/stalk
specification and ultimately lead to its antiangiogenic effects. Taken together, the BMP9
signaling leads to the modulation of EC responsiveness to VEGF sprouting cue and

thereby induces the quiescence of the vascular network.
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Figure legends

Fig. 1 BMP9 interferes with retinal vessel sprouting (IF). A) Immunofluorescence
staining of retina flatmounts: P4 mice were intra-vitreously injected with BMP9 (500
ng/mL), ALKIFc (500ng/mL) or PBS for 48h. Dissected retina were stained with
Isolectin GS IB4 (IsoB4)-Alexa fluor 647 conjugate, anti-ESM1 (detected with Alexa
fluor 488-conjugated secondary antibody) and anti-Erg (detected with Alexa fluor 350-
conjugated secondary antibody). B) Ratio quantification of ESM1-positive cells over

nuclei.

Fig.2 BMP9 inhibits the expression tip cell markers (qPCR). cDNAs were
synthesized from 500ng RNA extracted from lysates of starved HUVECs treated for 8h
with BMP9 (10ng/mL) and/or VEGF (25ng/mL). The real-time amplification of indicated

genes was performed by qPCR with the respective primers.

Fig.3 BMP9 decreases the phosphorylation of effectors downstream of VEGF
(phospho-array). A) Phospho-arrays of HUVEC lysates. Control and BMP9-treated
(10ng/mL for 18h) HUVECs were subsequently stimulated or not with 25ng/mL of
VEGF-165 for 15 min. Array membranes spotted with respective capture antibodies were
incubated with cell lysates and subsequently stained with the detection antibody cocktail
(biotin- and streptavidin- conjugated) as per protocols of the proteome profiler human

phospho-kinase and phospho-receptor tyrosine kinase (RTK) array kits. The membranes
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were developed on an Image analyzer. B) Quantification of membrane spots intensity

(n=2).

Fig.4 BMP9 downregulates the activity of VEGF downstream pathways
(immunoblot). HUVECs were treated with BMP9 (10 ng/ml; 16 hours) followed by a 15
minutes stimulation with VEGF (10 ng/ml). The cell lysates were processed for

immunoblotting using the specified antibodies.

Fig.5 BMPY regulates the expression VEGF receptors. A) Real-time PCR. cDNAs
were synthesized from 500ng RNA extracted from lysates of starved HUVECs treated for
8h with BMP9 (10ng/mL) and/or VEGF (25ng/mL). The real-time amplification of
indicated genes was performed on a thermocycler using VEGFRI, VEGFR2 and NRPI
primers respectively. B) Western blots. Untreated and BMP9-treated HUVECs (10
ng/mL) were lysed after 16 hours. The cell lysates were processed for immunoblotting
using the antibodies against total VEGFR2, VEGFR1 or NRP1. C) Retina flatmounts. P4
mice were injected with BMP9 (500 ng/mL) or PBS for 48h. Dissected retina were
stained with IsoB4-Alexa fluor 488 conjugate and anti-VEGFR1 antibody (detected with

Alexa fluor 647-conjugated secondary antibody).
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Fig.6 VEGFRI1 contributes to BMP9-mediated inhibition of VEGF signaling. A)
Representative immunoblots of HUVECs transfected with control or VEGFR1 siRNA.
Twenty-four hours post-transfection, cells were treated with BMP9 (10 ng/ml; 16 hours)
followed by a 15 minutes stimulation with VEGF (10 ng/ml). Proteins were processed for
immunoblots using the specified antibodies. B) Quantification of immunoblots band

intensity (n=3).

Fig.7 BMP9 upregulates Notch targets. A) qPCR. ¢cDNAs were synthesized from
500ng RNA extracted from lysates of starved HUVECs treated between 0-24h with
BMP9 (10ng/mL) and/or VEGF (25ng/mL). The real-time amplification by qPCR was
performed on ¢cDNAs of specific time-points using the respective primers of indicated
genes. B) Western blots. Untreated and BMP9-treated HUVECs (10 ng/mL) were lysed
after 16 hours. The cell lysates were processed for immunoblotting using the antibodies

against HEY'1 and HEY?2.

Fig.8 BMP9 increases Notch cleavage. A) Immuno-fluorescence of retina flatmounts.
P4 mice were intra-vitreously injected with BMP9 (500 ng/mL) or PBS for 48h.
Dissected retina were stained with CD144-Alexa fluor 488 conjugate and cleaved Notch
antibody (detected with Alexa fluor 647-conjugated secondary antibody). They were
flatmounted in DAPI-containing fluoroshield. B) Western blots. Untreated and BMP9-
treated HUVECs (10 ng/mL) were lysed after 16 hours. The cell lysates were processed

for immunoblotting using the antibodies against cleaved Notch.
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Fig.9 BMP9 modulates the expression of Notch regulators. A) qPCR. cDNAs were
synthesized from 500ng RNA extracted from lysates of starved HUVECs treated between
0-24h with BMP9 (10ng/mL) and/or VEGF (25ng/mL). The real-time amplification was
performed by qPCR on cDNAs of specific time-points using the primers of respective
genes. B) Western blot. Untreated and BMP9-treated HUVECs (10 ng/mL) were lysed
after 16 hours. The cell lysates were processed for immunoblotting using the antibodies

against JAG1 and LFNG.

