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Thesis Summary

BMP9 and BMP10 are key factors in vascular homeostasis, acting via high-affinity receptors
(ALK1, BMPRII, and Endoglin) on endothelial cells (ECs). Mutations in this signaling pathway
are associated with two rare vascular diseases, hereditary hemorrhagic telangiectasia (HHT)
and pulmonary arterial hypertension (PAH), with no currently identified cures. Molecular
mechanisms driving the pathogenesis of these diseases is not yet clear. So far, only the
canonical SMAD signaling pathway is well studied in response to BMPs, including BMP9 and
BMP10, while the activation of alternative pathways by these ligands remains poorly
understood, particularly in ECs.

The aim of this work is to address early phosphoproteomic changes in ECs in response to short-
term stimulation with BMP9 and BMP10. Discovering new phosphorylated targets and
pathways activated by these ligands would enhance our understanding of the molecular
mechanisms governing their roles in vascular homeostasis, while identifying potential
therapeutic targets for vascular diseases.

| performed mass spectrometry phosphoproteomic analysis of human umbilical vein
endothelial cells (HUVECs), stimulated or not with BMP9 or BMP10 for 30 min. To identify
downstream-regulated pathways, differentially regulated phosphosites were analysed using
different bioinformatics tools. Treatment with BMP9 and BMP10 induced a highly similar
phosphoproteomic profile, allowing the identification 289 differentially phosphorylated
proteins. Among these, we identified phosphorylation of the activating residues of SMAD1,
direct substrate of ALK1, thus validating our phosphoproteomic approach. Bioinformatic
analyses highlighted the activation of MAPK signaling in response to BMP9 and BMP10. We
identified a central role for the MAPK pathway (MEKK4/P38) leading to the phosphorylation
of Eps15-5S796 and HSP27-578/82. Moreover, | showed that BMP10-induced activation of P38
plays an important role in the regulation of a subset of BMP10 target genes. BMP10-induced
activation of P38 required a transcriptional step through expression of GADD45p. | also found
that BMP10 regulated the phosphorylation of the endothelial transcription factor ERG. Our
bioinformatic analyses also highlighted reduced CDK4/6 activity and cell cycle regulation. In
line with these data, | showed that BMP10 induced a G1 cell cycle arrest in ECs, reinforcing its
role as a vascular quiescence factor. Moreover, our data highlighted a crosstalk between
BMP9/10 and JAK/STAT3 signaling pathways through phosphorylation of gp130, a co-receptor
of IL-6 family of cytokines. | found that BMP9 and BMP10 attenuated IL-6-induced activation
of JAK/STAT pathway via SMAD-induced expression of SOCS3. Preliminary data from mouse
models with impaired Bmp9/10 signaling suggests a possible immunomodulatory role of this
pathway.

Overall, this work shows that BMP9/10 can activate both direct and indirect (transcription-
dependent) pathways in ECs. The direct pathway involves rapid activation of SMADs, essential
for inducing BMP target genes. Among these, | identified GADD45, which leads to indirect
P38 activation, and SOCS3, which inhibits IL-6/JAK/STAT3 signaling. Given the important role
of IL-6 in inflammation, this study provides potential therapeutic approaches in the context of
HHT and PAH pathogenesis, where inflammation has been associated with both diseases.
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While | was able to validate and decipher the mechanisms for several important hits and
pathways, | could not study many other intriguing targets due to the lack of specific tools, such
as particular phospho-specific antibodies. However, with the development of such tools, |
hope that the vascular biology community will further benefit from this unique high-
throughput phosphoproteomic study of BMP9/10-mediated signaling, which would aid in
characterizing the roles of these ligands not only under physiological conditions but also in
pathological vascular diseases, such as HHT and PAH.
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Résumé de These

BMP9 et BMP10 jouent un réle central dans I'homéostasie vasculaire, en agissant sur les
cellules endothéliales (CE) par l'intermédiaire de récepteurs a haute affinité (ALK1, BMPRII et
Endogline). Des mutations dans cette voie de signalisation sont associées a deux maladies
vasculaires rares, la télangiectasie hémorragique héréditaire (HHT) et I'hypertension artérielle
pulmonaire (HTAP), pour lesquelles il n’existe pas de traitement curatif. Les mécanismes
moléculaires a I'origine de la pathogenése de ces maladies ne sont pas clairs. Jusqu'a présent,
seule la voie de signalisation canonique SMAD en réponse aux BMP, a été étudiée en détails,
alors que I'activation de voies alternatives reste mal comprise, en particulier dans les CE.

L'objectif de ce travail est d'étudier les modifications phosphoprotéomiques précoces dans les
CE en réponse a une stimulation a court terme avec BMP9 et BMP10. La découverte de
nouvelles cibles phosphorylées et de nouvelles voies activées par ces ligands améliorerait
notre compréhension des mécanismes moléculaires régissant leur réle dans I'homéostasie
vasculaire, et permettrait I'identification de cibles thérapeutiques potentielles pour les
maladies vasculaires.

J'ai effectué une analyse phosphoprotéomique par spectrométrie de masse des cellules
endothéliales de la veine ombilicale humaine (HUVEC), stimulées ou non par BMP9 ou BMP10
pendant 30 minutes. Les phosphosites différentiellement régulés ont été analysés a I'aide de
différents outils bioinformatiques afin d’identifier les voies de signalisation régulées. Le
traitement par BMP9 ou BMP10 ont induit des profils phosphoprotéomiques trés similaires,
permettant l'identification de 289 protéines différentiellement phosphorylées. Parmi celles-
ci, nous avons identifié la phosphorylation des résidus activateurs de SMAD1, substrat direct
d'ALK1, validant ainsi notre approche phosphoprotéomique. De plus, nous avons identifié un
réle central de la voie MAPK (MEKK4/P38) conduisant a la phosphorylation de Eps15-5796 et
HSP27-S78/82. J'ai aussi montré que l'activation de P38 induite par BMP10 joue un role
important dans la régulation d'un sous-ensemble de genes cibles de BMP10. L'activation de
P38 induite par BMP10 nécessite une étape transcriptionnelle via I'expression de GADD458.
J'ai également découvert que BMP10 régulait la phosphorylation du facteur de transcription
endothélial ERG. Nos analyses phosphoprotéomiques ont aussi mis en évidence une réduction
de I'activité CDK4/6 et du cycle cellulaire. J'ai ensuite montré que BMP10 induit un arrét du
cycle cellulaire en G1 dans les CE, confirmant son rdle de facteur de quiescence vasculaire. De
plus, nos données ont mis en évidence une interaction entre les voies de signalisation
BMP9/10 et JAK/STAT3 par le biais de la phosphorylation de gp130, un corécepteur des
cytokines de la famille IL-6. Des données préliminaires provenant de modeles murins dont la
signalisation Bmp9/10 est altérée suggerent un roéle immunomodulateur de cette voie.

Ce travail montre que BMP9 et BMP10 peuvent activer des voies de signalisation de maniere
directe et indirecte (par I'intermédiaire d’une étape de transcription) dans les CE. La voie
directe implique une activation rapide des SMAD, essentielle pour induire les génes cibles de
la BMP. Parmi ceux-ci, j'ai identifié GADD45pB, qui conduit a l'activation indirecte de P38, et
SOCS3, qui inhibe la signalisation IL-6/STAT3. Etant donné le rdle crucial d'IL-6 dans
I'inflammation, et le role potentiel de I'inflammation dans I’"HHT et I'HTAP, cette étude
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pourrait permettre le développement de nouvelles approches thérapeutiques pour ces
maladies. D’autres cibles qui semblaient intéressantes n’ont pas pu étre explorées, en raison
du manque d'outils (phospho-anticorps). J'espére qu’avec le développement futur de tels
outils, cette étude de phosphoprotéomique en réponse BMP9/10 sera utile a la communauté
de la biologie vasculaire et fera avancer les connaissances sur ces maladies vasculaires.
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Introduction

Chapter 1. The Dynamic Blood Vasculature

1.1 Components of the vascular system

The cardiovascular system or the blood vascular system comprises an extensive network of
blood vessels powered by the pumping action of the heart. It serves as the body's
transportation system that ensures continuous supply of oxygen and nutrients to all body
organs as well as the removal of metabolic waste products. This system not only nourishes

our organs but also regulates body temperature, maintains fluid balance, and supports the

immune response. The blood vasculature comprises five distinct types of vessels, each with

its specific function:

Caplllarles

Pulmonary veins M. N Left atrium
Pulmonary Pylmona.ry arteries—
circulation |Right atrium Aorta to

Right ventricle - ) s o
o arteries circulation

Left ventricle

Systemic

B Vessels transporting
oxygenated blood

B Vessels transporting
deoxygenated blood

Bl Vessels involved in
gas exchange

Cardiovascular System

Figure 1. Systemic and Pulmonary Circulatory Systems.

The blood circulatory system consists of two circuits: the pulmonary
circuit, responsible for oxygenating the blood and removing carbon
dioxide (CO2) within the lungs, and the systemic circuit, which
efficiently delivers the oxygen-rich, CO2-poor blood to all vascularized
tissues throughout the body, facilitated by the rhythmic pumping
action of the heart. Figure was taken from
https://basicmedicalkey.com/the-circulatory-system-2/

1. Arteries: Vessels that carry
oxygenated blood away from the
heart (excluding the pulmonary
and umbilical arteries).

2. Arterioles: Smaller branches of
arteries that play a vital role in
regulating vascular tone in
response to changes in blood
flow.

3. Capillaries: The smallest
vessels where the exchange of
gases, nutrients, and metabolic
waste products takes place
between the blood and tissues.

4. Venules: Post-capillary small
veins that receive deoxygenated
blood after the exchange of
nutrients and oxygen in tissues.

5. Veins: Formed by the merging
of venules, these vessels
transport deoxygenated blood
back to the heart (excluding
pulmonary and umbilical veins).

There are two important

circulation processes that occur within our body: the pulmonary circulation and the systemic
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circulation. During pulmonary circulation, deoxygenated blood collected from the tissues is
returned through veins to the right atrium of the heart and is subsequently transported to the
lungs though the pulmonary artery. In the lungs, the blood receives oxygen and eliminates
carbon dioxide. Oxygenated blood then returns through the pulmonary vein from the lungs to
the left side of the heart. In the systemic circulation, the oxygenated blood that has returned
to the left side of the heart is pumped out through the aorta to all body organs to provide
them with oxygen and nutrients, ensuring their proper functioning. The cycle begins again
when deoxygenated blood flows back to the right side of the heart (Figure 1) [1].

All blood vessel types, with the exception of the capillaries, exhibit three distinct layers: tunica
intima, tunica media, and tunica adventitia, arranged in a specific order from the inner lumen
outward (Figure 2) [2]. The tunica intima consists of a tightly packed monolayer of endothelial
cells (ECs) that align along the direction of blood flow. Being in direct contact with the blood,

Artery Vein Capillary

Tunica adventitia
/ Containing
'S fibroblasts
 ——— Tunica media
Densely populated

| | by smooth muscle cells

Endothelial cell

\t‘

Basement

membrane Pericyte

nucleus

Tunica intima
Containing a thin layer of Pericyte
endothelial cells

Endothelial cell
nucleus

Figure 2. General Transverse view of the anatomical structure of different blood vessels.

Figure was taken from “Current Progress in Vascular Engineering and Its Clinical Applications” by Jouda H. et al,
Cells 2022.

ECs possess the remarkable ability to detect and respond to changes in the blood's
physicochemical and biological properties, enabling them to perform functions such as
preventing blood clotting, supporting immune responses and transmitting signals to regulate
cells in other layers [3]. The tunica media is composed of multiple layers of smooth muscle
cells (SMCs) embedded in a three-dimensional extracellular matrix (ECM) rich in collagen type-
I/11l, elastin and proteoglycan. The tunica media contributes significantly to the mechanical
strength and vascular reactivity of the blood vessels. Finally, the tunica adventitia contains
fibroblasts responsible for depositing a loose ECM enriched in collagen, which primarily serves
to anchor the vessel to surrounding tissues and ensure vascular integrity [4].

Lymphatic vessels constitute another crucial component of our body's vascular system, called
the lymphatic system, which serves important functions such as maintaining fluid balance,
facilitating immune cell transportation, and eliminating waste and toxins [5]. These vessels
form an extensive network that parallels our blood vessels, working as a drainage system that
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collects excess fluid from the surrounding tissues and returns it to the bloodstream. Lymphatic
vessels merge together to form larger structures known as lymphatic ducts.

1.2 Formation of blood vessels

The complex network of the blood vessels is established through two collaborative
mechanisms known as vasculogenesis and angiogenesis. Once the vascular system reaches
maturity, it enters a quiescent state, a hallmark of adult endothelium [6]. However, the
guiescent endothelium can be re-activated under certain physiological circumstances, such as
wound healing, placentation, and endometrial regeneration after menstruation, as well as

various pathological conditions like tumorigenesis [7].

1.2.1 Vasculogenesis
Vasculogenesis marks the initial
phase of blood vessel development
[8—10]. The first vascular structure in
the embryo is formed from cells of
the mesoderm. Mesoderm cells
the yolk

into hemangioblasts.

migrate to sac and
differentiate
These latter then form clusters called
blood islets or blood islands (Figure
3). The peripheral cells of these
angioblasts,

differentiate into ECs, while the cells

islets, called

in the center of the islets give rise to
The
primitive

cells. islets
the

vascular plexus. Several factors guide

hematopoietic
merge, forming
vasculogenesis, including vascular
Endothelial Growth Factor (VEGF),
Fibroblast Growth Factor 2 (FGF2)
and Transforming Growth Factor B1
(TGF-B1) [11].

Then a series of remodeling and

maturation processes occur
following the formation of the
primary vascular plexus, through a
process called angiogenesis (Figure

3), which will be further detailed

A) VASCULOGENESIS

_~ EPCs or angioblasts

" @ Differentiation Fusion

Mesenchymal cells

Blood island

Vascular plexus

C) INTUSSUSCEPTIVE
ANGIOGENESIS

B) SPROUTING

ANG!OGENESlS/

Mother vessel

Figure 3. Vasculogenesis (A) and angiogenesis (B-C).

Vasculogenesis involves the de novo formation of blood
vessels from aggregated endothelial precursor cells (EPCs or
angioblasts), which assemble in structures called blood
islands. The fusion of multiple blood islands leads to the
formation of the early vascular plexus, from which primitive
blood vessels emerge. On the other hand, angiogenesis occurs
after vasculogenesis, hence involving the formation of new
blood vessels from pre-existing ones. It encompasses two
mechanisms: sprouting angiogenesis (B) and intussusceptive
angiogenesis (C), which will be further developed below. The
figure was taken from “Endothelial TRPV1 as an Emerging
Molecular Target to Promote Therapeutic Angiogenesis” by
Negri et al, Cells 2020.

below. Through angiogenesis, the initial homogeneous plexus differentiates into distinct types

of blood vessels, including arteries, capillaries, and veins.
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1.2.2 Angiogenesis

Following the establishment of primary vascular networks during embryogenesis, the
vasculature undergoes an additional developmental process called angiogenesis [10, 12]. This
process involves the proliferation and migration of ECs, as well as the reorganization of cells
and the extracellular matrix. Unlike vasculogenesis, where vascular networks are formed from
precursor cells, angiogenesis involves the generation of new microvessels from pre-existing
ones through either sprouting or splitting (intussusceptive) mechanisms (Figure 3) [12].
Sprouting angiogenesis is a highly regulated process governed by various molecules and
signaling pathways that orchestrate each step, starting from the induction of sprout formation
(activation phase) to the establishment of arterial/venous identity in the newly formed vessels
(maturation phase).

The placenta constitutes one of the principal sites of blood vessel formation which develops
during pregnancy and attaches to the uterine wall [13]. It enables the exchange of essential
substances like nutrients, oxygen, and waste products between the mother and the
developing fetus. This exchange takes place through a specialized structure called the
umbilical cord, which connects

Placenta

the fetus to the mother’s

placenta. The umbilical cord

vasculature is composed of one i
Umbilical

vein
Endothelium
(HUVECs)

umbilical vein and two umbilical
arteries [13] (Figure 4).

Umbilical artries

Unlike the majority of blood
in the body,

vessels these t

vessels play exceptional roles in
the maternal-fetal circulation,
whereby the umbilical vein
carries oxygenated and nutrient-
rich blood from the placenta to
the fetus [14]. On the other
hand, the umbilical arteries carry
deoxygenated blood and waste
products from the fetus back to

the placenta for elimination.

delivered from the fetus E

Figure 4. Vasculature of the umbilical cord of the placenta.

The umbilical cord is made up of one vein and 2 arteries. The
endothelium constituting the inner lining of the umbilical vein is
composed of cells called the human umbilical vein endothelial cells
(HUVECs). The umbilical vein carries oxygenated (02) and nutrient-
rich blood from the placenta to the fetus, whilst the umbilical arteries
carry carbon dioxide (CO2; deoxygenated blood) and waste products
from the fetus back to the placenta for elimination. Figure adapted
from https://socratic.org/questions/what-is-the-cord-that-connects-
the-fetus-to-the-placenta

Nevertheless, both the umbilical vein and umbilical arteries are lined with specialized cells
called human umbilical vein endothelial cells (HUVECs) and human umbilical artery
endothelial cells (HUAECs), respectively [14]. HUVECs have been the predominant endothelial
cell type used for in-vitro endothelial cell model since 1973 [14, 15]. This is primarily attributed
to the ease, speed, and cost-effectiveness of their isolation process.
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Lymphangiogenesis refers to the process of formation of new lymphatic vessels from pre-
existing ones [16]. During lymphangiogenesis, new lymphatic vessels sprout and grow from
existing lymphatic vessels or from lymphatic endothelial progenitor cells. In adults,
lymphangiogenesis occurs physiologically during the development of the corpus luteum and
wound healing [16]. However, lymphatic vessel growth is also associated with a number of
pathological conditions, including tumor metastasis, inflammation, and transplant rejection
[16, 17]. Adult lymphangiogenesis primarily occurs through the sprouting of new vessels from
pre-existing ones [16].

Both angiogenesis and lymphangiogenesis are controlled by various key signaling molecules
including VEGF [18], platelet-derived growth factor (PDGF) [19, 20], Angiopoietins [21, 22],
bone morphogenetic protein 9 (BMP9)/BMP10 [23] among others [24, 25]. In the following
section, | will introduce the key signaling pathways involved in sprouting angiogenesis,
followed by focusing on how the formation of blood vessels by sprouting angiogenesis occurs.

1.2.2.1 Key Signaling pathways regulating Angiogenesis
1.2.2.1.1 Vascular endothelial growth factor (VEGF) pathway

VEGF-mediated signaling is considered the main molecular driver in vascular development,
governing essential processes such as the early differentiation of angioblasts in vasculogenesis
and the induction of sprouting in both normal and pathological angiogenesis. The VEGF family
comprises 5 different members in mammals: VEGF-A (prototypical member of the VEGF
family), placental growth factor (PIGF), VEGF-B, VEGF-C, and VEGF-D [26]. All five members
exert their cellular effects by binding to specific cell membrane-bound tyrosine kinase
receptors known as VEGFR1-3 [18]. These receptors exhibit partially overlapping expression
patterns, with VEGFR1 predominantly found in monocytes and macrophages, VEGFR2 in
vascular endothelial cells and their embryonic precursors, and VEGFR3 in lymphatic ECs [18].
VEGF-A is the predominant pro-angiogenic member of this family, and its effects on
endothelial cells are primarily mediated through VEGFR2. VEGF-A can also bind to VEGFR1
with higher affinity than VEGFR2, but this receptor has low kinase activity, thus acting as a
decoy receptor [27]. Alternative splicing of VEGFR1 leads to the production of a soluble form
of the receptor, which is secreted by various cell types and plays an anti-angiogenic role [26].
In contrast, VEGF-A does not bind to VEGFR3. This receptor, predominantly found in lymphatic
vessels, interacts with VEGF-C and VEGF-D, promoting lymphangiogenesis. Upon binding to
VEGFR2 on the surface of ECs, VEGF triggers the activation of various pro-angiogenic signaling
molecules, promoting EC proliferation, migration, survival, and permeability [18, 28]. Figure 5
illustrates the different signaling pathways induced by VEGF in ECs [18, 28]. The binding of
VEGF dimer to VEGFR2 induces receptor dimerization and activation through trans-
autophosphorylation at multiple tyrosine (Tyr; Y) sites, including Y951, Y1054, Y1059, Y1175,
and Y1214 [18]. These phosphorylated tyrosine residues serve as docking sites for SH2
domain-containing proteins such as phospholipase Cyl (PLCy1), phosphoinositide 3-kinase
(PI3K), SH2 domain-containing adaptor prote in B (SHB), and others. PLCy1 binding to p-Y1175
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leads to its phosphorylation and activation. Activated PLCy then hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2), generating diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (IP3). DAG activates protein kinase C (PKC), which in turn activates the
mitogenic rapidly accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK) cascade, stimulating EC proliferation [18]
(Figure 5). IP3 activation results in the release of intracellular Ca2+, mainly from the
endoplasmic reticulum (ER), which activates endothelial nitric oxide synthase (eNOS), leading
to increased synthesis of the vasodilator nitric oxide (NO) and enhanced vascular permeability
[18].

Simultaneously, PI3K activation triggers the generation of membranous PIP3, which in turn
activates phosphoinositide-dependent protein kinase (PDK). PDK then recruits and
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Figure 5. Key signaling pathways downstream of VEGF-A/VEGFR2.

All the pathways and abbreviations are explained in section 1.2.2.1.1. Figure created with biorender.

phosphorylates PKB, also known as AKT. Once activated, AKT phosphorylates various
downstream effectors, including eNOS, which enhances vascular permeability [29] and
inhibits pro-apoptotic factors such as Bcl2 associated agonist of cell death (BAD) and caspase
9, thus supporting cell survival [30]. Activation of the non-receptor tyrosine kinases Src and
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YES, both belonging to the Src kinase family, has been proposed to increase vascular
permeability by directly or indirectly phosphorylating vascular endothelial cadherin (VE-
cadherin) and disrupting intercellular adherens junctions [31]. Src also plays a role in cell
migration by phosphorylating SHB bound to p-Y1175, which interacts with phosphorylated
focal adhesion kinase (FAK) and regulates cell attachment and migration [32]. Fyn, another
member of the Src kinase family, is recruited to phosphorylated VEGFR2, where it binds to the
adaptor molecule non-catalytic region of tyrosine kinase adaptor protein 1 (NCK1), which is
bound to p-Y1214. The Fyn/NCK1/ p21-activated kinase 2 (PAK2) complex activates the p38
mitogen activated protein kinase (MAPK) pathway and subsequent activation of
MAPKAPK2/3-heat shock protein 27 (HSP27) axis, promoting EC migration [33] (Figure 5).

1.2.2.1.2 Platelet-derived growth factor (PDGF)-PDGFRP pathway

PDGF was originally discovered in platelets, but it was later found to be secreted by various
types of cells [34, 35]. PDGF plays multiple roles in cell regulation, acting as a potent
chemoattractant, promoting cell survival, and stimulating cell division in mesenchymal cells
such as pericytes, smooth muscle cells, and fibroblasts [36, 37]. One of its crucial functions
through its action on fibroblasts is its involvement in wound healing [34, 35].

PDGF exists in five different isoforms: homodimer (PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD)
and heterodimer (PDGF-AB). PDGF signals through two related receptor tyrosine kinases
known as PDGFRa and PDGFRP. All PDGF isoforms share a conserved PDGF/VEGF homology
domain. Similar to VEGF, PDGF binding to its receptor triggers dimerization, auto-
phosphorylation, and subsequent signal transduction pathways involving molecules like ERK
and PI3K/AKT, among other pathways [21].

During angiogenesis, endothelial cells secrete PDGF-BB. This isoform is responsible for
attracting and stimulating the proliferation of vascular smooth muscle cells (vSMCs) and
pericytes expressing PDGFRP. These cells then cover the developing blood vessels, promoting
vessel maturation [37]. Thus, PDGF plays a critical role in vessel maturation during both
embryonic development and wound healing processes.

1.2.2.1.3 Angiopoietin-1-Tie2 pathway

Angiopoietins 1-4 (Angl-4) are a family of angiogenic growth factors that primarily act
through the tunica interna endothelial cell kinase 2 (Tie2) receptor, which is predominantly
expressed on ECs. Angl functions as a Tie2 agonist, enhancing the structural integrity of blood
vessels, while Ang2 predominantly acts as a Tie2 antagonist [38]. Angl, the most extensively
studied member, is secreted by mural cells and plays a crucial role in vessel stabilization by
binding to Tie2 [19]. Angl-Tie2 signaling promotes EC survival by activating the anti-apoptotic
PI3K/AKT pathway [39]. It also reduces vascular permeability by strengthening intercellular
endothelial junctions. This signaling pathway decreases the phosphorylation levels of
junctional proteins such as VE-cadherin and platelet endothelial cell adhesion molecule 1
(PECAM1), facilitating their localization to the junctions [40]. Moreover, Angl-Tie2 signaling
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exhibits anti-inflammatory properties by inhibiting VEGF-induced expression of pro-
inflammatory adhesion molecules like intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) [41]. On the other hand, Ang2 acts as a natural
antagonist of Tie2 in a context-dependent manner. Under hypoxic conditions, ECs secrete
Ang2 from intracellular stores, antagonizing Tie2 signaling and promoting vascular
destabilization [42, 43]. This feature is essential during the activation phase of sprouting
angiogenesis. Subsequently, decreased Ang2 secretion shifts the Ang1/Ang2 balance in favor
of Angl, promoting vessel maturation.

1.2.2.1.4 Notch pathway

The Notch pathway serves as a key regulator of vascular sprouting and arteriovenous
specification. In mammals, this signaling pathway involves four receptors, namely Notchl to
Notch4, and two families of ligands: (1) Delta-like ligands (DIl), including DII1, DII3, and DII4,
and (2) Jagged ligands (Jag), including Jagl and Jag2 [44, 45]. Both Notch ligands and receptors
are transmembrane proteins that primarily signal through trans-activation, where the ligand
on one cell binds to its receptor on the adjacent cell, thereby activating Notch signaling in the
receptor-presenting cell (Figure 6). The binding of ligands to receptors triggers sequential
proteolytic cleavage events of the Notch receptor, leading to the release of the Notch
intracellular domain (NICD) by y-secretase. Subsequently, NICD translocates to the nucleus,
where it forms a transcriptional complexes with recombination signal binding protein for
immunoglobulin kappa J region (RBPJk or CSL) and the co-activator mastermind-like (MAML)
to regulate the expression of target genes [44, 45]. Notch signaling plays a critical role in the
regulation of essential processes during sprouting angiogenesis. It is involved in controlling
vascular branching by regulating the balance between tip cells and stalk cells, as well as
promoting arterial specification.
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Figure 6. Notch Signaling.
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et Iittacellilar Upon binding to its ligand (Delta-like or Jagged) on an adjacent
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triggers the cleavage of the Notch intracellular domain (NICD),
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(Delta-like, ARRES nucleus, NICD forms a transcriptional complex with
Jagged) recombination signal binding protein for immunoglobulin
Neteh kappa J region (CSL or RBPJk) and mastermind-like (MAML),
receptor resulting in the regulation of Notch target genes. Image taken
from “Therapeutic modulation of Notch signalling — are we
i there yet?” by Andersson and Lendahl, Nature Reviews Drug
Discovery, 2014.
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1.2.2.1.5 TGFB/BMP Signaling Pathway

TGFB superfamily comprises 33 different ligands including TGFB1 ,BMP9 and BMP10, which
play important roles in vascular development and maturation [46, 47]. More details about the
signaling of this family will be discussed in a separate dedicated chapter.

1.2.2.2 Sprouting Angiogenesis

In case of hypoxia during physiological processes like development and wound healing, as well
as in pathological conditions such as tumorigenesis, the deprived parenchymal cells secrete
the master proangiogenic factor VEGF to attract an adequate blood supply by promoting the
formation of new blood vessels towards the hypoxic area [12]. The spatial distribution of VEGF
in the surrounding microenvironment plays a crucial role in guiding the differentiation of
endothelial tip cells, which are located at the leading edge of the growing vasculature and
characterized by long filopodial protrusions enriched in VEGFR2 [48] (Figure 7). Consequently,
tip cells respond to the VEGF gradient by initiating directed migration towards the hypoxic
region [49]. Prior to migration, ECM degradation occurs through the action of matrix
metalloproteinases (MMPs). Subsequently, this clears the path for migrating ECs and
facilitates their invasion into the surrounding tissue. VEGF also increases vascular permeability
through NO-mediated vasodilation, allowing plasma proteins to extravasate and form a
provisional scaffold that supports the migration of ECs [12]. Additionally, VEGF or hypoxia
(independent of VEGF) disrupt the interaction between ECs and mural cells by enhancing the
production of Ang2 from ECs, which acts as an antagonist of the Tie2 receptor. These changes
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Figure 7. Sprouting angiogenesis.

(A) Under local hypoxic conditions, the hypoxic tissue releases VEGF-A, which serves as a trigger for
angiogenesis. (B) This initiates the degradation of the extracellular matrix (ECM) surrounding the blood vessels
through the action of matrix metalloproteases (MMPs) which enhances detachment of mural pericytes and
smooth muscle cells (SMCs) accompanied with the selection of tip cells and stalk cells. (C) Tip cells, located at
the leading edge of the sprout, respond to the gradient of VEGF-A through their extensive filopodia and
migrate in the direction of the VEGF-A gradient. (D) On the other hand, stalk cells, positioned behind the tip
cells, actively proliferate and ensure the elongation of the sprout while maintaining a connection with the
existing vessel. Maintaining the appropriate balance between tip and stalk cells is reqgulated by DIl4-Notch
signaling. (E) The sprout continues to elongate until it fuses and forms a nascent vessel with a lumen, which
eventually becomes perfused, leading to improved oxygenation of the surrounding tissue. (F) Following
perfusion, the nascent vessel undergoes maturation and stabilization. This is achieved through the secretion
of new ECM components and the recruitment of mural cells, which provide structural support to the vessel.
Figure adapted from biorender.
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weaken the interactions between ECs and the extracellular matrix, facilitating EC migration
[42, 50]. As the leading tip cell migrates, the sprout extends through the proliferation of
trailing stalk cells stimulated by VEGF. The sprouts continue to elongate until tip cells at the
front interact with each other through their filopodia, resulting in fusion and the formation of
nascent vessels (Figure 7). At this stage, cell migration ceases, and lumen formation takes
place through a complex process involving cell repulsion within endothelial cords,
rearrangement of cell junctions, and changes in cell shape [12].

Maintaining the appropriate balance between tip and stalk cells during sprouting angiogenesis
is crucial for efficient and controlled branching. Among the various factors implicated in
regulating tip/stalk cell specification, the Notch signaling pathway mediated by DIl4 is the most
extensively studied [44]. In response to proangiogenic signals, tip cells upregulate DIl4,
acquiring an invasive and migratory phenotype. Binding of DIll4 to Notchl receptors on
neighboring cells activates Notch signaling and induces a stalk cell phenotype in these cells
[51]. As a result, these cells become less responsive to pro-angiogenic signals mediated by
VEGF. This effect is mediated through the upregulation of target genes of the HES (hairy and
enhancer-of-split) and HEY (Hairy Ears, Y-Linked) family of transcription factors by Notchl.
HES/HEY factors downregulate the expression of DIl4 and the VEGF receptors VEGFR2 and
VEGFR3, while upregulating the expression of the decoy receptor VEGFR1 [51, 52]. This
molecular cascade helps to maintain the balance between tip and stalk cells during sprouting
angiogenesis. In addition to Dll4, another ligand called Jagl is also involved in regulating
tip/stalk cell specification. Tip cells express high levels of DIl4 and low or no Jagl, while stalk
cells show the opposite pattern of ligand expression. Jagl on stalk cells acts as an antagonist
by competing with DII4 for binding to Notch1 on tip cells [49].

1.2.2.3 Intussusceptive angiogenesis

Intussusceptive angiogenesis, a distinct mode of angiogenesis, is characterized by the splitting
of pre-existing blood vessels to generate smaller vessels [53] (Figure 3). Interestingly,
intussusceptive angiogenesis has also been identified in small arteries and veins, where it plays
a role in vascular pruning and the alteration of branch angles in bifurcating vessels,
highlighting its significance in vascular remodeling [54]. It involves the intraluminal protrusion
of endothelial cells towards each other, forming an intussusceptive pillar. Subsequent
formation of junctional complexes and infiltration of interstitial components, including
pericytes and collagen-secreting myofibroblasts, facilitate the separation of the two channels.
As this process progresses longitudinally, the pillar grows in size, eventually leading to the
splitting of the entire capillary [55]. Despite its importance, the molecular mechanisms
underlying intussusceptive angiogenesis remain largely unknown.
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Chapter 2. The TGF-B Superfamily
2.1 Ligands of the TGF-B Superfamily

2.1.1 Diversity

The transforming growth factor beta (TGF-B) family was discovered in the early 1980s [56—
58]. Back then, the term "transforming growth factor" was chosen due to the observation that
these factors were first secreted by transformed fibroblasts infected with the RNA Moloney
sarcoma virus, and that these factors possess different transforming properties, depending on
the different cell lines used. These factors were then found to be TGF-B [59].

Nowadays, the TGF-B superfamily comprises 33 identified members in mammals encoded by
TGF-B related genes that have been identified as a result of human genome sequencing
project. These include TGF-B isoforms (TGF-B1, TGF-B2, and TGF-B3), bone morphogenetic
proteins (BMPs), growth and differentiation factors (GDFs), activins/inhibins, nodal, and anti-
Millerian hormone (AMH) (Figure 8) [60, 61].
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Figure 8. Phylogenetic tree of the 33 TGF-8 superfamily ligands in humans.

The tree was generated through alignment of the C-terminal mature domains. Figure adapted from “Structural
studies of the TGF-8s and their receptors” by Hinck, FEBS Letters, 2012.

All members of the TGF-B superfamily are structurally related proteins that share a conserved
cysteine knot structure. However, they can be broadly categorized into two main subfamilies
based on their sequence similarity and signaling properties: the TGF-f subfamily and the BMP
subfamily. The former includes the 3 TGF-f isoforms TGF-B1, TGF-B2, and TGF-B3, along with
activins (A and B), nodal, myostatin, and several GDFs. On the other hand, the BMP subfamily
comprises all 10 BMPs (BMP2-10 and BMP15), AMH, and the remaining GDFs [62].
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2.1.2 Synthesis, Maturation, and Structure

TGF-B family proteins are synthesized as precursor molecules (pre-pro-proteins) consisting of

an N-terminal signal peptide that directs them towards the secretory pathway, a ~250-residue

pro-domain that ensures proper folding, and a ~110-residue C-terminal mature polypeptide
(also called the growth factor (GF) domain) that binds cognate receptors [63]. After signal

peptide removal, dimerization of precursor molecules occurs through the formation of

intermolecular disulfide bonds in the endoplasmic reticulum (ER), resulting in homo- and

heterodimeric pro-proteins [61]. The majority of TGF-B family proteins contain 7-9 cysteine

pattern, where the fourth cysteine in this pattern plays a crucial in the dimerization process
[61]. However, in the exceptional cases of GDF3, GDF9, BMP15, lefty A, and lefty B, these
members lack the fourth cysteine in the cysteine pattern and thus have eight or six cysteines,
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Figure 9. Schematic illustration for synthesis of TGF-
81, secretion and activation.

(1) TGF-8 is synthesized as a pre-pro-protein
precursor; (2) Two TGF-8 precursor proteins dimerize
through disulfide linkages forming a TGF-8 dimer
that is cleaved by furin convertases; (3) Resulting
product yields a small latent TGF-8 complex with
latency-associated peptide (LAP; light blue) and
mature TGF-8 peptide (dark blue) that are connected
by non-covalent bonds; (4) The large latent complex
is formed by covalent linking between small latent
complex and latent TGF-8 binding protein (LTBP),
then secreted and incorporated into extracellular
matrix. Figure was adapted from “Biological
Significance of Local TGF-8 Activation in Liver
Diseases” by Hayashi, Front Physiol., 2012.

and are thus assumed not form dimers [61].
Homo- and heterodimeric pro-proteins are
further processed by proteolytic cleavage
occurring in the Golgi apparatus or in the
extracellular space at basic residues by furin-like
pro-protein convertases, thus separating the
prodomain from the mature polypeptide, which
often remains non-covalently associated to
each other [63, 64]. Mature processed dimers
are then secreted into the extracellular space to
act via their specific receptors [64]. Notably, the
association of the prodomains with the mature
dimer forms a complex that is not always active.
For instance, TGF-B [65], GDF8 (myostatin) [66],
and GDF1l1 [67]
prodomains are present. In contrast, BMP4 [68],
BMP7 [69], and BMP9 [70] are active when
associated with their prodomain.

are inactive when the

The most studied member for its synthesis and
secretion is TGF-B1 (Figure 9). The mature dimer
of TGF-B1 is associated with its prodomain called
LAP (latency-associated peptide), which controls
TGF-B activity, bioavailability and conformation
[65]. Activation of TGF-B1 can be achieved by
releasing the latent complex through exposure
to low or high pH, or, more physiologically, by
the cleavage of LAP by certain proteases,
competition by certain matrix molecules, or
through Integrins [71].
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Three-dimensional structures have been resolved for more than 15 members of the TGF-$3
family, either in complex with receptors, antagonists, prodomains, or in their unbound form
[72]. Figure 10 (A and B) shows structures of TGF-B1 [73] and BMP9 [74] pro-complexes which
structurally highlight TGF-B family diversity [63]. The prodomain contains an arm domain
flanked by shorter, partially a-helical, amino- and carboxy-terminal straitjacket elements. TGF-
B1 and BMP9 pro-complexes reveal overall crossed-arm and open-arm butterfly-like shape
conformations, respectively, with markedly different orientations between arm domain
monomers. In the crossed-arm conformation of pro-TGF-B1, the arm domains point toward
one another and dimerize at the bowtie.
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Figure 10. Crystal structures of pro-TGF-81 and pro-BMP9.

(A, B) Crystal structures in cartoon representations of pro-TGF-81 (Shi et al. 2011) (A), and pro-BMP-9 (Mi et al.
2015) (B) in identical orientations with superimposition on GF dimers. (C, D) Crystal structures in cartoon
representations of the prodomain structures of TGF-61 (C) and BMP9 (D) monomers in identical orientations after
superimposition on the arm domains. Arm domain secondary structural elements common or unique to TGF-61
and BMP-9 are labeled in black and red, respectively. TGF-81 bears a latency lasso, an extended loop that
connects the al and a2 helices, as well as Arginyl glycyl aspartic acid (RGD) motifs which are absent in BMP9. All
figures were adapted from “Structural Biology and Evolution of the TGF-8 Family” by Hinck, Cold Spring Harb
Perspect Biol., 2016.

Despite the clear differences in orientation, TGF-f1 and BMP9 arm domains display two -
sheets (resembling fingers) that partially overlap in the hydrophobic core (Figure 10C, D). Long
twisting loops along with an a4-helix (resembling a wrist) cover the remainder of the core.
Notably, from the C-terminus of the al-helix of TGF-f1, the prodomain wraps around the
fingertips of the ligand by disulfide bonds with a structure named latency lasso (Figure 10 A,
C). This latter, along with the al-helix and the fastener region, play important roles in
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inhibiting TGF-B signaling by blocking both the type-l and type-Il receptor binding sites in what
is referred to as the latency [73]. In contrast, BMP ligands lack this segment and the associated
disulfide bond [75]. Additionally, TGF-B1 and -B3 contain arginyl-glycyl-aspartic acid (RGD)
motifs defining their ability to bind and to be activated by integrins [76].

Despite these differences, all family members share a centralized cysteine knot formed by
specific disulfide bonds, enhancing the stability and folding of the ligand. This cysteine knot is
a characteristic feature for TGF-B family and is also found in other growth factors as well such
as PDGF and VEGF [72]. While some TGF-B family proteins may freely diffuse after secretion,
the majority of mature ligand complexes are often locally retained in the ECM of tissues such
as basement membranes, cartilage and bone which act as reservoirs for TGF-3 family proteins
[64]. Specific ECM proteins, (e.g. collagens, glycoproteins, fibronectin, thrombospondin and
fibrillins) associate with these ligands and selectively bind and retain them [77]. These
associations regulate the deposition, activation, and release of TGF-B family proteins,
influencing their signaling and cellular responses. Proteolytic degradation of ECM proteins,
either during physiological remodeling or in response to injury or invasion, can lead to the
release and activation of these ligands, further modulating their biological effects. Therefore,
ECM proteins play a crucial role in both sequestering and facilitating the activities of TGF-3
family proteins based on their interactions and secreted ligand complexes ensuring their mode
of action in a highly controlled fashion, rather than by free diffusion.

2.1.3 Brief Summary on the Functional Diversity of TGF-8
Superfamily

TGF-B family proteins display multiple roles in cell proliferation, differentiation, growth,
migration, apoptosis and extracellular matrix production and are thus considered
maintenance factors for homeostasis [61]. The biological effects of TGF-B family proteins are
highly contextual, where the same cell type may show different or opposite responses to the
same ligand under different biological contexts [78]. Some TGF-B family ligands are made
available to cells with concentration gradients in-vivo, resulting in graded effects of cell
differentiation and function by the responsive cells. Furthermore, different ligands activate
specific groups of genes in a manner that depends on their concentration, which is crucial for
determining the fate of cells during normal development. As indicated by their name, the
BMP/GDF subfamily was initially identified through the study of BMP2 and BMP4, which
showed the ability to induce bone formation and impact skeletal development [79, 80].
However, many other BMP/GDF proteins were named based on sequence similarities without
fully understanding their precise functions. It is important to be cautious when assuming their
biological roles solely based on their names, particularly for BMPs or GDFs. However, as recent
studies in the past two decades discovered the diverse functions of BMPs, which go beyond
bone development to include organs like the kidneys, pancreas, and cardiovascular system,
these ligands were proposed to be alternatively named “body” morphogenetic proteins [81].
In later sections of this chapter, | will further discuss the diverse roles and functions of various
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TGF-B family proteins from a signaling perspective in different contexts, with a particular focus
in chapter 3 on the roles of BMP9 and BMP10 in endothelium.

2.3 Receptors of TGF-B Superfamily

TGF-B superfamily ligands elicit a classical

membrane-to-nucleus signal through
transmembrane receptor complexes composed
of two type-l and two type-Il Serine/Threonine
kinase receptors, in addition to a type-lll co-
receptor that lacks any enzymatic activity. In
humans, TGF-B superfamily receptors comprise 7
type-l receptors, called activin receptor-like
kinase (ALK) 1-7 and 5 type-Il receptors (ActRIIA,
ActRIIB, BMPRIl, AMHRII and TGFBRII). Figure 11
illustrates the key domains of these receptors
[82]. The extracellular domain, which is on the N-
terminal side of the peptide sequence, is N-
glycosylated and contains at least ten cysteines
that determine the structure of this domain [83].
Three of these cysteines form a characteristic
region of receptors of this family called "cysteine
box" and are located near the transmembrane
domain [83]. These receptors have a single

transmembrane region.

For the type-l receptors, the intracellular domain
can be divided into 3 the
Glycine/Serine (GS) box, the kinase domain and
the cytoplasmic tail (Figure 11). The GS box is a
highly conserved domain of 30 amino acids and is

subdomains:

considered a characteristic of type-l receptors,
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Figure 11. Schematic diagram for the key
features of type-I and type-Il TGF-8 superfamily
receptors.

Both receptor types are transmembrane proteins
with an amino-terminal signal peptide, a small
extracellular domain (ECD), a single hydrophobic

transmembrane domain (TMD), and an
intracellular region composed of «a
juxtamembrane  domain  (JMD) and a

serine/threonine kinase domain (Ser/Thr KD). A
cysteine box is found in the extracellular domain
of both receptor types. Type-I receptors differ
from the Type-Il receptors mainly by the presence
of a GS box (required for activation) and L45 loop
that defines specificity for kinase substrates.
Figure created with Biorender.

located just before the kinase domain. This region takes its name from the characteristic

sequence it contains (SGSGSG). Moreover, this region contains the sites of phosphorylation of
the type-I receptor by the type-Il receptor [84]. The kinase domain has a canonical sequence
of serine/threonine kinases [85]. Structural analysis of the kinase domains of these receptors

have revealed the presence of a B3-sheet involved in binding to ATP [86, 87] and an L45 loop

specific for type-l receptors that allows interaction with substrates [88].

In addition to the type-l and type-Il receptors, TGF-B superfamily receptors comprises two
high molecular weight glycoprotein co-receptors, betaglycan and endoglin (ENG or CD105)
[89]. Both co-receptors comprise a long extracellular domain, a transmembrane domain and

a short cytoplasmic domain without kinase activity. Despite the absence of this latter, both
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co-receptors play a role in potentiating the responses to selected ligands. This is the case for
the 3 TGF-B isoforms by betaglycan and BMP9 and BMP10 by ENG [89]. A key difference
between both co-receptors is that betaglycan exists as a monomer and forms 1:1 complexes
with growth factors, whereas ENG exists as a dimer and forms 2:1 complexes with the growth
factors [90]. In the absence of a ligand, type-1 and type-Il receptors can be found as monomers,
homo- or hetero-dimers. For instance, in the absence of TGF-B, TBR2 can form homodimers
[91]. This homodimer formation has also been shown for the TGF-B type 1 receptor (ALK5)
[92], but also for BMP receptors (ALK3, ALK6 and BMPR2) [93]. It has been shown that
heterocomplexes between the two receptor types are detected to a low degree in the absence
of ligand and significantly enhanced upon ligand binding [94]. Importantly, even though these
receptors show a certain level of preformed complexes, their signaling is inhibited in the
absence of ligands due to interactions with other proteins [95, 96].

2.3 SMAD Proteins as Signaling Effectors

Suppressor of Mothers Against Decapentaplegic (SMADs) are a family of transcription factors
that are critical for transmitting signals to the nucleus from the TGF- superfamily in response
to activated TGF-B family receptors [97]. Functional studies have demonstrated that this
family of transcription factors comprises 3 classes of proteins in humans, which range from
about 400 to 500 amino acids in length, with structural and functional differences: (1)
receptor-regulated SMADs (R-SMADs) comprising SMAD1, SMAD2, SMAD3, SMAD5 and
SMADS, (2) the common mediator (co-SMAD) SMAD4 and (3) inhibitory SMADs (I-SMADs)
SMADG6 and SMAD7 [98].

R-SMADs and SMAD4 possess a structure characterized by two conserved globular domains
referred to as Mad homology 1 (MH1) and MH2. These domains, located at the N-terminal
and C-terminal ends, respectively, are joined together by a distinct linker region. The MH1
domain primarily governs the binding to DNA and contains the NLS (nuclear localization
sequence), whereas the MH2 domain facilitates interactions with different proteins, including
type-I receptors (in the case of R-SMADs), other SMADs, and nuclear transcriptional partners
(Figure 12). The linker region consists of a proline-rich flexible segment and phosphorylation
sites recognized various types of protein kinases including MAPKs, cyclin dependent kinases
(CDKs), among others [99]. Moreover, the linker region of R-SMADs contains binding sites for
SMAD ubiquitination-related factor (Smurf) ubiquitin ligases for polyubiquinitation, and in
SMADA4, a nuclear export signal (NES) important for the regulation of intracellular dynamics of
SMADA4 [97]. The SMAD MH2 domain is highly conserved in all SMADs and is one of the most
versatile protein-interacting modules in signal transduction [97]. In R-SMADs, MH2 domains
possess a characteristic Ser-Ser-X-Ser (SSXS) motif in their C-terminal extremities that is
phosphorylated by activated type-1 TGF-B family receptors, leading to activation of R-SMADs
(Figure 12). On the other hand, I-SMADs are structurally distinct from R-SMADs and SMADA4.
The MH1 domain and the C-terminal type-l receptor phosphorylation site are missing in
SMADG6 and SMAD7, while the rest of the MH2 domain is conserved. This allows SMAD6 and
SMAD7 to compete with R-SMADs for receptor and SMAD4 binding, but without being
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phosphorylated themselves [97, 100-102]. In the basal state, SMADA4 is dispersed throughout
the cell and undergoes a continuous shuttling between the cytoplasm and the nucleus [103].
However, R-SMADs are predominantly concentrated in the cytoplasm which is thought to
result from the action of cytoplasmic SMAD-binding factors [97, 103, 104].

SMAD-receptor interaction,
TF-SMAD and SMAD-SMAD
interaction, Transcription

R-SMADs . ? (?
(SMAD1/2/3/5/8) NHZ*[ MH1 Linker “S XS cooH
Co-SMAD .
(SMADA4) NH2 -[ MH1 Linker m COOH
I-SMADs r -
(SMAD6/7) NH2 1 m COOH

Figure 12. Main functional domains of different human SMAD isoforms.

Yellow rectangle in MH1 domain represents the nuclear localization sequence (NLS). C-terminal SSXS motif
bearing type-I receptor phosphorylation sites is highlighted in black within R-SMADs. Orange rectangle within R-
SMADs MH2 domain represents the L3 loop. White rectangle in the linker region represents the nuclear export

signal (NES). * represents Proline-Tyrosine rich motif (PPXY). # represents phosphorylation sites for MAPK, CDKs

and other kinases. All text abbreviations are explained in the main text. Figure was generated using Microsoft
PowerPoint, and the details presented in the figure were adapted from the references mentioned in the main text
of this paragraph. @ = phosphorylation. Figure created in PowerPoint.

2.4 Signaling by TGF-B Superfamily
2.4.1 Canonical SMAD Signaling

2.4.1.1 Ligand Binding and Formation of Tetrameric Receptor
Complexes

Ligand binding promotes the formation and stabilization of the heterotetrameric receptor
complexes composed of two type-l receptors and two type-Il receptors, with the dimeric
ligand interfacing with the four receptor extracellular domains [64]. Ligand-induced complex
formation rapidly leads to phosphorylation of GS domain residues of the type-I receptor by
the type-Il receptor, which was first demonstrated for TGF-B [105]. The authors showed that
TGF-B binding induces the phosphorylation of ALK5 at serine and threonine residues of the GS
box (Thr185, Thr186, Ser187, Ser189, and Ser191). The phosphorylation of the type-I receptor
by the type-Il receptor leads to conformational changes opening the L45 loop which makes
the catalytic site accessible to substrates and adenosine triphosphate (ATP) [106]. Notably,
point mutations in the GS box, e.g., T204D for ALKS5, results in the appearance of a negative
charge (aspartic acid) in place of a neutral amino acid (threonine). This negative charge mimics
the phosphorylation of the type-I receptor on its GS box and results in a constitutively active
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receptor, i.e. whose activity does not depend on the presence of the ligand or on the kinase

activity of the type-Il receptor [84]. After activation of type-I receptors by phosphorylation of
their GS box by type-Il receptors, signal transduction is initiated.

2.4.1.2 Activation of R-SMADs by Phosphorylation and

Oligomerization
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Figure 13. General signaling pathways induced by TGF-8
superfamily ligands.

The TGF-8-activin-nodal branch signals through TGF-6 receptors
and activates SMAD2/3 mediators, while the BMP-GDF branch
signals through BMP receptors to activate SMAD1/5/8
pathway. Specific type-I and type-Il receptors participating in
each signaling branch, along with additional non-canonical
pathways (will be further demonstrated in section 2.4.2) are
specified in the figure. Figure was taken from “Targeting
transforming growth factor-8 pulmonary
hypertension” by Guignabert and Humbert, Eur Respir J., 2021.

receptors in

The epitope in the type-l receptor
family that is responsible for the
selectivity in R-SMAD phosphorylation
is the L45 loop of the kinase domain
(Figure 11), which binds to the L3 loop
and the adjacent a-helix 1 in the
carboxy-terminal MH2 domains of R-
SMADs [88, 107]. The binding is
stabilized by interactions between the
phosphorylated GS domain of the type-
| receptor and SMADs. Upon binding to
the dimeric ligands and formation of
heterotetrameric receptor complexes,
the type-I
phosphorylate the Serine residues in
the SSXS (X=any amino acid) motif at
the carboxy-terminal end of the R-
SMADs [108]. SMAD1, and its close
homologs SMAD5 and SMADS, are
phosphorylated by BMP receptors to
mediate BMP responses, whilst SMAD2
and its close homolog SMAD3 are

receptor kinases

phosphorylated by TGF- receptors to
mediate TGF-B and activin responses
[107] (Figure 13). the
specificity in R-SMAD phosphorylation

However,

is not absolute. For instance, TGF-B has been also shown to phosphorylate SMAD1 and SMAD5
via ALK5 [109], or ALK2 and ALK3 [110]. Moreover, BMP2 and BMP9 were shown to induce
phosphorylation of SMAD2/3 via ALK3 and ALK1, respectively [111, 112].

Receptor-mediated phosphorylation at the C-terminal region of R-SMADs creates a binding

site for SMAD4 [113]. Subsequently, R-SMADs dissociate from the type-l receptor to form
trimeric complexes with SMADA4. For TGF-B and activin-specific SMADs, such complexes can
consist of one molecule of SMAD4 together with two SMAD2, two SMAD3, or one each of
SMAD?2 and SMAD3. The same scenario also applies to the BMP-specific SMADs [114]. SMAD
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complexes are then translocated to the nucleus by specific mechanisms, where they regulate
the transcription of their target genes, in cooperation with other co-factors (co-repressors or
co-activators) [115].

2.4.1.3 Integration of the Signal by Endocytosis of the Receptors

An important step in signal transduction is the endocytosis of receptors. Receptors of the TGF-
B superfamily ligands undergo endocytosis after ligand binding and formation of
heterotetrameric complexes. This internalization can occur in two ways: endocytosis by
clathrin-coated pits [116] or endocytosis by caveolae [116-118]. Clathrin is a cytoplasmic
protein recruited to the inner surface of the cytoplasmic membrane where it induces the
formation of internalization pits, in partnership with dynamin. The Adaptor Protein 2 (AP2)
binds clathrin and participates in endocytosis. The internalized vesicles then lose their clathrin
envelope and become early endosomes [119]. Internalization via clathrin-coated pits into
early endosomes has shown to be necessary for SMAD activation [120]. TGF-B receptor
endocytosis is the most comprehensively studied [114, 121] (Figure 14). Clathrin-mediated
internalization of TGF-B receptors directs them into early endosomes. Within these
endosomes, they interact with various mediators, including Disabled-2 (Dab2), cytoplasmic
form of promyelocytic leukemia (cPML), and SMAD anchor for receptor activation (SARA),
which facilitates the presentation of SMAD2, and to some extent SMAD3, to ALKS5, leading to
the promotion of their phosphorylation enhancing SMAD-dependent signaling [122-124]
(Figure 14A). In an analogous manner, endofin acts as an anchor for SMAD1 in signaling via
BMP receptors [125].

Moreover, TGF-B receptors which are internalized into early endosomes have the capability
to be sorted into recycling endosomes, allowing them to return to the cell surface for another
round of ligand stimulation (Figure 14C). This recycling mechanism has been observed in
various cell types and involves several key proteins, including the small GTPase Ras-related
protein (RAB11), the adaptor Cbl-interacting 85-kDa protein (CIN85), the ubiquitin ligase
Casitas B-lineage lymphoma (c-CBL), and the retromer complex [121].

The second type of endocytosis is by lipid rafts, and more precisely by caveolae, which
represent invaginations existing in the plasma membrane. These invaginations contain
sphingolipids, cholesterol, and caveolins (mainly caveolin-1). The group of Petra Knaus
discovered a co-localization and a direct interaction between caveolin-1 and BMP2 receptors,
as well as between epidermal growth factor receptor pathway substrate 15 homolog receptor
(Eps15R), a protein present in clathrin pits, and BMP2 receptors [126, 127]. This type of
endocytosis has been described to target the activated receptors for degradation, but this has
been shown to be dependent on the receptor understudied. For instance, endocytosis of TGF-
B receptors by lipid rafts promotes their interaction with the SMAD7/Smurf2 ubiquitylation
complex and targets them for degradation in proteasomes and lysosomes [116] (Figure 14B).
Conversely, association of lipid rafts with BMP receptors is important for BMP-induced
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Figure 14. Internalization and sorting of TGF-8 receptors.

(A) TGF-8 induced SMAD-dependent signaling is initiated at the cell surface in clathrin-coated pits. Following this,
TGF-8 receptors undergo endocytosis via clathrin-coated pits forming early endosomes. During early stages of
endocytosis, the association of TGF-8 receptors with SARA, cPML, and Dab-2 adaptor proteins enhances TGF-6-
induced SMAD activation, leading to the propagation of SMAD-dependent signaling. However, TGF-8 receptors in
early endosomes can be also sorted for degradation via entering to late endosomes (not shown) and finally
reaching lysosomes for degradation. (B) Internalization of TGF-6 receptors can also occur at caveolin-positive lipid
raft compartments on the cell membrane, leading to their entry into caveolin-positive vesicles. In these latter, the
TGF-8 type | receptor preferentially associates with SMAD?7, which can control receptor turnover through the
recruitment of ubiquitin ligases and de-ubiquitinating enzymes, thus regulating subsequent lysosomal
degradation of receptors. Nevertheless, lipid raft/caveolar-mediated endocytosis of TGF-8 receptors can also
promote non-SMAD TGF-8 signaling, as SMAD7 competes with SMAD2/3 for interaction with the TGF-8 type |
receptor. (C) TGF-8 receptors which are internalized via clathrin-coated pits into early endosomes can be also
sorted to recycling endosomes, enabling them to return to the cell surface, where they can respond again to ligand
stimulation. This mechanism has been shown in different cell types and involves several proteins including the
small GTPase RAB11, the adaptor protein CIN85, the ubiquitin ligase c-CBL, and the retromer complex. Figure was
taken from “TGF-8 Signaling” by Tzavlaki and Moustakas, Biomolecules 2021.

SMAD1/5/8 phosphorylation [128]. These studies demonstrate that the mode of receptor
endocytosis and the specific type of receptor involved has a significant impact on the signaling
pathway, either by enhancement of the signal or the degradation of these receptors.

2.4.1.4 Transcriptional Regulation by SMADs

As illustrated above, TGF-B superfamily encompasses a wide range of ligands, as well as a
considerable variety in receptors with varying affinities for different ligands. As these ligands
signal mainly via phosphorylated SMAD2/3 (pSMAD2/3) or pPSMAD1/5/8 transcription factors,
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it is complicated to explain how this simple two-way activation system controls the expression
of a somewhat unique set of target genes by each ligand. Consequently, one would ask: what
mechanisms can explain the precise matching of ligands with their corresponding sets of
target genes established and hence illustrate the functional diversity of these ligands? As
stated above, activating type-l and type-ll receptors induces the formation of SMAD
complexes which act directly on DNA as transcription factors via the B-loop of the MH1
domain. All R-SMADs, with the exception of most frequent expression isoform of SMAD2, bind
DNA directly, as does SMAD4 [129]. The sequence recognized by MH1 domain of SMAD3 and
SMAD4 is GTCT, or its reverse complement AGAC, which was first identified in 1998 by Zawel
et al. [130]. This sequence is generally referred to as the SMAD-binding element (SBE). In
contrast, pPSMAD1/5-SMAD4 complexes bind distinct sites, defined as G(R)CG(N)C-(N)s-GTCT
or GGCGCC-A(N)2-GNC(R’) (N is any base, R=A or G, and R’=A, C, or G [115]. SMAD1/5 MH1
domain binds The GRCGNC sequence, while the GTCT or GNCR’ binds the SMAD4 MH1
domain.

However, since the affinity of SMADs to DNA is too low [131], their transcriptional regulation
requires interaction with other co-factors (co-activators co-repressors) [115]. These include
members of transcription factor families such as Runt-related transcription factor (RUNX), E2F,
Forkhead box (FOX), cAMP-response element binding protein (CREB) and many others [132,
133]. Indeed, pR-SMADs/SMADA4/co-factor complexes require specific DNA-binding
sequences with the correct distance and orientation on the target promoters. Thus, of the
hundreds of promoters that contain SMAD-responsive elements, only a few will have the
necessary sequences for binding these complexes. For this, one explanation of response
specificity is the selectivity of interaction between co-factors and either pSMAD2/3 or
pSMAD1/5/8.

Another reason of response specificity can be explained by cell type, which plays a very
important role for determining ligand-induced transcriptional responses. Depending on the
differential expression of receptors and co-factors in each cell type, responses to the same
ligand may vary. Furthermore, studies have demonstrated that differences in chromatin
accessibility across different cell types, which can be attributed to unique histone methylation
patterns for example, play a significant role in modulating the transcriptional regulation
mediated by SMADs [134]. Therefore, TGF-B superfamily signals are believed to play a crucial
role in facilitating the accumulation of appropriate SMAD complexes within the nucleus.
Subsequently, the cell assesses how this accumulation aligns with its existing nuclear SMAD-
binding partners to control the regulation of specific genes residing in accessible chromatin
regions.

Another level of response specificity is the affinity of the ligand-receptor interactions as well
as the affinity of transcriptional complexes induced by the ligands, which defines different
potencies in the transduced signal. Morikawa et al nicely illustrated the differences in
transcriptional regulation in HUVECs by two different BMPs, BMP9 (1ng/mL) and BMP6
(50ng/mL), using ChlP-seq of SMAD1/5. Despite the fact that these 2 stimulations resulted in
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equivalent p-SMAD1/5 levels, several BMP9-specific binding sites such as HEY1 and JAG1 loci
were detected. However, increasing the concentration of BMP6 up to 200ng/mL enhanced
SMAD1/5 binding to these BMP9-specific binding sites in a BMP6 dose-dependent manner.
On the other hand, common SMAD1/5 binding sites for both BMP9 and BMP6, such as the ID1
locus which exhibits strong SMAD1/5-binding affinity, were already strongly upregulated at
20ng/mL BMP6. Therefore, differences in ligand affinity and potency, which are interestingly
not necessarily reflected by the level of phosphorylated SMADs measured by traditional
methods, can define another level of response specificity.

2.4.1.5 Termination of SMAD Signaling: Several Control Points

Mechanisms terminating the signals transmitted to the cells constitutes an important control
system for signal duration and consequently a tight control of the resulting cellular functions.
In 2002, Inman and his colleagues demonstrated that the phosphorylation of R-SMADs is
unstable and that they must undergo repeated cycles of phosphorylation by the activated
receptors to maintain their activity [135]. Since then, many studies have demonstrated
different control points for both the activated receptors and SMADs which enhanced our
knowledge on terminating and controlling SMAD signaling (Figure 15).

Numerous proteins have been reported to interact with the activated receptors, many of them
acting as negative regulators [108]. These interactions generally lead to either promoting their
de-phosphorylation by phosphatases [136, 137] or targeting them for degradation [138, 139].
For instance, protein phosphatase 1 (PP1) a de-phosphorylates ALK1 resulting in its in-
activation [140]. Similarly, PP1 can also interact and in-activate ALK5 leading to the Inhibition
of TGF-B signaling [136]. Receptors can be targeted for degradation through different
mechanisms that involves other kind of post translation modifications, most frequently being
polyubiquitylation (addition of ubiquitin chains for proteins). The best characterized
mechanisms for this latter are those described for ALK5 which are mediated by different E3-
ubiquitin ligases such as Smurf1/2, WWP1, and NEDD4-2 in association with I-SMADs, which
were reviewed by Hata and Chen in 2016 [108]. An additional mechanism of regulating ligand-
receptor signaling is through cleavage of the extracellular domain of TGF-B family receptors.
For example, the extracellular domain of ALK5 can be cleaved by the ADAM-17
metalloprotease, resulting in reduced TGF-B signaling due to a decrease in receptor numbers
on the cell membrane [141]. Furthermore, various proteins present in the ECM act as ligand
traps, such as decorin, follistatin, noggin, chordin, Cerberus and others have been identified
to bind and sequester specific members of the TGF-B family, thereby preventing or
terminating their downstream signaling [142-144].

Similarly, pR-SMADs have also shown to be regulated by dephosphorylation and degradation.
For instance, protein phosphatase 2C alpha (PP2Ca) reduces the level of p-SMAD2/3 [145].
The same phosphatase was shown to be also active on p-SMAD1/5/8 [146]. Later on, other R-
SMAD phosphatases have been identified [147-149]. R-SMADs, as well as the co-SMAD4, can
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also undergo proteosomal degradation by the E3-ubiquitin ligase system, thus restricting their
availability for the signaling and consequently shutting down the pathway [97, 150].
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Figure 15. Mechanisms Controlling Termination of SMAD Signaling.

