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BMP9 and BMP10: two close vascular quiescence partners that stand out Running Head: BMP9 and BMP10 roles in vascular homeostasis

Bone morphogenetic proteins (BMPs) are dimeric transforming growth factor ß (TGFß) family cytokines that were first described in bone and cartilage formation but have since been shown to be involved in many pleiotropic functions. In human, there are 15 BMP ligands, which initiate their cellular signaling by forming a complex with two copies of type I receptors and two copies of type II receptors, both of which are transmembrane receptors with an intracellular serine/threonine kinase domain. Within this receptor family, ALK1 (Activin receptor-Like Kinase 1), which is a type I receptor mainly expressed on endothelial cells, and BMPRII (BMP Receptor type II), a type II receptor also highly expressed on endothelial cells, have been directly linked to two rare vascular diseases: hereditary haemorrhagic telangiectasia (HHT), and pulmonary arterial hypertension (PAH), respectively. BMP9 (gene name GDF2) and BMP10, two close members of the BMP family, are the only known ligands for the ALK1 receptor. This specificity gives them a unique role in physiological and pathological angiogenesis and tissue homeostasis. The aim of this current review is to present an overview of what is known about BMP9 and BMP10 on vascular regulation with a particular emphasis on recent results and the many questions that remain unanswered regarding the roles and specificities between BMP9 and BMP10.

Introduction

The bone morphogenetic protein (BMP) family of ligands belongs to the large transforming growth factor (TGF-ß) family. BMPs, originally identified as osteoinductive components, are now known to play important roles in a wide array of processes from embryonic development to adult organ homeostasis. In this review, we present recent advances and unanswered questions concerning the role of two of them, BMP9 and BMP10, that bind to a receptor mainly expressed on endothelial cells (ALK1 (Activin receptor-Like Kinase 1)), and that have emerged as key regulators of vascular homeostasis [START_REF] David | Emerging role of bone morphogenetic proteins in angiogenesis[END_REF] . The endothelium is defined as the thin internal cell layer of blood and lymphatic vessels that derived from mesodermal lineage. The endothelium network plays an essential role mainly in providing nutrients and oxygen to organs, regulating antioxidant factors, modulating the response to infection, controlling the vascular tone and the formation of new blood vessels. This last process, named angiogenesis consists of the formation of new blood vessels from the pre-existing ones as a result of angiogenic growth factor induction. In adulthood, the endothelium is quiescent, meaning that the balance between pro-and anti-angiogenic modulators ensures the stability of blood vessel 2 . However, angiogenesis can be reactivated under either physiological (wound healing, placentation, menstruation) or pathological conditions (cancer, stroke, rheumatoid arthritis, etc). Among the factors controlling vascular development and homeostasis, VEGF (vascular endothelial growth factor) is a key endothelial cell activator. VEGF triggers proliferation toward VEGF gradient, survival and permeability of endothelial cells (for review see [START_REF] Apte | VEGF in Signaling and Disease: Beyond Discovery and Development[END_REF] ). To ensure the stability of the new formed-vessel, a step of vessel maturation is required through quiescent factors control. Among them, BMP9 and BMP10 have been proposed as circulating quiescent factors [START_REF] David | Bone Morphogenetic Protein-9 Is a Circulating Vascular Quiescence Factor[END_REF] involved in the regulation of both angiogenesis and lymphangiogenesis [START_REF] Ricard | BMP9 and BMP10 are critical for postnatal retinal vascular remodeling[END_REF][START_REF] Levet | Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation[END_REF] . Indeed, it was shown that BMP9 and BMP10 bind with high affinity to the receptor complex composed of ALK1 and BMPRII (BMP Receptor Type II), which are two receptors expressed in endothelial cells that will lead to a direct phosphorylation of a specific family of transcription factors called SMADs (Mothers Against Decapentaplegic Homolog) [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF] . Of note, mutations on one of these two receptors have been associated with two different rare vascular diseases, namely the Rendu-Osler syndrome also called hereditary haemorrhagic telangiectasia (HHT), and pulmonary arterial hypertension (PAH), bringing BMP9 and BMP10 into the world of vascular diseases. In this review, we provide an update of what is known on their expression, on their binding to the different type I and type II receptors, on the roles of their different circulating forms and their specific and redundant roles in vascular homeostasis, not only in animal models but also in human diseases. We also highlight the main points that we think remain to be explored.

BMP9 and BMP10 biosynthesis and expression

BMP9 and BMP10 are two very close members of the BMP family [START_REF] Katagiri | Bone Morphogenetic Proteins[END_REF] . BMPs are synthesized as pro-proteins that dimerize via a single disulphide bond within the terminal mature region to form homodimers or heterodimers (Figure 1). These pro-proteins are processed by furin-like pro-protein convertases upon secretion into prodomains and mature growth factor domains [START_REF] Ten Dijke | Extracellular control of TGFbeta signalling in vascular development and disease[END_REF][START_REF] Essalmani | Furin Is the Major Processing Enzyme of the Cardiac-specific Growth Factor Bone Morphogenetic Protein 10[END_REF][START_REF] Constam | Regulation of TGFβ and related signals by precursor processing[END_REF] . It has been shown for several BMP family members including BMP9 and BMP10 that the cleaved prodomain remains non-covalently bound to the mature domain [START_REF] Brown | Crystal Structure of BMP-9 and Functional Interactions with Pro-region and Receptors[END_REF][START_REF] Sengle | Targeting of Bone Morphogenetic Protein Growth Factor Complexes to Fibrillin[END_REF] . These large complexes will be called hereafter BMP-pd. BMP9 and BMP10 share high sequence similarity in the growth factor domain (64%) yet their prodomains share less than 30% identity.

BMP9 is mainly expressed in the liver [START_REF] Song | Bone morphogenetic protein-9 binds to liver cells and stimulates proliferation[END_REF][START_REF] Miller | Bone morphogenetic protein-9. An autocrine/paracrine cytokine in the liver[END_REF] and its expression site in this organ is restricted to hepatic stellate cells (HSCs) [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF][START_REF] Breitkopf-Heinlein | BMP-9 interferes with liver regeneration and promotes liver fibrosis[END_REF][START_REF] Bonnardel | Stellate Cells, Hepatocytes, and Endothelial Cells Imprint the Kupffer Cell Identity on Monocytes Colonizing the Liver Macrophage Niche[END_REF] (Figure 1). We previously reported BMP9 expression in hepatocytes using anti-BMP9 immunostaining, which led us to a misinterpretation of BMP9 expression in hepatocytes [START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF] . BMP9 mRNA expression was also described in the lungs and the brain (septum) albeit at a much lower level than in the liver [START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF][START_REF] Lopez-Coviella | Induction and Maintenance of the Neuronal Cholinergic Phenotype in the Central Nervous System by BMP-9[END_REF] . In contradiction with these data, a group described similar levels of BMP9 in the liver and lungs [START_REF] Liu | Highly expressed BMP9/GDF2 in postnatal mouse liver and lungs may account for its pleiotropic effects on stem cell differentiation, angiogenesis, tumor growth and metabolism[END_REF] . However, the cells expressing BMP9 in the lungs have not been characterized yet.

BMP10 is mostly expressed in the heart, with a spatial-temporal regulation during development from the trabeculated myocardium starting at E8.5 until birth and then restricted to the right atria in the adult mouse [START_REF] Neuhaus | Heart specific expression of mouse BMP-10 a novel member of the TGF-b superfamily[END_REF][START_REF] Somi | Expression of bone morphogenetic protein-10 mRNA during chicken heart development[END_REF][START_REF] Teichmann | Highly restricted BMP10 expression in the trabeculating myocardium of the chick embryo[END_REF][START_REF] Chen | BMP10 is essential for maintaining cardiac growth during murine cardiogenesis[END_REF][START_REF] Chen | Analysis of Ventricular Hypertrabeculation and Noncompaction Using Genetically Engineered Mouse Models[END_REF] (Figure 1). BMP10 cardiac expression has also been shown in human [START_REF] Nakano | Interaction of BMP10 with Tcap may modulate the course of hypertensive cardiac hypertrophy[END_REF] . In addition, we could show that BMP10 is also expressed in HSCs, like BMP9, although at a lower level than in the heart [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] . This result has been confirmed by a transcriptomic analysis of HSCs [START_REF] Bonnardel | Stellate Cells, Hepatocytes, and Endothelial Cells Imprint the Kupffer Cell Identity on Monocytes Colonizing the Liver Macrophage Niche[END_REF] .

BMP9 and BMP10 expressions have also been studied in zebrafish. Zebrafish express bmp9 and two duplicate paralogs of BMP10 (bmp10 and bmp10-like, with 64% identity in the active peptide) [START_REF] Laux | Circulating Bmp10 acts through endothelial Alk1 to mediate flow-dependent arterial quiescence[END_REF] . Bmp10 and bmp10-like are expressed in the developing heart, starting respectively at 24 hours post fertilization (hpf) and 36 hpf, while bmp9 is detected in the liver at around 48 hpf [START_REF] Laux | Circulating Bmp10 acts through endothelial Alk1 to mediate flow-dependent arterial quiescence[END_REF] . In the adult fish, bmp9 expression is still restricted to the liver, while bmp10 is found both in the heart and the liver and bmp10-like only in the heart [START_REF] Capasso | BMP10-mediated ALK1 signaling is continuously required for vascular development and maintenance[END_REF] .