Fig.10 JAG1 expression is required for BMP9-mediated activation of Notch.

A) Immuno-fluorescence of retina flatmounts. P4 mice were intra-vitreously injected
with BMP9 (500 ng/mL) or PBS for 48h. Dissected retina were stained with IsoB4-Alexa
fluor 488 conjugate and JAG1 antibody (detected with Alexa fluor 647-conjugated
secondary antibody). They were flatmounted in fluoroshield. B) Representative
immunoblots of HUVECs transfected with control, ALK, Smad4 or JAGI siRNA.
Twenty-four hours post-transfection, cells were treated with BMP9 (10 ng/ml for 16

hours). Proteins were processed for immunoblots using the specified antibodies.
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Fig.1 BMP?Y interferes with the sprouting of retina vessels (IF).
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Fig.2 BMPY inhibits the expression of tip cell markers (QPCR).
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(immunoblotting).
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Fig.10 JAG1 expression is required for BMP9-mediated activation of Notch.
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CHAPTER IV - Discussion

Angiogenic pathways crosstalk within ECs to regulate the formation of transient
tip and stalk phenotypes. Their efficient collaboration is required to maintain the smooth
progress of EC biological responses and related physiological processes such as
sprouting. For instance, VEGF mediates tip cell selection by inducing DLL4-Notch
transactivation that prevents stalk cells directed migration. Additionally, the differential
regulation of VEGF receptor levels in tip and stalk cells as well as Notch-induced
oscillatory targets generate fluctuating phenotypes that continuously compete for the
VEGF-mediated tip selection [84], [452].. Thus, VEGF and Notch pathways cooperation
is essential to selectively regulate the formation of tip cells. In fact, any loss in Notch
functionality leads to VEGF-mediated hypersprouting features including ectopic
filopodia, the dysregulated vessel branching with elevated tip markers [86], [419], [436]
as well as the distributed fusions of adjacent tip-like cells in sheets of coalescing vessels
[220]; subsequent to DLL4 blockade [453] and to heterozygosity or morpholino
knockdown of Notch signaling components [454], [455]. Apart from the VEGF-Notch
crosstalk, the BMP9/ALKI1 axis also adds its level of regulation within EC to efficiently
regulate vessel sprouting. Taken together, this thesis has investigated the effects of BMP9
on pathological angiogenesis and the mechanisms through which the BMP9/ALK1 axis

crosstalks with VEGF and Notch pathways in ECs to induce vessel quiescence.
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1. BMP9 regulates pathological angiogenesis

Pathological angiogenesis results from EC aberrant responses to signaling that
mainly involve the VEGF pathways. Our results on ocular models of neovascularisation
(NV) indicate that BMP9 inhibits the overgrowth of retinal and choroidal vessels under
OIR and CNV conditions [451]. Thus, BMP9 shows an anti-angiogenic effect on the
these vessel networks under conditions of experimental NV. Moreover, BMP9 shows a
higher anti-angiogenic effect compared to an anti-VEGF, DC101, and furtherly
potentiates it as their combination results in increased efficacy compared to their
individual actions. Thus, BMP9 could be combined with lower doses of anti-VEGFs to
reduce their concentration- and leakage- dependent local or systemic adverse effects.
Additionally, BMP9 could be used to prevent the vaso-obliteration in the early phase of
ischemic retinopathies such as ROP, since it reduces the vaso-obliteration of retina
vessels associate with OIR. Furthermore, given that ALK1 expression and signaling are
respectively EC-specific and non-apoptotic, BMP9 wouldn’t show the secondary effects
of anti-VEGFs on established vessels and VEGF-dependent neurons. In fact, BMP9
shows first no significant effects on the retina revascularisation under OIR conditions.
Secondly, the localised expression of its receptor ALK1 generates the BMP9 specificity

towards EC, in contrast to the VEGF receptors expressed on neurons and various cell

types.
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2. BMP9 canonical signaling induces Notch-mediated stalk markers