Each mechanism was briefly explained in section 2.4.1.5 including references from which this figure was created.
All abbreviations were previously mentioned. Figure created with Biorender.

Another way for regulating signal duration is by manipulating the linker region of R-SMADs. In
addition to the SSXS phosphorylation motif of the MH2 domain of SMADs by type 1 receptors,
SMADs can be phosphorylated at other sites in the linker region by different endogenous
kinases, including MAPKs and CDKs [151], which was shown to impair their nuclear
accumulation and corresponding signaling activity [97]. Phosphorylation of SMADs can also
impair their stability. For instance, Glycogen Synthase Kinase 3B (GSK3B) phosphorylates
SMAD1 and SMAD3, which induces their complexation with Smurfl and their degradation
[152, 153]. I-SMADs are strong negative regulators of SMAD signaling. They can inhibit TGF-B
family signaling through various mechanisms including down-regulation of cell surface type-I
receptors in cooperation with ubiquitin ligases, interfering with the interactions between R-
SMADs and type-I| receptors or SMAD4, and transcriptional regulation in the nucleus [154]
(Figure 15). SMADG6 preferentially targets the BMP pathway (SMAD1/5/8) [155], whereas
SMAD7 acts on both BMP and TGF-B pathways [156]. Notably, SMAD7 expression is induced
by TGF-B, activin and BMPs [157] and that of SMAD6 by BMPs [158], highlighting the negative
feedback mechanism by I-SMADs in the regulation and termination of SMAD signaling. The
MH2 domains of SMAD6 and SMAD7 can associate directly with the activated receptors, or
even to SMAD4, and thus act by competing with R-SMADs. I-SMADs are predominantly
localized in the nucleus of most cell types [154] and have been described to act by interfering
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with the formation of SMAD-DNA complex [159]. Moreover, I-SMADs can act as
transcriptional repressors through the recruitment of negative transcriptional regulators such
as histone deacetylases [160, 161].

2.4.2 Non Canonical Signaling Pathways

In addition to the canonical SMAD signaling pathways, activated receptors of TGF-B
superfamily ligands have shown during the past two decades that they can activate a diverse
array of non-canonical signaling pathways to regulate a variety of cellular responses [64, 162,
163]. When discussing non-canonical signaling pathways by the TGF-B superfamily, it is very
important to emphasize the concept of “context-dependency”. The activation of these non-
canonical signaling pathways is strongly influenced by the specific context in which it occurs,
especially that these pathways can occur in SMAD-dependent and SMAD-independent
manners (will be further discussed in the upcoming subsections). Non canonical signaling
pathways induced by TGF-B superfamily include MAPK (encompassing ERK, Jun N-terminal
kinase (JNK), and P38), PI3K-AKT, Rho-like GTPases, Protien kinase A (PKA) and Signal
transducer and activator of transcription (STAT) signaling pathways [64, 162, 163].
Mechanistically, there is still much to uncover regarding the relationship between the
activated receptor complexes and downstream non-canonical effectors in response to TGF-B,
activin, or BMP receptors. In the following subsections, | will highlight the activation of
different non-canonical pathways by various members of the TGF-B superfamily such as TGF-
B (most extensively studied member), BMP2, BMP6, among others. While focusing on TGF-3
as the most extensively studied member, it is crucial to note that the signaling illustrations to
be presented are not exhaustive and unique for TGF-B family signaling, but are important
signaling mediators of many other growth factors and cytokines as well. The activity of these
pathways in response to TGF-B family members can vary depending on different factors such
as the ligand studied, ligand concentration, cell type, culture conditions, and many other
variables, all of which define the term “context-dependency” for the activation or inhibition
of these non-canonical pathways by TGF-B superfamily.

2.4.2.1 MAPK (P38, JNK, ERK) and IKK/NF-kB Signaling

MAPK signaling cascades consist of at least three sequential kinase components: a MAPKKK
(MAP3K), a MAPKK (MAP2K), and a MAPK. MAP3Ks phosphorylate and activate MAP2Ks,
which, in turn, phosphorylate and activate MAPKs (P38, JNK, and ERK). These latter facilitates
the transmission of signals to downstream effectors, including other kinases and transcription
factors, to regulate a wide range of biological processes, including cell growth, differentiation,
and survival [164, 165]. TGF-B activates different non-canonical MAPK signaling pathways.
Among these, the P38 and the INK signaling pathways are the best characterized in the context
of TGF-B signaling. TGF-B activates P38 via MKK3/6 [166—169] and JNK via MKK4 [170, 171] in
different cell lines (Figure 16). Multiple experimental approaches including expression of

dominant negative SMAD3, utilization of SMAD3 - and SMAD4 - cells, and modification of
type-1 receptor L45 loop to impair SMAD binding and activation, demonstrated that the
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activation of P38 and JNK pathways by TGF-B occurs in a SMAD independent manner [167,
170, 172]. However, P38 and JNK activation by BMPs or TGF- can be either rapid or delayed.
It was suggested that direct and rapid activation of these pathways does not depend on
SMADs [170, 171], whilst prolonged and delayed activation of these pathways likely depends
on SMAD-mediated transcriptional events (Figure 16). For instance, Takekawa et al
demonstrated that activation of P38 is dependent on SMAD-mediated upregulation of growth
arrest and DNA damage-inducible 45 beta (GADD45pB), a MEKK4 activator [173], as spotted in
human dermal fibroblasts, human keratinocytes and pancreatic carcinoma cells [174]. This
mechanism was further supported by other studies [175, 176] (Figure 16).

As previously mentioned, MAPKKKs serve as the upstream kinases of MAPKKs, and in the case
of MKK4 and MKK3/6, the best studied upstream MAPKKK for TGF-B is TGF-B activated kinase
1 (TAK1). TAK1 is a TGF-B1 stimulated serine/threonine kinase and has been initially spotted
as a TGF-B pathway kinase by rescue and complementation of a MAPKK mutant in
saccharomyces cerevisiae [177]. TAK1 activation is mediated by a range of other stimuli like
pro-inflammatory cytokines, such as tumor necrosis factor-a (TNF-a) [178], interleukin (IL)-1
[179] and environnemental stresses [180], hence serving as a converging point between
different signaling pathways activated by different stimuli. TAK1 is associated in the activation
of the diverse array of cellular kinases including P38, JNK and inhibitor of nuclear factor kappa
B (IKK) [179, 181]. TAK1 regulates a variety of crucial cellular processes encompassing cell
survival, cell differentiation, apoptosis and inflammation [182]. Moreover, TAK1 has shown to
play important roles in vascular development. Embryonic deficiency of TAK1 results in a
phenotype resembling that obtained from null mutations in the type Ill receptor ENG and type
| receptor ALK1 encoding genes [183].

Mechanistically, TGF-B induced activation of TAK1 is remarkably distinct from that of
SMAD2/3, where this latter requires phosphorylation by ALK5 to relay the signal onwards. The
activation of TAK1 relies on the tumor necrosis factor-receptor associated factor 6 (TRAF6), a
ubiquitin ligase that belongs to the really interesting new gene (RING) family of ubiquitin
ligases (Figure 16). Following ligand induced formation of heteromeric complexes of ALK5 and
TBRII, TRAF6 interacts with the activated receptors via the TRAF domain. Following this
interaction, the RING domain of TRAF6 E3 ubiquitin ligase activity is activated, leading to the
formation of polyubiquitin chains on TRAF6 at lysine 63. These chains then act as scaffolds for
the recruitment and activation of protein kinases. Consequently, TRAF6 binds TAK1 and
mediates its subsequent polyubiquitination and activation, which further facilitates the
recruitment and activation of protein kinases. Consequently, TRAF6 binds TAK1 and mediates
its subsequent polyubiquitination and activation, which further facilitates the activation of
downstream kinases like P38 and JNK [184-186]. Moreover, few studies have shown that
TRAF6 induces the proteolytic cleavage of ALKS in a process dependent on presenilin 1 (PS1)
ubiquitin ligase. This cleavage gives rise to an intracellular domain (ICD) of ALKS5, which
translocates to the nucleus to promote invasion of specific types of cancer ce‘lls [187, 188].
Some studies have shown that TRAF4 also interacts with ALK5, leading to Lys63
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Figure 16. TGF8 and BMP-induced activation of canonical SMAD and non-canonical P38, JNK and IKK
pathways.

Ligand-bound TGF8 receptors activates canonical signaling through pSMAD2/3/SMAD4 complexes that regulate
expression of TGF8 SMAD dependent target genes. On the other hand, activated TGF8 receptors can directly
activate non canonical signaling pathways which are independent from SMADs. Activated receptors interact
with TRAF4/6 ubiquitin ligases leading to their activation through Lys63-linked polyubiquitylation, which then
recruits and activates the MAP3K TAK1 which form complexes with TAB1/2. This leads to activation of
downstream MAPK2 kinases MKK3/6 and MKK4, which activates P38 and JNK MAPK, respectively. TRAF6 can
also induce proteolytic cleavage of ALK5 through Lys63 polyubiquitylation and recruitment of presenilin 1 (PS1),
generating the intracellular domain (ICD) of ALK5, which translocates into the nucleus to play a role in regulating
cell invasion. TAK1-TAB1/2 complexes also activate IKK and NF-kB2 pathway. A second link between TGF8 and
BMP receptors to intracellular kinases involves XIAP, which functions as an E3 ubiquitin ligase. BMP receptors
can form complexes with TAK1 and TAB1, and this complex was suggested to promote BMP-induced activation
of downstream MAPK signaling. Moreover, XIAP has been also shown to mediate TGFB-induced activation of
INK and NF-kB pathways. On the other hand, Other MAP3K (MEKK1/4, ASK1, MLK2/3) have been shown to
mediate TGF8-induced activation of P38 and JNK pathways, independent of TAK1. Nevertheless, activated P38
and JNK kinases phosphorylate and activate various downstream target kinases (such as MAPKAPK2 and MSK
downstream of P38) and transcription factors. These activated kinases and/or transcription factors, working or
not in conjunction with other cofactors and activated SMADs, cooperate altogether to regulate various TGFB-
induced cellular processes including invasion, apoptosis and EMT. Notably, TGFB8 can also activate non-canonical
MAPK signaling through a delayed SMAD-dependent regulation of certain genes (e.g., GADD456 that activates
MEKK4). Remaining abbreviations in the figure are described in the main text. Figure created with Biorender.

polyubiquitylation of TRAF4 and subsequent activation of TAK1 [189]. Moreover, TAK1 forms
complexes with TAK1-binding protein 1 (TAB1) and TAB2, which participates in the activation
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of P38 and JNK pathways, as well as NF-kB pathway [190] (Figure 16). Apart from TAK1, many
other kinases belonging to the MAP3K family including mixed-lineage kinase 2 and 3 (MLK2/3),
MEKK1/4 and apoptosis signal-regulating kinase 1 (ASK1) have been also reported in TGF-B-
mediated P38 and JNK activation via MKK3/MKK6 and MKK4 respectively [191-194] (Figure
16). Some of these studies have showed that TAK1 doesn’t mediate the TGF-B-induced
activation of P38 pathway in certain contexts [193]. However, the mechanisms by which these
kinases are recruited to the activated TGF-p receptors are not so clear. A second link between
TGF-B superfamily receptors to intracellular kinases involves the X-linked inhibitor of
apoptosis protein (XIAP), which functions as an E3 ubiquitin ligase [162, 195-197]. Through
overexpression and Co-IP experiments performed in HEK293 cells, Reffey et al demonstrated
that XIAP interacts with several members of the TGF-B receptor superfamily, notably ALK1,
ALK4, and ALK5 [196]. In this context, XIAP mediated TGF-B-induced activation of both JNK
and nuclear factor kappa B (NF-kB) pathways, leading to the regulation of TGF-B responsive
genes but not apoptosis. Notably, these responses occurred in a SMAD4-dependent TAK1-
independent manner, supporting the notion that TAK1 does not always mediate TGF-B-
induced non-canonical MAPK signaling pathways.

In addition to TGF-, BMPs have been also shown to activate P38 and JNK pathways [177, 198—
201] (Figure 16). BMP receptors can form complexes with TAK1 and TAB1, and this complex
was suggested to promote BMP signaling during Xenopus embryogenesis [197]. In Schwann
cells, BMP7 activated P38 pathway in a SMAD4 independent manner [202]. In mouse pro-
osteoblasts and primary cultured osteoblasts, BMP2 activated both P38 and JNK pathways in
a time dependent manner, but the onset of this activation was delayed compared with
activation of SMADs, suggesting an indirect mechanism [200]. Besides directly
phosphorylating various transcription factors, the activation of P38 also triggers the
downstream activation of several kinases including mitogen- and stress-activated protein
kinase 1/2 (MSK1/2), and MAPK activated protein kinase 2/3 (MK2/3) and consequent
phosphorylation of various downstream targets. For instance, P38-mediated activation of
MK2, first identified substrate for P38 [203], leads to the phosphorylation of different cellular
substrates, with the multifunctional protein HSP27 being one of the first identified and most
extensively studied substrates of MK2 [204]. BMP2- and BMP6-induced activation of P38
MAPK resulted in phosphorylation of HSP27, which was inhibited using a pharmacological
inhibitor for P38 [201]. Moreover, in-vitro kinase assays using immunoprecipitated MK2 from
BMP2 treated Mouse calvarial 3T3-E1 (MC3T3-E1) cells demonstrated P38-MK2 activation
through phosphorylation of recombinant HSP27 [200]. Few studies have also shown that TGF-
B can also activate P38-MK2-HSP27 [205-207] or P38/MSK1 [208] pathways (Figure 16). One
of the crucial consequences of JNK or P38 MAPK activation is apoptosis, which has been
recognized as a developmental activity of BMPs and as a mechanism of tumor suppression by
TGF-B [184, 185, 199, 209, 210]. TGF-B-induced JNK and/or P38 signaling also contribute to
TGF-B-induced epithilail-to-mesynchymal transition (EMT), another well described role for
TGF-B signaling [211, 212]. Furthermore, the activation of these pathways by TGF-B is involved
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in the endothelial-mesenchymal transition (EndMT), which has been reported to occur
through both SMAD-dependent and SMAD-independent pathways [213].

Despite the fact that ALK5 and TBRII have been described as serine-threonine kinases, the‘y
can be phosphorylated at tyrosine (Tyr) residues or function as tyrosine kinases themselves
[214-216] (Figure 17). Galliher and Schiemann demonstrated that Src-induced Tyr284
phosphorylation of TBRII triggered the recruitment of Src homology 2 domain-containing
transforming protein (Shc) and growth factor receptor-bound protein 2 (Grb2) to the receptor
complex and activation of P38 MAPK signaling pathway [217]. Similar to TBRII, ALK5 can be
also phosphorylated on Tyr residues upon TGF-B stimulation, which triggers Tyr
phosphorylation of Shc. This leads to the formation of a Shc/Grb2/ Son of Sevenless (Sos)
complex, ultimately leading to the activation of the Ras-Raf-MEK-ERK1/2 MAPK signaling
pathway [215]. Very recent work by Yakymovych et al shows that, before TGF-$ stimulation,
inactive Src was complexed with TBRIIl. Upon TGF-B-induced formation of the ALK5-TBRII
receptor complexes, TBRIl phosphorylates ALK5 on Tyrl82. This triggers the interaction of
Src's SH2 domain with phosphorylated tyrosine residues in ALK5 and its subsequent
phosphorylation on several tyrosine residues (Tyr428/429) [218] (Figure 17). Notably, ERK1/2
activation induced by TGF-B superfamily is also context dependent (cell type, culture
conditions, etc.), and as described above, it can also occur in a rapid or delayed manner. For
instance, rapid activation of Ras and/or ERK1/2 has been observed in response to BMPs in
osteoblasts, myoblasts, endothelial cells, and cancer cell lines [219-221]. On the other hand,
Simeone et al demonstrated that TGF-B-induced activation of ERK occurred with a maximal
phosphorylation obtained after hours rather than minutes, and showed that the mechanism
is dependent on SMAD4 and de-novo protein synthesis [222]. Activation of ERK signaling by
TGF-B and BMPs has been implicated in different functions, depending on the ligand and cell
type studied. Zhou et al demonstrated that BMP4 treatment of HUVECs leads to the activation
of the MEK-ERK 1/2 pathway in a dose- and time-dependent manner, which can be blocked
by MEK inhibitors. Furthermore, the authors show that the capillary sprouting induced by
BMP4 is dependent on ERK signaling but is not affected by inhibiting the SMAD pathway,
suggesting a SMAD-independent mechanism. ERK activation has also been shown to be
essential in TGF-B-induced EMT and required for adherens junction disassembly and cell
motility [223]. Target genes that mediate the role of ERK in TGF-B-induced EMT have been
identified [224] and their functions include integrin-based remodeling of cell-matrix
interactions, endocytosis and cell motility. Similar to TGF-, BMP7 induced EMT, cell migration
and invasion in certain cancer cells via both ERK and PI3K pathways [225].

2.4.2.2 PI3K/AKT Signaling

The PI3K/AKT pathway, also known as the PI3K/AKT/mammalian target of rapamycin (mTOR)
pathway, is a critical signaling pathway involved in regulating various cellular processes,
including cell growth, survival, proliferation, metabolism, and apoptosis [226, 227]. TGF-B and
BMPs have been shown to activate the serine/threonine kinase PKB/AKT, through PI3K.
Similarly to the aforementioned pathways, this has shown to be mediated by SMAD
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Upon TGF8 binding, TGF8 receptors become activated and
undergo phosphorylation at different tyrosine (Tyr; Y)
residues. ALKS5 is Tyr phosphorylated by both TBRIl and Src
kinases at different residues (Y284, Y428/429, Y182...). This
leads to the recruitment and subsequent Tyr phosphorylation
of Shc, followed by the formation of Shc/Sos/Grb2 complexes.
These complexes play a crucial role in transmitting signals
that activate the Ras/Raf/MEK/ERK signaling pathway.
Additionally, this complex has also been implicated in
activating P38 MAPK signaling. TGF8 can also activate ERK
signaling through a delayed SMAD-dependent mechanism
dependent on de novo protein synthesis. Activated ERK
signaling leads to the phosphorylation of specific
transcription factors. Consequently, these phosphorylated
transcription factors regulate the transcription of genes
associated with different functions including EMT, invasion,
and metastasis, either independently or in cooperation with
activated SMAD complexes. All other abbreviations are
described in the main text. Figure created with Biorender.
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Figure 18. TGF-B-induced activation of PI3K/AKT Pathway.

TGF8 induces the activation of PI3K through the interaction of the p85 subunit of PI3K with the TGF8 receptors.
PI3K then activates AKT/PKB, which controls numerous downstream targets and functions. AKT promotes protein
synthesis through different mechanisms such as (1) activation of mTORC1/S6K/S6 and (2) direct phosphorylation
and inhibition of the translational inhibitor hnRNPE1. Furthermore, AKT triggers the phosphorylation of the Twist
transcription factor and GSK386. This latter leads to the inhibition of GSK38, resulting in the stabilization of Snail.
These two events play crucial roles in regulating many genes implicated in EMT and apoptosis. In certain cell
types, TGFB can also enhance AKT signaling through inhibition of PTEN phosphatase through increased expression
miR-216a/217 and miR-21. Nevertheless, activation of the PI3K/AKT pathway by TGFB can counteract the
SMAD/FoXO-mediated transcriptional responses during growth arrest or apoptosis in certain contexts. This
occurs through the phosphorylation of FOXO proteins, which hinders their nuclear translocation and thereby
inhibits their ability to carry out their transcriptional functions. Additionally, TGF8 also triggers the activation of
mTORC2 leading to enhanced AKT activation forming a supporting feedback loop in PI3K-AKT activation.
Remaining abbreviations are detailed in the main text. Figure created with Biorender.

enhances the transcriptional regulation of multiple genes involved in EMT [237, 238]. Despite
its growth-inhibitory effects and cell cycle arrest, TGF-B-induced activation of AKT promotes
the phosphorylation of the forkhead transcription factor (FOXO). This phosphorylation
attenuates nuclear translocation and transcriptional activities of FOXO in various SMAD-
mediated responses crucial for growth arrest, such as the induction of p1l5 and p21
expressions [239, 240] (Figure 18). Moreover, TGF-B-induced activation of mTORC2 promotes
cytoskeletal reorganization, Ras homolog A (RhoA) activation, and cell migration, thus playing
a crucial role in cellular motility [241]. Overall, the TGF-B-induced activation of the
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PI3K/AKT/mTOR pathway orchestrates diverse downstream cellular functions, impacting
processes such as protein synthesis, cell size, migration, invasion, EMT, and proliferation.

2.4.2.3 Rho-Like GTPases

RhoA/B, Ras-related C3 botulinum toxin substrate (Rac), and cell division control protein 42
homolog (Cdc42) are members of the Rho family of small GTPases. These proteins act as
molecular switches, cycling between an active guanosine triphosphate (GTP)-bound state and
an inactive guanosine diphosphate (GDP)-bound state, to control a wide range of cellular
functions, including cytoskeletal dynamics, cell adhesion, cell migration and cell division [242].
TGF-B and BMPs can activate Rho-like GTPases in a cell-context dependent manner (Figure
19). For example, in epithelial cells and primary keratinocytes, TGF-B activates RhoA within
5 minutes, followed by rapid attenuation by 15 minutes [243, 244]. In mesenchymal stem
cells, BMP2 induces rapid activation of RhoA and Rho-related protein kinase (ROCK) after
cell spreading [245]. Rapid onset of the pathway and the utilization of SMAD3 or
SMAD4 dominant-negative mutant cells suggested that RhoA activation by TGF- or BMPs is
likely independent of SMAD signaling [243, 246]. On the other hand, a delayed activation of
RhoA and Cdc42 by TGF- was shown in several cell types to be dependent on SMAD activities
for the expression of neuroepithelial cell transforming 1 (NET1), a guanine nucleotide
exchange factor (GEF), which is an activator of RhoA [247-249] (Figure 19). Paradoxically, TGF-
B has been shown to downregulate RhoA protein levels through Par6 scaffolding protein [250].
Upon TGF-B stimulation, receptor complexes accumulate at tight junctions, leading to the
phosphorylation of Par6 by TBRII. This event recruits the E3 ubiquitin ligase, Smurfl, to the
activated receptor complex. Subsequently, the Par6-Smurfl complex facilitates localized
ubiquitylation and degradation of RhoA in a protein kinase CZ (PKCZ)-dependent manner [250,
251]. This unique regulatory mechanism enables TGF-B to induce the dissolution of tight
junctions, a critical step in EMT. Hence, these findings suggest that TGF- can regulate RhoA
activity in two distinct phases and within different cellular compartments. Rapid activation of
RhoA in the early phase of signaling might be complemented by the localized down-regulation
of RhoA levels at tight junctions in a later stage. Both steps of this regulation of RhoA in
response to TGF-B appear to be important for TGF-B-induced EMT [250, 252]. Apart from
activating RhoA, TGF-B also triggers the activation of another GTPase called Cdc42, inducing
the activation of several downstream effectors including P21-activated kinase (PAK). Like
RhoA, the activation of Cdc42 and PAK by TGF-B has been shown to occur independently of
the canonical SMAD signaling pathway [253]. Furthermore, LIM kinase 1 (LIMK1), an effector
of PAK network downstream from Rac and Cdc42, binds to BMPRII (Figure 19) [254, 255]. This
interaction acts synergistically with Cdc42 to activate LIMK1, which promotes phosphorylation
and inactivation of cofilin, an actin depolymerizing factor, inducing changes in the actin
cytoskeleton dynamics in response to BMP4 and BMP7.
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Figure 19. TGF-8-induced activation of Rho family of small GTPases.

TGF8 can activate RhoA and Rho-associated protein kinase (ROCK) through both direct SMAD-independent and
indirect SMAD-dependent mechanisms, leading to actin polymerization and stress fiber formation. Additionally,
activated TGFB and BMP receptors facilitates the recruitment of Cdc42 and/or Racl, which in turn activate
several downstream effectors including PAK, Par6/PKC complex, and LIMK1. These effectors play crucial roles in
the regulation of tight junctions and actin polymerization. On the other hand, TBRII mediated phosphorylation of
Par6 can mediate the recruitment of Smurf1, leading to the degradation of RhoA and subsequent dissociation of
tight junctions. Collectively, these mechanisms promote the regulation of actin polymerization and tight junctions
which are essential in TGF8-mediated control of cell migration and other cellular processes involved in EMT.
Figure created with biorender.

2.4.2.4 JAK/STAT Signaling
The JAK/STAT Family members

The JAK/STAT signaling pathway comprises ligand-receptor complexes, JAKs (Janus kinases),
and the STAT transcription factors. A recent comprehensive review by Xiaoyi Hu et al provides
an excellent overview of this pathway [256]. The JAK family consists of four members: JAK1,
JAK2, JAK3, and TYK2, whilst the STAT family consists of seven members: STAT1-4, STAT5a,
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STAT5b, and STAT6. JAKs are non-receptor protein tyrosine kinases involved in transmitting
regulatory signals from activated cytokine receptors to STATs. Numerous cytokines utilize JAK
kinases to relay their signaling through their specific receptors [256].

JAK/STAT signaling pathway and regulation

The JAK/STAT signaling pathway involves a series of molecular events that lead to the
activation of specific cellular responses. To simplify the high complexity of the JAK/STAT
pathway mediated by a large variety of cytokines, | will be focusing on the well-known pro-
inflammatory cytokine IL-6 as an example. Initially, the ligand interacts with its specific
receptor, promoting sequential formation of a hexameric receptor complex: The IL-6 ligand
binds to an IL-6 receptor (IL-6R), and the resulting dimer then attaches to the gp130 (also
known as CD130 or IL6R-B) transmembrane receptor common for many cytokines, forming a
trimer. Subsequently, the trimer homodimerizes to generate the hexameric (IL-6-IL-
6R-gp130)2 signaling complex [257]. The binding between the ligand and the receptor triggers
the trans-phosphorylation of JAKs, which are constitutively associated with the receptors
[258]. Activated JAKs then induce tyrosine phosphorylation of the bound receptors, creating
a docking site for STATs. In the case of IL-6, JAK phosphorylates primarily STAT3 at Tyr705,
leading to the dissociation of STAT3 from the receptor. STAT3 subsequently forms
homodimers or heterodimers through SH2-domain—phosphotyrosine interactions. These
dimers translocate to target gene promoters, regulating the transcription of specific target
genes [256, 258, 259] (Figure 20). Additionally, IL-6 has been found to activate the MAPK and
the PI3K signaling cascade. However, the underlying molecular mechanisms for the activation
of these pathways are still not fully understood [260].

Several negative regulators are responsible for maintaining the balance and steady state of
the JAK/STAT signal transduction pathway. The regulation of this pathway involves three
primary types of negative regulators: protein inhibitor of activated STAT (PIAS), members of
the suppressor of cytokine signaling (SOCS) / cytokine inducible SH2-containing protein (CIS)
family, and protein tyrosine phosphatases (PTPs) [256] (Figure 20). PIAS is a protein that
mainly interact with STAT dimers to inhibit STAT binding to DNA, thereby blocking JAK/STAT
signal transduction. PTPs dephosphorylate STATs resulting in their in-activation. The SOCS
family members have been extensively studied and characterized in various cellular and
physiological contexts and includes CIS and SOCS1-7 [261, 262]. Interestingly, SOCS family of
cytokines are among the genes which are induced by the activated STATs in the nucleus, thus
demonstrating a negative feedback mechanism for the regulation of JAK/STAT signaling [261,
262]. SOCS3 is considered among the most potent inhibitors within the SOCS family due to its
ability to exert its effects at multiple levels of the JAK-STAT signaling pathway [262]. SOCS3
mediates inhibition of downstream signaling by 3 different mechanisms: (1) competition via
SH2-domain-mediated binding to cytokine receptors at intracellular domain, (2) inhibition of
the catalytic activity of JAKs through binding the KIR region and (3) degradation of receptors
or downstream associated proteins via the proteasomal pathway [263]. SOCS3 mainly targets
the IL-6 family cytokine-receptor complex containing the signaling receptor gp130 [262, 263].
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Figure 20. Schematic diagram of BMP9 and BMP10 synthesis and processing.

BMP9 is mainly produced by the hepatic stellate cells (HSCs), while BMP10 is mainly produced in the heart. HSCs
can also produce small amounts of BMP10 which can give rise to heterodimers of BMP9/BMP10. The initial steps
during synthesis involve the dimerization of inactive precursors, followed by their subsequent cleavage by
convertases. This process generates two forms: the non-covalently prodomain-bound BMP (pd-BMP) and the
mature BMP, both of which are active in case of BMP9 and BMP10. Active BMPs are then released into the blood
circulation to act via their specific receptors on ECs. Figure was created using Biorender.

In addition, the aforementioned mechanisms, the phosphorylation of gp130 at Ser782 by
several cytokines, such as TNFa, IL1B, and IFNy, has been also shown to play a significant role
the negative regulation of this pathway. This phosphorylation event leads to a decrease in the
cell surface availability of gp130, thereby contributing to the downregulation of the signaling
pathways mediated by gp130, including IL-6/JAK STAT3 signaling [264, 265] (Figure 20).

Regulation JAK/STAT signaling pathway by TGF-B Superfamily

Regulation of JAK/STAT signaling has also been reported in response to different TGF-B
superfamily ligands in several cell types. TGF-B activates JAK1-STAT3 signaling in hepatic
stellate cells, as well as JAK2 in fibroblasts, which play roles in TGF-B-induced fibrosis [266,
267]. Recently, GDF11 has shown to induce a dose-dependent phosphorylation and activation
of STAT3 in C2C12 differentiated myotubes that promotes muscle atrophy [268]. Moreover,
BMP10 overexpression in mouse transgenic hearts induced pSTAT3 [269].0n the other hand,
conflicting reports have shown that TGF-B superfamily ligands can also attenuate the
activation of JAK/STAT signaling. For instance, Qu et al showed that BMP10 and BMP4
exhibited opposite regulation of pSTAT3 in P19 embryonic carcinoma cells [269]. Moreover,
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TGF-B inhibited IL-6-induced STAT3 activation in acute myeloid leukemia blast cells, as well as
IL-12-induced JAK-STAT signaling in T lymphocytes [270, 271]. However, the mechanism of this
inhibition was poorly understood and was highly context dependent. Bright and Sriram
showed that attenuation of IL-6 induced pSTAT3 occurs after a delayed treatment of the cells
with TGF-B (20h), and this was attributed to decreased expression of JAK1/2 and Tyk2 [270].
On the other hand, Wierenga et al showed that co-stimulation of T-lymphocytes with [L-12
and TGF-B for only 15 mins resulted in strong attenuation in IL-12 induced pSTAT3, pSTAT4,
pJAK2 and pTyk2, without affecting their protein expression [271]. Short term stimulations
with BMP4 and BMP2 rapidly attenuated IL6-induced STAT3 activation in multiple myeloma
cells, which consequently resulted in inhibition of proliferation and induction of apoptosis of
these cells [272, 273]. In the mammary gland, TGF-B-induced activation of SMAD2/3/4
complex inhibits the transcription activity of STAT5, leading to inhibition of mammary gland
differentiation and lactation [274]. Few studies have also shown that TGFB can regulate SOCS3
expression, however the outcomes of this regulation were context dependent as well. For
instance, TGFB stimulation attenuated IL-6 induced SOCS3 expression in Th17-cells [275].
More recently, Dees et al showed that TGF-B induced the expression of DNA methyl
transferase 3A (DNMT3A) and DNMT1 in fibroblasts in a SMAD-dependent manner to silence
the expression of SOCS3 by promoter hypermethylation [276]. On the other hand, TGF-
induced the expression of SOCS3 in B lymphocytes, macrophages and osteoclasts [277-279].
BMPs have never been shown to regulate SOCS3 expression.

Altogether, different studies have highlighted positive and negative regulation of JAK/STAT
signaling by TGF-B superfamily ligands. However, the specific mechanisms governing this
regulation remain poorly understood and context dependent.

2.4.2.5 PKA signaling

Among the extensively studied pathways for signal transduction is the cyclic Adenosine 3',5'-
cyclic monophosphate (cAMP)-signaling. In this pathway, ligands bind to G protein-coupled
receptors (GPCRs) and trigger a series of events involving activation of G proteins and adenylyl
cyclase (AC). As a result, intracellular levels of the second messenger cAMP are elevated. This
increase in cAMP levels subsequently activates several effector molecules, including the
cAMP-dependent PKA [280]. PKA represents one of the first identified kinases which was
identified since 1968 by two chemists, Edmond H. Fischer and Edwin G. Krebs. Inactive PKA is
composed of four subunits, forming a tetrameric structure. It consists of two regulatory (R)
subunits and two catalytic (C) subunits which are inhibited due to their interaction with R
subunits. Elevation of cAMP levels in response to different stimuli allows cAMP to bind to the
PKA-R subunits, which leads to conformational changes and dissociation of the tetrameric
complex releasing the PKA-C subunits. Consequently, catalytically active subunits
phosphorylate downstream PKA target proteins in the cytoplasm and the nucleus and initiate
a wide array of cellular responses [280].
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The first study shedding light that TGF-B ligands can activate PKA was back in 1998 [281]. The
authors showed that TGF-B1 within 15 mins induced PKA activation in mesangial cells, which
was completely blocked by an inhibitory peptide for PKA (PKI). Despite the fact that the
authors in this study showed that TGF-B induced activation of PKA is cAMP-independent, the
exact molecular mechanism behind this activation remained unknown. Few years later, Zhang
et al showed that TGF-B stimulation of MvlLu cells induced the formation of a complex
between activated R-SMADs, SMAD4 and the regulatory subunits of PKA. Consequently, this
results in the release of the catalytic subunit from the PKA holoenzyme and downstream
activation of CREB, a well-known downstream substrate of PKA [282]. This mechanism was
further supported by other studies in other cell lines including neuroblasts and pancreatic
acinar cells [283-285].

BMPs were also shown to induce the activation of PKA signaling in different cell types.
Treatment of PAEC (pulmonary arterial endothelial cells) with H89, a potent PKA inhibitor,
inhibited BMP2- and BMP4-induced eNOS phosphorylation and activation, suggesting that the
mechanism is dependent on PKA [286]. BMP4 also promoted the differentiation of neural
crest-derived cells into noradrenergic neurons in a PKA-dependent manner [287].
Interestingly, the authors in this study showed that effect of BMP4 on this differentiation
process is cAMP-independent. Through Co-immunoprecipitation experiments, Ohta et al
revealed the formation of a transcriptional complex comprising pSMAD1/5/8, pCREB, and
CREB binding protein (CBP) [288]. Additionally, they reported that the promoter of inhibitor
of differentiation 1 (/D1), an early response gene activated by BMPs, contains a binding site
for CRE (cCAMP response element), which, when stimulated with a cAMP analog, enhances the
response of BMP4-induced BRE (BMP Response Element) luciferase activity. Importantly, they
observed that pretreating the cells with H89 significantly reduced this effect, thus highlighting
a role of PKA-CREB signaling in potentiating BMP4-induced transcriptional response.

In summary, various studies have shed light on the activation and significance of PKA signaling
in the context of TGF-B and BMP signaling. However, the specific mechanism underlying this
regulation is not yet fully understood. While one proposed mechanism suggests the formation
of SMAD complexes with PKA-R subunits for TGF-B signaling, this interaction has never been
demonstrated for BMPs. Further investigations are required to comprehensively unravel PKA
signaling activation by TGF-f and BMPs.

2.4.3 Crosstalk between SMAD and Non-SMAD signaling pathways

As demonstrated in the previous sections, many studies have shown that TGF-B exert its
cellular responses by activating both SMAD and non-SMAD pathways. Several crosstalk
mechanisms have been reported between SMAD and non-SMAD pathways, resulting in both
positive and negative interactions [289].

TAK1 was shown to stimulate SMAD7 expression to regulate SMAD signaling pathways
induced by TGF-B [290]. Moreover, TAK1 also binds to the SMAD MH2 domain, thus inhibiting
R-SMAD transactivation [291]. A crosstalk among the downstream effectors of TAK1 like P38
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MAPK, activating transcription factor-2 (ATF2) and SMADs has been also reported to fine-tune
TGF-B1l-induced target gene expression [168, 169, 208]. On the other hand, TAK1-mediated
P38 and JNK activation via TGF-B receptors is also governed by SMAD6 and SMAD?7 in a context
dependent manner. For instance, Both I-SMADs downregulated BMP-induced activation of
P38 and TAK1 probably by interacting with TAK1 or TAB1 [199, 292]. Moreover, SMADG6 also
mediates the recruitment of A20, a deubiquitylase to TRAF6, thus inhibiting polyubiquitination
of TRAF6 and hence TGF-B-induced activation of TAK1, P38 and JNK [293]. In contrast to
SMADG6, SMAD7 enhanced TGF-B mediated stimulation of P38 MAPK and JNK [210, 294]. ERK
signaling can downregulate TGF-B signaling by inducing cleavage of cell-surface ALK5 [141].
This shedding of ectodomain of ALK5 is mediated by ADAM17, which is activated by ERK. In
addition, ERK can directly phosphorylate the linker region of various SMAD proteins to alter
their subcellular localization and inhibit their nuclear translocation and transcriptional activity
[295, 296]. On the other hand, TGF-B/BMP signaling can also regulate MAPK signaling. For
instance, BMP4 can attenuate ERK activation by upregulating the expression of an ERK
phosphatase, Dusp9, thereby maintaining a properly balanced ERK activity to ensure self-
renewal of mouse embryonic stem cells [297].

AKT also directly affects SMAD activities in response to TGF-B and, thus, SMAD-mediated
transcription responses. As demonstrated in section 2.4.2.2, AKT can negatively regulate
SMAD-mediated transcription by phosphorylating the FOXOs, which are required in several
SMAD-mediated responses important in growth arrest [239, 240]. Phosphorylation of FOXO
proteins by AKT hampers their nuclear localization, and prevents their participation in SMAD-
mediated transcription regulation. On the other hand, AKT activation was shown to enhance
ALKS stability by phosphorylation and promoting membrane localization of a deubiquitylating
enzyme, USP4 (ubiquitin-specific peptidase 4), which deubiquitylates and thus stabilizes ALK5
and promotes non-SMAD pathways [298]. Additionally, the PI3K-AKT pathway could also
induce phosphorylation of SMAD3 at residues preceding the carboxy-terminal region, leading
to increased transcription activity of SMAD3, thereby enhancing TGF-B signaling [299].
Moreover, GSK3[ has been also identified as a significant regulator of SMAD proteins. GSK3f
phosphorylates SMAD1 and SMAD3 in their linker region, serving as a crucial step in the
sequential control of SMAD activation and subsequent degradation in response to signals from
BMP, TGF-B, and Wnt pathways [300, 301]. Mechanistically, it has been demonstrated that
SMAD proteins are activated by BMP or TGF-B signaling through phosphorylation at two serine
residues located at the carboxy-terminal end. Following this activation, additional
phosphorylation events occur at the linker region of SMADs which are mediated by ERK or
P38, as well as CDK8 or CDK9. These phosphorylation events prime SMADs for interaction with
and further phosphorylation by GSK3pB, regulating their transcriptional potential [300, 301].

Several studies have shown that TGF-B superfamily ligands can crosstalk with JAK-STAT
signaling either in a positive or negative manner, depending on the cell type. STAT3 was shown
to interact with SMAD3 to antagonize TGF-B signaling [302]. A direct cross talk between STAT3
and SMADL1 is required for BMP-2- and LIF-induced differentiation of primary fetal neural
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progenitor cells into astrocytes [303]. The JAK-STAT pathway can also indirectly regulate
SMAD3 activity by enhancing the expression of the inhibitory SMAD7. Interferon-y, acting
through JAK1 and STAT1, induces expression of SMAD7, which then inhibits phosphorylation
and activation of SMAD3 [304].

In addition to all these previously reported crosstalks, TGF-f superfamily ligands can further
crosstalk with many other signaling pathways including Wnt, Notch, Hippo, Hedgehog, and
NF-kB pathways, all of which were nicely reviewed in an excellent review by Luo et al [289].
To conclude this chapter, many reports have shown that TGF-B superfamily ligands can
activate both SMAD signaling and non-SMAD signaling pathways to regulate downstream
functions. Activation of these non-canonical pathways has been much more studied for TGF-
B compared to BMPs, and was rarely reported in ECs. Furthermore, activation of non-SMAD
pathways can occur either in SMAD-dependent or SMAD-independent manner, and both
SMAD and non-SMAD pathways affect each other through mutual activation or inhibition
dependent on the cellular context and biological processes involved.
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Chapter 3. BMP9/BMP10-ALK1 Signaling

In this chapter, my focus is directed towards BMP9 and BMP10, the two ligands that have
been used in my PhD project. Since 2002, our research team focuses on uncovering a novel
signaling pathway in the vascular system, facilitated by the transmembrane receptor ALK1.
During the period 2005-2007, several groups including our research group identified BMP9
and BMP10 as the high-affinity ligands for ALK1 [70, 305, 306]. Mutations in the signaling
pathway of BMP9 and BMP10 have been linked to two rare vascular disorders: hereditary
hemorrhagic telangiectasia (HHT) and pulmonary arterial hypertension (PAH) [47], which will
be further developed in the last two sections of this chapter. During the last 20 years, our
team, among others, has been focusing on studying the roles of BMP9, BMP10, and ALK1 in
the endothelium to propose new therapeutic approaches in vascular diseases, particularly
HHT and PAH.

3.1 Synthesis, Expression and Regulation of BMP9 and BMP10

BMP9 and BMP10 are two closely related ligands within the TGF-B superfamily. They exhibit
a high degree of sequence similarity (65% identity at the protein level of the mature form) and
follow a typical cysteine knot structure shared by other BMPs of the family. BMP9 is mainly
produced by the hepatic stellate cells (HSCs) in the liver, while BMP10 is mainly produced by
cardiomyocytes in the right atrium of the heart in adults. HSCs can also produce small amounts
of BMP10 which can give rise to heterodimers of BMP9/BMP10 [307] (Figure 21). Similar to
other members of the family, these ligands are synthesized as pre-proproteins, which consist
of three main parts: an N-terminal signal peptide, a prodomain, and a C-terminal mature
growth factor domain. To form functional dimers, the pre-proproteins undergo dimerization
through the formation of a single disulfide bond, which connects two mature regions, resulting
in pro-BMPs. After dimerization, proBMP9 and proBMP10 undergo proteolytic cleavage
mediated by subtilisin-related pro-protein convertases (e.g. Furin) [308, 309]. This cleavage
gives rise to two distinct forms of the ligands: A complexed form with the prodomain
remaining non-covalently bound to the mature growth factor domain (pd-BMP9 and pd-
BMP10; around 100 KDa), and another form consisting of the mature growth factor domain
alone, without the prodomain (BMP9 and BMP10; around 25 KDa) [307]. As mentioned
previously, prodomains are known to confer latency to TGF-B and some other members of
this family. Interestingly, this latency mechanism does not apply to the binding of pd-BMP9
and pd-BMP10 to their high-affinity receptor ALK1 on endothelial cells (ECs) [309, 310].
However, in C2C12, which do not express ALK1, only BMP10 was able to induce expression of
ID3, but not pd-BMP10 [311]. This suggests that the prodomain of BMP10 might have the
ability to modulate its activity depending on the specific type | receptor involved.

BMP9 and BMP10 display distinct expression patterns in various tissues at different
developmental stages. In mice, BMP10 is mostly expressed in the heart in a spatio-temporal
manner. BMP10 synthesis begins in the right atrium at embryonic day 8.5 (E8.5), becomes
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Figure 21. Schematic diagram of BMP9 and BMP10 synthesis and processing.

BMP9 is mainly produced by the hepatic stellate cells (HSCs), while BMP10 is mainly produced in the heart. HSCs
can also produce small amounts of BMP10 which can give rise to heterodimers of BMP9/BMP10. The initial steps
during synthesis involve the dimerization of inactive precursors, followed by their subsequent cleavage by
convertases. This process generates two forms: the non-covalently prodomain-bound BMP (pd-BMP) and the
mature BMP, both of which are active in case of BMP9 and BMP10. Active BMPs are then released into the blood
circulation to act via their specific receptors on ECs. Figure was created using Biorender.

enriched in ventricles and right atrium at E14.5 which persists until postnatal day 7 (P7), and
then becomes restricted in the right atrium in adult mice [47, 312]. BMP10 cardiac expression
has also been shown in humans [313]. On the other hand, BMP9 is mainly produced by hepatic
stellate cells which begins around E9.75-E10 in mice [314]. Our group has demonstrated that
hepatic stellate cells are also capable of synthesizing BMP10, but at much lower quantities in
comparison to those produced by the heart [314]. Few studies have also suggested that the
brain septum and the lungs may also secrete low levels of BMP9 from yet unidentified cell
sources [315, 316]. Heterodimerization of BMPs, such as BMP2-BMP7 and BMP4-BMP7, is a
well-known phenomenon that expands the functional diversity of this ligand family and often
enhances the potency of the formed dimers [317-319]. Notably, our group has identified
biologically active BMP9-BMP10 heterodimers in mouse and human plasma, proposing
hepatic stellate cells as their likely physiological source [314]. However, the physiological role
of BMP9-BMP10 heterodimers still requires further investigation. Different forms of BMP9
and BMP10 can be detected in the systemic blood circulation. However, given the existing
knowledge and available tools, determining the ratios of active to in-active forms, as well as
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the ratios of homodimeric to heterodimeric BMP9 and BMP10, presents a significant challenge
in this field [47].

Very little is known regarding the regulation of BMP9 and BMP10 local expression and activity.
Interestingly, the structure of pd-BMP9 reveals that it can exist in two different
conformations: a cross-armed conformation and an open-armed conformation [74]. In
addition to being blood circulatory factors, BMP9 and BMP10 could be also be trapped in the
ECM. For instance, cross-armed conformation of pd-BMP9 was suggested to occur in-vivo by
binding to the extracellular matrix, thus locally controlling BMP9 activity [74]. In the case of
BMP10, but not BMP9, it has been demonstrated that the prodomain can form stable
complexes with extracellular matrix proteins fibrillin-1 and fibrillin-2. These interactions
suggest that fibrillin-1 and fibrillin-2 could potentially serve as effective candidates to
sequester and regulate the activity of BMP10 [320]. The regulation of BMP10 activity was
further highlighted by our group through the observation of increased immunoreactivity and
activity in plasma following purification steps using an anti-BMP10 column [314]. This suggests
that such treatment releases a fraction of BMP10 that was not initially detected in the crude
plasma. Similar increases in BMP activity upon purification from tissues have been reported
long time ago for other BMPs [321], indicating the potential release of inhibitors that maintain
BMPs in an inactive state. Notably, BMP9 and BMP10 do not bind to the natural BMP
antagonist noggin, which may contribute to the potent effect of BMP9 compared to other
BMPs in bone formation [322]. Another modulator, named crossveinless 2 (CV2) or BMPER
(Bone Morphogenetic Protein-binding Endothelial Regulator), has been shown to bind to
BMP9 and BMP10 and was proposed to inhibit the SMAD pathway [323, 324]. However, the
role of CV2 as an inhibitor of BMP9 signaling remains a debate topic, as a more recent study
suggested that CV2 does not inhibit BMP9 signaling [325]. Therefore, there is currently no
definitive evidence regarding a potential in-vivo antagonist that could contribute to a
"reservoir" of BMP9 or BMP10.

3.2 Receptors of BMP9 and BMP10

In 1996, Panchenko et al discovered that the type | receptor ALK1 is highly expressed in
endothelial cells [326]. Using in situ hybridization, the authors demonstrated the expression
of ALK1 in different blood vessels of adult rat tissues (lungs, aorta, vena cava and other
organs), and more specifically in endothelial cells. In the same year, it was shown that
mutations in the ACVRL1 gene encoding ALK1 were recognized as being responsible for the
development of the Rendu-Osler disease type, a rare vascular disease which is also known as
hereditary hemorrhagic telangiectasia (HHT) [327]. In adult endothelium, ALK1 expression is
predominantly arterial and is higher in the pulmonary compared to the hepatic vasculature
[328, 329]. Besides ECs, ALK1 expression was recently reported in hepatic resident
macrophages called Kupffer cells [330]. Endoglin (ENG), also known as CD105, constitutes a
co-receptor for ALK1. Embryonic mice predominantly expressed endoglin in ECs exhibiting
high expression levels in the endocardium and capillaries, moderate expression in arteries and
relatively weaker expression in veins [331]. While Eng shares similar expression patterns to
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Alk1 during early embryogenesis [331], its expression in adult mice is stronger on the venous
side and is low in the lungs, skin, brain and intestine but high in the liver [332]. Besides ECs,
endoglin is also expressed in mesenchymal stem cells, some hematopoietic progenitors and
immune cells such as monocytes, macrophages and mast cells, suggesting additional roles
outside of the endothelium [333]. The expression patterns of ALK1 and ENG are dynamically
regulated, being upregulated in actively angiogenic endothelium and downregulated in
quiescent adult endothelium [328, 331]. Both receptors are also found to varying extents in
capillaries [328, 332]. Being predominantly expressed on ECs, both ALK1 and ENG play crucial
roles in the formation and development of the vascular system. As previously reviewed, global
deletion of Acvrl1 or Eng (gene encoding endoglin) is embryonic lethal due to severe vascular
defects [334].

ALK1 was initially suggested to be a TGF-B receptor based on early studies that observed
activation of chimeric receptors containing the extracellular domain of ALK1 and the
cytoplasmic domain of the TGF-B receptor ALK5 by TGF-B1 and TGF-B3 [335]. However, this
hypothesis was then debated because Alkl and Alk5 were found to have different expression
patterns in-vivo [336], and mice lacking AIk5 did not develop the same vascular defects seen
in mice lacking Alk1 [337]. In the work that proposed TGF-B1 and TGF-B3 as ligands for ALK1
[335], the authors also described the existence of another unidentified ligand for ALK1 in the
serum which remained mysterious for several years. During the period 2005-2007, several
groups, including our research group, identified BMP9 and BMP10 as the high-affinity ligands
for ALK1 [70, 305, 306]. These two ligands were shown to bind to ALK1 with a very higher
affinity (ECso of approximately 50pg/mL) which was much higher compared to other BMPs
that bind to their respective receptors ALK2, ALK3, and ALK6 (ECso of around 50ng/mL) [47].
BMP9 and BMP10 also have the ability to bind to other BMP type-I receptors, albeit with lower
affinities compared to ALK1. Precisely, BMP9 was found to bind to ALK2, while BMP10 was
proposed to bind to ALK3 and ALK6 [47]. Moreover, both BMP9 and BMP10 can directly bind
to the homodimeric co-receptor ENG [338]. ENG has been described as a co-receptor for
various ligands including BMP2, BMP7, and activin A. However, unlike BMP9 and BMP10, the
binding of BMP2, BMP7, and activin A to ENG is indirect and requires the co-expression of a
type-l or type-Il receptor [339, 340]. Therefore, ENG is suggested to capture circulating BMP9
and BMP10 and present them to the type-I and type-Il receptors. This mechanism helps to
increase the local supply of BMP9 and BMP10, especially that these ligands lack the heparin-
binding region present in other BMPs, which allows them to interact with certain components
of the extracellular matrix and regulate their bioavailability [341]. In addition to its high affinity
for BMP9 and BMP10, ENG may play an additional role in displacing the prodomain of BMP9,
which in turn promotes signaling through ALK1 [342].

Regarding the type-Il receptors, BMP9 and BMP10 can bind to the 3 type-Il receptors ActRIIB,
BMPRII, and ActRIIA in decreasing order of affinity for BMP9, but with similar affinities for
BMP10 [343]. However, there are significant differences in the expression levels of these three
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receptors in ECs with BMPRII found to be much more highly expressed in compared to ActRIIA
and ActRIIB [47].

3.3 Canonical Signaling of BMP9 and BMP10 in ECs through
activation of SMADs

The binding of BMP9 and BMP10 to their receptors involves a sequential receptor complex
formation. As mentioned previously, these ligands bind to receptor complexes consisting of
ALK1 and either BMPRII, ActRIIA, or ActRIIB, with the assistance of the co-receptor endoglin.
In contrast to TGF-B and activin proteins, which primarily bind to their respective high affinity
type-Il receptors, BMP9 and BMP10 bind with high affinity to ALK1 or type-Il receptors as well
as their co-receptor endoglin. It has been proposed the formation of a temporary complex
involving the ligand BMP9 or BMP10, endoglin, and ALK1. Subsequently, endoglin is released,
enabling the ligand-ALK1 complex to interact with the type-Il receptor, initiating downstream
signaling [338]. It is important to note that BMP9 and BMP10 can bind directly to both ALK1
and the type-Il receptors, even in the absence of endoglin [343]. Supporting this notion, in-
vivo studies have shown that overexpression of Alk1l can restore impaired signaling caused by
the deletion of endoglin [344]. Following the formation of heteromeric complex, the type-Il
receptor phosphorylates ALK1 at the level of serine residues within GS domain (Figure 22A
and B). This leads to the activation of the Ser/Thr (S/T) kinase domain of ALK1, which in turn
phosphorylates C-terminal serine residues in the SXSS motif of the R-SMADs (SMAD1/5/8)
[334, 345] (Figure 22B). The phosphorylation of SMAD1/5/8 occurs within a short timeframe
of approximately 5 minutes. Importantly, duration of SMAD1/5/8 phosphorylation varies
depending on the concentration of BMP9 or BMP10. Lower doses (0.1 ng/mL) result in a
shorter duration, typically lasting a few hours, while higher doses (10 ng/mL) can extend the
phosphorylation period up to 24 hours [305, 346]. Following phosphorylation, the ligand-
receptor complexes are rapidly internalized through endocytosis, where they can be either
recycled back to the cell membrane or undergo degradation through proteolysis [347].
Phosphorylated SMAD1/5/8 (pSMAD1/5/8) then forms a trimeric complex with SMAD4, which
translocate to the nucleus and associates with other transcriptional regulators to modulate
the expression of their specific target genes. The outcome of BMP9 and BMP10 signaling in
ECs is believed to ensure vascular quiescence, a hallmark of mature endothelium [6, 348]
(Figure 22B). Strong target genes for BMP9 and BMP10 include /D1, ID2 and the I-SMADs
(SMAD6 and SMAD?), the latter forming a negative feedback loop to regulate the signaling
[305]. Notably, a recent study by Salmon et al demonstrated that pd-BMP9 and pd-BMP10
exhibited comparable potency to their respective growth factor domains, as assessed by /D1
gene induction. Furthermore, microarray experiments revealed that pd-BMP9 and pd-BMP10
induced highly similar transcriptional regulation, suggesting that they act as functionally
equivalent ALK1 ligands in-vitro on endothelial cells [325]. Interestingly, recent unpublished
data from our lab further supports this notion (work under review).
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Figure 22. BMP9 and BMP10 Signaling Pathway.

(A) Schematic illustration of different domains of type-I receptor ALK1. ALK1 is composed of an extracellular
domain (ECD) for BMP9 and BMP10 binding, a transmembrane domain (TMD) and an intracellular domain (ICD)
comprising the GS box and the S/T kinase domain. Sequence highlighted represents the 170-210 amino acid
region around the GS box (underlined). The SGSGSG characteristic core sequence of this domain is labeled in red.
(B) BMP9 and BMP10 homo- or hetero-dimers bind with high affinity to a receptor complex consisting of ALK1,
endoglin, and either BMPRII, ActRIIA, or ActRIIB on the surface of ECs. Upon ligand binding, ALK1 is
phosphorylated by the type Il receptor, leading to its activation. Activated ALK1 then phosphorylates R-SMADs
1/5/8, which forms a complex with SMAD4 and translocate to the nucleus. In the nucleus, the SMAD complex
interacts with other transcriptional cofactors (co-activators or co-repressors) to modulate the expression of
many target genes. The general outcome of this pathway results in decreased EC proliferation, permeability and
migration, promoting vascular quiescence. Both figures were created using Biorender.

As mentioned in the previous chapter, TGFB superfamily ligands exhibit a highly context-
dependent mode of activation of downstream signaling pathways. In ECs, in addition to the
phosphorylation of SMAD1/5/8, BMP9 was also shown to mediate the phosphorylation of
SMAD?2, albeit at much weaker intensities in comparison to pSMAD1/5/8. For instance, BMP9-
induced pSMAD2 occurs in an ALK1 dependent ALK5 independent manner and was only
detectable at BMP9 concentrations > 1ng/mL, whilst the phosphorylation of SMAD1/5/8 can
be detected at concentrations as low as 0.1ng/mL BMP9 in pulmonary arterial ECs [112, 349].
Moreover, the activation of SMAD2 by BMP9 through ALK1 was found to be dependent on the
presence of the ActRIl receptor and the EC type [112]. On the other hand, the responses
involving SMAD1/5/8 and induction of ID proteins relied on the presence of both BMPRII and
ActRIl receptors [112]. Hence, it is suggested that different type-Il receptors play a role in
regulating the activation of the dominant SMAD1/5/8 pathway compared to the weaker
SMAD?2 branch in response to BMP9-ALK1 signaling [112, 349].

The BMP9/10-ALK1 SMAD signaling pathway has been demonstrated to be a
mechanosensitive pathway responsive to the force exerted by flowing blood on the
endothelial cells (also known as hemodynamic shear stress). HUVECs exposed to varying levels
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of fluid shear stress (FSS) exhibited a peak activation of SMAD1/5/8 phosphorylation when
subjected to physiological FSS levels ranging from 10 to 20 dyn/cm2 [350]. Furthermore,
several studies have shown that flow potentiates the SMAD1/5/8 response to soluble BMP9
[351-354]. In-vivo studies conducted in mice and zebrafish revealed that ALK1 expression was
more prominent in regions experiencing higher blood flow, indicating its regulation by
hemodynamic forces [328, 329, 331].

Apart from the activation of the canonical SMAD signaling pathway, BMP9 also regulates
and/or crosstalks with other non-canonical signaling pathways in both endothelial and non-
endothelial cells. However, the specific mechanisms governing the modulation of these
pathways remain poorly understood and context dependent. In the following section, | will
emphasize the roles of BMP9 and BMP10 signaling in the regulation of these pathways and
highlight the consequential physiological outcomes of such modulation, with a particular focus
on endothelial cells.

3.4 Physiological Roles of BMP9 and BMP10 Signaling
3.4.1 Roles in the Endothelium

As mentioned previously, BMP9 and, to a lesser extent, BMP10, have been characterized as
inhibitors of various endothelial cell functions such as proliferation, migration, tube formation,
and angiogenesis [23, 355]. In the following subsections, | will provide an overview of the
different physiological roles of BMP9 and BMP10 in the endothelium.

3.4.1.1 Effects on Proliferation and Migration

The coordination of EC proliferation and migration is crucial for the formation of mature blood
vessels during angiogenesis. Before the identification of ALK1’s ligand, our group found that
overexpression of constitutively active ALK1 (ALKlca) inhibited both proliferation and
migration of human microvascular ECs (HMVECs) from the dermis, as well as migration of
pulmonary HMVECs and HUVECs [356, 357]. Accordingly, ALK1ca overexpression inhibited EC
proliferation, but had no impact on tube formation in HUVECs [358]. Both BMP9 and BMP10
were shown to suppress proliferation and migration of HMVECs from the dermis [305], which
was confirmed by Scharpfenecker et al [306], who showed similar effects of BMP9 on
fibroblast growth factor 2 (FGF2)-stimulated bovine aortic endothelial cells (BAEC).
Additionally, BMP9 was shown to inhibit proliferation [112, 359] and migration [360] of human
pulmonary artery ECs (HPAECs). Still, few opposing results have been reported for the roles of
BMP9 and BMP10 in the endothelium. For instance, overexpression of ALKlca enhanced
migration in microvascular ECs [361]. BMP9 and BMP10 have also demonstrated pro-
angiogenic and proliferative functions in certain endothelial cells derived from embryonic
stem cells, both in-vitro and in-vivo [362—-365]. However, the current consensual working
model is that BMP9 and BMP10 are circulating vascular quiescent factors [6].
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3.4.1.2 Roles in Vascular Permeability and Inflammation

Endothelial cells play also a critical role in managing the integrity of the vascular barrier. This
barrier is responsible for controlling the movement of plasma proteins and circulating cells
across the endothelial layer, which is tightly controlled by a number of extracellular stimuli
and mediators to maintain tissue homeostasis. During inflammation, vascular permeability is
disrupted to aid migration of immune cells from the blood to injury or infection sites.
However, impaired regulation of endothelial permeability is associated with several
pathological conditions including chronic inflammation, edema, and tumor angiogenesis.

BMP9 and BMP10 have shown to be implicated in regulating vascular permeability and
inflammation. In-vitro studies using HPAECs indicate that BMP9 can protect against EC
excessive permeability induced by factors such as tumor necrosis factor alpha (TNFa),
lipopolysaccharides (LPS), or thrombin [366, 367]. Moreover, it was observed that BMP9 and
BMP10 inhibit the release of CCL2 (MCP-1), a key chemoattractant molecule involved in
inflammation, by HPAECs [368]. Moreover, the group of Bruno Larrivée showed that BMP9
administration decreased vascular permeability in-vitro in hyperglycemic ECs [369].
Mechanistically, they suggested that BMP9 counteracts hyperglycemia-induced permeability
by limiting VEGFR2 signaling, inhibiting VE-cadherin internalization, and inducing the
expression of the tight junction component occludin [369] (Figure 23).

Altogether, these findings suggest that BMP9 and BMP10 act as EC protective factors against
inflammation either directly or by limiting vessel permeability and/or injury. However, the
exact mechanisms underlying these effects remains poorly understood.

3.4.1.3 Consequences of BMP9 and BMP10 Loss: Further Insights
from Mouse Models

In-vivo, BMP9 and BMP10 exhibit both similar and specific functions, which are influenced by
factors such as their expression site, expression kinetics, localization, and the presence of
specific combinations of receptors on target cells. To better understand the overall
physiological roles of BMP9 and BMP10, studies have utilized different mouse models
deficient in Bmp9 and/or Bmp10, or their signaling pathways, which were recently reviewed
[47, 370].

In particular, Bmp9-knockout (KO) mice in a C57BL/6 genetic background were found to be
viable, fertile and did not display any obvious blood vascular defects [371-373]. Nevertheless,
these Bmp9-KO mice exhibited some subtle defects in their lymphatic vasculature
characterized by enlarged collecting vessels, reduction in the number of lymphatic valves and
impaired lymphatic drainage [374, 375]. Interestingly, our group showed that when Bmp9 was
deleted in a different mouse strain, the 129/0la, a more severe phenotype was observed
which was characterized by a significant reduction in fenestrations of liver sinusoidal
endothelial cells (LSECs), accompanied by inflammation and liver fibrosis [376]. Subacute
neutralization of endogenous BMP9 results in lung vascular injury, characterized by increased
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endothelial permeability and the extravasation of neutrophils, which was reversed by re-
administration of BMP9 to these mice [14].

On the other hand, Bmp10-KO mice experience embryonic lethality between embryonic days
E9.5 and E10.5 due to the failure of cardiac trabeculation [377]. As previously mentioned, the
expression of Bmp10 in mice is observed around E8.5. Notably, this expression precedes the
expression of Bmp9 in the liver, which is detected around E9.75-E10. Thus, the absence of
Bmp9 before E9.75 was initially suspected to contribute to this cardiac phenotype. However,
attempts to mitigate this phenotype by knocking in the Bmp9 gene into the Bmp10 locus were
unsuccessful, confirming a specific role of Bmp10 in cardiac development that may be
independent of signaling through ALK1 [372]. To overcome embryonic lethality and
investigate the impact of Bmp10 loss on the adult mouse vasculature, strategies such as
inducible knockdown or the administration of neutralizing Bmp10 antibodies were employed
to delete Bmp10 postnatally. However, in all cases, the deficiency of Bmp10 alone in these
postnatal mice did not result in any defects in blood vasculature [371-373]. However, very
recent work conducted by Paul Oh's group has proposed a specific role for BMP10. They found
that inducible Bmpl0-KO mice, but not Bmp9-KO mice, exhibited arteriovenous
malformations (AVMs) in developing retinas, postnatal brain, and adult wounded skin [312].
Surprisingly, administration of BMP10 in these mice, but not BMP9, was able to prevent retinal
AVMs in mice with simultaneous loss of Bmp9 and Bmp10 [312]. The underlying mechanism
remain to be characterized. It is worth mentioning that the latter study was conducted using
a hybrid mice background consisting of 129 Ola and C57BL/6 strains. To better understand the
contribution of BMP10 in lymphatic function, further investigations are needed to determine
if the observed lymphatic phenotype in Bmp9-KO mice is solely attributed to the reduction in
overall ALK1 signaling caused by the absence of one ligand or if it represents a specific function
of BMP9. Similarly, the impact of Bmp10 deletion on liver vasculature has not been explored.