Not much is known about the regulation of BMP9 expression. Whole-mount X-gal staining of Bmp9 +/-embryos revealed that the onset of liver-specific expression is around E9.75-10 and increases until birth [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF] . In mice, Bmp9 mRNA expression is shown to decrease with age, both in the liver and lungs 21 . To our knowledge, no one has studied the regulation of BMP9 expression in HSCs. What has been shown in pathological conditions, is that acute liver injury caused by partial hepatectomy or by the injection of carbon tetrachloride (CCL4) or lipopolysaccharide (LPS) results in transient downregulation of Bmp9 mRNA [START_REF] Breitkopf-Heinlein | BMP-9 interferes with liver regeneration and promotes liver fibrosis[END_REF][START_REF] Li | Circulating BMP9 Protects the Pulmonary Endothelium During Inflammation-induced Lung Injury in Mice[END_REF] . Liver Bmp9 mRNA and protein levels are also decreased in high fat diet mice and obese db/db mice [START_REF] Yang | CRISPR-mediated BMP9 ablation promotes liver steatosis via the down-regulation of PPARα expression[END_REF] . Bmp10 expression in mice starts earlier (E8.5) than Bmp9 30 . Due to its major role in heart development, the regulation of Bmp10 expression in the heart has been studied more extensively. Bmp10 expression in the heart is upregulated by the transcription factor myocardin [START_REF] Huang | Myocardin regulates BMP10 expression and is required for heart development[END_REF] . In parallel, depletion of the cardiac homeobox gene Nkx2-5 has also been shown to induce aberrant Bmp10 expression at the trabeculae, supporting a Nkx2-5-BMP10 axis of regulation in the heart [START_REF] Pashmforoush | Nkx2-5 pathways and congenital heart disease; loss of ventricular myocyte lineage specification leads to progressive cardiomyopathy and complete heart block[END_REF] . Moreover, the Iroquois homeobox (Irx) homeodomain transcription factors repress Bmp10 expression in the endocardium [START_REF] Gaborit | Cooperative and antagonistic roles for Irx3 and Irx5 in cardiac morphogenesis and postnatal physiology[END_REF] . In pathological circumstances, hypertension, obtained by high-salt diet in rats, and hyperglycemia induce Bmp10 expression [START_REF] Nakano | Interaction of BMP10 with Tcap may modulate the course of hypertensive cardiac hypertrophy[END_REF][START_REF] Han | Investigating the Mechanism of Hyperglycemia-Induced Fetal Cardiac Hypertrophy[END_REF] . In a mouse model of Notch depletion, it was shown that NOTCH maintains Bmp10 expression in the heart, which is necessary for cardiomyocyte proliferation [START_REF] Grego-Bessa | Notch Signaling Is Essential for Ventricular Chamber Development[END_REF] . In zebrafish, deleting the T-box transcription factors tbx3b and tbx2a represses bmp10 expression [START_REF] Ribeiro | Tbx2 and Tbx3 Regulate the Dynamics of Cell Proliferation during Heart Remodeling[END_REF] . Together, these data demonstrate that conditions affecting heart size will modify heart BMP10 expression, supporting a key role of BMP10 in heart homeostasis. On the other hand, nothing is known concerning the regulation of Bmp10 expression in liver HSCs. Thus, so far, no key direct regulators of BMP9 and BMP10 have been identified in HSCs, and this represents one challenging research field for the future.

Circulating forms of BMP9 & BMP10 and regulation of their activity

Homo and heterodimers circulate in blood BMP9 and BMP10 can be both detected in human and mouse blood circulation under biologically active concentration [START_REF] David | Bone Morphogenetic Protein-9 Is a Circulating Vascular Quiescence Factor[END_REF][START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF][START_REF] Herrera | A rapid and sensitive bioassay for the simultaneous measurement of multiple bone morphogenetic proteins. Identification and quantification of BMP4, BMP6 and BMP9 in bovine and human serum[END_REF][START_REF] Souza | Proteomic Identification and Functional Validation of Activins and Bone Morphogenetic Protein 11 as Candidate Novel Muscle Mass Regulators[END_REF] (Figure 1). It was first thought that this circulating biological activity was due to BMP9, as we could show that a neutralizing anti-BMP9 antibody blocked serum-induced SMAD1/5/9 phosphorylation 4 . However, using more specific neutralizing anti-BMP9 and anti-BMP10 antibodies, it was shown that both BMP9 and BMP10 display some activity in human serum [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF] . The presence of active circulating BMP9 and BMP10 was further supported by the loss of activity of both Bmp9-Knockout (KO) and Bmp10-Knockdown (KD) mice plasma [START_REF] Ricard | BMP9 and BMP10 are critical for postnatal retinal vascular remodeling[END_REF][START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] . In fact, very surprisingly, plasma from Bmp9-KO or Bmp10-KD mice were unable to activate the SMAD1/5/9 pathway in endothelial cells and we could demonstrate that the circulating biologically active form was due to a BMP9-10 heterodimeric form [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] . Through biochemical approaches, we could demonstrate that BMP9 and BMP10 are indeed able to heterodimerize by disulphide bonding, thus increasing the diversity of the possible circulating ligands with both homodimeric and heterodimeric proteins [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] .

Where do these circulating forms come from? Circulating BMP9 probably comes from the liver where it is mostly produced. The heterodimeric BMP9-10 is also likely produced by the liver as hepatic stellate cells are the only cells that express both BMP9 and BMP10. However, for circulating BMP10, it remains to be determined whether it is secreted from the heart, the liver or both and whether heart BMP10 and liver BMP10 are both involved in vascular regulation.

The presence of active BMP9 and BMP10 in the circulation supports that, in addition to their local autocrine and paracrine activities, BMP9 and BMP10 are also endocrine factors that circulate throughout the body and are able to reach all endothelial cells, where they bind to their high affinity receptor ALK1 expressed specifically on endothelial cells.

BMP9 & BMP10 latent and mature forms in plasma: a real challenge to unravel bioavailability

BMP9 and BMP10 circulate mainly in association with their prodomain which is either cleaved leading to the BMP-pd active complex or still unprocessed leading to an inactive form [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF][START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF][START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF] . As a result, BMP9 circulating forms exceed 100 kDa [START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF] . BMP processing usually occur intracellularly in the Golgi apparatus. We were able to show that the addition of furin could further activate human plasma [START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF] , supporting the hypothesis that the unprocessed form could be activated after secretion. However, how and when this uncleaved pool can be activated in vivo is still a highly relevant question [START_REF] Constam | Regulation of TGFβ and related signals by precursor processing[END_REF] . Nevertheless, determining the ratio of active versus latent form and the ratio of homodimeric versus heterodimeric BMP9 and BMP10 is a real challenge since the mature active form detected in blood probably represents only a portion of the available BMPs. Many groups have developed BMP9 and BMP10 ELISAs (Enzyme-Linked Immuno-Sorbent Assay) and commercial ones are also now available although with differences among them concerning specificities [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF][START_REF] Bidart | BMP9 is produced by hepatocytes and circulates mainly in an active mature form complexed to its prodomain[END_REF][START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF][START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF] . The choice of antibody pairs is crucial since they can discriminate mature and latent forms. Indeed, the use of capture and detecting antibodies specific to the mature form can displace the cleaved prodomain from the BMP-pd complex [START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF] . Therefore, this type of ELISA measures mature BMP9, regardless of its association with its prodomain but does not recognize unprocessed BMP9 precursor [START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF] . On the other hand, the use of a couple of anti-prodomain BMP9/anti-mature BMP9 for the respective capture and detection antibody was shown to detect essentially the unprocessed forms [START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF] . Classical BMP9 and BMP10 ELISA using antibodies against mature peptides probably also detect the heterodimeric form as circulating BMP9 immunoreactivity is decreased in Bmp10-KO animals and vice versa [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] . To measure specifically the BMP9-BMP10 heterodimeric form, we have developed a crossed ELISA using a capture anti-mature BMP9 antibody and an antimature BMP10 detection antibody [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] . Together, these ELISAs demonstrate the presence of both homodimeric BMP9 and BMP10 and heterodimeric BMP9-10 circulating forms in blood circulation.

Another way to measure BMP9 and BMP10 circulating activities is to use a cell-based assay that exploits their high affinity for the receptor ALK1 [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF] . A biological assay was developed by cloning the BMP responsive element (BRE) derived from the promoter ID1 (Inhibitor of DNA Binding 1) [START_REF] Korchynskyi | Identification and Functional Characterization of Distinct Critically Important Bone Morphogenetic Protein-specific Response Elements in the Id1 Promoter*[END_REF] five prime to the firefly luciferase in cells expressing ALK1 either constitutively (endothelial cells) or after ALK1 transfection (3T3 fibroblasts) [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF] . Using a low concentration of plasma or serum, only BMPs binding with high affinity to ALK1 would activate this reporter, but caution is warranted with doses above 1% serum/plasma as other BMPs with lower affinities can be present at high concentrations and possibly activate this BRE luciferase assay. Additionally, even when starting with a low plasma/serum concentration, circulating inhibitors or transporters binding to these two BMPs might interfere and make their quantification difficult. A BMP Bioassay was also developed by stably transfecting the BRE-Luc construct in the C2C12 mouse myoblast cell line in order to measure circulating BMPs [START_REF] Herrera | A rapid and sensitive bioassay for the simultaneous measurement of multiple bone morphogenetic proteins. Identification and quantification of BMP4, BMP6 and BMP9 in bovine and human serum[END_REF] .

Altogether, BMP9-10 levels can be assessed either via specific ELISA or according to their biological activities. However, we would like to clarify that we are currently unable to accurately measure all the different BMP9 and 10 forms (latent versus mature, active versus inactive) with our current knowledge and tools, and that we should be careful when interpreting our data.