Our results show that BMP9 increases the activity of Notch as well as the
expression of the stalk markers HEY 1, HEY2, HES1, JAGI and VEGFR1. The effects on
these stalk markers are mediated by BMP9 canonical signaling via Smads. First, BMP9
activates Smadl/5, as revealed by their concomitant phosphorylation, during its
upregulation of VEGFRI1. In fact, the FLTI/ promoter contains an SBE region that
directly binds to Smads. Secondly, the classical components of BMP9 signaling such as
ALK1 and Smad4 are required for its induction of Notch activation. Indeed, knocking-
down ALK1 and Smad4 with corresponding siRNAs interferes with the BMP9-mediated
upregulation of Notch. However, BMP9-stimulated Smads require JAG1 prior to Notch
activation as revealed by JAGI knock-down. Thus, the active Smad complexes bind to
the SBE sequence of JAG! in order to transactivate Notch. Subsequently, the JAGI-
stimulated Notch induces its targets, including HES1 and related proteins, VEGFR1 and

JAGI1 itself.

Overall, BMP9 signals through ALK to activate Smads that in turn directly or
indirectly amplify the stalk markers in ECs. On the one hand, BMP9 stimulates the
formation of Smad transcriptional complexes that bind to SBE regions of HEYI, HEY?,
JAGI and VEGFRI genes to induce their proteins. On the other hand, BMP9-induced
Smads do not bind to Notch and HES1 directly but rather stimulate Notch activation as
well as the expression of its targets, including HES1, through their binding to JAGI.

However, other studies have reported additional Smadl/5-based mechanisms in their
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induction of HESI via the synthesis of IDs. Together, these data show that BMP9
increases the stalk markers HEY1/2, HES1, JAG1 and VEGFR1 in ECs through Smad

signaling mechanisms.
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3. Cross-talks between BMP9/Smad1/5 and Notch pathways amplify VEGFR1

The BMP9 and Notch pathways crosstalk at various levels where they converge to
regulate common targets. In fact, our results show that BMP9 specifically induces HEY'1
and HEY2 that are both converging points of Smads and Notch transcriptional
complexes. In addition, BMP9 induces JAGI, another junction that positions BMP9
signaling upstream of the Notch pathway. Indeed, JAG1 expression is required for
BMP9-mediated activation of Notch, along with the activity of the ALK1/Smad4 axis.
Moreover, this activation of Notch by BMP9-induced JAG1 subsequently leads to the
loop that amplifies its targets such as HES1. Thus, BMP9-activated Smad1/5 induce the
Notch targets HEY1, HEY2 and HESI either directly or indirectly via JAG1-mediated
activation. These junction components are specific HLH proteins that collectively
regulate the synthesis of VEGFRI1, a key stalk marker and regulator of VEGF signaling.
Therefore, in addition to the direct upregulation of VEGFR1 by BMP9-induced Smad1/5,
the BMP9 signaling indirectly amplifies VEGFR1 levels through its induction of the
Notch targets HEY1, HEY2 and HES1. Accordingly, the Smad1/5 and Notch signaling
cooperativity has been reported in other studies where the absence of Smadl/5 impairs
Notch signaling in stalk cells and furtherly causes a loss of the stalk cell-enriched
transcripts ID1-3, HES1, HEY1, JAG1 and VEGFRI,; instead, it generates excessive tip

features such as enrichment of VEGFR2/3 and DLL4 [220]. Collectively, these data
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indicate that BMP9 activity synergizes with Notch signaling at HEY1, HEY2, JAGI1 and

HESI crossroads to potentiate its Smad1/5-mediated direct upregulation of VEGFRI.
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4. BMP9 signaling induces EC quiescence through differential regulation of VEGF

and Notch pathways

Previous results have reported that HES1 and HEY1 differentially regulate the
transcription of VEGFR2/3, DLL4, VEGFR1 and JAGI [215], [251], [252]. Our results
show that BMP9 and Notch pathways converge at HEY1, HEY2 and HES1 to induce
VEGFRI1, either directly via Smad activation or indirectly via JAGI transcription. Thus,
our data indicate a direct activity of BMP9 signaling on VEGFRI1 synthesis that is
additionally potentiated by its synergy with Notch signaling. Moreover, as VEGFRI1
essentially constitutes a VEGF trap, its direct and indirect increase by BMP9-induced
Smads and Notch targets leads to the inhibition of VEGF signaling. Therefore, BMP9
increases VEGFRI1 as a checkpoint to modulate VEGF pathways. Furthermore, the
BMP9-induced HEY1, HEY2 and HESI concomitantly inhibit the expression of
VEGFR2; despite the non-significant reduction of VEGFR2 transcription or synthesis as
revealed by its mRNA and protein levels. However, the higher affinity of VEGFRI1
toward VEGF is enough to conceal any persistent VEGFR2. Thus, on the one hand,
BMP9-increased VEGFRI1 inhibits VEGF signaling in tip cells; whereas on the other
hand, BMP9-induced JAGI1 reactivates their Notch. Together, the decrease of VEGF
pathways and the reactivation of Notch by BMP9 alleviates the VEGF-DLL4-Notch
lateral inhibition that regulates the tip selection [86], [219]. Thereby, the inhibition of tip
cell formation by BMP9 through VEGFR1 and JAGI1 induces the quiescence of ECs.
Accordingly, other studies have reported that JAG1 peptides inhibit cellular division