Importantly, only the loss of both Bmp9 and Bmp10, either through genetic means or through
the use of antibodies or ligand traps, resulted in overt vascular phenotypes. These mice were
characterized by defects in retinal vascularization, including increased vascular density and
arteriovenous shunting (direct connections between arteries and veins), as well as impaired
closure of the ductus arteriosus [371-373, 378-380]. These observations suggested that
BMP9 and BMP10 may have redundant roles during postnatal angiogenesis. These models will
be further developed below when used as preclinical models for HHT.

Altogether, these findings highlight the complex and dynamic roles of BMP9 and BMP10 in
vascular development and angiogenesis, suggesting both redundant and distinct functions
depending on the specific context (e.g., tissue examined, genetic background, age, among
other possible factors).
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3.4.2 Signaling Mechanisms Governing the Regulation of EC
Functions through BMP9/BMP10/ALK1 signaling

As highlighted in figure 5, VEGF stands out as one of the most powerful pro-angiogenic factors.
It transmits signals through several signaling pathways, primarily involving P38, MEK/ERK, and
PI3K/AKT, to regulate various EC functions critical to angiogenesis. These include EC migration,
proliferation, arteriovenous specification, survival, and permeability (Figure 5). Only few
studies attempted to decipher the mechanisms by which BMP9/BMP10/ALK1 signaling
regulates these functions in ECs through studying their effect, either solely, or in combination
with other factors such as VEGF. In the following subsection, | will explain how BMP9 and
BMP10 signals can either block or crosstalk with other pathways in the endothelium to carry
out these functions which defines them as endothelial quiescent factors [6, 348].

3.4.2.1 Regulation of PI3K/AKT Signaling

The PI3K/AKT signaling pathway plays a central role in regulating various biological processes
within the endothelium, including EC survival, growth, proliferation and vascular permeability
[381, 382]. This pathway can be activated by key endothelial factors (e.g. VEGF, ANG1; section
1.2.2.1), but also by blood flow-driven shear stress [383, 384]. Several studies have shown that
BMP9 negatively regulates PI3K/AKT signaling [385—387]. Mechanistically, this mechanism has
been shown to be dependent on BMP9-induced activation of PTEN, a well-known phosphatase
that downregulates PI3K/AKT signaling [388]. Treatment of HUVECs and mouse lung ECs
(mLECs) with BMP9 for 2 hours strongly attenuated AKT phosphorylation, and this was shown
to occur via BMP9 through decreased phosphorylation, which activated the phosphatase
activity of PTEN, and stabilization of PTEN [386]. These results were further supported by
Alsina-Sanchis et al, who showed that 2h pretreatment of HUVECs with BMP9 activated PTEN
and strongly attenuated AKT phosphorylation, both in the presence or absence of VEGF [385].
Interestingly, the authors from the two aforementioned studies showed that this effect is
observed only after a minimum of 2 hours pre-incubation with BMP9, suggesting an indirect
mechanism requiring de-novo protein synthesis. Supporting this notion, Ola et al showed that
BMP9 mediates transcriptional repression of CK2 kinase via SMAD4 [387]. Since CK2 has been
shown to mediate inactivation of PTEN through inhibitory phosphorylation [389], they showed
that repression of CK2 resulted in decreased PTEN phosphorylation, consequently activating
PTEN.

Activated AKT phosphorylates multiple downstream effectors, including mTOR. However, It
was shown that BMP9 rapidly induces the expression of serum and glucocorticoid activated
kinase 1 (SGK1) via activation of SMAD1/5/8 [390]. Consequently, BMP9-induced upregulation
of SGK1 in ECs leads to the activation of the mTORC1/S6 Kinase/S6 pathway, resulting in
increased protein synthesis [391]. The elevated expression of SGK1 plays a crucial role in
proper vessel development [392, 393]. Traditionally, cell growth and division were considered
parallel processes. However, it has been observed that SGK1 can be partially activated when
AKT is inhibited, with SGK1 still activating similar downstream effectors as AKT [394-396].
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Consequently, SGK1 enables the inhibition of cell proliferation while maintaining an active
metabolic state. Therefore, this suggests a mechanism by how BMP9 exhibits both promotion
of cell growth and anti-proliferative effects [397].

3.4.2.2 Regulation of ERK Signaling

The Raf/MEK/ERK signaling cascade plays a key role in EC proliferation, but has also shown to
be implicated in other EC functions including migration [398, 399], EC integrity and cell fate
[400]. BMP9 has been also shown to attenuate ERK phosphorylation in ECs. For instance, the
study by Alsina-Sanchis et al showed that BMP9 dampens VEGF-induced activation of not only
AKT but also ERK signaling [385]. As mentioned in the above section, the authors in this study
showed that the effect of BMP9 on ERK was delayed, supporting an indirect pathway.
Accordingly, Medina-Jover et al suggested that BMP9-induced expression of SGK1
downregulates the activation of ERK, resulting in decreased EC proliferation [391]. However,
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Figure 23. Schematic illustration of the negative crosstalk by BMP9/10-ALK1 pathway on VEGF/VEGFR2
signaling in endothelial cells (ECs).

Upon binding to their receptors, BMP9 and BMP10 activate the SMAD1/5 pathway, leading to the transcriptional
regulation of many target genes involved in vascular maturation and homeostasis, in collaboration with other
signaling pathways like Notch. BMP9/10-ALK1 signaling has been shown to strongly attenuate VEGF signaling
through few described mechanisms. For instance, BMP9/10-ALK1 has shown to stronlgly attenuate PI3K/AKT
pathway through increased PTEN phosphatase activation, possibly due to decreased expression of its negative
regulator CK2 kinase, a negative regulator of PTEN. Moreover, BMP9 induces the expression of VEGFR1, a decoy
receptor for VEGF, thus restricting VEGF downstream signaling. BMP9/10 also induces the expression of SGK1
kinase, which activates the mTORC1/S6K/S6 pathway, thus regulating protein synthesis. Through an unknown
mechanism, SGK1 induction by BMP9/10 also inhibits VEGF-induced activation of the ERK pathway, resulting in
decreased EC proliferation. Dashed lines represent unknown mechanisms; +, positive cooperation;@
Phosphorylation; yellow rectangles represent functions. Green and red lines represent activation and repression,
respectively. Figure was created using biorender
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the exact mechanism of how SGK1 regulates ERK signaling remains yet uncharacterized. In
addition, our group suggested that overexpression of constitutively active ALK1 inhibited EC
migration in a SMAD-independent manner via inhibiting JNK and ERK MAPK pathways. On the
other hand, at least one study reported opposing results regarding this negative regulation of
ERK signaling by BMP9/ALK1 in ECs. The group of B Larrivée et al showed that BMP9 can
activate ERK phosphorylation within a short time frame of 10-15mins in an ALK1 dependent
manner [378].

3.4.2.3 Regulation of P38 MAPK

P38 MAPK signaling mediates regulation of several biological processes involving cytoskeletal
dynamics, inflammatory reactions, and stress responses, which affects several EC functions
including migration, permeability and apoptosis [33]. Very little is known about regulation of
P38 signaling by BMP9 and its implication in BMP9-regulated EC functions. Two studies have
showed that BMP9 induces the expression of the vasoconstrictor endothelin-1 (ET-1) in both
HPAECs and HMVECs [349, 360]. These studies highlighted that BMP9 induces slight
phosphorylation of P38. Through the use of pharmacological inhibitors, Park et al showed that
ET-1 induction by BMP9 was P38 dependent and plays a role in the attenuation of EC migration
[360]. Surprisingly, through the use of siRNA, they showed that the expression of ET-1 by
BMP9 was dependent on SMAD1/5, but not on SMAD4, and only partially dependent on ALK1
and BMPR2 receptors. Moreover, Alsina-Sanchis et al have also showed that BMP9 induced
phosphorylation of P38. Interestingly, the authors demonstrated that, while BMP9 dampens
VEGF-induced activation of ERK and AKT pathways, a synergistic effect was observed when
both ligands were employed on ECs [385]. Activation of P38 signaling by pro-angiogenic
factors (e.g., VEGF) is associated with promoting EC migration. Given that, it remains unclear
how to explain the role of P38 in BMP9-mediated attenuation of EC migration [360] and how
BMP9 augments P38 activation by VEGF [385]. Therfore, it is crucial to approach the above
findings with caution to draw out clear conclusions, where further investigations are necessary
to unravel the specific mechanisms regarding the regulation of P38 signaling and their roles
by BMP9/BMP10/ALK1 signaling in ECs.

3.4.2.4 Crosstalk with Notch signaling

As emphasized in section 1.2.2.1.4, the Notch signaling pathway plays pivotal roles in
angiogenesis by regulating crucial EC functions such as cell fate determination, migration,
differentiation, and proliferation [52, 359, 401-404]. Several studies have emphasized the
collaborative interplay between BMP9/BMP10 signaling and Notch signaling in ECs to
counteract VEGF signaling effects, promoting vascular quiescence maturation and
arterialization. B Larrivée et al showed that BMP9/BMP10/ALK1/SMAD signaling synergizes
with Notch signaling resulting in the simultaneous upregulation of Notch target genes HEY1
and HEY2. This coordinated activation suppresses VEGF signaling and inhibits tip cells
formation [378]. Notably, the authors also demonstrated that BMP9 and BMP10-induced
HEY1 and HEY2 occurs independently of the canonical Notch activation. Furthermore, DLL4
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and BMP9 cooperatively induced the expression of HEY1/2 genes and effectively suppressed
proliferation in human aortic endothelial cells (HAECs) [359]. The authors demonstrated that
this inhibitory impact on HAEC proliferation resulted from the modulation of various cell cycle-
related proteins, highlighting a crucial role of the cyclin dependent kinase (CDK) 4/6 inhibitor
P27KIP1 as a central mediator of endothelial quiescence. Mosaic bead-sprouting assays using
ECs with knockdown of ALK1, SMAD4, or HEY2 demonstrated their enrichment at the tip cell
position, consistent with previous experiments utilizing ECs with knockdown of SMAD1 and
SMADS5 [405]. Together, these studies demontsarte that Notch and BMP9/BMP10/ALK1
signaling pathways display cooperative signal transduction in order to maintain vascular
homeostasis.

3.4.3 Roles in Non-Endothelial Cells

In addition to their established roles in the endothelium, BMP9 and, to a much lesser extent,
BMP10 have been demonstrated to play significant roles in various tissues, regulating diverse
functions such as osteogenesis, metabolism, neurogenesis, inflammation, tumorigenesis,
adipogenesis, heart development, liver and lung homeostasis, among others. [324, 373, 377,
406]. In MC3T3-E1 pro-osteoblasts, kinetic stimulation by BMP9 leads to rapid activation of
multiple signaling pathways, including PI3K/AKT, ERK, and JNK [407]. The activation of the PI13K
pathway was evident through the phosphorylation of AKT and its downstream kinase GSK3p.
Through the use of kinase inhibitors, they demonstrated that AKT/GSK3p is essential for the
expression of ALP (alkaline phosphatase) and Runx2 genes, which were critical for BMP9-
induced differentiation of osteoblasts. A more recent study conducted by the same group has
found that the activation of the PI3K pathway, rather than the ERK and JNK pathways, plays a
major role in upregulating the expression of HIF1a [408]. Upregulation of HIF1a mediated the
expression of PDK1 which played an important role in BMP9-mediated osteoblast
differentiation. BMP9 has been found to enhance the proliferation of the hepatic cell line
HepG2 [409]. Kinetic stimulation by BMP9 revealed the activation of PI3K pathway, whilst ERK
and JNK pathways were not significantly affected. Using kinase inhibitors and RNA
interference (RNAI), the authors demonstrated that the proliferative effects of BMP9 in HepG2
cells were primarily mediated by the PI3K pathway. Importantly, these effects were found to
be independent of SMAD4. Addante et al showed that BMP9 induced apoptosis of hepatic
progenitor cells (oval cells) [410]. In these cells, the apoptotic effect of BMP9 was attributed
to the activation of the p38 MAPK pathway, involving ALK2 and TAK1 as crucial components
for this activation. On the other hand, BMP10 was shown to play a role in trophoblast
differentiation through activation of p38 MAPK pathway in human embryonic stem cells
(hESCs) [411].

Hence, the activation of distinct non-canonical signaling pathways by BMP9 and BMP10 has
been reported in various non-endothelial cell types, revealing their diverse roles in different
tissues. However, the underlying mechanisms responsible for the activation these pathways
remain unclear with signaling pathway that seem highly cell-context dependent.
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3.5 General overview of the Pathologies Associated with impaired
BMP9 and BMP10 signaling

Our initial understanding of the roles played by BMP9 and BMP10 in endothelial functions
originated from human data. In 1990’s, mutations in two orphan receptor genes, ACVRL1
(encoding ALK1) and ENG (encoding endoglin), were found to be associated with the rare
vascular disease HHT [327, 412]. Few years later, in 2000, mutations in BMPR2 (encoding the
type-ll BMP receptor BMPRII) were identified in another rare vascular disease called PAH
(Pulmonary Arterial Hypertension) [413]. Although both diseases involve the same signaling
complex expressed in endothelial cells, they exhibit distinct characteristics, setting them apart
from each other.

3.5.1 Hereditary hemorrhagic telangiectasia (HHT)
3.5.1.1 Brief Overview of the Disease

HHT is an autosomal dominant genetic disorder that affects approximately 1 in 5000 to 8000
individuals worldwide [414]. It is characterized by various vascular abnormalities, including
the presence of small vascular malformations known as telangiectasia, which appear as red
spots on the skin or mucous membranes [415-419]. Telangiectasia in the nose can lead to
recurrent epistaxis [420], most common symptom for HHT, while intestinal telangiectasia can
cause gastrointestinal bleeding [417]. These bleeding events can result in anemia [421].
Additionally, HHT is associated with the formation of arteriovenous malformations (AVMs) in
specific organs (lungs, liver, and brain) which are abnormal networks of blood vessels that
directly connect arteries to veins, bypassing the normal capillary network [422] (Figure 24).
The presence of AVMs in internal organs can be asymptomatic, but could also lead to different
complications depending on their location and severity. Around 70% of HHT patients have
hepatic AVMs, which have been reported to increase cardiac output. Pulmonary AVMs are
found in 15%-45% of patients and can increase the risk of stroke. Cerebral AVMs, although
less common (10%-23% of patients), can have severe consequences such as brain hemorrhage
and seizures [414]. Mutations in ENG and ACVRL1 genes are responsible for approximately
90% of HHT cases and give rise to two forms of the disease, HHT1 and HHT2, respectively
[307]. In addition to ACVRL1 and ENG, a small proportion of cases (<2%) are attributed to
mutations in the SMAD4, resulting in a combined syndrome of HHT and juvenile polyposis
[423]. More recently, mutations in GDF2 (gene encoding BMP9) have been identified in a few
patients with HHT-like symptoms [424-426]. However, the involvement of BMP9 mutations
in HHT is still under debate, as only a limited number of cases have been described. Despite
that HHT is caused by germline loss of function (LOF) mutations in ENG or ACVRL1 that are
expressed by all vascular beds in the body, vascular malformations appear focally and strictly
in characteristic locations [427]. In addition, related patients carrying the same mutation can
display different manifestations of the disease, which might be due to modifier genes or other
causes [428]. However, it sems clear that HHT heterozygosity cannot fully explain the localized
and diverse nature of vascular lesions, leading to the hypothesis of a "second-hit" event that
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triggers these lesions [429]. Ongoing research has identified a range of potential triggers that
could work in conjunction with HHT gene heterozygosity to induce the development of
vascular lesions. These postulated secondary factors include inflammation, angiogenic stimuli,
shear stress, modifier genes, and even somatic mutations occurring in the WT HHT gene allele
[429].

Normal AVM

Artery supplying
oxygen-rich blood

In an AVM, blood passes
from heart to brain

quickly from artery to vein,
bypassing the normal
capillary network

Healthy capillaries
slowly deliver oxygen
to surrounding tissues

from brain

Figure 24. HHT Telangiectasia and AVMs.

A-C, Typical telangiectasia of HHT patients. A, Telangiectasia on the lip and tongue of an HHT patient. B and C,
Endoscopic views of telangiectases in the nasal septum (B) and small intestine (C) of HHT patients. D Normal
Capillary network vs Arteriovenous Malformations (AVMs). Images were taken from “ The pulmonary vascular
complications of hereditary haemorrhagic telangiectasia” by Faughnan et al, European Respiratory Journal,
2009 (A), “Manifestations of hereditary hemorrhagic telangiectasia in children and adolescents” by Folz et al,
Eur Arch Otorhinolaryngol, 2006 (B), “Diagnosis and treatment of patients with hereditary hemorrhagic
telangiectasia (Rendu-Osler-Weber syndrome) at a university hospital in Colombia” by Mosquera-Klinger et al,
Revista colombiana de Gastroenterologia, 2019 (C), and https://nchmd.org/health-library/articles/con-

20155121/ (D).
To date, the detailed molecular mechanism leading to HHT pathogenesis remains poorly
understood. Nevertheless, treatment options for HHT were recently reviewed [414, 430] and

include surgery for certain AVMs and anti-VEGF therapy, which has shown success in reducing
epistaxis, the most common manifestation in HHT, and cardiac output in patients with severe
liver involvement.
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3.5.1.2 Current Treatments

Current treatments for HHT focus on reducing the risk and severity of bleedings while
managing resulting anemia [422]. Medical measures are employed to control HHT-related
epistaxis, with treatment plans that are usually stepwise and tailored to the severity of
bleeding in individual patients [422]. Moisturizing topical therapy is recommended as the first-
line treatment for HHT-associated epistaxis. Second-line options include the antifibrinolytic
agents such as tranexamic acid, which can be taken orally to slow down clot breakdown and
prevent or manage HHT-related epistaxis [422]. The effectiveness of tranexamic acid in
reducing epistaxis severity has been confirmed through two randomized control trials, with
minimal adverse events reported [431, 432]. For patients who show no improvement with the
aforementioned measures to control epistaxis, antiangiogenic agents or ablative therapies
such as laser photocoagulation, radiofrequency ablation and injection sclerotherapy may be
used to seal or collapse the abnormal hemorrhagic nasal vessels. However, these approaches
typically offer only temporary improvement and do not cure the disease [422, 433]. Epistaxis
and gastrointestinal bleeding, separately or combined, often lead to iron-deficiency anemia,
which is treated with iron supplementation or red blood cell transfusions [422]. For pulmonary
AVMs and some accessible brain AVMs, surgical resection or embolization is performed to halt
blood flow into the lesions and reduce the occurrence or risk of bleeding [422, 434, 435].
Patients with severe hepatic involvement are referred for orthotopic liver transplantation
[422].

3.5.1.3 Future Treatments

Individual case reports of HHT patients have indicated that the use of bevacizumab, an anti-
VEGF antibody dedicated for cancer treatment and as an immunosuppressor with anti-
angiogenic properties following organ transplantation, has significantly improved HHT
symptoms [436—438]. Following these reports, since 2012, anti-VEGF treatment using
bevacizumab was tested on HHT patients in several clinical trials [414]. Below, | will summarize
various studies that highlight data obtained from animal models and clinical trials, showing
the promising progress in HHT therapy development [370].

3.5.1.3.1 Preclinical models

Recent studies have increased their efforts to identify potential therapeutic targets for HHT
using different animal models [370]. These studies have highlighted various approaches for
the treatment of HHT evaluating the effectiveness of inhibiting ANG2 [439] , PI3K [385, 386,
440], mTOR [441, 414], tyrosine kinase receptors [440, 442], integrin-YAP (yes-associated
protein)/TAZ [443], and VEGF signaling [444], while activating ALK1 signaling [344, 441].

As highlighted in section 3.4.1.1, the PI3K-AKT signaling pathway plays a crucial role in several
EC functions, mainly EC survival and permeability, through signals transmitted by
VEGF/VEGFR2, but also others mediators such as Angl/Tie2 signaling. Several studies
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highlighted that BMP9/BMP10/ALK1 signaling attenuate PI3K/AKT signaling both in-vitro
(elaborated in section 3.4.2.1) and in-vivo, through activation of PTEN phosphatase.
Accordingly, in the context of defective BMP9/BMP10/ALK1 signaling, over-activation of the
PI3K-AKT pathway has been observed in vascular lesions from several HHT mouse models
[385—-387]. Interestingly, inhibiting PI3K-AKT signaling genetically or pharmacologically in
these mice not only prevented but also reversed vascular dysplasia associated with HHT [385—
387]. Activated AKT phosphorylates multiple downstream effectors, including mTOR (Figure
23). Notably, over-activation of mTOR signaling downstream of AKT was also observed in
BMP9/BMP10-immunoblocked mice, and blocking it reduced vascular defects in these mice
[442]. Interestingly, alpelisib, a more specific PI3K inhibitor, has shown promising results in
mouse models of venous malformations, as it effectively reduced venous malformation
volume and induced regression of cutaneous lesions [445], thus serving as another
therapeutic candidate that can be tested in the context of HHT.

During a screen of FDA-approved drugs, two potent activators of BMP signaling were
identified: Sirolimus (also known as rapamycin, an immunosuppressor and mTOR inhibitor)
and Tacrolimus (FK506) [441, 446]. Tacrolimus was found to activate SMAD1/5/8 signaling in
both ALK1-mutated endothelial cells and BMP9/10-immunoblocked mice, while blocking
VEGF-induced AKT activation, resulting in a reduction in vascular dysplasia [441]. Combining
Sirolimus with Nintedanib, which targets the receptors of PDGF, FGF and VEGF, has
demonstrated a synergistic effect in preventing and reversing vascular malformations,
bleeding, and anemia in HHT mouse models [442].

Zhu et al. demonstrated that by utilizing adeno-associated virus-mediated expression of
soluble VEGFR1, which acts as a VEGF ligand trap, reduces brain AVM severity through the
inhibition of VEGF-dependent downstream signaling [447]

In addition to VEGF signaling, Ang1/Tie2 (TEK) has been also observed to be dysregulated in
HHT preclinical models [439, 448, 449]. Crist et al demonstrated effective alleviation and
prevention of AVM formation in Smad4-deficient mice by utilizing monoclonal antibodies
targeting angiopoietin-2, inhibiting angiopoietin-Tie2 signaling pathway [439]. Using Bmp9/10
immunoblocking mouse model of HHT, elevated Ang2 (Tie2 antagonist) mRNA levels was
observed in retinal ECs, and increased Ang2 protein levels were found in the lungs of Alk1+/-
mutant mice [379, 450]. Recent RNA-seq studies from ECs isolated from 3 different HHT
mouse models demonstrated decrease in Tek expression and increase Ang2 [449].

Another very recent work by Banerjee et al demonstrated that SMAD4 plays a crucial role in
restricting flow-induced KLF4-TIE2-AKT activation [451] thus linking the TIE2 and AKT
pathways. The authors showed that the loss of EC Smad4 in pups leads to excessive activation
of KLF4-TIE2-AKT signaling in response to pathological shear stress, resulting in cell cycle
progression-mediated loss of arterial identity and the formation AVMs. Interestingly, they
showed that the use of Palbociclib (CDK4/6 inhibitor) strongly inhibited AVM formation and
effectively rescued the excessive vascular front density in these mice.
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Zhu et al demonstrated that treating Alkl-deficient mice with thalidomide and its safer
derivative, lenalidomide (which has similar efficacy), resulted in a reduction of inflammation
and hemorrhage in established brain AVMs. The authors suggested that this treatment
inhibited AVM formation through the upregulation of PDGFB and its receptor PDGFR-B,
enhancing vascular homeostasis [452].

3.5.1.3.2 Clinical trials

Individual case reports from HHT patients have shown that, so far, intravenous bevacizumab
constitutes one of the most prominent therapies for HHT [436—438]. This has led to many
clinical trials using bevacizumab [414].

Many other anti-angiogenic agents such as Trametinib (MEK inhibitor) [453], Sorafenib (Raf
kinase inhibitor) [454], Pazopanib (VEGFR2 and Tie2 RTK inhibitor) [455, 456], doxycycline
[457, 458] and thalidomide [459, 460] have also been tested, with case reports and ongoing
clinical trials evaluating their efficacy in reducing epistaxis severity, Gl bleeding, and other
HHT-related symptoms [414, 461].

Clinical trials evaluating the effect of Tacrolimus on bleeding in HHT patients have also shown
positive impacts on epistaxis, Gl bleeding, hemoglobin levels, and transfusion needs when
administered orally or as a nasal ointment [462, 463]. Sirolimus has also shown significant
reduction in nosebleeds and anemia in several case reports of HHT patients [414].

Moreover, recent reports showed that Beta-blockers such as propranolol and timolol can
reduce epistaxis in HHT patients [464, 465].

Adrenomedullin (AM) has been suggested as a potential biomarker involved in patients with
HHT [466]. Hence, various pharmacological modulators of AM could be also considered for
intervention in these patients. Among these modulators, adrecizumab demonstrated that it
can effectively restore the impaired vascular barrier function, which is responsible for
hemodynamic instability in sepsis [467].

Despite being the second most prevalent bleeding disorder globally, HHT currently lacks any
FDA-approved drugs. All the available therapeutic approaches primarily focus on minimizing
the risk and severity of bleeding episodes while effectively managing the resulting anemia
[414]. It is important to mention that drug repurposing, which involves exploring existing
medications for new therapeutic uses, can hold promising potentials for addressing rare
diseases such as HHT.

3.5.2 Pulmonary arterial hypertension (PAH)

Pulmonary hypertension (PH) is an incurable condition associated with a high mortality rate
around 2.8 years when left untreated [468]. It is characterized by a resting mean pulmonary
arterial pressure exceeding 20 mmHg, along with normal pulmonary arterial wedge pressure
(£ 15 mmHg) and elevated pulmonary vascular resistance (> 3 Wood units), as measured

73



through right heart catheterization [469]. The World Health Organization (WHO) has classified
PH into five groups, encompassing over 30 different types [469]. Among these, pulmonary
arterial hypertension (PAH) is a rare vascular disorder with and estimated prevalence ranging
from 10 to 52 cases per million [470]. Germline mutations in BMPR2 are major predisposing
factors for idiopathic (15-40%) and heritable (60-80%) PAH (IPAH and HPAH, respectively)
[471]. Moreover, less frequent mutations have been identified in other gene components of
the BMP signaling pathway, including ACVRL1, ENG, SMADY, GDF2, and BMP10 [471, 472].
Notably, mutations in the genes encoding the ligands BMP9 and BMP10 are more frequently
reported in PAH in comparison to HHT. PAH is characterized by pulmonary vascular
remodeling, including media hypertrophy, adventitial fibrosis, thrombotic lesions, and
perivascular infiltration of inflammatory cells [473]. Although the exact pathogenic
mechanisms remain elusive, thrombosis, vasoconstriction, proliferation and inflammation in
the lung microcirculation are believed to contribute to disease progression [474, 475]. The
resultant increase in pulmonary vascular resistance places excessive strain on the right
ventricle, eventually leading to right heart failure and mortality.

Unfortunately, despite ongoing research efforts, no definitive cures for PAH have been
discovered so far, with the exception of lung transplantation for eligible individuals. Currently
approved therapies for PAH aim to slow down clinical manifestations by targeting three
central pathways involved in regulating pulmonary vascular tone: the endothelin-1 (ET-1),
nitric oxide (NO), and prostacyclin pathways (Figure 25) [476]. These pathways control the
release of vasoconstrictors or vasodilators from endothelial cells (ECs) that act on neighboring
vascular smooth muscle cells (vSMCs) via paracrine signaling to regulate their contractility.
Endothelin-1, produced primarily by ECs, is one of the most potent vasoconstrictors and
promotes vSMC proliferation [477] (Figure 25). It binds to two types of G-protein coupled
receptors, ETA and ETB. ETA is primarily expressed on vSMCs mediating ET-1-induced
vasoconstriction. ETB is expressed by both ECs and vSMCs and exerts opposing effects for ET-
1, where its binding to ETB on ECs promotes vasodilation and antiproliferative effects by
reducing ET-1 bioavailability and promoting synthesis of vasodilators such as NO and
prostacyclin by ECs [477]. Notably, both ET-1 and its receptors were found to be elevated in
PAH patients [478—-480]. Consequently, approved treatments for PAH include the selective
ETA inhibitor ambrisentan, dual ETA/ETB inhibitors such as bosentan and its derivative
macitentan, which improved hemodynamics and exercise capacity in patients [476] (Figure
25).

Nitric oxide (NO), an endogenous vasodilator, is produced by ECs through endothelial NO
synthase (eNOS) [476]. Gaseous NO released by the endothelium diffuses to the underlying
medial layer, where it binds to and activates soluble guanylyl cyclase (sGC) in vascular smooth
muscle cells vSMCs. Consequently, sGC converts guanosine triphosphate (GTP) to cyclic
guanosine monophosphate (cGMP), promoting vSMC relaxation (Figure 25). Reduced NO
bioavailability is observed in PAH patients due to downregulation of eNOS expression or
reduced activity [474]. As such, drugs targeting the NO-sGC-cGMP pathway have shown
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Figure 25. Schematic diagram of the three key vasomotor pathways targeted by current PAH therapies.

In PAH, endothelial dysfunction leads to a decrease in the production of endogenous vasodilators nitric oxide (NO)
and prostacyclin, and an increase in the vasoconstrictor endothelin-1 (ET) which also promotes smooth muscle
cell proliferation. Consequently, the three key vasomotor pathways targeted by existing PAH therapies are as
follows: (1) Endothelin Pathway: This pathway can be inhibited using selective and nonselective endothelin
receptor antagonists, which help counteract the effects of endothelin and reduce vasoconstriction. (2) Nitric Oxide
(NO) Pathway: Therapeutic interventions focus on enhancing the NO pathway. This can be achieved through
direct administration of exogenous NO, inhibiting phosphodiesterase type-5 (PDE-5) to prevent NO degradation,
or stimulating soluble guanylate cyclase (sGC) to promote NO-induced vasodilation. (3) Prostacyclin Pathway:
Activation of the prostacyclin pathway can be accomplished by administering prostanoid analogues or
nonprostanoid IP (I-prostanoid) receptor agonists, which help increase vasodilation and counteract the effects of
endothelin. This figure was taken from "Advances in Therapeutic Interventions for Patients with Pulmonary
Arterial Hypertension" by Humbert et al, Circulation, 2014.

beneficial outcomes and are approved for PAH patients [476]. These include the sGC
stimulator riociguat, which enhances cGMP synthesis by sensitizing sGC to NO and directly
stimulating sGC, as well as PDE5 inhibitors like sildenafil and tadalafil that prevent cGMP
degradation [476].
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Prostacyclin is a potent vasodilator and inhibitor of vSMC proliferation and is mainly produced
by ECs [474] (Figure 25). Reduced expression of prostacyclin synthase and prostacyclin
receptor is observed in PAH patient, and deletion of the prostacyclin receptor I-prostanoid (IP)
in mice exacerbated chronic hypoxia-induced Pulmonary hypertension [481, 482].
Intravenous administration of synthetic prostacyclin (epoprostenol) was the first approved
treatment for PAH and is associated with improved survival in severe cases [476]. Other
approved prostacyclin analogues for PAH include iloprost and treprostinil, which can be
administered through various routes [476]. Selexipag, a nonprostanoid IP receptor agonist, is
highly selective for the IP receptor and has a longer half-life, showing efficacy in improving
pulmonary vascular resistance, exercise capacity, and survival in PAH patients [483, 484].

Deficiency of BMPRII in the pulmonary endothelium disrupts the equilibrium between growth-
inhibitory SMAD1/5/8 signaling and growth-promoting SMAD2/3 signaling due to the binding
of activins to ActRIIA [485]. Therefore, a novel therapeutic approach is currently being
investigated to restore this balance and normalize cellular proliferation in patients with PAH
[486—488] . This approach involves the use of sotatercept, a first-in-class fusion protein
comprising the extracellular domain of ActRIIA fused to the human IgG1l Fc domain.
Sotatercept acts as a ligand trap for members of the TGF-B superfamily, specifically activins
and growth differentiation factors, but also BMP9 and BMP10. By sequestering free activins,
sotatercept has been shown to rebalance these two signaling axes and reduce proliferation of
ECs and vascular smooth muscle cells (vSMCs) in-vitro. Recently, a phase 3 trial using
sotatercept in PAH patients resulted in a greater improvement in exercise capacity (as
assessed by the 6-minute walk test) than placebo [486-488].

While current therapies provide beneficial effects in terms of cardiopulmonary
hemodynamics, exercise capacity, and disease progression rate, the disease still progresses
and mortality rates remain high [476] . The limited long-term effectiveness of these
treatments underscores the need for exploring new therapeutic approaches that can
effectively block or preferably reverse disease progression.
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Chapter 4. Mass-Spectrometry (MS)
Phosphoproteomics

4.1 Protein Phosphorylation

Protein posttranslational modifications (PTMs) involve the modification of amino acid side
chains within proteins. These modifications encompass a wide range of around 400 types,
including phosphorylation, acetylation, methylation, ubiquitination, and many others [489].
PTMs play a significant role in regulating various aspects of protein functions, regulating their
activity, stability, localization and interactions with other molecules, enabling proteins to carry
out diverse roles in biological systems [489]. Protein phosphorylation constitutes one of the
most extensively studied PTM and plays a crucial role in diverse cellular processes across
various organisms [490]. This reversible process involves the activity of protein kinases, which
attach phosphate groups (PO4) to substrates, using adenosine triphosphate (ATP) as a donor
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Figure 26. Protein phosphorylation and dephosphorylation.
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(A) Phosphorylation is the mechanism that involves the addition of a phosphate group to a protein through
adenosine triphosphate (ATP) hydrolysis through the enzymatic activity of kinases. Importantly, phosphorylation
is a reversible process that can be reversed by the action of phosphatases. (P) represents phosphate group. (B)
Cytokine-induced activation of kinase receptors triggers the activation of phosphorylation-based signaling
cascade to regulate different cellular processes. Both images were taken from biorender.

for phosphate (Figure 26A). These phosphorylation events can be subsequently removed by
protein phosphatases [491]. The human genome encodes around 568 protein kinases and 156
protein phosphatases [491, 492]. These two types of enzymes collaborate to regulate cellular
signal transduction and cellular processes [493] (Figure 26B). In eukaryotic cells,
phosphorylation primarily takes place on serine (Ser), threonine (Thr), and tyrosine (Tyr)
residues. Phosphoserine (pSer) constitutes approximately 86% of the phosphorylated
residues, while pThr and pTyr comprise approximately 12% and 2%, respectively [494]. These
phosphorylated residues play crucial roles in cellular signal transduction, allowing signal
propagation and modulation through phosphorylation-controlled signaling cascades and
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networks [495] (Figure 26B). The Cell Signaling Technology PhosphoSitePlus
(www.phosphosite.org) and the Kinexus PhosphoNET (www.phosphonet.ca) websites provide

extensive protein phosphorylation databases, collectively listing over 200,000 known human
phosphosites [491]. It has been observed that phosphorylation affects more than two-thirds
of the proteins encoded by the human genome, and it is highly probable that over 90% of
these proteins are subjected to this type of PTM.

4.2 Mass spectrometry (MS)-based phosphoproteomic analysis

Before the development of mass spectrometry-based techniques, the study of phosphorylation
(defined as phosphoproteomic analysis) primarily relied on two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE), 32P labeling, or Edman sequencing [496]. Edman sequencing is
primarily suitable for studying individual proteins, while the other methods involve handling
radioactive isotopes and are time-consuming and low-throughput. However, the introduction
of mass spectrometry has revolutionized the field of proteomics, including phosphoproteomic
analysis, allowing confident identification of thousands of phosphopeptides and phosphosites
in a short period of time [496]. Advancements in mass spectrometry instrumentation and data
processing, such as increased sensitivity, higher mass accuracy and resolution, along with
phosphopeptide fractionation and enrichment methods, have further transformed
phosphoproteomic analysis into a high-throughput application. Typically, mass spectrometry
instruments are coupled with liquid chromatography (LC), where the complex phosphopeptide
mixture is separated on a reversed-phase C18 column before entering the mass spectrometry
instruments [497]. Below, | will summarize the general workflow and techniques used for
phosphoproteomic analyses [498], which is also illustrated briefly in Figure 27.

4.2.1 Sample Collection and Preparation

Samples can be derived from various sources such as biological fluids, cells, and tissues.
Isolated proteins are then reduced and alkylated to break disulfide bonds, stabilize cysteine
residues, protect proteins from degradation and ensure efficient digestion and accurate
identification of phosphorylation sites [499]. Proteins are then digested using the
endoproteinase trypsin, which cleaves C-terminal of lysine and arginine residues, except when
followed by a proline residue [500]. The resulting peptides generated by trypsin digestion are
of suitable length for analysis by LC-MS. Besides trypsin, other endoproteinases such as Arg-
C, Asp-N, chymotrypsin, Glu-C, Lys-C, and Lys-N can be used for protein digestion [501]. These
endoproteinases cleave after different

amino acid residues and can be combined with trypsin to improve sequence coverage and
enhance identification rates. For instance, pre-digestion or co-digestion with Lys-C has shown
improved reproducibility and increased detection of phosphopeptides [502].
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Figure 27. Schematic representation of the main workflow for mass spectrometry-based phosphoproteomic
analysis.

Protein samples derived from different sources are extracted using specific buffers. The extracted proteins
undergo downstream steps including reduction, alkylation, and digestion, resulting in a mixture of
phosphorylated and non-phosphorylated peptides. This complex peptide mixture can either be pre-fractionated
to reduce its complexity or directly subjected to phosphoenrichment to enrich phosphorylated peptides. Enriched
phosphopeptides are then further fractionated and analyzed using liquid chromatography coupled to mass
spectrometry (LC-MS/MS). Acquired data are presented in the form of MS1 and MS2 spectra, which are used for
the identification and quantification of differentially phosphorylated proteins. Phosphoproteomic data are
further analyzed utilizing various bioinformatics tools and databases providing visualization plots to facilitate
the interpretation of the data and identification of potential signaling pathways and their functional
implications. Figure created with biorender.

4.2.2 Phosphopeptide enrichment

Phosphorylated proteins are generally present in significantly lower amounts compared to
their nonphosphorylated counterparts [503]. Furthermore, phosphorylated peptides exhibit
lower ionization efficiency in positive mode, which is the mode commonly used for classical
MS-based discovery proteomics, compared to their non-phosphorylated counterparts. This
reduced ionization efficiency is attributed to the negative charges of the phosphate group.
Consequently, enrichment techniques are crucial for the study of phosphorylated proteins.
Phosphopeptide-level enrichment is commonly performed using methods such as
immobilized metal affinity chromatography (IMAC), metal oxide affinity chromatography
(MOAC), immunoprecipitation (IP), among others [504].

For instance, MOAC is based on the interaction between metal oxides and phosphate groups
[504]. Among different metal oxides, TiO2 beads have been widely utilized for
phosphoproteomic analysis studies [505]. TiO2 enrichment offers a simple and stable affinity
binding between the metal oxide surface and phosphate groups. TiO2 beads also exhibit
higher affinity towards monophosphorylated peptides. Notably, a small number of acidic or
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nonphosphorylated peptides may still be observed in the enriched fractions, which is a
common issue in both MOAC and IMAC enrichment [506]. Furthermore, to improve the
resolution and sensitivity of subsequent analyses, chromatographic methods can be further
employed for the fractionation of phosphopeptides prior to the analysis by LC-MS. These
include high pH reversed phase LC (HpH-RPLC), hydrophilic interaction liquid chromatography
(HILIC), strong anion exchange (SAX) and strong cation exchange (SCX) [507].

4.2.3 MS analysis, Protein identification and Phosphosite
localization

A mass spectrometer comprises an ion source for molecule ionization, a mass analyzer for
separating ions based on their m/z value, and a detector for ion measurement (Figure 28). The
two major techniques used in proteomics for volatizing and ionizing molecules are matrix
assisted laser desorption and ionization (MALDI) [508] and electrospray ionization (ESI) [509].
MALDI is particularly suitable for spatial mass spectrometry imaging (MSI) applications as it
ionizes samples in a dry state [510]. In contrast, ESI can ionize molecules in a liquid state,
making it preferred for the analysis of complex mixtures as it can be connected with liquid
chromatography (LC) systems [496]. The mass analyzer is crucial for the performance of a mass
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Figure 28. General Schematic Representation of The Components of a Mass Spectrometer.

A standard mass spectrometer consists of several components, including an inlet, an ion source, a mass analyzer,
and a detector. Samples from liquid chromatography (LC) system are ionized through the ion source generating
peptide precursor ions, which are separated by the mass analyzer according to their mass-to-charge (m/z) ratio
generating MS1 spectra. Subsequently, specific peptide precursor ions are chosen for further fragmentation,
resulting in the generation of product ions which gives rise to MS2 spectra. The information obtained from MS1
and MS2 spectra are processed using a data system. Figure generated with biorender.

spectrometer. Key performance mass analyzer parameters in proteomics applications include
mass resolution, sensitivity, speed, dynamic range, and tandem mass spectrometry (MS/MS
or MSn) capability [511]. There are five main types of mass analyzers: Quadrupole, Time of
Flight (TOF), lon Trap, Fourier Transform lon Cyclotron Resonance (FT-ICR), and Orbitrap. For
data acquisition, two methods are commonly used: data-dependent acquisition (DDA) and
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data-independent acquisition (DIA) [512]. DDA selectively chooses certain peptides from the
first MS cycle for fragmentation in the second cycle, while DIA allows for the fragmentation of
all peptides generated in the first MS cycle. When it comes to data analysis, database search
is classically used and protein identification can be done either using a MS/MS spectral library
(real MS/MS spectra) or directly using a protein database.

Importantly, molecules need to be in the gas phase and charged to be detected in a mass
spectrometer. Samples arriving from the liquid chromatography (LC) system are ionized in the
ion source, generating peptide precursor ions (Figure 28). These precursor ions are then
separated by the mass analyzer based on their mass-to-charge (m/z) ratio, resulting in the
generation of MS1 spectra. Subsequently, specific peptide precursor ions can be selected for
further fragmentation. This fragmentation process generates product ions, which give rise to
MS2 spectra. The acquired information from both MS1 and MS2 spectra are processed using
a data system for analysis and interpretation.

Low abundance of phosphopeptides, neutral loss of phosphoric acid (H3POa) during
fragmentation, and low intensity MS2 spectra are common factors that can limit identification
of phosphopeptides and reliable determination of phosphorylation sites [513, 514]. The
identification of phosphopeptides relies on software tools typically using database search
engines. Individual MS2 spectra yield multiple candidate peptide spectrum matches (PSMs),
which are ranked by a score. To ensure correct identifications, the MS2 spectrum must be
matched with a certain level of significance. The false discovery rate (FDR) is commonly used
to compute the statistical significance of these identifications, employing a target-decoy
strategy where the MS2 data are searched against a sequence database and a decoy version
[515, 516]. Protein inference, which involves matching peptide sequences to multiple
proteins, presents a challenge when integrating scores and determining statistical
significance. However, the unambiguous localization of phosphorylation sites is more
challenging than identification, especially when potential sites are in close proximity within
the peptide sequence and have few discriminatory fragment ions. Moreover, pinpointing the
correct phosphorylation site can pose challenges when dealing with directly adjacent
phosphosites or multiphosphorylated peptides. After peptide identification, specialized
algorithms and computational approaches are employed to determine the exact location of
the phosphorylation site within the peptide sequence. These algorithms consider various
factors such as the presence of phosphorylation-specific fragment ions and neutral loss of
phosphoric acid during fragmentation. At the end of the analysis, a probability score will be
assigned to each of the localized phosphosites.

4.2.4 Quantitative phosphoproteomic analysis

There are two main methods for MS-based quantification: Absolute and Relative. The former
method determines the absolute abundance of target analytes using internal or reference
standards and calibration curves. Multiple reaction monitoring (MRM) or selected reaction
monitoring (SRM) techniques are commonly used for this kind of analysis [517]. On the other
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hand, relative quantification compares the abundance of target analytes between different
samples or conditions. It can be achieved through label-free or stable isotopic/isobaric
labeling methods. Isobaric tags for relative and absolute quantitation (iTRAQ), TMT (Tandem
Mass Tagging) and SILAC (Stable Isotope Labeling by Amino Acids in Cell Culture) are examples
of widely used MS-based stable isotopic labeling quantitative techniques, but they differ in
their labeling strategies and applications (Figure 29). Both TMT and iTRAQ involves chemical
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Figure 29. Comparison between Label vs Label-Free Approaches.

Figure was adapted from “Technologies and challenges in large-scale phosphoproteomic analysis” by Keller K.
and Larsen M., Proteomics 2013.

labeling of peptides or proteins with isobaric tags containing distinct mass reporter ions
(Figure 30), enabling multiplexing of multiple samples that are combined for downstream
analysis, with quantification achieved by measuring the released reporter ions during
fragmentation in the mass spectrometer [518, 519]. On the other hand, SILAC involves
metabolic labeling of proteins in living cells using stable isotopes, typically by substituting
regular amino acids with their isotopically labeled counterparts [520]. Other methods include
ICAT and dimethyl labeling [521, 522] (Figure 29). Using this kind of techniques allows different
isotopic and isobaric forms to generate distinct mass shifts, enabling quantification of
phosphopeptide abundance between different samples. Table 1 summarizes the main
differences between all the previously mentioned methods [521-524].
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(A) (i) ITRAQ 4-plex reagent chemical structure. The molecule comprises a reporter group, a mass balance group,
and a peptide-reactive group (NHS ester). The reporter group has a mass range of m/z 114-117. The mass
balance group contains a carbonyl moiety and whose mass ranges from 28 to 31 Da. Isotopic enrichment with
13C, 15N, and 180 atoms is used to maintain a constant overall mass of 145 Da for the combined reporter and
balance group components in each of the four reagents of the iTRAQ 4-plex set. (ii) The iTRAQ tag forms an
amide linkage with the peptide N-terminus or the e-amino group of lysine. Upon fragmentation by CID (collision-
induced dissociation), the tag amide bond undergoes fragmentation similar to that of backbone peptide bonds.
During fragmentation, the balance moiety is lost as a neutral loss, while the charge is retained by the reporter
group. The number within parentheses in the table indicates number of enriched centers in each section of the
molecule. (B) Generic TMT reagent chemical structure. As described for the iTRAQ, the TMT molecule comprises
three functional groups: (1) an amine reactive group that allows the labeling of the N-terminus and g-amine
group of lysine in peptides, (2) a mass normalization (balance) group that ensures the overall mass of the
reagents remains the same, compensating for mass differences among individual reporter ions, and (3) a
reporter group that provides information about the abundance of a peptide during MS/MS analysis when the
samples are mixed. The structure also includes blue dashed lines that represent a cleavable linker, enabling the
release of the reporter ion from the entire tag during MS/MS. Both images A and B are taken from “Isobaric
labeling-based relative quantification in shotgun proteomics” by Navin Rauniyar and John R Yates, J Proteome
Res. 2014.
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Table 1. Comparison of commonly used labeling methods in quantitative MS-based proteomics.
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4.3 Challenges in Phosphoproteomic Analysis by LC-MS and Data
Validation

The field of phosphoproteomic analysis has greatly advanced due to improvements in liquid

chromatography and mass spectrometry instrumentation, development of phosphopeptide
fractionation and enrichment methods, as well as data processing techniques [497, 525].
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Despite these advancements, several challenges still exist in phosphoproteomic analysis
studies [503, 507], which are summarized below.

Sample preparation and complexity

Sample complexity is considered a major limitation in phosphoproteomic analysis which
prevents the comprehensive characterization of the complete phosphoproteome in higher
organisms [526]. Although current MS instruments have the capability to sequence a larger
portion of peptides, sensitivity poses a significant challenge where many peptides require long
ion injection times to generate spectra of sufficient quality.

Incomplete coverage after tryptic digestion

Another challenge is the inefficient proteolysis caused by the sequence context, which can
hinder the identification of phosphorylation sites. While trypsin is considered the best
proteolytic enzyme for phosphoproteomic analysis, it does not offer a complete coverage of
the phosphoproteome [507]. Certain proteolytic products generated during tryptic digestion
of complex protein samples, falling beneath the standard m/z window of MS spectrum
acquisition, are unsuitable for LC-MS/MS analysis. Moreover, peptide sequences containing
lysine or arginine in close proximity to aspartic acid, glutamic acid, phosphoserine, or
phosphothreonine residues can inhibit cleavage at these sites due to intramolecular ionic
interactions between positively charged lysine and arginine residues and the negatively
charged phosphate group [527, 528]. To overcome this issue, the use of different
endoproteinases in addition to trypsin has been proposed to improve phosphorylation site
mapping [529]. Nevertheless, peptides which lack lysine or arginine residues remains poorly
ionized [530, 531].

Low phosphoprotein abundance

A significant challenge in phosphoproteomic analysis is the sub-stoichiometric distribution of
phosphorylated proteins compared to their unmodified counterparts [503]. This often leads
to higher ion intensities for unmodified peptides that are more abundant, masking the lower
abundant phosphopeptides[503]. Therefore, selective phosphopeptide enrichment methods
are crucial to remove highly abundant unmodified peptides as much as possible from complex
peptide mixtures in phosphoproteome analyses. Notably, quantifying both the
phosphorylated and nonphosphorylated forms of a protein is essential to assess the
phosphorylation degree accurately and draw conclusions regarding phosphorylation-
dependent quantitative changes. However, it is common for the corresponding
nonphosphorylated protein to be missing in phosphoproteomic analysis studies.

Phosphopeptide enrichment

The wide range of parameters involved in enrichment methods often leads to diverse
identifications of phosphopeptides. These parameters include the choice of beads for
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enrichment, protein-to-beads ratio, incubation time, loading, washing, and elution buffers
[504]. Therefore, careful optimization of the enrichment approach is necessary to achieve
successful isolation of phosphorylated peptides using these resin-based techniques. Another
challenge is the bias in identifying monophosphorylated peptides compared to
multiphosphorylated peptides. Multiphosphorylated peptides may adsorb on surfaces and
metal ions during enrichment and LC-MS analysis, leading to their reduced detection [532,
533]. Strategies such as the addition of citrate or phosphoric acid can enhance the detection
of multiphosphorylated peptides by LC [534, 535].

Imperfect repeatability in data dependent acquisition

One of the drawbacks is the lack of repeatability in peptide identification, which arises from
the random probability distribution nature of peptide sampling through DDA and variations in
chromatography. When replicating the analysis of the same sample, typically only 60-70% of
the identified phosphopeptides overlap, indicating limited consistency in results [536-538].
For instance, to investigate the influence of technical replicates on the sample peptide
coverage, Ham et al used quality control samples from a standard Shewanella (gram-negative
bacteria) extract [538]. The authors demonstrated that the same sample had to be analyzed
up to six times to achieve the best identification of the peptides present in the sample. For
more complex samples, it may be necessary to have a higher number of technical replicates
to ensure optimal peptide coverage.

Peptide identification and phosphosite localization

Large-scale proteomics and phosphoproteomic analysis studies face challenges in determining
the quality of peptide identifications due to variations in signal intensity and unpredictable
peptide fragmentation. To address this, a false discovery rate (FDR) is calculated for all
identified peptide-spectrum matches (PSMs) using a decoy version of the target database. The
FDR calculation helps determine the proportion of false positive identifications among the
total identifications in the dataset. Another challenge in phosphopeptide characterization,
which was described above, is determining the precise location of the phosphorylation site
when the peptide contains multiple serine, threonine, or tyrosine residues. Although site
localization can be accomplished by analyzing site-specific fragment ions, providing precise
information about the modification's exact position [539, 540], MS2 spectra may not always
contain specific signatures of the phosphosite position.

Validation and Interpretation of Phosphoproteomic data

MS phosphoproteomic analysis has indeed provided a high-throughput strategy for describing
changes in protein phosphorylation in different experimental contexts. However, validation
of these phosphosites is a pre-requisite to assess the accuracy and reliability of the identified
phosphosites and to gain deeper insights into their biological significance. One commonly
used approach for validation is the use of antibody-based methods, such as western blotting
or immunoprecipitation. These techniques involve the use of specific antibodies that
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recognize the site-specific phosphorylation of a protein [541, 542]. However, there are several
limitations to antibody-based validation. First, there is only a very limited number of
commercially available phosphosite specific antibodies restricting the scope of validation for
majority of differentially regulated phosphosites. Secondly, antibody specificity also play an
important role, whereby antibody cross-reactivity or nonspecific binding can lead to false-
positive or false-negative results [543]. Moreover, even if the antibody is highly specific, the
performance of this antibody can vary across different experimental conditions and samples
[544, 545]. Factors such as antibody concentration, incubation time, and detection methods
can affect the reliability and reproducibility of validation results.

Phosphoproteomic studies aim to gain deeper insights into the biological significance of
identified phosphorylation sites. Different phosphoproteomic studies have employed gene-
centric approaches using pathway databases such as KEGG, Reactome, or MSigDB to analyze
the obtained data and unravel the biological significance of the identified phosphorylation
events [546-549]. However, these traditional gene-centric approaches often overlook the
individual phosphorylation sites and instead collapse multiple sites into a single measurement
represented by the mean or median of corresponding sites [550]. This approach sacrifices
valuable information and dilutes the signal within the phosphoproteome data, especially
when multiple phosphosites on the same protein are differentially abundant. Moreover, the
correlation between protein activity and phosphorylation is complex, as phosphorylation can
either activate or inhibit a protein depending on the specific site regulated. To address these
limitations, recent advancements in bioinformatics analysis tools and databases, such as post-
translational modification database (PTMsigDB)[550], Kinase-swing (Kinswing) [551] among
many others [552], have significantly improved phosphosite-centric analysis of
phosphoproteomic data. These tools allow for a better phosphoproteomic data analysis,
enabling a more comprehensive exploration of the signaling pathways regulated, the kinases
involved and functional implications of the obtained phosphorylation events.

4.4 Phosphoproteomic profiling studies of TGF superfamily ligands

In order to gain a better understanding of the phosphoproteomic signaling activated by TGF3
superfamily ligands, several phosphoproteomic studies have been carried out over the past
two decades. These studies have focused on various cell types, including different types of
epithelial cells, immune cells, myoblasts and fibroblasts, among others. Table 2 provides an
overviw of these phosphoproteomic studies, highlighting the study approach, ligand
stimulation conditions, cell types utilized, validation of phosphoproteomic data and whether
functional conclusions were derived from these studies or not.

These phosphoproteomic studies predominantly focused on the TGFp ligand (15/19 studies),
with only a limited number of investigations exploring the phosphoproteomic responses
downstream of other family members including BMP2 and BMP4. Among these studies,
approximately half of them were able to link the ligand-induced phosphoproteome changes
to effects on protein functions, drawing out insightful functional conclusions. Stasyk et al.
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conducted one of the first phosphoproteome profiling studies for TGFB. In their study, they
investigated the effects of TGFB on MCF-7 breast cancer cells, and showed that TGFj
stimulation induced the phosphorylation of Transcription Factor-lI-l (TFIl-I) at Ser371 and
Ser743. The authors demonstrated that these phosphorylation events were found to
modulate TGFB transcriptional responses, as assessed through microarray analysis and
luciferase assays [553]. In 2013, Zakharchenko et al performed a time-resolved analysis of
phosphoproteomic changes of normal human breast epithelial cells in response to TGFj,
highlighting phosphorylation 14-3-3c at Ser69 and Ser74. They demonstrated that this
phosphorylation constitutes a key process that coordinates the functional interaction
between TGFB/Smad3 and p53 pathway in the maintenance of cancer stem cells, presenting
a promising therapeutic approach in breast cancer [554]. Moreover, a recent time-resolved
analysis of phosphoproteomic changes of human small airway epithelial cells in response to
TGFp identified a mechanistic insight of the role of TGFbeta in EMT through the crosstalk
between IkB kinase with spliced X-box binding protein 1 [555]. Another recent study
conducted by Prado et al nicely illustrated early signaling mechanisms through which CD4+ T
cells combine signals from T-cell receptor (TCR), TGF-B and IL-6 to form alternative SMAD3
complexes [556]. The authors demonstrated that these complexes play a crucial role in
shaping early signaling networks for the determination of Treg or Th17 cell fate. In addition to
providing functional roles, Okayama et al shows that analyzing tyrosine phosphoproteome
changes in response to TGFB in A549 cells identified certain protein phosphorylation profiles
as possible prognostic markers for lung adenocarcinoma [557].

To the best of my knowledge, no phosphoproteomic profiling study has been published on
endothelial cells in response to any member of the TGFB family. Additionally, there are no
studies assessing BMP9 and BMP10 phosphoproteomic responses in any cell type.
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Table 2. Summary of MS-based Phosphoproteomic studies of TGF8 superfamily ligands from 2005-2022

Functional
Stimulation . Conclusions from Phosphoproteomic
Year . Cell Type Validation ) Reference
Conditions Phosphoproteomic Approach
Analysis

TGFB (Sng/ml) f 2D Gel
ng/ml) for
2005 & MCF-7 Yes Yes followed by label [553]
0,1,4,and 24 hr

free MS
BMP2 (300 ng/mL) SILAC followed by
2009  or TGFB (5 ng/mL) C2C12 No Yes In gel digestion [558]
for 30 min and MS
BMP4 (50ng/mL)
2009 for 30, 60, and 240 HUES-7 No Yes SILAC MS [559]
min
2010 COFP(10ng/ml) HK-2 Yes No iTRAQ MS [560]
for 48hr
2011 CFP(5ne/mL)for SW480 No No SILAC MS [561]
30 min
BMP4 (50ng/mL)
2011  for 30, 60, and 240 HUES-7 No No SILAC MS [562]
min
2D Gel

TGFB (5 ng/ml) for . )
2012 X Epimastigotes No No followed by label [563]
1,5, 30 or 60 min

free MS
ECFCs from WT and
2012 BMPO (1ng/mL) for BMPR2 Conference
8hr mutants of PAH Abstract §
patients
F B t
2013 TGFB for 1 hr our rea.s cancer No No label free MS [564]
cell lines
TGFB (5ng/ml) for 2D Gel
2013 0,5, 30,60and 120 MCF10A Yes Yes followed by label [554]
min free MS
TGFB (5 1) f
2014 B (5 ng/m _) or HaCaT Yes No SILAC MS [565]
5,10, 20 min
TGFB (5 L) f
2015 B (5 ne/m) for A549 Yes Yes label free MS (557]
48hrs
TGFB (2 ng/mL) for
2018 . RPE1 Yes Yes SILAC MS [566]
30 min
TGFB (5 ng/ml)
2019 from 5 mins, 1hr, NMuMG No Yes SILAC MS [567]
1d, 2d
2020 BMP4 1hr H1 No No SILAC MS [568]
TGFB (5 L
2020 P (24Eg/ mb) SMCs No No DiLeucine MS (569]
TGFB (10ng/ml) for
2021 HSAECs Yes Yes label free MS [555]
0,1,3d
TGFB (200 fi
2021 Bl .ng) or CD4+ T cells Yes Yes label free MS [556]
10 min
TGFB (2 ng/mL) for o x
2022 30 min BJ-5ta No No TMT MS BioRxiv

The studies are arranged in chronological order based on the year. §: unpublished work presented at a conference
https://www.atsjournals.org/doi/abs/10.1164/ajrccm-conference.2012.185.1 MeetingAbstracts.A6518. *: unpublished
work from BioRxiv https://doi.org/10.1101/2022.11.04.514246. MCF-7: Breast cancer cells, C2C12: Mouse myoblasts,
HUES7: Human embryonic stem cells, HK-2: Human renal proximal tubule cells, SW480: Human colon adenocarcinoma cells,
ECFCs: Endothelial colony forming cells, HaCat: Human keratinocytes, A549: Adenocarcinoma human alveolar basal epithelial
cell, RPE1: Retinal pigment epithelial cells, NMuMG: Nontransformed mouse mammary epithelial cells, H1: Human
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https://doi.org/10.1101/2022.11.04.514246

RPE1: Retinal pigment epithelial cells, NMuMG: Nontransformed mouse mammary epithelial cells, H1: Human embryonic
stem cells, SMCs: Smooth muscle cells, HSAECs Human small airway epithelial cells, MCF10A: Normal human breast epithelial
cells, BJ-5ta: human immortalized fibroblasts.
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Main Aims of the Project

BMP9 and BMP10 are two key regulatory ligands that play crucial roles in vascular
development and homeostasis by acting on their high affinity receptors (ALK1, BMPR2,
Endoglin), which are highly expressed on the surface of endothelial cells. Mutations in the
BMP9/BMP10 signaling pathway are associated with the development of two distinct rare
vascular diseases, HHT and PAH, with unfortunately no currently identified cures. HHT is
caused by heterozygous LOF mutations mainly in the genes coding for the type | receptor ALK1
or the co-receptor endoglin. In contrast, mutations in the gene coding for the type Il receptor
BMPR2 are found in the majority of heritable PAH (HPAH) cases. Mutations in the genes coding
for ALK1 or endoglin can also lead to HPAH, albeit at a very low frequency. Importantly,
mutations in BMP9 have been described in HHT and HPAH as well as in BMP10 in HPAH.

Current treatments available for HHT and PAH focus on managing the symptoms rather than
addressing the underlying cause of vascular abnormalities. This is primarily due to our limited
understanding of the molecular mechanisms connecting these mutations to the development
of the observed abnormalities. Additionally, it remains unclear how mutations within the
same signaling complex can result in the development of two distinct rare vascular diseases.
Over the past two decades, various experimental findings, as discussed in chapter 2, have
indicated that ligands belonging to the TGFB family can activate non-canonical signaling
pathways in addition to the well-studied canonical Smad signaling pathway. Regarding BMP9
and BMP10, the focus has largely been on the Smad signaling pathway, while our
understanding of the activation of alternative pathways by these ligands in endothelial cells
remains very limited. To tackle this question, the main aim of my project is to decipher the
non-canonical pathways induced by BMP9 and BMP10 ligands in endothelial cells in order to
enhance our understanding of the molecular mechanisms governing their role in vascular
development and homeostasis. Moreover, such investigations may shed light on the
molecular mechanisms driving the pathogenesis of HHT and PAH, thereby suggesting novel
therapeutic approaches. Accordingly, given the fact that the binding of BMP9/10 to their
receptor complex triggers the activation of the kinase activity of their high affinity receptor
ALK1, the focus of this project is to explore the initial changes in phosphoproteome within
endothelial cells (ECs) shortly after being stimulated with BMP9 and BMP10 utilizing Mass
spectrometry phosphoproteomic analysis. With this, we aimed to tackle these main questions:

1. What proteins or signaling pathways, apart from Smads, can undergo phosphorylation and
activation downstream of BMP9 and BMP10 signaling in endothelial cells (ECs)?

2. Do BMP9 and BMP10 stimulations lead to a similar phosphoproteome changes or do they
possess specific signaling?

3. What are the underlying mechanisms responsible for the regulation of the newly identified
targets/pathways? Are these pathways dependent on Smad signaling? Are these regulations
direct or do they involve indirect mechanisms?
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4. What are the functional implications of the newly identified pathways downstream of BMP9
and BMP10 in terms of their impact on endothelial cell functions and their potential crosstalk
with other signaling pathways?
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Chapter 5. Project 1: Deciphering Early
Phosphoproteome Changes in Response to
BMP9 and BMP10 in Endothelial Cells

5.1 General Context and Main Objective of the Project

BMP9 and BMP10 are two key regulators of vascular homeostasis. These two ligands bind with
very high affinity to the endothelial type | receptor ALK1, and either one of the three BMP type
Il receptors (BMPRII, ActRIIA or ActRIIB). Mutations in this signalling pathway have been
identified in two rare vascular diseases, HHT and PAH, with unfortunately no currently
identified cures. So far, only the canonical SMAD signalling pathway has been well studied in
response to BMPs in endothelial cells, but several studies have reported that TGFf and BMPs
can also signal via other signalling pathways (MAPK, PKA, PI3K...), which are less characterized
and might be more context-dependent. As outlined in the aim section of this project, the
general objective of this work was to decipher early phosphoproteomic signaling (within 30
min) initiated in response to BMP9 and BMP10 in ECs, which has never been performed
before. Understanding the signaling downstream of these ligands would enhance our
understanding of their role in vascular homeostasis, while also proposing novel therapeutic
approaches for HHT and PAH.