Regulation of the activity

The association of BMP9 and BMP10 to its prodomain is considered to influence both localization and activities of BMPs. Interestingly, the structure of mature BMP9 complexed to its prodomain (BMP9-pd) indicates that BMP9-pd can adopt both cross-armed conformation, that could hamper its activity, and open-armed conformation [START_REF] Mi | Structure of bone morphogenetic protein 9 procomplex[END_REF] . Cross-armed structure does not seem to occur when BMP9 is recombinantly expressed, whereby BMP9pd and BMP10-pd can activate endothelial cells to the same extent as the mature form. However, it has been suggested that this cross-armed structure could occur in vivo, by binding to the extracellular matrix and thus locally control BMP activity [START_REF] Mi | Structure of bone morphogenetic protein 9 procomplex[END_REF] . Indeed, secreted BMPs can function as circulating factors, but they can also be trapped in the extracellular matrix. In the case of BMP10, but not for BMP9, the prodomain has been shown to form stable complexes with extracellular matrix proteins fibrillin-1 and-2, that could be good candidates to trap and regulate BMP10 activity [START_REF] Sengle | Targeting of Bone Morphogenetic Protein Growth Factor Complexes to Fibrillin[END_REF] . The regulation of BMP10 activity is further emphasized by the increase of immunoreactivity and activity found in plasma after purification steps through an anti-BMP10 column [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] , suggesting that this treatment releases a BMP10 fraction that was not detected in the crude plasma. Such an increase in BMP activity upon purification from tissues has been reported a long time ago for other BMPs [START_REF] Luyten | Purification and partial amino acid sequence of osteogenin, a protein initiating bone differentiation[END_REF] and has been proposed to result from the release of inhibitors that could maintain BMPs in an inactive conformations [START_REF] Mi | Structure of bone morphogenetic protein 9 procomplex[END_REF] . BMP9 and BMP10 do not bind to the natural BMP antagonist noggin [START_REF] David | Bone Morphogenetic Protein-9 Is a Circulating Vascular Quiescence Factor[END_REF][START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF][START_REF] Seemann | Mutations in GDF5 Reveal a Key Residue Mediating BMP Inhibition by NOGGIN[END_REF] which is probably one of the reasons for the potent effect of BMP9 versus other BMPs in bone formation [START_REF] Wang | Noggin resistance contributes to the potent osteogenic capability of BMP9 in mesenchymal stem cells[END_REF] . Another modulator, Crossveinless 2 (CV2), also called BMPER (Bone Morphogenetic Protein-binding Endothelial Regulator), has been shown to bind BMP9 and BMP10 and it was proposed to inhibit the SMAD pathway [START_REF] Yao | Crossveinless 2 regulates bone morphogenetic protein 9 in human and mouse vascular endothelium[END_REF][START_REF] Jumabay | Combined effects of bone morphogenetic protein 10 and crossveinless-2 on cardiomyocyte differentiation in mouse adipocytederived stem cells[END_REF] . However, this result is still debated as a more recent study showed that CV2 did not inhibit BMP9 signaling [START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF] . Therefore, there is still no clue for a possible antagonist in vivo that could hide a "reservoir" of BMP9 or BMP10.

BMP9 and BMP10 receptors and signaling

Receptors and affinities

BMPs, which are mostly homodimeric molecules, bind to a signaling receptor complex composed of two type I and two type II receptors. There are seven type I receptors within the TGFß family and five type two receptors. BMPs can bind to the type I receptors ALK1, ALK2, ALK3 or ALK6 and the type II receptors BMPRII, ActRIIA (Activin Receptor IIA) and ActRIIB [START_REF] Katagiri | Bone Morphogenetic Proteins[END_REF] . BMP9 and BMP10 bind to the type I receptor ALK1 with sub-nanomolar affinities (EC 50 of around 50 pg/mL -1 ), which are much higher than those of other BMPs for their cognate type I receptor ALK2, ALK3, and ALK6 (EC 50 of around 50 ng/mL -1 ) [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF][START_REF] Brown | Crystal Structure of BMP-9 and Functional Interactions with Pro-region and Receptors[END_REF][START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF][START_REF] Townson | Specificity and Structure of a High Affinity Activin Receptor-like Kinase 1 (ALK1) Signaling Complex[END_REF][START_REF] Kuo | MB109 as bioactive human bone morphogenetic protein-9 refolded and purified from E. coli inclusion bodies[END_REF] . Mature BMP9 and BMP9-pd bind with the same affinity to ALK1 [START_REF] Mi | Structure of bone morphogenetic protein 9 procomplex[END_REF][START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF] . BMP9 also binds to ALK2 albeit with a much lower affinity and BMP9-pd binds to ALK2 with an even lower affinity compared to mature BMP9 [START_REF] Mi | Structure of bone morphogenetic protein 9 procomplex[END_REF][START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF] . On the contrary, BMP10 does not bind to ALK2 and has been proposed to bind to ALK3 and ALK6 [START_REF] Mazerbourg | Identification of Receptors and Signaling Pathways for Orphan Bone Morphogenetic Protein/Growth Differentiation Factor Ligands Based on Genomic Analyses[END_REF] . However, in another work, it was shown, using surface plasmon resonance (SPR), that BMP10 could bind ALK6 but not ALK3 [START_REF] Yamawaki | The soluble form of BMPRIB is a novel therapeutic candidate for treating bone related disorders[END_REF] . Therefore, a better characterization of the binding and activation of ALK3 or ALK6 by BMP10 at both the biochemical and the cellular level is needed. Both BMP10 and BMP10-pd can activate cells expressing ALK1 (mostly endothelial cells) but the C2C12 muscle cell line, which does not express ALK1, is activated by mature BMP10 but not by BMP10-pd [START_REF] Sengle | Prodomains of Transforming Growth Factor β (TGFβ) Superfamily Members Specify Different Functions[END_REF][START_REF] Jiang | The Prodomain-bound Form of Bone Morphogenetic Protein 10 Is Biologically Active on Endothelial Cells[END_REF] supporting that BMP10 prodomain could differentially control BMP10 activity depending on the type I receptor. Concerning the type II receptors, BMP9 seems to display a significant discrimination in type II receptor binding, whereas BMP10 does not [START_REF] Townson | Specificity and Structure of a High Affinity Activin Receptor-like Kinase 1 (ALK1) Signaling Complex[END_REF][START_REF] Aykul | Transforming Growth Factor-β Family Ligands Can Function as Antagonists by Competing for Type II Receptor Binding*[END_REF] . Townson et al. [START_REF] Townson | Specificity and Structure of a High Affinity Activin Receptor-like Kinase 1 (ALK1) Signaling Complex[END_REF] found that BMP9 binds with a similar affinity to ALK1 and ActRIIB, and a lower affinity to BMPRII and even lower to ActRIIA in accordance with Kuo et al. [START_REF] Kuo | MB109 as bioactive human bone morphogenetic protein-9 refolded and purified from E. coli inclusion bodies[END_REF] . On the other hand, BMP10 had a similar affinity for the three type II receptors [START_REF] Townson | Specificity and Structure of a High Affinity Activin Receptor-like Kinase 1 (ALK1) Signaling Complex[END_REF][START_REF] Aykul | Transforming Growth Factor-β Family Ligands Can Function as Antagonists by Competing for Type II Receptor Binding*[END_REF] . On the contrary, the group of Kienast et al. [START_REF] Kienast | Rapid Activation of Bone Morphogenic Protein 9 by Receptor-mediated Displacement of Pro-domains[END_REF] found that BMP9 binds with a much higher affinity to ALK1 than to the type II receptors. BMPRII is highly expressed in endothelial cells (ECs) in comparison to ActRIIA and ActRIIB levels. It was shown that BMP9 co-immunoprecipitates with ALK1 and BMPRII in BAECs (bovine aortic ECs) and HUVECs (human umbilical vein ECs), but also with ActRIIB and ActRIIA in HUVECs although at a much lower level [START_REF] Scharpfenecker | BMP-9 signals via ALK1 and inhibits bFGFinduced endothelial cell proliferation and VEGF-stimulated angiogenesis[END_REF] , correlating with their expression levels. Binding of BMP9 to ALK2 is greatly facilitated when BMPRII or ACTRIIA/B receptors are co-expressed, suggesting that, in that case, binding to the type II receptors precedes binding to the type I receptor [START_REF] Scharpfenecker | BMP-9 signals via ALK1 and inhibits bFGFinduced endothelial cell proliferation and VEGF-stimulated angiogenesis[END_REF] .

BMP9 and BMP10 also directly bind with high affinity to the co-receptor endoglin that is strongly expressed in endothelial cells [START_REF] Castonguay | Soluble Endoglin Specifically Binds Bone Morphogenetic Proteins 9 and 10 via Its Orphan Domain, Inhibits Blood Vessel Formation, and Suppresses Tumor Growth[END_REF][START_REF] Saito | Structural Basis of the Human Endoglin-BMP9 Interaction: Insights into BMP Signaling and HHT1[END_REF] . Mutations of this co-receptor are found in HHT patients [START_REF] Mcallister | Endoglin, a TGF-P binding protein of endothelial cells, is the gene for hereditary haemorrhagic telangiectasia type[END_REF] . Although endoglin is not required for BMP9/BMP10 activation of ALK1, it enhances signaling output as measured by pSMAD1/5/9 [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF][START_REF] Mallet | Functional analysis of endoglin mutations from hereditary hemorrhagic telangiectasia type 1 patients reveals different mechanisms for endoglin loss of function[END_REF] . Binding of BMP9 to the type II receptors displaces the prodomain and cell surface endoglin to form a signaling complex [START_REF] Lawera | Role of soluble endoglin in BMP9 signaling[END_REF] . In addition, soluble endoglin can be found in the circulation and was long thought to act as a ligand trap for circulating BMP9 or BMP10 [START_REF] Castonguay | Soluble Endoglin Specifically Binds Bone Morphogenetic Proteins 9 and 10 via Its Orphan Domain, Inhibits Blood Vessel Formation, and Suppresses Tumor Growth[END_REF] . However, it has been recently shown that a single chain soluble ENG/BMP9 complex is present in the circulation and that this complex retains a full signaling activity. It has therefore been proposed that monomeric soluble endoglin does not act as a ligand trap for BMP9 but on the contrary might preferentially direct BMP9 signaling via cell-surface endoglin [START_REF] Lawera | Role of soluble endoglin in BMP9 signaling[END_REF] .