[456]-[458] and rescue the EC specification during ALK1Fc-mediated hypersprouting
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[250]. Overall, our data indicate that BMP9 abrogates sprouting angiogenesis by
maintaining ECs in a non-proliferative and quiescent phalanx-like state. Specifically,
BMP9-induced quiescence results from the inhibition of tip cell formation; as BMP9
oppositely regulates Notch and VEGF pathways through their converging or check points

such as HEY1, HEY2, JAG1, HES1 and VEGFR1 (Fig.1).
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Fig.1 BMP9 signaling modulates VEGF and Notch through upregulation of
VEGFRI1 and JAG1

BMP9-induced Smad complex upregulates VEGFR1 through direct binding to its gene.
Active Smad complex indirectly mediates Notch activity by inducing JAGI that in turn
stimulates the JAG1-Notch double positive feed-back loop. Cleaved Notch, directly or
cooperatively with Smad complex, induces HES-related proteins that subsequently
potentiate VEGFR1 transcription while inhibiting VEGFR2. Increased expression of

VEGFRI1 by Smad and Notch targets leads to the inhibition of VEGF signaling.
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Taken together, the data from this thesis show that BMP9, VEGF and Notch
pathways crosstalk at the level of VEGFR1, JAG1 and HES-related proteins to integrate
their redundant or opposite activities within ECs. Ultimately, the BMP9-mediated
increase of VEGFR1 and JAGI1 differentially regulates VEGF and Notch pathways. On
the one hand, the interplay between BMP9 and VEGF pathways through VEGFRI1 results
in the inhibition of VEGF signaling and downstream effectors of tip cell selection. On the
other hand, the crosstalk between BMP9 and Notch pathways at the level of JAGI
promotes Notch activities that in turn enable the conversion of tip cells back to phalanx
cells. Ultimately, the coordinated regulations of VEGF and Notch signaling by BMP9
reverse the migratory or proliferative phenotype of tip and stalk cells; and thereby sustain
its antiangiogenic effect on sprouting blood vessels. Overall, the ECs coordinate the
signaling activities of BMP9, Notch and VEGF during angiogenesis to induce the
quiescence of blood vessels. Thus, the diversity of interactions between BMP9, Notch
and VEGF pathways generates a flexibility of antiangiogenic therapy targets for the
treatment of the pathological neovascularization-associated conditions such as AMD,
ROP or DME. Furthermore, investigating the interplay between BMP9 and other

angiogenic pathways might provide additional insights on its anti-angiogenic properties.
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CHAPTER V - Conclusion

Sprouting angiogenesis is required during various physiological and
developmental processes including foetal growth, wound healing, tissue repair and
menstrual cycle. A disturbance in this modality of vascularisation mostly leads to
pathological vessels that cause the dysfunction of organs or accelerate the progression of
cancer. The data from this thesis show that the BMP9/ALKI1 pathway inhibits the
pathological angiogenesis in ocular models of CNV and OIR. Thus, the BMP9/ALKI1
axis emerges as a promising target for the treatment of wet AMD and neovascular
diseases. BMP9 also presents higher anti-angiogenic effects at its circulating level in
comparison to the VEGF receptor-inhibiting compound DC101 and potentiates its effects
when they are combined. Moreover, BMP9 effects are selective to neovessels, in contrast
to the reported action of conventional anti-VEGFs. Accordingly, the EC-enriched
expression of the receptor ALK1 would promote the specificity BMP9 towards ECs, in
contrast to VEGF receptors that are expressed on photoreceptors and various cell types.
Therefore, the low dosage and the specificity of BMP9 favor it to be an efficient anti-
angiogenic candidate with reduced adverse effects. Mechanistically, BMP9 restores the
vessel quiescence by inhibiting the VEGF pathways and thereby interfering with their
induction of ECs specification into tip cells. Specifically, BMP9 directly and indirectly
induces VEGFR1 expression while it activates Notch in ALK1-, Smad4- and JAGI-
dependent manner. Globally, the current studies indicate that BMP9 inhibits the
pathological angiogenesis by selectively promoting the quiescence of sprouting vessels
through its opposite regulations of VEGF and Notch pathways in tip and stalk ECs.

Consequently, the activation of BMP9-mediated pathways, alone or in combination with
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reduced doses of anti-VEGFs, represents a promising therapeutic approach free of the
adverse burden of conventional anti-angiogenic drugs for patients suffering from wet

AMD or neovascular diseases.
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