5.2 Clarifying the Choice of the Methodology

To analyze the phosphoproteome, we performed a MS-quantitative phosphoproteomic
analysis of HUVECs, stimulated or not with BMP9 or BMP10 for 30 mins. The first year was
mainly dedicated for optimizing experimental conditions to be used for the project
(stimulation duration, BMP dose, lysis buffer, etc...), which will be later empathised in the
discussion part of the thesis manuscript. Then, we performed two independent label free
guantification (LFQ) MS phosphoproteomic analyses using BMP10 (first year) and BMP9
(beginning of the 2" year). From both analyses, we obtained around 2000-3000 identified and
guantified phosphosites, out of which we got 89 which were differentially phosphorylated by
BMP10 vs 81 by BMP9. However, we were surprised that only few (< 10%) were common to
both BMP9 and BMP10. This was rather unexpected, given that both ligands were suggested
to exert equivalent effects at least at the transcriptomic level on ECs in-vitro [325]. We
considered that this could likely be because the two experiments and MS analysis were
performed independently. Nevertheless, after several experiments conducted during the first
and the second year in an attempt to validate our data, we were not able to find a clear
story/function that can be studied from both LFQ MS analyses. Therefore, given the surprising
low overlap obtained between BMP9 and BMP10 differentially phosphorylated sites (likely
because the two experiments and MS analysis were performed independently), in addition
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our limited findings from these analyses, we decided at the end of the 2™ year to perform
TMT labeling approach using both BMP9 and BMP10. While keeping the main aim of the
project, the technical aims were to: (1) have a deeper coverage of the phosphoproteome, (2)
perform analysis using both BMP9 and BMP10 from the same experiment, and (3) multiplexing
to reduce technical variability originating from the experimental workflow.

5.3 Results (Manuscript 1)

Below, | will present the main findings obtained from the TMT phosphoproteomic study and
the associated materials and methods, which are provided in the form of an article that is
nearly ready for submission.
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Using a phosphoproteomic approach, we identified and validated, in addition to the SMAD canonical pathway,
an indirect SMAD-dependent activation of GADD45B/P38 MAPK pathway, phosphorylation of ERG
transcription factor, and negative regulation of cell cycle CDK4/6 pathway by BMP9 and BMP10 in endothelial
cells.

Abstract

BMP9 and BMP10 are two key regulators of vascular homeostasis. These two ligands bind with high affinity to
the endothelial type | receptor ALK1 together with a type Il receptor. Mutations in this signaling pathway have
been identified in two rare cardiovascular diseases, hereditary hemorrhagic telangiectasia and pulmonary
arterial hypertension. So far, only the canonical SMAD signaling pathway has been extensively studied in
response to BMPs. The aim of this work was to address early phosphoproteomic changes in endothelial cells
in response to short-term stimulation (30 min) with BMP9 or BMP10 in order to identify new phosphorylated
targets and signaling pathways.

We found that BMP9 and BMP10 treatment induced a very similar phosphoproteomic profile, which allowed
the identification of 289 differentially phosphorylated proteins. We confirmed the activation of the canonical
SMAD pathway, but also identified a central role for the MAPK pathway (MEKK4/P38), leading to HSP27-57%/82
and Eps15-S7°® phosphorylation. The activation of this pathway required the transcriptional upregulation of
GADDA458, which, in turn, activated the P38 pathway. We also found that BMP9 and BMP10 regulated the
phosphorylation of the endothelial transcription factor ERG. In accordance with our bioinformatic analyses
that highlighted a repression of the CDK4/6 pathway, we found that BMP10 induced a G1 cell cycle arrest.
Together, our data identified many new differentially phosphorylated proteins in response to BMP9 and
BMP10 in endothelial cells, highlighting rapid direct SMAD signaling and delayed SMAD-dependent MAPK
signaling. This enhances our understanding of the role of these ligands in vascular homeostasis and diseases.

Introduction

BMPs belong to the TGF-B superfamily, which comprises 33 cytokines in mammals, together with GDFs,
activins, inhibins and nodal. These cytokines are involved in the regulation of many biological processes,
including differentiation, morphogenesis, proliferation and tissue homeostasis [*. Among BMPs, BMP9 and
BMP10 have been shown to play a key specific role in vascular homeostasis by binding to their high affinity
receptor ALK1, which is mainly expressed on endothelial cells (ECs) 2. BMP9 and BMP10 bind to a signaling
complex composed of two type | (ALK1) and two type Il (BMPRII, ActRIIA or ActRIIB) serine/threonine kinase
transmembrane receptors, with BMPRII being much more expressed on ECs compared to the two other type
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Il receptors. Following ligand binding, the type Il receptor phosphorylates the GS (glycine/serine) domain of
ALK1 2. Consequently, activated ALK1 phosphorylates the C-terminus of SMAD1 and SMAD5, allowing the
recruitment of the regulatory co-SMAD, SMADA4. This trimeric SMAD complex subsequently translocates to the
nucleus, where it binds to the promoters of many target genes with the assistance of other transcriptional
regulators, thereby regulating their expression levels. This pathway is known as the canonical SMAD signaling
pathway B,

HHT is caused by heterozygous loss-of-function mutations mainly in the genes coding for the type | receptor
ALK1 (ACVRL1), the co-receptor endoglin and less frequently in the transcription factor SMAD4. On the other
hand, in HPAH, the majority of cases involve mutations in the gene coding for the type Il receptor, BMPR2,
with only very rare cases caused by ACVRLI mutations . Interestingly, more recently, mutations in the genes
encoding the two ligands BMP9 (GDF2) and BMP10 have been described in HPAH 2. Similarly, mutations in
GDF2 have also been described in very few cases of HHT 2. Although several treatments are available to
manage the symptoms of HHT and PAH, there is no curative treatment >, This is primarily due to our limited
understanding of the molecular mechanisms connecting these mutations to the development of the observed
abnormalities. Additionally, it remains unclear how mutations within the same signaling complex can result in
the development of two distinct rare vascular diseases. Over the past two decades, various experimental
findings have indicated that ligands belonging to the TGF-B family can activate, in addition to the well-studied
canonical SMAD signaling pathway, non-canonical signaling pathways "°!. These include the mitogen activated
protein kinase (MAPK) cascades, involving P38, c-Jun N-terminal kinases (JNK), or extracellular signal-regulated
kinases 1 (ERK1) and ERK2, but also the PI3K-AKT pathway and Rho-like GTPases. Much less is known
concerning the non-canonical signaling pathways regulated by BMPs. Interestingly, these pathways seem to
be more cell context-dependent than the canonical SMAD pathway and have not been extensively studied in
ECs in response to BMPs.

The aim of this work was to use high-resolution mass spectrometry (MS) phosphoproteomics to investigate
early phosphorylation changes in response to BMP9 or BMP10 in ECs. This would enhance our understanding
of the molecular mechanisms underlying their functions in vascular homeostasis and their potential
contributions to HHT and HPAH pathogenesis, possibly uncovering novel therapeutic targets. Our extensive
phosphoproteomic analysis identified many new phosphoproteins, allowing us to propose new signaling
pathways downstream of BMP9 and BMP10 and endothelial cellular functions. In particular, we identified a
new indirect pathway that involved a transcriptional step via the expression of the protein GADD45f to
activate the MAPK pathway (MEKK4, P38). We demonstrated that this pathway is implicated in the
phosphorylation of HSP27 and Eps15, but also in the regulation of a particular set of genes (SELE, PTGS2, and
HAS2, encoding E-selectin, Cyclooxygenase-2 (Cox2), and hyaluronan synthase 2, respectively). We also
identified many transcription factors regulated in response to BMP9 and BMP10, among which we could
validate the phosphorylation of the endothelial specific transcription factor ERG (ETS related gene).
Additionally, this analysis also suggested a down-regulation of progression through the cell cycle of ECs in
response to BMP10, which we were able to validate.
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Results

Phosphoproteome profiling of endothelial cells (ECs) stimulated by BMP9 and BMP10

To analyze in a comprehensive manner the early phosphorylation events regulated by BMP9 and BMP10, we
stimulated human umbilical vein endothelial cells (HUVECs) with 10 ng/mL of BMP9 or BMP10 for 30 min. Our
dataset consisted of five biological replicates under three conditions: non-stimulated, BMP9-stimulated, or
BMP10-stimulated samples (Fig. 1A). The stimulations were validated by western blot analysis to confirm
SMAD1/5 phosphorylation and the expression of ID1, a well-known target downstream of BMP9 and BMP10
signaling % (Fig. 1B). Subsequently, we processed the samples for phosphoproteomic analysis. To profile the
phosphoproteome, we employed an isobaric labelling-based approach, relying on tandem mass tags (TMT)
[518] to simultaneously quantify phosphorylated peptides in the BMP9 and BMP10 stimulated samples relative
to non-stimulated cells (Fig. 1A). In parallel, with the same samples, we performed a proteomic analysis to
investigate potential changes in the total proteome. Phosphopeptides were enriched from cell lysates using
titanium dioxide (TiO2) beads, followed by offline high pH reversed-phase chromatography fractionation, and
analysis using low pH reversed phase nanoliquid chromatography coupled to tandem mass spectrometry (nLC-
MS/MS). Phosphopeptide enrichment was performed twice, generating 2 technical replicates that allowed the
identification of a higher number of unique phosphopeptides 2. We observed a very good quantitative
reproducibility between the two replicates (Pearson's r = 0.65; Fig.S1A), allowing their combination for
downstream statistical analysis. We considered only high-confidence phosphopeptides, defined as those with
a probability score > 0.75 for phosphorylation site localization (referred to as class | phosphosites) (detailed in
Materials and Methods section). Analysis of the phosphorylated amino acid distribution showed that 88% of
the identified phosphosites were on serine, 10.2% on threonine, and 1.8% on tyrosine, consistent with the
expected abundance of these phosphorylated residues in eukaryotic cells 3! (Fig. 1C). The majority of these
phosphosites were singly phosphorylated (67% singly, 24.8% doubly, and 8.2% triply) (Fig. 1C). Among the
detected phosphosites, we identified 550 that were not previously documented in the phosphositeplus
database from human data.

Quality control analysis on the quantitative data identified one sample as outlier from the BMP9-stimulated
group (Fig. S1B) that was subsequently excluded from downstream analysis. Unsupervised principal
component analysis (PCA) of all phosphosite abundances clearly distinguished non-stimulated (NS) samples
from those stimulated with BMP9 or BMP10, but could not distinguish BMP9 from BMP10 stimulated samples
(Fig. 1D).

Our analysis quantified 12,779 phosphosites mapped to 3283 proteins in the UniprotKB database (Fig. 1E, Table
S1). By performing differential phosphorylation analysis on these 12,779 phosphosites (ILog>FC
Stimulated_vs_Non Stimulated | > 0.1 and adj.p-value < 0.05), we identified a total of 419 differentially
phosphorylated sites (DPSs) when combining data from both BMP9-vs-NS and BMP10-vs-NS stimulation,
corresponding to 289 phosphoproteins annotated in the UniprotKB database (Fig. 1E, Table S1). Differential
expression analysis of the total proteome, prior to phosphopeptide enrichment, quantified 6544 proteins (Fig.
1E, Table S1). Among these, only one protein, the transcription factor ID1, was differentially regulated by BMP9
and BMP10 compared to control group, which was already validated by WB analysis (Fig. 1B). Thus, none of
the differentially regulated phosphosites were located on proteins exhibiting changes in their abundance upon
BMP9 or BMP10 stimulation, supporting that the observed alterations in protein phosphorylation are not
influenced by changes in the respective protein expression levels (Table S1).
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Fig. 1. Phosphoproteome protocol and profiling of BMP9 and BMP10 stimulation in human umbilical vein endothelial cells (HUVECs).

(A) Graphical representation of the experimental workflow for phosphoproteomic analysis. (1) Six-hours serum-starved HUVECs were
stimulated or not with 10 ng/mL of BMP9 or BMP10 for 30 minutes. (2) Lysates from five biological replicates per condition were prepared and
(3) subjected to reduction and alkylation, followed by (4) digestion using a combination of LysC and trypsin. (5) The resulting peptides from
each sample were labeled with TMTpro16-plex reagents and pooled for subsequent analysis (6.1). A small portion of the pooled samples was
reserved for proteomic analysis, while the rest was subjected to (6.2) phosphoenrichment using TiO2 beads for phosphoproteomic analysis.
(7-8) The proteome and phosphoproteome samples were fractionated and analyzed using LC-MS/MS. Phosphoproteomic analysis was
performed twice on two separate fractions generating two technical replicates. (9-11) Data analysis was then performed using different
bioinformatics tools in R. (B) Western blotting analysis of two biological replicates for each condition (NS, BMP9 or BMP10) used for
phosphoproteomic analyses showing the levels of SMAD1/5 phosphorylation and ID1 expression. (C) Distribution of the 12779 quantified
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phosphosites across all samples according to their phosphorylation residue and multiplicity. (D) Principal component analysis (PCA) of
phosphoproteomic data. (E) Upper numbers represent count of unique identified and quantified phosphosites and their corresponding
phosphoproteins annotated in UniProtKB database (phosphoproteomic analysis), as well as that of proteins (proteomic analysis) across all
samples. Bottom numbers represent total count of differentially regulated phosphosites (phosphoproteomic analysis) and proteins (proteomic
analysis) by both BMP9 and BMP10.

Differential analysis identified 271 and 249 up-regulated phosphosites, versus 79 and 82 down-regulated
phosphosites, in response to BMP9 and BMP10, respectively (Fig. 2A and B). The top DPSs common to both
BMP9 and BMP10, including those which were further studied in this work, are highlighted on the volcano
plots (Fig. 2A and B). Interestingly, BMP9 and BMP10 stimulations induced similar cell response at the
prohosphoproteome level, as evidenced by the high Pearson’s correlation coefficient (r) = 0.963 when
comparing phosphosite abundances in BMP9- or BMP10-stimulated cells versus NS (Fig. 2C). Importantly, as a
positive control, we identified phosphorylation of the activating residues on the C-terminus of SMAD1
(5462/463/465) 3 dlirect substrate of ALK1 ¥, thus validating our phosphoproteomic approach (Fig. 2D).

Interestingly, we identified both up-regulated DPSs, as expected from the BMP9/BMP10-induced activation of
the ALK1 kinase, but also down-regulated DPSs (Fig. 2A and B). Accordingly, our analysis revealed differential
phosphorylation of two phosphatases: ILKAP-S?® (Integrin-Linked Kinase-Associated Phosphatase) and
CTDSPL2-S*® (potential phosphatase) upon BMP9 and BMP10 stimulation (Table S2). However, the functional
significance of these phosphosites has not been previously described (Table S2). Furthermore, we also
identified fourteen differentially phosphorylated kinases in response to BMP9 and/or BMP10 (Table S2),
including ALK1, which was phosphorylated by both BMP9 and BMP10 at two distinct sites (5*>*/*¢!) (Fig. 2A and
B). These sites were located within the juxtamembrane region of ALK1 (Fig. 2E), which do not correspond to
the known phosphorylation sites within the GS domain of type | receptors [**. Notably, tryptic digestion of
these proteins is predicted to generate a large hydrophobic peptide containing the GS domain that is difficult
to detect using MS analysis !¢, Thus, this might explain our inability to detect GS domain phosphopeptides,
and why these latetr were never identified in any previous large-scale MS analyses ¢\, To evaluate the
functional significance of the two identified juxtamembrane phosphosites, we generated mutants that can no
longer be phosphorylated at these sites by substituting serine with alanine residues (S155A, S161A, and S155A-
161A). As BMP9 and BMP10 treatments induced similar responses at the phosphoproteomic level (Fig. 2C), the
validation experiments performed in the rest of the manuscript were studied in response to BMP10 stimulation
only, except when indicated. These mutants were tested in response to BMP10 using the ID1 promoter-derived
BMP response element (BRE)-luciferase assay as previously described by our group 7). We found that both
ALK1 single and double alanine mutants exhibited a similar response as that of wild type (WT) ALK1, suggesting
that these sites are dispensable for BRE activity (Fig. 2F). Additionally, we conducted the reverse experiment
by substituting serine to aspartic acid, thereby introducing a negative charge mimicking receptor
phosphorylation. As a positive control, we included the constitutively active mutation ALK1-Q201D [&,
Assessing BRE activity of the mutants revealed that, while ALK1-Q201D displayed constitutive activation in the
absence of BMP10, ALK1-S155D, ALK1-S161D, and S155D-161D displayed responses similar to that of WT ALK1
(Fig. 2G). Together, these data support that these two ALK1 phosphosites (S***/*¢!) are not implicated in the
canonical SMAD1/5 response. Among the other kinases identified, six corresponded to functionally
characterized phosphosites (P38a-Y!82, ATR-5%%°, MSK2-T®%7, P70S6K-5*, LIMK-S31° and SLK-S'®°) (Table S2), but
only three had commercially available phospho-antibodies. Notably, three kinases belonged to the MAPK
pathway (MEKK4, P38a and MSK2), suggesting that BMP9 and BMP10 could signal through this pathway. The
P70S6K belonged to the mTOR pathway, where its downstream target S6 has been previously identified to be
differentially phosphorylated in HHT patient telangiectasia (Alsina-Sanchis, ATVB, 2018).
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Fig. 2. Analysis of phosphoproteomic changes in response to BMP9 and BMP10 in HUVECs
(A-B) Volcano plots representing the log2 fold change in the abundance of phosphopeptides plotted against the —logy adj. P.value, showing
differentially phosphorylated sites (DPSs) which are down-regulated (blue) or up-regulated (red) in response to BMP9 (A) or BMP10 (B)
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stimulation. DPSs from the canonical ALK1/SMAD1 signaling pathway as well as those which will be further studied in the work are annotated.
stimulation. DPSs from the canonical ALK1/SMAD1 signaling pathway as well as those which will be further studied in the work are annotated.
(C) Scatter plot comparing log2 fold change values of DPSs regulated by BMP9 and BMP10. Pearson correlation (r) is reported. (D) SMAD1
linear structure showing the MH1 and MH2 domain, along with the C-terminal SSXS motif. (E) Structural overview of the extracellular and
intracellular domains of the type | receptor ALK1. The intracellular domain comprises two main regions, the GS domain and the Ser/Thr kinase
domain. The juxtamembrane region (highlighted in red) located directly upstream of the GS domain bears the phosphopeptide obtained by
phosphoproteomic analysis after digestion. Within this peptide, S°> and S'*! phosphorylations were found differentially up-regulated by BMP9
and BMP10 (highlighted in A and B, respectively). (F and G) Relative BRE (BMP Response Element) luciferase activity measured in NIH-3T3 cells
overexpressing wild-type (WT) or indicated ALK1 mutants. Serine residues were mutated to either alanine (S>A; phosphodead) (panel F) or
aspartic acid (S>D ; phosphomimetic) (panel G). ALK1Q201D represents a positive control for constitutively active ALK1. BRE firefly luciferase
activities were normalized to renilla luciferase activity. The data shown represent the mean + SEM of three independent experiments. Two-
way Anova followed by Sidak's multiple comparisons post test were used for statistical analysis. **P<0.01, ***P<0.001.

In order to obtain a comprehensive assessment of the underlying regulated processes, we next performed
gene ontology enrichment analysis of biological processes (GO-BP) of the 289 differentially phosphorylated
proteins regulated by BMP9 and/or BMP10 (Fig. 3A). Functional annotation clustering of the enriched terms
produced 13 clusters for BMP9 and 14 for BMP10, with 10 clusters found to be common between both
stimulations (Fig. 3A and Table S3). Interestingly, the first cluster presented contained several terms related to
cell cycle regulation. Moreover, we identified several clusters with terms related to regulation of transcription,
chromatin organization, and mRNA processing, supporting an important role for BMP9 and BMP10 at different
levels of gene expression (Fig. 3A and Table S3). Interestingly, Wikipathway analysis highlighted only one
pathway which was the VEGF-VEGFR2 pathway (Table S3).

To identify the potential upstream kinases responsible for the significant changes observed in the
phosphoproteome upon BMP9 and BMP10 stimulation, we first utilized the computational algorithm
KinswingR, which integrates sequence windows of phosphosites with kinase-substrate motifs *!. This analysis
identified 10 kinases predicted to have modified activities in response to both BMP9 and BMP10 (Fig. 3B). In
accordance with our GO-BP analysis that highlighted the cell cycle cluster including the G1/S transition term
(Table S3), Kinswing analysis revealed a significant under-activation of CDK4/6 and CDC7, key regulatory
kinases involved in the G1/S transition of the cell cycle (Fig. 3B, Table S3). We also identified protein kinase R
(encoded by EIF2AK2), which is involved in the inhibition of protein synthesis 2%, and ERK5 (encoded by
MAPK7) that belongs to the MAPK family (Fig. 3B, Table S3). On the other hand, we observed positive
enrichment of CAMK2A (calcium/calmodulin-dependent protein kinase Il alpha), MAPKAPK2/MK2 (a
downstream kinase of P38a-MAP kinase pathway), PRKD1 (Protein Kinase D1), and PKG1 (cGMP-dependent
protein kinase). PRKD1 plays a role in DAG/PKC signaling 2!, while PKG1 is involved in eNOS/cGMP signaling
and has been linked to aortic aneurism and arterial hypertension 22

Next, we performed a post-translational modification signature enrichment analysis (PTM-SEA) using
PTMsigDB to further define the correlation between the regulation of each phosphosite and molecular
signatures of perturbations, kinase activities, and pathways obtained from curated published datasets 23, As
expected, this analysis predicted the activation of BMP type | receptor kinase (BMPRIB) due to the shared
SMAD1 phosphorylation sites between different BMP type | receptors. Additionally, this analysis highlighted
two top kinases, MK2 (already identified using the KinSwing analysis) and PKA (Fig. 3C, Table S3). Interestingly,
in addition to the canonical SMAD1 pathway, our analysis highlighted the MEKK4/P38a/MK2 signaling pathway
(Fig. 3D) with at least three P38a downstream targets among the top DPSs (Fig. 2A and B): MSK2, HSP27, a
member of the small heat shock proteins which functions as a chaperone for correct protein folding, and Eps15
(epidermal growth factor receptor pathway substrate) which has been suggested to be involved in the
endocytosis of cell surface receptors, including EGFR 2%, MSK2, HSP27, a member of the small heat shock
proteins which functions as a chaperone for correct protein folding, and Eps15 (epidermal growth factor
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Fig. 3. Bioinformatic analysis of the phosphoproteomic changes in response to BMP9 and BMP10 in HUVECs

(A) Gene ontology (GO) analysis was conducted on biological processes (>1.5 fold enrichment, P < 0.05) using metascape, based on DPS’s gene
lists for BMP9 and BMP10. This analysis resulted in the generation of 13 clusters for BMP9 and 14 clusters for BMP10, corresponding to 105
and 116 GO annotations, respectively. Only the common clusters between BMP9 and BMP10 are presented. The top 5 terms from each cluster
are plotted, while all other terms of each cluster are outlined in Table S3. (B) Scatter Plot of Kinswing S scores of kinases whose activities were
predicted to be significantly changed in response to BMP9 and/or BMP10. (C) Post translational modification signature enrichment analysis
(PTM-SEA) performed using PTMsigDB. The bar plot represents the top signatures enriched in BMP9 and/or BMP10 stimulated HUVECs
compared to NS cells, ordered in terms of average FDR from both comparisons. Each bar represents a signature (kinase or perturbation). PERT;
Perturbation (D) Hypothetical signaling framework in response to BMP9 and BMP10 based on phosphoproteomic analysis and literature-based
data. Phosphorylated residues with increased abundance in response to BMP9 and BMP10 are marked in red, while those displaying decreased
abundance are marked in blue. Grey rectangles represent proteins with DPSs obtained with BMP9 and BMP10, white rectangles are based on
literature data. Orange rectangles represent kinases predicted by bioinformatics analysis (Kinswing and PTM-SEA). Dashed lines represent
unknown mechanism.

pathway substrate) which has been suggested to be involved in the endocytosis of cell surface receptors,
including EGFR 4. In addition to the predicted under-activation of CDKs (Fig. 2A-B), we also observed the
phosphorylation of P70S6K and the endothelial transcription factor ERG. Taking into account the different
targets identified in the phosphoproteomic analysis and the utilized bioinformatic tools, we formulated a
hypothetical signaling framework in response to BMP9 and BMP10 shown in Fig. 3D.
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BMP10 signaling in HUVECs drives the activation of the P38-MK2 axis

Our phosphoproteomic analysis identified an increase in phosphorylation of P38a-Y*®?, MSK2-5%82/T%87 HSP27-
S15/82/83 and Eps15-S7° in response to BMP9 and BMP10 stimulations (Fig. 2A and B). As shown in Fig. 4A, we
successfully confirmed the phosphorylation P38a-Y*#2 and HSP27-S7%/82 following a 30 min stimulation with
BMP10. We were unable to obtain quantifiable signals using commercially available antibodies against HSP27-
S5 and MSK2-T®7, even with a positive control (data not shown). We also validated Eps15-S7°® phosphorylation
using a homemade phospho-antibody kindly provided by Dr Sakurai > (Fig. 4A). These phosphorylation events
were also validated in response to BMP9 stimulation (Fig. S2). To assess the potential involvement of ALK1 in
these phosphorylation events, we employed LDN193189, an inhibitor known to affect ALK1 kinase activity
along with ALK2, 3, and 6 1!, We found that P38a-T*#/Y82, HSP27-57%/%2 and Eps15-S7°° phosphorylations were
all inhibited by LDN193189 (Fig. 4B). HSP27 has been shown to be phosphorylated by MK2 through P38/MK2
signaling axis 12!, which was one of the top enriched kinases revealed by our bioinformatic analysis (Fig. 3B and
C). Moreover, Eps15-57° has been previously shown to be phosphorylated in response to TNF-a via the P38
MAPK pathway ?°!. We thus tested whether these phosphorylations were dependent on P38 and MK2 kinases
using specific inhibitors 2>?7]. As expected, SMAD1/5 phosphorylation was not affected neither by the P38
inhibitor (SB203580) nor the MK2 inhibitor (PF3622204) (Fig. 4C). On the other hand, we found that HSP27-
S78/82 phosphorylation was inhibited by both inhibitors, while Eps15-57°® phosphorylation was only inhibited by
the P38 inhibitor (Fig. 4C).

Notably, P38 (MAPK14) has been enriched in several GO-BP terms associated with transcriptional regulation
(Table S3). Therefore, we tested whether P38 and MK2 kinases play a role in BMP10-induced gene regulation.
To this end, HUVECs were stimulated by BMP10 for 4 hours with or without pretreatment with inhibitors
targeting P38 and MK2 kinases. We found that inhibition of P38 and MK2 did not affect ID1 nor SMAD6 mRNA
expression, two canonical targets of BMP9 and BMP10 in ECs (Fig. 4D). On the other hand, we found that the
MRNA expression of SELE (E-selectin), PTGS2 (Cox2), and HAS2 were found to be dependent on P38, but not
on MK2 (Fig. 4D). Collectively, these results validate several identified phosphoproteomic targets and reveal
that BMP10 activates P38 MAPK signaling, resulting in the phosphorylation of HSP27-57%/82 by P38/MK2 and
Eps15-S7°® by P38. Moreover, theand regulation of a subset of BMP10 target genes. Moreover, P38 activation
mediates the regulation of a subset of BMP10 target genes independent of MK2.

BMP10 signaling in HUVECs induces a delayed activation of the P38 MAPK pathway via GADD453
expression

To further characterize the mechanisms responsible for P38-T%0/Y82 HSP27-S7¥82 and Eps15-S7°°
phosphorylations, we performed a kinetic analysis in response to BMP10. As previously shown, we found that
pSMAD1/5 was detectable after 5 min of BMP10 stimulation, reaching a plateau from 30 min until 240 min
(Fig. 5A). On the other hand, P38-T*8%/Y82, HSP27-57%/82 and Eps15-57°¢ phosphorylations started to be detected
30 min post BMP10 stimulation, peaked at 1h, and reached basal levels after 4 hours (Fig. 5A). We also
stimulated the cells with different concentrations of BMP10 and found similar dose-response effects for
SMAD1/5, P38-T*#/Y82 HSP27-578/32 and Eps15-S7°° phosphorylations, which started to be detectable from 0.1
ng/mL and reached a plateau at 1 ng/mL (Fig. S3).

Considering the time delay between SMAD1/5 activation and the phosphorylation of P38-T*8/Y82 HSP27-57%/82
and Eps15-57°%, we tested whether these delayed phosphorylation events were SMAD-dependent using siRNA
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Fig. 4. BMP10 signaling in HUVECs drives the activation of the P38-MK2 axis

(A) HUVECs were stimulated with 10 ng/mL BMP10 for 30 min. Cell extracts were subjected to western blotting (WB) analysis using antibodies
against phosphorylated (p) P38T8/Y182, P38, pHSP27-578/82, HSP27, pEps15-57%, Eps15, pSMAD1/5-5%63/465 and HSP90 (loading control).
Quantification of phosphorylation for P38, HSP27 and Eps15 reflects the normalized signal for the phosphorylated protein to total protein
content, presented as mean fold change (BMP10-vs-NS) + SEM of n=5 independent experiments. **P < 0.01 using Kolmogorov-Smirnov (KS)
test. (B and C) HUVECs were pretreated with selective ALK1/2/3/6 inhibitor LDN193189 (5 uM) (Panel B), P38 inhibitor SB203580 (10 uM) or
MK2 inhibitor PF3622044 (5 uM) (Panel C), or left untreated (vehicle) for 30 min. Subsequently, cells were stimulated with 10 ng/mL BMP10
for an additional 30 min. Cell lysates were then analyzed by WB using the indicated antibodies and quantification was performed as explained
in (A). Data shown represent mean folds + SEM of n=3 independent experiments. (D) HUVECs were pretreated with p38 inhibitor SB203580
(10 uM) or MK2 inhibitor PF3622044 (5 uM), or left untreated (vehicle) for 30 min. Cells were then stimulated with 10 ng/mL BMP10 for 4h.
Real-time quantitative polymerase chain reaction (RT-gPCR) analysis was then performed to determine mRNA expression of /D1, SMADS6,
PTGS2 (Cox2), HAS2 and SELE (E-Selectin). Target gene expression was normalized to HPRT mRNA level using 2-22¢ method and presented as
fold induction (BMP10-vs-vehicle) + SEM of n=3 independent experiments. Statistical analyses for panels B, C and D were performed using
two-way ANOVA followed by Sidak's multiple comparisons post-test. For all panels: ¥*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 5. BMP10 signaling in HUVECs induces a delayed activation of the P38 MAPK pathway via GADD45p expression

(A) Cells were stimulated with 10ng/mL BMP10 or vehicle for the indicated time points. Cell extracts were subjected to WB analysis using
antibodies against phosphorylated (p) P38T!80/Y182, P38, pHSP27-578/82, HSP27, pEps15-57%, Eps15, pSMAD1/5-5463/465 and HSP90 (loading
control). Quantification of phosphorylation for P38, HSP27 and Eps15 was normalized to their respective total protein content, except for
pSMAD1/5, which was normalized to HSP90. Data are presented as fold change of each sample + SEM relative to NS 5 min. Blots are

representative of n=3 independent experiments. (B) HUVECs were treated either with scrambled siRNA (siCTL) or siRNA against SMAD4
(siSMAD4) and then stimulated with 10ng/mL BMP10 for 30 min. Cell extracts were analyzed by WB using the indicated antibodies and
quantification was performed as explained in panel A (n=3 independent experiments). (C) HUVECs were pre-treated either with vehicle or the
transcription inhibitor actinomycin D (5 uM) for 30 minutes, then stimulated with 10ng/mL BMP10 for another 30 min. Cell extracts were

analyzed by WB using the indicated antibodies and quantification of phosphorylation was normalized to total protein content. Data are
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presented as mean folds (BMP10-vs-NS) + SEM of n=3-4 independent experiments. (D) HUVECs were stimulated with BMP10 or vehicle for the
indicated time points, and GADD45B mRNA expression was then assessed by RT-qPCR. The level of GADD45B mRNA expression was normalized
to HPRT and represented as fold induction of each NS and BMP10 stimulated sample relative NS 0 min + SEM of n=2 independent experiments.
(E) HUVECs were treated either with siCTL or siGADD45B and then stimulated with 10ng/mL BMP10 for 30 min. Cell extracts were analyzed by
WB using the indicated antibodies and quantification of phosphorylation was normalized to total protein content. Data are presented as mean
folds (BMP10-vs-NS) + SEM of n=2 independent experiments. Statistical analyses for panels A and D were performed using Kruskal Wallis with
Sidak’s post-test. Statistical analyses for panels B, C and E were performed using two-way ANOVA followed by Sidak's multiple comparisons
post-test. For all panels: *P < 0.05; **P < 0.01; ***P < 0.001.

directed against SMAD4, the central mediator of SMAD is signaling. We confirmed the effectiveness of
siSMAD4 by observing a reduction in SMAD4 expression (Fig. 5B). As expected, SMAD4 deletion did not impact
SMAD1/5 phosphorylation triggered by BMP10, but completely inhibited ID1 expression (Fig. 5B). We found
that P38-T'8/Y82 HSP27-57%/82 and Eps15-S7°® phosphorylations were also inhibited by SMAD4 silencing (Fig.
5B), supporting that their phosphorylation was dependent on SMAD signaling. We thus tested whether the
delay in BMP10-induced P38-T*8%/Y'82 HSP27-S7¥%2 and Eps15-S’°® phosphorylations was due to a
transcriptional step. To this end, HUVECs were pretreated with the transcription inhibitor actinomycin D 30
min prior to BMP10 addition. As expected, we found that SMAD1/5 phosphorylation induced by BMP10 was
not affected by actinomycin D pretreatment, while it inhibited ID1 expression (Fig. 5D). Interestingly, we found
that P38-T'80/Y82 HSP2757%/82 and Eps15-57°® phosphorylations were also inhibited by actinomycin D
pretreatment (Fig. 5B). These results were further confirmed using DRB (5,6-Dichlorobenzimidazole 1-B-D-
ribofuranoside), another transcription inhibitor (Fig. S4). Collectively, these data strongly suggest that BMP10
triggers the activation of the P38 pathway through a SMAD-dependent transcriptional step in HUVECs,
subsequently leading to the phosphorylation of HSP27-S7%/82 by P38/MK2 and Eps15-S7°° by P38.

It has been demonstrated that delayed activation of P38 MAPK through TGF-B stimulation is dependent on
SMAD-mediated expression of GADD45B (growth arrest and DNA damage inducible beta), which activates
MEKK4, an upstream MAPKKK of P38 12829 |nterestingly, our phoshoproteomic analysis identified MEKK4 as a
differentially phosphorylated target in response to BMP9 and BMP10 stimulation in HUVECs (Fig2A and B). To
explore whether GADD45B plays a role in BMP10-induced P38 activation, we assessed whether BMP10
regulates GADD456 mRNA expression. We found that BMP10 rapidly induced GADD456 mRNA expression
within 30 min, peaking at 1h, and returning back near basal levels after 4h (Fig. 5C). This regulation was
detectable at concentrations as low as 0.1 ng/mL, and it reached a plateau at 1 ng/mL (Fig. S5A). We next
tested the effect of siRNA against GADD45B (Fig. S5B) on BMP10-induced P38-T*#/Y182, HSP27-57#/823nd Eps15-
S7% phosphorylations. Interestingly, we found that these phosphorylation events were all dependent on
GADDA45B expression, while pPSMAD1/5 was not (Fig. 5E). Together, these results strongly supports that BMP10
activates the P38 MAPK pathway via SMAD-dependent induction of GADD45p expression.

ERG is differentially phosphorylated by BMP10

Very interestingly, the phosphoproteomic analysis identified differential phosphorylation of the endothelial
ETS transcription factor ERG at $**° (down-regulated) and $*® (up-regulated) by both BMP9 and BMP10 (Fig.
2A and B). Recently, ERG has emerged as a key regulator of endothelial function, playing vital roles in
angiogenesis and vascular stability, transcriptional regulation of genes involved in essential endothelial
functions, as well as the differentiation and maintenance of the endothelial lineage. To validate ERG
phosphorylation, we performed immunoprecipitation of ERG and found that BMP10 stimulation increased ERG
total serine phosphorylation (Fig. 6A). However, we did not have any specific phospho-antibody allowing to

test if this phosphorylation corresponded to ERG-S?’®. Interestingly, using a homemade
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(A) HUVECs were stimulated with 10 ng/mL BMP10 or not (NS) for 30 min. Cell extracts were subjected to immunoprecipitation (IP) using ERG

8_
O
6
o) * *
£
)
D 4-
O
X
el
7)) 2-
©
[ |.¢_‘_¢_..|
l
0 T
NS BMP10
i p=0.08
&) 3 -
[ ]
- p=0.18
5 2
m [ ]
Lg. 14 [
[72]
i)
(@)
L
0 T T
© O & &
§2 RS xgo
N

antibody, followed by WB using pan phosphoserine (pSer) and ERG antibodies. Total serine phosphorylation of ERG was quantified and

normalized to total ERG levels. IgG represents lysates subjected to IP using isotype control antibody. Whole cell extracts (input) were subjected
to WB analysis using antibodies against pSMAD1/5, total ERG and HSP90. Data are presented as mean folds (BMP10-vs-NS) + SEM of n=4
independent experiments. *P<0.05 using Kolmogorov-Smirnov (KS) test. (B) HUVECs were stimulated with 10 ng/mL BMP10, VEGF (40ng/mL),
or BMP10+VEGF (10 and 40ng/mL, respectively) for 30 min. Cell extracts were subjected to immunoprecipitation (IP) using ERG antibody,
followed by WB using antibodies against ERG-S21° and total ERG. Quantification of ERG phosphorylation reflects the normalized signal for the
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pERG-S%5 to total ERG from each sample. IgG represents lysates subjected to IP using isotype control antibody. Whole cell extracts (input) were
subjected to WB analysis using antibodies against pSMAD1/5, ERG and HSP90. Statistical analyses were performed using two-way ANOVA
followed by Sidak's multiple comparisons post-test. *P < 0.05.

pERG-S215 antibody generously provided by Dr. P. Hollenhorst 3%, we were able to confirm the down-
regulated phosphorylation of ERG-S*'*> by BMP10 (Fig. 6B). We also validated the previously reported VEGF-
induced phosphorylation of ERG-S?*> BY and observed that the addition of BMP10 led to a reduction in this
phosphorylation (Fig. 6B).

BMP10 inhibits the G1/S cell cycle transition in HUVEC

The GO-BP term analysis clearly showed that BMP9 and BMP10 affected cell cycle and G1/S transition (Fig. 3A
and Table S3), which was further confirmed by the Kinswing analysis which revealed an attenuation of CDK4/6
and CDC7 activities (Fig. 3A and B). Through the examination of the substrates of these kinases, we did not find
any previously reported targets for further validation (Table S2). CDK4/6 and CDC7 are pivotal regulatory
kinases involved in governing the G1/S transition during the cell cycle %3], We thus tested the impact of
BMP10 on endothelial cell cycle. To this end, HUVECs were synchronized at the GO/G1 phase via serum
starvation, followed by induction of cell cycle progression through serum replenishment in the presence or
absence of BMP10 overnight stimulation. Analysis of cell cycle progression using EdU and Pl staining, followed
by flow cytometry analysis, revealed that BMP10 treatment reduced the proportion of cells in the S phase,
both under low (0.5%) and high (5%) serum conditions (5.2 to 1,1% and 13.1 to 2.8 %, respectively, Fig. 7A). To
gain further insights into the role of BMP10 in the G1/S transition, we examined downstream target genes of
CDK4/6. Notably, we observed that BMP10 decreased the mRNA expression of E2F2, a downstream
transcription factor for CDK4/6, as early as 2 hours post-stimulation (Fig. 7B). Furthermore, CCND1 (cyclinD1,
a key regulatory for CDK4/6) and CCNA1 (cyclinAl, a key regulator of CDK2) mRNA levels were also down-
regulated by BMP10 (Fig. 7B). By Western blot analysis, we further confirmed a decrease in cyclinD1 protein
levels, and an increase in the CDK4/6 inhibitor P27"" in response to BMP10 (Fig. 7C). Taken together, these
results indicate that BMP10 negatively regulates endothelial cell cycle, specifically by inhibiting the G1/S
transition and regulation of several key regulators in this pathway.
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Fig. 7. BMP10 inhibits the G1/S cell cycle transition in HUVECs

(A) Cells were synchronized at the G1 phase by serum starvation for 48 hours. Subsequently, cells were then either replenished with 5% serum
to progress through the cell cycle or were left under low serum conditions in the presence or absence of 10 ng/mL BMP10 overnight (16h). Cells
were then treated with EdU, trypsinzed, and labeled for EdU (labels S phase) and propidium iodide (PI) (total DNA content). Left panel: flow
cytometry analysis assessing the distribution of different stages of the cell cycle (G1, S, G2/M) in HUVECs. Right panel: Quantification of different
cell cycle stages in HUVECs from different conditions described in the left panel. Data are represented as mean % of each stage + SEM of n=3
independent experiments and analyzed using two-way ANOVA with Sidak's multiple comparison post-test. (B) HUVECs were stimulated or not
with 10 ng/mL BMP10 for 2h, 4h, or 8h. RT-gPCR analysis was then performed to determine mRNA expression of E2F2, CCND1 and CCNA1. Target
gene expression was normalized to HPRT mRNA level using 2-AACt method and presented as relative expression (%) (BMP10-vs-vehicle) £ SEM at
each time point of n=3 independent experiments. (C) Western blot analysis of cyclinD1 and p27 levels in HUVECs following an overnight
stimulation with 10ng/mL BMP10.
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Discussion

To our knowledge, this is the first study assessing BMP9 and BMP10 phosphoproteomic responses in ECs. In
this work, we first identified SMAD1-5%2/463/465 hhosphorylation upon BMP9 and BMP10 stimulation, which
validated our technical approach. In addition to the canonical SMAD pathway, we identified many new
phosphorylated proteins in response to these ligands (289), which allowed the identification of a newly
activated signaling pathway in response to BMP9 and BMP10, involving MEKK4/P38 axis. This pathway was
responsible for the phosphorylation of HSP27 and Eps15, but also regulation of SELE, PTGS2 and HAS2 mRNA
expression. The activation of this pathway required a SMAD-dependent transcriptional step to induce
GADD45B expression, consequently leading to the delayed activation of P38. We also found that the
transcription factor ERG was differentially phosphorylated in response to BMP9 and BMP10. Our
phosphoproteomic analysis also supported an inhibitory role for BMP9 and BMP10 on endothelial cell cycle,
which was confirmed functionally through BMP10-mediated inhibition of G1/S transition.

In this study, we wanted to test both BMP9 and BMP10 signaling, as, despite sharing the same affinity to their
type | receptor ALK1, they exhibit different binding affinities to the type-Il receptors (BMPRII, ActRIIA and
ActrlIB). However, our data clearly showed highly similar phosphoproteomic responses to BMP9 and BMP10,
in accordance with a previous study that analysed their transcriptomic responses %, supporting that at least
in HUVECs, they activate very similar signaling pathways. Interestingly, our phosphoproteomic analysis showed
that BMP9 and BMP10 induced differential phosphorylation of ALK1 on 2 sites,S****!, both located in the
juxtamembrane domain, directly upstream to the GS domain, bearing sites which are phosphorylated by the
type Il receptor (Miyazono, Kamiya, and Morikawa 2010). However, ALK1 phosphorylation within the GS
domain has never been identified in any previous large scale MS phosphoproteomic approach, while the ALK1-
S155/161 has already been described in high-throughput publications, but was never studied (Phosphositeplus,
Hornbeck et al. 2012). Interestingly, phosphorylation within the juxtamembrane domain of ALK5-5'%%/*72 and -
T, positioned similarly to the ones identified here for ALK1, have been previously described 13339, Accordingly
to what has been previously shown for ALK5-S%° 38 our data support that ALK1-5'°>/*%sjtes are dispensable
for BMP10-iduced BRE luciferase activity (Fig. 2F,G). Nonetheless, these ALK5 juxtamembrane sites were
shown to be important for TGF-B1-mediated functions, such as proliferation 383, Of note, ALK1-5**5/16° have
been shown to be phosphorylated by thrombin in ECs [4°!. Together, our results support that these ALK1
juxtamembrane sites do not alter the canonical SMAD pathway, but might contribute to other BMP9 and
BMP10 functional outcomes that could be interesting to further study in the future. Very interestingly, our
phosphoproteomic approach revealed an important role for the P38 MAPK pathway in response to BMP10 in
ECs. We could show that this activation peaked one hour after BMP10 addition, indicating an indirect
mechanism. Unlike the rapid direct activation of P38 signaling within 5-10 minutes in response to growth
factors like TNFa and VEGF 2>#4, our findings suggest that SMAD-mediated GADD45p expression is required
for this delayed activation. To our knowledge, GADD458 has been mainly studied in response to TGF-p which
rapidly increases GADD458 mRNA expression 12242 although it was also shown that BMP2 could also induce
GADD458 mRNA expression in chondrocytes 31, The mechanism of action described for MEKK4 activation via
GADDA45p occurs by binding of GADD45 to the MEKK4 N-terminal site, which will lead to MEKK4 dimerization,
allowing the trans-autophosphorylation of MEKK4 at T!**%*/*in the kinase activation loop, leading to its
activation ?°!. Of note, our phosphoproteomic analysis identified MEKK4 to be differentially phosphorylated
by BMP9 and BMP10 at S'2°2 which will be worth to further study in the future.
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A transcriptional step for downstream signaling in response to BMP9 in ECs has been previously described 4,
It was shown that BMP9 and BMP10 induce a rapid (within 1 h) expression of SGK1 (Serum/glucocorticoid-
regulated kinase 1) mRNA in HUAEC “*. Subsequently, another group showed that SGK1 synthesis is needed
for BMP9-mediated regulation of the mTORC1/P70S6K/S6 axis “4. Our phosphoproteomic study identified
P70S6K-S*’ phosphorylation in response to BMP9 and BMP10 (Tables S2), but we were not able to validate
this site by Western Blot. Notably, this pathway has been shown to be activated in telangiectasias of HHT
patients [46],

Together, our observations indicate the following scenario for BMP10 signaling (Fig. 8). BMP10 activates its
receptor ALK1, which phosphorylates SMAD1, resulting in the formation of an active SMAD1/SMAD4 complex
that translocates to the nucleus. This will regulate the expression of many immediate early genes including
GADDA45B. Subsequently, GADD45p activates MEKK4, which phosphorylates MKK3/6, leading to the activation
of P38 MAPK. Activated P38 will then induce the activation of MK2, which subsequently phosphorylates HSP27-
S78/82 Activated P38 will also phosphorylate Eps15-5S7%, independently of MK2. Our data also show that P38 is
implicated in the regulation of several genes downstream of BMP10 (E-selectin, HAS2, and PTGS2), supporting
at least two groups of genes regulated by BMP10: those that are SMAD-dependent and those that are SMAD-
and P38-codependent. Notably, TGFB-induced P38-MSK1 activation has been shown to be GADDA45-
dependent 7). We have also identified BMP9- and BMP10-induced phosphorylation of MSK2, though we
couldn’t validate it by western blot.

We found that BMP9 and BMP10 stimulations induce the phosphorylation of Eps15-57%6. This site has been
previously described to be phosphorylated in response to TNFa, EGF, IL-1B 125!, However, the effect of this
phosphorylation remains unknown. It has been shown that Eps15, along with its homologous protein Eps15R,
act as scaffold proteins with multiple domains. These include EF-H and protein-binding modules that interact
with endocytic proteins, Grb2/AP2 binding sites involved in endocytosis of many receptors including EGFR
(24481 "and ubiquitin-binding domains (UIMs) 1 1 |nterestingly, S7° is located between Grb2/AP2 binding
domains and the C-terminal UIM domain, suggesting a role in clathrin-mediated endocytosis. A direct
interaction between Eps15R and BMPRII has been also previously described P°. Eps15R interaction with
SMAD1 was found to be required for BMP signalling in xenopus animal caps Y. Together, these results support
functional links between Eps15R and the BMP pathway. Due to the similarity between the functional domains
of Eps15 and Eps15R, these studies suggest that Eps15 might also interact with BMP receptors and contribute
to their endocytosis and/or downstream signaling in ECs.

Our phosphoproteomic analysis revealed that both BMP9 and BMP10 induced the phosphorylation of HSP27.
HSP27 phosphorylation has been shown to be implicated in many biological processes including apoptosis,
proliferation, migration, differentiation, transcriptional regulation and cytoskeletal organization 2%, HSP27
phosphorylation causes the disassembly of large oligomers and the release of actin, which promotes actin
polymerization in many cell types 5>°¢!. An important role of HSP27 in ECs is the regulation of actin filament
remodelling and EC barrier function 7%, Interestingly, it was recently shown that in ECs, BMP2- and BMP6-
induced HSP27 phosphorylation via P38 promoted endothelial cell migration Y. Although HSP27
phosphorylation site was not mentioned in this study, the time of stimulation used (45 min) is in accordance
to the kinetic phosphorylation of P38 and HSP27 observed in response to BMP10 in our work, thus suggesting
that other BMPs could activate this P38/HSP27 pathway in a similar manner. Our study also identified LIMK1-

$31% phosphorylation to be down-regulated in response to BMP9 and BMP10 (Tables S2). LIMK1 regulates actin
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Fig. 8. BMP9/BMP10/ALK1 Signaling drives the regulation of direct and indirect pathways in ECs
Binding of BMP9 and BMP10 (BMP9/10) to ALK1 along with a type Il receptor on ECs mediates the activation of ALK1, leading to the initiation
of direct and indirect pathways. The direct pathway involves the SMAD cascade, where activated ALK1 phosphorylates the C-terminus of

SMAD1 and SMADS, allowing the recruitment of SMAD4, forming a trimeric SMAD complex. This trimeric SMAD complex subsequently
translocates to the nucleus, where it binds to the promoters of target genes with the assistance of other transcription factors (TFs), thereby
regulating their expression levels. Among these, BMP9/10 induce the expression of GADD45, an activator of MEKK4, which mediates indirect
activation of P38/MK2 signaling axis by these ligands. In this cascade, P38 phosphorylates Eps15-57%, while MK2 phosphorylates HSP27-578/82,
where these proteins been described to play important roles in endocytosis and cytoskeleton organization, respectively. Additionally, P38
activation regulates a subset of BMP9/10-induced genes, including SELE, HAS2, and PTGS2. On the other hand, BMP9/10 downregulates the
CDK4/6 pathway leading to inhibition of G1/S transition and cell cycle arrest. Curved rectangles represent proteins and genes, while grey filled
rectangles represent pathways. Proteins identified by phosphoproteomics and that were validated are highlighted in red, except for ID1, which
was identified through total proteome analysis. Phosphorylated residues with increased abundance in response to BMP9 and BMP10 are
marked in red, while those displaying decreased abundance are marked in blue.Orange rectangles represent kinases/pathways/processes
revealed through bioinformatics analyses. Violet rectangles represent other identified targets in this study, while black rectangles represents
proteins/processes described in literature. Dashed lines represent unknown mechanism.

dynamics by phosphorylating cofilin, which leads to actin depolymerization. LIMK1 has been shown to interact
with BMPRII, and the interaction between LIMK1 and BMPRII inhibited LIMK1's ability to phosphorylate cofilin,
which could then be alleviated by the addition of BMP4 62 11 While it was also shown that VEGF induces
LIMK1 phosphorylation at $310/323 yia MKK4/P38/MK2 axis in HUVECS, only LIMK1-$323 was involved in VEGF-
induced actin remodelling and cell migration 3. LIMK1 phosphorylation might thus be an interesting hit to be
further studied, given the role of actin turnover in cell migration and the involvement of cell migration in the
development of HHT arteriovenous malformations (AVMs) ©4,

Our work also revealed that BMP9 and BMP10 treatment induce the differential phosphorylation of the key
endothelial transcription factor ERG (Fig. 6). We could validate that BMP9 and BMP10 induce ERG-Serine
phosphorylation and decreased ERG-S?*® phosphorylation. It was previously demonstrated that ERK2
phosphorylates ERG at $°%/215/276 but that only S?*°> was required for ERG activity in prostate cancer cells 3%, On
the other hand, the role of ERG-S*’® phosphorylation remains uncharacterized. It has been previously shown
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that VEGF induced ERG-S**> phosphorylation within 15-30 min in ECs and that this phosphorylation was
important to regulate DIl4 expression 3. Interestingly, we found that BMP10 stimulation inhibited VEGF-
induced ERG-S?*> phosphorylation (Fig. 6). Of note, it was shown that ERG silencing caused a reduction in ALK1
signaling in HUVECs ®°!. We were not able to go further into the mechanism of ERG phosphorylation induced
by BMP10, nor the functions of these phosphorylated sites. Nevertheless, given its critical roles in ECs, ERG is
certainly a target that would be worth studying in the future, to better understand the role of BMP9 and
BMP10 in this context.

Our study highlighted a role played by BMP9 and BMP10 in the inhibition of endothelial cell cycle (Fig. 7), in
accordance with the known role of BMP9 and BMP10 in vascular quiescence 2. However, the molecular
mechanism leading to inhibition of EC proliferation by BMP9 or BMP10 remains poorly understood. Our
phosphoproteomic study was able to highlight a BMP9- and BMP10-initiated anti-proliferative signal within a 30
min stimulation. However, by looking carefully at the downstream-matched substrate phosphosites of the
kinases identified by the Kinswing analysis, we could not find any phosphoprotein that had been previously
described and that we could try to validate (Table S2). It has been demonstrated that BMP9 suppresses
proliferation of HAECs by modulation of various cell cycle-related proteins (P21%?, P27X?, cyclin D1) (Rostama et
al. 2015). This inhibition was shown to be SMAD1/5-dependent and required the expression of the CDK4/6
inhibitor P27, We found that BMP10 stimulation rapidly reduces the mRNA expression of three cell cycle
regulatory genes (CCND1, CCNA1, and E2F2) within just 2 hours, and confirms the induction of P27%"! protein
after 18 hours. Accordingly, it was recently shown that cell cycle progression-mediated the loss of arterial
identity and the formation of AVMs in Smad4™t¢ pups. Interestingly, Palbociclib (CDK4/6 inhibitor) inhibited
reduced AVM formation and rescued the excessive vascular front density in these mice [¢7),

All in all, our study revealed 419 differentially regulated phosphosites after a 30 min stimulation by BMP9 and
BMP10 in HUVECs. Although we could validate and decipher the mechanisms for several important hits and
pathways, we could not study all of them due to the lack of specific tools, such as particular phospho-specific
antibodies. However, with the development of such tools, we hope that the vascular biology community would
benefit from this unique high-throughput phospho-proteomic study of BMP9 and BMP10-mediated signaling to
further characterize the roles of these 2 ligands, both under physiological conditions but also in pathological
vascular diseases, such as HHT and PAH.

Materials and Methods

Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza and cultured in endothelial basal
medium-2 (EBM-2) supplemented with EGM-2MV SingleQuot additives (fetal bovine serum (FBS), hEGF,
hydrocortisone, VEGF, hFGF-B, R3-IGF-1, ascorbic acid, GA-1000, and heparin; Lonza)). Murine NIH-3T3
fibroblasts were maintained in high glucose, sodium pyruvate and GlutaMAX-supplemented Dulbecco’s
modified Eagle medium (DMEM; Gibco) with 10% FBS (Biosera) and 1% Penicillin/Streptomycin (Gibco). Cells
were incubated at 37 °C in a humidified atmosphere containing 5% CO2.

Reagents

Recombinant human BMP9 and BMP10 were purchased from R&D systems (Catalog # 3209-BP and 3956-BP,
respectively). LDN193189 was purchased from Sigma (Catalog # SML0559). SB203580 (Catalog # 1202) and PF-
3644022 (Catalog # 4279) were purchased from Tocris Bioscience. Actinomycin D and DRB were purchased
from Sigma (Catalog # 50-76-0).
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Workflow for Phosphoproteome Sample Preparation

Stimulation and Cell lysis

HUVECs were starved for 6h in EBM-2, after which they were stimulated or not for 30 min with 10ng/ml of
BMP9 or BMP10. Stimulations were repeated two times with 3 biological replicates/condition in the first time
and 2 biological replicates/condition in the second time generating 5 biological replicates/condition. Cells were
then lysed on ice with urea lysis buffer (8M Urea, 50mM Tris-HCl pH 8, 75Mm NaCl, 1ImM EDTA) supplemented
with protease inhibitor cocktail (P8340) and phosphatase inhibitor cocktails 2 (P5726) and 3 (P0044) purchased
from Sigma. Lysates were prepared as described in Western blotting section, and protein concentrations were
determined using a u-BCA assay kit (Thermo Scientific).

Sample preparation

1mg proteins from each sample was used to prepare samples for nLC-MS/MS analyses. Extracted proteins
were reduced using 20mM of dithiothreitol for 1h at 37°C before alkylation with 55mM of iodoacetamide for
1h at 37°Cin the dark. Samples were then diluted to % using ammonium bicarbonate and digested with LysC
(Promega) at a ratio of 1:200 for 4 hours at 37 °C. Then they were diluted again to % and digested overnight at
37 °C with sequencing grade-modified trypsin (Promega) at a ratio of 1:50. Resulting peptides were purified by
C18 reverse phase chromatography (Sep-Pak C18, Waters) before drying down.

Peptides were then labelled using 16plex TMTpro isobaric Label Reagent kit (ThermoFisher Scientific) before
mixing equivalent amounts and desalting using C18 reverse phase chromatography (Sep-Pak C18, Waters).
Labelled peptides were split into three different aliquots: ~60ug for proteome wide analysis, and 2 aliquots of
~7mg for generating 2 technical replicates of phosphopeptide enrichment. Phosphopeptide enrichment was
performed using titanium dioxide beads (TitanSphere, GL Sciences, Inc.) as previously described ®8 before
purification using C18 reverse phase chromatography (Marco SpinColumns, Harvard Apparatus).
Isobaric-labelled peptides from total proteome and phosphoproteome were fractionated into eight fractions
using the Pierce High pH Reversed-Phase Peptide Fractionation Kit (ThermoFisher Scientific)following the
manufacturer’s instructions.

nLC-MS/MS analyses

Each fraction was analyzed by nLC-MS/MS (Ultimate 3000 RSLCnano and Q-Exactive HF, Thermo Fisher
Scientific) using a 240 minutes gradient. For this purpose, the peptides were sampled on a precolumn (300 um
X 5 mm PepMap C18, Thermo Scientific) and separated in a 200 cm PUPAC column (PharmaFluidics). The MS
and MS/MS data were acquired by Xcalibur version 2.9 (Thermo Fisher Scientific).

Data analysis

Peptides and proteins were identified and quantified using MaxQuant version 1.6.17.0 %, the UniProt
database (Homo sapiens taxonomy, 20211014 download) and the database of frequently observed
contaminants embedded in MaxQuant. Trypsin/P was chosen as the enzyme and 2 missed cleavages were
allowed. Peptide modifications allowed during the search were: Carbamidomethyl (C, fixed), Acetyl (Protein
N-term, variable), Oxidation (M, variable), and Phospho (STY, variable). Minimum peptide length and minimum
number of razor+unique peptides were respectively set to seven amino acids and one. Maximum false
discovery rates - calculated by employing a reverse database strategy - were set to 0.01 at peptide-spectrum
match, protein and site levels. Peptides and proteins identified in the reverse and contaminant databases, and
proteins only identified by site were discarded. Only class | phosphosites (localization probability > 0.75) and
phosphosites and proteins quantified in all replicates of at least one condition were further processed. After
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log2 transformation, extracted corrected reporter abundance values were normalized by Variance Stabilizing
Normalization (vsn) method in Prostar 7%,

Phosphoproteomic data quality control (QC)
Output of Prostar was loaded into R software (version 4.2.1) (https://www.R-project.org/). Initial quality
control was performed using PCA, unsupervised clustering (hierarchical clustering and k-means clustering), and
sample cross-correlation. Function ‘removeBatchEffects’ of ‘limma’ package (version 3.54.2) ¥ was used to
correct for batch effects between treatments that were performed on two different days, and batch effects
were denoted using design matrix in the downstream analysis. As sample BMP9-3 came as possible outlier
during QC, ‘lof’ function of ‘dbscan’ package (version 1.1-11) " was used to measure local outlier factor (LOF).
In addition to LOF, distance from the median in PCA space was used to determine that BMP9-3 is indeed the
outlier (Fig. S1B). Same process was repeated for both technical replicates and for the proteomic data. QC was
repeated to confirm that batch effects and outliers were successfully treated.
Differential phosphorylation analysis (DPA)
DPA was performed using ‘limma’ package Y. Phosphoproteomic data consisted of two technical replicates,
with 7565 phosphosites quantified in both technical replicates (“overlapping phosphosites” in further text) and
2326 (resp. 2888) phosphosites were quantified only in dataset from technical replicate 1 (resp. technical
replicate 2). DPA was performed on each technical replicate individually, as well as on overlapping
phosphosites (“combined analysis” in further text). Design matrix was used to denote batch effects, and in
case of overlapping phosphosites, technical replicates. All P.values were corrected for multiple testing using
Benjamini-Hochberg procedure, to obtain adjusted P.values (FDR). Log fold change values and P-adjusted
values to be used in downstream analyses were selected such that:

1. For overlapping phosphosites, values were retrieved from the combined analysis;

2. For other phosphosites, values were retrieved from the analysis corresponding to dataset in

which phisphosite was quantified.

Phosphosite is considered differentially expressed if FDR value was lower than 0.05, and absolute log fold
change value was higher than 0.1. Threshold of 0.1 is selected such that 90% of the phosphosites, that have
FDR value of 0.05, fall above this threshold.
For the proteomic data, differential expression analysis was performed using “limma” package "Y1, Since batch
effects were detected in proteomic data as well, design matrix was used to denote batch effects.

Gene Ontology (GO) overrepresentation analysis

GO over-representation analysis was performed using list of genes that encode for proteins that were
differentially phosphorylated. Analysis was performed using the Metascape online tool
(https://metascape.org/), accessed on 24" of August, 2023 73, while using the Biological Processes part of GO.

Using the online tool incorporated in Metascape, significantly enriched GO’s were clustered based on semantic
similarity. Additionally, clustering was manually annotated to improve understandability.

KinSwing analysis

KinSwing analysis was performed using the ‘KinSwingR’ package (version 1.16.0) *°l. As an input, KinSwing
takes results of DPA (Fold change and P.value) as well as Position Weigh Matrices (PWM). PWM was built based
on kinase-substrate interaction data, based on PhosphoSitePlus which is included in KinSwingR package, using
the “buildPWM’ function. Redundancies in data, caused my multiplicity, were removed by retaining ones that
have higher Fold change and higher —logio(p.value). KinSwing analysis was performed on flanking sequence
(SITE_+/-7_AA).
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Gene set enrichment analysis (GSEA) based on PTMsigDB

GSEA was performed using the ClusterProfiler(version 4.6.2) /¥ R package. PTMsigDB 23! was obtained from
WebGestalt using the “WebGestaltR” (version 0.4.6, accessed on 24/08/2023) R package. GSEA sorting vector
was built using the flanking sequence (SITE_+/-7_AA), and sorted based on log fold change obtained from DPA.
Redundancies due to multiplicity were dealt with in same way as for KinSwing analysis (see above). GSEA
exponent (weights) parameters was set to 0.75 (1 default) in order to flatten the log fold change values
distribution.