The current working model is that BMP9 or BMP10 can bind either to ALK1 or the type II receptors and then recruit the type I or type II receptor [START_REF] Roman | ALK1 signaling in development and disease: new paradigms[END_REF] .

BMP9 & BMP10 intracellular signaling

Upon BMP9 or BMP10 binding, the type II receptor will phosphorylate the type I receptor, which will then phosphorylate SMAD1/5/9 within 5 min for a period depending on the concentration of BMP9 or BMP10. This period ranges from few hours with low doses (0.1 ng/mL) reaching up to 24h with higher doses (10 ng/mL) [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF][START_REF] Theilmann | Endothelial BMPR2 Loss Drives a Proliferative Response to BMP (Bone Morphogenetic Protein) 9 via Prolonged Canonical Signaling[END_REF] . The complex BMP9/ALK1 is rapidly endocytosed and can then either be recycled to the membrane or degraded by proteolysis [START_REF] Tao | BMP-9 and LDL crosstalk regulates ALK-1 endocytosis and LDL transcytosis in endothelial cells[END_REF] . It has also been shown that in some endothelial cells, BMP9 can induce SMAD2 phosphorylation although at a much lower level than SMAD1/5/9 phosphorylation 66 . Endothelial cells express both ALK1 and ALK2, and their relative RNA levels varies depending on the endothelial cell origin. However, it is worth noting that only siRNA against ALK1 inhibits BMP9 SMAD1/5/9 signaling in endothelial cells suggesting that ALK2 is not directly involved in Smad1/5/9 signaling in response to BMP9. The presence of mixed type I receptor complexes (ALK1/ALK5 and ALK2/ALK3) leading to "lateral" SMAD activation has been identified [START_REF] Goumans | Activin Receptor-like Kinase (ALK)1 Is an Antagonistic Mediator of Lateral TGFβ/ALK5 Signaling[END_REF][START_REF] Hiepen | BMPR2 acts as a gatekeeper to protect endothelial cells from increased TGFβ responses and altered cell mechanics[END_REF] . We could thus hypothesise the existence of mixed ALK1/ALK2 complexes present on endothelial cells leading to specific signaling pathways. Individually silencing BMPR2 or ACTR2A, the two main type II receptors present on endothelial cells, does not on their own inhibit pSMAD1/5/9 signaling, but the simultaneous deletion of the two receptors is required to inhibit pSMAD1/5/9 in human pulmonary artery ECs and umbilical artery ECs [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF][START_REF] Upton | Bone Morphogenetic Protein (BMP) and Activin Type II Receptors Balance BMP9 Signals Mediated by Activin Receptor-like Kinase-1 in Human Pulmonary Artery Endothelial Cells[END_REF] . However, the relative contribution of the type II receptors seems to vary when looking at other responses; indeed, loss of BMPR2 had a dramatic effect upon IL-8 (Interleukin-8) or E-selectin expression, conversely reduction of ActRII had a greater impact on SMAD2 phosphorylation [START_REF] Upton | Bone Morphogenetic Protein (BMP) and Activin Type II Receptors Balance BMP9 Signals Mediated by Activin Receptor-like Kinase-1 in Human Pulmonary Artery Endothelial Cells[END_REF] .

In addition to canonical Smad signaling, several kinases have been implicated downstream of BMP9 and BMP10 in endothelial cell such as JNK (c-Jun N-terminal kinase), p38, phosphatidylinositol-3-kinase (PI3K) (for review [START_REF] Zhang | Non-Smad Signaling Pathways of the TGF-β Family[END_REF] ). There are also an important crosstalks between the BMP9 and BMP10 and the Notch signaling pathways [START_REF] Larrivée | ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway[END_REF][START_REF] Rostama | DLL4/Notch1 and BMP9 interdependent signaling induces human endothelial cell quiescence via P27KIP1 and thrombospondin-1[END_REF] and the Hippo pathway has also been shown to interact with BMP9 signaling [START_REF] Young | BMP9 Crosstalk with the Hippo Pathway Regulates Endothelial Cell Matricellular and Chemokine Responses[END_REF] .

In addition, blood flow contributes to the regulation of BMP9 and BMP10 signal transduction. In cultured ECs, flow potentiates BMP9-induced ALK1 signaling [START_REF] Ola | SMAD4 Prevents Flow Induced Arteriovenous Malformations by Inhibiting Casein Kinase 2[END_REF][START_REF] Baeyens | Defective fluid shear stress mechanotransduction mediates hereditary hemorrhagic telangiectasia[END_REF] . It was shown that this enhanced sensitivity to BMP9 was due to a cooperation with the primary cilia [START_REF] Vion | Primary cilia sensitize endothelial cells to BMP and prevent excessive vascular regression[END_REF] . Because BMP9 and BMP10 are secreted into the blood stream, the role of blood flow in ALK1 signaling is particularly relevant. In the zebrafish model, BMP9-BMP10-ALK1 axis has been shown to mediate a blood flow-based signal that controls directional cell migration and thus vessel caliber and arteriovenous shunts [START_REF] Roman | ALK1 signaling in development and disease: new paradigms[END_REF] . It is interesting to note that many BMP9/BMP10 regulated genes (smad6, smad7, endothelin-1) have been previously implicated as mechanoresponsive genes [START_REF] Topper | Vascular MADs: Two novel MAD-related genes selectively inducible by flow in human vascular endothelium[END_REF][START_REF] Yoshizumi | Hemodynamic shear stress stimulates endothelin production by cultured endothelial cells[END_REF] .

Regulation of cell signaling

Interestingly, it has recently been proposed that BMPRII could counteract cell signaling by behaving as an inhibitory receptor. Indeed, in myeloma cells and HEPG2 liver carcinoma cells, BMP9 activity was potentiated by knockdown of BMPR2 [START_REF] Olsen | BMPR2 inhibits activin and BMP signaling via wildtype ALK2[END_REF] . This was not the case for BMP10 that does not bind to ALK2. BMPRII could thus preclude ALK2 from forming active receptor complexes with ActRIIA and ActRIIB [START_REF] Olsen | BMPR2 inhibits activin and BMP signaling via wildtype ALK2[END_REF] . The notion of BMPRII acting as a negative gatekeeper has also been described in an endothelial cell line (EAhy926), but in these cells, the knockdown of BMPR2 increased the ALK2/3-mediated BMP6 activation and not the BMP9 response that signals through ALK1 [START_REF] Hiepen | BMPR2 acts as a gatekeeper to protect endothelial cells from increased TGFβ responses and altered cell mechanics[END_REF] . Strikingly, Theilmann et al. [START_REF] Theilmann | Endothelial BMPR2 Loss Drives a Proliferative Response to BMP (Bone Morphogenetic Protein) 9 via Prolonged Canonical Signaling[END_REF] recently showed that BMPR2 loss in HPAECs (Human Pulmonary Arterial Endothelial Cells) did not enhance the level but changed the kinetics of BMP9-mediated SMAD1/5/9 phosphorylation. Consequently, they observed that BMP9-induced prolonged ID1 expression correlates with a higher proliferation rate in BMPR2-deficient cells [START_REF] Theilmann | Endothelial BMPR2 Loss Drives a Proliferative Response to BMP (Bone Morphogenetic Protein) 9 via Prolonged Canonical Signaling[END_REF] . Such results should be studied with the utmost attention as they could highlight essential mechanisms in the development of PAH. Indeed, PAH is associated with BMPR2 mutations [START_REF] Lane | Heterozygous germline mutations in BMPR2 , encoding a TGF-β receptor, cause familial primary pulmonary hypertension[END_REF] and so far no ActR2A/B mutations have been described in PAH, supporting that BMPRII achieves a unique function in EC that cannot be replaced by another type II receptor (see below the mutation paragraph for discussion).

Another interesting notion is the competition between ligands or receptors (for review see [START_REF] Martinez-Hackert | Receptor binding competition: A paradigm for regulating TGF-β family action[END_REF] ). For example, activin A and inhibin A have been shown to compete for BMP9 binding in HepG2 and myeloma cells that express ALK2 but not ALK1 [START_REF] Aykul | Transforming Growth Factor-β Family Ligands Can Function as Antagonists by Competing for Type II Receptor Binding*[END_REF][START_REF] Wiater | Inhibin Is an Antagonist of Bone Morphogenetic Protein Signaling[END_REF][START_REF] Olsen | Activin A inhibits BMP-signaling by binding ACVR2A and ACVR2B[END_REF] . It was also recently proposed by the group of P. Knaus that BMP9 could serve as an antagonist for TGFβ by competing with TGFβ for binding ALK1 and ALK2 in a mixed-heteromeric receptor complex [START_REF] Hiepen | BMPR2 acts as a gatekeeper to protect endothelial cells from increased TGFβ responses and altered cell mechanics[END_REF] .