Site-directed mutagenesis

Plasmids encoding ALK1 mutations were generated using PCR-based site-directed mutagenesis,
whereby a pcDNA3-1(+) plasmid encoding the wild-type (WT) N-terminal HA-tagged ALK1 was
modified using the QuikChange Lightning kit (Agilent) following the manufacturer’s instructions. The
mutated plasmids were subsequently subjected to full sequencing (Eurofins) to verify the presence
and location of the mutations. Primer sequences utilized for mutagenesis are listed in supplementary
table x.

Western Blotting

Following stimulations with BMP10, cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and lysed in a Tris-based lysis buffer supplemented with protease inhibitor cocktail (P8340) and
phosphatase inhibitor cocktails 2 and 3. Equal protein quantities (10-20ug) were then resolved by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) on 4-20% Precast Protein Gels (Bio-rad) and transferred
onto a nitrocellulose membrane using Mini Trans-Blot system (Bio-rad). Membranes were blocked with
instant block buffer (Sigma) and subsequently probed with indicated primary antibodies (table S4).
Membranes were incubated with enhanced chemiluminescence substrates (ECL; Bio-rad) or SuperSignal™
West Femto Maximum Sensitivity Substrate (Thermo Scientific™ Catalog number: 34094) and images
were developed using ChemiDoc™ Imaging System (Bio-Rad). Chemiluminescent signal intensity was
quantified with the Image lab software V6.1 (Bio-Rad). All measurements were performed within the
linear range and were normalized to the non-phosphorylated total protein or HSP90 loading control.

RNA extraction and RT-qPCR

Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) following the manufacturer's
instructions. 500ng of RNA was then reverse-transcribed into cDNA using the iScript cDNA Synthesis Kit
(Bio-Rad). Reverse transcription quantitative PCR (RT-qPCR) was then performed using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Real-Time System (Bio-Rad). Data analysis was
conducted utilizing the CFX Manager Software V3.1 (Bio-rad), then gene expression levels were calculated
utilizing Livak's 222 method using HPRT as housekeeping gene, and results were presented as fold change
relative to control unstimulated samples. All primer sequences used for RT-qPCR were pre-designed using
primer blast tool and purchased from sigma. Table X summarizes all the genes assessed by RTqPCR with

their respective primer mixes.

RNA interference

HUVECs were transfected with either a scrambled Silencer Negative Control #1 siRNA (siScr; AM4611,
Ambion), pre-designed siRNA (Thermofisher) directed against human SMAD4 (siSMAD4; assay ID s8405)
or human GADD45B (siGADD45B; assay ID s) at a final concentration of 10nM in 1ml of Opti-MEM (Gibco)
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using 2.5uL/well Lipofectamine RNAIMAX Transfection Reagent (Invitrogen). 48h post-transfection, cells
were serum starved in EBM2 for 6h and were then stimulated or not with 10ng/mL BMP10 for 30 mins.

Cell cycle analysis by Flow cytometry

HUVECs were synchronized by a 48h starvation in EBM2 containing 0.5% FBS. Next, cells were stimulated
or not with BMP10 (10ng/ml) overnight in EBM2 supplemented with 0.5% or 5% FBS. For the analysis of
cell cycle progression, actively proliferating cells were detected using Click-iT™ Plus EdU Alexa Fluor™ 647
(Invitrogen) according to the manufacturer’s instructions with minor modifications. Thirty thousand cells
were analyzed on the FACS Calibr () and data were analyzed using FCS Express Flow Cytometry Software
version x.

BRE Luciferase assay

NIH-3T3 cells were transfected in Opti-MEM (Invitrogen) using lipofectamine 2000 (Invitrogen) with 75ng
pGL3(BRE)2-luc, 30ng pRL-TKIuc and 5ng of plasmids encoding either HA-tagged WT or generated mutants
for ALK1. Five hours post transfection, cells were stimulated with or without recombinant human BMP10
(100 pg/mL) for 18 hours. Firefly and renilla luciferase activities were sequentially measured with twinlite
Firefly and Renilla Luciferase Reporter Gene Assay System (Perkin Elmer) using the TECAN SPARK
multimode microplate reader (Thermofisher). Final luciferase activities were reported as folds of firefly
luciferase activities normalized to renilla luciferase activities.

Data and materials availability:
MS data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository 7*! with
the dataset identifier PXD044952.
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Supplementary Table 4. Primary antibodies.

List of primary antibodies used for western blotting and immunoprecipitation

Antibody Supplier | Reference Dilution Incubation
conditions
pSMAD1/5 $463/465 Cell Signaling|9516 1/1000 O.N at 4°C
pP38T180/Y182 Cell Signaling|4511 1/1000 O.N at4°C
P38 Cell Signaling|9212 1/1000 O.N at4°C
pEps15 7% Dr. Hiroaki Sakurai 2° 1/1000 0O.N at 4°C
Epsl5 Santa Cruz|sc-390259 1/500 O.N at 4°C
pHSP27 S78/82 R&D Systems|AF2314 1/1000 O.N at4°C
HSP27 Cell Signaling|95357 1/1000 O.N at4°C
ID1 Santa Cruz|sc-133104 1/500 O.N at 4°C

HSP90 Cell Signaling | 4877 1/1000 1h RT
SMAD4 Cell Signaling|9515 1/1000 O.N at4°C
ERG Cell Signaling|97249 WB: 1/1000 O.N at4°C

IP: 0.2ug/750ug lysate in 500l
pERG 5215 Dr. Peter Hollenhorst 1/1000 O.N at 4°C
[30]

Phosphoserine (pSer) Sigma |P5747 1/500 O.N at 4°C
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Supplementary Table 5. RT-qPCR primers.

List of forward and reverse primers used for quantitative RT-qPCR designed using Primer-Blast on
GenBank sequences. All listed primer pairs are separated by at least one intron on the corresponding
genomic DNA or span an exon-exon junction.

Target GenBank Forward (5°-3’) Reverse (5’-3’)
Gene sequence
accession number

ID1 NM_181353.3 CTGCTCTACGACATGAACGGC TGACGTGCTGGAGAATCTCCA
SMAD6 NM_005585.5 CCTACTCTCGGCTGTCTCCT GAATTCACCCGGAGCAGTGA
PTGS2 NM_000963.4 TAGGAATGTTCCACCCGCAGTACAG  CAGCATCGATGTCACCATAGAGTGC
HAS2 NM_005328.3 TGTGGATTATGTACAGGTTTGGTGA GACATCTCCCCCAACACCTC
SELE NM_000450.2 CCTGCAGTGGCCACGGTGAAT CCAGGCTTCCATGCTCAGGGG
GADD456 NM_015675.4 GACATCAACATCGTGCGGGT GTCCGTGTGAGGGTTCGTG
CCND1 NM_053056.3 CCAAAATGCCAGAGGCGGA AGGGCGGATTGGAAATGAAC
CCNA1 NM_001413923.1 CAGATTTCGTCTTCCAGCAGCAG ACTCCACTCTTGGGGTTGCT
E2F2 NM_004091.4 CGCATCTATGACATCACCAACG AAACATTCCCCTGCCTACCCAC
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Fig. S1. Combining Technical Replicates 1 and 2 and Identifying BMP9-3 as an Outlier:

Scatter plot comparing log2 fold change values of phosphosites between Technical replicate 1 (y-axis) and technical replicate 2 (x-axis),
for samples treated by by (A) BMP9 and (B) BMP10. Pearson’s correlation coefficient (r) is reported. (C) Identification of sample BMP9-
3 as an outlier by measuring local outlier factor (LOF) (y-axis) and modified Z-score (x-axis).
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Fig. S2. BMP9 and BMP10 induce P38, HSP27 and Eps15 phosphorylations in HUVECs

HUVECs were stimulated with 10 ng/mL BMP9 or BMP10 for 30 min. Cell extracts were subjected to western blotting (WB) analysis
using antibodies against phosphorylated (p) P38-T180/y182 P38, pHSP27-578/82, HSP27, pEps15-57%, Eps15, pSMAD1/5-5%63/465and HSP90
(loading control). Quantification of phosphorylation for P38, HSP27 and Eps15 was normalized to their respective total protein content.
Data are presented as mean fold change (BMP9-vs-NS or BMP10-vs-NS) + SEM of n=2 independent experiments.
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Fig. $3. BMP10 induces P38, HSP27 and Eps15 phosphorylations in a dose-dependent manner in HUVECs

HUVECs were stimulated with different doses of BMP10 (0.1, 1 or 10 ng/mL) for 30 min. Cell extracts were subjected to western
blotting (WB) analysis using antibodies against phosphorylated (p) P38T18/Y182 p38, pHSP27-578/82, HSP27, pEps15-57%, Eps15,
pSMAD1/5-5%63/465 |D1 and HSP90 (loading control). Quantification of phosphorylation for P38, HSP27 and Eps15 was normalized to
their respective total protein content, except for pSMAD1/5 and ID1, which were normalized to HSP90. Data are presented as mean

fold change (BMP10-vs-NS) + SEM of n=2 independent experiments.
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Fig. S4. BMP10 induced P38, HSP27 and Eps15 phosphorylations are inhibited by DRB transcription inhibitor

HUVECs were pre-treated either with vehicle or the transcription inhibitor DRB (5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside)
(100 uM) for 30 min, then stimulated with 10ng/mL BMP10 for another 30 min. Cell extracts were subjected to western blotting
(WB) analysis using antibodies against phosphorylated (p) P38T18/Y182 P38, pHSP27-578/82, HSP27, pEps15-S7%, Eps15, pSMAD1/5-
$463/465 |D1 and HSP90 (loading control). Quantification of phosphorylation for P38, HSP27 and Eps15 was normalized to their
respective total protein content. Data are presented as mean fold change (BMP10-vs-NS) + SEM of n=2 independent experiments.
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Fig. S5. BMP10 induces GADD45R mRNA expression in HUVECs that is inhibited by siGADD458

(A) HUVECs were stimulated with different doses of BMP10 (0.1, 1 or 10 ng/mL) for 30 min. RT-qPCR analysis was then performed
to determine mRNA expression of GADD45. Target gene expression was normalized to HPRT mRNA level using 2-22¢t method and
presented as fold induction (BMP10-vs-vehicle) £+ SEM of n=2 independent experiments. (B) HUVECs were treated either with
scrambled siRNA (siCTL) or siRNA against GADD45B (siGADD45B) for 48 h, followed by stimulation with 10ng/mL BMP10 for 30 min.
RT-gPCR analysis was then performed to determine mRNA expression of GADD45p. Target gene expression was normalized to HPRT
mMRNA level using 2-84Ct,
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5.4 Discussion of the Main Findings of the Phosphoproteomic Study
5.4.1 BMP9 vs BMP10 phosphoproteomic profiles

Our MS Phosphoproteomic analyses revealed highly similar phosphoproteomic profiles for
BMP9 and BMP10. Despite not exhibiting a complete overlap in DPSs, we observed that the
LFCs associated with DPSs regulated by each ligand were highly correlated, with Pearson’s
correlation coefficient of 0.96 (manuscript 1, Fig. 2C). This correlation analysis highlighted few
DPSs which looked different between the two ligands. These were RNA-binding protein 12
(RBM12)-5%13, scaffold attachment factor B1 (SAFB1)-S°%, and Cyclin dependent kinase
inhibitor 2A interacting Protein CDKN2AIP-5%%8, However, none of these sites were previously
described or had any antibodies so that we could validate. Nevertheless, this shows that the
distinct DPSs identified for each ligand share similar regulatory patterns by both ligands, but
they failed to reach the LFC or statistical threshold with one of the two ligands. These results
strongly suggests that both BMP9 and BMP10 act as equivalent ligands of ALK1 in-vitro in ECs.
This is in accordance with conclusions derived from transcriptomic studies that revealed highly
similar responses of ECs to both ligands [325], as well as with recent unpublished work
conducted in our team (Al Tabosh et al., under revision-Annex 1).

5.4.2 Differential Phosphorylation of ALK1 by BMP9 and BMP10

Binding of BMP9 and BMP10 to their high-affinity receptor ALK1 is thought to trigger the
phosphorylation of its GS domain by the type-Il receptor and subsequent initiation of signal
transduction [334, 345]. However, in reference to phosphositeplus database [570], the precise
phosphorylation sites within the GS domain of ALK1 in response to these ligands have never
been characterized. Our MS analysis showed that both BMP9 and BMP10 induced differential
phosphorylation of ALK1 at 2 sites, S155 and S161. These sites are located in the
juxtamembrane domain, directly upstream to the GS domain. We did not detect any
phosphorylation sites within the GS domain itself. However, this observation aligns with
phosphositplus database [570] as well as a previous phosphoproteomic profiling study of
TGFB, where phosphosites within the GS domain of ALK5 have never been identified using any
large-scale MS analysis [565]. The challenge in this latter has been attributed to the prediction
that tryptic digestion of type-I receptors results in a large hydrophobic peptide (bearing the
GS domain) that is difficult to detect by MS [565]. Phosphosites within the GS domain of ALKS5,
a well-studied member of type-I receptor family, were characterized back in 1994-1995 [84,
105]. Back then, the authors highlighted the crucial serine and threonine sites within the GS
domain, which, upon phosphorylation by the type-Il receptor, results in the activation of ALKS.
Moreover, they showed that mutation of two or more of these residues impairs TGFB/ALK5
downstream signaling. In 1996, two studies identified phosphorylation of S165, S172 and
T176, within the juxtamembrane domain of ALK5, positioned directly upstream the GS domain
[571, 572]. Mutations in S165 led to enhanced TGF-B1-mediated growth inhibition and
extracellular matrix formation, while decreased TGF-B1-induced apoptosis, without affecting
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transcriptional luciferase activity [571]. Saitoh et al demonstrated that S172A and T176V
mutations in ALK5 exhibited impaired capacity of TGF-B1-mediated growth inhibition but not
extracellular matrix protein production [572]. These are the only two studies which
highlighted that ALK5 phosphorylation in the juxtamembrane region upstream of the GS
domain plays an important role in some TGFB-triggered functional outcomes. While both
studies suggest that these sites seem to play distinct role from activating the canonical
signaling by TGFB, their conclusions on their functional roles on proliferation were
contradictory. Interestingly, our study highlighted a parallel pattern with ALK1 where
BMP9/BMP10 induced phosphorylation of S155 and S161. Mutation of these sites were
dispensable for BMP10-iduced BRE luciferase activity, as previously demonstrated for ALK5
[571]. These results supports that these sites do not alter the canonical SMAD pathway, but
might contribute to other BMP9 and BMP10 functional outcomes, as previously described for
TGFB/ALKS [571, 572]. However, exact functions of juxtamembrane domain phosphosites in
response to TGFB or BMPs remains poorly understood.

5.4.3 BMP9/10-induced phosphorylation of P38, Eps15 and HSP27
and their Potential Roles of in ECs

As previously mentioned, our analysis highlighted strong activation of P38 MAPK signaling by
BMP9 and BMP10 through phosphorylation of several proteins which have been well
described in this pathway. These include P38, Eps15, MSK2, MEKK4, and HSP27. Moreover,
bioinformatics analysis highlighted strong enrichment of MK2, downstream kinase of P38.
Among these, we validated the phosphorylation of P38-Y82, Eps15-57%, and HSP27-S78/82,
Eps15-S7°¢ has been shown to be phosphorylated by P38 [573], while HSP27 has shown to be
a well characterized substrate downstream of MK2 [204].

5.4.3.1 P38 MAPK Pathway Activation

Our findings using different experimental approaches suggests the following model for BMP10
(and likely BMP9)-induced activation of P38 MAPK signaling in ECs (manuscript 1, Fig. 8).
BMP10 initiates it’s signaling by activating ALK1 receptor, which leads to the phosphorylation
of SMAD1 and subsequent formation of an active SMAD1/SMAD4 complex. This complex then
translocates into the nucleus to regulate the expression of downstream target genes,
including the newly identified target GADD458B, an activator of MEKK4. Subsequently,
GADDA45B activates MEKK4, which further results in the activation of MKK3/6, eventually
leading to the activation of P38 MAPK. P38 phosphorylates several downstream targets
including Eps15 and MK2, where MK2 in turn phosphorylates HSP27. Noteworthy, this
mechanism has been previously demonstrated for TGFB in non-ECs about two decades ago
[174]. To our knowledge, GADD45p has been mainly studied in response to TGFpB, but it was
also described once that BMP2 rapidly induced by GADD45 expression in chondrocytes [574].

The initial discovery of MEKK4 activation by GADD45B was established by Saito et al [173,
575]. They illustrated that the binding of GADD45B to the N-terminus of MEKK4 leads to
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structural modifications, facilitating its interaction with and phosphorylation of downstream
MAPK components, including MKK6 [173]. Further mechanistic investigations revealed that
GADDA458B binding of MEKK4 stimulates its dimerization, followed by MEKK4-T14%4 (=T%483 jn
mouse) auto-phosphorylation within the kinase activation loop and subsequent activation
[576, 577]. We demonstrated that BMP10 increased the expression of GADD453. Moreover,
phosphoproteomic analysis identified differential phosphorylation of MEKK4-5'%°2 by BMP9
and BMP10. Despite the fact that the role of this site has never been characterized, it will be
interesting to examine whether this phosphorylation is GADD45B-dependent, and whether it
plays a role in MEKK4 activation and downstream signaling.

Moreover, our results also highlighted differential phosphorylation of MSK2-T%7, another
kinase downstream of P38, but we were not able to validate this phosphorylation due to the
poor quality of the antibody (data not shown). Notably, it has been shown that TGFB-induced
P38-MSK1 activation was GADD45p dependent [578], suggesting that GADD45B may also play
a role in BMP9/10-induced MSK2 phosphorylation.

Two previous studies have highlighted a role of P38 and TAK1 in BMP9-induced expression of
endothelin-1 (ET-1) in HPAECs [360] and HMVECs [349]. They demonstrated that this ET-1
induction takes place following 16 h of BMP9 stimulation (HPAECs) or 8 hours (HMVECs), with
BMP9 concentrations used ranging from 1 to 2.5 ng/mL. However, they did not explain the
underlying mechanism of this regulation. In our study, we have demonstrated several key
mechanistic steps for the activation of P38 signaling by BMP10 in ECs. We also showed that
BMP10-induced activation P38 plays important roles in the regulation of a subset of BMP10
target genes (SELE, PTGS2, and HAS2), further supporting a role of P38 in the transcriptional
events downstream of BMP10 signaling. Therefore, it would be interesting to study the
transcriptional and subsequent functional roles of BMP10-induced activation of P38 MAPK
signaling in ECs.

5.4.3.2 Epidermal growth factor receptor substrate 15 (Eps15)

Eps15-57°¢ has been shown to be phosphorylated in response to various stimuli including
TNFa, EGF, IL-1B, and was shown to be mediated through TAK1 and P38 kinases [573], which
was further confirmed for BMP10 in our study. Interestingly, this site has never been described
for any member of TGF-B superfamily and in ECs. However, the effect of Eps15-S7°¢
phosphorylation remains yet unidentified. It has been suggested that Epsl15, along with its
homologous protein Eps15R (encoded by EPS15L1), act as endocytic adaptors and play a role
in controlling membrane morphology and endocytosis of several cell surface receptors,
including EGFR (epidermal growth factor receptor) [579, 580]. Eps15 and Eps15R share about
41% identical and 61% similar sequences [581]. These proteins act as scaffold proteins with
multiple domains, including EH protein-binding modules that interact with endocytic proteins,
sites binding to AP2 involved in endocytosis, and ubiquitin-binding domains (UIMs) [573, 581].
It has been reported that Eps15 interacts with AP2 through amino acids 666737 and Grb2
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around Pro-768 [582, 583]. Interestingly, Ser-796 is located between Grb2-/AP2 - binding
domains and the C-terminal UIM (ubiquitin-interacting motifs) domain, suggesting a role in
clathrin-mediated endocytosis. Interestingly, the group of Petra Knaus discovered a co-
localization and a direct interaction between Eps15R and BMP2R [127]. Another study showed
that Eps15R interacts with SMAD1 and is required for BMP signalling in animal caps, providing
an interesting first functional link between Eps15R and the BMP pathway [584]. Due to the
similarity between the functional domains of Eps15 and Eps15R, these studies suggest that
Eps15 might also interact with BMP receptors and contribute to their endocytosis and/or
downstream signaling in ECs. Interestingly, unpublished work has shown that both Eps15 and
Eps15R play important roles in regulation of Notch signaling exclusively in the signal-sending
cell (https://air.unimi.it/handle/2434/263596).

5.4.3.3 Heat shock protein 27 (HSP27)

Heat shock protein 27 (HSP27) is a small molecular chaperone which forms large oligomers
that bind to monomeric actin and prevent actin polymerization [585, 586]. HSP27 is one of the
best characterized substrates for MK2 [204], a downstream kinase that can be activated
mainly by P38 [587] but also by ERK MAPK [588]. Phosphorylation of HSP27 causes the
disassembly of large oligomers and the release of actin, which promotes actin polymerization
[585, 589]. In reference to the phosphositplus database, many studies have demonstrated
that HSP27 can be phosphorylated at several key residues including S15/78/82, which
subsequently mediated several effects on HSP27 including its activity, nuclear translocation,
and stability. Consequently, HSP27 phosphorylation has shown to be implicated in many
biological processes including apoptosis, proliferation, differentiation, transcriptional
regulation and cytoskeletal organization in different cell types [590-592].

Our phosphoproteomic analysis highlighted that both BMP9 and BMP10 induced
phosphorylation of HSP27-S15/82/83 \which was further validated for BMP10 in our study to be
dependent on GADD45B/P38/MK2 as well as TAK1 in HUVECs. An important role of HSP27 in
ECs is the regulation of actin filament remodelling and EC barrier function [593-596]. Recent
work by Rada et al demonstrated the mechanism that may explain the role of HSP27 in
regulating EC barrier integrity. The authors demonstrated that thrombin-induced activation of
P38/MK2/MK3 axis resulted in HSP27 phosphorylation and its subsequent disassembly, which
was then followed by decreased phosphorylation and reassembly of HSP27 back into large
oligomers. This latter dynamics was suggested to play a critical role in regulating EC barrier
function, both in-vitro and in-vivo, through re-establishment of EC barrier integrity after its
disruption following pro-inflammatory GPCR signaling [596]. An interesting finding in this work
was that HSP27 phosphorylation was shown to be differentially regulated by MK2 and MK3,
such that MK2 mediated S15 and S78 phosphorylation, whereas both MK2 and MK3 were
required for S82 phosphorylation. Our MS analysis highlighted that both BMP9 and BMP10
are responsible for inducing phosphorylation at HSP27-51%/82/83 \while the peptide bearing
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HSP27-S78 phosphosite was not detected in any condition. The phospho-antibody used in our
study selectively detects HSP27 when phosphorylated at both S78 and S82. Taking this into
consideration, along with results demonstrating that the MK2 inhibitor (PF3622204)
effectively inhibits S15 and S78 phosphorylation but not S82 [596], this strongly suggests that
BMP10 is likely responsible for phosphorylating S78 of HSP27 as well. Moreover, this suggests
that, not only MK2, but also MK3 could be implicated in this phosphorylation. We could not
confirm HSP27-S% phosphorylation under our experimental conditions using a commercially
available antibody tested, which did not give a positive signal even using anisomycin as a
positive control (data not shown).

Other roles for HSP27 in ECs have been also shown, including regulation of EC proliferation
[597], migration [201] and apoptosis [598]. The group of Petra Knaus has demonstrated that
both BMP2 and BMP6 induced the activation of P38/HSP27 axis in different types of ECs [201].
They showed that this phosphorylation occurred within 45 minutes, which is in accordance
with our kinetics, and thus could support that several BMPs can phosphorylate P38 and HSP27
in ECs. However, the authors in this study didn’t study neither the mechanism behind this
phosphorylation nor specified the site phosphorylated on HSP27. Nevertheless, they showed
that BMP2 and BMP6 promoted EC migration via the p38-HSP27 signaling axis and highlighted
HSP27 as an important regulator of endothelial outgrowth. Altogether, HSP27
phosphorylation seems to play key roles in several EC functions. Therefore, it is necessary to
understand the physiological role of BMP9/10-induced phosphorylation of HSP27 in ECs.

5.4.4 Cell cycle regulation

Upstream kinase analysis using Kinswing predicted negative regulation of three key regulatory
kinases involved in the G1/S transition of cell cycle: CDK4, CDK6 and CDC7. However, by
looking carefully at the downstream-matched substrate phosphosites of these kinases, we
found none that have been previously described that we could validate. As described in
section 3.4.1.1, BMP9 and BMP10 have been generally described as quiescent factors and
negative regulators of several EC functions, including proliferation. However, the mechanism
of this regulation remains poorly understood. One study carrier out by Rostama et al
demonstrated that BMP9, and the Notch ligand DIl4, cooperate together to suppress the
proliferation of HAECs [359]. Interestingly, the authors demonstrated that this inhibitory
impact resulted from the modulation of various cell cycle-related proteins. Amongst, they
highlighted a crucial role of the CDK4/6 inhibitor P27X"! as a central mediator of endothelial
quiescence, which matches our predictions from Kinswing about the decreased activity of
CDK4/6 by BMP9/10 and increased protein expression of P27P! in HUVECs after overnight
exposure. Using siP27, we could not confirm the role of P27 in the inhibitory role of BMP10
on HUVEC cell cycle (n=1 experiment, data not shown). However, our findings indicate that
BMP9 and BMP10 already initiate anti-proliferative signals within 30 minutes (as highlighted
by Kinswing analysis). Subsequently, within a few hours, we observed a decline in essential
regulatory genes for the cell cycle, such as cyclinD1 (a key cyclin for CDK4/6) and E2F2 (a
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downstream transcription factor of CDK4/6). Consequently, these anti-proliferative signals
were further confirmed by illustrating the role of BMP10 in inhibiting G1/S-phase transition in
serum replenished HUVECs.

Very recent work by Banerjee et al demonstrated that loss of EC Smad4 in pups leads to
excessive activation of AKT signaling in response to pathological shear stress [451]. This results
in cell cycle progression-mediated loss of arterial identity and the formation of arteriovenous
malformations (AVMs). Importantly, the authors showed that the use of Palbociclib (CDK4/6
inhibitor) strongly inhibited AVM formation and effectively rescued the excessive vascular
front density in these mice. Furthermore, another interesting data was recently presented by
Gael Genet at the VAC2023 international conference on vascular anomalies in Brussels. Using
Bulk RNA sequencing on isolated primary retinal endothelial cells, the authors demonstrated
that the cell cycle state of ECs and associated gene expression become dysregulated during
the progression of vascular malformations in HHT. Interestingly, they showed that inhibiting
CDK4/6 using Palbociclib successfully prevented the formation of retinal, brain, lung, and
intestinal AVMs in two HHT mouse models. Therefore, both recent aforementioned studies
highlight the importance of how dysregulation of EC cell cycle due to BMP9/10 signaling
deficiency contributes to AVM development. Moreover, both studies suggested that restoring
proper cell cycle control by blocking CDK4/6 in ECs could offer a potential therapeutic
approach for treating AVMs associated with HHT, which nicely aligns with our in-vitro data on
the regulation of EC G1/S transition by BMP10 signaling.

5.5 Other Interesting Identified Targets/Pathways
5.5.1 ETS-related gene (ERG)

Our phosphoproteomic analysis highlighted several other interesting targets that were not
extensively studied in this work. Notably, one of the identified targets is the EC specific
transcription factor ERG. ERG exhibited distinct phosphorylation patterns at two distinct sites,
S215 (down-phosphorylated) and S276 (up-phosphorylated), in response to both BMP9 and
BMP10. Earlier research by Hollenhorst et al uncovered that ERK2 mediates the
phosphorylation of ERG at S96, S215, and S276 in cancer cells [599-602]. ERG-S%7® (=528 in
leukemia cells) has been also described to be phosphorylated by ERK2 in in acute myeloid
leukemia (AML) and T-acute lymphoblastic leukemia (T-ALL) cells, and plays a role in DNA-
binding to specific hematopoietic stem and progenitor cells (HSPCs) enhancers in these cells.
Recently, ERG has emerged as a major regulator of endothelial function playing crucial roles
in angiogenesis and vascular stability, transcriptional regulation of genes involved in EC
functions, as well as differentiation and maintenance of the endothelial lineage [603].
Interestingly, Fish et al showed that ERG can be also phosphorylated in ECs via VEGF/ERK
signaling at S96, S215 and S276. The authors highlighted that phosphorylation of ERG at these
three residues is essential for achieving maximum ERG activity. Furthermore, they showed
that, in collaboration with P300, ERG orchestrates the regulation of a subset of VEGF target
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genes including DlI4 [604]. Interestingly, our study is the first to show simultaneous and
opposing changes in ERG phosphorylation at both S215 and S276 sites. Because of the absence
of commercially ERG-S?7® antibody, we confirmed ERG phosphorylation using a pan-pSer
antibody following ERG immunoprecipitation. Similarly, there is no ERG-S?'> commercial
antibody, but P Hollenhorst kindly provided us with a home-made antibody for this site [599].
This allowed us to validate that BMP10 attenuates ERG-S%'° basal levels, as well as VEGF-
induced ERG-S?'> phosphorylation, with a more significant attenuation observed on this latter.
This observation would be in accordance with previous studies highlighting the antagonistic
relationship between BMP9/10-ALK1 and VEGF signaling (Figure 25).

The group of Anna Randi demonstrated that ERG can be also phosphorylated by
Angl/Tie2/PI3K/AKT signaling, resulting in the accumulation of ERG at the DIl4 promoter and
multiple enhancers that regulate Notch signaling and vascular stability [605]. However, using
proximity ligation assay (PLA) and a pan-pSerine antibody, they demonstrated global ERG
serine phosphorylation without specifying the exact phosphorylation sites resulting from
PI3K/AKT signaling. Another study from the same group unveiled an interesting crosstalk
between ERG and TGFB/BMP signaling [606]. They showed that suppressing ERG expression
in HUVECs led to a decrease in the expression of several crucial mediators associated with
TGFB and BMP signaling pathways, including ACVRL1, BMPR2, ID1, SMAD1/2/3 and TGFBR1,
among others. Moreover, they showed that ERG enhances SMAD1 signaling while inhibiting
SMAD2/3 signaling in ECs. Using Co-IP and PLA, they demonstrated that ERG does not
physically interact with SMAD1 but can bind with SMAD2/3, acting as a co-repressor for the
latter. This interaction plays a pivotal role in diminishing EndoMT and liver fibrosis [606].

Collectively, several studies demonstrated that ERG is a major regulator of EC functions.
However, the exact roles of ERG phosphorylation and its consequent effects on EC functions
remains limited, with only few recent papers showing this phosphorylation in ECs [604, 605].
Our data demonstrates that BMP10 induced differential phosphorylation of ERG at S215
(decrease) and S276 (increase). While the functional significance of S276 phosphorylation
remains uncharacterized, the importance of S215 phosphorylation is evident from its
involvement in the VEGF-mediated transcriptional regulation. This suggests that BMP10 might
play a role in attenuating the expression of a subset of VEGF-induced genes by reducing ERG
phosphorylation at S215. Hence, it will be interesting to better understand the dual regulatory
role of BMP10 in the phosphorylation of ERG at both S215 and S276 in ECs. We have recently
tried to set up a functional luciferase test for ERG phosphorylation sites using different
mutants generated by site-directed mutagenesis, which didn’t work yet, but optimization of
the experimental conditions is still ongoing.
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5.5.2 Potential roles of MAPKAPK2 (MK2) in the context of BMP9
and BMP10 signaling in ECs

Bioinformatics analysis highlighted MK2 among the top kinases activated by both BMP9 and
BMP10 using both predictive (Kinswing) and curated databsae (PTMsigDB) approaches. This
was further evident from the phosphorylation of several proteins known to be phosphorylated
by MK2. These include HSP27, PARN, CEP131, ZFP36L1/2 (BRF1/2), BAG2, NELFE, GIGYF1/2,
and gp130. However, our attempts to validate direct MK2 activation encountered technical
challenges. We were not able to detect MK2-T222/334 phosphorylation by WB, which reflect
MK2 activation, even when using a positive control treatment such as anisomycin (data not
shown). Furthermore, we also tried to verify MK2 activity through immunoprecipitation
followed by in-vitro kinase assay using recombinant HSP27 and 32P labeling, but this was also
unsuccessful. Nevertheless, we validated the phosphorylation of HSP27-578/82, a downstream
substrate of MK2, through the use of the MK2 inhibitor PF3644022.

Several studies have revealed that MK2 plays a role in controlling the activation and
inactivation of RNA-binding proteins (RBPs) [607]. These RBPs have an impact on the gene
expression of various important factors like proto-oncogenes, cytokines, chemokines, and
pro-inflammatory molecules regulating various processes such as cell-cycle progression,
proliferation, angiogenesis, metastasis, and cell death [607—609]. Interestingly, BRF1- S°* and
PARN-S>%7, two RBPs, were both differentially phosphorylated by BMP9 and BMP10, and these
phosphorylation sites were shown to be MK2 dependent and play a role in regulating mRNA
stability [610, 611]. Another key feature is that phosphorylated serine and threonine residues
of MK2 substrates often coincide with 14-3-3 binding motifs, allowing these latter to act as
direct readers for P38/MK2 activation in response to various stimuli [610, 612—-616]. Very
interestingly, many phosphorylated sites identified in our study have been described to be
MK2-dependent and to interact with 14-3-3 proteins. These include NELFE-S*° [614], GIGYF1-
§157/638 [616], CEP131-S*’ [615] and BRF1-S°* [610], all of which were differentially
phosphorylated by BMP9 and BMP10. For instance, phosphorylation of NELFE-S!'> by MK2
promotes the recruitment of 14-3-3 and rapid dissociation of the NELF complex from
chromatin, which is accompanied by RNA polymerase Il elongation [614]. GIGYF proteins
utilize their GYF domain to link proteins containing poly-proline containing and RNA-binding
proteins, such as zinc finger protein 598 (ZNF598) and Tristetraprolin (TTP), to the non-
productive mRNA cap-binding protein 4EHP. This latter promotes the translational inhibition
of specific transcripts [617, 618]. A pool of GIGYF1 protein is present in p-bodies, which are
cytoplasmic regions where ribonucleoprotein (RNP) granules form [616]. P-bodies are
primarily composed of translationally repressed mRNAs and proteins which are related to
mRNA decay [619]. Interestingly, phosphorylation of GIGYF1-S!57/638 by MK2 promotes binding
of 14-3-3 to GIGYF1, which negatively affects GYF domain-dependent protein interactions, and
results in GIGYF1 exclusion from p-bodies [616]. Notably, these studies align with our GO
analysis of biological processes, which highlighted mRNA stability, transcriptional regulation,
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and RNA transport among top enriched processes in response to BMP9 and BMP10. Another
study demonstrated that the p38-MK2-14-3-3 signaling pathway also plays a role in
cytoplasmic sequestration of phosphorylated CEP131-5*7/78, This process blocks the formation
of centriolar satellites, which are little grain-like structures that cluster near centrosomes to
control the abundance of centrosomal proteins [615, 620]. Taken together, these studies
highlight the importance of MK2 activation in different processes including mRNA stability,
transcriptional control, and the localization of proteins associated with diverse functions.
Consequently, there is still a lot of work to do for understanding the role BMP9/10-ALK1
signaling in MK2 activation, which could uncover several novel functional outcomes for this
pathway in ECs.

5.6 Other preliminary data

5.6.1 Role of TAK1 in BMP10-induced activation of P38 MAPK
pathway

TNF-a-induced Eps15-S7°¢ and HSP27-S78/82phosphorylation have been described to be
dependent on TAK1, another MAP3K upstream of P38 [181, 573, 621]. Interestingly, we found
that pretreatment with the TAK1 inhibitor (5Z-7-oxozeanol) inhibited P38-Y!82, HSP27-578/82
and Eps15-57°% phosphorylations (Figure 31). Thus, our data showed complete inhibition of
P38, Epsl15, and HSP27 phosphorylation by BMP10 upon either the utilization of a TAK1
inhibitor but also by silencing of GADD45B (manuscript 1, Fig. 5E). Despite that both
mechanisms has been described to play important roles in P38 activation, GADD45p does not
appear to activate TAK1 according to previous studies [174]. Thus, because both inhibition of
TAK1 or GADD45B completely inhibited P38 activation, the mechanism by which BMP10
triggers TAK1 activation remains uncertain, unless both mechanisms act dependently, a
scenario that has not been previously demonstrated and falls outside the scope of this study.

5.6.2 Potential activation of PKA and CREB signaling by BMP10

During the first year of my PhD, | also performed phosphokinase proteome profiling arrays
(R&D systems) in order to identify new BMP9 and BMP10 phosphoproteins. | found that
BMP10 induced significant phosphorylation of CREB-S'33 (Figure 32A). CREB is transcription
factor and is recognized as a substrate for various kinases, including PKA, MK2, and MSK1/2
[622-625]. Interestingly, bioinformatics analysis of upstream kinases using PTMSigDB have
highlighted MK2 but also PKA among the top kinases that seem to be activated in response to
BMP9 and BMP10. Upon identifying CREB as being significantly phosphorylated by BMP10
through the kinase array, | have first tried to validate this result by WB. Initially, using the
classical RIPA lysis buffer commonly used for preparation of protein lysates for WB, |
encountered difficulty observing the prominent increase in CREB as observed in the kinase
array. However, upon using the specialized buffer provided by the kit, called lysis buffer 6 (L6),
along with the urea lysis buffer utilized for MS sample preparation, | successfully validated
CREB phosphorylation by both BMP9 and BMP10 (data not shown). Using WB analysis with
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Figure 31. BMP10-induced activation of P38 MAPK also depends on TAK1 in HUVECs

(A) HUVECs were stimulated with 10 ng/mL BMP10 for 30 min. Cell extracts were subjected to western blotting (WB) analysis using
the indicated antibodies with HSP90 as loading control. Quantification of phosphorylation for P38, HSP27 and Eps15 reflects the
normalized signal for the phosphorylated protein to total protein content, presented as mean fold change (BMP10-vs-NS) + SEM of
n=3 independent experiments. (B) HUVECs were pretreated with p38 inhibitor SB203580 (10 uM) or MK2 inhibitor PF3622044 (5 uM),
or left untreated (vehicle) for 30 min. Cells were then stimulated with 10 ng/mL BMP10 for 4h. Real-time quantitative polymerase
chain reaction (RT-qgPCR) analysis was then performed to determine mRNA expression of ID1, SMAD6, PTGS2 (Cox2), HAS2 and SELE
(E-Selectin). Target gene expression was normalized to HPRT mRNA level using 2-44¢t method and presented as fold induction (BMP10-
vs-vehicle) + SEM of n=3 independent experiments.

phospho-PKA substrates antibody against RRXpS/T motif, we showed that BMP10

phosphorylates several PKA substrates (Figure 32B). However, this result displayed limited

reproducibility, as differing phosphorylation profiles were observed across different

experiments. Nevertheless, as CREB has been described to be a downstream substrate for

PKA, we tested whether its phosphorylation is PKA-dependent using a potent PKA inhibitor,

H89. We showed that pre-treatment of HUVECs with H89 attenuated BMP9 and BMP10-

induced CREB phosphorylation, suggesting that PKA is important for CREB phosphorylation

(Figure 32C). Kinetic analysis revealed that BMP10 induces phosphorylation of CREB starting

from 15 mins, peaking at 30 mins and decreasing back to basal levels after 60 mins (Figure
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Figure 32. BMP10 induces activation of PKA/CREB pathway in HUVECs

(A) HUVECs were stimulated with 10 ng/mL BMP10 for 30 min. Cell extracts were subjected to Proteome Profiler Human Phospho-
Kinase Array Kit (ARY003C) for the determination of the relative phosphorylation levels of 37 key human protein kinases/substartes
37 human kinases. Highlighted hit represents CREB-S133. (B) Cells were stimulated as in described in A, and lysates were analyzed by
WB using Phospho-PKA Substrate (RRXS*/T*) and GAPDH as a loading control. (C) HUVECs were pretreated with PKA inhibitor H89
(10 uM) or left untreated (vehicle) for 30 min. Cells were then stimulated with 10 ng/mL BMP9 or BMP10 for 30 min. WB analsysis
was then performed using pCREB-5133 antibody, and quantification of phosphorylation for CREB-S133 reflects the normalized signal
for the phosphorylated CREB to total CREB content, presented as mean fold change (Stimulated-vs-NS) + SEM of n=3 independent
experiments. (D) Cells were stimulated with 10ng/mL BMP10 or vehicle for the indicated time points. Cell extracts were subjected to
WB analysis using the indicated antibodies. Quantification of phosphorylation for CREB was normalized to total CREB content. Data
are presented as fold change of each sample + SEM normalized to NS at each time point. Blots are representative of n=3 independent
experiments. **P < 0.01; ***P < 0.001 (2-way ANOVA followed by Sidak's multiple comparisons post-test). (E) HUVECs were treated
either with scrambled siRNA (siScr), siALK1 or siSMAD4 and then stimulated with 10ng/mL BMP10 for 30 min. Cell extracts were
analyzed by WB using the indicated antibodies and quantification of CREB phosphorylation was normalized to total protein content.
Data are presented as mean folds (BMP10-vs-NS) + SEM of n=5 independent experiments. Statistical analyses was performed using
using two-way ANOVA followed by Sidak's multiple comparisons post-test. **P < 0.01.

32D). | also tried to better understand the mechanism of PKA/CREB activation by BMP10.
Using siRNA against ALK1 and SMAD4, we demonstrated that CREB phosphorylation was
dependent on both ALK1 and SMAD4 (Figure 32E). However, we noticed that ALK1 silencing
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resulted in increased expression of total CREB, justifying the reason of higher basal
phosphorylation in siALK1 group (Figure 32E).

As explained in section 2.4.2.5, the activation of PKA by TGFB has been shown to occur in a
cAMP-independent SMAD-dependent manner [282]. As | demonstrated that SMAD4 plays a
role in BMP10-induced CREB phosphorylation, | wanted to better understand whether its role
is transcriptional (similar to our findings for P38 MAPK activation) or if it involves activation of
PKA by displacing the regulatory subunits, as shown for TGFB [282]. For this, we conducted
experiments using the transcriptional inhibitor Actinomycin D. However, these experiments
gave us inconsistent results, making it hard to draw a clear answer (data not shown). Given
that CREB phosphorylation can occur not only by PKA but also by other kinases including MK2
and MSK2 [622-625], downstream of P38, we aimed to see if P38 signaling also plays a role in
CREB phosphorylation using the P38 inhibitor SB203580. Surprisingly, the inhibition of P38
also resulted in strong reduction in BMP10-induced CREB phosphorylation (data not shown).
Therefore, our results show that inhibition of both PKA and P38 signaling strongly attenuated
BMP10-induced CREB phosphorylation. This adds another level of complexity to the
mechanism, and poses two hypotheses: (1) the inhibitors used might lack specificity, affecting
multiple pathways, which has been already mentioned in literature for H89 at least [626, 627]
and (2) there could be a collaborative phosphorylation mechanism involving both P38 and PKA
in BMP10-induced CREB phosphorylation. Accordingly, several studies showed that PKA
activation has shown to play a subsequent role in the activation of P38 signaling, and that both
can lead to CREB phosphorylation [622, 628—-631]. For instance, Pomerance et al showed that
stimulation with 8-bromo-cAMP (cAMP analog), forskolin and thyroid-stimulating hormone,
which are potent activators for PKA signaling, promoted phosphorylation of P38 and CREB,
and this was inhibited using H89 but not SB203580 [628].

Taken together, our results suggests that CREB is likely phosphorylated by BMP9 and BMP10,
and this appears to be at least dependent on SMAD4. However, the exact mechanism behind
this phosphorylation regarding upstream kinases and need of a transcriptional step remains
unclear. Furthermore, compiling the results from various experiments conducted on CREB, we
noticed that there were several times where CREB phosphorylation could not be achieved by
BMP10, even when applying same experimental conditions (lysis buffer, cell passage, other
parameters). Thus, due to the considerable variability observed in our data and the challenges
encountered to understand the reasons behind that, this led us to exclude CREB
phosphorylation from the first paper, as it was not yet sufficiently clear and could complicate
the interpretation of other findings. However, it remains very interesting to better understand
BMP9/10-CREB pathway in ECs, especially considering that CREB and PKA have shown to play
important roles in the endothelium [632-637].
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Chapter 6. Project 2: BMP9/BMP10/ALK1
Pathway: Towards New Immunomodulatory
Mechanism in Vascular Diseases

6.1 Context and Main Objective of the Project

Blood vessels and lymphatic vessels serve as the principal transit routes for immune cells,
facilitating their passage to peripheral tissues and immune storage locations under both
physiological and pathological conditions. In this context, ECs, which line the inner surface of
these vessels, play a crucial role in regulating immune cell trafficking, activation, and function
[638]. Inflammation is suspected to trigger or aggravate pathogenesis of HHT and PAH.
Perivascular inflammation is frequently observed in PAH patients, which is suspected to
contribute to the progression of the disease [639]. Moreover, early electron microscopy
analysis of skin telangiectasia from HHT patients revealed the presence of leukocytes,
suggesting an inflammatory component of these lesions. However, it remains unclear whether
inflammation is a cause or a consequence of these lesions [640, 641]. As explained in section
3.5.1.4, we observed strong vascular defects and inflammation in several of our transgenic
mouse models lacking BMP9 or BMP9 and BMP10 [373, 376]. Very interestingly, our
phosphoproteomic analysis highlighted that BMP9 and BMP10 phosphorylate gp130, also
known as CD130, which is a co-receptor for all IL-6 family cytokines, which play crucial roles in
inflammation [642]. These cytokines transmit signals mainly through the JAK/STAT pathway,
but also AKT and ERK pathways [642]. Importantly, phosphorylation of gp130 by BMP9 and
BMP10 occurred at S’8%, an important site previoulsy described to regulate surface expression
of this receptor [264]. Taken together, we hypotheiszed that BMP9 and BMP10 might play a
role in regulating JAK/STAT signaling. Thus, the main objective of this project is to explore the
potential immunomodulatory role of BMP9/BMP10/ALK1 signaling and regulation of
JAK/STAT signaling.

6.2 Choice of Methodologies

IL-6 family of cytokines encompasses several members including IL-6 it self, in addition to IL-
11, IL-31, LIF, CNTF, CT-1 and OSM [256]. Among these, IL-6 is the major pro-inflammatory
cytokine within this family [643]. As such, we selected IL-6 to study the potential crosstalk
between BMP9/BMP10 and IL-6/JAK/STAT pathway. In-vitro, HUVECs were pre-stimulated
with BMP9 or BMP10, followed by stimulation with IL-6. We assessed STAT3 phosphorylation
(using WB and immunofluorescence) and expression of IL-6 target genes by qPCR. Then, we
intended to decipher the molecular mechanisms to explain the crosstalk between the two
pathways using inhibitors and siRNA. We recently started using whole tissues and ECs isolated
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from transgenic mice with defective Bmp9/Bmp10/Alkl signaling to confirm the
immunomodulatory role of this pathway in preclinical mouse models.

6.3 Results (Manuscript 2 Draft)

Below, | will present the preliminary data obtained from this project and the associated
materials and methods, which are provided in the form of draft article, but whose experiments
(mainly in-vivo part) are still underway. In-vitro experiments from this project were initiated
by me during the last 6 months of my 3™ year. In the 4t year, the project was then pursued
by an M2 intern, Mohamad Skayni, who was under the supervision of my co-supervisor Claire
Bouvard (in-vivo part) and myself (in-vitro part).
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Abstract

Endothelial cells constitute the inner lining of blood vessels and are known to regulate immune cell
trafficking activation and function. BMP9 and BMP10 are two circulating proteins that activate ALK1
receptor, present in endothelial cells. Mutations in this signaling pathway are associated with two rare
vascular diseases, pulmonary arterial hypertension (PAH) and hereditary hemmorhagic telangiectasia
(HHT). Inflammation is thought to aggravate these diseases, however, the mechanisms and the roles
of the BMP9/BMP10/ALK1 pathway in this context are unclear. In vitro, using Human Umbilical
Endothelial Cells, we show for the first time that BMP9 or BMP10 induces the expression of SOCS3,
which negatively regulates IL-6-induced STAT3 phosphorylation. This mechanism is ALK1- and SMAD4-
dependent. In vivo, we have previously observed inflammation in several knockout mouse models
lacking Bmp9 and/or Bmp10. Here, we further confirm this inflammatory phenotype and we have
started to investigate whether this immunomodulatory mechanism involving SOCS3 and JAK/STAT
pathway also plays a role in vivo. This might lead to new therapeutic opportunites for PAH and HHT
patients.

Introduction

Blood vessels and lymphatic vessels are the major transit ways for immune cells, granting access to all
peripheral tissues and immune storage sites in lymphoid organs. Endothelial cells (ECs) regulate
immune cell trafficking, activation and function [1]. Deciphering the mechanisms driving the
immunomodulatory functions of ECs could have an impact on a wide range of diseases in which
immune and vascular cells are involved, such as vascular diseases that may be aggravated or triggered
by inflammation, but also liver fibrosis, cancer and infectious diseases.

In 2007, our team identified BMP9 and BMP10 as the functional activators of ALK1 receptor, which is
highly expressed by ECs [2], [3]. BMP9 and BMP10 circulate in the blood and activate a complex of
receptors composed of type | (ALK1), type Il (BMPRII, ACTRIIA, ACTRIIB) and type Ill (endoglin)
receptors [4]. Mutations in this pathway are associated with two rare vascular diseases, HHT
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(hereditary hemorrhagic Telangiectasia) [5] and PAH (pulmonary arterial hypertension) [6]. HHT is
characterized by frequent nosebleed, arteriovenous malformations (AVMs), especially in the liver,
lungs and brain, and skin or mucous telangiectasias [7], [8]. PAH is characterized by an elevated blood
pressure in the pulmonary arteries, leading to right heart failure and death [9], [10]. The molecular
mechanisms involved in the physiopathology of these diseases are poorly understood and no curative
therapy exists yet. Inflammation is suspected to trigger or aggravate these diseases [11]-[14].

Early electron microscopy analysis of skin telangiectasia from HHT patients revealed the presence of
leukocytes, suggesting an inflammatory component of these lesions [11], [12]. Although there is no
proof yet, inflammation is suspected to be a trigger driving AVM formation in HHT [15]. De novo AVMs
in adult Acvr/1 knockout (KO) mice have shown to require a second hit, which can either be
angiogenesis or wound healing, however the potential contribution of inflammation in these mice is
unknown [16]. Signs of abnormal angiogenesis have been observed in trachea of Acvr/1+/- mice
infected with bacteria [17]. Interestingly, HHT patients present immunological abnormalities and a risk
for severe and atypical infection, affecting up to 15% of the patients [18]. Endothelial endoglin is
increased by inflammation [19] and plays a role in leukocyte adhesion and extravasation [20]. Endoglin
is also expressed by activated monocytes, suggesting that patients with Endoglin mutations could have
a decreased innate immune response. Interestingly, it has been recently proven that ALK1 is also
expressed on Kupffer cells [21], which are liver resident macrophages, and thus could also play a role
in liver inflammation via non-endothelial cells. In spite of all these data that caught our attention, the
role of the immune system in HHT remains understudied.

An expanding body of knowledge indicates that failure to resolve inflammation and altered immune
processes underlie the development of PAH [14]. Concerning the role of BMP9, a study using ECs from
PAH patients showed that BMP9 exacerbates IL-6 induced inflammation [22], which can seem in
contradiction with another study showing that Bmpr2+/- rats are predisposed to inflammation-
induced PAH [23], [24]. Overall, the immunomodulatory role of this pathway could depend on the EC
subtype considered and to the pathological context, thus requiring more investigation to clarify this.

Since 2007, our efforts have been mainly focused on understanding the role of the BMP9/BMP10/ALK1
pathway in angiogenesis and cardiovascular homeostasis, in physiological and pathological contexts
[25]-[27]. We recently obtained results indicating a potential immunomodulatory role of
BMP9/BMP10/ALK1 pathway. Indeed, we observed inflammation in several of our transgenic mouse
models lacking Bmp9 or Bmp9 and Bmp10 [25], [26]. Deletion of Bmp9 in the 129/0la genetic
background leads to spontaneous perivascular liver fibrosis and a strong inflammation in the liver [26],
the kidney and the lungs. C57BL/6 mice lacking both Bmp9 and Bmp10 present lung inflammation,
and RNAseq analysis revealed an upregulation of the transcription of several inflammatory cytokines
and adhesion molecules [25]. However we do not know whether this inflammation is a consequence
of the vascular defects observed in these mice, or if BMP9 and BMP10 play a more direct role.

Using a phosphoproteomic analysis (manuscript in preparation), we found that BMP9 and BMP10
could phosphorylate gp130, also called CD130, which is a co-receptor of IL-6 family of cytokines. IL-6
binds IL-6 receptor (IL-6-R) (either membrane bound IL-6-R for classical signaling or soluble IL-6-R for
trans signaling) and gp130 [28], [29]. Consequently, this activates JAK/STAT3 signaling pathway and
phosphorylated STAT3 will translocate into the nucleus to induce the transcription of target genes,
regulating several functions related to angiogenesis and immune cell recruitment [30]-[32]. This
prompted us to further investigate a potential cross-talk between BMP9/BMP10/ALK1 and IL-
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6/JAK/STAT pathways, while also performing further analyses of the inflammatory phenotype of our
transgenic mice models with impaired BMP9/10/ALK1 signaling.

In the present manuscript (work in progress), we show for the first time that BMP9 and BMP10 can
attenuate IL-6-induced JAK/STAT signaling in human ECs. In vitro, we showed that BMP10 attenuates
IL-6 induced STAT3 activation and transcriptional regulation via SMAD-dependent induction of SOCS3
(suppressor of cytokine signaling 3). Moreover, we have started to decipher whether this mechanisms
can be confirmed in mouse models.

Results
BMP10 regulates phosphorylation and surface expression of the IL-6 family co-receptor gp130-57%2
in HUVECs

We have previously performed a phosphoprotemic analysis in response to BMP9 and BMP10
stimulation for 30 min in human endothelial umbilical veins (HUVECs), which identified a total of 289
phosphoproteins differentially regulated by both ligands (manuscript 1). We identified and validated
the SMAD pathway, but also indirect activation of the P38 pathway involved in phosphorylation of
HSP27 and Eps15. Moreover, this analysis also revealed an inhibitory role of BMP10 on HUVEC cell
cycle (manuscript 1). Very interestingly, our phosphoproteomic analysis also showed that BMP9 or
BMP10 induced the phosphorylation of gp130-5782 (Fig. 1A and Fig. S1A). Gp130, also known as CD130,
is a co-receptor for all IL-6 family cytokines, which play crucial roles in inflammation [33]. This
phosphorylation event has been associated with a decrease in the surface expression of gp130 in
response to several pro-inflammatory cytokines such as TNFa and IL1B, leading to a decreased
signaling by IL-6 [34], [35]. Therefore, we investigated whether BMP10 could impact gp130 surface
expression using flow cytometry. We found that BMP10 stimulation resulted in a modest reduction of
approximately 10-12% in gp130 surface levels compared to non-stimulated cells (NS cells) (Fig. 1B).
However, this decrease was not as strong as the one oberserved in response to TNFa (around 40%
reduction compared to NS) (Fig. 1B).

BMP10 Attenuates IL-6-induced STAT3-Y’% Phosphorylation in HUVECs

Given that gp130 serves as a key receptor in the IL-6/JAK STAT3 signaling cascade, we next tested
whether BMP10 would affect this pathway. To this end, HUVECs were pre-stimulated with TNFa or
BMP10 for 30 min, followed by stimulation with IL-6 for 15 min, and STAT3-Y’% phosphorylation was
determined by western blotting analysis of whole cell lysates. As expected, IL-6 induced a robust
increase in STAT3-Y’% phosphorylation, while BMP10 or TNFa addition alone did not induce this
phosphorylation (Fig. 1C). However, pre-stimulation with BMP10 strongly attenuated IL-6-induced
STAT3-Y7% phosphorylation (Fig. 1C). Similar results were obtained with BMP9, which also induced
gp130-578 phosphorylation in our phosphoproteomic analysis (Fig. S1B). As previously shown [35],
TNFa reduced STAT3-Y’% phosphorylation, but this reduction was less pronounced than that by BMP10
(16% versus 53%, respectively) (Fig. 1C). Interestingly, we also showed that BMP10 pre-stimulation
attenuates STAT3-Y’% induced by Leukemia inhibitory factor (LIF), another IL-6 family member (Fig.
S1C). Since IL-6-induced STAT3-Y’% phosphorylation is followed by the dimerization and translocation
of STAT3 proteins into the nucleus [36], we next investigated the effect of BMP10 on the translocation
of STAT3 from the cytoplasm to the nucleus upon IL-6 treatment. Exposing HUVECs to IL-6 for 15
minutes resulted in a clear nuclear accumulation of STAT3, and pre-stimulation with BMP10 for 30
minutes prior to IL-6 stimulation markedly attenuated this translocation (Fig. 1D).
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Fig. 1. BMP10 negatively regulates IL-6 pathway in HUVECs (A) Volcano plot taken from manuscript 1 representing the log2 fold
change in the abundance of phosphopeptides plotted against the —logso adj. P.value, showing differentially phosphorylated sites which
are down-regulated (blue) or up-regulated (red) in response to BMP10 stimulation, while highlighting gp130-5782. (B) HUVECs were
stimulated with 10ng/mL BMP10 or TNFa for 30 min. Cell surface- expression of gp130 was analysed by flow cytometry. (C) Cells were
stimulated with IL-6 (100 ng/mL), BMP10 (10ng/mL) or TNFa (10ng/mL) for 15 minutes. For pre-stimulations, BMP10 or TNFa were
added 30 minutes prior to the addition of IL-6. Cell extracts were subjected to western blotting (WB) analysis using the indicated
antibodies. Relative STAT3 phosphorylation (pSTAT3/Vinculin) is expressed as mean + SEM (n=2-6, normalised to IL-6 condition). (D)
Cells were pre-stimulated or not with BMP10 (10ng/mL) for 30 min, followed by stimulation with IL-6 (100ng/mL) for 15 min. Cells
were fixed in 4% PFA and permeabilised in 0.1% Triton X-100. Nuclei were counterstained with Hoechst, and cellular distribution of
STAT3 was monitored with an anti-pSTAT3-Y7%, Mean nuclear pSTAT3 is expressed + SD from n=50-70 cells analyzed from 2
fields/condition of 1 experiment. (E) Cells were stimulated or not with BMP10 (10ng/mL) or IL-6 (100ng/mL) for 2h. For pre-stimulation,
BMP10 was added 30 min prior to the addition of IL-6. RT-gPCR analysis was then performed to determine mRNA expression of HGF,
which was normalized to HPRT mRNA level using 2-AACt method and presented as fold induction (Stimulated-vs-NS) from n=1
experiment.
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Next, we investigated whether this attenuation of STAT3 activation by BMP10 was accompanied by a
transcriptional downregulation of IL-6 target genes. One such gene is the hepatocyte growth factor
(HGF), which has been demonstrated as a strong target induced by IL-6 in ECs [37]. Using RT-qPCR
analysis, we observed that IL-6 indeed strongly induced HGF mRNA expression in HUVECs, and this
response was significantly attenuated when cells were pre-stimulated with BMP10 (Fig. 1E).

Together, these data clearly support that BMP10 stimulation reduces IL-6/STAT3 signaling in HUVECs.
However, due to the observed differences in the regulation of gp130 and STAT3-Y’® phosphorylation
between BMP10 and TNFa, it seems that gp130 is not the sole factor driving BMP10 down-regulation
of IL-6/STAT3 signaling. Therefore, we decided to perform more in-depth analysis to gain further
insights about the mechanism driving the regulation of STAT3 phosphorylation by BMP10.

BMP10/ALK1 Signaling Negatively Regulate IL-6-Induced STAT3 Activation via De Novo Protein
Synthesis

In endothelial cells, BMP10 mainly signals through its high affinity receptor ALK1 to mediate the
activation of downstream signaling and functional outputs. To test the role of ALK1 in the BMP10
negative regulation of JAK/STAT3 signaling activated by IL-6, we used two approaches. (1) We found
that the BMP type | receptor inhibitor LDN193189 blocked the BMP10 the inhibition of IL-6-induced
STAT3-Y7% phosphorylation (Fig. 2A). (2) As this inhibitor is not specific to the ALK1 receptor, we next
used an ALK1-targeting siRNA and showed that the BMP10 inhibition of IL-6-induced STAT3-Y7%
phosphorylation is ALK1-dependent (Fig. 2B).

Previous studies have demonstrated that IL-6/STAT3 signaling pathway can be attenuated in ECs
through STAT3 dephosphorylation via the activation of protein tyrosine phosphatases (PTPs), including
SHP2, in response to various stimuli such as forskolin (FSK) [38]. Pre-stimulation of HUVECs with either
BMP10 or FSK resulted in the attenuation of IL-6-induced STAT3-Y’% phosphorylation. However, while
the inhibitory mechanism by FSK on STAT3 phosphorylation is tyrosine phosphatase-dependent, as
demonstrated by its expected sensitivity to pan PTPs inhibitor Na3VO,, it was not the case of BMP10
(Fig. 2C). This indicates that BMP10 attenuates IL-6-induced STAT3-Y’% phosphorylation independently
of Tyrosine phosphatase activity.

We next tested whether this inhibition required a transcriptional step and/or de novo protein
synthesis. For this, HUVECs were pre-treated with actinomycin D (transcription inhibitor) or
cycloheximide (translation inhibitor) before being pre-stimulated with BMP10 for 30 min, followed by
IL-6 stimulation for 15 min. Interestingly, despite the relatively rapid onset of BMP10-induced
inhibition of IL-6-induced STAT3-Y"% phosphorylation within 30 minutes, the results show that this
regulatory mechanism relies on both mRNA and protein synthesis (Fig. 2D). The efficacy of both
inhibitors was confirmed through their effective inhibition of BMP10-induced ID1 gene expression
without affecting SMAD1/5 phosphorylation.

BMP10 Negatively Regulates IL-6-Induced STAT3-Y’% phosphorylation via SOCS3 induction in
HUVECs

One way to down-regulate IL-6 JAK/STAT3 signaling is through the involvement of SOCS3 [39], which
is often induced directly by this pathway, forming a classical negative-feedback loop. Interestingly, in-
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Fig. 2. Attenuation of IL-6-induced STAT3 phosphorylation by BMP10 depends on ALK1 activation, transcription and protein
synthesis. (A, C and D) HUVECs were pretreated with selective ALK1/2/3/6 inhibitor LDN193189 (5 uM), Na3vO4 (50uM) (C),
Actinomycin D (5ug/mL) or Cyclohexamide (10uM) (D), or left untreated (vehicle) for 30 min. Subsequently, cells were pre-
stimulated or not with BMP10 (10ng/mL) (A and C) or Forskolin (FSK, 10uM) (C) for 30 min, followed by stimulation with IL-6
(100ng/mL) for 15 min. Cell extracts were subjected to WB analysis using the indicated antibodies. Relative STAT3 phosphorylation
(pSTAT3/Vinculin) is expressed as mean + SEM (n=1 (C) and n=2 (A and D) independent experiments, normalised to IL-6 vehicle
conditions). (B) HUVECs were treated either with scrambled siRNA (siCTL) or siRNA against ALK1 (siALK1) for 48h and then stimulated
with the indicated ligands as described in panel A. Cell extracts were analyzed by WB using the indicated antibodies and relative
STAT3 phosphorylation (pSTAT3/Vinculin) is expressed as mean + SEM (n=3 independent experiments, normalised to IL-6 siCTL

condition). For all panels, *P < 0.05; ***P < 0.001; n.s. non-significant using two-way ANOVA followed by Sidak's multiple
comparisons post-test.

silico analysis of the promoter region of SOCS3 using transcription factor (TF)-target gene database
revealed the presence of several SMAD binding elements (Fig. 3A). This led us to hypothesize that
BMP10 might act as a regulator of SOCS3 expression, considering that BMP10-induced attenuation of
IL-6 STAT3 signaling requires de novo protein synthesis (Fig. 2D). To validate this hypothesis, HUVECs
were stimulated with BMP10 for varying durations ranging from 30 minutes to 18 hours, and the
expression of SOCS3 mRNA was assessed using RT-qPCR. The results demonstrated that BMP10 rapidly
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induced the expression of SOCS3 mRNA, peaking within 30 min, and then declining to basal levels after
2-4 hours (Fig. 3B). SOCS3 mRNA induction was also shown in BMP9 (Fig. S2). Stimulating HUVECs with
different concentrations of BMP10 revealed a dose-response effect for SOCS3 induction at the protein
level, starting to be detectable from 0.1 ng/mL and reaching a plateau at 1 ng/mL, which correlated
with the expected dose response for SMAD1/5 phosphorylation and ID1 induction (Fig. 3C). Kinetic
assessment of SOCS3 protein expression in response to BMP10 shows that it started within 30 min,
peaked at 1 h, and remained quite high after 4 hours (Fig. 3D). Notably, this temporal regulation of
SOCS3 expression by BMP10 correlated with the inhibitory effect of BMP10 on IL-6-induced STAT3-
YY”% phosphorylation (observed within 30 min). To further validate these results, we investigated the
involvement of both SMAD4 and SOCS3 in this regulatory mechanism by using pre-designed siRNA
against these two genes. As expected, silencing SMAD4 led to a significant decrease in SMAD4 protein
expression, without affecting SMAD1/5 phosphorylation (Fig. 3E). Both the induction of SOCS3 and the
inhibitory effect of BMP10 on IL-6 induced STAT3 phosphorylation were lost upon SMAD4 silencing
(Fig. 3E). Very interestingly, silencing SOCS3 blocked the inhibitory effect of BMP10 on IL-6 induced
STAT3 phosphorylation (Fig. 3E). Taken together, these results demonstrate that BMP10 exerts its
inhibitory effect on IL-6 JAK/STAT3 signaling through SMAD4-dependent expression of SOCS3.