Target genes

Although BMP9-pd and BMP10-pd are the circulating forms, most of the studies performed in vitro employed mature BMP9 and BMP10. It was recently shown that mature BMP9 and BMP10 and BMP9-pd or BMP10-pd induce similar ID1 expression in PAECs supporting that in vitro, in a given endothelial cell type, the mature and complexed forms are functionally equivalent ALK1 ligands [START_REF] Ricard | BMP9 and BMP10 are critical for postnatal retinal vascular remodeling[END_REF][START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF] . In the same work, a comparison of the genes regulated by BMP9-pd and BMP10-pd was performed on PAECs and no significant difference in gene expression was found, suggesting that BMP9 and BMP10 are equivalent ligands in vitro on endothelial cells [START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF] . This seems also the case for the heterodimeric BMP9-10 form, at least in vitro, in regard to SMAD1/5/9 phosphorylation in endothelial cells [START_REF] Tillet | A heterodimer formed by bone morphogenetic protein 9 (BMP9) and BMP10 provides most BMP biological activity in plasma[END_REF] . Many BMP9 and BMP10 transcriptional targets have been identified both in vitro, after stimulation of endothelial cells and in vivo by deleting or blocking BMP9 and/or BMP10. Recently, several microarrays or RNAseq analyses have also been performed. The best targets identified are the transcriptional repressors (ID1, ID2, ID3), the inhibitory SMADs (SMAD6 and 7), the BMP receptors (ENG and BMPR2), and the canonical NOTCH targets (induced by RBPJ/NICD (Recombination Signal Binding Protein For Immunoglobulin Kappa J Region/ Notch intercellular domain) such as HEY1 and HEY2 [START_REF] David | Identification of BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1 (ALK1) in endothelial cells[END_REF][START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF][START_REF] Long | Selective enhancement of endothelial BMPR-II with BMP9 reverses pulmonary arterial hypertension[END_REF][START_REF] Morikawa | ChIP-seq reveals cell type-specific binding patterns of BMP-specific Smads and a novel binding motif[END_REF] . In addition, several angiogenic factors (downregulation of VEGFR1 (VEGF Receptor 1) and up-regulation of VEGFR2 and ANGPT2 (Angiopoietin2)), lymphatic maturation factors (FOXC2 (Forkhead Box C2), LYVE-1 (Lymphatic Vessel Endothelial Hyaluronan Receptor 1)) [START_REF] Levet | Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation[END_REF] , regulators of endothelial to mesenchymal transition (EndMT) (SNAI1 (Snail Family Transcriptional Repressor 1), SNAI2, ZEB2 (Zinc Finger E-Box Binding Homeobox 2), TWIST1 (Twist Family BHLH Transcription Factor 1)) [START_REF] Levet | BMP9 and BMP10 are necessary for proper closure of the ductus arteriosus[END_REF][START_REF] Szulcek | Exacerbated inflammatory signaling underlies aberrant response to BMP9 in pulmonary arterial hypertension lung endothelial cells[END_REF] , and vasoconstriction regulators (upregulation of endothelin and adrenomedullin and downregulation of apelin) [START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF][START_REF] Park | BMP-9 Induced Endothelial Cell Tubule Formation and Inhibition of Migration Involves Smad1 Driven Endothelin-1 Production[END_REF][START_REF] Poirier | Inhibition of apelin expression by BMP signaling in endothelial cells[END_REF][START_REF] Tu | Selective BMP-9 Inhibition Partially Protects Against Experimental Pulmonary Hypertension[END_REF] have been shown to be regulated by BMP9 and/or BMP10. Chemokines, interleukins, and cell surface adhesion molecules (upregulation of IL6, CXCL8 (C-X-C Motif Chemokine Ligand 8, also known as IL-8), SELE (selectin-E) and down-regulation of CCL2 (C-C Motif Chemokine Ligand 2) that affect monocyte/macrophages recruitment and endothelial permeability were also identified to be regulated by these two BMPs [START_REF] Mitrofan | Bone morphogenetic protein 9 (BMP9) and BMP10 enhance tumor necrosis factor-α-induced monocyte recruitment to the vascular endothelium mainly via activin receptor-like kinase 2[END_REF][START_REF] Upton | Endothelial protective factors BMP9 and BMP10 inhibit CCL2 release by human vascular endothelial cells[END_REF] .

BMP9 and BMP10 functions in the cardiovascular system: specific and redundant roles

In vitro/ex vivo: BMP9 and BMP10 (although less studied) have been mostly described as inhibitors of endothelial cell proliferation, migration, tube formation, sponge angiogenesis and metatarsal outgrowth (For review [START_REF] David | Emerging role of bone morphogenetic proteins in angiogenesis[END_REF][START_REF] Goumans | Bone Morphogenetic Proteins in Vascular Homeostasis and Disease[END_REF] ). BMP9 has thus been proposed as a vascular quiescence factor 2,4 (Figure 1). However, it is important to note that in certain endothelial cells (derived from embryonic stem cells) BMP9 has also been described with pro-angiogenic functions [START_REF] Richter | EGFL7 Mediates BMP9-Induced Sprouting Angiogenesis of Endothelial Cells Derived from Human Embryonic Stem Cells[END_REF][START_REF] Suzuki | BMP-9 induces proliferation of multiple types of endothelial cells in vitro and in vivo[END_REF] . Additionally, BMP9 has been shown to prevent vascular permeability by limiting VEGFR2 signaling and VE-cadherin internalization and by promoting occludin expression [START_REF] Akla | BMP9 (Bone Morphogenetic Protein-9)/Alk1 (Activin-Like Kinase Receptor Type I) Signaling Prevents Hyperglycemia-Induced Vascular Permeability[END_REF] . In vitro, BMP9 protects human pulmonary artery EC against apoptosis and excessive permeability induced by TNF(Tumor Necrosis Factor alpha), LPS or thrombin [START_REF] Long | Selective enhancement of endothelial BMPR-II with BMP9 reverses pulmonary arterial hypertension[END_REF] . BMP10 has been recently involved in the differentiation of human pluripotent stem cellderived cardiovascular progenitors into the endocardial lineage by sustaining Nkx2-5 expression [START_REF] Mikryukov | BMP10 Signaling Promotes the Development of Endocardial Cells from Human Pluripotent Stem Cell-Derived Cardiovascular Progenitors[END_REF] .

In vivo: What do we learn from in vivo animal models (Table 1)

In vivo BMP9 and BMP10 tend to have both similar and specific functions depending on their expression site, expression kinetic, localization and target cells expressing specific combination of receptors.

Loss of Bmp9:

Bmp9 knockout (KO) mice are viable and fertile and in the C57BL/6 strain exhibit only mild phenotypes [START_REF] Ricard | BMP9 and BMP10 are critical for postnatal retinal vascular remodeling[END_REF][START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF][START_REF] Yoshimatsu | Bone morphogenetic protein-9 inhibits lymphatic vessel formation via activin receptor-like kinase 1 during development and cancer progression[END_REF] . Interestingly, while blood vessels did not display any detectable alterations, the lymphatic vessels were significantly affected [START_REF] Levet | Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation[END_REF][START_REF] Yoshimatsu | Bone morphogenetic protein-9 inhibits lymphatic vessel formation via activin receptor-like kinase 1 during development and cancer progression[END_REF] . Mesenteric collecting vessels are larger and present a reduced number of lymphatic valves in Bmp9-KO versus wild-type mice supporting a specific role for BMP9 in lymphatic maturation [START_REF] Levet | Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation[END_REF] . The loss of Bmp9 was rather modest as we could not observe lymph edema but still it decreased lymphatic drainage in adult mice. More recently, a Bmp9-KO mouse was generated by CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) technology in the C57BL/6 strain. No obvious vascular malformations could be observed in these mice, however the smooth muscle layer of the lung vessels showed thinning and discontinuity [START_REF] Li | BMP9 attenuates occurrence of venous malformation by maintaining endothelial quiescence and strengthening vessel walls via SMAD1/5/ID1/α-SMA pathway[END_REF] . These Bmp9-KO mice also showed a marked fat accumulation and liver steatosis which had not been described previously [START_REF] Yang | CRISPR-mediated BMP9 ablation promotes liver steatosis via the down-regulation of PPARα expression[END_REF] . Interestingly, we identified a strain-dependent effect for Bmp9 deletion with a stronger phenotype in the 129/Ola background versus C57BL/6 and BALB/c background [START_REF] Desroches-Castan | Differential Consequences of Bmp9 Deletion on Sinusoidal Endothelial Cell Differentiation and Liver Fibrosis in 129/Ola and C57BL/6 Mice[END_REF] as previously shown in Eng-KO mice 100,101 . The reason for this strain specificity is not yet understood but clearly supports the notion of genetic modifiers in BMP9 signaling. This aspect is highly relevant for HHT disease whose clinical signs are very variable even within the same family supporting a role for modifier genes in HHT 102 . The analysis of the Bmp9-KO phenotype in the 129/Ola strain allowed to demonstrate a paracrine role of BMP9 in liver that acts directly on sinusoidal endothelial cell (LSEC) fenestration via regulation of PLVAP (Plasmalemma vesicle-associated protein) and the transcription factor GATA-4 (GATA Binding Protein 4) and that affects liver homeostasis 103 . It is however important to note that the exact role of BMP9 on liver fibrosis remains debated as other groups have found that Bmp9-deficient mice present a reduced severity of CCL4-induced liver fibrosis [START_REF] Breitkopf-Heinlein | BMP-9 interferes with liver regeneration and promotes liver fibrosis[END_REF]104 . The role of BMP9 has also been studied in zebrafish, where it was shown that zebrafish bmp9 mutants display no overt phenotype, and the animals survive until adulthood [START_REF] Capasso | BMP10-mediated ALK1 signaling is continuously required for vascular development and maintenance[END_REF] . However, in a study from another group, it was shown that bmp9 -/-zebrafish exhibited structural anomalies in the caudal vein plexus [START_REF] Li | BMP9 attenuates occurrence of venous malformation by maintaining endothelial quiescence and strengthening vessel walls via SMAD1/5/ID1/α-SMA pathway[END_REF] .