Bmp9/Bmp10 DKO present an increase in inflammatory cytokines in the plasma and an increased
STAT3-Y’% Phosphorylation in the lungs

In accordance with our data, we have previously demonstrated that Bmp9/Bmp10 double knockout
mice present increased lung inflammation and expression of genes implicated in inflammatory
responses, suggesting an immunomodulatory role of BMP9 and BMP10 [25]. To better understand the
inflammatory phenotype of these mice, we analyzed the circulatory levels of several cytokines from
the plasma of WT and Bmp9/Bmp10-DKO mice using a mouse proteome profiler cytokine array.
Accross both male and female cohorts (2 mice/condition), 33 cytokines displayed upregulation in
either the male or female DKO compared to WT mice, while 6 cytokines showed downregulation (Fig.
4 A, B). Remarkebly, we found that both male and female cohorts from DKO mice exhibited elevated
levels of several cytokines associated with inflammatory responses including CCL21, PAI-1, MMP9, and
pentraxin 3 (Fig. 4A, B, C). We next investigated the STAT3-Y’% phosphorylation levels from whole lung
extracts and found significant increase in STAT3-Y’% phosphorylation in Bmp9/Bmp10-DKO mice
compared to WT mice (Fig. 4D).

153



Motif Source Strand Start Stop P.Value Match Sequence 0::;1::::::"
V SMAD4 Q6 MOO733  TRANSFAC - 76352670 76352684  6.00E-06 CTAAGGCAGCCACCT 15
VSMAD3 03 M0O2794  TRANSFAC + 76353629 76353645 1.00E-05 CTTAGCCAGACATAGTC 17
V SMAD1 01 M01590  TRANSFAC + 76360666 76360677  5.00E-06 GAAGACAAAGGA 12

B C

<Z( 'n_: 15 o NS ® BMP10 BMP10 (ng/ml) )
= s 1 NS 01 1 10 o 8
r«E»\lo SOCS3[ = === e | T
8 5 e
Q n PSMAD1/5 St695t6s | s | 8 4
vy
o 5
25 3 D1 o — -] 22
O —
(]
- 0 —— T : - HSP90|————| ° R
051 2 4 8 18
i /
Time (hrs) BMP10 (ng/ml)
o 107 ©ONS ®BMP10
NS BMP10 10ng/ml a8
Time(mins) 0 5 15 30 60 120 240 5 15 30 60 120 240 (- T ] \
~
socs3|” - ——— - o 051
O
PSMAD1/5 s463/5465| —emememes 3 0
[%2]
HSPQOI————————-—---MS 1_030.2-
L8 [«
0.0
120 240
Tlme (hrs)
siSCR siSMAD4 siSOCS3
Pre-StimBMP10 - - + - - + - - 4 ONSs BIL-6 @ BMP10+IL-6
IL-6 - + + - + + - + + KDa
PSTAT3Y70S | s —— s - 1.5 . ko

Rel. STAT3 7%
phosphorylation (%)

STAT3 [ B o= i o e o o B 5 2
SMAD4 \._ )l J—— —-|-50 = 1.04
PSMAD1/5 $463/5465 ‘ p— - —LSO 1< 5-
SOCS3 [ oo e e = g o —— 25 ﬁ
LT [ ——— R 0.0-

SiCTL siSMAD4  siSOCS3

Fig. 3. Attenuation of IL-6-induced STAT3 phosphorylation by BMP10 depends on SOCS3 expression. (A) SMAD1/3/4 binding sites
and number of overlap with footprints within SOCS3 promoter extracted from TFBS database. (B) HUVECs were stimulated with
BMP10 or not (NS) for the indicated time points, and SOCS3 mRNA expression was then assessed by RT-qPCR. The level of SOCS3
expression was normalized to HPRT and represented as fold induction of each NS and BMP10 stimulated sample relative NS 0 min +
SEM (n=2 independent experiments). (C and D) HUVECs were stimulated with varying doses of BMP10 (0.1-10ng/mL) (C) or with
10ng/mL dose for the indicated time points (D), or were left non-stimulated (NS). Protein extracts were analyzed by WB analysis
using the indicated antibodies. For panel C, SOCS3 expression was normalized to HSP90 (loading control) and represented as fold
induction by BMP10 relative NS + SEM (n=2 independent experiments). For panel D, SOCS3 expression was normalized to HSP90 and
represented as fold induction of each NS and BMP10 stimulated sample relative NS 0 min (n=1 experiment). (E) Cells were treated
either with scrambled siRNA (siCTL) or siRNA against ALK1 (siALK1) or SOCS3 (siSOCS3) for 48h. Subsequently, cells were pre-
stimulated or not with BMP10 (10ng/mL) for 30 min, followed by stimulation with IL-6 (100ng/mL) for 15 min. Cell extracts were
subjected to WB analysis using the indicated antibodies. Relative STAT3 phosphorylation (pSTAT3/HSP90) is expressed as mean +
SEM (n=2-3 independent experiments, normalised to IL-6 siCTL condition). ***P < 0.001; ****P < 0.0001; n.s. non-significant using
two-way ANOVA followed by Tukey's multiple comparisons post-test.
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Fig. 4. Mice lacking BMP9 and BMP10 present differential amounts of cytokines in plasma compared to WT littermates, and
increased STAT3 phosphoryation in lungs. (A) Cytokine array blots of 111 cytokines assessed from the plasma of a cohort of two
mice/condition. Each spot represents 1 cytokine, with duplicates aligned vertically. Highlighted cytokines are those which were
clearly different between DKO and WT mice in both males and females. 1: Pentraxrin-3/TSG-14; 2: MMP9; 3: Serpin E1/PAI-1;
4:CCL21/6Ckine; a,b,c: Reference spots. (B) Heat map representing the relative abundance of 33 cytokines which were significantly
regulated between DKO and WT at least in one sex. Pixel densitity of each cytokine was calculated between the corresponding
duplicates on the array for each condition, and represented as log2 fold change (FC) in the abundance from DKO compared to WT.
“Both” represents the average log2FC (DKO/WT) calculated from both males and females. 1-4 represent cytokines marked in A. (C)
The detection level of the four marked cytokines in A. Data are presented in the format of mean pixel density of each cytokine
calculated between the corresponding duplicates on the array for each condition. a. u., arbitrary unit. (D) Lungs were harvested
from the euthanized DKO and WT (Cre +) mice, from which protein extracts were prepared and analyzed by WB for pSTAT3 Y79
phosphorylation, total STAT3 and Vinculin (loading control). STAT3 phosphorylation (pSTAT3/STAT3) from each condition is
expressed as mean = SEM (n=5 mice/condition). *P < 0.05 using Mann—Whitney test.
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Discussion
In this study, we identified a very interesting role of BMP9/BMP10 signaling in attenuating IL-6/JAK

STAT3 pathway, with the mechanism detailed for BMP10, but is likely the same for BMP9. The study
originated from my recent phosphoproteomic data, which highlighted gp130-5S82 phosphorylation by
BMP9 and BMP10, a site which has been previously described to negatively regulate gp130 surface
expression [35]. Unfortunately, | was not able to validate this phosphorylation by WB analysis (data
not shown). However, using flow cytometry, | showed that BMP10 induced a modest decrease in gp130
surface levels, but we thought that this decrease would not be sufficient to explain the attenuation in
STAT3 phosphorylation. Nevertheless, by testing other mechanisms that play a role in attenuating
JAK/STATS3 signaling, we proposed the following scenario. BMP10/ALK1 leads to the phosphorylation
of SMAD1/5 and subsequent formation of an active SMAD1/5/SMAD4 complex. This complex then
translocates into the nucleus to and induces the expression of SOCS3, which attenuates IL-6/JAK STAT3
pathway (Fig. 5). Thus, it remains unclear whether gp130 is involved in this regulation, but our findings
clearly indicate a strong dependence on SOCS3 for the underlying mechanism. Previous studies in non-
ECs have shown that TGF-B can regulate SOCS3 expression, however the outcomes of this regulation
were context-dependent. For instance, TGF-B stimulation attenuated IL-6-induced SOCS3 expression
in Th17-cells [40]. More recently, Dees et al showed that TGF-B induced the expression of DNA
methyltransferase 3A (DNMT3A) and DNMT1 in fibroblasts in a SMAD-dependent manner to silence
the expression of SOCS3 by promoter hypermethylation [41]. On the other hand, TGF-B induced the
expression of SOCS3 in B lymphocytes, macrophages and osteoclasts [42]-[44]. To the best of our
knowledge, our data are the first demonstration of the regulation of SOCS3 in response to BMPs. We
also showed that BMP10 attenuated IL-6 induced expression of HGF, an important gene implicated in
several biological processes including migration, morphogenesis, apoptosis, proliferation and tissue
repair [45], [46]. Our results highlight an interesting negative regulation of JAK/STAT signaling pathway
induced by the IL-6 inflammatory cytokine, suggesting an immunomodulatory role of BMP10 signaling
in ECs. We have focused mainly on IL-6, due to its well characterized roles in inflammation and immune
responses, however other cytokines can activate the JAK/STAT pathway, and can be regulated by
SOCS3. For instance, We showed that BMP10 attenuated STAT3 phosphorylation induced by LIF,
another cytokine of the IL-6 family (Fig. S1C). While SOCS3 is well characterized to inhibit STAT3
activation, it has been also shown to regulate other receptors and cytokines from other families (such
as granulocyte-colony stimulation factor, insulin, and leptin) that do not activate STAT3 signaling [47],
suggesting a potential role of BMP10 signaling on other cytokine families.

In the last few months of this work, we have tried to assess the immunomodulatory role of BMP9/10
signaling in preclinical mouse models available from our lab. Our group has generated several knockout
mouse models lacking Bmp9, Bmp10 or Alk1 to study this signaling pathway in the context of vascular
diseases, mainly focusing on HHT. These include (1) constitutively deleted Bmp9 from 129 Ola
background (1290la Bmp9-/-) (2) constitutive Bmp9/tamoxifen-inducible Bmp10 double KOs from
C57BL/6 background (Bmp9/10 DKO) and (3) EC-specific tamoxifen-inducible Alk1 KOs (Cdh5-
CreERT2+/- Acvril flox/flox). Deletion of Bmp9 in the 129/0la genetic background leads to
spontaneous perivascular liver fibrosis and a strong inflammation in the liver [48], but also in the
kidneys and the lungs (work under review). On the other hand, Bmp9 and Bmp10 DKO mice in C57BL/6
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Fig. 5. Working model for the inhibition of IL-6/JAK/STAT3 Signaling BMP9/10/ALK1 via SOCS3. BMP9 and BMP10 signal through
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background present vascular abnormalities which leads to high cardiac output and heart failure [25].
In addition, these mice present inflammation, and RNAseq analysis revealed an upregulation of
cytokines and adhesion molecules associated with inflammatory responses [25]. Performing a cytokine
array on the plasma of these mice indicated that Bmp9/Bmp10 DKO show an increase in several
cytokines associated with inflammation. We observed an upregulation in the level of several cytokines
that are responsible for immune-EC interaction such as well as cytokines that are considered as
biomarkers of chronic inflammation. For instance, CCL21 was shown to be secreted during
inflammation by lymphatic endothelial cells and can play a role in dendritic cell recruitment [49]. CCL23
plays pro-inflammatory roles and can be produced by immune cells to upregulate pro-inflammatory
cytokines such as CCL2 which is involved in monocyte chemotaxis [50]. Pentraxin 3 is considered as a
biomarker of cardiovascular inflammation [51]. Serpin E1 (PAI-1) is an acute phase protein that is highly
elevated during inflammation, acute tissue damage, and sepsis [52]. MMP9 plays an essential role in
local proteolysis of the extracellular matrix and in leukocyte migration [53]. These preliminary data
suggests that Bmp9/10 DKO mice exhibit an upregulation of leukocyte chemoattractant factors and
markers of chronic inflammation and angiogenesis.

Interestingly, we also showed that pSTAT3-Y’%/STAT3 levels seems to be higher in the lungs of
Bmp9/Bmp10-DKO mice in comparison to WT (Fig. 4D), further supporting our in vitro data. We have
also started to test our working hypothesis in isolated endothelial cells, by interrogating existing
datasets. Recent single cell RNA-seq (scRNA-seq) data from our group also shows that deletion of
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endothelial Alk1 is associated with an increase in the percentage of immune cells in lungs and liver,
and upregulation of inflammation/immune system pathways in several subsets of ECs (unpublished
data). Very interestingly, we found that SOCS3 mRNA expression is downregulated in liver sinusoidal
ECs from 1290la Bmp9-/- mice (bulk RNAseq) (work under review) and in a subset of lung endothelial
cells in Alk1 KO mice (scRNA-seq, unpublished). We have also started to isolate ECs from various
models, aiming to evaluate STAT3 phosphorylation, along with the expression of SOCS3 and IL-
6/JAK/STAT target genes. Preliminary data for assessment of CCL2, a potent inflammatory cytokine
and IL-6 target, reveal a trend of elevated CCL2 mRNA expression in both mouse lung ECs from C57BL/6
mice and liver sinusoidal ECs (LSEC) from the 129 Ola background (Fig. S3). Moreover, we could also
see a trend for decreased SOCS3 mRNA expression from LSEC (Fig. S3). Overall, inflammation is
observed in several of our transgenic mouse models, with preliminary data suggesting an
immunomodulatory role of BMP9/10/ALK1 signaling in vivo, which might be linked to modulation of
JAK/STAT3 signaling. Interestingly, several studies have suggested a role of IL-6 signaling in the context
of PAH. The group of C. Guignabert demonstrated that smooth muscle cells from PAH patients present
increased IL-6/STAT3 signaling through ectopic upregulation of both IL-6 receptor (IL-6R) and gp130
[24]. Interestingly, the authors showed that treatment with IL-6R-specific antagonist reverses
experimental pulmonary hypertension in two rat models, suggesting promising therapeutic strategies
for future clinical studies in PAH. More recently, Szulcek et al showed that an elevated IL.-6 mRNA and
protein expression levels in PAH HMVECs and PAH patient sera compared to CTLs [22]. Furthermore,
they demonstrated that IL-6 exacerbated the EndMT phenotypic switch in PAH HMVECs, while blocking
IL-6 using a neutralizing IL-6 antibody effectively prevented BMP9-induced EndMT in PAH HMVECs.
However, the role of BMP9 in protecting or aggravating PAH pathogenesis remains unclear. This can
be illustrated through contradictory results showing that removing or blocking BMP9 through genetic
or pharmacological means offers protection against experimental PH in rodents, due to vadilation [54],
while administration of BMP9 reverses experimental PH in rats [55]. The effects of BMP9 on
inflammation may in part explain these apparently contradictory results. Other studies have
demonstrated that lung tissues and SMCs from PAH patients present higher pSTAT3 levels in
comparison to control groups [56], [57]. Several groups have proposed to block IL-6/IL-6R/gp130/
STAT3 signaling in PAH [58]. On the other hand, to the best of my knowledge, the role of IL-6 and STAT3
signaling in HHT has not been previously addressed. However, inflammation is thought to trigger or
aggravate the disease, where IL-6 and STAT3 have been shown to play a role in proliferation and
angiogenesis, mainly in cancer [59], [60]. These mechanisms could also be relevant in the context of
HHT, where patients also present immunological abnormalities (leukopenia) [18]. One hypothesis
could be an increased recruitment of immune cells by endothelial cells, due to an impaired regulation
of JAK/STAT signaling. Several drugs targeting IL-6/JAK/STAT pathway are commonly used for their
anti-inflammatory properties in diseases such as rheumatoid arthritis, atopic dermatitis or ulcerative
colitis (tocilizumab, baricitinib, tofacitinib). Therefore, these drugs could be repurposed for HHT.
Interstingly, in addition to EC, ALK1 is also expressed by Kupffer cells [21], which are liver-resident
macrophages. We plan to assess whether BMP9 and BMP10 can also attenuate JAK/STAT signaling in
these cells. This could be relevant for HHT, as the liver is one of the main organs affected by this
disease.

Overall, we describe an immunomodulatory role for BMP9/BMP10/ALK1 pathway, and we describe a
new crosstalk between two major signaling pathways. These findings can help us to better understand
the pathogenesis of PAH and HHT, and pave the way for new therapeutic opportunities for these rare
diseases.
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Materials and Methods
Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza and cultured in endothelial
basal medium-2 (EBM-2) supplemented with EGM-2MV SingleQuot additives (fetal bovine serum (FBS),
hEGF, hydrocortisone, VEGF, hFGF-B, R3-IGF-1, ascorbic acid, GA-1000, and heparin; Lonza). Cells were
incubated at 37 °C in a humidified atmosphere containing 5% CO..

Reagents

Recombinant human BMP9 and BMP10 were purchased from R&D systems (Catalog # 3209-BP and 3956-
BP, respectively). Recombinant human IL-6, TNFa and LIF were purchased from Peprotech (200-06 and 300-
01A, and 300-05 respectively). LDN193189, actinomycin D and cycloheximide were purchased from Sigma
(Catalog # 1062368-24-4, 50-76-0 and 66-81-9, respectively).

Western Blotting

Following stimulations, cells were washed twice with ice-cold phosphate-buffered saline (PBS) and
lysed in Radioimmunoprecipitation assay buffer (RIPA) supplemented with protease inhibitor cocktail
(P8340) and phosphatase inhibitor cocktails 2 (P5726) and 3 (P0044) purchased from Sigma. Lysates
were then clarified by centrifugation at 21,000g for 10 min at 4°C, and supernates containing proteins
were collected into new eppendorf tubes. Protein concentrations were determined using a micro-BCA
assay kit (Thermo Scientific), and lysates were then stabilized with Laemmli buffer and boiled at 95°C
for 5 mins. Equal protein quantities (10-20ug) were then resolved by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on 4-20% Precast Protein Gels (Bio-rad) and transferred onto a
nitrocellulose membrane using Mini Trans-Blot system (Bio-rad). Membranes were blocked with
instant block buffer (Sigma) and subsequently probed with primary antibodies. Supplementary table 1
provides information about all the primary antibodies used. Membranes were incubated with
enhanced chemiluminescence substrates (ECL; Bio-rad) or SuperSignal™ West Femto Maximum
Sensitivity Substrate (Thermo Scientific™ Catalog number: 34094) and images were developed using
ChemiDoc™ Imaging System (Bio-Rad). Chemiluminescent signal intensity was quantified with the
Image lab software V6.1 (Bio-Rad). All measurements were performed within the linear range and
were normalized to the non-phosphorylated total protein or loading control (STAT3, HSP90, or
Vinculin).

Immunofluorescence

HUVECs were seeded at confluency in glass Lab-Tek Chamber Slides (Thermo Fisher Scientific). Cells
were then starved and stimulated or not with BMP10 and/or IL-6 as described in the previous section.
After stimulation, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X100 in
PBS and incubated overnight with anti-pSTAT3-Y’% antibody (1/200 dilution) at 4°C. For detection, the
cells were subsequently incubated with alexa 488 donkey anti-rabbit 1gG (AB2340620, Jackson
ImmunoResearch) for 1h at room temperature. Nuclei were counterstained with Hoechst 33342
(Sigma-Aldrich) and images were acquired using Apotome fluorescent microscope (ZEN). Analysis was
performed using Fiji software by segmentation of nuclei and analysis of nuclear pSTAT3 signal.

Cytokine Array Analysis of Mice Plasma
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Blood was collected from Bmp9/Bmp10-DKO mice by cardiac puncture and placed in K2-EDTA coated
tubes. After centrifugation (10 minutes, 5000 rpm), plasma was collected and stored at -80°C until
analysis. We collected plasma samples of 4 WT (2 males and 2 females) and 4 DKO (2 males and 2
females) mice. Samples from same sex and genotype were pooled and subsequently analyzed using
Proteome ProfilerTM Mouse XL Cytokine Array Kit (R&D Systems, ARY028, USA) according to
manufacturer’s instructions. The spots were visualized using the chemi-reagent supplied with the kit
and images were developed using ChemiDoc™ Imaging System (Bio-Rad). Chemiluminescent signal
intensity was quantified with the Image lab software V6.1 (Bio-Rad). For data analsysis, average signal
of each cytokine was calculated, and a fold change (FC) threshold was set to determine upregulated
(FC pkoywr = 1.6; Log2FC pkoywt = 0.7) or downregulated (FC pkoywr £ 0.6; 10g2FC pkojwr < -0.7). Only
cytokines that were up or downregulated in at least one condition are represented in Fig. 4B.

RNA extraction and RT-qPCR

Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) following the manufacturer's
instructions. 500ng of RNA was then reverse-transcribed into cDNA using the iScript cDNA Synthesis
Kit (Bio-Rad). Reverse transcription quantitative PCR (RT-qPCR) was then performed using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Real-Time System (Bio-Rad). Data
analysis was conducted utilizing the CFX Manager Software V3.1 (Bio-rad), then gene expression levels
were calculated utilizing Livak's 222 method using HPRT as housekeeping gene, and results were
presented as fold change relative to control non stimulated samples. All primer sequences used for RT-
gPCR were pre-designed using primer blast tool and purchased from sigma. Supplementary table 2
summarizes all the genes assessed by RT-qPCR with their respective primer mixes.

RNA interference

HUVECs were transfected with either a scrambled Silencer Negative Control #1 siRNA (siCTL; AM4611,
Ambion), pre-designed siRNA (Thermofisher) directed against human ACVRLI (encoding ALK1, ;
siALK1lassay IDs987), SMAD4 (siSMAD4; assay ID s8405) or human SOCS3 (siSOCS3; assay ID s17191) at
a final concentration of 10nM in 1ml final volume of Opti-MEM (Gibco) using 2.5uL/well Lipofectamine
RNAiIMAX Transfection Reagent (Invitrogen). 48h post-transfection, cells were serum starved in EBM2
for 6h and were then stimulated or not with 10ng/mL BMP10 for 30 min.

Assesement of Surface gp130 Expression by Flow Cytometry

HUVECs were seeded at confluency in 6-well plates. Cells were starved for 3h in serum free additive
free EBM-2, after which they were stimulated or not for 30 min with 10ng/mL of BMP10 or TNFa. Cells
were detached using trypsin/EDTA solution (CC-5012; Lonza) diluted at 0.000714%, resuspended in 2%
BSA in PBS, and incubated with Alexa 648-conjuagted anti-human CD130 (BD Pharmingen|564151) or
mouse 1gG2 k Alexa 647 isotype control antibody (BD Pharmingen|557715) for 20 min on ice. Cells
were washed twice with 2% BSA/PBS, resuspended in PSB, and 10 000 cells were analysed on FACS
Calibr (BD Biosciences) using FCS Express Flow Cytometry Software.

Animal Experimentation

All animal experiments were approved by the institutional guidelines for the use of experimental animals.
Bmp9/Bmp10 double knockout (DKO) mice from C57BL/6 background and Bmp9 KO mice from 129/0la
background were obtained as previously described by our group [25], [26]. For Bmp9/Bmp10-DKO mice,
Cre+ mice were used as WT controls, to control for potential Cre toxicity.
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For mouse lung protein extracts, lungs were harvested from the euthanized mice and placed in RIPA lysis
buffer (supplemented with protease and phosphatase inhibitors) with 1.4 mm ceramic beads. Tissue lysis
was achieved by vigorous agitation and vortexing of the tubes using Precellys 24 machine (2x15s 5000 rpm).
Samples were incubated on ice for 30 min, and clarified protein lysates were analyzed by SDS-PAGE as
described in WB analysis section.

For mouse lung endothelial cell isolation, lungs were minced and digested with collagenase/dispase,
incubated with anti CD31 antibody (BD Pharmingen, catalog # 553370) coupled with Sheep anti-Rat IgG
magnetic beads (Invitrogen #110.35). Magnetic cell sorting was performed and cells were lyzed in RA1
buffer containing beta mercaptoethanol.

Liver sinusoidal endothelial cell isolation was performed as previously described [26].

Tables

Supplementary Table 1. Primary Antibodies. List of primary antibodies used for WB, IF and Flow
cytometry.

Incubation
Antibody Supplier|Reference Dilution
conditions
PSMAD1/5-5463/465 Cell Signaling|9516 1/1000 (WB) O.Nat 4°C
ID1 Santa Cruz|sc-133104 1/500 (WB) O.N at 4°C
SOCS3 Abcam|ab280884 1/1000 (WB) O.Nat 4°C
HSP90 Cell Signaling| 4877 1/1000 (WB) 1h RT
SMAD4 Cell Signaling|9515 1/1000 (WB) O.N at 4°C
GAPDH Abcam|ab181602 1/5000 (WB) 1h RT
Vinculin Cell Signaling|9515 1/1000 (WB) 1h RT
1/1000 (WB)
pSTAT3-Y7% Cell Signaling|9145 O.N at 4°C
1/100 (IF)
STAT3 Cell Signaling| 30835 1/1000 (WB) O.N at 4°C
CD130 Alexa 647 BD Pharmingen|564151 1/40 (FACS) 20 min at 4°C
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Supplementary Table 2. RT-qPCR primers. List of forward and reverse primers used for quantitative
RT-qPCR designed using Primer-Blast on GenBank sequences. All listed primer pairs are separated by
at least one intron on the corresponding genomic DNA or span an exon-exon junction. h, human; m,

mouse
Target GenBank
& sequence Forward (5’-3’) Reverse (5’-3’)
Gene .
accession number
hSOCS3 NM_003955.5 AGCAGCGATGGAATTACCTGGAAC TCCAGCCCAATACCTGACACAGAA
hHGF NM_001289458.1 TCCATGATACCACACGAACACA GTAGCGTACCTCTGGATTGCT
mSocs3 NM_007707.3 GGGAGCCCCTTTGTAGACTT CATCCCGGGGAGCTAGT
mCcl2 NM_011333.3 CTGCATCTGCCCTAAGGTCT AGTGCTTGAGGTGGTTGTGG
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Fig. S1. BMP9 and BMP10 negatively regulate IL-6- and LIF-induced STAT3 pathway in HUVECs, respectively (A) Volcano plot taken
from manuscript 1 representing the log2 fold change in the abundance of phosphopeptides plotted against the —logo adj. P.value,
showing differentially phosphorylated sites which are down-regulated (blue) or up-regulated (red) in response to BMP9 stimulation,
while highlighting gp130-S782, (B) Cells were pre-stimulated or not with BMP9 (10ng/mL) for 30 min, followed by stimulation with IL-
6 (100ng/mL) for 15 min. Cell extracts were subjected to WB analysis using the indicated antibodies. Relative STAT3 phosphorylation
(pSTAT3/STAT3) is expressed as mean + SEM (n=2 independent experiments, normalised to IL-6 vehicle condition). (C) Cells were pre-
stimulated or not with BMP10 (10ng/mL) for 30 min, followed by stimulation with LIF (50ng/mL) for 15 min. Cell extracts were
subjected to WB analysis using the indicated antibodies. Relative STAT3 phosphorylation (pSTAT3/Vinculin) is expressed as mean +
SEM (n=2 independent experiments, normalised to LIF vehicle condition).
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Fig. $3. Assessment of CCL2 and SOCS3 mRNA level in mouse lung EC and liver sinusoidal EC from

(A) Mouse lung endothelial cells (MLEC) were isolated from lungs of C57BL/6 DKO (lacking both BMP9 and BMP10)
and WT mice as described in the materials and methods section. RT-qPCR analysis was then performed to determine
mMRNA expression levels of Ccl2 and Socs3, which was normalized to Rpl13 house keeping gene using 2-AACt method,
and presented as fold induction (DKO-vs-WT) + SEM (n=5 WT and n=4 DKO). (B) Liver sinusoidal endothelial cells
(LSEC) were isolated from Ola BMP9-/- and WT mice as previously described [28]. RT-qPCR analysis was then
performed to determine mRNA expression levels of Ccl2 and Socs3 as described in A, and data presented as fold
induction (Bmp9KO-vs-WT) £ SEM (n=4 WT and n=4 Bmp9KO).
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6.4 Further Discussion/Other Preliminary data

6.4.1 Classic vs Trans IL-6 Signaling

IL-6 exerts its effects on target cells by binding with its membrane-bound receptor (IL-6R),
leading to the recruitment of the ubiquitously expressed signal-transducing gp130 receptor.
This mechanism is known as IL-6 classic signaling, which mainly occurs in cells expressing the
membrane-bound IL-6R including hepatocytes, macrophages, neutrophils, and certain subsets
of T cells [644]. However, these cells can also release soluble IL-6 receptor molecules (sIL-6R)
into the bloodstream, primarily through processes like extracellular shedding or alternative
splicing [645-647]. Consequently, IL-6 can bind to sIL-6R, promoting intracellular signaling via
gp130 in cells lacking the membrane-bound IL-6R, a signaling mode known as IL-6 trans-
signaling [648, 649]. For instance, ECs exhibit minimal expression of IL-6R compared to other
cell types, and several studies have demonstrated that IL-6 alone induces only modest and
sometimes no response without the addition of IL-6R [650—654]. These findings were further
confirmed under our experimental conditions, where we showed that using low
concentrations of IL-6 (10ng/mL) is not enough to activate STAT3 signaling, and that higher
concentrations (50-100ng/mL) were needed. Notably, in addition to STAT3, IL-6 trans-
signaling has shown to activate AKT and ERK pathways in ECs [652, 654]. Very recent work by
Song et al demonstrated a computational model, which was validated experimentally, and
that could be used for predicting the activation of STAT3, AKT and ERK in response to IL-6
classic and/or trans-signaling in ECs (work under review) [655]. The authors demonstrated
that IL-6 trans-signaling results in a stronger downstream signaling and plays a dominant role
in the overall effects from IL-6, which have been also shown by other groups [650—654, 656,
657]. IL-6 trans-signaling and therapeutic strategies targeting this pathway has been very
recently reviewed by John et al [658]. In general, classic IL-6 signaling plays roles in
homeostasis and acute inflammatory functions, whilst trans-signaling is more associated with
inflammation and tissue damage in various pathological conditions, including chronic
inflammatory diseases.

6.4.2 BMP10 Regulates Signal transduction of other IL-6 family

cytokines
Gp130 family of cytokines, also called IL-6 family, includes several inflammatory cytokines.
These include IL-6 itself, in addition to IL-11, IL-31, LIF, CNTF, CT-1, and OSM [256]. It has been
shown that HUVECs are responsive to the majority of these cytokines, and that OSM, in
addition to the STAT3 pathway, can activate other signaling pathways such PI3K/AKT and ERK
MAPK signaling [653]. | have already performed an experiment showing that BMP10 affects
not only IL-6 but also other cytokines of this family including OSM and LIF. STAT3 pathway was
activated by OSM, LIF and IL-6, whereas activation of AKT and ERK pathways was only clearly
observed with OSM (Fig), consistent with previously published data [653]. Surprisingly, pre-
stimulation with BMP10 attenuated OSM-induced AKT and ERK, but not STAT3. Notably,
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attenuation of AKT and ERK were more pronounced at lower OSM concentrations. Moreover,
BMP10 attenuated both LIF and IL-6-induced STAT3 activation, but the attenuation of LIF
response was stronger when lower LIF concentrations were used. These results allowed us to
draw out three main conclusions: (1) different IL-6 family members induce different
downstream signaling (STAT3, AKT and ERK), (2) the potency of the signals obtained clearly
depends on the concentration of the cytokines and (3) importantly, at very high
concentrations of OSM and LIF, BMP10 exhibited limited efficacy in attenuating their
downstream signaling. Thus, it would be important to determine the optimal concentrations
that should be used in order to better understand the regulation of other IL-6 family cytokines
by BMP10 in ECs.
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Figure 33. BMP10 regulation of OSM, LIF, and IL-6 Signaling in HUVECs.

HUVECs were pre-stimulated or not with BMP10 (10ng/mLfor 30 min, followed by stimulation with 10 or 50 ng/mL
OSM, LIF or IL-6, OSM, or for 15 min. Cell extracts were subjected to WB analysis using the indicated antibodies.
Phosphorylation of STAT3, AKT and ERK was calculated using pProtein/HSP90 ratio and is expressed as fold
induction relative to non stimulated stimulated cells. This experiment is n=1.
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Chapter 7. General Discussion

In this section, | will talk about few technical points used in this study and discuss the general
findings of my thesis work.

7.1 Choice of HUVECs as an EC model

Since their isolation in 1973, HUVECs constituted the most commonly used primary non-
immortalized EC model system for studying vascular biology in-vitro in both normal and
pathological conditions [14, 15]. HUVECs possess the advantage of being more readily
accessible compared to other types of ECs. They express crucial endothelial markers and
pivotal signaling molecules linked to vascular physiology. Furthermore, HUVECs have
exhibited responsiveness to various physiological and pathological stimuli, including
angiogenic factors, high glucose, inflammatory cytokines, and shear stress [659]. Hence, these
cells enable the study of how ECs respond to diverse stimuli or treatments to understand their
impact on endothelial functions such as migration, proliferation, and tube formation. At the
time of writing this manuscript, PubMed displayed over 21,000 search outcomes related to
"HUVEC", displaying a significantly higher utilization in comparison to other EC types such as
"HMVEC","HAEC","ECFC", etc. However, it is important to note HUVECs are cells originating
from atypical veins (which carry oxygenated blood), and thus represent a very exceptional EC
type. Moreover, ECs exhibit significant heterogeneity, which refers to variations in their
characteristics, functions, and molecular profiles across different vascular beds and
physiological conditions [660]. As such, for obtaining relevant data interpretation, considering
EC heterogeneity is of crucial importance when designing and conducting certain
experimental setups. In my project, my aim is to examine how BMP9 and BMP10 influence the
global phosphoproteome in ECs. For this, we selected HUVECs due to their widespread use,
accessibility, and ease of culture. After identifying regulated pathways in HUVECs, it will be
interesting to verify their regulation in other EC models available in our lab, including ECFCs
and HMVECs.

7.2 Choice of ligand

To date, BMP9 and BMP10 stands as the only identified ligands for ALK1 [305]. Although both
ligands shares high sequence similarity within their growth factor domain, they exhibit
different binding affinities to the type-Il receptors [343] and display both redundant and
specific roles in-vivo [47]. Notably, microarray experiments revealed that pd-BMP9 and pd-
BMP10 induced highly similar transcriptional regulation, suggesting that they act as
functionally equivalent ALK1 ligands in-vitro on endothelial cells [325], which was further
supported by recent unpublished RNA-seq analysis performed in our lab using BMP9 and
BMP10-stimulated ECFCs and HMVECs (Al Tabosh et al., under revision). Nevertheless, to the
best of my knowledge, there are no published studies that evaluate the phosphoproteomic
responses induced by these ligands in any cell type. Therefore, at the beginning of my PhD
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project, we aimed to address the global phosphoproteomic responses of HUVECs to both
BMP9 and BMP10 individually, rather than prioritizing one over the other. However, after
obtaining and analyzing the phosphopoteomic results, we found that both ligands displayed
very highly similar phosphoproteomic profiles under our experiment conditions (Chapter 5,
Fig. 2C). Since BMP10 is much less studied in comparison to BMP9, we proceeded to do all
subsequent validation and functional assays using BMP10 as the chosen ligand, and anytime
we checked, we found that BMP9 led to a similar response as that of BMP10.

7.3 Stimulation duration

Phosphoproteomic events generally occur more rapidly in response to extracellular stimuli
compared to transcriptomic responses. Therefore, our objective was to select a time point
that captures relatively rapid and direct responses, with limited changes in the total proteome.
However, selecting this time point was a challenge, as there is limited knowledge regarding
non canonical pathways and downstream phosphoproteomic dynamics, apart from the
canonical SMAD pathway, associated with these BMP9 and BMP10. Moreover, while we
would capture certain phosphoproteomic responses at a chosen time point, it’s highly likely
that we might miss others. An ideal approach in this case would be to conduct kinetic
phosphoproteomic profiling, examining responses across various time points post ligand
stimulation. However, considering our desire to use TMT-16 plex labeling approach (described
in Chapter 4) with five biological replicates per group (non-stimulated, BMP9-stimulated and
BMP10-stimulated groups), a single time point selection necessitated the use 15 out of the 16
available labels. Consequently, conducting a kinetic study would have required a complex
experimental design and high cost. As a result, we decided to focus on a single time point.
Under our experimental conditions, BMP9/BMP10-induced SMAD1/5 phosphorylation
started as early as 5 minutes and attained a plateau after around 30 minutes (Chapter 5, Fig.
4A). Thus, we considered that selecting the 30-minute time point would coincide with a
significant activation of BMP9 and BMP10 signaling in ECs. To gain a deeper overview of the
dynamic regulation of these phosphorylation events, identified targets were further validated
through kinetic western blot analysis (Chapter 5, Fig. 4A). Interestingly, this kinetic analysis,
spanning 5 minutes to 4 hours, revealed that the activation of P38 MAPK and the
phosphorylation of Eps15 and HSP27 by BMP10 became evident only after 30 mins. However,
we demonstrated that, even using a relatively short time-frame of 30 minutes, it was sufficient
to trigger the phosphorylation of these non-canonical targets through a transcription-
dependent mechanism (will be further discussed in section 7.7).

7.4 BMP dose

In this work, the concentration of BMP9 or BMP10 used is 10ng/mL, which is considered
relatively high in comparison to ECso of these ligands (~ 50pg/mL) in HMVEC-I [305]. However,
we hypothesized that, while low concentrations such as 1ng/mL are enough to induce a strong
phosphorylation of SMAD1/5 [306], higher concentrations might be required to activate other
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non-canonical pathways. For instance, BMP9-induced pSMAD?2 in ECs was only detectable at
BMP9 concentrations > 1ng/mL [112, 349]. Moreover, the 10ng/mL dose is considered
physiologically relevant, as it falls within the normal 2 to 12ng/mL range of circulating active
BMP9 that was determined by our group using human sera and plasma samples [348].
Importantly, we have later conducted experiments to establish the dose-response activation
of the identified targets in our study. Our results showed that, as low as 0.1 ng/mL, BMP10
was enough to induce a modest response, and this response was indeed significantly higher
at concentrations > 1ng/mL (Chapter 5, Fig. S3).

7.5 Choice of the Lysis buffer and MS-phosphoprotemic Approach

At the beginning of this project, we were first optimizing the conditions to be used for our MS
analysis by testing 4 different lysis buffers. After several experiments performed, we selected
Urea lysis buffer which was the most compatible with the MS experimental workflow to be
used. In the first year, we performed two independents label-free quantififcation (LFQ) MS
phosphoproteomic analyses using BMP10 (first year) and BMP9 (beginning of the 2" year).
From both analyses, we obtained between 2000-3000 identified and quantified phosphosites,
out of which we got 89 which differentially phosphorylated by BMP10 vs 81 by BMP9.
Moreover, we didn’t not obtain phosphorylation of SMADs in both analyses, which is a positive
control to validate our approach. Among the obtained differentially phosphorylated sites, only
four had phosphospecific antibodies, and we were able to validate only one phosphosite, NIPA
5354 (nuclear interacting partner of anaplastic lymphoma kinase), which has been associated in
the regulation of G2/M phase of the cell cycle in non-ECs [661, 662]. After several experiments
conducted, we were not able to find a clear story/function of this site in ECs (data not shown).
Given the surprising low overlap obtained between BMP9 and BMP10 differentially
phosphorylated sites (likely because the two experiments and MS analysis were performed
independently), in addition our limited findings from these analyses, we decided at the end of
the 2" year to perform TMT labeling approach using both BMP9 and BMP10. The aims were:
(1) have a deeper coverage of the phosphoproteome, (2) perform analysis using both BMP9
and BMP10 from the same experiment, and (3) multiplexing to reduce technical variability
originating from the experimental workflow. This analysis allowed us to identify and quantify
12779 phosphosites, with 418 differentially regulated sites by BMP9 and/or BMP10, among
which we identified phosphorylation of SMAD1, thus validating our approach.

7.6 Experimental approaches for data validation

Validation of phosphoproteomic data has been a real challenge throughout this project, which
is always the case in such type of analysis (section 4.3). Among all the DPS obtained, only very
few (8/419) had commercially available antibodies that we could buy, and 7/419 sites had
home-made raised antibodies (Table 3). Hence, our options for data validation were very
limited. This is in contrast to other high-throughput analysis like RNAseq analysis, where
designing primers for validating differentially regulated genes is often achievable. | have tried
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to validate several interesting targets selected from the phosphoproteomic study, using
different experimental approaches using phospho-specific antibodies (if applicable), IP
followed by pan pSer WB analysis, proximity ligation assay (PLA), in-vitro kinase assays and
Phos-tag gels [663] (Table 3). We did not manage to obtain a quantifiable signal with 2 out of
7 commercially available antibodies (Table 3), even when used with a positive control (data
not shown). Nevertheless, our MS analysis seem to be reliable as, among the tested
antibodies, we were able to validate 3/5 sites with commercial antibodies and 2/3 with home-
made antibodies. Moreover, it is important to note that even if the antibody works, the
sensitivity of the MS is known to be higher compared to WB analysis [664]. This suggests that
many proteins might be truly phosphorylated, but their detection requires higher sensitive
technologies such as MS analysis.

Table 3. List of experimental approaches for validating few selected TMT Phosphoproteomic Hits

Phospho- P —>WB ( l;I;:-r\+
Protein . " P Classical WB | pSer or site- P . Phosphotag gels
Phosphoproteomic Result Antibody specific Ab Protein
(BMP9/10_vs_NS) qgntibody)
SMAD1 $462/463/465 +
P38 Y182 +
Eps15 S796 §
S15 +
HSP27 S$82 +
S83 +
5682 -
MSK2
T687 +
Gp130 5782 +
NELF-E S115 -
$276 -
ERG
S215 #
$157 (GIGYF1) = S160 ]
GIGYF1/2 (GIGYF2)
$638 (GIGYF1) -
S54 (BRF1/2) *
BRF1/2
$334 (BRF1) = S334 (BRF2) *
HES1 S12 -
AHNAK §5782 +
S435 PMID 8094871
ATR
S437 PMID 24950377
S739 PMID 25888627
MORC2
S743 -

* Commercially avaialble; " Not available; %* * Commercially unavailable but kindly provided by Hiroaki Sakurai, Peter
Hollenhorst and Nadia Cherradi, respectively.

Phosphosites: S = Serine, T = Threonine, Y = Tyrosine; Red = increased DPS, Blue = decreased DPS

Green box = Validation, red box = no signal/ Experiment didn’t work, = Antibody didn’t work even with positive
control, = Not tested
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7.7 Activation of Direct and Indirect pathways by BMP9/10 signaling
in ECs

One of the major findings of this work is the capability of BMP9 and BMP10 to activate both
direct and indirect pathways in ECs. The direct canonical pathway involves the rapid
phosphorylation of SMAD1/5, starting as early as 5 minutes, and reaching a plateau within 30
minutes, essential for inducing direct BMP target genes like ID1 and SMADG6. In addition to
these latter, | have identified two other genes which are rapidly induced by BMP9 and BMP10:
GADDA45pB and SOCS3. These transcriptional processes were responsible for mediating BMP10
regulation of P38 MAPK and STAT signaling in ECs.

GADD45B mediated non-canonical P38 pathway activation by BMP10. Importantly, we
showed that blocking P38 had no impact on SMAD1/5 phosphorylation and downstream
direct target gene induction of /D1 and SMADG, but significantly attenuated SELE, PTGS2, and
HAS2 expression by BMP10. Thus, these results define two sets of BMP10 target genes: SMAD
dependent and SMAD- and P38-codependent genes. On the other hand, SOCS3 induction by
BMP10 led to the inhibition of IL-6 JAK/STAT3 signaling in ECs.

It is interesting to mention that another transcriptional step has already been described in
response to BMP9 in ECs. It has been shown that BMP9 and BMP10 induced rapid (within 1 h)
expression of SGK1 (Serum/glucocorticoid-regulated kinase 1) mRNA in HUAEC [390].
Subsequent findings by another group demonstrated that SGK1 synthesis by BMP9 mediates
the activation of the mTORC1/p70S6K/S6 axis, starting at 2h post BMP9 stimulation, which
induced protein synthesis in ECs [391]. In our study, we have identified differential
phosphorylation P70S6K-5%*’ by both BMP9 and BMP10, however we were not able to validate
neither SGK1 induction nor P70S6K-5**’ phosphorylation under our experimental conditions
(data not shown). However, it has been shown that defective BMP9/BMP10 signaling in HHT
leads to over-activation of the PI3K-AKT pathway though increased phosphorylation of AKT,
NDRG1 and S6 (downstream target of P70S6K) in cutaneous telangiectasia biopsies from HHT2
patients and vascular lesions in HHT mouse models [385—-387] so it will be important in the
future to further study this pathway.
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Chapter 8. Perspectives

8.1 Further in-vitro characterization of new identified pathways
induced by BMP9/BMP10 and their potential roles in ECs

8.1.1 Regulation of New identified Pathways by other BMPs and in
other cell types

After highlighting the activation of P38 MAPK signaling and attenuation of IL-6/JAK STAT3 by
BMP10, and probably by BMP9, and showing that both pathways rely on SMAD signaling and
transcriptional events, it would be interesting to test whether these pathways and their
associated mechanisms are also regulated by other BMPs (e.g. BMP2, BMP4, BMP6, etc...).
This can be tested in different EC types (HAECs, HMVECs, ECFCs) or even in non-ECs which can
respond to BMP9 and BMP10 such as Kupffer cells [330] , C2C12 [665], and embryonic stem
cells [666]. This latter would help to highlight the cell-context dependency of the activated
pathways by BMP9 and BMP10 in ECs vs non-ECs (direct vs indirect pathways and dependency
on SMAD-signaling).

8.1.2 The role of P38 signaling in BMP10-induced Transcriptional
Responses in ECs

BMP10 induces the activation of the canonical SMAD signaling (direct pathway), which
induces rapid expression of several direct target genes, including GADD45B. This, in turn, leads
to the activation of P38 signaling (indirect pathway). Importantly, we showed that activation
of P38 plays an important role in the expression of some BMP10 target genes (SELE, HAS2,
and PTGS2). These results suggest that transcriptional responses by BMP10 in ECs are at least
partially mediated through activation of the P38 pathway. Therefore, to investigate which
BMP10 target genes are P38-dependent, a potential approach would be to perform RNA-
sequencing on cells where P38 signaling is disrupted using siRNA or P38 inhibitors. First, it
would be important to determine the lowest effective dose of the siRNA or the inhibitor that
can block P38 signaling with minimal off-target effects. Then, cells can be pre-treated with the
selected dose of siP38 or P38 inhibitor, followed by BMP10 stimulation. This analysis would
highlight gene clusters which are regulated by BMP10 in a P38-depdenent manner. These
genes can then be validated by gpCR and WB analysis, followed by confirming their roles In
ECs using appropriate functional approaches.

8.1.3 Assessing the roles of BMP10-induced phosphorylation of
Eps15-S7°¢ and HSP27-S78/82

8.1.3.1 Eps15

Eps15, and its homolog Epsl15R, are endocytic adaptors that play important roles in
endocytosis [579, 580]. Interestingly, two previous studies highlighted that Eps15R interacts
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with BMPRII [127] and SMAD1 [584], with this latter potentiating SMAD signaling in animal
caps. Given the high similarity in the sequence and functional domains of Eps15 and Eps15R
[581], this suggests that Eps15 may also play a role in the context of BMP10 signaling and
endocytosis of its receptors. To this end, several experiments can be performed, which are
briefly explained below.

a. First, we can check if Eps15 and ALK1 or the type-Il receptor BMPR2 interact with each other. This
can be first performed using overexpression of HA-tagged ALK1 or BMPR2 (available in our lab) and
Eps15-GFP-His (Plasmid#170860 in addgene) in HEK293 EBNA (to achieve high transfection
efficiency), followed by co-immunoprecipitation experiments. This can be checked in the presence
or absence of BMP10 stimulation.

b- Given that endocytosis plays an important role in the context of TGFB/BMP signaling (section
2.4.1.3), and that Eps15 plays important roles in endocytosis [579, 580], it would be interesting to
see if Eps15 play roles in the context of BMP10 receptor endocytosis and/or SMAD signaling In ECs.
To do so, we can decrease the expression of Eps15 using siRNA, and then check endocytosis of
different receptors involved in BMP10 signaling, as previously studied for other BMP receptors
[127]. Moreover, by WB analysis, we can also check the effect of Epsl5 silencing on the BMP10-
induced pSMAD1/5 response.

c- As mentioned previously, S796 is located between Grb2-/AP2 - binding domains and the C-terminal
UIM domain, suggesting a role in clathrin-mediated endocytosis [573]. In case of interesting findings
obtained in the above suggested experimental approaches, it would be interesting to investigate
whether Eps15-57°® phosphorylation is implicated or not in these functions. This can be through
generation of phospho-dead (S796A) and phosphomimetic (S796D) mutants, and assessing their
impact on the suggested potential roles mentioned earlier.

8.1.3.2 HSP27

As previously explained, phosphorylation of HSP27 mainly at S15/78/82 has been linked to
many biological processes [590-592], making it hard to easily understand the role of this
phosphorylation by BMP10 in ECs. Actin dynamics/cytoskeletal organization represent one of
the major functions of pHSP27 and has been excellently described before [590-592]. In ECs,
HSP27 phosphorylation regulates actin-organization which is implicated in the regulation of
EC migration, tubulogenesis, and EC barrier integrity/permeability [590, 593, 594, 596, 667—
670]. Among these studies, Rada et al demonstrated the relationship between temporal
phosphorylation of HSP27, its oligomerization, and regulation of EC permeability [596].
Therefore, using Native SDS-page, we can study the effect of BMP10-induced phosphorylation
on HSP27 oligomerization as recently performed by Rada et al [596]. Moreover, since HSP27
phosphorylation affects its localization [671-673], we can check whether BMP10-stimulation
affects HSP27 localization in ECs, through assessment of total and phosphorylated HSP27
levels by WB in different cellular compartments following cellular fractionation. Interestingly,
depletion of HSP27 by siRNA enhanced endothelial cell barrier permeability and slowed
recovery after thrombin stimulation. Therefore, it could be that slow-onset of HSP27
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phosphorylation by BMP10 after 30min-1h may play a role in the regulation of EC barrier
integrity. Such hypothesis could be tested by pre-stimulating ECs with BMP10 followed by
treatment with a permeability inducer such as thrombin, with or without depletion of HSP27,
and monitoring their effects on the impedance using iCELLigence system available at our lab,
which would reflect the effects on EC permeability.

Nevertheless, the role of HSP27 phosphorylation might be also linked to other roles, including
regulation of cell proliferation [597], which is also regulated by BMP10 but with limited
understanding to the full downstream mechanism. Interestingly, overexpression of WT HSP27
or phosphomemtic HSP27 (S15D, S78D and S82D) strongly attenuated proliferation of human
microvascular endothelial cell line HMEC-1. Thus, flow cytometry analysis can be performed
for studying proliferation in response to BMP10 in WT vs HSP27 depleted cells or cells treated
with MK2 inhibitor that might give an overview of other potential roles of MK2/HSP27 axis in
BMP10-regulated EC functions.

8.1.4 Effect of BMP10 on IL-6-induced gene expression and
functions in ECs

We have already showed that BMP10 attenuates expression of IL-6 induced expression of
HGF. However, this experiment has been performed once, and out of the 9 genes tested, only
HGF showed clear induction by IL-6 and attenuation by BMP10. However, as discussed in
section 6.4.1, the reason behind this is likely the need of IL-6 + IL-6R trans-signaling for
inducing such genes in ECs [650—-654].

e First, we should test IL-6 + IL-6-R trans-signaling in HUVECs (check pSTAT3, pAKT, and pERK).
Different doses of IL-6 and/or IL-6R could be tested to determine the optimal conditions
required to observe good induction of few aforementioned genes under our experimental
conditions, and most importantly verify whether BMP10 attenuates pSTAT3 (and possible
PAKT and pERK) from trans-signaling in a similar manner compared to that observed from
classical IL-6 signaling.

e Next, HUVECs can be stimulated with IL-6 + IL-6-R with or without pre-stimulation with
BMP10 for a single or different time points (e.g., 2h, 8h and 24h), followed by assessment
of few IL-6 target genes expression by gPCR. If interesting results were obtained, we could
also perform RNA-seq analysis to have a broad overview on the genes regulated by IL-6 in
ECs, and see how these are affected by BMP10.

e Study functional outputs associated with IL-6/JAK/STAT3 signaling such as EC barrier
function (icelligenece system available at our lab) [674] or EC adhesion to immune cells
[675], or other functions that could be derived from the RNAseqg-data analysis.
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8.1.5 Effect of BMP10 on other IL-6 Family cytokines

| have shown that BMP10 regulates signaling of not only IL-6 but also other family members
from the IL-6 family (section 6.4.2). We tested OSM and LIF, but we could also test others such
asIL-11, IL-31, and CT-1. However, it would be important to perform a dose response for these
cytokines (especially OSM) and determine minimal doses needed to activate downstream
signaling (STAT3, AKT and ERK), in order not to use saturating concentrations. Then, this
concentration can be tested +/- BMP10 pre-stimulation for assessing the attenuation of
signaling downstream of these cytokines. It could be also interesting to verify whether BMP10
attenuation to OSM and LIF signaling that was shown in Figure 33 is also dependent on SOCS3
using siSOCS3, as demonstrated for IL-6 in Chapter 6.

8.2 Investigate the potential roles of newly identified pathways
induced by BMP9/BMP10/ALK1 signaling in vascular diseases such
as HHT and PAH

8.2.1 Assess the regulation of these pathways in ECs and tissues
isolated from HHT and PAH patients

Concerning HHT patients, we closely collaborate with two clinicians, Dr. Alexandre Guilhem
(HHT clinician) and Dr. Sophie Dupuis-Girod (head of the French reference center on HHT and
member of our team), who follow 1000-1500 HHT patients in the HHT reference center in
Lyon. This collaboration has provided our team with access to human material from HHT
patients, which allowed a recently graduated PhD colleague during the past 3 years to isolate
ECFCs and HUVECs from several HHT patients. In addition, we also have access to frozen
peripheral blood mononuclear cells (PBMCs), plasma and skin telangiectasia biopsies from
HHT patients. As for PAH, we had access to HMVECs isolated from the lungs of the only 2 PAH
patients in France with ALK1 mutations receiving lung transplantation. These cells were
generously provided by our collaborator Dr. Christophe Guignabert from National Reference
Center for PAH in Paris, France (UMR999). Having access to these cellular models provides us
with the possibility to study newly regulated pathways by BMP10 in HHT and PAH derived ECs,
and compare them to WT cells. Below, | will suggest few experimental approaches that can be
performed on HHT and PAH samples.

8.2.1.1 P38 Signaling

e Study BMP10-mediated regulation of GADD45B mRNA expression as well as the
phosphorylation of P38, HSP27 and Eps15 in HHT and PAH derived cells in comparison to
the control cells.

e Test downstream regulation of genes that are P38 dependent including SELE, PTGS2, HAS2,
or other genes.
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e Recent data from the team showed that the transcriptional regulation of LFNG, a gene
implicated in Notch signaling, is impaired in ALK1 mutated ECFCs from HHT patients and
more prominently in HMVECs from PAH patients. Thus, it could be interesting to test if
LFNG expression is dependent on P38 signaling in these cells using P38 inhibitor.

8.2.1.2 Potential inflammatory Role of IL-6 JAK/STAT3 Signaling

e For PAH patient cells, we showed that these cells responded similarly to WT cells after
BMP10 stimulation, as demonstrated through increase in pSMAD1/5 and attenuation of IL-
6-induced STAT3 phosphorylation. This was further confirmed by showing that control and
PAH patient cells both exhibited similar regulation patterns for SOCS3 by BMP10. However,
we showed that PAH cells have higher basal pSTAT3 levels and response to IL-6. Thus, it
could be possible that these cells might exhibit increased transcriptional and functional
responses downstream of IL-6 signaling. This can be checked by assessing gene expression
(gPCR, WB, ELISA), EC barrier function (icelligenece system available at our lab) [674], EC
adhesion to immune cells [675] or other fonctions which are regulated by IL-6 signaling.

e Using HHT patient ECs (ECFCs and HUVECSs) in culture and biopsies, we can determine the
basal levels of pSTAT3 and SOCS3 and compare them with healthy donors. Moreover, we
could study the response of HHT patient ECs to an inflammatory challenge triggered by IL-
6 treatment, with or without pre-stimulation with BMP10. This would by checking SOCS3
and pSTAT3 (WB), expression of IL-6 target genes (WB gPCR, ELISA). Then, as explained for
PAH patient cells, functional outputs associated with IL-6/JAK/STAT3 signaling such as EC
barrier function or EC adhesion to immune cells could be tested.

8.2.3 Investigate the potential immunomodulatory role of
BMP9/BMP10-ALK1 signaling in-vivo

Inflammation is observed in several of our transgenic mouse models, with preliminary data
suggesting an immunomodulatory role of BMP9/10/ALK1 signaling in-vivo, which might be
linked to modulation of JAK/STAT3 signaling. Thus, these mice models could be used to better
understand the immunomodulatory role of BMP9/BMP10-ALK1 signaling, in order to suggest
new therapeutic approaches in the role of this pathway in vascular diseases, particularly HHT
and PAH. Interesting, preliminary findings from our in-vivo experiments highlight potential
increased activation of JAK/STAT3 pathway, which could play a role in the observed
inflammatory phenotype observed in these mice. Further experiments are required to verify
this hypothesis:

e We can assess how mice lacking Bmp9, Bmp10 or Alkl would react to an inflammatory

challenge with LPS or with bacteria in comparison with WT mice. For this, we can use Evans
blue assay to assess permeability, quantify immune cells (e.g., neutrophils and
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macrophages) in the lungs by immunohistochemistry, and measure elastase in the plasma
to assess acute lung injury. Thus, severity of such immune challenges will be compared
between WT and KO mice, and pSTAT/STAT3 levels from tissues or isolated ECs can be also
analyzed.

Test inhibitors of the JAK/STAT pathway to rescue or reduce the severity of the phenotype
in our preclinical models. For instance, we can treat adult double knockout mice lacking
BMP9 and BMP10 (and their control littermates) with a JAK/STAT inhibitor (tofacitinib for
example) [676] or block IL-6 signaling through the use of IL-6 neutralizing antibodies. Then,
we can assess the severity of the phenotypes associated with these mice compared to
vehicle treated group. This would be through the analysis of vascular networks, immune
cell infiltration, size of the heart, lung inflammation, blood pressure, all of which are well
characterized assays performed in our team.
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Annex 1: Impact of heterozygous ALKl mutations on the
transcriptomic response to BMP9 and BMP10 in endothelial cells
from Hereditary Hemorrhagic Telangiectasia and Pulmonary Arterial
Hypertension donors

| have collaborated as a co-author on a study performed in our lab by Al Tabosh et al titled
“Impact of heterozygous ALK1 mutations on the transcriptomic response to BMP9 and BMP10
in endothelial cells from Hereditary Hemorrhagic Telangiectasia and Pulmonary Arterial
Hypertension donors”. The research paper of this study is provided in the following pages and
is currently under revision.
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Abstract

Heterozygous ALK1 (Activin receptor-Like Kinase 1) mutations are associated with the
development of two vascular diseases: hereditary hemorrhagic telangiectasia (HHT) and more
rarely pulmonary arterial hypertension (PAH). Here, we aimed to understand the impact of
ALK1 mutations on BMP9 and BMP10 transcriptomic responses in endothelial cells.
RNA-sequencing was performed on Endothelial colony-forming cells (ECFCs) and human
microvascular endothelial cells (HMVECs) carrying heterozygous loss-of-function ALK1
mutations compared to control counterparts following stimulation with BMP9 or BMP10.

In control ECFCs, BMP9 and BMP10 stimulations induced similar transcriptomic responses
with around 800 differentially expressed protein-coding genes (DEGs). Comparison of the
transcriptome between control and ALK1-mutated ECFCs revealed very similar profiles, both
at the baseline and upon stimulation. Consistently, control and ALK1-mutated ECFCs
displayed a similar Smad1/5 response, which could not be explained by a compensation in
cell-surface ALK1 level. Conversely, PAH HMVECs carrying heterozygous ALK1 mutations
revealed strong transcriptional dysregulations compared to controls with >1200 DEGs at the
baseline. Because our study involved two variables, ALK1 genotype and BMP stimulation, we
performed a two-factor differential expression analysis and identified few genes, including
the NOTCH signaling regulator LFNG (Lunatic Fringe), whose expression was also confirmed
in other ALK1-mutated endothelial cell models.



In conclusion, ALK1 heterozygosity does not impact the activation of the canonical Smad
pathway by BMP9/10, nor causes overt transcriptional dysregulations. This suggests that the
haploinsufficiency model of HHT and PAH pathogenesis might need to be reconsidered, unless
pathogenesis is sufficiently driven by the few identified dysregulated genes like LFNG.

Key words: ALK1; BMP; HHT; PAH; RNA-seq, LFNG

Nonstandard Abbreviations and Acronyms:

ALK1 Activin receptor like kinase 1

BMP  Bone morphogenetic protein

PAH pulmonary arterial hypertension

HHT  Hereditary hemorrhagic telangiectasia
mPAP Mean pulmonary arterial pressure

PVR  pulmonary vascular resistance

ECFCs endothelial colony-forming cells
HMVECs human microvascular endothelial cells

Introduction

Hereditary hemorrhagic telangiectasia (HHT [MIM: 187300, 600376, 175050]), also known as
Osler—Weber—Rendu syndrome, is a rare genetic vascular disease characterized by the
development of multiple focal vascular malformations (VMs), including muco-cutaneous
telangiectases responsible for recurrent, spontaneous epistaxis and visceral arteriovenous
malformations[1]. HHT is an autosomal-dominant disease presenting complete penetrance
over the age of 50, but with highly variable expressivity. It is mostly caused by mutations in
ENG (MIM: 131195) and ACVRL1 (MIM: 601284), which account for 85% of cases, and more
rarely in SMAD4 (MIM: 600993) accounting for less than 2%[2, 3]. Additionally, mutations in
GDF2 (MIM: 615506), were reported in few individuals presenting HHT-like symptoms[4]. The
protein products of all 4 genes are components of the BMP/TGFR signaling pathway. ACVRL1
encodes for the type 1 receptor ALK1, ENG for the co-receptor endoglin, SMAD4 for a
transcription factor downstream of the receptors and GDF2 for BMP9, a high affinity ligand
for this receptor complex[5]. The current signaling model is that BMP9 or BMP10 binds the
co-receptor endoglin, which facilitates their binding to the signaling compex composed of the
type | receptor ALK1 and a type 2 receptor that can either be BMPR2, ActR2B or ActR2A. Upon
ligand binding, the type 2 receptor phosphorylates the type 1 receptor which subsequently
phosphorylates the transcription factors Smadl, Smad5 and Smad8, allowing their
interactaction with Smad4. The formed Smad complex then translocates to the nucleus where
it binds to DNA together with other transcription factors in order to regulate the expression
of many genes[6]. The receptor ALK1 and its co-receptor endoglin are mostly expressed on
endothelial cells, supporting a key role for these receptors in vascular physiology[7]. It has
been demonstrated that the BMP9/BMP10-ALK1-endoglin signaling pathway promotes



vascular quiescence[8]. The current working model is that mutations within this signaling
pathway would lead to an increase in angiogenesis. Thus, anti-angiogenic drugs, mainly
blocking VEGF signaling pathway, have been proposed as a therapeutic option for HHT
patients and tend to improve symptoms (bleedings and high cardiac output secondary to liver
AVMs) but do not cure the disease[9, 10].