Loss of Bmp10:

Bmp10-KO mice die in utero between embryonic day E9.5 and E10.5 and exhibit failed cardiac trabeculation supporting a specific key role for BMP10 in heart formation [START_REF] Chen | BMP10 is essential for maintaining cardiac growth during murine cardiogenesis[END_REF] . The role of BMP10 has since been reexamined more carefully and it was found that Bmp10 deletion also induces defects in early vascular development with AVMs reminiscent of the vascular phenotype resulting from the loss of Acvrl1 [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF]105,106 . In zebrafish, concomitant knockdown of the duplicate paralogs, bmp10 and bmp10-like, results in embryonic lethal cranial AVMs indistinguishable from Alk1 mutants [START_REF] Laux | Circulating Bmp10 acts through endothelial Alk1 to mediate flow-dependent arterial quiescence[END_REF] . Furthermore, in the juvenile-to-adult period, bmp10 zebrafish mutants exhibit vessel enlargements, supporting a unique role for bmp10 after birth [START_REF] Capasso | BMP10-mediated ALK1 signaling is continuously required for vascular development and maintenance[END_REF] . In mouse embryo, Bmp10 is detected earlier (E8.5) than Bmp9 (E9.75-E10) [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF] . This temporal difference could explain why BMP10 serves as a requisite endogenous ALK1 ligand during early embryonic vascular development. In accordance with this hypothesis, insertion of Bmp9 into the Bmp10 locus in mice (Bmp10 9/9 -KI), which allows Bmp9 to be expressed in the endogenous spatiotemporal pattern of Bmp10, prevented embryonic AVMs [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF] . However, trabeculation defects could not be rescued, presumably because of a unique requirement for BMP10 in inducing cardiomyocyte regulation independent of ALK1 [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF] . More recently, mice with inducible or tissue-specific deletion of Bmp10 have been generated. It was shown that adult Bmp10 knockdown in the C57BL/6 background was not lethal and showed no obvious vascular phenotype 107,108 . More recently, a mouse model specifically deleted for Bmp10 in the right atrium was generated (Bmp10 ANF ) 109 . These mice overcame embryonic cardiac lethality and were viable with no obvious phenotype, suggesting that cardiac BMP10 is not involved in postnatal vascular remodeling.

Loss of both Bmp9 and Bmp10:

In order to address the role of BMP9 and BMP10, in absence of an inducible Bmp10-KD mouse that could bypass the heart defect, neutralizing anti-BMP10 antibodies were used. Although injection of anti-BMP10 antibody at post-natal stage did not affect retinal vascularization in WT animals, injection in Bmp9-KO animals induced retinal hypervascularization [START_REF] Ricard | BMP9 and BMP10 are critical for postnatal retinal vascular remodeling[END_REF][START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF] and prevented the closure of the ductus arteriosus [START_REF] Levet | BMP9 and BMP10 are necessary for proper closure of the ductus arteriosus[END_REF] . Similarly, coinjection of neutralizing anti-BMP9 and anti-BMP10 antibodies in WT animals induced increased retinal vascular density and arteriovenous shunts [START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF]110,111 . BMP9 and BMP10 activity can also be blocked by injecting a soluble form of the receptor ALK1 (ALK1-Fc) that can act as a ligand-trap. Postnatal ALK1-Fc injection in mice results in defective lymphatic development 112 . It also led to retinal hypervascularization and the appearance of AVMs [START_REF] Larrivée | ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway[END_REF] . Recently, mice deleted for both Bmp9 and Bmp10 have been generated. Bmp10 ANF mice crossed with Bmp9-KO mice developed a strong vascular phenotype at 8 weeks of age, with a decrease in vascular tone and diminution of the VSM (Vascular Smooth Muscle) layer contractility 109 . Unexpectedly, the authors showed that deletion of Acvrl1 in VSMCs (Vascular Smooth Muscle Cells) recapitulated the pulmonary Bmp9/Bmp10 double deletion phenotype, supporting a role for ALK1 in VSMCs. In this work, the role of endothelial ALK1 was not studied and thus its role in endothelial cells versus vascular smooth muscle cells remains to be further studied. In our hands, the global knockdown (KD) of Bmp10 in adult Bmp9-KO mice leads to a phenotype that is partially in accordance with this work, characterized by vessel dilation, a decrease in blood pressure, and a larger heart 108 .

Together these results indicate that blockade of Bmp10 at post-natal stage in Bmp9-KO mice leads to the death of these pups while loss of Bmp10 in adult Bmp9-KO mice is viable although these mice present many vascular problems. It is also interesting to note, that BMP10 ANF mice crossed with Bmp9-KO mice, which will lead to a rapid loss of BMP10 after birth as BMP10 is mainly expressed by the right atria at this stage, leads to viable mice underscoring a role for other sources of BMP10 (such as the liver) at post-natal stage.

Loss of BMP9 and /or BMP10 in pathological contexts:

The role of BMP9 and BMP10 has also been addressed in pathological contexts. Loss of Bmp9 using different approaches (neutralizing anti-BMP9 antibodies, Bmp9-KO mice or the soluble ALK1 receptor (ALK1-Fc)) has been investigated in several mouse and rat pulmonary hypertension (PH) preclinical models and showed that blocking BMP9 partially protected these animals from PH [START_REF] Tu | Selective BMP-9 Inhibition Partially Protects Against Experimental Pulmonary Hypertension[END_REF] . On the contrary, another group, showed that ALK1-Fc induced severe PH in mice treated with hypoxia 113 . On the other hand, Bmp10-KD in adult mice do not seem to be protected from PH when challenged 108 supporting a specific role for BMP9 in lung remodeling in PH. These apparently contradictory results are further discussed below and have been very accurately discussed in the editorial from Ormiston et al 114 . The role of BMP9 and BMP10 has also been addressed in the context of tumor angiogenesis. We found that tumor growth (E0771 mammary orthotopic xenografts) was increased in adult Bmp9-KO and Bmp9-KO;Bmp10-KD mice but not in Bmp10-KD mice, and that this augmentation in tumor size could be partially attributed to an activation of tumor angiogenesis supporting a specific role for BMP9 in tumor angiogenesis 107 . In line with this result, it was shown that BMP9 overexpression, in addition to a decreased tumor size, promotes the normalization of tumor blood vessels in the Lewis Lung Carcinoma model 115 .

Together, these mouse models show a clear specific role for BMP10 in heart formation and cardiac remodeling via a direct role of BMP10 on cardiomyocytes that is probably not due to ALK1 signaling (Figure 1). On the other hand, deletion of Bmp9 seems to be sufficient to affect lymphatic maturation [START_REF] Levet | Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation[END_REF] , supporting that BMP9 and BMP10 do not play redundant roles for lymphatic regulation. However, the role of BMP10 has never been studied on lymphatic maturation, so we cannot exclude at this stage a role for BMP10 or BMP9-10 heterodimer on lymphatic maturation. Similarly, we can say that BMP9 plays a specific role on liver homeostasis, revealed under a specific mouse strain (129/Ola), by preventing LSEC capillarization 103 . However, the role of BMP10 has not been addressed leaving the door open for a potential role for the BMP9-10 heterodimeric form in liver homeostasis. On the other hand, what seems to be clear is an earlier role for BMP10 in embryonic angiogenesis, in line with BMP10 earlier expression. After birth, BMP9 and BMP10 clearly play redundant roles in postnatal angiogenesis (retinal vascularization and closure of the ductus arteriosus [START_REF] Ricard | BMP9 and BMP10 are critical for postnatal retinal vascular remodeling[END_REF][START_REF] Chen | Context-dependent signaling defines roles of BMP9 and BMP10 in embryonic and postnatal development[END_REF][START_REF] Levet | BMP9 and BMP10 are necessary for proper closure of the ductus arteriosus[END_REF] ) but also in adult vascular homeostasis (under physiological conditions) as only the double Bmp9/Bmp10 deletion leads to a vascular phenotype 108,109 . Due to technical issues, the role of BMP9 has been addressed via a complete and constitutive KO while the role of BMP10 has been addressed via either neutralizing antibodies, or tamoxifen inducible knockdown in adult or tissue-specific deletion in the right atria in order to bypass cardiac embryonic lethality. In zebrafish, no transcriptional adaptation or genetic compensation was found for bmp9 or bmp10-like expression or in bmp10 mutants [START_REF] Capasso | BMP10-mediated ALK1 signaling is continuously required for vascular development and maintenance[END_REF] . Nonetheless, we cannot completely exclude at this stage, that the absence of phenotype in Bmp9-KO mice or in Bmp10-KD is not due to a genetic compensation 116 . It has not yet been clearly demonstrated that BMP9 and BMP10 effects on vascular homeostasis are all mediated by the receptor ALK1. It is also important to keep in mind that loss of Acvrl1, even in adult mice, leads to a very rapid death of the animals (in 10 days) 117 that does not occur by the loss of its two main ligands, BMP9 and BMP10, supporting a role for ALK1 that is either ligand-independent or depending on another unknown ligand. Another possible explanation for this discrepancy is that Bmp10 deletion by inducible knockdown could be incomplete. BMP9 and BMP10 play a key role in embryonic and postnatal angiogenesis and lymphangiogenesis and in vessel quiescence allowing organ homeostasis both locally in an autocrine (hepatic stellate cells) [START_REF] Breitkopf-Heinlein | BMP-9 interferes with liver regeneration and promotes liver fibrosis[END_REF] and paracrine manner (liver) 103 and at distance via circulation in an endocrine manner (lungs) [START_REF] Tu | Selective BMP-9 Inhibition Partially Protects Against Experimental Pulmonary Hypertension[END_REF] (Figure 1). -the only factors involved in the control of vascular quiescence and it is clear that they interplay with many other vascular signaling pathways [START_REF] Ricard | The quiescent endothelium: signalling pathways regulating organ-specific endothelial normalcy[END_REF] . BMP9 has been shown to dampen VEGF-mediated activation of AKT (Serine/Threonine Kinase 1) and ERK (Extracellular signal-regulated kinase) and to increase PTEN (phosphatase and tensin homolog) activity [START_REF] Zhang | Non-Smad Signaling Pathways of the TGF-β Family[END_REF][START_REF] Larrivée | ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway[END_REF][START_REF] Rostama | DLL4/Notch1 and BMP9 interdependent signaling induces human endothelial cell quiescence via P27KIP1 and thrombospondin-1[END_REF] . There is also an important crosstalk between BMP9 and BMP10 and the Notch signaling pathway [START_REF] Larrivée | ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway[END_REF][START_REF] Rostama | DLL4/Notch1 and BMP9 interdependent signaling induces human endothelial cell quiescence via P27KIP1 and thrombospondin-1[END_REF] . Indeed, in a retinal model of vascular development, BMP9 rescued hypersprouting induced by Notch inhibition [START_REF] Larrivée | ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway[END_REF] , while inhibition of Notch signaling lead to a decrease of BMP9 signaling and conversely [START_REF] Rostama | DLL4/Notch1 and BMP9 interdependent signaling induces human endothelial cell quiescence via P27KIP1 and thrombospondin-1[END_REF] . The absence of BMP9 and BMP10 will lead to the formation of AVMs in the retina and intestine of young mice in accordance to HHT. Their loss will also lead to blood and lymphatic vessel dilations [START_REF] Levet | Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve formation[END_REF]103,109 . Accordingly, BMP9 and BMP10 have been involved as direct regulators of vasoconstriction; BMP9 and BMP10 induce vessel vasoconstriction in the CAM (Chick Chorioallantoic Membrane) assay [START_REF] David | Bone Morphogenetic Protein-9 Is a Circulating Vascular Quiescence Factor[END_REF] and regulate several genes associated to vasoconstriction (apelin, endothelin-1 and adrenomedullin) [START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF][START_REF] Tu | Selective BMP-9 Inhibition Partially Protects Against Experimental Pulmonary Hypertension[END_REF] . BMP9 also regulates vascular permeability, endothelial barrier function and inflammation. Indeed, delivery of BMP9 by adenoviral vectors significantly decreased the loss of retinal barrier function in diabetic mice [START_REF] Akla | BMP9 (Bone Morphogenetic Protein-9)/Alk1 (Activin-Like Kinase Receptor Type I) Signaling Prevents Hyperglycemia-Induced Vascular Permeability[END_REF] . In line with this result, BMP9 regulates VEGFR2 signaling and thus VEcadherin endocytosis and occludin expression (see paragraph in vitro function) [START_REF] Akla | BMP9 (Bone Morphogenetic Protein-9)/Alk1 (Activin-Like Kinase Receptor Type I) Signaling Prevents Hyperglycemia-Induced Vascular Permeability[END_REF] . Subacute neutralization of endogenous BMP9 leads to lung vascular injury, including enhanced endothelial permeability and neutrophil extravasation [START_REF] Li | Circulating BMP9 Protects the Pulmonary Endothelium During Inflammation-induced Lung Injury in Mice[END_REF] . Inflammation is also observed in Bmp9-KO mice in the 129/Ola background in association with liver fibrosis 103 and in lungs of adult Bmp9-KO; Bmp10-KD 108 . It could thus be inferred from these results that BMP9 and BMP10 play a role in inflammation either directly or through vessel permeability and/or injury. Many points that have not been addressed yet remain to be answered:

 What is the role of liver BMP10 versus cardiac BMP10 in vascular remodelling?  What is the role of the circulating BMP9-10 heterodimer, which is responsible for most of the BMP9/BMP10 circulating activity?  In the 129/Ola strain, the deletion of BMP9 is sufficient to observe a strong phenotype on endothelial capillarization and liver homeostasis. What are the genetic modifiers present in 129/Ola versus C57BL/6 mice? Could BMP10 deletion also have a strain-dependent effect (C57BL/6 versus 129/Ola)? Could the BMP9-10 heterodimer play different roles in different mouse strains?

In vivo: What do we learn from human diseases?

Interestingly, the first knowledges that we have learned from BMP9 and BMP10 roles in the endothelium come from human data. Indeed, in 1994 and 1996 mutations in two orphan receptors (ACVRL1 encoding ALK1 and ENG encoding endoglin) were linked to the rare disease HHT [START_REF] Mcallister | Endoglin, a TGF-P binding protein of endothelial cells, is the gene for hereditary haemorrhagic telangiectasia type[END_REF]119 and in 2000, mutations in BMPR2 were associated with another rare disease PAH [START_REF] Lane | Heterozygous germline mutations in BMPR2 , encoding a TGF-β receptor, cause familial primary pulmonary hypertension[END_REF] . Although these two diseases involved the same signaling complex, which is expressed in endothelial cells, these two diseases are quite different from each other.

HHT is an autosomal dominant genetic disorder that affects 1 in 5000 to 8000 individuals worldwide 120 . It is characterized by several vascular defects such as small vascular malformations called telangiectasia that appear as red spots on the surface of the skin or of mucosa and AVMs in internal organs (Lungs, liver, brain). Telangiectasia in the lining of the nose can cause recurrent and mild to severe nosebleed (epistaxis) and intestinal telangiectasia can cause gastrointestinal bleeding. As a consequence of this bleeding, some patients become anaemic. AVM in internal organs can be asymptomatic but depending on the localization and severity, various complications may occur. Hepatic AVMs are found in 70% of the patients, which can increase cardiac output. Pulmonary AVMs are found in 15-45% of the patients and can increase the risk of stroke. Cerebral AVM are less frequent (10-23% of the patients), but can have severe consequences such as brain haemorrhage and seizure. Therapeutic options include surgery (for some AVMs) and anti-VEGF treatment, which successfully reduces epistaxis and cardiac output in patients with severe liver involvement 121 (for review 122 ). Although HHT is caused by ACVRL1 or ENG mutations in 90% of the cases, a much smaller proportion of HHT cases (<2%) is caused by SMAD4 mutations; However, these patients have different clinical features and their disorder is called juvenile polyposis-HHT. In addition, BMP9/GDF2 mutations have been described in 3 patients with HHT-like symptoms in 2013 123 and confirmed in another patient two years later 124 , but since then only two BMP9 mutations have been described in HHT patients, the latest being an homozygous mutation 125,126 and thus the involvement of BMP9 mutations in HHT is still debated. Pulmonary hypertension (PH) is an incurable condition with a high mortality rate is defined by a resting mean pulmonary arterial pressure > 20 mmHg in association with normal pulmonary arterial wedge pressure (≤ 15 mmHg) and pulmonary vascular resistance (> 3 Wood unit) measured by right heart catheterization 127 . There are more than 30 types of pulmonary hypertension that have been classified by the WHO (World Health Organization) into 5 groups 127 . Among them, PAH is a rare disease with an estimated prevalence ranging from 10 to 52 cases per million 128 . PAH is characterized by a pulmonary vascular remodelling with an hypertrophy of the media, adventitial fibrosis, thrombotic lesions, plexiform lesions and perivascular infiltration of inflammatory cells 129 . Although the pathogenic mechanisms are not well understood, vasoconstriction, proliferation, thrombosis and inflammation in the lung microcirculation seem to drive the progression of the disease. The resulting increase in pulmonary vascular resistance leads to right ventricular overload and eventually right heart failure and death. In 2000, genetic analysis of families with heritable PAH identified heterozygous germline mutations in BMPR2 [START_REF] Lane | Heterozygous germline mutations in BMPR2 , encoding a TGF-β receptor, cause familial primary pulmonary hypertension[END_REF] . Further investigation showed that BMPR2 is the most frequently mutated gene as BMPR2 mutations are found in 80% of familial PAH. However, the penetrance is incomplete and the mechanism through which these mutations increase the risk of developing PAH is still unclear. Since then, other less frequent mutations have been identified within this signaling pathway (in ACVRL1, ENG, SMAD9, BMP9/GDF2 and BMP10) 130 . The first BMP9/GDF2 mutation in PAH was published in 2016 as a case report of a homozygous nonsense BMP9 mutation in a child with PAH, while the parents with the same heterozygous mutation had no PAH symptoms 131 . Since then many heterozygous mutations in BMP9/GDF2 have been found associated with PAH 130,[132][133][134][135] . A truncating mutation and a predicted loss of function variant were also found in BMP10 in two severely affected PAH patients 130 . Some BMP9 mutations have recently been associated with impaired processing and secretion and reduced activity, while other BMP9 mutations had no functional consequences [132][133][134] . Biochemical and functional characterizations of BMP10 mutations have not been reported yet. However, due to the role of BMP10 in heart morphogenesis, it is possible that these mutations could cause cardiac problems that could increase the risk of developing pulmonary hypertension. Indeed, one of the rare patients with BMP10 mutation presents features of congenital heart disease 130 . As BMP9 and BMP10 are dimeric proteins, it is important to keep in mind that heterozygote mutations in BMP9/GDF2 or BMP10 could have a dominant negative effect on BMP9 or BMP10 homoand heterodimers.

Taken together, these results support a stronger implication for BMP9 mutations in PAH versus HHT although the rational for this is not yet understood.

Noteworthy, in 2020, a homozygous variant in BMP9 was associated with lymphatic dysplasia with hydrothorax and immune hydrops fetalis 136 .

Although therapeutic strategies targeting BMP9/10-ALK1 pathway have been proposed, as discussed below, it is not clear whether this pathway should be activated or inhibited, especially in PAH. Nevertheless, these mutations highlight the importance of this pathway in vascular homeostasis.