HHT causal mutations result in the loss of function (LOF) of the gene product[11, 12] and are
inherited through an autosomal-dominant manner. Therefore, HHT has long been speculated
to be caused by haploinsufficiency of the mutated ENG or ACVRL1 gene product, with
previous reports pointing at a reduction in endoglin and ALK1 expression in HHT1 and HHT2
patient-derived cells, respectively[13]. However, haploinsufficiency does not explain why
vascular lesions in HHT patients occur focally in specific vascular beds[14], despite the
systemic presence of the pathogenic germline mutation in all blood vessels.

In recent years, mutations in the same signaling pathway have been identified in rare cases
of pulmonary arterial hypertension (PAH)[15]. PAH is defined as a resting mean pulmonary
artery pressure (mPAP) > 20 mmHg with a pulmonary artery wedge pressure (< 15 mmHg)
and elevated pulmonary vascular resistance (PVR) of >2 Wood units)[16, 17]. PAH can develop
sporadically, be associated with risk factors such as drug or toxins or other diseases (i.e.,
connective tissue disease, HIV infection, portal hypertension, congenital heart disease, or
schistosomiasis), or inherited. Altough germline mutations in BMPR2 gene are major
predisposing factors for idiopathic (15-40%) and heritable (60-80%) PAH, less common or rare
mutations in other genes encoding key members of the Smad1/5/8 signaling including in
ALK1, GDF2(BMPS) and BMP10 have been identified, underlining the critical role of this
signaling pathway in PAH[15].

ALK1 mutations are responsible for nearly half HHT cases and a minority of PAH patients, and
the same ALK1 mutations can predispose to the two vascular disorders[18—-20]. Despite our
understanding of the genetics and of downstream pathways involved in HHT and PAH, the
molecular mechanisms that initiate HHT-related VMs and PAH are poorly understood[21].
Here, we aimed to understand the impact of ALKI1 mutations on the downstream
BMP9/BMP10-ALK1 signaling pathway by studying the transcriptome of heterozygote ALK1-
mutated primary endothelial cells to better understand the underlying molecular
mechanisms and to propose new therapeutic approaches for these two diseases. To address
this question, we used two different endothelial models carrying heterozygous LOF ALK1
mutations: (1) endothelial colony-forming cells (ECFCs) that were isolated from the cord blood
of HHT newborns and (2) human microvascular endothelial cells (HMVECs) isolated from
explanted lungs of PAH patients.

We first used ECFCs, which allowed us to address the sole role of heterozygous ALK1
mutations in cells not yet exposed to a sick microenvironment. These circulating cells,
possessing vasoregenerative potential[22], are a particularly interesting model as they could
be the cells responsible for endothelial cell turnover in the liver leading to new malformations.
Indeed, it has been shown that some HHT patients who had received liver transplantations



developed new HHT hepatic lesions several years later, leading to a second liver
transplantation[23]. We also had access to ALKI-mutated microvascular endothelial cells
from the explanted lungs of two PAH patients, which is a very rare event as ALK1 mutations
occur in only around 6% of patients with PAH, which affects 15-50 individuals per million[15].
The limited availability of ALKI-mutated HMVECs prompted us to additionally include
HMVECs from 3 PAH patients with more frequent heterozygous mutations in the type 2
BMP9/10 receptor BMPR2, for validation of target genes by RT-qPCR. In order to validate
some of the results, we also used human umbilical vacular endothelial cells (HUVECs) derived
from the umbilical cords of HHT newborns.

We performed RNA-sequencing on each type of cells compared to control counterparts,
unstimulated or following an overnight stimulation with BMP9 or BMP10. Together, our data
support that ALKI heterozygosity does not impact the activation of the canonical Smad
pathway by BMP9/10, nor cause overt transcriptional dysregulations in ECFCs. However,
using two-factor differential expression analysis, in order to take into account the two
variables (ALK1 mutation and stimulation), we were able to highlight from HMVECs’ RNA-seq
analyses few genes exhibiting impaired regulation by BMP9/BMP10 in mutated cells. These
included LFNG, encoding the NOTCH signaling modulator lunatic fringe, which was also found
differentially regulated in ALK1-mutated ECFCs and HUVECs and might thus be important in
the pathogenesis of HHT and PAH.

Results

Isolation and characterization of ECFCs carrying ALK1 mutations

Control (CTL-H) and ALKI-mutated ECFCs (MUT-H) from newborns who have inherited
heterozygous ALK1 mutations from an HHT parent were clonally isolated from cord blood
following the recommendations of the Vascular Biology Standardization Subcommittee[24].
Isolated ECFCs (3 CTL-H and 2 MUT-H, Table 1) displayed the classical endothelial
cobblestone-like morphology (Suppl Figure 1A) and were VE-cadherin (CD144) positive (Suppl
Figure 1B and C). These cells were also positive for the endothelial cell markers CD31 and
CD146 and negative for the hematopoietic cell-specific surface antigen CD45 (Suppl Figure 1,
D-F), confirming their endothelial identity. The functional activity of the two ALK1 mutants
(MUT-H1; non sense mutation p.Trp141X and MUT-H2; missense mutation p.His280Asp,
Table 1) was tested using the BMP response element (BRE) luciferase reporter assay (Figure
1A), as previously described by our group[12]. Our data indicate that these two ALK1
pathogenic variants are not able to respond to a BMP9 stimulation (100 pg/mL, Figure 1A)
supporting that they are both LOF mutations.

RNA-seq analysis in CTL ECFCs in response to BMP9 or BMP10 stimulation

In order to decipher the impact of ALKI-mutations on gene regulation in response to BMP9
and BMP10, RNA-sequencing was performed on ECFCs from 3 CTLs (CTL-H1, -H2 and -H3) and
2 ALK1 mutated ECFCs (MUT-H1 and H2, Table 1) that were either nonstimulated (NS) or
stimulated for 18h with BMP9 or BMP10 (10 ng/mL). The experiment was repeated three



times, after which RNA extraction for all samples was performed, followed by quality control,
library preparation and RNA sequencing. Principal component analysis (PCA) showed that we
could discriminate stimulated (BMP9 or BMP10, blue and red shapes, respectively) from NS
conditions (grey shape) in all ECFCs and that we could not discriminate CTL ECFCs from ALK1-
mutated ECFCs (Figure 1B).

We first analyzed the BMP9 and BMP10 response versus (vs) NS condition in CTL ECFCs.
Differential gene expression analysis using an absolute log, fold change threshold of 1
(ILFC(BMP response/NS condition)l>1) and a p-adjusted value <0.05 (Benjamini-Hochberg
procedure) (Supplementary information SI1) identified respectively 828 and 787 differentially
expressed genes (DEGs) coding for proteins upon BMP9 or BMP10 stimulation (Table 2). These
DEGs were nearly equally distributed between up and down-regulated genes (Table 2).
Interestingly, BMP9 and BMP10 induced a highly similar transcriptomic response evidenced
by the high Pearson correlation coefficient = 0.993 when plotting the LFCs of the DEGs
obtained in response to BMP9 vs those obtained in response to BMP10 (Figure 1C) and the
high number of shared DEGs regulated by both ligands 81.4% (Suppl Figure 2A). This similarity
was also reflected in the volcano plots of BMP9- and BMP10-stimulated vs NS ECFCs, which
highlighted the same top dysregulated genes, in terms of LFC or p-adjusted value (Figure 1D
and E). Among these top DEGs, we detected many genes known to be regulated by BMP9 and
BMP10 in other ECs (SMAD6, SMAD7, SMADS, ID1, ID2, ENG, HEY2, BMPER, TMIEM 100, APLN)
(Figure 1D and E). We also identified new DEGs with very similar regulation patterns between
BMP9 and BMP10, including STAT4, SLC40A1, SLC9A9, CLEC1B, CLEC3B, BMP4, KAT7, MPP4,
HDDC2, CREB3L1, DRC1, GCHFR, and LEFTY2 (Figure 1D and E). In accordance with the high
similarity between BMP9 and BMP10 response, no DEGs could be identified when directly
comparing BMP9 to BMP10-stimulated CTL ECFCs (Table 2). Additionally, gene set enrichment
analysis (GSEA) using hallmark gene sets from MsigDB was performed independently on total
genes (whether DEGs or not) regulated by BMP9 or BMP10 in CTL ECFCs (Supplementary
information SI2). The top 20 enriched genesets identified were very similar between BMP9
and BMP10 (Figure 1F). As expected, TGFR signaling was positively enriched by BMP9 and
BMP10 stimulation but we could also identify epithelial mesenchymal transition, protein
secretion and several signaling pathways (IL6-JAK-STAT3, KRAS and MTORC1) as positively
enriched terms (Figure 1F). On the other hand, many hallmarks related to cell cycle were
negatively enriched (MYC-targets, mitotic spindle, G2M checkpoint and E2F targets, Figure
1F), supporting the reported role of BMP9 and BMP10 in maintaining vascular quiescence[8,
25]. Together, these results demonstrate that under these stimulatory conditions, BMP9 and
BMP10 induce a very similar transcriptomic response in CTL ECFCs.

ALK1 heterozygosity in ECFCs does not impair the global transcriptomic response to BMP9 or
BMP10

To uncover the effect of heterozygous ALK1 mutations on gene regulation, we analyzed the
basal transcriptome of MUT versus CTL ECFCs, before any stimulation, and in response to
BMP9 or BMP10. In accordance with the PCA which could not differentiate CTL from MUT



ECFCs (Figure 1B), only 28 DEGs were identified between NS CTL and MUT ECFCs (Table 2).
Similarly, following a BMP9 or BMP10 stimulation, only 19 and 30 DEGs were significantly
differentially expressed between the two ECFC groups (Table 2).

Upon analyzing the transcriptomic response of MUT ECFCs to BMP9 or BMP10, 604 and 564
DEGs were identified, respectively (Table 2). As in CTL ECFCs, BMP9 and BMP10 induced a
similar response in ALK1-mutated cells, with 77.2% DEGs commonly regulated by both ligands
(Suppl Figure 2B) and a highly similar global regulation pattern (Pearson correlation
coefficient = 0.989, Sup Figure 2C).

We next compared the log fold changes of each list of target genes in stimulated CTL vs
stimulated ALKI-mutated ECFCs and found that most regulated genes demonstrated the
same regulation patterns in the two cell groups upon BMP9 or BMP10 stimulation (Pearson
correlation coefficient=0.958 and 0.962 respectively, Figure 2A and B). Consistently, we could
identify in ALKI-mutated ECFCs the same top protein-coding genes regulated by BMP9 or
BMP10 as in CTL ECFCs (SMAD6, SMAD7, SMADS, ID1, ID2, ENG, HEY2, BMPER, TMIEM100,
STAT4, APLN, SLC40A1, SLC9A9, CLEC1B, CLEC3B, BMP4, KAT7, MPP4, HDDC2, CREB3L1, DRC1,
GCHFR, LEFTY2; Figure 2C and D). Altogether, these data unexpectedly show that CTL and
ALK1-mutated ECFCs display highly similar transcriptomic profiles following BMP9 or BMP10
stimulation.

ALK1 heterozygosity in ECFCs does not impair p-Smad1/5 response to BMP9

To understand this surprising result, we next investigated the status of Smadl/5
phosphorylation induced by BMP9 on a higher number of LOF ALKI-mutated ECFCs (n=6,
Table 1, FiglA and Suppl Figure 3). We focused on BMP9 regulation as BMP9 and BMP10
showed a similar transcriptomic response (Figure 1C). MUT ECFCs stimulated with BMP9 (10
ng/mL) for one hour displayed similar levels of nuclear p-Smad1/5 immunofluorescence
intensities to stimulated CTLs (Figure 3A and B). To validate this result, we performed a BRE
luciferase reporter assay in CTL (n=2) and MUT (n=4) ECFCs (Table 1) stimulated with
increasing doses of BMP9 (0.2-10 ng/mL) for 18 hours. Both CTL and MUT ECFCs exhibited a
clear dose-dependent response to BMP9 (Figure 3C); yet, no significant differences were
observed between the 2 groups (Figure 3C), which displayed identical half maximal effective
concentrations (ECso: 517 pg/mL for CTL vs 514 pg/mL for MUT ECFCs; inset Figure 3C). We
also quantified the mRNA levels of ID1, a target gene known to be strongly induced by BMP9,
and found no difference between CTL (n=4) and MUT (n=4) ECFCs (Table 1, Figure 3D). To
examine whether the similar Smad1l/5 activation in MUT vs CTL ECFCs was due to a
compensation in ALK1 protein levels in ALKI-mutated ECFCs, we assessed the levels of
membranous ALK1 by flow cytometry analysis in five different MUT ECFCs (Table 1, Suppl
Figure 3) in comparison to 3 CTL ECFCs. We found that ALKI-mutated ECFCs carrying a
missense mutation had a slightly lower level of membranous ALK1 level than CTL ECFCs, and
those carrying an ALK1 nonsense mutation displayed a 50% reduction in the level of cell
surface ALK1 (Figure 3E and F). Thus the similar Smad signalling response in CTL and ALK1-
mutated ECFCs cannot be attribuated to a compensatory level of ALK1. Altogether, these



results support that ALKI-mutated ECFCs maintain intact activation of the canonical Smad1/5
signaling pathway in response to BMP9.

PAH patient-derived Ilung endothelial cells carrying ALK1 mutations display different
transcriptomic profiles compared to CTLs at the basal state

Having not detected any differences in the transcriptomic nor in the early Smad1/5 response
to BMP9 or BMP10 in newborn-derived ALKI-mutated ECFCs, we investigated the
transcriptomic response in HMVECs carrying ALK1-mutations derived from transplanted sick
lungs of PAH patients (MUT-P1 and -P2, Table 3). The two ALKI mutations were missense
mutations mapping to the kinase domain of ALK1 and were both confirmed as LOF mutations
using the BRE luciferase assay (Figure 4A).

To delineate the transcriptomic signature of these cells, RNA-sequencing was performed,
using the same experimental conditions described for ECFCs, i.e. using 3 CTLs and 2 ALK1-
mutated HMVECs from PAH patients (MUT-P1 and -P2, Table 3) that were either stimulated
overnight with BMP9 or BMP10 (10 ng/mL) or were left unstimulated (NS). Hierarchical
clustering discriminated four clusters: (1) NS and stimulated MUT-P2 samples, (2) NS and
stimulated MUT-P1 samples, (3) NS CTLs and (4) BMP9 and BMP10-stimulated CTL samples
(from left to right, Suppl Figure 4). This clustering showed that, unlike MUT-H ECFCs, the
transcriptomes of MUT-P HMVECs were clearly different from those of CTLs. Interestingly,
MUT-P HMVECs from each patient separated into two different clusters (Suppl Figure 4),
highlighting variability between the two patients, which might be related to different disease
stage or different treatments. The differential expression analysis (ILFCI>1 and p-adjusted
value <£0.05, Benjamini-Hochberg correction) (Supplementary information SI3) comparing NS
ALK1-mutated and CTL HMVECs identified 1261 protein coding DEGs (Table 2), with both
down-regulated (58%) and up-regulated (42%) genes. GSEA using hallmark gene sets in NS
CTL vs ALK1-mutated HMVECs (Supplementary information Sl4) revealed a positive
enrichment of several gene sets involved in cell cycle (E2F targets, G2M checkpoint, MYC-
targets and mitotic spindle) and a negative enrichment in genes related to various signaling
pathways (KRAS signaling, WNT-beta-catenin signaling and TNFa signaling; Figure 4B).
Together, these data show that ALKI-mutated HMVECs derived from diseased lungs have a
severely altered basal transcriptome compared to CTL HMVECs.

BMP9 and BMP10 induce cell type-specific transcriptomic reponses

We then analyzed the BMP9 and BMP10 transcriptomic response in CTL HMVECs. Differential
expression analysis identified 704 and 481 DEGs in BMP9- and BMP10-stimulated CTL
HMVECs, respectively (Table 2). Although the number of DEGs was lower in BMP10 stimulated
cells, the gene regulation patterns in BMP9- vs BMP10-stimulated CTL HMVECs were highly
correlated (Pearson correlation coefficient =0.844), further supporting, as for ECFCs (Fig 1C),
that BMP9 and BMP10 induce a very similar transcriptomic response in vitro. This similarity
was also reflected in the volcano plots of BMP9- and BMP10-stimulated vs NS cells, which
highlighted similar top deregulated genes, in terms of LFC or p-adjusted value (Figure 4C and



D). Interestingly, by comparing BMP9/10-regulated genes in CTL HMVECs to those in CTL
ECFCs, with the limitation that these data come from two independent RNA-sequencing, only
a quarter of the DEGS was shared between ECFCs and HMVECs (27% for BMP9 and 26% for
BMP10; Suppl Figure 5A and B). ID1, SMAD6, SMAD7, ENG, KAT7, CLEC1B, CLEC3B, and APLN
were identified as top targets in both ECFCs (Figure 1 D and E) and HMVECs (highlighted in
blue in Figure 4C and 4D). On the other hand, some top target genes were specific to HMVECs
(LOX and NOG) (highlighted by an asterix in Figure 4C and D).

ALK1-mutated HMVECs display slightly different transcriptomic responses to BMP9 and
BMP10 compared to CTL HMVECs

We next analyzed the BMP9 or BMP10 response in ALK1-mutated vs CTL HMVECs. BMP9 and
BMP10 stimulation resulted in the regulation of 295 and 206 DEGs, respectively (Table 2). This
corresponds to around 60% less DEGs compared to stimulated CTLs. This decrease in the
number of DEGs suggests that ALKI-mutated HMVECs might possess a reduced capacity to
respond to BMP9 or BMP10. When comparing the log fold changes of each list of dysregulated
genes in stimulated CTL vs patient HMVECs, we obtained fairly high Pearson correlation
coefficients (0.728 for BMP9 and 0.855 for BMP10; Figure 4E and F). However, these
correlations were lower than the ones obtained in ECFCs (Figure 2A and B), suggesting that
the BMP9 and BMP10 responses in ALK1-mutated HMVECs might be more affected than in
ALKI-mutated ECFCs.

Since we are simultaneously analyzing two variables (genotype and stimulation) and because
there was a clear difference between CTL and MUT HMVECs at the basal level (Table 2), we
performed a two-factor analysis as previously described[26] (See Materials and Methods
section ) considering the two factors: genotype and BMP9 or BMP10 treatment (Benjamini—
Hochberg adjusted for multiple comparisons padj<0.05) (Supplementary information SI5). We
found 44 protein-coding interaction term genes differentially regulated by BMP9 in CTL versus
ALK1-mutated HMVECs and 15 in response to BMP10, which were all shared with BMP9
stimulation (marked by an asterix, Suppl Figure 6). We selected 25 genes out of these 44
(highlighted in blue in Suppl Figure 6) for validation by RT-qPCR on independent BMP9
stimulations. Selection criteria were (1) to show clear visible differences in regulation
between CTLs and MUTs in response to BMP9 and BMP10 and (2) have minimal
interindividual heterogeneity between members of each group (CTL or MUT group; data not
shown). The regulation of 24 out of the 25 selected genes (the exception being CEBPD), were
confirmed by RT-qPCR (data not shown), validating the robustness of the two-factor analysis.

LFNG (lunatic fringe) shows impaired requlation by BMP9 in ALK1-mutated HMVECs, ECFCs
and HUVECs

Among the 24 genes validated, we focused on 6 of them (LFNG, JAG2, TNFRSF1B, SLC6A6,
S0OX13 and CEBPG) for two main reasons. First, these genes showed the highest differences
in regulation between CTL and MUT HMVECs. Second, they were also identified as DEGs in
response to BMP9 and BMP10 in CTL ECFCs with the same sense of regulation, making them



good candidates to compare the effect of ALKI mutation on gene regulation by BMP9 across
the different models of endothelial cells. We tested their regulation by RT-gPCR in CTL and
ALK1-mutated HMVECs and ECFCs. Among these 6 genes, only LFNG mRNA expression was
found to be significantly differentially regulated between CTL and ALK1-mutated cells in both
HMVECs (n=2) and ECFCs (n=4) (Figure 5A, 5B and Suppl Fig 7A, 7B). As we were limited by
the number of ALKI-mutated HMVECs available and in order to test whether mutations in the
same pathway would respond similarly, we tested 3 BMPR2-mutated HMVECs derived from
transplanted lungs of PAH patients (Table 3). As shown on figure 5A, LFNG mRNA upregulation
by BMP9 was strongly reduced in HMVECs derived from PAH patients carrying either ALK1 or
BMPR2 mutation compared to CTLs (FC=10.3in CTLs vs 2.7 and 2.6 in ALK1- (n=2) and BMPR2-
(n=3) mutated cells respectively, Figure 5A). RT-gPCR analysis performed in CTL ECFCs,
showed that LFNG mRNA expression was also significantly upregulated by BMP9 (FC=5.1,
Figure 5B), altough not as strongly as in CTL HMVECs (FC=10.3, Figure 5A), and that this
increase was significantly reduced in ALK1-mutated ECFCs (FC=3.1, n=4, Figure 5B). The
results obtained by RT-qPCR in HMVECs validate the two-factor analysis generated from the
RNA-seq data in HMVECs, as illustrated in the count-plot representation (Figure 5C), which
shows that LFNG mRNA expression was significantly induced in response to BMP9 or BMP10
in CTLs (mean fold change (FC)=14 and 10 in response to BMP9 and BMP10, respectively), but
only weakly induced in ALK1-mutated cells. The RNA-seq analysis performed in CTL ECFCs also
identified LFNG as DEG, but the two factor analysis did not identify any differentialy regulated
genes between BMP-stimulated CTLs and ALKI-mutated ECFCs. The BMP9 regulations of
JAG2, TNFRSF1B, SLC6A6, SOX13 and CEBPG mRNA expression were all confirmed by RT-qPCR
in CTL HMVECs and, consistent with the two-factor analysis, their induction was repressed in
ALK1- and BMPR2-mutated HMVECs, except for SLC6A6 that followed the same reduction
trend but that did not reach statistical significance (Suppl Fig 7A). The BMP9 regulation of
these genes was confirmed in CTL ECFCs, however their regulation in ALKI-mutated cells
showed either similar or slightly weaker regulation by BMP9 compared to CTLs (Suppl Fig 7B).
Together, these results support the hypothesis that LFNG transcriptional regulation by BMP9
could be affected by ALK1 heterozygosity but did not allow to conclude on the other
interaction term genes studied.

To further test this hypothesis, we studied the BMP9 response in human umbilical vein
endothelial cells (HUVECs), another type of endothelial cells that can be isolated from
newborns. RT-qPCR for LFNG, JAG2, TNFRSF1B, SLC6A6, SOX13 and CEBPG were performed
on 3 CTLs and 3 LOF ALK1-mutated HUVECs (CTL-H’ and MUT-H’) stimulated or not with BMP9
for 18hr. These genes were all induced in response to BMP9 in CTL HUVECs, although SOX13
stimulation did not reach significance (Figure 5D and Suppl Fig 7C). As for HMVECs and ECFCs
(Figure 5A and B), we found a significant decrease in the level of induction of LFNG mRNA
expression by BMP9 in ALK1-mutated HUVECs compared to CTLs (FC=4.9 in CTL-H’ and 2.6 in
MUT-H’; Figure 5D). The BMP9 regulation of JAG2, TNFRSF1B and SLC6A6 mRNA expressions
were also found to be significantly reduced in ALKI-mutated vs CTL HUVECs (Suppl Figure 7C).
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To further validate these results, we next set-up an experiment using an siRNA approach,
where we could decrease ALK1 expression to the half, in order to mimic ALK1 heterozygosity.
We found that reducing ALKI mRNA levels in CTL HMVECs by 50 or 90% (inset in Figure 5E),
dose-dependently suppressed LFNG induction by BMP9 (Figure 5E).

Together, these data show that ALK1 heterozygosity could impair the BMP9 regulation of
LFNG mRNA expression and possibly other genes, depending on the endothelial cellular
model.

Discussion

To our knowledge, this is the first study assessing the BMP9 and BMP10 transcriptomic
responses in endothelial cells carrying heterozygous ALK1 mutations. In this work, we
performed RNA-seq analyses on two types of primary ALK1-mutated cells: (1) ECFCs derived
from HHT newborns, whereby ECFCs are not yet exposed to a sick environment and (2)
HMVECs derived from severely ill explanted lungs of end-stage PAH patients. This work
uncovered several important findings, including the fact that ALK1 heterozygosity does not
impair Smad1/5 activation nor strongly affect the transcriptomic response to BMP9 nor
BMP10 stimulation. Consequently, our data challenge the current model of
haploinsufficiency, that needs to be reconsidered since a LOF mutation in a single ALK1 allele
does not strongly affect the transcriptomic response.

The first interesting point from this work is the comparison between BMP9 and BMP10
transcriptomic responses in endothelial cells. BMP9 and BMP10 have been identified as two
high affinity ligands for ALK1 with very similar affinities. BMP9, but not BMP10, can also bind
the type 1 receptor ALK2, yet with a much lower affinity than ALK1[27]. In addition, different
affinities for the type 2 receptors to BMP9 vs BMP10 have been described. Here, we show
that BMP9 and BMP10, despite the reported differences in receptor binding affinities,
induced highly similar transcriptomic responses in both ECFCs and HMVECs. This is in
accordance with recent work that compared transcriptomic regulation by precursor forms of
BMP9 and BMP10 in pulmonary arterial endothelial cells using lower BMP doses[28].
Nonetheless, these in vitro findings do not rule out specific in vivo roles that can arise from
differences in spatiotemporal expression patterns, as recently described[29].

Another interesting point was the use of two different endothelial cell types (ECFCs and
HMVECs) for studying BMP9 and BMP10 transcriptomic responses. With the limitation that
these two RNA-seq analyses were performed independently, it is interesting to note that the
transcriptomic profiles of ECFCs and HMVECs in response to BMP9 or BMP10 stimulation
were not largely overlapping, with only 26-27% of genes commonly regulated in both cell
types, still Pearson correlations between BMP9 or BMP10 stimulated ECFCs and HMVECs,
were 0.71 and 0.75, respectively, supporting that it is more a question of thresholds than a
differential pattern of gene regulation. These differences demonstrate that, despite being
cultured in vitro, these cells retain organotypic specificities. This specificity could be due to
predetermined BMP Smad binding sites in specific endothelial subtypes as already
described[30]. Among the cell type-specific targets, we identified LOX as a strongly
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downregulated target in response to BMP9 or BMP10 in HMVECs but not in ECFCs.
Interestingly, LOX, which codes for a lysyl oxidase that is implicated in crosslinking of
extracellular matrix components, was found to be elevated in the proliferating pulmonary
endothelium of PAH patients[31]. We also detected NOG, encoding the strong BMP
antagonist noggin[32, 33] as a target upregulated in HMVECs by BMP9/10, but not in ECFCs.

This work also shows the similarity in the BMP9 or BMP10 response between CTL and ALK1-
mutated ECFCs, both at the transcriptomic level and at the Smad1/5 activation level. This
result is rather surprising, as it demonstrates, for the first time, that losing one functional
ALK1 allele does not considerably affect the downstream Smad signaling response. The intact
activation of the pathway in mutated ECFCs was neither due to the high dose of BMP9 and
BMP10 used, as similar results were obtained using low doses of BMP9 in the BRE luciferase
assay on CTL and MUT ECFCs (Figure 3C), nor due to a compensation in ALK1 expression, as
decreased levels of membranous ALK1 were detected in the heterozygote ECFCs (Figure 3F).
Our findings thus support the hypothesis that 50% of functional membranous ALK1 is
sufficient for driving normal canonical signal transduction. Our data would support the
hypothesis that dimeric ALK1 signaling complexes composed of one functional ALK1 receptor
and one non-funtional ALK1 receptor could be functionally active, but this point needs to be
further demonstrated. This hypothesis is consistent with a previous study reporting the sole
need of one functional type 1 receptor within the ACVR1/BMPR1 (in this case, an ACVR1
kinase active and a BMPR1 kinase inactive) to phosphorylate Smad1/5 in response to BMP2/7
heterodimers[34].

More importantly, the nearly identical transcriptomic responses to BMP9 or BMP10 between
CTL and ALKI-mutated ECFCs suggest that haploinsufficiency might not be sufficient for the
development of HHT. This result is in accordance with the recent identification of a bi-allelic
loss of ALK1 or ENG in at least 50% of tested cutaneous telangiectasia samples isolated from
HHT patients[35], supporting the hypothesis that a second « knudsonian » somatic hit in the
other allele is necessary to drive HHT pathogenesis. This notion is not novel to the vascular
anomalies field, as it was already shown for venous, glomuvenous and cerebral cavernous
malformations[36, 37]. These somatic mutations could explain why some lesions develop only
focally in HHT patients, and how related patients, carrying the same mutation, can develop
different manifestations of the disease. However, this hypothesis has not yet been validated
neither in liver or lung AVMs nor in diffuse lesions.

In contrast to ALKI-mutated ECFCs isolated from a non-sick environment, ALKI-mutated
HMVECs isolated from the lungs of endstage PAH patients revealed strong dysregulations in
gene expression compared to controls, already in non-stimulated cells (1261 DEGs, Table 2).
This might not be surprising, as these cells not only harbored heterozygous ALK1 mutations,
but have also been exposed to a pathogenic, likely inflammatory environment as is usually
described for lungs of PAH patients[38] and as evidenced by the enrichment in proliferation
and inflammation-related gene sets in the mutated cells by our GSEA (Figure 4B). Due to these
large transcriptomic differences already at the basal level, it was difficult to pinpoint which
genes are differently regulated by BMP9 and BMP10 in the presence of an ALK1 mutation,
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regardless of their initial differences at the basal level. Hence, using a two-factor analysis,
which takes into account the two variables (genotype and BMP stimulation), we validated six
of them by RT-qPCR in both ALK1- and BMPR2-mutated HMVECs (LFNG, JAG2, TNFRSF1B,
SLC6A6, SOX13 and CEBPG, Figure 5A and Suppl Figure 7A). Among them, one retained our
attention, LFNG, as it was found to be significantly dysregulated in the three ALK1-mutated
endothelial cell types (HMVECs, ECFCs and HUVECs), when assessed by RT-qPCR. However, its
dysregulation in ALKI-mutated ECFCs or HUVECs was not as drastic as in ALK1- or BMPR2-
mutated HMVECs. Intriguingly, the BMP9 regulation of LFNG was impaired in ALKI-mutated
ECFCs, despite their normal Smad1/5 activation. One possible explanation for that, as
proposed by Morikawa et al[30], is that different Smad1/5 binding sites have different
affinities for Smad1/5 complex, with some high affinity sites, such as that of /D1, and other
low affinity ones, such as those of JAG1 and HEY1, thus requiring higher or more sustained
levels of Smad1/5 activation or the involvement of other DNA binding protein partners for
their regulation[30]. In that same study, LFNG’s promoter was shown by chromatin
immunoprecipitation-sequencing to be bound by Smad1/5 in response to BMP9 stimulation
in HUVECs[30]. LFNG could be one of these genes with low Smad1/5 binding affinity and/or
needing other Smad binding partners, making it more sensitive to ALK1 heterozygosity. ALK1-
mutated HUVECs, but not ALKI-mutated ECFCs, additionally displayed significant
dysregulations in JAG2, TNFRSF1B and SLC6A6 mRNA expression, suggesting that HUVECs
might be more sensitive to ALK1 LOF than ECFCs. This could be due to the fact that HUVECs
are derived from a vessel environment in contrast to ECFCs, which are circulating cells.
Interestingly, LFNG and JAG2 are two components of the Notch signaling pathway, which is a
master regulator of tip/stalk cell differentiation and arterial specification[39]. Furthermore,
multiple Notch-defective mouse models were reported to develop AVMs[40-43], which
represent a major pathological feature of HHT. In addition, BMP and Notch pathways
synergistically upregulate several shared transcription factors such as Heyl, Hey2 and
Hes1[44, 45]. Here, we report a new intersection point between BMP and Notch axes, through
BMP9/10-mediated regulation of LFNG. LFNG codes for lunatic fringe, a glycosyl transferase
that post-translationally modifies Notch1, leading to inhibition of its activation by Jagged
ligands while enhancing its activation by Delta-like ligands (DII)[46—48]. It is noteworthy that
reduced activation of DIl4-mediated Notch signaling results in excessive sprouting[49] during
the activation phase of angiogenesis and promotes cell cycle reentry during the maturation
phase[50]. Knowing that Alkl-depleted HHT mouse models display hypersprouting and
increased vascular density in their developing retinas[51], it is plausible that suppressed
upregulation of LFNG by BMP9 in the presence of ALKI-mutations might be contributing to
this phenotype by mitigating DIl4 activation.

This work provides, to our knowledge, the first in vitro line of evidence that ALK1
heterozygosity on its own does not drastically impair the response of endothelial cells to
BMP9 nor BMP10, neither at an early step of signal transduction (phosphorylation of
Smad1/5), nor downstream at the transcriptomic level, supporting that one functional
receptor could be enough for canonical signaling. We also show that the two high affinity
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ALK1 ligands, BMP9 and BMP10, induce highly similar transcriptomic changes in vitro,
pointing to an overlapping function in this context. Interestingly, through deeper
investigations, we could identify at least one gene, i.e. LFNG, whose regulation by BMP9 was
weakly impaired in newborn heterozygous ALKI-mutated endothelial cells, but more
intensely suppressed in ALK1 or BMPR2-mutated HMVECs from PAH patients. Altogether, our
findings suggest that heterozygous ALK1 mutations could be priming events awaiting further
triggers for driving lesion development. This requires further validation by studying the effects
of angiogenic or inflammatory triggers or shear stress[52] on BMP9/10-ALK1 signaling in
heterozygous ALK1-mutated endothelial cells, all of which were beyond the scope of this
work. In parallel, future studies investigating the role of LFNG, and more largely the Notch
signaling pathway, are needed to establish their implication in driving early HHT pathogenesis.
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Materials and Methods

Trial design

The study was approved by the local research ethics committee (Hospice civils de Lyon, CPP 2021-
A01792-39) and by the French Medical Products Agency (ANSM). Written informed consent was
obtained from all patients in accordance with national regulations. The trial was conducted in
accordance with the principles of the Declaration of Helsinki[1] and Good Clinical Practice guidelines.
This trial was registered with the ClinicalTrials.gov Identifier #NCT05632484.
(https://clinicaltrials.gov/ct2/show/NCT05632484?cond=HHT&map_cntry=FR&draw=3&rank=12).

Primary endothelial cell isolation

Human umbilical cord blood (UCB) samples (35-110 mL) were collected in heparin-coated syringes
from 6 newborns carrying HHT-linked ALK1 mutations and 3 healthy subjects (Table 1). Isolation of
endothelial colony-forming cells (ECFCs) was performed as recommended by the Vascular Biology
Standardization Subcommittee[2]. UCB samples were diluted at a 1:3 ratio in RPMI 1640 medium
(Gibco) supplemented with 2% fetal bovine serum (FBS; Biosera). Then, mononuclear cell (MNC)
fractions were isolated through density gradient centrifugation using 1.077 g/ml Pancoll solution (Pan
Biotech) followed by successive washing steps. Finally, MNC were plated in 10pg/mL fibronectin-
coated 24-well tissue culture plates in microvascular endothelial cell growth medium-2 (EGM-2 MV;
Lonza) with 10% FBS at a density of 5 x 10° cells/cm?. Cells were incubated in 5% CO; at 37°C and the
medium was changed daily during the first 7 days and every other day thereafter. Following the first
passage, the serum composition was reduced to 5%. ECFCs were used up to 45 days after cord blood
processing.

In parallel, human umbilical vein endothelial cells (HUVECs) were isolated, as previously described[3],
from the umbilical vein of a number of newborns from which ECFCs were isolated (Table 1).

Human microvascular endothelial cells (HMVECs) were isolated from the explanted lungs of PAH
patients during lung transplantation as previously described[4, 5] (Table 3).

Cell culture

ECFCs, HMVECs and HUVECs were maintained in EGM-2 MV medium (Lonza). For RNA-sequencing and
RT-gPCR, cells were washed twice with phosphate buffered saline (PBS) and were incubated for 18h
in EBM-2 (Endothelial Basal Medium, Lonza) with or without 10ng/ml recombinant human BMP9
(3209-BP, R&D Systems) or recombinant human BMP10 (2926-BP; R&D Systems). Murine NIH-3T3
fibroblasts were maintained in high glucose, sodium pyruvate and GlutaMAX-supplemented
Dulbecco’s modified Eagle medium (DMEM; Gibco) with 10% FBS (Biosera) and 1% Pen/Strep (Gibco).

Immunofluorescence

For VE-cadherin staining, ECFCs were seeded at confluency in glass Lab-Tek Chamber Slides (Thermo
Fisher Scientific), fixed the next day with 4% paraformaldehyde, permeabilized with 0.1% Triton X100
in PBS, saturated with 1% bovine serum albumin (BSA; Sigma-Aldrich) in PBS and incubated at 4°C for
1h with anti-VE-cadherin (1:100; #2158; Cell Signaling Technology). For detection, the cells were
subsequently incubated with alexa fluor 488 donkey anti-rabbit IgG (AB_2340620, Jackson
ImmunoResearch) for 30min at room temperature. Nuclei were counterstained with Hoechst 33342
(Sigma-Aldrich) and images were acquired using Axio Imager 2 (ZEISS) and analyzed on ZEN
Microscopy Software.
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Phospho-Smad1/5 (p-Smad1/5) immunostaining in ECFCs was performed as previously described[6].
20,000 cells/well were seeded in 96-well black cell culture microplate (Greiner Bio-One 655090) for
24h.Then, cells were starved for 2hr in EBM-2 and stimulated for 1hr with 10ng/mL recombinant
human BMP9 (R&D Systems). Cells were then fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X100 in PBS, saturated with 3% BSA in PBS and incubated overnight at 4°C with anti-p-
Smad1/5 (1:800; #9516; Cell Signaling Technology). The cells were subsequently incubated with alexa
fluor 488 donkey anti-rabbit 1gG (AB_2340620, Jackson ImmunoResearch) and nuclei were
counterstained with Hoechst 33342. Images were acquired using IN Cell Analyzer 2500HS widefield
fluorescence microscope using a 20X objective. At least 16 different fields were imaged/well and 3
independent experiments were performed with 2 technical replicates each. To allow comparison
between wells, the exposure time was kept constant across all wells. The acquired images were then
analyzed using InCarta software (General Electrics Healthcare, USA).

Flow cytometry

Cells were seeded 25000 cells/cm? and allowed to grow for 48 hours. Cells were detached using
trypsin/EDTA solution (CC-5012; Lonza) diluted at 0.000714%, resuspended in 2% BSA in PBS at 1x10’
cells/mL and incubated with one of the following antibodies: fluorescein isothiocyanate (FITC)—
conjugated mouse anti-human CD31 (clone WM59; 557508; BD Pharmingen), FITC-conjugated mouse
anti-human CDA45 (clone HI30; 560976; BD Pharmingen), phycoerythrin (PE)-conjugated mouse anti-
human CD144 (clone 55-7H1; 560410; BD Pharmingen), PE mouse anti-human CD146 (clone P1H12;
550315; BD Pharmingen), unconjugated goat anti-human ALK1 antibody (AF370; R&D Systems)
followed by alexa fluor 488 donkey anti-goat IgG (AB_2340430, Jackson ImmunoResearch) or an
isotype control antibody. Ten to twenty thousand cells were analyzed on the BD FACSMelody sorter
(BD Biosciences) using FCS Express Flow Cytometry Software.

Site-directed mutagenesis

Plasmids encoding the ALK1 mutations understudied were generated by polymerase chain reaction
through site-directed mutagenesis of a pcDNA3-1(+) plasmid encoding WT N-terminal HA-tagged ALK1
using the QuikChange Lightning kit (Agilent) following the manufacturer’s instructions. All mutated
plasmids were verified by full sequencing (Eurofins). Primer sequences used for mutagenesis are listed
in Suppl Table 1.

Luciferase reporter assay

NIH-3T3 cells in white 96-well culture plates (Greiner) were transfected in Opti-MEM (Invitrogen) using
lipofectamine 2000 (Invitrogen) with 75ng pGL3(BRE)2-luc, 30ng pRL-TKluc and 5ng of plasmids
encoding either HA-tagged WT or mutant ALK1 as previously described[7]. Five hours post
transfection, cells were stimulated with or without recombinant human BMP9 (100 pg/mL) for 18
hours. For direct luciferase activity measurements in primary ECFCs, the cells were transfected in Opti-
MEM using lipofectamine 3000 (Invitrogen) with 40ng pGL3(BRE)2-luc and 60ng pRL-TKluc. Three
hours post transfection, ECFCs were stimulated with or without recombinant BMP9 in increasing
concentrations (0.2 ng/mL-10 ng/mL) for 6 hours. Firefly and renilla luciferase activities were
sequentially measured with twinlite Firefly and Renilla Luciferase Reporter Gene Assay System (Perkin
Elmer) using the SPARK multimode microplate reader (Tecan) and final luciferase activities were
reported as firefly luciferase activities normalized to renilla luciferase activities.
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RNA sequencing and bioinformatic analysis

Cells from each donor were seeded in 3 culture vessels and were stimulated or not overnight with
10ng/ml of BMP9 or BMP10. Stimulations were repeated two or three times for each donor,
generating technical replicates. After an overnight stimulation, the cells were trypsinized, spun and
frozen as dry pellets at -80°C prior sending to Genewiz (https://www.genewiz.com) for RNA
extraction, quality control, library preparation and RNA-sequencing. Mapped reads and sample
metadata were imported into R software (version 4.0.3[8]), and loaded in DESeq2 R package (version
1.30.1[9]). Replicates were collapsed using the “collapseReplicates” function from the DESeq2
package. In order to reduce noise, genes that had less than 150 counts across all samples were filtered
out. Differential gene expression analysis was performed using the DESeq2 package, and the Wald test
was used to determine the significance of log, fold change. Pairwise comparisons between conditions,
as well as intercept terms for two-factor analysis, were retrieved using the “results” function from the
DESeq2 package. Regularized log transformed data was used to perform Principle Component Analysis
(PCA) and to plot expression heatmaps and countplots. Heatmaps were generated using the
“ComplexHeatmap” (version 2.6.2[10], R package, and hierarchical clustering was based on Euclidian
distance and Complete linkage. Gene set enrichment analysis (GSEA)[11] was performed using the
“clusterProfiler” R package (version 3.18.1[12]). The ordering vector for GSEA was based on the stat
value of the Wald test. Gene set on which GSEA was based was “Hallmark pathways”, obtained from
Broad Institutes MsigDB (version 7.5.1[13]). All p-values were adjusted for multiple testing using the
Benjamini-Hochberg procedure, to obtain a false discovery rate (FDR). Only protein-coding DEGs are
shown in volcano and scatter plots.

RNA extraction and RT-gPCR

Cells were lysed and RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) according to
the manufacturer’s instructions. 1ug RNA was reverse-transcribed using iScript cDNA Synthesis Kit
(Bio-Rad) in a T100 thermal cycler (Bio-rad), and quantitative PCR was performed on 1/10 diluted
cDNA samples using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Real-Time
System, (Bio-Rad). Data analysis was performed with CFX Manager Software V3.1 (Bio-Rad) and
relative expression levels were calculated using the delta Ct (ACt) method with HPRT serving as the
housekeeping gene. Alternatively, fold changes in expression levels were calculated using the Livak’s
AACt method. Primer sequences used for RT-gPCR are listed in Suppl Table2.

RNA interference

CTL HMVECs (250,000 cells/well in 6-well plates) were transfected using Lipofectamine RNAIMAX
Transfection Reagent (2.5ul/well, Invitrogen) with either Silencer Negative Control #1 siRNA
(AM4611, Ambion) at a final concentration of 1nM or Silencer Select pre-designed siRNA directed
against human ALK1 (siALK1, 4392420, siRNA ID s987, Ambion) at a final concentration of 0.0035nM
or 1nM, to induce different degrees of ALK1 silencing. Lipofectamine and siRNA mixes were incubated
at room temperature for 20mins followed by cell transfection in Opti-MEM (11058021, Gibco). Five
hours later, an equivalent volume to Opti-MEM of EGM-2MV medium with 10% FBS was added per
well to obtain 5% final composition. Forty-eight hours post-transfection, cells were stimulated or not
with BMP9 10ng/mL for 18hrs to study LFNG regulation by BMP9 as a function of ALK1 level.
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Figure Legends

Fig 1 BMP9 and BMP10 induce a similar transcriptomic response in control ECFCs

a Relative BRE (BMP Response Element) luciferase activity measured in NIH-3T3 cells overexpressing
either WT or mutant ALKI plasmids identified in ALKI-mutated ECFCs (p.Trp141X, MUT-H1) and
(p.His280Asp, MUT-H2) used in the ECFC RNA-seq analysis. BRE firefly luciferase activities were
normalized to renilla luciferase activity. Data shown are mean + SEM from 3 independent experiments.
b-f 3 CTL (CTL-H1, CTL-H2 and CTL-H3) and 2 ALK1-mutated ECFCs (MUT-H1 and MUT-H2) were
stimulated or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three
times after which bulk RNA-seq analysis was performed. b Principal component analysis (PCA) showing
clustering of RNA-seq samples by treatment (BMP9 or BMP10 stimulation vs NS) in CTL and MUT
ECFCs. Each dot represents the mean of 3 experiments for 1 sample. ¢ Scatter plot comparing log; fold
change (LFC) values of protein coding DEGs regulated in CTL ECFCs by BMP9 vs those regulated by
BMP10 both compared to NS. Pearson correlation is reported. d-e Volcano plot representations
showing global changes in gene expression in CTL ECFCs after BMP9 (d) or BMP10 (e) stimulation.
DEGs with high LFC and high statistical significance are annotated. f Gene-set enrichment analysis
(GSEA) performed using hallmark gene sets. The bar plot represents the top significant gene set
categories enriched in CTL ECFCs upon BMP10 or BMP9-stimulation ordered using normalized
enrichment scores (NES).

Fig 2 ALK1 heterozygosity in ECFCs does not impair the global transcriptomic response to BMP9 or
BMP10

a-d 3 CTL (CTL-H1, CTL-H2 and CTL-H3) and 2 ALK1-mutated ECFCs (MUT-H1 and MUT-H2) were
stimulated or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three
times after which bulk RNA-seq analysis was performed. a-b Scatter plots comparing log; fold change
(LFCs) values of protein coding DEGs regulated by BMP9 (a) or BMP10 (b) in CTL ECFCs vs MUT ECFCs.
Pearson correlation is reported. c-d Volcano plots representations showing global changes in gene
expression in ALK1-mutated ECFCs after BMP9 (c) or BMP10 (d) stimulation vs NS. DEGs with high LFC
and high statistical significance are annotated.

Fig 3 ALK1 heterozygosity in ECFCs does not impair the p-Smad1/5 response to BMP9

a-b 3 CTL and 6 MUT ECFCs (MUT-H1-H6) were stimulated with BMP9 (10ng/mL) for 1hr then fixed
and immunostained for phospho-Smad1/5 (p-Smad1/5). Cells were stimulated in duplicates and at
least 16 different fields were imaged in each well. a Representative p-Smad1/5 immunostainings in 1
CTL and 1 MUT ECFC in the absence or presence of BMP9 for 1hr. The nuclei were counterstained
using Hoechst 33342. b p-Smad1/5 fluorescence was quantified in the nuclei using IN Carta Image
Analysis Software. Data presented are mean relative fluorescent intensity (RFU) + SEM of 3
independent experiments. ¢ 2 CTL and 4 MUT (MUT-H1-H4) ECFCs were transiently transfected with
pGL3(BRE)2-luc and pRL-TK-luc. Cells were then either non-treated or stimulated with increasing
concentrations of BMP9 (0.2, 0.5, 1, 10ng/mL) for 6 hours. Firefly luciferase activities were normalized
to renilla luciferase activities. Data shown are mean + SD from 1 representative experiment of 4, and
each point corresponds to one donor. The inset represents the calculated BMP9 ECso for CTL and MUT
ECFCs. d RT-gPCR quantification of ID1 mRNA expression normalized to HPRT level in 4 CTL and 4 MUT
(MUT-H1-H4) ECFCs following an 18h stimulation with 10ng/ml BMP9. Data are mean + SEM of 3
independent stimulations presented as AACt compared to CTL NS. e Flow cytometric analysis
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comparing cell-surface ALK1 levels in 3 CTL vs 5 MUT ECFCs either carrying an ACVRL1 missense
mutations (MUT-H2, MUT-H4 and MUT-H6) or a nonsense mutations (MUT-H1 and MUT-H3). Isotypic
control is illustrated in grey. One representative flow cytometry histogram of 3 is shown. F,
Quantification of the ALK1 cell-surface expression by flow cytometry (in percentage of in MUT ECFCs
with missense or nonsense mutations compared to CTL ECFCs). Data are means + SEM of 3
independent experiments. Two-way Anova followed by Sidak's multiple comparisons tests were used
for statistical analysis of panels B-D, except for the inset of figure C where Mann-Whitney test was
used. Kruskal-Wallis test followed by Dunn’s multiple comparison’s test was used for F. For all panels,
ns: non-significant, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

Fig 4 ALK1-mutated HMVECs display substantially different transcriptomic profiles compared to
controls

a Relative BRE (BMP Response Element) luciferase activity measured in NIH-3T3 cells overexpressing
either WT or mutant ALK1 plasmids identified in ALKI-mutated HMVECs (p.Gly319Arg, MUT-P1) and
(p.Argd84Trp, MUT-P2) that are included in the HMVEC RNA-seq analysis. BRE luciferase activities
were normalized to renilla luciferase activities. Data shown are mean + SEM from of 3 independent
experiments. b-f 3 CTL and 2 ALK1-mutated (MUT-P1 and MUT-P2) HMVECs were stimulated or not
with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three times after which
bulk RNA-seq analysis was performed. b GSEA performed using hallmark gene sets. The bar plot
represents the top significant gene set categories enriched in non-stimulated MUT HMVECs compared
to unstimulated CTL HMVECs. Each bar represents a hallmark gene set and bars are ordered from top
to bottom by decreasing order of enrichment score (NES). c-d Volcano plot representations showing
global changes in gene expression in CTL HMVECs after BMP9 (c) or BMP10 (d) stimulation. DEGs with
high LFC and high statistical significance are annotated. DEGs annotated in blue correspond to DEGs
identified in CTL ECFCs (Fig-1D-E). e-f Scatter plots comparing log; fold change (LFCs) of DEGs regulated
by BMP9 (e) or BMP10 (f) in CTL HMVECs vs MUT HMVECs. Pearson correlation is reported.

Fig 5 Regulation of LFNG mRNA expression by BMP9 in CTL and ALK1-mutated HMVECs, ECFCs and
HUVECs

a-b RT-qPCR quantification of the mRNA expression level of LFNG in 3 CTL, 2 ALK1-mutated (MUT-P1
and -P2) and 3 BMPR2-mutated HMVECs (MUT-P3-P5) (a), 3 CTL and 4 ALK1-mutated ECFCs (MUT-H1-
H4) (b). LFNG mRNA expression level is normalized to HPRT mRNA expression and presented as AACt
compared to mean CTL NS. Data shown are mean + SEM of at least 3 independent stimulations. ¢
Count plot representation showing the regularized log transformed counts of LFNG mRNA in CTL-P
and ALK1-MUT-P HMVECs in unstimulated (NS) and BMP9 or BMP10 stimulated cells. d RT-gPCR
guantification of the mRNA expression level of LFNG in 3 CTL and 3 ALKI-mutated (MUT-H3-H5)
HUVECs. LFNG mRNA expression level is normalized to HPRT mRNA expression and presented as AACt
compared to mean CTL NS. Data shown are mean + SEM of at least 3 independent stimulations. A, B,
D, Two-way Anova followed by Sidak's multiple comparisons test were used for statistical analysis of
panels. ns: non-significant, **P<0.01 and ****P<0.0001 vs NS and #P<0.01 and #*#¥P<0.0001 vs CTL. e
2 CTL HMVECs were treated either with scrambled siRNA (siScr) or 2 different concentrations of siRNA
against ACVRL1 (siALK1) to generate a gradient of ALK1 expression and then stimulated with 10ng/mL
BMP9 for 18hr. LFNG mRNA expression normalized to HPRT mRNA level is presented as 2. Data
shown are mean = SD of 2 CTL HMVECs. Inset represents ACVRLI mRNA expression presented as AACt
compared to scrambled siRNA-transfected cells.
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Table 1 List of ALK1-mutated ECFCs and HUVECs isolated from HHT donors

List of ALK1-mutated ECFCs and HUVECs that were isolated from newborns indicating the carried
mutation (DNA and protein), the type of mutation, the mutated ALK1 domain and the assays in which
they were used. RNA-seq: RNA-sequencing, RT-qPCR: reverse transcription quantitative polymerase
chain reaction, p-Smad1/5 IF: phospho-Smad1/5 immunofluorescence, BLA: (BRE) BMP Responsive
Element Luciferase Assay, FC: flow cytometry.

Table 2 Number of protein-coding DEGs identified by differential expression analysis in CTL and
ALK1-mutated ECFCs and HMVECs

3 CTL ECFCs and 2 ALK1-mutated ECFCs (MUT-H1-H2) or 3 CTL HMVECs and 2 ALK1-mutated HMVECs
(MUT-P1-P2) were stimulated or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment
was repeated three times to generate technical replicates, after which bulk RNA-seq analysis was
performed using DESeq2 package with an absolute log, fold change threshold of 1 (ILog>FCI>1) and a
p-adjusted value £0.05 (Benjamini-Hochberg procedure). Data show protein coding DEGS analyzed by
NS: non-stimulated, B9: BMP9-stimulated, B10: BMP10-stimulated

Table 3 PAH patient characteristics

List of ALK1- and BMPR2-mutated HMVECs that were isolated from explanted lungs of PAH patients,
indicating the carried mutation, the type of mutation and the mutated or deleted ALK1 or BMPR2
domain, in addition to some characteristics and treatments of the patient. PAPm: mean pulmonary
arterial pressure, NYHA: New York Heart Association.
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Table 1 List of ALKI-mutated ECFCs and HUVECs isolated from HHT donors

ID ALK1 mutation rr-:-zr;(i‘:)fn Domain Cells isolated Assays
MUT-H1 c.423G>A p.Trpl41X Nonsense Transmembrane ECFC RNA-seq, RT-gPCR, p-Smad1/5 IF, BLA, FC
MUT-H2 c.838C>G p.His280Asp Missense Kinase ECFC RNA-seq, RT-qPCR, p-Smad1/5 IF, BLA, FC
MUT-H3  ¢.190C>T 0.GIn64X Nonsense  Extracellular  ECFC/HUVEC E(T:'qPCR (ECFC and HUVEC), p-Smad1/5 IF, BLA,
MUT-H4 c.1231C>T  p.ArgdllTrp Missense Kinase ECFC/HUVEC EZ'qPCR (ECFC and HUVEC), p-Smad1/5 IF, BLA,
MUT-H5 ¢.1112dup  p.Thr372HisfsX20  Frameshift Kinase ECFC/HUVEC  RT-gPCR (ECFC and HUVEC), FC
MUT-H6  ¢.1413C>G p.Cys471Trp Missense Kinase ECFC/HUVEC BLA, FC



Table 2 Number of protein-coding DEGs identified by differential expression analysis in CTL and ALK1-mutated ECFCs and HMVECs

ECFCs HMVECs
Comparison Total DEGs Upregulated Downregulated i Total DEGs Upregulated Downregulated

CTL NS vs B9 i 828 456 372 i 704 366 338
CTL NS vs B10 i 787 418 369 E 481 225 256

CTLB9 vs B10 i 0 0 0 i 2 0 2
MUT NS vs B9 E 604 310 294 i 295 158 137
MUT NS vs B10 ; 564 278 286 ; 206 90 116

MUT B9 vs B10 : 0 0 0 ; 0 0 0
CTL NS vs MUT NS i 28 11 17 i 1261 528 733
CTL B9 vs MUT B9 E 19 6 13 i 1262 502 760
i 30 7 23 i 1164 503 661

CTLB10vs MUT B10




Table 3 PAH patient characteristics

NYHA
ID Affected mutation Type .Of Domain Age Gender PAPm Functional Therapies
gene mutation (mmHg)
class
MUT-P1  ACVRL1 ¢.955G>C p.Gly319Arg Missense Kinase 14 Female 90 v bosentan, sildenafil, treprostinil
MUT-P2  ACVRL1 c.1450C>T  p.Argd84Trp Missense Kinase 19 Female 100 1] bosentan, sildenafil, epoprostenol
MUT-P3 BMPR2 del exon 11- Large kinase .+ . 37 Female 74 \% bosentan, sildenafil, treprostinil
13 deletion cytoplasmic tail
MUT-P4  BMPR2 c.314+3A>T Splice site Extracellular 14 Female Il bosentan
. . none, transplanted immediately
MUT-P5  BMPR2 ¢.901T>C p.Ser301Pro Missense kinase 26 Female 99 \%

upon diagnosis




Count

b Hoechst 33342 VE-Cadherin

100 pm . |

e Count
200 200
150 150
Ll
c
100 3 100
o
50 50
o 0
2 3 4 5 6 1 2 3 4 5 6
10 10 10 10 10 10 10 10 10 10 10
CD31:FITC CD146:PE

B cTL-H B MUT-H 0 cTi-H B MUT-H

Suppl Fig 1 Characterization of isolated ECFCs from CTL and ALKI-mutated donors

Count

Count

200

150

100

50

0

12 3 4 5
10 10 10 10 10

CD144:PE
O cTL-H B MUT-H

200
150
100

50

6
10

2 3 4

10 10 10
CD45:FITC

[ CTL-H [ MUT-H



NS vs BMP9
11.6%

=5

LFC - BMP10 vs NS in MUT-H
k=3

© DEG with BMPS

CTL-H ECFCs

7%

NS vs BMP10

* DEG with BMP10 « DEG with both

Correlation = 0.989

-5 0 5

LFC - BMP9 vs NS in MUT-H

10

NS vs BMP9

14.4%

Suppl Fig 2 BMP9 and BMP10 induce a similar transcriptomic response in CTL and ALK1-mutated ECFCs

MUT-H ECFCs

NS vs BMP10
8.4%



i B i B = =

FdiLLLysAo

FOZXSiSIHZLE1UL

FXy9ulO

FdiLLyBay

o

I
o
<

T T T
o (=] o o
el N -

AjIAnoe aseiayion| 3yg aAne|ay

Suppl Fig 3 BRE luciferase activity of ALK1 mutations identified in ECFCs and HUVECs



1

MUT-P NS
B MUT-P BMP9

H CTL-P BMP9
W CTL-P BMP10

1 Normalized counts
3
2
1
0
-1
-2
-3
Group

Group
Donor nb

6dWE-Ed-1LD
0TdWE-Ed-11D
6dWE-2d-11D
0TdWE-Zd-11D

_ 6dWE-Td-1LD

0TdW8-Td-11D

11|
SN-£d4-11D
SN-24-11D
%gmzémﬁb
;‘ =_mm£m-ﬁm¢bz

0TdWE-Td-LNW
| 6dWE-Zd-1NW
0TdWE-Zd-LNIW
SN-Zd-1NW

—— —— EMUT-P BMP10

EE

ﬁ____g?
4 i |
AW

E

mz-.nn_u._._:_i

Suppl Fig 4 Hierarchical clustering of HMVECs transcriptomic data



CTL-H ECFC
NS vs BMP9

CTL-H ECFC

CTL-P HMVEC NS vs BMP10
NS vs BMP9

41.6%

Suppl Fig 5 BMP9 and BMP10 induce specific transcriptomic changes in CTL ECFCs versus CTL HMVECs

52%

CTL-P HMVEC
NS vs BMP10



LFC & |

20 2 46

*TNFRSF1B

PTPRU
*JAG2
SOX13+
*NOS3 1
DACT3{
STEGAL1 1
NCS1-
CEBPG-
*icrer3 I
STRAP
PAQRA4 1
KIAAD513 1
*CEBPD -
CERKH
MTUS1 |
*|L15RA 1
PCTP
*ARHGAP4
SVIPA
*FRMDS
CCND1 1
PWWP2A -
ERN1 -
NRIP1 -
CCM2L+
RAB11FIP5 1

CTL-P: NS vs BMP9
CTL-P: NS vs BMP10
MUT-P: NS vs BMP9
MUT-P: NS vs BMP10

Comparison

Suppl Fig 6 Regulation patterns of hits identified by the two-factor analysis in ALK1-mutated HMVECs



#h#
A ##H
.g Kdkkk
»n T
0 O 4
O w
; >
) E 3
< c
g = 2 [TTJ NS
EQ ns NS MW BMP9
3 3 1- ﬁ ns ns [
o=
S oL ﬁ. ﬁ.
CTLP MUT-P- MUT-P
ALK1  BMPR2
s
? 15- #
-+ ’
5 Ig okokk
2 2 104
E I
[=4
E = [T NS
r3 ns NS pmmE BMPY
LULJ -~ ns
[\ ns
[ 1
Z 0 T T T
= CTL-P  MUT-P- MUT-P-
ALK1  BMPR2
ns
s # ns
§ (__', *k
S W 6
g5
oS
ST 4
& £ ns ns [TTINS
=
e 9, ns [ BMP9
< 3 ns
© <=
&~ [Ad [
%) 0 T T T
CTL-P  MUT-P- MUT-P-
ALK1  BMPR2
B
§ 4 e
[7 -
g (..’ Jedkk ok
2o 3
2>
¢
< 4
z:c? ns LCLIINS
ES ns ns =W BMP9
g 317 ns
S []
] 0 T T T
CTLP MUT-P- MUT-P-
ALK1  BMPR2
B
c -
2 40 it
» T *kkk
§§ 301
£
2 £ 21 CITINS
ES [CIEm BMP9
- ns
§ g 10 ns
w ns i ns
o 0= T =
CTLP MUT-P- MUT-P-
ALK1  BMPR2

SLC6AE mRNA expression TNFRSF1B mRNA expression JAG2 mRNA expression

S0OX13 mRNA expression

CEBPG mRNA expression

(AACt) in ECFC

(AACt) in ECFC

(AACt) in ECFC
Y9
*
]

-
1

(AACt) in ECFC
A W

-
1

N
hi

N
°
1

-
o
1

-
o
1

o
3]
1

o
e

N
h

N
°
1

-
G
1

-
o
1

o
3,
1

e
<

(AACY) in ECFC
2 3 3

o
1

e

ECFC

ns

S
NI NS
ns
N BMP9
CTL-H MUT-H
ns
*%
*
NI NS
ns NI BMP9
CTL-H MUT-H
ns
ns -
ns
NI NS
N BMP9
CTL-H MUT-H
ns
*
ns
ns XJI NS
N BMP9
CTL-H MUT-H
ns
1
*% *%
NI NS
N BMP9
ns
CTL-H MUT-H

JAG2 mRNA expression
(AACt) in HUVEC
N

CTL-H'

(AACt) in HUVEC
N

TNFRSF1B mRNA expression

SLC6A6 mRNA expression
(AACt) in HUVEC
N

(AACt) in HUVEC
»oe 9

-
1

SO0X13 mRNA expression

<

CEBPG mRNA expression
(AACt) in HUVEC
3

HUVEC

*kkk

it

*kkk

ns NI NS
N BMP9

MUT-H'

*kkk

i,

NI NS
ns I BMP9
CTL-H' MUT-H'
#H
*kkk
*kkk
ns
NI NS
N BMP9
CTL-H' MUT-H'
ns
ns
ns
ns
NI NS
N BMP9
CTL-H' MUT-H'
ns
*kkk
*k %k
NI NS
N BMP9
ns
CTL-H' MUT-H'

Suppl Fig 7 RT-qPCR validation of selected two-factor interaction genes in CTL and ALK1-mutated HMVECs, ECFCs and HUVEC.



Annex 2: Hereditary hemorrhagic telangiectasia : from signaling
insights to therapeutic advances

In the 4t year of PhD, | have collaborated as a co-first author in a review titled “From signaling
insights to HHT treatments”. This review presents up-to-date knowledge around mutations in
BMP9-BMP10/ENG/ALK1/SMAD4 signaling pathway in endothelial cells and its crosstalk with
pro-angiogenic pathways, which allowed the repurposing of new drugs for HHT treatment.
The review is provided in the following pages and is currently under revision.
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Abstract

Hereditary Hemorrhagic Telangiectasia (HHT) is an inherited vascular disorder with highly
variable expressivity, affecting up to 1 in 5000 individuals. This disease is characterized by
small arteriovenous malformations (AVMs) in muco-cutaneous areas (telangiectases) and
larger visceral AVMs in the lungs, liver and brain. HHT is caused by loss-of-function mutations
in the BMP9-BMP10/ENG/ALK1/SMAD4 endothelial-specific signaling pathway. This review
presents up-to-date insights on this mutated signaling pathway and its crosstalk with pro-
angiogenic pathways, in particular the VEGF pathway, that allowed the repurposing of new
drugs for HHT treatment. However, despite the substantial benefits of these new treatments
in terms of alleviating symptom severity, this not-so-uncommon bleeding disorder still
currently lacks any FDA- or EMA-approved therapies.

Main text
1) Genetic basis of HHT

HHT or Rendu-Osler syndrome is a hereditary disease that is transmitted in an autosomal
dominant manner and is caused by loss-of-function (LOF) mutations in certain components of
the predominantly endothelial BMP9/10-ALK1-ENG signaling pathway, that is an important
mediator of vascular quiescence (1). Specifically, mutations in ENG (chromosomal locus
9g34.11, encoding the co-receptor endoglin) and ACVRL1 (chromosomal locus 12q13.13,
encoding the type | receptor ALK1) are nearly equally responsible for the majority of HHT



cases and give rise to the two major forms of the disease, HHT1 (OMIM 187300) and HHT2
(OMIM 600376), respectively (2—4). Collectively, by mid-2023, over 600 different pathogenic
mutations in ENG and ACVRL1, spanning the entire coding sequences of both genes were
documented in the previous HHT mutation database
(http://www.arup.utah.edu/database/hht/). While reported ENG mutations were mostly non-
sense or frameshift mutations leading to premature termination codons, a higher prevalence
of missense mutations was observed for ACVRL1. In addition to ENG and ACVRL1, less than
2% of HHT patients were found to carry mutations in the SMAD4 gene (chromosomal locus
18g21.2), resulting in a combined syndrome of HHT and juvenile polyposis (JP-HHT; OMIM
175050) (4, 5). Based on the SMAD4 mutation repository developed by Wooderchak et al, at
least 26 different mutations in SMAD4 were described in patients with the combined JP-HHT
syndrome, most of which are missense mutations and deletions mainly concentrated at the
MH2 domain of SMAD4 (6).

Together, mutations in ENG, ACVRL1 and SMAD4 are responsible for more than 90% of HHT
cases, leaving a minority of clinically diagnosed individuals with an unknown genetic basis. In
some cases, this can be attributed to limitations of current sequencing technologies in
detecting certain variants in the previously identified loci or to the exclusion of testing non-
coding regions (7); however, additional chromosomal loci could also be implicated in HHT
development. As such, mutations in GDF2 (chromosomal locus 10q11.22, encoding BMP9)
were described in few cases displaying an HHT-like syndrome (8-12). This rare form of HHT
was annotated as HHT5 (OMIM #615506). In addition, mutations in RASA1, which are
commonly associated with hereditary capillary malformations with or without AVMs (13, 14)
have been reported in few patients presenting HHT symptoms (15—17). More recently, EPHB4
LOF variants were reported in a few individuals exhibiting atypical HHT symptoms and HHT-
like hepatic abnormalities (18). Furthermore, one study described an overrepresentation of
rare mutations in DROSHA, a key enzyme involved in miRNA processing, among clinically
diagnosed HHT patients who did not carry any mutations in the typical HHT-associated genes
(19). Interestingly, this study also demonstrated that zebrafish and mice with endothelial-
specific Drosha deficiency developed vascular defects resembling those observed in HHT
patients (19). Moreover, at least three pulmonary arterial hypertension patients carrying a
mutation in BMPR2 (chromosomal locus 2g33.1-g33.2, encoding the type Il TGF-B family
receptor BMPRII) were found to exhibit HHT symptoms (20-22), suggesting a potential, rare
involvement of this gene in HHT.

2) Clinical manifestations of HHT

AVMs are the hallmark of HHT. According to the international classification of vascular
anomalies, AVMs are characterized by malformed arteries, veins and capillaries with direct
arteriovenous communications resulting in arteriovenous shunting (23) (Figure 1). The
stepwise development of AVMs in the context of HHT has been histologically documented in
cutaneous biopsies by Braverman et al. in 1990 (24). The process was found to commence
with focal dilatations of the postcapillary venules that progressively encompass the normal
capillaries, finally establishing a direct connection with dilated arterioles. Interestingly, the
process seemed to involve an immune arm, as perivascular lymphocytic infiltrates were



evident at the site of the AVM. It is noteworthy that all clinical signs of HHT result from AVMs,
which can be present at variable scales.

At the microvascular level, HHT AVMs appear as mucocutaneous telangiectases, after which
the disease is named. HHT-associated telangiectases typically appear as minute-sized round
red spots that are flat or slightly elevated and fade under pressure. They concern specific body
areas, the palmar faces of finger pads and hands, the lips, the tongue, the nasal cavity and the
gastrointestinal (Gl) tract (25, 26) (Figure 1). On the nasal mucosa, telangiectases are
responsible for the spontaneous and recurrent epistaxis leading to iron-deficient anemia in
about 50% of the patients (27). Similarly, Gl telangiectases, which can affect any part of the
tract, occasionally result in occult bleeding.

At the macrovascular level, larger AVMs mainly affect the lungs, the central nervous system
and the liver (Figure 1). Consequently, they can result in life-threatening complications. For
instance, pulmonary AVMs can cause chronic hypoxemia, ischemic strokes, cerebral
abscesses and hemoptysis (28). On the other hand, hepatic AVMs can lead to high-output
cardiac failure, biliary ischemia and portal hypertension (29). Cerebral AVMs are generally
asymptomatic but can rarely provoke hemorrhagic stroke or epilepsy.

Cohort studies have revealed the deleterious effect of aging on epistaxis, skin telangiectases
and liver AVMs, while pulmonary and cerebral AVMs were shown to appear early in life (30).
Although HHT1 and HHT2 patients are clinically undistinguishable, ACVRL1 mutations are
associated with higher rates of liver AVMs and digestive telangiectases, while ENG mutations
are more predominantly linked to pulmonary and cerebral AVMs (31). Interestingly, hepatic
relapse of the vascular lesions has been described in some HHT patients receiving liver
transplants (32).

In addition to the well documented HHT symptoms, i.e. epistaxis, telangiectases and AVMs,
HHT patients exhibit a heightened infectious risk in soft tissues, bones and joints involving
Staphylococcus aureus, as well as cerebral infections involving bacteria from the oro-digestive
flora (33). HHT is also associated with immunological abnormalities, mainly characterized by
a T-helper lymphopenia, although without any clear correlation with the aforementioned
infectious risks (34).

3) The second-hit hypothesis

The LOF nature of HHT causal mutations and the autosomal dominant inheritance of the
disease led to the longstanding belief that HHT is caused by haploinsufficiency of the mutated
gene product. This was corroborated with several reports demonstrating a reduction in
endoglin levels in HHT1-derived cells (35-37) and in ALK1 levels in some HHT2-derived cells
compared to control counterparts (36—38). In line with these studies, mice heterozygous for



mutations in Eng or Acvrll (Eng+/' or AIk1+/') display reduced expression levels of the affected
gene and develop some HHT-like lesions at the adult stage, albeit with a low penetrance,
including telangiectases, nosebleeds and dilated vessels with reduced vascular smooth muscle
cell (VSMC) coverage (39-41).

However, the haploinsufficiency model does not explain why HHT vascular lesions develop
focally in characteristic vascular beds, despite the presence of the germline HHT causal
mutation in all endothelial cells (ECs) of the body (42). This model also fails to elucidate the
differences in disease expressivity that are observed even between related patients carrying
the same mutation (43). These disparities put forth the second-hit hypothesis in HHT, which
is becoming more and more accepted by the HHT scientific community (44). This hypothesis
implies that the germline mutation (first-hit) predisposes the endothelium to vascular defects
that strictly develop in the presence of additional, local factors (second-hit) that could be
either environmental or genetic. Along these lines, several preclinical studies have
demonstrated the role of pro-angiogenic and pro-inflammatory triggers in driving HHT
pathogenesis (45). For instance, Eng+/' or Alk1*/" mice at the age of 8-10 weeks, which typically
do not exhibit any vascular defects until several months later, acquired cerebrovascular
dysplasia upon local administration of viral vectors encoding vascular endothelial growth
factor (VEGF) into their brains, as opposed to normal angiogenesis in wild type (WT) mice
receiving the same treatment (46, 47). In addition, unlike WT mice, inducible Eng or Alk1
knockout mice readily and consistently developed visceral arteriovenous malformations
(AVMs) in their brains only upon local VEGF overexpression (48-51) as well as dermal AVMs
strictly after wounding or upon local VEGF or lipopolysaccharide (LPS) treatment (52-55).
Interestingly, blocking VEGF in inducible Alk17- mice partially reversed or blocked the
development of AVMs induced by VEGF, LPS or wounding (50, 54), in line with the well-
documented effectiveness of the humanized anti-VEGF antibody bevacizumab in alleviating
HHT symptoms (Table 1) (56, 57). In addition to angiogenic and inflammatory stimuli, several
other environmental triggers have been proposed as potential second-hits in HHT, including
mechanical stress and sun exposure. A study on 103 HHT patients revealed a higher number
of telangiectases on the dominant hand and on the lower lip, which are expected to be more
frequently exposed to mechanical stimuli, than the other hand and the upper lip (58). The
number of telangiectases on the lips was also found to be positively correlated with sunlight
exposure (58).

Another study supporting the two-hit hypothesis in HHT patients was released in 2019, but
this time involving a genetic second-hit (59). Using next-generation sequencing, Snellings et al
detected low-frequency somatic mutations, mostly in trans configuration, leading to biallelic
loss of ENG or ACVRL1 in cutaneous telangiectases on the hands of some HHT patients (59).
Consequently, HHT vascular malformations were proposed to develop when specific
endothelial clones acquire somatic mutations leading to loss of heterozygosity (59). This is a
well-known pathogenic mechanism in cancer, known as the Knudsonian two-hit mechanism
(60), which was also shown in some heritable vascular anomalies, including venous,
glomuvenous and cerebral cavernous malformations (61, 62). It remains to be validated
whether this hypothesis holds true for HHT-related AVMs. As sunlight comprises mutagenic
ultraviolet radiation, it is plausible that dermal telangiectases might develop on the hands due
to somatic mutations triggered by prolonged exposure to sunlight. This hypothesis might
explain the late-onset development of some AVMs (skin, Liver) (63), as somatic mutations



accumulate with time, but cannot explain the ones that appear early in life (cerebral and
pulmonary AVMs) (63, 64). Therefore, the second-hit hypothesis could indeed be responsible
for some HHT-related vascular defects but might not represent a universal pathogenic
mechanism in HHT.

4) Signaling pathways involved in HHT
a. BMP9/10-ALK1 pathway

Endoglin and ALK1 are two transmembrane receptors mainly expressed on ECs, explaining
why mutations in this pathway result in vascular abnormalities. BMP9 and BMP10 are the
high affinity ligands of the receptors ALK1 and endoglin (65, 66). Endoglin is a co-receptor for
BMP9 and BMP10 and serves as a reservoir of these ligands on the surface of ECs (67),
enhancing ligand-induced responses (65). In line with endoglin’s role as an upstream co-
receptor of the ALK1 pathway, it was shown that AVMs induced by endothelial loss of Eng
could be corrected by overexpression of ALK1, while endoglin overexpression could not
compensate for the loss of Alk1 (68). BMP9 or BMP10 recruit a heterocomplex of two type I
receptors (BMPRII or ActRIIA, which are the main type Il receptors expressed on ECs) and two
type | receptors (ALK1) (1, 69). Upon BMP9 or BMP10 binding, the serine/threonine kinase
type Il receptor phosphorylates the serine/threonine kinase type | receptor ALK1, leading to
its activation. Subsequently, activated ALK1 phosphorylates the transcription factors
SMAD1/5, allowing their binding to SMAD4, which is a common downstream signaling
mediator shared with the TGFB pathway (Figure 2). The trimeric SMAD complex then migrates
to the nucleus, where it interacts with other transcription factors to regulate the transcription
of many target genes (1, 69). In addition, few studies show that BMP9 and BMP10 can activate
non-canonical BMP signaling pathways, including P38, ERK, Wingless (Wnt) and NOTCH
signaling (70). It is widely accepted that BMP9 and BMP10 lead to vascular maturation and
quiescence (71). The current working model suggests that BMP9/10-ENG-ALK1-SMAD4
sighaling maintains vascular homeostasis via attenuation of pro-angiogenic pathways, and in
particular the VEGF signaling pathway. However, the mechanisms underlying this attenuation
are still not fully characterized.

The immunosuppressor tacrolimus (FK506) has been identified in two independent screens
as a potent activator of SMAD1/5 signaling using a reporter assay based on the Id1 promoter
(72, 73). However, the mechanism by which tacrolimus activates this pathway is not clearly
understood. Tacrolimus is a macrolide with immunomodulatory and anti-angiogenic
properties commonly used in patients who had undergone organ transplantation (74). It
inhibits the phosphatase calcineurin, which dephosphorylates the nuclear factor of activated
T cells (NFAT) proteins (Figure 3) (75, 76). Activation of calcineurin has also been shown to be
downstream of VEGF (77) (figure 2). Interestingly, we have previously shown that BMP9
regulates the calcineurin-NFAT pathway in lymphatic differentiation (78). Tacrolimus can also
activate BMP signaling pathway by blocking FKBP12 (Figure 3) (79), which is known to bind



and suppress ALK1 activation (73). In ECs, it was shown that tacrolimus activated SMAD1/5
sighaling and inhibited AKT and P38 phosphorylation induced by VEGF (72). The same group
showed that Tacrolimus injection in BMP9/BMP10-immunodepleted postnatal retinas
prevented hypervascularization (Table 2). However, the molecular mechanisms involved in
this protective effect of tacrolimus are not yet fully elucidated.

b. VEGF-VEGFR2 pathway

VEGF-A, herein referred to as VEGF, is one of the most potent and extensively studied
angiogenic factors. VEGF signaling occurs through its binding to the receptor tyrosine kinase
VEGFR2, which activates several downstream pathways (Figure 2). These include the ERK1/2
pathway, the PI3K-AKT-mTOR pathway, the SRC and small GTPases pathways, and others that
are poorly understood, including the P38 MAPK (77, 80) (Figure 2). The PI3K-AKT-mTOR
pathway is negatively regulated by the phosphatase and tensin homolog (PTEN) that is active
when unphosphorylated. VEGF-A, VEGF-B and PIGF can also bind VEGFR1 with higher affinity
than VEGFR2, but the former exhibits low kinase activity, making VEGFR1 a decoy receptor
(23). VEGF signaling is thus modulated by the different relative expression levels of VEGFR2
versus VEGFR1 in ECs.

The beneficial effect of blocking VEGF signaling in HHT patients dates back to 2006, when an
HHT patient suffering from a malignant mesothelioma unexpectedly showed amelioration of
HHT symptoms following anti-angiogenic cancer treatment with an anti-VEGF-A monoclonal
antibody (bevacizumab) (81). The following year, BMP9 and BMP10 were identified as two
high affinity ligands for the receptors ALK1 and endoglin (65, 66). It was shown that these two
ligands inhibited angiogenesis in vitro (EC proliferation and migration) and in ex vivo models
(66, 82). Few years later, the first clinical trial using bevacizumab showed very positive results
on 25 patients suffering from HHT (Table 1) (83). Since then, preclinical HHT models have
been developed in order to test different therapeutic approaches. The main model used is
the murine retina, a two dimensional-like vascular structure that forms via angiogenesis
during early postnatal days. It has been shown that the loss of Alkl, Eng, Smad4 or
Bmp9/Bmp10 led to spontaneous AVMS in the retina (45) .However, it is noteworthy that
these models do not recapitulate AVMs observed in HHT patients, which are found in the skin,
lungs, liver and brain. Nevertheless, using these models, it was shown that blocking VEGF
sighaling reduced the development of vascular malformations (50, 54). These mouse models
supported that AVM formation involved aberrant EC responses, including enhanced
proliferation, impaired flow-migration coupling and abnormal cellular behavior in response
to angiogenic signals like VEGF (45).

To date, there is a limited understanding of how BMP9 or BMP10 mitigate VEGF signaling. It
has been found that BMP9 induces the expression of VEGFR1, thus restricting downstream
VEGF signaling (84) (Figure 2). Conversely, the loss of ALK1 expression in ECs using siRNA
promoted an elevation of several key pro-angiogenic regulators (DLL4, ANGPT2 (encoding



angiopoietin 2) and KDR (encoding VEGFR2) (72). Accordingly, it was shown that Alk1*/- mice
presented a reduced level of VEGFR1 expression, and that VEGFR1 levels were reduced in skin
biopsies from HHT2 patients (85).

Concerning the molecular mechanisms involved downstream of the VEGF signaling pathway,
studies in mice have shown that the loss of Alk1 or Smad4 activated the PI3K/AKT pathway
(86—88). Similar results were obtained in vitro in human umbilical vein ECs (HUVECs) using
siRNA against ALK1 (86, 88). Inversely, BMP9 treatment for 2 hours in HUVECs was found to
increase PTEN expression and activity leading to a decrease in AKT activity (Figure 2) (87, 88).
Activated AKT subsequently activates the mTORC1 complex, which in turn activates the
signaling cascade P70S6K/S6 (Figure 2). Interestingly, this pathway has been found activated
in skin telangiectases from HHT patients (87, 89). In HUVECs, BMP9 was also found to induce
the expression of SGK1 kinase, which can also activate the mTORC1/P70S6K/S6 pathway (90).
In this work, it was proposed that activation of this pathway would play a role in regulating
protein synthesis. Additionally, BMP9 was also shown to inhibit ERK activation, although the
specific mechanism behind this inhibition remains unclear (Figure 2). In parallel, BMP9 and
BMP10 have been shown to inhibit endothelial cell proliferation, but the underlying
mechanism is not yet clearly characterized. One study showed that BMP9-induced inhibition
of EC proliferation was SMAD1/5-dependent and required the expression of the CDK4/6
inhibitor P27X" (91). On the contrary, Smad4 loss enhanced flow-mediated KLF4-TIE2-
PI3K/AKT signaling, leading to cell cycle progression, which was inhibited using CDK4/6
inhibitors (92). Accordingly, the CDK4/6 inhibitors, Palbociclib and ribociclib, inhibited the
formation of retinal AVMs and the knockdown of CDK6 prevented the development of retinal
AVMs (Table 2) (92, 93).

c. Angiopoietin-Tie2 pathway

Genetic HHT mouse models have also shown an increase in Angiopoietin 2 (Ang2) levels (94,
95). The angiopoietin-Tie2 pathway is critical for maintaining vessel stability by regulating, as
for VEGF, the PI3K/AKT pathway (Figure 2). Angl, produced by mural cells, activates the
receptor tyrosine kinase TIE2 to maintain VSMC coverage. An increase in TIE2 antagonist Ang2
produced by ECs inhibits Angl-mediated TIE2 activation, leading to destabilization of VSMC-
ECinteraction and a decrease in vascular quiescence (80, 96). Accordingly, it has been recently
shown that blocking Ang2 (LC10 monoclonal antibody) can prevent or reduce AVMs and other
associated HHT-abnormalities in mice (94, 95) (Figure 2). However, in contradiction to these
mouse models, Ang2 circulating levels in HHT patients tend to be reduced compared to
healthy individuals (97, 98). Thus, although Ang2 seems to be a new promising therapeutic
target, further work is needed before pursuing to clinical trials (99).



5) Preclinical data, clinical trials and perspectives in HHT

Since 2009, anti-angiogenic drugs developed in oncology have been increasingly used in drug
repurposing strategies in patients with HHT (100, 101). Today, nhumerous preclinical (50, 54,
72, 85, 86, 88, 9295, 102-110) and clinical studies (57, 83, 102, 111-133) targeting
angiogenesis in the scope of HHT have been carried out and are summarized in Tables 1 and
2. Drugs used in the aforementioned studies and their distinct sites of action are depicted in
Figure 3.

Today, with our current knowledge of the pathophysiological mechanisms of HHT owing to
preclinical models and therapeutic trials, the main therapeutic lines of action to be considered
include: first, avoiding angiogenic and inflammatory stimuli by all means, in line with the
second hit hypothesis. Whenever possible, "mechanical" prevention, such as sun protection,
application of nasal ointments and avoidance of nasal cauterization during childhood, is
recommended to reduce the development of cutaneous and mucosal telangiectases. In
addition, it is essential to prevent and treat anemia and iron deficiency, whose repercussions
are probably not limited to hematology alone, but also include the risk of infection and stroke
(42, 134).

Another important point is moving towards personalized medicine for each patient. While
studies across 14 years that involved more than 400 patients ensured the safety of
bevacizumab, they demonstrated that the response varied depending on its elimination rate
(57, 83). Indeed, pharmacokinetic studies highlighted a correlation between a progressive
decrease in response to the drug and low plasma bevacizumab concentration. Thus, as in
cancer, there is a concentration threshhold for efficacy. So taking into account the
metabolisms of different patients and adapting the dosage accordingly would allow to
maintain its efficacy and optimize the risk-benefit balance. It is therefore essential to monitor
bevacizumab levels during maintenance therapy in order to maintain bioactive levels within
the therapeutic window, especially if efficacy appears to be declining (118).

Another aspect that should be considered more carefully is tailoring treatment to disease
severity in order to limit drug toxicity. To reduce systemic adverse effects, anti-angiogenic
treatments applied locally have been studied. For example, tacrolimus ointment 0.1% twice
daily is promising (135) and could be a good option for patients with moderate epistaxis,
although this awaits further confirmation by larger studies. Moreover, the use of tacrolimus
in HHT patients in the future could be questionable as few HHT patients under this regiment
after liver transplantation developed new hepatic vascular lesions and needed a second
transplantation (32). Other anti-angiogenic drugs with local use are more debated. Two
randomized trials showed that intranasal bevacizumab was not effective (136, 137). This result
was confirmed in a systematic review (138) conducted on thirteen studies. Some studies
evaluated submucosal administration associated with electrocautery (139), which is not
recommended, and/or cyanoacrylate glue (140), whereas others cautiously excluded this
confounding factor (141, 142). In addition, non-selective beta-adrenergic receptor blockers



with anti-angiogenic properties reducing VEGF and MMP-9 tissue expression have been
studied (143). For instance, four randomized studies using topical timolol in the form of a nasal
spray or gel for epistaxis and an ophtalmic solution for cutaneous telangiectasia reported
discordant results in cohorts ranging from 6 to 58 patients (144—147). This is consistent with
a systematic review from 2022 (148) on topical beta-blockers suggesting that propranolol is
more promising than timolol. Topical propranolol was reported to increase hemoglobin levels
(149, 150), but its use warrants monitoring for bradycardia occurrence, even when
administered locally.

6) Future challenges in HHT

Although great progress has been made in the treatment of HHT patients, there are still some
remaining challenges. Perhaps the greatest challenge is determining whether large AVMs
observed in HHT patients would respond to anti-angiogenic therapies. Indeed, several
antiangiogenic drugs, particularly those administered orally, including tyrosine kinase
inhibitors, AKT inhibitors, pomalidomide and mTOR inhibitors are currently being tested on
visceral AVMs, but no regression of visceral AVMs has been observed so far. Only skin or
mucosal telangiectases have been found to be reduced in few cases (123, 126). In the
Metafore study (83), cardiac index and hepatic blood flow were decreased after bevacizumab
treatment, but large liver AVMs on CT scan were unchanged, and despite a marked
improvement in digestive bleeding, the number of Gl telangiectases was not reduced (83).
Although some preclinical studies reported that anti-angiogenic treatments, such as PI3K
inhibitors, could revert established AVMs in preclinical models (88), these AVMs were only
seen in neonatal retinas of mice. Similarly, it was shown that in zebrafish Eng mutants, the
HHT-like phenotype was abrogated by inhibiting VEGF signaling with drugs targeting VEGFR2,
but only strictly in embryos (110). In both models, the treatment was effective during active
angiogenesis (embryonic or postnatal stages), which is not the case after remodeling of
vascular structure in large AVMs. Thus there is a real need for testing the efficacy of drugs in
preclinical models on large AVMs or AVMs at adult stages. Accordingly, recent preclinical HHT
models that better mimic HHT symptoms have been developed in adult mice and zebrafish
(54, 104, 105, 110).

Another challenge is to identify the best target to inhibit angiogenesis in HHT patients. VEGF
signaling is complex and drives numerous downstream pathways, so adverse complications
can be caused by inhibiting the VEGF pathway as a whole (151). Thus, one could imagine that
targeting specific downstream pathways of VEGF could reduce these complications. A recent
study addressed this point by using an adult endoglin mutant zebrafish model that developed
several HHT symptoms (110). They found that inhibiting mTORC1 (using rapamycin, also
known as sirolimus) or MEK pathways prevented vascular abnormalities (Table 2), whereas
inhibiting P38 or nitric oxide synthase pathways had no effect. Combined subtherapeutic



mTORC1 and MEK inhibitors demonstrated synergistic effects in treating HHT. However, it
remains unclear at this stage whether it will be more beneficial in the future to only target
particular downstream targets of VEGF (PI3K, MEK), which are activated by many signaling
pathways or to target a specific pro-angiogenic growth factor, such as VEGF.

In the present review, we focused on therapeutic approaches that aim to block activated
signaling pathways due to LOF of the BMP9/10-ALK1 signaling pathway, but another possibility
would be to increase the deficient signaling pathway (more ligands, more receptors, activation
of the downstream signaling pathway). However, the validity of such a therapeutic option
fundementally relies on whether HHT vascular lesions are driven by haploinsufficiency or
biallelic loss of the affected gene.

Summary and conclusions

Ever since the discovery that HHT is due to mutations in a single signaling pathway nearly
thirty years ago, considerable progress has been made in treating HHT symptoms by blocking
the VEGF angiogenic pathway. However, the molecular mechanism underlying the interaction
between BMP9/BMP10 and VEGF signaling is still not fully elucidated. In addition, as
described in this review, several points remain to be better characterized, such as the
development of AVMs, preclinical adult models for AVMs, biomarkers for personalized anti-
angiogenic treatments, the choice of therapeutic target (growth factors such as VEGF or more
focused downstream signaling (TKI, AKT, MTORC1, MEK)), the possibility and efficacy of
localized treatment and the benefit of preventative anti-angiogenic treatments. Larger scale
and real-life data are particularly difficult to obtain since these treatments are used off-label
due to a lack of better options. This is partly due to the general abstention of pharmaceutical
industries from repurposing drugs in rare diseases. In the meantime, anti-angiogenic drugs
hold a promising potential in HHT and represent avenues worth investigating before taking
on the future challenges associated with gene therapy.
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Table 1 : Therapeutic strategies targeting the VEGF pathway

Therapeutic I dence de de patie
group Drug used References Key findings Drug used References and study type n Key findings
U:u:_m.m.:oa 5, 2012 ) Decrease in cardiac ouput and reduction of the duration
Prospective phase 2 open 25 R . .
and number of episodes of epistaxis
label
Chavan A, 20131t 3 Reduction in epistaxis frequency, quantity and duration of
. Walker EJ, VEGF blockade reduces vascular density in a brain Prospective case series bleeding per episode; normalization of cardiac output
bevacizumab | o5 AVM-induced mouse model (Alk1-KO+VEGF) Thompson A, 2014112 6 Low bevacizumab doses improve epistaxis severity and
Prospective open label frequency
Guilhem >\, 20177 46 Improvement of 74% of the cohort
Retrospective
Chavan A, 20174 Clinical improvement (pain, dyspnea, fatigability and
Anti-VEGF-A Prospective 2 general performance) w/o significant toxicity in 18 patients
monoclonal bevacizumab | 'verV, 20181 f Reduction in epistaxis severity score and RBC transfusion
antibodies Han €. 20145 Reduces wound-induced skin AVMs and hemorrhages Retrospective 21 requirements
ant in Alk1-KO adult mice Al-Samkari H, 202016 201 Bevacizumab reported to be effective in reducing bleeding
Survey-based - symptoms and improving hematologic parameters
Vazquez C, 2020 20 Reduction in RBC transfusion requirements, increase in
G631 Retrospective hemoglobin levels
antibody >_.mw3_ﬁ_n_._._\ 202157 23 Reduction in wmn ﬁ._.w:wEmmo.: _.mnc__.mBm.sﬁm and in IV iron
Ardelean D Normalizes the lung peripheral microvessel density and Retrospective supplementation, increase in hemoglobin levels
2014103 ! attenuates the secondary right ventricular hypertrophy Dupuis-Girod S 202318 24 Reduction in RBC transfusion requirements and in IV iron
in Eng+/- and Alk1+/- mice Prospective randomized trial supplementation, increase in hemoglobin levels
Ongoing trial (TRUST) 33
NCT04404881 est.
Singular case reports 28
Extracellular
receptor trap L . . . .
for VEGF-A, aflibercept Villanueva B, 20231%° 1 ”MMJ:MMMFT:_MWM_M_‘m:m?m_o: requirements, increase in
VEGF-B and
PIGF
D5B1 Thalgott JH, Reduces telangiectases in trachea of Alk1-KO mice
Anti-VEGFR2 2018% infected with M pulmonis
antibody Tual-Chalot S, Reduces pelvic AVMs and HOHF in adult in Eng-ieKO
DC101 ;
2020 mice

AVM : arteriovenous malformation; RBC: red blood cell; PIGF:Placenta Growth factor; VEGF: Vascular endothelial growth factor;w/o: without; IV: intrevenous
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Table 2 :Therapeutic strategies targeting intracellular pathways

HEERELE References and stud
group Drug used References Key findings Drug used e Y n Key findings
Parambil JG, 2018120 1 Normalization of iron levels, increase in hemoglobin levels
sorafenib, Sorafenib and pazopanib analog improve while Faughnan M, 2019%2* 7 Improvement in hemoglobin levels and/or e
pazopanib, Kim YH, erlotinib worsenes anemia and gastro-intestinal Prospective open label treated patients
erlotinib, 2017105 bleeding, no effect on wound-induced skin AVMs in 2opanib Parambil JG, 2022122 13 RBC transfusion independence within 12 months of
sunitinib adult Alk1-ieKO mice pazopa Retrospective treatment, increase in hemoglobin levels
TKI .
Moon JY, 2022128 1 I tin cut HHT
SUS416 Jin Y, 2017% | Reduces retinal AVMs in Eng-iekO oon ™ mprovement in cutaneous
Ongoing trial (Paz) 70 NCT03850964
. " Ruiz S, . . . Kovacs-Sipos E, 2017 1 Decrease in frequency and duration of epistaxis
nintedanib 202007 Prevents and reverses retinal AVMs in BMP9/10ib B Ongoing trial (EPICURE) 60 NCT03954782
Ongoing trial (EPISTOP) 48 . NCT04976036
. OlaR, 2016% Prevents and reverses the formation of retinal AVMs BKM120 . 125 Decrease in the frequency of epistaxis, which stopped after
ENﬂm:n AKT | wortmannin OlaR2018% | Alk1-ieKO, BMP9/10ib and Smad4-ieKO mice (bupar| Geisthoff, 2014 1 6 weeks
inhibit
inhibitors picti OlaR, 2016% | Reduces retinal AVMs in Alk1-iekO VAD044 Ongoing trial 80 | NCT05406362
mTOR L Ruiz S, . . . L Skaro A, 2006'% 1 Regression of telangectases
TG sirolimus 202007 Prevents and reverses retinal AVMs in BMP9/10ib sirolimus Ongoing trial 0 NCT05269849
133
Galcineurin MM“@MMQJVNQG 1 Decrease in frequency and duration of epistaxis
M”m_.mﬂ_m.w_:m RuizS, 201772 | Reduces retinal AVMs in BMP9/10ib mice tacrolimus Pruijsen J, 2021'%7 1 Decrease in gastro-intestinal bleeding, RBC transfusion
competitor Hessels J, 2023'% 25 Reduction in RBC transfusion requirements, increase in
Prospective open label hemoglobin levels
Lebrin F, 20102 7 Reduction in RBC transfusion requirements, increase in
Lebrin F, Inhibits angiogenesis by increasing mural cell coverage Case series hemoglobin levels
20102 of the vasculature of Eng+/- mice Invernizzi, 2015'» 31 Reduction in RBC transfusion, increase in hemoglobin
. . Prospective open label levels, decrease of all epistaxis parameters
: thalidomide
PengH, Reverses telangiectases, controls nosebleeds and leads FangJ, 20171 7 Reduction i ESS scores
IMIDs 2015 to vascular remodeling in the zebrafish model Prospective open label
131
Baysal M, N.on 6 Reduction in ESS scores, increase in hemoglobin levels
thalidomide Zhu W, Inhibit brain AVM development and improve vascular Retrospective
3 A Ve — - - - -
lenalidomide 2018 integrity of existing brain AVM in adult Alk2-ieKO mice . . Samour M, 2016 6 .xmnc.&o: _J ESS scores, increase in hemoglobin, reduction
pomalidomide Phase | in iron infusions
Ongoing trial 145 NCT03910244
Crist A, . . . .
Anti-Ang2 1o 2019% Prevents and reverses retinal AVM in Smad4-ieKO mice
antibody Zhou X, Limits and prevents brain AVM and blood vessel
2023% enlargment in Eng-, Alk1- and Smad4-KO mice
palbociclib, Dinakaran S, CDK4/6 inhibition decreases the formation of retinal
CDK4/6 ribociclib 2023% AVM s and brain vascular defects in BMP9/10ib mice
inhibitors albociclib Banerjee K, CDK4/6 inhibition decreases the formation of retinal
P 2023 AVMs in Smadd-ieKO mice
TKI and mTOR Ruiz S, Nintedanib and sirolimus prevent and reverse retinal
Drug inhibitor 202017 AVMs
combination MEK and mTOR | Snodgrass R, Subtherapeutic MEK inhibitor and sirolimus normalise
inhibitors 2023110 enlarged vessels in Eng™13° zebrafish embryos

AVM : arteriovenous malformation; ESS : epistaxis severity score; IMIDs : immunomodulatory imide drugs ; RBC: red blood cell; TKI : Tyrosine-kinase inhibitor; ANG2 : Angiopoietin 2; FKBP12: 12-kDa FK506-binding protein
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Figure 1: Arteriovenous malformations (AVMs): The hallmark of HHT and its clinical consequences.

In HHT, AVMs begin by focal dilations of the postcapillary venules (V) that progressively encompass the normal capillaries (C) and establish a direct connection
with dilated arterioles (A), leading to arteriovenous malformation (AVM), muscularization of large vessel and dilations of capillary beds often surrounded by
inflammatory cells. At the microvascular level, AVMs appear as telangiectases on specific muco-cutaneous areas (finger pads, lips, tongue, nasal and digestive
mucosa). They are responsible of the spontaneous and recurrent epistaxis/bleeding leading to iron-deficient anemia. At the macrovascular level, large AVMs
mainly affect the liver leading to high output cardiac failure, biliary ischemia and portal hypertension; the lung AVMs can provoke ischemic stroke and cerebral
abscess and more rarely hypoxemia and Hemoptysis. Central nervous system AVMs is rarely complicated by hemorrhage. Liver section is a courtesy of Pr JY
Scoazec (Institut Gustave Roussy, University Paris-Saclay, France). Skin and liver sections were stained hematoxylin and eosin (HE).
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Figure 2: BMP9/10-ENG-ALK1-SMAD4 signaling pathway maintains vascular quiescence by repressing angiogenic pathways.

HHT is due to loss of function mutations (shown with an asterix) in ENG, ALK1, SMAD4 and more rarely BMP9 which are all in the same signaling pathway.
BMP9 or BMP10 recruit a signaling heterocomplex composed of two type Il receptors (BMPRII or ActRIIA), two type | receptors (ALK1) and the co-receptor
endoglin. Upon BMP binding, the type Il receptor phosphorylates ALK1 which subsequently phosphorylates the transcription factors SMAD1/5 which binds
SMADA4, which is shared with the TGFP pathway, to regulate, in association with other transcription factors, transcriptional regulation of many genes. BMP9
and BMP10 maintains vascular quiescence (grey) via repression of angiogenesis pathways (pink). VEGF-A binds to VEGFR2, which activates the ERK1/2 and
P38 MAPK pathways and the PI3K-AKT-mTORC1 pathway which in turn activates the signaling cascade P70S6K/S6. VEGF can also activate the calcineurin
phosphatase, which activates, via dephosphorylation, the transcription factor family NFATs. The PI3K-AKT-mTOR pathway is negatively regulated by the
phosphatase (PTEN) that is active when unphosphorylated. VEGF-A can also bind to VEGFR1, but this will not generate signal. Two other members of the
VEGF family, VEGF-B and PIGF, also bind to VEGFR1. BMP9 induces the expression of VEGFR1 thus inhibiting VEGF signaling. It also induces PTEN expression
and phosphorylation which inhibit AKT activity as well as the expression of SGK1 kinase, which can activate the mTORC1/P70S6K/S6 pathway. BMP9 inhibits
ERK activation through an uncharacterized mechanism. Angiopoietin 1 (Angl) activates TIE2 receptor to maintain vascular quiescence and this pathway

can be antagonized by Ang2.
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Figure 3: Therapeutic targets of anti-angiogenic drugs tested in preclinical models and in HHT patients

Drugs tested in completed clinical trials (red), drugs currently under testing or with a case report (orange) and drugs tested only in preclinical models (blue).
For further details go to Tables 1 and 2. Drugs have been developed to block VEGF-A signaling using neutralizing anti-VEGF-A monoclonal antibodies
(bevacizumab), or soluble trap/decoy receptor that binds VEGF-A, VEGF-B and PIGF (aflibercept), or neutralizing anti-VEGFR2 antibodies (D5B1 and DC101).
Drugs developed to block intracellular signaling such as tyrosine kinase receptors inhibitors that block VEGFR2 activity but also other receptors are alo tested:
pazopanib (VEGFR, PDGFR, c-KIT and FGFR) and nintedanib (VEGFR, PDGFR, and FGFR). Drugs have also been developed to block PI3K and AKT (VAD044) but
also mTORC1 (sirolimus), calcineurin and FKBP12 (tacrolimus). Immunomodulatory imide drugs (IMIDS) such as thalidomide and pomalidomide have been

tested in HHT patients. Other drugs have been tested so far only in preclinical models such as the neutralizing anti-Ang2 monoclonal antibodies (LC10) and
inhibitors of CDK4/6 (palbociclib and ribociclib).
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Annex 3: BMP9/10-ALK1-Endoglin Pathway as a Target of Anti-
Angiogenic Therapy in Cancer

During my PhD, | have written a book chapter in the form of a minireview with my colleague
Tala Al Tabosh, titled “BMP9/10-ALK1-Endoglin Pathway as a Target of Anti-Angiogenic
Therapy in Cancer”. This minireview tackled a side of BMP9/BMP10 signaling that is not
directly linked to my main PhD project, but is rather interesting. The minireview is provided in
the following pages.
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Abstract

The growth and dissemination of solid tumors heavily relies on
angiogenesis, making it an attractive therapeutic target in cancer.
Tumor angiogenesis is orchestrated by a plethora of secreted
factors and signaling pathways. The initial inhibition of the
VEGF-pathway, despite successful preclinical studies, yielded
only modest clinical benefits in patients, promoting the search
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for other anti-angiogenic targets. The BMP9/10-ALK1-endoglin
pathway is an important regulator of vascular development. This
pathway has been investigated by multiple groups as a
therapeutic target for tumor angiogenesis inhibition. For that,
various pharmacological and genetic means were used to target
different components of this pathway. Here, we recapitulate the
outcome of most cellular, preclinical and clinical studies
targeting BMP9/10-ALK1-endoglin pathway as an attempt to
block tumor angiogenesis.

Introduction

Angiogenesis, the formation of new blood vessels from pre-
existing ones, is active during physiological development to
provide the growing tissues with an adequate supply of oxygen
and nutrients while removing metabolic wastes. In adulthood, the
vascular tree generally reaches a quiescent state, with few
exceptions including wound healing and the female menstrual
cycle. This vascular quiescence is tightly regulated by a variety
of pro-angiogenic and anti-angiogenic factors that coordinate
angiogenic processes in a spatiotemporal manner [1]. Vascular
endothelial growth factor (VEGF), basic fibroblastic growth
factor  (bFGF), angiogenin, thrombospondin  (TSP),
angiopoietins, and transforming growth factor-p (TGF-B) are all
examples of angiogenic factors that control the ON-OFF
angiogenic switch [2]. In solid malignancies, dysregulation of
the angiogenic switch towards the pro-angiogenic phenotype
promotes the development of a highly vascularized niche that
supports tumor growth and provides an escape route for
metastatic dissemination [3]. Therefore, inhibition of tumor
angiogenesis is considered an important therapeutic strategy in
cancer treatment [4].

The main goal of anti-angiogenic therapies is to abrogate the
formation of new blood vessels within the tumor, in an attempt
to deprive cancer cells from oxygen and nutrients, and
consequently inhibit tumor growth and progression. Moreover,
tumor induced angiogenesis is associated with the formation of
aberrant vascular network characterized by acidosis, interstitial
hypertension and hypoxia. This abnormal microenvironment

2 www.videleaf.com



Immunology and Cancer Biology

endangers the efficacy and proper delivery of therapeutics to
solid tumors [5]. Therefore, the development of anti-angiogenic
therapies and combining them with cytotoxic drugs constitutes
an important aspect in cancer therapies.

Targeting VEGF signaling has been demonstrated as the prime
antiangiogenic target in the clinic for the last two decades. Anti-
VEGF therapies, including blocking antibodies against VEGF
(bevacizumab), kinase inhibitors (sunitinib, imatinib, sorafenib,
axitinib and regorafenib), and decoy receptors, have been
included in the first line therapies against advanced and
metastatic cancers [6]. Unfortunately, in contrast to the
promising results from preclinical studies, the use of this
monotherapy has yielded only modest therapeutic benefit in
some tumor types, failed in others and was associated with the
generation of resistant and more aggressive tumors [7,8]. Hence,
alternative and/or complementary therapeutics directed at novel
targets of vascular development are urgently needed.

Members of the Transforming growth  (TGF-B) superfamily of
signaling molecules have been previously described as important
modulators of vasculogenic and angiogenic processes. Among
them, BMP9 and BMP10, which bind with high affinity to a
signaling complex of receptors composed of activin receptor-
like-kinase-1 (ALK1) and endoglin [9] which are mostly
expressed on endothelial cells, play an essential role in vascular
development [10]. This signaling complex is composed of two
type | receptors (ALK1), two type Il receptors (BMPRII,
ActRIIA or ActRIIB) and the co-receptor endoglin. Both type |
and type Il receptors possess Serine/Threonine kinase activities.
Binding of BMP9/10 to this receptor complex leads to the
phosphorylation of ALK1 by the constitutively active type Il
receptor. Consequently, activated ALK1 phosphorylates
transcription factors known as Smads that modulate target gene
expression [9,11,12]. Endoglin is a homodimeric cell-surface co-
receptor that lacks enzymatic activity and functions as a co-
receptor in association with ALK1, enhancing ALK1 signaling
[13]. ALK1 and endoglin display highly similar expression
patterns, being mostly restricted to endothelial cells. Complete
genetic ablation of either ALK1 or endoglin in mice results in
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embryonic lethality due to impairment of blood wvessel
development [14]. In addition, heterozygous loss-of-function
mutations in either gene in humans give rise to two closely
related forms of the vascular disorder hereditary hemorrhagic
telangiectasia (HHT) [15].

Interestingly, an elevated expression level of both ALK1 and
endoglin was reported in the angiogenic tumor endothelium
[16,17] and the BMP9/10-ALK1-endoglin pathway was
proposed to be involved in resistance to anti-VEGF therapy in
tumors [18]. In addition, BMP9 is known to regulate the
development of Ilymphatic vessels [19,20], which has
implications for metastatic spread of tumor cells through
lymphatic vasculature [21]. As a result, the BMP9/10-ALK1-
endoglin signaling pathway emerged as an interesting candidate
target for anti-angiogenic cancer therapies. Consequently,
extensive in vitro and in vivo studies have been performed in the
past two decades to investigate the implication of this pathway in
tumor angiogenesis, using multiple cancer models. Most
preclinical studies revealed promising anti-angiogenic responses,
giving rise to several clinical trials aiming to improve the overall
survival of cancer patients. Here, we provide a brief overview of
the cellular, preclinical and clinical studies targeting BMP9/10-
ALK1-endoglin pathway as an attempt to block tumor
angiogenesis.

Targeting ALK1 as an Anti-Angiogenic
Therapy in Cancer

Different biological compounds have been designed/identified to
interfere with ALK signaling including the BMP type-I receptor
inhibitors LDN-193189 [22], OD16 and OD29 [23], and the
miRNA miR-199b-5p [24], all of which have demonstrated
effective inhibition of ALK1 signaling. However, the specificity
of designed drugs and crosstalk with other pathways make it
difficult to predict the final outcome of such inhibitors. For this
reason, targeting ALK1 have been majorly studied in the context
of tumor angiogenesis through highly specific designed products
such as ALK1-Fc fusion ligand trap (dalantercept/ACE-041)
developed by Acceleron Pharma Inc [25], and PF-03446962
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(fully human antibody that targets extracellular domain of
ALK1) developed by Pfizer [26], both of which have been
implicated in independent clinical trials.

Preclinical Studies
ALK1 Ligand Trap

The characterization of the ALKIL-Fc fusion protein has
demonstrated its ability to specifically trap BMP9 and BMP10,
but not any other ligand of the TGF-B family [27]. In vitro
studies showed that dalantercept, and its mouse counterpart
RAP-041, inhibited BMP9 and BMP10 induced Smadl/5
phosphorylation and downstream signaling (e.g, idl gene
expression), without affecting TGF-f induced Smad2
phosphorylation [27,28]. Moreover, functional assays showed
that dalantercept blocks cord formation and endothelial sprouting
in vitro in human umbilical vein endothelial cells (HUVEC), as
well as FGF induced neovascularization and VEGF-induced
vessel formation in vivo in a chick chorioallantoic membrane
(CAM) assay [27]. The anti-tumor effects of ALK-1 Fc were
primarily investigated through the application of RAP-041 in rat
insulin promoter — SV40 large T antigen (RIP1-Tag2) model of
pancreatic neuroendocrine tumorigenesis. Results showed an
impaired tumor growth already after 2 weeks [28] and a decrease
in the number of hepatic micro metastasis compared to the
control cohort after a prolonged 4-week treatment [29]. Similar
results have been obtained by blocking metastatic dissemination
in the transgenic spontaneous mouse mammary tumor virus
(MMTV)-polyoma middle T antigen (PyMT) and the syngeneic
transplantable EO0771 breast cancer models [30]. Likewise,
dalantercept reduced tumor burden in MCF-7 mammary
adenocarcinoma orthotopic model [27]. On the other hand, in
another study of poorly/non-metastatic melanoma, breast, head
and neck cancer, no effect was observed on primary tumor
growth at the experimental endpoint following the use of RAP-
041 as a monotherapy [31].
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ALK1 Antibody

The ALK1 antibody (PF-03446962) directly binds to the
extracellular domain of ALKL1 (residues 42-56) with a high
affinity, but doesn’t bind to other closely related ALKs, such as
ALK?2/3/4/5/or ALK?7, thus reducing potential off-target effects.
In vitro studies demonstrated that PF-03446962 prevented
binding of BMP9 to endothelial cells (ECs), inhibited BMP9-
induced Smadl phosphorylation, and BMP responsive element
(BRE)-luciferase transcriptional reporter activity [32]. Moreover,
the monoclonal antibody efficiently blocked serum-induced
Smadl phosphorylation, migration, endothelial sprouting, as
well as tube formation in HUVECs [32,33]. Similarly, a
reduction in tumor growth and inhibition of both microvascular
and lymphatic vessel density has been reported in MDA-MB-231
human breast cancer xenografts when using PF-03446962 [33].

Although both strategies are directed to block the signaling
through ALK1, the modes of action of dalantercept and PF-
03446962 are distinct, one blocking the ligands the other
blocking the receptor. Both approaches demonstrated that
ALK1-targeting induces changes in the vascular network and
subsequent alterations in the tumor microenvironment, described
through in-depth vasculature characterization using several
approaches such as monitoring pericyte coverage, vascular
perfusion, as well as sprouting and leakiness of the vessels [30-
34], all of which are critical factors that describe what is known
by “vascular normalization”. In the context of tumor anti-
angiogenic therapies, the vascular normalization hypothesis
states that antiangiogenic therapy aims to restore the balance
between pro- and antiangiogenic factors back towards
equilibrium. As a result, vessel structure and function become
more normal: vessels are more mature with enhanced
perivascular coverage, blood flow is more homogeneous, vessel
permeability and hypoxia are reduced, and importantly the
delivery of systemically administered anticancer therapies into
tumors is more uniform [35]. Nevertheless, contradicting data
have been described when assessing the functionality of the
tumor-associated vasculature following administration of either
RAP-041 or PF-03446962. For instance, PF-03446962
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quantitatively disrupted vascular normalization in M24met/R
xenograft tumors [33], while ALK1-Fc treatment that increased
coverage of tumor endothelial cells by NG2-expressing cells (i.e.
pericytes) [31]. Hu-lowe et al [33] displayed that flow rates were
only affected in large, functional blood vessels, whereas smaller
ones were unaffected. Contradictory to this result, Hawinkels et
al [31] described a slight increase in perfusion. These results
demonstrate that targeting the same receptor by two different
approaches in different tumor models yields different results, and
suggests more investigation of the underlying mechanisms
following ALKZ1 activation.

Alkl+/- Mice

Other means of targeting ALKL1 signaling as a therapeutic
approach in cancer angiogenesis include genetic approaches
using heterozygote mice. Cunha et al reported that blunted
ALK1 expression using RIP1-Tag2; Alkl” mice showed a
significant retardation in tumor progression through the
angiogenic switch, reduced de novo tumor growth, and impaired
angiogenesis in comparison to RIP1-Tag2; AIK1™ mice,
consistent with results of using RAP-041 which has been
addressed in this same work [28,29].

Combinatory Treatments

Combinatorial treatments of ALKZ1-blocking agents with other
targeted therapies have also shown promising results in targeting
both tumor angiogenesis and progression. For instance,
combined use of ALK1-Fc fusion along with chemotherapy
(Doxorubicin or Cisplatin) has shown increased cytotoxic effect
and impaired tumor growth in melanoma, head and neck cancer,
and breast cancer models [31]. Likewise, in experimental breast
carcinomas, RAP-041-induced blunted vessel density was
further diminished in combined therapy group (RAP-041 +
Docetaxel), accompanied by a significant reduction in the
metastatic count in the lungs [30]. Moreover, Dual targeting of
VEGF and BMP9/10 signals using a newly designed
ALK1FLT1-Fc (ALK-Fc fused to VEGFR1-Fc) trap
significantly inhibited both angiogenesis and growth of human
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BxPC3 pancreatic tumor xenografts [36]. Of note, co-
administration of RAP-041 and VEGFR2 neutralizing antibody
DC101 showed no additional therapeutic benefit in MMTV-
PyMT breast cancer model [30]. Interestingly, tumors described
previously as resistant to VEGF inhibitors showed a significant
decrease in tumor burden and associated vasculature when
exposed to PF-03446962, through a mechanism suggesting
disruption of vascular normalization phenotype induced by
bevacizumab [33]. It was also shown that combinatorial use of
dalantercept with the VEGFR2 tyrosine kinase inhibitor sunitinib
leads to tumor stasis in renal cell carcinoma [37].

Clinical Trials

The results obtained from preclinical studies of the two ALK1
targeting agents in different cancer models prompted several
clinical trials to assess  safety, pharmacokinetics,
pharmacodynamics, and anti-tumor efficacy in patients with
advanced cancer, either as monotherapy or in combination with
other antiangiogenic approaches. Phase | clinical trials in
patients with different tumors, including non-small lung cancer
carcinoma, hepatocellular carcinoma (HCC), persistent or
recurrent ovarian carcinoma and related malignancies, as well as
relapsed/refractory multiple myeloma showed that both
dalantercept and PF-03446962 were generally well tolerated,
gave promising and motivating responses, and had a manageable
safety profile distinct from that of anti-VEGF therapy [26,38-
40]. None of the patients enrolled in these clinical trials
displayed the most severe adverse events (AE) reported
following bevacizumab treatment (gastrointestinal perforation,
impaired wound healing, and serious bleeding). Commonly
observed AE upon dalantercept administration were peripheral
oedema, fatigue and anemia, whilst fatigue, nausea and
thrombocytopenia (not associated with bleeding) were typical of
PF-03446962 infusion [25,26]. Moreover, several patients
enrolled in these trials developed telangiectases, which are often
observed in HHT patients, demonstrating an on-target effect of
blocking ALK1 receptor signaling. Though safe, independent
phase II clinical trials utilizing dalantercept as monotherapy in
patients with recurrent/persistent endometrial carcinoma, ovarian
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carcinoma, and squamous cell carcinoma of the head and neck
revealed insufficient single agent activity with limited efficacy
that did not reach the intended primary endpoint [41-43].
Similarly, phase Il clinical trials assessing the efficacy of PF-
03446962 in pre-treated patients with refractory urothelial cancer
and advanced malignant pleural mesothelioma demonstrated no
or limited activity as single drug [44,45].

Acceleron Pharma Inc has recruited patients to test efficacy of
combining dalantercept with sorafenib and axitinib in advanced
HCC and renal cell carcinoma (RCC), respectively. Results from
the dose-escalation and expansion cohorts evaluating the
combination of dalantercept plus axitinib in advanced RCC
showed that the combination of these two therapies is well
tolerated and associated with a clinical response [46]. However,
the phase Il trial of this combination in RCC patients showed
that the addition of dalantercept to axitinib did not appear to
improve treatment-related outcomes in previously treated
patients with advanced RCC reporting 1 treatment related death
and a lower objective response rate in the combination group
(19%) in comparison to placebo plus axitinib (24.6%). Likewise,
combinatorial phase Ib study of dalantercept and sorafenib
showed no improvement in antitumor activity in patients with
HCC [47]. In a similar fashion, Pfizer also tested the
combination of PF-03446962 with regorafenib in patients with
refractory metastatic colorectal cancer, however the combined
therapy was associated with unacceptable toxicity and did not
demonstrate notable clinical activity in these patients [48].

Targeting Endoglin as an Anti-Angiogenic
Therapy in Cancer

Another proposed anti-tumorigenic target within the ALK1
signaling pathway is endoglin (CD105). Several lines of
evidence support the rationale for targeting endoglin as a novel
anti-angiogenic therapy in cancer. Endoglin is highly expressed
on the tumor-associated vascular and lymphatic endothelium,
and its expression holds prognostic significance in certain tumors
[17]. In addition, gene expression profiling of circulating
endothelial cells (CEC), which are elevated in the blood of
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cancer patients and are thought to contribute to tumor
angiogenesis, revealed an increase of endoglin expression of
CEC-enriched samples from metastatic patients compared to
healthy subjects [49]. Moreover, a soluble form of endoglin,
which is shed following cleavage of the membrane-bound form
by matrix metalloproteinase 14 [50], is detected in the serum of
patients with different solid tumors [17]. Last but not least, anti-
VEGF was shown to increase endoglin expression on tumor-
endothelial cells [51], in line with suggestions implicating the
ALKT1 signaling pathway in resistance to anti-VEGF therapies.

With that, several groups focused on targeting endoglin to
suppress tumor angiogenesis, either by directly blocking
endoglin using an antibody raised against it or by sequestering its
ligands through an endoglin ligand trap composed of the
extracellular region of endoglin fused to an immunoglobulin Fc
domain (Eng-Fc).

Preclinical Studies
Endoglin Antibody

In vitro, TRC105, a chimeric antibody that binds human
endoglin with high avidity, triggered the apoptosis of HUVECs
through  antibody-dependent  cellular  cytotoxity  [52].
Preclinically, SN6j, a parental antibody of TRC105, showed
promising anti-tumorigenic effects without significant side
effects. Antibody treatment reduced microvessel density and
angiogenesis in  multiple metastatic tumor models and
suppressed tumor metastasis, leading to prolonged survival of
the tumor-bearing mice [53]. In addition, combination of SNGj
with  the  chemotherapeutic  agent  cyclophosphamide
synergistically enhanced antitumor efficacy [54].

Endoglin Ligand Trap and Genetic Targeting

Endoglin ligand traps also triggered anti-angiogenic responses
both in vitro and in vivo. Exogenous treatment or expression of
HUVECs with Eng-Fc efficiently inhibited spontaneous and
VEGF-induced sprouting on matrigel and in 3D collagen
matrices [50]. In vivo, Eng-Fc blocked angiogenesis by
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suppressing VEGF-induced vessel formation or sprouting in
CAM assay and angioreactors respectively. The ligand trap also
successfully  decreased tumor burden in a colon-26
adenocarcinoma model [55]. Contrary to these findings, one
group exploring the impact of single or dual genetic targeting of
ALK1 and endoglin on tumor angiogenesis reported no effect of
genetic ablation of one copy of the Eng gene on tumor
angiogenesis and growth in a mouse model of pancreatic
neuroendocrine tumors [56]. On the other hand, reducing Acvrll
gene dosage in the same model decreased tumor vasculature and
delayed tumor growth. Interestingly, dual targeting of Acvrll
and Eng, through genetic ablation of one copy of each gene,
resulted in a synergistic reduction of overall tumor burden,
suggesting a beneficial impact of combinatorial targeting of
ALK1 and endoglin. The different effects of endoglin targeting
on tumor angiogenesis could be explained by the different levels
of target inhibition when using antibodies versus genetic ablation
of a single Eng allele or by inherent differences between disease
models rendering some more responsive to therapy than others.

Clinical Trials

The encouraging preclinical results led to some phase | clinical
studies assessing TRC105 safety, pharmacokinetics and anti-
tumor efficacy in patients with advanced or metastatic solid
tumors [57,58]. In these studies, TRC105 resulted in a short-term
stable disease in some patients with two showing exceptional
ongoing responses after 18 and 48 months. The safety
assessment of TRC105 identified well-tolerated adverse events
at clinically relevant doses mostly comprising infusion reactions,
low-grade headaches and anemia that is probably caused by
suppression of endoglin-expressing proerythroblasts.
Interestingly, some patients receiving TRC105 developed
mucocutaneous telangiectases [58] or epistaxis [57], well known
symptoms of the vascular disorder HHT caused by endoglin or
ALK1 mutations, demonstrating on-target effect of TRC105.
Finally, TRC105 treatment induced a significant induction of
VEGF levels in patients of one study, which could be a potential
compensatory mechanism for the anti-angiogenic effect of
TRC105 [57]. This further encouraged combination therapies
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comprising TRC105 and anti-VEGF treatments, which is
feasible due to the distinct identified safety profile of TRC105
compared to anti-VEGF therapies.

These studies were followed by a phase Il clinical trial assessing
the tolerability and efficacy of TRC105 administration on 13
heavily pre-treated patients with urothelial carcinoma. TRC105
was once again well-tolerated, but its anti-tumor activity was not
satisfactory with only 2 patients achieving stable disease for 4
months and a median overall survival of 8.3 months [59].
However, in this study TRC105 seemed to have a positive
impact on immune subsets, notably regulatory T cells,
suggesting potential benefit for combining TRC105 with
immunotherapy. In support of that, enhanced therapeutic effects
were recently reported when combining TRC105 with PD1
inhibition in four preclinical cancer models [60].

Another phase Il study aimed to investigate the efficacy of
TRC105 administration in HCC patients that have previously
progressed on sorafenib. Evidence of clinical activity was not
enough to proceed [61], but combination therapy with sorafenib
in HCC was tested in a following phase | trial [61]. The
combination of both agents was well-tolerated using the
recommended single agent doses and encouraging activity
triggered the launch of a phase Il study. A few other clinical
trials assessed the combination of TRC105 with other VEGF-
targeting agents such as bevacizumab [62,63] and axitinib [64].
The combination of TRC105 with bevacizumab was well-
tolerated [62]. Despite initial reports showing clinical response,
TRC105 addition to bevacizumab failed to improve progression-
free survival in patients with refractory metastatic RCC [63].
Following this trial, TRC105’s efficacy was assessed with
axitinib instead of bevacizumab in metastatic RCC patients. This
combination therapy was also well-tolerated and provided
encouraging evidence of activity leading to further investigations
[64].
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Targeting BMP9 and BMP10 as an Anti-
Angiogenic Therapy in Cancer

Most preclinical studies addressing the role of the ALK1
signaling pathway in tumor angiogenesis relied on the
pharmacological targeting of ALK1 or endoglin, either using
neutralizing antibodies or soluble forms of ALK1 or endoglin.
However, these approaches globally suppress the signaling
pathway without considering potential specific roles of BMP9
versus BMP10 in tumor angiogenesis. By following tumor
growth and dissemination in a syngeneic orthotopic mammary
cancer model genetically deficient in Bmp9, Bmp10 or both, we
showed that deletion of Bmp9, but not Bmp10, increases tumor
vascular density and decreases vessel normalization, leading to
enhanced tumor growth and metastasis [65]. In addition, mice
deficient in both Bmp9 and Bmpl0 did not show any added
therapeutic benefit compared to Bmp9-deficient mice. These
results suggest that BMP10 targeting can be omitted, and
specific targeting of BMP9 rather than ALK1 or endoglin could
be more suitable in this model. Interestingly, this study also
highlighted BMP9 as an angiogenic quiescence factor that
promotes vessel normalization. In this case, activating the BMP9
pathway rather than blocking it can provide new means for
cancer therapy, especially when combined with chemo- or
immunotherapies [65]. In line with the role of BMP9 as a
vascular quiescence factor, Bmp9 deficiency in a pancreatic
neuroendocrine tumor model led to hyperbranching and
increased metastases, despite a contradictory decrease in tumor
growth [56]. On the other hand, blocking BMP9 through a
monoclonal anti-BMP9 antibody showed anti-tumor activity and
an increase in the normalization of tumor blood vessels in a
model of RCC [66]. All in all, targeting different components,
and sometimes even the same element, within a signaling
pathway can yield different or opposing outcomes in different
models.

Conclusion

The BMP9/10-ALK1-endoglin pathway is an important regulator
of vascular development that recently captivated the attention of
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the scientific and medical community as a target for inhibiting
tumor angiogenesis and growth [67]. Several groups attempted
to block different components of this pathway (ALK1, endoglin
or BMP9) using distinct pharmacological and genetic means
either alone or in combination with chemo- or antiangiogenic
therapy. Despite the encouraging reported effects of blocking
this pathway on tumor angiogenesis and growth in most
preclinical models tested, single agent therapies in patients with
different solid malignancies generated only modest effects. In
this regard, combinatorial clinical trials integrating BMP9/10-
ALK1-endoglin and other pathways targeting agents are still
ongoing with the hope of better potential.

Targeting the tumor vasculature to “starve a tumor to death”
instead of targeting tumor cells with chemotherapeutic drugs was
conceived over four decades ago and has led to the development
of antiangiogenic drugs approved in cancer since now two
decades. However, antiangiogenic therapies so far have not
fulfilled  expectations and  provide only transitory
improvements. More recent work is now proposing the opposite,
that is to promote angiogenesis in order to increase influx of
chemotherapeutic drugs into tumor cells [68]. It will be
interesting in the future to see how the BMP9/10-ALK1-
endoglin pathway will fit into this new hypothesis.
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