BMP9 and BMP10 as biomarkers: Modification of BMP9 and BMP10 circulating levels in pathologies

Many recent publications show that circulating BMP9 and BMP10 levels are significantly affected in different pathologies, but these results have to be treated cautiously since as discussed in the paragraph "Latent and mature form in plasma: a real challenge to unravel bioavailability", it remains challenging to measure accurate circulating levels of BMP9 and BMP10. Due to the recent identification of BMP9 and BMP10 mutations in PAH, several groups have measured the circulating levels of these two BMPs in this disease. It has been described that BMP9 mutation carriers had low plasma levels of BMP9 measured by ELISA or BRE activity 133,134 . Interestingly, the level of circulating BMP10 was also lower in PAH patients carrying BMP9 mutations, which could be the consequence of a lower amount of circulating BMP9-10 heterodimers. It was also shown that BMP9 median plasma levels were significantly reduced in patients with idiopathic PAH 134 but this was not confirmed in a larger analysis 133 . Circulating BMP10 levels were not significantly different between controls and PAH patients except in female PAH patients that showed a significantly lower level 133 . It is interesting to note that, in this work, circulating BMP9 and BMP10 were higher in females than in males. On the other hand, significantly decreased circulating concentration of BMP9 and BMP10 were found in patients with porto-pulmonary hypertension or hepatopulmonary syndrome 113,137 , two liver diseases that can cause pulmonary vascular complications. These results are of interest since the liver is the site of expression of BMP9 but also BMP10 as well as BMP9-10 heterodimers. Higher BMP10 circulating levels were also detected via a proteomic approach in the first week of life of preterm infants with bronchopulmonary dysplasia and pulmonary hypertension 138 .

BMP9 and BMP10 circulating levels have also been measured in liver diseases. Decreased levels of BMP9 in cirrhosis, NASH and alcoholic cirrhosis versus non-alcoholic cirrhosis have been described while circulating BMP10 levels decreased only in NASH (Non-Alcoholic SteatoHepatitis) 139 . In another study, patients with cirrhosis had low levels of BMP9 and BMP10 but increased levels of circulating endoglin 140 . However, in hepatic pathologies it remains unclear whether the decrease in BMP9 or 10 is a cause or a consequence of the disease. Indeed, during liver fibrosis or cirrhosis, LSECs lose some specific features, such as their fenestration and hepatic stellate cells are concomitantly activated involving phenotypic and biochemical changes, which may lead to a decrease in BMP9 and BMP10 biosynthesis. BMP9 circulating levels have also been shown to be significantly lower in patients with vascular malformations, hypertension and coronary heart disease [START_REF] Li | BMP9 attenuates occurrence of venous malformation by maintaining endothelial quiescence and strengthening vessel walls via SMAD1/5/ID1/α-SMA pathway[END_REF]141,142 . Elevated circulating BMP10 has also been shown to predict atrial fibrillation ablation 143 . Circulating BMP9 has also been measured in a small cohort (n=10) of patients with systemic inflammatory response syndrome (SIRS) and sepsis, and was found to be significantly reduced compared to healthy controls [START_REF] Li | Circulating BMP9 Protects the Pulmonary Endothelium During Inflammation-induced Lung Injury in Mice[END_REF] .

BMP9 and BMP10 in therapies

BMP9 and BMP10 treatments have been proposed in several diseases. First of all, although not the topic of this review, BMP9, due to its potent role in bone formation, has been proposed in bone healing treatments 144 . However, its use in bone generation might be limited because of its major role in angiogenesis and potent vasoconstrictor side effects. BMP10 could also be interesting but in that case one has to consider its role on cardiomyocytes. A possibility would be to develop modified BMPs that would only bind to a specific receptor. In line with this idea, a BMP9 mutant (D366E) was designed so that it would not bind to ALK2 and could thus be used as a specific activator of ALK1 [START_REF] Salmon | Molecular basis of ALK1-mediated signalling by BMP9/BMP10 and their prodomain-bound forms[END_REF] . Still, with these limitations in mind, the beneficial effects of injecting recombinant BMP9 have been demonstrated in rat preclinical models of PAH [START_REF] Long | Selective enhancement of endothelial BMPR-II with BMP9 reverses pulmonary arterial hypertension[END_REF] . This result is in accordance with a recent work that found that ALK1-Fc exacerbated hypoxia-induced pulmonary hypertension in mice 113 but in contrast to our work as we found that blocking BMP9 by different means (KO, anti-BMP9 antibodies or ALK1-Fc) partially protected against experimental pulmonary hypertension in mice and rats [START_REF] Tu | Selective BMP-9 Inhibition Partially Protects Against Experimental Pulmonary Hypertension[END_REF] . In this work, we proposed that these animals were protected because of a loss of Bmp9-induced vasoconstriction. In another preclinical study, it was shown that BMP9 treatment of rat pups with hyperoxiainduced experimental bronchopulmonary dysplasia reduced alveolar enlargement, lung fibrosis and prevented inflammation but did not attenuate vascular remodelling and right ventricular hypertrophy 145 . Interestingly, it was recently shown that BMP9 induced aberrant EndMT in PAH pulmonary endothelial cells but not in healthy PAECs [START_REF] Szulcek | Exacerbated inflammatory signaling underlies aberrant response to BMP9 in pulmonary arterial hypertension lung endothelial cells[END_REF] . Similarly, a BMPRIIdependent shift in the endothelial proliferative response to BMP9 was reported, whereby BMP9 inhibited the proliferation of healthy donors endothelial cells but enhanced the proliferation of endothelial cells from BMPR2 mutation bearing PAH patients [START_REF] Theilmann | Endothelial BMPR2 Loss Drives a Proliferative Response to BMP (Bone Morphogenetic Protein) 9 via Prolonged Canonical Signaling[END_REF] . At first glance, these results seem contradictory, however different strategies have been used (adding exogenous BMP9 versus loss or inhibition of BMP9) that could contribute to different interpretations which has been thoroughly discussed in the editorial from Ormiston et al. 114 . Together, these data indicate an important role for BMP9 in PAH pathogenesis and underscore that further investigations for the therapeutic use of BMP agonists in PAH are needed before going to PAH patients.

BMP9 treatment has also been proposed in preclinical models of oxygen-induced retinal neovascularization and left ventricular heart failure 146,147 . Finally, BMP9 was shown to induce ischemic neovascularization when endothelial progenitor cells had been exposed to BMP9 stimulation in vitro before injection 148 .

In conclusion, we are probably still far from clinical assays using recombinant BMP9 or BMP10. We will need to better understand the molecular insight of this signaling pathway to provide essential information for improving the specificity and the efficacy of therapies that target this endothelial signaling pathway. The future might come with development of small peptides derived from these BMPs that could selectively and specifically enhance ALK1mediated BMP9 signaling as recently proposed 149 .

Concluding remarks:

BMP9 and BMP10 are two cytokines exhibiting pleiotropic functions in an autocrine, paracrine and endocrine manner (Figure 1). While the role of these growth factors is now relatively well accepted concerning the maintenance of vascular quiescence, their use in the clinic, in particular in the context of PAH, is still strongly debated. This highlights the need for a better understanding of the fine regulation of BMP9 and BMP10. At present, few modulators of BMP9 and BMP10 expression have been identified. Another important point to highlight is the different possible associations of receptors that can generate contextdependent responses in tissue and cells and that may explain the discrepancy between studies. One of the main questions that remains unanswered concerns the role of the circulating forms and their origin. If it appears obvious that heterodimer and BMP9 come from the liver, however, BMP10 can come from both heart and liver. It is also not known, whether the source of BMP10, liver or heart, could have an impact on the function. This review focuses on the role of BMP9 and BMP10 on vascular homeostasis and diseases linked to the ALK1 signaling pathway. However, it is clear that it is not the only BMP pathway involved in vascular regulation as elegantly demonstrated by the loss of function of Alk2 and Alk3 and that a lot remains to be learned through the interactions of these receptors 150 . The current working hypothesis is that BMP2 and BMP6 are pro-angiogenic ligands and signal through ALK2 and ALK3, whereas BMP9 and BMP10 are homeostatic ligands that signal through the receptor ALK1 151 . Unknowns are how BMPs, which all signal via SMAD1/5/9 apply different phenotypic outputs to similar canonical BMP signaling receptors and what is the role of the non-canonical BMP signaling pathways. Another point that we have not addressed is the BMP9/BMP10 response in venous, versus arterial, versus capillaries endothelial cells and within capillaries from different vascular beds. The recent data obtained from single cell RNAseq analyses will clearly help us to identify these vascular specificities 152,153 and will in the future give us important clues to better understand the vascular functions of BMP9 and BMP10.

Altogether, there has been recent substantial work on BMP9 and BMP10 that leads to a better understanding of their roles in vascular homeostasis and vascular diseases but that also leads to numerous open questions, along with exciting avenues of future research aiming to develop new therapies for vascular diseases.

Legend to Figure 1:

Figure: biosynthesis and role of BMP9, BMP10, BMP9-10 in vascular homeostasis. BMP9 and BMP10 are synthesized as pro-proteins that dimerize via single disulphide bond within the terminal mature region to form homo or heterodimers. These pro-proteins are then processed by convertases into prodomains and mature growth factor domains. The cleaved prodomain remains non-covalently bound to the mature domain to form a complex called BMP-pd. After birth, BMP10 homodimer is mostly expressed by cardiomyocytes of the right atria of the heart under the activation of myocardin. BMP10 is a modulator of Nkx2-5 expression and in return contributes to heart homeostasis. BMP9 and BMP10 homodimers, and BMP9-10 heterodimer are produced by hepatic stellate cells in the liver. BMP9 exerts a paracrine role by regulating liver sinusoidal endothelial cell fenestration through PLVAP and GATA-4 regulation and an autocrine activity on hepatic stellate cells. All forms may be found in the systemic blood circulation. Both unprocessed and BMPs-pd forms can be found in the systemic blood circulation. BMP9-pd, BMP10-pd and BMP9-10-pd bind to a signaling complex composed of two type 1 receptors (ALK1) and two type 2 receptors (BMPRII, ActRIIA or ActRIIB) expressed on endothelial cells where they will exert endocrine functions to maintain vascular quiescence and lymphatic vessel maturation. Absence of BMP9 and/or BMP10 will lead to several vascular dysfunctions among which arteriovenous malformation, vessel dilation, inflammation and vascular permeability.

Table 1: phenotypes of BMP9 and 10 deletion in mouse models
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